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Abstract

The aim of this study was to firstly define HIV-1 env genetic diversity in southemn
Africa, and secondly to investigate transmission by characterising populations in HIV

infected pre-seroconversion female sex workers from a cohort in Kwazulu/Natal.

Genetic diversity in the envelope region .of 39 southern African individuals
originating from Malawi, South Africa, Zambia and Zimbabwe was assessed. For 19
individuals sequence analysis was performed on gpl20 (one individual each from
Zimbabwe and Malawi, 6 from Zambia and 11 from South Africa), and for an
additional 20 individuals only V3V5 was analysed (3 individuals from Malawi, 2
from Zimbabwe, 4 from Zambia, 5 from Durban, South Africa and 6 from

Johannesburg, South Africa).

All gpl20 and V3V5 sequences grouped within subtype C except one highly
divergent V3V35 sequence originating from a Zambian individual. This outlier
sequence did not group significantly with any sequence from other subtypes. This
study provides the first complete gpl20 sequences originating from Zimbabwe and
Malawi, and significantly extends the database of sequences from South Africa. High
intrasubtype diversity was observed among sequences (an average of 10,6% across
gpl20 and 14,1% across V3V5), however, there was some evidence for a founder
type effect as indicated by subclusters within subtype C from sequences originating

from Durban South Africa.

In a paralle] study, we identified and characterised HIV-1 populations in a cohort of
five heterosexual, recently infected South African sex workers by assessing C2V3 and
pl7 diversity through heteroduplex tracking assay (HTA). Samples were obtained
before seroconversion and should thus best represent the virus population that was
transmitted. The majority of women harboured HIV-1 populations which were highly
homogeneous, with intraperson genetic diversity ranging from 0% to 1,8% in C2V3
and 0% to 1,2% in p17. This is in contrast to a published study from Kenya which

showed high diversity following transmission.



Two of the five women had lower diversity in env compared to gag, suggesting

selection associated with transmission and subsequent establishment of infection.

This study is of particular relevance as it identified and characterised both viruses in
recently infected individuals representing the currently circulating viral population as
well as the viral pﬁpulations that was transmitted in southern African individuals. The
outcomes of this study could assist in the planning and design of vaccines formulated

for this region.
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CHAPTER 1: Introduction

1.1  Historical perspective on HIV:

1.1.1  The discovery of HIV

Acquired Immunodeficiency Syndrome (AIDS) was first described in North America in
patients with an unusual form of pneumonia, Preumocyctis carinii (PCP) (Gottlieb et al.,
1981), an infection previously found in patients with severe immune suppression
(Hymes et al., 1981; Masur et al., 1981). At the same time, an infection with a retrovirus
called human T-lymphotropic virus type I (HTLV-I), was described in patients exhibiting
similar symptoms (Poisez et al., 1980). This observation was particularly important as it
pointed to a retrovirus as a possible cause of AIDS (Gallo, 1987). The virus associated
with AIDS was first isolated in 1983 by Barre-Sinoussi and colleagues who termed this
novel retrovirus AIDS lymphadenopathy-associated virus (LAV) (Barre-Sinoussi et al.,
1983). Similarly Gallo and colleagues isolated a retrovirus which they called T-
lymphotropic virus type III or HTLV-II (Gallo ef al., 1984). Around the same time, a
third group named their retrovirus AIDS-associated retrovirus or ARV (Levy et al.,
1984). Confirmation that these retroviruses were indeed isolates of the same virus came
in 1985 (Ratner et al., 1985) and in 1986 the Human Retrovirus Subcommittee of the
ICTV (International Committee for Taxonomy of Viruses) recommended that the virus

should be named human immunodeficiency virus or HIV (Coffin et al., 1986).

In the mid-1980’s a second AIDS virus, closely related to but genetically distinct from
HIV, was discovered. This new virus was seemingly restricted to West Africa. The first
AIDS virus, HIV, was renamed human inimunodeficiency virus type 1 (HIV-1), and the
second virus HIV-2 (Clavel et al., 1986; Franchini et al., 1987). This review will focus
only on HIV-1. '






in 2000), Namibia (26% in 1998 to 29,6% in 2000) and Swaziland (30,3% in 1998 to
32,3% in 2000). Startling as these figures are, they still do not reflect the actual risk of
acquiring HIV, which are even higher in specific age groups. In 2001, 55 % of 25-29
year-old Botswana women attending urban antenatal care centres, are reported to be
living with HIV. In 2000 the corresponding prevalence rate was 33,9% in Swaziland
and 40,1% in Zimbabwe (UNAIDS, 2002). In sub-Saharan Africa it is estimated that
only 30 000 people will have had the benefit of antiretroviral drugs by the end of 2001.

South Africa.

An estimated 3,5 million new HIV infections occurred in 2001 resulting in a total of 28,5
million HIV infected people living in sub-Saharan Africa. Of these 28,5 million, 5
million lives in South Africa, thus contributing nearly 20% to the African burden. Of
this 5 million, 2,7 million are women and 250,000 are children (UNAIDS, 2002).
Figures from antenatal clinics report that prevalence rates reached 24,8% in 2001, on par
with the 24,5% level of the previous year. A slight drop in prevalence rates among
adolescents was reported between 1998 and 2001, possibly due to large-scale information
campaigns and condom distribution. However it is difficult to monitor the impact of
prevention strategies without knowing incidence data. In recent surveys, 55% of sexually
active teenage girls are reported to use condoms during sex. Older age groups (20-34)
have less favorable outcomes, and there is a need to extend prevention education to older
age groups. The human and socioeconomic toll will remain significant for many

generations.

1.1.3 HIV-1 Subtypes

HIV-1 exhibits extraordinary genetic variability and in 1989, strains in the global
epidemic were subdivided into European/North American and African according to their
distinct separate clusters in a phylogenetic tree. Since then classification has changed
from being based on geographic occurrence to a phylogenetic based classification system
(Gao et al., 1996; Louwagie et al., 1993). HIV-1 is divided into groups M (major
group), O (outlier) and N (non-M and non-O). These groups are genetically divergent but
share the HIV-like genome organization (Berger et al., 1998; Braaten et al., 1996;



Chamneau er al., 1994; Gurtler et al., 1996; Simon et al., 1998; Vanden Haesevelde er al.,
1994).

Group M. HIV-1 group M is responsible for more than 99% of infections. This
is the only group with significant geographic spread both within and outside of Africa
(Anderson et al., 1996; De Cock, 1996; Hu et al., 1996; Janssens et al., 1997; Pecters et
al., 1997; Quinn, 1996). By the early 1990s several genetic subtypes of HIV-1 had been
recognized within group M, defined on the basis of genetic distance and analysis of
phylogenetically informative sites (Louwagie et al., 1993; Louwagie et al., 1995;
McCutchan, 2000; Robertson et al., 2000).

The following criteria are used to define a subtype (Alaeus, 2000; Robertson et al.,
2000):

1. At least 3 full-length sequences from unlinked samples are required to define a
new subtype.

2. They should resemble each other but not other existing subtypes throughout the
genome. Consistent clustering in all parts of the genome with both high bootstrap
support and no ‘jumping’ between clusters indicative of recombination.

3. In order to designate a sequence as a new subtype, it should be equidistant from

all other subtypes in all the regions of the genome.

HIV-1 group M viruses are divided into nine subtypes (A, B, C, D, F, G, H, J, K), which
are further subdivided into 4 sub-subtypes (Al, A2, F1, F2,) and at least nine different
circulating recombinant forms (CRFO1_AE, CRF02_AG, CRF03_AB, CRF04_cpx,
CRFO05_FD, CRF06_cpx, CRF07_BC, CRF08_BC, CRF09_cpx) (McCutchan, 2000). A
recombinant lineage is designated a CRF when related forms are found in more than 3
epidemiologically unlinked individuals. CRFs have a designation that includes the letters
of the parent genetic subtypes (e.g. CRFO1_AE), although in CRFs derived by
recombination of more than three subtypes, the letters are replaced by cpx (complex), e.g:
CRF04_cpx (Robertson et al., 2000). Prototype viruses representing the genetic subtypes
E and I have not yet been found. The viruses originally identified as subtype E (the

predominant group of viruses involved in heterosexual transmission in Thailand) (Carr ez
' 7



al., 1996; Cornelissen et al., 1996; Gao et al., 1996) and I (a small group of viruses from
the Mediterranean) (Kostrikis et al., 1995), are now considered intersubtype
recombinants and have been termed CRF01_AE and CRF04_cpx, respectively. CRFs

and recombination are discussed in more detail in section 1.2.5.

Group O. HIV-1 group O is highly divergent from group M and is largely
restricted to west and central Africa (Mauclere et al., 1997; Pecters et al, 1997, Zekeng et
al., 1994), sporadic reports of group O identified in Europe and the United States have
been reported (Loussert-Ajaka et al., 1995; Soriano ef al., 1996). In Cameroon, they
constitute less that 10% of HIV-1 infections (Gurtler e al., 1996; Peeters et al. 1997).
Within group O, a subtype classification has been difficult to establish, but may become
apparent as more samples accumulate (Workshop Report from the European Commission
(DG X1, INCO-DC) and the Joint United Nations Programme on HIV/AIDS, 1997) and
the Joint UNITED Nations programme, 1997). Group O viruses were discovered much
later than group M, due to their apparent low prevalence and highly circumscribed
geographic distribution. (Janssens et al., 1994; Nkengasong et al., 1994; Peeters et al.
1997; Simon et al., 1998, Zekeng et al., 1994).

Group N. HIV-1 group N is also highly divergent from group M and have been
identified in a very small number of individuals in Cameroon, and only two group N

strains have been genetically characterized (Simon et al., 1998).

1.1.4 Qriginof HIV

Oldest possible HIV infection cases.

After the discovery of HIV, a few HIV infection cases were proposed in retrospect.
Firstly that of a British sailor from Manchester who died of an AIDS-like illness in 1959
(Williams et al., 1983). However, despite convincing serological evidence (Corbitt e al.,
1990) the authenticity of the sample could not be confirmed due to contamination of the
source material (Zhu and Ho, 1995). More convincing evidence came from members of a
Norwegian family infected earlier than 1971 who were shown to be infected with an
HIV-1 outlier group (Simon et al., 1998), a variant form that is mainly restricted to West

Africa. The oldest verified case of HIV-1 was a sample taken in 1959 from an adult man



from the Democratic Republic of Congo. This sequence is placed near the ancestral node
of subtypes B and D in the major group viruses and may well have evolved from a single

introduction into the African population not long before 1959 (Zhu et al., 1998).

Two Theories for the Origin of HIV.,

SIV origin. Simian Immunodeficiency viruses (SIVs) have been isolated from a
number of diverse species of wild African primates. SIVs have the same complex
genomic organization as HIV’s but differ from HIV-1 in the absence or presence of
certain accessory genes (Barre-Sinoussi, 1996). Six distinct groups of SIV have been
detected in African primates (Table 1.1). SIVs are not naturally found in wild Asian
macaques, (Macaca mulatta) but SIVsm have since been artificially introduced from
infected sooty mangabeys to Asian macaques and are now named SIVmac (Kestler ef al.
1988: Lowenstine et al., 1986). This provides evidence that African simians and not

Asian macaques are the natural hosts of SIV.

Table 1.1: African and Asian monkeys harbouring Simian Immunodeficiency viruses.

SIV Monkey Refercnce
African SIVagm African green Cercopithecus Allan et al., 1991
primates monkeys aethiops
SIVmnd Mandrill Papio sphinx Tsujimoto et al., 1988
SIVsyk Sykes’s monkey Cerophiticus Emauetal., 1991
mitis
SIVsm Sooty mangabeys Cercocebus atys | Marx et al., 1991
SIVepz Chimpanzees Pan troglodytes | Peeters et al., 1989
SIVL hoest L’ Hoest monkeys Cerophiticus Hirsch et al., 1999
| I’hoesti
Asian SIVmac Macaques Macaca mulatta | Lowenstine ef al., 1986
macaques

HIV-1 and HIV-2 both originated from two separate zoonotic (cross-species or animal-
to-human) infections by two different African primate SIVs (Gao et al., 1992; Hirsch et
al., 1989; Huet et al.,, 1990; Sharp et al., 1995;). SIV as the origin of HIV-2 was

substantiated by the following criteria: similarities in genome organization of SIV and



HIV-2; phylogenetic relatedness; prevalence in natural host; geographic coincidence and
finally plausible routes of transmission (Hahn er al., 2000; Sharp et al., 1995). SIVsm
from wild-living sooty mangabeys was found to be genomically indistinguishable and
phylogenetically closely related to HIV-2. Two further lines of evidence suggest that
SIVsm is the origin of HIV-2. SIVsm’s natural habitat coincides with the epicenter of the
HIV-2 epidemic (Chen et al., 1995; Hirsch et al., 1989; Marx et al., 1991) and contact
between sooty mangabeys and humans are common as they are hunted for food and kept
as pets (Chen ez al., 1996; Chen et al., 1997). No fewer than six subtypes have been
identified in HIV-2 which each represent a separate cross-species transmission (Figure
1.2) (Chen et al., 1996; Chen et al., 1997; Gao et al., 1992).

The origin of HIV-1 is much less certain (Sharp er al., 1995). HIV-1 is most similar in
sequence and genomic organization to viruses found in chimpanzees, Pan trogolodytes
(SIVcpz) and have been proposed as a natural primate host for HIV (Gao er al., 1999;
Huet et al., 1990). But until recently, only three SIVcpz infections in chimpanzees have
been documented, one that involved a virus so divergent it might represent a different
primate lentiviral lineage (Vanden Haesevelde et al., 1996). This fact together with high
diversity between HIV-1 and SIVcpz, a low prevalence of chimpanzees in geographic
regions of Africa where AIDS was not initially recognized have cast doubt in
chimpanzees as a natural host and reservoir for HIV-1. It has been suggested that
another, as yet unidentified, primate species could be the natural host for both SIVcpz
and HIV-1 (Huet er al., 1990; Vanden Haesevelde ef al., 1996). However, in 1999 a
chimpanzee (Pan troglodytes troglodytes) was identified with a natural SIVcpz infection.
From sequence analysis results, as well as the observation that the natural range of P. 1.
troglodytes coincides uniquely with areas of HIV-1 group M, N and O endemnicity, it
was suggested that P. t. troglodytes is the primary reservoir for HIV-1 and has been the
source of at least three independent introductions of SIVcpz into the human population

resulting in HIV-1 group M, N and O (Gao et al., 1999).

HIV endemic to Africa. A second possibility for the origin of HIV is that AIDS
could have been an old African endemic disease silent or unrecognised until now (Gallo
et al., 1987; Gallo and Montagnier 1988; Montagnier 1988). In isolated groups HIV

would have had little opportunity to spread and could possibly have been contained for

10



decades. Political developments in Africa, as well as regional and international travel

revolution, may have broadened the ecological niche of the virus and could be one of the

factors responsible for introducing HIV into the Western world, where the spread was

facilitated by the sexual revolution and intravenous drug use (Mann et a/., 1988).

Figure 1.2; Phylogenetic relationships among primate

lentiviruses. The tree is based on viral gag genome

alignment. The scale bar indicates an approximate

genetic distance of 10%
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Both these hypotheses point to the African continent for the geographical origin of the
virus and are probably not mutually exclusive. A recent HIV-1 genetic diversity study in
the Democratic Republic of Congo (DRC) suggested this region to be the epicenter of
HIV-1 group M. The DRC harbors an old and mature epidemic with all HIV-1 group M
subtypes circulating in this area. This high intrasubtype diversity (from 15,7% for
subtype D to 17,3% for subtype H), high numbers of recombinant viruses as well as
additional unclassified strains would suggest that the epidemic has been evolving for a
long period of time compared to regions with low diversity such as USA. More evidence
to support the DRC as geographic origin of HIV-1 group M is the fact that the first HIV-1
group M sequence originated from the DRC in 1959, giving concrete evidence indicating
that group M viruses had been present in humans for at least forty years (Vidal et al.,

2000).

Spread of HIV into the Western world.

HIV was probably introduced from Africa into USA where the first epidemic was
associated with homosexual transmission of HIV subtype B (Auerbach et al., 1984).
From the USA, the virus presumably spread from one Western country to the next.
However, the epidemic did not gather momentum in Europe until several years after it
appeared in the US. In 1982, the prevalence of HIV among homosexuals was 42,6% in

San Fransisco and 7,5% in Amsterdam (Van Griensven ef al., 1993).

1.2 HIV-1: the virus:

1.2.1 Taxonomic Classification

Family Retroviridae. HIV-1 and HIV-2 are members of the family, Retroviridae
(Retroviruses). These RNA containing viruses are so named because they reverse what
seemed to be the normal flow of genetic information (Latin, retro: backward).
Retroviruses contain reverse transcriptase (RT) a RNA-dependant DNA polymerase that
makes DNA from viral RNA (Levy et al., 1994).

The retrovirus differs from all other RNA viruses in that their RNA genome, transcribed

to DNA, can become incorporated into the host’s cell genome. Depending on the genetic
12












to the plasma membrane for assembly and budding (Cannon et al., 1997, Yu et al., 1992).
P24 capsid protein (CA) plays an important role in virus assembly and maturation by
forming a shell surrounding the viral RNA genome and core-associated proteins (Huang
and Martin, 1997). CA is also involved in early postentry steps (Gross et al., 1998). The
p7 nucleocapsid (NC) plays a role in RNA binding and encapsidation (Schwartz et al.,
1997, Zhang and Barklis, 1995), RNA dimernsation (Poon et al., 1996), Gag-Gag
interactions (Lee and Yu, 1998), stability of the preintegration complex, membrane
binding (Sandefur et al., 1998) and reverse transcription (Guo et al., 1997). The function
for pl and p2 is unclear, they may regulate cleavage rates at cleavage sites and so
influence the ordering of virion morphogenesis (Krausslich et al., 1995; Pettit et al.,
1994; Wiegers et al., 1998).

Pol. Occasionally, due to a frame shift, a large polyprotein is translated
comprising of Gag-Pol products (Mervis er al, 1988; Ratner and Haseltine, 1985).
Proteolytic cleavage of pol yields viral enzymes protease (PR), reverse transcriptase (RT)
and integrase (IN). Protease is active only as a dimer (Nutt ef al, 1988). Reverse
transcriptase is responsible for generating dsDNA from viral RNA. Integrase, that forms
part of the PIC, is involved in the incorporation of viral dsDNA into the host genome
(Barre-sinoussi, 1996).

Envelope. Envelope is a type I integral membrane protein. The envelope
precursor gpl60 (160kDa) is transcribed from singly spliced mRNA transcripts.
Processing and synthesis of gp160 occur via the endoplasmic reticilum (ER) pathway.
The Golgi body is the site of further post-translational processing of gp160 through
glycosylation, influencing both immunological and functional properties. Cleavage of
gp160 by host cellular proteases produces the major external envelope glycoprotein SU
gpl120 (120kDa) and the transmembrane protein gp41 TM (41kDa). The envelope is
partly derived from the cell membrane of the host cell as the virus buds through the cell
membrane during the final stages of replication. The gp120 protein is visible protruding
on the outside of the envelope as spikes and is anchored by non-covalent interactions to
the outer surface of the envelope by gp41 protein. The mature gp120-gp41 proteins are

associated as a trimer. Envelope gp120 is discussed in more detail in section 1.2.3.

16



Regulatory proteins.

Regulatory proteins coded for by zat and rev are produced from overlapping reading
frames by multiply spliced mRNAs. They control viral gene expression at the
transcriptional and post transcriptional level respectively and are essential for virus

propagation.

Tat. The tat gene consists of two genomically distinct regions, after transcription
these exons are spliced together to produce a monocistronic mRNA. This codes for the
14kDa Tat protein. Tat has been localized primarily in the nucleus but can also exist
extracellularly in large quantities (Barre-sinoussi, 1996; Kuiken et al., 2000). Tat plays a
major role in regulation of viral gene expression. Tat acts by binding to the TAR (trans-
activating response) RNA element within the long terminal repeats (LTR) transactivating
transcription and elongation (Cullen, 1990; Haseltine, 1988). Tat is essential for HIV-1
viral replication (Cullen, 1993; Jones and Peterlin, 1994).

Rev. This 19 kDa phosphoprotein is also coded for by two exons that are spliced
to produce a monocistronic transcript. Rev is localized primarily in the nucleus and
regulates viral gene expression at post transcriptional level. They act by binding to RRE
(rev-responsive element) on all unspliced or singly spliced HIV mRNAs (encoding
structural proteins, env, gag and pol), regulating the ratio of spliced to unspliced viral
mRNAs. They also promote nuclear export, stabilization and utilization of such
transcripts. Rev is crucial for the generation of structural proteins (Barre-Sinoussi, 1996,
Kuiken et al., 2000).

Accessory/auxiliary proteins.

All complex primate lentiviruses contain a series of accessory/auxillary proteins, nef, vif,
vpr, vpx and vpu. Although these proteins appear to be dispensable for viral propagation
in vitro they seems to be more important in vivo. Several accessory proteins are
multifunctional with distinct roles at different stages in virus replication. Most accessory
proteins are transcribed from multiply sliced mRNA transcripts and coded for by a single
exon. They all are relatively small proteins of 80 to 210 amino acids (Miller and Sarver,

1997) All primate lentiviruses contain the vif and nef genes; vpu is restricted to HIV-1
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and SIVcpz; vpx is restricted to HIV-2, SIVsm, SIVmac and SIVagm; and all primate

lentiviruses with the exception of SIVagm contain vpr (Barre-Sinnoussi, 1996).

Nef. Nef is a multifunctional 27kD myristylated protein produced by an ORF
located at the 3 end of the HIV genome. Tat, Rev and Nef are not incorporated into
virion particles but are the first viral components produced from multiply spliced viral
mRNA (Barre-Sinoussi, 1996; Kuiken et al., 2000). Nef'is predominantly located in the
plasma membrane via a myristyl residue, but has also been found in the nucleus. Nef was
originally thought to be a down regulator of viral gene expression, hence the origin of the
misnomer “negative factor”. Nef is now known to down regulate CD4 (Aiken et al,
1994) and MHC class T molecules, stimiﬂating virion infectivity and to alter the

activation state of cells.

Vif. Vif or viral infectivity factor is a basic protein of 23kD that is able to exists
in both a soluble cytosolic form and a membrane associated form. Vif functions in
transporting incoming virus to the nucleus (Karczewski and Strebel, 1996) and may play

arole in HIV provirus formation (Simon and Malin 1996).

Vpu. Vpu is a 16kDa type I integral membrane protein with a 20 residue long
hydrophobic helix acting as a membrane anchor region. Vpu functions firstly in
degradation of CD4/gp160 complexes releasing gp160 for further processing (Bourer al,,
1995). Secondly oligomerised Vpu forms cell membrane ion channels enhancing virion
release (Ewart er al., 1996; Gottlinger et al., 1993). Thirdly, Vpu is responsible for the
decrease in cell surface expression of major histocompatibility complex (MHC) class I'in
HIV-1 infected cells (Kerkau er al., 1997). It has been suggested that this decrease in
antigen presentation is one reason for the inability of CD8+ T cells to eliminate HIV

infection.

Vpr, viral protein R is a small 15kD protein (96 amino acid) translated from a
single-spliced RNA, is dependent on Rev and is intracellularly localized in the nucleus
(Kondo and Gottlinger, 1996; Lu et al., 1995). Vpr functions by targeting the viral

preintegration complex (PIC) to the nucleus (Heinzinger et al., 1994) as well as arrests
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cellular enzymes upon activation. (4) Translation, Assembly and Budding. Viral protein synthesis and
post-translational modifications takes place in the cytoplasm facilitated by host cellular machinery. Viral
proteins are transported to the plasma membrane where maturation of viral particles takes place and
budding occurs. During this process Gag p55 recruits two copies of sSRNA and lines the inner face of the
plasma membrane. This induces membrane curvatwre and budding while Env glycoproteins are
incorporated into the host cell lipid bilayer. During budding protease cleaves the Gag-pol polyprotein to
the mature functional capsid, nucleocapsid, matrix and enzymatic proteins forming a mature virus particle.

(Adapted from Barre-Sinoussi, 1996; Freed, 1998; http://www.critpath.org).

1.23 EnvGpl20

Env gpl20 is essential for HIV-1 transmission as it contains determinants for entry into
host cells as well as neutralisation determinants. As this study aims to characterise viral
populations following transmission through determination of envelope diversity, a

detailed description of envelope is provided.

Genomic organisation.

Gp120 consists of 5 genetically conserved regions C1 to CS5 interspersed with 5 variable
loops, Vl to V5. The first four variable regions form surface-exposed loops through
disulphide bonds at the cystine residues at the base of the loops‘ (Leonard et al., 1990).
The V3 loop protrudes through the surface of the gp120. It consists of 35 amino acids
and has a relatively conserved tetrapeptide crown of 4 amino acids that allow only amino
acid changes with similar chemical properties. The V3 loop has particular significance,
as it is responsible for viral attachment to the CD4 cellular receptor, contains the
principle neutralizing domain, determines cell tropism, cytopathicity and co-receptor

usage of the virus.
Host cell entry determinants.

CD4+ cellular receptor and other main receptors. HIV-1 entry into host cells
requires the sequential interaction of gpl20 with the CD4 glycoprotein primary cellular
receptor followed by interaction with a second cellular co-receptor. Gp120 binds to the
most amino-terminal of the four immunoglobulin-like domains of CD4. CD4 binds to

gp120 in a carbohydrate-devoid depression at the interface of the outer domain with the

20



inner domain and the bridging sheet of gp120. Direct interaction only occurs between 26

gp120 amino acid residues and 22 CD4 residues (Kwong et al., 1998).

Alternative cellular receptors can be utilised by HIV. The most striking of these are DC-
SIGN, playing a particularly important role in mucosal transmission. This type II
membrane protein with a mannose binding, C-type lectin domain is located on some
dendritic cells (DC’s) (Geijtenbeek er al., 2000 a, b). A site-specific glycosylation site at
the base of the V2 loop seems to be involved in the binding of DC-SIGN to gpl20
envelope (Lue et al., 2002). DC-SIGN is discussed in more detail in section 1.3.1.

Co-receptors. Binding to CD4 alone is not enough to result in viral fusion to the
host cell (Chesebro et al., 1990). CD4 binding induces conformational changes in the
gp120 glycoprotein exposing a co-receptor binding site in the V3 loop that, until now, has
been partially occluded by the V2 loop (Kong et al., 1998). Other more conserved gp120
structures exposed upon CD4 engagement also seem to be involved in co-receptor
binding. Co-receptor binding in turn triggers an additional conformational change that
leads to exposure of the gp4l ectodomain. It is this step that finally mediates fusion
(Trkola et al., 1996, Wu et al., 1996).

Co-receptors belong to the 7 transmembrane G-protein coupled chemokine receptor
family. The two most well defined cellular co-receptors are CXCR4 and CCRS,
members of the CXC (a) and CC (b) chemokine receptors subfamilies, respectively.
CXCR4 was the first HIV-1 co-receptor to be characterized but CCRS was subsequently
determined to be the principal co-receptor associated with sexually transmitted HIVs
(Michael, 1999). During disease progression highly cytopathic X4 viruses either in
addition to, or instead of, RS viruses can evolve (Connor et al., 1997; Scarlatti et al.,
1997). In some the RS to X4 shift may be concomitant with, or occurs shortly prior to,
disease emergence (Xiao er al., 1998). Other occurrences accompanying this switch is
accelerated loss of CD4+ T cells (Koot ef al., 1993), reduced survival time after AIDS
diagnosis (Tersmette et al., 1989) and a broadened HIV-1 co-receptor profile (Bjorndal et
al., 1997; Connor and Ho, 1994; Dittmar ef al., 1997; Koot et al., 1993; Liaoc er al., 1997;
Rucker et al., 1997; Scarlatti et al., 1997). This co-receptor switch seems to be a trait

more associated with subtype B, where X4 viruses appear in up to 50% of subtype B
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infected patients in late stage disease. Incidence of X4 in subtype C infections appears to
be much lower, even though this subtype appears equally pathogenic (Abebe et al., 1999;
Ping et al., 1999).

Other co-receptors have been implicated in HIV or SIV entry in vifro, such as CCR2b,
CCR3, CCRS, gprl5 (BOB), STRL33 (Bonzo), APJ, V28 and MDC, but their relevance
in vivo has not been well documented, and all HIVs at a minimum use CCRS or CXCR4
(Doranz et al., 1996, Dittmar ef al., 1997, He et ai., 1997; Liao et al., Rucker et al,,
1997;). CCR3’s role in the central nervous system infection through microglial cells, that
express CCR3 in addition to CCRS, has been shown (He er al,, 1997). Virtually no
primary HIV-1 isolates have been shown to utilize CCR2b (Chen et al., 1998). Co-
receptors have natural cellular ligands and HIV-1 competes with these. The natural
ligands for the CCRS receptor is RANTES, MIPla and MIP1f and for the CXCR4
receptor, SDF-1a (Berger et al., 1998). Determinants in CCRS facilitating gpl20
binding, is a cluster of residues in the amino terminal domain of CCRS allowing fusion
and entry for both R5 and R5X4 isolates (Farzan et al., 1998). For CXCR4, residues
dispersed throughout the extracellular domain of CXCR4 facilitate gp120 fusion and
entry (Kajumo ef al., 2000). The determinants of co-receptor usage on gp120 (Hoffman
et al., 1998; Trkola et al., 1996, Wu et al., 1996) lie within the 35 amino acid stretch of
the V3 region and to a lesser extent V1 and V2. The occurrence of positively charges
amino acids at either one or two fixed positions in the V3 loop as well as an increase in
V2 charge can result in a R5 to X4 switch (Fouchier ef al., 1992; Hoffman ez al., 2002;
Kolchinsky ef al., 2001; Labrosse ef al., 2001; Ogert et al., 2001;).

Neutralisation determinants.

The env gene contains neutralisation determinants for host neutralising antibodies (Palker
et al., 1988). Neutralising antibodies target the surface gp120 and transmembrane gp41
envelope glycoproteins of the virus (Parren et al., 1999; Poignard ef al., 1996). Most of
the envelope surface is hidden from humoral immune recognition by extensive
glycosylation and oligomeric occlusion (Wyatt and Sodroski, 1998). The majority of
broadly neutralising antibodies access only two surfaces, one that overlaps the CD4
binding site (shielded by the V1V2 loop) and another that overlaps the co-receptor site
(shielded by V2V3). Thereby either blocking attachment of gpl120 to its cellular
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receptor, and co-receptors or by preventing gp41 from mediating fusion with the target
cell membrane (Alkhatib et al., 1996; Trkola et al., 1996; Wu et al., 1996). CD4-induced

exposure results in enhanced antibody binding (Kwong et al., 1998).

Definition of neutralisation. Antibody-mediated neutralisation is defined as “the
loss of infectivity which ensues when antibody molecule(s) bind to a virus particle, and
usually occurs without the involvement of any other agency. As such this is an unusual
activity of antibody paralleled only by the inhibition of toxins and enzymes” (Dimmock,
1995). Neutralising antibodies can act against virions and against infected cells. Activity
to virions is most often considered as “neutralization” and is the most important for
antibody-mediated protection in vivo as antibody is more effective against free virions

than against infected cells (Pantaleo and Fauci, 1995).

Mechanism of neutralisation. The exact mechanism of neutralisation is still
under debate, but is most likely a simple occupancy model. According to this model,
neutralisation occurs when a fairly large proportion of available sites on the virion are
occupied by antibody, leading to the inhibition of virus attachment or interference with
the cellular entry process. This model 1s supported by an observed linear relationship
between the surface area of a virus and the number of antibody molecules that are
required to bind to the virus for neutralisation. This number is approximately that
predicted to efficiently coat the virion particle, given the size of the antibody molecule.
(Burton, 2002; Parren and Burton, 2001).

Cross neutralisation between subtypes. The uncertain relevance of genetic
subtype to HIV-1 vaccine is owed in part to a poor understanding of the immunotype
diversity of the virus as it relates both to cellular and humoral immunity. The fact that
genetic subtypes tend to cluster geographically raises the possibility that distinct
immunotypes of the virus have evolved along similar lines. Relatively little is known
about the neutralisation capacity of subtype C isolates and serum from SA. A recent
study examined South African (Du-cohort), subtype C sera neutralisation activity.
Extensive cross-neutralisation (70%) of a large number of heterologous subtype C
isolates from SA, obtained very early in infection, (Bures et al., 2002), was observed.

This suggests that SA serum and isolates have an unusual degree of shared
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neutralisation determinants at regional level. Poor cross neutralisation was observed
between subtype C sera and subtype B isolates as was observed before (Smith er al.,
1998), although a few subtype C sera were able to cross neutralise a wide spectrum of
subtype B and C isolates. This seems unusual as SA subtype C was shown to have been
the result of multiple introductions of the virus into the country, with greater diversity as
can be observed in clonal epidemics such as India and Thailand (Bredell ef al., 1998; van
Harmelen et al., 1997). It seems from these results that each subtype consists of multiple
serotypes of varying subtype specificity, posing great obstacle in the way of vaccine
design. However, shared neutralisation determinants in subtype C shows that
neutralising antibodies induced by vaccines will have less epitope diversity to overcome

at a regional level.

Monoclonal antibodies.  Although HIV elicits weak cross-neutralisation
responses, a small number of human monoclonal antibodies (Mabs) with broad
‘neutralising activities have been isolated from infected individuals.  Only a few
monoclonal antibodies, b12, 2G12, 2FS, Z13, X5 and 4E10 are capable of neutralising
primary isolates of HIV-1, this is due to HIV evolving various protective mechanisms to
enable it to resist the binding of antibodies to its envelope glycoprotein complex (Parren

and Burton, 2001; Parren et al., 1999).

In a study examining neutralisation through MADb’s of subtype C isolates (Bures ef al,,
2002), it was noted that subtype C isolates resemble subtype B in their sensitivity to
neutralisation by G1bl2 and to a lesser extent 2F5. However, unlike subtype B, all
subtype C isolates in this study showed resistance against 2G12 neutralisation. This
MADb, 2G12, was previously shown to have the ability to neutralise a broad spectrum of
HIV-1 isolates (Bures ef al., 2000; Trkola ef al., 1995). In studies that did incorporate
very small numbers of subtype C’s, it was shown that high doses of 2G12 was required

for neutralisation to occur (Trkola et la, 1995).

Neutralisation epitopes. Epitopes responsible for primary isolate neutralisation
by serum samples from HIV-infected individuals remain largely unknown although some
has been identified. These include the ELDKWA epitope of Mab 2F5 and as well as the
CD4 binding site epitope of Mab bl2 (Mustef et al., 1993, Mclnqrney et al,, 1997).
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Neutralising and non-neutralising epitopes do not exist as distinct entities on the viral
surface. These epitopes generally represent antibody accessible structures on the virion
surface that are present in a valence high enough that a critical antibody density can be

achieved (Parren and Burton, 2001).

A unique epitope for the binding of 2G12 have recently been identified. This relatively
conserved epitope in an otherwise variable gpl120 surface was shown to be associated
with mannose sugars on N-linked glycosylation sites in the C2, C3, C4 and V4 domains
and has probably no involvement with the gp120 peptide backbone (Sanders ez al., 2002;
Scanlan ef al., 2002). This is indeed the only conserved, exposed surface on the gp120
trimer that does not interact with known cellular receptors and chemokine receptor
(Kwong et al., 2000). At least 6 different high-mannose and/or hybrid glycans of
residues 295, 332, 392, 386, 448 and 339 have been identified in this epitope. There
might be similarities between this epitope and the mannose-dependent binding sites on
gp120 for DC-SIGN. Not all these positions are essential for 2G12 binding but analysis
of subtype C isolates showing resistance to neutralisation by 2G12 (Bures ef al., 2002)
may cast light on which of these N-linked mannose residues are essential for 2G12
binding. Position 295 seems crucial for the binding of 2G12 indicated by the fact that
subtype C isolates from South Africa all lacked glycan 295 and were resistant to 2G12
neutralisation. This glycan is poorly conserved amongst subtype C isolates (Sanders et

al., 2002).

1.2.4 HIV-1 Genetic diversity

Geographical distribution of HIV-1 subtypes.

Global. Most subtypes have been detected in or are associated with Africa
(Figure 1.7), with the greatest genetic variation in HIV-1 detected in Central Africa.
Globally subtypes A and C account for most current infections followed by subtype B
and the intersubtypé recombinants CRFO1_AE and CRF02_AG. Subtype C currently
infects more people worldwide than any other subtype; it is common in southern Africa
and India, accounting for >50% of all HIV infections (Essex, 1999; McCutchan, 2000)
(Table 1.3).
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South Africa. Subtype C was the first HIV genotype from South Africa to be

identified (Dietrich ef al., 1993) and was subsequently shown to be the major HIV-1

subtype in the heterosexual population of this country (Williamson et al., 1995). More

than 95% of isolates screened in South Africa were subtype C (Bredell ef al., 1998,
Engelbrecht et al., 1998, 1999; Moodley et al., 1998; van Harmelen et al. 1997, 1999),
with less than 5% of isolates screened belonging to subtype B, A, G and D (Bredell ez al.,

2002).

Table 1.2: Published African fll-length HIV-1 genomes, noting their subtype and country of
origin {Adapted from McCutchan, 2000).

Categoryt Geographic origin®
Subtypes A Uganda, Tanzania, Kenya,
Somalia
B Throughout Africa
C East, Southern Africa
D Uganda, DRC, Kenya
Fand F2 DRC, Kenya, Congo,
Cameroon
G Nigeria, Kenya, Congo, DRC
H CAR
J DRC
K Cameroon
Circulating Recombinant CRF01_AECM240 | CAR
forms
CRF02_AG CM 240 | Djibouti, Ivory Coast,
Cameroon
CRF05 FD VI 1310 | DRC
CRF06 cpx BFP90 Burkina Faso, Mali
CRF09 cpx p291 Senegal

ISR ~ intersubtype

AC recombinant

Tanzania, Zambia Rwanda,

recombinants Ethiopia, Uganda
AD recombinant Uganda, Kenya
Others Unclassified Camerocon, DRC, Gabon

+ CRFs are numbered in the order discovered.

Cpx refer to complex recombinants

combining three or more subtypes. Intersubtype recombinants forms or IRS, are forms so

far identified only in a single individual and without current evidence of epidemic spread.

Unclassified strains fail to cluster with known subtypes in all genome regions examined, *

CAR, Central African Republic; DRC, Democratic republic of Congo, formerly Zaire.
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The initial South African epidemic was associated mainly with homosexual subtype B
transmission (Van Harmelen er al., 1997; Williamson et al., 1995). Evidence suggests
subtype B may have been introduced into South Africa from other countries (Sher, 1989;
van Harmelen er al., 1997). There is preliminary evidence to suggest that subtype B in
South Africa, is in the process of spreading fronﬁ the homosexual community to establish

an epidemic in the heterosexual community (Van Rensburg, EJ, unpublished data).

The heterosexual epidemic in South Africa is a relatively recent epidemic, since the first
cases were reported in the late 1980s (Maartens et al., 1997). Analysis of phylogenetic
relationships between all published subtype C sequences from the southern African
region, showed that subtype C viruses do not cluster according to geographical origin of
infection (Bredell et al., 1998; Van Harmelen et al.,, 1999), supporting a multiple
introduction scenario in South Africa. The origin of this epidemic is probably due to
regional spread from other countries due to close socio-economic ties between SA and its
neighbouring countries (Bredell et al., 1998; van Harmelen et al., 1997, Williamson et
al., 1995). As HIV-1 continues to spread globally, geographical restrictions are
increasingly breaking down; many European countries, for example, have residents
infected with multiple genetic subtypes (Clewley et al., 1996; Courturier et al., 2000,
Jonassen et al., 2000; Op de Coul et al., 2000).

Table 1.3: Table depicting geographic distribution of HIV-1 and HIV-2 subtypes outside

of Africa.
Geographic region %, Subtype Reference
India and south east C, AE, BBC Su et al., 2000
Asia
Philippines B,E,A,C,D Paladin et al., 1998
Thailand B,E, AE Subbarao et al., 1998
Europe B, all other subtypes and prevalent Morgado et al., 2002 |
CRFs, O and HIV-2 |
North America B, 1% of infections due to all other McCutchan, 2000 |
subtypes and prevalent CRFs ‘
South America B, 25% F and/or BE, C Morgado et al., 2002 \
Australia B Qelrichs et al., 2000
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proteins is very high compared to the diversity found in viruses for which effective
vaccines have been developed (Moore et al., 2001). The capacity of the virus to mutate
at any amino acid residue is constrained, however, by the functional or structural value of

the residue to virus survival (Wrobel et al., 1998).
Forces driving genetic variation.

Viral characteristics (error-prone reverse transcriptase, high viral turnover rate and
genetic recombination), host specific influences (cellular and humoral immune responses
and availability of cells to be infected) and external influences (antiretroviral therapy)

drive genetic variation in HIV.

Reverse transcription and rapid viral turnover. The high error rate of reverse
transcriptase was identified as the main source of HIV-1 diversity and is an identifying
characteristic of all lentiviruses (Bebenek et al., 1989; Boyer et al., 1992). This high rate
of incorrect nucleotide substitutions by reverse transcriptase (10 per nucleotide resulting
in approximately one nucleotide miss-incorporation per replication cycle of each 10Kb
genome) is due to its lack of proof reading activity (Pathak and Temin, 1990; Preston et
al., 1988). This effect is aggravated by the rapid viral turnover (10" viral particles/day)
and cell turnover within an HIV-infected individual (Ho et al., 1995; Wei et al., 1995).
As a result individuals harbour a swarm of closely related viruses (quasispecies), each

with their own unique viral genome (Nowak, 1992).

- Immune responses. Ongoing host immune defences (cellular and humoral
immune responses), directed at HIV is a further driving force for genetic variation.
Positive immune selection allows the genomic region under immune pressure to escape

host defence immune recognition.

HLA-restricted CTL recognition plays a role in HIV-1 evolution in vivo (Moore et al.,
2002). Circulating CD8+ T cells recognize viral and self-peptides presented by cell
surface molecules MHC class I. Both MHC class I and I are coded for by the human
leukocyte antigen (HLA) loci. Allelic variants of the HLLA molecule on the MHC can

bind and display various antigenic peptides with differing affinities. Different ethnic
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groups have differing HLA distributions and affect on CTL recognition and escape
(Moore et al., 2002; Novitsky et al., 2001; Nowak et al., 1995; Phillips et al., 1991;
Wolinsky et al., 1996). Immune surveillance may be evaded at two levels, peptide
binding in the HLLA molecule and T cell response recognition (TCR) (Gotch et al., 1996).
CTL escape is accomplished by altering the genome to successfully interfere with
epitope-HLA binding and so reduce T cell receptor recognition (McMichael and
Rowland-Jones, 2001).

It has been difficult to document cellular immune selection directly, but recently
cytotoxic T-lymphocytes (CTL) studies illustrated HIV evolution driven by host immune
pressures more clearly. It was illustrated that cytotoxic T-lymphocyte responses (CTL)
are directed at epitopes in several HIV-1 proteins and exert positive selection pressure on
these genomic regions. CTL escape has been described in acute and chronically HIV-1
infected humans (McMichael and Rowland-Jones, 2001), SIV infected macaques (Evans
et al., 1999; Allen et al., 2000) and SHIV (simian-human immunodeficiency virus)

challenged rhesus monkeys after vaccination (Barouch et al., 2002; Goulder et al., 1997).

Selection can be quantified by measuring the extent to which nonsynonymous nucleotide
substitutions (resulting in a changed amino acid) compared to synonymous nucleotide
substitutions occur more frequently than would be expected by chance. This is called the

Dn/Ds ratio (Nei and Gojobori, 1986).

In humoral immunity, antigenic variation and evasion of autologous neutralizing
antibodies drive diversification of HIV (Arendrup et al., 1992; Bongertz et al., 1997,
Fenyo et al., 1996; Watkins et al., 1996). Multiple rounds of neutralization escape
diversify B cell responses to critical neutralization epitopes resulting in the broadening of
the neutralization antibody response over time. This has been established as one of the
factors involved in protection in LTNP (long term non progressors) (Bradney et al,
1999). Genetic studies of antibody-driven selection are complicated by the complex,

discontinuous nature of many B-cell epitopes.

Antiretroviral therapy. Antiretroviral therapy (ARV) is also a driving force in

HIV-1 genetic variability. The majority of drug-resistant mutations arise in immunogenic
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regions of the RT gene. ARV selective pressure exerted on a population of viruses
results in the emergence of drug-resistant mutants and consequently lead to treatment
failure (Coffin, 1995; Kijak et al,, 2002; Larder and Kemp, 1989). The emergence of

such viral variants has been extensively described and is found even in the setting of

highly active ARV (HAART) therapies (Deeks, 2001; Loveday, 2001; Miller, 2001).

When ARV selective pressure is removed, drug-sensitive quasispecies with a higher
fitness in a drug-free environment emerge. This rationale led to the many structured

treatment interruption (STI) therapies carried out on patients with treatment failure and

multi-drug resistant viruses (Deeks, 2001; Miller, 2001).

Availability of cells. The number of type of cells available for HIV to infect and
replicate in also determines genetic variation. In early infection RS viruses are almost
exclusively found indicating that this phenotype is preferentially transmitted. As HIV
infection progress preferential viral destruction and exhaustion of CCRS expressing cell
populations take place. This in part is thought to drive the switch from the RS to the X4
phenotype, enabling HIV now to infect a whole new source of cells expressing CXCRA4,
As the switch for the RS to X4 is genetically determined this is indirect evidence for

genetic selection and increased genetic variation (Overbaugh and Bangham, 2001).

Genetic Recombination. Another source of variation is genetic recombination.
Recombination between two genetically distinct isolates of the same retrovirus species
was first described in the 1970s in Avian tumor viruses (Kawai and Hanafusa, 1972;
Vogt, 1971) and Rous sarcoma viruses (Linial and Brown, 1979). The first HIV-1 to be
identified as a recombinant was MAL, an A/D/? strain from the Democratic Republic of
Congo (Alizon et al., 1986).

Extent of recombination. Recombination of HIV has proved to be a more
frequent event than originally recognized serving a central role in viral evolution
. (Robertson et al,, 1995). The recombination rate of HIV-1 has been established at
“\ approximately three events per genome during every replication round, with a range of
one to seven crossovers (Jertzt et al., 2000). A recent paper showed that 75-80% of cells
‘ harbour two or more proviruses and that a single splenocyte cell may contain up to eight

‘ different proviruses. This evidence indicates that recombination must be a frequent
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event, readily detected only when recombination occurs between different subtypes (Jung

etal., 2002).

Method of recombination. A cell can be infected by two genetically distinct
viruses, either of the same subtype (producing intrasubtype recombination) or different
subtypes (producing intersubtype recombination). This multiple infection may occur as a
result of the simultaneous passage of multiple viruses or through sequential passage from
multiple transmission events (Blackard er al., 2002). The resultant co-packaging of RNA
genomes from the two genetically distinct viruses into a single viral particle makes
recombination possible during the next cycle of infection (Coffin, 1979; Goodrich and
Duesberg, 1990; Hu and Temin, 1990; Junghans et al., 1982; Kartz et al, 1990).
Through strand displacement and template switching during dsDNA synthesis, reverse
transcriptase creates a mosaic genome. Once integrated into the cellular genome, this

mosaic DNA becomes the source of the mosaic RNA genomes of the progeny virions.

CRFs and ISRs. A recombinant lineage is designated a CRF (Circulating
Recombinant Form) if they can be grouped phylogenetically with distinct subtypes in
different genomic regions and when related forms are found in more than 3
epidemiological unlinked individuals (Table 1.4). Until this can be established, these
recombinants are termed intersubtype recombinants (ISRs). ISRs are either less stable in
the population or not had an opportunity to spread. They have 1ll defined crossover sites,
and have been generated from more recent dual infections than CRFs (Cornelissen et al.,
1996; Cornelissen et al., 1997, Jetzt et al., 2000, Neilson et al., 1999). Recombination
can be distinguished from an accumulation of minor genotypic changes, by a distinct

- breakpoint or crossover site. Sequences on either side of the breakpoint in a recombinant,
will group with different subtypes (Robertson et al., 1995; Robertson et al., 2000). A
recent in vitro study reported a “hot spot” for recombination in the C2 env domain

(Quinones-Matau et al., 2002).

Recombination between group M and O has also been reported (Peeters ef al., 1999,
Takehisa et al., 1999). To date, no recombination between HIV-1 and HIV-2 has been
reported, despite the possibility of such an event as they coexist in several countries in

West Africa.
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Table 1.4: Geographic spread of eight established CRFs (Adapted from McCutchan,

Geographic

distribution

2000)

Number
of tull
length

Reference

Comments

sequences
CRF01_AE | Thailand, China, 9~ McCutchan ef al.,
CAR, USA ) 1996
CRF02_AG | Djibouti, Ivory 11 Carretal.,, 1998 | Commonly known
Coast, Cameroon, McCuthan, 2000 | as IbNG
Senegal, Guinea
Bissau, Nigeria,
Congo, Gabon,
USA
CRF03_AB | Russia 1 Liitsola et al., Circulates among
1998 DU
CRF04 cpx | Cyprus, Greece 3 Gao et al., 1998; | Initially subtype I
Nasioulas ef al.,
1999 .
CRF05 FD | DRC 2 Laukkanen et al.,
: 2000
CRF06_cpx | Burkina Faso, Mali | 7? Montavon ez al., | Initially designated
and several west 1999, Oelrichs et | A/G/J/?
African countries al., 1998
CRF07 BC | China 2 Piyasirisilp et al., | Circulates among
2000 1IDU
CRF08 BC | China 3 Piyasirisilp et al., | Circulates among
2000 IDU

Being exposed to two or more subtypes must occur at a much higher frequency than the
actual corresponding infections. This is predicted by the prevalence of co-circulating
strains, incidence of new HIV infections and limited prevention measures (Quinones-
Mateu et al., 2002).
ultimately result in a complete dissolution of defined HIV-1 subtypes (Quinones-Mateu
et al., 2002).

ISRs are undoubtedly contributing to HIV-1 evolution and may

1.3 Heterosexual Transmission:

Transmission of HIV-1 occurs via a number of routes; in a vertical fashion, from mother
to child; and in various horizontal ways, including heterosexually, homosexually and
through contact with contaminated blood products (intravenous drug users with
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contaminated needles and blood transfusions). By far the most persistent contributor to
the HIV-1 epidemic is heterosexual contact, and this review will focus on male to female

heterosexual transmission.

1.3.1 Early events in HIV transmission and infection

First cells encountered by HIV-1. Before infection can be established the virus
needs to cross the mucosal layer through transport by epithelial cells in order to access
cells permissive for viral infection like CD4+ T cells in lymphoid tissues. It has been
shown that dendritic cells (DC) present in epithelial (Langerhans cells) and sub epithelial
(dermal DCs) layers of the genital tract can transport HIV-1 to lymph nodes and CD4+
permissive T cells (Piguet and Blauvelt, 2002).

Dendritic cells play an important role in the generation and regulation of adaptive
immune responses (Banchereau and Steinman, 1998) (Figure 1.9). Immature dendritic
cells (iDCs) are widely distributed throughout the body and constantly sample the
environment for antigens through phagocytosis, macropinocytosis and receptor-mediated
pinocytosis. Upon stimulation by pathogenic antigen, activation of iDC takes place
resulting in maturation. This involves upregulation of a variety of molecules important in
activating T cells for example, cell surface MHCs to ensure efficient presentation of
optimally processed antigens to cells. Maturation also coincides with migration of DCs

to secondary lymphoid organs.

HIV-1 capture by DCs is mediated through one of a variety of mannose C-type lectin
receptors (MCLRs) present on the surface of DCs in various tissues and scenario seems
more complicated than first anticipated (Turville ez al., 2001, 2002). One recently
characterized MCLR, DC-SIGN (DC-specific, ICAM-3, grabbing, nonintegrin) a type II
membrane protein with an external domain is abundantly expressed in the surface of
iDCs and to a lesser extent on mDCs (Geijtenbeek et al., 2000a). The natural ligand for
DC-SIGN is intracellular adhesion molecule 3 (ICAM-3) but HIV-1 also binds to DC-
SIGN and uses it as its predominant receptor on DCs rather than CD4 through HIV-1s
glycan rich envelope (Geijtenbeek et al., 2000b). In particular a site-specific
glycosylation site has been indicated at the base of the V2 loop to be involved in the
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It must be noted however that the most studies have been done on DCs from blood
despite transmission involving mucosal DCs. Additional mucosal DC studies seem
warranted. Nevertheless, DCs play a pivotal role in HIV transmission and disease
establishment and this could have important implications in preventions and treatment of

AIDS (Piguet and Blauvelt, 2002)

First cells infected by HIV-1. There is no direct in vivo data to indicate what the
cell types are first infected in the reproductive tract of women. It has been shown
however that chronic HIV-1 infected women harbour infected macrophages, Langerhans
and T cells in cervical tissue, but these may not be the same cells infected during or

directly after transmission (Pomerantz ef al., 1988; Pudney and Anderson, 1991).

SIV infected rhesus monkey models investigating male-to-female transmission since
1989 have produced some in vitro data (Miller et al 1989). However here have been
conflicting findings. According to one group Langerhans cells present in the Lamina
propria (submucosal layer of cells in the vagina) are the first cells in the female genital
tract to become infected (Spira et al., 1996). Another showed that activated and resting
CD4+ T cells were the first to be infected after 3 days of intravaginal (IV) inoculation of
SIV in monkeys (Zhang et al., 1999). Hu and colleagues (2000) found that dendritic cells
were the first infected, detecting infection within 60 minutes of intravaginal (IVAG)
exposure to SIV-1. These discrepancies are due in part to the lack of a suitable in vitro

model (Shattock et al., 2000).

The latest evidence was proposed by Gupta and colleagues (2002). They developed a
novel cervical tissue derived organ culture model mimicking in vivo transmission. This
model showed that memory CD4+ T cells were the first to be infected 6 hours after
mucosal HIV-1 (cell-free and cell-associated virus) exposure. At 96 hours after exposure
Langerhans cells as well as macrophages were also detected in confirmation of previous

reports (Gupta et al., 2002).
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13.2 Co-receptor and phenotvpe

HIV entry in order to establish infection requires attachment firstly to CD4 and secondly
to a co-receptor, either CCRS or CXCR4 (Alkhatib ef al., 1996, Doranz et al., 1996).
Receptors and in particular co-receptors are important because they determine HIV

phenotype and are used to classify HIVs.

Three systems that were not based on co-receptor use have been used until recently to
classify and determine HIV phenotype. Such systems defined HIV phenotype by the
cells in which they replicate in vitro, defining them either as macrophage (M)-tropic or T-
cell-line (T)-tropic. The second system categorized viral isolates by their ability or
inability to induce syncytia (multinucleated giant cells) in the MT-2 T-cell line,
distinguishing them as syncytium inducing (SI) or non-syncytium-inducing (NSI)
(Schuitemaker et al., 1992; Tersmette ef al., 1988). The third system defined viruses as
either slow/low (SL) or rapid/high (RH), depending on their replication kinetics in
PBMCs and T-cell lines (Fenyo ef al.,, 1988). Roughly, STand NSI correspond to RH and
SL. phenotypes respectively. These three classification systems were often used

interchangeably, but are not synonymous (Table 1.5).

Table 1.5: Classification of HIV-1 biological phenotypes (Adapted from WHO-UNAIDS

Guidelines for standard HIV isolation and characterization procedures, 2002)

Co — receptor New Historic classification
Usage Classification | Cytopathology | Replication | Replication
in MT2-cells | permissive | rate in PBMCs
cells and T-cell lines
CXCR4 X4 SI T cells Rapid/high RH
tropic
CCR5 RS NSI Macrophage  Slow/low SL
CCR3/CCR2b R3 R2b tropic
CXCR4 and R5X4 ST Tcellsor = Rapid/high RH
CCRS and/or | R3R5X4 or macrophage
CCR3 R3X4 tropic

In 1998 a new classification system was adopted where HIVs were classified according

to their ability to bind to the two main co-receptors, CXCR4 and CCRS5. Isolates that use

CCRS5 but not CXCR4 as co-receptor are termed RS viruses, isolates using CXCR4 but
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not CCRS are designated X4 viruses, and isolates capable of using both co-receptors,
with comparable efficiencies are termed RS5X4. This classification system can also be
expanded to include other co-receptors if their use by an isolate proves to be a major
determinant of tropism; for example, whether isolates use CCR3 and/or CCRS to enter

microglia could define then as R3, RS or R3-RS isolates (Berger et al., 1998).

Co-receptors in transmission. CCRS co-receptor usage is an important
determinant for HIV-1 transmission in vive. This is illustrated by the fact that some
individuals with a deletion of 32 base pairs in both alleles of the CCRS gene remain
uninfected despite multiple HIV-1 exposures (Liu et al., 1996a; Samson et al., 1996).
Primary mononucleated cells from individuals with the CCRS5 A32 genotype were shown
in vitro to be resistant to infection by RS viruses, but not X4 viruses. This homozygous
deletion is present in approximately 1% of Caucasians. Protection is not absolute and
several studies have indicated a delayed HIV-1 disease progression in individuals
homozygous for the A32 deletion (Dean et al., 1996, Huang et al., 1996; Samson et al.,
1996). It has also been proposed that individuals heterozygous for the A32 genotype
have delayed disease progression (Dean et al,, 1996). An additional CCRS mutation
(CCR5m303) has been showed to assist in resistance of infection in conjunction with the
CCR5A32 genotype (Quillent et al,, 1998). CXCR4 is more highly conserved than
CCRS although polymorphisms in CXCR4 exist but have not been associated with
resistance to infection (Martin et al., 1998; Wegner et al., 1998).

133 Viral load

Viral load plays an important role in transmission as the major predictor of HIV-1
heterosexual transmission risk. It has been shown that in individuals with HIV-1 RNA
levels below 1500 copies per millilitre, transmission is rare (Mellors et al., 1997; Quinn
et al., 2000). Thus reductions in viral load brought about by the use of antiretroviral
drugs reduce the rate of transmission. Such reductions have been documented in studies
of perinatal transmission (Mofenson et al., 1999, Shaffer et al., 1999, Sperling et al.,

1996), but not in studies of sexual transmission (Quinn et al., 2000),
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Women progress to AIDS at lower viral loads compared to men although both progress at
a similar time course to AIDS (Farzadegan et al., 1998; Ghandi et al., 2002; Quinn et al.,
2000; Sterling et al., 1999). Women has been shown to have 2- to 6-fold lower levels of
HIV RNA than do men, even when controlling for time since seroconversion
(Farzadegan et al., 1998; Gandhi et al., 2002; Sterling et al., 1999). There have been
some studies contradicting this (Bush ez al, 1996; Moore and Burton, 1999),

Several studies have shown a good correlation between PBMC viral load and viral load in
seminal plasma, semen (Gupta et al., 1997) and cervical secretions (Hart et al., 1999;
Iversen et al., 1998). Viral loads in genital secretions appear to fall in concert with the
declines in PBMC viral load after combination therapy (Gupta et al., 1997; Musicco et
al., 1994; Vernazza et al., 1997). This is significant, as the rate of transmission has been

remarkably reduced in persons with very low serum viral loads (Quinn et al., 2000).

Factors that influence viral load especially in genital secretions are important factors in
determining risk of HIV-1 transmission. It was also shown that whereas cervical
inflammation and ulceration can increase HIV-1 RNA in vaginal secretions (Lawn e? al.,
2000), hormonal changes during the menstrual cycle do not have a significant effect of

HIV-1 RNA levels (Villanueva et al., 2002),

1.34 Viral population restriction during transmission

Both simian models and human studies have indicated that restriction of viral populations
during male-to-female transmission across mucosa takes place. A marked higher genetic
diversity was observed in rhesus macaques inoculated intravenously when compared to
intra-vaginally inoculated animals, indicating that restﬁction of viral populations
occurred especially during mucosal vaginal transmission (Enose et al., 1997; Greenier et
al., 2001; Miller et al., 1989). The same trend was seen in studies on newly infected
individuals which harboured viruses that were largely RS even though those from the
corresponding donor were both X4 and RS (Asjo et al., 1986; Bjorndal er al., 1997;
Connor et al., 1994; Comelissen et al., 1995; Scarlatti er al., 1997; Tschering et al.,
1998;Zaitseva et al., 1997; Zhu et al., 1993). Additional evidence in concordant couple

studies for restrictive mucosal transmission showed that the transmitted variant represents
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only a minor population in the semen of the corresponding transmitter (van’t Wout et al.,

1994; Zhu et al., 1993, 1996).

A few models have been proposed to explain the observed restricted viral populations
directly after transmission including; selective transmission, selective amplification and

compartmentalisation (Zhu et al., 1993).

Selective transmission. Of all these possible explanations convincing evidence
exists only for selective transmission. Selective transmission states that a viral variant
possesses a selective advantage in penetrating the mucosal barrier of a new host (Zhang
et al, 1993; Zhu et al, 1993). Epithelial cells in the intestines have been shown to
selectively transport RS viruses across the epithelial layer (without getting infected
themselves) bringing them into contact with sub-mucosal CD4+ T cells that they are able
to infect (Meng et al., 2002). Intestinal epithelial cells selectively take up RS viruses by
expressing co-receptor CCRS and glycoshingolipid galactosyl ceramide (GalCer - an
alternative receptor in epithelial cell lines) but not CD4, DC-SIGN/LFA-1 (two alternate
receptors) or the CXCR4 co-receptor (Fantini et al., 1993; Meng et al., 2002). This
mechanism for RS selective transmission could possibly be true for all other epithelial

cells and in particular genital epithelial cells at the site of sexual transmission.

Dendritic cells have also been implicated in participating in the selective restriction of RS
viruses. Productive infection of iDCs by HIV-1 has been described but this is
controversial. iDCs express higher levels of CCRS and little or no CXCR4 and only
replicate M-tropic viruses. Replication though, has been shown to occur only at very low
levels (Canque et al., 1996, Granelli-Pipemo et al., 1998; Reece et al., 1998; Zaitseva et
al., 1997). Mature DCs express less CCRS and higher levels of CXCR4 (Kawamura et
al., 2001).

Although mucosal epithelial cells may be involved in the selective transfer of mucosal
acquired HIV-1, other mechanisms of RS virus selection may exist, particularly for
viruses transmitted intravenously This is illustrated by observed transmission of mostly
RS viruses by intravenous drug users (Van’t Wout et al., 1994) and the occasional sexual

transmission of X4 viruses in acute infection (Pratt et al., 1995).
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Selective amplification. Selective amplification is another proposed model in
explanation for the observed restricted viral populations after transmission. This states
that 1t 1s possible that multiple HIV variants from the transmitter penetrate the new host,
but only a minority is selectively amplified to become the dominant population.
Selective amplification has been descnibed in blood where SI wviruses before
seroconversion were replaced by NSI viruses at seroconversion. This suggests that HIV-
1 selective amplification occurred after transmission (Cornelissen et al., 1995). This
model can be further explained by compartmentalization. It seems probable that selective
amplification and selective transmission are together responsible for selective infection of
HIV.

Compartmentalization. In heterosexual transmission it is virus present in the
donor genital secretions (either seminal fluid in the case of male to female transmission
or cervicovaginal secretions in the case of a female to male transmission) that is directly
responsible for establishing infection. In trying to explain viral population restriction
during transmission, compartmentalization states the possibility that selected viruses are
preferably found in the transmitting genital compartment such as semen in the case of

male-to-female transmission.

HIV-1 has different abilities to persist and replicate in different compartments in the host,
dependant on host and viral factors. Compartmentalization for both proviruses and cell
free viruses detected in PBMCs and plasma has been described. Distinctly different
proviral sequences in PBMCs have been detected in various host compartments such as
brain tissue (Hughes ez al., 1997), cerebrospinal fluid (Kuiken er al., 1995), spleen
(Epstein et al, 1991), lung (Itescu er al, 1994), semen (Zhu et al, 1996), and
cervicovaginal secretions (Ellerbrock et al,, 2001). It is also possible that in the same

compartment, proviral and plasma RNA can be distinctly different (Zhu et al., 1996).

In female genital secretions, proviral and cell-free HIV in blood were found to be
phylogenetically and phenotypically distinct. This was first determined for proviral
populations (Panther et al., 2000; Poss et al., 1995, 1998) and recently also determined

for cell-free virions. It was also indicated that the principal source of HIV in the genital
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tract was due to local viral replication (Ellerbrock er al., 2001). This suggests that natural
and therapeutic induced selection pressures in the female genital tract occur independent
of those in blood. It has indeed been determined that local cytokine, chemokine and
HIV-1 specific immunoglobulin production in female genital tract secretions are different

than those in blood (Artenstein et al., 1997, Belec et al., 1995).

In male genital secretions proviral HIV as well as cell-free virions have been detected in
the non spermatozoa mononuclear cell fraction of semen and seminal fluid respectively
(Gupta er al., 1997; Hamed et al., 1993). Drug resistance mutations were showed to be
unequally distributed in blood and semen and serve as evidence for compartmentalization
in semen (Kroodsma et al., 1994). In addition other genetic and phenotypic differences
between proviral variants in blood and semen were described although this does not seem
to be a trend (Delwart et al., 1998; Zhu er al., 1996). More macrophages and
lymphocytes are present in semen relative to blood (Wolff and Anderson, 1988) and anti-
immunoglobulin G in semen including antibodies to HIV-1 proteins p55, p24 and p17 are
less prevalent in blood than semen (Wolff ef al., 1992). This raises the possibility that
viral evolution in semen may be different from that in the blood because of differences in

immune pressures.

It was thought that since RS viruses are primarily transmitted they might preferably be
found in genital secretions (Cheng-Mayer et al., 1989; Wolff and Anderson, 1988).
However, both X4 and R5 viruses have been found present in semen and thus it is
unlikely that compartmentélization can account for this observed restriction (Zhang et al.,

1993; Zhu et al., 1993)

1.3.5 Gender influences on heterosexual transmission

Much of our understanding of the virological determinants of sexual transmission of HIV
is derived from examining recently subtype B infected American and European men.
These studies showed transmission of a genetically homogeneous viral population (Zhang
et al., 1993; Zhu et al., 1993) that over time diversifies and becomes more heterogeneous,
evolving in a multitude of closely related, but still different variants, ‘quasispecies’.

During later stage of disease the population again becomes more homogeneous
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(McNearney et al., 1992). Transmission of genetically homogeneous viral populations as
observed in recently infected subtype B American and European men has been noted
“despite the donors harbouring genetically complex viral populations and was attributed to
either selective amplification or selective transmission (Zhang et al., 1993; Zhu et al.,
1993). However most infecting individuals or donors harbour a complex viral population

due to the viral dynamics within the individual during the course of HIV infection.

Transmission data obtained from men have until recently been extrapolated to women.
Almost half of HIV infections occur in women worldwide and in South Africa in
particular, it is estimated that 2,7 million women are infected in an epidemic of 5 million
(UNAIDS, 2002). Despite women being one of the most substantial groups affected by
the epidemic they have been a relatively understudied group and little is known about
virological determinants involved in transmission in women, and in particular, African

WOMmCen.

Female multiple variant transmission. Recent studies have shown that there may
be gender differences in transmission and that women are unlike men with regard to HIV
transmission. These studies showed that the pronounced genetic restriction seen in
heterosexually infected men during HIV transmission, is often not observed in
heterosexually infected African women (Kampinga et al., 1997; Long et al., 2000; Poss
et al., 1995). This was detected specifically in a Kenyan cohort of female sex workers by
two independent studies comparing viral diversity in acutely infected males and female
sex workers infected with subtype A and D (Long et al., 2000; Poss et al., 1995). The
first study showed five out of six acutely infected women from this Kenyan sex worker
cohort, harboured heterogeneous viral populations (Poss er al., 1995). In the second
study transmission of multiple variants of HIV-1 took place in twenty out of 32 women,
resulting in individuals harbouring a heterogeneous viral population soon after
transmission (Long et al., 2000). Multiple variant HIV transmission has also been
indicated in studies on other cohorts such as a Rwandan pregnant women cohort
(Kampinga et al., 1997). This indicates that infection by multiple variants is not unique
to the sex worker cohorts. The viruses that were found in these women early in infection

were genetically diverse, with up to 6,4% difference in the envelope region encompassing
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variable region 1 (V1) through to V3 (Long et al., 2002). It is possible that the level of

viral diversity in early infection may influence disease progression.

Male multiple variant transmission. It has however been shown in a few
instances that transmission of multiple variants can take place in subtype B infected men,
despite overwhelming evidence of the opposite. The first study indicated co-infection in
a homosexual male (Zhu ez al, 1995) and the second study, showed transmission of a
heterogeneous virus mixture in one male out of seven individuals (Zhu et al., 2002). This
study indicated that the viral population became homogeneous in erv but not in gag soon
after transmission to another male. Another study found heterogeneous HIV populations
in eight homosexual men and also found homogenisation in env but not in gag over time
(Leamn et al.,2002). This indicates that early selective processes focus on viral properties

within Env but not Gag,.

Proposed explanations for female multiple variant transmission. It may be
possible that viruses transmitted to women differ phenotypically from those transmitted
to men. Tt was thought that the mechanism restricting viral diversity selects for RS
viruses, and that in women a failure of phenotypic restriction for RS viruses may result in
heterogeneous viral population transmission (Zhang et al., 1993; Zhu et al., 1993). Kthis
were true more frequent transmission of X4 viruses would be observed in women. This
was not the case in a recent study showing RS viruses present in all African female study
subjects regardless of viral complexity (Long et al,, 2002). Thus is seems unsupported
that phenotypic restriction absent in women could explain HIV multiple-vanant
transmission. A number of reasons have been proposed to explain why women may be
more susceptiblé to infection with multiple quasispecies when compared to men. These
include an increased muscosal area of exposure, increased susceptibility through greater
mucosal trauma, the presence of undiagnosed sexually transmitted infections, prolonged
exposure to infected male secretions and immunological differences between men and

women (Ray and Quinn, 2000),.

Gender influences on HIV pathogenesis. Studies have also reported gender
differences in HIV pathogenesis, with progression to AIDS in women being associated

with lower viral loads when compared to men although progression to AIDS in men and
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women occurs at a similar time course (Farzadegan ef al., 1998; Quinn et al., 2000;
Sterling et al., 2001). Women have been shown to have two to six fold lower levels of
HIV RNA than men at a similar stage of HIV infection. This was found even when
controlling for possible confounding factors such as, age, race, mode of transmission and
antiretroviral use (Gandhi et al., 2002; Sterling et al., 1999). Some studies contradicting

this have also been reported (Bush et al, 1996; Moore and Burton, 1999).

These observed gender differences in viral levels could be explained by hormone
fluctuations in women. During ovulation oestrogen and progesterone levels fluctuate and
some studies have shown that HIV viral levels follow suit (Greenblatt er al., 2000;
Reichelderfer et al., 2000). A mechanism proposed for this observed hormone and viral
level correlation is oestrogen-mediated down-regulation of TNF-o directly influencing
HIV-1 expression (Mellors et al., 1991; Shanker et al., 1994). Progesterone that has been
implicated in increased susceptibility to a range of pathogens including to SIV through
hormone-related impairment in cell-mediated immunity (Marx et al., 1996). In addition,
human lymphocytes have a distinct progesterone binding domain and it is possible that
during ovulation with fluctuating levels of progesterone this may exert a dose dependant
inhibitory effect on CCRS expression on activated T cells (Vassiliadou et al., 1999).
Contradicting evidence has however been published, indicating that hormonal levels
during the menstrual cycle do not have a significant effect on HIV-1 RNA levels in

vaginal secretions (Mostad et al., 1998; Villaneuva et al., 2002).

1.3.6 Subtype influences on HIV transmission

It is possible that subtype could be one factor that influences the pattern of viral
transmission that not all subtypes transmit in the same manner (Essex, 1995; Soto-
Ramirez et al., 1996). A viral diversity study on women found that only subtype A and D
infected females, but not subtype C infected individuals, harboured a heterogeneous viral
population soon after transmission (Long et al., 2000). Heterogeneous viral transmission
is not restricted to subtype A and D infected African women alone however. A study on
Subtype B infected American individuals showed that one in four women were infected
with a heterogeneous viral population soon after HIV transmission. All men in this study

were infected with homogeneous populations (Delwart et al., 2002). There is currently
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not sufficient information as to whether subtype could be a factor that influences the
pattern of viral transmission or whether heterogeneous virus populations can be

transmitted in subtype C infections.

There is also evidence suggesting that subtypes may play no role in the efficiency of
transmission. Materal-infant HIV transmission studies showed similar rates of vertical
transmission between different HIV-1 subtypes. In addition HIV pathogenic data such as
CD4 T-cell decline (Alaeus et al., 1999; Amornkul et al., 1999; Galai et al., 1997),
clinical progression and plasma viral levels (Alaeus et al., 1999) among different
subtypes have also showed no subtype-specific differences. The only evidence for
differences in disease progression with regards to subtypes was illustrated in a small

Senegalese study showing subtype specific differences in virulence (Kanki et al., 1999).

Differential co-receptor use by subtypes. There has been evidence to suggest that
not all subtypes behave the same with regards co-receptor requirements. Potential
subtype specific differences in co-receptor usage among different subtypes was first
suggested by the observation that subtype C X4 variants were rare in a group of 16
people under care in Sweden independent of clinical status, CD4 counts, or treatment.
This study investigated whether co-receptor usage differed between all different genetic
subtypes of HIV-1 and showed that CXCR4 usage is perfectly correlated to biological
phenotype for all subtypes (Tschering et al., 1998). Subtype C X4 variants were rare
among a group of 22 French military personnel infected during overseas deployment
(Peeters et al., 1999), as well as in a group of Malawian men (Ping et al., 1999). It has
been reported that subtype-C viruses have an extra NF-k site in the LTR-region, which
could lead to more efficient transcription of mRNA without displaying the SI phenotype
resulting in increased pathogenesis (Johansson et al., 1995). Additional studies have
confirmed this (Adebe et al., 1999).
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1.4  Project motivation:

First Aim. This project aims firstly to define env sequence diversity of the
HIV epidemic within the southern Afirican region including countries such
as Malawi, Zambia, Zimbabwe and wwo sites in South Afvica,

Johannesburg and Durban.

Viral diversity is especially relevant in vaccine design and it is thus important to monitor
HIV-1 genetic diversity and evolution, particularly in the countries targeted for vaccine
trials where limited HIV-1 sequence data exists. This study characterises env viral
diversity in Malawi, Zambia, Zimbabwe and South Africa with a focus on the Durban
sex-worker seroconversion cohort, which will be used for subsequent transmission

studies.

Characterisation of the gp120 region was performed as this region contains important
information for HIV-1 transmission and pathogenesis. The gp120 include determinants
for attachment through receptors and co-receptors mediating cellular fusion during host

invasion. The gp120 also includes neutralization determinants.

Second Aim. Secondly, we aim to characterise viral populations in
recently infected South African women to investigate transmission with

regard to gender, subtype and predicted co-receptor usage.

Recent evidence indicates that women may be unlike men with regards to genetic
diversity after transmission, with women harbouring a genetically more complex viral
population (Zhang et al., 1993; Zhu et al., 1993; Kampinga et al., 1997, Long et al.,
2000; Poss et al,, 1995). Although almost half of HIV infections occur in women, they
have been a relatively understudied group. Very little is known about virological
determinants involved in HIV transmission in women, and in particular, in African

women.
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CHAPTER 2: Env sequence diversity of the HIV-1 epidemic in

southern Africans

2.1 Intreduction:

It is important to monitor HIV-1 genetic diversity and evolution as certain regions of the
genome exhibit extraordinary variability that poses an obstacle to HIV-1 vaccine design.
For example, vaccines that include env may differ up to 30%. Defining viral diversity is
of particular relevance for countries targeted for vaccine trials such as countries in
southern Africa. Southern African countries with a predominantly subtype C epidemic
(McCormack et al., 2002; Novitsky et al., 2001, Ping et al., 1999; Trask et al., 2002;
UNAIDS, 2002; van Harmelen ez al., 2001, 1999) exhibit high intrasubtype C diversity
which further complicates vaccine development (Novitsky ez al., 2001; Van Harmelen et
al., 2001). Subtype C is also responsible for most current infections globally (including
HIV-1 epidemics in countries outside of Africa, such as India and China) representing at
least 56% of all circulating group M infections (Esparza and Bhamarapravati, 2000;
Essex, 1999; McCutchan, 2000). This study focuses on viruses from South Africa,
Zambia, Zimbabwe and Malawi. Although partial env sequences from these countries are
available, limited full-length sequences exist (http://hiv-web.lanl.gov/) (Table 2.1). The
same is true for most other southern Africa countries with the exception of recent

sequence publications from Botswana (Novitsky et al., 2002).

Table 2.1: Full-length, gp120 and partial sequences available for HIV-1 from South Africa, Zambia,

Zimbabwe and Malawi (http:/hiv-web.lanl.gov/).

County of Origin  Number of full- Number of gp120 Number of partial

length genomes sequences genomes >300bp
South Africa 8 31 275
Zambia 2 4 98
Zimbabwe 0 0 67
Malawi 0 0 5
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It is also of interest to monitor HIV-1 diversity as it may impact on HIV pathogenesis.
Some evidence indicates possible differences in pathogenesis between different subtypes
(Kanki et al., 1999). This is controversial, as other studies have shown no association
between HIV subtype and disease progression. Diversity monitoring can also be used to
track the epidemic. In South Africa the epidemic changed from a predominantly subtype
B epidemic, in the early 1980s, associated with homosexual transmission to a subtype C
epidemic predominantly infecting the heterosexual population (van Harmelen et al.,
1997). This chapter focuses on the env region as it contains determinants that impact on
HIV-1 transmission and host cell entry, pathogenesis and neutralisation. This region is
responsible for virus attachment through receptors, co-receptors and cellular fusion
during host invasion and cell entry. Phenotype is determined by amino acids in certain
positions in the V3 loop and the resulting change in charge they have. SI viruses have a

higher positive charge than NSI viruses in this region (Fouchier et al., 1992).

In this chapter we aim to characterise sequence diversity of the complete gp120, with a
subset of samples analysed only in the V3V5 region. Samples were collected from
Malawi, Zambia, Zimbabwe and two sites in South Africa (Durban and Johannesburg)
with a focus on the Durban sex worker seroconversion cohort (Du-cohort) that will be
used for subsequent transmission studies (see chapter 3). This research forms part of the
larger HIVNET 028 study (#NO1-AI-45202), investigating virological and
immunological characteristics of subtype C. These samples were from individuals with
recent infections and thus represent both the current circulating virus as well as the virus

that is transmitted.
2.2 Materials and Methods:

2.2.1 Patient data

This study constitutes part of the HIVNET 028 study in which the overall aim was to
evaluate immune responses to recent HIV-1 subtype C infection in five geographically
distinct southern African populations, Johannesburg and Durban South Africa, Malawi,

Zambia and Zimbabwe that will facilitate and/or optimise the design of a relevant vaccine
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candidate. HIVNETO028 (Principal Investigators HW Sheppard, Viral and Rickettsial
Disease Laboratory, 2151 Berkley Way, Berkley, CA 94704, USA; C. Gray, National
Institutes for Communicable Diseases, Sandringham, Johannesburg, SA) was initiated in
1999 (#NO1-AI-45202). Participants were recruited and samples collected by co-
investigators at the individual sites including E. Vardas, S. Abdool Karim (Durban); G.
Gray, J. McIntyre (Soweto, Johannesburg); L. Zjenah, D. Katzenstein (Zimbabwe);

Rosemary Masunda and colleagues (Zambia); Newton Kumwenda (Malawi).

Samples from individuals with recent HIV-1 infection were included from five existing
southern African HIVNET sites. Thirty-nine samples were selected, 16 from Durban
(615- prefix), 6 from Johannesburg (616-prefix), 10 from Zambia (541~ prefix), 4 from
Malawi (525- prefix) and 3 from Zimbabwe (536- prefix) (Figure 2.1). Patient samples

were recruited as follows:

Durban, SA: Participants were recruited from five truck stops in the Kwazulu-
Natal Midlands area that served as a source of recent seroconvertors. This cohort was
established as part of an UNAIDS-funded Phase Il vaginal microbicide trial, Col-1492
(Van Damme et al., 2002). Sex workers of this cohort were screened for seroconversion
on a monthly basis. To date 452 sex workers have been screened and 20 recent

seroconverters were recruited for the HIVNET study.

Johannesburg, SA: The Chris Hani Baragwanath hospital in Johannesburg was
used as a site for identifying seroconvertors among pregnant women attending the
antenatal clinic. Recent infections were identified using the standard testing algorithm

for recent HIV seroconversion (STARHS) (Gouws et al., 2002).

Zimbabwe: There existed several study populations in Zimbabwe. Study
participants forming part of the microbicide CDC N-9 study were screened for HIV
infection and seroconvertors identified for inclusion in the HIVNET study. Pregnant
women in Harare as well as women screened for perinatal transmission studies in

Chitungwiza were also identified as a source for recent seroconvertors. In addition,
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was determined to be the mode of transmission as no other possible risk factors could be
determined. Contaminated needles were excluded as possible mode of transmission as no
reported use of non-medical injections existed. For the Du-cohort, condom use data was
not available and almost all women had evidence for STDs as was evident from the high
incidence of genital and rectal discharges and ulcerations. Clinical information obtained,
included CD4+ lymphocyte, viral load, estimated date of transmission or infection, and
months post infection (Table 2.3). The estimated date of infection or transmission was
taken as the midpoint between the last seronegative date and first seropositive date.
Months post infection was calculated from the midpoint. CD4+ lymphocyte counts were

available in the majority of individuals.
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Table 2.2: Demographic data of 39 HIV-1 infected subjects evaluated in this study

originating from the five HIVNET sites.

Malawi (525-) 525-00003-4 | 23-08-2000 45 M
525-00016-0 | 15-03-2001 44 M
525-00030-1 25-10-2001 18 F
525-00034-3 | 05-12-2001 33 F
Zimbabwe (536-) 536-00008-0 19-01-2001 18-45 F
536-00010-7 13-10-2000 18-45 F
536-00016-2 11-05-2001 18-45 F
Zambia (541-) 541-00005-4 | 09-08-2000 18-45 M
541-00006-2 | 26-07-2000 18-45 F
541.00008-5 | 24-01.2001 18-45 F
541-00009-8 14-02-2001 18-45 M
541-00011-5 12-07-2000 18-45 F
541.00012-6 | 21-06-2000 18-45 F
541-00014-4 | 02-08-2000 18-45 M
541-00017-8 17-01-2001 18-45 F
541-00019-3 10-01-2001 18-45 F
541-00022-8 12-07-2000 18-45 F
South Africa, Durban (615-) 61500011-0 | 24-08-2000 ND ND
615-00002-6 17-08-2000 18-45 F
615-00004-4 | 01-06-2000 36 F
615-00005-9 17-08-2000 18-45 F
615-00007-8 17-08-2000 18-45 F
615-00008-0 | 24-08-2000 18-45 F
615-00009-3 | 24-08-2000 18-45 F
615-00010-7 | 24-08-2000 18-45 F
615-00012-1 05-10-2000 25 F
615-00013-6 | 25-01-2001 18-45 F
615-00014-9 16-11-2000 34 F
615-00016-2 | 31-08-2000 18-45 F
615-00018-5 | 31-08-2000 18-45 F
615-00037-7 12-12-2001 ND F
615-00038-1 12-12-2001 44 F
615-00032-5 12-12-2001 ND F
South Africa, Johannesburg (616-) | 616-00001-7 10-04-2001 18-45 F
616-00009-1 06-12-2001 ND F
616-00043-7 | 07-12-2001 ND F
616-00046-1 06-12-2001 ND ND
616-00048-6 | 29-11-2001 ND F
616-00050-3 | 05-10-2001 ND F

ND, notdone; N, No, Y, Yes.
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Table 2.3:

Clinical data for all 39 subjects participating in this study (HIVNETO028, #N01-

AI-45202).
' o
Malawi 525-00003-4 | 23-08-00 | 6-99 14 242 33812
525-00016-0 | 15-03-01 | 12-99 15 340 53140
525-00030-1 | 25-10-01 | ND ND 608 8583
525-00034-3 | 05-12-01 | ND ND 254 12766
Zimbabwe 536-00008-0 | 19-01-01 | 1-00 12 455 20439
536-00010-7 | 13-10-00 | ND ND 373 1250
536-00016-2 | 11-05-01 | ND ND 424 4160
Zambia 541-00005-4 | 09-08-00 | 12-98 20 387 ND
541-00006-2 | 26-07-00 | 2-99 17 321 3989
541-00008-5 | 24-01-01 | 1-99 24 136 115968
541-00009-8 | 14-02-01 | 1-99 25 318 5668
541-00011-5 | 12-07-00 | 1-99 18 412 22706
541-00012-6 | 21-06-00 | 1-99 17 ND 24093
541-00014-4 | 02-08-00 | 10-98 22 357 843
541-00017-8 | 17-01-01 | 4-99 21 443 55466
541-00019-3 | 10-01-01 | 3-99 22 476 93697
541-00022-8 | 12-07-00 | 2-99 17 409 50295
SA, Durban 615 00011-0 | 24-08-00 | 7-98 25 186 2204
615-00002-6 | 17-08-00 | 11-99 9 215 21763
615-00004-4 | 01-06-00 | 8-99 10 527 4046
615-00005-9 | 17-08-00 | 7-99 13 408 2136
615-00007-8 | 17-08-00 | 3-99 17 355 15916
615-00008-0 | 24-08-00 | 1-99 19 10 1367
615-00009-3 | 24-08-00 | 12-98 20 521 655
615-00010-7 | 24-08-00 | 7-99 13 523 1707
615-00012-1 | 05-10-00 | 12-98 22 299 1486
615-00013-6 | 25-01-01 | 12-98 25 734 2062
615-00014-9 | 16-11-00 | 1-99 22 855 108
615-00016-2 | 31-08-00 | ND ND 365 1520
615-00018-5 | 31-08-00 | 6-98 26 343 3955
615-00037-7 | 12-12-01 | 12-99 24 32 177259
615-00038-1 | 12-12-01 | 10-00 14 592 2349
615-00032-5 | 12-12-01 | 10-00 14 255 16952
SA, 616-00001-7 | 10-04-01 | 12-99 16 1183 2061
Johamnesburg 616-00009-1 | 06-12-01 | ND ND 371 15565
616-00043-7 | 07-12-01 | ND ND ND 105
616-00046-1 | 06-12-01 | ND ND 45 202735
616-00048-6 | 29-11-01 | ND ND 153 ND
616-00050-3 | 05-10-01 | ND ND 348 159

*Estimated date of infection or transmission was taken as the midpoint between the last

seronegative and first seropositive sample collection dates; ND, not done.
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2.2.2 RNA exiraction and cDNA svnthesis

Manual RNA Extraction. RNA was extracted using the QIAamp® Viral RNA
Mini Kit for purification of viral RNA from plasma, serum, sell-free body fluids and cell-
culture supernatants (Qiagen, Valencia, CA, USA). This method is used to extract viral
RNA of more than 200bp from 140 to 280ul sample (depending on sample volume
availability) through the selective binding properties of a silica gel based membrane.
According to manufacturers instructions, between 280ul plasma sample were used to

extract RNA and subsequently eluted in 30u1 RNase-free buffer (Appendix Al).

¢DNA Synthesis. Complementary DNA (cDNA) was reverse transcribed from
viral RNA by the Invitrogen Thermoscript ™ RT-PCR System (Invitrogen, GmbH,
Karlsruhe, Germany). The Thermoscript ™ RT-PCR System uses Thermoscript RT, an
avian RNase H-minus reverse transcriptase engineered to have high thermal stability and
to produce high yields of cDNA. cDNA was generated from a total of 8ul HIV-1 RNA
primed with 2ul of 10pmol/ul (2uM) gene specific primer denatured at 65°C for §
minutes. Env F-r was used as gene specific primer for gp120 sequences and Env A-r for
V3VS5 sequences. Ten microlitres of a master mixture was added to primed RNA to give

a total of 20p1. The master mixture was prepared as follows:

Reagent Amount

5X c¢DNA buffer (250mM Tris acetate (pH | 1 X
8,4), 375mM potassium acetate, 40mM
magnesium acetate, stabilizer)

DTT 10mM
dNTP mixture (dATP, dTTP, dCTP, 2mM
dGTP)

RNaseQUT 40U
Thermoscript RT 15U
Total 10pl

This reaction was incubated at 50°C for 1 hour and terminated by heating to 85°C for 5
minutes. RNA template was then removed with 2U E. coli RNase H supplied with the kit

and incubated at 37°C for 20 minutes.
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2.2.3  Polvmerase Chain Reaction (PCR) and Agarose Gel Electrophoresis

PCR. For 19 samples the complete envelope gp120 was amplified by nested PCR
(nPCR) (Table 2.5). The gp120 outer reaction was performed with gene specific primers
Env G-f and Env F-r producing a 1,968Kb fragment incorporating the complete gp120.
Nested inner reactions were done resulting in three overlapping fragments using Env A-f
and Env E-r (702bp) for the first fragment, Env B-f and Env B-r (512bp) for the second
fragment and Env D-f and Env A-r (594bp) for the third fragment. An additional 20
samples were amplified by PCR generating a region spanning the variable region 3 to 5
(V3V5) within gp120 PCR. The outer fragment for V3V5 was generated using Env A-f
and Env A-r producing a 1,599kb fragment. Nested inner reactions were done using DR-
7 and DR-8 (674bp) (Table 2.4).

Quality control. A water negative control was included in parallel in all PCR
runs as well as during the initial cDNA step in order to detect possible contamination.
Steps taken to avoid contamination included, setting up cDNA synthesis and PCR master
mixtures in a cubicle in a tightly controlled separate PCR-only area where no patient
products or other DNA was allowed. Adding patient RNA to ¢cDNA master mixture was
done in a separate area where only cDNA synthesis was performed. Subsequent carry-
over of cDNA to the outer PCR reaction was performed in a cubicle in a third separate
area designated as a PCR nested area only. PCR master mixtures were never taken into

the general laboratory area were possible contamination could occur.

Table 2.4: Primers for cDNA synthesis and PCR for amplification of gp120 and V3V35

o 0

Env F-r 7932-7949 3CTGCTIT AATGCCCCA GAC Y

Env G-f 5981-6000 5° AAG CGG AGA CAGCGACGA AG S’ '
Env B-f 6826-6847 5’ TAACAC AAGCCTGTCCAAAGGT Y |
Env B-r 7317-7337 5’ AATTTCTAGGTCCCCTCCTGA 3’
Env D-f 7208-7226 5' AGCACATTG TAACATTAGTY
Env A-r 7783-7802 5’ TGCTGC TCC CAA GAACCC AA Y
Env A-f 6203-6223 5" GAA AGA GCA GAA GACAGTGGC ¥
Env E-r 6886-6903 5' TTA GAATCG CATAACCAG Y
DR7 6990-7021 5° TCA ACT CAACTGCTG TTA AATGGCAGTCTAGC 3
DRS 7638-7668 5 CACTTCTCC AAT TGT CCCTCATATCTCCICC ¥

* Sequence positions were determined relative to HXBZ (Genbank accession number

K03455)
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Table 2.5: Twenty samples were used to produce V3V5 sequences and 19 samples to

produce gpl120.

$25-00003-4 525-00016-0 |
536-00010-7 525-00030-1
541-00005-4 525-00034-3
541-00006-2 536-00008-0
541-00011-5 536-00016-2
541-00012-6 541-00008-5
541-00014-4 541-00009-8
541-00022-8 541-00017-8
61500011-0 541-00019-3
615-00002-6 615-00013-6
615-00004-4 615-00014-9
615-00005-9 615-00037-7
615-00007-8 615-00032-5
615-00008-0 615-00038-1
615-00009-3 616-00001-7
615-00010-7 616-00009-1
615-00012-1 616-00043-7
615-00016-2 616-00046-1
615-00018-5 616-00048-6

616-00050-3

The master mixtures contained:

Outer reaction of 50u! contained

Reagent Working
Concentration

10X PCR buffer (Super-therm DNA polymerase, JIMR Holdings, 1X

Sevenoaks, UK)

PCR grade dNTP (Roche, GmbH, Mannheim, Germany) 200uM

Primer Env G-f and Env F-r or Env A-f and Env A-r 0,1uM

MgCl, for Env G-f + F-r (gp120) or Env A-f + Env A-r (V3V5) 3mM or 2mM

respectively

Super-therm DNA polymerase (Super-therm DNA polymerase, JMR 0,625U

Holdings, Sevenoaks, UK)

Patient cDNA Sul

Total S0ul

PCR cycling reaction was carried out using a GeneAmp PCR System 2400 thermocycler

(Perkin Elmer, Norwalk CT, USA) according to the following parameters:
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Initial denaturing step at 94°C for 2 min.

94°C for 1 min - denaturing

50°C for 1 min — annealing —p 3 cycles

72°C for 1 min — elongation

94°C for 15 sec - denaturing
50°C for 45 sec — annealing —»  32cycles

72°C for 1 min - elongation |

Final elongation step at 72°C for 7 min

Inner reactions of 50ul contained

Reagent Working
concentration

10X PCR buffer (Super-therm DNA polymerase, JMR 1X

Holdings, Sevenoaks, UK)

PCR grade dNTP (Roche, GmbH, Mannheim, Germany) 200uM

Primers for gp120 Env A-f and Env E-r, Env B-f and Env 0,1pM

B-r, Env D-f and Env A-r and primers for V3V5, DR7 and

DRB.

MgCl, for Env pairs, Bf+Br, DR7+DR8 Af+Er and Df +Ar | 2mM and 4,48mM

respectively

Super-therm DNA polymerase (Super-therm DNA 0,625U

polymerase, JMR Holdings, Sevenoaks, UK)

Outer reaction PCR product Spl

Total S0ul

PCR cycling reaction was carried out using a PCR express thermocycler (Hybaid,

Middlesex, UK) according to the following parameters:
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Initial denaturing step at 94°C for 2 minutes

94°C for 15 sec - denaturing-
55°C for 30 sec — annealing |~ for 30 cycles
72°C for 30sec - elongation

Final elongation step at 72°C for 7 min

Agarose gel electrophoresis and PCR Amplicon purification. Amplicons were
visualized by 2% agarose gel electrophoresis (Appendix A4). Second round PCR
products were purified using the QIAquick PCR Purification Kit (Qiagen, Valencia CA,
USA) (Appendix A2). '

224 Sequenang

Fragments constituting the gp120 as well as the V3V5 region were sequenced in both
directions with forward and reverse primers for each of the three fragments. This was
performed by standard dideoxy chain termination method (Sanger et al., 1977). This
method makes use of 2°, 3° ddNTPS, which upon incorporation, into the growing DNA
strand by polymerases, results in chain termination. ddNTP’s lack a 3’-hydroxyl residue
that is needed for phosphodiester bond formation between successive dNTPs. These
ddNTPs are added to PCR reaction together with an abundance of dNTPs, resulting in
competitive chain-extension and termination. Oligonucleotide chains are produced with
varying length, differing by single nucleotides. These are then fluorescently labeled,

allowing for detection upon electrophoresis.

The sequencing reaction was performed through the ABI PRISM® BigDye ™ terminator
V3.0 Cycle sequencing Ready reaction Kit with AmpliTag® DNA Polymerase FS
{Applied Biosystems, Warrington, UK). According to manufacturers recommendations

we performed half reaction cycle sequencing, adding a total of approximately 50ng
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amplicon DNA per reaction plus 3,2pmol primer, either the forward or the reverse. To
this was added 4ul of the enzyme ready reaction mixture containing AmpliTag® DNA
Polymerases, FS with thermostable pyrophosphatase from the BigDye ™ terminator V3.0
Cycle sequencing Ready reaction Kit plus 4ul 2,5X sequencing buffer (Tris-HCL, pH 9
and MgCl,).

This was then thermocycled in a GeneAmp PCR system 2400 thermocycler (Perkin
Elmer Corporation, Norwalk, CT, USA) using the following cycle conditions.

96°C for 30 sec — initial denaturing step

96°C for 30 sec - denaturing
50°C for 15 sec - annealing - for 25 cycles

60°C for 4 min - elongation

Sequencing was done on an ABI PRISM ™ 3100 Genetic Analyser (Applied Biosystems,
Warrington, UK). All sequences were subjected to quality control measures to ensure
that there were no sample mix-ups or contamination from other sources (Learn et al.,

1996).

2.2.5 Seguence analysis

Quality Control. For each sample both forward and reverse sequences were
generated and samples were sequenced until no ambiguities could be detected. Screening
for contamination was done before the analysis of the sequences, and periodically during
the course of large sequencing studies, so problems could be detected and corrected early.
Recent sequences generated in the laboratory was also compared fo study sequences
through phylogenetic analysis to identify possible sample cross contamination from the
surrounding laboratory. Phylogenetic trees clarify relations between sequences and our
trees were scrutinized for signs of extreme interpatient similarity and mixed clusters
indicative of contamination. In addition, BLAST (Basic Logical Alignment Search
Tool, http://ncbi.nlm.nih.gov/ BLAST) searches of sequences (Altschul er al., 1990) were
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performed in order to identify a best match of the sequences to the already published HIV

sequences.

Phylogenetic trees. Phylogenetic trees were generated from sequences in both
the V3V5 and gpl120 genomic regions. This was done to determine subtype and
investigate sequence relatedness. A total of 39 V3V5 sequences (19 V3VS5 sequences cut
from the gpl120 sequences and 20 sequences for which only the V3V5 were generated)
and 19 gp120 sequences were analysed. The 39 V3V5 sequences consisted of 16 from
Durban South Africa, 6 from Johannesburg South Africa, 4 from Malawi, 3 from
Zimbabwe and 10 from Zambia. The 19 gp120 sequences consisted of 11 sequences

from Durban South Africa, 1 each from Malawi and Zimbabwe and 6 from Zambia.

For both V3V35 and gp120 the forward and reverse sequences were corrected using Auto
Assembler (Applied Biosystems, Warrington, UK). The resulting consensus sequences
were then aligned in CLUSTAL X (Thompson et al., 1997) and manually edited using
both BioEdit Sequence Alignment Editor v5.0.2 (Hall, 1999) and DNAMAN (version
4.0, Lynnon BioSoft, Vaudreuil-Dorion, Quebec, Canada).

A total of 34 reference sequences obtained from the Los Alamos HIV sequence database
(http://hiv-web.lanl.gov/Align_current /SUBTYPE-REF/subtype.html) were included in
the phylogenetic tree. These reference sequences included 5 from subtype C, 4 from
subtype A, 4 from subtype B, 4 from subtype D, 4 from subtype F1, 2 from subtype F2, 2
from subtype K, 4 from subtype G, 2 from subtype J and 3 from subtype H, SIVcpzgan
was included as an outlier. Phylogenetic trees (Figure 2.4 and Figure 2.5) were generated
based upon the distance matrix neighbor-joining method in TREECONW 1.0 (van de
Peer and de Wachter, 1994). Tree topology was inferred using the Kimura two-
parameter correction for multiple substitutions, not taking into account insertions and
deletions (Kimura, 1980). The bootstrap method for determination of reliability of tree
topology was performed using 100 bootstrap replicates with SIVcpzeap sequence as
outgroup. Trees were drawn in Treeview (version 1.5.2; R.D.M. Page,

http://taxonomy.zooogy.gla.ac.uk/rod/rod.html).

63



Genetic distances. MEGA (Molecular Evolutionary Genetic Analysis, version
2,1) analysis of both gp120 and V3V5 sequences were completed using the Kimura 2-
parametre model and taking into account transitions and transversions (Kumar et al.
2001). Percentage nucleotide divergence was compared both within and between
samples, subtype reference alignments and all subtype C sequences available from Africa
in the HIV sequence database (http://hiv-web.lanl.gov/content/hiv-db).  This was

performed to assess intrasubtype, intersubtype and intersample genetic diversity.

The same 34 reference sequences used in the phylogenetic trees (Figure 2.4 and 2.5) were
included for intersubtype diversity assessment. Intrasubtype C diversity was determined
in both the gp120 and V3V5 genomic regions. For V3V5 sequences, intrasubtype C
diversity calculations between subtype C sequences from South Africa (25 published
sequences and 22 sequences from this study), Zambia (4 published and 10 from this
study), Zimbabwe (3 from this study alone), Malawi (4 published and 4 from this study)
and Botswana (52 published sequences) were included. Intrasubtype diversity in the
gpl20 region was calculated between sequences from South Africa (11 published
sequences and 19 samples sequenced from this study), Zambia (6 published sequences

and 4 samples sequences from this study), and Botswana (53 published sequences).

Amino Acid translation and Phenotype Prediction. Nucleotide sequences were
translated into amino-acid sequences using BioEdit version 5.0.2 and phenotype
prediction was performed through two different methods. The so-called 11/25 rule has
been used widely for phenotype prediction. This rule designates sequences with basic
residues (K or R) at V3 amino acid position 306 and 322 relative to the CDS start of
HXB2, as X4 or SI and those with no basic residues at these positions as RS or NSI
(Connor et al., 1997; Fouchier et al 1992; Hoffman et al., 2002) (Figure 2.10). A method
by Briggs and colleagues 2000, takes into account the possibility of dual tropism (R5X4)
and has a higher accuracy at 91% in predicting the true phenotype. Four variables have
been identified as predictors of viral phenotype, the number of positive (K or R) and
negatively (D or E) charged amino acids in the V3 loop, the V3 loop net charge and the
presence of an isoleucine (I) at HXB2 amino acid position 327. The actual phenotype is

assigned a numerical value according to an equation:
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Predicted phenotype = 0.94 + [1.68 X (V3 net charge)]
- [1.37 X (total positive charges, (K or R))]
+ [1.54 X (total negative charge (D or E))]
- [1.19, if amino acid 327 =]

A predicted phenotype output value of 0,5 to 1,4 is assigned a number 1, which means
the virus is RS, 1,5 to 2,4 is assigned a number 2 predicting the virus to be X4 alone or in

combination with RS, thus dual tropic and 2,5 to 3,4 is number 3 and predicts X4 virus.

Entropy Plots. Entropy plots were generated in BioEdit version 5.0.2. This refers
to a measure of the lack of predictability for an alignment position. Entropy is at
maximum variability in nucleotide positions with high variation but low in positions with
low variation (Schneider and Stephens, 1990).

2.3 Results:

2.3.1 PCR and Gel electrophoresis

The V3V5 region was amplified to yield a band of approximately 674 bp (Figure 2.2).
Gp120 was amplified as three overlapping fragments yielding fragments of 702bp (Env
A-f and Env E-r), 512bp (Env B-f and Env B-r) and 594bp (Env D-f and Env D-r). PCR
was optimized for increased sensitivity and specificity such that only clear single bands
were visualized, with no evidence of non-specific PCR. Amplicons that were visualized
as discrete bands on agarose gels, were selected for sequencing. PCR was routinely
monitored for contamination by including a positive control and water negative control
for each reaction set of PCR. An RNA positive control consisted of a pool of RNA
samples from different patients. This resulted in generation of amplicons of different

lengths after amplification of certain regions of the genome (Figure 2.3 lane 19).
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2.3.5 Phenotype Predictions

According to the conventional phenotype prediction 11/25 rule, (Foucier et al., 1995) no
sequence from this study had a positive/basic residue (K or R) at V3 position 11 or 25
(HXB2 number 306 or 322) indicating all viruses were RS. The method by Briggs and
colleagues (2000) was also applied to predict phenotype (Table 2.7). According to this
method the numerical value calculated for all 39 samples analysed was 1, confirming that

all samples were indeed RS.

2.3.6 Global Geographic Clustering within Subtyne C

Global relatedness of gp120 sequences from this study to all other available subtype C
gpl20 sequences available from the HIV sequence database (http:/hiv-
web.lanl.gov/Align_current /SUBTYPE-REF/subtype.html) was assessed
phylogenetically. The phylogenetic tree consisted of 175 subtype C sequences which
included 19 gp120 sequences from this study, 4 reference sequences from Brazil, 8 from
Europe, 11 from India, 2 from, the Middle East and 131 sequences from sub Saharan
Africa (Figure 2.11).
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Table 2.7. Predicted phenotype calculated according to Briggs and colleagues (2000).

+3

525-00003-4 5 2 YES 1.02 1 RS
525-00016-0 4 2 +2 YES 0.71 i RS
525-00030-1 4 1 +3 YES 0.85 1 RS
525-00034-3 5 2 +3 YES 1.02 i RS
536-00008-0 5 2 +3 YES 1.02 1 RS
536-00010-7 6 1 +5 YES 1.47 1 RS
536-00016-2 5 3 +2 YES 0.88 1 RS
541-00005-4 4 3 +1 YES 0.57 1 RS
541-00006-2 6 i +5 YES 1.47 1 RS
541-00008-5 3 2 +3 YES 1.02 1 RS
541-00009-8 5 1 +4 YES 1.16 1 RS
541-00011-5 6 2 +4 YES 1.33 1 RS
541-00012-6 5 2 +3 YES 1.02 1 RS
541-00014-4 5 2 +3 YES 1.02 1 RS
541-00017-8 6 3 +3 YES 1.19 H RS
541-00019-3 4 2 +2 YES 0.71 1 RS
541-00022-8 6 2 +4 YES 1.33 1 RS
615 00011-0 5 1 +4 YES 1.16 1 RS
615-00002-6 5 2 +3 YES 1.02 1 RS
615-00004-4 5 2 +3 YES 1.02 1 RS
615-00005-9 5 2 +3 YES 1.02 1 RS
615-00007-8 5 2 +3 YES 1.02 i RS
615-00008-0 5 1 +4 YES .16 1 RS
615-00009-3 5 1 +4 YES 1.16 1 RS
615-00010-7 3 2 +3 YES 1.02 1 RS
615-00012-1 5 1 +4 YES 1.16 1 RS
615-00013-6 5 2 +3 YES 1.02 1 R3
615-00014-9 5 2 +3 YES 1.02 1 RS
615-00016-2 5 1 +4 YES 1.16 1 RS
615-00018-5 5 2 +3 YES 1.02 1 R3
615-00032-5 5 2 +3 YES 1.02 1 RS
615-00037-7 5 1 +4 YES 1.16 1 RS
615-00038-1 5 3 +2 YES 1.02 1 RS
615-00048-6 5 1 +4 YES 1.16 1 RS
616-00001-7 5 1 +4 YES 1.16 1 RS
616-00009-1 5 1 +4 YES 1.i6 1 RS
616-00043-7 5 2 +3 YES 1.02 1 RS
616-00046-1 5 2 +3 YES 1.02 1 RS
616-00050-3 5 2 +3 YES 1.02 i RS
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2.4 Discussion:

This study confirms the dominance of env subtype C in southern Africa in that all 19
2p120 sequences and all but one of the 39 V3V35 sequence grouped with subtype C. One
sequence from Zambia (541-00017-8) was highly divergent and did not group
significantly with other subtype C sequences. The 19 full-length gp120 sequences
provided the first full-length gp120s sequences from Zimbabwe and Malawi and extends
the database of sequences from South Africa. This study is unique in that the majority of
these sequences came from individuals within 2 years of infection and therefore reflects

viruses currently circulating in the region.

However, subtype analysis based on only partial sequencing as in our case, may allow
recombinants to go undetected. Additional analysis such as full-length sequencing and
bootscanning would be required to confirm the true subtype. The outlier Zambian
sequences may be a recombinant and sequences from this virus clustered similarly in
trees generated from RT, nefand gag. However the fact that this sequence is always an
outlier in all four genomic regions suggests that it may not be a recombinant but rather a

highly divergent subtype C virus (H. Bredell, personal communication).

The subtype C epidemic in the heterosexual South African population has in previous
studies been demonstrated to have a high level of intrasubtype diversity (van Harmelen et
al., 2001). These studies reported percentage nucleotide diversity in V3VS5 to be 10%
(Bredell ez al., 1998) and in V3, 14% (van Harmelen et al., 1999). The high diversity and
lack of phylogenetic relationships observed in the South African HIV-1 epidemic was
thought to be due to multiple introductions of subtype C into South Africa (Shankarappa
et al., 2001; Engelbrecht ef al., 2001; Bredell er al., 1998; van Harmelen et al., 1997).
We found overall V3V5 DNA distance of 13.2 %, which was similar when compared to
the 10% observed in South African subtype C V3VS5 sequences in 1998 (Bredell et al,,
1998) (Figure 2.8). This increase in DNA distance from 10% to 13,2% in South African
subtype C V3VS5 sequences is consistent with a 1% increase in diversity described for
HIV-1 per year. Multiple introductions of HIV into South Africa are facilitated by a

good transport infrastructure used by highly mobile populations such as migrant workers
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and truck drivers, allowing for rapid movement of the virus into new communities

(Gilbert and Walker, 2002; Ramjee and Gouws, 2002).

In contrast to the high diversity observed in the South African subtype C epidemic the
subtype C diversity in regions such as Thailand and India is much less. Indian subtype C
sequences has a nucleotide divergence of 4,2% in the V3V5 region and 7,2% across
gp120, much lower when compared to South African V3V5 at 10% (Bredell ez al., 1998)
and 14% in the V3 (van Harmelen ez al., 1999). A close similarity between subtype C
strains from these countries is the result of a recent spread from a single ancestor and
represents a founder type effect (Delwart et al., 1993; Grez et al.,, 1994). Indeed it has
been shown that the Indian epidemic may have originated from southemn Africa (Dietrich
etal., 1993). Our analysis showed a close relationship between sequences from India and
South African sequences generated in this study in that gp120 subtype C sequences from
both countries grouped close together in a monophyletic lineage confirming results from

previous studies (Shankarappa ez al,, 2001) (Figure 2.11).

Global phylogenetic relationship of subtype C gp120 sequences resulted in a radial tree
with strains from Djibouti, Brazil, Burundi, India and Tanzania grouping together
according to geographical origin (Figure 2.11). In contrast, most gp120 sequences from
South Africa exhibited a starburst phylogeny with sequences scattered throughout the tree
with limited internal structure, typical of an epidemic that resulted due to multiple
introductions of HIV. A South African subcluster could be identified, which contained
four of the eleven South African sequences from this study as well as several subtype C
from the sequence database. These subclusters were not supported with high bootstrap

values,

The predicted V3 loop amino acid sequence exhibited the characteristic tetrapeptide
sequence, GPGQ (HXB2 nucleotide position 312 to 315), at the tip ofthe V3 loop typical
of all subtype C sequences (Figure 2.10). A N-linked glycosylation site proximal to the
first cystine of the V3 loop at position 295 is reportedly absent in subtype C (Sanders et
al., 2002). This N-linked mannose seems to be crucial for the binding of monoclonal

antibody 2G12 as in the absence of this glycan Mab 2G12 is unable to bind (Sanders et

78



al.,2002; Scanlan et al., 2002). Analysis of amino acid sequences generated in our study
showed that this N-linked glycosylation site was present in only one South African (615-
00048-6) and one Zimbabwean (535-00008-0).

CCRS is the major co-receptor used by HIV during heterosexual transmission and acute
infection (Deng et al., 1996). In subtype B viruses it has been shown that R5 viruses
switch to using CXCR4 as co-receptor in later stages of disease progression. The RS to
X4 co-receptor switch has rarely been observed in subtype C although subtype C X4
variants have been observed (Bjorndal et al., 1999, Morris et al., 2001; Tien et al., 1999).
This subtype specific differences in co-receptor usage was first suggested by the
observation that subtype C X4 variants were rare in a group of 16 people under care in
Sweden (Tschering et al., 1998), and among a group of 22 French military personnel
infected during overseas deployment (Peeters er al., 1999), as well as in a group of
Malawian men (Ping et al., 1999), since then it has been confirmed in subtype C infected
Ethiopian individuals (Bjorndal et al.,, 1999) and 10 South African HIV isolates (Morris
etal,2001).

According to two methods for prediction of HIV phenotype, including the so-called
11725 rule (Connor et al., 1997, Fouchier et al 1992; Hoffman et al., 2002) and the
method by Briggs (Briggs et al., 2000) it was determined that all sequences were RS.
These results confirm previous findings that CCRS is the major co-receptor used by HIV-
1 subtype C isolates predicted by two independent methods.

Findings from our study support previous reports that subtype C is the major contributor
to the southern African HIV-1 epidemic, including countries such as South Africa,
Zambia, Zimbabwe and Malawi (Bredell ez al., 1998; Moodley et al., 1998). Our results
showed that subtype C sequences from southern Africa, exhibited a starburst phylogeny
with limited geographic clustering typical of an epidemic resulting from multiple
introductions of HIV. We also determined that sequences circulating in recently infected
individuals from this study were all infected with HIV viruses utilising CXCRS as co-
receptor. In addition the reported absence of the N-linked glycosylation site as the reason

for no 2G12 Mab neutralisation in subtype C viruses was confirmed by our study.
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CHAPTER 3: An Investigation of HIV-1 Diversity following
heterosexual transmission in recently infected women from a South

African female sex worker cohort

31 Introduction:

Over 90% of HIV-1 infections in South Africa are thought to occur heterosexually.
There are more women than men infected with approximately 2,7 million HIV positive
women compared with only 2,3 million infected men (UNAIDS 2002). Women have
been reported to be infected with a genetically more complex HIV-1 population soon
after transmission (Kampinga et al., 1997; Long et al., 2000; Poss et al., 1995) compared
to men who are thought to harbor a homologous viral population (Zhang et al., 1993; Zhu
et al., 1993). It has been proposed that women may be more susceptible to infection with
multiple quasispecies due to: an increased muscosal area of exposure, increased
susceptibility through greater mucosal trauma, the presence of undiagnosed sexually
transmitted infections, prolonged exposure to infected male secretions and
immunological differences between men and women (Ray and Quinn, 2000). HIV-1
populations following transmission may reflect the virus transmitted and be the
consequence of selective transmission / selective penetration (differential ability to
traverse the mucosa), or may occur after transmission as a result of selective
amplification (outgrowth of a particular quasispecies) (Zhang et al., 1993; Zhu et al.,
1993). Additional gender differences HIV-1 pathogenésis have been noted in that
women have been reported to progress to AIDS at lower viral loads compared to men
(Farzadegan er al., 1998; Sterling et al., 2001). To understand the mechanisms of
transmission and to develop interventions such as vaccines, identification and

characterization of recently transmitted HIV-1 variants are crucial.

This study aims to characterize HIV populations present early in infection in five South
African women belonging to the Durban sex worker cohort (Du-cohort). The women

were being monitored monthly for seroconversion as part of an UNAIDS-funded Phase
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1 microbicide trial (Van Damme et al., 2002). In order to more accurately investigate
viruses that were transmitted, the last HIV antibody negative sample and the first HIV
antibody positive sample were obtained. Genetic characterization of viruses was
performed in two distinct HIV-1 genomic regions p17 and C2V3. These two regions
were investigated, as they would be under different selective pressures, with the env
region being important for cell tropism. In addition, characterization of both regions
ensured that we would be able to assess both the upper and lower margin of viral
population diversity within an individual. This is possible as gag is a well-conserved

region in the genome compared to the env gene.

Mass cloning and sequencing is the most conventional method for viral population
studies yielding detailed data, but are labor and cost intensive. An alternative, simple,
cost and labor effective technique is the Heteroduplex tracking assay (HTA), which is a
highly specific and sensitive assay to define different populations (Delwart et al., 1993,
1994). This method and subsequent sequence analysis was used to identify and

characterize viral populations based on C2V3 and p17.

HTA uses a double stranded DNA probe, radioactively labeled on a single strand, that
after denaturing and re-annealing together with fully complementary ddDNA/PCR
product (template derived from the total viral population or from colony PCR) generate
probe-PCR product consisting of homoduplexes and heteroduplexes (Figure 3.1). Ona
HTA autoradiograph a number of bands are visible: single stranded probe bandé,
homoduplexes (HO) and heteroduplexes (HE). The duplexes can be separated and
visualized through polyacrylamide gel electrophoresis (PAGE) and subsequent
autoradiography. The migration rate of DNA through polyacrylamide gel is dependant
on the flexibility of the particular DNA fragment. DNA homoduplexes have a rigid, rod-
like structure that migrates fastest in a polyacrylamide gel. When the rigid structure is
disrupted by unpaired bases, a “kink” will form, similarly a cluster of mismatches form a
“bubble” increasing the flexibility of the DNA structure. Both these structural changes
lead to reduced mobility of heteroduplexes in the polyacrylamide gel relative to the probe
which represents a particular population against which all other population clones for an

individual can be compared (the probe is also called the reference population). Evidence
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PCR amplifications (more than one PCR-based limiting dilution can be performed) per
dilution an estimate of the number of HIV molecules that were amplified can be made by
inputting the results into a program, QUALITY, (Quantitation Using A LImiting diluTion
assaY) (Rodrigo er al., 1997) (http://ukib.microbiol. washington.edu/cbg/jquality. html).
This program estimates the amplifiable copy number or the number target molecules in
an aliquot of sample that could be amplified. There is a relationship between the
amplifiable copy number and the number of clones to be selected for sequencing (Figure
3.2). According to this relationship an amplifiable copy number of at least 25 and
screening of at least 20 clones is required to sample the majority of unique templates and

ensure that no re-sampling takes place.
3.2. Methods and Materials:

3.2.1 Patient data and samvle selection

Samples were obtained from the Du sex worker cohort (Du being the UNAIDS assigned
abbreviation for Durban). This cohort was established in 1992 as part of an UNAIDS-
funded Phase TII vaginal microbicide trial, Col-1492 (Abdool Karim et al., 1995; Van
Damme et al.,, 2002). Participants recruited for this cohort originated from five truck
stops on the main transport route between Durban and Johannesburg in the

Kwazulu/Natal Midlands.

Women were screened for seroconversion on a monthly basis. To date, 452 sex workers
have been screened. On enrollment, the mean period as sex worker per individual was
2,5 years (range one month to 31 years). Sex worker clients originated mainly from
South Africa but also from surrounding countries including Mozambique, Zimbabwe,
Zambia, Namibia and Kenya. The clients had an estimated HIV prevalence of 56,3%.
On average these women had four partners per day and were involved in 28 sexual acts
per week. Most women from this cohort used no contraceptive method, and despite
extensive education and counseling, only one fifth of the women used condoms in just

over 50% of coital acts. Forty-one percent engaged in anal sex (Karim and Ramjee,
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1998), while 24% said that they had oral sex with their clients. There is no reported use

of anti-retroviral drugs in this cohort.

The last HIV antibody negative sample (preseroconversion), and first antibody positive
sample was obtained. To confirm that samples collected a month before documented
seroconversion were indeed preseroconversion samples and to determine viral load, RNA

quantification was performed and the sample was tested for possible seroconversion.

3.2.2 RNA guantification and Seroconversion detection

RNA Quantification. Plasma samples collected a month before documented
seroconversion (preseroconversion) were screened HIV RNA using the Nucleic Acid
Sequence Based Amplification (NASBA)/NucliSens assay developed by Organon
Teknika, Boxtel, The Netherlands.  Viral loads were determination was performed by
the Medical Virology Diagnostic Laboratory (UCT). Samples that had detectable viral
RNA without a measurable antibody response were then selected for inclusion into the

study.

Seroconversion determination. HIV antibody status was confirmed with the
Trinity Biotech Capillus™ assay (Trinity Biotech USA, Jamestown). The Capillus™
assay is a rapid qualitative assay for the detection of antibodies to HIV-1 and HIV-2 in
human whole blood, serum or plasma. HIV-1 and HIV-2 antibodies are detected by a
direct latex aggregation between antibodies and HIV-1 and HIV-2 envelope proteins
bound to polystyrene latex beads supplied in the kit. In this assay 10ul plasma of each
sample equilibrated to room temperature was added to 1201 latex reagent on a capillary
slide, mixed and allowed to flow via capillary action to the so-called viewing window.
This window shows a smooth milky liquid in a negative result and aggregation or

flocculation in a positive result.
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3.2.3 RNA Extraction

Due to low volumes of sample available, HIV-1 viral RNA extracted as part of the
NASBA procedure was also used for p17 and C2V3 PCR amplification. Although this
RNA contained the kit calibrators, the primers used to co-amplify the calibrators and
sample RNA in the viral load quantification procedure were in a different genomic region
than the primers used in the study for both genomic regions p17 and C2V3 (Van Gemen
et al., 1994), thus there was no possibility of amplifying and analysing calibrator RNA.

Where necessary, additional RNA was extracted using the QlAamp® Viral RNA Mini
Kit for purification of viral RNA from plasma, Serum, Cell-free body fluids and Cell-
culture supernatants (Qiagen, Valencia, CA). According to manufacturers specifications
RNA was extracted from 140 - 280ul plasma and eluted in 60l buffer. This was then
divided into 10ul aliquots and either used directly in complementary DNA (cDNA)
synthesis or stored at —70°C. (Appendix Al).

324 ¢DNA Synthesis

Complementary DNA was generated in the same manner as detailed in section 2.2.2. As
two distinct genomic regions in the HIV-1 genome was under investigation two separate
c¢DNA reactions were performed, one for copying the C2V3 region and another for the
pl17 region. Gene specific primers used was either Env A-r for C2V3, or Gag D-r for p17
(Table 3.1).

3.2.5 Polymerase chain reaction and Agarose gel electrophoresis

Quality control. Quality control was performed in the same manner as described

in detail in section 2.2.3.
PCR. Both the C2V3 and p17 regions were amplified by nested PCR (nPCR) for

all samples. Each nPCR consisted of an outer reaction and a subsequent single inner

reaction with primers nested within the outer fragment (Figure 3.3). For the C2V3 region
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Table 3.1: Primers for cDNA synthesis and PCR for amplification of C2V3 and pl7

Primer Position* Sequence

Env A-r | 7783-7802 | 5" TGC TGC TCC CAA GAACCC AA 3’
Env A-f | 6203-6223 | 5" GAA AGA GCA GAA GAC AGTGGC ¥
Env B-f | 6826-6847 |5 TAA CAC AAGCCTGTCCAAAGGT3
EnvB-r | 7317-7337 | 57 AATTTCTAG GTCCCCTCCTGA ¥

' GagD-f | 626-643 5" TCT CTAGCAGTGGCGCC G

| GagD-r | 2382-2402 |5 AATTCC TCC TAT CAT TTT TGG 3’
Gag A-f | 683-704 5'CTCTCG ACG CAGGACTCGGCT T3’
Gag A-r | 1282-1303 | 5 ACATGG GTATCACTTCTG GGC T 3’

* Sequence positions were calculated relative to HXB2. Primers produced at the DNA

synthesis laboratory of UCTs Biochemistry Department were individually designed and

optimized.
The PCR master mixes contained:
Quter nested PCR (50ul)
Reagent Amount
10X PCR buffer (Supplied with Super-therm DNA 1X
polymerase)
PCR grade dNTP (Roche Diagnostics, GmbH, 200uM
Mannheim, Germany)
Primer Env A-f + Env A-r or Gag D-f + Gag D-r 0,1uM
MgCl, for Env A-f + A-r (C2V3) 2mM
MgCl, for Gag D-f + Gag D-r (p17) 1,5mM
Super-therm DNA polymerase (Super-therm DNA 0,625U
polymerase, JMR Holdings, Sevenoaks, UK)
Patient cDNA Sul
Total S0ul

PCR cycling was carried out using a GeneAmp PCR System 2400 thermocycler (Perkin

Elmer, Norwalk, CT) according to the following parameters:
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Initial denaturing step at 94°C for 2 min.

94°C for 1 min
50°C for 1 min
72°C for 1 min

—® for 3 cycles

94°C for 15 sec
50°C for 45 sec
72°C for 1 min

—p for 32 cycles

Final elongation step at 72°C for seven minutes.

Inner nested PCR (50ul)

Reagent Amount
10X PCR buffer (Supplied with Super-therm DNA polymerase) 1X
PCR grade dNTP (Roche Diagnostics, GmbH, Mannheim, 200 M
Germany)

Primer Env Bf+Br (C2V3) and Gag A-f+Ar (p17) 0,1uM
MgCl, for Env B-f+B-r 2mM
MgCl, for Gag A-f +A-r ImM
Super-therm DNA polymerase (Super-therm DNA polymerase, 0,625U
JMR Holdings, Sevenoaks, UK)

Outer reaction PCR product Sul
Total 50ul

PCR cycling reaction was carried out using a PCR Express thermocycler (Hybaid limited,

Middlesex, UK) according to the following parameters:
Initial denaturing step at 94°C for 2 min

94°C for 15 sec—_
55°C for 30 sec
72°C for 30sec

L& for 30 cycles

Final elongation step completed at 72°C for seven minutes.
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Agarose gel electrophoresis and PCR purification. C2V3 and pl7 amplicons
were visualized by 2% agarose gel electrophoresis (Appendix A4). Second round PCR
C2V3 and pl7 amplicons were purified using the QIAquick PCR purification protocol
(Qiagen, Valencia, CA) (Appendix A2).

3.2.6 Quantitation of PCR target molecules from PCR-based limiting dilution assay

In this study we determined the amplifiable copy number by performing a PCR-based
limiting dilution assay (PDLA). We performed a one in ten serial dilution of cDNA for
each of the five samples and amplified each dilution by nPCR as described above in
section 3.2.5. The number of positive PCR amplifications (in some cases more than one
PCR-based limiting dilution was performed per sample) per dilution was inputted into
QUALITY, (Quantitation Using A Llmiting diluTion assaY) (Rodrigo er al., 1997)

(hitp://ukib.microbiol.washington.edu/cbg/iquality.html) and an estimate of the number

of HIV molecules that were amplified were calculated, ie the amplifiable copy number.
For our purposes we chose to add enough RNA per RT-nPCR reaction to ensure that at

least 30 copies were amplified (Figure 3.2).

3.2.6 C(loning and Colony PCR

To generate probes for HTAs both the C2V3 (512bp) and the pl17 (621bp) fragments
need to be cloned into separate pMOSBIue vectors for all five samples included in this
study (Appendix C1). The MOSBIlue vector is supplied in a kit, linearised at EcoRV in
the multiple cloning site (pMOSBIlue Blunt ended cloning kit, RPN5110, Amersham
Pharmacia Biotech, Buckinghamshire, UK). Cloning was performed according to

manufacturers recommendations.

pk Reaction. In this first step, both fragments are converted into blunt,

phosphorylated products in a single step:
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Reagent/ Stock solution Amount/Final Concentration |
10X pk buffer 1X |
100mM DTT 10mM |
pk enzyme mix 1ul 3
Either amplicons C2V3 or p17 Xpl

Water Yl

Total 10u1

The amount of amplicon DNA added to the pk reaction was calculated on a vector:insert
ratio of 1:2,5 for both the C2V3 fragment of 512bp and the p17 fragment of 621bp. The
optimal vector:insert ratio of 1:2,5 for a 214bp fragment was determined by the
manufacturers. The pk reaction was incubated at 22°C for 40 minutes where after the

reaction was terminated at 75°C for 10 minutes and then cooled on ice for two minutes.

Ligation reaction. In this step blunted fragments are ligated into the blunt de-
phosphorylated linearised pMOSBlue vector during a brief heat incubation step:

Reagent/ Stock solution Amount/Final Concentration
Product form pk reaction 10ul

pMOSBIue vector (50ng/ul) 50ng

T4 ligase (4 units/ul) 4U

Total 12pl

Transformation. Highly efficient MOSBlue competent cells provided with the
kit was determined by the kit manufacturers to result in 75% of recombinant colonies
containing an insert. The competent cells were allowed to thaw on ice for no more than
five minutes before use. Cells were mixed gently to suspend evenly. A total of 20ul of
competent cells were added to pre-chilled 1,5ml eppendorf tubes. Of the ligation mix 1ul
was added directly to the cells and stirred gently to mix. The tubes were left on ice for 30
minutes and subsequently heat shocked in a 42°C water bath for 40 seconds without
shaking. Tubes were then incubated on ice for 2 minutes and 80ul SOC medium
supplied with the kit (2g Tryptone, 0,55g Yeast extract, 10mM NaCl, 10mM KCl, 2mM
Mg (MgCl, and MgSO,), 2mM glucose up to 1 litre), equilibrated to room temperature,
was added to each tube. Tubes were then shaken at 200 - 250 rpm at 37°C for 1 hour.
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After one hour, 2 X 25ul and 1 X 50u] of each transformation mixture was plated on
selective indicator LB plates containing tetracycline (154 g/ml), ampicillin (100 g/ﬁﬂ),
X-gal (80ug/ml) and IPTG (0,5mM) for blue white screening (Appendix B3). Plates
were incubated inverted overnight at 37°C and checked for positive white colonies the
following day. These resulting pMOSBlue clones were used both for constructing HTA

probes as well as for screening HIV population complexity.

Ligation and Transformation controls. To test the efficiency of both the ligation
reaction and the transformation reaction, positive and negative controls were included in
the cloning procedure. Ligation efficiency was determined through use of a ligation
positive control of 9ng of a 214bp supplied by kit manufacturers. They determined an
optimum vector:insert ratio for ligation at 1:2,5 with this 214bp control insert. In order to
determine the efficiency of transformation 0,2ng of pUCI18 was transformed into the
supplied pMOSBIlue competent cells. A 5ul plating of cells transformed with this
plasmid onto X-gal and IPTG LB plates should give an efficiency of >4x10’ blue cfu/ug

test plasmid or approximately 400 colonies per plate according to kit manufacturers.

3.2.7 Heteroduplex Tracking Assay

The HTA consists of a number of steps including first of all, probe construction. Probes
were constructed by growing up a selected clone for subsequent plasmid DNA
maxipreparation. One clone each per genomic region was selected for radioactive
labeling. After an EcoRI restriction enzyme digestion the overhang was filled in with
o**S-dATP and released from the vector by Ndel digestion and purified. Secondly,
denaturation and annealing of probes in the presence of both C2V3 and pl17 amplicons
generated by colony PCR resulted in the formation of homoduplexes and heteroduplexes.
Thirdly, homoduplexes and heteroduplexes are separated by polyacrylamide gel
electophoresis and visualized by gel drying and autoradiography.  Heteroduplexes
indicated which clones represented divergent populations. Where available two
examples of each such divergent heteroduplex population were selected for sequencing
and genomic characterization. For each sample the HTA was performed in duplicate to

confirm findings.
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Probe construction

Plasmid DNA maxipreparation. Two selected plasmid clones, one pMOSBIue-
C2V3 clone and one pMOSBIue-pl7 clone per sample, were each inoculated into
separate aliquots of 100ml LB broth (Appendix B7) each containing ampicillin
(100pg/ml) and grown up overnight at 37°C with shaking. A Nucleobond® AX 100
maxi-preparation of plasmid DNA from this 100ml culture was then performed according
to manufacturers instructions (Machery-Nagel, Duren, Germany) (Appendix A3). The
resulting plasmid DNA was redisolved in TE (pH 7,8). In order to determine the
concentration of the re-suspended plasmid DNA, a one in hundred diluted aliquot in TE
was scanned using the Beckman DU-40 spectrophotometer (Beckman Industries,
California, USA) from 310nm to 220nm wavelengths. The spectrophotometer was
blanked using TE after which the samples were read. The DNA concentration was
determined by multiplying the OD reading at Aygo by 100 to correct for dilution and then
by 50, which is the factor for double stranded DNA.

Probe labeling. Intraperson C2V3 and p17 o®>S-dATP isotope labeled probes
were constructed by first digesting 10ug pMOSBlue plasmid with EcoRI (Roche
Diagnostics GmbH, Mannheim Germany) at 37°C for one hour:

Reagent/ Stock solution Amount/Final Concentration

pMOSBIlue C2V3 or p17 clone 10pg

10 X Buffer H (Roche Diagnostics, GbmH, | 1X
Mannheim, Germany)

EcoRI  (10U/ul) (Roche Diagnostics, | 60U
GbmH, Mannheim, Germany)

Made up with dH,O to a total of 60ul

The reaction was terminated for 10 minutes at 70°C. In the next step only one strand
with a 3* end overhang due to the EcoRI digestion was labeled with the o°S-dATP

isotope according to the following method:
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Reagent/ Stock solution Amount/Final Concentration
EcoRI restriction mixture 60u!

370 MBg/ml 6¢°S-dATP (10mCi/ml) 0,05mCi

(Amersham Pharmacia Biotech)

Klenow fragment (4U/ul) (Takara 10U

Biomedicals, Japan)

Made up with dH,O to a total of 67,5ul

The reaction was allowed to complete for 15 minutes at room temperature and stopped at
70°C for 10 minutes. A second Ndel restriction enzyme (Roche Diagnostics GmbH,

Mannheim Germany) digest was performed to cut the labeled insert from the plasmid:

Reagent/ Stock solution Amount/Final Concentration

Isotope reaction mixture 67,511

10X buffer H (Roche Diagnostics GmbH, | 1X
Mannheim Germany)

Ndel (10U/ul) (Roche Diagnostics GmbH, | 60U
Mannheim Germany)

Made up with dH,O to a total of 100u1

The probes were purified by QIAquick PCR purification protocol (Qiagen, Germany)
following the manufacturers protocol (Appendix A2). Purified probe DNA was eluted in
100u1 of 10mM Tris-Cl, pHS8,5.

Heteroduplex formation.

Colony PCR. Twenty clones were randomly selected for screening of HIV-1
population complexity through colony PCR for each genomic region analyzed. Colony
PCRs were performed in the same manner as inner nested PCRs described in section
3.2.5.

Denaturing and re-annealing. Denaturing and re-annealing of double stranded
probe in the presence of double stranded template (amplicons of colony PCR) results in
the formation of heteroduplexes as well as homoduplexes. From 20 clones per sample,
an 8pul aliquot of the colony PCR amplicon (either C2V3 or pl7) was added to a 1,5ml
eppendorf tube, this represents the template DNA. An additional two tubes were

prepared per sample per genomic region analyzed, one with 8ul sterile distilled water in
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the place of 8ul colony PCR amplicon, serving as the probe homoduplex positive control
and another containing 8ul of the PCR product originating from PCR reaction of total
population serving as the total population control. To each of these tubes the following

was added and mixed well by pipette action:

Reagent/Stock solution Amount/Final concentration
Probe 0,5ul

10X HTA  annealing buffer | 1X

(Appendix B6)

Template 8ul

Made up with dH,O to a total of 10ul

This reaction mixture was next subjected to heat denaturation for two minutes at 95°C on
a Dri-block-DB 2A heating block (Techne® Inc., Princeton, N.J.). The reaction mixture
was then removed from the heating block and allowed to re-anneal at room temperature

for five minutes. Tube contents were collected by a short centrifugation step.

Polyacrylamide gel electrophoresis.

The resulting homoduplexes and heteroduplexes were separated by PAGE. For
separation of both the C2V3 and pl7, a 5% polyacrylamide gel was prepared. The pl17
genomic region is less variable and fewer mismatches can be expected between different
intraperson populations when compared to the C2V3 region. Thus, 20% urea was added

to pronounce the effect of mismatches and indels in the less variable p17 region.

5% Polyacrylamide gel for C2V3 heteroduplex separation was made up as follows:

Reagent/Stock Concentration Amount/Final Concentration
40% acrylamide stock (1% bis-acrylamide) | 5%

10 X TBE 1X

Made up with dH,O to a total of 30ml

5% Polyacrylamide gel for pl17 heteroduplex separation was made up as follows:

Reagent/Stock Concentration

Amount/Final Concentration

40% acrylamide stock (1% bis-acrylamide)

5%

10 X TBRE 1X
Urea 20%
Made up with dH,O to a total of 30ml
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Gels were polymerized by addition of 1251 25% ammonium persulphate together with
19,841 TEMED. This was then mixed and poured into 16.5 x 17.5cm, 1,5mm thick glass
plates positioned in a SCIE-Plas vertical 2-Gel Cam Casting tray (SCIE-PLAS, Southam,
UK) and allowed to polymerise at room temperature. The plates were separated by
spacers that allowed Imm thick gels to be poured. The polymerized polyacrylamide gel
was next transferred to a SCIE-Plas Maxi V20-CDC electrophoresis apparatus (SCIE-
PLAS, Southam, UK) containing 1,5 liter of 1X TBE (Appendix B4) for electrophoresis
of the samples. Gels used for separation of p17 heteroduplexes were pre-run at 250V for
15 minutes and the wells rinsed with a syringe to remove residual urea to prevent
distortion of DNA bands. After denaturing and annealing, duplexes were prepared for
separation through PAGE by adding 2ul 6X PAGE loading dye (Appendix BS5) to each
tube. Samples were then loaded onto the respective gels. C2V3 heteroduplexes were
separated at constant 17mA per gel for 6 hours. P17 heteroduplexes were separated

through electrophoresis at constant 250V for 4,5 hours.

Gel drying and autoradiography. After electrophoresis the gels were removed
from the electrophoresis apparatus. Glass plates were carefully pried open with a thin
blade and a nick with the aid of a scalpel was made in the right top hand comer of the gel
to track the orientation of gels. Two pieces of Whatmann 3MM chromatography paper
were cut to the size of the gel, laid on top and smoothed over to ensure adequate
adsorption of the gel to the paper. The gel was next lifted from the glass plate by careful
removal of the paper and covered in Gladwrap®. Gel drying was performed under
vacuum on a DrygelSr.Slab-gel dryer model SE1160 (Hoefer Scientific instruments, San
Fransisco) connected to a refrigerated condensation trap (Savant RT100, USA) for 1 hour
at 80°C. Dried gels were exposed to 18X24cm Hyperfilm MP high performance
autoradiography film (Amersham Pharmacia biotech, UK) overnight at -80°C. The film
was developed by submerging for 3 minutes in developer (1 part Novolith TM liquid A to
3 parts mixed water with an equal volume of 1 part Novolith TM Liquid B to 3 parts
water) [May and Baker, Essex, UK], followed by one minute in stop solution (2% acetic
acid) and then 3 minutes in fixative (Agfa G334C [Bayer, RSA] 1 part solution A for four
parts water, mixed with 1 part solution B to 20 parts water). After a water rinse the

developed film was air dried.
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3.2.8 Sequencing

Clones that differed from the reference probe population as identified by heteroduplex
bands were selected for sequencing. At least two clones per divergent population were
sequenced where possible. A total of 37 C2V3 sequences were generated, 9 for Dul45, 5
for Du204, 5 for Dul14, 9 for Du421 and 9 for Du23. A total of 31 p17 sequences were
generated, 8 from Du204, 5 from Dull4, 5 from Dud421 and 8 from Du23. The clone
representing the probe was also sequenced in addition to at least two other clones

representing the homoduplex population.

Fragments constituting the C2V3 region and the pl7 fragment were sequenced in both
directions with forward and reverse gene specific primers, Gag A-f and A-r as well as
Env B-f and B-r. The basic principles used in sequencing are explained in more detail in
section 2.2.3. Cycle sequencing was performed using the ABI PRISM® BigDye ™
terminator V3.0 Cycle sequencing Ready reaction Kit with AmpliTaq® DNA
Polymerase FS (Applied Biosystems, Warrington, UK). According to manufacturers
recommendations we performed half reaction cycle sequencing, adding a total of more or
less 50ng amplicon DNA per reaction plus 3,2pmol of either primer. To this was added
4ul of the enzyme mix from the BigDye ™ terminator V3.0 Cycle sequencing Ready
reaction Kit plus 4ul 2,5X sequencing buffer (Tris-HCL, pH 9 and MgCl,) supplied with
the kit.

Thermocycling was performed in a GeneAmp PCR system 2400 thermocycler (Perkin
Elmer Corporation, Norwalk, CT).

96°C for 30 sec — initial denaturing step

96°C for 30 sec - denaturing —
50°C for 15 sec - annealing —® for 25 cycles

60°C for 4 min - elongation —
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Sequencing was done on an ABI PRISM ™ 310 Genetic Analyser (Applied Biosystems).
All sequences were subjected to quality control measures to ensure that there were no

sample mix-ups or contamination from other sources (Learn et al., 1996).

3.2.11 Seguence analvsis

Phylogenetic trees.  Quality Control and phylogenetic trees generated from
sequences in both the C2V3 and pl7 genomic regions was performed according to the

same methods described in chapter 2, section 2.2.4.

Trees were constructed for C2V3 sequences including a total of 32 reference sequences
ranging from subtype A through K (5 from subtype C, 2 from subtype J, 3 from subtype
B, 4 from subtype D, 2 from subtype F2, 4 from subtype F1, 2 from subtype F, 2 from
subtype K, 3 from subtype H, 3 from subtype A and 4 from subtype G) obtained from the
Los Alamos HIV sequence database (http://hiv-web.lanl.gov/Align_current /SUBTYPE-
REF/subtype.html). For pl7 phylogenetic tree a total of 22 reference sequences were
included, 4 from subtype C, 3 from subtype A, 2 from subtype G, 2 from subtype J, 2
from subtype H, 1 from subtype U, 2 from subtype F1, 2 from subtype D and 4 from
subtype B.

Genetic distances. MEGA (Molecular Evolutionary Genetic Analysis, version
2,1) analysis between sequences generated from within one individual was completed
using the Kimura 2-parametre model and taking into account transitions and
transversions (Kumar er al. 2001). Percentage nucleotide divergence was determined to

assess intraperson genetic diversity.

Amino Acid translation and Phenotype Prediction. Nucleotide sequences were
translated into amino-acid sequences using BioEdit version 5.0.2 and phenotype
prediction was performed by a method described by Briggs and colleagues (2001)

employed in section 2.2.4.

100



3.3, Results:

3.3.1 RNA guantification and sero-status confirmation

Five individuals, Du23, 114, 145, 204 and 421 had a plasma sample that were taken one
month before documented seroconversion and were identified as RNA positive. As the
exact date of infection for all samples was unknown an estimated date of infection was
taken as the midpoint between the last HIV RNA negative sample and the first HIV RNA
positive sample. According to the estimated date of infection, samples were collected 7
to 30 days (mean 14,8 days) after infection (Table 3.2). The viral loads for these
preseroconversion samples ranged from 16 000 copies per millilitre (4,2 log) in Du23 to
5 100 000 copies per millilitre (6,7 log) for Dud421. The viral loads for the first antibody

positive (seroconversion) samples were not available.

Log viral load graphs measured from just after seroconversion to 30 months post
seroconversion for four of the five study samples, Du23, Du204, Dul14 and Du421 were
available from previous studies (provided by C. Gray) (Figure 3.4). For Dul45 we did
not have enough viral load data to generate reliable plots, however. More detailed plots
representing viral load fluctuations over a shorter time (up to 26 months post
seroconversion) were produced for Du23, Dull4, Du204 and Du421, but only two of
these are shown for Du23 and Du204 (Figure 3.5 and Figure 3.6). Two trends were
observed, in the case of Du204, Dull4 and Du421 (Figure 3.5) the sample taken at
preseroconversion had a higher viral load than the seroconversion sample, whereas for
Du23 the inverse was true, with a higher viral load at seroconversion than at
preseroconversion (Figure 3.6). Where viral loads are not available for drawing these
plots, the mean between two known viral loads were calculated. These estimated

readings are indicated in red.
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32 for gag primers. Du421 with the highest viral load at 5100 000copies/ml, Du421, had
an input copy number of 214 737copies and that was sufficient to generate an amplifiable

copy number of 302 for both env and gag primers (Table 3.3).

Table 3.3: Table depicting viral load (copies per ml plasma), input copy number and
amplifiable copy number per primer pair per sample.

L A 5 4 D zlo] [ L e aple

Du23 16 000 731,4 32 >302
Duti14 560 000 14933 >302 >302
Du145 39 000 1560 >302 >302
Du204 93 000 762,5 >302 >302
Du421 5100 000 214737 >302 >302

Figure 3.8: PCR based limiting dilution assay of Du23 p17 (621bp). This 2% agarose gel
represents a nPCR of 10-fold serial dilution. Lane 2 to 11 contains dilution series of 1 to
1/152 of cDNA. Lane 1 contains molecular marker 6 (Roche Diagnostics, GmbH,

Mannheim, Germany), positive control is in lane 12 and negative water control in lane 13.

33.4 Cloning into pMOSBIlue and Colony PCR

Viral populations within an individual were cloned for screening for diversity by HTA.
In each case where clones were selected for downstream processing the transformation
efficiency surpassed 4x10’cfu per ug pUC18. The ligation positive control plates for
most cloning steps had insert containing white colonies comprising >90% of total number
of colonies present indicating a high efficiency of ligation. pMOSBIue clones were tested
for inserts by amplifying the insert with gene specific primers, either C2V3 or pl7 primer

pairs, termed a colony PCR (Figure 3.9). In figure 3.9 a Du23 pl7 colony PCR is
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Table 3.3b: HTA resuits indicating how many clones were identical to probe and how many were
different including how many were selected for sequencing,

MNumber of Nomber of Number of Number of MNumber of | Mumber of
identical different sequenced identical different sequenced
clones clones clones * clones clones clones™
Dul3 20 0 8 identical 20 0 7 identical
Dulid | 20 0 4 identical 20 0 4 identical
1 Dulds 16 4 8 - total 20 0 4 identical
4 - different
4 - identical
Du204 | 20 0 4 identical 12 g T total
S different
2 - identical
Dud2l 20 0 8 identical 20 0 4 identical

*In addition to the number of clones sequenced the probe sequence were also obtained.

106
















3.3.7 Genetic distances

C2V3 Intrasubtype C diversity. In the previous study, chapter 2, it has already
been determined that the intrasubtype C diversity for sequences from southern Africa
ranged from 5,6% to 21,2% across the V3V35 region and 6,6% to 15,7% across the gp120
region (Figure 2.8 and Figure 2.6). When analyzing subtype C sequences from this study

across the V3 region alone, the greatest diversity between these samples were 15%.

C2V3 Interperson diversity. The overall mean genetic distance for sequences
from the five individuals from this study was 8,6%. When comparing the mean
nucleotide diversity calculated per individual, Du204 and Dul45 was the most similar,
differing by 8,6%. Individual sequences between Du204 and Dul45 differed from 7,8%
t0 9,2%. Sequences from Dull4 and 23 were the least related with the mean nucleotide
diversity measured between these individuals differing by 12,5% (Table 3.4). Individual
population sequences between Dul 14 and 23 differed from 13,5% to 14,6%.

C2V3 Intraperson diversity. The intraperson nucleotide diversity was found to
be low, ranging from sequences being identical at 0%, to as much as 1,8% for Dul45.
The overall mean intraperson diversity was 0,32%. Sequences within Dull4 were most
similar (0% to 0,2%, mean 0,02%) with sequences from Dul45 being the least similar
(0,3% to 1,8%, mean 0,6%). The mean intraperson diversity ranged ﬁom 0,02% for
Dull4, 0,1% for Du204, 0,3% for Dud21, 0,6% for Du23 and 0,6% for Dul45 (Figure
3.17).

Table 3.4: C2V3 mean interperson diversity calculated between individuals in this stady.

Dull4 Dul45 Du204 Du23 Du421
Dull4
Dul45 10,9%
Du204 11,3% 8,6%
Du23 12,5% 11,4% 9,6%
Du421 9,4% 10,1% 94% . 11,2%
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P17 Intrasubtype C diversity. Subtype C sequences from South Africa (n=131)
excluding sequences from our study, differed across the p17 region with up to 11,6%.
The diversity between samples measured in our study ranged from 5,5% to 10,3%. This

was lower than C2V3,

P17 Interperson diversity. The mean genetic distance for sequences from all
individuals were 7,1%. When comparing the genetic distances calculated for all
populations within different individuals in the p17 region, Dul14 and Du421 were the
most similar, with a difference of 5,5%. Individual sequences from Duli4 and Dud21
differed from 5% to 5,9%. Du204 and Dul45 differed by 10,3% when comparing mean
genetic distances and individual population sequences differed from 9,7% to 10,9%

(Table 3.5).

Table 3.5: pl7 mean interperson diversity calculated between samples included in this study.

Du23 Duli4 Du421 Dul45 Du204
Du23
Dull4 7,3%
Du421 7,9% 5,5%
Dul45 10% 8% 7,2%
Du204 10,2% 7,4% 9,3% 10,3%

P17 Intraperson diversity. The intraperson nucleotide diversity was found to be
low, ranging from sequences being identical at 0%, to as much as 1,2% for Du204. The
overall mean intraperson diversity was 0,08%. The mean intraperson genetic distance
was 0,1% for Du23, 0,08% for Dull4, 0,06% for Dul4s, 0,2% for Du204, 0,17 for
Dud21 (mean 0,08%). Sequences within Du23 were the most similar to each other with
divergence ranging from 0% to 0,4%, sequences from Du204 were the least similar with

divergence ranging from 0,2% to 1,2% (Figure 3.17).















Table 3.21: Predicted phenotype calculated according to Briggs and colleagues (2000).

Sample -+ = Net lle@aa Output  Numerieal Predicted

Charges  Charses = charse 327 Value  Value phenotype

Du23 probe 5 1 +4 YES 1.16 1 RS
Dull4 probe 5 1 +4 YES 1.1i6 1 RS
Dul45 probe 6 2 +4 YES 1.33 1 RS§
Du204 probe 5 2 +3 YES 1.05 1 RS
Du421 probe 3 1 ' +4 YES 1.16 1 RS
Du421 clone 23* 4 1 +3 YES 0.85 1 RS

* This was the ohly clone that differed from the probe sequence in the V3 loop in all five individuals.
34  Discussion

This study characterised viral populations, in recently infected women of the Du sex
worker cohort. Samples from five women, Du23, Dull4, Dul4S, Du204 and Du421,
obtained on average 15 days post transmission, were identified as being HIV
seronegative but which still had a detectable HIV viral load. Viral populations were
defined by analysing diversity in the C2V3 and p17 genomic region through heteroduplex
tracking assays (HTAs), sequencing and phylogenetic analysis. All women were infected

with subtype C based on C2V3 and p17 phylogenetic analysis.

To control for possible re-sampling of the same viral template, resulting in a bias
estimation of diversity, we ensured sufficient amplifiable templates were added. It was
also important to take the error rate of the tag polymerases into account, as this may
contribute to diversity. The error rate of the Super-therm DNA polymerase (JMR
Holdings, Sevenoaks, UK) used in this study was one miss-incorporation per 83 000bp
for each PCR cycle completed.b Calculated per fragment amplified, it indicates that in
each RT-nPCR reaction amplifying the 621bp pl7, 0,48bp will be miss-incorporated and
for 512bp C2V3, 0,3%bp. It is thus unlikely that the diversity seen in study samples was

influenced markedly by the error prone nature of the taq polymerase used.

In HTAs it has been shown that there is a general relationship between migration and
percentage DNA difference, but this relationship is only clear when analyzing HIV-1
populations exhibiting high genetic diversity. It is thus difficult to predict diversity of

closely related populations within an individual based on migration patterns. A number



of factors impact on the mobility of heteroduplexes. Firstly, the type of difference
between two strands in a heteroduplex, with indels having the greatest effect compared to
mispaired bases. Secondly, the type of mismatch also influence duplex mobility with
pyrimidine-pyrimidine > purine-purine > purine-pyrimidine. Thirdly, a mismatch or
indel towards the end of the duplex has a lesser effect compared to mismatches in the
center or mismatches that are clustered (Nelson et al., 1997; Upchurch et al., 2000).

Finally, the sequence flanking the region of difference also has an influence.

Various studies have detected heterogeneous viral populations in women recently
infected, including women from sex worker cohorts, and in pregnant Rwandan women
(Kampinga et al., 1997; Long et al., 2000; Poss et al., 1995). However, the level of
diversity found in our study, indicated that all five individuals harbored highly

homogeneous viral populations.

In a study by Poss et al (1995) the proviral env V1, V2 and V3 regions of six recently
seroconverted Kenyan sex worker women were analyzed. In five of the six infected
females a heterogeneous viral population were detected. When comparing the V3 loop
analyzed in common between the Kenyan study and our study, they found a maximum
difference of 11 amino acid mismatches (ranging from 1,2,5 to 11 amino acid differences
respectively) out of a total of 35 amino acids (31%) among the intraperson clones in the
V3 loop, whereas in our study a maximum of two amino acid changes per 35 amino acid

V3 loop stretch (5,7 %) was identified.

In a subsequent study, in the same Kenyan sex worker cohort an additional 15 out of a
total of 26 women (42%) were found to harbor a heterogeneous viral population soon
after infection. This study determined a mean intraperson difference across the V1, V2
and V3 regions of more than 5%. These results were not directly comparable to our
study, however, as the V1 and V2 regions were not analyzed in our study. This study
also included men, and interestingly all ten men were infected with homogeneous viral
populations that differed by less than 1% in the V1, V2 or V3 regions, suggesting that

women have a higher population diversity than men.
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A recent study (Learn et al., 2002), looking at diversity after transmission in eight
homosexually infected men, showed that all individuals harbored viral populations with a
median sequence diversity within individuals ranging from 0,4% to 3,02% (mean 1,8%)
in env C2V5 and from 0% to 2,56% (mean 0,81 %) in pl7. Median sequence diversity
detected for samples from our study were 0% to 1,8% (mean 0,52%) in the C2V3 region
and 0% to 1,2% (mean 0,42%) in the pl7 regions. The diversity encountered in our
samples was thus almost half of that observed in individuals from the Learn study,
refuting evidence that soon after transmission, women have a higher population diversity
than men. In addition this study showed that early selective forces focused on viral
properties in env C2VS5 but not gag pl7, as diversity in env was lower than in gag.
Similar results were found in our study, with two of the five women (Dul14 and Du204)
exhibiting lower diversity in emv compared to gag. This suggests that selection
associated with heterosexual transmission and subsequent establishment of infection do
occur, resulting in the presence of homogeneous viral populations soon after transmission

(Figure 3.17).

The differences observed between our study and what was found in these studies could be
explained by a number of factors that may impact on transmission. These include: the
type of sample analyzed (whether proviral DNA or plasma viral RNA), the frequency of
exposure for the different cohorts used (high risk versus low risk), subtype of infecting

virus and the sample collection time respective to the estimated time of infection.

The Kenyan cohort used proviral DNA, whereas this study used plasma viral RNA.
Where RNA reflects the currently circulating virus, provirus could reflect archival virus,
as provirus persists for the lifetime of the cell and RNA exists only in the order of several
days due to the rapid turnover of plasma viral RNA (Long et al., 2000; Poss et al., 1995).
However, studies have shown that viral divergence (from a founder stain) and viral
diversity (breath of population at a given time point) were the same when assessed in the
proviral DNA and plasma RNA of nine individuals, measured from seroconversion over
nine to 12 years in the C2V3 region (Shankarappa et al., 1999). In addition, five out of
six women from the Kenyan cohort harboring heterogeneous viral populaﬁons after

seroconversion in proviral DNA also had heterogeneous viral populations in plasma RNA
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before seréconversion (Long et al., 2000). This indicates that limited diversification
occurred after the development of HIV-1 specific humoral immunity and also proves that
HIV-1 population diversity is similar in both circulating plasma RNA and proviral DNA.
Due to the availability of sample material we could only characterize circulating viral

populations and not provirus.

The women from the Kenyan sex worker cohort had a much lower frequency of HIV-1
exposure with an average of two sexual encounters per week compared to the Du-cohort
who had an average of 28 unprotected (<20% condom usage) sexual encounters per
week. Increased exposure may result in increased ulcerative STI and thus an increased
susceptibility to infections with multiple variants. In addition high frequency of exposure

may also result in multiple infections.

Another possible explanation for the limited diversity observed in our study may be that
not all subtypes transmit in the same way (Kanki ez al., 1999). Women from the Kenyan
cohort were predominantly infected with viruses from subtype A. Of a total of 32
women, 24 were infected with subtype A, 4 with subtype D, 2 with viruses of unknown
subtype and two with subtype C. Heterogeneous populations have also been detected in
one American woman recently infected with subtype B (Delwart et al., 2002). In the
Kenyan cohort, neither of the two individuals infected with subtype C harbored a

heterogeneous viral population.

Overall samples for our study were taken much closer to infection compared to the
Kenyan study. On average, samples for the 32 women in the Kenyan study were 66 days
post estimated infection (range 17 to 163 days). On average women with homogeneous
viral populations (n=12) were sampled within 54 days of infection much closer to
infection when compared to women with heterogeneous populations (n=20) which were
sampled on average 73 days post infection. In the study by Learn and colleagues (2002),
samples were collected on average 43,3 days post onset of symptoms (range 26 to 63
days). The five women from our study were sampled on average within 14 days from
estimated date of infection before seroconversion (range 7 to 30 days) (Table 3.2).

Preseroconversion samples more accurately reflect transmitted variants, however our
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study still differs from the Kenyan study in this respect as they found high diversity in a

subset of six individuals analyzed pre seroconversion (Long et al., 2000).

In conclusion, in our study group of five subtype C HIV-1 infected sex worker women
we were able to detect highly homogeneous populations in the C2V3 region with
diversity ranging from 0% to 1,8% (mean 0,52%). This low diversity in intraperson
HIV-1 populations was confirmed in the pl17 region, with nucleotide diversity ranging
from 0% to 1,2% (mean 0,42%). This stands in contrast with HIV-1 diversity described
in a large group of women from a Kenyan sex worker cohort infected with heterogeneous
subtype A and D HIV-1 populations, with nucleotide diversity of more than 5% across
the V1, V2 and V3 regions. Qur results fit in with proposed models of selective
transmission or selective amplification (Zhang et al., 1993 and Zhu et al., 1993). This is

distinct from the Kenyan studies which showed transmission of multiple variants.
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CHAPTER 4: Conclusions

Subtype C is becoming more prevalent and is currently responsible for over 56% of
global HIV infections (Esparza and Bhamarapravati, 2000; UNAIDS 2002). The results
described in this dissertation contribute to our understanding of HIV-1 env genetic
diversity in southern African countries such as Malawi (n=4), South Africa (n=27),
Zambia (n=10), and Zimbabwe (n=3). In this study, phylogenetic analysis of HIVs
infecting 44 individuals originating from these countries reinforces the fact that subtype
C is still the major contributor to the southern African HIV-1 epidemic (van Harmelen ez
al., 1997, Bredell er al., 1998; Moodley ez al., 1998). Analysis of the phylogenetic
relationships between published gpl20 subtype C sequences originating from Africa,
| including the sequences generated from this study, showed that southern African subtype
C viruses do not cluster according to geographical origin. The southern African epidemic
is characterised by high diversity and is different to the more recent explosive, genetically
restricted clonal epidemics that have been observed in other developing countries, such as
India (Grez er al., 1994; Lole er al., 1999). However, in this study there was some
evidence of a founder type effect, as gp120 sequences that originated from Durban South

Africa formed a subcluster within subtype C.

Subtype C viruses is reported to be resistant to neutralization by the monoclonal
antibody, 2G12 (Bures et al., 2002; Sanders et al., 2002). Resistance to neutralisation has
been attributed to a N-linked mannose residue at position 295, crucial for 2G12 binding
that was 80% absent in a panel of 15 subtype C viruses (Sanders et al., 2002; Scanlan et
al., 2002). In this study the N-linked mannose 295 was absent in 95% of sequences.

Much of our understanding of the virological determinants of sexual transmission of HIV
is derived from examining recently subtype B infected American and European men.
Transmission data obtained from men have until recently been extrapolated to women,
however, recent studies have shown that there may be gender differences in virus
transmission. Women have been shown to harbor heterogeneous virus populations

directly after transmission compared to homologous viral populations reported to be
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present in men (Zhang et al., 1993, Zhu ez al., 1993; Kampinga et al., 1997, Long et al.,
2000; Poss et al., 1995). In addition, SIV transmission studies in female macaques
indicated that a multitude of variants could be readily transmitted. These studies found
greater restriction of viral diversity during vaginal transmission compared to intravenous
transmission. This suggests that heterogeneous population transmission is possible and
that selection of virus populations takes place during heterosexual transmission of HIV-1

to women (Enose et al., 1997; Greenier et al., 2001).

It has been proposed that women may be more susceptible to infection with multiple
quasispecies due to: an increased muscosal area of exposure, increased susceptibility
through greater mucosal tréuma, the presence of undiagnosed sexually transmitted
infections, prolonged exposure to infected male secretions and immunological differences
between men and women (Ray et al., 2000). Gender differences have also been reported
in HIV pathogenesis, with progressioﬁ to AIDS in women being associated with lower

viral loads when compared to men (Farzadegan et al., 1998; Sterling et al., 2001).

This dissertation described and characterised HIV-1 variants in plasma samples collected
from five recently infected South African women belonging to the Durban sex worker
cohort, collected on average 15 days post infection before seroconversion. Our findings
clearly showed that HIV-1 populations in these women were highly homogeneous when
analysed in both C2V3 (genetic diversity ranging from 0% to 1,8%) and p17 (genetic
diversity ranging from 0% to 1,2%).  This differs from other studies investigating
genetic diversity in a Kenyan female sex worker cohort where 20 women with
heterogeneous viral populations in acute infection had genetic diversity of up to 5%
across the V1, V2 and V3 genomic regions (Long et al., 2000, Poss et al, 1995). In
addition, heterogeneous viral populations have also been found in women from Rwanda
who became infected around the time of their pregnancy (Kampinga ef al., 1997) as well
as one American woman, containing highly divergent variants differing by up to 6% in
C2VS5 (Delwart et al., 2002).

A possible reason for the differences observed in HIV population diversity between our

study and previous female studies may be due to our analysis of plasma viral RNA. Less
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fit viral variants may be quickly displaced in the rapidly turming over plasma
compartment while they may remain archived as proviruses. It is also possible that
subtype may have an influence on transmission as previous studies indicated
heterogeneous viral populations only in HIV subtype A, D and B infections but not in
subtype C infections (Delwart et al., 2002; Long et al., 2000, Poss et al., 1995).

Although our sample number was small, our results support the fact that the majority of
HIVs transmitted heterosexually are subjected to a selection process resulting in the
presence of homogeneous HIV populations soon after transmission, confirming

heterosexual transmission models of selective transmission and amplification.
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Appendix A: DNA Techniques

Al. BNA Extraction

Manual Extraction. RNA was extracted using the QIAamp® Viral RNA Mini
Kit for purification of viral RNA from plasma, serum, cell-free body fluids and cell-
culture supernatants (Qiagen, Valencia, CA). This method is used to extract viral RNA
of more than 200bp from 140 to 280ul sample through the selective binding properties of
a silica-gel based membrane. Plasma sample is lysed under denaturing conditions
inactivating harmful RNases ensuring intact RNA isolation. Buffering conditions are
adjusted to ensure optimum binding of RNA to the QlAamp membrane after loading the
sample to the spin column. Bound RNA to the silica membrane is subsequently washed
in two steps to remove contaminants with two different wash buffers. This method yields
RNA free of protein, nucleases and other contaminants and inhibitors without the use of

phenol/chloroform or alcohol precipitation.

1. Plasma sample, 140-280ul is added to 560ul prepared Buffer AVL containing
carrier RNA in a 1.5ml micro-cehtrifuge tube, mixed by pulse-vortexing for 15
seconds, allowed to incubate at room temperature (15 -25°C) for 10- minutes and
briefly centrifuged to remove drops form the inside of the lid.

2. 96-100% 560ul ethanol i1s added and mixed by pulse vortexing for 15 seconds,
and briefly centrifuged to remove drops form the inside of the lid

3. This solution is carefully applied to the QIAmp spin columns and centrifuged at
6000x g (8 000rpm) for 1 minute. The column is placed in a clean 2ml collection
tube and the tube containing the filtrate is discarded.

4. Step 3 is repeated.

5. Next 500ul Buffer AW1 is added and centrifuged at 6000x g (8 000rpm) for 1
minute, the column is placed 1n a clean 2ml collection tube and the tube

containing the filtrate is discarded.
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6. Next 500pl Buffer AW?2 is added and centrifuged at 20 000x g (14 000rpm) for 3
minutes, the column is placed in a clean 2ml collection tube and the tube
containing the filtrate is discarded.

7. The column placed in a clean 2ml collection tube is then centrifuged for an
additional 1 minute at full speed.

8. The column is placed in a clean 2ml collection tube and the old tube containing
the filtrate is discarded.

9. Buffer AVE equilibrated to room temperature, 60ul is added to the column and
allowed to incubate for 1 minute.

10. It is then centrifuged for 1 minute at 6000x g (8 000rpm), aliquoted to 10ul and
either used directly in the cDNA synthesis or stored at —80°C.

A2, PCR Purification

PCR products were purified by the QIAquick PCR Purification Kit (Qiagen, Valencia,
CA). QIAquick PCR purification is based on a spin-column method each with silica-gel
membranes to which DNA adsorbs in the presence of high salt while contaminants are

allowed to pass through the column. In this way impurities are efficiently washed away.

1. To the 50p] PCR reaction five volumes of buffer PB were added and mixed.

2. A QIAquick spin column were placed in a 2ml supplied collection tube and
the sample applied to this column.

3. The DNA was bound to the column by a quick centrifugation of 1 minute at
13 000 rpm in a standard table top centrifuge.

4. The flow through was discarded and the column replaced into the same
collection tube.

5. To wash, 750ul buffer PE was added to the column and centrifuged for a
minute at maximum speed.

6. The column was next placed into a clean 1,5ml eppendorf micro-centrifuge

tube.



7. The DNA is eluted with 30ul buffer EB (10mM Tris-Cl, pH8,5) placed on the
centre of the membrane without disruption. The column is allowed to stand

for one minute and then centrifuged for one minute.
A3. Nuclecbond AX 100 Purification of Plasmids

The AX 100 column is a silica based, anion exchange column for purification of plasmid
DNA form 10 to 100m broth.

1. The culture was pelleted at 5 500rpm for 10 minutes at 4°C using the
Beckmann J2-21 centrifuge.

2. The supernatant was removed and the resulting bacterial cell pellet
resuspended for cell disruption in 4ml supplied buffer S1 (50mM Tric/HCI,
10mM EDTA, 100ug RNase A/ml, pH 8.0) equilibrated to 4°C.

3. Next 4ml of buffer S2 (200mM NaOH, 1% SDS) was added with immediate
inversion of tube 6-8 times. The mixture was then incubated at room
temperature for not longer than 5 minutes.

4. Chromosomal DNA was removed from precipitation with 4ml buffer 83
(2,8M KAc, pH 5,1), inverted 6-8 times and incubated on ice for 5 minutes.

5. The bacterial lysate was clarified by loading onto a moistened filter paper and
allowed to flow-through. No precipitate was allowed to contaminate the clear
lysate.

6. The AX 100 column was first equilibrated by 2ml buffer N2 (100mM
Tris/H3P04. 15% Ethanol, 900mM KCl, pH 6,3) and allowed to flow-through.
Care was taken that the columns did not dry out.

7. Next the lysate was loaded and allowed to flow-through with subsequent two .
washes with 4ml buffer N3 (100mM Tris/HsPO,. 15% Ethanol, 1150mM K|,
pH 6,3).

8. Finally the plasmid DNA was eluted with 4m! buffer NS (100mM Tris/H;PO..
15% Ethanol, 1000mM KCl, pH 8,5).
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9. Eluted plasmid in 4m! buffer was next precipitated with 0,6 — 0,8 volumes RT
equilibrated isopropanol and centrifuged immediately at 1 1500rpm for 30
minutes at 4°C.

10.  The DNA was then washed with 70% ethanol at 4°C and centrifuged at
1500rpm for 10 minutes at 4°C. The plasmid DNA pellet was then briefly

dried for 5 minutes at room temperature and redisolved in TE (pH 7,8).

Ad. Agarose gel electrophoresis

Amplicons were visualized by 2% agarose gel electrophoresis.  Agarose gel
electrophoresis was performed using horizontal gel apparatus (Stratagene, La Jolla,
USA). The 2% agarose gel was prepared by melting agarose powder (Agarose Di LE,
Hispanagar, Burgos, Spain) in 1X TAE (diluted from 50X TAE in deionised water,
Appendix B1). Once melted 10mg/ml ethidium bromide stock solution was added to a
final concentration of 11g/100ml agarose. The agarose was poured into gel setting trays
and cooled down to room temperature to allow setting. The gel was prepared for
electrophoresis by being placed in gel apparatus and submerged in 1X TAE. Before
loading, 10ul PCR product was mixed with 2ul of 6X agarose gel electrophoresis loading
dye (Appendix B2). In order to determine the size of the amplicons a DNA molecular
weigh marker VI (Roche, GmbH, Mannheim, Germany, Appendix C2) was included in
the first lane of all gels. The gel was electrophoresed at 120V for 30 minutes that were
sufficient for separation of bands. The DNA fragments were then visualized on a UVP
transilluminator (UVP, San Gabriel, California, USA) at 256nm wavelength and
photographed with a Kodak ds 1D, Electrophoresis Documentation and Analysis System
120,V 2.0.3. computerized gel imager (Kodak ds 1D digital science, version 2.03).
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Appendix B: Reagents and recipes

Bl. S0XTAE

424g Tris base

57,1 ml Glacial Acetic Acid

100ml of 0,5SM EDTA pH 8,0
Made up to 11 with deionised water.

B2. 6X Agarose Gel Electrophoresis Loading Dye
0,25% bromophenol blue

0,25% xylene cyanol FF

30% glycerol

In deionised water

B3, X-Gal, IPTG, Ampicillin LB agar plates

10g tryptone
Sg yeast extract

10g NaCl
15g agar
Made up to one litre with dH,0

After agar has been sterilised by autoclavation and allowed to cool down to just prior to
setting at 50°C the following selective regents were added: 15ug/ml tetracycline,
100pg/ml ampicillin, 80ug/m!l X-gal, 0,5mM IPTG.

B4. 10XTBE
108g Tris-HCI
55g Boric acid
20ml 1,5M EDTA
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made up to one litre with dH,0.

B.S 6X Polyacrylamide gel electrophoresis loading dye
0,25% Bromophenolblue

0,25% Xylene Xylanol

15% Ficoll

In deionised water

B6. HTA Annealing Buffer
100mM Tris/HCI

1M NaCl

20mM EDTA

B7. LB Broth
10g NaCl

Sg Yeast extract
10g Tryptone

up to 11 with deionised water
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’ Appendix C: Vector maps and Molecular Markers

|
‘CI. pMOSBIlue vector map
EpMOSBlue vector map showing multiple cloning site and specific site of amplicon

\insenion indicated by a “#¥ “. (Adapted from pMOSBIlue blunt ended cloning kit,
3’Amersham, Pharmacia Biotech)

|

Hird {45}
B:zM 150)

| gp Iis3)

| 3e8387 1{61)

Pt Bias)
;S;al l}él)

; ri{d ez l{64}

; T7 sartal) Hine 163)
Xba 1169)

‘ Spe 1181)
de 1(88)
EcoR V(95)
BamH 199}
Ava 1104}
Swma 1{106)
Kpn 11823

Sac 1(118)
EcoR 1120)

Sap 112663}
1‘ AflTIT2548)

; Dra His08)
| Bsad 1508}
| Drd 1513}
‘ Beeliats
§ Nae 611}
| AlwN 12137
’ HgiE W(1964)
i Howirs 11058)
BeaH I(1119)
’ Eam 1105 {{1658) Sea L1177
| PALL0E 11639}
i Bsa 1{1592)
’ G [ 1389)
l ) Sall
i T7 promatec primer S5e8387 | Hinell
:‘ Licz:rart T7 promoter Hind W Sph1 Pstl Accl Xbal Spel

ATGACCATGATTACGOC AAGCTCTAATACGAL TCACTATAGGGAAAGE TTGCAT GO TGEAGGTOGACTCTAG AGCATCTACTAGT
' ‘2. Smal

Ava [ Ban 1l
‘ Ndet EcoR VBamH1I Kpml Sacl  EroR1

CATATGGATA;!CGGRTCK)ZGEGCT AOCGAGCT OGAATTCACTGOOOGTCGTTTTACAAQGYCCTGACTGUGAAAACLCT

’ U-19 mer primer

“ : pMOSBlue multiple cloning region

| =
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Appendix D: Amino Acids

Bi. Amino acid codes

Alanine
Arginine
Asparagine
Aspartic acid
Cystine
Glutamine
Glutamic acid
Glycine
Histidine
Isoleucine

P2, Codons
Codon Amino Acid

AAA
AAC
AAG
AAT

ACA
ACC
ACG
ACT

AGA
AGC
AGG
AGT

N/ HHA-S-S ZRZRA

ATA
ATC
ATG
ATT 1

gHM

Ala
Arg
Asn
Asp
Cys
Gin
Glu
Gly
His
Ile

Codon Amino Acid

CAA
CAC
CAG
CAT

CCA
cCcC
CCG
CCT

CGA
CGC
CGG
CGT

CTA
CTC
CTG
CTT

FEHomo Uz e

T IO

N WRRX YUY

Leucine
Lycine
Methionine
Phenylalanine
Proline

Serine
Threonine
Tryptophan
Tyrosine
Valine

Codon Amino Acid

GAA
GAC
GAG
GAT

GCA
GCC
GCG
GCT

GGA

GGT

GTA
GTC
GTG
GTIT

<<<< Q0 Fer» Qogo
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Leu
Lys
Met
Phe
Pro
Ser
Thr

Tyr
Val

<<ERL T ZRC

Codon Amino Acid

TAA
TAC
TAG
TAT

;<*,.<*

TCA
TCC
TCG
TCT

Hnwninn

TGA
TGC
TGG
TGT

TTA
TTC
TTG
TTT
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