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Abstract
HIV-1, causative agent of the devastating pandemic of AIDS, shows incredible sequence

variation, providing a substantial challenge for vaccine design. The aim of this thesis is

to characterize HIV-1 diversity by examining levels of inter-subtype recombination and

APOBEC-mediated proviral hypermutation, and determine its importance, by associating

diversity with pathogenesis.

The results of this thesis were obtained by sequencing samples coliected from subjects

enroiled in two cohorts located in Nairobi, Kenya, composed of individuals involved in

commercial sex work (CSW) and those who are not. We found, in agreement with

previous studies, that CSW were more likely to be infected with recombinant virus than

non-sex workers. This suggests that all individuais at high risk for HIV acquisition may

be important drivers of viral diversity in the globai pandemic and are thus an important

target for prevention and intervention strategies.

We identified a subset of individuals with high levels of proviral HIV-I APOBEC-

mediated hypermutation, which correlated with CD4+ count. This indicated that

APOBEC3F/3G hypermutation may be important in controlling disease progression.

Sequencing the APOBEC3G gene revealed three poiymorphisms that were significantly

associated with hypermutation; two of these were located in the region 5' of the

APOBEC3G gene and may control expression. This data suggests that contrary to

previous studies, APOBEC-mediated hypermutation may be controlled by increased

activity of host APOBEC3G rather than by defects in the viral Vif. We thus suggest that

increases in APOBEC3F/G activity may play a protective role in disease progression.

il



The exploitation of these findings may aid in the development of HIV prevention and

therapeutic strategies.
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Introduction

1.1 Origín of HIV

HfV-l (human immunodeficiency virus 1) is a member of the Retroviridae family and

the Lentivirinae genus, which is charactenzedby a long incubation period. It is part of

the primate lentivirus group, which includes HIV-I, HIV-2 and SIV (simian

immunodeficiency virus). HIV causes AIDS (acquired immunodeficiency syndrome),

which is a disease of the human immune system charactenzed by a decrease in CD4* T

cell count to less than 200 cells/pl (40). Over forty different species of African

nonhuman primates are estimated to be infected with different lentiviral SIV infections

(295). Unlike HlV, SIVs do not cause a significant depletion of CD4* T cells in the

peripheral blood nor cause AIDS-like illness in their natural hosts (108,306). This is

despite the natural SIV hosts maintaining high viral loads and a short ¿n vivo lifespan of

SlV-infected cells, suggesting high cellular pathogen icity (103,242,265).

Interestingly, disease does occur in non-natural hosts, such as infection with SIV of Asian

macaques. Cross-species transmission of SIV has been shown to occur when primates in

captivity are housed in shared quarters. SlV-harbouring sooty mangabeys infected

macaques on numerous occasions prior to the identification of SIV and thus before

testing and precautions would have been undertaken (63,170,180,208,274). Cross-

species transmission has also doubtlessly occur¡ed in nature, as at least eight SIVs are

recombinant (i.e. derived from multiple, genetically distinct ancestors), indicating that a

single host was infected with multiple viruses (7). For example, SIVcpz, which infects



chimpanzees, is a recombinant virus derived from ancestral SIVs that currently infect

red-capped mangabeys and Cercopithecus monkeys in west-central Africa (16).

There are four subspecies of chimpanzee: Pan troglodytes verus, P .t. vellerosus, P. t.

troglodytes and P. t. schweinfurthii, the latter two of which can be infected with SIVcpz

(26I). The ciosest relative of HIV-I is SIVcpzPr, which infects the chimpanzee sub-

species Pan troglodytes troglodytes (137). Transmission of the virus from chimpanzees

to humans likely occurred parenterally when chimpanzees were butchered for bushmeat

(260). Indeed, parenteral transmission from bites and other wounds may be the major

route of SIV transmission in non-human primates (116). This cross-species transmission

of an SIV to humans has happened at least three separate times, giving rise to three

genetically distinct groups, HIV-1 groups M, N and O. HIV-I group M and N viruses are

derived from SIYcpzPtt, transmitted by two geographically distinct groups of

chimpanzees (137). The origin of group O HIV-i is less well understood; the closest

extant SIV viruses are found in gorillas (292). These viruses form a phylogenetic cluster

intermingled with SIVcpz strains, however, suggesting that chimpanzees may have

transmitted the virus to gorillas, which in turn passed the virus on to humans;

alternatively, the common ancestor virus infected humans and gorillas separately (292).

HIV-1 group M is the most prevalent and widespread HIV that currenrly circulates in the

human population. It is found worldwide and causes more than 95Vo of HIV infections

(260). Group M is genetically diverse and can be further divided in clades or subtypes,

based on significant phylogenetic clustering across rhe genome (Figure D QaÐ. The
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clades currently identified as circulating in the global population are A, B, C, D, F, G, H,

J and K. The different clades, many of which were in existence fifty years ago, likely

arose due to population founder effects (260). These different viral subtypes, just like the

different SfVs, can genetically recombine to form new recombinant viruses. Many

different recombinant viruses have been described - over forty are actively circulating

(each are found in at least three epidemiologically unlinked individuals) and are thus

termed circulating recombinant forms (CRF), while many more have been described in

only a singie person (unique recombinant forms - URF) (189). HIV-I group N has very

limited spread, and thus far has only been isolated from individuals in Cameroon (i89).

HIV-I group O is slightly more prevaient than HIV-i group N, but is largely contained to

West Central Africa (189).

The passage of SIV from a sooty mangabey (SIVsm) to humans also likely occurred by

parenteral transmission (253). This cross-species transmission gave rise to HIV-2.

Transmission of SIVsm to humans has occurred at least eight times, resulting in HIV-2

groups A-H, although only groups A and B show evidence of establishing epidemics

(48,67,93,94,318). The distribution and prevalence of HIV-2 is limited compared to

HIV-1, with the majority of infections occurring in Wesr Africa (189).

The two oldest archived strains of HIV-I were isoiated from samples collected in 1959

and 1960 (2R59 and DRC60, respectively). Yet, there is large genetic divergence

between the two - ZR59 appears to be a subtype D virus, while DRC60 is a subtype A

virus. This suggests that the HIV-I genetic clades were already well established,



indicating that the introduction of HIV-I into the human population is likely to have

occurred at a much earlier time point. Worobey et al. used BEAST (Bayesian

evolutionary analysis sampling trees) to determine the date of most recent common

ancestor (TMRCA) for HIV-I, and found the range to be 1873-1933 (312).

For an AIDS epidemic to become established, HIV-1 likely needed a large population

center to facilitate spread. Large cities were not present in central Africa before 1900,

possibly explaining why the spread did not start much sooner. The earliest known strains

of HIV-1 were isolated from Léopoldville (now Kinshasa, Democratic Republic of

Congo) (312,331). Léopoldville was the largest city in central Africa at the time, and was

on a main transportation route from Cameroon, where the SlV-infected chimpanzees

were likely butchered for bushmeat and the zoonotic transmission likety occurred (260).

A new immunodeficiency was described in four American men in 1981;these were the

first recognized cases of AIDS (104). A few years later, the causative agent, HIV, was

isolated and identified (19,236). Subsequent studies have revealed that this viral

infection was present in the population long before it was discovered. HIV was likely

circulating in the United States twelve years before its discovery and in African countries

clearly much longer (98).

1.2 HIV pathogenesis

HIV-I can be spread between hosts by exposure to body fluids; significantly, via sexual

intercourse (genital secretions), shared injection drug equipment (blood) and mother to



child transmission (MTCT) (blood, genital secretions and breast milk). The initiai stage

of infection, termed the acute stage, lasts about two months and is charactenzed by high

levels of virus, leading to increased infectiousness (231,232,270,331). Also during this

time, the CD4* cell levels drop as the virus replicates rapidly and disseminates to the

various lymphoid tissue compartments (161,i96). After the acute phase of HIV

infection, most individuals enter an asymptomatic period where viral levels in the blood

drop and reach a set point, usually below 4.3logro RNA copies/ml (160). This chronic

phase of infection usually lasts 3 - 10 years. During this phase, HfV replication

generally occurs at low levels in the lymph nodes and other tissues, and is seemingly

controlled by antiviral immune responses. However, the CD4* levels continue to slowly

drop and individuals not on therapy will begin to develop signs of infection and a loss of

immune functions (3a). In the absence of treatment at this stage, individuals can develop

opportunistic infections and HlV-related cancers such as Pneumocysrzs pneumonia and

Kaposi's sarcoma. CD4* levels below 200 cells/pl and these infections, known as

AlDS-defining illnesses, signal the onset of AIDS (40). Destruction of CD4* T cells are

a major reason for the immune dysfunction that causes AIDS. CD4* T cells are

destroyed during HIV infection by both direct mechanisms, such as by the cytopathic

effects of HIV, and indirect mechanisms, such as induction of apoptosis due to immune

activation (4) and destruction of thymic lymphoid tissue leading to reduced production of

new cells (188).

Not all individuals are equally susceptible to HIV disease. Some people, termed elite

controllers, are able to suppress viral replication to non-detectable levels, in the absence



of anti-viral treatments (195). Other individuals progress slowly to AIDS and so are

called slow progressors or long-term survivors (1 10). Still other people progress very

quickly to AIDS after infection with HIV; these are referred to as rapid progressors (138).

A very special subset of individuals do not become infected with HIV at all, despite high

levels of exposure; these people are referred to as high-risk exposed HlV-seronegative

individuals (234). There are a number of genetic factors that have been associated with

differences in HIV susceptibility and disease progression. Certain HLA (human

leukocyte antigen) alleles are associated with differences in disease progression as

polymorphisms can affect the strength of the cellular immune anti-HIV response.

Polymorphisms that affect the expression of the HIV co-receptor, CCR5, as well as

certain cytokines, such as IL-iO and RANTES (regulated upon activation, normal T-cell

expressed and secreted), are also associated with altered disease progression.

Intracellular host antiviral factors, such as APOBEC3G, may also be important for

controlling disease progression; this will discussed in detail in a subsequent section.

There is currently no HIV vaccine available, but drugs, termed antiretrovirals (ARVs) are

used to inhibit HIV-I replication and thus keep the infection under control. Different

classes of drugs target various phases of the HIV replication cycle. Nucleoside reverse

transcriptase inhibitors (NRTIs) and non-nucleoside reverse transcriptase inhibitors

(NNRTIs) inhibit reverse transcription, protease inhibitors (PIs) inhibit viral assembly

and entry inhibitors inhibit HIV-I entry to the host cell. These drugs, however, are not

perfect - toxicity to the host and development of viral resistance to the treatment are two



major challenges of ARV treatment, as is the fact that an estimated 6.7 million people are

in need of these drugs, but are not receiving them (57).

1.3 HIV/AIDS in Sub-Saharan Africa

HIV/AIDS affects people across the globe; currently, 33 million people are infected

worldwide (290). However, some areas are more affected than others - nowhere is

harder hit by this epídemic than Sub-Saharan Africa, where 22 mlllion people are

currently infected with HIV (290). This region houses 67Vo of all people living with HIV

and'757o of AIDS deaths, yet oniy contains just over T0%o of the world's population

(290). There are also other ways this region is affected: over 12 million children have

been orphaned by the HIV/AIDS epidemic (290). As well, nearly 907o of children

younger than fifteen living with HIV, live in sub-Saharan Africa (290). Life expectancy

in sub-Saharan Africa has been dramatically affected by the HIV/AIDS epidemic; in

countries with high HfV prevalence, life expectancy at birth has fallen to levels not seen

since the 1950s. Indeed, the life expectancy is currently below 50 years for the region

(2e0).

Half of all individuals living with HIV worldwide are women; however, in sub-Saharan

Africa, nearly 60Vo of ali people living with HIV are women (290). There are

societaVcultural reasons for this disparity, such gender inequaiity and a lack of

empowerment for women and girls (290). Additionally, women are actually

physiologically more susceptible to the acquisition of HIV. The risk of HIV transmission

is 2 - 3 times higher for a male to a female partner, than a female to a male partner



(66,216). There are a number of possible reasons for this difference. Anatomically, the

female genital tract has alarger surface area and a more receptive contact surface than the

male genital organs (235). Additionally, the pH of semen creates a favourable

environment for HIV and prolongs viral survival (299). Also semen will remain in the

female genital tract until it is absorbed, thus increasing the time of exposure. In contrast,

the normally low vaginal pH makes an unfavourable environment for HIV and the

duration of male exposure is determined by the duration of sexual intercourse (216).

Hormonal changes, such as those caused by the use of oral contraceptive, also put women

at increased risk of HIV acquisition, as does increased susceptibility to other STIs

(sexually transmitted infections) (1 5 5,25 1).

1.4 HIV-1 Structure and Replication

The HIV-1 genome consists of two strands of positive-sense RNA. Each RNA molecule

is9.2 kb long, though the HIV-1 provirus ts9.1 kb, as during reverse transcription the

ends of the RNA genome are duplicated to make LTRs (long terminal repeats) on each

end. The genome contains three genes shared with all retroviruses gag, pol and env, and

an additional six genes: nef, tat, rev, vif, vpr and vpu (Figure 2). The RNA genome

forms a complex with Nucleocapsid proteins (Gag p7), and is surrounded by a shell

composed of Capsid protein (Gagp24), in a mature HIV-i virion. Reverse transcriptase

and Integrase are aiso associated with the ribonucleoprotein complex, as may be Protease.

Matrix protein (Gag p17) forms a shell outside the core and a lipid membrane surrounds

the Matrix shell. Envelope protein oligomers are associated with this membrane and

dominate the surface of the HIV-1 virion (Figure 2) (56).
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Figure 2. Representation of HIV-I genome and structure. The top half of the figure
shows the viral genome drawn to scale (nucleotide scale indicated). The genes are
organized vertícally by translation frame. The lower half of the figure depicts a cartoon
of a mature virion. Gene products included in the cartoon are identically coloured in the
genome map. The genome map is based on gene lengths publically available through the
HIV Sequence Database (www.hiv.lanl.gov).
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The HIV-1 replication cycle starts with the viral Envelope protein (Env) binding ro a host

CD4 receptor, which is expressed mainly on T lymphocytes and macrophages

(30,31,i14). Env is composed of a surface unit (gp120) noncovalently associated to a

transmembrane unit (gp41). The gp120 unit interacts with CD4, resulting in a

conformational change in the proteins that allow gpl20 to interact with the primary HIV

co- receptors, CCR5 or CXCR4 (31,149,314). The CD4-gpL20-CCR5/CXCR4 complex

stabilizes virus binding and allows for dissociation and conformational change of the

gp41 unit. The gp41 N-terminus contains a fusion peptide that inserts into the cell

membrane, setting off a chain of events that results in the formation of a fusion pore and

cellular- viral membrane fu si on (42,7 2,203,307 ).

Fusion of the viral and cellular membranes permits the viral core to be released into the

host cell cytoplasm. The capsid is disassembled and the core proteins (Gag p24) are

released in a process known as uncoating, which remains one of the least weli understood

steps of the viral life cycle (2). A reverse transcription complex is formed, which allows

the reverse transcription process to initiate. The first step, RT-c atalyzed synthesis of

minus strand DNA, uses a host IRNA primer (tRNAI-v''l¡ (14,176,193). During reverse

transcription, the RNA of the RNA/DNA hybrid is degraded by the RNase H activity of

RT. Two polypurine tract (PPT) sequences, one located in the middle of the genome, and

thus called the central PPT, and the other located at the 3' end of the genome, and thus

termed the 3' PPT, are resistant to RNase H cleavage and remain associated wíth the

nascent DNA (10,9r,102,207). Once the 5' end of the RNA genome is reached, the

minus-sense single-stranded (ss) DNA transfers to the 3' end of the same, or the other co-
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packaged, RNA genome molecule (281). Plus strand DNA synthesis is primed from the

associated PPT sequences, and again, the pius-sense ssDNA must transfer to the 3' end of

the minus strand DNA to complete viral replication. The result is double-stranded DNA

with duplicated LTR ends.

The completed double-stranded (ds) DNA is transported to the host nucleus as part of the

preintegration complex (PIC). The composition of the PIC is unclear, but it seems to

include matrix protein (Gag pI7), integrase, Vpr, and nucleocapsid (Gag p7) (89). The

PIC is necessary, as HIV infects non-dividing cells, and thus the genome must be

transported into the host nucleus in an active and energy-dependant manner. The precise

viral factor responsible for guiding the PIC into the nucleus, remains to be identified (55).

Once the PIC enters the nucleus, viral integrase, encoded by pol, catalyzes the insertion

of linear ds viral DNA into the host chromosome; this integrated viral DNA is referred to

as provirus. Integrase binds the LTR at the each end of the viral genome and catalyzes

the removal of a dinucleotide from the 3'end of each DNA strand; this is called 3'

processing (67). Integrase next makes a five nucleotide staggered cleavage in the host

DNA, and the 3' staggered ends of the viral DNA are joined to the host DNA by a strand

transfer mechanism (67). Integration is completed by gap-filling between the virai and

host DNA by cellular repair enzymes (89). It has been recently described that HIV

prefers to integrate within symmetrical sequences in the host genome (106,120,313).

Once the HIV-I provirus is stably integrated, it becomes a permanent part of the host

genome.
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After the viral genome has been integrated as provirus, it can serve as a template for viral

RNA production. Translation initiation occurs at the HtV-l LTR, though basal

translation levels are low. The viral protein Tat acts as a translational transactivator and

enhances translation by more than two logs (65,84). Translation from the HIV-1 LTR

generates more than thirty different types of viral RNA, which can be divided into three

classes (238). The first class is composed of unspliced RNAs, which serve as mRNA for

the Gag and GagPol proteins and also as genomic RNA for packaging into new virions.

The second class is made up of partly spliced mRNAs of about 5 kb that encode the Env,

Vif, Vpu and Vpr proteins. The final class is the small, multiply-spliced mRNAs of 1.7 -
2 kb, which encode the Rev, Tat and Nef proteins. Most cellular RNAs are fully spliced

before transport out of the nucleus, whereas HIV requires some RNA to remain intact for

Gag and GagPol translation and also to serve as viral genome. This is accomplished with

the HIV-I protein Rev, which binds the Rev responsive element (RRE) of env, present in

all unspliced and partially spliced HIV RNAs, and interacts with the cellular nuclear

export machinery, allowing unspliced and partially spliced viral RNA to enter the

cytoplasm (89).

Viral proteins are translated from viral mRNA using the host ceil's translation machinery.

Once the viral proteins have been synthesized, viral assembly begins. The major factor in

viral assembly is the Gag precursor polyprotein, Pr55cus, which is eventualiy processed

into Matrix, Capsid, Nucleocapsid and p6 (8S). Pr55 targets to and accumulates at the

plasma membtane, promotes Gag-Gag interactions, encapsidates the viral RNA genome,
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associates with Env glycoproteins and stimulates budding from the host cell (89). The

Matrix domain of Gag is responsible for targeting and accumulates at the plasma cell

membrane; binding occurs within minutes of synthesis. The Nucleocapsid domain of

Gag interacts with the viral RNA packaging signal, consisting of four stem-ioop

structures, to initiate encapsidation of the viral genome. The Capsid domain, the p2

spacer peptide and the Nucleocapsid domain have all been shown to be important for the

Gag-Gag interactions necessary for assembly (SS). Both Env and Gag are targeted to

lipid raft-like regions of the plasma membrane; Env to the outer leaflet and Gag to the

inner leaflet. The viral core acquires Env proteins as it buds out of the plasma membrane

(97,II8,I91). The mechanism that drives incorporation of Env glycoproteins into virus

particles is not well understood, but it is hypothesized that an interaction between gp4l

and the Matrix domain of Gag is important (88). Both Gag and GagPol are incorporated

into nascent viral particles as polyproteins. The viral Protease cleaves these precursors,

either during or shortly after virus release, to generate mature proteins. This triggers a

cascade of structural rearrangements in the virion that leads to virus maturation (89).

Four HIV-I proteins not yet mentioned also have important roles in HIV-I replication;

because they are not needed for replication in all cell lines, they are teûned accessory or

auxiliary proteins. The Vpu protein has two major functions, the fîrst of which is to

induce degradation of CD4 that has been bound by gpl60 in the endoplasmic reticulum

(ER), thus liberating gp160 for its role in viral assembly (311). Vpu also promores viral

budding and release, which recently has been determined to be due to Vpu antagonism of

tetherin, a host restriction factor that acts by tethering newly formed viruses to the

14



infected cell's surface, thus preventing release (213,294). The Vpr protein has four

known roles in HIV-I replication, including weak stimuiation of gene expression from

the HIV-I LTR and nuclear import of the PIC. Vpr arrests cells in the Gz phase of the

cell cycle (115,133,239,244), the significance of which is unclear, however Gz arrest is

thought to promote transcription from the viral L:fR e9,I21,338). Additionally, Vpr is

believed to promote apoptosis by the intrinsic signalling pathway (2I0), but it is not clear

if this activity is independent of Vpr's induction of cell cycle arrest (6). The Vif protein

is important for counteracting the host restriction factors APOBEC3F and APOBEC3G,

which will be discussed in greater detail in the following subsections. The Nef protein

has four major functions. Like Env and Vpu, it is involved in downregulating CD4 on

host cells, by causing the viral receptor to be internalized and subsequently degraded

(95). Nef also downregulates cell surface expression of MHC-I (major

histocompatibility) molecules, facilitating viral immune evasion (259). Nef mediates cell

signalling and activation, which may enhance viral replication, especially in memory T

cells (11,241,266). Finally, Nef enhances viral infectivity by an unknown CD4

independent mechanism (54, I 98).

In vivo, the average generation time for HIV-I Is 2.6 days, and each day an estimated

10.6 x 10e virions are produced in a chronically-infected patient (226). However, only

about 1 in 60,000 virus particles are infectious (143,229). HIV-I replication is thus a

complex process, which is still not completely understood.
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1.5 HIV Genetic Variation

There are a number of reasons for the high level of genetic diversity in HIV. One reason

is that HIV is an RNA virus and RNA viruses have generally higher mutation rates than

organisms with DNA genomes. The mutation rate is 0.76 nucleotide errors per genome

per replication for riboviruses (RNA viruses excluding retroviruses), while the rate for

DNA-based microbes is 0.0034 nucleotide errors per genome per replication (i5,76).

The mutation rate for HIV-1 is close to 1 nucleotide error per genome per replication

(218). This difference in mutation rates is largely due to a lack of proof-reading ability in

RNA viruses' RNA polymerase, the enzyme responsible for copying the viral RNA

genome.

The RNA polymerase of retroviruses such as HIV is called reverse transcriptase (RT).

RT is distinctive as it uses an RNA template (the virai genome) to transcribe a DNA

copy; it is thus an RNA-dependent DNA polymerase. In HIV-I, RT is encoded by the

pol gene and is composed of a p66/51 heterodimer (144). The high murarion rate of one

nucleotide error per genome replication, in combination with the rapid virai replication

rate, which is estimated at 1 x 1010 virions per day, means that in the roughly 10 kb HIV-

1 genome, one elror is incorporated at each position in an infected individual, per day

(226). Of course, not every incorporated mutation yields an infectious virus, which in

part contributes to estimates of infectious unit/particle ratios of as low as i in 60,000

(143,229). Nevetheiess, the elror-prone RT is an important source for HIV diversity.
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RT does not just contribute to HIV's genetic diversity by causing point mutations, but

also by causing genetic recombination. Each infectious viral particle is packaged with

two strands of genomic RNA. RT is responsible for converting the RNA genome into

DNA, which is then incorporated into the host genome. This process involves two

obligatory strand transfer events when RT reaches the 5' ends of the plus and minus

strand templates. The 5' end of the template can transfer to the 3' end of either the same,

or the other co-packaged, RNA genome molecule and thus the transfer can cause either

inter- or intramolecular switches (293,325). Additionally, RT can switch templates

during replication of internai regions. Rates of recombination are estimated to range

between three and thirty crossover events per generation of viral DNA

(45,128,159,222,339). If the two packaged viral RNA strands originated from two

different viruses, as may occur if the host cell was infected with multiple viruses, the

resulting viral DNA will be recombinant. This recombination is an important source of

viral diversity and will be discussed further in introduction subsection i.6.

APOBEC3 proteins, especially APOBEC3G and APOBEC3F, aÍe also importanr

contributors to HIV diversity. These proteins are part of the host iñnate immune response

and target HIV as well as some other RNA viruses and retroelements (subclass of genetic

transposon that self-amplifies via an RNA intermediate). They bind single-stranded RNA

viral genome, and act on the newly synthesized single-stranded DNA

(24,113,124,163,332,336). APOBEC3G and APOBEC3F are cyridine deaminases,

removing the amine group from cytidine in the nascent DNA strand, resulting in a uridine

base. Uridine forms base pairs with adenine, causing an adenine to be incorporated
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instead of a guanine when the second, positive-sense DNA strand of the proto-provirus is

copied from the first, negative-sense DNA strand. Thus, the hallmark of APOBEC3F/G

activity is guanine to adenine hypermutation. This hypermutation is beiieved to play an

important role in HIV-I diversity and may explain the general enrichment for adenosine

in the HIV-1 genome (22,268).

The host adaptive immune response influences viral diversity by leading to the dynamic

process of immune escape: randomly generated mutations, caused by the previously

described mechanisms, can allow for decreased immune recognition and thus are

positively selected (i.e. are retained in the population, as they aid the virus to evade the

host immune system). Antibodies are generated by B cells and released into host plasma;

thus they target extracellular antigens. Antibodies can help combat HIV in three main

ways: they can neutralize the virus by binding to the viral components responsible for

host cell erÍry (9p120 and gp47), thus hindering infection; antibodies can coat the virus

and stimulate destruction by effector cells such as macrophages; and antibodies can bind

the virus and trigger the complement system, which will also clear the virus. Escape

mutations to antibodies occur in the exposed proteins of HIV-I, such the viral envelope

protein 9p120, and are a major driver of patient and global envelope diversity (305).

HIV-i, like other viruses, is an intracellular pathogen and thus is also combated by

cytotoxic T lymphocyte (CTL) adaptive immune responses. During HIV replication,

short segments of viral protein, called epitopes, are presented on the infected cell's

surface by human leukocyte antigen (HLA) class I molecules (190). Randomly generated

viral mutations can be selected to decrease antigen presentation on the HLA-I molecule
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and/or CTL recognition of the epitopeÆIlA-I complex, leading to CTL escape (i05).

CTL escape is seen across the viral genome, as epitopes are generated against the entire

viral proteome. CTL responses are thought to better contribute to immune control than

antibodies, making them an important genome-wide influence against viral evolution

(37,t57).

1.6 The Importance of HIV-I Clades and Recombination

HIV-1 has become increasingly diverse since its introduction into the human population

an estimated hundred years ago. Individual strains of group M virus, for example, may

differ by 35 - 40Vo (96). This diversity has implications for host response and adaptation

to the virus, as well as vaccine and therapeutic design. As previously mentioned, the

different clades seem to have developed due to founder effects. For example, most

infections in North America and Europe are caused by clade B HIV-I (125,189).

Subtype B HIV-1 likely migrated from Africa to Haiti in the 1960s, where it established a

localized epidemic (98). The pandemic clade B that is found in North America and

Europe emerged from a single migration of the virus out of Haiti a few years later (98).

Most HIV infections in India are caused by clade C virus, while in some regions, a

recombinant virus predominates: in West and West-central Africa, CRFO2_AG is the

most prevaient form of HIV-I (189). Again, this predominance is likely due to the

introduction of clade C and recombinant AG virus, respectively, to these areas.

Although the clades likely arose due to population founder effects, there are significant

differences between them. Clades are phylogenetically classified based on env, which
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may genetically differ by 20 - 507o. The pol region, however, is much less divergent, as

it encodes two enzymes, RT and protease, which are critical for viral replication.

However, small differences in this region are still significant, as many ARVs target these

gene products. For example, HfV-l group O and HIV-2 are resistant to all NNRTIs

(68,69,280). Additionally, some studies have indicated that clade C virus develops

resistance to NNRTIs more quickly than clade B viruses (167,168). The LTR regions,

which contain transcriptional promoters of HIV replication, also differ significantly

between the clades (I27 ,202,329). For example, the copy number of NF-rB binding sites

varies between the different clades, and thus the response to this transcriptional factor

also differs (127). Co-receptor usage also differs between the clades. Clade B HIV-1

uses the CCR5 co-receptor during the early stages of disease, and switches to the CXCR4

co-receptor during the end stages (60,138,217). Clades A and C viruses, however, favour

CCR5 use throughout disease, while subtype D virus uses both CCR5 and CXCR4

throughout the in fectio n (I,47,224,285,333) .

The effect of HIV clade on disease progression is less well understood than the genetic

differences between the clades, though some studies have found an in vivo significance to

HIV-I subtype. This evidence, however, is not always consistent. For example, follow-

up of individuals infected by HIV-1 envelope subtypes A and D revealed that subtype D

was associated with lower CD4* count and increased disease progression (134). Another

study found that subjects infected with clade C virus had higher plasma viral loads, lower

CD4* counts and faster progression to AIDS than individuals infected with clade A or D

virus (214). A large study compared progression rates between individuals infected with
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clade A, C, D and recombinant virus, and found that subjects infected with subtype D

virus had the fastest disease progression (297). Clade has also been associated with

transmission; a study of HlV-positive women in an antenatal clinic in Kenya found

increased MTCT (mother to child transmission) with subtype D compared to subtype A

(321), yet a similar study in Uganda did not find a significant difference (78). It has also

been observed that increased pathogenicity of a subtype does not necessarily indicate

greater prevalence. Clade C accounts for over 507o of global HIV-I infections, yet,

pairwise viral fitness competitions revealed that clade C is in fact the least replicatively

fit of the group M viruses by 100-fold (9). The transmission of clade C virus is just as

effective as other group M viruses, however, and indeed has a higher viremia set point

and higher virus leveis in genital fluids (131,240,301). This suggesrs that although clade

C virus is as efficiently transmitted, it is less virulent than other group M viruses. Indeed,

decreased virulence could lead to longer asymptomatic and transmission periods,

suggesting a mechanism for the increased prevalence of clade C (10).

Recombinant subtypes also play a significant role in the HIV-1 pandemic. In areas where

multiple clades co-circulate, such as East Africa, nearly 30Vo of viral strains a¡e URF

(unique recombinant forms) (189). Additionally, some CRF have become widespread:

CRFO2-AG in Western Africa, as mentioned above, CFROI_AE in Southeast Asia,

CRF07-BC and CRF08_BC among intravenous drug users (DU) in China and

CFRl2-BF in Argentina (189,283). ln some regions a CRF has replaced a non-

recombinant clade as the dominant HIV form in a population. This is true amongst the

IDU of Thailand; in the late 1980's, clade B was predominant, but by the mid-1990's,
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CRF01-AE become the most prevalent form (135). This suggests that recombination

may allow a virus to quickly attain advantage under specific circumstances, such as by

increasing pathogenicity or transmission. In addition to intersubtype recombination,

intrasubtype recombination, occurring between different quasi-species of the same viral

clade, has also been shown to be important for generating and maintaining viral diversity

(43). Certainly, recombination is a rapid and efficient mechanism for viral evolution.

In order for recombination to occur, a cell must be co-infected by two different HIV-i

strains. This may occur if a patient is infected with multiple strains, which is defined as

coinfection if a patient is infected with a second strain of HIV-I at the same time or

shortly after the first, or defined as superinfection if a patient is infected with a second

strain of HIV-1 after the first strain has already established infection (132).

Superinfection has been observed in IDU and commercial sex workers (CSW), both of

which groups are typically highly exposed to multiple strains of HIV (8I,122,286).

Coinfection and superinfection are generally difficult to detect and distinguish in cross-

sectional studies. The identification of recombination, however, suggests that coinfection

or superinfection has previously occurred. Recent studies have shown that people highly

exposed to HIV are at a grearter risk of dual infection and recombination due to their

increased exposure (I2,I3,I 17).

Recombination in HIV-I can be difficult to detect. Although putative hotspots for

recombination have been identified, recombination does not confine itself to these

regions (17,185,199). Thus, the only unambiguous way to determine recombination is to
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perform full-length HtV-l genomic sequencing, allowing the entire length of genome to

be examined. For example, studies of clade distribution in Kenya based on partial

genome sequencing have estimated the frequency of recombination to be 0 - 25Vo

(164,209,2L4,237,269,322). In contrast, a survey that examined full-length HIV-I

genomic sequences found that 407o of the sequences were recombinant (74).

1.7 HIV Diversity in Kenya

Kenya is located in Sub-Saharan Africa, in a region of high HIV prevalence and where

multiple clades co-circulate. A significant number of molecular epidemiology studies

have been published describing the distribution of HIV clades and recombination in this

region. These studies were consistent in finding that clade A is the most prevalent form

of HIV-I in Kenya. One of the earliest published studies examined a portion of env from

seventeen patients and found that TIVo of the sequences were clade A and 29Vo were

clade D (237). A larger study performed in rural 'Western Kenya examined sequence

from the C2-Y3 region of env in thirty patients and also found that the majority belonged

to clade AI (67Vo), while only two sequences were clade D, one was clade C and one

clade G (269). Partial env sequence performed on HIV-I isolated from 320 women from

Nairobi revealed that l}Vo of the sequences were clade A,207o were clade D,7Vo were

clade C and a single clade G sequence was discovered (2I4). A study in Kisumu, in

Western Kenya, looked at both env gp4l and a gag-pol segment for 460 individuals. The

authors found that 75Vo of the sequences had the same clade in both genomic regions;

597o of all sequences were clade A1 in both regions, l07o clade D, 3Vo C and 27o G

(322). An epidemiological study of the mother to child transmission cohort examined in
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this study used RFLP (restriction fragment length polymorphism) analysis of protease

and p24 to determine clade and found that the majority of the 130 mothers were infected

with clade A (58Vo), whiie 20Vo were clade D and ZVo clade C (209). The most recent

study published from Kenya examined integrase from 140 HIV positive sexually

transmitted infection patients in Nairobi, and found 64Vo of sequences were clade 41,

177o D,9Vo C and IVo G (164). The only previous survey from Kenya that generated

fullJength sequence data examined forty-one HIV-I sequences collected from patients

across Southern Kenya (14). The authors reported that56Vo of the sequences were non-

recombinant clade A, but found only a single non-recombinant clade C and a single non-

recombinant clade D sequence. Thus, to date, all Kenyan epidemiological surveys found

that more than half of the HIV-I sequences were clade Ai, with a minority of clade D

and clade C, and only occasionally identified clade G.

The studies summarized above differed in the amount of recombination that was

reported. Those that examined a single HIV-I genomic region either did not identify

recombination (237), or found low levels (764,209,214), to a maximum of lTVo

recombinant viruses (269). The study that examined two genomic regions identified a

higher proportion of recombinants: 257o (322). The study that examined forty-one full-

length HIV-1 sequences found that nearly 40Vo of the sequences were recombinant, most

of which were URF, generating the highest estimation of recombination prevalence in

Kenya (74). Thus the identification of recombination is facilitated by examining multiple

regions of HIV-1 genome and full-length sequencing is iikely the most accurate method.
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1.8 Discovery of APOBEC3G anà the APOBEC Family

Prior to the discovery of the restriction function of APOBEC3G, scientists suspected the

existence of a cellular restriction factor counteracted by the HIV-I protein Vif. Vif

mutation caused defects in viral productivity: Vif-deficient viruses replicate, but the

resulting progeny viruses are not replicatively competent. However, it was noted that this

observation was cell line specific; in some cell lines, such as HeLa, COS, 293T, SupT1,

CEM-SS and Jurkat, Vif-deficient HIV-I were able to replicate normally over multiple

passages, thus these cell lines were "permissive" for Vif mutants (89). The major cellular

targets of HIV-1 replication, primary lymphocytes and macrophages, as well as a few ceil

lines, such as HUT78 and CEM, cannot support the replication of Vif defective viruses;

thus they are "non-petmissive" (262). The construction of heterokaryons formed

between non-permissive and permissive cells revealed that the non-permissive phenotype

was dominant, suggesting the presence of an anti-viral factor expressed by the non-

permissive cells that is suppressed by Vif (I75,267).

To identify the candidate gene for this anti-viral factor, Sheehy et al. employed a

complementary DNA subtraction strategy using the pair of genetically related cell lines,

CEM-SS and CEM, which display the permissive and non-permissive phenotype,

respectively (262). The authors identified cDNA belonging to a gene they named

CEMIS, which was present in all the non-permissive cell lines tested, but not in any of

the permissive cell lines. They verified the anti-viral function of CEM15 by transducing

the cDNA into CEM-SS cells and found that CEM15 was capable of convening

permissive cells to the non-permissive phenotype (262). Sheehy et al. noted sequence
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homology between CEM15 and the RNA-editing protein APOBEC1 (262). A larer srudy

by Kao et al. confitrmed that CEM15 was the previously identified and characterized

protein, APOBEC3G, which was known to have cytidine deaminase activity, but not

previously known to have a role in host restriction of viral replication (113,136).

The first member of the APOBEC family to be identified was APOBECl (apolipoprorein

B mRNA-editing enzyme, catalytic poiypeptide-L), which mediates cyridine to uridine

editing of apolipoprotein B mRNA and is located on chromosome i2 (282). APOBEC2

is located on chromosome 6 and has an unknown physiological function (162,186).

Jarmuz et al. identified an additional APOBEC loci, the APOBEC3 ciusrer found on

chromosome 22, which contains genes and pseudogenes APOBEC3A to 3G (126).

APOBEC3H, which is located downstream of APOBEC3G, was not identified as a

member of the APOBEC3 family until the human genome project was complete (59,304).

APOBEC4, the last member to be identified, is iocated on chromosome 12 (245,304).

Activation-induced deaminase (AID) is aiso considered to be a member of this family

cytidine deaminases; AID uses cytidine to uridine deamination to initiate

immun o globulin gene diversific at ion (207,21 l).

This family of cytidine deaminases is charactenzed by a zinc-binding deaminase motif,

with the consensus active site of His-X-Glu-Xz¡-zs-Pro-Cys-Xz-+-Cys (where X is any

amino acid) (126). AID, APOBECI, APOBEC2 and APOBEC4 all have a single

cytidine deaminase domain. Some of the APOBEC3 members, however, are double

deaminase domain proteins. These include APOBEC3B, APOBEC3DE, APOBEC3F
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and APOBEC3G. It is interesting to note that the proteins most efficient at restricting

HIV-I (i.e. APOBEC3B, APOBEC3F and APOBEC3G) have two deaminase domains

(101).

APOBEC3G was the first APOBEC3 protein to be discovered as having antiretroviral

activity, specifically against HIV-1. APOBEC3A does not have anti-HIV activity,

though it blocks replication of adeno-associated virus (AAV) and retrotransposons

(26,27,M,L00,205). APOBEC3B ís a strong inhibitor of HIV-1, causing GA ro AA

hypermutation, but unlike APOBEC3G, it is not expressed in CD4* T cells or

macrophages (24,126). It is also not neutralized by the HIV-I Vif protein (24,1I,326).

APOBEC3C does not inhibit HIV-1 replication, but it is capable of causing

hypermutation in the virus, preferring a GA over a GG context (113,154). Furthermore,

APOBEC3C is expressed in PBMCs (peripheral blood mononuclear cells), macrophages

and thymocytes and like APOBEC3B, is resistanr ro Vif (126,154). APOBEC3D and

APOBEC3E combine to form a single protein, APOBEC3DE (59). There is some

controversy over the antiretroviral activity of APOBEC3DE, with Stenglein et al. not

finding any, while Dang et al. determined that APOBEC3DE did weakly block HIV-1

replication, cause hypermutation in a GA, GG and novel GC context, and was blocked by

Yif (62,211). The publication by Dang et al. noted that the HIV-I inhibition was dose

dependent; the two groups used different systems to express APOBEC3DE, and so the

discrepancy may be due to differences in the amount of APOBEC3DE present in the two

systems (62,271). APOBEC3F and APOBEC3G are the most potent inhibitors of HIV-1

replication and will be discussed in further detail in the next section. APOBEC3H
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generally has only poor antiretroviral activity; however, certain single nucleotide

polymorphisms (SNPs) improve the antiretroviral and hypermutating activity of this Vif-

resistant protein (62,109,221). Interestingly, these SNPs are prevalent in certain African

populations (109). Hypermutation by APOBEC3H occurs preferentially in a GA context

(10e).

In addition to some of the APOBEC3 famiiy members having antiretroviral activity,

many have other physioiogical functions as well. Indeed, data suggests that the

APOBEC3 family evolved to protect the genome from endogenous retrotransposons

(255). As described, APOBEC3A is a strong suppressor of AAV and retrotransposons,

such as LINE-I and Alu (26,27,44,100,205). APOBEC3B, 3C and 3F also inhibit

retrotransposition by LINE-1 (205). Furthermore, the antivirai activity of the APOBEC3

proteins is not limited to retroviruses and retrotransposons. APOBEC3A, 3C and 3H

show evidence of causing hypermutation in human papillomavirus (HPV) (296). Many

of the APOBEC3 proteins also have activity against hepatitis B virus (HBV).

APOBEC3B, 3C, 3F and 3G cause HBV hypermutation, while APOBEC3B, 3F and 3G

also inhibit HBV reverse transcription (20,28,215,248,276,281). Furthermore,

APOBEC3B inhibits HBV gene transcription (335).

The APOBEC family of proteins are found in all vertebrates, but double deaminase

domain proteins are only found in mammals (8,113). The APOBEC3 proteins show a

relatively recent expansion in mammals, as rodents have only a single APOBEC3 gene,

while humans and chimpanzees encode for proteins APOBEC3A-H (126,g04). Further
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differences can be observed within the different primates. For example, APOBEC3H is a

potent restriction factor in old world monkeys such as rhesus macaques, but in humans,

the activity of this protein is largely lost (221). Additionally, APOBEC3A is not found in

rhesus macaques (22I). These observations suggest that the APOBEC3 family of

proteins have undergone recent evolutionary pressures.

1.9 Antiretroviralfunctions of APOBECjG and APOBEC3F

APOBEC3G is a 384 amino acid, -46 kDa cytoplasmic protein; immunocytochemistry

shows both diffuse cytoplasmic staining of APOBEC3G, as weli as accumulation in P

bodies (cellular structures involved in mRNA processing) (92,146,308,309). The

APOBEC3G gene contains 8 exons and is -10 kb iong (126). APOBEC3F is a 373

amino acid, -45 kDa protein, with similar cellular localization to APOBEC3G (309).

The gene contains 7 exons (it is missing the last exon of APOBEC3G) and is -I2 kb

(126). In the APOBEC3F and 3G genes, exons 5, 6 and 7 are duplications of 2,3 and 4,

respectively (126). The amino-terminal cytidine deaminase domain extends from

residues 65 - 104 in APOBEC3G, whiie the carboxy terminal cytidine deaminase

domain, which mediates cytidine deamination, spans residues 251 - 291. The crystal

structure of a portion of APOBEC3G has recently been solved, showing a core p-sheet

composed of five B -strands, surrounded by six u,-helices (119). The structure shows the

zinc atom of the cytidine deaminase active site coordinated by three residues: H257,

C288 and C29I (119).
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Residues outside of the active site have been shown to be important for APOBEC3G

activity. A single amino acid difference between human APOBEC3G (hAPOBEC3G)

and African green monkey (AGM) APOBEC3G confers species-specificity to interaction

with the host immunodeficiency virus (i.e. HIV-1 vs. SIVacr,,¡, respectively)

(25,179,257,317). The human protein has an aspartic acid at position I28 (DI28),

whereas the AGM protein has a lysine at this position. Additionally, a four amino acid

region N-terminal to position 128, most importantly a tyrosine (Y124) and tryptophan

(W127), is needed for virion packaging of the innate protein, and thus is also important

for antiviral function (I23). Site-directed mutagenesis of the hAPOBEC3G gene

revealed that a three amino acid motif from positions 128 - 130 consisting of aspartic

acid - proline - aspartic acid is necessary for interaction with HIV-I Vif (123). Amino

acid residues 54 to I24 of APOBEC3G are sufficient for coimmunoprecipitation with

HIV-1 Vif, suggesting that there may in fact be multiple sites of protein interaction (58).

Zhang er al. mapped the region of APOBEC3G required for its degradation by Vif to

amino acids i05 - 245; the authors note that while residues 105 - 156 are required for

Vif interaction, they are not sufficient for degradation, which needs the residues 157 -
245 as well (334). This region of APOBEC3G maps to the iinker region between the two

cytidine deaminase motifs.

In a cell, APOBEC3G resides in either a high molecular mass (HMM) complex, or a low

molecular mass (LMM) complex. The HMM complex can be larger than 700 kDa and is

found in activated CD4* T cells; however, the APOBEC3G in these complexes is

inactive. In contrast, the LMM complex (-100 kDa, which corresponds to dimer
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formation) is found in unstimulated CD4* T cells and monocytes, and contains active

APOBEC3G that can block HIV-I replication. The HMM complex can be converted to

an LMM form with the treatment of RNase (51). The HMM complex is not well defined,

containing 95 unique proteins, such as the ribonuclear proteins Staufen and Ro, and

multipie RNAs, including retroelement Alu and hY RNAs (52). APOBEC3F also forms

LMM complexes, conesponding to dimer formation, as well as HMM complexes;

however, these HMM complexes are resistant to RNase treatment (303). Interestingly,

APOBEC3F and APOBEC3G have been shown to form heterodimers (310).

APOBEC3G expression can be affected by mitogens and cytokines. Activation of T cells

and dendritic cells by stimulation of CCR5 and CD40 with the ligands CCL3 and

CD40L, respectively, increases APOBEC3G expression, as does trcatment with HSP70

(230). Treatment of peripherai blood lymphocytes (PBLs) with phytohemagglutiin

(PHA) and l--2 also increases expression of the innate protein (272). Treatment of the

H9 T cell line with phorbol myristate acetate (PMA) induces expression of APOBEC3G

nRNA and protein (246). However, induction does not necessarily mean increased

restriction by APOBEC3G, for mitogenic activation shifts APOBEC3G from its active

LMM form into inactive HMM complexes (52). Certain cytokines, such as IL-z,11--7

and IL-15 also activate APOBEC3G gene expression in PBLs and recruit LMM

APOBEC3G into HMM complexes (213). In contrast, IFN-u, has also been shown to

increase expression of APOBEC3G in resting T cells and dendritic cells, but this

expression is associated with enhancement of APOBEC3G in the LMM form and an

inhibitory effect on HIV-I replication (46,51,302). The APOBEC3G promoter itself is
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not inducible by mitogenic stimulation,

factors Spl and Sp3 (206). The level

controlled at multiple levels.

but is activated by the ubiquitous transcription

of APOBEC3G protein within the cell is thus

The primary antiretroviral activity of APOBEC3F and 3G to be identified was guanine to

adenine hypermutation. APOBEC3G causes GG to AG mutations, while APOBEC3F

causes GA to AA mutations, in both instances where the third nucleotide is not a C

(21,141,154,163,326). Hypermutation can cause detrimental viral mutations, such as the

generation of premature stop codons, especially at tryptophan residues, where the

transition of a G to an A causes the Trp codon (UGG) to change to a stop codon (UAG,

UAA or UGA) (50,300). Additionaliy, hypermutation can cause mutations that lead to

other amino acid substitutions - indeed, it is believed that APOBEC3-mediated

hypermutation is an important driving force of HIV-1 viral diversity (233).

In the absence of the HIV-I protein Vif, cytoplasmic host APOBEC3G can be packaged

into newly formed viral particles (111,178,18I,262). Xu et aI. determined that

approximately seven APOBEC3G molecules are packaged in each virion (316). The

mechanism that mediates this packaging, however, remains unclear (275). Some authors

propose that APOBEC3G is packaged through an interaction with Gag in an RNA-

independent manner (3,4I,73,171). Others propose interaction with host RNA, of which

7SL RNA (a non-coding RNA that is part of the signal recognition particle) is a favorite

candidate (35,256,218,330). Also proposed is interaction with viral genomic RNA

(15,I39,I40). Regardless of how APOBEC3G is packaged, the inclusion of this innate
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protein in the viral particle allows it access to the RNA genome as it is reverse

transcribed into DNA prior to proviral integration. APOBEC3G binds the ssRNA

genome and acts on the ssDNA copy, deaminating cytosine to uracil (113,124,332). This

results in guanine to adenine hypermutation in the corresponding positive DNA strand.

This evidence of proviral hypermutation becomes archived in the infected cells, and can

be examined for evidence of the antiviral activity, as has been described by Kljak et al

(142). Hypermutation in the viral RNA genome, however, is rarely found (I4I,249).

The Vif protein of wildtype HIV-I counteracts APOBEC3G activity by hijacking rhe

cellular Cullin5-ElonginB-ElonginC E3 ubiquitin ligase to target it for proteasomal

degradation, and by inhibiting APOBEC3G incorporation into newly formed viral

particles (58,165,i66,r82,r92,263,272,327). APOBEC3F acts in a simiiar mechanism

and is likewise inhibited by Vif (24,763,310,336).

Interestingly, the level of hypermutation is not uniform across the proviral genome.

Rather, two gradients can be observed, with local maxima of hypermutation levels

occurring 5' of the central PPT and the 3' PPT (142,271). As described in section 1.5,

this corresponds to the priming sites for second strand synthesis of the viral DNA, thus

higher levels of hypermutation are observed where the minus strand DNA remains single

stranded for a longer period of time (211).

The in vivo anti-viral mechanism of APOBEC3F/G has not been completely defined.

Certainly, guanine to adenine hypermutation can cause detrimental mutations in the viral

genome, reducing or abolishing the production of viable progeny, but other antiviral
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APOBEC3 functions have also been described. APOBEC3-mediated hypermutation may

trigger degradation of the nascent viral DNA by host uracil glycosyiases and

apurininc/apyrimidinic endonucleases, thereby inhibiting the production of provirus

(319). APOBEC3G has also been suggested to interfere with the removal of primer

tRNA, as well as to inhibit DNA strand transfer and integration (172,187). Some anti-

viral effects have been described for APOBEC3G in the absence of hypermutation. Guo

et aI. reported reduced reverse transcription priming and reduced levels of viral DNA in

Vif-negative virus, in the absence of APOBEC3G deamination and hypermutation (107).

APOBEC3G was also found to interfere with proviral integration in the absence of

hypermutation (I72). Howevet, a recent publication stated that deaminase-defective

APOBEC3G had antiviral activity only when expressed at high levels, questioning the

physiological relevance of deaminase-independent activities of APOBEC3F/3G (200).

The role of APOBEC3F/G in HIV disease progression and pathogenesis is simiiarly

unclear, although a relationship between the two has been suggested

(23,53,129,730,177,223). The APOBEC3G mRNA expression level has been associated

with decreased viremia and long term non-progression (129) and with HlV-exposed

seronegative individuals (23). However, these studies have not been readily replicated

(53), resulting in significant controversy over the role of APOBEC3 in HIV disease

progression in vivo.

To date, 134 APOBEC3G SNPs have been described, of which nine are in coding regions

(www.ncbi.nlm.nih.gov/SNP). A minority of SNPs have been associated with
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HIV/AIDS disease. Valcke et al descnbed a C40693T SNP, located in intron four, that

was associated with an increased risk of HIV-1 infection (291). This SNP is located

close to an exon/intron boundary, thus the authors suggest altemative splicing as a

mechanism for altering APOBEC3G to result in increased susceptibility to infection. An

et al descnbed a SNP that causes a codon change in exon four: H186R (5). The variant

186R allele was associated with a deciine in CD4+ T cells and accelerated progression to

AIDS (5). The polymorphism is located in a region required for degradation by Vif,

leading to the hypothesis that this SNP may lead to decreased APOBEC3G degradation.

1.10 HIV-I Vif

HIV-1 Vif is a 23 lrÐa cytoplasmic protein that counteracts the antiviral functions of host

APOBEC3F and 3G proteins by hijacking the cellular Cullin5-ElonginB-ElonginC E3

ubiquitin ligase to target the proteins for proteasomal degradation, and by inhibiting their

incorporation into newly formed viral particles (58,165,166,182,192,263,272,327). Vif

proteins from different HIV-1 strains are highly conserved, indicating the importance of

this viral protein (219). The N-terminus (residues 1 - 21) contains a tryptophan-rich

stretch that is conserved; some of these tryptophan residues are required for Vif

recognition of APOBEC3F and 3G (284). Residues 63 - 70 and 86 - 89 are also well

conserved and are predicted to be important for B-strand formation (90). A charged

central hydrophilic region 8SEWRKKRe3 is thought to enhance steady-state expression of

Vif; within this region, the glutamic acid at position 88 and tryptophan at position 89 are

conserved among HIV-1 strains (90). Two pairs of conserved histidine/cystine residues

(H108, C174, C133 and H139) flank an u,-helix and coordin ate aZn2* ion, making up the
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HCCH motif which directly binds Cullin5 (193,315). The BC-box motif is responsible

for binding ElonginC and is defined by the highly conserved t*SLQ(y¿p)LAton motif

(328). Four major phosphorylation sites have been identified in Vif: T96, 5744, T155

and T188 (323,324). The conserved proline-rich i6lPPLPt64 domain is important for Vif

multimerization, which in turn is important for viral infectivity and preventing

APOBEC3G incorporation into viral particles (197,320).

The binding of Vif to APOBEC3FI3G is essential for HIV-I to overcome this host

defence protein. The main binding determinants are in the N-terminal region of Vif

(58,182,194,250,252,258,268,284,308). However, amino acids 169-192 of the C-

terminal region also mediate APOBEC3G interaction (252). Other residues and motifs

important for APOBEC3G binding include residues 85 - 95, 4OYRHHY* (250,258), the

tryptophan residues W5, W21, W38 and W89 (284), I9 (308), K22, 845 and N48

(250,268). Important sites for APOBEC3F binding include the tryptophan residues W11

and W79 (284), and Q12 (250,268). This data suggests that the APOBEC3F and 3G

binding sites are non-linear, relying on electrostatic charge and conformation (18).

1.11 ML and MCH Cohorts

The work described in this thesis is based on patient samples obtained from two cohorts

located in Nairobi, Kenya. The ML cohort was established in 1985 and is composed of

women actively involved in commercial sex work (86,87). This cohort is well

characterized and studied, and has allowed for important findings, including the

identification of individuals resistant to HIV infection, despite high levels of exposure
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(234). The MCH (mother child health) cohort is located in the same area as the ML

clinic, but these female attendees are not involved in commercial sex work and arc at

lower risk of HIV acquisition (32,77,I74). This cohort has also been well charactenzed

and studied, and has contributed to understanding the transmission of HIV from mother

to infant (64).
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Hypothesis and Specific Objectives

Rationale: Previous studies have shown that individuals at high risk of acquiring HIV,

such as sex workers, are more likely to be infected with recombinant virus, if they

perform their high risk activities in an area where multiple subtypes circulate (12,73,II7).

The high prevalence of HIV infection in Kenya and co-circulation of multiple subtypes

makes this a likely place to find recombinant HIV. The advantage of full-length HIV

sequence analysis for recombination detection is that one can determine the presence of

breakpoints across the entire length of the genome, and thus detect all or most

breakpoints. However, the advantage of partial genome sequencing is that a smaller

sequence amplicon allows one to expand the study to include more subjects. Proviral

HIV sequence provides a wealth of information about the infecting virus. As well as

being used for determining viral subtype and disceming and characterizing

recombination, proviral HIV also provides an archive of hypermutation activity (I42).

Hypermutation, as caused by the various APOBEC3 proteins, has been recently described

as an important mechanism of viral restriction and its role in disease progression is

currently being debated in the literature. Previous studies have indicated that increased

levels of proviral hypermutation are caused by deleterious mutations in Vif, which make

it unable to counteract APOBEC3F/G (223). However, the major factors controlling the

APOBEC/Vif balance are still to be derermined.
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Based on the above rationaie, we developed the following hypotheses:

o We hypothesize that HIV-1 proviral sequence analysis will reveal a higher proportion

of recombination in the high-risk ML cohort than what has been previously described

in the general Kenyan population. We funhermore hypothesize that within this

highly-exposed population, increased duration of commercial sex work will be

correlated with increased likelihood of infection with recombinant HIV. as

individuals who practice sex work for a longer time will have more chances for

exposure to different viral subtypes.

o To address this hypothesis, we will:

. Generate full-length HIV-I proviral sequences from ten subjects from

the ML cohort, determine the subtype of the HIV-1 sequences and

char acterize any recombin ation

' Generate partial HIV-i genomic sequences from240 individuals from

the ML and MCH cohorts, determine the viral subtype and

char acterize any rec ombin ati on

. Correlate HIV-I recombination with participation in and duration of

commercial sex work, and any other pertinent epidemiological factors
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We hypothesize that hypermutation will be present in the HIV-1 proviral sequences

obtained from members of the ML and MCH cohorts, and that as APOBEC-mediated

hypermutation is a viral restriction mechanism, increased hypermutation will be

associated with decreased disease progression, as measured by CD4* count and viral

load. We further hypothesize that the viral Vif protein from the hypermutated viruses

will not be significantly different than the Vif from non-hypermutated viruses.

o To address this hypothesis, we wiil:

. Identify APOBEC-mediated hypermutation in proviral HIV-1

sequences

Determine if hypermutation associates with CD4* count and viral load

Sequence the HIV-I vif from hypermutated and non-hypermutated

proviruses and compare the gene and protein sequences

V/e hypothesize that host factors are more important than viral factors in controlling

hypermutation, and thus in individuals superinfected with HIV-1, the level of proviral

hypermutation will be constant despite superinfection.

o To address this hypothesis, we will:

. Identify a prospective cohort of individuals who became infected and

subsequently superinfected with HIV and for which there is

longitudinal HIV proviral sequence data; determine levels of

hypermutation in these sequences

' Compare hypermutation levels in the original virus before and after the

superinfection event and with the superinfecting virus
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ìVe hypothesize that subjects infected with significantly hypermutated HIV-i

provirus have polymorphisms in the APOBEC3G gene that make this host defence

more active against HIV-i, possibly by increasing the protein's deamination activity

or by decreasing its susceptibility to Vif-mediated degradation. We expect these

mutations to be present in all or most of the subjects with significantly hypermutated

HIV-I provirus, but in none or few of the subjects with non-significantly

hypermutated HIV-I provirus.

o To address this hypothesis, we will:

. Amplify and sequence the APOBEC3G gene and surrounding region

for subjects with differing levels of HIV-1 proviral hypermutation

. Identify polymorphisms in the APOBEC3G genomic region and

compare their allelic frequency between the differentially

hypermutated populations

These specific hypotheses will help us to address the overall hypothesis of this thesis; that

HIV-1 sequence diversity is an important factor of HIV-1 pathogenesis.
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Materials and Methods

L. Solutions

Cell Culture Media for PBMCs:

RPMI ( Roswell Park Memorial lnstitute medium) -pH7.2

10Vo fetal-calf serum (FCS)(heat inactivated at 56"C for 30 minutes)

2Vo p eniclll i n/s trepto myci n

All reagents obtained from Invitrogen, Burlington, Ontario

Phosphate-Buffered Saline (PBS\:

48.5 grams PBS per 1 litre dd H2O (final concentration: 137.93 mM NaCl, 2.67 mM

KCl, 8.1 mM NazHPO¿,,1.47 nrM KHzPOa) (Invitrogen, Burlington, Ontario)

p}l7.4

2. Commercial Kits

DNA Isolation:

The QIAamp DNA Mini Kit (Qiagen, Mississauga, Ontario) was used for isolating

genomic (including proviral) DNA from PBMCs.

PCR Reagents:

The full-length HIV-I provirus was amplified with the Expand Long Template PCR

System (Roche Diagnostics, Mannheim Germany). Subsequent reactions used the

Expand High Fidelity PCR System (Roche Diagnostics, Mannheim Germany).
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Amplification of genomic APOBEC3G DNA used the Expand Long Range, dNTPack

System (Roche Diagnostics, Mannheim Germany).

Viral Load:

Viral load determinations were performed on 200¡rl heparin-treated plasma using the

NucliSens@ HIV-I QT assay (bioMérieux, Marcy I'Etoile, France).

Sequencing:

HIV-i was sequenced using the ABI Prism BigDye Terminator Cycle Sequencing Ready

Reaction Kit v.3.1 (Applied Biosystems, Streetsville, Ontario). APOBEC3G was

sequenced using the GS FLX Standard Series Kit for the Genome Sequencer FLX

lnstrument (454 Life Sciences, Branford, Conneticut).

3. Methods

3.1 Subject Selection

3.1.1 Pumwani sex worker (ML) cohort

HlV-positive women enrolled in a well described, highly exposed, commercial sex-

worker (CSW) cohort in the Pumwani area of Nairobi, Kenya were randomly selected for

inclusion in this study based on sample availability (86,87). Subjects were determined

to be HIV infected by detection of HIV antibody. All subjects are believed to have been

infected with HIV by heterosexual contact and all subjects were ARV naive at the time

blood samples were collected. Each year, the sex worker cohort enrollees complete an

administered, self-reported survey, describing sexual practices and other epidemiologic
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factors. Both the University of Manitoba and University of Nairobi ethics review panels

have approved these studies.

3.1.2 Mother child health (MCH) cohort

A mother/child health clinic operates in the same area of Pumwani as the CSW cohort.

The non-sexworker attendees of this clinic are of a similar socio-economic status and

ethnicity to the members of the ML cohort but with lower exposure to HIV due to a lower

number of sexual paftners (32,17,174). Demographic, social and clinical data are

coliected from these women at every visit. Subjects from this cohort were similarly

included in this study.

3.1.3 HN negative PBMC donors

HIV-I negative blood donors were recruited from the University of Manitoba to provide

fresh PBMCs for co-culturing HIV-I.

j.2 Sample Collection and PBMC Isolation

Peripheral blood samples were obtained by venipuncture into vacutainer tubes containing

sodium heparin as an anticoagulant. A separate tube containing EDTA as an

anticoagulant was collected for CD4+|CD8* T cell enumeration. The blood was

processed in an aseptic manner using universal precautions. Tubes containing blood

samples were initially spun in a centrifuge for 7 minutes at i500 RPM to separate out the

plasma fraction. The plasma was removed and aliquoted into cryoviais, one of which

was sent for HIV-I serology, while the rest were catalogued and stored at -80'C for
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future studies. The remaining blood was diluted l:2 with PBS-2%oFCS and layered over

ficol-hypaque (Invitrogen), using twice the volume of diluted blood as the ficol. Layered

bloods were spun for 25 minutes af. 7400 rpm to separate the PBMCs. After separation,

the PBMC layer was removed into a new tube. The PBMCs were diluted with PBS-27o

FCS and gently mixed prior to centrifugation at 1600 rpm for 10 minutes. After

centrifugation, the PBS was removed and discarded, while the cells were resuspended in

RPMI media. An aliquot was removed for counting and viability testing using a

haemocytometer and trypan blue exclusion stain. The PBMCs were ultimately

resuspended in RPMI containing 107o FCS and 27o penicillin/streptomycin at a final

concentration of 5x106 cells per mL.

Samples that were not destined for immediate use were stored in 90Vo FCS with 107o

DMSO. These were then placed in an isopropyl freezing chamber at -80'C overnight to

allowing cooling at approximately -i'Clmin, and then were stored in liquid nitrogen.

When needed, samples were thawed in a 3J"C waterbath, then immediately 10mL of

RPMI + FCS + Pen/Strep media was added. The cells were then washed twice and

resuspended in fresh RPMI + FCS + Pen/Strep media.

3.3 HIV Testing and Confirmation

Ali subjects in the ML and MCH clinics are routinely tested for HIV-i serostatus at every

visit. Plasma is tested using a Recombigen ELISA (Trinity Biotech, Carlsbad

California). Samples with negative results in this assay are considered HIV-1 negative.
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Samples with positive results are confirmed with a second immunoassay, Detect HIYI/2

(Adaltis, Montreal Quebec). Samples that have positive results in both assays are

considered HIV-l positive.

3.4 CD:4* and CD]* T Cell Counts

Whole blood collected for CD4* and CD8* T cell counts was labeled using antibodies

specific for CD4 and CD8 with the Tritest flow cytomeÍy assay (BD Pharmingen,

Mississauga Ontario). These samples were then processed with a FACScan flow

cytometer (BD, Mississauga Ontario), allowing both CD4* and CD8* cell counts to be

measured, as well as CD4*percentage.

3.5 Viral Co-culture

HIV was expanded by primary co-culture with phytohemagglutinin (PHA) (Sigma-

Aldrich, Oakville Ontario) stimulated PBMCs, as described by Lane (153). Fresh

PBMCs were isolated from HIV negative, low-risk donors as described above. The

PBMCs were grown in RPMI containing 107o FCS and 27o penicillin/streptomycin, with

the addition of 5 p,glrr[- PHA. The cells were incubated at 37oC with COz for 72 hours.

A frozen aliquot of PBMCs (containing 2 - 4 x 106 cells) from an HlV-infected patient of

interest was thawed and resuspended in 2 mL RPMI containing 107o FCS, 2Vo

penicillin/streptomycin, 10 UnitslmLIL-2 and2 pglml polybrene. To this was added an

equal amount of PHA-stimulated PBMCs from an HlV-negative, low-risk donor, in an

equal volume. This coculture was maintained in media containing II'-2, with the periodic

addition of fresh PHA-stimulated HlV-negative cells from the same donor. Supernatant
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was removed at regular intervals and virus production was monitored by p24 ELISA.

Cells were harvested at peak p24 production. The virus was collected and archived for

virological studies.

3.6 DNA Isolation and Full-length HN-l Genome Amplificationfrom Provirus

DNA was isolated from both PBMCs obtained directly from HlV-positive study subjects

and from co-cultured PBMCs using the QIAamp DNA Mini Kit (Qiagen Inc,

Mississauga Ontario). HIV-1 provirus was amplified by nested PCR reactions. The first

reaction generated a nearly 9 kb amplicon, using published primers MSF12b (HXB2

locarion 623-649) and ofm19 (HXB2 location 9632-9604) and the Expand Long

Template PCR System (Roche Diagnostics GmbH, Mannheim Germany) at the

recommended conditions (Figure 3) (3S). An initial denaturation cycle of two minutes at

94oC was followed by thirty amplification cycles, consisting of ten seconds of denaturing

at 94"C, thirty seconds for primer annealing at 60"C and eight minutes of DNA

elongation at 68'C. This was concluded with a final extension cycle of thirty minutes at

68oC, before cooling the reactions to 4oC.

Three separate secondary reactions, each using the Expand High Fidelity PCR System

(Roche Diagnostics GmbH, Mannheim, Germany) at the recommended conditions,

generated overlapping amplicons to span the first PCR product. The first of these

amplicons ("gag") was 2 kb, produced with forward primer alnfl (5'-

GCCCGAACAGGGACYYGAAAGCGAAAG-3') and reverse primer GagRT (5'-

CCATTGTTTAACCTTTGGGCCATCCA-3'). An initial denaturation cycle of two
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Figure 3. HIV-I proviral PCR amplification scheme. The relative location of primers is
indicated on top of the HIV-I genome representation. The top black bar indicates the
size and location of the primary PCR product, numbered according to HXB2 location,
generated by primers MSFl2b and ofml9 (38). The lower three black bars indicate the
size and location of the secondary PCR products, numbered according to HXB2 location,
generated by primer pairs alnfl and GagRT, alpfl and alprl, and envpcrf and alnrl,
respectively.
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minutes at 94"C was foilowed by twenty-five amplification cycles, consisting of fifteen

seconds of denaturing at 94"C, thirty seconds for primer annealing at 60'C and one and a

half minutes of DNA elongation at 72"C. This protocol was concluded with a final

extension cycle of five minutes at72"C, before cooling the reactions to 4oC.

The second amplicon ("pol") was 3.J kb, generated with forward primer alpfi (5'-

TAGGACCTACACCTGTCAACATAATTG-3') and reverse primer alprl (5'-

TCATTGCCACTGTCTTCTGCTCTTTC-3'). Thermocycling commenced with an

initial denaturation cycle of two minutes at 94"C. Twenty-five amplification cycles

followed, consisting of fifteen seconds of denaturin1 at 94ôC, thirty seconds for primer

annealing at 57"C and three minutes of DNA elongation at 68'C. This protocol was

concluded with a final extension cycle of seven minutes at 68oC, before cooiing the

reactions to 4oC.

The third amplicon ("env") was 3.6 kb, generated with forward primer envpcrf (5'-

GGCTTAGGCATCTCCTATGGCAGGAAGAAG-3') and reverse primer alnrl (5'-

GGCAAGCTTTATTGAGGCTTAAGCAGTG-3'). An initial denaturation cycle of two

minutes at 94"C was followed by twenty-five amplification cycles, comprised of fifteen

seconds of denaturation at 94"C, thirty seconds for primer annealing at 60'C and three

minutes of DNA elongation at 68'C. Thermocycling was concluded with a final

extension cycle of seven minutes at 68oC, before cooling the reactions to 4oC. The first

and second amplicon had a 114 base-pair overlap. The second and third amplicon had a

249 base-pair overlap.
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3.7 Partial HIV-L Genome Amplfficationfrom Provirus

3.7.1 Amplification of vpu/env region

DNA was isolated from PBMCs obtained from HlV-positive subjects using the QIAamp

DNA Mini Kit (Qiagen Inc, Mississauga Ontario). Nested PCR reactions amplified

proviral vpu and the first 349 nucleotides of env. The first reaction created an amplicon

that was nearly 2 kb, using primers polseqf6 (5'-CAAGCAGGACATAACAAGGTAG-

3') and envseqr4.5 (5'-TGTTATTTCTAGATCCCCTCCTG-3') and the Expand High

Fidelity PCR System (Roche Diagnostics GmbH, Mannheim, Germany) at the

recommended conditions. Thermocycling consisted of an initial denaturation cycie of

two minutes at 94"C. Thirty amplification cycies followed, comprised of fifteen seconds

of denaturation at 94oC, thirty seconds for primer annealing at 53'C and two minutes of

DNA elongation at 72'C. This protocol was concluded with a final extension cycle of

seven minutes at72oC, before cooling the reactions to 4oC.

The secondary nested reaction specifically amplified the region of interest, using primers

envpcrf (5'-GGCTTAGGCATCTCCTATGGCAGGAAGAAG-3') and envseqr6 (5'-

CGAGTGGGGTTAACTTTACACATG-3'), also with the Expand High Fidelity PCR

System at the recommended conditions. Thermocycling commenced with an initial

denaturation cycle of two minutes at 94'C. Twenty-five amplification cycles followed,

consisting of fifteen seconds of denaturing at94"C, thirty seconds for primer annealing at

55'C and one and a half minutes of DNA elongation at Jz'C. This protocol was
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concluded with a final extension cycle of five minutes at 72oC, before cooling the

reactions to 4"C.

3.7.2 Amplification of vif

Nested PCR reactions were also used to amplify the proviral vif region, using outer

primers polseqf3.6 (5'-AGTTATCCCAGCAGAAACAGGAC-3') and polseqrl (5'-

TCGCTGTCTCCGCTTCTTCCTG-3') for the first reaction, which generated a 1.46 kb

product. The thermocycling used the Expand High Fidelity PCR System and commenced

with an initial denaturation cycle of two minutes at 94"C. Thirty amplification cycles

followed, consisting of fifteen seconds of denaturing at 94"C, thirty seconds for primer

annealing àt 56oC and two minutes of DNA elongation at 72'C. This protocol was

concluded with a final extension cycle of seven minutes at 72"C, before cooling the

reactions to 4"C.

Primers polseqf4 (5'-CTGCAGTTAAGGCAGCCTGTTG-3') and polseqri.5 (5'-

CTICAACTCCTGCCCAAGTATC-3') were used to generated the secondary, nested

product of 1.09 kb. The Expand High Fidelity PCR System was used, with

thermocycling conditions starting with an initial denaturing cycle of two minutes at94"C.

Twenty-five amplification cycles followed, consisting of fifteen seconds of denaturing at

94"C, thirty seconds for primer annealing at 55"C and one and a half minutes of DNA

elongation at 72"C. This protocol was concluded with a final extension cycie of five

minutes at7ToC, before cooling the reactions to 4oC.
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3.8 HIV-I Sequence and Phylogenetic Analysis

The nested PCR amplicons were purified using an AcroPreprM 96 filter plate (Pali Life

Sciences, Viile St. Laurent, Quebec), prior to sequencing. The purified PCR products

were directly sequenced, using ABI Prism BigDye Terminator Cycle Sequencing Ready

Reaction Kit v.3.1 (Applied Biosystems, Streetsville, Ontario). The sequencing reactions

were resolved on an ABI Prism 3100 Genetic Analyser (Hitachi, Japan) and the resulting

trace files were assembled into overlapping, double-stranded contigs, using Sequencher

v.4.0.5 (Gene Codes Corporation, Ann Arbor, USA).

The full-length proviral sequence was generated by sequencing three overlapping

amplicons. The first, termed the gag amplicon, was sequenced using the primers listed in

Table 1. The second amplicon, pol, was sequenced with the primers listed in Table 2.

The third and final amplicon, pol, was sequenced with the primers listed in Table 3.

The vpu/env segment was sequenced using the nested PCR primers envpcrf and envseqr6.

The vrlsegment was sequenced using the nested PCR primers polseqf4 and polseqrl.5, as

well as the primers polseqf5 and MM4b/polseqr2.5.

Regions from the full-length provirus that proved troublesome to resolve by direct

sequencing of the PCR product were cloned into TOP10 Chemically Competent cells,

using the pCR@+-TOPO@ vector (TOPO TA Cloning@ Kit for Sequencing, InvitrogenrM

Life Technologies, Carlsbad, California). For each insert, ten to twenty clones were
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Table 1: Gag amplicon sequencing primers
Name Sequence Orientation Locationn Tm

alnfl GCCCGAACAGGGACYYGAAAGCGA
AAG Forward 640-666 66.6

Gagseqf0 GAAAGCGAAAGTTCCAGAGAAG Forward 656-680 58.2
Gagseqfl.i GAGATGGGTGCGAGAGCGTC Forward iB7-806 64.0v!+Þvvl¡ ^. ¡ v¡ r! r vt vv 4tu / o , -ovu uï.v

Gagseqfl.5 YTRGTATGGGCAAGCAGGGAG Forward 889-909 60.0
Gagseqfl.6 CAfACeccT
Ga CAGCATTATCAGAAGGAGCCAC Forward 1307-1328 60.1
Gagseqf2.5 GARGYGAYATAGCAGGAACTAC Forward 1487-1508 56.3
Gagseqf2.9 GTACATTAGAAGAAATGATGAC Forward 1811-1832 52.6
Gagseqf3.5 GRGTKTTRGCYGAGGCAATGAG Forward 1871-1892 58.2
Gagseqf3.6 GMAAYATAATGATGCAGAGAG Forward 1910-1930 52.2
Cagsè

o."r*oLt*ATACA, ., Forward 2322-2346 58.7

Gagseqrl.5 TCAGTGCAGTCTTTCATTTGGTG Reverse 20iz-2050 58.4

Gagseqr2.5 ARATKTCTCCYACTGGGAV
Gasseqr2.9 CAGCYTCCTCATTGATGGTATC Reverse 1411-1396 58.2
Gagseqr3 " CATGGCTGCTTGATGTCCCCCCAC Reverse 1383-1360 67.1
Gagseqr4" AGCTCCCTGCTTGCCCATAC Reverse 9rr-Bgz 6t.g

GagRTb CCATTGTTTAACCTTTGGGCCATCC Reverse 262r-2596 62.0

ol-ocation is given in HXB2 numbering
bThese 

are previously designed lab primers
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Table 2: Pol amplicon sequencing primers

Name Sequence Orientation Locationo Tm

alpfl TAGGACCTACACCTGTCAACATAAT
TG

Forward 2482-2508 60.5

alprl TCATTGCCACTGTCTTCTGCTCTTTC Reverse 6228-6203 62.0
Polseqf0.5 GTTAAACAATGGCCAYTGACAG Forward 2610-2631 56.3

Polseqf0 GYAYAAAYAATGAGACACCAG Forward 2950-2970 52.2
Polseqfl TATCAGTA CAATGTGCTTCCAC Forward 2979-3000 56.3

Polseqfl.5 GATGAYTTRTATGTAGGATCTG Forward 3102-3123 52.6
Polseqf2.l GAATTAGAATTGGCAGAGAACAG Forward 3441-3469 56.6
Polseqf2.5 GAYRGACTAYTGGCAGGCTAC Forward 3755-3775 58.0
Polseqf3 CAGACTCACAATATGCATTAG
MM3a'/

,äir"or¡.s CATGGGTACCAGCACAGAAAGG

Forward 4039-4059 54.1

Forward 4150-4111 61.9

Polseqf3.6 AGTTATCCCAGCAGAAACAGGAC Forward 4490-4512 60.2
Polseqf4 CTGCAGTTAAGGCAGCCTGTTG Forward 4600-4621 6r.9
Polseqf5 ATGGCAGGTGATGAT"TGTGTGGC Forward 5052-5014 62.0
Polseqf6 CAAGCAGGACATAACAAGGTAG Forward 5446-5461 58.2

i:Y,ï$, CTATGGCAGGAAGAAGCGGAGAC Forward 5968-5990 63.1

Polseqrl TCGCTGTCTCCGCTTCTTCCTG Reverse 5995-5974 63.8
Polseqrl.5 CTTCAACTCCTGCCCAAGTATC Reverse 5133-5712 60.1
polseqr2 ATCCTACCTTGTTATGTCCTG Reverse 5410-5450 56.1

NtwI+D1
pãirärå.s TGGATGTGTACTTCTGAACRA Reverse 5213-5192 54.5

NPo14481'/p;ü;;ä CTGCTGTCCCTGTAATAAACCCG Reverse 4921-48ee 62.0

Polseq16 TCTGTATATCATTGACAGTCCAG Reverse 3324-3302 56.6
Polseq16.5 GTGTCTCATTGTTIGTACTAG Reverse 2961-2947 54.1

PolseqrT GCAAATACTGGAGTATTGTATG Reverse 2734-2713 54.5

^Location is given in HXB2 numbering
bThese primers were designed by Melanie Murray (unpublished data).

'This primer was published by Oelrichs et aI. (220)
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Table 3: Env amplicon sequencing primers
Name Sequence Orientation Locationu Tm

Envpcrf GGCTTAGGCATCTCCTATGGCAGGA
AGAAG Forward 5954-5983 67.5

^"h GAAAGAGCAGAAGACAGTGGCAATEnvpcrtl- 
G Forward 6203-6227 62.0

Envseqf2 TGGGCTACACATGCCTGTGTACC Forward 6429-645t 63.7
Envseqf2.5 GAYSAAAGCCTAAAGCCATGTG
Env CCAATTCCCATACATTATTGTG

Forward 6561-6582 s6.3
Forward 6858-6879 s6.6

Forward 7320-1345 62.0^,h GGAGGGGACCTAGAAATTACAACA.Envseqr4- cA
Envseqf5b CAGCAGGAAGCACTATGGGCG Forward 7798-7818 63.9
Envseqf5.5 TGCCTTGGAACTCTAGRGGAG Forward 8047-8068 60.1
Envseqf6" GAGTTAGGCAGGGATACTCACC Forward 8344-8365 61.9
Envseqf6.i ARCGMTTAGTGAGCGGAT"IC Forward 8460-8480 56.1
Envseqfl/T ATAC
Envseqfi.l CrcÀcG

Envseqr0.l GTGTAAYAGRCTGTTGTTCTCTC Reverse 9294-9212 56.6
Envseqrlu TTTGACCACTTGCCACCCAT Reverse 8816-8791 51.8
Envseqrl.5 ATCGAATGGATCTGTCTCTG Reverse 8466-8447 55.8
Envseq12' GGTGAGTATCCCTGCCTAACTC Reverse 8365-8344 61.9
Envseqr2.5 CTTGTTCATTCTTTTCCTGCTG Reverse 8199-8178 56.3
Envseqr3' CAATAAT"TGTCTGGCCTGTACCGT Reverse 7859-1836 60.3
Envseqr3.5 GTGGGTGCTACTCCTAGTGGTTC Reverse 7720-1698 63.7
Envseqr4.5 TGTTATRCTAGATCCCCTCCTG Reverse 7340-7318 58.4
Envseqr5o TTCCATGTGTACATTGTACTG Reverse 6975-6955 54.1

Envseqr5.5 CATTAAGTGGTACTAWATCAAGT Reverse 6783-6758 55.1

GGCAAGCTTTAT-TGA GGCTTAAGCAalnrl ciè ^ Reverse 9624-9591 63.5

ulocation is given in HXB2 numbering
oThese 

are previously designed lab primers
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sequenced. When clonal variability was observed, the clone that was most represented in

the population filled the sequence gap.

The HIV-1 sequences from each subject (whether full-length or partial) were aligned

against the 2005 (cunent) reference sequences from the Los Alamos HIV sequence

database (hiv.lanl.gov) using Clustalw (49). MEGA 3.1 was employed for neighbour-

joining phylogenetic tree analysis (nucleotide distance calculated by Kimura's two-

parameter method), enabling clade status to be assigned to each HIV isolate or segment

where appropriate (148). The strength of the branch nodes was tested with bootstrap

analysis (500 replicates). Recombination breakpoint analysis was performed with the

Recombination Identification Program: RIP 3.0 (www.hiv.ianl.gov). The sequences were

realigned between the putatively identified breakpoints and the segments were re-

analyzed through the construction of neighbour-joining phylogenetic trees with reference

sequences, including previously charactenzed CRFs where appropriate.

3.9 Hypermutation detection

Hypermut 2.0, available from www.lanl.hiv.gov, was employed to detect APOBEC-type

hypermutation (247). The sequences analyzed in each section were used to generate a

population-specific consensus for each HIV-1 clade that was represented. The sequences

were then compared on a clade by clade basis to this consensus using Hypermut 2.0,

which identified guanine to adenine hypermutation, and also the nucleotide context of

this hypermutation.
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3.10 Determination of Viral Load

Viral nucleic acids were isolated from heparin plasma using the NucliSens@ HIV-I QT

assay (bioMérieux, Marcy I'Etoile, France) according to the manufacturer's instructions.

Briefly, 200 ,p"L plasma was added to 3 mL NucliSens@ lysis buffer (buffered guanidium

thiocyanate). Silica was added and the silica-bound nucleic acids were washed

sequentially with NucliSens@ wash buffer,TOVo ethanol and acetone. Finally, the nucleic

acids were eluted into a low-salt buffer. The lower detection limit of the assay at this

volume is 125 copies/ml (29).

3.11 Amplificarion of Genomic APOBEC3G Gene

DNA was isolated from subject PBMCs as described above. Unique PCR primers were

designed to amplify the coding region of the gene and the surrounding region containing

all known APOBEC3G SNPs. Forward primer A3Gfb (5'-

CCCACACTTAAACAGTCAACTCTG-3') was located 2044 bases upstream of the

APOBEC3G transcript, while the reverse primer A3Grb (5'-

GTIGTGTGTAGTGCGAGTATTGTG-3') was located 829 bases downstream of the

end of the transcript, resulting in an amplicon of 13486 nucleotides (Figure 4). The

amplicon was generated using the Expand Long Range, dNTPack (Roche Diagnostics

GmbH, Mannheim, Germany) at the recommended conditions. Primers were employed

at a final concentration of 0.3 ¡rM in a reaction volume of 50 ¡rL, containing 37o DMSO.

Thermocycling commenced with an initial denaturation cycle of two minutes at 92"C.

This was followed by thirty amplification cycles, consisting of ten seconds of denaturing

àt 92oC, fifteen seconds for primer annealing at 56'C and fourteen minutes of DNA
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forward pr¡mer
(1 8861607-18861 630)

intron I intron 4

exon 3 exon 4
(18867451 (18867991-
18867747\ 18868105)

intron 6 intron 7

exon 6 exon 7 exon I
(18872799- (18873531- (18873927 -
18873087) 18873646) 18874263)

reverse pr¡mer
(1 8875069-1 8875092)

The location of the primers is
regions) and introns are drawn to
numbered in accordance with the

E = un,r"n.,ated region | = couing region

Figure 4. APOBEC3G PCR amplificarion scheme.
indicated. The exons (untranslated regions and coding
scale. The exon positions are shown. All positions are
NCBI SNP database for the human APOBEC3G gene.
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elongation at 68"C. Thermocycling was concluded with a final extension cycle of seven

minutes at 68oC, before cooling the reactions to 8oC. If non-specific bands were

observed, the primer annealing temperature was increased incrementally to 609C, on a

sample-specific basis.

Some samples were further subjected to nested PCR amplification, to increase yield.

Primers that overlapped the first round primers were designed. Nested forward primer

A3GinF (5'-CAACTCTGTTCTGCCTGCCACAAG-3') was locared 2028 bases

upstream of the APOBEC3G transcript, while nested reverse primer A3GinR (5'-

GTATTGTGTGTGCGTGTTGTGTGTG-3') was located 813 bases downstream of the

end of the APOBEC3G transcript, resulting in a nested amplicon of 13453 nucleotides.

The nested amplicon was also generated using the Expand Long Range, dNTPack (Roche

Diagnostics GmbH, Mannheim, Germany) at the same conditions as the primary PCR

reaction, with the exception that a higher primer annealing temperature of 68oC was

employed.

3. 12 APOBEC3G Pyrosequencing

Prior to sequencing, each APOBEC3G amplicon was purified and quantified. The

amplified genomic DNA was subsequently sheared into 300 to 800 bp fragments, to

facilitate even coverage of the sequencing. Up to 5000 ng of the samples to be sequenced

individually was sheared. For the six samples pooled to make the intermediate

hypermutation pool, 400 ng of each sample was pooled, and then 1650 ng from this pool

was sheared. For the eighty-seven samples pooled to make the low hypermutation pool,
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200 ng of each sample was pooled, and then 1570 ng from this pool was sheared.

Adaptors were annealed to the sheared DNA, which was then denatured. The now

single-stranded fragments were immobilized onto beads via the adaptor. The beads and

DNA are mixed such that each bead carries only a single DNA molecule.

The beads were then emulsified with PCR amplification reagents in a water-in-oil

mixture to create multiple microreactions, each of which contained a single bead, with a

single DNA fragment. The emulsification PCR amplification resulted in each bead being

covered with millions of identical DNA fragments. These beads were then loaded onto a

PicoTiterPlate (454 Life Sciences, Branford, Connecticut) for sequencing - the diameter

of the wells in the plate is such that only a single bead fits. Sequencing enzymes were

added to each well and the Genome Sequencer FLX Instrument (454 Life Sciences)

flowed individual nucleotides, in a fixed order, across the wells. Pyrosequencing is based

on sequencing by synthesis - when a complementary nucieotide was added, there was a

chemiluminescent signal, the intensity of which is proportional to the number of

nucleotides incorporated. The signals were recorded and subsequently interpreted by the

GS FLX System (454Life Sciences) software as sequence information.

3.13 Pyrosequence Assembly and Analysis

The sequence reads captured by GS FLX System software were aligned against a

reference sequence using GS Mapper Software (454 Life Sciences). The reference

sequence used was nucleotides 3780i000 to 37814600 of Homo sapiens chromosome 22,

reference assembly (Accession number NC_000022.9), which includes APOBEC3G and

60



the surrounding region and spans the amplicon generated in this thesis. The GS Mapper

Software identified sequence differences between the reference and sample sequences,

and provided the sequence of individual reads that both supported, and did not support,

the putative polymorphism. The sequences provided were a subset of the total reads that

covered that particular region; only sequences that could support or refute the

polymorphism with high confidence were retrieved (i.e. high quality read, the sequence

neither started nor ended at the nucleotide in question).

Each polymorphism that the software identified was manually inspected. The number of

sequences that supported and refuted each polymorphism was adjusted, as necessary,

based on the manual inspection. Each polymorphism in the nine individual samples was

reported, if determined to be valid after examination. However, for the pooled samples,

only polymorphisms present in 707o or more of the individuals reads were reported, if

they proved valid, unless the polymorphism was also found in other samples. This

conservative approach to SNP discovery was applied to prevent the reporting of sequence

anomalies as novel SNPs.

3.14 Statistics

3.14.1 Chi-square test

A chi-square test is used on categorical data. The chi-square test was used to test for

significant differences in the distribution of HIV-1 clade and recombination with

categorical measures of HIV exposure; specificatly, whether the individuals were HIV

negative at time of enrolment into the ML or MCH cohorts, whether the individuals
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practiced commercial sex work, and the degree of condom usage. In this thesis, the

statistical program SPSS for Windows 11.0.1 was employed for chi-square testing.

3. 14.2 Power calculation

A power calculation is used to determine B error, where B is the likelihood that the study

will not detect genuine differences (power = 1 - P). A power calculation for the Chi-

square test was employed to determine the appropriate sample size needed to detect

significant differences between markers of HIV-I exposure and infection with a non-

recombinant compared to a recombinant HIV-I strain, using Java Appiets for Power and

Sample Size (156).

3.14.3 One-way ANOVA

A one-way ANOVA test is used to compare three or more groups of continuous data. A

one-way ANOVA was used to test for significant differences in the distribution of HIV-1

clade and recombination with numerical measures of HIV exposure, specifically CD4*

cell count, viral load, subject age, year of birth, years in sex work, years in the ML

cohort, number of sex partners per day, and the year sex work was commenced. These

tests were performed using SPSS for Windows 11.0.1.

Additionally, the Kruskal-Wallis test, which is a non-parametric one-way ANOVA, was

used to test for significant differences in the APOBEC3F/G rate ratio values in proviral

sequence obtained from the original infecting virus before and after superinfection, and

the superinfecting virus. This test was performed with the statistical program GraphPad
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Prism 4 for V/indows. Dunn's post test was used to follow up on identified statisticaliy

significant differences from the Kruskal-Wallis test. A non-parametric test was chosen as

biological data rarely follows a normal or Gaussian distribution, which would assume

that the data extends infinitely in both directions. However, ANOVA is a relatively

robust test for non-parametric data, providing the sample is reasonably large and the data

follows an approximate Gaussian distribution. Unfortunateiy, non-parametric tests are

less powerful than those that assume a Gaussian distribution, making it harder to detect

real differences. This lack of power is mitigated with larger sample sizes (204).

3. I 4.4 Two-factor ANOVA

A two-factor ANOVA is used to determine how responses are affected by two factors,

both independently and if they interact. A two-factor ANOVA was used to determine if

age of subject was significantly associated with HIV-1 clade/recombination

independently of involvement in sex work. This test was performed using SPSS for

'Windows 1i.0.1.

3. 14.5 Kolmogorov-Smimov test

A Kolmogorov-Smirnov test examines data for deviations from a Gaussian distribution.

The Kolmogorov-Smirnov test was employed to determine if the adenine proportions

from240 HIV-I proviral sequences segments were normally distributed, using GraphPad

Prism 4.
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3.14.6 Mann-Whitney

A Mann-Whitney test is a non-parametric test used to compare two groups of continuous

data. The Mann-Whitney test was used to determine if the adenine proportion in HIV-i

RNA sequence was significantly different from the adenine proportion in matched HtV-1

proviral sequence for individuals infected with hypermutated as well as non-

hypermutated virus. Additionally, the Mann-Whitney test was used to test for significant

differences in CD4* cell count, CD4* percentage, viral load and subject age between

individuals infected with hypermutated HIV-I and individuals infected with non-

hypermutated HIV-I. The Mann-Whitney test was also used to determine if there was a

significant difference between the APOBEC3F/G rate ratio values in proviral sequence

obtained before superinfection compared to after superinfection. This test was performed

using GraphPad Prism 4.

3.14.7 Test for correlation

A correlation test is used to determine if two variables have covariation, without

discriminating cause and effect. The correlation coefficient, r, quantifies the direction

and magnitude of the cor¡elation (204). A Spearman (non-parametric) test for correlation

was employed to determine if adenine proportion in HIV-i proviral sequence was

significantly correlated with CD4* count for 240 subjects. This test was performed using

GraphPad Prism 4.
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3. I 4.8 Binomial distribution

The binomial distribution is the discrete probability distribution of the number of

successes (fr) in a sequence of n independent experiments (which have a yes/no outcome),

where success occurs with probability, p. The equation for this function is:

f(k;n,p) = (l)pk7-Ð*k

where ('lr) = (n!t(k!(n-k)!)

A cumulative binomial distribution describes the probability of finding fr or fewer

successes in a sequence of n independent experiments (which have a yes/no outcome),

where success occurs with probability, p. The equation for this function is:

F(k;n,P) = 
oz 

fllr,r,P)

A binomial distribution was used to determine the maximum expected number of reads

per APOBEC3G alleie in the pool of 87 samples with low HIV-I proviral hypermutation.

A cumulative binomial distribution equation was employed for determining the minimum

number of expected reads per APOBEC3G allele in the nine samples with high proviral

hypermutation, as well as the pools of samples with intermediate and low proviral

hypermutation. Microsoft Office Excel 2003 was used to calculate these distributions.

3.14.9 ChïSquare Test for Trend

A chi-square test for trend is an extension of the chi-square test, which determines if there

is a linear trend in the data. The chi-square test for trend was used to test the

APOBEC3G allelic SNP distribution for individuals infected with highly hypermutated

HIV-I provirus, intermediately hypermutated provirus and non-hypermutated provirus.

65



In this thesis, the software GraphPad Prism 4 was employed to determine chi-square test

for trend.
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Results 
.

L. Full-length HIV-I Proviral Sequencing of Ten Highty Exposed Women Reveals a

High Proportion of Intersubtype Recombinants

I.I Rationale

Full-length HIV sequencing is the best method for detecting viral intersubtype

recombination. The high prevalence of HIV infection in Kenya and co-circuiation of

multiple subtypes makes this a likely place to find recombinant HIV. Despite this, the

majority of sequence information from Kenya is based on partial genome sequencing,

while the available full-length sequence information is limited, illustrating the need for

increased full-length HIV sequences from this region. One of the reasons that partial

genomic sequencing is performed is that HIV-I provirus can be integrated at very low

levels in host DNA, making it difficult to amplify full-length genomes. Co-culture of

infected PBMCs with non-infected cells will amplify HIV-i, but may introduce sequence

mutations. Previous studies have sampled blood bank donors in an effort to obtain a

profile of infecting HIV in the general Kenyan population. It thus remains to be seen if a

specific sub-population, such as a group at high risk for HIV infection, has a similar HIV

sequence distribution to the general population.

1.2 Hypothesis

Previous studies have shown that individuals at high risk of acquiring HIV, such as CSW,

are more likely to be infected with recombinant virus than those at a lower risk, if they

undertake thefu high risk activities in an area where multiple subtypes circulate

(l2,I3,Ill). We thus expect our sequence analysis of full-length HIV-I provirus to
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reveal a higher proportion of recombination than what has been previously described in

the general Kenyan population. We furthermore hypothesize that within this highly-

exposed population, increased duration of sex work will be correlated with increased

likeiihood of infection with recombinant HIV, as individuals who practice sex work for a

longer time will have more chances for exposure to different viral subtypes.

1.3 Objectives

Compare sequences generated from viral amplification using co-cultured subject

PBMCs with sequences generated directly from non-cultured subject PBMCs to

determine if significant sequence mutations are introduced

Generate full-length HIV-I proviral sequence from ten subjects

cohort

Determine the subtype of the HIV-I sequences and characterize

recombination

from the ML

the extent of

o Correlate HIV-I recombination with duration of commercial sex work and other

pertinent epidemiological factors

1.4 Study outline

PBMCs were collected from ten HlV-infected women from the ML cohort and co-

cultured with HlV-negative cells to amplify the virus prior to genomic DNA isolation.

Additionally, for two subjects, PBMCs were directly used as a substrate for isolating

genomic DNA. Subjects were randomly selected based on sample availability and

sample collection within a one-year period. Subjects included both new enrolees and
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patients that had been foliowed for a number of years in the cohort. Proviral HIV-I was

amplified from the isolated genomic DNA. Multiple primers were used to generate

amplicons that were sequenced and assembled into overlapping double-stranded contigs

that spanned the full-length of the HIV genome. Each full-length genome was analyzed

for recombination with the web-based RIP tool and by neighbour-joining tree generation.

A self-reported survey of a multitude of epidemiological factors, including duration of

sex work, number of partners, and condom usage, is administered to cohort participants

bi-annually. Variables that may affect HIV exposure collected in these surveys were

correlated with presence of recombination.

1.5 Evaluation of sequence af-ter co-culture and multiple PCRs

To assess the role of short-term PBMC co-culture on the resulting progeny proviral

sequences, we compared proviral sequence generated from DNA isolated directly from

patient PBMCs, to proviral sequence generated from DNA isolated from co-cultured

PBMCs for two subjects: MLL979 and ML1990. PBMCs for both viral co-culture and

direct DNA isolation were isolated from the same blood sample. Total genomic DNA

isolated directly from one aliquot of the PBMCs was used as a template for PCR

amplification and proviral sequencing. A second aliquot of PBMCs was co-cultured with

HlV-uninfected donor PBMCs to allow for amplification of the virus in vitro. After

limited primary co-culture (cells were harvested at peak p24 production), genomic DNA

from these PBMCs was also isolated for use as a template for PCR amplification and

proviral sequencing. The sequences generated by direct DNA isolation and by primary

co-culture prior to DNA isolation were compared by determining pairwise similarity
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(Table 4). The sequences derived from patientMLIgTg showed 977o identity, while the

sequences derived from patient ML1990 showed 957o identity, showing that viral

amplification by limited PBMC co-culture introduced a minimal number of nucleotide

changes. Sequence analysis revealed that MLi979 was infected with a recombinant HIV

virus; the recombination breakpoints in the sequence generated from direct DNA

isolation, compared to the breakpoints in the sequence generated from primary co-culture

prior to DNA isolation, were virtually identical (Table 5). The largest difference

observed was in the second breakpoint, differing by 17 +/- 6 nucleotides, where the

parentai sequence changed from clade G to 41. Overall, minimal differences were

observed between the sequences generated by direct DNA isolation compared to DNA

isolation after amplifying co-culture.

To examine the effects of repeated long PCR amplification of the same proviral sample,

HIV provirus was amplified from a single DNA sample from subject ML190i in two

separate PCR amplifications, using the Expand Long Template PCR System (Roche

Diagnostics GmbH, Mannheim, Germany). These sequences were compared by

determining their pairwise similarity. The proviral sequences, generated by separate PCR

amplifications, were highly similar (997o identity) (Table 4). Thus, minimal differences

were observed between the sequences generated by separate PCR amplifications.

To further assess the relationship between the sequences generated from direct DNA

isolation compared to DNA isolation after amplifying co-culture, phylogenetic

relationship was determined (Figure 5). The provirai sequences from subjectsMLlgTg
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Table 4. Pairwise similarity of full-length HIV-I proviral sequences generated from a

single subiect by parallel treatments
Patient Sample Nucleotide Length Identical nucleotides Vo ldentical

lMLrsTsa ."1:1",. rräl
878 1 97

Ml-leeou 

""::il," 83:^i
8547 95

Ml-leolb i3å; 3?1i
8928

uThe same PBMCs were used for direct DNA isolation and viral co-cuiture prior to DNA
isolation.
bTwo separate long PCR amplifications were performed on the same DNA template.
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Table 5. Differences in breakpoints between full-length HIV-1 proviral sequences from
tub:"rt MLl979 g.n"rt

MLl979 PCR breakpointsa ML1979 co-culture breakpointsu Difference
2036

3234 + 5
4102

4553 + 26
5530 r 5

5999 x.6
6754 + 3
8363 r 40

2035
3251 + 1

4102
4553 x.26
5530 + 5
5991 + 1

6750
8364 + M

I
17 +6

0
0+52
0+10
8+7
6+3
1+74

oAll numbering is based on HXB2 coordinatel
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and ML1990, generated directly from PBMC DNA and from PBMCs that were co-

culture to amplify the virus, were aligned with reference sequences and this alignment

generated a neighbour-joining tree. The sequence pairs from both subjects ML1979 and

ML1990 clustered with a bootstrap value of 100Vo. The phylogenetic relationship

between the sequences from ML1901 generated by separate PCR amplifications was

assessed in the same manner. The pair of sequences from subject MLi901 also clustered

with a bootstrap value of I00Vo. Thus, the phylogenetic analysis was in agreement with

the pairwise similarity, that these sequence pairs have minimal differences.

1.6 Phylogenetic analysis of the full-length sequences

After determining that proviral sequences generated from viral ampflication by co-culture

of PBMCs did not differ significantly from sequences generated directly from subject

PBMCs, PBMCs from an additional eight study participants were co-cultured prior to

DNA isolation and sequence generation. The HIV-I clade infecting each subject was

determined by generating a neighbour-joining tree using the ten full-length patient

sequences, along with current reference sequences (www.hiv.lanl.gov) (Figure 6). Five

of the viral sequences, derived from subjects ML752, ML1901, MLl945, MLl990 and

ML20I4, clustered within the A1 reference sequences with a bootstrap value of 700Vo,

indicating that they are non-recombinant sequences belonging to the A1 subtype. V/e

further attempted to identify recombination using Simplot v.3.5.1, and a deficiency of

multiple parental sequences confirmed the absence of recombination (169). The other

five sequences branched basal to the reference sequence clades, indicating that these were

likely recombinant. The sequences derived from subjects ML1076 and ML1956
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Figure 6. Neighbour-joining tree of ten full-length HIV-I sequences and references.
Full-length HIV-1 proviral sequences were aligned using ClustalW; the phytogenetic tree
was created using MEGA 3.1. Sequences described in this publication,J56,1076,1907,
1945, 1956, 7977,1979, 1990,2000 and 2074 are indicated in boldface. Reference
sequences were obtained from the Los Alamos HIV Sequence Database. Non-
recombinant sequences are circled by clade. Scale of genetic distance is indicated.
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branched basal to the subtype C group, the sequence from ML1974 branched basal to the

B and D subtypes group, the sequence from N,4L1979 branched basal to the subtype G

group, while the sequence from ML2000 branched basal to the subtype A1 group. Thus,

preliminary analysis suggests that five proviral sequences were non-recombinant, whiie

the other five were likely intersubtype recombinant.

To determine the degree of variability within the clade A1 sequences, they were aligned

with all publically available clade A1 full-length HIV sequences from Kenya. This

alignment was used to generate a neighbour-joining phylogenetic tree (Figure 7). The

sequences that were multipiy amplified and sequenced from the same individual clustered

together with bootstrap values of 100. Additional sequences from this cohort, generated

by previous studies, are included in the analysis. Two sequences generated from samples

isolated on different dates from the same subjecr. - ML752 - are present, with one

sequence generated in this thesis and the other in a previous publication (80). These also

cluster with a bootstrap value of i00. However, sequences generated from different

subjects from the cohort, created in both this thesis and in a previous publication, are

dispersed over the tree with the other sequences, suggesting that the virus infecting

individuals of the ML cohort are not genetically distinct from virus infecting other

Kenyan individuals.

To identify the presence of recombination and the location of breakpoints in the five

likely recombinant HIV-I sequences, we employed the RIP 3.0 recombination

identification tool (www.lanl.gov). The sequences were spiit at the putatively identified
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Figure 7. Neighbour-joining tree of full-length clade A1 sequences generated in this
thesis and all other publically available fuil-length HIV-I clade Al sequences from
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Sequences were aligned with ClustalW and the phylogenetic tree was created using Mega
4. Scale of genetic distance is indicated.
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breakpoints, realigned with the reference sequences, including CRFs where appropriate,

and examined by neighbour-joining bootstrap analysis, as described by Siepel and Korber

(264). The sequence from MLl974 had three breakpoints, and alternated between clade

D and clade A1 across the genome (Figure 8). The sequence from MLl0l6 also was

comprised of two parentai subtypes, clade C and clade D, but had four breakpoints. The

sequence from MLi956 had four breakpoints across the genome, and three parental

subtypes: clades A2,D and C. The sequence from ML2000 was also composed of three

parental subtypes: clades 41, C, and D and had five breakpoints. The HIV-I isolate

from subject MLlglg displayed the highest level of recombination, with eight

breakpoints observed along the genome and three parental subtypes: clades 41, G and C.

Some comrnon recombination breakpoints were identified between different viral

sequences. Viral sequences derived from ML1016, MLI956 and MLI979 all had

breakpoints at the end of gdg p7, between nucleotide positions 2035-2066 (numbered

relative to the HXB2 genome). The sequences from ML1974 and ML1979 both had

breakpoints in pol integrase, between positions 4526-4553. In totality, however, each

sequence displayed a unique and complex recombination pattern.

1.7 Association of recombination with epidemiological markers of sexual exposure

To determine if recombination is more prevalent in subjects that have higher exposure to

HIV, epidemiologic measures of sexual exposure were correlated with the presence of

recombination (Table 6). No exposure characteristics significantly differed between

women infected with recombinant virus, compared to those who were infected with non-

recombinant virus, suggesting that exposure and recombination may not be related. This
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Table 6. Patient epidemiological and HIV-1 clade data

Patient
Sample Date Birth Years Sex Partners/ Condom HIV
(mm/dd/vv) Year CSV/' Day Usageb Clade

MW52 tr/27/01
MLl90i 06t13t0r
MLr945 04/18/01
ML1990 07/t0/02
ML2014 04/22/02
MLr076 08/28/01
MLl956 08/15/01
MLr974 03/06/02
MLr979 03/06/02

t957 22
1961 8

1959 5

1964 I
1974 1

1967 14
t964 8

1962 s
1969

4
4
5

J

1
õJ

J

J

J

often
always
never
often

always
always
always
often

always

A1
A1
A1
A1
Ai
ClD

A2/ClD
A1/D

A1/CIG
AIICIDML2000 03/19/02 1969 7 2 always

uNumber of years prior to sample collection the subject was involved in active sex work.
bThe participants were asked to rank their condom usage habits as either always, often,
seldom or never using condoms.
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study, however, is based upon only a limited number of sequences and likely lacks the

power to determine significant differences in exposure between subjects infected with

recombinant HIV-1 compared to subjects infected with non-recombinant virus. Indeed,

the comparison of two populations of five subjects, assumin g a large difference in the

proportion of recombinants infecting the two groups of 0.8 and 0.2 yields a power of only

0.2 (i.e. unlikely to detect significant differences) (156). To have the power of the study

be greater or equal to 0.8, assuming the same proportions of recombinant virus, we would

need to compare two popuiations of thirteen or more subjects each.

1.8 Summary

Overall, there are disproportionately few published fuli-length HIV sequences from

Kenya. This was the second population survey describing full-length HIV-I sequences

from Kenya, and the first in a high-risk Kenyan population, and showed that the level of

HIV recombination in this population was slightly higher than, though similar to, the rate

of recombination described in the general Kenyan population. Despite this higher rate of

recombination, the HIV sequences from this high-risk population were not genetically

distinct from other HIV sequences from Kenya. The work from this chapter has been

published in the joumal AIDS Research and Human Retroviruse,s (151).
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2. High Prevalence of Genetically Similar HIV-I Recombinant Viruses among

Infected Sex Workers

2.1 Rational

The advantage of full-iength HIV sequence analysis for recombination detection is that

one can determine the presence of breakpoints across the entire length of the genome, and

thus detect all or most breakpoints. However, the advantage of partíal genome

sequencing is that a smaller sequence amplicon allows one to expand the study to include

more subjects. Additionally, full-length genome can be difficult to amplify from subjects

where the provirus is integrated at a low level. As the study in the previous section

iacked the power to detect differences in recombination frequency between high-risk

subjects, a new study was undertaken with the approach of examining a smaller genome

segment and a greater number of subjects.

2.2 Hypothesis

The previous section indicated that the ML cohort, a high-risk population, had a higher

frequency of recombination than what has been previously reported for a Kenyan

population. We wanted to determine if this is true when we compare the ML cohort, a

high-risk population to the MCH cohort, a low-risk population, by examining partial

HIV-1 sequence. We furthermore wished to increase our sample size and re-address our

hypothesis that there will be an increased prevalence of recombinant HIV in individuals

with higher exposure.
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2.j Objectives

o Generate partial HlV-1 provirai sequences from240 individuals from the ML and

MCH cohorts

Analyse the sequences to determine clade and charactenze any recombination

Correlate HIV-I recombination with participation in sex work, duration of sex

work and other epidemiological factors associated with HIV exposure

2.4 Srudy outline

PBMCs were collected from 215 HlV-infected women from the ML cohort and 25 HIV

positive women from the MCH cohort and used for isolating genomic DNA. Subjects

were randomly selected based on sample availability. Individuals included both new

enrolees to the cohort and patients that had been followed for a number of years. A 590

nucleotide region of the HIV-I provirus that included the vpu gene and the 5' end of the

env gene was amplified with a nested PCR approach, using genomic DNA as a substrate.

The amplicon was sequenced and analyzed for recombination with the RIP web-based

tool and by neighbour-joining tree generation. A self-reported survey is administered to

cohort participants bi-annually; the information coilected in these surveys was correlated

with presence of recombination.

2.5 Phylogenetic analysis of the proviral sequences

To determine the HIV-1 clade of the virus infecting each subject, the proviral sequences

were aligned with the current reference sequences (www.hiv.lanl.gov) and subsequently

used to generate a series of neighbour-joining trees (Figure 9). Of the 24A sequences
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clade A1

0.02

Figure 9. Neighbour-joining trees of proviral HIV-I sequence segments that cluster
tightly with a single clade. The 590 nucleotide long regions were aligned with reference
sequences using ClustalW and the phylogenetic trees were created using MEGA 4.0.
Sequences generated in this study are labelled with biack diamonds. Reference
sequences are indicated by open symbols: clade A1 by circles, clade A2 by squares,

clade B by triangles, clade C by invefled triangles and ciade D by diamonds. The
bootstrap value that supports the clade of interest is marked. Scale of genetic distance is
indicated. A (previous page). Sequences that clustered strongly with A1 reference
sequences. B. Sequences that clustered strongly with clade C reference sequences. C.

Sequences that clustered strongly with clade D reference sequences.
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examined, 167 clustered with the clade A1 reference sequences with a bootstrap value of

94. 15 sequences clustered within the clade C references with a bootstrap value of 99,

while 21 sequences clustered within the clade D references with a bootstrap value of 97.

Thirty-seven sequences were recombinant in the region examined (Figure 10a).

The RIP 3.0 recombination identification tool (www.lanl.gov) was employed to

charactenze the recombination patterns. The sequences were excised at the putatively

identified breakpoints, realigned with the reference sequences and examined by

neighbour-joining bootstrap analysis, as described by Siepel and Korber (264). The

recombinant sequences were comprised of the prominent clades circulating in Kenya:

41, C and D, as well as A2. The majority of recombinant isolates contained clades A1

and D as parental sequences (Figure 10b).

2.6 Characterization of recombination

Examination of the 37 recombinant HIV-1 sequences revealed that most isolates (n = 33)

had shared recombination patterns and thus formed groups. Recombination groups were

composed of sequences that shared a common breakpoint between common clades.

Group i was composed of seven sequences that had a breakpoint between clades D and C

at62Il t 13 (HXB2 coordinates) (Table 7 and Figure 11). Group 2 was composed of

eleven sequences that had a breakpoint between clades D and A1 at 6195 x.20. Group 3

was composed of three sequences that had a breakpoint between clades C and AI at 620I

+ 4. Group 4 was composed of seven sequences that had a breakpoint between clades C

and A1 at 6368 + 53. Group 5 was composed of five sequences that had a breakpoint
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Figure 10. Distribution of HIV-I subtype and recombination for 240 HIV-I proviral
segments. A. The proportion of the 240 examined sequences classified as each clade, or
as recombinant, is displayed in a pie chart. B. The subtype composition of the 37
identified recombinant sequences is displayed in a pie chart.
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Table 7. Cl@7 identified recombinant HIV-1 sequen
üap

99
100

100

100

100

99
i00
99
100
99

89
89

99
99
99
94
100
99
n
98
100

lb

ra };4.L7 6050 62II D 98
6212 6362 C 99
6363 6475 D

}/4L2t5 6001 6204 D
6205 6467 C

ML7457 6001 6209 D
621,0 6349 C
6350 6s4s D

MLl999 5984 6209 D
6210 6327 C
6029 62t3 D
6214 6321 C
6328 6554 A1

ML2t70 5984 6207 D
6208 6360 C
6361 6576 A1

ML2019 5984 6115 C
6116 6230 D
6231 6364 C
6365 6s76 D

3 }i4L313 6017 6205 C 99
6206 6314 Al 83

ML1335 6012 619'7 C
6198 6545 Ai

MCH5384 5992 6206 C
6207 6554 A1

ML264 5999 6332 C
6333 6556 Al

ML1008 6006 6353 C
6354 6547 A1

ML1203 5984 6421 C
6422 6574 A1

MLr322 6007 6413 C
6414 6544 A1

}!4Lt979 5984 6361 C
6368 6s76 A1

ML2000 5984 6367 C
6368 6576 A1
5999 6314 C
6315 6554 A1

90
99
99

1c 98
91
99
90

100

99
100

78
100
99
100
100

100

99
100
100

100

99
100
96

5a

84
99

2a ML2r0 6001 6200 D
6201 6549 Al

85
100

ML790 5999 6322 D
6323 6555 A1

ML602 6010 6204 D
6205 6556 A1

99
100

MLr337 5984 6318 D
6319 6576 A1

ML825 6019 6t7s D
6176 654r A1

ML1578 5984 6342 D
6343 6576 A1

ML1155 6025 6204 D
6205 65t6 Al

94
100

ML1660 6011 6336 D
6331 6489 A1

ML14IL 6002 62t4 D
621,5 6557 A1

99
100

ML6I6 6004 6i15 Ar
6116 6347 D
6348 6555 A1

98
99

ML1419 5984 6209 D
6210 6416 A1

98
99

100

98

100

orphan }lL216 6011 6113 D
6774 6553 A1MLt649 6002 62t1 D

6272 6555 A1
98
100 ML1391 6030 6362 Al

6363 6528 C
94
62MLt94t 5984 6194 D

6195 65',76 A1
95

100 MLl8l8 5984 6327 Al
6328 6s74 D

99
99ML2020 5988 6213 D

6214 6539 Ar
94
99 ML2185 5995 6271 A2

6212 648-t A1
75
9tML293 6017 6102 A1

6103 6200 D
6201 6549 A1

93

79
100

MLr443 6036 6110 A1
6ltr 6201 D
6202 6268 A1

98
96
96

oGroups are composed of sequences that shared a common breakpoint between coûrmon
clades. Subgroups are assigned based on additional recombination breakpoints.
bAli numbering is based on HXB2 coordinates.
"Bootstrap values are a percentage of 500 replicates. Sequences were aligned with
reference sequences from clades 41, A2 (for ML2185 only), C and D.
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Figure 1 1. Representation of recombination identified in the examined 590 nucleotide
vpu/env HIV-1 proviral fragment. Coloured segments represent the parental clades (see

legend in lower right corner). A representative sequence for each group/subgroup is
shown. Groups were composed of sequences that shared a common breakpoint between
corilnon clades. Subgroups were assigned based on additional recombination
breakpoints. The figure was generated using Recombinant HIV-I Drawing Tool
(www.hiv.lani.gov).
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between clades C and A1 at 6333 x.15. Subgroups (example la, lb, lc) were assigned

based on additional recombination breakpoints (Table 7 and Figure 11). Only four

orphan (unique) recombination patterns were identified.

In addition to the groups being related based on shared recombination breakpoints, some

groups were additionally phylogenetically related. Groupi isolates clustered most

closely with clade C viruses, but when examined in combination with reference

sequences and the clade C viruses identified in this study, they formed a distinct cluster,

with recombinant isolates from groupla and lb forming a sub-cluster with a bootstrap

value of 91 (Figure IZa). This suggests that groupla and 1b isolates are related, and

although they do not have identical breakpoints, they may be derived from the same

ancestor virus. Similarly, Group3 isolates clusters most closely with clade C viruses, and

when examined with reference sequences and clade C viruses identified in this study,

they also formed a distinct cluster, with two of the three isolates forming a sub-cluster

with a bootstrap value of 99 (Figure 12b). These recombination groups are also

distinctive when examined together, with reference sequences and clade C isoiates from

this study (Figure 12c). The sample dates of these phylogenetically related recombinant

sequences were examined, to determine if they were also temporally related (Table 8).

The sample dates within groups are dispersed by eight to sixteen years, while the first

HIV positive dates within the groups are dispersed by five to eighteen years. Thus,

neither the sample dates nor the first HIV positive serology dates for the subjects formed

clusters by recombination group, suggesting that the viruses were not directly transmitted

between the individuals sampled.
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Figure 12. Neighbour-joining trees of proviral HIV-i sequences from recombinant
groups that showed phylogenetic relatedness. A. Groupl recombinant isolates were
aligned and examined with current reference sequences (www.lanl.hiv.gov) and clade C
isolates identified in this study. B. Group 3 recombinant isolates were aligned and
examined with current reference sequences (www.lanl.hiv.gov) and clade C isolates
identified in this study. C. Group 1 and group 3 recombinant isolates were aligned and
examined with cur¡ent reference sequences (www.lanl.hiv.gov) and clade C isolates
identified in this study. Recombinant isolates are indicated in bold text. Reference
sequences are labelled with circles (clade A1), squares (clade A2), tnangles (clade B),
inverted triangles (clade C) and diamonds (clade D). Bootstrap values of interest are
indicated. Scale of genetic distance is shown.
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Table 8. HlV-infection dates and sampling dates do not corelate for subjects infected
*ith p

Group Sample Last HIV- Dateu First HIV+@
la ML7 - Mar.28,1985 Sep. 7, 1987

Mar.l,1985 May 15,7987
Feb. 11,1992 May 28,1992
Mar. 18,2002 Mar. 18,2002

MLZI5
ML1451 -
MLIg99

lb ML888
ML2170 Apr.72,2002

Jul.7, 1987 Jul. 17, 1998
Jun.3,2003 Jun.3,2003

ic ML20L9 - May 23,2002 May 23,2002
3 ML313 Mar.14,1985 Apr.2l,1985 Jú.16,198i

MLl335 Dec. 6, 1990 Aug. 11,1995
MCH5384 Feb.20, 1990

uThis d orts
when they were HIV seronegative.
bThis is túe date of the sample used for DNA isolation and subsequent sequencing.
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23 Association of clade/recombination with epidemiological characteristics

In order to determine if epidemiological characteristics were associated with infecting

clade or recombination status, the distribution of these characteristics was examined

using univariate analysis. These variables included if the subject was HIV negative upon

enrolment into either of the high-risk ML or low-risk MCH cohorts, the subjects' CD4*

cell count and viral load at the time the sample was collected, age, year of birth and

whether the subject participated. in sex work. For those that participated in sex work,

additional data was examined: years of sex work, years of follow up in the cohort,

number of sex partners per day and condom usage (Table 9). The average CD4* count

was 326 cells/ml and the average viral load was 4.751o916. For the 215 subjects that

actively participated in commercial sex work the average number of sexual partners was

4.4 per day and the average duration of sex work was 7.7 years. Most of these

epidemiological characteristics were not significantly associated with HIV-1

clade/recombination. However, participation in sex work was significantly associated

with HIV-I clade distribution (p = 0.0¡8, Chi-square), such that C clade viruses were

more likely to be isolated from subjects that did not participate in sex work, whiie

recombinant viruses were more likely to be isolated from subjects that did participate in

sex work (36 of the 215 HIV isolates from sex workers were recombinant, while 1 of the

25 isolates from non-sex workers were recombinant). Additionally, age was significantly

distributed between the clades (p = 0.048, ANOVA), with the highest average age (33.5

years) found in subjects infected with recombinant virus. However, a two-factor

ANOVA examining age, clade/recombination and sex work revealed that while age and

sex work are linked (p =1.36 x 10-7), age and clade/recombination in fact are not (p -
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Table 9. Association of epidemiological characteristics for 240 examined subiects with infectins HIV-1

n 240 167 15 2t
cD4* counr, cells/pf 326 330 (10-148S) 305 (t6o-151) 296 (53-537)
viral load, copies/mlu 4.75 logle 4.641og16 e.r-6.3) 4.z0logrce.l-4.8) 5.10log1s(2.1-5.s)
HIV negative enrolmentb 58 40 Z 4
Aseo 323 32.7 (18 - 58) 2s.4 (19 - 38) 30.3 (16 - 43)
Year of birthu 1963 1962 (1942- 1978) 1966 (1955 - tg76) 1964 (1953 - tg16)
Low risk group 25 16 4 4
Sex worker group 215 151 11 17

Yearssexwor-ko 7.7 i.g(l-20) 6.7(1 -18) 7.7(t_ZO)
Years in cohorto 4.1 4.2 (0 -15) 3.3 (0 - 6) 3 (0 - B)
.Sex partners/dayn 4.4 4.5 (l - 10) 4.7 (Z- tO) 4 (l - 10)
Year started sex worko 1987 1987 (1973 - 2003) l9S9 (1975 - t997) t989 (lgii-lggg)

Total Clade Al Clade C Clade D

oThe average and range (in brackets) for each group is sh
bThese subjects become HIV positive after enrolment into the cohort.
"The participants were asked to rank their condom usage habits as either always, often, seldom or never using condoms. The average for each
group is shown.
dAssociation 

was tested with a Chi-Square test.
*tFollo*-up testing with a two-way ANOVA revealed that age \ilas not associated with clade independent of involvement in sex work.
*This p value is statistically significant (< 0.05).

Condom usage" often/always often/always always often/alwavs
average and range (ln brackets) tor each group is shown. Association was tested with a one-way ANOVA.

clade
Recombinant

37
332 (10-948) 0.932

4.851og1ç¡(2.1-5.9) 0.489
t2 0.450d

33.5 (18 - 59) 0.048NS
t964 (1944 - 1982) 0.066

1

36
7.8 (1 -20)
4.3 (0 - ls)
4.3 (l - 10)

1988 (1976 -2002)

value

often/alwavs

0.03gdr

0.942
0.589
0.77 r
0.595
0.05g"
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0.56). Thus, commercial sex workers in this sample set are older then women who do not

engage in high-risk activity and this is the likely reason that age was initially identified as

being associated with clade/recombination. This leaves participation in sex work as the

only factor examined in this study that was associated with clade/presence of

recombination.

2.8 Summary

This work contributes to the HIV-I sequence data avallable from Kenya and confirms

previous studies that found a difference in recombination prevalence in high-risk

compared to low-risk populations. Additionally, these findings suggest that many unique

recombinant sequences may in fact represent as yet unidentified ciruculating recombinant

forms of HIV. The work from this chapter has been published in the journal AIDS

Research and Human Retroviruses (152).
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3. HIV-I Proviral Hypermutation correlates with CD4* Count

3.1 Rationale

Proviral HIV sequence provides a wealth of information about the infecting virus. As

shown in the previous sections, it can be used for determining viral subtype and

discerning and charactenzing recombination. Proviral HIV also provides an archive of

hypermutation activity QaÐ. Hypermutation caused by the various APOBEC3 proteins

has been recently described as an important mechanism of viral restriction and its role in

disease progression is currently being debated in the literature.

3.2 Hypothesis

APOBEC-mediated hypermutation leaves a characteristic sequence pattern; we

hypothesize that examination of the 240 proviral HIV-I sequences generated in the

previous section will reveal the presence of hypermutation. We furthermore hypothesize

that as APOBEC works as a viral restriction mechanism, hypermutation. will be

associated with disease progression, as measured by CD4* count and viral load. We

believe that increased levels of hypermutation will be associated with mutations in the

autologous viral protein Vif, which normally counteracts APOBEC3.

3.3 Objectives

o Identify APOBEC-mediated hypermutation in proviral HIV-1 sequences

o Confirm that the genomic area examined (vpu/env) is sensitive for detecting

hypermutation by comparing hypermutation levels in autologous gctg for a subset

of viral sequences
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Charactenze the hypermutation as being the result of APOBEC3G and/or

APOBEC3F activity

Examine the clonal diversity of the hypermutation

Determine if hypermutation correlates with CD4* count and viral load

Sequence vif from a subset of proviruses and determine if there are mutations that

suggest decreased anti-APOBEC activity in the Vif from hypermutated proviruses

3.4 Study outline

The 590 nucleotide proviral sequences obtained from 240 HIV positive women,

described in the previous section, were examined for hypermutation by quantifying the

proportion of adenine nucleotide residues. These proviral sequences were compared to

corresponding RNA sequences from the same region for a subset of patients.

Additionally, using the web tool Hypermut, the sequences were examined for

hypermutation by comparing the patient sequences to a consensus and examining the

context of G to A transitions. Upon identifying a subset of sequences as being

significantly hypermutated, multiples clones of these samples were sequenced to access

the level of interclonal variability. The level of hypermutation was correlated with CD4*

count and plasma viral load to determine if a relationship exists between hypermutation

and disease progression. Vif sequence was compared between a subset of viruses that

had extensive proviral hypermutation and a subset of viruses with low levels of proviral

hypermutation.
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3.5 Proviral sequences contain premature stop codons due to hypermutatíon

HIV-1 sequence diversity was assessed by examining the predominant proviral vpu/env

DNA sequence from 240 subjects from the ML and MCH cohorts, as described in the

previous section. Fifteen of the 240 sequences had significant amino acid mutations in

Vpu, such as missing start codons and premature stop codons, which would presumably

prevent protein translation and lead to a lethal viral phenotype. Twenty sequences had

significant amino acid mutations in Env and thirteen of these had significant amino acid

mutations in both Vpu and Env (Figure 13 A and B, respectively). Previous studies have

demonstrated that hypermutation can cause premature stop codons, especially at

tryptophan codons, where the transition of a G to A causes the Trp codon (UGG) to

change to a stop codon (UAG, UAA or UGA) (50,300). To assess the possibility that the

identified lethal mutations in Vpu and Env could be the result of hypermutation, the

proviral patient sequences were compared to a cohort-specific consensus sequence

(Figure 13). G to A nucleotide transitions were noted and determined to be responsible

for the majority of observed detrimental amino acid mutations.

3.6 A subset of proviral sequences has elevated adenine proportion

As APOBEC3G and APOBEC3F are known to cause G to A hypermutation in HIV-1

provirus, the possibility of hypermutation due to APOBEC cytidine deamination was

investigated by examining the sequences for adenine enrichment (24,163,310,327,336).

The proportion of adenine nucleotides in all240 sequences was determined and revealed

a generally symmetrical bell-shaped distribution with a mean adenine proportion of 0.36

and a standard deviation of 0.018 (Figure 14). Indeed, testing for deviations from
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Figure 13. Sequence context of identified G to A HIV-i proviral hypermutation. A
(previous page). The first 75 nucleotides of the vpu ORF from thirteen dramatically
mutated proviruses. B. The first 75 nucleotides of the ¿nv ORF from the same thirteen
proviruses. In each panei, the top half displays the nucleotide sequence, while the bottom
half shows the corresponding amino acid sequence. The consensus sequence for both the
DNA and protein was generated based on the 240 proviral sequences examined in this
thesis. The sequencos are numbered from the HtV-l vpu and env start, respectively. The
proviral sequence was compared to the corresponding non-hypermutated plasma RNA
sequence, where available, or else to a ciade-specific consensus. Darkened nucleotide
letters in the sample sequences indicate changes from G to A in either a GGD or GAD
context, where D is equal to G, A or T (i.e. proposed APOBEC3G or APOBEC3F
hypermutation). Darkened amino acid letters in the sample sequences indicate where
proposed hypermutation at the nucleotide level caused an amino acid change at the
protein level.
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Figure 14. Distribution of proviral HIV-1 adenine proportion in a 590 nucleotide
fragment spanning vpu and the 5' end of env for 240HIV-l isolates. The adenine
proportion is based on proviral sequence isolated from HIV infected women from two
Kenyan cohorts.
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Gaussian distribution using the Kolmogorov-Smirnov test shows that the data set as a

whole is not normaily distributed, but upon removing the top outliers from the analysis,

there is no longer any significant deviation. Fourteen sequences had values higher than

one standard deviation above the mean. Thirteen of these were also identified as having

lethal amino acid mutations in Vpu and Env. This finding provided further evidence that

the lethal mutations were the result of hypermutation and merited further investigation.

3.7 Free virus RNA is not hypermutated

To determine if hypermutation was restricted to provirus or could also be observed in the

RNA genomes of free virus, sequences were generated from date-matched plasma RNA

for a subset of eighteen subjects, including four patients with hypermutated proviral

sequence. Phylogenetic analysis of the sequences confirmed that both samples originated

from the same individual for fifteen pairs, as they clustered with a bootstrap value greater

than 80Vo of the 500 replicates (Figure 15). For the other three sequence pairs, the

sequences did not cluster together tightly, suggesting that the patients may be dually

infected with distinct viruses. All the viral RNA sequences had adenine proportions

similar to the overall mean observed in the proviruses, and did not show evidence of

hypermutation (Figure 16). Furthermore, the plasma RNA from non-hypermutated

proviral sequences had similar adenine proportions to the corresponding proviral DNA.

However, the four sequences with hypermutated proviral sequences had significantly

higher adenine proportions than the matched plasma virus sequence (p = 0.029, Mann-

Whitney) suggesting that the observed hypermutation was restricted to provirus. This
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Figure 15: Neighbour-joining tree of matched proviral and cDNA HIV-1 sequences.
Fifteen paired samples had the identical 590 nucleotide region sequenced from both
provirus and from cDNA generated from piasma virus. The sequences cluster together in
a neighbour-joining tree generated in MEGA 4 from a ClustalW alignment. Each pair
had a bootstrap value supporting the cluster of greater than 80Vo (out of 500 replicates).
Genetic distance is indicated.
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Figure 16. Adenine proportion in proviral HIV-I sequences and plasma-derived viral
RNA sequences in eighteen subject and date matched samples. The same 590 nucieotide
HIV-I genomic region was examined for both proviral and viral RNA sequences. The
four sequences indicated with the asterisk had hypermutated proviral vpu/env sequences.
The mean adenine proportion for the 240 proviral sequences is indicated on the graph
with a dashed horizontal line.
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finding further indicates that APOBEC3-type hypermutation may be a potential

explanation for these findings.

3.8 Directly sequenced PCR products show extensive hypermutation an"d are

representaliv e of proviral sequence

Direct sequencing of a PCR amplicon will reveal the major proviral sequence, but may

not be representative of intrapatient diversity. In order to examine proviral diversity

within individual subjects, we sequenced thirteen to twenty clones from twenty-three

patients, including all thirteen with dramatically hypermutated proviral sequence and a

random subset of ten subjects with proviral sequences that were not dramaticaliy

hypermutated. The sequence data generated from the multiple clones for each subject

confirmed that the detrimental mutations in Vpu and Env were not the result of

sequencing or sampling errors, but were in fact representative of the majority of the

subjects' proviral population. For the majority of hypermutated samples, the clonal

sequences show ievels of hypermutation similar to that observed in the sequence

generated directly from the proviral PCR product (Figure 17). Fifteen clonal populations

showed identical hypermutation patterns to the direct PCR sequence for all the examined

clones (including 9 out of the 13 extremely hypermutated sequences). Additionally, two

clonal populations had the majority of cloned sequences (857o or greater) match the direct

PCR sequence (the hypermutated sequences ML1578 and ML1970). In three clonal

populations, half of the clones matched the direct PCR sequence, including the

hypermutated sequence MLl857. In another three clonal populations the hypermutation

patterns in the clones were generally similar, though not identical, to that observed in the
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Figure 17. Directly sequenced PCR product and clones are compared to a population-
specific, clade-specific HIV-1 consensus sequence. MLi03 was selected as a
representative non-hypermutated sequence. Changes in the patient sequence compared to
the consensus sequence are represented with a coloured bar, as indicated in the legend.
The representations were generated with the Highlighter tool available from hiv.lanl.gov.
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listed beside the clone name. Subject identifiers indicated with an asterisk (*) show
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direct PCR sequence. Overali, the vast majority of samples' clonal and proviral

sequences display almost identical patterns of hypermutation; for example, MLl03 shows

no hypermutation in the direct PCR sequence, and only one site of hypermutation in one

of the fourteen examined clones (Fígure l7). Similarly, ML1053 shows many

hypermutation sites in the direct PCR sequence, and these are shared with and between

all nineteen examined clones. However, three out of sixteen clonal sequences from

MLi578 and nine out of seventeen clonal sequences from MLl857 showed lower levels

of hypermutation than the proviral sequence. Conversely, two out of nineteen clonal

sequences from MLl970 show higher levels of hypermutation than the proviral sequence.

This data suggests that the direct PCR sequence is generally representative of the

predominant proviral sequence; however as expected, in some patients subtle diversity

can be observed.

3.9. HIV-I proviral vpu/env region is sensitíve for detecting hypermutation

Previous literature has shown that hypermutation does not occur uniformly across the

HIV proviral genome, but instead has localized highs and lows. This study examines a

single region of the HIV-I genome as an estimate of overall hypermutation levels. To

determine if this region is informative for detecting hypermutation, the levels of

hypermutation, as estimated by adenine proportion, were compared in 53 patient and date

matched sequences for the 590 nucleotide vpu/enu region with gag p24 (693 nucieotides)

sequences that were previously published (Figure l8) (227). This comparison included

three subjects with high levels of hypermutation in vpu/env region. The vpu/env region is

seen to have a larger range of hypermutation levels than gag. Indeed, the adenine ieveis
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for gag are tightly clustered, and do not show any outliers that would correspond to

hypermutation. This data impiies that the vpu/env region is appropriate for identifying

proviral hypermutation; indeed, it lies in a region of the HtV-1 proviral genome that

shows higher levels of predicted hypermutation than gag (742,211).

3.10 Observed hypermutation is characteristic of APOBEC3F/3G

All240 proviral vpu/env sequences were examined for hypermutation characteristic of

APOBEC3F/G deamination activity using Hypermut 2.0 (hiv.lanl.gov), which examines

the sequence connotation of nucleotide changes (247). Using the conservative default

settings to examine APOBEC-type G to A hypermutation, we identified seventeen

sequences out of ow 240 that had significant APOBEC-type hypermutation (p < 0.05).

Thirteen of the seventeen sequences were previously identified as both having an adenine

proportion higher than one standard deviation above the mean and containing lethal

mutations in Vpu and Env. Thus, these thirteen represent the patients with the most

hypermutated dominant proviral sequences in this population (Table 10).

In addition to examining the 240 sequences for general APOBEC activity with Hypermut

2.0, we also looked for APOBEC3F and APOBEC3G activity individually, as these rwo

enzymes have distinct sequence specificities; APOBEC3G causes GG to AG mutations,

while APOBEC3F causes GA to AA mutations; for both enzymes, where the third

nucleotide can not be a C (2I,141,154,163,328). This approach has not been validated by

Hypermut 2.0, so although suggestive, the results are likely less informative than those

generated by examining the sequences for general APOBEC3F/G activity. Twenty-four
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Table 10: Hypermutation criteria for proviral HIV-I sequences that had significant
hypermutation by at least one assessment

Hypermut All
Identifier Categories

MCH4887 Yes 0.4560' 1.0I2 E-13' 0.00560" 2.7098-14" Yes
MLr592 yes' 0.4688b 2.660 E-10" 0.0175 d 9.277 E-11d yes
lilLr942 yes" 0.4510b 6.4208-10" 0.00420 5.693 E-10d yes
ML1957 Yesu 0.43530 5.9118-9" 0.0251 d 6.44E-10d yes
lilLr971 Yesu 0.4533b 3.085 E-8" 0.4574 2.O3gB-r0d yes
MLr230 Yesu 0.3937b 2.7728-7" t.7348-gd 0.0013d yes
ML1578 yesu 0.42r2b 1.708 E-5" r.2t4B-50 0.00140 yes
]|/lLt975 Yes u 0.3865 b 8.894 E-5' 5.915 E-5 o 0.003g o yes
ML1857 yes o 0.4520b t.425 E-4" r.456F-40 0.0039 o yes

Patient -- ^:'*^ Adenine
Mutatrons rn Ilentú'er 
vou and Env ProPortlon 

si

Fatal

MLI4I9 No
MLI992
ML6O2
MLl155

No

ML?TT5
ML790
}í{L49

General

0.3643 0.028't'
0.3519 0.0508

Specific Hypermut
Significance

ML2ot9 yes u 0.4t48b 6.90r E-4" r.361E-7 o 0.t55+
ML1053 yes' 0.3932b 0.0012 " 6.104F-50 0.06+q
lrilLrro2 Yes u 0.3828 b 0.0029' r.466 E-4d O.r32l

Yes
Yes
Yes

ML_!e_19 _ _vqli ....._....q,9.q.q1: q,99tg: q,qg?_¡-o: 0.,pç1_3 ..._...y-"_s.......
ML2209 No 0.3635 0.0030' 0.0910 0.0017 o No
MLl649 No 0.3605 0.0i 13 " o.o4g4d 0.0228d No
ML1903 Only Env 0.3784 0.0153 " 0.0021 d 0.2276 No

0.2019 O.O243o No
1 0.OI49d No

ML1894 Only Vpu 0.3728 0.0982 0.0277 o 0.4758 No

No 0.3596 0.0619 0.0397 d O.Z39l No
No 0.3727 0.0764 0.5218 0.0356 d No

1 0.0268d NoNo 0.35s1 0.1039
No 0.3513 0.1076 0.0229 o 0.5602 No
No 0.3539 0.1163 1 0.0453d No

MCH5736 Only Vpu 0.40610 0.3t99 0.1815 0.5891 No
Total

meeting
cdteria:
These samples had mutations such as missing start codons and premature stop codons in

the proviral ORFs examined.
b Adenine proportion was higher than one standard deviation above the mean (i.e. >
0.3827sr).
' Hypermut 2.0 analysis for general APOBEC-type hypermutation (default settings of G
to A substitutions with a downstream context of RD, where R is either A or G and D is A,
T or G) gave a significant p value (<0.05).
d Hypetmut 2.0 analysis for specific APOBEC3G (settings of G to A substitutions with a

downstream context of GD) or APOBEC3F (settings of G to A substitutions with a
downstream context of AD) hypermutation gave a significant p value (<0.05).

13T7L4I3
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sequences were identified as having significant hypermutation characteristic of

APOBEC3F and/or APOBEC3G activity. All seventeen sequences previously identified

as containing general APOBEC-type hypermutation by Hypermut2.O also had significant

specific hypermutation for APOBEC3F and/or APOBEC3G, suggesting that the observed

hypermutation was due to one or both of these enzymes (Tabie 10).

To further examine the role of these enzymes in the thirteen proviral sequences with the

most pronounced hypermutation, we examined the dinucleotide sequence connotation of

the G to A hypermutation. Figure 19 shows that most of the G to A nucleotide changes

occurred where the original sequence was a GA or a GG, suggestive of APOBEC3F or

3G involvement, respectively. Comparatively fewer changes occurred at GC or GT

dinucleotides. It is interesting to note that in most patients a high proportion of G to A

nucleotide changes occurring at a GG dinucleotide context co-occurs with a

comparatively lower proportion of changes occurring at a GA dinucleotide context. The

reverse is also true. In patient ML1910, however, the proportions of G to A nucleotide

changes occurring at GG and GA dinucleotides are similar. This suggests that in the

majority of subjects, either APOBEC3G or APOBEC3F shows dominant hypermutation

activity.

3.1I Proviral hypermutation is associated with increased CD4" counts

To ascertain if the observed hypermutation has clinical significance, the subjects' CD4*

counts, measured at the time the blood samples were collected, were examined as a

marker for disease progression. CD4* counts from the seventeen patients with significant
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Figure 19. Dinucleotide context of G to A hypermutation in thirteen patients with
significant levels of HIV-I proviral hypermutation. The proportion of G to A
hypermutation in each proviral sequence occurring at the dinucleotides GG, GA, GC and
GT is indicated. Hypermutation context was determined through comparison of subject
sequences to a clade-specific, population-specific consensus, using Hypermut 2.0.
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Figure 20. Association of higher CD4* count with hypermutated HIV-I proviral
sequences. CD4* counts are compared between patients with hypermutated provirus and
patients without hypermutated provirus. A. Hypermutation was defined ai significant
general APOBEC cytidine deaminase activity, as determined by Hypermut 2.0. B.
Hypermutation was defined as sequences with detrimental mutations in Vpu and Env,
proviral adenine proportion greater than one standard deviation above thô mean, and
significant Hypermut 2.0 hypermutation. Groups are compared by a Mann-Whitney test.
The bar height corresponds to the mean and the error bar represents the standard error of
the mean.
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hypermutation, as identified by Hypermtt 2.0, were significantly higher than the other

subjects (p = 0.009) (Figure 20A). Thirteen patients met all of the following criteria for

hypermutation: general APOBEC3F/G-type hypermutation as determined by Hypermut

2.0 analysis, adenine proportion higher than one standard deviation above the mean for

the 240 proviral sequences examined, and lethal mutations in the two examined ORFs.

These thirteen patients also had significantly higher CD4* counts than the other

participants (p = 0.005) (Figure 20B).

After determining that there was a relationship between hypermutation and CD4* count

for the subset of patients with evidence of dramatic proviral hypermutation, the entire

data set was examined to see if the relationship persisted. CD4* count and proviral

adenine proportion were correlated in an unbiased, casewise comparison for all samples

where CD4* counts were available (n = 208), and found to be significantly correlated

with adenine proportion (p = 0.042) with a Spearman r value of 0.141 1 (Figure 21).

Additionally, CD4* percentage (of total lymphocytes) was examined, as this lymphocyte

measure is less variable than CD4* count (2S8). Comparison of the 17 subjects with

significant hypermutation, as identified by Hypermut 2.0 to the remaining subjects

revealed that they had significantly higher Vo CD4* levels (p = 0.0395), supporting the

CD4* count data (Figure 22). Comparison of the 13 subjects that met all the

hypermutation criteria to the remaining subjects, however, showed border-line non-

significance (p = 0.0540).
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Figure 21. Correlation of HIV-1 proviral adenine proportion with CD4* count. CD4*
counts were available for 208 subjects. Adenine proportion was measured from the 590
nucleotide vpu/env HtV-l proviral region. Each data point represents a single subject.
These two measures were significantly positively correlated (p = 0.0+t).
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Figure 22. Association of 7o CD4+ count with hypermutated HIV-I proviral sequences.
CD4* percentages of total lymphocytes are compared betwe;n patients with
hypermutated provirus and patients without hypermutated provirus. A. Hypermutation
was defined as significant general APOBEC cytidine deaminase activity, as determined
by Hypermut 2.0. B. Hypermutation was defined as sequences with detrimental
mutations in Vpu and Env, proviral adenine proportion greater than one standard
deviation above the mean, and significant Hypermut 2.0 hypermutation. Groups are
compared by a Mann-Whitney test. The bar height corresponds to the mean and the error
bar represents the standard error of the mean.
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Figure 23. Lack of statistically significant association of plasma viral load with
hypermutated HIV-I proviral sequences. Plasma viral loads are compared between
p¿tients with hypermutated provirus and patients without hypermutated provirus. A.
Hypermutation was defined as significant general APOBEC .ytiain. deamiiase activiry,
as determined by Hypermut 2.0. B. Hypermutation was defined as sequences with
detrimental mutations in Vpu and Env, proviral adenine proportion gr"uì", than one
standard deviation above the mean, and significant Hyperm"iz.Ohyperrñutation. Groups
are compared by a Mann-Whitney test. The bar height correspondJ to the mean and the
error bar represents the standard error of the mean.
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Virai load was measured from archived samples where date-matched plasma samples

were available (n=138) (Figure 23). The same groups were compared as for the CD4*

data. Although in both comparisons the patients with hypermutated proviral sequence

had lower mean viral loads (for comparison of patients with General Hypermut 2.0

significance: mean = 4.03log1e copies/ml compared to mean = 4J9 logrccopies/ml, for

comparison of patients that met all the hypermutation criteria: mean = 4.07 logls

copies/ml compared to mean = 4.78 lo916 copies/ml), the distribution was not

statistically significant (p = 0.55 and p = 0.82, respectively). However, viral load

determination was conducted on archived samples, not freshly isolated plasma. Sample

storage is known to affect viral load measurement, whereas the CD4+ counts were

measured on site from fresh blood and are iikeiy more accurate (39).

CD4" count is known to vary with age, with CD4+ counts decreasing with increasing age

(2I2). We therefore wished to ensure that the differences in CD4* count were not

dependant on age. Age was available for 235 of the 240 subjects. The thirteen

individuais with significant hypermutation in all tested categories had a mean age of 30

years, while the remaining subjects had a mean age of 32 years. This distribution was not

determined to be significant with a Mann-whitney comparison test (p = 0.244).

Similariy, the seventeen individuals with significant hypermutation as determined by

Hypermut 2.0had a mean age of 31 years, while the remaining subjects has a mean age

of 32 years. This was also not determined to be a significant difference by Mann-

Whitney comparison test (p = 0.260).
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3-12 Hyperrnutation is not associated with obvious vif mutations

In order to determine the role Vif sequence polymorphisms may be playing in the

observed hypermutation, a subset of Vif sequences were examined from both highly

hypermutated and non-hypermutated proviruses. Intact starting methionine residues and

no premature stop substitutions were found in the Vif of all examined samples (Figure

24). Additionally, these samples were examined for evidence of APOBEC activity with

Hypermut 2.0, as described for the vpu/env sequences (Tabte 1 1). Non-significant levels

of hypermutation were found in all vif sequences, regardless of whether hypermutation

was identified in the vpu/env region. Amino acid poiymorphisms in the Vif sequences

were identified, but none in regions that had been previously identified as critical for Vif

interaction with APOBEC (rlz,ll3,lg2,lgz,250,2B4,3zg). Additionally, only

conservative substitutions were identified at single amino acid residue locations that had

been suggested to have an impact on APOBEC interaction (268). Overall, Vif from

highly hypermutated provirus was markedly similar to Vif from the other samples in this

study, and to published consensus sequences, suggesting that Vif polymorphisms may not

be responsibie for the increased APOBEC3 type hypermutation observed within this

population. Further studies are necessary, however, as subtle changes in Vif sequence

may have an effect on function.
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Figure 24. Comparison of Vif sequences from isolates with highly-hypermutated and
non-hypermutated proviral vpu/env sequence. The consensus for this group of sequences
is shown on the top line; matched residues are indicated in subsequent sequences with a
dash (-), while non-identical residues are shown with the one-letter amino acid code.
Residues labelied X are ambiguous due to multiple DNA nucleotides in the
corresponding codon. The first five sequences (ML1592, MLl942, MLI970, MrLI975
and ML2019) represent isolates with highly hypermutated proviral vpu/env sequences.
The next nine sequences represent isolates with non-hypermutated proviral vpu/env
sequences. The entire (193 amino acid) Vif ORF is shown, with numbering from the +i
of translation. Functional domains are highlighted under the approximate sequence
regions. Residues that have been reported to be important for APOBEC3G interaction
are marked with an asterisk (*) while residues that have been reported to be important for
APOBEC3F interaction are
(Il 2,r7 3,1 82,1 92,25 0,28 4,328) .

marked with an at symbol (@)
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Table 11. Lack of significant hypermutation in Vif
Patient ldentif

}{ILt592
MLrg42
MLT97O
MLI975
ML2019
ML1418
MLi481
ML1578
MLl706
MLt740
MLl812
ML1868
ML79t7
ML2257

0.974
0.646
0.97r

1

0.r99
0.511
0.798
0.889
0.973
0.57r

T

0.979
0.618
0.969

Yes
Yes
Yes
Yes
Yes
No
No
No
No
No
No
No
No
No

uHypermutation of these sampies was determined as outlined in Table 10.
bHypermut 2.0 analysis for general APOBEC-type hypermutation (default settings of G
to A substitutions with a downstream context of RD, where R is either A or G and D is A,
T or G). A significant value would be considered as <0.05.
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3.13 Summary

The role of APOBEC-mediated hypermutation in disease progression is not well defined.

Previous publications have documented correlation of hypermutation with CD4* count

and viral load in the presence of detrimental Vif mutations (223) and a lack of correlation

between hypermutation and viral load (289). This, however, is the first account of

hypermutation being associated with disease progression (as measured by CD4* count) in

the absence of mutations in Vif. The work from this chapter has been published in the

Journal of Virology (150).
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4. Longitudinal Analysis of Subjects Superinfected with HIV-I Reveals Changes in

Hypermutation Levels in a Subset of Individuals

4.1 Rationale

The previous section showed that proviral HIV-1 sequence data provides a good

indication of APOBEC3F/G mediated hypermutation, and that this hypermuration

correlates with CD4+ count, a measure of disease progression. This correlation was in the

absence of obvious sequence defects in Vii HIV's defence against host ApOBEC,

contrary to other published studies that found a correlation between hypermutation and

disease progression. The cause of the increased hypermutation thus remains to be

determined, as it is unknown what causes the shift from Vif to ApOBEC control.

4.2 Hypothesis

With each viral infection, there are a multitude of variables that will determine the

infection's progression; these variables pertain to both the virus and the host. With viral

superinfection, however, the host is the same (excepting changes caused by the initial

infection), while the incoming virus is the major variable. Therefore, if the infecting

virus, via the activity of the viral Vif protein, is responsible for determining the level of

APOBEC-mediated hypermutation, one could hypothesize that upon superinfection with

a new virus, there would be altered levels of hypermutation, at least in the provirus of the

superinfecting virus. However, if host factors are responsible for determining the level of

APOBEC-mediated hypermutation, one would hypothesize that the level of proviral

hypermutation would be constant despite superinfection, both before and after the

superinfection event and between the initial and the superinfecting viruses. Based on the
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results of the previous section, which indicated that Vif does not seem to be the major

player in determining hypermutation levels, we hypothesized that host factors are more

important in controlling hypermutation, and thus examination of the HIV provirus from

subjects before and after superinfection would reveal no changes in hypermutation levels.

4.3 Objectives

Identify a prospective cohort of individuals who became infected and

subsequently superinfected with HIV and for which there is longitudinal HIV

proviral sequence data

Retrieve the availabie sequences from the superinfected individuals and determine

levels of hypermutation in the sequences

o Compare hypermutation levels in the original virus before and after the

superinfection event and with the superinfecting virus

4.4 Study ourline

A recently published study by Piantadosi et al. desuibes the prospective follow up and

sequence analysis from seven patients that were determined to be superinfected by HIV-1

(228). Proviral sequences from the env Yl - V5 region, sampled over the course of HIV

infection for each subject, were publically available through the GenBank genetic

sequence database (Accession Numbers EU163983-8UI64399). These sequences were

retrieved and analysed for hypermutation, before and after the superinfection event, to

determine if changes in hypermutation levels could be observed.
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4.5 The published study

The subjects described in the publication by Piantadosi et al. are from a prospective

cohort of high-risk by heterosexual contact HIV-i seronegative women from Mombasa,

Kenya (184,228). Blood samples from the subjects were obtained approximately

monthly and tested for HIV-1 infection. The samples described in the superinfection

study were obtained from 1993 - 2004. Nested PCR was used to amplify a I.2 kb region

of env. Superinfection was determined by examining proviral HIV-i sequences from env

and gag, where available, from two different time points - one corresponding to early

after initial infection, and the other from a later, chronic period (3.6 - 7.2 years post-

infection). All sequences from the initial time point were found to be

monophyiogenetically clustered. Potential superinfection cases were identified when

sequences from the chronic phase of infection did not form a single cluster with the

sequences from the early phase of infection. Seven cases of superinfection were

identified (Table 12).

4.6 Phylogenetic analysís of proviral HN-( env sequences obtained beþre and after

superinfection

To determine which HIV sequences obtained from each subject represented the original

infecting virus and which represented the new, superinfecting virus, the phylogenetic

analysis described in the original publication was repeated (228). Briefly, for each of the

seven patients, all proviral HIV-I ¿r?v sequences were aligned by ClustalW. The

resulting alignment was used to generate a neighbour-joining tree with MEGA 4. The

superinfecting virus sequences are expected to form a distinct branch from the original
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Table 12: Superinfection cases identified by piantadosi et at.l (zzg)

Subject
ID

Estimated Time of Superinfection Initial env Chronic env
davs post-infection Su Su

A4T3 714-1007
r680-2048

. Qp022 1832_1957 A ctrn" ou 
.

t49-t03r
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virus sequences. In contrast, sequences from the original virus before the superinfection

event are expected to intermingle with the sequences from the same virus after the

superinfection event. This pattern was observed for patient Q4413 (Figure 25, panel A).

The sequences from virus sampled prior to the superinfection event all cluster togother

with a bootstrap value of 100, and also include a subset of the sequences from virus

sampled after the superinfection event. These samples thus likely represent the same

virus. The other half of the tree contains only viral sequences sampled after the

superinfection event - these likely represent the superinfecting virus. The samples from

patients Q8045, Q8726 and Q8850 (Figure 25, panel B, D and E) display a similar

pattern, with bootstrap values of 99-100 that support the branches that separate the

original virus from the superinfecting virus. In patient Q8685, the sequences from viral

samples obtained prior to superinfection are distinct from the sequences sampled after the

superinfection event, separated with a bootstrap value of 100 (Figure 25, panel C). This

suggests that the superinfecting virus has outcompeted the original infecting virus, such

that the original virus is no longer easily detected after the superinfection event. Similar

patterns were observed for patients QC885 and QD022, with bootstrap values of 90 and

100, respectively (Figure 25, panels F-G).

4.7 Examination of proviral HIV-l env sequences for changes in APOBEC-mediøted

hyp ermutation w ith s up erinfe ction

As described previously, APOBEC3F and APOBEC3G are known to cause G to A

hypermutation in HIV-I provirus; this allows for the detection of hypermutation by

examining the proviral HIV sequences (24,163,310,327,336). For each of the seven
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{= sequence from
sample taken
pr¡or to
super¡nfection
event

o= sequence from
sample taken
after
superinfection
event

Figure 25. Neighbour-joining trees of proviral HIV-I sequences from subjects that
experienced a superinfection event. For each of the seven subjects (panels A-G), all the
¿nv sequences, both prior and subsequent to the superinfection event, were aligned and
used to construct a neighbour-joining tree. Sequences from HIV-I samples collected
prior to the superinfection event are represented by closed triangles, while sequences
from HIV-I sampies collected after the superinfection event are represented by open
circles. The bootstrap value on the branch that likely separates the original viral
sequences from the superinfecting viral sequences is indicated on each tree. The scale of
genetic distance is indicated in each panel.

t29



subjects with identified superinfection, the proviral adenine proportion was determined

for each sequence, from each time point (Figure 26). Additionally, these viral sequences

were examined for hypermutation specifically characteristic of APOBEC3F/G

deamination activity using Hypermut 2.0 (hiv.lanl.gov), as described in Results section

3'r0 (247). The viral sequences were compared to clade-specific consensus sequences

generated from this population. The rate ratio, which measures the amount of ApOBEC-

mediated hypermutation in a given sequence, with higher values indicating higher levels

of hypermutation, was plotted for the seven superinfected subjects (Figure 27). Rate

ratios were compared for viral sequences obtained prior to superinfection, sequences

from the original infecting virus sampled after superinfection and sequences from the

superinfecting virus, where all three categories were applicable. Otherwise, the

sequences were simply compared before and after the superinfection event.

4.7.1 Subject QA4l3

Patient Q4413 (Figures 26 and,27, panel A) showed low levels of HIV-I proviral

adenine proportion prior to superinfection; however after superinfection, the sequences

from the original virus maintained the low level of adenine proportion (mean = 3: .gVo),

while the sequences from the superinfecting virus had higher adenine proportion levels

(mean = 39.4Vo). The sequences from the superinfecting virus also had a significantly

higher rate ratio than the sequences from the original virus, both pre and post

superinfection (p < 0.0001, Kruskal-wallis, p <0.001 and p <0.001, respectively, Dunn,s

multiple comparison test). The
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Figure 26. Levels of HIV-I proviral adenine proportion before and after superinfection.
Seven subjects with documented cases of superinfection were examined for
hypermutation in an env region using adenine proportion (228). The sequences were
examined at each of the available times points, measured in days post initial HIV-I
infection. Each data point represents an individual sequence. The horizontal bar
represents the mean adenine proportion for each time point. The vertical dashed line
indicates the time point of superinfection. Data points from the original viral sequences
are represented by closed triangles, while data points from the superinfecting viral
sequences are represented by open circles.
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Figure 27. G to A hypermutation rate ratios for the seven patients with HIV-I
superinfection. The rate ratio is defined by the expression (ú)/(,to), where (a) is the
number of G to A mutations that occur with a downstream context of RD, where R is
either A or G and D is A, T or G; (b) is the total number sites that could be potentially
hypermutated (i.e. the number of sites that are GRD); (c) is the number of control
mutations, defined as G to A mutations that occur with a downstream context of YN or
RC, where N is any nucleotide; (d) is the total number of sites that could be potential
control sites (i.e. the number of sites that are GYN or GRC). Each available env
sequence for the seven patients with documented cases of superinfection (228) was
examined for hypermutation using the Hypermut 2.0 tool available at www.hiv.lanl.gov
by comparing the sequences with a population and clade specific consensus. The rate
ratio values were then compared for sequences obtained before the superinfection event,
sequences from the original infecting virus after the superinfection event and sequences
from the superinfecting virus (4, B, D, E). In panels C, F, and G, sequences before
superinfection are simply compared to sequences after superinfection, as there does not
appear to be a mix of sequences after the superinfection event.
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samples from the superinfecting virus were maintained over follow-up: at the first

sampling point post superinfection, the superinfecting virus is 66.7Vo of the sampled

sequences, increasing to 16.97o and 81 .\Vo at the two subsequent follow-ups. Thus, the

superinfecting viral sequences maintained higher levels of hypermutation than the

originai viral sequences.

4.7.2 Subject Q8045

The sequences from the superinfecting virus in patient Q80445 (Figures 26 and 27 , panel

B) also had a significantly higher rate ratio than the sequences from the original virus

after superinfection, but they were not significantly different from the sequences prior to

the superinfection event (p = 0.0¡8, Kruska-'Wallis, p <0.05 and p>0.05, respectively,

Dunn's multiple comparison test). Additionally, this hypermutation difference was not

indicated by the adenine proportion data. However, it should be noted that greater

variability in rate ratio was observed in the viral sequences sampled prior to

superinfection - seemingly, superinfection triggered a cull of cells infected with

comparatively hypermutated virus, or perhaps the replication pressure exerted by an

additional virus selected for the most fit (i.e. less hypermutated) viruses. Increased viral

sequencing at the time points after superinfection would be required to test this

hypothesis.

4.7.3 Subjects Q8685 andQC885

These two superinfected subjects (Figures 26 and 27, panels C and F) show neither

changes in adenine proportion nor hypermutation rate ratio. However, they also have the
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least sampling (two sequences were available at each time point) and follow-up (one visit

pre superinfection and one visit post superinfection). This underscores the importance of

adequate testing to detect hypermutation.

4.7.4 Subjects Q8726 and Q8850

In two superinfection cases, Q8726 and Q8850, an emergence of a subset of proviruses

with higher adenine proportions at the last sampling time point was observed (Figures 26

and 27, panels D and E). In Q8726, the hypermutated samples were derived from the

original virus, appearing over 2000 days after the initial infection. Similarly, at the last

sampling point for subject Q8850, which corresponded to over 1700 days after the initial

infection, one of the sequences derived from the original virus showed increased adenine

proportion. This may represent an eventual emergence of hypermutated virus given

sufficient time. However, there were other subjects in this group that had similar follow

up periods, without the emergence of highly hypermutated proviral sequences, so this

time period may not be sufficient to generate hypermutated proviruses in all individuals.

Alternatively, the proportion of hypermutated sequences may be quite low, such that

increased sampling at each time point would be required to gain an accurate assessment.

4.7.5 Subject QD022

The sequences from the superinfecting virus in patient QD022 (Figures 26 and 27, panel

G) also had a significantly higher rate ratio than the original viral sequences (p = 0.0001,

Mann-Whitney), although this difference in hypermutation was not detected by

examining adenine proportion. Interestingly, in this patient the superinfecting virus
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seemingly out-competed the original infecting virus, such that after the superinfection

event, the original virus was no longer detected. However, there were only two sampling

points after superinfection, so perhaps samples from additional time points would have

reveaied the presence of the original virus. Indeed, it seems unusual that a virus more

susceptible to APOBEC-mediated hypermutation would be abie to outcompete and

replace a virus that was comparatively resistant to APOBEC-mediated hypermutation.

4.8 Summary

This examination of hypermutation looked at viral population dynamics within patients to

determine whether host or viral factors are responsible for determining APOBEC-

mediated hypermutation leveis, a topic that has yet to be resolved. These results

indicated that in at least two instances, viral factors were responsible for controlling

hypermutation levels, as the superinfecting virus had significantly higher levels of

hypermutation than the original infecting virus. In the other examined cases, however,

host factors seemed more important in controlling hypermutation levels as they remained

constant in both viruses after superinfection. The work from this chapter is the subject of

a manuscript in preparation.
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5. DÍscovery of SNPs Associated with Differing Levels of HIV-L Proviral

Hypermutation by Pyrosequencing the APOBEC3G Gene

5.1 Rationale

Results section 3 of this thesis showed that a subset of subjects were infected with HIV-1

that was significantly hypermutated. However, hypermutation occurred in the absence of

obvious mutations in Vif, the HIV-I protein responsible for combating the host innate

proteins, APOBEC3G and APOBEC3F, which cause this hypermutation. The previous

thesis section indicates that APOBEC-mediated hypermutation may be controlled by both

host and viral factors. The reason for the increased proviral hypermutation in these

patients is thus unclear.

5.2 Hypothesis

As the viral Vif protein did not seem to be responsible for the observed increases in HIV-

1 proviral hypermutation, we thought it prudent to examine host factors that may be

involved. APOBEC3G is the most well described of the APOBEC3 proteins and has the

highest levei of proviral hypermutation activity. We hypothesize that subjects infected

with significantly hypermutated HIV-I provirus will have mutations in APOBEC3G that

make this host defence more active against HIV-I, possibly by increasing the protein's

expression, deamination activity or by decreasing its susceptibility to Vif-mediated

degradation. V/e expect these mutations to be over-represented in the subjects with

significantly hypermutated HIV-I provirus, but under-represented in the subjects with

non-significantly hypermutated provirus.
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5.3 Objectives

Identify subjects that have dramatically hypermutated HIV-1 provirus,

intermediately hypermutated provirus and non-hypermutated provirus (as

determined in results section 3 of this thesis)

Amplify the APOBEC3G gene and surrounding region for a subset of these

subjects

Sequence the APOBEC3G amplicon using pyrosequencing technology

Identify SNPs and compare frequency between the differentially hypermutated

populations

5.4 Study Ourline

The APOBEC3G gene and surrounding region, encompassing all published SNPs (i3.5

kb) was amplified for nine individuals with dramatically hypermutated HIV-I provirus

and sequenced using the GS FLX pyrosequencing plátform (Roche Diagnostics).

Additionally, the APOBEC3G amplicon from six individuals with intermediate levels of

proviral hypermutation was pooled in equimolar amounts and sequenced. Similarly, the

APOBEC3G amplicon from 87 individuals with non-hypermutated provirus was pooled

in equimolar quantities and sequenced. GS FLX Data Analysis Software (Roche

Diagnostics) was used to identify SNPs by comparing the resulting sequences to the

APOBEC3G region of the Homo sapíens chromosome 22 reference assembly. Identified

SNPs were manually validated prior to comparing SNP frequency between the various

proviral hypermutation groups.
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5.5 Overview of GS FLX Sequencing results

The APOBEC3G gene region was amplified from nine individuals with highly

hypermutated HIV-I provirus, as identified in results section 3 of this thesis (Table 13).

Additionally, two pooled samples, one consisting of amplicons from six individuals with

intermediate levels of proviral hypermutation (Table 14) and one consisting of amplicons

from eighty-seven individuals with low levels of proviral hypermutation (Table 15), were

sequenced. The samples with intermediate levels of hypermutation met some, but not all

of the critena for having significant levels of HIV-I proviral hypermutation; the criteria

they did meet are listed in Table 14. The criteria these samples did not meet included a

high adenine proportion in the proviral segment examined and the presence of non-

functional mutations in the examined ORFs. The samples with low levels of

hypermutation did not meet any of the criteria established for hypermutation in results

section 3 ofthis thesis.

The total sample size of this study was 102 individuals, which corresponds to 204 alleles.

The pyrosequencing data generated for these samples was validated by examining the

quality control data (Table 16). The sequence reads for each sample or pool formed a

single contig that spanned the length of the amplicon. The depth of coverage was

sufficient to sample both alleles in the nine individual samples. Similarly, the depth was

sufficient to sample the twelve alleles in the pool of six samples. However, the pool of

87 samples did not have a great enough depth to detect a SNP present in only a single

allele with high confidence.
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Table 13: Samples with significantly hypermutated HIV-1 provirus for which the
APOBEC3G genomic region was sequenced

Patient
Identifier

Fatal
Mutations in
Vpu and Envu

Adenine
Proportionb

General
Hypermut

Significance'

Specific Hypermut
Significanced

A3F
ML1053
MLt102
MLl578
}{[Lr592
MLl857
ML195l
MLi970
ML19t5
ML20t9

0.3932
0.3828
0.4212
0.4688
0.4520
0.4353
0.3861
0.386s
0.4148

0.0012
0.0029

1.708 E-5
2.6608-r0
t.425 E-4
5.911 E-9

0.0058
8.894 E-5
6.90r E-4

6.7048-5
1.466F-4
r.2r4E-5

r.456E-4
0.025r
0.00350

5.915 E-5
r.36r E-l

0.0644
0.1321
0.0014

Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes
Yes

0.0175 9.277 E-rt
0.0038

6.44F-r}
0.0633
0.0038
0.1554

"Ihese samples had mutations such as missing start codons and premature stop codons in
the proviral ORFs examined.
bAdenine proportion was higher than one standard deviation above the mean (i.e.
>0.38275r).
'Hypermut 2.0 analysis for general APOBEC-type hypermutation (default settings of G to
A substitutions with a downstream context of RD, where R is either A or G and D is A, T
or G) gave a significant p value (<0.05).
dHypermut 2.0 analysis for specific APOBEC3G (settings of G to A substitutions with a
downstream context of GD) and/or APOBEC3F (settings of G to A substitutions with a

downstream context of AD) hypermutation gave a significant p value (<0.05). Non-
significant values arc italicized.
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Table 14: Composition of intermediate pool (pool of six samples with intermediately
hyp"r*tut"d HIV-I prot

,u*nr" O"n"rur trn"*ur rrrnrrr.u

0.0619
0.t016
0.0287
0.0113
0.0508
0.0030

0.2019 0.0243
0.0228

1 0.0149
0.0910

ML6O2
ML790
MLL419
MLT649
MLI992
ML2209

0.0397
0.0229

0.0494

0.2397
0.5607

0.0017
'nyp c to
A substitutions with a downstream context of RD, where R is either A or G and D is A, T
or G); significant values (p <0.05) are bolded.
bHypermut 2.0 analysis for specific APOBEC3G (settings of G to A substitutions with a
downstream context of GD) or APOBEC3F (settings of G to A substitutions with a
downstream context of AD) hypermutation; significant values (p <0.05) are bolded.
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Table 15: Composition of low pool (pool of 87 samples with non-significantly
hypermutated HIV-1 prov

Sample Sample
MCH557O ML385
MCH6O99 ML387

li4.LTT ML389
MI/T8 MIAT6
ML76 MIA3T
MLI22 MIA35
ÌMLI57 MIA7\
}|4L2T5 ML5O9
IML2T6 ML525
ML264 ML546
ML265 ML57T
ML288 ML589
ML32] ML59O
ML331 ML6O3
ML353 ML6O5

Sample Sample
ML631 ML1005
ML639 ML1008
ML657 ML1075
ML718 ML1076
ML752 MLl199
ML781 ML1203
ML825 MLt227
ML864 MLT292
ML888 MLT296
ML897 MLl316
ML959 ML1335
ML960 ML1331
ML995 MLT346
ML1000 MLl390
ML1004 }¡lL1404

Sample Sample
ML1418 MLl870
ML1443 ML1885
ML1450 ML19r1
ML1481 ML1990
ML1591 ML2000
MLL594 MLzOzO
ML164O ML2T66
MLt667 ML2185
MLT694 ML22O3
ML1706 ML2204
IJILT74O ML222]
ML1783 ML2245
ML1789
MLl790
MLl812
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uencins qualit control data

Sample

. Lensthl\umber :
^olof. Uonhsuontlgs 

ßb)

Average
Sequencing

Depthu

Average
Sequencing
Depth per

Aileleb

Minimum
Expected
Reads per

Alleie'

Average
Read

Length
lbases)

MLl053
}.'{LTIO2
MLi578
MLI592
ML1857
][/fLtg57
MLl970
MLl,915
ML2019

Intermediate
Pool.Low 

Pool

t3.48r
13.508
13.48r
t3.511
13.411
13.496
13.478
13.480
13.480

13.s 15

13.523

225
2t7
216
224
216
223
225
212
222

215

20
19

20
20
15

T9

2T

22
30

8

<1 d 220

26
25
26
26
2I
25

27
29
38

T4

1

52
50
52
51

4I
50
53
57
75

t69

253,Thisrepresentstheaverageofreadsthatcou]dreliab1ysuppry
read is of good quality and neither begins nor ends at the SNP in question).
'This column is the average sequencing depth divided by the totai number of alleles in the
sample.

'A cumulative binomial distribution was calculated to determine this number (ft), where
fewer reads per allele had a probability less than 0.05. Binomial distribution parameters
weÍe'. n is the average sequencing depth and p is the inverse of the total number of alleles
in the sample.
dThe maximum expected reads for any one allele in this pool is 3. A non-cumulative
(discrete) binomial distribution was caiculated to determine this number (fr), where more
reads per allele had a probability less than 0.05. Binomial distribution parameters were
as above: n is the average sequencing depth (i.e. 253 reads) and p is the inverse of the
total number of alleles in the sample (i.e. 174-1).
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In total, 89 high-confidence SNPs were mapped in these samples; 39 of them were novel

(Figure 28) (Appendix A). The newly described SNPs were in general found in a low

allelic frequency in this population, though two of these SNPs were found in greater than

25Vo of the alleies. The majority of SNPs, both novel and previously described, were in

non-coding regions; only four were in exons (Table 17). Two of these, however, were

synonymous changes (i.e. did not cause an amino acid change). One of these SNPs had

not been previously described. The two SNPs that changed the encoded amino acid were

located in exon 4 and exon 6 and caused histidine to arginine and glutamine to glutamic

acid changes, respectively.

5.6 APOBEC3G SNPs were present in dffirential frequencies between the

hypermutation groups

To determine whether specific APOBEC3G polymorphisms were associated with

elevated HIV-1 proviral hypermutation, the distribution of the 89 identified SNps in the

different hypermutation groups was compared. Some of the observed SNPs seemed to be

over-represented in the samples with highly hypermutated HIV-1 provirus; eight SNPs fit

this criterion (Table i8). Analysis of the frequencies using a Chi-square test for trend,

however, only confirmed that one of the SNPs was significantly associated with

hypermutation. This SNP was a G to C nucleotide change observed 57i nucleotides

upstream of the APOBEC3G gene. This SNP was present in all of the nine samples with

highly hypermutated HIV-1 provirus, in both alleles of each subject. It was also observed

in the pool of samples with intermediate levels of proviral hypermutation, and in the pool

of samples without proviral hypermutation, though in significantly fewer alleles (p =
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Figure 28 (previous page). Heat map indicating the prevalence of observed SNPs in the
APOBEC3G genomic region. Each column is a different sample; each row is a different
SNP. The SNPs are plotted from 5' to 3' of the APOBEC3G amplicon; rhe region in
which the SNPs are located is indicated to the left of the rows. The significance of each
colour is indicated in the legend; an empty box indicates the SNP was not present in that
sample. SNPs not previousiy described are also indicated, to the right of the row.
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Table 17: Identified SNPs in APOBEC3G exons

Base mRNA
Locatlon Change Position

Amino Amino
Acid Acid

Change Position

Samples Est.
with Allelic Published

SNp f.u Allelic f.b

ExonZ C to T

Exon3 CtoT

Exon4 AtoG

Synonymous 47
(Pro)

Synonymous 60
(Ser)

His to Arg 186

ML1578 0.005 0.042372

4TT

7gg'

ML}OT9
Pooi87

}{4LI592
MLl857
MLT97O
MLt975
}/{LzOT9

Pool6
Pool87

MLl053
MLl102
ML1578
MLl854

Poo16
Pool87

0.02 Unpublished
SNP

0.24 0.467

0.25 0.167Exon6 CtoG 1,054 Gln to Glu 275

^The estimated allelic frequency of the SNP was determined by multiplying the observed
frequency of sequences with the SNP by the total number of alleles for the two poois and
rounding to the nearest whole number to arrive at the estimated number of alleles with the
SNP, and then dividing the total number of alleles sampled Q}g by the estimated
number of alleles with the SNP.
bThe allelic frequency of the non-reference SNP in a Sub-Saharan African population is
given.
'This SNP has been associated with a decline in CD4* T celis and accelerated progression
to AIDS (5).
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Table 18: SNPs that are over-represented in the samples with significantly hypermutated
HIV-I provirus

" Gene
Hosrtron-

Locatlon
Base

Change

Allelic f. in Allelic f.
9 in inter-

hypermut. mediate
samplesb pool"

(N) (est. N)'

Published
Allelic f.r P value"

Allelic f.
in low
poold

(est. N)"

18862711
5'of ctoT 0.33 0.04 0.t7 N.D. 0.r9r2gene (6/18) (r/12) (30/174)

18863080 ;Ji G to c rråi?sr rff,l4 ulnTfro, 0s, 0.0413

5' of 
C to G 0.67 0.60 0.53

sene (12/18) (7/t2) (92/174)
1 8863561 0.562 0.2503

18868856 Intron 4 T to Ah
0.28 0.08 0.15
(5/18) (Utz) (26/174) 0.26t 0.2631

18868857 Intron 4 C to Ah
0.28 0.08 0.15
(5/18) (r/r2) (26/174\ 0.261 0.2631

18868942 Intron 4 G to A .9'33 0'23 0'24
(6/18) (3/t2) (42/174)

18812375 Intron 5 C to G .9;67 a'45

tr2l18) (s/tz) rrotfrlo, 0'46s 0'1181

3' of 
C ro T 0.33 0.06 0.18

sene (6/18) (IlI2) (3r/It4)

0.310 0.4165

18874359 0.283 0.2215
uPosition is numbered in accordance with the NCBI SNP database for the humán
APOBEC3G gene.
bThese nine samples were obtained from patients with significantly hypermutated HIV-1
provirus and were sequenced individually. N = the total number of alleles.
'Intermediate pool is composed of 6 samples from patients with intermediately
hypermutated HIV-I provirus.
"Low pool is composed of 87 samples from patients with non-significantly hypermutated
HIV-1 provirus.
"The estimated number of alieles was determined by multiplying the observed frequency
of sequences with the SNP by the total number of alleles in the pool (i.e. twice the sample
number) and rounding to the nearest whole number.
rThe allelic frequency of the non-reference allele in a Sub-Saharan African population is
given.
ssignificance in allelic distribution was determined with a Ch-square test for trend. A
significant p value was determined to be less than 0.05.
nThese SNPs are linked.
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0.0413). This SNP has previousiy been found at an allelic frequency of 0.917 in a Sub-

Saharan African population.

Six SNPs seemed to be under-represented in the highly hypermutated samples (Table i9).

Analysis of the frequencies using a Chi-square test for trend confirmed that two of the

SNPs were indeed significantly depleted from the samples with high levels of

hypermutation. One of these SNPs was a nucleotide change from G to C observed in the

region 5' of the APOBEC3G gene (1.5 kb upstream). This SNP was not present in any of

the samples with highly hypermutated HIV-I provirus, but was observed at a low level in

the pool of samples with intermediate levels of proviral hypermutation, and at an

approximately six times greater frequency in the samples without proviral hypermutation

(p = 0.0216). The alleiic frequency of this SNP in the pool of samples with intermediate

proviral hypermutation was similar to the allelic frequency described in the NCBI SNP

database for a Sub-Saharan African population. The other significantly distributed SNP

was a nucleotide change from C to T located in intron 5 of the APOBEC3G gene,326

bases downstream from the end of exon 5. This SNP was only present in one of the nine

samples with highiy hypermutated HIV-i provirus, in one of the subject's APOBEC3G

alleles. It was observed at a nearly three-fold greater allelic frequency in the pool with

intermediate levels of proviral hypermutation, and at a greater than four-fold frequency in

the pool with low levels of proviral hypermutation (p = 0.0437). Interestingly, this SNP

has not been previously described.
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Table 19: SNPs that are under-represented in the samples with significantly
hypermutated HIV-I provirus

Allelic f. in Allelic f.

, sNP Base in inter-
Posrtion" . --' . ^ --- hvoermut. mediateLocarlon Unange samplesb pool"

(N) (est. N)'

Allelic f.
in low
poold

(est. N)'

Published
Allelic f.r P value"

18862077
5' of 

G to C 0 0.03 0.19
gene (0/18) (1/12) (33/174) 0.023 0.0276

18862429
5' of 

G ro A 0 0.i0 0.08

sene (0/18) (r/12) (14/114\ 0.033 0.25s7

18868173 Intron 4 C to Th
0.06 0.23 0.14
(1/i8) (3/r2) (24tr74) 0.042 0.5883

18870730 Intron 5 C to Ti .9 
06 0'16 0'26

(1/18) (2/12) (4s/r74) 0.0437

18810176 lntron 5 C to Ti .9'22 0'38 032
(4/18) (s/rz) (s6tr74) 0.4090

1887M56 0.7807

?osition is numbered in accordance with the NCBI SNP database for the human
APOBEC3G gene.
bThese nine samples were obtained from patients with significantly hypermutated HIV-1
provirus and were sequenced individually. N = the total number of alleles.
clntermediate pool is composed of 6 samples from patients with intermediately
hypermutated HIV-I provirus.
dl-ow pool is composed of 87 samples from patients with non-significantly hypermutated
HIV-I provirus.
"Ihe estimated number of alleles with the SNP was determined by multiplying the
observed frequency of sequences with the SNP by the total number of alleles in the pool
(i.e. twice the sample number) and rounding to the nearest whole number.
lThe allelic frequency of the non-reference allele in a Sub-Saharan African population is
given.
gSignificance in allelic distribution was determined with a Chi-square test for trend. A
significant p value was determined to be less than 0.05.
nThis SNP has been previously documented to be associated with increased susceptibility
to HIV-1 infection (ref).
'These SNPs have not been previously identified.

3'of
gene

-to
CCTCACTC
ACAGAGCC
ccGCCcat

0.06
(1/1 8)

0.20
(2/12)

0.10
(fitr74)
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5.7 Summary

Polymorphisms in APOBEC3G have been correlated with HIV infection and disease

progression, but these SNPs have not been previously correlated with levels of HIV-I

hypermutation (5,291). This study of an HlV-positive Sub-Saharan African population

identified 3 SNPs that were significantly associated with differing levels of HIV-1

proviral hypermutation; one of these SNPs had not been previously identified. This

suggests that differences in APOBEC3G expression and/or activity may indeed be

responsible for the identified differences in HIV-1 proviral hypermutation. The results

outlined in this chapter are the subject of a manuscript in preparation.
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Discussion

Over twenty-five years have passed since the virus now known as HIV was first

described, yet HIV and its sequela, AIDS, continue to cause health problems of

international concern. Treatment options are available to those who can afford it, but

most experts agree that a vaccine is needed to stop this pandemic. Many candidate

vaccines have been tried, and all have failed - some spectacularly. This has prompted an

appeal within the scientific community to go back to basics so that we can better engineer

a response (82,83). The viral sequence is likely an important source of information; it is

a record of epidemiology, evolution and immunological influences. We can use the viral

sequence to determine viral clade and recombination, and to monitor the efforts of host

immune molecules such as APOBEC3F and 3G. The work in this thesis was focused on

gleaning information from viral genomic sequence in order to better understand viral

pathogenesis. The overall hypotheses ofthe research are presented here:

o Individuals that are highly exposed to HIV are more likely to be infected with a

recombinant virus than those that are not highly exposed. Furthermore, within a

group of highly exposed individuals, those more highly exposed wiil be more

likely to be infected with recombinant virus.

o APOBEC-mediated hypermutation will be present at variable levels in a

population of HlV-infected individuals. This HIV-1 proviral hypermutation will

be an important factor to describe and quantify, as it will be associated with

disease progression.
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Host factors

hypermutation

hypermutation

are largely responsible

of HlV, therefore in

levels wiil not change with

for controlling APOBEC-mediated

subjects superinfected with HIV,

superinfection with a distinct virus.

o Polymorphisms in host APOBEC3G genes are responsibie for the high levels of

APOBEC3G hypermutation activity observed in some individuals.

This study expanded the repertoire of fuil-length HIV-1 sequences from Kenya that are

publically available. Further sequencing of a smaller region of HIV-1 on a larger sample

set contributed to the understanding of recombination in a highly exposed population.

Continued sequence analysis provided a convincing link between APOBEC3F/G

hypermutation and HIV-I disease progression in vivo. To further explore APOBEC-

mediated hypermutation, intrapatient sequence diversity was examined pre and post HIV

superinfection, which was the first analysis of superinfection and hypermutation. This

thesis also provides the first description of APOBEC3G polymorphisms linked to HIV-1

proviral hypermutation sequence data. Together, the work described in this thesis has

advanced the field by adding to the understanding of how innate host immunity can affect

viral diversity, both of which in turn influence viral pathogenesis. These factors are

critical to understand for the development of effective anti-HIV therapeutics, such as a

vaccine.
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1. Full-length HIV-I Proviral Sequencing of Ten Highly Exposed Women Reveals a

High Proportion of Intersubtype Recombinants

Previous HIV-1 sequence surveys in Kenya have largely focussed on particular genes or

genomic regions of the viral genome (164,209,214,237,269,322), although one previous

publication did survey full-iength genomes (74). This has made it difficult to arrive at a

good estimate of overail HIV recombination rates in Kenya and furthermore makes it

difficult to compare rates between different at risk populations. The results of sequence

surveys suggest that full-length sequence data allows for more accurate estimation and

characterization of recombination. Partial genome sequencing, in comparison, tends to

underestimate the total recombination present.

In results section 1, I examined HIV-I sequence diversity and the prevalence of

intersubtype iecombination in a commercial sex worker cohort, by generating full-length

proviral sequence from ten HIV positive subjects. To maximizethe success rate, provirus

was amplified by short term PBMC co-culture. Comparison of HIV-I proviral sequences

generated from limited co-culture of subject PBMCs to sequences generated directly from

patient PBMCs showed the sequences to be highly homologous, with shared identity

ranging from95-977o. This observation validates sequencing proviruses that have been

derived from limited primary co-culture for viral genotyping studies. Co-cultu¡e

facilitates full-length sequence success as during the process the viral genome integrates

multiple times into the host genome, resulting in a higher copy number and increased

template (85). Although the data suggests that short term co-culture introduces minimal

sequence change, multiple passages may result in greater HIV-1 sequence diversification
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and so caution should be exercised when employing this strategy to not over-amplify the

virus and thus needlessly allow the introduction of replication effors.

Previous HfV studies performed in Kenya have determined that the predominant

circulating form is HIV-I clade A1 (74,r64,209,214,23J,269,322). These srudies

examined several different groups, such as STI patients (164), pregnant or postpartum

women (209,269,322),blood bank donorc (74), and breast-feeding mothers (214). The

findings are based on sequence data from a single or multiple regions of the genome, and

only in one instance, full genome sequencing (74). Not surprisingly, publications that

examined full HIV-I genome sequence or multiple genomic regions identified higher

levels of recombination. Studies that examined only a single HIV gene (env or pol)

generated results varying from no recombination or very low levels of recombination

(2.2Vo and 4Vo), to moderate levels of recombination (T}Vo and lTVo)

(164,209,214,237,269). In comparison, a study that examined portions of both gag and

env found a recombination rate of 257o, while fuil-length genomic sequencing found a

recombination rate of 39Vo (74,322). For this thesis, full-length HIV-1 proviral sequences

were generated from ten HIV positive sex workers from Nairobi, Kenya. Although the

study size was small, our findings agree with previous studies from Kenya. HIV-1 clade

A1 was the most prevalent subtype. In fact, all non-recombinant proviruses in this study

were clade A1 (n = 5). Additionally, the level of recombination observed from full

length sequencing in this population (50Vo), though higher than has previously been

described in Kenya, is in generai agreement with previous data based on full-length

sequencing (74). Half of the genomes examined were unique, newly identified
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intersubtype recombinants. It is interesting to note that no full-length ciade C or D

sequences were detected in this study, despite their presence in recombinant sequences

identified in both this and other Kenyan surveys. Indeed, only two Kenyan full-length

clade C and three Kenyan full-length ciade D sequences have been published, making the

source of the clade C and D in these recombinants unknown (36,74,80,298). One can

speculate the source may be other recombinant viruses that contain clade C and D

genomic regions, or the source may be viruses from other geographic regions.

Phylogenetic analysis of the non-recombinant clade Ai sequences from this cohort

revealed significant viral diversity. This was observed despite the cohort members all

practicing sex work in the same smali community of Pumwani, Kenya, which suggests

that the HIV-I transmission events may have occurred in close geographical proximity

(I47). Phylogenetic analysis of these sequences with all the other Kenyan full-length

clade A1 sequences available revealed that they did not form a distinct cluster, but rather

were interspersed with other Kenyan sequences, as were other previously published

sequences from this cohort (Figure 7). A study by Harris et al showed that full-length

clade C HIV-I sequence forms phylogenetic clusters that correlate with geography,

although the authors noted that the relationship was not maintained when sub-genomic

regions were examined (111). In contrast, we found no evidence of CSW specific

circulating viruses, rather, someone who is highly exposed to HIV in this area is likely

exposed to a variety of different strains from multiple geographic regions. This

demonstrates that CSV/ cohorts encounter several HIV isolates and as such are a good

sentinel population for observing HIV-1 diversity.
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The recombinant subtypes identified in this study displayed even grearer diversity. The

extensive recombination (three to eight breakpoints) observed in the viral isolates from

these highly exposed subjects suggests either multiple recombination events or a single

recombination event between unidentified recombinant viruses circulating in this

population (Figure 8). Although A1 is the most prevalent subtype in Kenya, only three of

the five recombinant genomes contained the A1 subtype. A significant minority of HIV-

1 sequences in Kenya are clade D and clade C. Estimates for clade D range from ZgVo

(237) to 2.4Vo (74), whiie estimates for clade C range from 9Vo (164) to undetectable

(237). Despite the lower overali prevalence of clade C and clade D viruses, four of the

five recombinant isolates identified in this theses contained each of clade C and clade D

components. This may reflect a change in the relative prevalence of subtypes in Kenya,

highlighting the importance of longitudinal and cross-sectional sequence analysis. This

alternatively suggests that the non-recombinant subtype distribution may not necessarily

be similar to the distribution and relative proportion of subtypes that make up the

recombinant forms. It is possible that a characteristic of subtype A1 HIV-I, or the

immune response the subtype generates, may make it less prone to intersubtype

recombination.

In addition to describing and charactenzing the clades and recombination of fulllength

HIV-i proviral sequence, this section of the thesis aimed to correlate increased sexual

exposure among highly exposed individuals with recombination. However, exposure did

not correlate with recombination, likely due to lack of power in the study due to an
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insufficient sample size, thus leaving the aim to be tackled in the next section of this

thesis.

2. High Prevalence of Genetically Similar HIV-I Recombinant Viruses among

Infected Sex Workers

Multiple studies have shown that individuals at high risk of acquiring multiple HIV-I

infections, such as sex workers and IDUs, are more likely to be infected with

recombinant virus, especially if they participate in these high risk activities in an area

where multiple HIV-1 strains co-circulate (I2,I3,I17). We hypothesized that this would

also be true within a highly exposed group: the most at risk and therefore the most highly

exposed individuals would be more likely to be infected with recombinant HIV-1. Our

full-length sequence analysis lacked the power to detect this difference. In order to

increase our sample size, the length of the segment under study was decreased in this

thesis section, although this reduces our ability to detect recombinants; thus, estimations

of recombination generated in this thesis section will be conservative.

In results section 2, I continued my examination of HIV-1 sequence diversity and

recombination in the ML cohort and also included subjects from the MCH cohort, also

from Nairobi, Kenya. A 590 nucleotide fragment of the HIV-I proviral genome, which

includes vpu and the first 349 nucleotides of env,was examined for 240 subjects from

these two cohorts. Sequence analysis of these fragments revealed that the majority were

clade A1 (n = 167), while rhe rest were clade c (n = 15), clade D (n = 2r) and

recombinant (n = 37). This clade proportion is in general agreement with previous
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Kenyan studies. The reported amount of recombinant sequences has varied widely,

largely dependant on the size of the sequence segment examined, or whether full-length

HIV-I genome was analyzed. The proportion of recombinant sequences found in this

study was l5Vo, but it is likely an underestimate of the true percentage, as only a

relatively small segment of the HIV-I genome was examined, to allow for a greater

number of samples to be analysed.

This genomic section was chosen for in-depth analysis as the fult-length sequencing

(section 1) suggested the presence of mutations invptt. The full-length HIV-1 sequence

from ML1990 did not encode a functional gene product. Additionally, the HIV-I

sequence from MLi974 showed nucleotide ambiguity in vpu, some of which ambiguities

could have encoded a truncating mutation. Although this genomic section was chosen to

investigate mutations (explored in section 3 of this thesis), the region does span

previously identified recombination breakpoints: of the five recombinant viruses

identified in section 1 of this thesis, one has a breakpoint in this region. Similarly, of the

sixteen recombinant isolates identified in the previous full-length survey from Kenya,

four contained breakpoints in the region examined in this thesis section (74). Thus,

though the size of the fragment examined is only -5Vo of the total HIV-I genome, it is

predicted, based on the results of previous surveys, to detect -20Vo of recombinant

isolates.

The majority of the recombinant isolates identified in this study were composed of clades

A1 and D (n = 19131), the two most prevalent clades in Kenya

158



(14,164,209,214,237,269,322). Indeed, in the region examined, all but four recombinant

isolates contained clade 41, the most prevalent clade. Thus the clade composition of the

recombinant isolates resembles the overall composition of circulating clades in this

region. This finding is in contrast to what was observed based on full-length sequence

analysis, where the ciade composition of the recombinant viruses was relatively deficient

in clade 41. It is also interesting to note that a significant number of the isolates had two

or more breakpoints in the relatively small genomic region (n = 8/37), highlighting the

complexity of the recombination in this population.

Surprisingly, many of the recombinant isolates identified in this study formed distinct

groups based upon common breakpoints between corrrmon clades. Within some of the

groups, subgroups were formed based on additional breakpoints. Groups 1 and 3 were

phylogenetically related, suggesting that they may represent as yet unidentified CRFs.

Furthermore, a range of first HIV positive dates and sample dates were recorded for the

subjects within these groups, spanning five to eighteen years and eight to sixteen years,

respectively. This suggests that the strains are not closely epidemiologicatly linked, but

rather may represent circulating recombinant isolates. In total, of the 37 HIV-I isolates

that were identified as recombinant, only four were unique. This questions the

prevalence of unique recombinants in the pandemic, especially in people highly exposed

to HIV-I and in areas where multiple clades circulate, though it must be cautioned that

only a segment of the HIV-I genome was examined and thus the strains may have unique

breakpoints outside the examined area. However, Konings et al. also speculated on the

emergence and eventual evolution of URFs to CRFs in areas where multiple viral clades
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co-circulate (145). Furthermore, new CRFs are continuously being described - in 2006

there were sixteen, yet now over forty have been published (189)(www.hiv.lanl.gov).

The epidemiological characteristics of the 240 subjects under study were examined using

univariate analysis to determine if subjects infected with different viral clades had

differing epidemiological characteristics (Table 9). Interestingly, of the characteristics

examined, only active participation in sex work was significantly associated with clade

distribution. Subjects that participated in sex work were less likely to be infected with

clade C HIV-1, but were more likely to be infected with HIV that was recombinant in the

region examined (p = 0.038). The women who actively participated in commercial sex

work had, on average, 4.4 partners per day. In comparison, it has been previously

reported that women in the lower risk cohort had an average of less than three partners in

the last five years (174). As heterosexual transmission is these women's primary route of

infection, individuals from the commercial sex worker cohort are clearly at a higher risk

for HIV and other sexually transmitted infections. Thus, in agreement with other studies,

individuals who were highly exposed to HIV-I were more likely to be infected with

recombinant virus, which is expected, as recombination is dependant upon infection with

multiple strains of virus (12,13,117). This suggests that high-risk HIV transmitter groups

may be driving global HIV diversity, thus making them an important target for

intervention.

The relative enrichment of clade C infection in the women that did not participate in sex

work is more difficult to understand. Clade C infection has spread faster than other
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subtypes, and currently accounts for over half of all HIV-I infections (10,79). The

finding may suggest that participation in sex work results in exposure to a different subset

of viruses, and highlights the need for continuing epidemiological surveys. The results of

the previous thesis section, however, demonstrated that full-length HIV-I clade Ai

sequences from ML cohort members were phyiogenetically interspersed with other clade

A1 sequences from Kenya, which suggests that in fact sex workers are not infected with

distinct viruses. However, there may be a difference between the way recombinant and

non-recombinant isolates are distributed among risk groups, in addition to their

enrichment within risk groups.

3. HIV-I Proviral Hypermutation correlates with CD4* Count

APOBEC3F/G are innate immune molecules that combat HIV through a number of

postulated mechanisms, one of which is hypermutation of the HIV-I provirus

(113,124,200,332). This proviral hypermutation is an important driver of viral diversity

and can be used to identify previous APOBEC activity, as the provirus preserves an

archive of the proteins' activity (113,142). Studies have examined HIV-I provirus for

hypermutation and attempted to correiate it with measures of HIV/AIDS disease

progression, such as CD4* count and/or plasma viral load; however not all studies found

a correlation (223,289). Thus there is significant controversy over both the roie of

hypermutation in HIV defence and its correlation with disease progression

Our study of viral diversity 1n 240 HIV-I proviral sequences identified premature stop

codons in both of the examined open reading frames, vpu and env, for thirteen isolates.
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Further examination revealed that the detrimental amino acids changes were in fact the

result of guanine to adenine hypermutation in the DNA coding sequence. Additionaliy,

we observed increased overall hypermutation, as measured by percentage adenine, in

fourteen isolates. Examination of the corresponding viral RNA, however, showed a lack

of detrimental mutations and a lack of elevated adenine proportion. This suggested that

the mechanism of hypermutation was not global, such as an imbalance in nucleotide

pools, but rather a targeted phenomenon, such as APOBEC mediated hypermutation.

This finding agrees with a survey of over two thousand plasma virus sequences from nine

HIV positive patients that found no evidence of hypermutation in RNA sequences,

although over 6Vo of the proviral DNA sequences from the same patients were

hypermutated (141). We agree with the authors' hypothesis that the hypermutated

proviruses were unable to produce virus particles, due to the fatal mutations caused by the

hypermutation, explaining the absence of hypermutated plasma RNA sequences. These

non-hypermutated RNA sequences that were isolated from subjects infected with

hypermutated provirus may have originated in an unsampled tissue compartment or

reservoir where hypermutation has not occurred.

The sequence context of the observed hypermutation further suggested that the host

antiviral APOBEC3F and 3G proteins were involved. The Hypermut 2.0 tool identified

significant general APOBEC3-type hypermutation in these sequences, as well as specific

APOBEC3F and APOBEC3G hypermutation; APOBEC3F causes GA to AA nucleotide

changes, while APOBEC3G causes GG to AG transitions (163,328). It is interesting to

note that ten samples showed significant Hypermut 2.0 hypermutation characteristic of
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both APOBEC3G and of APOBEC3F, suggesting that these proteins may be working in

concert in these patients (Table 10). Examination of the dinucleotide context for the

guanine to adenine hypermutation in thirteen patients with dramatic hypermutation

supported these observations. An elevated GG context of the hypermutation would be

expected to be due to APOBEC3G involvement, while an elevated GA context would be

caused by APOBEC3F involvement. In contrast, GC and GT context should be

representative of the background mutation rate. In most of the examined sequences, both

the GG and GA context were elevated compared to GC and GT, again suggesting co-

involvement of APOBEC3F and 3G. Indeed, it has been shown that these proteins can

form heteromultimers (1 12,309,310).

We based our analysis thus far on sequence derived directly from PCR amplicons, which

we presumed to be reflective of the dominant proviral species. To ascertain the truth of

our assumption, we sequenced a population of clones from twenty-three individuals. The

clonal sequencing largely showed that the direct PCR sequence was indeed representative

of the dominant proviral species (Figure 17). The presence of identical clones suggests

that the proviruses arose as the result of host cell replication, which is plausible, as if the

provirus is in fact a dead product with missing ORFs, it is not likely to kill the infected

cell as the cell is not exposed to the cytopathic effects of replicating virus. Similar clones

may be the result of progeny viruses produced by the same cell incorporating

APOBEC3F/G proteins at similar amounts. Thus, when these viruses infect new cells

and are reverse transcribed, APOBEC3F/G proteins from the same ceil are acting on the

nascent reverse transcrþts, causing similar levels of hypermutation. There were a few
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instances, however, where the cloned sequences showed distinct sub-populations with

differing levels of hypermutation. The infecting viruses maybe have been generated in a

cell with a low level of cytoplasmic APOBEC3F/G, such that not all nascent particles

packaged APOBEC3F/G. Alternatively, the viruses may have been produced in different

cellular compartments, where the expression levels of APOBEC3F/G were also different.

A subset of subjects that were determined to have dramatic levels of hypermutation (as

defined by the presence of premature stop codons, elevated adenine proportion and a

significant APOBEC3F/G sequence connotation to the hypermutation) had significantly

higher CD4* cell counts than the other subjects (Figure 20). These subjects represent an

extreme, where severely hypermutated provirus appears as the predominant proviral

species. A study of nine patients with long term viral suppression due to HAART

demonstrated that hypermutation could be identified, albeit at a minority, in the proviral

sequence of all the subjects (141). Entertaining the likelihood, therefore, that all HIV

positive patients have a variable amount of proviral hypermutation, adenine proportion in

the dominant provirai sequence was used to estimate the level of hypermutation in all

subjects and was indeed found to be positively correlated with CD4* celi count in all240

subjects. This indicates that as the dominant proviral HIV-I sequence is increasingly

hypermutated, the subjects' CD4* counts simiiarly increase, for both patients with

dramatic hypermutation and patients with subtle hypermutation. Although correlation

does not necessarily indicate causation, this supports the hypothesis that with increasing

hypermutation, fewer viable viral progeny are produced, protecting infected cells from

direct viral cytopathic effects (141). This work thus also supports the anti-viral role of
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APOBEc-mediated hypermutation,

(I07,Il 2,187,200,3 19).

which has been recently debated

An alternative explanation of the association of hypermutation with CD4* count is that a

strong host CTL response targets cells that are infected with replication competent virus

for destruction. As a result, cells infected with non-replication competent HIV-1, such as

virus affected by the observed hypermutation, would be comparatively enriched in

patients with strong, protective immune responses and therefore higher CD4* cell levels.

However, if this were true, a general enrichment of mutation would be expected, due to

the error-prone nature of HIV-I reverse transcrìptase, not just APOBEC-mediated

hypermutation. Yet, all the proviruses that had detrimental mutations in Vpu and Env

were hypermutated and all the mutations were due to guanine to adenine hypermutation.

Furthermore, G to A changes in the dinucleotide context of GG and GA, hallmarks of

APOBEC3G and 3F activity, respectiveiy, were elevated above the dinucleotide context

of GC and GT, which would represent non-APOBEC mediated mutations (163,328). In

the absence of APOBEC-specific hypermutation, the levels would presumably be similar.

Furthermore, Vif, which is located at a local minimum of APOBEC hypermutation, was

not significantly mutated (277). This also would not be expected if another mutating

factor had a significant effect on these viruses. Nevertheless, APOBEC may work in

cooperation with strong CTL responses to control HIV-I replication, highlighting the

need for continued research about the cooperation between host innate, intrinsic and

adaptive immunity.
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The HIV-I protein Vif is known to counteract APOBEC3F and APOBEC3G, but

examination of viral Vif sequences did not reveal any obvious detrimental mutations that

would explain the increased APOBEC3F/G hypermutation activity. Furthermore,

hypermutation was not observed in the proviral vzl sequences, although sequences were

obtained from subjects that had significant proviral hypermutation in the vpu/env portion

of the HIV-I genome. This lack of Vif mutation is in contrast to a study by Pace et al of

127 clade B HIV-I infected patients from an Australian cohort, which found a correlation

between hypermutated proviral sequences and viral load, and attributed the relationship

to stop mutations due to hypermutation in the infecting viral Vif that disabled this viral

defence against celluiar APOBEC (223). The authors note, however, that it is difficult to

determine if these mutations are the cause of the increased levels of observed

hypermutation, or an effect (223). Priming for DNA synthesis occurs at fixed locations

in the HIV-I genome and therefore not all sites are single-stranded for the same period of

time, suggesting that as APOBEC3G acts only on single-stranded DNA, hypermutation

will not occur uniformly across the genome (124,277). In fact, Vif is located at a local

minimum of predicted mutation, suggesting a mechanism that explains our finding a lack

of vif bypermutation and consequent lack of detrimental amino acid mutations (277).

We hypothesize as a mechanism to explain our observations that subjects infected with

more dramatically hypermutated HIV-1 provirus have elevated APOBEC3F/G activity.

Potential causes for this elevated activity include upregulation of APOBEC3F/G, such as

by IFN-o,, which has been recently shown to be a potent inducer, allowing APOBEC3F/G

to overcome Vif inhibition (28,225,254,279) ot the enzyme may exist in a more
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enzymatically active form (for example, a higher proportion of APOBEC3G may be

present in its low molecular mass, active form) (51). Alternatively, the infecting viruses

may encode a Vif that is inefficient or unable to target APOBEC3F and APOBEC3G for

degradation or prevent their packaging into nascent viral particles, although our data does

not support this hypothesis (58,165,172,182,T92,263,284,327,328). In either scenario, we

theorize that as a result of increased APOBEC3F/G and/or decreased Vif levels/activity,

the newly budded viral particles contain higher levels of APOBEC3F and APOBEC3G,

ultimately resulting in hypermutation during infection of new cells. It seems likely that

the resulting provirus is sufficiently hypermutated that replication competent,

hypermutated progeny cannot be generated, as illustrated by the lack of hypermutated

RNA sequences. Indeed, the presence of non-hypermutated viral RNA sequences argues

strongly in favour of host factors controlling the hypermutation; APOBEC3F and 3G may

be differentially expressed in PBMCs compared to non-circulating HlV-target cells.

Hypermutation in HIV-I tat may render the viral activator of transcription non-

functional, reducing the amount of hypermutated and possibly truncated transcripts,

which in turn would reduce the number of viral epitopes presented on the infected cell's

surface. Importantly, these factors would lead to the cells infected with hypermutated

provirus not being subjected to HIV's direct cytopathic effects and would decrease their

likelihood of being targeted by CTLs and for immune activation induced apoptosis, likeiy

explaining the observed higher CD4* counts and presumable decrease in disease

progression in patients with increased proviral hypermutation (141).
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Conflicting publications highlight that the role of APOBEC3 in HIV disease progression

has not yet been resolved. In their study using stimulated PBMCs, Jin et a/. found that

APOBEC3G mRNA levels were positively correlated with patient CD4* count and

inversely correlated with viral load, while Cho et aI., testing unstimulated PBMCs, found

that neither APOBEC3G nor APOBEC3F mRNA correlated with CD4* count and viral

load (53,129). Hypermutation observed in the present study is likely a direct effect of

APOBEC3F/G cytidine deamination, whereas mRNA expression levels, which were

examined in these previous studies, may not directly correlate with enzymatic activity,

due to translational and post-translational regulation. This direct assessment of sequence

hypermutation, likely the result of APOBEC3F/G cytidine deaminase acrivity, found that

as the level of hypermutation in the subjects' predominant proviral sequence increased, so

did the subjects' CD4* counts, suggesting an in vivo role for APOBEC in disease

progression.

APOBEC3F/G proviral hypermutation iikely exists in a spectrum. The thirteen subjects

with dramatically hypermutated provirus had detectable viral loads, intact viral RNA

sequence and significantly depressed CD4* counts due to HIV infection compared to HIV

uninfected patients, suggesting that there may be a tissue or cellular compartment where

APOBEC3 is not packaged into viral progeny, leading to the production of non-

hypermutated virus, which in tum leads to non-hypermutated infectious viral progeny,

sustaining the infection. On the other end of the spectrum, patients without

hypermutation in the dominant provirus may have minority sequences that are

hypermutated (I4I). Indeed, the examination of clonal sequences indicated some degree
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of variability within patients. The data presented in this section of the thesis illustrates a

correlative relationship between hypermutation, likely the direct result of APOBEC3F/G

activity and CD4* cell count in vivo, in the absence of obvious Vif poiymorphism. These

findings highlight the potential for enhancing host APOBEC3F and APOBEC3G for

therapeutic purposes, and suggest that even small increases in APOBEC activity may

attenuate HIV-1 replication and disease progression.

4. Longitudinal Analysis of Subjects SuperÍnfected with HIV-I Reveals Changes in

Hypermutation Levels in a Subset of Individuals

Superinfection studies are a powerful tool for examining the effects of infection within a

host. The role of APOBEC3F/G in AIDS disease progression is neither well understood

nor described. Furthermore, the key determinants that allow this host defence system, in

a minority of cases, to overcome the viral counter-defence are also unknown. Thus,

examining the levels of APOBEC-mediated hypermutation in subjects that have been

superinfected with HIV will generate relevant information that can be applied to these

important questions. Based on the results of the previous thesis section, we hypothesize

that host factors are the major components that determine if APOBEC3F/G can be

overcome by viral Vif, and thus predict that HIV proviral hypermutation levels would be

unaffected by HIV superinfection.

Our analyses of HIV superinfection is based on data made available from a study that

identified seven individuals superinfected with HIV in a prospective cohort of highly

exposed women from Mombasa, Kenya (228). Proviral env seqvences were available
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both prior to and post superinfection. In all seven cases, the superinfecting virus was

phylogeneticaliy distinct from the original infecting virus, separated by bootstrap values

ranging from 90 to 100 percent. This distinctness allowed us to assume that the

superinfecting virus was sufficiently different from the original infecting virus that the

viruses may be capable of exerting distinct pressures on the host. An important caveat,

however, is that we determined differences based on the env region of the virus, while we

are most interested in potential vz/differences.

In results section 3.6 we looked for populationlevel differences in hypermutation by

examining proviral sequences from 240 individuals for proviral hypermutation. Using a

similar approach, we looked for differences in hypermutation within an individual, pre

and post superinfection in results section 4.1 . For many of the seven examined subjects,

hypermutation levels were constant over the course of infection. Subject Q4413 and

QD022, however, were superinfected with viruses that maintained higher hypermutation

levels than the original infecting virus. For subject Q4413, this was confirmed by both

adenine proportion and Hypermut 2.0 rate ratio, while for subject QD022, the higher

hypermutation levels were only indicated by rate ratio. Subject Q8045 also showed

changes in hypermutation, but it is less clear if it is caused by the superinfecting virus, or

by the superinfection event, as the hypermutation levels in the original virus seemed

changed upon superinfection. Perhaps superinfection in this subject triggered a cull of

cells infected with comparatively hypermutated virus, or perhaps the replication pressure

exerted by an additional virus selected for the most fit (less hypermutated) viruses.
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Three post-superinfection foilow-up data points were available for subject QA4i3, which

spanned 339 days (i.e. nearly a year), while two post-superinfection follow-ups were

available for subject QD022, which spanned 795 days (i.e. over two years). This is

doubtlessly iong enough for any effects residual from the viral donor to have been

washed out, as the average generation time for HIV-I in vivo is 2.6 days (226). The

maintenance of a distinct level of hypermutation argues strongly that the viruses are

having markedly different effects on combating the host APOBEC defence mechanism;

the original virus seems to be adequately quenching the APOBEC defence, whereas the

superinfecting virus is comparably vulnerable. These observations are best explained by

hypothesizing that the superinfecting virus had determinants, possibiy in Vif, distinct

from the original virus that were unable to combat the host APOBEC3F/G defence

mechanisms. Returning to our original hypothesis, it seems that in this case, contrary to

what we predicted, viral determinants were responsible at least in part for determining the

level of APOBEC3F/G hypermutation.

This difference in susceptibility to the host APOBEC defence mechanism leads one to

speculate if over time the superinfecting virus would eventually succumb to APOBEC,

allowing the original virus to out-compete it. Assuming non-biased sampling of the

proviral sequences, this does not seem to have occurred in either subject. Subject QA4i3

shows an increasing proportion of hypermutated superinfecting viral sequences, while in

subject QD022 only the hypermutated superinfecting viral sequences are present post

superinfection. We hypothesize that the superinfecting virus is succumbing to the host

APOBEC defence during the follow-up period; once the virus entered host cells, it
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became hypermutated to the extent that the provirus was stuck. The cells infected with

non-functional virus would not be exposed to the cytopathic effects of replicating virus,

resulting in relative enrichment for cells harbouring this dead-end product. To test this

hypothesis, the replicating virus fraction could be sampled (i.e. the plasma RNA) to

determine the relative proportions of the original and superinfecting virus.

This examination of superinfection cases revealed that in at least two subjects, viral

factors were responsible for controlling hypermutation levels, as the superinfecting virus

had significantly higher levels of hypermutation than the original infecting virus. In the

majority of the other examined cases, however, host factors seemed more important in

controlling hypermutation levels. The control of HIV-I proviral hypermutation is

important to understand so that APOBEC-mediated hypermutation may be exploited for

therapeutic purposes.

5. Discovery of SNPs Associated with Differing Levels of HIV-I Proviral

Hypermutation by Pyrosequencing the APOBEC3G Gene

APOBEC3G restricts HIV-I replication by causing hypermutation of the viral genome as

it is reverse transcribed from RNA to DNA, and may also have hypermutation-

independent antiviral properties, though these are less well defined. Previous studies

have examined APOBEC3G poiymorphisms and linked them to increased HIV-i

infection and to increased disease progression (5,291). However, no study has linked

APOBEC3G polymorphisms to levels of HIV-I proviral hypermutation. We

hypothesized that the increased levels of HIV-I proviral hypermutation identified in
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results section 3 of this thesis would be correlated with polymorphisms in the

APOBEC3G gene of the affected subject.

We examined APOBEC3G genes from HIV-1 infected Kenyan subjects with

significantly hypermutated HIV-1 provirus, intermediately hypermutated HIV-1 provirus

and non-hypermutated HIV-1 provirus. In this population of I02 individuals, we found

89 different SNPs in the 13.5 kb APOBEC3G region. Of these, 39 had not been

previously described. The majority of the 89 SNPs identified in this study were found in

non-coding regions. This is also true of SNPs identified in other studies; only a minority

of polymorphisms have been identified in APOBEC3G exons. Half of the SNPs

identified within exons in this study were synonymous. This illustrates the important

function of APOBEC3G; SNPs in the coding regions which cause amino acid changes do

not seem to be well tolerated.

The SNPs identified in this study were examined to see if any were expressed in

differential frequencies based on the level of HIV-1 proviral hypermutation in the

corresponding subject. One SNP was found to be over-represented in the individuals

infected with highly hypermutated HW-l provirus, while another two SNPs were found

to be under-represented in these individuais.

The G18863080C SNP is located in the 5' region of the APOBEC3G gene (Table 19).

This SNP was over-represented in the individuals infected with highty hypermutated

HtV-1 provirus, and was present in both aileles for all nine of these examined subjects. It
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was also present in the majority of alleles in the pools of intermediately and non-

hypermutated samples, but at a significantiy lower frequency (p = 0.0413). Interestingly,

the G18863080C SNP destroys a potential sterol regulatory element binding protein

(SREBP) site, as identified by SiteGA (158). SREBPs are transcriprion facrors;

destruction of the site would presumably lead to a decrease in upregulation of the

APOBEC3G gene by this transcription factor. However, this SNP was associated with

increased hypermutation, and therefore likely increased APOBEC3G expression. It is

possible that destruction of this SREBP site may abolish steric hindrance to nearby sites,

generated by SREBP binding the DNA upstream of the APOBEC3G gene and therefore

blocking access to the neighbouring genomic regions. Thus, destruction of the SREBP

site may allow access of more potent transcription factors to the DNA.

The Gl8862077C mutation is located in the 5' region of the APOBEC3G gene (Table

18). The SNP was under-represented in the individuals infected with highly

hypermutated HIV-1 provirus, and in fact, was not present in any of these examined

individuals (p = 0.0276). The presence of this SNP was thus associated with decreased

APOBEC3G hypermutation activity; possibly due to disruption of a transcription factor

binding site upstream of the APOBEC3G gene. However, a scan of the region with the

SiteGA transcription factor binding sites recognition program did not indicate any

changes in known binding sites with this SNP (158). Alternatively, this SNP may be

linked to another polymorphism, outside the examined region, with an important

function.
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The C18870730T SNP is located in intron 5 of the APOBEC3G gene (Table 18). This

SNP was also under-represented in the individuals infected with highly hypermutated

HIV-I provirus and associated with decreased APOBEC3G hypermutation activity (p =

0.0437). Interestingiy, this SNP has not been previously described. Intron 5 is 2.4 kb

long; the SNP is located over 300 bp from the end of exon 5. The polymorphism may

cause altemative splicing, Ieading to a form of the protein with less hypermutation

activity. However, analysis of the region using the NetGene 2 server to predict donor and

acceptor human mRNA splice sites did not reveal any changes with this SNP (33). This

SNP may alternatively be linked to another polymorphism that causes decreased

APOBEC3G activity.

The SNP that was over-represented in the subjects infected with highly hypermutated

virus, Gl8863080C, is located 1 kb from the other 5' region SNP, G18862071C, which is

significantly distributed among the different hypermutation groups. The sum of these

two SNPs' allelic frequencies is close to 1 in each of the different sub-populations. It is

thus tempting to hypothesize one of these SNPs is always or often present in an allele, but

that the two SNPs are not found in the same allele. However, due to the pooling of

samples, this cannot be determined from the current data. It is also an important

limitation of this data that the Chi Square analysis for the SNPs was performed on

estimated numbers of alleles, which may not be the same as the actual number of alleles

with each SNP.
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6. Summary

This thesis has used sequence analysis techniques to answer three major questions that

address the overall hypothesis: HIV-1 sequence diversity is an important factor of HIV-1

pathogenesis.

1. Is HIV exposure correlated with HIV recombination?

To answer this first question, we determined that half of the examined full-length

HIV-1 proviral sequences were unique intersubtype recombinants. However,

recombination was not found to correlate with exposure in this group, as measured by

years invoived in commercial sex work. Thus, we expanded our study to 240

índividuals, representing both highly exposed and non-highly exposed subjects and

examined a smaller, 590 nucleotide region that included vpu and part of env. We

demonstrated that recombinant isolates were more likely to be isolated from the study

subjects that were actively involved in sex work, in agreement with previous studies

(12,13,|i7). However, within the highly exposed population, individuals at increased

risk of HlV-acquisition were not more likely to be infected with recombinant HIV.

This suggests that all high-risk individuals are an important source for viral diversity,

and thus an important group to target with prevention strategies to minimize

increasing global viral diversity, which presents a challenge to developing an

effective HIV vaccine (96).

r76



2. Does HIV proviral hypermutation correlate with measures of disease progression?

To answer the second question, we showed that thirteen individuals had highly

hypermutated proviral HIV-I sequences. These thirteen individuals also had

significantly higher CD4* counts than the orher subjects (p = 0.0052). A similar rrend

was observed for CD4* percentage and viral load. Furthermore, adenine proportion

for all individuals correlated with CD4+ count (p = 0.0+t). Thus, this thesis found

that APOBEC-mediated hypermutation did indeed correlate with measures of disease

progression. Furthermore, we suggest that increasing APOBEC3G hypermutation

activity may protect against HIV disease progression, and thus is an attractive target

for developing therapeutic and preventative strategies.

3. Are hypermutation levels controlled by the virus, or the host?

To answer the third question, we determined that there were no dramatic differences

in the vif sequences from highly hypermutated HIV-i provirus and non-

hypermutated provirus. We furthermore demonstrated that in seven individuals

superinfected with HIV, only two subjects clearly showed different hypermutation

levels in the original and superinfecting virus, indicating that viral factors (i.e. ViÐ

were controiling hypermutation. Returning our attention to the individuals identified

with highly hypermutated HIV-I provirus, we found three SNPs that were

significantly associated with altered HIV-1 proviral hypermutation. This indicates

that host factors may play an important roie in controlling APOBEC-mediated HIV-1

proviral hypermutation, which until now, is a topic unexplored in the literature.
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7. Future Work

The work described in this thesis answers interesting questions involving HIV genetic

variability and has contributed to the description of HIV viral diversity in Kenya and in

high-risk groups. It has provided evidence that APOBEC-mediated hypermutation is

associated with disease progression (cited by four publications to date, including a review

by a leader in the field) and suggested that this hypermutation is controlled by host

factors such as increased expression of APOBEC3G. Importantly, this work also leads to

questions of interest and relevance which can be used to direct future research on this

topic.

Certainly, more HIV-1 sequence data should be collected, especially full-length genomic

sequences from regions, such as Kenya, that are highly infected but not highly sampled.

An interesting and novel approach to examining clade and recombination diversity would

be to overlay sequence data with sexual network data. Previous studies and this thesis

have shown that recombinant HIV is more likely to be found in highly exposed

populations. However, this thesis has shown that higher exposure within a highly

exposed population is not associated with increased recombination. Furthermore, this

thesis demonstrated that the non-recombinant full-length HIV-1 sequences sampled from

a highly exposed population are phylogenetically interspersed with sequences from the

general population. This begs the question - where is the disconnect? Are people highly

exposed to HIV more likely to be infected with recombinant HIV because they are in a

distinct sexual network, where multiple subtypes and recombinant isolates circulate (i.e.

the recombination is occurring at a population level)? Or, are people highly exposed to
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HIV more likely to be infected with recombinant HIV because of their individual

exposures (i.e. the recombination is occurring at the individual level due to super/co-

infection)? The combination of sequence and sexuai network data may be able to help

answer these questions, which would provide important information about the

transmission of viral isolates.

Regarding hypermutation, there are number of topics to be expiored. This thesis

described a non-biased patient sampling approach to examining the correlation between

APOBEC-mediated hypermutation and disease progression. It would also be valuable to

compare APOBEC-mediated hypermutation and APOBEC expression levels between

subjects of known disease progression groups, such as rapid progressors, long-term non-

progressors, elite controllers and even resistant individuals. APOBEC3G targets other

viruses for hypermutation, such as hepatitis B virus; the hypermutation levels in this virus

could be examined in the absence of HIV infection. This examination would indicate the

level of disease attenuation capable of being attained via altered APOBEC activity.

The genetic variability of APOBEC3G was explored in this thesis; three SNPs were

found to be significantly associated with HIV-1 proviral hypermutation levels. This

finding should be validated by expanding the population size and sequencing the SNP

regions on an individual basis to determine linkage. This work could also be expanded to

a different population, to determine if the association is true for a different ethnic

background. To characterize the role of the significantly associated SNPs, exon arrays

could be used to determine if alternative splicing is occurring. Additionally, binding
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assays could be performed to determine if indeed the G18S63080C SNP destroys a

SREBP site, and if this destruction allows for increased binding by other transcription

factors at nearby sites.

The genetic variability in APOBEC3F would also doubtlessly be interesting and

ínformative, as would genetic variability of the other, less well studied APOBEC3

proteins. Furthermore, Cullin5, ElonginB and ElonginC are important for Vif/APOBEC

interaction, and variability in these proteins could also contribute to APOBEC's anti-viral

activity.

The anti-viral function of the APOBEC proteins has only recently been described. Thus,

there is still much to be characterized in order to fully understand the role and mechanism

of these innate proteins in attenuating HIV-1 replication. The findings will be important

for exploiting this natural defence mechanism for anti-HIV therapeutic purposes.

In closing, this thesis showed that viral diversity, as measured by clade/recombination

status and proviral hypermutation, is important for understanding HIV disease.

Furthermore, this thesis suggests that host factors regulating viral diversity may play an

important role in protection.
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Appendices

Appendix A: List of APOBEC3G polymorphisms found in all samples

Table A1: SNPs in the 5' region of the APOBEC3G gene

Position ' , Gene
Locatlon

18862066 5'of

18862383 5'of

Base
Change

18862692

e AtoT

1886277 1

l 8863058
1 8863080

ML1053 MLttOz ML1578 MLt592 ML1857 MLt951 MLr970 MLt915 ML20l9

ne GtoA

18863485
1 8863488
I 8863557

5' of

l 886356 1

5'of

uPosition is numbered in accordance with the NCBI SNP database for the human APOBEC3G gene.
b These SNPs have not been previously identified.
" The estimated number of alleles was determined by multiplying the observed frequency of sequences with the SNP by the total
number of alleles in the pool (i.e. twice the sample number) and rounding to the nearest whole number.
d Intermediate Pool is composed of 6 samples fiom patients with intermeãiately hypermutated HIV-1 provirus.
" Low Pool is composed of 87 samples from patients with non-significantly hypermutated HIV-1 provirus.
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Table A2: SNPs in intron 1, exon 2, exon 3, intron 3 and exon 4 of the APOBEC3G gene

" Gene Basel'osltlon - _Location Change

18863953 ìntron I G to A
188@201 intron 1 C to G
18864362 intron 1 A to G
18864507 intron I C to T
18864507 intron 1 C to G
18865364 intron I G to A
1886-5575 exon 2 C ro T
18865988 intron2 Cto
18866214 intron 2 C to G
18866479 intron 2 G to A
18866626 intron 2 C to G
18866680 intron2 Tto
18866848 intron 2 G to A
18866897 intron 2 A to G
18861461 exon3 Cto
18861767 intron 3 G to A

s5 (1)

18861892 intron 3 C to G
18867906 intron 3 T to C
18868081 exon 4 A to G

7o of Reads Su

uPosition is numbered in accordance with the NCBI SNP database for the human APOBEC3G gene.
b These SNPs have not been previously identified.
" The estimated number of alleles was determined by multiplying the observed frequency of sequences with the SNP by the total
number of alleles in the pool (i.e. twice the sample number) and rounding to the nearest whole number.
d Intermediate Pool is composed of 6 samples from patients with intermeãiately hypermutated HIV-i provirus.
" Low Pool is composed of 87 samples from patients with non-signifîcantly hypermutated HIV-1 provirus.

38 (1)

38 (l)

22 (1)
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Table A3: SNPs in intron 4 of the APOBEC3G gene

Position' r$T?ån 
"Tffi"

18868173 intron 4 C to T
18868466 intron 4 C to A
18868487 intron4 GtoT 100

18868539 intron 4 A to Tn 79 (1) 2 (3)
18868582 intron 4 T to C 16 (28)
18868816 intron 4 G to A 65 (l) 9 (16)
18868856 intron 4 T to A 100 (2) 57 (1) 53 (l) 44 (1) 8 (1) 15 Q6\
18868857 intron 4 C to A 100 (2) 57 (1) 53 (1) 44 (1) 8 (1) ls (26)

18868942 intron 4 G to A 98 (2\ 5l (l) 60 11) 43 (l) 61 ll) 23 (3

18868944 intron 4 C to Gn 4

MLl053 MLnoz MLl578 vtL:sgz ML1857 MLr957 MLr970 MLrgis MI-2orn Intermed' LowLvt/ 
Pool d Pool "

18869511 intron 4 C to Tn 59 (1) 2 (3)
18869620 intron 4 C to G 48 (1) 58 (l) 44 (1) 2l ß) 21 Ø7)
18869867 intron 4 G to A 32 (1) 53 (1) 41 (1) 32 (r) 25 (3) 25 (44)
18869868 intron 4 T to A 32 (1) 53 (1) 41 (r) 100 (2) 98 (2) 54 (1) 46 0) 42 (l\ 100 (2) 53 (6) 76 032
18869924 intron 4 G to A
18870035 intron 4 G to T 100 (2) 68 (l) 70 (1) 38 (l ) 49 (1\ 26 ß) 37 (.4)
18870089 intron4 CtoG 39(l) 9(1) 1l(19)

7o of Reads Supportins Base Chanse (estimated number of alleles ")

uPosition is numbered in accordance with the NCBI SNP database for the human APOBEC3G gene.
b These SNPs have not been previously identified.
" The estimated number of alleles was determined by multiplying the observed frequency of sequences with the SNP by the total
number of alleles in the pool (i.e. twice the sample number) and rounding to the nearest whole number.
d Intermediate Pool is composed of 6 samples from patients with intermediately hypermutated HIV-1 provirus.
" Low Pool is composed of 87 samples from patients with non-significantly hypermutated HIV-1 provirus.
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Table A4: SNPs in intron 5 of the APOBEC3G gene

" Gene BasePosltlon' -Location Change

I 8870678
I 8870730
18870760 intron 5

18870114 intron 5

188101''15 intron 5

intron 5

18870716 intron -5

intron 5

18870844 intron5 Ato
I 8870882
1 8870945
18871178 intron 5

18871212 intron 5

ML1053 }|4Llllz MLl578 ML1592

18871102 intron 5

18871810 intron 5

AtoG

I 8871 908
1 8871 91 0
18872177 intron 5

54
54

t8872210
18872375 intron 5

18812410

7o ofReads Su

AtoG

I 8872538
18872543 intron 5

18812168 intron5 Ato
18872182 intron 5

49 (t)

intron 5

intron 5

oPosition is numbered in accordance with the NCBI SNP database for the human APOBEC3G gene.
b These SNPs have not been previously identified.
" The estimated number of alleles was determined by multiplying the observed fiequency of sequences with the SNP by the total number of alleles

in the pool (i.e. twice the sample number) and rounding to the nearest whole number.
d Intermediate Pool is composed of 6 samples from patients with intermediately hypermutated HIV-1 provirus.

" Low Pool is composed of 87 samples from patients with non-significantly hypermutated HIV-l provirus.

rting Base
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Table A5: SNPs in exon 6, intron 6, the untranslated region of exon 8 and 3' of the APOBEC3G gene

" Gene Base
Posltron ' -Location Change

18872886 exon 6 C to G

18873142 intron 6

18813324 intron 6

18813947

18873974

18874234

exon 8

UTR

18814347

exon 8

UTR

r 8874359

exon 8

UTR

GtoA

I 8874438

A toT

1

18874465

GtoC

CtoT

18874465

7o of Reads Su

-to
ACCCTC
ACTCAC
AGAGCC
CCGCCC

38 (1

18874482
t8814693
I 8874840

-to
CCTCAC
TCACAG
AGCCCC
GCCCAC

u Position is numbered in accordance with the NCBI SNP database for the human APOBEC3G gene.
bThese SNPs have not been previously identified.

" The estimated number of aìleles was determined by multiplying the observed frequency of sequences with the SNP by the total number of alleles in the pool

(i.e. twice the sample number) and rounding to the nearest whole number'
d Intermediate Pool is composed of 6 samples from patients with intermediately hypermutated HIV-1 provirus.

" Low Pool is composed of 87 samples fiom patients with non-significantly hypermutated HIV-1 provirus.
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Appendix B: Sequences submitted to Genbank

The full-length HIV-1 proviral sequences from 10 different subjects have been deposited
in GenBank with accession numbers EUl10085 - EUl 10097.

The 590 nucleotide long HIV-I proviral sequences from 240 different subjects have been
deposited in GenBank with accession numbers 8U836326 - EU836565.

The 590 nucleotide long matched HIV-I plasma RNA sequences from 18 different
subjects have been deposited in GenBank with accession numbers EU838566 *
EU836s93.

Unique clones of the 590 nucleotide long HIV-1 proviral sequence from one individual
with non-hypermutated provirus and all thirteen individuals with highly hypermutated
provirus have been deposited in GenBank with accession numbers 8U875081
EU875368.

The HIV-I proviral uzl sequences from six highly hypermutated viruses and eight non-
hypermutated viruses have been deposited in GenBank with accession numbers
8U839404 -8U839417.
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Appendix C: Abbreviations

A adenine
AAV adeno-associated virus
AGM African green monkey
AID activation-induced deaminase
AIDS acquired immunodeficiency syndrome
APOBEC apolipoprotein B mRNA-editing enzyme, catalytic polypeptide
ARV antiretroviral
BEAST Bayesian evolutionary analysis sampling trees
C cytosine
cpz chimpanzee
CRF circuiating recombinant form
CSW commercial sex worker
CTL cytotoxic T lymphocyte
DMSO dimethyl sulfoxide
DNA deoxyribonucleic acid
ds double strand
FCS fetal calf serum
G guanine
gp glycoprotein
HBV hepatitis B virus
HIV human immunodeficiency virus
HLA human leukocyte antigen
HMM high molecular mass

HPV human papillomavirus
IDU intravenous drug user
IL interleukin
INF interferon
kb kilobase
kDa kilodalton
LINE long interspersed nuclear element
LMM low molecular mass

LTR long terminal repeat
MHC major histocombatibility
mRNA messenger RNA
MTCT mother to child transmission
NF-rB nuclear factor kappa-light-chain-enhancer of activated B cells
NNRTI non-nucleoside reverse transcription inhibitors
NRTI nucleoside reverse transcription inhibitors
ORF open reading frame
PBL peripheral blood lymphocyte
PBS phosphate buffered saline
PHA phytohemagglutiin
PI protease inhibitors
PIC preintegration complex
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PMA phorbol myristate acetate
PMBC peripheral blood mononuclear cell
PPT polypurine tract
Ptt Pan troglodytes troglodytes
RANTES regulated upon activation, normal T-cell expressed and secreted
RFLP restriction fragment length polymorphism
RNA ribonucleic acid
RRE Rev responsive element
RT reverse transcriptase
SIV simian immunodeficiency virus
sm sooty mangabey
SNP single nucleotide polymorphism
SREBP sterol regulatory element binding protein
ss singie strand
STI sexually transmitted infection
T thymine
TMRCA the most recent common ancestor
tRNA transfer RNA
URF unique recombinant form

2t9


