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ABSTRACT OF THE STUDY

Introduction

Human Immunodeficiency Virus (HIV-1) continues to be a global public health concern, even
though Antiretroviral drugs (ARV), especially Highly Active Antiretroviral Therapy (HAART) has
significantly reduced morbidity and mortality due to AIDS globally in developed and developing
countries. However, there is still a great need to explore every avenue for new therapeutic

interventions due to the limitations and side effects of HAART.

Potential major breakthroughs for future therapeutic development were the discoveries more
than 10 years ago of the role of HIV-1 co-receptors and anti-viral activities of host restriction

factors such as APOBEC3G protein, which is a member of the DNA cytosine deaminase family.

Entry of HIV in to the host cell is through the attachment of the viral envelope glycoprotein to the
CD4 receptor, and subsequent interaction, mainly with either CCR5 or CXCR4 co-receptors.
Inhibitors, such as Maraviroc, which binds to CCRS5 inhibiting entry of CCR5 utilizing viruses (R5
viruses), is currently reserved for salvage therapy in many countries including South Africa. In
the course of HIV infection, CXCR4 utilizing viruses (X4 viruses) may emerge and outgrow R5

viruses, and potentially limit the effectiveness of Maraviroc.

Several host cell APOBEC3 genes (A3D, A3F, A3G and A3H) have been shown to restrict HIV,
and the HIV viral infectivity factor (Vif) protein serves to antagonize the action of APOBEC3
proteins, promoting viral replication. The CCR5 co-receptor and the HIV Env V3 loop have also
been documented as playing roles in HIV-1 disease progression. The interplay between host
and viral genes still needs widespread attention, given that disease outcomes of HIV depend on
many factors, including host cell genetics. Since the discovery of these genes and their role in
HIV replication, many studies have been conducted that show their association with viral
polymorphism. The polymorphisms found in host cell genes can have significant effects on viral
replication, transmission and fitness and can also contribute to the overall diversity in HIV-1
populations. It is hypothesized that there are significant polymorphisms in HIV-1 and cellular
genes that may differ among different populations. Population-based studies have tried to
establish a relationship between host factors such as APOBEC3 and CCR5 polymorphism and

the rate of disease progression, but most studies have focused on Caucasian populations. In
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contrast, little information is available for the effects of variation in these genes in African
populations such as South Africa, where the HIV epidemic has expanded at an alarming rate.
Although several population studies have focused on African Americans, these do not give us a
complete picture of the potential variation in Africans, though the studies can be a good guide
on which to base additional studies. A more comprehensive analysis involving different African
populations will likely provide a better understanding of the mechanisms underlying host-
pathogen interactions, especially in view of the fact that African Americans are primarily infected
with HIV subtype B, which is rarely seen in Africa.

Methodology

This study characterized the genetic variability of the APOBEC3 D, F, G and H genes as well as
the HIV-1 vif, in an ethnically diverse HIV-1 infected South African cohort using Next Generation
Sequencing (NGS). In addition, polymorphism in CCR5 was analyzed in conjunction with an
analysis of the V3 loop sequences in HIV-1 from this cohort. Genomic DNA was extracted from
peripheral blood mononuclear cells (PBMCs) of 192 HIV-1 infected drug-experienced individuals
who presented for routine care at the HIV/AIDS Prevention Group Wellness Clinic (HAPG) in
Bela-Bela, Donald Fraser Hope Clinic (DFHC) in Vhufhuli and in local clinics in the Vhembe
district of Limpopo Province, South Africa. Next generation sequencing custom based (Tn5
tagmentation and amplicon based) protocols to prepare libraries for host and HIV-1 genes were
developed and validated with commercially available library preparation kits. The Tn5
tagmentation methods were used for longer DNA fragments and the custom amplicon based

methods were used mainly for the shorter DNA fragments.

To determine the variability of the APOBEC3 and CCR5 host genes, gene-specific primers
were designed to amplify complete 12.16 kb A3D, 13.31 kb A3F, 10.74 kb A3G, 6.8 kb A3H and
1.3 kb CCR5 genes targeting the regions containing the exons. Libraries for the resulting
amplicons were prepared using Tnb transposase tagmentation methods and sequenced on an
NGS lllumina MiSeq platforms generating millions of reads with good read coverage for variant
calling. Single nucleotide polymorphisms (SNPs) and indels were determined, verified in
dbSNPs and compared to SNPs in other populations reported in the 1000 Genome Phase lli
and HapMap. A Chi-square goodness-of-fit was used to verify if whether observed genotype
frequencies were in agreement with the Hardy-Weinberg Equilibrium. Haplotypes and Linkage

disequilibrium were inferred to determine SNP association.
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The HIV-1 vif and env V3 loop genes were also sequenced to determine their degree of
variability of these genes and to infer co-receptor usage in the South African population. Gene-
specific primers were designed to amplify the 579 bp Vif region and 440 bp containing the 105
bp V3 loop. Sequencing libraries from the resulting amplicons were prepared using either the
Tn5 transposase or custom-based library preparation methods and sequenced on either an
lllumina MiSeq or a MiniSeq platform generating millions of reads with good read coverage for
variant calling. Phylogenetic analysis was done to determine the relatedness of the sequences.
Major and minor variants were determined for HIV-1 and env V3 loop quasispecies was
analysed for co-receptor usage; in an effort to draw inferences for the subsequent utility of
Maraviroc as salvage therapy in South Africa.

Results and Discussion

Next generation library preparation; Tn5 tagmentation based and custom amplicon based
protocols to sequence host and HIV genes were successfully developed and used to sequence
and characterize variability in host cell APOBEC3D, F, G H, CCR5 and the HIV-1 vif gene and

the V3 loop region of the env gene.

The HIV-1 env V3 loop sequences generated (and quasispecies analyzed) were used to infer
co-receptor usage in treatment-experienced individuals; in an effort to draw inferences for the
subsequent utility of Maraviroc as salvage therapy in South Africa. Quality V3 loop sequences
were obtained from 72 patients, with 5 years (range: 0-16) median duration on treatment.
Subtypes Al, B and C viruses were identified at frequencies of 4% (3/72), 4% (3/72) and 92%
(66/72) respectively. Fifty four percent (39/72) of patients were predicted to exclusively harbor
R5 viral quasispecies; and 21% (15/72) to exclusively harbor X4 viral quasispecies. Twenty five
percent of patients (18/72) were predicted to harbor a dual/mixture of R5X4 quasispecies. Of
these 18 patients, about 28% (5/18) were predicted to harbor the R5+X4, a mixture with a
majority R5 and minority X4 viruses, while about 72% (13/18) were predicted to harbor the
R5X4+ a mixture with a majority X4 and minority R5 viruses. The proportion of all patients who
harboured X4 viruses either exclusively or dual/mixture was 46% (33/72). Thirty-five percent
(23/66) of the patients who were of HIV-1 subtype C were predicted to harbor X4 viruses
(x?=3.58; p=0.058), and 57% of these (13/23) were predicted to harbor X4 viruses exclusively.
CD4" cell count less than 350 cell/ul was associated with the presence of X4 viruses (x?=4.99;
p=0.008). The effectiveness of Maraviroc as a component in salvage therapy may be

compromised for a significant number of chronically infected patients harboring CXCRA4 utilizing
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viruses in the study cohort.

Although from the current study a subset of patients harboring CCR5 utilizing viruses may
benefit from Maraviroc, characterizing and identifying if variation in CCR5 are located at
Maraviroc binding sites was of importance to investigate. The following variants; P35P, S75S,
Y89Y, A335V and Y339F and their varying frequencies were detected in the CCR5 gene. The
A335V variant was detected at a higher frequency of 17.4% (29/167). The G265S variant is
reported for the first time in this study at 0.6% (1/167) frequency. The SNPs detected were in
strong LD (D’= 1, R? = 0.0) with minor deviation from the Hardy-Weinberg Equilibrium. These
variants were not located at the binding motif of Maraviroc. The variants A335V and Y339F
were detected at a higher frequency in this study than previously reported in South Africa.

Variability in APOBEC3 host cell genes was also characterized in our study cohort. The
following APOBEC3 variants compared to the GRCh37 consensus sequence were detected:
R97C, R248K and T316T in A3D; R48P, A78V, A108S, S118S, R143R, I187L, Q87L, V231l,
E245E, S229S, Y307C and S327S in A3F; S60S, H186R, R256H, Q275E and G363R in A3G
and N15A, G105R, K140E, K121D, E178D in A3H. Minor allele frequency variants (MAF<5%);
L221L, T238Il, C224Y and C320Y in A3D; I187L, P97L and S229S in A3F; R256H, A109A, F119F
and L371L in A3G, which are frequent in the European population, were also detected. In
addition, novel R6K, L221R and T238l variants in A3D and 11171 in A3F were detected. Most of
the SNPs were in strong LD with minor deviation from the Hardy-Weinberg Equilibrium. Four,
six, four, and three haplotypes were identified for A3D, A3F, A3G, and A3H respectively. In
general, polymorphism in A3D, 3F, 3G and 3H were higher in our South African cohort than

previously reported among other African, European and Asian populations.

The APOBEC3 antagonist HIV-1 vif gene was also sequenced to determine the level of diversity
in a South African population and also correlated with APOBECS3 variation. Functional Vif
without frameshift mutation was observed in all samples except in 4 samples. The functional
domain and motifs, such as Zn binding motifs, proline-rich domain, human casein kinase, and
the N and C-terminal CBF interaction site were highly conserved. APOBEC binding motifs and
the nuclear localization signal were less conserved in the South African HIV-1 Vif. APOBEC3 H
variation strongly correlates with Vif variation. All the Vif sequences were subtype C, except one
sample, which was identified as an A1l/C recombinant. The vif gene in a South African
population was under purifying selection, with the dS= 0.2581 and dN= 0.0684 and the dN/dS

value = 0.265. There is a high genetic diversity in the South African vif gene, which may
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influence the neutralization and restriction of APOBEC genes.
Conclusions

In conclusion, the protocols developed in this study can be applied to amplify and sequence any
host and HIV-1 genes of interest allowing much deeper and more sensitive profiling of host

gene and HIV-1 genetic diversity.

Our findings show that a highly significant number of chronically HIV-1 subtype C infected
patients in Maraviroc-free treatment harbor CXCR4 utilizing viruses. The data is useful in the
consideration of whether to include entry antagonists such as Maraviroc in alternative forms of
treatment for patients failing second line treatment regimen in the study setting. The
determination of co-receptor usage prior to initiation of therapy consisting of Maraviroc is
suggested.

Variation in the CCR5 coding region were observed at higher frequencies compare to other
studies conducted in South African populations at different locations. This data may suggest
that different populations in South Africa have different SNP frequencies. All the polymorphisms
identified in the study were not located at the Maraviroc binding motif, therefore the subset of

patient infected by R5 viruses may benefit from this drug.

We have shown that significant APOBEC3 variation exists among an ethnically diverse
population of South Africa by providing extensive data for 4 different A3 genes that are known to
restrict HIV infection, but have only been sparsely studied in African populations. This study
provides a baseline for future studies that would functionally characterize SNPs identified in this
population, in order to understand the role of novel and/or low frequency variants observed. Ex
vivo and in vivo studies will increase our understanding of how these variants might have

cumulatively impacted the epidemic in Northern South Africa.

This study also shows that there is a high level of HIV-1 Vif diversity in the study area. This
diversity may impact the expression and packaging of Vif proteins, and the infectivity of HIV. In
addition, a significant correlation was observed between HIV-1 Vif variation and APOBEC3 H

haplotypes.
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1.1 INTRODUCTION

Human immunodeficiency virus (HIV) is a Lentivirus, belonging to the Retroviridae family,
and causes Acquired Immunodeficiency Syndrome (AIDS), a condition in humans that
results in the progressive failure of the immune system, allowing life-threatening
opportunistic infections and cancers to develop. HIV can be transmitted through sexual

contacts, contaminated blood products and from mother to child.

It was discovered in 1983 after the first cases of AIDS were recognized between 1980 and
early 1981 (Centers for Disease Control 1981). Several initial patients showed symptoms of
Pneumocystis carinii pneumonia (Gottlieb et al. 1981), a rare opportunistic infection that was
known to be present in people with severely compromised immune systems. Soon
thereafter, additional patients developed a previously rare skin cancer called Kaposi's
sarcoma (Friedman-Kien 1981). At the end of 2016, there was an estimate of 36.7 million
people living with HIV worldwide (UNAIDS 2017). The two types of HIV (HIV1 and HIV-2)
are now known to have originated from non-human primates in sub-Saharan Africa where in
the late 19" or early 20" century they were transmitted to humans (Korber et al. 2000). HIV-
1 appears to have originated in southern Cameroon through the evolution of SIV (cpz) (Gao
et al. 1999), a Simian Immunodeficiency Virus (SIV) that infects wild chimpanzees. The
closest relative of HIV-2 is SIV from Sooty Mangabey monkeys (Keele et al. 2006). Distinct
from many viruses, HIV exhibits very high genetic variability.

There is currently no cure for HIV infection. The main treatment for HIV is Antiretroviral
therapy (ART), which aims at keeping the amount of HIV in the body at undetectable levels.
Primarily, treatment is with combination ARV therapy (CART) referred to as Highly Active
Antiretroviral Therapy (HAART). It is composed of a combination of several classes of
antiviral drugs such as the nucleoside reverse transcriptase inhibitors (NRTIs), non-
nucleoside reverse transcriptase inhibitors (NNRTIs), and protease inhibitors. These
treatments have been highly beneficial to many patients since their introduction in 1996,
when the protease/RT inhibitor-based HAART first became available (Palella et al. 1998).
One major problem in HIV treatment is that the virus has a prolific and highly error-prone
replication process that can lead to the development of drug resistance. In addition, some

severe side effects are associated with treatment. The shortcomings of these drugs thus
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continue to open new vistas in the development of alternative therapeutic approaches to

treating HIV-1- infected individuals.

Potential major breakthroughs for future therapeutic development were the discoveries of
the role of co-receptors in HIV-1 in 1996 and anti-viral activities of the host restriction factors
such as APOBEC3G protein, a member of the DNA cytosine deaminase family in 2008.
Since the discovery of these genes and their role in HIV replication, many studies have been

conducted that show their association with virus polymorphism.

Sequencing of DNA and its applications has played a significant role in our understanding of
biology and contributed in many fields such as drug discovery and development. The latest
sequencing technology referred to as Next Generation Sequencing (NGS), due to its
advantages such as low cost and large-scale high-throughput capacity, it has be applied in
studying many microbes and made the sequencing of whole genome easier. The Human
Genome Project and the re-sequencing of selected regions of the human genome in
disease association studies have contributed to a refined understanding of the molecular
basis of many diseases. Although there still need for Human Exome sequencing of genes

such as the APOBEC in limited recourses settings.
1.2 LITERATURE REVIEW
1.2.1 Epidemiology of HIV

By the end of 2016, an estimated 36.7 million people were living with HIV throughout the
world. From the total of people living with HIV worldwide, 34.5 million were adults and 2.1
were children under the age of 15 years. In 2016, an estimated 1.8 million people were
newly infected with HIV (figure 1.1), a decline from 2.1 million new infections in 2015. Adult
new infection declined by 11% and 16% for the general population between 2010 and 20186,
whereas there was only an 8% decline between 2010 and 2015. New infections amongst
children globally have halved from 300,000 in 2010 to 160,000 in 2016, with 47%
prevalence. In 2016, 1 million people died of AIDS- related illnesses. (UNAIDS, 2017).

The vast majority of people living with HIV are located in low and middle-income countries,
and sub-Saharan Africa remains the region most heavily affected. In 2016, about 69.4% of
all people living with HIV resided in sub-Saharan Africa, a region with only 12% of the global

population. In 2016, adults and children living with HIV in this region were estimated to
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comprise 19.5 million, whereas those newly infected with HIV were 790,000. An estimated
420,000 adults and children died of AIDS in 2016 (UNAIDS 2017).

In North Africa and the Middle East, approximately 230,000 people were living with HIV, and
an estimated 18,000 people became newly infected in 2016, while an estimated 11,000
adults and children died of AIDS. As for Asia and the Pacific, 5.1 million people were living
with HIV, with 270,000 newly infected in 2016, and the disease had claimed 170,000 lives.
There were 2.1 million people in Latin America and Caribbean living with HIV in 2016, with
190,000 new infections and 45,400 lives lost (UNAIDS 2017).

In Eastern Europe and Central Asia, an estimated 1.6 million people are living with HIV and
190,000 were newly infected in 2016. HIV/AIDS had claimed 40,000 lives by 2016 in the
region. As for Central Europe, Western Europe and North America, there were 73,000 new
cases of HIV in 2016, bringing the number of people living with HIV/AIDS to 2.1 million. An
estimated 18,000 people in this region died of AIDS in 2016 (UNAIDS 2017).

Number of new HIV infections in 2016 and change since 2010

S : “"; '190,000 )
. a-" ] ) R E. Europe and 270,000
1.8 million ‘} _ ' Central Asia Asia Pacific
people newly ; e , -
infected in e~ . 60%,
2016 globally '

Decrease in
number of new
infections across
the global
population each

year since 2010

370,000
Western and
Central Africa

115,000
Latin America
AVERT.org and Caribbean

Source: UMAIDS Data 2017

Figure 1.1: Global prevalence of HIV/AIDS (UNAIDS, 2017).
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The epidemic continues to be severe in South Africa, where there are more people living
with HIV than in any other country in the world, with an estimated 7.1 million people living
with HIV (figure 1.2). In 2016, there were 270,000 new HIV infections and 110,000 AIDS-
related deaths. This country also has the largest antiretroviral programs, with 56% adults
and 55% children on antiretroviral treatments (UNAIDS 2017). There was a drop in the 2011
HIV prevalence in KwaZulu-Natal with an estimate of 37.4%, indicating a decline by 2.1%
from 39.5%. In contrast, the Mpumalanga Province showed an increase in estimated HIV
prevalence of 2.0%, from 34.7% in 2009 to 36.7% in 2011. There was also an increase in
HIV prevalence in Free State from 30.6% in 2010 to 32.5% in 2011, and the North West
from 29.6% in 2010 to 30.2% in 2011. Limpopo showed an increase from 21.4% in 2009 to
22.1% in 2011 (South African National Department of Helath 2010) (National Antenatal
Sentinel, 2012).

BOTSWANA

Mpumalan fa
uteng

£ 36.79
North-West i {swAzZILAND

NAMIBIA 202% .

. Free State KwaZulu-Nata

HIV prevalence range

[[]<20%
Western Cape
18.2% []20-30%
B =30%

Figure 1.2: National prevalence of HIV/AIDS (South African National Department of Helath
2010).
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1.3 TREATMENT OF HIV

There is currently no cure for HIV/AIDS and the main treatment for HIV is antiretroviral
treatment, which aims to provide maximal and durable suppression of viral copies in the
body, restore immune function, reduce HIV-related infections and improve quality of life.

The goals of HIV treatment can be achieved when adherence is highly practiced.

There are currently five classes of ART drugs approved, which target different stages of
the virus’s life cycle. Treatment methods primarily target the reverse transcription step
with reverse transcriptase inhibitors, the protease cleavage step with protease inhibitors,
the viral DNA integration step with integrase inhibitors, viral attachment with attachment
inhibitors, and the co-receptor binding step with co-receptor inhibitors or the fusion step

with fusion inhibitors.

Current cART options are a combination consisting of two or more drugs belonging to at
least two types or classes of antiretroviral agents. The most common drug combination in
treatment initiation consists of two NRTIs combined with either an NNRTI or a boosted
protease inhibitor. Ritonavir in small doses is the most commonly used booster. An
example of the common antiretroviral combination is the two NRTIs zidovudine (AZT) and
lamivudine (3TC), combined with the NNRTI efavirenz (EFV). The second line consists of
two of either NRTIs or NNRTIs and boosted Pl such as Abacavir (ABC), Lamavudine
(TDF) and Lopinavir (LPV/r). Third line also referred t as salvage therapy is given when
the first and second line has failed and drug resistance testing conducted. Integrase such

as Raltegravir (RAL) or entry inhibitors such as Maraviroc (MVC) are recommended.

The decline in new infections and AIDS deaths can be attributed largely to the scale-up of
antiretroviral therapy programs, especially in developing countries. There has been a
dramatic increase in access to life-saving ART in the past several years, particularly in
resource limited countries and substantial additional efforts were invested to achieve the
goal of 15 million people on ART in 2015 (UNAIDS 2013)A major milestone was achieved
in 2016 where half (53%) of the people living with HIV had access to ART. By the end of
2016, 19.5 million people living with HIV were receiving ART from 17 million in June 2016
and 7.5 million in 2010. If the scale up of treatment continues this way, it is estimated the
world will reach the global target of 30 million people on treatment by 2020 (Unaids

2017). Significant progress has also been made in the prevention of mother to child
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transmission of HIV. In 2016, 76% of all pregnant women living with HIV had access to

treatment.

In sub-Saharan Africa, about 61% of adults and 51% of children needing treatment were
on treatment by the end of 2016 (Unaids 2017). Of the sub-Saharan countries, South
Africa is a country with the largest antiretroviral treatment programme globally. In 2016,
more than 3.7 million people were receiving ART, which equates to 56% people living
with HIV in the country. In 2012, it was only 31.2% of people living with HIV were on ART
(SANAC 2011; Unaids 2017).

In spite of this remarkable progress, drug resistance to two or three antiretroviral drug
classes is a major problem in the long-term management of HIV-1 infected patients.
When patients have few or no available standard treatment options, they have to seek
salvage therapy. One of the drugs currently used for salvage therapy is Maraviroc (MVC),
the first licensed antiretroviral drug from the class of co-receptor antagonists, which
antagonize C-C Chemokine co-receptor type 5 (CCR5).

1.4 THE BIOLOGY OF HIV-1 AND ITS LIFE CYCLE

Human immunodeficiency virus type 1 (HIV-1) is a complex retrovirus. The genome is about
9kb and it contains nine genes and encodes 15 proteins. The genes are classified into
structural, catalytic, regulatory and accessory genes. Outside a human cell, a mature HIV
virion exists as a roughly spherical particle with a diameter between 100-150 nanometers.
The central core consists of two copies of positive sense single-stranded RNA. This RNA is
bound to nucleocapsid proteins (p9 and p7) and is enclosed by a conical capsid composed
of 1300 copies of the viral capsid protein p24 and a matrix protein p17. Enzymes needed for
the virion maturation and replication is also packaged in the virion (protease (PR), reverse
transcriptase (RT), and integrase (IN) (Chan et al. 1997).

The HIV capsid is surrounded by a protein matrixanda bilayer lipid membrane, derived from
the host cell through “viral” budding from regions that contain the viral Envelope proteins.
The envelope proteins consist of a surface glycoprotein (gpl120) and a transmembrane
(fusion) protein (gp41). The viral envelope proteins are essential for attachment and fusion

with a target susceptible cell (Chan et al. 1997).
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The nine viral genes of HIV are gag, pol, env, tat, rev, nef, vif, vpr, and vpu. The gag and
env genes encode the structural proteins. The six genes tat, rev, nef, vif, vpr, and vpu are
regulatory and accessory genes for proteins that control the ability of HIV to replicate and
cause disease (Chan et al. 1997). The pol gene encodes the essential viral enzymes (PR,
RT and IN). All the genes have specific functions that control the ability of the virus to infect

cells and produce new virus.

Once HIV is in the body, it targets and infects a variety of immune cells such as CD4* T-
cells, monocytes/macrophages, dendritic cells and microglial cells. The virus takes over
these cells and turns them into factories that produce thousands of copies of the virus. HIV
goes through several steps, which are also drug targets, to establish itself in the human

body, shown in figure 1.4. The steps are as follows:
1.4.1 Binding

Human immunodeficiency virus infects CD4" cells by binding of the env glycoprotein
(gp120) on its surface, initially to CD4. This leads to a conformational change that allows
binding to chemokine receptors (CCR5 or CXCR4) on the target cell. Attachment to the cell
is followed by fusion of the viral envelope with the cell membrane (through gp4l) and
release of the viral capsid into the cell (Arthos et al. 2008). At this stage, entry and fusion

inhibitors can block the attachment and entry of HIV in to the cell.
1.4.2 Replication and transcription

After the viral capsid enters the cell into the cytoplasm in the absence of monkey TRIM5q,
reverse transcriptase (RT), which is an RNA-dependent DNA polymerase, transcribes
single-stranded RNA into single-stranded DNA. It also functions as DNA-dependent DNA
polymerase that synthesizes a second strand of DNA complementary to the reverse
transcribed single-stranded cDNA after degrading the original mRNA with its RNaseH
activity. The end result of reverse transcription is a double-stranded viral DNA containing a
Long Terminal Repeat (LTR) at each end. A successful reverse transcription and transport
of viral genome to the nucleus may be prevented by the presence of TRIM5a restriction
factor in the cytoplasm during the release and uncoating of the viral genome (Stremlau et al.
2004). Additionally, the NRTIs, NNRTIs as well as host restriction factors such as APOBEC3

genes and SAMHD1 are capable of restricting the replication HIV-1 during reverse
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transcription. In contrary HIV-1 has also evolved mechanism to block the action of the host
genes through its encoded vif and vpx genes respectively allowing the resulting DNA to
move into the nucleus as a component of the pre-integration complex (PIC) that then
integrates into the host cell genome (Sherman et al. 2002). Integration of DNA is essential
for a productive infection and Integrase inhibitors can block the integration of viral genome

into host chromosome.

Once the provirus is integrated into the host chromosome, the virus is expressed using the
host cell transcription, RNA processing and translation machinery. The integrated DNA
provirus is transcribed into full-length RNA that interacts with the cellular RNA processing
machinery like any cellular pre-mRNA. Some of the RNA is spliced (either completely or
incompletely) before export to the cytoplasm and translation by the host protein synthesis
machinery (Figure 1.3). A fraction of the RNA gets exported to the cytoplasm in an
unspliced form that serves as the mRNA template for viral protein production (Gag and

GagPol proteins) and is also packaged into new virus particles (figure 1.4).

The completely spliced ~2kb mRNA is exported out of the nucleus to the cytoplasm for the
translation of nef, tat and rev. The tat and rev factors are absolutely required for efficient
viral gene expression and function at the transcriptional and post-transcriptional levels in
infected cells. As the newly produced rev protein accumulates in the nucleus, it binds to an
element present in the ~4kb incompletely spliced and the ~9kb unspliced mMRNAs known as
the Rev Response Element (RRE). This allows export of these mRNAs from the nucleus to
the cytoplasm, where they will be translated. The partially spliced mRNA encodes env, vif,

vpu and vpr (figure 1.3).
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Figure 1.3: The illustration of the export of mMRNA transcripts out of the nucleus to the
cytoplasm (Cullen 2003).

1.4.3 Assembly and release

The final step of the viral cycle is the assembly of the new HIV-1 virions, which takes place
at the plasma membrane of the host cell. The Env polyprotein Gp 160 traffics through the
endoplasmic reticulum and is transported to the Golgi complex, where it is cleaved by a host
protease called furin and processed into two HIV envelope glycoproteins (Gp 41 and Gp
120), which are then inserted into the plasma membrane of the host cell. The Gp 41 protein
is a transmembrane protein that anchors the Gp 120 surface glycoprotein to the membrane
of the infected cell. The assembly of newly synthesized HIV-1 virions is mediated by the
HIV-1 Gag polyprotein, which directs the recruitment of GagPol and other components
required for the assembly and release of new viral particles (Freed 1998). After trafficking to
the membrane, budding takes place in regions that also contain gp120 and gp41. Maturation
occurs either in the forming bud or in the immature virion after it buds from the host cell.
During maturation, the HIV protease cleaves the Gag and GagPol polyproteins into
individual HIV structural proteins and enzymes (Douglas et al. 1997). The mature virus is
then able to infect another cell. Protease inhibitors can block this stage and Tetherin a host
restriction factor is capable of restricting the release of HIV-1 particles in the absence of

HIV-1 Vpu viral protein (figure 1.4).
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Upon transmission to a new host, HIV infects CD4* cells of the human immune system,
such as CD4 helper T-cells, CCR5'CD4"* effector memory T-cells, macrophages and
dendritic cells. Depletion of such cells during HIV infection leads to low levels of CD4* T-
cells through mechanisms such as direct viral killing of infected cells, increased rates of
apoptosis in uninfected cells and killing of infected CD4* cells by CD8" cytotoxic
lymphocytes that recognize infected cells. When the CD4* T-cell number declines below
a critical level, cell-mediated immunity is severely compromised. In the absence of
antiviral drug treatment, the body becomes progressively more susceptible to

opportunistic infections, ultimately resulting in AIDS (Grossman et al. 2006).
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Figure 1.4: The figure illustrates the main steps in the HIV-1 replication cycle. The major families of antiretroviral drugs (green),
and the step of the life cycle that they block, are indicated. Also shown are the key HIV restriction factors and their corresponding
viral antagonists (vif, vpx and vpu in blue); CCR5, CC-chemokine receptor 5; LTR, long terminal repeat; NRTIs, nucleoside

reverse transcriptase inhibitors; NNRTIs, non-nucleoside reverse transcriptase inhibitors (Barré-Sinoussi et al. 2013).
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1.5 INTERACTION OF HIV CHEMOKINE CO-RECEPTORS WITH THE V3 LOOP OF HIV-
1 GP120

Entry of HIV into a host cell does not only require CD4, but also a chemokine co-receptor.
The virus can use CCR5, CXCR4 or both co-receptors to gain entry into the host cell.
Viruses that use CCR5 as co-receptor are referred to as R5, those that use CXCR4 as

X4 and those use both co-receptors as dual R5X4 viruses.

Characterization of HIV-1 co-receptor usage is clinically significant and of high
importance because of future therapeutic use of HIV-1 co-receptors as targets. Minimal
changes in the V3 region amino acid are sufficient to switch co-receptor from CCR5 to
CXCR4 (Pastore et al. 2006). The majority of initial HIV-1 infections involve the use of
CCR5, while CXCR4 use often predominates at late stages of infection (Connor et al.
1997; Scarlatti et al. 1997; Berger et al. 1998). This has been strongly associated with
low CD4* cell counts and occurs in approximately 50% of subtype B infections (Tersmette
et al. 1989; Richman and Bozzette 1994; Connor et al. 1997; Hatse et al. 2003). At the
late stages of infection, a co-receptor switch from R5 to X4 has also been reported in
subtypes A, C, D, CRF01_AE, and CRF02_AG infections (Bjérndal et al. 1997; van Rij et
al. 2002; Esbjornsson et al. 2010).

The third variable domain (V3) of the HIV-1 envelope typically spans 33 to 35 residues
that are bounded by two invariant cysteines that form a disulfide bond to create a loop
(Poon et al. 2007). The V3 loop appears to be the major genotypic determinant of HIV-1
co-receptor usage (Sander et al. 2007). Interaction of the CD4 and gp120 exposes the
V3 loop that predominantly mediates the molecular recognition of the chemokine receptor
(Cormier and Dragic 2002; Suphaphiphat et al. 2003). Upon V3 loop/co-receptor binding,
a series of rearrangements in the envelope occurs that leads to fusion of the host virus
cell membrane (figure 1.5). Entry inhibitors such as Maraviroc bind to CCR5 and inhibit
the gp120-CCRS5 interaction through an allosteric mechanism (Garcia-Perez et al. 2011).
The United States Food and Drug Administration first approved Maraviroc as salvage
therapy in 2007. Currently, it is also recommended as a component in first-line
antiretroviral therapy (ART) in the United States and other developed countries (Woollard

and Kanmogne 2015).
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Shortly after the role of CCR5 as co-receptor was discovered, many studies were
conducted that led to the discovery of the CCR5A32 mutant and its association with
protection to HIV-1 infection in individuals homozygous for this allele (Picton et al. 2010).
This discovery provided the first genetic evidence of natural protection to HIV-1 infection
and prompted further studies investigating the effects of polymorphism in CCR5 and how
it influences the outcome of HIV-1 exposure and infection. To date, several mutations
and single-nucleotide polymorphisms (SNPs) in this gene have been discovered and
found to be important genetic factors capable of influencing susceptibility to HIV-1

infection or affecting the rate of disease progression (Picton et al. 2010).

CD4 :> Co-receptor :> Virus-cell

attachment binding fusion

CCRS5
CD4 antagonists Fiisioii
attachment inhibitors
inhibitor
CD4 —b»,

Cell membrane

CCRS5 or CXCR4

Figure 1.5: lllustration of the HIV-1 attachment and entry into a host cell (Vandekerckhove
et al. 2009).

1.6 HOST PROTEINS INVOLVED IN HIV RESTRICTION

Retroviruses such as HIV-1 requires the host cell and its machinery to achieve efficient
replication (Bushman et al. 2009). Mammalian cells on the other hand also express a

number of diverse, dominantly acting proteins that are widely expressed and function in a
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cell autonomous manner to suppress viral replication. These proteins are known as
restriction factors or intrinsic resistance factors, which are a part of the innate immune

responses, providing first line of defense against infections (Bieniasz 2003).

Host restriction factors play an important role in viral replication, and are defined by the
following characteristics: First, these proteins must be able to directly and dominantly cause
a significant decrease in viral infectivity (in the absence of counteracting viral proteins).
Second, if a restriction gene is a potential threat to viral replication, then viruses should
show signs of having evolved a potent counter-restriction mechanism. Third, restriction
genes also often show signatures of rapid evolution because of longstanding interactions
with infecting viruses. Fourth, restriction genes should be part of an innate immune
response (Sheehy et al. 2002; Harris 2008; Malim and Emerman 2008; Malim and Bieniasz
2012).

A number of different host restriction proteins important in HIV infection have been
discovered using different approaches, leading to the discovery of numerous AIDS
restriction genes that affect susceptibility of viral infection (Kaur and Mehra 2009). Genome-
wide knockdown and proteomic studies have suggested that up to 10% of human proteins
either directly or indirectly impact HIV replication (Brass et al. 2008; Konig et al. 2008; Zhou
et al. 2008; Yeung et al. 2009; Jager et al. 2012). The known and widely studied restriction
factors include the apoliprotein B messenger RNA (mRNA)-editing enzyme catalytic
polypeptide like-3 (APOBEC3) family of proteins, tetherin/bone marrow stromal cell antigen
2 (BST2/CD317 (thereafter called tetherin), and tripartite-motif-containg 5a (TRIM5a)
(Stremlau et al. 2004; Nisole et al. 2005; Neil et al. 2008; Van Damme et al. 2008; Laguette
etal. 2011).

The APOBEC gene family was the first restriction factors to be studied and comprise
Cytidine deaminases capable of editing DNA and or RNA sequences. Although the
APOBEC genes belong to larger superfamily deaminases, APOBECs are restricted to
vertebrates (Conticello et al. 2003). The family of APOBEC comprises eleven members in
humans with distinct functions and locations. The activation-induced deaminases (AID) and
APOBEC 1 genes are located on chromosome 12, the APOBEC 2 gene is located in
chromosome 6, the seven of the APOBEC3 genes are located on chromosome 22 and the

APOBEC4 gene is located in chromosome 1 (Espinosa et al. 1994, Liao et al. 1999; Muto et
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al. 2000; Jarmuz et al. 2002). Members of this family are distinguished by the presence of
one or two catalytic domains containing a Zinc-binding deaminase motif, characterized by
the conserved amino acid sequence H-X-E-X (23.28)-P-C-X (2.4-C in which the His and Cys
residues coordinate Zn?* and the Glu residue is involved in the proton shuttle during the

deamination reaction (Jarmuz et al. 2002; Wedekind et al. 2003).

One of the most studied HIV restriction factors of the APOBEC3 family is APOBEG3G. In
the absence of the viral vif gene, this protein was shown to convert a cell line with a
permissive phenotype into a non-permissive phenotype (Sheehy et al. 2002; van Rijj et al.
2002). In the absence of vif, APOBECS3G is efficiently packaged into viral particles, causing
restriction during reverse transcription. Soon after the initial discovery and functional
characterization of APOBEC3G, attention turned towards its six highly related family
members. It was later reported that only four (APOBEC3D, APOBEC3F, APOBEC3G, and
APOBEC3H) package into virus-like particles and inhibit viral replication when stably
expressed in human T-cell lines (Hultquist et al. 2011). Endogenous APOBEC3D and
APOBEC3F combine to inflict the 5-GA-to-AA mutation pattern observed in the non-
permissive T-cell line CEM2n (Refsland et al. 2012). Seven different human haplotypes of
APOBEC3H proteins have been reported. Cell-based studies indicate that only subsets of
these haplotypes are stable at the protein level and capable of HIV restriction (Dang et al.
2008; OhAinle et al. 2008; Harari et al. 2009; Wang et al. 2011).

1.7 INTERACTION OF APOBEC3 AND HIV-1 VIRAL INFECTIVITY FACTOR (VIF)

Several human APOBECS3 proteins can enter assembling viral particles, during viral particle
production (figure 1.6). When these particles then infect a target cell, the APOBEC3 protein
deaminates viral cDNA, changing cytosine to uracil during reverse transcription. This causes
G-to-A hypermutations and genome degradation, which results in viral inhibition (Zhang et
al. 2003). HIV-1 has evolved a mechanism to counteract this restriction through its encoded

Vif protein.

The Vif protein is a 23kd protein essential for replication of HIV-1 in cells that express
APOBEC3, which includes monocytes, macrophages, primary CD4+ T lymphocytes, and
some leukemic T-cell lines (Fisher et al. 1987; Gabuzda et al. 1992; Madani and Kabat
2000; Sheehy et al. 2002). Studies have shown that during counter restriction, Vif binds to

APOBEC3 and forms an E3 ligase complex by also binding to cellular proteins including
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Cullin 5, Elongin B and C. This complex induces polyubiquitination and directs the
degradation of APOBEC3 by the 26S proteasesome (Sheehy et al. 2002; Conticello et al.
2003; Yu et al. 2003; Mehle et al. 2004)
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Figure 1.6: Mechanism of action of the APOBEC3 and the HIV-1 Vif protein (Hultquist et al. 2011).
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1.8 NEXT GENERATION SEQUENCING TECHNOLOGIES

DNA sequencing, which is a technique used to determine the order of nucleotides sequence
is DNA, has been around since the mid 1970s (Griffin and Griffin 1993). The first
sequencing technologies were discovered and named by Allan M. Maxan and Walter Gilbert
and the Sanger method by Frederik Sanger between 1977-1981 (Sanger et al. 1977; Men et
al. 2008). These methods relied on different principle and technique of sequencing DNA.
The Sanger sequencing method became popular and formed basis of many studies
including the Human Genome Project. Its principle involves DNA synthesis using deoxy and
fluorescence labeled dideoxyribonucleic acid that results in termination of synthesis at
specific nucleotides. This method was improved and later performed using automated
sequencing machines such as the ABI 370 in 1985, ABI 377 in 1995 and the ABI 3700 in
1999 by the Roche Company.

Sanger based sequencing has build a solid foundation of genomic sequencing that the next
generation of sequencing technologies had to build upon through re-sequencing and
comparative genomic studies. In addition to the Whole genome sequencing, this method
has been used to sequence countless amplicons for applications such as verification of
clones, searching for SNPs and forensic analysis (Goldberg et al. 2006; Fakruddin and
Chowdhury 2012; Baudhuin et al. 2015; Gao et al. 2016; Chang et al. 2017). Over the past
10 years, they had been significant improvements in sequencing technology such as the
introduction of Next Generation Sequencing. This technology made it possible for millions to
billion of DNA molecules to be sequenced simultaneously reducing cost of sequencing from
~$10/Kb to ~$1/Kb (Blow 2008; Mardis 2008; Shendure and Ji 2008). Several application of
NGS allowed sequencing of multiple strains of pathogenic bacteria/viruses to monitor drug
resistance and pathogenesis, re-sequencing of selected regions to search for human
variation in population, monitor the onset of drug resistance in HIV or HCV, and profiling
tumors to guide cancer therapies (Nielsen et al. 2011; Paredes 2012; Capobianchi et al.
2013; Johnson et al. 2014; Jour et al. 2014; G. and W. 2016).

The first NGS instrument was a 454GS Junior by Roche Applied Science in 2005 followed
by a 545GS FLXT which relied on pyro-sequencing chemistry and phased out in 2016.
Improvements on data output in these technologies led to the introduction of many
instruments such as the Selexa 1G Analyzer HiSeq, MiSeq and MiniSeq by lllumina Inc,

SOLID and lon Proton by Applied Biosystems and the PacBio Rs. Next generation
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sequencing holds the promise of not making current experiments more feasible, allowing
flexibility in experiment design afforded by quicker and more cost efficient sequencing.
These new technologies as well as the current state-of the-art Sanger sequencing

platform are summarized in table 1.1

Table 1.1: Next generation sequencing platforms and their description.

Platform | Chemistry Gb/Run | Advantage | Disadvantage

e a aw

454 GS

Pyro- 0.04 LongRead High error rate
Junior  sequencing Length in
(Roche) homopolymer
454 GS Pyro- 700 23 hrs. 0.7 Long Read High error rate
FLX+ sequencing Length in
(Roche) homaopolymer
HiSeq Reversible 2100 2days 120 High- Short reads
(Ilumina) Terminator (rapid (rapid throughput Longrun time
mode) mode) / cost (normal mode)
SOLID Ligation 85 8 days 150 Low Error Short reads
(Life) Rate Longrun time
Ion Proton  Proton 200 2 hrs. 100 Short Run New*
(Life) Detection times
3000 No PCR
PacBioRS Real-time (upto 20min 3 Longest High Error
Sequencing 15,000) Read Rate
Length

1.9 STUDY RATIONALE

African populations are characterized by a high level of genetic diversity owing to a large
number of variable genes and alleles (Cavalli-Sforza 1991; Jorde et al. 2000; Tishkoff and
Williams 2002; Jakobsson et al. 2008). Patterns of genetic variation in the modern African
population are influenced by a demographic history that includes changes in population size,
admixture and locus-specific forces such as natural selection, recombination and mutation.

To date, few genetic studies of structural variation of genes across ethnically diverse
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populations have been conducted (Conrad and Hurles 2007). There are currently no studies

within and between ethnically diverse African populations.

South Africa carries a higher burden of HIV infection than any other country in the world and
embodies a rich collection of ethnic backgrounds, (figure 1.7). The major ethnic groups
include the Bapedi, Basotho, Ndebele, Swati, Tsonga, Tswana, Xhosa, Venda and Zulu.
The genetic substructure of these populations was assessed by studying the Y-chromosome
and autosomal DNA of these populations (Lane et al. 2002). The Y-chromosome data
demonstrated that people speaking these ethnic languages cluster into three specific groups
(Tswana/Sotho, Nguni and Venda). Thus people belonging to these linguistic groups also
show genetic differences. Because of their genetic variability, these populations are also
likely to carry variable host cell genes (restriction and other factors) that may play a crucial

role in viral replication.
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Figure 1.7: South African map showing geographic distribution of ethnic populations

As described above, host cell genes such as the C-C chemokine receptor type 5 (CCR5)

play a major role in HIV-1 infection and disease progression. One study described how
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polymorphisms within the open reading frame as well as the regulatory regions could
influence the amount of CCR5 expressed on the cell surface, and hence individual
susceptibility to HIV-1 infection (Picton et al. 2010). There are currently no studies
describing CCR5 expression levels in ethnically diverse populations of South Africa and how
expression levels may be influenced by variability. In addition, mutations in the viral
envelope protein V3 loop, a major determinant for tropism, could affect syncytium formation,
viral infectivity, neutralization, replication efficiency and host cell tropism.

A fundamental concept in the biology of viral restriction factors is that HIV-1 generally
evades their potent inhibitory activities in human cells, thereby allowing viral replication to
proceed efficiently (Malim and Bieniasz 2012). Many HIV restriction factors and their
antagonist have been described. Of importance in this study is the Vif protein, which
antagonizes apoliprotein  APOBEC3 proteins, particularly APOBEC3D, APOBECS3F,
APOBEC3G and APOBECS3H (Sheehy et al. 2002).

Since restriction and antagonizing factors interact with each other through direct protein-
protein binding, both restriction factors and their viral counterpart proteins often show the
signature of relatively rapid evolution. This evolution drives selection for beneficial mutations
in restriction factor genes and their viral antagonists. As a consequence of positive
selection, even phylogenetically similar species are likely to differ in terms of restriction
factor functionality. Many APOBEC3 genes, including APOBEC3D, F, G and H have
evolved under positive selection for millions of years in primates (Sawyer et al. 2004;
OhAinle et al. 2008; Duggal et al. 2011; Duggal and Emerman 2012). Within humans,
several APOBECS3 genes are known to possess common polymorphisms that render them
defective, reduce antiviral activity, and increase sensitivity to HIV-1 vif. Furthermore, such

polymorphisms are common in some populations, while not present in others.

Population-based studies have tried to establish a relationship between host factor
polymorphism, expression or activity and the rate of disease progression (Pace et al. 2006;
Vazquez-Pérez et al. 2009). Most studies have focused on Caucasian populations. In
contrast, little information is available for the effects of variation in these genes in African
populations, where the HIV epidemic has expanded at an alarming rate. Although several
population studies have focused on African Americans, these do not give us a complete
picture of the potential variation in Africans, though the studies can be a good guide from

which to base additional studies. A more comprehensive analysis involving different African
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ethnic groups will likely provide a better understanding of the mechanisms underlying host
pathogen interactions, especially in view of the fact that African Americans are primarily

infected with HIV subtype B, which is rarely seen in Africa.
1.10 OVERALL OBJECTIVE

The main objective of this study was to apply next generation sequencing (NGS) to
characterize the variability of CCR5 and APOBEC3 genes and to determine how they
influence HIV-1 evolution and genetic diversity in diverse populations of South Africa. This

study was correlated with sequence analysis of the HIV-1 env V3 loop and vif regions.
1.11 SPECIFIC OBJECTIVES

Next Generation Sequencing (NGS) was used to characterize host cell DNA and HIV
from ethnically diverse populations of South Africa with respect to:

HIV-1 gp120 V3 loop gene diversity.

Co-receptor usage (based on V3 loop sequences)
CCRS5 polymorphism

APOBEC3 D, F, G and H polymorphism

HIV-1 Vif diversity

a ~ wnh e

1.12 HYPOTHESES

It was hypothesized that:
1. HIV-1 subtype C chronically infected South Africans harbor a significant level of
CXCRA4 utilizing viruses.

2. There is limited variability in the CCR5 Maraviroc binding motif in HIV-1 chronically

infected individuals.

3. There are variations in apobec3 genes in South African populations that could

significantly affect viral replication, transmission, fithess and evolution.

4. Variations in HIV-1 vif influences variation in apobec3 at a genetic level.
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1.13 THESIS OUTLINE

The next successive chapters describe specific topics that this study set out to investigate.
Chapter Two describes next generation sequencing protocols to amplify and sequence
CCR5 the APOBEC3 genes, HIV-1 vif and env V3 loop genes that were developed and
validated. Chapter Three describes experiments investigating co-receptor usage and
demonstrates that there is a high frequency of CXCR4 utilizing viruses in HIV-1 chronically
infected drug experienced South African individuals. Chapter Four describes experiments
that characterize CCR5 gene variation and its predicted influence on Maraviroc binding.
Chapter Five describes experiments that characterize variation in the APOBEC3 genes and
its level of diversity in South African populations. Chapter Six explores the genetic
characterization of HIV-1 Vif and correlation with APOBEC3 variation in chronically infected

South African treatment experienced patients.

Each of the chapters consists of an abstract, introduction, materials and methods, results,
discussion, conclusions and references. The general overview of the entire study is made
where the main findings are highlighted in a context with recommendations and limitations in
Chapter Seven.
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ABSTRACT

Background: Next Generation Sequencing (NGS) has made possible the sequencing of
large amounts of DNA in a single machine run, but the DNA library preparation is expensive
and time consuming. One of the most common NGS platforms is Illumina, which uses
Tagmentation-based library preparation procedure mediated by a hyperactive variant of the
transposase (Tn5). This procedure represents major advances in the preparation of
sequencing libraries. Unfortunately, it is proprietary to lllumina and remains prohibitively
expensive. The cost of these commercially available reagents limits its use in small or
medium sized projects in many settings. Therefore the objective of the study was to
generate less expensive procedures using high quality homemade tagmentation-ready Tn5

transposase and or custom amplicon based methods for library preparation.

Methods: Two approaches were applied to prepare libraries; Direct sequencing of short
amplicons and Tn5 transposase tagmentation of large amplicons. Libraries prepared using
both these methods were sequenced in a MiniSeq or MiSeq instrument. In some cases
libraries were also prepared with an Illumina Nextera XT kit as control for comparison.

Results: The run profile of libraries prepared using the homemade Tn5 and custom
amplicon-base methods was analyzed to document the number of cycles, data yield, error
rate and quality score. Generally a MiSeq run for 2x 300bp paired end reads using a V3
reagent kit and a MiniSeq paired end reads 2x150- bp reads option with the MiniSeq High
Output reagents (300 cycles) generated about 23.2 to 15 Gb data, with 44-50 million reads
passing filter, 1200-1400 kmm2 cluster passing filter giving a QC30 of >70%.

Conclusion: Custom based Tn5 tagmentation and amplicon based library preparation
protocols to sequence host cell and HIV-1 genes were developed and validated to lower
costs in existing and novel massively parallel, sequencing-based applications, which will

allow us to harness the full potential of NGS in all types of projects.

Key words: Next generation sequencing, Tn5 transposase, custom amplicon based, library

preparation protocols
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2.1 INTRODUCTION

Next Generation Sequencing (NGS), also referred to as deep sequencing, high-throughput
sequencing or massively parallel DNA sequencing is a non-Sanger-based DNA sequencing
technology, where a million to billion of DNA strands can be sequenced in parallel yielding

substantially more throughput than automated Sanger sequencing.

For the past decades, limitations of sequencing methods have been limiting researchers in
their ability to explore the human genome. The incredible increase in sequencing technology
(Metzker 2010) has revolutionized DNA and RNA sequencing (RNA-seq) applications with
improved throughput. This has lowered the cost per base by more than a 100,000-fold
(Lander 2011). For example, expression profiles from hundreds of different single cells can
be generated in a single lane of an Illumina HiSeq 2000 (Hashimshony et al. 2012; Islam et
al. 2014, Jaitin et al. 2014). While acknowledging the drastic decrease in sequencing costs,
there are other limiting factors such as library preparation costs and labor intensiveness and
this represents a severe constraint in many next generation sequencing—based projects,
especially now that we can sequence thousands of DNA molecules simultaneously
(Eberwine et al. 2014; Head et al. 2014; Sandberg 2014).

One of the main steps in NGS applications is library preparation, which employs
fragmentation of long DNA fragments and adding sequencing adaptors. Different NGS
platforms rely on unique chemistries and methods of preparing libraries. lllumina is the most
common platform, which uses a DNA tagmentation procedure that represents a major
advance in the preparation of sequencing libraries using a hyperactive variant of the
transposase (Tn5). This enzyme fragments and simultaneously ligates sequencing adaptors
on both ends of DNA in a 5 minutes reaction. (Adey et al. 2010). In current commercial
solutions, the lllumina Nextera DNA kit is used because it is rapid, straightforward and
requires low input DNA. Unfortunately, this technology is proprietary to lllumina and remains
prohibitively expensive for most labs. Although the data quality and reproducibility are high
when using lllumina Nextera kits, the cost of these commercial reagents often limits its use
in small or medium sized projects. Therefore, lowered reagent costs in sequence library
generation are needed to harness the full potential of current sequencing technology and to
make it more affordable for laboratories in resource limited settings. The production of
homemade Tn5 transposase and custom amplicon based library preparation significantly

cuts down costs and allow sequencing genes of interest in small and medium size projects.
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2.2 Objective

The main objective was to develop cost-effective library preparation protocols to sequence
selected host and HIV-1 genes.

2.2.1 Specific objectives

2.2.1.1 To develop library preparation protocols for amplifying and sequencing host cell
genes.

2.2.1.2 To develop library preparation protocols for amplifying and sequencing HIV-1 genes.
2.2.1.3 To validate the developed library preparation protocols using Illumina Nextera XT
kits.
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2.3 MATERIALS AND METHODS
2.3.1 Ethical considerations

The study protocol was approved by the Research Ethics Committee of the University of
Venda (SMNS/16/MBY/28) and the University of Virginia Institutional Review Board (IRB-
HSR #16815). Signed informed consent was obtained from study subjects prior to blood
draw and collection of demographic and clinical data. Personal identifiers were stripped prior

to sample processing and data analysis.
2.3.2 Study population and DNA extraction

The study population was comprised of HIV positive individuals who presented for routine
care at the Bela-Bela HIV/AIDS Prevention Group Wellness clinic (HAPG), Donald Fraser
Hospital Hope Clinic (DFHC) in Vhufhuli and Polokwane Hospital in the Limpopo province of
Northern South Africa. These individuals were recruited from July 2013 to December 2015.
DNA was extracted from peripheral blood mononuclear cells (PBMC) of 192 HIV infected
individuals, using QlAamp DNA blood mini kit according to the manufacturer’s instructions

(Qiagen) and the DNA concentration ranged from 1-780ng/ul.
2.3.3 Study approach and strategy

Two approaches were used to develop library preparation protocols to sequence host and
HIV-1 genes. The approaches are as follows; (1) Tn5 tagmentation library preparation using
large amplicons and (2) Custom amplicon based library preparation using short amplicons.
Libraries prepared using these approaches were sequenced in parallel with libraries
prepared using an lllumina Nextera XT kit for validation. These approaches were based on
the length of the amplicons considered for sequencing and the Illumina platform used. Two
lllumina platforms (MiSeq and MiniSeq) were used in this study. An lllumina MiSeq can
sequence a maximum of 2x 300 bp forward and reverse reads, while an Illumina MiniSeq
can sequence a maximum of 2x 150bp forward and reverse reads. Primers were designed

based on each approach. Figure 2.1 shows an overview of the workflow.
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Figure 2.1: An overview the NGS methodology.
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2.3.3.1 Approach 1: Library preparation using the homemade Tn5 transposase

This approach was applied mainly for preparing libraries from host cell genes because of
their long amplicon size. Amplicons from five host genes were synthesized in this approach
and are as follows; CCR5, APOBEC3D (A3D), APOBEC3F (A3F), APOBEC3G (A3D) and
APOBEC3H (A3H). Only coding regions were targeted for sequencing. These genes are
located at different chromosome shown in figure 2.2 and 2.3. Gene specific primers
designed for this approach were without overhang/ adapter sequences because sequencing
adapters were simultaneously added during the tagmentation reaction. This is different from
custom amplicon based methods where adapter sequences were added during primer
design.

2.3.3.1.1 CCR5 gene location in human chromosome and primer map

The CCR5 gene is located in human chromosome 3 from 46,372,670 to 46,373,961 forward
strands. This gene, consist of one coding exon. Only two sets of primers for first and nested
PCR were designed to amplify the coding region of this gene as amplicon 1, shown in figure
2.2.
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2.3.3.1.2 APOBEC3 genes map in human chromosome and primer location

The overlapping APOBEC3 genes are located in human chromosome 22. A3D is from
39,014,362 to 39,032,316 long with 7 exons. The overlapping A3F to A3D starts from 39,
040,604 to 045,192, with 7 exons. The A3G starts from 39,040,961 to 39,087,421, with 8
exons and A3H starts from 39,097,224 to 39,097,343, with 5 exons. Primers to amplify
these genes were designed to target only the coding regions in different sets of amplicons

shown in figure 2.3.
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2.3.3.1.3 Primer design for host genes

Primers to amplify the four APOBEC3 genes (A3D, A3F, A3G, and A3H) and CCR5 were
designed using Primer3 2.3.4 tool within Geneious® 8.1.5 software (Biometters Ltd). For
each APOBECS3 gene except for A3H, three sets of primers were designed: The first set
amplified a complete gene fragment in a first external polymerase chain reaction (PCR),
while the last 2 sets of primers amplified two fragments of each gene in a nested PCR using
the first round product as the template. The first set of APOBEC3H primers amplified
amplicon 1, which incorporates all the exons. Because this gene is the most variable,
several sets of nested primers targeting exons with the most variation were designed. Two
sets of primers, first round and nested primers were designed to amplify CCR5 as amplicon
1. The first long fragments comprised of both exons and introns while exons were mostly
targeted in the nested PCR. These primers were mapped in Ensembl genome browser to
transcripts of the following genes; ENSG00000160791, ENSG00000243811,
ENSG00000128394, ENSG00000239713 and ENSG00000100298 for CCR5, A3D, A3F,
A3G and A3H respectively. The designed primers were tested on DNA from HEK 293T cells
for specificity and only amplified expected fragments. The primer names, sequences and

product sizes are shown in table 2.1.
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Name Sequence (5-3’) Product
size
A3D (12.1 kb)
A3D Forward | AGGAAGCCTCGCTCTCTCA 12,069
primer bp
A3D Forward | CAGGCAGGGTCTTGATCTGT
primer
A3D Amplicon 1F | AAAAAGAGGGAGACTGGGACAAGCGTATCTAAG | 4,300 bp
A
A3D Amplicon 1R | GAGTGTGGGTGAGGGGGTGTAACCATGAG
A3D Amplicon 2F | AGCTAGGAGAGGTCACCCTG 3,188 bp
A3D Amplicon 2F | CAGGAGGCTAGAAGAGACAGACCATGAGGC
A3F (13.31 kb)
A3F 1st round f ACCAGAAAGAGGGTGAGAGACTGAGGAAGATAA | 13,142
AG bp
A3F 1st round rv AGCCATTTATTGCAGAAGCTATGGATAAAGCTGG
T
A3F Amplicon 1 f | ACCAGAAAGAGGGTGAGAGACTGAGGAAGATAA | 4,918 bp
AG
A3F Amplicon 1rv | GGGTGAGGGGTGTAACCATG
A3F Amplicon 2 f TTCAGAAACCCGATGGAGGC 4,478 bp
A3F Amplicon 2 rv | AGCCATTTATTGCAGAAGCTATGGATAAAGCTGG
T
A3G (10.74 kb)
A3G 1st round f TGTTAACCAGAGGCTGCTCTTCCCAGG 11,852
bp
A3G 1st round rv TCCCTGGGACTCAGCTCC
A3G Amplicon 1f | ATTTGTCCCCAGCTCTGTGG 3,231 bp
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A3G Amplicon 1rv | AGAGGACCTGGTCTGGAACA
A3G Amplicon 2f | CAAGGGAGGAAGCGTGGAG 3,908 bp
A3G Amplicon 2 rv | TGCATTGCTTTGCTGGTGTC
A3H (6.8 kb)
APOBEC3 H | TCTGTTGCACAGAAACACGATGG 3522bp
forward primer full
length
APOBEC3 H | CAACTGACATGCCCCAGGG
reverse primer full
length
APOBEC3 H 452bp
forward primer
Exon2 (A3HfE2) TCTGTTGCACAGAAACACGATGG
APOBEC3 H | TTCCCGAAGTAGTGACTGAGC
Reverse primer
Exon 2(A3HrE2)
APOBEC3 H | GCCACGCACTAGAAAGTTCAC 934bp
forward primer
Exon 3
&4(A3HFE3/4
APOBEC3 H | ACAGTGCCTCACCTTTATCC

Reverse primer
Exon
3&4(A3HrE3/4)

2.3.3.1.4 Polymerase chain reaction (PCR) to amplify CCR5, A3D, A3F, A3G and A3H

genes

Genomic DNA was extracted and the Takara (LA) PCR Kit Ver. 2.1 for long DNA fragments
amplification (Clontech) was used to amplify a 12.16 kb A3D, 13.31 kb A3F, 10.74 kb A3G,
6.8 kb A3H and a 6.32kb CCR5 region from each sample in a 1% round 30 cycle PCR. The
1% round PCR products of each complete gene were used as templates in a nested PCR
reaction to generate shorter fragments of these genes in a 30 cycle nested PCR reaction.
Both the 1% and nested PCRs were in a 20ul reaction consisting of 1X PCR Mg?* plus buffer,
400uM dNTPs, 0.2uM each primer (table 2.1) and 1.25 units of Takara LA Taq high fidelity
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polymerase with the following cycling conditions: Initial denaturation at 94°C for 1 min, 30
cycles of denaturation at 98°C for 10sec, annealing between 53°C and 68°C for 15 min and

extension at 72°C for 10 min.

2.3.3.1.5 Purification, normalization and pooling/multiplexing all targeted genes per
sample

The amplicons were purified using AMpure XP beads (Beckman coulter) and quantified
using a Qubit 3 with the dsDNA HS kit (Invitrogen). Equimolar concentrations of the shorter
amplicons were pooled first to have all targeted exons per gene, followed by pooling all the
genes per sample. The library pool per sample were normalized to 10ng (5ul of 2ng/ul)

using a 10mM Tris elution buffer.

2.3.3.1.6 Fragmentation and tagmentation using the Tn5 transposase

The Tnb5 transposase enzyme employs similar principles as the Illlumina Nextera Kit, which
fragments DNA and simultaneously adds adapter sequences (figure 2.4). The Tn5
transposase enzyme in this study was produced and characterized in the Ham-Rek lab,
University of Virginia using a published protocol (Picelli et al. 2014). This enzyme was used
to fragment about 1-10ng DNA of the library pool in a reaction mixture of 4ul tagmentation
buffer (5X TAPS-DMF), 1-5ul Tn5 transposase (1X-5X) and 10ng DNA, with an addition of
nuclease free water to add up to a final volume of 20ul. The reaction was placed on a
thermal cycler at 55°C for 6 min. Zymo-column or 0.2% SDS was used to remove
transposase from dsDNA after the incubation to avoid interference with PCR reaction.
Zymo-columns were used when DNA input was >1ng and when input DNA is < 1ng 5yl

0.2% SDS was added into the mixture and incubated at room temperature for 5 minutes. To

add unique lllumina dual-index barcodes; Index 1 (i7) and index 2 (i5), a 50l reaction was

prepared with 25ul Kappa HiFi HotStart mix, 5ul of each index, i7 and i5, 5ul of tagmentation
reaction and 10ul of water. The reaction was mixed and placed in a thermal cycler for a 12

cycle PCR program (table 2.2)
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Table 2.2 Thermal cycling conditions

Steps Temperature Time
Initial denaturation 72°C 3 min
Denaturation 95°C 30 sec
Denaturation 95°C 10 sec
Annealing 55°C 10 sec
12 Cycles
Extension 72°C 30 sec
Incubation 72°C 5 min
Storage 4°C Infinity

2.3.3.1.7 Fragmentation and tagmentation using the Nextera XT kit as control

The lllumina Nextera XT kit was used to fragment 1ng input DNA of the library pool from the
above protocol and tag with the Illumina sequencing adapters at both ends of amplicons at
55°C for 5 min. Using the full complement of Nextera XT indices, up to 96 samples were
pooled for each sequencing run.

48

© University of Venda



()
k\

d
i
23
i

Transposomes l

Genomic DNA
A

’ M DF04 DF12 D13 DF14 DF15 DF20 DF21 DF25 DF26 DF27

FrY Yy U FREEE e

Amplicon 1
Y ~ 300 bp g

¥ Tagmentation

m DFo4 DF12 D13 DF14 DF15 DF20 DF21 DF25 DF26 DF27
_— o —

~S0ts R adadd X2 R
= = Amplicon 1
B ~ $
|m:.:\1\
Read 2 Sequencing Primer ~“M~~ DF04 DF12 D13 DF14 DF15 DF20 DF21 DF25 DF26 DF27
P7 B 3 e 2 Pa— A3G

NP7 — J— — ¥ Wy | S icond

C ¥ PCR Amplification
e e bt

Sequencing-Ready Fragment
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2.3.3.1.8 Library normalization, pooling and sequencing

The libraries prepared using both the Nextera kit and the Tn5 transposase were purified as
above with the AMPure beads. They were then size verified using a bionalalyzer 2100
Expert with a High Sensitive DNA assay kit (Agilent Genomics) profile shown in figure 2.5,
quantified using Qubit 3 with the dsDNA HS kit (Invitrogen) and normalized to 4nM each.
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Figure 2.5: Size and concentration profiles of prepared libraries using a Bioanalalyzer 2100

Expert with a High Sensitive DNA assay kit (Agilent Genomics).
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The normalized barcoded libraries per sample were then pooled, and denatured into single
strands. For good cluster generation, about 1.8pM of the library spiked with 25-30% PhiX
(lumina) was loaded into the sequencing cartridge (lllumina MiSeq Reagent v3 Kit).
Biological sample sheets were created in Basespace by giving each sample the appropriate

indice and setting up a sequencing run for the MiSeq.
2.3.3.2 Approach 2: Library preparation using short custom amplicon based methods

This approach was mostly utilized for preparing libraries for the HIV-1 genes because of
their short length. In this approach, regions of interest were amplified as overlapping
amplicons of less than 250bp thus eliminating the need for fragmentation. Therefore, nested
primers were modified by adding adaptor sequences at the 5’ end of the forward and 3’ of

the reverse primer.

2.3.3.2.1 Location of HIV-1 genes of interest and primer design

The HIV-1 vif gene is located between position 5041 to 5619bp in the HIV HXB2 reference
sequence (figure 2.6 Box A), while the V3 loop is part of gp120 within the env region (figure
2.6 Box B).

2 5 5 §56¢6 1] 8 9
r d
9 8 genestartlocations  § 2 8783 7 % 8
1 0 5 1 9 10256 9 7 ¢
| l 1 | L LllLl l Ll
I 1 I 1 1 LI 1 LI
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3 ¢ gene end locations g 8903 481 %
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Figure 2.6: HIV-1 genome map showing primer location. Text box A indicates Vif gene and
primer location with the red and orange highlights indicating outer primers and the rest
indicating nested primers. Text box B indicates the location of the 105bp V3 loop within the
envelope gene with the dark pink highlights indicating outer primers and the light pink and

brown indicating the nested primers.
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2.3.3.2.2 Primer design for HIV-1 genes

Gene-specific primers between 18-21bp forward and reverse were designed using Primer3
2.3.4 tool within Geneious® 8.1.5 software and blasted in the HIV-1 sequence database
using the conventional quick align tool. The first set of primers targeted the complete genes
in the first round and short overlapping amplicons were created in the second round in
nested PCR. Transposase adapter sequences of about 33bp designed by Illlumina were
added to all forward and reverse nested primer. The primers for both genes were mapped to
subtype C Vif and Env V3 loop reference sequences using QuickALIGN V2 tool in HIV
database (figure 2.6) and tested on a subtype C based plasmid (IndieC) for specificity. They
only amplified expected fragments. The primer nhames, sequences and product sizes are

shown in table 2.2.
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product size are indicated.

Primer name

Sequence (5’-3’)

Expected
product size

HIV-1 VIF (519 bp)

Vif outer forward GTTTATTACAGAGACAGCAG 826 bp
primer
Vif outer reverse ACTCCTGTCCAAGTATCCCC
primer
Vif full length TCGTCGGCAGCGTCAGATGTGTATAAGAGACACT | 708 bp
forward (VifFF) GGAAAGGTGAAGGGGCAG
Vif full length GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
reverse (VifFR) AGGAAAGTGTCTGACAGCTTC
Vif Amplicon 1 TCGTCGGCAGCGTCAGATGTGTATAAGAGACACT | 328 bp
foward (VifA1lF) GGAAAGGTGAAGGGGCAG
Vif Amplicon 1 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
reverse (VifA1R) CTATGGAGACTCCATGACCC
Vif Amplicon 2 TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGA | 430bp
foward (VifA2F) GTTCAGAAGTACACATCCC
Vif Amplicon 2 GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
reverse (VifA2R) AGGAAAGTGTCTGACAGCTTC
HIV-1 V3 loop (105 bp)
Envelope V3 1st CAGCACAGTACAATGCACACATGGAAT 876bp
forward (Env-1F)
Envelope V3 15t TGACGCCGCGCCCATAGTGCTTCCTGCTG
reverse (Env-1R)
Envelope V3 2nd TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGA | 440bp

forward (EnVCF2)

TAATGATTAGATCTGAAAA

Envelope V3 2nd
reverse (EnvV4R)

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
TGATGTATTGCAATAGAAAAA

#Note

The red and green coloured oligonucleotides are the Illumina transposase adapter
sequences.
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2.3.3.2.3 First Polymerase Chain Reaction steps (PCR) to amplify regions of interest

Step 1: PCR to amplify regions of interest

Overhang acagter sequence ysed in Step 2

LoCws- e soquence

Genomic ~ - > ~

DNA | [—
&/

The HIV-1 vif and C2-V3 region of the envelope gpl120 gene containing the V3 loop were
amplified using in a nested PCR using standard PCR reagents and the primers shown in
table 2.3 to generate two overlapping amplicons for vif and one amplicon for V3 loop. The
first round (in a 20pl volume) and nested (in a 40ul volume) reaction protocols were the
same for both Vif and V3 loop amplification (table 2.4). The following cycling conditions were
used for both first round and nested PCR; Initial denaturation at 94°C for 2 min, followed by
a 39 cycles of denaturation at 94°C for 20sec, annealing at 53°C for 45 sec, extension at

72°C for 1 min, final extension at 72°C for 5 min and storage at 4°C.
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Table 2.4: PCR amplification protocol for HIV-1 vif and V3 loop

Reagent Stock Final Volume pl /rxn
concentration concentration in
20l
RNase/DNA free - - 13.7
water
10X buffer - - 2.0
(supplied)
MgSO04 (supplied) 50mM 2mM 0.8
dNTPs 10mM 0.2mM 0.4
Taq (Platinum HF) 0.025 units/ul 0.1
Forward primer 20 uM 0.2 uM 1
Reverse primer 20 uM 0.2 uM 1
Total 19
DNA template 1
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2.3.3.2.4 Second-round PCR to add lllumina indices and sequencing adaptors

Step 2: 2" round of PCR to add ILMN indices and
sequencing adapters

D3 a3apter olgos Som ILMN: contain PAVPT adapiers 10 make femplate

@ COMENT: win Tow 04, 3150 CONTANS 3 UMQUE SAMPH INdex

R

T ee— ——
e C— —
PS5  Index Insert 1o be sequenced Indox P7
1 2

The PCR products were purified using AMpure beads and used as template in a second-
round PCR to add Illlumina indices and sequencing adaptors, which hybridize to adaptors on

the flow cell. To add unique lllumina dual-index barcodes Index 1 (i7) and index 2 (i5), a

50ul reaction was prepared with 25ul Kapa HiFi HotStart mix, 5ul of each index, i7 and i5,
5ul of PCR reaction and 10ul of water. The reaction was mixed and placed in a thermal

cycler for a 12 cycle PCR program (table 2.2)

2.3.3.2.5 Library purification, size verification, normalization and pooling

The libraries were cleaned up using AMpure beads, and size-verified using 1% agarose gels

prepared by adding 1.5g of agarose into 150ml 1X TAE buffer and microwaved for 2
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minutes. Before the gel-solidified 10ul of ethidium bromide was added, the solution was
poured into a gel-casting tray and 3ul of a molecular weight ladder mixed with a loading dye
was loaded into one well. Five microliters of the DNA samples was loaded into the rest of
the wells. The libraries were quantified using Qubit 3 with the ds DNA HS kit (Invitrogen),
normalized to 4nM and pooled. The libraries were denatured as above and included in the
same run as above. For good cluster generation, about 1.8pM of library spiked with 25-30%
PhiX (lllumina) was loaded into the sequencing cartridge. Biological sample sheets were
created in Basespace by giving each sample the appropriate index and setting up a
sequencing run for either a MiSeq or MiniSeq.

2.3.3.3 Sequencing by synthesis

Sequencing by synthesis (SBS) also referred to as bridge amplification or reversible
terminator method, is an lllumina sequencing technology where four fluorescently labeled
nucleotides are used to sequence the tens of millions of cluster on the flow cell surface in

parallel as shown in figure 2.7.
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Figure 2.7: Schematic representation of the overall lllumina SBS sequencing workflow
(Jared et al., 2013).

59

© University of Venda



V'S
>

) (&

University of Venda

2.4 RESULTS

Generally a MiSeq run for 2x 300bp paired end reads using a V3 reagent kit is expected to
generates about 23.2 to 15 Gb data, with 44-50 million reads passing filter, 1200-1400
kmm2 cluster passing filter giving a QC30 of >70%. The profile of our sequencing run was
analyzed to document the number of cycles, data yield, error rate and quality score. The run
was successful and generated about 10.7 Gb of data, error rate of 1.4%, 516/600 cycles
and QC30 of 78.9%.

These constitute the raw data of the sequencing experiment. After each run the instrument
would have automatically demultiplexed the samples so that each FASTQ files represents
an individual experiment. Several runs were conducted in this study, but the data reported
below was from a randomly selected run, which had libraries prepared using the Tn5,
custom amplicon based as well the Nextera XT used as control to validate the developed
protocols. Before analyzing the data (FASTQ), raw sequence reads were checked for

guality. Some of the key quality parameters were:

Quiality score of base calling,
Number of reads (coverage)
3. Reads length distribution. In addition, reads were also checked for possible

sequencing adapter contamination, especially if using small sequencing target.
2.4.1 Quality score of basecalling

A quality score (Q-Score) is a prediction of the probability of an error in base calling. The
percentage of bases > Q30 is avarage across the entire run and is equivalent to the
probability of an incoparating base call 1 in 1000 times (the probability of the correct base
call is 99.9%. A Q30 quality score is considered a benchmark for quality in NGS and was
achieved in our sequencing run. Quality of reads per sample were also accessed using the
FastQC and read 1 (forward reads) across all the methods used to prepare libraries had
good quality compared to read 2 (reverse reads). Read from the Nextera, Tn5 and custom
based methods were compared. Reads from Nextera and custom based methods had good

guality compare to Tn5 method, where the quality dropped after 150 nucleotides (figure 2.8)
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Figure 2.8: Read quality evaluastion across the 3 methods; Tn5 transposase (A), custom amplicon based (B) and Nextera (C). It
has been shown that the quality of reads often drops after the 150bp. Libraries prepared with custom based protocols produced high

guality reads compared to the Tn5 and Nextera methods.
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2.4.1 Read coverage

Sequence coverage describes the avarage number of reads that align to, or cover known reference bases. The NGS coverage level
often detemines whether variant discovery can be made with a certain degree of confidence at a particular base position. Coverage
from 10x to 30x depth is recommended for detecting mutations and SNPs. Good read coverage was achieved with all the methods
used to prepare libraries (figure 2.9).

A Tn5 B Custom amplicon-based

chr22

C Nextera

Figure 2.9: Read coverage from libraries prepared from Tn5 transposase (A), custom amplicon based (B) and Nextera (C). Image A
and C are showing APOBEC3D and F reads mapped to chromosome 22 with coverage indicated in blue and reads in black. | mage
B shows HIV-1 Vif reads mapped overlapping to subtype C Vif reference sequence with average indicated in blue at the top and

reads in gray. All the methods had good read coverage.
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2.4.3 Read length distribution

A maximum of 300pb read length was achieved with the Nextera and the Tn5 methods, whereas with the custom based methods
350 and 470 bp read lengths were achieved (figure 2.10).
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Figure 2.10: Read length distribution from a sample of libraries prepared from homemade Tn5 transposase (A), custom amplicon

based (B) and Nextera (C). Both the Tn5 and Nextera libraries produced a minimum of 35 to maximum 300bp reads with a high
number of maximum reads. The amplicon based methods had maximum of 328 and 430bp as expected from the two overlapping

fragment amplified.
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2.5 DISCUSSION AND CONCLUSION

The recent development and advancement of next generation sequencing (NGS)
technologies have made it possible to rapidly analyze genomic DNA and viral genomes from
many individuals. In this study library preparation protocols to amplify and sequence host

cell and HIV-1 genes were developed and validated.

Efficient preparation of high-quality sequencing libraries that will represent the biological
sample is key in research when NGS is applied. The availability of custom Tn5 transposase
protein (Caruccio et al. 2009; Picelli et al. 2014; Hennig et al. 2018) allows innovation in
protocol design and application. This study describes development of several derivative
protocols for transposase catalyzed fragmentation and sequencing of the complete coding
exon content of host cell gene libraries derived using this method. We have demonstrated
reliability and high quality of libraries prepared by this method by comparing with libraries
prepared using commercially available kits. This protocol was demonstrated to be suitable
for various experiments, and that it could be used to sequence multiplexed or a pool of up to
five host genes. We were also able to demonstrate that host cell genes and HIV-1 genes
can be pooled and sequenced simultaneously producing high quality reads.

In this study we also demonstrate an alternative amplicon based library preparation protocol
which uses a two step PCR process where the region of interest is amplified with a pair of
adapter tailed primers in a primary PCR reaction followed by addition of sample specific dual
indices and flow cell adapter in a limited number of PCR cycles. This protocol is primer
dependent and was applied mostly to prepare libraries for the HIV-1 genes due to their
shorter length. We have demonstrated that this approach can also be used to prepare
libraries for longer regions by designing primers to amplify overlapping regions of the gene
of interest. This approach presented best quality reads when compared to the Tn5 and

commercial Nextera Kit.

In conclusion, the protocols developed in this study can be applied to amplify and sequence
any host and HIV-1 genes of interest allowing much deeper and more sensitive profiling of

host genes and HIV-1 genetic diversity at a lower cost.
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CHAPTER THREE

Next Generation Sequencing Reveals a High
Frequency of CXCR4 Utilizing Viruses in HIV-1
Chronically Infected Drug Experienced South

African Individuals

Nontokozo D. Matume, Denis M. Tebit, Laurie R. Gray, Marie-Louise Hammarskjold, David
Rekosh, Pascal O. Bessong. Next Generation Sequencing reveals a high frequency of
CXCRA4 utilizing viruses in HIV-1 chronically infected drug experienced South African
individuals. Journal of Clinical Virology, https://doi.org/10. 1016/ j. jcv. 2018. 02. 008.
(Appendix I)
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ABSTRACT

Background: Entry inhibitors, such as Maraviroc, bind to the CCR5 co-receptor inhibiting
entry of CCR5 utilizing viruses (R5 viruses). In the course of HIV infection, CXCR4 utilizing
viruses (X4 viruses) may emerge and outgrow R5 viruses, and potentially limit the
effectiveness of Maraviroc. The use of Maraviroc in South Africa is reserved for salvage
therapy.

Objective: In this study, we examined the predicted frequency of R5 and X4 viruses based
on HIV Env V3 loop sequences, using next generation sequencing, in patients under
treatment to draw inferences for the utility of Maraviroc in a South African population.
Methods: Proviral DNA was isolated from peripheral blood mononuclear cells (PBMC) of 72
chronically HIV infected patients on antiretroviral treatment. HIV V3 loop gene was amplified
and sequenced on an lllumina MiniSeq platform. Viral subtypes were determined using the
jumping profile Hidden Markov Model (jpHMM) genotyping tool. De Novo consensus
sequences were derived for the majority and minority populations for each patient using
Geneious® software version 8.1.5. HIV-1 tropism was inferred using PSSMsinsi,
Geno2pheno and Phenoseq-C web-based tools.

Results: Quality V3 loop sequences were obtained from 72 patients, with 5 years (range: 0-
16) median duration on treatment. Subtypes Al, B and C viruses were identified at
frequencies of 4% (3/72), 4% (3/72) and 92% (66/72) respectively. Fifty four percent (39/72)
of patients were predicted to exclusively harbor R5 viral quasispecies; and 21% (15/72) to
exclusively harbor X4 viral quasispecies. Twenty five percent of patients (18/72) were
predicted to harbor a dual/mixture of R5X4 quasispecies. Of these 18 patients, about 28%
(5/18) were predicted to harbor the R5+X4, a mixture with a majority R5 and minority X4
viruses, while about 72% (13/18) were predicted to harbor the R5X4+ a mixture with a
majority X4 and minority R5 viruses. The proportion of all patients who harbored X4 viruses
either exclusively or dual/mixture was 46% (33/72). Thirty-five percent (23/66) of the patients
who were of HIV-1 subtype C were predicted to harbor X4 viruses (x>=3.58; p=0.058), and
57% of these (13/23) were predicted to harbor X4 viruses exclusively. CD4" cell count less

than 350 cell/pl was associated with the presence of X4 viruses (x?=4.99; p=0.008).

Conclusion: The effectiveness of Maraviroc as a component in salvage therapy may be

compromised for a significant number of chronically infected patients harboring CXCR4
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utilizing viruses.

Keywords: Next generation sequencing; Chronic HIV infection; Co-receptor usage;

Maraviroc; South Africa
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3.1 INTRODUCTION

The entry of human immunodeficiency virus type 1 (HIV-1) into target cells is mediated by
the virus’ envelope glycoproteins. Specifically, gp120 interacts with the CD4 receptor and
co-receptors, either CCR5 or CXCR4 (Doms and Peiper 1997). Viruses with the ability to
use CCRS5 are classified as R5 viruses, those that use CXCR4 are classified as X4 viruses,
while those that use both co-receptors are referred to as dual tropic (R5X4 viruses) (Berger
et al. 1998) R5X4 viruses are further classified as dual-R (R5+X4, a mixture of R5 and X4
viruses with R5 existing as majority and X4 as minority) or dual-X (R5X4+ a mixture of R5
and X4 viruses with X4 existing as majority and R5 as minority) (Yi et al. 1999; Huang et al.
2007; Irlbeck et al. 2008).

Initial HIV-1 infections involve the use of CCR5, while the use of CXCR4 often occurs at late
stages of infection. This has been strongly associated with low CD4* cell counts and
eventually occurs in approximately 50% of subtype B infections (Tersmette et al. 1989;
Richman and Bozzette 1994; Connor et al. 1997; Hatse et al. 2003). In addition to subtype
B, the co-receptor switch from R5 to X4 has also been reported in subtypes A, C, D,
CRFO1_AE, and CRFO02_AG infections (Bjorndal et al. 1997; van Rij et al. 2002;
Esbjornsson et al. 2010)

HIV-1 subtype C accounts for over half of HIV-1 infections worldwide and it is the
predominant variant circulating in Southern Africa. Studies have demonstrated an
overwhelming predominance of R5 viruses at various stages of HIV-1 subtype C infection,
although X4 viruses have also been reported (Bjorndal et al. 1997; Ping et al. 1999; Cecilia
et al. 2000; Engelbrecht et al. 2001; Papathanasopoulos et al. 2002; Cilliers et al. 2003;
Choge et al. 2006). In vitro studies have also indicated that about 30% of HIV-1 subtype C

viruses in individuals with advanced disease proficiently use CXCR4 (Connell et al. 2008;

Raymond et al. 2010).

Maraviroc is an entry inhibitor that binds to CCR5 and inhibits gp120-CCR5 interaction
through an allosteric mechanism (Garcia-Perez et al. 2011). The United States Food and
Drug Administration first approved Maraviroc in 2007 for salvage therapy. Currently, it is also
recommended as a component in first-line antiretroviral therapy (ART) in the United States
and other developed countries (Krauskopf, 2007; Reuters, 2007; Woollard, 2015), and is
also being considered in HIV prophylaxis (Gulick et al. 2008, 2017; Gilliam et al. 2010; R. et
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al. 2016).

In settings such as South Africa, genotypic drug resistance testing is recommended
following treatment failure with the first and second line regimens. Additionally, adherence
and drug interactions are reviewed to guide drug change in drug class. In the case where a
third line treatment is required, the decision is reserved for an infectious disease specialist,
who may recommend Maraviroc as salvage therapy (Meintjes et al. 2014). However, testing
for sensitivity to Maraviroc is not routinely done. Phenotypic and genotypic approaches are
used in deciphering HIV co-receptor usage. Monogram Trofile, is a commercial phenotypic
based assay that requires cell culture procedures and is time and labor intensive
(Schuitemaker et al. 2010). On the contrary, genotypic based algorithms for co-receptor
prediction are less time consuming and require only use of web-based algorithms such as
Subtype C position-specific scoring matrix (PSSMsinsi), Geno2Pheno and Phenoseq-C
(Riemenschneider et al. 2016).

3.2 Hypothesis

HIV-1 subtype C chronically infected South Africans harbor a significant level of CXCR4

utilizing viruses.
3.3 Objective

The objective of this study was to use next generation sequencing to generate HIV-1 V3
loop sequences from treatment-experienced individuals; and analyze the quasispecies for
prediction of co-receptor usage; in an effort to draw inferences for the subsequent utility of

Maraviroc as salvage therapy in South Africa.
3.3.1 Specific objectives

3.3.1.1 To sequence HIV-1 V3 loop using NGS

3.3.1.2 To analyze the quasispecies for predicted co-receptor usage; in an effort to draw

inferences for the subsequent utility of Maraviroc as salvage therapy in South Africa

3.3.1.3 To determine V3 loop amino acid sequence diversity
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3.4. MATERIALS AND METHODS
3.4.1 Study population and sample collection

Characteristics of the study population and sample collection procedures are as described in

chapter two, section 2.3.2.
3.4.2 DNA extraction and Polymerase Chain Reaction (PCR) amplification of V3 loop

Protocols to achieve specific objective 3.2.1.1 are fully described in chapter two, section
2.3.3.2.3. Briefly, DNA was extracted from PBMC of 192 HIV infected individuals under
antiretroviral therapy, using Qiagen blood mini kit following the manufacturer’s instructions.
The C2-V3 region of the envelope gp120 was amplified in a nested PCR using standard

PCR reagents and cycling conditions detailed in chapter 2.
3.4.3 Library preparation and MiniSeq sequencing

The HIV V3 loop libraries were prepared using the Nextera XT DNA sample preparation kit
(lumina San Diego, California, USA) following the manufacture’s instructions with 20% Phix
as control (Illumina San Diego, California, USA). Agarose electrophoresis (E-gels) was used
to verify the size of the libraries, and normalized to 4nM each to ensure equal library
representation in the pool. The prepared libraries were sequenced in an lllumina MiniSeq
using a high output kit for 300 cycles (lllumina San Diego, California, USA) and generating

paired-end 2x150bp long sequence reads for each.
3.4.4 De-multiplexing, sequence quality control evaluation and mapping

Sequences were de-multiplexed automatically on the MiniSeq as part of the data processing
steps and ends pairing. Fastg files were generated for each sample representing the two
paired-end reads. Sequence gquality was validated using the FastQC programme. The fastq
files were imported into Geneious® software version 8.1.5 for filtering and trimming of
sequences as well as downstream analysis. All sequences were trimmed at the ends as part
of the assembly process using the modified-Mott algorithm and quality scores assigned by
the sequencing base caller. The two sequence lists from each sample were paired and
mapped to HIV-1 subtype C envelope consensus sequence (Gene-Bank accession number:

DQ275658) to identify Indels and mapped to HXB2 for subtyping confirmation. Figure 3.1
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represents the bioinformatics processes employed for viral subtype and co-receptor

determination.

Sequence de-multiplexing

Sequences are de-multiplexed automatically on the MinSeq as part of the data
processing steps and ends pairing to generate fastaq files

l

Sequence quality control

Sequences quality was evaluated using FastQC program. Filtering and trimming
performed using the modified-Mott algorithm in Geneious software at an error rate of

0,001%

\ 4

Sequence/ reads mapping

Sequences were mapped to subtype C and HXB2 using seed and expand-type

mapper in Geneious® software

/

\

Sequence/ reads mapping to subtype C

consensus reference (Accession No: DQ275658)

Sequences per sample were mapped to
subtype C for identification of indels and

extraction of long reads (95-110bp) spanning

the V3 loop

Sequence/ reads mapping to HXB2
consensus reference

Sequences per sample were
mapped to HXB2 for subtype

!

confirmation

De Novo assemble and minority variant
calling

Extracted single reads were De Novo
assembled using Geneious® assembler,
generation more than one contig per
sample and each contig representing
each quasispecie. Minority variants were
called at frequency >20-2% cut-offs
using the find variation/SNPs feature
from Annotation and prediction menu

v

Subtyping/phylogenetic analysis

Each contig consensus sequences
generated per sample were extracted
and together with consensus sequences
from HXB2 were used to infer subtypes
using jPHMM and REGA subtyping tools.
A consensus of the two methods was
used as final data output

!

Co-receptor determination

Each contig consensus sequences
generated per sample were extracted
and used to infer co-receptor using
Gene2pheno, PhenoSeq and C-PSSM
tools. Consensus co-receptor prediction
amongst the 3 methods was used as
final data output
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Figure 3.1: Workflow showing the
bioinformatics processes for viral
subtype and co-receptor determination!
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3.4.5 Intra-patient quasispecies and co-receptor prediction

To achieve specific objective 3.2.1.2, all reads spanning the HIV envelope V3 region which
were mapped to the HIV-1 subtype C envelope consensus were extracted as single reads
and De Novo assembled using Geneious® assembler and generating contigs for each
guasispecies in each sample. Minority variants were called based on the variant read depth,
variant frequency and consensus base frequency with >20-2% cut-offs using the find
variation/SNPs feature from the Annotation and prediction menu in Geneious® software
version 8.1.5. This parameter also calculates the p-value (maximum variant p-values set to
10%; 0.0001% to see variant by chance) for the specified variant frequency call, with lower p-
values representing a real variant at the given position (http://www.geneious.com). All
consensus contigs generated were aligned using Geneious® multiple alignments and
translated into amino acids. HIV subtype was inferred with maximum likelihood tree and
confirmed with Geno2pheno co-receptor determination tool, the jumping profile Hidden
Markov Model (jpHMM) and REGA subtyping tools. Co-receptor tropism was inferred using
PSSMsinsi (Jensen et al. 2006). Geno2pheno [co-receptor] (10% false-positive rate) (Thielen
and Lengauer 2012) and PhenoSeq-C (Cashin et al. 2015) web based tools and a consensus
co-receptor result amongst the 3 tools were used as final output data. Association of
predicted co-receptor usage and CD4" cell count; viral load and number of years on

treatment were determined using Chi-square computation.
3.4.6 V3 loop amino acid sequence analysis

To achieve specific objective 3.2.1.3, the envelope V3 loop amino acid sequence variability
at each position of R5 and X4 viruses was determined using the Los Alamos HIV Sequence
Database Entropy- one tool

(http://www.hiv.lanl.gov/content/sequence/ENTROPY/entropy _one.html) and WebLogo

(http://weblogo.threeplusone.com/). The N-glycosylation sites were determent using the Los

Alamos HIV sequence Database N-GlycoSite
(http://www.hiv.lanl.gov/content/sequence/GLYCOSITE/glycosite.html)
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3.5. RESULTS
3.5.1 Patients’ characteristics

Patients’ clinical data including viral loads, CD4* cell counts, number of years on treatment,
age and treatment regimen are shown in table 3.1. The median viral load log10 copies/mL
was 3.9 (range, 0.7-5.4); the median CD4" celll mm®was 256 (range, 5-1022); median age
was 38, (range, 4-72) median duration on treatment was 5 years (range, 0-16). There were
43 patients on first-line antiretroviral therapy, 15 on second-line regimens, 2 have not started
treatment, 1 stopped treatment and 11 patients with unknown treatment regimen.
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Table 3.1: Characteristics of individuals predicted to harbor R5 or X4 monotropic and those

that were predicted to harbor dual/mixed R5+X4 and R5X4+ viruses.

Biotype

Parameter Total X4 RS R5+X4 R5X4+
Number of Patients 72 15 (20.8%) 39 (54.2%) 5 (6.9%) 13 (18.1%)
Median viral load | 3.9 4.1 3.8 3.6 4.4
Logl0 copies/mL
(Range) (0.7-5.4) (0.7-5.2) (1- 6.3) (1.5-4.6) (2.5-5.4)
Median CD4 counts | 256 228.5 347 64 228.5
cells/mm?

(5-1022) (13-381) (43-1022) (41-483) (5-362)
(Range)
Median age 38 36 38 34 39
(Range) (4-72) (8-60 (4-72) (4-55) (13-60)
Median years on |5 5 6 5 5
treatment

(0-16) (1-8) (0-16) (2-6) (1-12)
(Range)
Number of patients | 43 (59.7%) 10 (23.3%) 22 (51.2%) 3 (7%) 8 (18.5%)
on first-line
Antiretroviral
therapy *
Number of patients | 15 (20.8%) 4 (26.6%) 7 (46.6%) - 4 (26.6%)
on Second-line
Antiretroviral
therapy #
Unknown treatment | 11 (15.2) 2 (18.1%) 6 (54.5%) 2 (18.1%) 1(9)
regimen
Not started | 2 (2.7) - 2 (100) - -
treatment
Stopped treatment 1(1.4) - - - 1 (100)
* First-line regimen includes; TDF+FTC+EFV, ABC+3TC+EFV, D4T+3TC+EFV,

TDF+3TC+NVP, TDF+TFC+EFV, AZT+3TC+NVP, AZT+DDI+EFV, DAT+3TC+EFV.

# Second-line regimen; FTC+TDF+LPV/r, ABC+3TC+ LPV/r, AZT+3TC+ LPVI/r.
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# Note: R5+X4 refers to the quasispecies of R5 and X4 viruses per patient with majority R5
and minority X4 viruses; and R5X4+ refers to the quasispecies with moajority X4 and
minority R5 viruses. R5 and X4 refer to viruses that exclusively use CCR5 or CXCR4

respectively.
3.5.2 Frequency and distribution of predicted X4 and R5 viruses

Quiality V3 loop sequences were obtained for 72 individuals. Subtypes Al, B and C viruses
were identified at frequencies of 4% (3/72), 4% (3/72) and 92% (66/72) respectively. Table

3.2 shows 14 viruses whose V3 loops gave discordant subtype inferences.

Table 3.2: Comparison of subtype prediction with Geno2pheno co-receptor determination
tool, the jumping profile Hidden Markov Model (jpHMM) and REGA subtyping tools.

Samples jpHMM REGA Geno2pheno | Phylogenetic Biotype
tree
LP1111 C C AJAG D R5*X4
LP1112 C C AIAG D X4
DF10 C C AIAG D X4* R5
DF48 D C A/AG D X4
DF22 Al Al B D RS
DF84 C C A/AG D X4* R5
DF30 Al Al B J X4
DF33 C CIN D O/IN X4
DF58 C C AJAG C X4
DF09 C C A/AG C X4
BB26 B B B B X4
DF81 C B B B R5*X4
DF56 B B B B R5
DF85 Al Al AJAG J X4* R5
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# Note: These are samples that were non-C with phylogenetic analysis and had to be

predicted using other tools. Output data was from a consensus of two tools.

Fifty four percent (39/72) of patients were predicted to exclusively harbor R5 viral
guasispecies; and 21% (15/72) predicted to exclusively harbor X4 quasispecies. Twenty five
percent of patients (18/72) were predicted to harbor R5X4 dual/mixture of R5 and X4
quasispecies. Of these 18 patients, 28% (5/18) were predicted to harbor the R5+X4, a
mixture with majority R5 and minority X4 viruses while 72% (13/18) were predicted to harbor
the R5X4+ mixture with majority X4 and minority R5 viruses. The proportion of all patients
who were predicted to harbor X4 viruses either exclusively or dual/mixture was 46% (33/72)
shown in table 3.3. Thirty-five percent (23/66) of the patients who were of HIV-1 subtype C
were predicted to harbor X4 viruses (x?=3.58; p=0.05), and 57% of these (13/23) predicted
to harbor X4 viruses exclusively. The X4 viruses were found to be associated with low CD4*
cell counts (X?= 6.11, p= 0.0134), and no association was found with the duration on
treatment (X?= 0.4213, p= 0.81006). The three algorithms used were compared to each
other to validate the most likely co-receptor prediction. PhenoSeq-C was 76% in
concordance with Geno2Pheno and 83% with PSSMsinsi. Geno2Pheno was 81.9% in

concordance with C-PSSMsinsi.

Table 3.3: Frequency of predicted R5, X4, R5+X4 and R5X4+ viruses in the study subjects.

Exclusively Dual/Mixed R5+X4 Dual/Mixed R5X4+

RS X4 R5 X4 R5 X4

54% 21% 72%(13/18) 28% (5/18) 28% (5/18) 72% (13/18)
(39/72) (15/72)

3.5.3 V3 loop amino acid sequence diversity

A higher level of amino acid variation was observed in predicted X4 viruses compared to
predicted R5 viruses. Entropy plots were performed to compare the degree of V3 amino acid
variability between the R5 and X4 viruses. There were higher entropy levels at 29 amino
acid positions in X4 viruses compared to 17 amino acid positions in R5 viruses (X?= 9.13,
p=0.002) (figure 3.2).
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The V3 loop sequences of R5 viruses had between 34-35 amino acids with deletions but no
insertions; whereas sequences of X4 viruses were 31-37 amino acids long with insertions
and deletions (figure 3.3). The consensus X4 sequence had insertions of Valine, Isoleucine
or Threonine and Glycine or Arginine at positions 14 and 15 respectively. As an indicator of
X4 viruses, a significantly higher average net charge was observed in X4 than R5 viruses
(X?= 35.6, p<0.05) (figure 3.3). All the R5 viruses had conserved N-glycosylation sites (NXT)
and loss of this site was associated with X4 viruses (X?= 36.02, p<0.05). The GPGQ crown
motif remained conserved in R5 viruses; while in X4 viruses there were changes to GPGX
(where X was usually an Arginine or Histidine). In addition, X4 consensus sequences had
an insertion of Arginine and Glycine within the crown motif between position 19 and 20.

The V3 loop sequences of R5 viruses had between 34-35 amino acids with deletions but no
insertions; whereas V3 loop sequences of X4 viruses were 31-37 amino acids long with
insertions and deletions (figure 3.3). The consensus X4 sequence had insertions of Valine,
Isoleucine or Threonine and an insertion of Glycine or Arginine between positions 14 and
15. X4 viruses had a significantly higher average net charge than R5 viruses (X*= 35.6,
P<0.05). All the R5 using viruses had conserved N-glycosylation sites (NXT) and loss of this
site was associated with X4 viruses (X?= 36.02, p<0.05). The GPGQ crown motif remained
conserved in R5 viruses; while in X4 viruses there were changes to GPGX (where X was
usually an Arginine or Histidine). In addition, some X4 viruses had an insertion of Arginine

and Glycine within the crown motif.
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Figure 3.2: Variation within the V3 region of Subtype C R5 and X4 viruses. (2A) Entropy plots representing the variation at each amino acid
position site from amino acid position 1 to 37 for R5 and 1 to 39 for X4 viruses. The N-glycosylation site and crown motif are indicated. (2B)
Sequence logos of subtype C V3 residues of R5 and X4 consensus sequences. The size of each logo represents the frequency of the

amino acid at each site. X4 viruses show more variability than R5. # Note (-) Indicates insertion at position 14, 15, 19 and 20
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Figure 3.3: Comparison of (A) amino acid length and (B) amino acid net charge of HIV-1
subtype C isolates capable of using CCR5 and CXCR4.
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3.6 DISCUSSION AND CONCLUSIONS

Maraviroc binds to CCR5 and prevents its usage by the infecting virus. As a result, X4
viruses will not be sensitive to Maraviroc (Garcia-Perez et al. 2011). It has been shown
that viruses in primary infection preferably use CCRS5 exclusively, but as disease
progresses viruses switch or extend co-receptor usage to CXCRA4. In this study, we
investigated the frequency and distribution of R5 and X4 viruses in chronically infected
HIV patients on Maraviroc-free first and second line treatment regimens in South Africa.
The aim was to predict Maraviroc utility in the study population, but more importantly in
those who are under the second line treatment regimen, and for whom the introduction

of a Maraviroc-containing regimen may be the next option, as salvage therapy.

The highest frequency of X4 viruses (30%) thus far reported from South Africa was from
treatment-experienced patients in KwaZulu Natal (Connell et al. 2008). In the current
study, predicted X4 viruses were detected at a higher frequency of 46%. It was
interesting to observe that in this study 21% of the patients were predicted to harbor X4
viruses exclusively and have been on treatment for at least one year. Pure X4 viral
populations are frequently detected and often restricted to late stages particularly in
subtype C (Melby et al. 2006). In our study, about 19% of patients predicted to harbor X4
viruses were in the initial stages of the infection (stage 1 or 2). Our observation is similar
to that of (Frange et al. 2008) in which a relatively high prevalence (15.9%) of predicted
X4 viruses was documented during early infection in a retrospective evaluation of a large
number of patients enrolled in the PRIMO cohort in France. It is not known whether the
X4 strains detected in early stages were transmitted or evidence that co-receptor
switching is not restricted to late stages of the infection. In the current study 22% of
patients were predicted to harbor an R5+X4 mixture, with X4 viruses as a minority
population, which could easily be missed when population based sequencing, is applied
and might outgrow the R5 viruses and impact negatively on the use of Maraviroc. Also of
note is that 53.3 % (8/15) of those with X4 viruses were on a second line treatment
regimen (AZT+3TC+LPV/r or FTC+TDF+LPV/r or TDF+3TC+NVP), and for whom
Maraviroc might be the next option. The predicted X4 viruses were statistically
associated with a low CD4* cell count (<350 cells/pl), but not with viral load. Co-receptor
switching has been associated with disease progression, treatment, and viral genotype
(reviewed in Schuitemaker, Van 't Wout and Lusso, 2010). Overall, subtype C viruses

appear to have the least propensity to switch from R5 to X4. However, in the current
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study, approximately 35% (23/66) of the patients infected with subtype C viruses were
predicted to harbor CXCR4 utilizing viruses and 57% (13/23) of these were X4
exclusively. The mechanism underling the emergence of X4 viruses in treatment-
experienced patients is not yet clear; and the question remains whether the identification
of co-receptor switching and the emergence of drug resistance mutations are not
coincidental events (Singh et al. 2011; Ketseoglou et al. 2014). On the other hand, there
is data showing that the up regulation of CCR5 is associated with HIV infection, and that
this is reversed in the course of treatment (Ostrowski et al. 1998; Weinberger et al.
2009). Treatment may encourage the flourishing of dual tropic viruses, since down
regulation of CCR5 can be perceived as an increase in the utility of CXCRA4.

Nevertheless, the high frequency of X4 viruses may not be related to drug exposure but
an ongoing evolution of HIV-1 subtype C. Studies have reported a high proportion of X4
viruses in treatment naive individuals (Van Rensburg et al. 2002; Cilliers et al. 2003).
Continuous studies of HIV-1 co-receptor tropism on treatment experienced and naive
individuals will be necessary to unravel the emergence of high frequency of X4 viruses in
subtype C infections. This is necessary since C viruses drive the epidemic in regions
with the highest burden of infection. Sequence analysis of the V3 region showed that X4
and dual/mixture R5X4 viruses were associated with an increased number of positively
charged amino acids, loss of a potential glycosylation site, as well as variable V3 loop
amino acid lengths in contrast to R5 viruses. The significance of Arginine and Glycine
insertions observed in the crown motif at positions 19 and 20 respectively in X4 viruses

needs to be determined.

Concordance among three algorithms was used to predict the most likely co-receptor
preferences. Predictions with PhenoSeg-C had an 83% concordance with Geno2Pheno,
and 76% concordance with PSSMsinsi. Geno2Pheno had an 81.9% concordance with
PSSMsinsi. Previous studies have demonstrated best concordance (>85%) between
Geno2Pheno and C-PSSMsinsi, (Seclén et al. 2011; Sechet et al. 2015; Kalu et al.
2017). In this study we have observed the best concordance with Geno2Pheno and
PhenoSeq-C. These tools are used to detect nonrandom distribution of amino acid at
adjacent sites associated with empirically determined groupings of sequences; the tools

may be limited in dealing with mixed bases.
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In this study, the application of De Novo assembly approaches with reads spanning the
V3 loop resolved the issue of mixed bases in consensus sequences. And to reduce false
positive variants calling, all sequences were trimmed at the ends as part of the assembly
process using the modified-Mott algorithm and quality scores assigned by the
sequencing base caller. This algorithm trims the ends and improves the error rate by
more than the error probability limit threshold set, in this case set to 0.001%, and we
have considered only those variants with a read depth of at least 100 and present in at
least 50 reads. The cut-offs for depth and read length were selected after a manual
inspection of test batches of samples and ensured that at least 5 reads are present to
call a variant. Minority variants were called based on the variant read depth, variant
frequency and consensus base frequency with >20-2% cut-offs using the find
variation/SNPs feature from Annotation and prediction menu in Geneious® software
version 8.1.5 (http://www.geneious.com).

In the current study, viral DNA was used from peripheral blood mononuclear cells
(PBMCs) to enhance the success of PCR amplification since the study subjects were on
treatment and some had very low or undetectable viral loads. HIV-1 tropism can be
evaluated in plasma or PBMCs. However, only tropism testing of HIV obtained from
plasma RNA has been validated as a tool to predict virological response to CCR5
antagonists in clinical trials. The use of proviral DNA from PBMC for co-receptor
determination (an approach that still has to be validated) may be a limitation of the
current study. However, a number of studies, employing Sanger sequencing, have
shown a strong correlation in co-receptor preference prediction between HIV variants
obtained from plasma and PBMC (Paar et al. 2011; Parisi et al. 2011; Svicher et al.
2014; Baumann et al. 2015).

Next Generation Sequencing of HIV-1 from plasma has been shown to predict virologic
response to Maraviroc as well as enhanced sensitivity in the Trofile phenotypic assay
and also sensitive to minority non-R5 variants than population based sequencing
(Swenson et al. 2011, 2012; Kagan et al. 2012). In addition, other studies using Sanger
and NGS, have shown that viruses from plasma and PBMC compartments can be used
to reliably predict virologic success to Maraviroc, although with an apparent improved
outcome with viruses obtained from plasma (Pou et al. 2013; Swenson et al. 2013). ltis
also known that viruses in plasma are ‘replenished’ from archives such, as PBMCs.

Hence viruses emanating from PBMCs are clinically relevant.
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In conclusion, our findings show that a highly significant number of chronically HIV-1
subtype C infected patients on Maraviroc-free treatment are predicted to harbor CXCR4
utilizing viruses. The data is useful in the consideration of whether to include entry
antagonists such as Maraviroc in alternative forms of treatment for patients failing
second line treatment regimen in the study setting. The determination of co-receptor

usage prior to initiation of therapy consisting of Maraviroc is suggested.
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CHAPTER FOUR

Genetic Variation within the Coding Region Of
CCRS5 In Chronically HIV-1 Infected South African
Individuals, The majority of whom were drug-

experienced
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ABSTRACT

Background: The human co-receptor CCRS5 is an important target for viral and cellular
antiretroviral interventions. To date, several mutations and single-nucleotide
polymorphisms (SNPs) in this gene have been discovered and found to be important
genetic factors capable of influencing susceptibility to HIV-1 infection or affecting the rate
of disease progression. In this study we characterize polymorphism in the coding region
of CCR5 in an HIV-1 infected South African population with a majority of drug-
experienced individuals.

Methods: Genomic DNA was isolated from peripheral blood mononuclear cells of 192
HIV infected patients and CCR5 was sequenced on an lllumina MiniSeq platform.
Sequences were analyzed using Geneious® software version 8.1.5. Single nucleotide
polymorphisms (SNPs) and Indels were detected using Bayesian Haplotype-based
polymorphism discovery and genotyping tool within Geneious software. The SNPs were
confirmed and compared to SNPs in other populations reported in the 1000 Genome
Phase Ill and HapMap. Hardy-Weinberg Equilibrium was calculated, Haplotypes and
Linkage disequilibrium were inferred using LDlink 3.0 web tool.

Results: The following SNPs; P35P, S75S, Y89Y, A335V and Y339F and their varying
frequencies were detected in this study at varying frequencies, The A335V variant was
detected at the highest frequency 17.4% (29/167), whereas Y339F was detected in 2
patients 1.2% (2/167). The G265S variant is reported for the first time in this study at
0.6% (1/167) frequency. The SNPs detected were in strong LD (D'= 1, R2= 0.0) with
minor deviation from the Hardy-Weinberg Equilibrium. These variants were not located

at the binding motif of Maraviroc.

Conclusion: Two variants were detected at a higher frequency in this study compared
to previously report in South Africa. The variants detected in this study are not located in
the binding motif of Maraviroc, therefore those infected with R5 viruses may benefit from

this drug.

Key words: CCR5; Single nucleotide polymorphism; Maraviroc; South Africa
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4.1 INTRODUCTION

The entry of HIV-1 into the host cell is mediated by host cell CD4 and co-receptors
either CCR5 or CXCR4. Several additional co-receptors have been identified, but only
CCRS5 and CXCR4 are bonafide co-receptors in the attachment and entry of HIV into
the host (Deng et al. 1996; Dragic et al. 1996). Although CXCR4 using viruses are
transmissible, the majority of the infections are established by the CCRS5 using
viruses. Because CCR5 is the predominant co-receptor for clinical HIV isolates, it has
become a very attractive target for anti HIV-1 therapy. A number of small molecules
have demonstrated potent antiviral inhibition both in vitro and in clinical trails.
Maraviroc is one of the small molecules approved by the US Food and Drug
Administration as CCR5 antagonist, inhibiting HIV-1 entry into the host (Dorr et al.
2005; Watson 2005; Garcia-Perez et al. 2011).

The CCR5 is a 40.6 kDa protein consisting of 352 amino acids (Mueller and Strange
2004). Its structure consists of the N-terminal extra cellular domain, seven
transmembrane domains made up of hydrophobic residues with, three extra cellular
loops, and three intracellular loops and a C-terminal tail. It carries specific motifs
important for chemokine ligand binding, functional responses of the receptor and HIV-
1 co-receptor activity. Several amino acid residues including the N-terminal and
position 2, 3, 10, 11 and 18 were found to interact CCR5 using viruses, and are also
important for HIV envelope binding affinity (Dragic et al. 1998; Rabut et al. 1998;
Blanpain et al. 1999; Farzan et al. 1999).

Shortly after the role of CCR5 in HIV infection was discovered, studies were
conducted that led to the discovery of the CCR5A32 mutant and its association with
protection to HIV-1 infection (Picton et al. 2010). This discovery provided the first
genetic evidence of natural protection to HIV-1 infection and prompted further studies
investigating the effects of polymorphism in CCR5 and how it influences the outcome
of HIV-1 exposure and infection. To date, several mutations and single-nucleotide
polymorphisms (SNPs) in this gene have been discovered and found to be important
genetic factors capable of influencing susceptibility to HIV-1 infection or affecting the
rate of disease progression (Picton et al. 2010). Mutations in the coding region can
affect the CCRS5 protein structure, its expression, chemokine binding, and transport on

signaling.
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One of the factors that play a role in SNPs frequency distribution within the CCR5 gene
is ethnicity. The most studied variant that demonstrate these differences is the
CCR5A32 that exists mostly in the Caucasian population and is rare in the African
population. There are also SNPs that vary in frequency in African populations.
Therefore, characterizing variation within the coding region of the CCR5 genes in a
diverse country with a rich collection of ethnic background such as South Africa will
provide good characterization of the variation that exists in CCR5 within the South
African population.

4.2 Hypothesis

There is limited variability in the CCR5 Maraviroc binding motif in HIV-1 chronically

infected individuals.
4.3 Objective

The objective of the study is to characterize variation within CCR5 coding region and

determine the SNP frequency distribution in a South African population.
4.3.1 Specific objectives

4.3.1.1 To characterize and determine the frequency of the polymorphisms in the
CCRS5 gene in HIV-1 infected South African

4.3.1.2 To compare the frequency of the polymorphism to other populations

4.3.1.3 To determine whether the identified mutations were located at the Maraviroc
binding motifs.
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4.4 MATERIALS AND METHODS
4.4.1 Study population and sample collection

Characteristics of the study population and sample collection procedures are as

described in chapter two, section 2.3.2.

4.4.2 Primer design, DNA extraction and Polymerase Chain Reaction (PCR)
amplification of CCR5 gene

Primers and protocols to amplify the CCR5 gene are also described in chapter two, from
section 2.3.3.1.3 to sections 2.3.3.1.8. Briefly, DNA was extracted from peripheral blood
mononuclear cells (PBMC) of 192 patients and the CCR5 gene amplified in a nested

PCR using standard PCR reagents to yield a 1203bp product.
4.4.3 Library preparation and MiniSeq sequencing

The CCR5 amplicons were purified using Ampure XP beads (Beckman coulter) and
guantified using a Qubit 3 dsDNA HS kit with detection range from 10pg/ul to 100ng/pl
(Invitrogen). The concentration of each amplicon was diluted to 0.2ng/pl with 10mM Tris
HCI. The Nextera XT DNA sample preparation kit (Illumina k.k Tokyo, Japan) was used to
fragment 1ng input DNA and tag with sequencing adaptors. The libraries were amplified
in a limited PCR cycle program to add lllumina index 1 (i7) and index 2 (i5) barcodes for
sample identification, and again purified using Ampure XP beads. Agarose
electrophoresis (E-gels) was used to verify the size of the libraries, and normalized to
4nM each to ensure equal library representation in the pool. Five microliter of each
normalized library was mixed, heat denatured and diluted to 1.8pM with 20% PhiX as
control (Illumina k.k Tokyo,Japan). The prepared libraries were sequenced in an Illlumina
MiniSeq using a high output kit for 300 cycles (lllumina k.k Tokyo, Japan) and generating
paired-end 2x150 bp long sequence reads for each.

4.4.4 De-multiplexing and sequence quality control evaluation

Sequences are de-multiplexed automatically on the MiniSeq as part of the data
processing steps and ends pairing. Fastq files were generated for each sample
representing the two paired-end reads. Sequence quality was validated using the FastQC
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programme. The fastq files were imported into Geneious® software version 8.1.5 for
filtering and trimming of sequences as well as downstream analysis. All sequences were
trimmed at the ends as part of the assembly process using the modified-Mott algorithm
and quality scores assigned by the sequencing base caller. This algorithm trims the ends
and improves the error rate by more than the error probability limit threshold set, in this
case 0.001%. The two sequence lists from each sample were paired and mapped to the
human genome h19 to demultiplex reads for CCR5 with the following parameters: Gaps
were allowed with a maximum of 15% per read and gap size of 15, word length was set
to 14, maximum mismatches per read were set to 25%, minimum overlap identity was set
to 80%, maximum ambiguity was set to 16. In general, the reference assembler uses a
seed and expand-type mapper, followed by a fine-tuning step that was set to none (fast /
read mapping) for this analysis.

4.4.5 Single nucleotide polymorphisms (SNPs) and indels detection and

verification

Variants or SNPs were detected using two methods within Geneious®; (1) the Find SNP
option, detecting variant frequency at 5% cutoff, maximum variant P-value 10° and
maximum strand-Bias P-value 10° when exceeding 65% bias. The variants were
detected only inside the CDS. (2) The other option was Bayesian haplotype-based
polymorphism discovery and genotyping tool (http:/arxiv.org/abs/1207.3907), with the

following parameters: ploidy and minimum Alternate Count set at 2, minimum Alternate
fraction set at 0.2, minimum probability at 0, Combined nearby variants (haplotype-

length) set at 2. The effect of variants on translation was analyzed.

The GenBank NCBI SNPs database (dbSNP) and ENSEMBLE genome browser were
searched for all reported SNPs in CCR5 to determine whether variants detected in this
study had been previously reported. Frequencies of SNPs detected were compared to
other populations published in the 1000 genome browser, HapMap and center for
Biotechnology information (NCBI) SNPs database. Chi-square test/fisher exact test were
performed to determine if there was any significant differences between these

populations.
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4.4.6 Hardy-Weinberg Equilibrium (HWE)

All variants loci detected within the coding regions of these genes were tested for
deviation from Hardy-Weinberg Equilibrium (HWE) using an excel HWE calculator and
chi-square test with P<0.05 showing non-consistence with HWE (Court et al. 2012).

4.4.7 Haplotypes and association mapping / Linkage disequilibrium inference

Linkage disequilibrium (LD) analysis between SNP per and haplotype assignments were
determined using LDLink 3.0 web tool; exploring the LDmatrix, LDpair and LDhap
modules (https://analysistools.nci.nih.gov/LDIlink/?tab=home). This tool investigates

patterns of linkage disequilibrium across a variety of ancestral population group. In this
case African population from the 1000 Genome project phase 3 (version 5). Linkage
disequilibrium was measured by calculated D prime (D'), R squared (R?) and goodness-
of-fit (chi-square and p-value) with variant Rs number assigned by dbSNP used as input.
The D' is an indicator of allelic segregation for two genetic variants, which ranges from 0
to 1 with higher values indicating tight linkage of alleles and low or a D' value of O
indicates no linkage of alleles. R squared (R?) is a measure of correlation of alleles for
two genetic variants. R? values range from 0 to 1 with higher values indicating a higher
degree of correlation. An R? value of 0 indicates alleles are independent, whereas an R?
value of 1 indicates an allele of one variant perfectly predicts an allele of another variant.
Haplotypes were determined using the LDhap module, which calculates population
specific haplotypes frequencies of all haplotypes observed for a list of query variants.
Publicly available reference haplotypes from the 1000 Genome project phase 3 (version
5) are used by LDIink to calculate population-specific measures of linkage disequilibrium
(Machiela and Chanock 2015). Variant of minor allele frequencies <5% and those not
assigned in the dbSNP (novel SNPs) were excluded from LD determination and
haplotype assignment.
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4.5 RESULTS
4.5.1 PCR products and sequence analysis

From a total of 192 samples, the complete 1000bp CCR5 coding region was obtained in
from 92.2% (177/192) individuals and quality sequences were obtained from 94.4%
(167/177).

4.5.2 Single Nucleotide Polymorphisms (SNPs) identification, Hardy Weinberg

Equilibrium and Linkage Disequilibrium associations

Across the coding region of the gene, 19.2% (32/167) of the individuals had
nonsynonymous changes compared to the consensus sequence, 5.98 % (10/167) had
synonymous changes and 74.9% (125/167) of the individuals had no changes (table
4.1). There were no insertion and deletions observed in sequences from our study
population. SNPs in this gene are in strong linkage disequilibrium (D’= 1, R?= 1.0) and
have not deviated from the Hardy Weinberg equilibrium. Variant of minor allele
frequencies <5% and those not assigned in the dbSNP (novel SNPs) were excluded
from LD determination and haplotype assignment and only one haplotype of the A335V

variant was observed at 16.8 heterozygous and 0.6% homozygous allele frequency.
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Table 4.1: Human CCR5 nonsynonymous and synonymous changes, genotype

frequencies and Hardy Weinberg Equilibrium calculations in the study population.

CCR5 Nonsynonymous changes

(n=167)
CDS codon position Type of Genotypes Exon | Frequencies | Hardy
change & rs numbers change (%) Weinberg
equilibrium
G265S (NI) GGC->AGC 793 GIG 3 166 (99.4) P-value =
Transition 793 GIA 1(0.6) 0.9
X2=10.001
A335V (rs1800944) GCC>GTA | 1004 C/C 138 (82.6) P-value = 0.8
Transition 1004 C/T 3 28 (16.8) X2=0.06
1004 T/T 1 (0.6)
Y339F (rs1800945) TAC>TTC 1016 A/A 3 165 (98.8) P-value =
Transversion | 1016 A/T 2(1.2) 094
X2=10.006
CCR5 Synonymous changes
P35P (rs113471490) CCG >CCA | 105 G/G 161 (97.4) P-value =
Transition 105 G/A 2 6 (3.6) 081
X2=10.05
S75S (rs1800941) TCT>TCC 225 TIT 165 (98.9) P-value =0.84
Transition 225 T/C 3 2(1.2) X2=10.04
Y89Y (rs750809479) TAT>TAC 267 TIT 165 (98.9) P-value =0.94
Transition 267 TIC 3 2(1.2) X2=0.006
No mutation 125 (74.9)

# Note: rs= Reference single nucleotide polymorphism; NI= Not Identified (novel

variants)
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previously reported (table 4.2 and table 4.3).

Table 4.2: Comparison of CCR5 allele frequencies between a South African population
and East Asian (EAS), European (EUR), African (AFR), Ad Mixed American (AMR) and

South Asian (SAS) populations.

CCR5 Nonsynonymous allele frequencies (%)

Rs numbers Allel | SA EAS EUR AFR AMR SAS
e

G265S (NI) G 99.4 | (NA) (NA) | (NA) (NA) (NA)
©) 0.6 | (NA) | (NA) | (NA) (NA) (NA)
A(S)

A335V (rs1800944) | C(A) | 82.6 | 100 100 99.4 98.7 100
T(V) |17.4 |0 0 0.4 1.3 0

Y339F (1800945) A(Y) | 98.8 | 100 100 99 99.7 100
T(F |12 |0 0 1 0.3 0

CCR5 synonymous allele frequencies (%)

P35P (rs113471490) | G(P) | 100 [100 |100 | 99.9 100 100
AMP) |0 0 0 0.1 0 0

S75S (rs1800941) T(S) [989 |100 |100 |99 99.6 100
c@©) (12 |0 0 1 4.3 0

Y89Y (rs750809479) | T(Y) |98.9 | (NA) | (NA) | (NA) (NA) (NA)
AY) |12 (NA) | (NA) | (NA) (NA) (NA)
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# Note: rs= Reference single nucleotide polymorphism; NI= Not Identified (novel

variants); NA= No data available

Table 4.3: Comparison of CCR5 allele frequencies between a South African population
and other Africa population, which comprises of the African Carribeans in Barbados
(ACB), Americans of African Ancestry in USA (ASW), Esan in Nigeria (ESN), Gambian
in the Western Gambia (GWD), Luhya in Webuye, Kenya (LWK), Mende in Seirra Leone
(MSL), Yoruba in ibadan, Nigeria (YRI).

CCR5 Nonsynonymous allele frequencies (%)

Rs numbers Allel | SA AC AS ESN | GWD | LWK | MSL YRI
e B W
G265S (NI) G 99.4 | (NA) | (NA) | (NA) | (NA) | (NA) | (NA) (NA)

)
A(S)

0.6 | (NA) | (NA) | (NA) | (NA) | (NA) | (NA)Y | (NA)

A335V (rs1800944) | G (A) | 82.6 | (NA) | (NA) [ (NA) | (NA) | (NA) | (NA) (NA)

T(V) | 17.4 | (NA) | (NA) | (NA) | (NA) | (NA) | (NA) | (NA)

Y339F (rs1800945) | A(Y) | 98.8 |98 |[100 |98 |99 98 100 | 100

TEFE [12 |2 0 2 1 2 0 0

CCR5 synonymous allele frequencies (%)

P35P G(P) | 97.4 | 100 | 100 | 100 | 100 99 100 100

(rs113471490)
AP) |36 |0 0 0 0 1

S75S (rs1800941) T(S) | 989 | 99 99 99 99 99 100 99

c(@s) |12 |1 1 1 1 1 0 1

Y89Y T(Y) | 98.9 | (NA) | (NA) | (NA) [ (NA) | (NA) | (NA) | (NA)

(rs750809479)
A(Y) | 1.2 | (NA) | (NA) | (NA) | (NA) | (NA) | (NA) | (NA)
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# Note: rs= Reference single nucleotide polymorphism; NI= Not Identified (novel

variants); NA= No data available

The mutations were then analyzed for their location on CCR5 (figure 4.1). They are
located at the C-terminus of the protein and are not close to the binding motif of
Maraviroc and V3 loop. The A335V was the most frequent in this study and we
evaluated if there is any association with declined CD4" cell count and found no

association (p= value 0.35, X2 =2.1)

Figure 4.1: Graphic illustration of transmebrane organization of human CCR5 showing
the location of the non-synonymous mutations identified in the study (highlighted in red).
Residues involved in Maraviroc binding are: W86 in TM2, Y108 in TM3, 1198 in TM5,
Y251 in TM6 and E283 in TM7. None of the mutations observed were in these residues

or close to them.
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4.6 DISCUSSION AND CONCLUSION

The CCR5 co-receptor has become a target for antiretroviral therapy. Polymorphism
within the coding region of this gene may affect its expression and binding affinities to
inhibitors such as Maraviroc. In this study we have characterized polymorphisms within
the CCR5 coding region in HIV-1 infected South Africans. The objective was to
document the polymorphism and their frequency in a South African population and
compare with other African populations. To date polymorphisms in the coding region of
CCR5 have been studied and found to be important factors influencing susceptibility to
HIV-1 infection and the progression of the disease (Picton et al. 2010). Six
polymorphisms at frequencies ranging from 0.6 to 16.8 were observed in the population.

Only 3 of these resulted in amino acid changes.

Several factors such as ethnicity and geographic locations may contribute to the
distribution of SNP frequencies. This is observed in the CCR5A32 mutant, which occurs
in variable frequencies of 4-15% in Caucasian populations, with an average 10% in
European population (Galvani and Novembre 2005). It is rarely found in or African
population. In this current study, conducted in Limpopo Province, we detected higher
SNP frequencies than previously identified in studies by Petersen et al, 2001 and Picton
et al, 2010 conducted in Gauteng and Western Cape provinces, which are widely
separated geographic locations. The A335V and Y339F variants were reported to be
highest in this study at frequencies 17% and 1.2% compared to 7.1 and 0.008%

respectively in the previous studies. (Petersen et al. 2001; Picton et al. 2010)

The A335V polymorphism was previously reported by Ansari-Lari et al in 1997 and found
at higher frequency in African American population compared to Caucasian population
(Ansari-Lari et al. 1997; Carrington et al. 1997, 1999). The Y339F variant was reported
in a South African population in 2001 (Petersen et al. 2001). In this study the frequency
of this variant was found to closely relate to the Esan in Nigeria and Luyha in Webuye,
Kenya. These polymorphisms are located in the open reading frame, and many studies
have been conducted to elucidate the effects of this polymorphism on the structure and
functions of the CCRS5 protein. These have not been found to affect protein function, and
they do not appear to contribute to changes in HIV disease progression (Carrington et al.
1997; Blanpain et al. 2002; Tamamis and Floudas 2014) which supports the hypothesis

that there is limited variation in the CCR5 gene in the study cohort. The association of
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A335V polymorphism and parameters of AIDS progression such as decline CD4" cells
was determined and found no association (P= value 0.35, X2 = 2.1). Further studies are

needed to characterize the effects of the novel G265S mutation on the protein.

Given the importance of allele frequencies in genetic studies, it is critically important to
be able to estimate them reliably. Factors that could be a possible contributor to the
varying allele frequency distribution include the sequencing technology applied.
Traditionally, allele frequencies were simply estimated by SNP genotype data and
Sanger data, but using these approaches may underestimate allele frequencies when
compared to Next Generation Sequencing (Bao et al. 2009; Holt et al. 2009; Ingman and
Gyllensten 2009; Koboldt et al. 2009; Lynch 2009; Kim et al. 2011). In the current study
Next Generation Sequencing was applied which relies crucially on the accurate calling of
SNPs and genotypes. Next Generation Sequencing coverage levels often determines
whether variant discovery can be made with a certain degree of confidence at particular
base position (10X-30X depth of coverage). Further studies comparing CCR5 allele
frequency distribution from different sequencing technologies will elucidate this aspect.

Residues to which Maraviroc binds are; the W86 binds in TM2, Y108 in TM3, 1198 on
TM5, Y251 in TM6 and E283 in TM7 (Seibert et al. 2006; Kondru et al. 2008; Garcia-
Perez et al. 2011). In the current study none of the identified mutations are located at or

near the binding sites of Maraviroc.

In conclusion mutations in the CCR5 coding region were observed at higher frequencies
compared to other studies conducted in South African populations at different locations.
The geographic location or the deep sequencing we used could be playing a role in the
varying SNP frequencies. The variants detected in this study are not located in the
binding motif of Maraviroc, therefore those infected with R5 viruses may benefit from this
drug. Therefore the subset of patients infected by R5 viruses in our population may
benefit from this drug.
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CHAPTER FIVE

Characterization of APOBECS3 Variations in a

South African Population
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APOBEC3 variation in a South African population. Prepared for submission to
Journal of Human Genetics, 2018 (Appendix II)

All of the individual patient sequences used in this study have been submitted to the
NCBI Sequence Read Archive (project number: PRINA429751) and can be accessed
using the following link; http://www.ncbi.nim.nih.gov/bioproject/429751, pending

manuscript acceptance. (Accession numbers in Appendix II)
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ABSTRACT

The apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 3 (APOBEC3)
genes A3D, A3F, A3G and A3H have all been implicated in the restriction of human
immunodeficiency virus type 1 (HIV-1) replication. Polymorphisms in these genes may
impact viral replication and fithess and contribute to viral diversity. To characterize
polymorphisms in the coding regions of these APOBECS3 genes in a population from the
Limpopo Province of South Africa, APOBEC3 gene fragments were amplified from
genomic DNA of 192 HIV-1 infected subjects and sequenced on an Illlumina MiSeq
platform. SNPs were confirmed and compared to SNPs in other populations reported in
the 1000 Genome Phase Ill and HapMap databases. Hardy-Weinberg Equilibrium was
calculated and haplotypes and Linkage Disequilibrium (LD) were inferred using the
LDlink 3.0 web tool.

Known variants compared to the GRCh37 consensus genome sequence were detected
at relatively high frequencies (>5%) in all of the Apobec genes. A3H showed the most
variation, with several of the variants present in both alleles in all of the patients.
Several minor allele variants (<5%) were also detected in A3D, A3F and A3G. In
addition, novel R6K, L221R and T238l variants in A3D and 11171 in A3F were observed.
Most of the SNPs were in strong LD with minor deviation from the Hardy-Weinberg
Equilibrium. Four, five, four, and three haplotypes were identified for A3D, A3F, A3G,
and A3H respectively. In general, polymorphisms in APOBEC3D, 3F, 3G and 3H were
higher in our South African cohort than previously reported among other African,

European and Asian populations.

Key words: APOBECS; Single nucleotide polymorphism; South Africa
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5.1 INTRODUCTION

The genes for the apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like
protein gene family (APOBEC3), a family of seven members (APOBEC3 A, B, C, D, F, G
and H), are situated on human chromosome 22. The proteins encoded by these genes
are cytidine deaminases that have been classified as restriction factors because of their
role as innate immunity factors. They provide host cell defense against a diverse set of
retroviruses, endogenous retroelements and DNA viruses, including human
immunodeficiency virus (HIV) (Sheehy et al. 2002; Harris and Liddament 2004; Chiu and
Greene 2008). APOBEC proteins restrict HIV through deamination of cytosines in viral
cDNA during reverse transcription, causing G-to-A hypermutations in the viral DNA
product, which results in degradation and viral inhibition (Zhang et al. 2003). The Vif
protein of HIV has evolved to counteract this restriction by binding to APOBEC proteins

leading to proteasomal degradation.

One of the most studied APOBEC proteins and the first that was discovered to restrict
HIV-1 replication is APOBEC3G. In the absence of the HIV-1 Vif protein, APOBEC3G is
efficiently packaged into viral particles, causing restriction during reverse transcription.
The gene was originally identified as an HIV restriction factor because its expression
converted a T-cell line that could support the replication of an HIV lacking vif into one
that had a non-permissive phenotype (Sheehy et al. 2002).

Three other members of the APOBEC family, APOBEC3D (A3D), APOBEC3F (A3F),
and APOBEC3H (A3H) can also be packaged into HIV particles and inhibit viral
replication, when stably expressed in human T-cell lines (Hultquist et al. 2011).
Endogenous A3D and A3F combine to generate the 5-GA-to-AA mutation pattern
observed in vif-negative HIV grown in the non-permissive T-cell line CEM2n (Refsland et
al. 2012; An et al. 2016). Of the seven different human haplotypes of APOBEC3H, only
hapll, hapV and hapVIl are stable at the protein level and capable of HIV restriction
(Dang et al. 2006; OhAinle et al. 2008; Harari et al. 2009; Wang et al. 2011; Ooms et al.
2013).

Several APOBEC3 (A3D, A3F, A3G and A3H) genes are known to possess common
polymorphisms that render them defective with reduced antiviral activity and increased
sensitivity to HIV-1 Vif (An et al. 2004; Ooms et al. 2010; Hultquist et al. 2011; Duggal et

al. 2013; Refsland et al. 2014). The genetic associations between natural
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polymorphisms in APOBEC genes and the ability of the resulting proteins to restrict HIV
and the contribution of polymorphisms to overall HIV diversity and disease progression
have not received widespread attention. Polymorphisms in APOBEC genes could play a
significant role in HIV-1 evolution and diversity, especially in African populations, where

the prevalence of HIV-1 is still increasing.

African populations are characterized by a high level of genetic diversity owing to a large
number of variable genes and alleles (Cavalli-Sforza 1991; Jorde et al. 2000; Tishkoff
and Williams 2002; Jakobsson et al. 2008). Patterns of genetic variation in the African
population are influenced by a demographic history that includes changes in population
size, admixture and locus-specific forces such as natural selection, recombination and
mutation. Genetic studies of structural variation of genes across ethnically diverse
populations have been conducted (Conrad and Hurles 2007). Many population genetic
studies of African populations are based on analysis of genetic markers genotyped in a
small number of populations in projects such as the 1000 Genomes Project (2010) and
the International Haplotype Map (HapMap) Project (Batzer and Deininger 2002;
Rosenberg et al. 2002; Li et al. 2008). Although these projects are valuable in their
description of the overall human genetic diversity, they are limited in their coverage of
African populations (Altshuler et al. 2010). Thus, it is important to continue to add
information about African populations that are underrepresented in human genomic

studies, such as the South African population.

South Africa embodies a rich collection of ethnic backgrounds in addition to the more
recent Caucasian immigrants. The major ethnic groups include the Bapedi, Basotho,
Ndebele, Swati, Tsonga, Tswana, Xhosa, Venda and Zulu. The genetic substructure of
these populations has been assessed by studying the Y-chromosome and autosomal
DNA resulting into a cluster of three specific groups: Tswana/Sotho, Nguni and Venda
(Lane et al. 2002; Mitchell 2010). It is of clear interest to characterize the APOBEC3
gene polymorphisms existing in these various populations, since they may play a crucial

role in the restriction and evolution of HIV-1.

In the current study, we characterized the genetic variability within the coding regions of
A3D, A3F, A3G and A3H to document the level of diversity in samples obtained from
HIV-1 positive individuals attending three HIV clinics in the Limpopo Province of
Northern South Africa.
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5.2 Hypothesis

There are variations in APOBEC3 genes in South African populations that could

significantly affect viral replication, transmission, fithess and evolution.
5.3 Objective

The objective of the study is to characterize the genetic variability within the coding
regions of A3D, A3F, A3G and A3H in order to determine the level of diversity in a South
African population.

5.3.1 Specific objectives

5.3.1.1 To sequence the coding regions of A3D, A3F, A3G and A3H.
5.3.1.2 To characterize variation in the coding regions of A3D, A3F, A3G and A3H.
5.3.1.3 To compare APOBECS3 variation observed in the study population with other

populations.
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5.4 MATERIALS AND METHODS
5.4.1 Study population and DNA extraction

Characteristics of the study population and samples collection are described in chapter

two, section 2.3.2.

5.4.2 Primer design, Polymerase Chain Reaction (PCR) to amplify A3D, A3F, A3G
and A3H genes

Primer design and amplification of the APOBEC3 genes is detailed in chapter two, from
section 2.3.3.1.3 to 2.3.3.1.4. Briefly, the Takara (LA) PCR Kit Ver. 2.1 for long DNA
fragments amplification (Clontech) was used to amplify the complete gene in a 1% round
30 cycle PCR. The 1% round PCR products of each complete gene were used as
templates in a nested PCR to generate amplicons consisting of the coding regions. The
amplicons were purified using AMpure XP beads (Beckman coulter) and quantified using
Qubit 3 with the dsDNA HS kit (Invitrogen). Amplicons per sample were pooled and

normalized to 10ng using 10mM Tris elusion.
5.4.3 Fragmentation, tagmentation and addition of lllumina indices

The Tn5 tagmentation based protocol described in chapter two was used to fragment
1ng amplicon DNA products into smaller size fragments ranging from 35bp to 700bp,
tagging them at 55°C for 5 min with the lllumina sequencing adapters at both ends of

each amplicon. Following this step, unique Illlumina dual-index barcodes Index 1 (i7) and

index 2 (i5) were added to the sample in a short PCR of 12 cycles, followed by the
second AMpure XP bead purification. Using the full complement of Nextera XT indices,

up to 96 samples were pooled for each run.
5.4.4 Library normalization, pooling and sequencing

The libraries were nomalized, pooled and sequenced following protocols from chapter
two. Biological sample sheets were created in Basespace by giving each sample the
appropriate index and setting up a sequencing run for the MiSeq. The run generated
about 25 million reads/sequences per sample. All of the individual patient sequences

generated and used in this study have been submitted to the NCBI Sequence Read
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Archive (project number: PRINA429751) and will be released and accessible using the

following link; http://www.ncbi.nlm.nih.gov/bioproject/429751, pending manuscript

acceptance (see sample accession numbers in appendix ii).
5.4.5 Demultiplexing and sequence quality control evaluation

Sequences were demultiplexed automatically on the MiSeq as part of the data processing
steps and ends pairing. Fastq files were generated for each sample representing the two
paired-end reads. Sequence quality was validated using the Galaxy NGS platform: QC

and manipulation and fastQC program.
5.4.6 Sequence filtering, trimming, mapping and variant calling

Sequencing data quality, including the duplication rate, percent GC, and read quality
was assessed by quality control tools for high throughput sequencing data (Andrews
2010; Ewels et al. 2016). After filtering low coverage samples, reads were aligned
against the human genome with the BWA-MEM tool (Li 2013). Alignments were sorted,
marked for duplicates, and indexed using SAMtools (Li et al. 2009), and variants were
called using Freebayes, a Haplotype-based variant detection from short-read
sequencing tool (Tan et al. 2015). Variant calls were normalized and decomposed with
vt, a unified representation of genetic variants, and functionally annotated using SnpEff,
a program for annotating and predicting the effects of single nucleotide polymorphisms
(Cingolani et al. 2012). Comprehensive annotation and prioritization was performed
using the GEMINI framework for Integrative Exploration of Genetic Variation and
Genome Annotations (Paila et al. 2013). All further data manipulation and analysis was
performed using R, a Language and Environment for Statistical Computing (R
Development Core Team 2010).

5.4.7 Statistical analysis

5.4.7.1 Hardy-Weinberg Equilibrium (HWE)

All variants loci detected within the coding regions of APOBEC3 genes were tested for
deviation from Hardy-Weinberg Equilibrium (HWE) using an excel HWE calculator and

chi-square test with P<0.05 showing non-consistence with HWE (Court et al. 2012).
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5.4.7.2 Pairwise linkage disequilibrium (LD) and Haplotype assignment

Pairwise linkage disequilibrium (LD) analysis between SNPs of each gene was done to
test if they were in LD and haplotype assignments. Both the LD and the haplotypes were
determined using the LDLink 3.0 web tool; exploring the LDmatrix, LDpair and LDhap

modules (https://analysistools.nci.nih.gov/LDlink/?tab=home) detailed in chapter four,

section 4.3.7. Variants of minor allele frequencies <5% and those not assigned in the
dbSNP (novel SNPs) were excluded from LD determination and haplotype assignment
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5.5 RESULTS
5.5.1 Single nucleotide polymorphisms (SNPs), detection of indels and verification

There is limited availability of APOBEC3 gene sequences from African populations, and
when sequencing has been performed, it has generally been limited to A3G (Reddy et
al. 2010). In this study, we applied next generation sequencing to determine variation in
the coding exons of the APOBEC genes A3D, A3F, A3G and A3H in DNA from 192 HIV
positive individuals residing in the Limpopo province of northern South Africa. The
proteins expressed from these genes have all been shown to be capable of HIV

restriction (Hultquist et al. 2011).

The A3D gene is 12.1kb long and has seven exons with exon 5 shown to display the
most variation. Good quality A3D sequences after targeted DNA implication of the exons
were successfully obtained for 165/192 subjects. In the DNA from these 165 individuals,
8 nonsynonymous and 2 synonymous changes were identified when compared to the
GRCh37 build of the human genome (Table 5.1). Of the 165 subjects analyzed, 50.3%
(83/165) were identified with nonsynonymous or synonymous changes in many positions
in the coding region of the A3D gene, while no changes were detected in the remaining
49.7% (82/165). There were no insertions or deletions observed in A3D in the
sequenced samples. Variant R248K was observed in 18.8% (31/165) of the patients,
with 17.6% being heterozygotes. The R248K variant together with T316T was in strong
linkage disequilibrium (LD) (D’ =1, R?= 0.122). Minor allele frequencies (MAF<5%) were
observed in the case of L221L, C224Y, T238I and C320Y, therefore their LD profiles
could not be calculated. Although no variants deviated from the Hardy-Weinberg
Equilibrium (HWE) (P-value <0.05), R248K showed a tendency towards deviation with P-
value =0.09. In addition, R6K, and T238I, variants that have not been reported
elsewhere, were observed as heterozygotes in 9.7 and 4.8 % respectively (Table 5.1).

The A3F gene is 13.3kb long and contains seven exons, with the most variation
observed in exon 4. The A3F exons were successfully amplified and sequenced from a
total of 171/192 subjects. Synonymous or nonsynonymous changes were observed in
95.9% (164/171) of the subjects while 4.1% (7/171) had no change relative to the
GRCh37 human genome build. In the 171 samples successfully sequenced, there were
seven nonsynonymous changes (R48P, A78V, I187L, P97L, A108S, V231l and Y307C)
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and seven synonymous changes (11171, S118S, R143R, Y196Y, S229S, S327S and
E245E). A108S and A78V were the most frequent nonsynonymous changes in A3F,
found in 64.3% and 39.1% of the subjects respectively (Table 5.1). No insertions or
deletions were observed for A3F in the sequenced samples. All A3F variants were in
strong LD (D’= 1, R? range from 0.001- 0.899). A few variants (A108S, R143R and
E245E) deviated from the HWE (P-value <0.05). The synonymous 1117] mutation has
not been reported previously (Table 5.1).

The A3G gene was the first one that was described as encoding an HIV restriction factor
and it remains the most studied among Africans. The gene is 10.7 kb and has 8 exons.
We successfully amplified A3G from 171/192 subjects. The most variation has been
observed in exons 3, 6 and 7. A total of four nonsynonymous (H186R, R256H, Q275E
and G363R) and four synonymous changes (S60S, A109A, F119F and L371L) were
observed in A3G with the most frequent being H186R (53.8%) and Q275E (32.7%),
Table 3. In total, nonsynonymous or synonymous changes were observed in 95.9%
(164/171), whereas 4.1% (7/171) had no changes relative to the reference GRCh37
human genome. There were no insertions or deletions observed in this gene. Variants
S60S, A109A, F119F H186R, R256H, and Q275E were in strong to partial LD (D’= 1, R2
range from 0-0.068). None of the variants deviated from the HWE (P-value > 0.05)
(Table 5.1).

A3H is the shortest, but most polymorphic of the APOBEC3 genes we analyzed. It is
6.8kb in length (Table 1) and contains 5 exons, with the most variation in exons 1, 2 and
3. We observed nonsynonymous or synonymous changes in all the study subjects
(175/175). We found 6 nonsynonymous (N15A, R18L, G105R, K121E, E140K and
E178D) and 1 synonymous (T43T) changes. The N15A deletion was the only deletion
observed and it occurred in 107 of 175 subjects (61.1%) either in a homozygous (57) or
heterozygous (50) form. The G105R, K121E, E140K and E178D variants occurred
mostly as homozygous forms in 90.3-100% of all subjects (Table 3). No insertions were
found. All variants in this gene are in strong LD (D’=1, R? range from 0.203- 1). The
N15A and R18L variants deviated from the HWE (P-value >0.05), (Table 5.1).
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Table 5.1: APOBEC 3D, 3F, 3G and 3H nonsynonymous and synonymous changes,

genotype frequencies and Hardy Weinberg Equilibrium calculations from the study

population.
APOBEC 3D Nonsynonymous changes
(n=165)
CDS codon Type of change Genotypes | Exon | Frequencies | Hardy
position change & (%) Weinberg
rs numbers equilibrium
R6K (NI) AGA->AAA 17GIG 1 149 (90.3) P-value =
0.51
Transition 17G/A 16 (9.7)
X?2=0.43
R97C (rs75858538) | CGC>TGC 289 C/C 148 (89.7) P-value =
- 0.44
Transition 289 C/T 1 16 (9.7)
X?=0.59
289 T/T 1 (0.6)
L221R (NI) CTG>CGG 662T/T 5 162 (98.2) P-value =
0.9
Transition 662T/G 3(1.8)
X?2=0.01
C224Y TGT>TAT 671G/G 5 159 (96.4) P-value =
(rs772893975) 0.812
Transition 671G/A 6 (3.6)
X?=10.056
T238A ACA->GCA 712A/A 5 142 (86.1) P-value =
(rs201709403) 0.218
Transition 712A/G 15 (9.1)
X?=15
ACA>ATA T13A/T 8(4.8)
T238I (NI)
Transition
R248K AGG—>AAG 743 GIG 5 134 (81.2) P-value =
(rs61748819) - 0.09
Transition 743 G/A 29 (17.6)
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743 A/IA 2(1.2) X?2=0.76
C320Y TGC->TAC 959 G/G 164 (99.4) P-value =
(rs61999342) N 0.94
Transition 959 G/A 6 1(0.6)
X?=0.006
APOBEC3D Synonymous changes
L221L CTG =>CTC 663G/G 162 (98.2) P-value =
(rs769426665) - 0.97
Transition 663G/C 5 3(1.8)
X?=0.02
T316T ACC->ACT 948 C/C 158 (95.7) P-value
(rs184448269) - =0.84
Transition 948 C/T 6 7 (4.3)
X?=0.04
No mutation 82 (49.7)
APOBEC 3F Nonsynonymous changes
(n=171)
R48P (rs35053197) | CGT->CCC 143 GIG 156 (91.2) P-value =
0.54
Transversion 143 G/C 2 15 (8.8)
X?=0.36
A78V (rs5750728) GCC~>GTC 233 C/C 108 (63.2) P-value =
0.9
Transition 233 CIT 4 59 (36.8)
X?2=0.04
233 T/T 4 (2.3)
I87L (rs146543452) | ATC>CTC 260 A/A 162 (94.7) P-value =
0.72
Transition 260 A/C 4 9 (5.3)
X?=0.12
PO7L CCG~>CTG 290 C/C 168 (98.2) P-value =
(rs201939303) - 0.9
Transition 290 C/T 4 3(1.8)
X?2=0.04
A108S (rs2020390) | GCT>TCT 322 GIG 61 (35.7) P-value =
119
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Transition 322 GIT 92 (53.8) 0.05
322 TIT 4 18 (10.5) X?2=3.77
V231l (rs2076101) | GTC>ATC 898 G/G 139 (81.3) P-value =
0.99
Transition 898 G/A 30 (17.5)
X?2=0.07
898 A/A 5 2(1.2)
Y307C TAC>TGC 920 A/A 156 (91.2) P-value =
(rs12157816) - 0.55
Transition 920 A/G 6 15 (8.8)
X?2=0.36
APOBEC3F Synonymous changes
12171 (NI) ATC>ATT 351 C/C 4 169 (98.8) P-value
" =0.94
Transition 351 C/T 2(1.2)
X?=0.003
S118S TCC>TCT 354 C/C 125 (73.1) P-value
(rs35928287) =0.04
Transition 354 CIT 4 46 (26.9)
X?2=4.69
R143R (rs4821862) | CGC>CGT 429 C/C 23 (13.5) P-value =
0.03
Transition 429 CIT 97 (56.7)
X?=4.69
429 TIT 4 51 (29.8)
Y196Y TAT>TAC 588 T/T 118 (69) P-value =
(rs765418322) 0.7
Transition 588 T/C 4 49 (28.7)
X?2=0.17
588 C/C 4 (2.3)
S229S TCA>TCG 894 A/A 5 169 (98.8) P-value =
(rs549550231) - 0.94
Transition 894 A/G 2(1.2)
X?=0.005
E245E GAG>GAA 942 GIG 161 (94.2) P-value =
(rs113109079) 0.04
Transition 942 G/A 5 9 (5.2)
X?=4.08
942 A/IA 1 (0.6)
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S327S TCC>TCT 981 C/C 143 (83.6) P-value =
(rs35895636) - 0.14
Transition 981 C/T 5 25 (14.6)
X?=12.189
981 T/T 3(1.8)
No mutation 7(4.1)
APOBEC 3G Nonsynonymous changes
(n=171)
CDS codon Type of change | Genotypes | Exon | Frequencies | Hardy
position change & (%) Weinberg
rs numbers equilibrium
H186R (rs8177832) | CAC>CGC 557 A/IA 79 (46.2) P-value =
0.89
Transition 557 AIG 4 74 (43.3)
X?2=0.02
557 G/G 18 (10.5)
R256H CGC->CAC 767 GIG 167(97.7) P-value =
(rs17000736) 0.97
Transition 767 G/A 6 4(2.3)
X?2=10.00
Q275E CAG>GAG 823 C/C 115 (67.3) P-value =
(rs17496046) 0.84
Transversion 823 C/IG 50 (29.2)
X?=0.03
823 G/G 6 6 (3.5)
G363R GGA>AGA 1087 G/G 154 (90.1) P-value =
(rs148267053) N 0.5
Transition 1087 G/A 7 17 (9.9)
X?=0.3
APOBEC3G Synonymous changes
S60S TCC->TCT 180 C/C 152 (88.9) P-value
(rs112603901) =0.59
Transition 180 C/T 3 19 (11.1)
X?2=0.4
A109A GCC->GCT 327 C/IC 170 (99.4) P-value
(rs375760983) =0.97
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Transition 327 CIT 3 1 (0.6) X2=10.00
F119F (rs5757465) | TTT>TTC 357 TIT 170 (99.4) P-value
N =0.97
Transition 357 T/C 3 1(0.6)
X2=10.00
L371L (rs11545130) | CTG>TTG 1111 C/C 164 (95.9) P-value =0.8
Transition 1111 C/T 7 7 (4.1) X2=0.005
No mutation 7(4.1)
APOBEC 3H Nonsynonymous changes
(n=175)
CDS codon Type of change | Genotypes | Exon | Frequencies | Hardy
position change & (%) Weinberg
rs numbers equilibrium
N15A (rs139292) -CAA 45 68 (38.9) P-value =
) CAA/CAA 0.00
Deletion 50 (28.6)
45 CAA/ A X?=31.8
1 57 (32.5)
45A /A
R18L (rs139293) CGC~->CTC 53 G/G 156 (89.1) P-value =
0.00
Transvertion 53 GIT 1 15 (8.6)
X?=15.9
53TIT 4 (2.3)
G105R (rs139297) | GGC>CGC 313 G/IG 0 P-value =
0.87
Transvertion 313 G/C 2 4(2.3)
X?=0.022
313 C/C 171 (97.7)
K121E (rs139298) AAG>GAG 361 A/A 0 P-value =
0.59
Substitution 361 A/IG 2 175 (100)
X?=0.3
E140K (rs139300) GAG~>AAG 419 G/G 2 0 P-value =
0.47
Transvertion 419 A/A 175 (100)
X?2=0.3
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E178D (rs139302) GAG->GAC 534 G/IG 0 P-value =
. 0.497
Transvertion 534 G/C 3 17 (9.7)
X?=0.45
534 C/C 158 (90.3)

APOBEC3H Synonymous changes

T43T (rs139294) ACG—->ACC 129 G/G 1 31(17.7) P-value
=0.97
Transvertion 129 C/C 144 (82.3)
X2=10.00
No mutation 0

#Note NI= Not Identified (novel variants); Nucleotide in bold: Codon specific change;

Rs= Reference single nucleotide polymorphism

In order to better understand the A3 genetic changes observed in each subject, all
clusters of variation per gene were assigned into haplotypes as described in materials
and methods and their frequencies calculated. These haplotypes were classified as
either confirmed or unconfirmed based on the number of heterozygous variants. This
classification was necessary due to the fact that NGS reads were short and we could not
confirm if SNPs occurred in the same allele (Table 5.2). Nonsynonymous variants were
considered and their genotypes (homozygous or heterozygous) were indicated. Low
frequency variants (MAF<5%) were excluded from the haplotype assignment.
Comparisons were made to the GRCh37 human genome whose combinations are
represented as haplotypes in A3D, A3F and A3G (Table 5.2). We identified four
haplotypes for A3D, five for A3F and four for A3G (Table 5.2). The A3D, A3F and A3G
haplotypes were comprised of 3, 6 and 3 variants respectively. It is worth noting that only
haplotypes for A3G and A3H have been described previously (Feng and Chelico 2011;
Ooms et al. 2013; Refsland et al. 2014; K. et al. 2016), (Table 5.2). The seven identified
haplotypes of A3H were recently described as having an impact on the genetic diversity
of HIV-1 Vifs in the global pandemic (Ooms et al. 2010, 2013; Refsland et al. 2014). The
seven known A3H haplotypes (I-VII) are combinations of 5 nucleotide changes located
on exons 2, 3 and 4. Haplotypes Il, V, and VIl have been termed stable, because of the
observed relatively long half-lives of the encoded proteins, enabling them to restrict HIV-

1. The other four haplotypes (haplotypes |, Ill, IV, VI) have been termed unstable, since
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the encoded protein half-lives have been shown to be short, resulting in complete loss of
the ability to restrict HIV (Reddy et al. 2010; Ooms et al. 2013) In our subjects, we
identified 3 haplotypes for A3H: the stable haplotype Il (15N, 18R, 105R, 121E 178D),
haplotype 11l (15A , 18R, 105R, 121E, 178D) and haplotype IV (15 A, 18L, 105R, 121E,
178D) (Table 4) (Reddy et al. 2010; Wang et al. 2011; Ooms et al. 2013) The prevalence
of these haplotypes was: 30.8% haplotype II; 56.6% haplotype Ill and 8.6% confirmed
and 4% unconfirmed haplotype IV (Table 5.2). Thus the majority of the subjects in our
patient population are not expressing ApoBec3H proteins that can restrict HIV.

Table 5.2: Haplotype formation and the frequencies with respect to the A3D, A3F, A3G
and A3H

Confirmed APOBEC3D Haplotypes

Variation Frequency (%) Haplotype
97R, 238T, 248R 82 (49.7) Haplotype i
97C (hom), 238T, 248R 1 (0.6) Haplotype i
97C (het), 238T, 248R 16 (9.7)

97R, 238A (het), 248R 11 (6.7) Haplotype ili
97R, 238T, 248K (hom) 2(1.2) Haplotype iv
97R, 238T, 248K (het) 29 (17.6)

Minor variant frequency <5% 8 (4.8)) Not assigned
Others? 16 (9.7) Not assigned

Unconfirmed APOBEC3D Haplotypes

None

Confirmed APOBEC3F Haplotypes
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48R, 78A, 871, 108A, 231V, 307Y 74.1) Haplotype i
48R, 78V (hom), 871, 108S (hom), 2311 | 1 (0.6) Haplotype ii
(hom), 307Y

48R, 78V (het), 871, 108S (hom), 231l

(hom), 307Y 1(0.6)

48R, 78A, 871, 108S (hom), 231V, 307Y | 2 (1.2) Haplotype iii
48R, 78A, 871, 108S (het), 231V, 307Y | 37 (21.6)

48R, 78A, 871, 108A, 231V, 307C (het) | 4 (2.3) Haplotype iv
48R, 78V (hom), 871, 108S (hom), 1 (0.6) Haplotype vi
231V, 30Y

Minor variant frequency <5% 7 (4.1) Not assigned
Others? 47 (27.5) Not assigned

Unconfirmed APOBEC3F Haplotypes

48R, 78V (het), 871, 108S (het), 231l 30 (17.5) Haplotype i
(het), 307Y
48P (het), 78A, 871, 108S (het), 231V, 9(5.3) Haplotype v
307Y
48R, 78V (het), 871, 108S (het), 231V, 25 (14.6) Haplotype vi
307Y

Confirmed APOBEC3G Haplotypes
186H, 275Q, 363G 7(4.1) Haplotype i
186R (hom), 275Q, 363G 20 (11.7) Haplotype i
186R (het), 275Q, 363G 42 (24.6)
186H, 275E (hom), 363G 7(4.1) Haplotype iii
186H, 275E (het), 363G 15 (8.8)
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186H, 275Q, 363R (het) 12 (7) Haplotype iv
Minor variant frequency <5% 12 (7) Not assigned
Others? 56 (32.7) Not assigned

Unconfirmed APOBEC3G Haplotypes

None
Confirmed APOBEC3H Haplotypes®
15N, 18R, 105R (hom), 121E (hom), 54 (30.8) Haplotype i
178D (hom)
15A (hom), 18R, 105R (hom), 121E 50 (28.6) Haplotype iii

(hom), 178E (hom)

15A (het), 18R, 105R (hom), 121E
(hom), 178D (hom) 49 (28)

154, (hom), 18L (hom), 105R (hom), 7 (4) Haplotype iv
121E (hom), 178D (hom)

15A, (hom), 18L (het), 105R (hom),
121E (hom), 178D (hom) 8 (4.6)

Unconfirmed APOBEC3H Haplotypes®

154, (het), 18L (het), 105R (hom), 121E | 7 (4) Haplotype iv
(hom), 178D (hom)

#Note

a Refers to the haplotypes with synonymous changes and those of novel SNPs (not
reported on the dpSNP)

®A3H haplotypes were determined using previous classification from references (Wang
et al. 2011; Ooms et al. 2013; Refsland et al. 2016)

hom=homozygous; het=heterozygous

Bold defines variants that are different from those listed in haplotype | in each gene.
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Haplotypes are unconfirmed in our population due to more than 1 heterozygous SNPs in

the cluster
5.5.2 Allele frequencies and their comparison with other populations

We next compared the nonsynonymous and synonymous variant frequencies in the
South African population in our study to previously reported variant frequencies in the
following populations: African (AFR), East Asian (EAS), European (EUR), Ad Mixed
American (AMR), and South Asian (SAS), as reported in the 1000 Genome Project
phase lll, the HapMap project (NCBI), the dsSNP database and the Ensembl genome
browser (Table 5.3). Our data show that with the exception of, V231I, (A3F) and F119F
(A3G), all the variants identified showed a higher frequency than previously reported for
the overall AFR population (Table 5.3). In a previous study by Duggal and colleagues
comparing A3 variations between Africans, Asian and Europeans, nonsynonymous
variation in A3D (R97C, R248K); A3F (A108S, V231l, Y307C); A3G (H186R, E275Q)
and A3H (15A, R18L, R105G, E121E/K, E178D) were reported (Reddy et al. 2010). Our
data suggest that several variants occur more frequently in our South African population
than in the “African” population previously studied (Duggal et al. 2013). This included
R97C and R248K in A3D; A108S in A3F; H186R, Q275E in A3G and N15A, R18L,
G105R, K121E and E178D in A3H (Table 5.3). Of particular interest was the A3F A108S
variant, which occurs in about 80% of Asians and has been reported in only 30% of
Africans (Duggal et al. 2013). We found this variant in 64.3% of our subjects, more than
twice the prevalence previously reported among Africans by Duggal and colleagues
(Duggal et al. 2013).

Overall, the EAS, EUR, AMR and SAS populations showed a higher level of A3
conservation than our study population. For example, the A3D sequences in these
populations were more closely related to the reference GRCh37 human genome (98-
100%). In the case of A3F and A3G, the percent identity was between 92-100%, with the
exception of the A3F variants A78V, A108S, V231Il, R143R and the A3G variant F119F
(Table 5). The percentage identities among the A3H variants were highly variable, with
the N15A variant clearly present in higher frequency in our population compared to the
others. (Table 5.3).
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Table 5.3: Comparison of A3D, A3F, A3G and A3H allele frequencies between a South
African population and total populations from East Asian (EAS), European (EUR),
African (AFR), Ad Mixed American (AMR) and South Asian (SAS).

APOBEC 3D Nonsynonymous allele frequencies (%)

Rs numbers Allel | SA | EAS EUR | AFR AMR SAS
e
R6K (NI) G (R) | 90.3 | NA NA NA NA NA
A (K) | 9.7
R97C (rs758585538) | C (R) | 89.7 | 100 100 96.6 100 100
T(C) 103 |0 0 3.4 0 0
L221R (NI) T(L) |98.2 | NA NA NA NA NA
G(R)|1.8
C224Y G (C) | 96.4 | 100 100 100 100 100
(rs772893975)
A(Y) |36 |0 0 0 0 0
T238A A(T) | 86.1 | 100 100 100 100 100
(rs201709403)
GA)|91 |0 0 0.001 0 0
T238I (NI) A(T) | 86.1 | NA NA NA NA NA
T() |4.8
R248K (rs61748819) | G (R) | 81.2 | 100 100 89. 98.9 100
A(K) | 188 |0 0 11 4 0
C320Y (rs61999342) | G (C) | 99.4 | NA NA NA NA NA
A(Y) | 0.6
APOBEC3D synonymous allele frequencies (%)
L221L G (L) | 98.2 | 100 100 100 100 100
(rs769426665)
C(L) (18 |0 0 0 0 0
128

© University of Venda




T316T C(T) | 95.7 | 100 100 98.8 99.6 100

(rs184448269)
T(M |43 |0 0 1.2 4.3 0

APOBEC 3F Nonsynonymous allele frequencies (%)

Rs numbers Allel | SA | EAS EUR | AFR AMR SAS
e

R48P (rs35053197) |G (R) | 91.2 | 100 | NA 97 99 99
c®P) 88 |0 3 1 1

A78V (rs5750728) | C(A) | 63.2 | 29 58.8 |79.8 37.6 39.1
T(V) | 36.8 |79.3 49.1 22 62.4 60.8

I87L (rs114704208) |A(l) |94.7 [100 |100 |99 100 100
C(L) |53 |0 0 1 0 0

P97L (rs201939303) | C (P) | 98.2 | NA NA NA NA NA
T(L) [1.8

A108S (rs2020390) | G (A) | 35.7 | 29 51 68 37 40
T(S) 643 71 49 32 63 60

V231l (2076101) G(V) 813 |71 51 81 38 39
A() |18.7 |29 49 19 62 61

Y307C (rs12157816) | A (Y) | 91.2 | 100 98 97 98 100
G(() |88 |0 2 3 2 0

APOBEC3F synonymous allele frequencies (%)

12171 (NI) C() |98.8 | NA NA NA NA NA
T |12

S118S (rs35928287) | C(S) | 73.1 | 100 100 |97 100 100
T(S) [269 |0 0 3 0 0

R143R (rs4821862) | C(R) | 13.5 | 29 51 45 36 39
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T(R) [ 865 |71 49 [55 64 61

Y196Y T(Y) |69 | 100 100 | 100 100 100
(rs765418322)
c() |31 |0 0 0 0 0
S229S (549550231) | A(S) | 98.8 | NA NA | NA NA NA
T(S) | 1.2
E245E (113109079) | G (E) | 94.2 | 100 100 |99 100 100
AE) |58 |0 0 1 0 0
S327S (35895636) | C(S) | 83.6 | 100 100 |99 100 100
T(S) |16.4 | 0 0 2 0 0

APOBEC 3G Nonsynonymous allele frequencies (%)

Rs numbers Allel [SA [EAS [EUR |AFR AMR SAS
e
H186R (rs8177832) | A(H) | 46.2 | 927 |97.2 |56.9 925 99.1
G(R) |53.8 | 7.2 2.98 |43 7.5 0.82
R256H (rs17000736) | G (R) | 97.7 | 100 100 | 98.6 100 100
AH) |23 |0 0 1.44 0 0
Q275E (rs17496046) | C (Q) | 67.3 | 97.3 | 94.6 |875 96 98.7
G(E) |32.7 | 268 |53 |125 4 1.3
G363R G (G) | 90.1 | 100 100 |98.6 99.9 100
(rs148267053)
AR) |99 |0 0 1.4 1 0

APOBEC3G synonymous allele frequencies (%)

S60S (rs112603901) | C (S) | 88.9 | 100 100 | 99.7 100 100
T(S) |11.1 | 0 0 0.7 0 0
A109A C(A) | 99.4 | 100 100 | NA NA NA
(rs375760983)
T@A) |06 |0 0
F110F (rs5757465) | T (F) | 99.4 | 77.6 | 55.3 | 97.1 60.2 55.5
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C(F) 06 |224 44.7 | 28.7 39.7 44.5
L371L (rs11545130) | C (L) | 95.9 | 97 100 | 100 100 100
TL) 41 |3 0 0 0 0
APOBEC 3H Nonsynonymous allele frequencies (%)
Rs numbers Allel | SA | EAS EUR | AFR AMR SAS
e
N15A (rs139292) | CAA( | 38.9 | 69 72 74 66 60
N 61.1 | 31 28 26 34 40
A
R18L (rs139293) |G (R) | 89.1 | 84.1 70.7 |93.3 75.8 69.4
T() |10.9 | 159 29.3 [ 0.6 24.2 30.6
G105R (rs139297) | C(G) |0 33.1 46.3 | 875 38.3 42.9
G (R) | 100 | 66.9 53.7 | 125 61.7 57.1
K121E (rs139298) | C (K) |0 33.1 46.3 | 84.7 34.6 43.1
G (E) | 100 |66.9 53.7 [15.3 65.4 56.9
E140K (rs139300) | G(E) | O 0 0 0 0 0
A (K) | 100 | 100 100 | 100 100 100
E178D (rs139302) |G(E) | O 83.3 454 | 82.7 37.7 43.9
C(D) | 100 |66.6 546 |[17.3 62.3 56.1
APOBEC3H synonymous allele frequencies (%)
T43T (rs139294) G(T) |17.7 | 33.3 45.4 82.7 37.7 43.8
C(T) | 82.3 | 66.6 54.6 17.3 62.3 56.2

Note: NI= Not Identified

(NA)= No data available
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The term “Africans” has been loosely used to describe datasets generated from different
parts of the African continent. To provide a more accurate comparison, we compared the
variants detected in our study with previous datasets derived from other more specific
studies in African populations or involving people of African descent (Table 5.4). These
included Americans of African Ancestry in USA (ASW); African Caribbeans in Barbados
(ACB); Gambians in the Western Gambia (GWD); Esan in Nigeria (ESN); Luhya in
Webuye, Kenya (LWK); Mende in Sierra Leone (MSL) and Yoruba in Ibadan, Nigeria
(YRI). We noticed significantly higher level of single nucleotide changes in our
population for the following variants: R48P, A108S, R143R, S327S in A3F; Q275E,
G363R in A3G) and G105R, K121E, E178D in A3H (Table 5.4). However, in most
cases, the variant allele frequencies in A3D, A3F, A3G and A3H were closer (Table 5.4).
Notably, the variant frequencies of R97C and R248K in A3D are almost close to
frequencies in ASW and ESN and MSL respectively, whereas the frequency of R48P in
AS3F is closer to that reported in, ESN, LWK and YRI. The frequency of I87L was close to
that observed in GWD, LWK and MSL. The frequency of V231l was close to that
observed in all Africans, whereas the frequency of Y307C was close to the frequencies
observed in ACB and YRI. The frequency of E245E was close to that observed in ASW,
GWD, MSL and YRI. For A3G variants, the frequency observed for H186R is similar to
that observed in ESN and MSL. The frequency of R256H and L371L were similar among
all Africans. In the case of A3H, information about the N15A variant was not available
from any of the previous African studies, while the R18L variant was similar in

prevalence among all Africans (Table 5.4).
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Table 5.4: Comparison of A3D, A3F, A3G and A3H allele frequencies between a South
African population and other Africa population, which comprises of the African
Carribeans in Barbados (ACB), Americans of African Ancestry in USA (ASW), Esan in
Nigeria (ESN), Gambian in the Western Gambia (GWD), Luhya in Webuye, Kenya
(LWK), Mende in Seirra Leone (MSL), Yoruba in ibadan, Nigeria (YRI).

APOBEC 3D Nonsynonymous allele frequencies (%)

Rs numbers Allele | SA ACB | AS ESN | GWD | LWK | MSL YRI
W
R6K (NI) G 90.3 | NA NA NA NA NA NA NA
(R)
9.7
A (K)
R97C C(R) | 89.7 | 97 94 97 98 94 98 97
(rs758585538)
T(C) [10.3 |3 6 3 2 6 2 3
L221R (NI) T(L) |98.2 | NA NA NA NA NA NA NA
G 1.8
(R)
C224Y G 96.4 | NA NA NA NA NA NA NA
(rs772893975) (©
3.6
A(Y)
T238A A(T) [ 86.1 | 100 | 99 100 | 100 100 100 100
(rs201709403)
G 9.1 0 1 0 0 0 0 0
(A)
T238I (NI) A(T) | 86.1 | NA NA NA NA NA NA NA
T() |4.8
R248K G 81.2 |91 96 86 92 87 86 87
(rs61748819) (R)
18.8 | 9 4 14 8 13 14 13
A (K)
C320Y G 99.4 | NA NA NA NA NA NA NA
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(rs61999542) (C) |06

A(Y)

APOBEC3D synonymous allele frequencies (%)

L221L G(L) [98.2 | NA |NA |[NA |NA NA NA NA
(rs769426665)

C() |18
T316T C(T) | 95.7 | 99 99 98 99 99 98 99
(rs184448269)

T(T) |43 |1 1 2 1 1 2 1

APOBEC 3F Nonsynonymous allele frequencies (%)

Rs numbers Allele | A | ACB |AS |ESN |GWD |LWK |[MSL | YRI

R48P (rs35053197) | G 91.2 | 98 98 95 99 95 98 95
(R)

C(P)

88 |2 2 5 1 5 2 5

A78V (rs5750728) | C(A) |63.2 [NA |[NA |[NA [NA [NA |[NA NA

T(V) | 36.8

I87L (rs146543452) | A(l) |99.4 | 100 | 100 | 100 | 98 99 99 100

c(Lylos o |0 |0 |2 1 1 0
P97L C(P)|982|NA [NA [NA [NA [NA |[NA [NA
(rs201939303)

TL) |18

A108S (rs2020390) | G 357 |67 |66 |69 |62 |65 |76 70
(A)

T(S)

64.3 | 33 34 31 38 35 24 30

V2311 (2076101) |G (V) |813 |79 |73 [84 |78 [80 |85 87

A() (187 |21 |27 |16 |22 |20 |15 13

Y307C A(Y) 912 |95 |98 |96 |98 |98 |96 95
(rs12157816)
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© 88 |5 2 4 2 2 4 5

APOBEC3F synonymous allele frequencies (%)
12171 (NI) C() 1988 NA |NA |NA |[NA NA NA NA

T |12
S118S C(S) | 73.1 |NA |NA | NA |[NA NA NA NA
(rs35928287)

T(S) | 26.9
R143R C(R) | 13.5 | 45 45 39 50 45 46 47
(rs4821862)

T(R) | 86.5 | 55 55 61 50 55 54 53
Y196Y T(Y) | 69 NA |[NA | NA |[NA NA NA NA
(rs765418322)

C(y) |31
S229S A(S) 988 NA |NA |NA | NA NA NA NA
(549550231)

T(S) | 1.2
E245E G (E) | 94.2 | 99 98 100 |98 99 98 98
(113109079)

A(E) |58 |1 2 0 2 1 2 2
S327S (35895636) | C(S) | 83.6 | 98 99 96 100 |97 100 98

T(S) | 164 |2 1 4 0 3 0 2

APOBEC 3G Nonsynonymous allele frequencies (%)
Rs numbers Allele | SA | ACB |AS | ESN |GWD | LWK | MSL YRI
W

H186R A(H) | 46.2 | 56 75 49 57 68 49 52
(rs8177832)

G 53.8 | 44 25 51 43 32 51 48

(R)
R256H G 97.7 | 98 98 99 97 98 99 99
(rs17000736) (R)

23 |2 2 1 3 2 1 1
A (H)
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Q275E C 67.3 | 90 91 86 87 83 91 87
(rs17496046) Q)
32.7 |10 9 14 13 17 9 13
G (E)
G363R G 90.1 | 98 99 100 |98 99 98 98
(rs148267053) (G)
99 |2 1 0 2 1 2 2
A(R)
APOBEC3G synonymous allele frequencies (%)
S60S C(S) 1 88.9 |99 98 100 | 100 |99 100 100
(rs112603901)
T(S) 111 |1 2 0 0 1 0 0
A109A C(A) 994 | NA |NA | NA |[NA NA NA NA
(rs375760983)
T(A) | 0.6
F119F (rs5757465) | T (F) | 99.4 | 93 89 100 |98 98 99 99
C(F) 06 |7 11 0 2 2 1 1
L371L C(L) | 959 | 98 98 97 98 95 98 95
(rs11545130)
T(L) |41 |2 2 3 2 5 2 5
APOBEC 3H Nonsynonymous allele frequencies (%)
Rs numbers Allele | SA | ACB |AS | ESN | GWD | LWK | MSL YRI
W
N15A (rs139292) | CAA | 38.9 |INA | NA | NA | NA NA NA NA
N
) 61.1
A
R18L (rs139293) | G 89.1 | 93 87 93 94 94 93 96
(R)
109 | 7 13 7 6 6 7 4
T(L)
G105R (rs139297) | C 0 85 75 90 87 91 89 91
(©)
100 |15 25 10 13 9 11 9

(R)
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K121E AK)|O 85 |75 |90 |[87 91 89 91
(rs139298/99)

G(E)|100 |15 |25 |10 |13 9 11 9
E140K (rs139300) |G (E) |0 100 | 100 | 100 |100 |100 | 100 100
A(K) | 100 |0 0 0 0 0 0 0
E178D (rs139302) |G (E) | 0 17 |29 |11 |16 16 13 11
C()|100 |83 |71 |89 |84 84 87 89

APOBEC3H synonymous allele frequencies (%)
T43T (rs139294) | G(T) |17.7 |22 |30 |16 |16 13 17 13
C(T)|823|78 |70 |84 |84 87 83 87

Note: NI= Not identified
(NA)= No data available
137

© University of Venda




{

University of Venda

>

) (&

5.6 DISCUSSION AND CONCLUSION

In this study we characterized SNPs and indels within the coding exons of several
human APOBEC3 genes (A3D, A3F, A3G and A3H) to document the level of diversity in
these genes in a diverse South African population residing in the Limpopo Province in
Northern South Africa. We observed a high level of A3 diversity and a higher prevalence
of certain variants than has previously been observed in other African populations.
Interestingly, some of these variants have previously been linked to HIV disease
progression (An et al. 2004; Reddy et al. 2010; Compaore et al. 2016). The use of next
generation sequencing also allowed the identification of genetic variants that were not
previously identified using methods such as TagMan assays, restriction fragment length

polymorphism (RFLP) or Sanger sequencing (Reddy et al. 2010).

Common variants in APOBEC3 genes have been intensively studied and many have
been found to have differential effects on antiviral activity (An et al. 2004, 2016; Reddy et
al. 2010; Duggal et al. 2013; Compaore et al. 2016). For example, the variants R97C
and R248K in A3D were shown to moderately decrease antiviral activity (Duggal et al.
2013). In contrast, the A3F variants A108S, V231l and Y307C have been reported to
have potent antiviral activity against HIV-1 AVif strains (Mulder et al. 2010; Duggal et al.
2011). Among the A3F variants, A108S was the most interesting in our study, as its
prevalence was twice that reported previously for the “African” population (Table 5.4),
but very similar to reports from EAS, EUR, AMR and SAS populations (Table 5.3). It will
be of clear interest to perform additional studies to determine the prevalence of this
variant in other regions of South Africa. SNPs in A3G can alter its antiviral activity and
sometimes enhance the rate of HIV-1 disease progression, as reported in a cohort of
HIV-1 subtype C infected South African women and a US based cohort of African
Americans (An et al. 2004; Reddy et al. 2010). In particular, the H186R variant has
previously been associated with more rapid decline in CD4+ cells and accelerated
disease progression (An et al. 2004; Reddy et al. 2010; Compaore et al. 2016). Our
study show that this variant is similar in prevalence in our population as in some other
African populations (Table 5.4), but significantly higher than reported in a previous study
performed in Durban, South Africa (Reddy et al. 2010). This difference could be
explained either by differences in the ethnicity of the study population or the genotyping
method used, since the previous study used TagMan genotyping rather than the NGS

methodology used in our study.
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Recent studies have shown A3H as the most polymorphic member of the A3 family. The
A3H variants (154, R18L, G105R, K121E, E178D) which make up 7 different haplotypes
have been functionally described in other studies, showing varying protein expression
and stability (Harari et al. 2009; Tan et al. 2009; Li et al. 2010; Ooms et al. 2010; Zhen et
al. 2010, 2012; Wang et al. 2011). Data from the 1000 genome project suggest that
stable A3H haplotypes (II, V and VII) predominate in Africa while unstable haplotypes (|,
I, 1V, VI) are more prevalent in Asia (Refsland et al. 2014), Interestingly, the unstable
A3H haplotypes Il and IV (which encode complete loss-of-function proteins) were
unexpectedly dominant among our study population. This can be attributed mainly to the
high prevalence (69.2%) of the deletion at amino acid residue 15 (Tables 5.2, 5.3 and
5.4). This prevalence is inversely proportional to that reported in previous studies of
Africans in which stable A3H haplotypes were dominant (56%) (Refsland et al. 2014).
Data from two recent studies illustrate that stable A3H haplotypes may function as
contemporary HIV-1 restriction factors, contributing to limiting viral replication and rates
of transmission (Ooms et al. 2013; Refsland et al. 2014). It is unclear what role, if any,
the unstable A3H haplotype IIl and IV may play in the high prevalence and transmission

of HIV-1 in Limpopo.

Because HIV-1 Vif acts as an antagonist to APOBEC proteins including A3H, we
speculate that the distribution of stable versus unstable A3H haplotypes in our study
might also influence Vif variation in HIV in our study population. Studies performed in
primary CD4+ lymphocytes have shown that HIV-1 Vif variants with certain amino acid
residues (F39 and H48), known as hyper Vifs, are better capable of neutralizing stable
A3H genotypes, implying that HIV-1 Vif might adapt to the A3H haplotype in a particular
population (Refsland et al. 2014). We are presently analyzing HIV-1 Vif sequences from
our study subjects in order to determine a possible correlation between the A3H

haplotypes and HIV-1 Vif genetic variation in this rural area of South Africa.

One limitation of our study was that all the subjects were HIV infected and were mostly
at the chronic stage of infection. It is possible that HIV-1 negative subjects would present
a different A3 profile. If this is the case, it could imply that these A3 genotypes either
alone or in combination might influence HIV transmission. This is thus worthy of further
studies. Although we did not quantify the A3 mRNA levels in this study, reports

comparing HIV-1 non-controllers versus long-term non-progressors (LTNP) have shown
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that LTNPs express a higher level of A3G and A3F proteins (Jin, X., Brooks, A., Chen,
H., Bennett, R., Reichman 2005) .

In conclusion, we have shown that significant A3 variation exists among HIV patients in
an ethnically diverse population in Northern South Africa, by providing extensive data for
4 different A3 genes that are known to restrict HIV infection, but have previously only
been sparsely studied in African populations. Our NGS results provide a baseline for
future studies that could functionally characterize the SNPs identified in the APOBEC
proteins in this population and specifically analyze how they affect restriction of HIV
replication and Vif function. Such studies will serve to increase our understanding of how
the APOBEC3 landscape might have shaped the HIV epidemic in Northern South Africa.

140

© University of Venda



V'S
>

) (&

University of Venda

5.7 REFERENCES

Altshuler, D., Lander, E., Ambrogio, L. (2010) ‘A map of human genome variation from

population scale sequencing’, Nature, 476(7319), 1061-1073.

An, P., Bleiber, G., Duggal, P., Nelson, G., May, M., Mangeat, B., Alobwede, I., Trono,
D., Vlahov, D., Donfield, S., Goedert, J.J., Phair, J., Buchbinder, S., O’Brien, S.J.,
Telenti, A., Winkler, C.A. (2004) ‘APOBEC3G Genetic Variants and Their Influence
on the Progression to AIDS’, Journal of Virology, 78(20), 11070-11076.

An, P., Penugonda, S., Thorballl C.W., Bartha, |.,, Goedert, J.J., Donfield, S.,
Buchbinder, S., Binns-Roemer, E., Kirk, G.D., Zhang, W., Fellay, J., Yu, X.F.,
Winkler, C.A. (2016) ‘Role of APOBEC3F Gene Variation in HIV-1 Disease

Progression and Pneumocystis Pneumonia’, PLoS Genetics, 12(3).

Andrews, S. (2010) FastQC: A Quality Control Tool for High Throughput Sequence Data.
[online], Http://Www.Bioinformatics.Babraham.Ac.Uk/Projects/Fastqc/.

Batzer, M.A., Deininger, P.L. (2002) ‘Alu repeats and human genomic diversity’, Nature

Reviews Genetics.

Cavalli-Sforza, L.L. (1991) ‘Genes, People and Languages’, Scientific American, 265(5),
104-110.

Chiu, Y.-L., Greene, W.C. (2008) ‘The APOBEC3 Cytidine Deaminases: An Innate
Defensive Network Opposing Exogenous Retroviruses and Endogenous

Retroelements’, Annual Review of Immunology, 26(1), 317-353.

Cingolani, P., Platts, A., Wang, L.L., Coon, M., Nguyen, T., Wang, L., Land, S.J., Lu, X,
Ruden, D.M. (2012) ‘A program for annotating and predicting the effects of single
nucleotide polymorphisms, SnpEff: SNPs in the genome of Drosophila

melanogaster strain w1118; iso-2; iso-3’, Fly, 6(2), 80-92.

Compaore, T.R., Soubeiga, S.T., Ouattara, A.K., Obiri-Yeboah, D., Tchelougou, D.,
Maiga, M., Assih, M., Bisseye, C., Bakouan, D., Compaore, I.P., Dembele, A.,
Martinson, J., Simpore, J. (2016) ‘APOBEC3G variants and protection against HIV-
1 infection in Burkina Faso’, PLoS ONE, 11(1).

Conrad, D.F., Hurles, M.E. (2007) ‘The population genetics of structural variation’,
141

© University of Venda



{

University of Venda

>

) (&

Nature Genetics, 39(7S), S30-S36.

Court MH, M.H. (n.d.) Court’s (2005-2008) Online Calculator. Tuft University Web Site.
[online], 2012.

Dang, Y., Wang, X., Esselman, W.J., Zheng, Y.-H. (2006) ‘Identification of APOBEC3DE
as another antiretroviral factor from the human APOBEC family.’, Journal of
virology, 80(21), 10522-10533.

Duggal, N.K., Fu, W., Akey, J.M., Emerman, M. (2013) ‘Identification and antiviral activity
of common polymorphisms in the APOBEC3 locus in human populations’, Virology,
443(2), 329-337.

Duggal, N.K., Malik, H.S., Emerman, M. (2011) ‘The Breadth of Antiviral Activity of
Apobec3DE in Chimpanzees Has Been Driven by Positive Selection’, Journal of
Virology, 85(21), 11361-11371.

Ewels, P., Magnusson, M., Lundin, S., Kaller, M. (2016) ‘MultiQC: Summarize analysis
results for multiple tools and samples in a single report’, Bioinformatics, 32(19),
3047-3048.

Feng, Y., Chelico, L. (2011) ‘Intensity of deoxycytidine deamination of HIV-1 proviral
DNA by the retroviral restriction factor APOBEC3G is mediated by the noncatalytic
domain’, Journal of Biological Chemistry, 286(13), 11415-11426.

Harari, A., Ooms, M., Mulder, L.C.F., Simon, V. (2009) ‘Polymorphisms and Splice
Variants Influence the Antiretroviral Activity of Human APOBEC3H’, Journal of
Virology, 83(1), 295-303.

Harris, R.S., Liddament, M.T. (2004) ‘Retroviral restriction by APOBEC proteins’, Nature

Reviews Immunology.

Hultquist, J.F., Lengyel, J.A., Refsland, E.W., LaRue, R.S., Lackey, L., Brown, W.L.,
Harris, R.S. (2011) ‘Human and Rhesus APOBEC3D, APOBEC3F, APOBEC3G,
and APOBEC3H Demonstrate a Conserved Capacity To Restrict Vif-Deficient HIV-
1’, Journal of Virology, 85(21), 11220-11234.

Jakobsson, M., Scholz, S.W., Scheet, P., Gibbs, J.R., VanLiere, J.M., Fung, H.C.,
Szpiech, Z.A., Degnan, J.H., Wang, K., Guerreiro, R., Bras, J.M., Schymick, J.C.,

142

© University of Venda



{

University of Venda

>

) (&

Hernandez, D.G., Traynor, B.J., Simon-Sanchez, J., Matarin, M., Britton, A., Van
De Leemput, J., Rafferty, I., Bucan, M., Cann, H.M., Hardy, J.A., Rosenberg, N.A.,
Singleton, A.B. (2008) ‘Genotype, haplotype and copy-number variation in
worldwide human populations’, Nature, 451(7181), 998-1003.

Jin, X., Brooks, A., Chen, H., Bennett, R., Reichman, R.& S.H. (2005)
‘APOBEC3G/CEM15 (hA3G) mRNA levels associate inversely with human

immunodeficiency virus viremia.’, Journal of viriology, 79, 11513-11516.

Jorde, L.B., Watkins, W.S., Bamshad, M.J., Dixon, M.E., Ricker, C.E., Seielstad, M.T.,
Batzer, M.A. (2000) ‘The Distribution of Human Genetic Diversity: A Comparison of
Mitochondrial, Autosomal, and Y-Chromosome Data’, The American Journal of
Human Genetics, 66(3), 979-988.

K., M., K,, D., D., M., C., M,, B., S.-P. (2016) ‘Evaluating the contribution of APOBEC3G
haplotypes on influencing HIV infection in a Zimbabwean paediatric population’,

South African Medical Journal.

Lane, A.B., Soodyall, H., Arndt, S., Ratshikhopha, M.E., Jonker, E., Freeman, C., Young,
L., Morar, B., Toffie, L. (2002) ‘Genetic substructure in South African Bantu-
speakers: Evidence from autosomal DNA and Y-chromosome studies’, American
Journal of Physical Anthropology, 119(2), 175-185.

Li, H. (2013) ‘Aligning sequence reads, clone sequences and assembly contigs with
BWA-MEM.’

Li, H., Handsaker, B., Wysoker, A., Fennell, T., Ruan, J., Homer, N., Marth, G.,
Abecasis, G., Durbin, R. (2009) ‘The Sequence Alignment/Map format and
SAMtools’, Bioinformatics, 25(16), 2078-2079.

Li, J.Z., Absher, D.M., Tang, H., Southwick, A.M., Casto, A.M., Ramachandran, S.,
Cann, H.M., Barsh, G.S., Feldman, M., Cavalli-Sforza, L.L., Myers, R.M. (2008)
‘Worldwide human relationships inferred from genome-wide patterns of variation’,
Science, 319(5866), 1100-1104.

Li, M.M.H., Wu, L.I., Emerman, M. (2010) ‘The range of human APOBEC3H sensitivity to
lentiviral Vif proteins.’, Journal of virology, 84(1), 88—95.

143

© University of Venda



o
&5 ) ) University of Venda

Machiela, M.J., Chanock, S.J. (2015) ‘LDlink: A web-based application for exploring
population-specific haplotype structure and linking correlated alleles of possible
functional variants’, Bioinformatics, 31(21), 3555-3557.

Mitchell, P. (2010) ‘Genetics and southern African prehistory: An archaeological view’,

Journal of Anthropological Sciences.

Mulder, L.C.F., Ooms, M., Majdak, S., Smedresman, J., Linscheid, C., Harari, A., Kunz,
A., Simon, V. (2010) ‘Moderate influence of human APOBEC3F on HIV-1
replication in primary lymphocytes’, J Virol, 84(18), 9613-9617.

OhAinle, M., Kerns, J.A., Li, M.M.H., Malik, H.S., Emerman, M. (2008) ‘Antiretroelement
Activity of APOBEC3H Was Lost Twice in Recent Human Evolution’, Cell Host and
Microbe, 4(3), 249-259.

Ooms, M., Brayton, B., Letko, M., Maio, S.M., Pilcher, C.D., Hecht, F.M., Barbour, J.D.,
Simon, V. (2013) ‘HIV-1 Vif adaptation to human APOBEC3H haplotypes’, Cell Host
and Microbe, 14(4), 411-421.

Ooms, M., Majdak, S., Seibert, C.W., Harari, A., Simon, V. (2010) ‘The Localization of
APOBEC3H Variants in HIV-1 Virions Determines Their Antiviral Activity’, Journal of
Virology, 84(16), 7961-7969.

Paila, U., Chapman, B.A., Kirchner, R., Quinlan, A.R. (2013) ‘GEMINI: Integrative
Exploration of Genetic Variation and Genome Annotations’, PLoS Computational
Biology, 9(7).

Picelli, S., Faridani, O.R., Bjorklund, A.K., Winberg, G., Sagasser, S., Sandberg, R.
(2014) ‘Full-length RNA-seq from single cells using Smart-seq2’, Nature Protocols,
9(1), 171-181.

R Development Core Team (2010) ‘R: A Language and Environment for Statistical

Computing’, R Foundation for Statistical Computing Vienna Austria.

Reddy, K., Winkler, C.A., Werner, L., Mlisana, K., Abdool Karim, S.S., Ndung’U, T.
(2010) ‘Apobec3g expression is dysregulated in primary hiv-1 infection and
polymorphic variants influence cd4+ t-cell counts and plasma viral load’, AIDS,
24(2), 195-204.

144

© University of Venda



o
&5 ) ) University of Venda

Refsland, E.W., Hultquist, J.F., Harris, R.S. (2012) ‘Endogenous origins of HIV-1 G-to-A
hypermutation and restriction in the nonpermissive T cell line CEM2n’, PLoS
Pathogens, 8(7), 39.

Refsland, E.W., Hultquist, J.F., Luengas, E.M., lkeda, T., Shaban, N.M., Law, E.K,,
Brown, W.L., Reilly, C., Emerman, M., Harris, R.S. (2014) ‘Natural Polymorphisms
in Human APOBEC3H and HIV-1 Vif Combine in Primary T Lymphocytes to Affect
Viral G-to-A Mutation Levels and Infectivity’, PLoS Genetics, 10(11).

Rosenberg, N.A., Pritchard, J.K., Weber, J.L., Cann, H.M., Kidd, K.K., Zhivotovsky, L.A.,
Feldman, M.W., Foster, M\W., Sharp, R.R., Cann, H.M., Lewontin, R.C., Latter,
B.D.H., Barbujani, G., Magagni, A., Minch, E., Cavalli-Sforza, L.L., Jorde, L.B.,
Brown, R.A., Armelagos, G.J., Romualdi, C., Bowcock, A.M., Mountain, J.L.,
Cavalli-Sforza, L.L., Pritchard, J.K., Stephens, M., Donnelly, P., Qamar, R.,
Rosenberg, N.A., Weber, J.L., Broman, KW., Rogers, A.R., Jorde, L.B., Urbanek,
M., Goldman, D., Long, J.C., Wilson, J.F., Thomas, D.C., Witte, J.S., Wacholder,
S., Rothman, N., Caporaso, N., Pritchard, J.K., Donnelly, P., Ptak, S.E., Przeworski,
M., Jin, L., Chakraborty, R., Calafell, F. (2002) ‘Genetic structure of human
populations.’, Science (New York, N.Y.), 298(5602), 2381-5.

Sheehy, A.M., Gaddis, N.C., Choi, J.D., Malim, M.H. (2002) ‘Isolation of a human gene
that inhibits HIV-1 infection and is suppressed by the viral Vif protein’, Nature,
418(6898), 646—650.

Tan, A., Abecasis, G.R., Kang, H.M. (2015) ‘Unified representation of genetic variants’,
Bioinformatics, 31(13), 2202—-2204.

Tan, L., Sarkis, P.T.N., Wang, T., Tian, C., Yu, X.-F. (2009) ‘Sole copy of Z2-type human
cytidine deaminase APOBEC3H has inhibitory activity against retrotransposons and
HIV-1.", FASEB journal : official publication of the Federation of American Societies
for Experimental Biology, 23(1), 279-87.

Tishkoff, S.A., Williams, S.M. (2002) ‘Genetic analysis of African populations: human

evolution and complex disease’, Nat Rev Genet, 3(8), 611-621.

Wang, X., Abudu, A., Son, S., Dang, Y., Venta, P.J., Zheng, Y.-H. (2011) ‘Analysis of

human APOBEC3H haplotypes and anti-human immunodeficiency virus type 1

145

© University of Venda



o
&5 ) ) University of Venda

activity.’, Journal of virology, 85(7), 3142-52.

Zhang, H., Yang, B., Pomerantz, R.J., Zhang, C., Arunachalam, S.C., Gao, L. (2003)
‘The cytidine deaminase CEM15 induces hypermutation in newly synthesized HIV-1
DNA'’, Nature, 424(6944), 94-98.

Zhen, A., Du, J., Zhou, X., Xiong, Y., Yu, X.F. (2012) ‘Reduced APOBEC3H variant anti-
viral activities are associated with altered RNA binding activities’, PLoS ONE, 7(7).

Zhen, A., Wang, T., Zhao, K., Xiong, Y., Yu, X.-F. (2010) ‘A single amino acid difference
in human APOBEC3H variants determines HIV-1 Vif sensitivity.’, Journal of
virology, 84(4), 1902-11.

146

© University of Venda



V'S
>

) (&

=

Ll
¢
of
L3
z

CHAPTER SIX

Genetic Characterization of HIV-1 Vif and
Correlation with APOBEC3 Variation in
Chronically Infected South African Treatment

Experienced Patients
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ABSTRACT

Background: The viral infectivity factor (Vif) protein of HIV-1 is essential for viral
replication and has the ability to counteract the restriction of several human APOBEC3
proteins. Polymorphisms in vif are associated with differences in the ability to counter
APOBECS3 proteins. In this study, we characterized variation in vif and correlated this

with variation in the apobec3 genes in a South African population.

Methods: The HIV-1 vif gene was successfully amplified from 86 HIV-1 infected drug
experience individuals and sequenced on an lllumina MiSeq platform. Consensus
sequences for majority and minority variants were derived for each patient using
Geneious® software version 8.1. Correlation of APOBEC3 mutations with low CD4+

counts was derived using Chi-square computation.

Results: Functional Vif without stop codon was observed in all except from 4 individuals.
The functional domain and motifs, such as Zn binding motifs, the proline rich domain, the
human casein kinase, and the N and C-terminal core binding factor (CBF) interaction
sites were highly conserved. The APOBEC3 binding motifs and the nuclear localization
signal were less conserved in the South African HIV-1 Vif. APOBEC3 H variation was
shown to strongly correlate with Vif variation. South African Vif appeared to be under
purifying selection, with the dS= 0.2581 and dN= 0.0684 and the dN/dS value = 0.265

Conclusion: There is a high genetic diversity in the South African vif gene, which may

reflect variation in the apobec3 genes.
Key words

HIV-1 vif, apobec3 genes, Variation, South Africa
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6.1 INTRODUCTION

Several human APOBEC3 proteins can enter assembling viral particles, causing
subsequent effects when the virus infects new target cells. The APOBEC3 proteins
deaminate viral cDNA (cytosine to uracil) during reverse transcription causing G-to-A
hypermutations and degradation, which leads to viral inhibition (Zhang et al. 2003). The
viral infectivity factor (Vif) protein of HIV-1 has evolved to counteract this restriction.

The Vif protein is a 192 amino acid (23-kDa) protein that is required for pathogenesis in
vivo as well as for virus replication ex vivo in monocytes, macrophages, primary CD4+ T
lymphocytes, and non-permissive T-cell lines (Ratner et al. 1985; Sodroski et al. 1986;
Fisher et al. 1987; Strebel et al. 1987; Gabuzda et al. 1992; von Schwedler et al. 1993).
Studies have shown that during counter restriction, Vif forms an E3 ligase complex by
binding to cellular proteins including Cullin 5, Elongin B and C to form a complex that
induces polyubiquitination and directs the degradation of APOBEC3 by the 26S
proteasesome (Sheehy et al. 2002; Conticello et al. 2003; Marin et al. 2003; Yu et al.
2003; Mehle et al. 2004).

Vif is a potential therapeutic and preventive intervention target in HIV disease
pathogenesis, because it functions through protein-protein interaction with cellular
proteins to form a complex that counteracts with the antiviral APOBEC3 proteins (Wang
et al. 2014). Polymorphisms in the vif gene have been associated with better or worse
ApoBec3 neutralization (Pace et al. 2006; Bizinoto et al. 2011; Ronsard et al. 2015) and

contribute to the overall viral diversity.

HIV-1 subtype C is responsible for over half of HIV infections worldwide and it still
remains the dominant strain in Southern Africa. Little is known about the genetic
diversity in Vif among HIV strains circulating in regions where the HIV burden is high and
how this affects Vif structure and function. In this study we characterize variation of the
vif gene in a HIV infected drug experienced South African population and explore the
correlation of polymorphisms in Vif and polymorphisms APOBECS3.
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6.2 Hypothesis
Variations in HIV-1 vif influences variation in apobec3 at a genetic level.
6.3 Objective

The main objective of the study is to characterize HIV-1 vif gene in drug experienced
South African individuals to document the level of diversity and correlates with Apobec3

genes and clinical parameters.
6.3.1 Specific objectives

6.3.1.1 To characterize variation in HIV-1 vif gene

6.3.1.2 To correlate Vif variation with APOBEC variation and clinical parameters
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6.4 MATERIALS AND METHODS
6.4.1 Study population and sample collection

Characteristics of the study population and sample collection procedures are as

described in chapter two, section 2.3.2.

6.4.2 Primer design and Polymerase Chain Reaction (PCR) ampilification of HIV-1

vif gene

Primers and PCR protocols to amplify the subtype C 579 bp HIV-1 Vif Open Reading
Frame (ORF) are detailed in chapter two, sections 2.3.3.2.2 t0 2.3.3.2.3.

6.4.4 Library preparations for HIV-1 Vif and MiSeq sequencing

The HIV-1 Vif amplicons were prepared as detailed in chapter two, section 2.3.3.3.2.3.
Libraries were prepared using methods from section 2.3.3.1.5 to section 2.3.3.1.8 and
sequenced in an lllumina MiSeq V3 chemistry kit for 600 cycles (lllumina San Diego,
California, USA) and generating paired-end 2x300 bp long sequence reads for each
sample.

6.5 Sequence analysis
6.5.1 Demultiplexing and sequence quality control evaluation

Sequences were de-multiplexed automatically on the MiSeq as part of the data
processing steps and ends pairing. Fastq files were generated for each sample
representing the two paired-end reads. Sequence quality was validated using the FastQC

programme.
6.5.2 Sequence filtering, trimming and mapping

The fastq files were imported into Geneious® software version 8.1 for filtering and
trimming of sequences as well as downstream analysis. All sequences were trimmed at
the ends as part of the assembly process using the modified-Mott algorithm and quality
scores assigned by the sequencing base caller. This algorithm trims the ends and

improves the error rate by more than the error probability limit threshold set, in this case
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set at 0.001%. The two sequence lists from each sample were paired and mapped to
HIV-1 subtype C Vif consensus (accession humber: KU168308.1) using the following
parameters: Gaps were allowed with a maximum of 15% per read and gap size of 15,
word length was set to 14, maximum mismatches per read were set to 25%, minimum
overlap identity was set to 80%, maximum ambiguity was set to 16. In general, the
reference assembler uses a seed and expand-type mapper, followed by a fine-tuning
step that was set to none (fast / read mapping) for this analysis.

Majority (>100-20% cut-offs) and Minority (>20-2% cut-offs) variants were called based
on the variant read depth, variant frequency and consensus base frequency using the
find variation/SNPs feature from Annotation and prediction menu in Geneious® software
version 8.1.5. This parameter also calculates the p-value (maximum variant p-values set
to 10%; 0.0001% to see variant by chance) for the specified variant frequency call, with
lower p-values representing a real variant at the given  position
(http://www.geneious.com). Two types of consensuses were generated for each sample;
a consensus with the majority (>100-20% cut-offs) variants and a consensus with minority
variants (>20-2% cut-offs), because minority variants can easly be missed when general
or one consensus sequence is used. All consensus contigs generated per sample were
aligned using multiple alignment (global alignment with free end gaps, cost matrix: 65%

similarity (5.0/-4.0) in Geneious® and translated into amino acids.
6.5.3 Phylogenetic analysis

Consensus sequences of subtypes Al, AG, B, C, D and O were retrieved from GenBank
and used as reference sequences together with consensus sequences of test samples to

construct a phylogenetic tree. Subtypes were also confirmed with jpHMM subtyping tools.
6.5.4 Detection of selective pressure

The SNAP (Synonymous Non-synonymous Analysis Program) version 2.1.1 in HIV

database website (www.hiv.lanl.gov) was used to estimate the selection pressure on the

Vif sequences by calculating the average dN/dS values. This program calculates the ratio
of non-synonymous (dN) vs. synonymous (dS) substitution rates based on a set of
codon-aligned nucleotide sequences to determine whether a gene is evolving under

diversifying selection and identifying the sites within the gene at which diversifying
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selection occurs (Nielsen and Yang 1998; Yang et al. 2000). Positive selection pressure
acting on protein coding sequence is usually inferred when the rate of non-synonymous
substitution is greater than the synonymous rate, under the assumption that synonymous
substitutions are neutral and that the synonymous substitution rate therefore
approximates the neutral rate of evolution. Diversifying selection can be inferred when the

ratio is greater than 1.
6.5.5 HIV-1 vif amino acid analysis

Consensus amino acid frequency and Shannon entropy levels were calculated for each
site as a measure of variation in the South African Vif protein sequence alignments using
the Los Alamos HIV Sequence Database Entropy-Two tool

(http://www. hiv.lanl.gov/content/sequence/ENTROPY/entropy_one.html).
6.5.6 Correlation of APOBEC3 and Vif gene variation

APOBEC3D, F, G and H sequences from chapter five were paired with the corresponding
patient’s Vif sequences to correlate variation of both APOBEC and Vif using a Chi-square
computation. Association of APOBEC variants and CD4* cell count were also determined

using Chi-square computation.
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6.6 RESULTS

Quality sequences were successfully amplified from 86 patient samples and sequence
analysis revealed complete open reading frames (597bp) with no frame shift mutations,
suggesting the presence of functional Vif protein in most samples except in 4 (4.5%) and
13 (15.1%) majority and minority derived consensus sequences respectively, which
showed premature stop codons at the following positions +21, +38, +70, +89, +91, +174,

and +192. There were no nucleotide deletion or insertion in the consensus sequences.
6.6.1 Phylogenetic analysis

The relationship or relatedness of the sequences were evaluated by phylogenetic
analysis which revealed that all the consensus sequences clustered with subtype C
consensus reference sequences with the following accession numbers, DQ275664,
KY658706, DQ185451, KY112426, GU729791, DQ185455, KT881973, KT882202 and
KT882199 from Botswana, Malawi and South African isolates. There was only one
sample DF30 that clustered with subtype Al and C consensus sequences and was
confirmed by the jpHMM-subtyping tool to be an A1/C recombinant. Figure 6.1.
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Figure 6.1: Phylogeny of 86 South African Vif consensus sequences with 10 subtype C,
2 each of subtype B, D, AG, Al and 1 subtype O all highlighted in red were used as
reference sequences (A). Sample DF30 was non-C and confirmed with jpHMM to be an
A1/C recombinant (B).

6.6.2 Detection of selective pressure

The Synonymous Nonsynonymous Analysis Program (SNAP) tool was used to
determine the selective pressure acting on the vif gene of the subtype C South African
isolate. This tool calculated synonymous and nonsynonymous rates based on a set of
codon-aligned nucleotide sequences to determine whether a gene is evolving under
diversifying selection and identifying the sites within the gene at which diversifying
selection occurs. Indels and stop codon are also indicated (figure 6.2). The type of
selection pressure that might have occurred in Vif variants was calculated and the
analysis suggested that the HIV-1 South African Vif was under purifying selection, with
the dS= 0.2581 and dN= 0.0684 and the dN/dS value = 0.265 (figure 6.2). Purifying or
negative selection pressure acting on protein- coding sequences is usually inferred when
the rate of non-synonymous substitution is less than the synonymous rate (dN<dS),
positive selection inferred when the rate of nonsynonymous mutation increases (dN>dS)
and Neutral selection when synonymous and nonsynonymous mutation occur at the
same rate (dN=dS).
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Figure 6.2: Cumulative dN/dS graph with indels and stop codon of 86 HIV-1 Vif
consensus sequences. This graph indicates the rate of synonymous substitution (dS)
versus non-synonymous (dN) substitution of each codon. The overall rate of dS= 0.2581
and dN= 0.0684 suggesting that the HIV-1 South African Vif was under purifying

selection.
6.6.3 HIV-1 Vif amino acid analysis

The Vif nucleotides for both majority and minority-derived consensus were translated to
a total of 192 amino acid and 74 (38.5%) amino acid were conserved, while 118 (61.5%)
showed variable amino acid substitution indicated by high level of entropy shown in
figure 6.3. Most of the sites involved in the functional binding domains such as the
APOBECS3 binding sites, located at the N-terminus region, the Zinc domains, Cul5
binding regions, EloB/C Box and Vif dimerization site were conserved. There were
polymorphisms or amino acid substitution within motifs implicated binding different
APOBEC and the frequency of amino acid substitution at both majority and minority is

displayed in figure 6.4.
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Figure 6.3: South African HIV-1 Vif protein sequence entropy of a total of 172 both minority and majority derived consensus
sequence. Shannon entropy levels at each site are shown in bar graph. Boxes indicate functional binding domains exhibiting low

entropy levels. Minority derived consensus show higher amino acid variability than majority-derived consensus.
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Figure 6.4: South African Vif protein sequence alignment summary from a total of 172 both majority and minority derived consensus
sequences. Protein domains and functional regions are shaded to highlight functional regions and sites. These include tryptophans
(W) involved in APOBEC3G binding, APOBEC3-protein family binding domains, the nuclear localization inhibitory signal, the MAPK
phosphorylation sites, CBFb interaction sites, the Cullin5 zinc binding domain, the Elongin B/C (BC) box, the protease processing
site, known phosphorylation sites, the Cullin5-box, and the dimerization site. The amino acid substitution frequency at each position

of the Vif gene is indicated.
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6.6.4 Correlation of APOBEC3 and variation Vif

The variation in the 86 Vif sequences was correlated with the APOBEC3 sequences in
these patients. The following selected Vif variants; K22E, S32P, Y40H, E45G, F115S,
G138R, L150P are shown to be responsible for inactivating intact Vif leading to failure to
degrade A3G/F (Simon et al. 2005). These variants were not observed in the South
African Vif but substitution of different amino acid were observed in those positions;
N22H, S32T and Y40F.

An association of APOBEC3G variant; H186R and Q275E with low CD4" cell count
(p=0.067, X?= 14.5 and p= 0.005, X2= 2.6) respectively was observed in this study. The
G263R was associated with increased CD4* cell count. (p= 0.0327, X?= 6.9)

It has been shown that vif variants with the ability to neutralize APOBEC3H predominate

where stable A3H haplotype ii predominates. Vif residues F39 (A3H resistant) and V39
(A3H susceptible) from the study population were included in the 9713 HIV-1 isolates
from different geographic regions represented in the Los Alamos database and
compared to APOBEC3H haplotypes in the 1000 genome browser (Refsland et al.
2014). We found that F39 predominates at the higher frequency (70.5%) in our study
population, which reflect what has been observed in HIV-1 vif sequences in Africa
(80%). Also V39 was observed at a high frequency (17.1%) in our study population.
However, this variant is common in HIV isolates in Asia (73%) (figure 6.5). The Vif
variants correlate with APOBEC3H data. We have also observed that the N48 residue in
Vif that confers sensitivity to stable A3H haplotype ii was present in 5.7% of our study
population in comparison to 9% in other HIV-1 isolates from Africa.
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Figure 6.5: Correlation between the global distribution of HIV-1 Vif alleles and human
A3H haplotypes. The left histogram depicts the frequency of HIV-1 isolates encoding a
phenylalanine or valine at Vif residue 39 from the indicated geographic regions (n=9713;
www.hiv.lanl.gov). The right histogram (B) shows the frequency of stable versus
unstable A3H alleles from the same geographic regions (n=1092;

www.1000Genomes.org).
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6.7 DISCUSSION AND CONCLUSION

The HIV-1 viral infectivity factor (Vif) counteracts the activity of several APOBEC3
proteins and is considered a potential therapeutic intervention target against HIV
replication. Polymorphisms in vif have been associated with better or worse efficacy in
the ability to neutralize APOBEC3 proteins. In this study we characterized variation in
HIV-1 Vif in a South African population and correlated it with variations in APOBEC3 D,
F, G and H.

HIV-1 infectivity and processing are regulated by motifs such as the Proline rich self
associated domain, the N and C terminal CBF ( interaction site, the casein kinase Il and
the Zinc binding domain (Yang et al. 2001, 2003; Bieniasz 2003; Fujita et al. 2004, 2008;
Mehle et al. 2004; Xiao et al. 2006; Donahue et al. 2008; Kataropoulou et al. 2009).
These motifs were conserved with less than 5% and 10% variation at majority and
minority-derived consensus respectively. Previous studies analyzing subtype C South
African Vif sequences supports our finding where less variation was observed in these
motifs (Scriba et al. 2002; Bell et al. 2007; Jacobs et al. 2008; Reddy et al. 2016), which
indicates that HIV-1 is successfully expressed and its infectivity is not compromised in

South African hosts.

The following motifs; *DRMRY, “OYRHHY**, “TGERXW®, 8ILGQGVSIEW?® implicated
in binding A3D/F/G, and *F, “®H, implicated in binding A3H, as well as the nuclear
localization inhibition signal (*®RKKR®3) were highly variable in the viruses studied, which
may affect the antiviral activity of the APOBEC3. The following selected Vif variants;
K22E, S32P, Y40H, E45G, F115S, G138R, L150P were shown to be responsible for
inactivating intact Vif leading to failure to degrade A3G/F (Simon et al. 2005; Ronsard et
al. 2014, 2015). These variants were not observed in the current study. However,
uncharacterized substitutions such as N22H, S32T and Y40F were observed. It will be of
interest to investigate the phenotypic effects of these uncharacterized mutations in an
HIV-1 subtype C based model.

Of all the members in the family that restrict HIV-1, APOBEC3H has been shown to be
the most polymorphic with haplotype 1l showing stability and HIV-1 restriction ability
whereas the unstable haplotype Ill and IV which have complete loss of protein function
(Ooms et al. 2013; Refsland et al. 2014). Our data show high levels of A3H variability

with a high frequency of unstable A3H and an observed significant correlation between
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A3H haplotypes stability and predicted HIV-1 Vif. Our observation supports the finding
by Refsland and colleagues (2014) where they found that stable A3H might constitute a
replication barrier to a significant subset of circulating HIV-1 strain and findings in study
supports the hypothesis that variations in HIV-1 vif influences variation in Apobec3 at a

genetic level.

Several studies have found an association between H186R and the Q275E of A3G with
declined CD4+ cell count (An et al. 2004; Reddy et al. 2010; Bunupuradah et al. 2012;
Singh et al. 2013). In the current study we found a similar association. Interestingly, the
G363R was found to be associated with a higher CD4+ cell count. Studies have
investigated the effects of A3G haplotypes on HIV-1 restriction and found that the
H186R restricts HIV-1 less potently than wild type A3G both in the presence and
absence of Vif. This indicates that H186R haplotype intrinsically has less antiviral activity
(Reddy et al. 2010; Feng and Chelico 2011). Since the haplotypes of APOBEC3 D and F
need to be established, future work will explore variations in Vif and associations with
APOBEC3 D and F.

In conclusion, we have shown that there is a high level of HIV-1 Vif diversity in the study
area. This diversity may impact the expression and packaging of Vif proteins, and the
infectivity of HIV. In addition, a significant correlation was observed between HIV-1 Vif
variation and APOBEC3 H haplotypes.
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7.1 General conclusions

Protocols developed in this study can be applied to amplify and sequence any host and HIV-1

genes of interest allowing cheaper in depth sequencing.

Our findings show that a highly significant humber of chronically HIV-1 subtype C infected
patients under Maraviroc-free treatment harbor CXCR4 utilizing viruses. The data is useful in
the consideration of whether to include entry antagonists such as Maraviroc in alternative forms
of treatment for patients failing second line treatment regimen in the study setting. The
determination of co-receptor usage prior to initiation of therapy that includes of Maraviroc is

suggested.

Variation in the CCR5 coding region were observed at higher frequencies compare to other
studies conducted in South African populations at different geographic locations. This data may
suggest that different populations in South Africa have different SNP frequencies. None of the
polymorphisms identified in the study were located at the Maraviroc binding motif, therefore the
subset of patients infected by R5 viruses may benefit from this drug.

We have shown that significant APOBEC3 variation exists among an ethnically diverse
population of South Africa by providing extensive data for 4 different A3 genes that are known to
restrict HIV infection, but have only been sparsely studied in African populations. This study
provides a baseline for future studies that would functionally characterize SNPs identified in this
population, in order to understand the role of novel and/or low frequency variants observed. Ex
vivo and in vivo studies will increase our understanding of how these variants might have

cumulatively impacted the epidemic in Northern South Africa.

This study also show that there is a high level of HIV-1 Vif diversity in the study area. This
diversity may impact the expression and packaging of Vif proteins, and the infectivity of HIV. In
addition, a significant correlation was observed between HIV-1 Vif variation and APOBEC3H
haplotypes.

7.2 Study limitations

The limitations of this study include;

1. There was no control group, all the subjects were HIV infected and were mostly at the chronic

stage of infection. It is unclear if HIV-1 negative subjects would present a different APOBEC3

and CCRS5 profile. If this is the case, it could imply that these APOBEC3 and CCR5 genotypes

either alone or in combination might influence HIV transmission. Although we did not quantify
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the APOBEC3 and CCR5 mRNA levels in this study, reports comparing HIV-1 non-controllers
versus long-term non-progressors (LTNP) have shown that LTNPs express a higher level of
A3G and A3F proteins (Jin et al. 2005).

2. Another limitation of this study was assembling quasispecies and determining haplotypes
from shorter NGS reads, this mostly for the HIV-1 Vif reads.

3. Single Nucleotide Polymorphisms were not analyzed based on ethnicity because of low

numbers of individuals from some of the ethnic groups.

7.3 Recommendations

The following recommendations can be inferred from the study:

1. The determination of co-receptor usage prior to initiation of therapy consisting of Maraviroc is

recommended for a better management of treatment.

2. Low CD+ counts (below 350 cells/ul) could be used as a proxy for the presence of CXCR4

using viruses.

3. Next Generation Sequencing (NGS) technologies due to their sensitivity are recommended in
co-receptor determination to detect minority quasispecies that could easly be missed when

Sanger based sequencing is used.

4. Studies comparing different genotyping tools such as NGS and Sanger sequencing are
recommended to investigate the sensitivity of SNPs detection.

5. This study provides a baseline for future studies that would functionally characterize SNPs
identified in this population, in order to understand the role of novel and/or low frequency
variants observed. Ex vivo and in vivo studies will increase our understanding of how these

variants might have cumulatively impacted the epidemic in Northern South Africa.
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ABSTRACT

The apolipoprotein B mRNA-editing enzyme, catalytic polypeptide-like 3 (APOBEC3) genes
A3D, A3F, A3G and A3H have all been implicated in the restriction of human immunodeficiency
virus type 1 (HIV-1) replication. Polymorphisms in these genes may impact viral replication and
fitness and contribute to viral diversity. To characterize polymorphisms in the coding regions of
these APOBEC3 genes in a population from the Limpopo Province of South Africa, APOBEC3
gene fragments were amplified from genomic DNA of 192 HIV-1 infected subjects and
sequenced on an Illlumina MiSeq platform. SNPs were confirmed and compared to SNPs in
other populations reported in the 1000 Genome Phase Ill and HapMap databases. Hardy-
Weinberg Equilibrium was calculated and haplotypes and Linkage Disequilibrium (LD) were

inferred using the LDlink 3.0 web tool.

Known variants compared to the GRCh37 consensus genome sequence were detected at
relatively high frequencies (>5%) in all of the Apobec genes. A3H showed the most variation,
with several of the variants present in both alleles in all of the patients. Several minor allele
variants (<5%) were also detected in A3D, A3F and A3G. In addition, novel R6K, L221R and
T238I variants in A3D and 11171 in A3F were observed. Most of the SNPs were in strong LD
with minor deviation from the Hardy-Weinberg Equilibrium. Four, five, four, and three haplotypes
were identified for A3D, A3F, A3G, and A3H respectively. In general, polymorphisms in
APOBEC3D, 3F, 3G and 3H were higher in our South African cohort than previously reported

among other African, European and Asian populations.

Key words: APOBECS; Single nucleotide polymorphism; South Africa
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INTRODUCTION

The genes for the apolipoprotein B mRNA-editing enzyme catalytic polypeptide-like
protein gene family (APOBEC3), a family of seven members (APOBEC3 A, B, C, D, F, G and
H), are situated on human chromosome 22. The proteins encoded by these genes are cytidine
deaminases that have been classified as restriction factors because of their role as innate
immunity factors. They provide host cell defense against a diverse set of retroviruses,
endogenous retroelements and DNA viruses, including human immunodeficiency virus (HIV)
[1]-3]. APOBEC proteins restrict HIV through deamination of cytosines in viral cDNA during
reverse transcription, causing G-to-A hypermutations in the viral DNA product, which results in
degradation and viral inhibition [4]. The Vif protein of HIV has evolved to counteract this

restriction by binding to APOBEC proteins leading to proteasomal degradation.

One of the most studied APOBEC proteins and the first that was discovered to restrict
HIV-1 replication is APOBEC3G. In the absence of the HIV-1 Vif protein, APOBEC3G is
efficiently packaged into viral particles, causing restriction during reverse transcription. The
gene was originally identified as an HIV restriction factor because its expression converted a T-
cell line that could support the replication of an HIV lacking vif into one that had a non-

permissive phenotype [1].

Three other members of the APOBEC family, APOBEC3D (A3D), APOBEC3F (A3F),
and APOBEC3H (A3H) can also be packaged into HIV particles and inhibit viral replication,
when stably expressed in human T-cell lines [5]. Endogenous A3D and A3F combine to
generate the 5-GA-to-AA mutation pattern observed in vif-negative HIV grown in the non-
permissive T-cell line CEM2n [6], [7]. Of the seven different human haplotypes of APOBEC3H,
only hapll, hapV and hapVIl are stable at the protein level and capable of HIV restriction [8]-

[12].

Several APOBEC3 (A3D, A3F, A3G and A3H) genes are known to possess common

polymorphisms that render them defective with reduced antiviral activity and increased
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sensitivity to HIV-1 Vif [5], [13]-[16]. The genetic associations between natural polymorphisms
in APOBEC genes and the ability of the resulting proteins to restrict HIV and the contribution of
polymorphisms to overall HIV diversity and disease progression have not received widespread
attention. Polymorphisms in APOBEC genes could play a significant role in HIV-1 evolution and

diversity, especially in African populations, where the prevalence of HIV-1 is still increasing.

African populations are characterized by a high level of genetic diversity owing to a large
number of variable genes and alleles [17]-{20]. Patterns of genetic variation in the African
population are influenced by a demographic history that includes changes in population size,
admixture and locus-specific forces such as natural selection, recombination and mutation.
Genetic studies of structural variation of genes across ethnically diverse populations have been
conducted [21]. Many population genetic studies of African populations are based on analysis of
genetic markers genotyped in a small number of populations in projects such as the 1000
Genomes Project (2010) and the International Haplotype Map (HapMap) Project [22]-[24].
Although these projects are valuable in their description of the overall human genetic diversity,
they are limited in their coverage of African populations [25]. Thus, it is important to continue to
add information about African populations that are underrepresented in human genomic studies,

such as the South African population.

South Africa embodies a rich collection of ethnic backgrounds in addition to the more
recent Caucasian immigrants. The major ethnic groups include the Bapedi, Basotho, Ndebele,
Swati, Tsonga, Tswana, Xhosa, Venda and Zulu. The genetic substructure of these populations
has been assessed by studying the Y-chromosome and autosomal DNA resulting into a cluster
of three specific groups: Tswana/Sotho, Nguni and Venda [26], [27]. It is of clear interest to
characterize the APOBEC3 gene polymorphisms existing in these various populations, since

they may play a crucial role in the restriction and evolution of HIV-1.
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In the current study, we characterized the genetic variability within the coding regions of
A3D, A3F, A3G and A3H to document the level of diversity in samples obtained from HIV-1

positive individuals attending three HIV clinics in the Limpopo Province of Northern South Africa.
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MATERIALS AND METHODS
Ethical considerations

The study protocol was approved by the Research Ethics Committee of the University of Venda
(SMNS/13/MBY/01/0625) and the University of Virginia Institutional Review Board (IRB-HSR
#16815). Signed informed consent was obtained from study subjects prior to blood draw and
collection of demographic and clinical data. Personal identifiers were stripped prior to sample

processing and data analysis.
Study population and DNA extraction

The study population comprised of HIV positive individuals who presented for routine care at the
Bela-Bela Wellness clinic, Donald Fraser Hospital and Hospitals in Polokwane in the Limpopo
province of Northern South Africa. DNA was extracted from peripheral blood mononuclear cells
(PBMC) of 192 HIV infected individuals, using QlAamp DNA blood mini kit (Qiagen) according to

the manufacturer’s instructions.
Primer design

Primers to amplify the four APOBEC3 genes (A3D, A3F, A3G, and A3H) were designed using
Geneious® 8.1.5 software (Biomatters, Inc.). A nested PCR strategy was used to amplify each
APOBEC gene. The outer primer set was designed to flank and amplify a long gene fragment in
the 1% polymerase chain reaction (PCR), while two sets of primers were designed to amplify two
fragments of each gene in a nested PCR using the 1% round PCR product as the template
(Table 1). The primer sets mapped in Ensembl genome browser to transcripts
ENSG00000243811, ENSG00000128394, ENSG00000239713 and ENSG00000100298 for

A3D, A3F, A3G and A3H respectively.
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indicated.
Name Sequence (5°-3’) Product
size

A3D (12.1 kb)
A3D Forward primer AGGAAGCCTCGCTCTCTCA 12,069 bp
A3D Forward primer CAGGCAGGGTCTTGATCTGT
A3D Amplicon 1F AAAAAGAGGGAGACTGGGACAAGCGTATCTAAGA 4,300 bp
A3D Amplicon 1R GAGTGTGGGTGAGGGGGTGTAACCATGAG
A3D Amplicon 2F AGCTAGGAGAGGTCACCCTG 3,188 bp
A3D Amplicon 2F CAGGAGGCTAGAAGAGACAGACCATGAGGC

A3F (13.31 kb)
A3F 1st round f ACCAGAAAGAGGGTGAGAGACTGAGGAAGATAAAG 13,142 bp
A3F 1st round rv AGCCATTTATTGCAGAAGCTATGGATAAAGCTGGT
A3F Amplicon 1 f ACCAGAAAGAGGGTGAGAGACTGAGGAAGATAAAG 4,918 bp
A3F Amplicon 1 rv GGGTGAGGGGTGTAACCATG
A3F Amplicon 2 f TTCAGAAACCCGATGGAGGC 4,478 bp
A3F Amplicon 2 rv AGCCATTTATTGCAGAAGCTATGGATAAAGCTGGT

A3G (10.74 kb)
A3G 1st round f TGTTAACCAGAGGCTGCTCTTCCCAGG 11,852 bp
A3G 1st round rv TCCCTGGGACTCAGCTCC
A3G Amplicon 1 f ATTTGTCCCCAGCTCTGTGG 3,231 bp
A3G Amplicon 1 rv AGAGGACCTGGTCTGGAACA
A3G Amplicon 2 f CAAGGGAGGAAGCGTGGAG 3,908 bp
A3G Amplicon 2 rv TGCATTGCTTTGCTGGTGTC

A3H (6.8 kb)

APOBEC3 H forward | TCTGTTGCACAGAAACACGATGG 3522bp

primer full length

APOBEC3 H reverse

CAACTGACATGCCCCAGGG
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primer full length

APOBEC3 H forward 452bp

primer Exon2
(A3HfE2) TCTGTTGCACAGAAACACGATGG

APOBEC3 H Reverse | TTCCCGAAGTAGTGACTGAGC
primer Exon
2(A3HrE2)

APOBEC3 H forward | GCCACGCACTAGAAAGTTCAC 934bp
primer Exon 3
&4(A3HfE3/4

APOBEC3 H Reverse | ACAGTGCCTCACCTTTATCC
primer Exon
3&4(A3HrE3/4)

Polymerase Chain Reaction (PCR) to amplify A3D, A3F, A3G and A3H genes

The Takara (LA) PCR Kit Ver. 2.1 for long DNA fragments amplification (Clontech) was used to
amplify the complete 12.16 kb A3D, 13.31 kb A3F, 10.74 kb of A3G, and 6.8 kb A3H genes in a
1%t round PCR reaction using genomic patient DNA. The 1% round primary PCR products were
then used as templates in “nested” PCR reactions to generate shorter PCR products/ All the
PCR reactions contained: 1X PCR Mg?* plus buffer, 400uM dNTPs, 0.2uM of each primer
(Table 1) and 1.25 units of LA Taq high fidelity polymerase in a total volume of 20 pl. The
following cycling conditions were used for all PCR reactions: Initial denaturation at 94°C for 1
min, 30 cycles of denaturation at 98°C for 10sec, annealing at temperatures varying from 53°C
to 68°C for 15 min (depending on primers) and extension at 72°C for 10 min. Final amplicons
were purified using AMpure XP beads (Beckman Coulter) and quantified using a Qubit 3.0
Fluorometer with the dsDNA HS kit (Invitrogen). Equimolar concentrations of the two shorter
amplicons generated for each gene were pooled and normalized to 1ng using 10mM Tris elution

buffer.
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Fragmentation, tagmentation and addition of lllumina indices

The Tn5 transposase enzyme, which employs similar principles as the Illlumina Nextera Kit, was
used to fragment about 1-10ng of DNA amplicons to sizes ranging from 35bp to 700bp, tagged
with sequencing adaptors. The reaction mixture contained: 4ul tagmentation buffer (56X TAPS-
DMF), 1-5ul TnS transposase (1X-5X) and 1-10ng DNA, with an addition of nuclease free water
to add up to a final volume of 20ul. The reaction was performed at 55°C for 5 minutes. The Tn5
transposase enzyme was produced and characterized in our laboratory, using published

protocols [28]. Following this step, unique lllumina dualindex barcodes (index 1 (i7) and index 2

(i5)) were added to each sample in a short PCR of 12 cycles, followed by a second AMpure XP
bead purification, generating 300-500bp indexed fragments for sequencing. Using the full

complement of Nextera XT indices, up to 96 individual samples were pooled for each run.
Library normalization, pooling and sequencing

After purification, libraries were size verified using a bioanalyzer 2100 with a High Sensitive
DNA assay kit (Agilent Genomics), quantified and normalized to a concentration of 4nM each.
The normalized libraries were then pooled, and denatured into single strands. For good cluster
generation, 1.8pM of the pooled library spiked with 25-30% PhiX was then loaded into the
sequencing cartridge. Biological sample sheets were created in Basespace by labeling each
sample with the appropriate index and setting up a sequencing run for the MiSeq. Each run
generated approximately 25 million reads/sequences per sample. All of the individual patient
sequences used in this study have been submitted to the NCBI Sequence Read Archive

(Project number: PRJNA429751) and can be accessed using the following link;

http://www.ncbi.nlm.nih.gov/bioproject/429751 (see Table 2)
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Table 2: Supplementary data, indication patient ID, clinic where the samples were collected and
genes sequenced per sample.

Patient ID Origin (clinic) Genes sequenced
BBO1 Bela-Bela A3G, A3H
BB02 Bela-Bela A3D, A3F, A3G, A3H
BB03 Bela-Bela A3D, A3F, A3G, A3H
BB04 Bela-Bela A3F, A3G, A3H
BB05 Bela-Bela A3G, A3H
BBO7 Bela-Bela A3F, A3G, A3H
BBO08 Bela-Bela A3D, A3F, A3H
BBO09 Bela-Bela A3D, A3F, A3H
BB10 Bela-Bela A3D, A3F, A3G, A3H
BB11 Bela-Bela A3D, A3F, A3G, A3H
BB12 Bela-Bela A3D, A3F, A3G, A3H
BB13 Bela-Bela A3, A3F, A3G, A3H
BB14 Bela-Bela A3H
BB15 Bela-Bela A3F, A3G, A3H
BB16 Bela-Bela A3F, A3G, A3H
BB17 Bela-Bela A3F, A3G, A3H
BB18 Bela-Bela A3H
BB19 Bela-Bela A3F, A3G, A3H
BB20 Bela-Bela A3D, A3F, A3G, A3H
BB21 Bela-Bela A3D, A3F, A3G, A3H
BB22 Bela-Bela A3F, A3G, A3H
BB23 Bela-Bela A3F, A3G, A3H
BB24 Bela-Bela A3D, A3F, A3G, A3H
BB26 Bela-Bela A3D, A3F, A3G, A3H
BB28 Bela-Bela A3F, A3G, A3H
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BB29 Bela-Bela A3D, A3F, A3H

BB30 Bela-Bela A3D, A3G, A3H

BB31 Bela-Bela A3D, A3F, A3G, A3H
BB32 Bela-Bela A3D, A3F, A3G, A3H
BB33 Bela-Bela A3D, A3F, A3H

BBS04 Bela-Bela A3D, A3F, A3G, A3H
BBS05 Bela-Bela A3D, A3F, A3G, A3H
DFO02 Donald Frazer A3D, A3F, A3G, A3H
DF04 Donald Frazer A3D, A3F, A3G, A3H
DF05 Donald Frazer A3D, A3F, A3G A3H
DF06 Donald Frazer A3D, A3F, A3G, A3H
DF07 Donald Frazer A3D, A3F, A3G, A3H
DF08 Donald Frazer A3D, A3F, A3G, A3H
DFO09 Donald Frazer A3D, A3F, A3G, A3H
DF10 Donald Frazer A3D, A3F, A3G, A3H
DF100 Donald Frazer A3D, A3F, A3G, A3H
DF101 Donald Frazer A3D, A3F, A3G, A3H
DF102 Donald Frazer A3D, A3F, A3G, A3H
DF103 Donald Frazer A3D, A3F, A3G, A3H
DF104 Donald Frazer A3D, A3F, A3G, A3H
DF105 Donald Frazer A3D, A3F, A3G, A3H
DF106 Donald Frazer A3D, A3F, A3G, A3H
DF107 Donald Frazer A3D, A3F, A3G, A3H
DF108 Donald Frazer A3D, A3F, A3G, A3H
DF109 Donald Frazer A3D, A3F, A3G, A3H
DF11 Donald Frazer A3D, A3F, A3G, A3H
DF110 Donald Frazer A3D, A3F, A3G, A3H
DF111 Donald Frazer A3D, A3F, A3G, A3H
DF12 Donald Frazer A3D, A3F, A3G, A3H
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DF13

Donald Frazer

A3D, A3F, A3G, A3H

DF14

Donald Frazer

A3D, A3F, A3G, A3H

DF15

Donald Frazer

A3D, A3F, A3G, A3H

DF16

Donald Frazer

A3D, A3F, A3G, A3H

DF17

Donald Frazer

A3D, A3F, A3G, A3H

DF18

Donald Frazer

A3D, A3F, A3G, A3H

DF19

Donald Frazer

A3D, A3F, A3G, A3H

DF20

Donald Frazer

A3D, A3F, A3G, A3H

DF21

Donald Frazer

A3D, A3F, A3G, A3H

DF22

Donald Frazer

A3D, A3F, A3G, A3H

DF23

Donald Frazer

A3D, A3F, A3G, A3H

DF24

Donald Frazer

A3D, A3F, A3G, A3H

DF25

Donald Frazer

A3D, A3F, A3G, A3H

DF26

Donald Frazer

A3D, A3F, A3G, A3H

DF27

Donald Frazer

A3D, A3F, A3G, A3H

DF28

Donald Frazer

A3D, A3F, A3G, A3H

DF29

Donald Frazer

A3D, A3F, A3G, A3H

DF30

Donald Frazer

A3D, A3F, A3G, A3H

DF31

Donald Frazer

A3D, A3F, A3G, A3H

DF33

Donald Frazer

A3D, A3F, A3G, A3H

DF34

Donald Frazer

A3D, A3F, A3G, A3H

DF36

Donald Frazer

A3D, A3F, A3G, A3H

DF37

Donald Frazer

A3D, A3F, A3G, A3H

DF38

Donald Frazer

A3D, A3F, A3G, A3H

DF39

Donald Frazer

A3D, A3F, A3G, A3H

DF40

Donald Frazer

A3D, A3F, A3G, A3H

DF41

Donald Frazer

A3D, A3F, A3G, A3H

DF42

Donald Frazer

A3D, A3F, A3G, A3H

DF43

Donald Frazer

A3D, A3F, A3G, A3H
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DF44

Donald Frazer

A3D, A3F, A3G

DF45

Donald Frazer

A3D, A3F, A3G, A3H

DF46

Donald Frazer

A3D, A3F, A3G, A3H

DF47

Donald Frazer

A3D, A3F, A3G, A3H

DF48

Donald Frazer

A3D, A3F, A3G

DF49

Donald Frazer

A3D, A3F, A3G, A3H

DF50

Donald Frazer

A3D, A3F, A3G, A3H

DF51

Donald Frazer

A3D, A3F, A3G, A3H

DF52

Donald Frazer

A3D, A3F, A3G, A3H

DF53

Donald Frazer

A3D, A3F, A3G, A3H

DF54

Donald Frazer

A3D, A3F, A3G, A3H

DF55

Donald Frazer

A3D, A3F, A3G, A3H

DF56

Donald Frazer

A3D, A3F, A3G, A3H

DF57

Donald Frazer

A3D, A3F, A3G, A3H

DF58

Donald Frazer

A3D, A3F, A3G, A3H

DF59

Donald Frazer

A3D, A3F, A3G, A3H

DF60

Donald Frazer

A3D, A3F, A3G, A3H

DF61

Donald Frazer

A3D, A3F, A3G, A3H

DF62

Donald Frazer

A3D, A3F, A3G, A3H

DF63

Donald Frazer

A3F, A3G, A3H

DF64

Donald Frazer

A3D, A3F, A3G, A3H

DF65

Donald Frazer

A3D, A3F, A3G, A3H

DF66

Donald Frazer

A3D, A3F, A3G, A3H

DF67

Donald Frazer

A3D, A3F, A3G, A3H

DF68

Donald Frazer

A3D, A3F, A3G, A3H

DF69

Donald Frazer

A3D, A3F, A3G, A3H

DF70

Donald Frazer

A3F, A3G, A3H

DF71

Donald Frazer

A3D, A3F, A3G, A3H

DF72

Donald Frazer

A3D, A3F, A3G, A3H
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DF73 Donald Frazer A3D, A3F, A3G, A3H
DF74 Donald Frazer A3D, A3F, A3G, A3H
DF75 Donald Frazer A3D, A3F, A3G, A3H
DF76 Donald Frazer A3D, A3F, A3G, A3H
DF77 Donald Frazer A3D, A3F, A3G, A3H
DF78 Donald Frazer A3D, A3F, A3H

DF79 Donald Frazer A3D, A3F, A3G, A3H
DF80 Donald Frazer A3D, A3F, A3G, A3H
DF81 Donald Frazer A3D, A3F, A3G, A3H
DF82 Donald Frazer A3D, A3F, A3G, A3H
DF83 Donald Frazer A3D, A3F, A3G, A3H
DF84 Donald Frazer A3D, A3F, A3G, A3H
DF85 Donald Frazer A3D, A3F, A3G, A3H
DF86 Donald Frazer A3D, A3G, A3H

DF87 Donald Frazer A3D, A3F, A3G, A3H
DF88 Donald Frazer A3D, A3F, A3G, A3H
DF89 Donald Frazer A3D, A3F, A3G, A3H
DF90 Donald Frazer A3D, A3F, A3G, A3H
DF91 Donald Frazer A3D, A3F, A3G, A3H
DF92 Donald Frazer A3D, A3F, A3G, A3H
DF94 Donald Frazer A3D, A3F, A3G, A3H
DF95 Donald Frazer A3D, A3F, A3G, A3H
DF96 Donald Frazer A3D, A3F, A3G, A3H
DF97 Donald Frazer A3D, A3F, A3G, A3H
DF98 Donald Frazer A3D, A3F, A3G, A3H
LP1111 Polokwane A3D, A3F, A3G, A3H
LP1112 Polokwane A3D, A3F, A3G, A3H
LP1119 Polokwane A3D, A3F, A3G, A3H
LP1120 Polokwane A3D, A3F, A3G, A3H

© University of Venda

192




o
&5 ) ) University of Venda

LP1121 Polokwane A3D, A3F, A3G, A3H
LP1122 Polokwane A3D, A3F, A3G, A3H
LP1123 Polokwane A3D, A3F, A3G, A3H
LP1125 Polokwane A3D, A3F, A3G, A3H
LP1126 Polokwane A3D, A3F, A3G, A3H
LP1129 Polokwane A3D, A3F, A3G, A3H
LP1131 Polokwane A3D, A3F, A3G, A3H
LP1135 Polokwane A3D, A3F, A3G, A3H
LP1136 Polokwane A3D, A3F, A3G, A3H
LP1137 Polokwane A3D, A3F, A3G, A3H
LP1138 Polokwane A3D, A3F, A3G, A3H
LP1142 Polokwane A3D, A3F, A3G, A3H
LP1148 Polokwane A3D, A3F, A3G, A3H
LP1150 Polokwane A3D, A3F, A3G, A3H
LP1151 Polokwane A3D, A3F, A3G, A3H
LP1152 Polokwane A3D, A3F, A3G, A3H
LP1153 Polokwane A3D, A3F, A3G, A3H
LP1154 Polokwane A3D, A3F, A3G, A3H
LP1157 Polokwane A3D, A3F, A3G, A3H
LP1159 Polokwane A3D, A3F, A3G, A3H
LP1160 Polokwane A3D, A3F, A3G, A3H
LP1162 Polokwane A3D, A3F, A3G, A3H
LP1164 Polokwane A3D, A3F, A3G, A3H
LP1166 Polokwane A3D, A3F, A3G, A3H
LP1170 Polokwane A3D, A3F, A3G, A3H
LP1171 Polokwane A3D, A3F, A3G, A3H
LP1186 Polokwane A3D, A3F, A3G, A3H
LP1187 Polokwane A3D, A3F, A3G, A3H
LP1207 Polokwane A3D, A3G, A3H
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LP1225 Polokwane A3D, A3F, A3G, A3H
LP1226 Polokwane A3D, A3F, A3G, A3H
LP1229 Polokwane A3D, A3F, A3G, A3H
LP1265 Polokwane A3D, A3F, A3G, A3H
LP1390 Polokwane A3D, A3F, A3G, A3H
LP1436 Polokwane A3D, A3F, A3G, A3H
LP1452 Polokwane A3D, A3F, A3G, A3H
LP1501 Polokwane A3D, A3F, A3G, A3H
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Demultiplexing and sequence quality control evaluation

Sequences were demultiplexed automatically on the MiSeq as part of the data processing steps
and ends pairing. FASTQ files were generated for each sample representing the two paired-end
reads. Sequence quality was validated using the Galaxy NGS platform: QC and manipulation

and fastQC program.
Sequence filtering, trimming, mapping and variant calling

Sequencing data quality, including the duplication rate, percent GC, and read quality was
assessed by quality control tools for high throughput sequencing data [29], [30]. After filtering
low coverage samples, reads were aligned against the human genome with BWA-MEM [31].
Alignments were sorted, marked for duplicates, and indexed using SAMtools [32]. Variants were
called using Freebayes, a Haplotype-based tool to detect variants using short-read sequencing
data [33]. Variant calls were normalized and decomposed with vt, a unified representation of
genetic variants, and functionally annotated using SnpEff, a program for annotating and
predicting the effects of single nucleotide polymorphisms [34]. Comprehensive annotation and
prioritization was performed using the GEMINI framework for Integrative Exploration of Genetic
Variation and Genome Annotations [35]. All further data manipulation and analysis was

performed using R, a Language and Environment for Statistical Computing [36].
Statistical analysis
Hardy-Weinberg Equilibrium (HWE)

All variant loci detected within the coding regions of these genes were tested for deviation from
the Hardy-Weinberg Equilibrium (HWE) using an excel HWE calculator and chi-square test with

P<0.05 showing non-consistence with HWE [37].
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Pairwise linkage disequilibrium (LD) and Haplotype assignment

Pairwise linkage disequilibrium (LD) analysis between the SNPs in each gene was performed to

test if they were in LD and haplotypes were assigned using the LDLink 3.0 web tool, using the

LDmatrix, LDpair and LDhap modules (https://analysistools.nci.nih.gov/LDlink/?tab=home). This
tool investigates patterns of linkage disequilibrium across a variety of ancestral population
groups, in this case the African population from the 1000 Genome project phase 3 (version 5).
Linkage disequilibrium was measured by calculated D prime (D), R squared (R?) and goodness-
of-fit (chi-square and p-value) with variant Rs number assigned by dbSNP used as input. The D'
is an indicator of allelic segregation for two genetic variants. It ranges from 0 to 1 with higher
values indicating tight linkage of alleles, whereas a low D' value or a value of 0 indicates no
linkage of alleles. R squared (R?) is a measure of correlation of alleles for two genetic variants.
R? values range from 0 to 1 with higher values indicating a higher degree of correlation. An R?
value of 0 indicates that alleles are independent, whereas an R? value of 1 indicates that an
allele of one variant perfectly predicts an allele of another variant. Haplotypes were determined
using the LDhap module, which calculates population specific haplotypes frequencies of all
haplotypes observed for a list of query variants. Publicly available reference haplotype from the
1000 Genome project phase 3 (version 5) are used by LDIlink to calculate population-specific
measures of linkage disequilibrium [38]. Variant of minor allele frequencies <5% and those not
assigned in the dbSNP (novel SNPs) were excluded from LD determination and haplotype

assignment.
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RESULTS
Single nucleotide polymorphisms (SNPs), detection of indels and verification

There is limited availability of APOBEC3 gene sequences from African populations, and
when sequencing has been performed, it has generally been limited to A3G [39]. In this study,
we applied next generation sequencing to determine variation in the coding exons of the
APOBEC genes A3D, A3F, A3G and A3H in DNA from 192 HIV positive individuals residing in
the Limpopo province of northern South Africa. The proteins expressed from these genes have

all been shown to be capable of HIV restriction [5].

The A3D gene is 12.1kb long (Table 1) and has seven exons with exon 5 shown to
display the most variation. Good quality A3D sequences after targeted DNA implication of the
exons were successfully obtained for 165/192 subjects. In the DNA from these 165 individuals,
8 nonsynonymous and 2 synonymous changes were identified when compared to the GRCh37
build of the human genome (Table 3). Of the 165 subjects analyzed, 50.3% (83/165) were
identified with nonsynonymous or synonymous changes in many positions in the coding region
of the A3D gene, while no changes were detected in the remaining 49.7% (82/165). There were
no insertions or deletions observed in A3D in the sequenced samples. Variant R248K was
observed in 18.8% (31/165) of the patients, with 17.6% being heterozygotes. The R248K variant
together with T316T was in strong linkage disequilibrium (LD) (D’ =1, R?= 0.122). Minor allele
frequencies (MAF<5%) were observed in the case of L221L, C224Y, T238l and C320Y,
therefore their LD profiles could not be calculated. Although no variants deviated from the
Hardy-Weinberg Equilibrium (HWE) (P-value <0.05), R248K showed a tendency towards
deviation with P-value =0.09. In addition, R6K, and T238lI, variants that have not been reported

elsewhere, were observed as heterozygotes in 9.7 and 4.8 % respectively (Table 3).

The A3F gene is 13.3kb long (Table 1) and contains seven exons, with the most
variation observed in exon 4. The A3F exons were successfully amplified and sequenced from a
total of 171/192 subjects. Synonymous or nonsynonymous changes were observed in 95.9%
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(164/171) of the subjects while 4.1% (7/171) had no change relative to the GRCh37 human
genome build. In the 171 samples successfully sequenced, there were seven nonsynonymous
changes (R48P, A78V, 187L, P97L, A108S, V231l and Y307C) and seven synonymous changes
(11171, S118S, R143R, Y196Y, S229S, S327S and E245E). A108S and A78V were the most
frequent nonsynonymous changes in A3F, found in 64.3% and 39.1% of the subjects
respectively (Table 3). No insertions or deletions were observed for A3F in the sequenced
samples. All A3F variants were in strong LD (D’= 1, R? range from 0.001- 0.899). A few variants
(A108S, R143R and E245E) deviated from the HWE (P-value <0.05). The synonymous 1117|

mutation has not been reported previously (Table 3).

The A3G gene was the first one that was described as encoding an HIV restriction factor
and it remains the most studied among Africans. The gene is 10.7 kb and has 8 exons. We
successfully amplified A3G from 171/192 subjects. The most variation has been observed in
exons 3, 6 and 7. A total of four nonsynonymous (H186R, R256H, Q275E and G363R) and four
synonymous changes (S60S, A109A, F119F and L371L) were observed in A3G with the most
frequent being H186R (53.8%) and Q275E (32.7%), Table 3. In total, nonsynonymous or
synonymous changes were observed in 95.9% (164/171), whereas 4.1% (7/171) had no
changes relative to the reference GRCh37 human genome. There were no insertions or
deletions observed in this gene. Variants S60S, A109A, F119F H186R, R256H, and Q275E
were in strong to partial LD (D’= 1, R2 range from 0-0.068. None of the variants deviated from

the HWE (P-value > 0.05) (Table 3).

A3H is the shortest, but most polymorphic of the APOBEC3 genes we analyzed. It is
6.8kb in length (Table 1) and contains 5 exons, with the most variation in exons 1, 2 and 3. We
observed nonsynonymous or synonymous changes in all the study subjects (175/175). We
found 6 nonsynonymous (N15A, R18L, G105R, K121E, E140K and E178D) and 1 synonymous
(T43T) changes. The N15A deletion was the only deletion observed and it occurred in 107 of
175 subjects (61.1%) either in a homozygous (57) or heterozygous (50) form. The G105R,

K121E, E140K and E178D variants occurred mostly as homozygous forms in 90.3-100% of all
198
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subjects (Table 3). No insertions were found. All variants in this gene are in strong LD (D’=1, R?

range from 0.203- 1). The N15A and R18L variants deviated from the HWE (P-value >0.05),

(Table 3).

Table 3: APOBEC 3D, 3F, 3G and 3H nonsynonymous and synonymous changes, genotype

frequencies and Hardy Weinberg Equilibrium calculations from the study population.

APOBEC 3D Nonsynonymous changes

(n=165)
CDS codon position | Type of change Genotypes | Exon | Frequencies | Hardy
change & rs (%) Weinberg
numbers equilibrium
R6K (NI) AGA>AAA 17GIG 1 149 (90.3) P-value =
" 0.51
Transition 17G/A 16 (9.7)
X?2=0.43
R97C (rs75858538) CGC~>TGC 289 C/C 148 (89.7) P-value =
0.44
Transition 289 C/T 1 16 (9.7)
X?=0.59
289 T/T 1 (0.6)
L221R (NI) CTG>CGG 662T/T 5 162 (98.2) P-value = 0.9
Transition 662T/G 3(1.8) X2=0.01
C224Y TGT>TAT 671G/G 5 159 (96.4) P-value =
(rs772893975) N 0.812
Transition 671G/A 6 (3.6)
X?=0.056
T238A ACA->GCA 712A/A 5 142 (86.1) P-value =
(rs201709403) N 0.218
Transition 712A/G 15(9.1)
X?2=15
ACA>ATA 713A/T 8 (4.8)
T238I (NI)
Transition
R248K (rs61748819) | AGG>AAG 743 GIG 5 134 (81.2) P-value =
0.09
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Transition 743 G/A 29 (17.6) X?=0.76
743 AIA 2(1.2)
C320Y (rs61999342) | TGC>TAC 959 G/G 164 (99.4) P-value =
" 0.94
Transition 959 G/A 1(0.6)
X?=10.006
APOBEC3D Synonymous changes
L221L (rs769426665) | CTG -»CTC 663G/G 162 (98.2) P-value =
0.97
Transition 663G/C 3(1.8)
X?2=0.02
T316T (rs184448269) | ACC>ACT 948 C/C 158 (95.7) P-value
N =0.84
Transition 948 C/T 7 (4.3)
X?2=0.04
No mutation 82 (49.7)
APOBEC 3F Nonsynonymous changes
(n=171)
R48P (rs35053197) CGT>CCC 143 G/G 156 (91.2) P-value =
0.54
Transversion 143 G/C 15 (8.8)
X?=0.36
A78V (rs5750728) GCC->GTC 233 C/C 108 (63.2) P-value = 0.9
Transition 233 CIT 59 (36.8) X?=0.04
233 T/T 4 (2.3)
I87L (rs146543452) ATC->CTC 260 A/A 162 (94.7) P-value =
0.72
Transition 260 A/C 9 (5.3)
X?2=0.12
PO7L (rs201939303) | CCG>CTG 290 C/C 168 (98.2) P-value = 0.9
Transition 290 C/T 3(1.8) X?2=0.04
A108S (rs2020390) GCT>TCT 322 GIG 61 (35.7) P-value =
0.05
Transition 322 GIT 92 (53.8)
X2=3.77
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322 T/T 4 18 (10.5)
V231l (rs2076101) GTC->ATC 898 G/G 139 (81.3) P-value =
0.99
Transition 898 G/A 30 (17.5)
X2=0.07
898 A/A 5 2(1.2)
Y307C (rs12157816) | TAC>TGC 920 A/A 156 (91.2) P-value =
0.55
Transition 920 A/G 6 15 (8.8)
X?2=0.36
APOBEC3F Synonymous changes
12171 (NI) ATC>ATT 351 C/C 4 169 (98.8) P-value
. =0.94
Transition 351 C/IT 2(1.2)
X?=0.003
S118S (rs35928287) | TCC>TCT 354 C/C 125 (73.1) P-value
=0.04
Transition 354 CIT 4 46 (26.9)
X?=4.69
R143R (rs4821862) CGC->CGT 429 C/C 23 (13.5) P-value =
0.03
Transition 429 CIT 97 (56.7)
X?2=4.69
429 TIT 4 51 (29.8)
Y196Y (rs765418322) | TAT>TAC 588 T/T 118 (69) P-value = 0.7
Transition 588 T/C 4 49 (28.7) X2=0.17
588 C/C 4 (2.3)
S229S (rs549550231) | TCA>TCG 894 A/A 5 169 (98.8) P-value =
0.94
Transition 894 A/G 2(1.2)
X?=0.005
E245E (rs113109079) | GAG>GAA 942 GIG 161 (94.2) P-value =
0.04
Transition 942 G/A 5 9(5.2)
X?=4.08
942 A/IA 1 (0.6)
S327S (rs35895636) | TCC>TCT 981 C/C 143 (83.6) P-value =
0.14
Transition 981 C/T 5 25 (14.6)
X?=2.189
981 T/T 3(1.8)
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No mutation

7(4.0)

APOBEC 3G Nonsynonymous changes

(n=171)
CDS codon position | Type of change Genotypes | Exon | Frequencies | Hardy
change & rs (%) Weinberg
numbers equilibrium
H186R (rs8177832) CAC->CGC 557 A/IA 79 (46.2) P-value =
0.89
Transition 557 AIG 4 74 (43.3)
X?2=0.02
557 G/IG 18 (10.5)
R256H (rs17000736) | CGC>CAC 767 GIG 167(97.7) P-value =
0.97
Transition 767 G/A 6 4(2.3)
X2=10.00
Q275E (rs17496046) | CAG>GAG 823 C/C 115 (67.3) P-value =
0.84
Transversion 823 C/G 50 (29.2)
X?2=0.03
823 G/IG 6 6 (3.5)
G363R GGA>AGA 1087 G/IG 154 (90.1) P-value = 0.5
(rs148267053) N
Transition 1087 G/A 7 17 (9.9) X2=0.3
APOBEC3G Synonymous changes
S60S (rs112603901) | TCC>TCT 180 C/C 152 (88.9) P-value
=0.59
Transition 180 C/T 3 19 (11.1)
X2=0.4
A109A GCC->GCT 327 CIC 170 (99.4) P-value
(rs375760983) N =0.97
Transition 327 CIT 3 1(0.6)
X2=10.00
F119F (rs5757465) TTT>TTC 357 TIT 170 (99.4) P-value
N =0.97
Transition 357 T/C 3 1(0.6)
X2=10.00
L371L (rs11545130) | CTG>TTG 1111 C/C 164 (95.9) P-value =0.8
Transition 1111 C/IT 7 7(4.1) X?=0.005
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No mutation

7(4.0)

APOBEC 3H Nonsynonymous changes

(n=175)
CDS codon position | Type of change Genotypes | Exon | Frequencies | Hardy
change & rs (%) Weinberg
numbers equilibrium
N15A (rs139292) -CAA 45 68 (38.9) P-value =
_ CAA/CAA 0.00
Deletion 50 (28.6)
45 CAA/ A X?=31.8
1 57 (32.5)
45A /A
R18L (rs139293) CGC->CTC 53 G/IG 156 (89.1) P-value =
0.00
Transvertion 53 GIT 1 15 (8.6)
X?=15.9
53TIT 4 (2.3)
G105R (rs139297) GGC->CGC 313 G/G 0 P-value =
0.87
Transvertion 313 G/C 2 4(2.3)
X?=0.022
313 C/C 171 (97.7)
K121E (rs139298) AAG>GAG 361 A/A 0 P-value =
0.59
Substitution 361 A/G 2 175 (100)
X?=0.3
E140K (rs139300) GAG>AAG 419 G/IG 2 0 P-value =
0.47
Transvertion 419 A/A 175 (100)
X?=0.3
E178D (rs139302) GAG->GAC 534 GIG 0 P-value =
. 0.497
Transvertion 534 G/C 3 17 (9.7)
X%2=0.45
534 C/C 158 (90.3)
APOBEC3H Synonymous changes
T43T (rs139294) ACG—>ACC 129 G/G 1 31(17.7) P-value
=0.97
Transvertion 129 C/C 144 (82.3)
X?=0.00
No mutation 0
203
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NI= Not ldentified;

Nucleotide in bold: Codon specific change

In order to better understand the A3 genetic changes observed in each subject, all
clusters of variation per gene were assigned into haplotypes as described in materials and
methods and their frequencies calculated. These haplotypes were classified as either confirmed
or unconfirmed based on the number of heterozygous variants. This classification was
necessary due to the fact that NGS reads were short and we could not confirm if SNPs occurred
in the same allele (Table 4). Nonsynonymous variants were considered and their genotypes
(homozygous or heterozygous) were indicated. Low frequency variants (MAF<5%) were
excluded from the haplotype assignment. Comparisons were made to the GRCh37 human
genome whose combinations are represented as haplotypes in A3D, A3F and A3G (Table 4).
We identified four haplotypes for A3D, five for A3F and four for A3G (Table 4). The A3D, A3F
and A3G haplotypes were comprised of 3, 6 and 3 variants respectively. It is worth noting that
only haplotypes for A3G and A3H have been described previously [12], [15], [40], [41], (Table
4). The seven identified haplotypes of A3H were recently described as having an impact on the
genetic diversity of HIV-1 Vifs in the global pandemic [12], [15], [16]. The seven known A3H
haplotypes (I-VIl) are combinations of 5 nucleotide changes located on exons 2, 3 and 4.
Haplotypes I, V, and VIl have been termed stable, because of the observed relatively long half-
lives of the encoded proteins, enabling them to restrict HIV-1. The other four haplotypes
(haplotypes |, lll, 1V, VI) have been termed unstable, since the encoded protein half-lives have
been shown to be short, resulting in complete loss of the ability to restrict HIV [12], [39] In our
subjects, we identified 3 haplotypes for A3H: the stable haplotype Il (15N, 18R, 105R, 121E

178D), haplotype Il (15A , 18R, 105R, 121E, 178D) and haplotype IV (15 A, 18L, 105R, 121E,

178D) (Table 4) [11], [12], [39] The prevalence of these haplotypes was: 30.8% haplotype II;

56.6% haplotype Il and 8.6% confirmed and 4% unconfirmed haplotype IV (Table 4). Thus the
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majority of the subjects in our patient population are not expressing ApoBec3H proteins that can

restrict HIV.

Table 4: Haplotype formation and the frequencies with respect to the A3D, A3F, A3G and A3H

Confirmed APOBEC3D Haplotypes

Variation Frequency (%) Haplotype

97R, 238T, 248R 82 (49.7) Haplotype i

97C (hom), 238T, 248R 1 (0.6) Haplotype ii

97C (het), 238T, 248R 16 (9.7)

97R, 238A (het), 248R 11 (6.7) Haplotype ili

97R, 238T, 248K (hom) 2(1.2) Haplotype iv

97R, 238T, 248K (het) 29 (17.6)

Minor variant frequency <5% 8 (4.8)) Not assigned

Others? 16 (9.7) Not assigned
Unconfirmed APOBEC3D Haplotypes

None

Confirmed APOBECS3F Haplotypes

48R, 78A, 871, 108A, 231V, 307Y 7 (4.1) Haplotype i
48R, 78V (hom), 871, 108S (hom), 231l | 1 (0.6) Haplotype ii
(hom), 307Y
48R, 78V (het), 871, 108S (hom), 231l
(hom), 307Y 1(0.6)
48R, 78A, 871, 108S (hom), 231V, 307Y | 2 (1.2) Haplotype iii
48R, 78A, 871, 108S (het), 231V, 307Y | 37 (21.6)
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48R, 78A, 871, 108A, 231V, 307C (het) | 4 (2.3) Haplotype iv
48R, 78V (hom), 871, 108S (hom), 1(0.6) Haplotype vi
231V, 30Y

Minor variant frequency <5% 7(4.1) Not assigned
Others? 47 (27.5) Not assigned

Unconfirmed APOBEC3F Haplotypes

48R, 78V (het), 871, 108S (het), 231l 30 (17.5) Haplotype ii
(het), 307Y
48P (het), 78A, 871, 108S (het), 231V, | 9 (5.3) Haplotype v
307Y
48R, 78V (het), 871, 108S (het), 231V, | 25 (14.6) Haplotype vi
307Y
Confirmed APOBEC3G Haplotypes

186H, 275Q, 363G 7(4.1) Haplotype i
186R (hom), 275Q, 363G 20 (11.7) Haplotype ii
186R (het), 275Q, 363G 42 (24.6)
186H, 275E (hom), 363G 7(4.1) Haplotype iii
186H, 275E (het), 363G 15 (8.8)
186H, 275Q, 363R (het) 12 (7) Haplotype iv
Minor variant frequency <5% 12 (7) Not assigned
Others? 56 (32.7) Not assigned

Unconfirmed APOBEC3G Haplotypes
None

Confirmed APOBEC3H Haplotypesp

15N, 18R, 105R (hom), 121E (hom),
178D (hom)

54 (30.8)

Haplotype ii

© University of Venda
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15A (hom), 18R, 105R (hom), 121E 50 (28.6) Haplotype iii
(hom), 178E (hom)

15A (het), 18R, 105R (hom), 121E
(hom), 178D (hom) 49 (28)

154, (hom), 18L (hom), 105R (hom), 7(4) Haplotype iv
121E (hom), 178D (hom)

154, (hom), 18L (het), 105R (hom),
121E (hom), 178D (hom) 8 (4.6)

Unconfirmed APOBEC3H Haplotypes®

154, (het), 18L (het), 105R (hom), 7(4) Haplotype iv
121E (hom), 178D (hom)

a Refers to the haplotypes with synonymous changes and those of novel SNPs (not reported on
the dpSNP)

PA3H haplotypes were determined using previous classification from references [11, 12, 37]
hom=homozygous; het=heterozygous

Bold defines variants that are different from those listed in haplotype | in each gene.

Haplotypes are unconfirmed in our population due to more than 1 heterozygous SNPs in the

cluster

Allele frequencies and their comparison with other populations

We next compared the nonsynonymous and synonymous variant frequencies in the
South African population in our study to previously reported variant frequencies in the following
populations: African (AFR), East Asian (EAS), European (EUR), Ad Mixed American (AMR),
and South Asian (SAS), as reported in the 1000 Genome Project phase lll, the HapMap project
(NCBI), the dsSNP database and the Ensembl genome browser (Table 5). Our data show that
with the exception of, V231l, (A3F) and F119F (A3G), all the variants identified showed a higher
frequency than previously reported for the overall AFR population (Table 5). In a previous study
by Duggal and colleagues comparing A3 variations between Africans, Asian and Europeans,

nonsynonymous variation in A3D (R97C, R248K); A3F (A108S, V231l, Y307C); A3G (H186R,
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E275Q) and A3H (154, R18L, R105G, E121E/K, E178D) were reported [39]. Our data suggest
that several variants occur more frequently in our South African population than in the “African”
population previously studied [13]. This included R97C and R248K in A3D; A108S in A3F;
H186R, Q275E in A3G and N15A, R18L, G105R, K121E and E178D in A3H (Table 5). Of
particular interest was the A3F A108S variant, which occurs in about 80% of Asians and has
been reported in only 30% of Africans [13]. We found this variant in 64.3% of our subjects, more

than twice the prevalence previously reported among Africans by Duggal and colleagues [13].

Overall, the EAS, EUR, AMR and SAS populations showed a higher level of A3
conservation than our study population. For example, the A3D sequences in these populations
were more closely related to the reference GRCh37 human genome (98-100%). In the case of
A3F and A3G, the percent identity was between 92-100%, with the exception of the A3F
variants A78V, A108S, V231l, R143R and the A3G variant F119F (Table 5). The percentage
identity among the A3H variants were highly variable, with the N15A variant clearly present in
higher frequency in our population compared to the others (Table 5).

Table 5: Comparison of A3D, A3F, A3G and A3H allele frequencies between a South African

population and total populations from East Asian (EAS), European (EUR), African (AFR), Ad
Mixed American (AMR) and South Asian (SAS).

APOBEC 3D Nonsynonymous allele frequencies (%)

Rs numbers Allele | SA EAS EUR AFR AMR SAS

R6K (NI) G(R) [90.3 | NA NA NA NA NA
A(K) |97

R97C (rs758585538) | C (R) |89.7 | 100 100 96.6 100 100
T(C) |103 |0 0 3.4 0 0

L221R (NI) T(L) [98.2 | NA NA NA NA NA
G(R) |18

C224Y (rs772893975) | G (C) | 96.4 | 100 100 100 100 100
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A(Y) |36 |0 0 0 0 0

T238A (rs201709403) | A(T) |86.1 | 100 100 100 100 100
G(@A) |91 |0 0 0.001 0 0

T2381 (NI) A(T) |86.1 [NA NA NA NA NA
T() |48

R248K (rs61748819) |G (R) |81.2 | 100 100 89. 98.9 100
A(K) |18.8 |0 0 11 4 0

C320Y (rs61999342) |G (C) | 99.4 | NA NA NA NA NA
A(Y) | 0.6
APOBEC3D synonymous allele frequencies (%)

L221L (rs769426665) | G (L) |98.2 | 100 100 100 100 100
C(L) |18 |0 0 0 0 0

T316T (rs184448269) | C(T) | 95.7 | 100 100 98.8 99.6 100
T(M |43 |0 0 1.2 4.3 0

APOBEC 3F Nonsynonymous allele frequencies (%)

Rs numbers Allele | SA EAS EUR AFR AMR SAS

R48P (rs35053197) G(R) [91.2 [100 NA 97 99 99
C(P) |88 |0 3 1 1

A78V (rs5750728) C(A) [63.2 |29 58.8 |79.8 37.6 39.1
T(V) |36.8 |79.3 49.1 22 62.4 60.8

I87L (rs114704208) Al 94.7 | 100 100 99 100 100
C(L) |53 |0 0 1 0 0

P97L (rs201939303) | C(P) | 98.2 | NA NA NA NA NA
T(L) |18

A108S (rs2020390) G(A) [35.7 |29 51 68 37 40
T(S) |643 |71 49 32 63 60
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V231l (2076101) G(V) [813 [71 51 81 38 39
A () 18.7 | 29 49 19 62 61

Y307C (rs12157816) | A(Y) | 91.2 | 100 98 97 98 100
G(C) |88 |0 2 3 2 0
APOBEC3F synonymous allele frequencies (%)

11171 (NI) C() [98.8 [NA NA NA NA NA
T |12

S118S (rs35928287) | C(S) | 73.1 | 100 100 97 100 100
T(S) [269 |0 0 3 0 0

R143R (rs4821862) C(R) [135 |29 51 45 36 39
T(R) |86.5 |71 49 55 64 61

Y196Y (rs765418322) | T (Y) |69 | 100 100 | 100 100 100
C() |31 |0 0 0 0 0

S229S (549550231) A(S) |98.8 | NA NA NA NA NA
T(S) |1.2

E245E (113109079) G(E) |94.2 | 100 100 99 100 100
AE) |58 |0 0 1 0 0

S327S (35895636) C(S) [83.6 |100 100 |99 100 100
T(S) |164 |0 0 2 0 0

APOBEC 3G Nonsynonymous allele frequencies (%)

Rs numbers Allele | SA EAS EUR | AFR AMR SAS

H186R (rs8177832) AH) | 46.2 | 92.7 97.2 56.9 92.5 99.1
G(R) | 538 |7.2 298 |43 7.5 0.82

R256H (rs17000736) | G (R) | 97.7 | 100 100 |98.6 100 100
AMH) |23 |0 0 1.44 0 0

Q275E (rs17496046) | C (Q) | 67.3 | 97.3 946 |87.5 96 98.7
G (E) | 32.7 | 2.68 5.3 12.5 4 1.3
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G363R (rs148267053) | G (G) | 90.1 | 100 100 |98.6 99.9 100

AR) (99 |0 0 1.4 1 0

APOBEC3G synonymous allele frequencies (%)

S60S (rs112603901) [ C(S) [88.9 | 100 100 [99.7 100 100
T(S) |11.1 |0 0 0.7 0 0

A109A (rs375760983) | C (A) | 99.4 | 100 100 | NA NA NA
T(A) |06 |0 0

F119F (rs5757465) | T (F) |99.4 | 77.6 55.3 |97.1 60.2 55.5
C(F) |06 |224 447 | 28.7 39.7 44.5

L371L (rs11545130) | C (L) |95.9 |97 100 | 100 100 100
TL) |41 |3 0 0 0 0

APOBEC 3H Nonsynonymous allele frequencies (%)

Rs numbers Allele | SA EAS EUR | AFR AMR SAS

N15A (rs139292) CAA( |38.9 |69 72 74 66 60
N) 61.1 | 31 28 26 34 40
A

R18L (rs139293) |G (R) | 89.1 |84.1 70.7 |93.3 75.8 69.4
T() |210.9 |15.9 29.3 0.6 24.2 30.6

G105R (rs139297) C@G) |0 33.1 46.3 87.5 38.3 42.9
G(R) | 100 |66.9 53.7 | 125 61.7 57.1

K121E (rs139298) [C(K) |0 33.1 46.3 |84.7 34.6 43.1
G (E) | 100 |66.9 53.7 15.3 65.4 56.9

E140K (rs139300) |G (E) | O 0 0 0 0 0
A (K) | 100 | 100 100 100 100 100

E178D (rs139302) G(E) |0 83.3 454 | 82.7 37.7 43.9
C(D) |100 |66.6 54.6 17.3 62.3 56.1

APOBEC3H synonymous allele frequencies (%)

T43T (rs139294) G(T) | 17.7 | 333 45.4 82.7 37.7 43.8
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C(T) | 82.3 | 66.6 54.6 17.3 62.3 56.2

Note: NI= Not Identified

(NA)= No data available

The term “Africans” has been loosely used to describe datasets generated from different
parts of the African continent. To provide a more accurate comparison, we compared the
variants detected in our study with previous datasets derived from other more specific studies in
African populations or involving people of African descent (Table 6). These included Americans
of African Ancestry in USA (ASW); African Caribbeans in Barbados (ACB); Gambians in the
Western Gambia (GWD); Esan in Nigeria (ESN); Luhya in Webuye, Kenya (LWK); Mende in
Sierra Leone (MSL) and Yoruba in Ibadan, Nigeria (YRI). We noticed significantly higher level of
single nucleotide changes in our population for the following variants: R48P, A108S, R143R,
S327S in A3F; Q275E, G363R in A3G) and G105R, K121E, E178D in A3H (Table 6). However,
in most cases, the variant allele frequencies in A3D, A3F, A3G and A3H were closer (Table 6).
Notably, the variant frequencies of R97C and R248K in A3D are almost close to frequencies in
ASW and ESN and MSL respectively, whereas the frequency of R48P in A3F is closer to that
reported in, ESN, LWK and YRI. The frequency of I87L was close to that observed in GWD,
LWK and MSL. The frequency of V231l was close to that observed in all Africans, whereas the
frequency of Y307C was close to the frequencies observed in ACB and YRI. The frequency of
E245E was close to that observed in ASW, GWD, MSL and YRI. For A3G variants, the
frequency observed for H186R is similar to that observed in ESN and MSL. The frequency of
R256H and L371L were similar among all Africans. In the case of A3H, information about the
N15A variant was not available from any of the previous African studies, while the R18L variant

was similar in prevalence among all Africans (Table 6).

Table 6: Comparison of A3D, A3F, A3G and A3H allele frequencies between a South African
population and other Africa population, which comprises of the African Carribeans in Barbados

(ACB), Americans of African Ancestry in USA (ASW), Esan in Nigeria (ESN), Gambian in the
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Western Gambia (GWD), Luhya in Webuye, Kenya (LWK), Mende in Seirra Leone (MSL),
Yoruba in ibadan, Nigeria (YRI).

APOBEC 3D Nonsynonymous allele frequencies (%)

Rs numbers Allele | SA ACB | ASW | ESN | GWD | LWK MSL YRI
R6K (NI) G (R) | 90.3 | NA NA NA NA NA NA NA
A(K) | 9.7
R97C (rs758585538) | C(R) | 89.7 | 97 94 97 98 94 98 97
T(C) |[103 |3 6 3 2 6 2 3
L221R (NI) T(L) |98.2 | NA NA NA NA NA NA NA
G(R) |18
Cc224Y G(C) | 96.4 | NA NA NA NA NA NA NA
(rs772893975)
A(Y) | 3.6
T238A A(T) | 86.1 | 100 |99 100 | 100 100 100 100
(rs201709403)
G(A) |91 0 1 0 0 0 0 0
T238I (NI) A(T) [86.1 [NA |[NA |[NA |[NA NA NA NA
T() |4.8
R248K (rs61748819) | G (R) |81.2 |91 96 86 92 87 86 87
A(K) | 188 |9 4 14 8 13 14 13
C320Y (rs61999542) | G(C) | 99.4 | NA NA NA NA NA NA NA
A(Y) | 0.6
APOBEC3D synonymous allele frequencies (%)
L221L G (L) |98.2 | NA NA NA NA NA NA NA
(rs769426665)
C(L) |1.8
T316T C(T) |95.7 |99 99 98 99 99 98 99
(rs184448269)
T(M) |43 1 1 2 1 1 2 1

APOBEC 3F Nonsynonymous allele frequencies (%)
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Rs numbers Allele | SA |ACB |ASW [ESN |GWD |LWK |MSL | YRI
R48P (rs35053197) | G(R) |91.2 |98 |98 |95 |99 |95 08 95
cC(P) |88 |2 2 5 1 5 2 5
A78V (rs5750728) C(A) 632 [NA |[NA |NA |[NA |NA |NA NA
T(V) |368
I87L (rs146543452) A 99.4 | 100 |100 |100 |98 99 99 100
cCu) |06 |0 0 0 2 1 1 0
PO7L (rs201939303) |C(P) | 982 |[NA |NA |NA |NA |NA |NA NA
T(L) |18
A108S (1s2020390) |G (A) |35.7 |67 |66 |69 |62 65 76 70
T(S) |64.3 |33 34 31 38 35 24 30
V2311 (2076101) G(V) | 813 |79 73 84 78 80 85 87
A 18.7 | 21 27 16 22 20 15 13
Y307C (1s12157816) | A(Y) | 912 |95 |98 |96 |98 98 96 95
G(C) |88 |5 2 4 2 2 4 5
APOBEC3F synonymous allele frequencies (%)
11171 (NI) C(@) [988 [NA [NA [NA [NA [NA [NA NA
T |12
S118S (1rs35928287) |C(S) | 731 |NA |NA |NA |NA |NA |NA NA
T(S) |26.9
R143R (rs4821862) |C(R) | 135 |45 |45 |39 |50 45 46 47
T(R) | 865 |55 55 61 50 55 54 53
Y196Y T(Y) [69 [NA [NA |[NA [NA [NA [NA NA
(rs765418322)
c(y) |31
S229S (549550231) A(S) [98.8 | NA NA NA NA NA NA NA
T(S) |1.2
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E245E (113109079) |G (E) | 94.2 | 99 98 100 |98 99 98 98
A(E) |58 |1 2 0 2 1 2 2
S327S (35895636) C(S) | 83.6 |98 99 96 100 97 100 98
T(S) | 164 |2 1 4 0 3 0 2
APOBEC 3G Nonsynonymous allele frequencies (%)
Rs numbers Allele | SA ACB | ASW | ESN | GWD | LWK MSL YRI
H186R (rs8177832) A(H) | 46.2 |56 75 49 57 68 49 52
G(R) |53.8 |44 25 51 43 32 51 48
R256H (rs17000736) |G (R) | 97.7 |98 [98 |99 |97 98 99 99
AMH) |23 |2 2 1 3 2 1 1
Q275E (rs17496046) [ C(Q) |67.3 |90 |91 |86 |87 83 a1 87
G(E) |32.7 |10 9 14 13 17 9 13
G363R G (G) |90.1 |98 99 100 | 98 99 98 98
(rs148267053)
AR) |99 |2 1 0 2 1 2 2
APOBEC3G synonymous allele frequencies (%)
S60S (rs112603901) [C(S) [88.9 [99 [98 [100 [100 |99 100 100
T(S) [11.1 |1 2 0 0 1 0 0
A109A C(A) [99.4 | NA NA NA NA NA NA NA
(rs375760983)
T(A) | 0.6
F119F (rs5757465) |T(F) |99.4 [93 [89 [100 |98 98 99 99
C(F) |06 |7 11 |0 2 2 1 1
L371L (rs11545130) | C (L) | 95.9 | 98 98 97 98 95 98 95
TL) [41 |2 2 3 2 5 2 5
APOBEC 3H Nonsynonymous allele frequencies (%)
Rs numbers Allele | SA ACB | ASW | ESN | GWD | LWK MSL YRI
N15A (rs139292) CAA | 389 | NA NA NA NA NA NA NA
") 61.1
A
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R18L (1s139293) |G (R) |89.1 |93 |87 |93 |94 |94 93 96
T(L) | 109 |7 13 |7 6 6 7 4
G105R (rs139297) | C (G) | 0 85 |75 |90 |87 |91 89 91
G(R)|[1200 |15 |25 |10 |13 |9 11 9
K121E (rs139298/99) | A (K) | 0 85 |75 |90 |87 |91 89 91
G(E) |100 |15 |25 |10 |13 |9 11 9

E140K (rs139300) G(E) |0 100 | 100 | 100 | 100 100 100 100

A(K) | 100 |0 0 0 0 0 0 0
E178D (rs139302) G(E) |0 17 |29 |11 |16 16 13 11
C(D) |100 [83 |71 |89 |84 84 87 89

APOBEC3H synonymous allele frequencies (%)

T43T (rs139294) G(M |17.7 |22 30 16 16 13 17 13

C(T) [ 823 |78 70 84 84 87 83 87

Note: NI= Not identified

(NA)= No data available

DISCUSSION

In this study we characterized SNPs and indels within the coding exons of several
human APOBEC3 genes (A3D, A3F, A3G and A3H) to document the level of diversity in these
genes in a diverse South African population residing in the Limpopo Province in Northern South
Africa. We observed a high level of A3 diversity and a higher prevalence of certain variants
than has previously been observed in other African populations. Interestingly, some of these
variants have previously been linked to HIV disease progression [14], [39], [42]. The use of next
generation sequencing also allowed the identification of genetic variants that were not
previously identified using methods such as TagMan assays, restriction fragment length

polymorphism (RFLP) or Sanger sequencing [39].
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Common variants in APOBEC3 genes have been intensively studied and many have
been found to have differential effects on antiviral activity [7], [13], [14], [39], [42]. For example,
the variants R97C and R248K in A3D were shown to moderately decrease antiviral activity [13].
In contrast, the A3F variants A108S, V231l and Y307C have been reported to have potent
antiviral activity against HIV-1 AVif strains [43], [44]. Among the A3F variants, A108S was the
most interesting in our study, as its prevalence was twice that reported previously for the
“African” population (Table 6), but very similar to reports from EAS, EUR, AMR and SAS
populations (Table 5). It will be of clear interest to perform additional studies to determine the
prevalence of this variant in other regions of South Africa. SNPs in A3G can alter its antiviral
activity and sometimes enhance the rate of HIV-1 disease progression, as reported in a cohort
of HIV-1 subtype C infected South African women and a US based cohort of African Americans
[14], [39]. In particular, the H186R variant has previously been associated with more rapid
decline in CD4+ cells and accelerated disease progression [14], [39], [42]. Our study show that
this variant is similar in prevalence in our population as in some other African populations (Table
6), but significantly higher than reported in a previous study performed in Durban, South Africa
[39]. This difference could be explained either by differences in the ethnicity of the study
population or the genotyping method used, since the previous study used TagMan genotyping

rather than the NGS methodology used in our study.

Recent studies have shown A3H as the most polymorphic member of the A3 family. The
A3H variants (154, R18L, G105R, K121E, E178D) which make up 7 different haplotypes have
been functionally described in other studies, showing varying protein expression and stability
[8], [11], [16], [45]-[48]. Data from the 1000 genome project suggest that stable A3H haplotypes
(I, V and VII) predominate in Africa while unstable haplotypes (I, 1lI, IV, VI) are more prevalent
in Asia [15], Interestingly, the unstable A3H haplotypes Ill and IV (which encode complete loss-
of-function proteins) were unexpectedly dominant among our study population. This can be
attributed mainly to the high prevalence (69.2%) of the deletion at amino acid residue 15

(Tables 3, 4, 5 and 6). This prevalence is inversely proportional to that reported in previous
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studies of Africans in which stable A3H haplotypes were dominant (56%) [15]. Data from two
recent studies illustrate that stable A3H haplotypes may function as contemporary HIV-1
restriction factors, contributing to limiting viral replication and rates of transmission [12], [15]. It is
unclear what role, if any, the unstable A3H haplotype Ill and IV may play in the high prevalence

and transmission of HIV-1 in Limpopo.

Because HIV-1 Vif acts as an antagonist to APOBEC proteins including A3H, we
speculate that the distribution of stable versus unstable A3H haplotypes in our study might also
influence Vif variation in HIV in our study population. Studies performed in primary CD4+
lymphocytes have shown that HIV-1 Vif variants with certain amino acid residues (F39 and
H48), known as hyper Vifs, are better capable of neutralizing stable A3H genotypes, implying
that HIV-1 Vif might adapt to the A3H haplotype in a particular population [15]. We are presently
analyzing HIV-1 Vif sequences from our study subjects in order to determine a possible
correlation between the A3H haplotypes and HIV-1 Vif genetic variation in this rural area of

South Africa.

One limitation of our study was that all the subjects were HIV infected and were mostly
at the chronic stage of infection. It is possible that HIV-1 negative subjects would present a
different A3 profile. If this is the case, it could imply that these A3 genotypes either alone or in
combination might influence HIV transmission. This is thus worthy of further studies. Although
we did not quantify the A3 mRNA levels in this study, reports comparing HIV-1 non-controllers
versus long-term non-progressors (LTNP) have shown that LTNPs express a higher level of

A3G and A3F proteins [49] .

In conclusion, we have shown that significant A3 variation exists among HIV patients in
an ethnically diverse population in Northern South Africa, by providing extensive data for 4
different A3 genes that are known to restrict HIV infection, but have previously only been
sparsely studied in African populations. Our NGS results provide a baseline for future studies
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that could functionally characterize the SNPs identified in the ApoBec proteins in this population
and specifically analyze how they affect restriction of HIV replication and Vif function. Such
studies will serve to increase our understanding of how the ApoBec landscape might have

shaped the HIV epidemic in Northern South Africa.
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