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ABSTRACT

Recent South African studies report an increase in hospital admissions due to adverse drug
reactions (ADRs), including to tenofovir disoproxil fumarate (TDF). Pharmacogenetic studies
conducted in African populations have reported notable differences compared to other populations
in variants associated with ADRs, including TDF-induced nephrotoxicity (clinically manifesting as

acute kidney injury (AKI)), warranting their further investigation in local populations.

The aim of this study was to identify variants in eight TDF implicated ADME genes and to select a

subset of SNPs for a genetic association study for TDF-associated nephrotoxicity.

Using next generation sequencing (NGS) to screen a cohort of 40 HIV-infected patients of Bantu-
speaking origin, 275 variants were identified, including three loss of function and 40 novel variants.
Based on allele frequency information (MAF>0.1) and prior association with ADRs, nine
polymorphisms within five genes were prioritised for genotyping. This was done in cases
presenting with AKI following TDF treatment (n=53) and in controls of similar ethnic origin not
presenting with AKI (n=84). The cohort was genotyped using TagMan® assays. A case-control
association study was performed with genotypes, alleles and haplotypes using ¥~ tests. Suggestive
associations were detected for the ABCC2 1249A allele (p=0.02) and ABCC2 haplotypes AAC and
AAT (p=0.02 and 0.03 respectively) and TDF induced AKI. The ABCC2 GTT haplotype (p=0.02)
appeared to be protective of TDF induced AKI. However, the observed associations were not

deemed to be significant following corrections for multiple testing.

A limitation of the study was its relatively low power because of the small sample size. Therefore,
findings from this work will need to be replicated in more suitably powered cohorts. Despite this,
we observed evidence that suggests the potential influence of a subset of ABCC2 variants on TDF-
induced AKI.



ACKNOWLEDGEMENTS

I would like to thank the following people, without whom the study would not have been possible.

o The nursing staff Ms Ntabiseng Masindi, Ms Katlego Motlhaoleng, Ms Modiehi Rakgokong
and Ms Motshidisi Khumalo for patient recruiting, sample collection, patient data collecting
and management.

o Mr Pattamukkil Abraham for managing the data collected for this cohort.

o Mr Turflos Netshilindi for extracting the DNA from the stavudine (d4T) cohort samples
used for NGS sequencing.

o Thanks to Dr Natasha Beeton-Kempen for NGS training and data processing and Dr Phiyani
Lebea of the CSIR, South Africa, for the use of the lon PGM sequencer.

o | am thankful to Dr Inger Jonasson, Ms Susana Haggqvist and Dr Adam Ameur (National
Genomics Infrastructure, SciLifeLab Department of Immunology, Genetics and Pathology,
Uppsala University, Sweden) for sequencing performed on the lon S5.

o | would like to thank Dr Ananyo Choudhury for giving me access to and information on the
Bantu-speaking cohort, and assistance with the NGS data analysis.

o | am very grateful to all the patients who participated in the study without whom the study
would not be possible.

o Funders

» DST support grant (# V6YET50)
» CSIR parliamentary grant (# V1YBT96)

o Many thanks to members of teams at the CSIR and SBIMB (especially Dr. Liesl Henry) for
the advice, guidance, support and ongoing encouragement.

o To my loving family and friends, thanks for the continuous support, patience and

encouragement.

Sincere thanks to my supervisors, Prof Ramsay and Dr. Mancama, for the guidance,
encouragement, patience and support. | appreciate the opportunity given to work with experienced

scientists of high calibre.



LIST OF FIGURES

Figurel.1. Global estimates of people living with HIV in 2015.........ccooiiieiiiiie e, 1
Figure 1.2. Genetic variations in pathways of drug absorption, disposition, metabolism and
EXCIETION (ADME) ..ottt s e et e b e b e be et e e re e be et e reenbeeneeaneenre s 11
Figure 1.3. Visual representation of the proximal tubules of the kidneys and the main transporter
proteins involved in the absorption and excretion of TDF. ... 13
Figure 1.4: APOL1 variants implicated in HIV associated nephropathy (HIVAN). .........ccooviiiiinenne. 19
Figure 2.1. Summary of the Next Generation Sequencing (NGS) workflow that was implemented in
L0 LTSS 00 2SS STUSSSS 28
Figure 2.2. lon PGM chip sequencing capacities and performance. ..........cccccoeveveiieieeie e seesnene 33

Figure 2.3. Summary of the NGS data filtering strategy that was employed for sequencing data

ANAIYSIS. ..ttt E £ e R bR R R R e e bbbt bt ne e 34
Figure 2.4. Loading density plots for the Ion 318™ chips used to produce the NGS data ............... 40
Figure 2.5. Next generation SEQUENCING COVEIATE ......cuerurrrerueeieierientestestesseeseeeeseesressesbessesseeneeneennes 42
Figure 2.6. Loading density plots for the lon 530™ chips used to produce the NGS data............ 43
Figure 2.7. Venn diagram showing the total number of variants produced by lon Torrent sequencers
PGM™ ANG SE™ ... 44
Figure 2.8. Variant classification for data generated using lon Torrent PGM™ sequencing. .......... 46
Figure 2.9. Variant classification for data generated via lon Torrent S5™ sequencing.................... 48

Figure 2.10: Summary of the filtering strategy that was employed for prioritising variants identified

INTE TONSE™ GALAL ....v.veoeeeeeeeee sttt 49
Figure 2.11. Gene panel and filtering of high quality variants identified by the lonS5™. ............... 50
Figure 2.13. Novel variants ClassifiCatioN............cocoiiiiiiiiiiiiee s 55
Figure 2.14. Characterisation of 11 prioritiSed VAriants ..........ccccoereririnininieeieiese e 58
Figure 3.1. Summary of patients enrolled in the study. ..........cccooiiiiciic 74

Vi



LIST OF TABLES
Table 1.1, AdVEISE BVENTS OF A RV S ...ttt e ettt e e e e e e e e e eeeens 5

Table 1.2. A summary of studies that have observed association between genetic variants and
clinical indicators of TDF-associated kidney tubular dysfunction .............ccccooeiiiniiinisice 15

Table 1.3: Pharmacogenes associated with ARV adverse drug reactions and disease progression in

HIV POSITIVE PALIENTS ...ttt bbbttt b e bbbt ne e 17
Table 1.4. Renal histology in HIV-infected patients in South Africa.........ccccooeviiiniiiiinincee, 18
Table 2.1. Program run to amplify target DNA reJIONS .......cceeivevieiieiieie e sie e 29
Table 2.2. Program run to partially digest the Primers .........cccecvieiieie e 29
Table 2.3. Program run to perform the ligation reaction ............cccccoovveiiiic i 29
Table 2.4. Primers sequences and their expected amplicon SIiZe. .........cccccevveviiiiciicve e 36
Table 2.5. The PCR reaction set up used to amplify sequences with the NEB Kit..............cccoeeneee. 37
Table 2.6. The PCR reaction set up used to amplify sequences using the iProof™ Kit ................... 37

Table 2.7. Sequencing reaction set up for the BigDye® terminator v3.1 cycle sequencing kit ........ 38
Table 2.8. Sequencing Cycling CONTITIONS ........cvoviiiiiiiiiiiee e 38
Table 2.9. Classification of L0sS of fUNCHION Variants ...........ccccooeieiiiiiiiieiieeenese e, 51

Table 2.11. Nine variants previously reported to be associated with TDF associated nephropathy .57

Table 3.1. List of the nine TagMan® SNP genotyping assays used in this study ............c.cccccvevenee. 71
Table 3.2. TagMan® SNP genotyping assay reaction SEtUP.........cceivereeieiieresie e 71
Table 3.3. Primers sequences and their expected ampliCon SIZe ..........cocvvviiiiiieiencneeee e, 72
Table 3.4. Descriptive statistic of the cases Vs the CONtrolS...........ccoocevviieierciii e 75
Table 3.5. TagMan® SNP genotyping assay robustness and validation .............cccccceveveienieennennnen. 76

Table 3.6. Genotype distribution and statistics for association analysis of the variants assessed in
this study in relation to acute kidney inury in the Bantu-speaking CONOIt...........cccccooceiiiiniieniennn, 77

Table 3.7. Allele distribution and statistics for association analysis of the variants assessed in this
study in relation to acute kidney injury in the Bantu-speaking cohort............ccccooveviiiiicie e, 78

vii



Table 3.8. Haplotype frequencies and associations with TDF induced acute kidney injury in a
Bantu-SPeaking CONOI ..........voiiiie e e et st e e et e e reeneenes

viii



TABLE OF CONTENTS

DECLARATION II
PRESENTATIONS ARISING FROM THIS STUDY 11
ABSTRACT 1A%
ACKNOWLEDGEMENTS A
LIST OF FIGURES VI
LIST OF TABLES VII
TABLE OF CONTENTS IX
ACRONYM AND SYMBOL LIST XI
CHAPTER 1: INTRODUCTION 1
1.1 HIV/AIDS PREVALENCE AND TREATMENT 1
1.1.1. HIV/AIDS PREVALENCE AND MAGNITUDE .ccuuteuuureesseessssessssesssesssssesssssesssssessssssssssssssssssssesssssesssssssssssasssssssssesssssasssssesssss 1
1.1.2. ARVS AND HAART IN SOUTH AFRICA .. ceueeeeeesseessseesseesssesssessssessssesssessssessssssssessssssssessssessssssssessssesssessssessssesssesssssssssssssassass 2
1.2 NTRI AND TDF EFFICACY 3
1.3 TREATMENT FAILURE 4
1.3.1  ADVERSE EVENTS AND NON-COMPLIANCE ....comiersrerssressssssssssssssssssssssssssssssssssssssssssssssssssssssasssssasssssassssssssssssssssssssssssssssasssssanss 4
Q) MItOCNONATIAL LOXICITY...urvsrrreererseressesssesssessssesssssssessssssssssssssssssssssssessssssssssssssssssssssssssssssssssassssssssesssansssssssesssssssessssssassssassssnsssanns 5
o) TR I Uod 1 o3 U] o [0 1] £ OO 6
C)  RENAI LOXICIIY..rrvurrsrreesereeersrsssssesssssssssssssessssssssssessssssssssssssssssssssssssssssssssssssssessssssssssssssssssssanssssssssesssunsssssssesssssssnssssssansssansssasssanes 6
o TDF-associated nephropathy: acute kidney injury 7
o Other factors of renal failure 9
1.4 THE ROLE OF PHARMACOGENETICS IN DRUG TREATMENT OUTCOME 10
1.4.1 THE PHARMACOGENETICS OF ARY TREATMENT w.cuurceusrerssressssssssesssssssssssssssssssssesssssesssssessssssssssssssssssssssssssssssssssasssssassssns 11
a) The role of drug metaboliSiNg ENZYME VATTANTS ......ccvveeerverersieersiseeersissesessassssessissssessassessssasssssssasssssssassssssssnssssssansssess 12
b)  The role of drug tranSPOItEr GENE VATTANTS ......cvercveeresrersserssesssssssssssssessssssssssssssssssssssssssssssssssssssssssssssmssssssssssssssssassssssasnes 13
€)  The role of other IMPOrtant GENE VATTANTS ......c..cvrurrercerereseeessssssessssssssssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssassssansses 15
1.4.2 APOL1 VARIANTS AND KIDNEY DISEASE
1.5 PHARMACOGENETICS IN AFRICA 20
1.6 PROBLEM STATEMENT 23
1.7 JUSTIFICATION 24
1.8 AIMS AND OBJECTIVES 25
CHAPTER 2: NEXT GENERATION SEQUENCING OF ADME GENES AND VARIANT
PRIORITIZATION 26
2.1 METHODOLOGY 26
2.1.2  STUDY PARTICIPANTS woueuureuseerseessessssessssesssessssssssassssesssessssassssesssessssssssassssesssessssessssssssessssssssassssesssessssassssssssessssssssnssssassssssssnssssssns 26
3.1.2 TARGETED NEXT GENERATION SEQUENCING OF 40 HIV-POSITIVE BLACK SOUTH AFRICANS ....cvcvmreermressmsessnns 26
2.1.3 NEXT GENERATION SEQUENCING
a) lon AmpliSeq™ DNA Library preparation....
o) I =TT o] U o] €T o= U= A0 OO PO
¢) Enrichment and quality control
d) Data processing and filtering



2.1.4  NGS SEQUENCING DATA VALIDATION
a)  Primer deSigN....cmerrrmrerrererens
b)  Polymerase chain reaction and amplicon purification ..
C)  Sequencing reaction SEt Up.....crersesmrersssmsersssmsersasesersans
2.1.5 CHARACTERIZATION OF IDENTIFIED VARIANTS
2.2: RESULTS 39
2.2.1  SEQUENCING CHIP PERFORMANCE ....vvtuueresssesesssesssssessssssssssssssssssssssssssesssssesssssessssessssesssssesssssesssssesssssesssssessssesssssasssssasssssassssans 39
2.2.2  SEQUENCING DATA ANALY SIS ceevuureeuseresssesesssesssssessssssssssssssssssssesssssasssssesssssesssssessssessssesssssesssssesssssesssssesssssessssesssssessssassssssssssees 43
Q) HON PGM™ VS ION S5™......c.ooseseeseeseeessseessessssessssssssessssessssssssessssssssessssessssssssessssssssessssesssessssessssssssessssesssessssessoe 43
2.2.3  VARIANTS FILTERING AND CHARACTERIZATION c.ucutuuersesssssssessessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssns 48
Q) GENE PANEH FIEIING covvvrrrresrcrveserssessssssesssssssssssssssssssssssssesssssessssessssesssssessssssssssssssssssssssessssssssssnsssssesssssssssnssssssssssesssssessssssssansess 48
b)  Bioinformatic fUNCLIONAI ANAIYSIS.....ccurrrerrerrsrerssmseresmsesssmsesssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssassssans 51
c) Novel variant identification in four genes and their ClasSifiCatioN ...........occcveremrermrmressrmserssesssssssssssessssssssssssssssssssnness 54
2.2.4  PANEL OF POLYMORPHISMS SELECTED FOR GENOTYPING THE TDF COHORT ..ccvvumrmrnermmsssssssssssssssssssssssssssssssssssens 55
2.3: DISCUSSION 61
2.3.1 NEXT GENERATION SEQUENCING OF A BANTU SPEAKING COHORT cuvvuretmermmesssssssssssssssssssssssssssssssssssssssssssssssssssanssans 61
Q) NON PGM™ VS 10N S5™......coosesesseesssessssesssesssssssssssssesssssssssssssessssssssssssssssssssssessssssssessssessssssssessssessssssssssssssssesnoe 62
b)  Variant disCovery and CharaCteriZAtiON ..........occevcemerermersscrsnerssessssssssesssssssssssssssssssssssssssssssssasssssssssssssmsssssssnssssssssssssnssasnes 63
C)  PriOFtiZE0 PANEI OF SNPS ....ooceeerecvscvserirscvsssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssnssssssassssansses 64
U)  STUAY HIMITALIONS....cvveororeresseeesisseeeseseseesesssessesesessesesessessesessessesessassassssassesssssssesssssssessssssesssssssassssssassssssesssssssessssasasssssssasessansesess 66
CHAPTER 3: GENE VARIANT SCREENING FOR VARIANTS IMPLICATED IN TDF INDUCED AKI
USING A CASE-CONTROL STUDY DESIGN 68
3.1 METHODOLOGY 68
3.1.L  STUDY PARTICIPANTS wouttsessiessissesssessesssesssessssssssssssssessssssssssessssssssssssssessssssesssssssesasssssssssssssssasssesssesssssssssssssssassssssssnsssesssssnsssssssssas 68
3.1.2  GDNA ISOLATION AND GENOTYPING..ccruumesiessressesssessesssessssssssssssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssssasssssssssssssssssssssssssssssns 69
a)  Sample collection and geNOMIC DNA ISOIALION.........c.crrmcrsmmirsmsissmsrsssssssssssisssesssssesssssssssssssssssssssssssssesesssssssssssssssssnsess 69
b)  Genotyping TDF CONOIT SAMPIES .....vvverrereresserisseresmsesesmsesesssesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 70
Real Time PCR and TagMan® genotyping 70
Genotyping validation: Sanger sequencing 71
3.1.3  STATISTICAL ANALYSIS cooreureureseseesissssesssesssssssssssssssssesssssssssssssassssssssessssssssssssssssanssasssssssssssasssssssssnssansssssssssnsssnsssssssessnsssnssessasssns 72
3.2 RESULTS 73
3.2.1  CHARACTERISTICS OF THE STUDY POPULATION w..ecurerurersessmesssessesssessssssssssesssssssssssssssssssssssssssssssssssssssssssssssssssesssssssssssssssssssns 73
3.2.2 GENOTYPING RESULTS AND ASSOCIATION TESTING wecuvuuermesressessesssesssssessssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssns 75
a)  Chi-square tests for geNOtYPE ASSOCIALION ........wreeresreresrerismsesissssssssssssssssssssesssssesssssesssssssssssssssssssssssssssssssssssssssssssssssssess 76
b)  Chi-square tests for allele @SSOCIALION ...........ercrsmrerssirsnsersssrssss s ssesssssesssssssssssssssssssssssssssssssssssssssesssssssasssssassssssns 78
€)  Chi-square tests for NaplOtyPe ASSOCIALION........ovwreerereresreresnsrsissssssssssssssssssssesssssesssssesssssssssssssssssssssssssssssssssssssssssssssssess 79
3.3: DISCUSSION 80
3.3.1  ROBUSTNESS OF GENOTYPING ASSAYS...cumiuurieurieesssssssssssssssssssssssssssssssssssssssssssssssssssssssssssssessssssssssssssssssssssssssssssssssssssssssssssns 80
3.3.2 TDF COHORT DESCRIPTIVE STATISTICS .81
3.3.3  CHI-SQUARED ASSOCIATION TESTING....icteseeerresresresessesesssssssssessssssssssssssssssssssssessssessssassassassssssstessssassassasssssssstassussassassassanes 82
a)  Genotype and allele aSSOCIALION TESLING .....cvvverrrrrerrersiseersisesersisesessessessssessssessesssssssasssssssesssssssassssssssssssssssssssssssssssssssnsssess 82
D) HaplOtype aSSOCIAtION TESTING .vvuurreercreereereseereseerissesessesessesesesesssesesssssssssesssssessssssssssssesssssssssssessssssssssssssssssssesesssssssanssssansssssnss 84
€) ABCC2 and TDF assOCiated NEPNIOLOXICILY .......cccureresreresrerirsesemsesassesssssesssseessssessssssessssssssssssssssssssssssssssesssssssansssssnsssssnsess 85
o) TS 00 Y T V7= [0 01T O OO 87
CHAPTER 4: FUTURE PERSPECTIVES 88
CHAPTER 5: CONCLUSION 89




CHAPTER 6: REFERENCES 91

APPENDIX A: ETHICS CLEARANCE 112
APPENDIX B: LIST OF 65 GENES IN NEXT GENERATION SEQUENCING (NGS) PANEL USED FOR
THE AMPLISEQ™ PRIMER PANEL DESIGN 113
APPENDIX C: CLINICAL RESPONSE FORM (CRF) 114
APPENDIX D: ARTICLE 117
APPENDIX E: NGS SEQUENCING VALIDATION OF DAT COHORT 118
APPENDIX F: GDNA EXTRACTION & QUALITY CONTROL OF DAT COHORT SAMPLES: ....ccoousveinna 122
APPENDIX G: EVALUATING THE SALTING OUT METHOD FOR GDNA EXTRACTION ..covsruseseseasenns 123
APPENDIX H: ASSAY OPTIMIZATION 125
APPENDIX I: TAQMAN® SNP GENOTYPING ASSAY ROBUSTNESS AND VALIDATION ..covrasesssessenens 126
1. ABCBI RS2032582 .....cirrisisisssssssssssssssssssssssssssssss s ssss s st bbb s bbb 126
2. ABCCILO RS2125730.ciirisssssssssssssssssssssssssssssss s ssss s s bbb RS R 128
3. ABCCZ RS2273097 ...everirerisssssssssssssssssssssssssssssssssssssssssss s s s bbb bR RS 129
4. ABCCZ RSLT222723.....coouerereesermssessssessssssssssssssssssssssssssssssssssssssssssss s sess s sss s sssss s as s b s s bbb 130
5. ABCC2Z RSZTADDGE ....cvuurrerusererssessssessssesssssessssssssssssssssassssssssssssesssesesssesesssesesssesssssesssssesssssessssssssssssssssssssssssssssassssssssssssssssssssssssssssesssss 131
6. ABCCA RSITA2L06 ....courrerusrersseessseessssessssssssssssssssesssssassssssssssssesssssess s sesssssesssssssssesssssesssssesssssassssssssssssssssesssssassssssssssssssssssssssssssssesssas 132
B N = 1O O S I 453 10X 7N 133
8. APOLLRST3885319....cciirissisisssssssssssssssssssssssssssss s bbb bR 134
0. APOLL RSBO9L0LAS ... ceeueerseeesseessssessssssssssssssssesssssessssssssssssssssesess s s s s s SRS RS R R R SRR 135
APPENDIX J: TDF GENOTYPING DATABSE 136
APPENDIX K: ASSESSMENT OF THE PERFORMANCE OF THE PRIMERS USED FOR PCR PRIOR TO
SANGER SEQUENCING TO VALIDATE THE GENOTYPING CALLS 140
APPENDIX L: ASSESSMENT AND VALIDATION OF TAQMAN SNP GENOTYPING ASSAY ...couumsinans 142
APPENDIX M: CONFIRMATION OF AMBIGUOUS GENOTYPIC CALLS 143
APPENDIX N: TENOFOVIR/ ADEFOVIR PATHWAY, PHARMACOKINETICS 146

ACRONYM AND SYMBOL LIST

°C: Degrees Celsius
mg: milligram

ug: microgram

ml: milliliter

ul: microliter

uM: micromolar
ng: nanogram

3TC: Lamivudine

Xi



ABCBL1: ATP-binding cassette subfamily B member 1
ABC: Abacavir

ABCC: ATP-binding cassette subfamily C
ADRSs: Adverse Drug Reactions

AIDS: Acquired Immune Deficiency Syndrome
AKI: Acute kidney injury

APOL1: Apolipoprotein L1

ARV: Antiretroviral

ATP: Deoxyadenosine Triphosphate

AZT: Azidothymidine, also called Zidovudine,
CD4: Cluster of Differentiation 4

DNA: Deoxyribonucleic Acid

DLV: Delavirdine

d4T: Stavudine

DDC: Zalcitabine

DDI: Didanosine

dNTPs: Deoxynucleotide triphosphates

EFV: Efavirenz

EXAC: Exome Aggregation Consortium

FTC: Emtricitabine

ETR: Etravirine

HIV: Human immunodeficiency virus

HIVAN: Human immunodeficiency virus associated nephropathy
KGP: The 1000 Genomes Project

LPV/r: Lopinavir/ritonavir

NGS: Next Generation Sequencing

NVP: Nevirapine

PCR: Polymerase Chain Reaction

SA: South Africa

Xii



SCL22A: Solute carrier family 22 member

SNP: Single Nucleotide Polymorphism

TDF: Tenofovir Disproxil Fumarate

UNAIDS: Joint United Nations Programme on HIV/AIDS
UNICEF: United Nations Children’s Fund

VEP: Variant Effect Predictor

WHO: World Health Organisation

Xiii



CHAPTER 1: INTRODUCTION

1.1 HIV/AIDS prevalence and treatment

1.1.1. HIV/AIDS prevalence and magnitude

Since the discovery of the human immunodeficiency virus (HIV) three decades ago (Barreé-
Sinoussi et al. 1983, Montagnier et al. 1984, Gallo 1988), the scale of the HIV/AIDS
(acquired immunodeficiency syndrome) epidemic continues to be a global health issue, with
an estimated 36.7 million people living with HIV in 2015 (UNAIDS 2016a). The epidemic
continues to be most severe in Southern Africa (Figure 1.1), with South Africa having the
fourth highest prevalence rate (19.2% of adults) and an estimated 7 million people living with
HIV (UNAIDS 2016b).

Adults and children estimated to be living with HIV | 2015
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Figurel.1. Global estimates of people living with HIV in 2015. The estimates are listed in black and
the ranges for the estimates are listed in grey. Source: (UNAIDS 2016a).



The global incidence and transmission rates have, however, declined; the UNAIDS report of
2014 reported a 35% decline in the number of new HIV infections since 2000, a 42% decline
in AIDS-related deaths since the 2004 peak and, most importantly, a 58% decline in the
number of new HIV infections among children since 2000 (UNAIDS 2016a). This progress is
largely due to effective treatment and awareness campaigns (WHO et al. 2013) where
globally there has been an 84% increase in access to anti-retroviral (ARVs) since 2010
(UNAIDS 2016a).

1.1.2. ARVsand HAART in South Africa
Effects of highly active antiretroviral therapy (HAART) include reduced viral load, increased
CD4 and CD8 T-cell count and subsequent prevention of new opportunistic infections. In
addition, improved clinical symptoms such as weight gain and general well-being, increased
survival, improved quality of life, and a reduction of HIV transmission are seen (WHO et al.
2013). Although HAART has significantly improved patient prognosis, some drugs are not

available in developing countries.

South Africa (SA) has the largest ARV program in the world with 3.5 million people
receiving treatment in 2016 (Reid 2016). To limit the emergence of drug-resistant strains, an
effective ARV treatment program is key. In SA, the initial regimen was predominantly
stavudine (2',3'-didehydro-2',3'-dideoxythymidine (d4T)) based but because of the emergence
of adverse events such as neuropsychiatric side-effects, lactic acidosis, central nervous
system (CNS) side effects and lipodystrophy (Carr et al. 1998, Tsiodras et al. 2000, Andrew
2003, Carr 2003, Geddes et al. 2006, Bolhaar and Karstaedt 2007, Andrew et al. 2016), the
South African guidelines have recently been updated (DoHSA 2013) and changed based on
documented literature and reports about patient responses and side-effects. With this
paradigm shift in HIV infection treatment, from d4T to TDF, the implication of this is the
possible emergence of various combinations of strains that are prevalent in the South African
population. This is due to the possible emergence and subsequent transmission of mutant and
or drug resistant viruses. Most reported cases or transmitted resistant viruses involve
nucleoside RT inhibitors (NRTIs) and non-nucleoside RT inhibitors (nNRTIs) (Michaud et
al. 2012). With the evolution of viral quasi-species, there is a continuous need for new
effective drugs targeting drug-resistant HIV strains. Switching from a d4T based regimen to
TDF was a cost-effective strategy as demonstrated by Ronsen and colleagues (Rosen et al.
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2008). After a cost-effectiveness analysis, they inferred that due to the cost of complications

associated with d4T toxicities, it would cost less to switch to TDF.

1.2 NTRI and TDF efficacy
Effective treatment has significantly improved the prognosis of people with HIV and
transmission rates have significantly reduced in pregnant women and has subsequently led to

a decline in vertical transmission (Baroncelli et al. 2015).

NRTIs and NtRTIs form the backbone of ARV regimens, including in SA. NRTIs mimic the
structure of natural deoxynucleotides (dNTPs) and their mechanism of action involves them
competing with the natural dNTPs. They are effective as reverse transcriptase (RT) inhibitors
as they have a higher affinity to the RT enzyme which integrates them into the growing
strand during DNA replication, resulting in chain termination. NtRTIs” mechanism of action
is similar to that of NRTIs as they compete with the host’s natural deoxyadenosine
triphosphate (dATP), thus successfully preventing viral DNA replication (De Clercq 1998,
Maga et al. 2010). The intracellular persistence and long intracellular half-life of NRTIs and
NtRTIs has contributed to their long-term clinical efficacy (Arribas et al. 2008, Cihlar and
Ray 2010). TDF is an NtRTI and is widely used because of its efficiency in viral load
suppression, subsequent reconstitution of the immune system (Gallant et al. 2006) especially
in treatment-naive patients (Arribas et al. 2008), and renal safety after long term usage (144
weeks) (1zzedine et al. 2005a). To reduce vertical transmission, guidelines for prevention of
mother to child transmission (PMTCT) recommended a triple drug ARV regimen (TDF,
3TC/FTC and EFV) to be initiated early during pregnancy (Townsend et al. 2008, Mofenson
2010). A South African study reported that a triple drug ARV regimen containing TDF is
preferred for effective and rapid administration of ARV initiation during pregnancy, as renal
dysfunction is significantly less common in pregnant women than in other adults eligible for
treatment (Townsend et al. 2008, Myer et al. 2013, WHO et al. 2013). TDF/FTC
combination is preferred because of its potent and durable clinical efficacy, long-term safety
and tolerance demonstrated in long-term clinical studies (Gallant et al. 2004, Cassetti et al.
2007, Arribas et al. 2008, Smith et al. 2009).

TDF fixed-dose combination therapy is also preferred in breastfeeding women and in
children between 2 and 10 years old by the European Medicines Agency and US food and
drug administration (FDA) (Giacomet et al. 2005, WHO et al. 2013, Lim et al. 2015). TDF



has been an effective drug for salvage therapy in paediatric patients (Hazra et al. 2005,
Vigano et al. 2011). TDF and TDF-FDC based pre-exposure prophylaxis (PrEP) regime have
been shown to be effective in reducing HIV transmission and preventing HIV infection
(Baeten et al. 2012), even in high-risk individuals (Okwundu et al. 2012). A study conducted
in SA evaluated and confirmed the safety and effectiveness of a TDF-based microbicide gel
(Karim et al. 2011), especially in women who adhered to treatment (Karim et al. 2010).
However some studies reported that adherence is low among African women (Marrazzo et al.
2015) and some women experienced side effects (Van Damme et al. 2012). These findings
highlight the potency of TDF and benefit in HIV/AIDS treatment and prevention in SA,

specifically in antiretroviral pre-exposure prophylaxis and PMTCT.

1.3 Treatment failure

Treatment failure typically occurs due to the emergence of drug resistance, non-compliance,
or impaired drug metabolism (Knobler et al. 2003). Drug resistant strains are common and
occur as a result of mutations associated with the viral genome. There are a number of factors
influencing non-compliance or adherence to ARV treatment. A significant factor is adverse
drug reactions that are discussed below. Some factors are dependent on the patients’
commitment. These issues include social problems, poverty and food insecurity, substance
abuse, denial, inadequate treatment literacy, work-related issues, pill burden, depression and
mental illness, dosage requirements, and inexperience and conflict of opinion between health
care providers and alternative care providers. At the same time, pharmacokinetic and
pharmacodynamic changes due to drug interactions, and the use of fertility interventions
(such as ceasing treatment to start a family) for example, rank highly amongst other concerns
(Conradie 2012). Impaired drug metabolism is influenced by a number of factors including
genetic variations, discussed in section 1.4.

1.3.1  Adverse events and non-compliance
One major factor that influences patient adherence to ARV treatment is the occurrence of
adverse events such as drug induced toxicity, contraindications and metabolic changes. Like
most drugs, there are side-effects associated with taking ARVs. The mechanism of action of
each drug and its pharmacokinetics influences the kind of adverse reaction that is associated
with each drug. The pharmacodynamics of each drug also influences drug interactions,



especially for HAART (Rathbun and Liedtke 2011, Maarseveen et al. 2012, Margolis et al.
2013). Common side-effects associated with the use of ARVs include nausea, insomnia, and
irritable bowel, with some being so severe that they jeopardise a patient’s health and
wellbeing or end up being fatal (Monforte et al. 1998, Mcllleron et al. 2007). Complications
include: renal toxicity, mitochondrial toxicity, lipoatrophy, hyperlactatemia and lactic
acidosis, metabolic disorders, myopathy, neuropathy, neuropsychiatric disorders, hepatic
stenosis, raised cholesterol, cardiovascular events, gastrointestinal intolerance, pancreatitis,
insulin resistance, allergic reactions and hypersensitivity reaction syndrome (HRS) (Beach
1998, Tozzi et al. 2008, Tozzi 2010). Key adverse events commonly associated with the use

of ARVSs are described in more detail below and are summarised in Table 1.1.

Table 1.1. Adverse events of ARVs

CLASS DRUG ADVERSE EFFECTS

NRTIs Zidovudine Anemia, nausea, rash

Nausea, lipoatrophy, dyslipidemia, pancreatitis,
lactic acidosis, hepatic steatosis, heart disease,
distal sensory peripheral neuropathy (DSPN)
Hypersensitivity reaction syndrome (HSR),
hepatotoxicity, heart disease

Tenofovir Renal insufficiency, bone loss

CNS adverse effects, rash, hepatotoxicity,

Stavudine and
didanosine

Abacavir

NNRTIs Efavirenz . . . . .
lipoatrophy, teratogenicity, hypertriglyceridemia
Nevirapine Rash, HSR, hepatotoxicity
Etravirine Rash, hepatotoxicity
Pls All Pls Nagsea, diarrhoea, ra_sh, dyslipidemia, insulin
resistance, hepatotoxicity
Atazanavir Jaundice, scleral icterus,
Indinavir Jaundice, scleral icterus, nephrolithiasis
LTy . Heart disease
fosamprenavir
Entry inhibitors ~ Enfuvirtide Injection site reactions, pneumonia, HSR
Maraviroc Cough, fever, respiratory tract
Integrase Raltegravir Headache, insomnia, dizziness
inhibitors

Source: Adapted from Hawkins et al, 2010

a) Mitochondrial toxicity
Mitochondrial toxicity is associated with NRTIs. This is as a result of NTRIs inhibiting
mitochondrial DNA polymerase (POLS) (Martin et al. 1994, Lim et al. 2003) responsible for
the replication of mitochondrial DNA (mtDNA). Inhibiting mtDNA may result in the

production of structurally and functionally different proteins leading to adverse side-effects.



Mitochondrial toxicities are regarded as the most significant and manifest in different ways
which include myopathy, neuropathy, lipoatrophy and lactic acidosis (reviewed in (Margolis
et al. 2013).

b) Lactic acidosis
Lactic acidosis occurs as a result of accumulation of lactate due to mitochondrial toxicity.
Mitochondrial toxicity results in insufficient oxidative phosphorylation and subsequently
reduced oxidation of lactate. The severity of accumulation of lactate ranges from
hyperlactaemia without acidosis to severe lactic acidemia (Margolis et al. 2013). Lactic
acidosis is a serious adverse event associated with NRTIs, such as d4T (Coghlan et al. 2001,
Falco et al. 2002, Falco et al. 2003) and the incidence rates of lactic acidosis in South Africa
has increased (Geddes et al. 2006, Bolhaar and Karstaedt 2007). Risk factors for lactic
acidosis include: being female, pregnancy, obesity, older age group, and lower CD4 count
(AIDSinfo 2016). Gynaecomastia (enlargement of male breasts) and lipomastia (enlargement
of adipose tissue causing enlargement of breast) has been reported to occur in both boys and
girls especially during adolescence (DoHSA, 2014). Several reports of differences in the sex
prevalence in NRTI-induced lactic acidosis have been documented, even in children (Bolhaar
and Karstaedt 2007, Currier 2007). It is associated with obesity and the aetiology is
postulated to be dose-dependent, sex-linked (mitochondrial genetic variation) and more

prevalent in obese women (Currier 2007).

¢) Renal toxicity
Mitochondrial toxicity is postulated to be the mechanism by which TDF-associated renal
toxicity occurs (Hall. et al. 2011). Renal toxicity has been reported to be a significant
problem in patients on TDF (including Pls such as indinavir and atazanavir) (Andiman et al.
2009, Bickel et al. 2013, Yombi et al. 2014) and in clinical cases it presents as acute kidney
disease, chronic kidney disease (end-stage kidney disease (ESKD)) and Fanconi syndrome
(FS) (proximal renal tubular dysfunction) (Kinai and Hanabusa 2005, Han et al. 2006, Kinai
and Hanabusa 2009, Brennan et al. 2011, Scherzer et al. 2012). Renal function has also
generally been shown to decline over time in children and adolescents on antiretroviral
therapy (ART) (Pontrelli et al. 2012). TDF is also associated with oesteomalacia, which is

caused by phosphate wasting and calcitriol (bioactive vitamin D) deficiency (Woodward et
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al. 2009, Lucey et al. 2013). In addition, the risk of bone toxicity is higher in children (Gafni
et al. 2006). TDF is, however, still used in the current regimen because its effectiveness in the
management of HIV (viral load and transmission) outweighs the potential impact it has after
long-term exposure. Some studies have suggested that TDF can be safely administered

without routine monitoring of renal function (Nelson et al. 2007, Stohr et al. 2011).

o TDF-associated nephropathy: acute kidney injury

The main target of TDF nephrotoxicity is the proximal tubules. In severe cases, TDF leads to
a breakdown of solute transport in this nephron segment. This event of tubular dysfunction is
classified as renal FS or acute kidney injury (AKI) (Verhelst et al. 2002). However, TDF-
induced AKI occurs with or without proximal tubulopathy (Zaidan et al. 2013). TDF is also
associated with other renal dysfunctions such as TDF-related FS with nephrogenic diabetes
insipidus and ESKD (Verhelst et al. 2002, Karras et al. 2003, Rollot et al. 2003, Schaaf et al.
2003). Several studies have identified lesions in kidney biopsies from patients taking TDF
(Créput et al. 2003, Bickel et al. 2013). FS is characterised by urine wasting of solutes
normally exclusively reabsorbed in the proximal tubules (PT) (i.e., phosphate, bicarbonate,
glucose, low molecular weight proteins, and amino acids) (Verhelst et al. 2002). Phosphate
loss is clinically important as osteomalacia, bone pain and fractures can result. This is
classified as TDF-induced bone toxicity (Fux et al. 2008).

AKI is reversible and common, with a global incidence rate of 21.6% in adults
(Susantitaphong et al. 2013). Studies have shown that AKI associated with TDF can be
reversed once treatment has been switched (Patel et al. 2013), therefore monitoring of
patients on TDF is essential. The Kidney Disease Improving Clinical Outcomes (KDIGO)
criteria are the gold standard method for monitoring renal impairment or injury. KDIGO is a
global organisation that develops and implements kidney disease guidelines through
evidence-based clinical practice and research. They define acute kidney injury as any of the
following: an increase in serum creatinine by more than 1.5 times the baseline, creatinine
increases >26.4umol/l above the upper limit of normal, urine output <0.5ml/kg/hr for 6 hrs,
and reductions in eGFR, which is known or presumed to have occurred within the 7 days
prior. Their definition of chronic kidney disease (CKD) is defined as “abnormalities of
kidney structure or function, present for >3 months, with implications for health”. Since

TDF-associated nephrotoxicity occurs within 3 months (Roe et al. 2008) it can be classified



as AKI. Severe renal dysfunction has been reported by some studies in certain populations in
Africa. In one such study, significant increases in eGFR were observed after starting ART

initiation, where 74% of the patients were on TDF combination therapy (Reid et al. 2008).

A 2005 South African study indicated that the HIV infected patients were two times as likely
to develop adverse drug reactions (ADRs), where 6.3% of hospital admissions were due to
ADR (and an additional 6.3% of inpatients developed ADR during their stay) where ART
was implicated in hospital admissions. Drugs used for opportunistic infections and antibiotics
were implicated in 67% of hospital-acquired ADRs (Mehta et al. 2008). Since the
introduction of TDF-based therapy in 2010, and the subsequent increase in people on ARVS,
the incidence of AKI among HIV patients is notably high in South Africa. A follow-up study
from the same group indicated 2.9% of hospital deaths were associated with TDF, rifampicin
or co-trimoxazole (an antibiotic) (Mouton et al. 2015). The National HIV & Tuberculosis
Health Care Worker (HCW) Hotline ADRs report indicated that kidney injury was among the
three most common ADRs (including rashes and drug induced liver injury (DILI)), with EFV
(rashes), anti-tuberculosis drugs (DILI) and TDF (kidney injury) being implicated (Njuguna
et al. 2016). Similar findings were described by a study in four South African hospitals where
8.33% of admissions were ADR related and renal impairment, hypoglycaemia, liver injury,
and haemorrhage were most common with TDF, insulin, rifampicin, and warfarin being
implicated, respectively (Mouton et al. 2016). TDF also has an added effect on AKI patients
causing a more rapid and worsening renal function, higher proportion of proteinuria and
acidosis and delayed renal recovery (Seedat et al. 2016). These findings reflect our nation’s
burden of HIV/AIDS and tuberculosis (TB) co-infection and show an increase in the
incidence of ADR. The South African guidelines recently shifted to initiating therapy
immediately after diagnosis (Reid 2016). In their efforts to adopt the WHO guidelines to

reduce HIV transmission, the incidence of ADR is expected to increase proportionately.

TDF is associated with multiple drug interactions, which may lead to increased risk of renal
failure (Zimmermann et al. 2006). The role of drugs such as ritonavir, abacavir (ABC),
acyclovir, amprenavir, didanosine (ddl), lopinavir- ritonavir, indinavir and atazanavir (ATV)
are also associated with tubulopathies in particular, has been documented to play a significant
role in the pathogenesis of TDF-induced kidney damage (lIzzedine et al. 2005c, Hussain et al.
2006, Piketty et al. 2006, Hawkins and Ball 2007, Goicoechea et al. 2008, Kiser et al.



2008b). Therefore, careful planning and monitoring of patients on such regimens has to be
performed regularly as TDF-associated toxicities are likely to occur. Switching from TDF to
another ARV in patients with TDF-associated renal failure has been shown to reverse the
symptoms and improve renal function within two to three months (Giacomet et al. 2013).
Weight is an important criterion to consider before administering TDF, especially in children
(Lim et al. 2015) and pregnant women weighing more than 90kg (Best et al. 2015). Recent
studies suggested that the incidence of AKI is notably high in South Africa, although this is
preventable to some degree (Mouton et al. 2015).

o Other factors of renal failure

The prevalence of kidney disease in patients with HIV is 6% in South Africa (Fabian and
Naicker 2009), with 10% of the patients expected to experience renal toxicity or renal failure
during the course of the disease (Bihl 2003, Franceschini et al. 2005). Several studies have
documented HIV-associated nephropathy (HIVAN) (Ray et al. 1998, Schwartz and Klotman
1998, Han et al. 2006), which is a disease that is directly caused by HIV infection (Klotman
and Klotman 1998). This is the most common source of renal failure associated with HIV
infection and is prevalent in kidney biopsies of HIV-infected patients of African ancestry
(Kimmel et al. 1998, Klotman and Klotman 1998, Kimmel 2003, Kimmel et al. 2003, Fabian
et al. 2013), suggesting a genetic predisposition to acquiring HIVAN. This has been
confirmed by the APOL1 studies by Kasembeli and colleagues (Kasembeli et al. 2015a).
ESKD is 18 times more likely to occur in African-Americans than in Caucasian Americans
and HIVAN is the third leading cause of ESKD in African-Americans (Lucas et al. 2008).
Other factors that may influence renal failure include diabetes mellitus (diabetic
nephropathy), hypertension and glomerular disease which are common in Africa. Alternative
aetiologies of renal failure include hypertension, infections, dysimmune disorders,
malignancies and nephropathies of undetermined origin (Naicker and Fabian 2010, Naicker
2013).

a) Other factors that influence ARV treatment outcome

Factors such as race, sex, and ethnicity often play a key role in dosage, ARV
susceptibility, tolerance and effective HIV management (Kimmel et al. 1998, Klotman



and Klotman 1998, Currier 2007). Data furthermore infers the influence of genetic
factors, as described in detail below, on increased risk of ARV-associated adverse events.
South Africa’s ARV regimen is predominantly reverse transcriptase inhibitor-based (i.e.
previously d4T based and currently TDF-based) thus adverse events such as renal
toxicity, lipodystrophy, hepatotoxicity and HRS (most especially in children under five)
are of concern. With a country that has relatively high incidences of diseases such as
HBV, TB and cancer, some associated with the high prevalence of HIV, co-infection
becomes harder to manage. This is specifically when ARV toxicity occurs in patients
susceptible to these diseases (i.e. not prescribing nNRTIs in patients with HBV infection
or EFV and other TB treatment drugs) (Mcllleron et al. 2007). Another factor to consider
when starting ARV treatment and management is access to consistent ARV medication,
as it affects therapeutic outcome (Fatti et al. 2010). Pre-existing renal failure conditions

may be exacerbated by TDF administration (Brennan et al. 2011).

1.4 The role of pharmacogenetics in drug treatment outcome

Personalised medicine or precision medicine includes genomic medicine, where genomic
information is used to make more informed decisions. Pharmacogenetics is the study of
genetic differences or variations in the metabolism of drugs, which can affect individual
responses to drug (Roden et al. 2002, Kalra et al. 2009). Pharmacogenetics involves
analysing the genetic basis for the inter-individual variation in the body’s drug disposition
and patient clinical outcome to drug therapy such as drug efficiency and toxicity (Mini and
Nobili 2009). Disposition is defined as the fate of a drug or xenobiotic in relation to its
absorption, distribution, metabolism, and excretion (Caldwell et al. 1995, Ma and Lu 2011).
These genetic variations potentially predispose a particular individual to having a specific
therapeutic effect or adverse effect/s to a drug. Therefore, it is the understanding of how the
genetic profile affects an individual's response to drugs (Ma and Lu 2011). The inter-
individual responses to drugs are a complex, multifactorial process which often makes it
difficult to predict the functional impact of genetic variation. Single-nucleotide
polymorphisms (SNPs) are defined as single nucleotide changes or variations that occur in
human DNA occurring at an allele frequency greater than 1% (Hoehe et al. 2003). Nucleotide
changes occurring with a frequency lower than this are referred to as rare and novel variants.
These polymorphisms ultimately drive the evolution of a particular disease and the

subsequent response to treatment.
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Understanding pharmacokinetics and pharmacodynamics will assist in understanding the
influences of these polymorphisms, as drugs interact with numerous targets such as transport
proteins, carrier proteins, receptors and metabolising enzymes. The purpose of
pharmacogenomics or pharmacogenetics is to ascertain the role of sequence variation in the
human genome that influences drug disposition, metabolism, efficacy and toxicity. Most
pharmacogenetic studies have focused on genes coding for proteins involved in drug
metabolism, immune modulation factors, drug transportation proteins, lipid binding proteins,
cytokines, chemokine receptors and proteins involved in glucuronidation (reviewed in
(Rodriguez-No6voa et al. 2005, Rodriguez-Novoa et al. 2006, Tozzi 2010, Rathbun and
Liedtke 2011).

1.4.1  The pharmacogenetics of ARV treatment
Genetic variations in pathways of drug absorption, disposition, metabolism and excretion
(ADME) are the main targets of HIV pharmacogenetic studies, which seek to explain the
inter-patient variability observed in patients treated with drugs such as ARVs (Figure 1.2).
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Figure 1.2. Genetic variations in pathways of drug absorption, disposition, metabolism and excretion
(ADME) are main targets of HIV pharmacogenetic studies used to explain the inter-patient variability
observed in patients treated with drugs such ARVs. Nuclear Receptors (NR) regulate metabolic
enzymes and transport proteins and polymorphisms in these genes may influence patient tolerance or
susceptibility to ARVs. Abbreviations: Ah-R: Aryl hydrocarbon receptor; PXR: pregnane X receptor;
CAR: constitutive androstane receptor; CYP-450: cytochrome-450, UGT: uridine diphosphate
glucuronosyl transferase; P-gp: P-glycoprotein; MRPs: multidrug resistance proteins, OATS: organic
anion transporters; OATPs: Organic anion transporter polypeptides. Source: (Barco and Névoa 2013).
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a) The role of drug metabolising enzyme variants
Several known genes have been identified to be largely responsible for variances in drug
metabolism and response. The most common are the cytochrome P450 (CYP) genes, which
are a superfamily of heme-binding proteins. They are responsible for the synthesis and
metabolism of various chemicals and molecules (Nebert and Russell 2002). Mutations or
variations in the genetic structure of CYP genes can affect the function of these enzymes; the

effects are documented or seen in the metabolism of drugs.

CYP enzymes are primarily found in liver cells but are also located in cells throughout the
body. The metabolism of ARVs commonly involves CYP3A4 and CYP2B6 and their re-
absorption and distribution occurs through P-glycoprotein (P-pg) transport (Fellay et al.
2002, Marzolini et al. 2004a, Marzolini et al. 2004b). However, NtRTIs such as TDF are
renally excreted (Rodriguez-Novoa et al. 2005, Rodriguez-N6voa et al. 2006). nNRTIs such
as nevirapine (NVP), efavirenz (EFV) and delavirdine (DLV) are metabolized mainly by
CYP3A4, CYP2D6, CYP2B6 and glucuronidation (Erickson et al. 1999, Dickinson et al.
2010). Protease inhibitors such as nelfinavir are metabolized by CYP2C19, CYP3A4, and
CYP2D6 (Hirani et al. 2004, Dickinson et al. 2010). Other drugs such as maraviroc and
raltegravir are metabolised by CYP3A4 and glucuronidation (Kassahun et al. 2007, Abel et
al. 2008, Dickinson et al. 2010).

There is a strong association between CYP2B6 genetic variations and adverse events evident
in EFV-treated patients (Rodriguez-Novoa et al. 2005, Rotger et al. 2005, Wang et al. 2006,
Saitoh et al. 2007a, Haas et al. 2009, Aurpibul et al. 2012, Masebe et al. 2012). CYP2B6 516
T/T genotype is correlated with both greater EFV plasma exposure and increased CNS
toxicity (Haas et al. 2004); whereas the CYP2B6 516 G/T genotype and the CYP2B6 516 T/T
genotype is associated with increased clearance and thus decreased exposure, with the G/G
genotype having the least clearance (Rotger et al. 2005). This polymorphism has also been
reported in the South African black population (MAF=0.23) and is correlated to the
emergence of EFV-associated neurotoxicity where individuals who are homozygous for the
T/T genotype showed severe neuropsychiatric adverse events (Gounden et al. 2010). This
polymorphism is also associated with increased exposure to NVP (Rotger et al. 2007). Some
additional CYP2B6 variations associated with EFV-associated CNS toxicity include the 983
TIC, 415 A/G and the 785 A/G genotypes (Nolan et al. 2006, Wang et al. 2006, Swart et al.
2013). CYP2B6 polymorphisms are also associated with NVP- associated hepatotoxicity such

as altered hepatic function and altered plasma concentrations of NVP (Spence et al. 1995,
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Rotger et al. 2005, Haas et al. 2006, Penzak et al. 2007, Saitoh et al. 2007b, Frasco et al.
2012).

b) The role of drug transporter gene variants

ARVs are substrates for transport proteins, with the most relevant and the most significant to
ARVs transport including p-glycoprotein (p-gpl), multi-drug resistance proteins (MRPs), and
the organic anionic transporter (OAT). These transporters carry molecules across the cell
membrane. The OAT protein family is involved in the active transport of drugs in the
proximal tubules of the kidneys during elimination. They are expressed in the basolateral
membrane of the proximal tubules, while the MRPs are apically expressed. The drugs are
actively taken up by OAT proteins and secreted into the lumen of the tubule via apically
located MRP proteins (Miller 2001, Cihlar et al. 2001, Motohashi et al. 2002, Ray et al. 2006,
Uwai et al. 2007) (Figurel.3). MRP proteins, which are members of the ATP-binding cassette
superfamily, are scientifically proven to regulate intracellular NRTI concentrations (Eilers et
al. 2008).

Renal tubular cell

Figure 1.3. Visual representation of the proximal tubules of the kidneys and the main transporter
proteins involved in the absorption and excretion of TDF. Abbreviations: MRP2, multidrug-resistance
protein 2; MRP4, multidrug-resistance protein 4; OATL, organic anion transporter 1; OAT4, organic
anion transporter 4; P-gp, P-glycoprotein. Source: (Barco 2013, Barco and N6voa 2013).
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The most significant transporter of drugs is the MRP family of proteins which are associated
with adverse events linked to protease inhibitors and NTRIs such as TDF and EFV (Fellay et
al. 2002). P-gp proteins facilitate the transportation of a variety of molecules including
sugars, fats, amino acids and drugs (Marzolini et al. 2004a). P-gps are widely expressed in
somatic cells including hepatocytes, renal proximal tubular cells, small intestinal cells,
lymphoid cells and the capillary endothelial cells. Together with MRP2 and MPR4, they play

important roles in regulating intracellular concentrations of NRTIs.

Because MRPs are energy-dependent pumps that efflux their substrates into the glomerular
filtrate and nucleotide analogues are known to cause mitochondrial toxicity, concentration-
dependent toxicity is postulated to be the main cause of renal dysfunction. With regard to
TDF-associated renal toxicity, SNPs often evaluated include those in the ATP-binding
cassette subfamily C members 2, 4 and 10 (ABCC2, ABCC4 and ABCC10), ATP-binding
cassette subfamily B member 1 (ABCBL1), solute carrier family 22 members 6 and 11
(SLC22A6 and SLC22A11) genes (lzzedine et al. 2006, Rodriguez-Ndvoa et al. 2009,
Nishijima et al. 2012, Giacomet et al. 2013). The variants are associated with varying clinical
outcomes such as increased TDF concentration, and moderate to severe risk of renal
dysfunctions. Table 1.2 summarises variants described previously that are associated with
TDF-associated nephropathy.
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Table 1.2. A summary of studies that have observed association between genetic variants and
clinical indicators of TDF-associated kidney tubular dysfunction

rs717620 c. —24C>T CC (WT) Increased risk of AKI (Urine (Rodriguez-Névoa et
ABCC2 phosphate wasting, decreased al. 2009, Pushpakom
(MPR2) eGFR, increased TDF etal. 2011,
concentration and [32- Manosuthi et al.
microglobulinuria) 2014)
CT Moderate risk of AKI (Rodriguez-Ndvoa et
al. 2009)
TT Lower risk of AKI (Rodriguez-Névoa et
al. 2009)
rs2273697 c.1249G>A GA/AA p.Val4l7lle Aminoaciduria (Rodriguez-No6voa et
al. 2009, Pushpakom
et al. 2011)
rs17222723 €.3563T>A AA p.Vall188GIlu  More frequent in the control (I1zzedine et al. 2006)
group (protective*)
rs3740066 €.3972C>T CC (WT) Associated with TDF-AKI (Izzedine et al. 2006,
(B2- microglobulinuria) Rodriguez-Novoa et
al. 2009)
rs717620 & c—24C>T & CCand AA p.Val4lT7lle Increased risk of kidney tubular ~ (Nishijima et al.
rs2273697 €.1249G>A dysfunction (additive) 2012)
ABCC4 rs899494 €.669C>T CC(WT) Risk for AKI (phosphorous (Rodriguez-No6voa et
(MRP4) wasting) al. 2009)
rs3742106 €.4131T>G TGIGG Altered uric acid excretion (Rodriguez-Névoa et
al. 2009)
rs1751034 €.3463A>G GG Higher intracellular TFV-DP (Kiser et al. 2008a)
(35%)
ABCC10 rs9349256 c526G>A GG Associated with TDF-AKI, (Pushpakom et al.
(MRP7) Urine phosphate wasting and 2011)
(B2- microglobulinuria
rs2125739 €.2759T>C CcC Marginally associated with (Pushpakom et al.
TDF-AKI 2011)
ABCB1 rs2032582 C.2677T>A/ AA p.Ser893Thr Significantly associated with (Nishijima et al.
(PgP-1) G A), TDF 2012)
p.Ser893Ala
(G)
SLC22A11  rs11231809 T>A TT(WT) Altered uric acid excretion (Rodriguez-Névoa et
(OATY) al. 2009)

c) The role of other important gene variants

The majority of pharmacogenetic variations that influence treatment and HIV development

and that have been documented so far have been identified in Caucasian cohorts given the

higher number of studies conducted in such populations (Rodriguez-No6voa et al. 2005).

Examples of such clinically relevant variants include the Human Leukocyte Antigen (HLA) —

B*5701 genetic variant linked to ABC drug associated hypersensitivity reaction syndrome
(HRS) (Mallal et al. 2002, Rodriguez-N6voa et al. 2007). The prevalence of the HLA-B*5701
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is 5-8% in Caucasian patients, 2% in Asians, 1% in Hispanics and 0.5% in African
Americans (Martin et al. 2004, Li et al. 2007, Maiers et al. 2007, Mallal et al. 2008, Saag et
al. 2008). Because of the high linkage disequilibrium of HLA-B*5701 to the polymorphism
355 T>G (rs2395029) in HCP5 (HLA complex P5 gene), genotyping this SNP offers a
cheaper alternative method of screening for ABC tolerance (Rodriguez-No6voa et al. 2010).
Screening for other HLA variants associated with HRS to NVP has been evaluated and also
indicates the importance of population-specific genetic HIV biomarkers. HLA-DRB1*0101
has been identified as a potential biomarker and HLA-DRB1*0102 and HLA-B*5801 were
identified in a South African population (Martin et al. 2005, Phillips et al. 2013). Variants in
the MHC region (HLA variants) have been linked to different responses to treatment, disease
progression (and non-progression), CD4 count and viral load (Limou et al. 2009, Tozzi
2010).

Other genetic variants are not found in pharmacogenes per se, but influence HIV infection or
disease progression (Table 1.3), such a clinically relevant gene variant is the CCR5A32
genotype that has been found to be more prevalent in Caucasian populations. CCR5A32 is
associated with immunity against R5 tropic viral infection. People with a homozygous
CCRS5A32 profile lack the CCR5 chemokine co-receptors on the surface of their T cells and
are resistant to virus infections that require this entry mechanism but are susceptible to X4
virus infections (which depends on the CCX4 co-receptor for entry) (Liu et al. 1996, Eugen-
Olsen et al. 1997). People with a heterozygous CCR5A32 genotype have fewer CCR5
molecules on the T cell surfaces (reviewed in (McDermott 1998, Novembre et al. 2005). As a
result, individuals with the CCR5A32 deletion have innate resistance to CCRS5 tropic viruses.
Another example of an important genetic variation associated with HIV and its disease
progression is rs8177832, which causes a H186R change in the APOBEC3G gene. It is
frequently identified in individuals of African ancestry and may be associated with more
rapid disease progression (An et al. 2004).
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Table 1.3: Pharmacogenes associated with ARV adverse drug reactions and disease
progression in HIV positive patients

Gene Risk allele C_Iln_lc_al P_opulatlon with References
significance highest frequency
:_eltljlgir;/te Hypersensitivity . (Mallal et al.

. B*5701 - Caucasian 2002, Mallal et
antigen to abacavir al. 2008)
(HLA) '

Hypersensitivit . (Liu et al. 1996,
DRB1*0101 yp : Y | caucasian Eugen-Olsen et
to abacavir
al. 1997)
HLA Hypersensitivity (Rodriguez-
complex P5 rs2395029 to abacavir Caucasian Novoa et al.
(HCP5) 2010).
Chemokine Resistance to (McDermott
co-receptor CCRSA32 deletion CCRS5 tropic HIV | Caucasian 1998, Novembre
R5 (CCR5) virus et al. 2005)
Rapid disease
APOBEC3G | rs8177832 gﬁggefr?'m\t/o African (An et al. 2004)
positive patients
1.4.2  APOL1 variants and kidney disease

Genetic variants in the apolipoprotein L1 gene (APOL1) have been found to be associated

with nephropathy. End-stage renal disease (ESRD) presents as focal segmental
glomerulosclerosis (FSGS) (Genovese et al. 2010). APOL1 variants are commonly associated
with some form of structural kidney dysfunction. These variants are associated with
FSGS,

glomerulosclerosis (Genovese et al. 2010, Tzur et al. 2010, Kopp et al. 2011, Ulasi et al.

hypertension-associated ESRD, idiopathic and HIV-associated collapsing
2013, Kasembeli et al. 2015a, Purswani et al. 2016). The prevalence of chronic kidney
disease is approximately 6.0%-48.5% in Africa (Fabian and Naicker 2009) and HIVAN

accounts for 24%-83% of cases in South Africa (Table 1.4).
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Table 1.4. Renal histology in HIV-infected patients in South Africa

Histology Durban*" JHB™ Cape Town"? JHB'
Biopsy numbers 30 99 192 Jé4
Classic HIVAN (%) 83 27 244 327
FSGS 3 328 113
HIV Immune Complex Disease (%) (mostly with hepatitis B or C co-infection) 21 302 118
Mesangial proliferative 6
Membranoproliferative (type I and III) (%) 7 Ay
Lupus-like (%) 44
IgA
Membranous (%) 13.3 13 32 7.7

Exudative-proliferative

HIV TTP/HUS (thrombetic microangiopathy)

Various glomerulonephropathies (%) (heterogenous group with different aetiologies) 7 41 24 294
Minimal change (%) 2 &3
Immunotactoid

Amyloidosis

Renal histology in HIV-infected patients in South Africa. Copied from (Kasembeli et al. 2015b)

Variants in the APOL1 gene have stronger association with renal failure than the MYH9
(Myosin, Heavy Chain 9) gene and these variants occur more frequently in African
Americans and African populations (Freedman et al. 2010, Genovese et al. 2010, Tzur et al.
2010). In a study conducted by Lipkowitz and colleagues, African Americans with
hypertension possessed particular risk variants that were associated with an individual’s
significantly higher odds of developing nephropathies such as end-stage renal disease
(Lipkowitz et al. 2013). The APOL1 variants rs73885319 (a serine to glycine substitution at
amino acid position 342 (p.S342G)) and rs71785313 (in-frame deletions which result in
asparagine and tyrosine deletions at amino acid positions 388 and 389 respectively
(p.N388del: Y389del)) are commonly associated with some form of structural kidney
dysfunction (Genovese et al. 2010, Tzur et al. 2010). These variants are also associated with
hypertension-attributed ESRD, idiopathic FSGS, and HIV-associated collapsing
glomerulosclerosis (Reeves-Daniel et al. 2011). There have been several studies emerging
from African populations studying APOL1 and HIVAN/CKD (Behar et al. 2011, Kopp et al.
2011, Tzur et al. 2012, Ulasi et al. 2013) where APOL1 variants were associated with
HIVAN/CKD. These authors studied the risk variants referred to as the G1, G2 and G3
alleles (Figure 1.4). Ko and colleagues were the first to describe the G3 haplotype. They
showed that APOL1 genotypes are geographically restricted where the prevalence of the G2
variants was 3-8%. The Yoruba population (Nigeria) had the highest prevalence of G1
variants with 39% and the APOL1 G3 haplotype was present in all populations, but the
Yoruban population (Ko et al. 2013). Another study by Behar and colleagues found the
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association with lack of HIVAN among people of Ethiopian ancestry, where the prevalence
was lower than the African Americans, HIV-positive African Americans and Western

African populations (Behar et al. 2013).
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Figure 1.4: APOL1 variants implicated in HIV associated nephropathy (HIVAN). The APOL1
variants rs73885319 (a serine to glycine substitution at amino acid position 342 (p. S342G)),
rs71785313 (in-frame deletions which result in asparagine and tyrosine deletions at amino acid
positions 388 and 389 respectively (p. N388del: Y389del)) and rs60910145 (an isoleucine to a
methionine substitution at position 384 (p. 1384M)) are implicated in HIVAN. These alleles are
referred to as G1 and G2 alleles where the G1 allele refers to rs73885319 and rs60910145 and the G2
allele refers to. rs71785313. G3 haplotype contains eight SNPs positions across the 1.4 kb region.
They include two synonymous variants (positions 858 and 1 164), two non-synonymous variants
(positions 888 (rs136175) and 968 (rs136176) located at the pore-forming domain and membrane-
addressing domain, respectively) and four intronic variants (positions 243, 383, 471, and 474). Blue
indicates the region of which codes for the pore-forming domains, green and orange codes for the
membrane-addressing and SRA-interacting domains, respectively. The adjacent intron contains
variants in the G3 allele. Copied form (Ko et al. 2013).

A more recent study by Kasembeli and colleagues looked at the distribution of APOL1
haplotypes of various allele combinations in a South African population and observed an
association of HIVAN with APOL1 variants. The study cohort included HIVAN patients
presenting with collapsing FSGS, HIV positive (HIV+) patients presenting with and without
CKD, HIV positive controls with no kidney disease, and population controls who were HIV-

and healthy. Approximately 79% of the HIVAN patients carried two copies of the risk alleles
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compared to 2% of the population controls. Most notably, the effect size of the variants was
higher in the South African black population compared to the African American populations
(Kasembeli et al. 2015a). Histology studies assessing renal biopsies of HIV-infected patients
presenting with renal failure indicated that a significant proportion of the patients presented

with classic HIVAN, illustrating the need for a predictive biomarker for renal failure.

A study by Reeves-Daniel and colleagues found that transplant patients receiving kidneys
from donors who are carriers of these two variants had significantly shorter graft survival,
whereas receptors carrying the two risk variant alleles do not increase the risk of five year
allograft loss (Reeves-Daniel et al. 2011). It has therefore been proposed that APOL1
genotyping has the potential to improve donor selection and the benefit of maximising long-
term renal allograft survival (Reeves-Daniel et al. 2011). It is postulated that these variants
occur through natural selection at high frequencies in Africa because of their protective effect
against sleeping sickness (Genovese et al. 2010).

1.5 Pharmacogenetics in Africa

With the ongoing challenges facing Africa, including increasing prevalence of non-
communicable diseases and infectious disease burden, pharmacogenetics offers the prospect
of predicting drug efficacy and safety, thus alleviating or minimising the cost of treatment
failure (i.e. hospitalisation due to adverse drug reactions) and improving dosage optimisation.
The last decade has witnessed increased interest in the genetic diversity of African
populations and the contribution that this diversity confers on human evolution and
phenotypic traits such as disease susceptibility (Schuster et al. 2010, Ramsay et al. 2011,
May et al. 2013, Gurdasani et al. 2015, Busby et al. 2016).

It is well established that human genetic variation can influence drug outcome. Most clinical
drug trials and genetic and pharmacogenetic studies are based on Caucasian, American and
Asian populations. Subsequently, most dosing recommendations are based on clinical trials
conducted in Caucasian or Asian populations (Chirac 2006, Masimirembwa and Hasler
2013). These studies have led to the development of pharmacogenetic-based interventions.
However, African populations are yet to benefit as pharmacogenetic data is limited in Africa
(Ramsay et al. 2011, Masimirembwa and Hasler 2013, Pillai et al. 2013). Where African

studies have been performed, they have included mostly African-American subjects, at the
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same time studies on native African populations often being limited to relatively small groups
of participants and selected genes. Thus far, very few variants have been sufficiently
validated in these populations to justify their use in guiding clinical decisions around drug
choice or dosing.

Recent studies have shown that African populations reflect greater genetic diversity as
compared to other populations. The 1000 genomes project consortium, aimed at deep
characterization of the human genome sequence variation, noted that populations of African
ancestry contributed the largest number of variants (66%) and also identified the highest
fraction of novel variants. This indicated that African populations reflect greater genetic
diversity as compared to other populations (Abecasis 2010). Africa being the origin of
modern populations is the reason for the high genetic diversity. The Bantu population is
postulated to have originated from West Africa, having spread through Sub-Saharan Africa as
determined through analysis of paternal lineage based on markers on the Y chromosome
(Berniell-Lee et al. 2009). Subsequently, African American, Yoruba and Luhya populations
have been used as representative populations for African ancestry studies and data are easily
accessible through the HapMap and 1000 Genomes Project studies (Abecasis 2010, Altshuler
et al. 2010, Abecasis 2012, Auton 2015). However, recent studies have highlighted key
differences in allele frequencies between these populations and other study populations,
especially from Sub-Saharan Africa (Jallow et al. 2009, Li et al. 2012, Gurdasani et al.
2015).

Previous African studies report variation in allele frequencies in variants of clinical
significance and some differed significantly compared to other populations. Variants of
significance are implicated in the efficacy and outcome of ARVSs, anti-mycobacterial and
anti-cancer drugs (Subbaraman et al. 2007, Aminkeng et al. 2013). A pharmacogenetic study
comparing allele frequencies of populations of African (Southern - South Africa, Eastern -
Tanzania and Kenya, Saharan- Sudan) and European ancestries (Canadian) revealed that
variants associated with ADRs were more frequent in African populations (Aminkeng et al.
2013). Most significant differences were seen in CYP3A family of genes and they are also
associated with poor responses to drugs (such as anti-TB, anti-cancer and ARVs) and reduced
survival rates. When analysing the differences among African populations, researchers noted
that a risk variant for anthracycline—induced cardiotoxicity was the highest in the Saharan
population, a risk variant for cisplatin-ADR was the highest in the Eastern population and a

risk variant for DILI (due to nevirapine use) was the most common in the Southern African

21



population but rare in the Saharan population. The authors inferred that the higher presence
of risk alleles was comparable with increased frequency of ADR among African populations
and may explain the differences in treatment outcome and survival rates, as African
populations were more susceptible to ADR, some of which were extreme (Aminkeng et al.
2013). At the same time, it has become clear that genetic diversity significantly influences
how populations across the continent respond to drug-based therapy. This diversity provides
an opportunity to discover entirely novel polymorphisms that affect therapeutic outcome
amongst patients of African ancestry.

Reflecting the continent’s high HIV burden, a predominant number of pharmacogenetic
studies have focused on investigating variants that affect ARV efficacy and outcome.
Variations in CYP2B6 result in the slow metabolism of several drugs including EFV and the
prevalence of CYP2B6*6 is higher in African populations, making patients of African
ancestry more susceptible to EFV-associated adverse events (Nyakutira et al. 2008, Gounden
et al. 2010, Masebe et al. 2012, Ngaimisi et al. 2013, Swart et al. 2013). Likewise, evidence
suggests that CYP2D6 variants associated with the ultra-fast-metabolising phenotype are
present at a higher prevalence in patients from Sub-Saharan Africa, leading to reduced
efficacy of common ARVs such as EFV and Lopinavir/Ritonavir therapy in such individuals
due to sub-therapeutic dosing (Gorny et al. 2010, Mukonzo et al. 2014). Variants in the
CYPA4 and CYP2B6 enzymes and an ABCB1 gene may also affect ART success by
influencing CD4+ recovery rates amongst local patients (Parathyras et al. 2009, Swart et al.
2012). In a South African study, an ABCB1 variant, rs3842, was significantly associated with
low plasma EFV concentrations while rs1128503 was associated with high plasma EFV
concentrations in HIV/AIDS patients (Swart et al. 2012).

In South Africa, the most common AIDS-related opportunistic infection is TB and co-
administration of ARVs and anti-TB drugs is common practice. ARVs and anti-TB drugs are
among the most common drugs implicated in ADRs (Mouton et al. 2015, Mouton et al. 2016,
Njuguna et al. 2016). Variants in the gene encoding SLC01B1, for example, have been shown
to be common in South Africa and are associated with increased rifampicin clearance (i.e. a
higher dose is recommended) (Chigutsa et al. 2011). Likewise, in a randomised controlled
trial investigating the potential merit of pharmacogenetics-based therapy, it was demonstrated
that a NAT-2 genotype—guided regimen potentially reduced isoniazid-induced liver injury and

early treatment failure in TB patients (Azuma et al. 2013). Yimer and colleagues conducted a
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study in Ethiopian individuals and identified variants for the NAT2 slow-acetylator genotype
(rs1801280 or rs1799930 or rs1799931) and ABCB1 3435 TT genotype (rs1045642) as
biomarkers for predisposition to drug induced liver injury in TB-HIV co-infected patients
(Yimer et al. 2011).

In addition to the role of genetic factors, multiple other factors that affect the variability of
individuals to ARV response need to be taken into account when investigating the potential
role of host genetic factors on the outcome of these drugs. These include ethnicity, sex, age,
and body weight, contra interactions with other drugs or food, binding to plasma proteins,
hepatic impairment, disease status, and pregnancy. With individuals of African descent
having been shown to possess a large number of variants and genetic diversity (Tishkoff et al.
2009, Bains 2013, Gurdasani et al. 2015), studies based on such populations can contribute
significantly to elucidating inter-patient variability to treatment and disease susceptibility in
Africa, and to understanding drug resistance, adverse reactions and drug metabolism.

1.6 Problem statement

Currently, there is no effective vaccine or cure for HIV infection and HIV/AIDS still remains
a chronic illness, while we rely heavily on ARV treatment to reduce the symptoms of
HIV/AIDS. With treatment failure, often due to patient non-compliance, adverse drug
reactions and the emergence of drug-resistant strains of the HIV virion, being an on-going
issue in South Africa, prescribing effective treatment with maximum effect becomes a
challenge. One approach to this has been the paradigm shift from a trial-and-error approach
to prescribing medication, to the use of more modern pharmacogenetic approaches to
improve treatment outcome. HIV-ART pharmacogenetic studies help elucidate the inter-
patient variability observed in patients treated with ARVs, and in instances, diagnostic
applications based on this principle have significantly improved the success rates achieved
with ARV treatment (Barco 2013).

Pharmacogenetic studies conducted in African populations have uncovered notable
differences compared to other populations in the contribution of genetic variants to the
metabolism and efficacy of drugs, further highlighting the need to comprehensively map the
genetic profile of such populations in order to develop more tailored recommendations for
drug-based treatment (Kerb et al. 2009, Gounden et al. 2010, Chigutsa et al. 2011, Azuma et
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al. 2013). Given the significant differences observed across populations to date in variants
associated with drug therapeutic outcome, there exists a need to comprehensively map and
better understand the implications of such changes in populations of African ancestry. Within
Sub-Saharan Africa a greater understanding of population genetic structure is still required
before such knowledge can be fully exploited to develop similar strategies for drug-based
therapy. Thus, very few variants have been sufficiently validated in these populations to
justify their use in guiding clinical decisions around drug choice or dosing, revealing the
presence of multiple variants that influence drug efficacy and outcome in a number of
ailments including HIV/AIDS, TB and malaria, which continue to dominate the continent’s

disease burden, with nephrotoxicity being of particular concern.

1.7 Justification

The dual role of pharmacogenetics in HIV treatment is to optimise treatment and to minimise
adverse events (Michaud et al. 2012). Pharmacogenetic studies have led to the development
of relatively inexpensive genetic-based tests to improve the chances of good therapeutic
outcome. For abacavir (ABC) for example, screening for a HLA — B*5701 genetic variant
linked to drug hypersensitivity and fatality, significantly improves treatment success in
certain populations (Kauf et al. 2010). There is also a cost-benefit saving. The financial and
social costs associated with eventually identifying optimal treatment also increases
exponentially following failed ART, where hospitalisation, mortality and morbidity due to
ARV-induced adverse events are increased (Nufiez et al. 2006, Mehta et al. 2008, Mok and
Minson 2008, Mouton et al. 2015, Christine Njuguna 2016, Mouton et al. 2016). In South
Africa where ARVs are widely used and poor treatment outcome is observed often enough to
warrant clinical intervention, a case exists for exploring the potential development of genetic
tests to guide ARV prescription. This may particularly be the case for TDF, where higher
than expected incidences of side-effects such as nephropathies and a poorer clinical outcome
are observed compared to other regimens (Mouton et al. 2015, Mouton et al. 2016, Njuguna
et al. 2016, Seedat et al. 2016).
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1.8 Aims and objectives
The aim of this study was to comprehensively identify all variants in eight TDF associated
ADME genes and to select a subset of SNPs for a genetic association study for TDF-

associated nephrotoxicity. To achieve this, the objectives of this work will include:

1: To identify, map, characterise and prioritise variants in eight ADME genes implicated in
TDF efficacy and nephrotoxicity in 40 HIV-infected patients of Bantu-speaking origin.

2: To perform an association study with the prioritized panel of variants and to evaluate their

potential association with TDF treatment outcome in relation to AKI.
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CHAPTER 2: NEXT GENERATION SEQUENCING OF ADME GENES AND
VARIANT PRIORITIZATION

Recent pharmacogenetic studies conducted in African populations reported notable
differences compared to other populations in variants associated with ADRs (Jallow et al.
2009, Li et al. 2012, Gurdasani et al. 2015), warranting their further investigation in local
populations. Given the potential for the discovery of novel varianrs and the expected
differences in variant allele frequency in our study population compared to populations from
publicly available databases, targeted sequencing of ADME genes in an existing HIV positive
South African cohort (referred to as the stavudine, d4T, cohort) was undertaken in the first
part of this study. Individuals from the d4T cohort were selected for next generation
sequencing (NGS) to comprehensively identify and determine the prevalence of variants in
eight ADME genes implicated in TDF associated nephropathy and TDF efficacy. Following
an assessment of the variants identified and those described in the literature, we selected a
subset of the SNPS for a case-control association analysis described in Chapter 3, the second

part of the study.

2.1 METHODOLOGY

2.1.2 Study participants
The clinical cohort consisted of 40 HIV-positive black South African patients of Bantu
origin, recruited from the Soweto catchment area at the Perinatal HIV Research Unit
(PHRU), Chris Hani Baragwanath Hospital. The patients were undergoing either d4T or EFV
based ARV therapy at the time of recruitment and blood collection. Blood samples were
collected with consent and ethics approval for the study granted by the CSIR Research Ethics
Committee (REF: 58/2013) (Appendix A).

3.1.2 Targeted next generation sequencing of 40 HIV-positive black South Africans
In order to select and identify a suitable panel of genes from which known or potentially
novel polymorphisms could be identified to screen local patients undergoing TDF therapy,

current literature was reviewed to first identify relevant genes associated with drug
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metabolism, absorption, elimination and disposition. Particular attention was paid to
specifically include genes that contain polymorphisms commonly associated with TDF-
induced nephrotoxicity, those involved in kidney function including drug transport, and those
that have been implicated as early biomarkers of renal failure. The final gene panel
designated the name CSIR PGx Panel 2.1b, included 65 protein coding genes. A list of these
genes is summarised in Appendix B. This list was submitted online to the lon AmpliSeq™
Designer portal (https://www.ampliseq.com/), from which a panel of custom primers was
designed to enable simultaneous amplification of all the target genes of interest prior to
sequencing. The predicted amplification size of the panel was 242.58 kb which represents a
total of 861 amplicons; the amplicon range was between 125 and 345 bps and in total these
were predicted to cover approximately 98.57% of the coding (exon) sequences contained
within the 65 genes. High-throughput Massively Parallel DNA Sequencing (MPS) of the
target genes was achieved using NGS on an lon Personal Genome Machine (Life
Technologies, California, USA) platform as described in detail below. The kits used in the
sequencing workflow are all from Applied Biosystems (Life Technologies, California, USA)
unless stated otherwise.

2.1.3  Next Generation Sequencing
Next generation sequencing was performed using lon Torrent technology (Life Technologies,
California, USA). lon Torrent technology is a semiconductor technology based on the
principle of “sequencing by synthesis” where a complementary strand is built based on the
template strand. During this synthesis, hydrogen ions are released and the detector detects the
pH change. The software directly translates chemically encoded information (A, C, G, T) into
digital information (0, 1) on a semiconductor chip. The sequencing reaction occurs in a
micro-well on the chip, containing a template attached to lon Sphere™ particles. Below each
micro-well is an ion-sensitive layer which measures the change in pH and converts it into
voltage. The wells are flooded with a single species of deoxyribonucleotide triphosphate
(dNTP) at a time and if the nucleotide is incorporated, the released hydrogen ion is detected.
Multiple nucleotides may be incorporated per a single flow due to homopolymer repeats,
which limit the technology especially if the signal is higher than the detection range. This
process occurs simultaneously in millions of wells, regardless of the chip capacity, and takes
up to several hours to complete (Thermo Fisher Scientific, 2016). The sequencing workflow

used in this study consisted of the following steps: a) lon Ampliseq™ panel design b) library
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preparation, ¢) template preparation, d) enrichment of positive lon sphere™ particles (ISPs),
e) quality control f) sequencing and data processing and variants filtering. The sequencing

workflow is summarised in Figure 2.1.

A) lon .
>Ampli5eq panel>> pl:fjegl;:i;atlrzn >> g;‘;;ﬂ?;s >>D)Enrichment>> E)QcC >> F]Sequencing>
design

lon AmpliSeq Designer | | Ultra multiplex PCR Clonal amplification Isolation positive |qubitqua|itycontrolassav|  ton PoM sequencer |

— =] ==

| Phosphorylation of amplicons |

| 65 ADME genes I Templated lon sphere Assess clonality of enriched Datastore on Torrent
l particles (ISPs) ISPs server

I Adapter and barcode ligation l

Data analysis

Purification of libraries

Figure 2.1. Summary of the Next Generation Sequencing (NGS) workflow that was implemented in
this study. The sequencing workflow consists of the following steps: A) Ampliseq™ panel design B)
library preparation, C) template preparation, D) enrichment of positive ISPs E) quality control F)
sequencing and data processing and variants filtering.

a) lon AmpliSeq™ DNA Library preparation

An amplicon library of the targeted regions within the 65 genes described previously was
prepared for each individual patient using an lon AmpliSeq™ Custom Panel of primers
designed with lon AmpliSeq Designer software (https://www.ampliseq.com/) (Appendix C).
For the purposes of this study, data from a subset of eight transporter genes (ABCB1, ABCC2,
ABCC4, ABCC10, SLC22A1, SLC22A6, SLC22A8 and SLC22A11) were prioritised due to the
direct relevance of these genes to TDF treatment and AKI. The remainder of the genes were
utilised for other studies outside the scope of this work. I am first author of a publication that
is under revision and development for which the abstract is shown in Appendix D that
describes the variants identified from the study of all 65 genes.

Library preparation for each individual was performed using an lon AmpliSeq™ Library Kit
2.0 and lon Xpress Barcode Adapter kits 1-16 and 17-32 (catalogue numbers 4471250 and
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4474009) according to the manufacturer’s instructions. The use of barcodes allowed for
multiplex parallel sequencing of up to 20 individuals and easy identification during data
analysis of each individual sample. The library preparation workflow consisted of four steps.
1) PCR amplification of genomic DNA targets 2), digestion of excess primers and
phosphorylation of fragments, 3) ligation of barcoded adapters and 4) purification of each
library. Using an lon AmpliSeq™ Library Kit 2.0, PCR amplification of genomic DNA
targets was achieved by starting with 10ng of each patient sample and amplifying the target
region based on the recommended program (Table 2.1).

Table 2.1. Program run to amplify target DNA regions

Stage Step Temperature (°C) Time
Hold Activate enzyme 99 2 min
Cycle (16X) * Denature 99 15 sec
Activate and extend 60 4 min”®
Hold - 10 Hold

*Recommended no. of amplification cycles
~ Recommended annealing and extension time for reactions with <1536 primer pairs per pool

The next step involved partially digesting primer sequences using 2 pl of Fafu™ reagent,
provided in the Kit, and digesting based on the program in Table .2.2. A mixture of lon P1
Adapter and Ion Xpress™ Barcode X at a final dilution of 1:4 for each adapter was prepared
and 2 ul was used. The barcoded adapters were then ligated to the amplicons using 2uL of
DNA ligase, switch solution and run using the program in Table 2.3. The barcoded adapters

allow for multiplex parallel sequencing and easy identification of each sample and their

unique design allow for detection during template.

Table 2.2. Program run to partially digest the primers

Temperature (°C) Time (mins)
50 10
55 10
60 20

Table 2.3. Program run to perform the ligation reaction

Temperature (°C) Time (mins)

22 30 min

72 10 min

10 Hold (for up to 1 hour)
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Library purification was performed using Agencourt Ampure XP beads (Beckman Coulter
Inc, California, USA), which allow concentration dependent size selection. The Ampure
beads are made of made polystyrene surrounded by a layer of magnet and coated with
carboxyl molecules. In the presence of polyethylene glycol (PEG) and salt 20% (w/v) PEG,
2.5M NaCl), DNA can irreversibly bind to the beads. Binding of the DNA is PEG and salt-
dependent, making the volumetric ratio of the beads to DNA critical. A low concentration is
used for DNA clean-up, i.e. they bind high molecular weight molecule because of their strong
electrostatic interaction. Higher concentrations bind a range of DNA fragments, with larger
fragments displacing smaller fragments. If the concentration is high enough (precise), smaller
fragments can bind. In this study both low and high concentrations were used to remove high

molecular weight DNA (gDNA) and the primers, respectively.

In line with the recommendations of the protocol, 200 pM libraries were prepared and the
Qubit® fluorometer (Life Technologies, California, USA) was used for quantification. The
libraries were combined by adding equal amounts (3.6 - 5 ul) of each equalised 200 pM
library into a single pool. The 40 patient samples were prepared in batches of 14-20 patient
samples to reduce human error and were sequenced in batches to improve the coverage for
each patient sequenced. Some of the patient samples that did not produce NGS data of

sufficiently high coverage were repeated to achieve the required level of data quality.

b) Template preparation
To prepare monoclonal fragments attached to ISPs, the lon One-Touch 400 Template Kit v2
was used to prepare the template preparation reactions and the lon One-Touch System was
used to perform emulsion PCR reactions. Monoclonal fragments are recommended per ISP as
they allow for amplification of that fragment which will be sequenced, thus providing enough
coverage for that region. Through emulsion PCR, clonal ISPs were generated in water-in-oil
microreactors containing ISPs, template, PCR components and primers. After setting up the
Ion OneTouch™ 2 Instrument, 900 ul of amplification solution was prepared by adding lon
PGM™ Template OT2 400 Reagent Mix (500 ul), Ton PGM™ Template OT2 400 PCR
reagent B (285 ul), lon PGM™ Template OT2 400 enzyme mix (50 ul), ISPs Template OT2
400 reagent X (40 ul) and library (25 ul). ITon PGM™ Template OT2 400 Ion Sphere™ were
added to the amplification solution. The mixture was immediately added / “installed” in the
Ion PGM™ OneTouch plus reaction filter assembly and run using the PGM: Ion PGM™
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Template OT2 400 kit protocol. Template-positive lon PGM™ Template OT2 400 ISPs were
recovered by spinning samples for 10 minutes (automatic) and removing the supernatant and
leaving 100 pl of the recovery solution. Then 500 pl of Ion OneTouch™ wash solution was
added to both recovery tube and mixed by pipetting, each suspension was transferred to the
new labelled 1.5 mL Eppendorf LoBind® tube. The tube was heated at 50°C for 2 minutes
and centrifuged for 2.5 minutes at 15,500 x g. All but 100 ul of the wash solution was
removed from the tube and transferred into well 1 of the 8-well strip from the lon
OneTouch™ ES Supplies Kit. A 2ul aliquot of the sample was kept as an unenriched control
for the Ton Sphere™ Quality control assay analysis, which offers a pre- and post-enrichment

quantification of ISPs.

c) Enrichment and quality control
After the emulsion PCR, template-positive Ion Sphere™ particles were enriched with the

Dynabeads® MyOne™ Streptavidin C1 beads. These beads (13 ul) were washed with 130 ul
of MyOne™ Beads wash solution and resuspended in 130 ul of the same solution. A melting
solution prepared with 280 pl of Tween®20 detergent and 40 pl of 1M NaOH (provided the
Ion PGM™ Template OT2 400 Kit), so that the final concentrations are 0.1% Tween® (V/v)
and 125 mM NaOH. Enrichment was performed using the automated lon OneTouch™ ES
system which used melting solution, Dynabeads® MyOne™ Streptavidin C1 beads and Ion
OneTouch™ Wash Solution, resulting in > 200 ul of the enriched template in neutralisation

solution. The automated process takes approximately 35 minutes.

An Ton Sphere™ quality control assay (Life Technologies, California, USA), was employed
to assess the enrichment efficiency and clonality of the enriched sample before sequencing,
thus ensuring that the ISPs had monoclonal fragments attached. The quality control assays
involve labelling the ISPs with two different fluorophores: Alexa Fluor® 488 (AF488) and
Alexa Fluor® 647 (AF647). The ratio of the Alexa Fluor® 647 fluorescence (templated ISPs)
to the Alexa Fluor® 488 fluorescence (all ISPs present) yields the percentage of templated
ISPs. A starting volume of 2 pl of unenriched sample and 20 ul of enriched samples
(centrifuged at 15 500 x g for 1.5 minutes, and 10 ul of supernatant removed to concentrate it
down to 10 ul) were used. lon AF488 and AF647 probes were bound to the ISPs by adding
19 ul annealing Buffer and 1 pl lon probes directly to the ISPs and mixed. The AF488 and

AF647 fluorescent probes were bound by incubating at 95°C and 37°C for two minutes at
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each temperature. The unbound probes were subsequently washed 3X with 200 ul of quality
control wash buffer, mixed, centrifuged at 15 500 x g for 1.5 minutes and the supernatant was
removed leaving 10 ul. After the final wash 190 ul of quality control wash buffer was added
for a total volume of 200ul. The samples and the negative control (200 ul of quality control

wash buffer) were analysed with the Qubit® 2.0 fluorometer.

The AF488 probe is specific for all ISPs and the AF647 is specific for the adapter sequence
ligated on each library fragment. The fluorescence of each probe was detected using the lon
Sphere™ Quality control assay and Qubit® fluorometer described previously. A Qubit® 2.0
Easy Calculator Microsoft® Excel® spreadsheet file containing the instrument specific
Calibration Factor (Life Technologies, California, USA) was used to calculate the % of
template ISPs; a cut-off range of 10-30% was used as a guideline based on the
manufacturer’s recommendations (Life Technologies, California, USA) to prevent

polyclonality (>30%) and having under-templated ISPs (<10%).

After the lon Sphere™ Particle preparation, MPS was performed with an lon Torrent
Personal Genome Machine (PGM) system using approximately 200 ul of templated ISP, the
lon PGM HiQ Sequencing Kit and lon 318™ Chip v2 (318™). The 318™ chip was selected
for use instead of the 314™ or 316™ chip size because of its superior loading capacity
(Figure 2.2) of 5.5 million reads, its throughput (a measure of how many units of information
a system can process in a given amount of time), and its relatively easier loading procedure of

the templated ISPs. Each sequencing run took approximately seven hours to complete.
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Figure 2.2. lon PGM chip sequencing capacities and performance. (ThermoFisher, 2012)

In order to extract more data from the sequencing libraries that were created from the cohort,
libraries were also sent to the National Genomics Infrastructure / SciLifeLab, Department of
Immunology, Genetics and Pathology, Uppsala University, Sweden for targeted sequencing
on an lon Torrent S5 sequencer. The libraries were attached to the Ton Sphere™ particles via
template preparation and emulsion PCR on the lon One chef system as described previously.
The Ion Sphere™ particles generated from the libraries sent to Uppsala University were
sequenced on two 530 chips, which have a capacity of 3-8 Gb, producing up to 15-20 million

reads each.

d) Data processing and filtering
Initial data processing was performed using a pre-defined automated workflow in Torrent

Suite™ Software (version 4.4 and 4.4.2 for the last run) (Life Technologies, California,
USA). This software was accessed using the Torrent Browser, which is a web-based
programme to monitor, plan, and manage sequence data. The setup and configuration of this
software were performed by Dr Natasha Beeton-Kempen, CSIR Biosciences Unit, CSIR.
Following sequencing, the main data analysis steps in Torrent Suite™ involved aligning the

sequences to the hgl9 reference genome (Genome Reference Consortium, 2016) for base
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calling and mapping of the sequence data to the reference genome. This was followed by
variant calling for homozygous or heterozygous single nucleotide variants, and other changes
such as insertions or deletions using an automated approach. Finally, variant data were
exported from the software for downstream analysis using variant analysis software. Data
were exported in the form of binary alignment map (BAM) files. The subsequent data
processing steps that were performed using the BAM data files are summarised in Figure 2.3.
BAM file analysis was initially achieved using the lon Reporter™ software (version 4.4),
which is an internet browser-based application that allows for automated analysis of samples,
annotation of variants based on public and custom annotation databases, and the filtering of

variants to identify those that are biologically relevant.

NGS data Variant calling High qualtiy variants
(lon reporter™) (hg19)

_ Frequency filter Gene filter
Variants

classification (Frequency of (variants in TDF
>0.1) associated genes)

Figure 2.3. Summary of the NGS data filtering strategy that was employed for sequencing data
analysis. Variants that lie in the eight selected genes of interest and that occur at a frequency of >0.1
in the cohort of the 40 sequenced individuals. Genes associated with TDF absorption (ABCB1) and
elimination (ABCC2, ABCC4, ABCC10, SLC22A6 and SLC22A8) were prioritized. Since TDF is
elimination is less understood, SLC22A1 and SLC22A11 transporters were also included because they
belong to the same class of transporters localized in the kidney.

For lon Reporter™ analysis, BAM files were automatically transferred from Torrent Suite™
to a dedicated user account in lon Reporter™. An automated workflow was then developed
(by Dr Mancama) to analyse the sequencing data to identify germline variants in targeted
regions for the CSIR PGx Panel 2.1b (IAD66518 197) (4.4) (AmpliSeq™ panel), this was
done using the Hgl9 reference genome, and applying variant filters and using different
annotation databases available for version 4.4 (including for example SIFT, PolyPhen,
ClinVvar, cosmic, dbSNP, drugbank, GO and OMIM). The data were then downloaded in
batches of 20 files and analysed using MS Excel. The software packages Golden Helix
Genome Browser and SNP Variation Suite 8 (SVS) (Golden Helix™, Montana, USA) were
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also employed to mine and visualise the sequencing data and to provide descriptive statistics
of the data. For variant filtering prior to in-depth analysis, an NGS filtering strategy was
employed (Figure 2.3). Although sequencing was done on 65 ADME genes, the current
analysis for my dissertation was restricted to the eight genes coding for proteins that interact
with TDF during absorption (ABCB1) and elimination (ABCC2, ABCC4, ABCC10, SLC22A6
and SLC22A8). Since TDF elimination remains poorly understood, SLC22A1 and SLC22A11
transporter genes were also included because they belong to the same class of transporters
localised in the kidneys (Benjeddou 2010).

Following variant calling, a frequency filter was employed to select variants that occur at a
frequency of > 0.1 in the 40 individuals (i.e. occurred eight or more times among 80 alleles).
This approach was used to analyse data using SVS (version 8) and lon Reporter™.
Subsequently, functional analysis through bioinformatic analysis was based on assessing
amino acid changes and the subsequent effect of these changes on protein function. For
variants where the consequence of a functional change has not been extensively demonstrated
in vitro / vivo, additional information regarding the potential effect of such variants was
gained using the algorithms PolyPhen-2 (lon Reporter and
http://genetics.bwh.harvard.edu/pph2/) and SIFT (Sorts Intolerant From Tolerant amino acid)
(lon reporter and http://sift.jcvi.org/) tools. SIFT and PolyPhen values represent the
probability that an amino acid substitution is physiologically damaging in nature; the data is a
score and a qualitative prediction, either ‘possibly damaging’ (0.8-0.9), ‘probably damaging’
(>0.9), ‘deleterious’ (<0.05) or 'tolerated’ (www.ensembl.org). Further selection criteria

included whether the variants have previously been reported to be associated with TDF

treatment outcome.

2.1.4 NGS sequencing data validation

Sanger sequencing of patients with ambiguous or undetermined calls was employed for
further investigation and confirmation. Two potentially novel variants in ABCB1 and ABCC2
were identified after the initial NGS data filtering and the most common variant in most
populations, rs717620 (in ABCC2) (lzzedine et al. 2006, Rodriguez-Névoa et al. 20009,
Nishijima et al. 2012), was shown to be rare in our population. The three SNPs were
therefore assessed. The region flanking the SNP was amplified and purified and the PCR
products were sent for sequencing to Ingaba Biotech.
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a) Primer design
Polymerase chain reaction (PCR) reverse and forward primers were designed for the flanking

sequence around the SNP, the sequence was retrieved from Ensembl (www. ensembl.org).

The region of interest (ROI) was selected and an 18-24 nucleotide forward sequence primer
set in the 5° — 3’ direction was selected in the beginning of the ROI. For the reverse primer,
an 18-24 nucleotide reverse sequence primer in the 5° — 3’ direction was selected at the end
of the ROI. The reverse primer sequence was then input into a reverse complement tool to get
the reverse sequence in the 5° — 3’ direction. Both sequences were then put into a Tm
calculator (New England Biosciences, NEB, Massachusetts, USA)
(http://tmcalculator.neb.com/#!/) to calculate the melting temperature of each primer, GC
content (%) and the Tm difference. A cut-off range for GC content was 40-60% and the Tm
difference was set to below 5°C. The primer sequences were then sent off to Ingaba Biotech
for synthesis. The primer sequences for NGS validation are shown in Table 2.4.

Table 2.4. Primers sequences and their expected amplicon size.

SNP Primer sequences (5’- 3°) Size (bps)
rs717620 FWD: ATGGCCACTCCTACAGAG
REV: GTTCTCCTTCCTCACACG 614

Novel ABCC2 | FWD: CTTCCTTTTACCCCTCCC
REV: CTCTTCAGGGCCTGTATG 551

Novel ABCB1 | FWD: CTGTCAAGGCACTGGGAAC
REV: CTGGGCACTGGTCCAAGTA 716

b) Polymerase chain reaction and amplicon purification
PCR was used to amplify DNA fragments that encompass the SNPs using a T100

thermocycler (Bio-Rad, California, USA). Taq polymerase (New England Biosciences, NEB,
Massachusetts, USA) or iProof™ High-Fidelity DNA polymerase (Bio-Rad, California,
USA) kits were tested initially to determine optimal annealing condition at annealing
temperature (T,) of melting temperature (Tr,) minus 5°C. The reaction setup was based on the
manufacture’s recommendations (Figure 2.5 and Figure 2.6). To reduce primer dimers and
non-specific amplicons DMSO (iProof™ kit, Bio-Rad, California, USA) was added at 4%.
Gradient PCR was done to determine the optimal T, for rs3742106; T, was between 58°C and
64°C, with 60°C showing the best results.
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c) Sequencing reaction set up
Amplified templates were purified using the QIAquick PCR Purification kits (Qiagen,
Hilden, Germany). The amplicons were run on a 1% (w/v) agarose gel prior to sequencing.
The sequencing reactions were set up using the BigDye® Terminator v3.1 Cycle Sequencing
Kit (Life Technologies, California, USA) as illustrated in Figure 2.7 and Figure 2.8 and sent
to Ingaba Biotech for sequencing. FinchTV 1.4 (Geospiza) or Bioedit (lbis Biosciences,

Carlsbad, USA) was employed to view the sequencing data and produce the chromatograms.

Table 2.5. The PCR reaction set up used to amplify sequences with the NEB kit

NEB Taqg reagents Concentration 1X

5X Buffer 1X Buffer 5ul
DNTPs 0.2 uM 0.5 pl
Forward primer 0.5uM 0.5 ul
Reverse primer 0.5uM 0.5 ul
Template 44 ng 2 ul
Enzyme 0.025 units/pl 0.125 wl
ddH,O - Up to 25 pl

Table 2.6. The PCR reaction set up used to amplify sequences using the iProof ™ kit

iProof™ reagents Concentration 1X

10X Buffer 1X Buffer 2.5 ul
dNTPs 0.2 uM 0.5 pul
Forward primer 0.5uM 1.25ul
Reverse primer 0.5uM 1.25ul
Template 44 ng 2 ul
Enzyme 0.02 units/ul 0.25ul
ddH,O - Upto 25 ul




Table 2.7. Sequencing reaction set up for the BigDye® terminator v3.1 cycle sequencing kit

Bigdye v3.1 reagents Concentration | 1X

Ready reaction mix 25X 4
BigDye Sequencing buffer 5X 2
Forward or reverse primer 3.2 pMol 6.4
Template 5-20 ng 1-2
ddH,O - Up to 20 ul

Table 2.8. Sequencing cycling conditions

Cycle sequencing conditions

1 Place the tubes in a thermal cycler and set to the correct volume

2 Perform an initial denaturation

a. Rapid thermal ramp to 96 °C

b. 96° C for 1 min

3 Repeat the following for 25 cycles:

» Rapid thermal ramp* to 96 °C

e 96 °C for 10 sec

» Rapid thermal ramp to 50 °C

« 50°C for5sec

4. Rapid thermal ramp to 4 °C and hold

5. | Place the products in the fridge until ready to ship

*Rapid thermal ramp is 1 °C/second.

2.1.5 Characterization of identified variants
SVS (version 8.4.4) was employed to characterise and generate visual illustrations of the
variants. The variants were classified in terms of gene, location relative to the gene (e.g. in
the intron, upstream, downstream, coding, intergenic, untranslated regions or non-coding

transcripts), and class (e.g. splicing, deletion, insertion, frame-shift insertion, frame-shift
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deletion, initiator codon, substitution, synonymous or non-synonymous). Novel variants were
identified using SNP Variation Suite 8.4.4 (SVS version 8). The 1000 Genomes Project Phase
3 (KGP), dbSNP common 149, NCBI (dbSNP 149), and Exome Aggregation Consortium
(ExAC) databases were used to identify and filter out common variants. | also examined the
data to identify variants in the published literature that had previously been associated with
TDF related nephropathies (Table 1.2). These variants were further characterised by
comparing the allele frequencies from the d4T cohort and commonly used databases. These
included three African populations, a Caucasian population and a population of Chinese
ancestry. Populations of African ancestry included a Bantu-speaking cohort from the African
Genome Variation Project (Gurdasani et al. 2015), and two KGP’s African populations, the
Luhya (LWK) and Yoruba (YRI). The Bantu-speaking cohort comprised of 100 Zulu
speakers from South Africa who were whole genome sequenced at low-coverage. The LWK
is an East-African population from Webuye, Kenya and the YRI is a West-African population

form Ibadan, Nigeria, (www.ensembl.org/)). Both the Caucasian and the Chinese populations

are from the KGP study. The variants previously identified were associated with TDF intake,
pharmacokinetics and toxicities and were also cross-checked against the pharmacogenetic
mutation database (PGMD™) and pharmGKB database. These databases are resource tools
used to identify all published genetic variants associated with drug response in patients.
These databases also include pharmacogenetic studies that generate detailed phenotype to
genotype relationship to facilitate the identification of relevant information from public

Sources.

2.2: RESULTS

2.2.1  Sequencing chip performance

Sample sequencing was initially performed on an lon Torrent PGM ™ sequencer and in order
to extract more data from the sequencing libraries, sequencing was repeated on an lon

5TM

Torrent S sequencer that was released by Thermo Fisher shortly after the initial

sequencing had been performed.

Four chips (Ion 318™ Chip v2) were run on the Ion Torrent PGM™ sequencer with libraries

from 20, 20, 14 and 16 patient samples, respectively. The initial chip was run using 2 ul of a
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combined patient library that had been created by combining 3.6 ul of each 200 pM library.
The chip loading density for the initial chip was observed to be of low quality, with less than
15% of the chip wells utilised resulting in a low quality of final library with a read total count
of 1 305 reads representing 1 305 representing 0.23 Mbp of data (Figure 2.4, Panel A). Data

from this first chip was therefore excluded from the final dataset used for analysis.
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Figure 2.4. Loading density plots for the Ion 318™ chips used to produce the NGS data, in
chronological order with (A) showing the first run followed by (B), (C) and (D). (A) showed poor
loading density owing to insufficient starting library concentration. (B) was better but still not
optimal, and (C) and (D) had excellent loading density reaching up to 100% in the majority of wells.
Loading subsequently improved after the first attempt, with each chip generating an average of 3.9

million library reads.
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The poor performance of the first chip was corrected by using 25 ul of the pooled 200 pM
libraries for template preparation. This led to a significant increase in the loading density of
the chip to 67% (Figure 2.4, Panel B), with a final library reads count of 2 643 682 reads
representing 511.25 Mbp of data. The third chip (Figure2.4, Panel C) produced the highest
loading density of 84% with a final library read count of 4 934 752 reads representing 1
021.27 Mbp. Similarly, the last chip (Figure2.4, Panel D) achieved a loading density of 82%
and a final library read count of 4 119 973 reads representing 786.89 Mbp.

For each Ion 318™ run, sequencing quality settings were defined to ensure that only bases
with a likelihood of a 99% chance of being correctly called (Q20) were included in the final
data. In addition, only patient sample data that obtained sequencing nucleotide depth or
coverage of greater than 50X were selected for further analysis to ensure the sequencing
accuracy for each individual nucleotide. The coverage requirement for regional target

resequencing typically ranges between 30-80X (https://genohub.com/next-generation-
sequencing-quide/, 13/04/16). The average coverage for the final 40 patients included in the
dataset described below was 92X. Individual 170253 (depicted as BAM file no. 8) was
sequenced at an average read depth (coverage) of 320X and a coverage for target regions of
99%, and obtaining a read depth of 288 for SNP ABCC4 669T (rs899494), as depicted in
Figure 2.5.
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Figure 2.5. Next generation sequencing coverage for individuals 170253 (depicted as Bam file no. 8)
and 170245 (Bam file no. 9) for SNP rs899494 located in gene ABCC4, position chr13:95861804.
Individuals 170253 and 170245 had a read depth of 288 and 96, respectively. Individual 170253
carried the variant and could potentially be at risk of TDF-AKI (phosphorous wasting). The blue pile
up represents the forward strand and the green pile up represents the reverse strand.

In order to extract more data from the sequencing libraries, libraries were also sent to Uppsala
University, Sweden, for targeted sequencing on an lon Torrent S5™ sequencer. Loading
density for the two chips was observed to be 88% and 90%, respectively, with a final library
read count of 16 144 778 wells and 17 991 586 reads respectively (Figure2.6). This
respectively represented 3.76 Gbp and 4.09 Gbp of sequence data. Identical quality settings to
those used on the lon PGM™ system were employed. The average coverage for the same set

of 40 individuals described above was 820X.

42



A (lon 530™ chips 1)

88%
ISP Loading

ISP Density

S5XL-00297-19-rp_016_1
Loading Density (Avg ~ BB8%)

B (lon 530™ chips 2)

90%
ISP Loading

ISP Density

S5XL-00297-18-rp_016_2
Loading Density (Avg ~ 90%)

=4
-

J -
200 00 @O0 800 1000 I 1o 0 20 ) @0 800 1000

1680 mells 1680 melhy

10%

0% 0%
Figure 2.6. Loading density plots for the Ton 530™ chips used to produce the NGS data (A-B). The
loading density for each chip was 88% and 90%, respectively. The chips produced an average of 17
million library reads due to their higher loading capacity compared to the lon 318TM chip.

2.2.2  Sequencing data analysis

a) lon PGM™ vs lon S5™
The lon reporter™ software was employed to detect, analyse and annotate approximately
2 600 variants across 65 genes that were present in the 40 sequenced patient samples obtained
using lon Torrent PGM™ sequencer. Golden helix™ (genome browser and SVS version
8.4.4 (SVS 8)) software was then employed to further visualise and mine the sequencing data.
NGS filtering and characterisation strategies were applied to the high quality data (following

QC) generated from both sequencers.

lon PGM™ data were imported into the genome browser in BAM file format and into SVS 8
in VCF format. BAM is the binary format for storing sequence data and is therefore the
binary version of a SAM file, a tab-delimited text file that contains sequence alignment data.
VCF is a text file format that is stored in a compressed manner. The data obtained via the lon
Torrent PGM™ and lon Torrent lon S5™ sequencers were imported separately into SVS 8.
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The files generated were analysed for the overlapping variants and 618 variants were
identified by both sequencers (Figure 2.7). PGM™ sequencer generated 234 different variants
and the S5™ generated 1 380 different variants, which were further analysed and filtered to
identify possible variants to include in the panel for the case-control association study.

lon PGM lon S5

Figure 2.7. Venn diagram showing the total number of variants produced by lon Torrent sequencers
PGM™ and S5™. SVS 8 software was used to analyse both data sets and identified 618 overlapping
variants.

Variants that were identified by PGM™ only (i.e. 234 variants) were filtered to eliminate
variants that obtained a genotype quality score of < 15 and a read depth of <10. This resulted
in only 89 of the 234 variants having high quality reads generated via the PGM™ sequencer.
Only the 89 high quality variants were analysed further. To gain an understanding of the
nature of these variants, the variants were further characterised by assessing the nature of the

underlying nucleic acid change (Figure 2.8).

To validate the presence of selected variants, these regions were PCR amplified and
sequenced using Sanger sequencing. Two potentially novel ABCC2 and ABCBL1 variants were
identified after the initial NGS data filtering. In addition, an ABCC2 variant (rs717620) (a
commonly implicated TDF associated AKI (lzzedine et al. 2006, Rodriguez-Novoa et al.
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2009, Nishijima et al. 2012)), was in fact rare in the d4T cohort. These three variants were
assessed for robustness and the results are summarised in the table in Appendix E. Sanger
sequencing indicated that ABCC2 was rare and the two novel variants were not observed in
our sample population. The was discordance between the two methods used to genotype the
d4T patient samples indicated that the lon PGM™ data was not accurate and unreliable. As a
consequence, lon PGM™ variants were excluded and only those generated by the lon S5™
sequencer were examined further. lon S5™ data includes the overlapping 618 variants

identified in both sequencers.
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Figure 2.8. Variant classification for data generated using lon Torrent PGM™ sequencing. Pie chart (A) illustrates the classification based on the variant’s
position relative to the transcript of each variant (n=89). (B) illustrates the nature of the 84 coding variants, this includes variants that lie within a splicing
region of the coding transcript, and those within 1 000 bp of the transcript start/stop site (upstream or downstream variants). ‘Non syn” SNV refers to non-
synonymous SNPs causing an amino acid change; ‘Synonymous” refers to a coding SNP that does not cause an amino acid change; ‘Sub’ refers to other
substitutions that do not cause a frameshift change. ‘other’ represents additional variant classes which include insertions, frameshift substitution, deletion-
substitution and deletion. The 4 other variants were grouped together as their respective classification groups had less than 6 variants. (C) shows the
corresponding number of variants that lie in each respective gene (n=64). (D) illustrates the classification class of 6 variants that lie in genes relevant to TDF
nephropathy and (E) shows the number of variants that lie in genes relevant to TDF nephropathy. Please note that these data were not used for downstream
analysis as several vatiants could not be validated with Sanger sequencing.
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The data generated from the lon Torrent lon S5™

sequencer (the second sequencing
experiment) was imported into SVS 8 and filtered identically to the lon PGM™ data by
eliminating variants that obtained a genotype quality score of < 15 and a read depth < 10.
lon S5 sequencing generated 1 687 high-quality variants from the 1 998 variants that were
imported. The variants were further characterized (Figure 2.9). A total of 581 variants were
identified to be coding, i.e. the DNA region that is comprised of protein coding exons, coding
for proteins and bounded by a translation start and stop codon. These included 283 non-
synonymous variants (which resulted in amino acid change), 260 synonymous variants
(which results in no amino acid change), 14 other substitutions (where a nucleotide is
substituted or replaced with another in a non-coding region) and 29 classified as other, which
include frameshift mutations (where the variation resulted in a shift in the way the nucleotide
sequence is coded and would change the amino acid sequences downstream of the mutation),
deletions, splicing variants and insertions. The variants lie in 64 of the 65 genes selected
during the primer design stage (Figure 2.9). Data generated from NGS sequencing was used
to compile a manuscript that describes the deep sequencing of 40 HIV positive patients of
Bantu ancestry (Appendix D). The manuscript aims to provide information that further
broadens understanding of the inter-patient variability in drug response and metabolism.
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Figure 2.9. Variant classification for data generated via lon Torrent S5™ sequencing. Pie chart (A)

illustrates the classification based on the variant’s position relative to the transcript of each variant (n=
1 687). (B) illustrates the nature of the 581 coding variants, this includes variants that lie within a
splicing region of the coding transcript, and those within 1 000 bp of the transcript start/stop site
(upstream or downstream variants). ‘Non syn’ SNV refers to non-synonymous SNPs causing an
amino acid change; ‘Synonymous” refers to a coding SNP that does not cause an amino acid change;
‘Sub’ refers to other substitutions that do not cause a frameshift change; additional variant classes are
represented by ‘other’, which includes insertions, frameshift insertion, frame shift deletion, stop-loss,
stop-gain, initiator codon and deletion. The 29 other variants were grouped together as their respective
classification groups had less than 14 variants each. (C) shows the corresponding number of variants
that lie in each respective gene.

223 Variants filtering and characterization

a) Gene panel filtering
For the specific purpose and focus of this study, the filtering strategy in Figure 2.10 was

implemented. Gene panel filtering was employed to look for known and potentially novel
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variants in genes coding for proteins that interact with TDF during absorption (ABCB1) and
elimination (ABCC2, ABCC4, ABCC10, SLC22A6, and SLC22A8). Since TDF elimination is
less well understood, SLC22A1 and SLC22A11 transporters were also included because they
belong to the same class of transporters localised in the kidney and were included in other
studies (Rodriguez-Né6voa et al. 2009). Gene panel filtering of the S5™ data resulted in 275

variants remaining and of these 86 variants lie in coding and splicing regions (Figure 2.11).

lon S5™ high quality variants
(n=1687)

* — Excluded 1 412 variants

Gene panel filtering (n=275)

v

Variant classification (n=275)

/ 1 \

Variants of functional Novel variants (n=40 Variants implicated in TDF
relevance variants) induced AKI and efficacy.
-4 Loss of function variants -KGP phase 3 (n=9)
-dbSNP 147
-EXAC 0.3

* Excluded 2

— - variants
Inclugled 2 A_POLl variants |?r|or|1t|zeéje/§{|ants 1 ﬁgggi
associates with HIV — - 3 ABCC2
associated nephropathy R 2ABCC4
(HIVAN) - 1ABCCI10

2 APOL1

Figure 2.10: Summary of the filtering strategy that was employed for prioritising variants identified in
the lonS5™ data. The criteria for prioritizing the variants included selecting variants that lie in eight
genes implicated in TDF induced AKI. These genes are associated with TDF absorption (ABCB1) and
elimination (ABCC2, ABCC4, ABCC10, SLC22A6 and SLC22A8). Since TDF is elimination is less
understood, SLC22A1 and SLC22A11 transporters were also included because they belong to the same
class of transporters localized in the kidney. The variants were futher prioritized based on functional
impact, novelty and association with TDF induced AKI, efficacy and nephropathy.
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Figure 2.11. Gene panel and filtering of high quality variants identified by the lonS5™. Gene panel
filtering was employed to identify variants localised in eight genes implicated in TDF induced AKI
and efficacy, where 275 variants were identified and characterised. Pie chart (A) shows a variant
classification according to gene position. Pie chart (B) illustrates the classification for each coding
variant. ‘Non syn” SNV refers to non-synonymous SNPs causing an amino acid change. Additional
variant classes are represented by ‘other’, which includes frameshift insertion, frame shift deletion,
deletion and splicing variants. The four other variants were grouped together as their respective
classification groups had few variants each. (C) illustrates the number of variants in each gene.

Frequency filtering was employed where only variants that occurred at a frequency of < 0.1
were filtered out. This resulted in the identification of 265 variants that occur at an allele
frequency of greater than 0.1. The coding variants displayed a minor allele frequency range
of 0.11-0.5 and a call rate range of 0.025-0.90 which is the total proportion of patient samples
that were sequenced or called at those loci.

50

Other (4)



b) Bioinformatic functional analysis

Functional analysis included looking at variants from the lon S5™

data that were indicated to
be potentially functional, i.e. non-synonymous, where 41 (48%) of 86 coding variants were
identified in genes implicated in TDF induced AKI and efficacy (Figure 2.11). Loss of
function (LoF) variants are defined as variants that are predicted to disrupt protein-coding
genes and include stop-gain, stop-loss, splicing, frame-shift insertion and frameshift deletion
variants. From the variants identified three (7.3%) were potentially loss of function variants
(Table 2.9). The three LoF variants included a frameshift deletion in ABCC2, a splicing
variant and a frameshift insertion in SLC22A1. All three variants were novel and potentially

unique in our population.

The potential functional impact of the all 275 variants identified in the eight genes implicated
in TDF induced AKI was determined using SIFT (damaging threshold of < 0.5), PolyPhen
algorithms and EXAC VEP annotation 0.3 database (via SVS 8). SIFT indicated that 11
variants were potentially deleterious and PolyPhen indicated that three variants were possibly
damaging and that five variants were probably damaging (Figure 2.12). Table 2.10 highlights
the non-synonymous or missense variants with potential functional impact, detected by the
ExXAC VEP 0.3 database. A total of 26 variants were identified as deleterious, possibly or
probably damaging. Of these, six variants classified as deleterious (based on the SIFT score),
one as possibly damaging and four as probably damaging (based on the PolyPhen algorithm).
From the 26, three variants were identified as deleterious (or probably damaging) by both
tools (Table 2.10).

Table 2.9. Classification of Loss of function variants

Gene Location (hgl9) | Classification HGVS Coding HGVS rs 1D
Protein
SLC22A1 6:160543329 Frameshift €.361_362insG p. Cysl121fs
Insertion
SLC22A1 6:160560898 Splicing €.1275_1276+6delI TGGTAAGT
ABCC2 10:101577129 Frameshift €.2159_2160delTT p. Phe721fs
Deletion
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Figure 2.12. SVS version 8.4.4 functional effect analysis of 275 variants identified after gene panel filtering. SIFT (A) and PolyPhen (B) analysis of the total
number of variants that were identified in genes relevant to TDF nephropathy. Pie charts (1A and 1B) illustrates the number of variants classified as true
indicates that the variants have a damaging threshold of < 0.5, making them probably damaging and may exert a significant functional change. The
corresponding genes in which the variants lie are indicated in the pie charts (2A and 2B).
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Table 2.10. Functional analysis of variants located in genes potentially associated with AKI

Gene Marker Ref/Alt Consequence | Position | Position Position Amino Co-located SIFT PolyPhen
Symbol incDNA | in CDS in Protein | Acid Variation
Change
ABCC10 6:43400691 CIT Missense 1203 844 282 rs73424611 Tolerated Benign
: Leu/Phe
variant (0.1) (0.132)
ABCC10 6:43401027 A/G Missense 1539 1180 394 rs61740187 Deleterious | Probably
variant Asn/Asp (0.01) damaging
(0.999)
ABCC10 6:43411739 T/IC Missense 2760 2401 801 Ser/Pro rs369336854 Tolerated Benign
variant (0.31) (0.003)
ABCC10 6:43412865 TIC Missense 3118 2759 920 rs2125739 Tolerated Benign (0)
variant, splice 1le/Thr (0.59)
region variant
SLC22A1 | 6:160543008 CIT Missense 41 41 14 rs34447885, Tolerated Benign (0)
variant, NMD s CMO072043 1)
; er/Phe
transcript
variant
SLC22A1 | 6:160557643 CIT Missense 1022 1022 341 rs2282143, Deleterious | Possibly
variant, NMD Pro/Arg CMO041849 (0) damaging
transcript (0.72)
variant
SLC22A1 | 6:160557643 CIT Missense 1022 1022 341 1s2282143, Deleterious | Probably
variant, NMD Pro/Leu CMO041849 (0) damaging
transcript (0.96)
variant
ABCB1 7:87138659 AT Missense 3229 3229 1077 Ser/Thr rs2229107 Tolerated Benign
variant (0.43) (0.01)
ABCB1 7:87190625 T/IC Missense 589 589 197 lle/Val rs36008564 Tolerated Benign
variant (0.08) (0.116)
ABCC2 10:101557080 CIT Missense 941 859 287 rs113972365 Deleterious | Probably
variant Leu/Phe (0) damaging
(0.999)
ABCC2 10:101560169 | G/A Missense 1171 1058 353 Arg/His rs7080681 Tolerated Benign
variant (0.16) (0.009)
ABCC2 10:101563815 G/IA Missense 1362 1249 417 12273697, Tolerated Benign
variant Val/lle CMO067967, (0.18) (0.044)
COSM1179584
ABCC2 10:101590186 | CI/T Missense 2856 2743 915 Arg/Cys rs112758556 Tolerated Benign
variant (0.05) (0.009)
ABCC2 10:101590538 | G/A Missense 2926 2813 938 Ser/Asn rs112339372 Tolerated Benign
variant (0.39) (0.002)
ABCC2 10:101591818 | A/G Missense 3301 3188 1063 rs17222540 Tolerated Benign
- Asn/Ser
variant (0.1) (0.439)
ABCC2 10:101611294 G/IA Missense 4657 4544 1515 rs8187710 Tolerated Benign (0)
- Cys/Tyr
variant (0.31)
SLC22A6 | 11:62749344 G/IA Missense 1060 767 256 Ala/GI rs11568624 Deleterious | Benign
variant y (0) (0.24)
SLC22A6 | 11:62749344 G/IA Missense 1060 767 256 rs11568624 Tolerated Benign
> Ala/Val
variant (1) (0.001)
SLC22A6 | 11:62752014 CIT Missense 442 149 50 Ara/Pro rs11568626 Tolerated Benign
variant 9 (0.07) (0.046)
SLC22A6 | 11:62752014 CIT Missense 442 149 50 rs11568626 Tolerated Probably
variant Arg/His (0.05) damaging
(0.91)
SLC22A1 | 11:64338485 G/IA Missense 433 433 145 Ala/Ser rs145855812 Tolerated Benign
1 variant (0.33) (0.085)
SLC22A1 | 11:64338485 G/IA Missense 433 433 145 Ala/Thr rs145855812 Tolerated Benign
1 variant (0.52) (0.085)
ABCC4 13:95815454 T/IC Missense 2124 2005 669 Met/Val rs9282570 Tolerated Benign
variant (0.32) (0.007)
ABCC4 13:95839008 TIC Missense 1386 1267 423 Lys/Glu rs11568669 Tolerated Benign
variant (0.81) (0.19)
ABCC4 13:95847145 G/IA Missense 1102 983 328 rs11568705, Tolerated Benign
variant Pro/Leu COSM1165207, | (0.09) (0.009)
COSM1165206
ABCC4 13:95859035 CIA Missense 806 687 229 1s2274407 Deleterious | Benign
variant, splice Lys/Asn (0.01) (0.3)
region variant
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¢) Novel variant identification in four genes and their classification
In order to determine the proportion of variants that are novel, known variants present in the

KGP phase 3; doSNP common 149, NCBI (dbSNP 149) and Exome Aggregation Consortium
(EXAC) VEP annotation 0.3 databases were filtered out. Initial filtering to identify novel
variants included filtering variants in the KGP database where 51 novel variants were
identified from 275 high-quality variants identified in eight genes implicated TDF induced
AKI. The next filtering step was filtering out variants in the dbSNP 149 database and 51
novel variants were identified. The last step involved filtering variants using the EXAC VEP
annotation 0.3 database databases. A total of 40 novel variants were identified and classified
in terms of the gene and location relative to the gene and class (Figure 2.13). Therefore 235
know variants were identified in the three commonly used databases selected and were
filetered out to potentially identify novel variants associated with TDF induced AKI and

efficacy.
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Figure 2.13. Novel variants classification. Pie chart (A) illustrates the classification based on the novel
variant’s position relative to the transcript of each variant (n= 40). (B) Illustrates the nature of the
eight novel coding variants and (C) shows genes and the corresponding number of variants that lie in
each respective gene.

2.2.4  Panel of polymorphisms selected for genotyping the TDF cohort
In order to select and prioritise a panel of polymorphisms that would be genotyped in the
TDF cohort, further selection criteria, in addition to variant prevalence and novelty were
applied. These included whether or not the variants result in functional changes and whether
or not the variants have previously been associated with TDF treatment outcome. Based on
this filtering step a total of seven prioritised variants were selected, as described in Table 3.3.
These variants have all previously been shown in other populations to be associated with
different aspects of TDF-induced nephrotoxicity (Table 3.3). The variants were identified in
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three different ethnic groups, namely Caucasian, American and Japanese. Two protective
ABCC2 alleles (3563A - rs17222723 and 4544A - rs8187710) (lzzedine et al. 2006) were
observed to occur at a lower frequency in the cohort we sequenced (compared to the
European population), warranting further investigation in the TDF cohort. The two protective
variants were in linkage disequilibrium (LD); however this may not be the case as they
occurred at different allele frequencies in our cohort. With the aim of selecting a more
protective variant, ABCC2 3563A allele (rs17222723) was preferred as it occurs at a lower

frequency in our cohort.

A commonly associated variant (ABCC2 -24 C/T), along with two potentially novel variants,
were excluded from the genotyping panel as Sanger sequencing indicated that they were not
prevalent or were not observed in our sample population (Appendix E). Another commonly
associated variant, ABCC2 1249 G/A (rs2273697), was identified in our population and
occurs at a similar frequency compared to other populations (Table 2.11 and Figure 2.14).
The African populations (our sequenced d4T cohort, Bantu-speaking (AGVP) and KGP’s
African populations) showed higher frequencies for most of the prioritised variants than the
global population (KGP) (Figure 2.14). The variant allele frequencies were compared among
different populations and the most frequent variant in our sequenced cohort was ABCC4 669
C/T (rs899494). This variant has been shown to be associated with increased risk of TDF-
AKI (phosphorous wasting). Unfortunately, it was excluded from the final genotyping panel

because it failed the QC steps during manufacturing.
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Table 2.11. Nine variants previously reported to be associated with TDF associated nephropathy

Polymorphism ID

Genotype

associated
w/ outcome

Protein

Clinical outcomes

Population

MAF in the
AKI cohort

MAF in our
cohort (n=40)

References

MPR2 rs2273697 €.1249G>A p.Val417lle Associated with TDF-AKI European Rodriguez et al
(ABCC2) (Aminoaciduria) 2009 &
Pushpamkom
etal 2011
rs17222723 c.3563T>A AA p.Val1188Glu  More frequent in the control 29 European 0 (0.2351in 0.09 lzzedine et al
group (protective) &1 African the control 2006
group)
rs8187710 c.4544G>A  AA p.Cys1515Tyr  More frequent in the control 29 European 0 (0.235in 0.2 Izzedine et al
group (protective) &1 African the control 2006
group)
rs3740066 €.3972C>T  CC (WT) p. Associated with TDF-KTD European 0.68 0.11* Rodriguez et al
(B2- microglobulinuria) 2009and
Izzedine et al,
2006
MPR4 rs899494 c.669C>T  CC (WT) p. Increased risk of TDF-AKI European 0.92 0.41 Rodriguez et al,
(ABCC4) (phosphorous wasting) 2009
rs3742106 c.4131T>G TG/GG p. Associated with TDF-KTD European 0.45 0.36* Rodriguez et al
(altered uric acid excretion) 2009
rs1751034 c.3463A>G GG p. Higher intracellular TFV-DP ~ American 0.201 0.34 Kiser et al 2008
(35%) (w/ 6
African)
MPR7 rs2125739 c.2759T>C CC p.11e948Thr Marginally associated with European 0.388 0.25 Pushpamkom
(ABCC10) TDF-AKI (limited etal 2011
sample size)
PgP-1 (ABCB1) rs2032582 C.2677T>A  AA p.Ser893Thr Significantly associated with Japanese 0.26 0.10 Nishijima et al
G (A), TDF-AKI 2012
p.Ser893Ala
(G)

MAF= Minor Allele Frequency

*Allele frequency determined using Golden Helix Genome Browser (GHGB)

Variants highlighted in purple are the variants that were prioritized for genotyping the tenofovir cohort..
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Figure 2.14. Characterisation of 11 prioritised variants. Nine variants have been associated with TDF associated acute kidney injury (TDF-AKI) (Table 2.11),
and two additional variants in APOL1 strongly associated with HIV-associated nephrotoxicity (HIVAN) are included. The risk alleles of TDF-AKI occur
more frequently in the African populations and the APOL1 variants are rare in the Caucasian (CEU) and Chinese (CHB) populations.
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The variants previously associated with TDF induced AKI were cross-checked against the
Pharmacogenetics mutation database (PGMD ™), which is a large manually curated database
of pharmacogenetics traits based on public databases and literature. The PGMD™ database
contained 10 genetic markers that are reported to be associated with TDF associated
nephrotoxicity (TDF-AKI), eight variants and two haplotypes. This included ABCB1 variant
2759T/C (rs2125739), ABCC2 variants 1249 G/A (rs2273697), 3972 C/T (rs3740066), 3563
T/A (rs17222723) and ABCC4 variants 3463 A/G (rs1751034) and 669 C/T (rs899494). The
haplotypes identified were ABCC10 haplotype GGC [positions intron 4 or ¢.1791+526
(rs9349256), 2759 (rs2125739) and ¢.2044-182 (rs2487663)] and ABCC2 haplotype CATC
[positions -24 (rs717620), 1249 (rs2273697), 3972 (rs3740066) and 3563 (rs17222723)]
(Figure 2.14)

Study
Gene Variation dbSNP ID Phenotype Disease HGMD PMID

ABCC10 [1e948Thr rs2125739 A « Renal insufficiency HIV 577

Infections

ABCC10 c.1875+526G>A rs9349256 A « Renal insufficiency HIV - 5772
€.1791+526G>A Infecti

ABCC10 plo rs9349256 A * Renal insufficiency HIV 522
1875+52 rs2125739 A Infections
1791+52 rs2487663 7
e948Thr
128-182A>G <4
82A>G
ABCC2 ValéiZlile rs2273697 A « Proximal tubulopathy HIV CMO67967 A 962
Infections
ABCC2 CysiS1STyr rs8187710 A « Proximal tubulopathy HIV CM119536A 967
Infections
ABCC2 24C>T rs7176202 « Nephrotoxicity HIV CRO76688 2 80~
Infections
ABCC2 Val1188Glu rsi7222723 2 « Proximal tubulopathy HIV CMO65960~ 96~
Infections
ABCC2 View haplotype report rs717620 2 e Proximal tubulopathy HIV 962
LT S22 23802. lofections
I vValéi7ile rs3740066 A I
Ile1324lle,lle1324Met rs17222723 2
a 8Glu
ABCC4 Lys1116Lys rs1751034 A * Accumulation of drug or HIV 877
metadolite Infections
ABCC4 Ile223lle rs8994394 2 « Proximal tubulopathy HIV 962
Infections

Showing 1 to 10 of 10 entries

Figure 2.15. An illustration of a PGMD™ report. PGMD™ identified ten variants reported to be
associated with TDF associated nephrotoxicity, six of which were selected for genotyping in this

study (outlined).
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These were also cross-checked against the pharmGKB, pharmacogenetics knowledgebase,
another manually curated database of pharmacogenetics traits based on public databases and
literature. The database also provides clinical annotations, dosing guidelines and
pharmacokinetics or pathways the drugs take thus providing pharmacogenetic knowledge
regarding the impact of pharmacogenetics traits on drug response for clinicians and
researchers. The database identified 10 variants and two haplotypes that were statistically
associated with TDF-AKI. Thus, the database identified one additional variant associated
with TDF-AKI. This variant was recently published [ABCC4 4976 T/C (rs1059751)]
(Likanonsakul et al. 2016) but was not identified in our study population. Additional variants
contained within these databases that were not selected for genotyping in this study were
ABCC10 variant ¢.1791+526 G/A (rs9349256), ABCC2 variants -24 C/T (rs717620), c.2044-
182 A/G (rs2487663) and 4544 G/A (rs8187710) and ABCC4 4976 T/C (rs1059751). These
variants were excluded from the genotyping panel because of low allele frequency (-24 C/T
and ¢.1791+526 G/A) and some were excluded because they were not observed in our cohort
(ABCC4 4976 T/C and c.2044-182 A/G). Variant ABCC2 4544A was excluded because
ABCC4 3563A was preferred, as described above. ABCC4 669 C/T (rs899494) was excluded
from the final panel because a TagMan assay probe to genotype this variant could not be

manufactured.

The variants used for genotyping the TDF cohort in the case-control association study
(highlighted in Table 2.11) included three ABCC2 variants (rs2273697, rs3740066 and
rs17222723), two ABCC4 variants (rs1751034 and rs3742106), an ABCB10 variant
(rs2125739) and an ABCBL1 variant (rs2032582). In addition to the seven variants, two
APOL1 variants (1072 A/G and 1098 T/G) were included because they had previously been
reported to be significantly associated with HIVAN in the African population (Behar et al.
2011, Tzur et al. 2012, Ko et al. 2013, Ulasi et al. 2013). The effect size for association with
kidney disease for these variants was found to be higher in the black South African
population compared to the African American population (Kasembeli et al. 2015a). Thus, the
effect of these variants may also be relevant to ARV-induced nephrotoxicity. The genotyping

panel therefore included nine SNPs in five genes, show in Figure 2.14.
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2.3: DISCUSSION

HIV ARVs are highly effective and prevent patient progression to AIDS. Trea™ent is based
on highly active antiretroviral therapy (HAART) combination therapy and has improved
patient prognosis. Some of the drugs used in HAART are, however, not available in
developing countries. South Africa has the largest ARV program in the world with 3.5
million people receiving treatment (Reid 2016); due to the widespread use of HAART drugs
hospital admissions due to adverse drug reactions (ADRs) are notably increased (Mouton et
al. 2015, Peter et al. 2015, Mouton et al. 2016, Njuguna et al. 2016). Specifically, the use of
TDF is commonly implicated in these adverse outcomes. It is well established that human
genetic variation can influence drug outcome, but pharmacogenetic data is limited for African
populations. Some research is now being undertaken in African populations and there is
increasing evidence that points to notable differences compared to other populations in the
metabolism and efficacy of drugs due to ethnic-specific genetic differences. In particular,
higher allele frequencies of variants of clinical significance in ART, including TDF-induced
nephrotoxicity (which presents clinically as AKI), have been reported, warranting their
further investigation in local populations. African populations in general show higher genetic
diversity offering the opportunity to uncover novel variants and to perform research to

establish associations between such variants and outcome of treatment.

Given the significant differences observed across populations in variants associated with drug
therapeutic outcome, the aim of the study was to comprehensively identify variants in eight
TDF associated ADME genes to enable the selection of a subset of population-relevant SNPs

for an association study of TDF-associated nephrotoxicity.

231 Next generation sequencing of a Bantu speaking cohort
Given the potential likely variant and variant allele frequency differences within the
population used in this study compared to publicly available data, targeted sequencing of the
genes in an existing South African cohort of Bantu ancestry was first undertaken. NGS
technology was employed to comprehensively map (at high coverage) and characterise
common and novel variants in eight genes implicated in TDF efficacy and nephrotoxicity in
this population. In the experiment, data was generated on a total of 65 genes, but for the
purpose of this dissertation the data on only eight of the genes are described. The 65 genes,

including those implicated in TDF efficacy and nephrotoxicity, were investigated. The genes
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included drug transporters, drug metabolising enzymes, genes implicated in hypersensitivity,
kidney function, kidney development and kidney failure biomarkers. An amplicon library of
the targeted regions within the 65 genes was prepared for each individual patient. The
sequencing libraries were prepared for sequencing by attaching and creating monoclonal
copies on lon sphere particles (ISPs). The libraries prepared were sequenced using two lon
Torrent platforms (i.e. Ton PGM™ and lon S5™).

a) lonPGM™ vs lon S5™
Two sequencing platforms, each using its own chip, were used. The templated ISPs were
initially loaded onto a 318™ chip and massively parallel sequencing was performed on the
lon PGM™ sequencer. The initial chip setup using the manufacturer’s recommendations (2
pl of 200 pM pooled libraries was added during the template preparation step) performed
poorly on the lon PGM™ sequencer and was subsequently omitted from data analysis. Per
manufacture’s recommendations, the library input was increased to target 25% templated
ISPs, this was done by adding 25 ul of 200 pM pooled libraries and the chips performances

improved. Three 318™

sequencing chips was used to sequence the 40 patient samples and
they generated an average of 773.14 Mbp of data. To extract more data from the sequencing
libraries, libraries were sequenced on an lon Torrent S5™ sequencer, using Ion 530™ chips.
As expected, the Ton 530™ chips performed much better than the Ton 318 ™ chips. With the

530™ chips generating 3.94 Gbp of data and obtaining an average sequencing depth of 820X.

NGS data generated from the lon Torrent S5 and lon PGM™ (lon Reporter) was compared
using SVS 8 (and Golden Helix Genome Browser) and both platforms generated similar
results, i.e. call rates and allele frequencies. However, not surprisingly the lon S5™ generated
more variants (1 998 compared to the 852 variants generated by PGM™) and higher
sequencing depth. This indicates that the regions targeted were covered much more deeply
with the lon S5, giving greater confidence in these results. The 1 146 variants not detected by
lon PGM™ sequencing was possibly due to poor quality data and the stringent QC process of
variant calling and these variants failed to meet the cut-off or threshold. Another reason for
the discrepancies is the increased chip capacity that allowed for more of the templated ISPs to
be captured on the 530™ chips, resulting in increased coverage that meets the stringent QC

process.
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lon PGM™ sequencer generated 234 variants that were not detected bu the lon S5™

sequencer and this included 89 high quality variants, potential loss of functions (LoF), novel
variants and six variants localised in TDF implicated genes. However, the data was not
credible as a few of the variants identified by sequencing on the lon PGM™ sequencer were
evaluated by Sanger sequencing to validate and confirm their genotypic calls. Sanger
sequencing was performed on the patients that possessed two novel variants in ABCC2 and
ABCB1 genes and an ABCC2 variant (rs717620) commonly implicated in TDF associated
AKI (Appendix E). Sequencing analysis indicated that the calls were incorrect and the novel
variants were not detected in our cohort. This cast doubt on the accuracy of some of the
relatively low coverage data generated by the lon PGM experiment. Sanger sequencing
indicated that the ABCC2 variant (rs717620) was present in our target population, however it
was rare. The incorrect variant calls identified on the lon PGM™ led to a decision to use only
high coverage data generated from the lon S5™ for downstream analysis and identifying

variants to prioritise to screen the TDF cohort.

b) Variant discovery and characterization

Since the PGM™ generated data were unreliable, only lon S5™

generated data were used to
select variants for further analysis. The 1687 high quality variants identified by the latter
have been comprehensively analysed in a manuscript that is under revision (Appendix D).
This manuscript discusses the implications of findings for future pharmacogenetic studies and

strategies aimed at improving treatment outcome amongst patients of Bantu-ancestry.

My study was a subset of a bigger study and focused on genes implicated in TDF ADRs and
efficacy. As a consequence, a subset of eight genes out of 65 were selected for downstream
analysis. Gene panel filtering resulted in 275 variants that lie in genes associated with TDF
absorption (ABCBL1), elimination (ABCC2, ABCC4, ABCC10, SLC22A6 and SLC22A8) and
transport (SLC22A1). No variants were detected in the transporter gene SLC22A11. The 275
variants were further characterised and analysed for variants of functional significance and
novelty. The functional impact of these variants was evaluated, via bioinformatic analysis, by
first looking at coding variants of functional significance such as non-synonymous and loss
of function (LoF) variants. This resulted in 86 coding variants (including a splicing variant)

being identified and evaluated. From these 41 variants were predicted to potentially be
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functional. This included three LoF variants, a frameshift insertion, a frameshift deletion and

a splicing variant.

In order to identify potentially novel variants, KGP phase 3, dboSNP 149 and EXAC databases
were employed to filter out variants identified in these three databases. This resulted in the
identification of 40 potentially novel variants; three of the variants were LoF variants. The
LoF and novel variants were not considered in the genotyping panel because of their low call
rate, as the genotype calls would require validation using Sanger sequencing to ensure that
they are not artefacts of the variant calling algorithm. This series of experiments was not
performed due to time and cost constraints.

The NGS data provided more insight toward the genetic variation in ADME genes in a Bantu
speaking cohort and concurs with recent studies which indicate that African populations
reflect greater genetic diversity as compared to other populations (Aminkeng et al. 2013,
Auton 2015). Genetic diversity provides an opportunity to discover entirely novel
polymorphisms that affect therapeutic outcome and such variants were identified in patients
of Bantu ancestry.

c) Prioritized panel of SNPs
For prioritisation of the panel of polymorphisms used to genotype the TDF cohort, further
selection criteria, in addition to variant prevalence and novelty, included whether the variants
result in functional changes and whether the variants have previously been associated with
TDF treatment outcome. Based on the sequencing data from this study, nine variants that
have previously been identified to be important in TDF induced nephrotoxicity in Caucasian,
Japanese and American populations were confirmed to be present in the Bantu-speaking
population. From the nine variants, two were excluded because one ABCC2 (rs8187710)
variant was in LD with another prioritised variant and was associated with the same outcome.
The other variant (ABCC4, rs899494) failed to meet manufacturing QC requirements. Two
additional variants were added to the remaining seven SNPs on the panel because of their
strong associations with HIVAN, as confirmed in a South African cohort (Kasembeli et al.
2015a). This resulted in a final SNP genotyping panel of nine SNPs. The allele frequencies
were compared with populations commonly used as references for populations of African,
Caucasian and Chinese ancestry. This included Caucasian population and a Chinese
population from the KGP, two African populations from the KGP (YRI and LWK) and a
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Bantu speaking population (Zulu) from the African Genome Variation Project (AGVP) The
African populations showed higher frequencies for most of the identified variants than the
global population (Figure 2.11). Should the association with kidney disease be confirmed in
Africans, it would suggest a potentially important genetic predisposition of African

populations to nephropathy, HIVAN, and more significantly TDF associated nephropathy.

The most common variant implicated in TDF nephrotoxicity, ABCC2 -24 C/A, was
confirmed to be a rare variant in Bantu-speakers and as such was excluded from the final
panel. The relatively low frequency suggests that in the broader population the effect of this
variant may not be as significant (as other variants prioritised). In contrast, another
commonly associated variant in this gene, 1249 G/A (rs2273697) was found to occur at
similar prevalence (MAF=0.2) to that reported in other populations such as populations of
Cape mixed ancestry (CMA) origin (MAF=0.18); this variant is prevalent at a relatively low
frequency in the Xhosa (MAF=0.1) (Ikediobi et al. 2011) and CEU populations (MAF=0.14)
while amongst the LWK population its frequency is relatively high (MAF=0.33). Thus, there
would be merit in prioritising the analysis, in relation to AKI, of this variant in the broader

population to establish its potential clinical relevance.

Likewise, a variant located in the gene ABCC4, 3463 T/C (rs1751034), which is associated
with increased intracellular concentration of TDF (Kiser et al. 2008a) was also found, based
on this study’s sequencing data, to occur at a similar frequency (approximately 0.2) compared
to the other populations, with the exception of the CEU population in which the MAF was
0.14. A pharmacogenetic study by Aminkeng and colleagues indicated that this ABCC4
variant is more frequent in African populations as compared to Caucasian populations,
however West Africa (Nigeria) has the highest frequency (MAF=0.44), Saharan Africa
(Sudan) (MAF=0.24), with Southern Africa (SA) (MAF=0.29) exhibiting the lowest
frequencies amongst the African populations (Aminkeng et al. 2013). This second variant
thus represents another candidate for further studies to determine the potential effect of such
variants on TDF outcome. The sequencing findings from this study to confirm the potential
existence and establish the prevalence of important TDF induced AKI variants in the Bantu
speaking population concur with findings from other pharmacogenetic studies conducted in
African populations. There was therefore sufficient motivation to proceed to genotype a

number of these in a larger cohort drawn from the same population.
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The potential functional impact of the nine variants was evaluated using the algorithms SIFT
and PolyPhen. Bioinformatic analysis indicated that ABCC2 3972 C/T (rs3740066) is
deleterious and probably damaging while the remaining variants were classified as tolerated
or benign. Of these, ABCC10 2759 T/C (rs2125739) is however a missense variant located in
a splice site and may affect pre-mRNA splicing potentially leading to an altered protein.

Thus, such variants are of potential relevance to patients receiving TDF.

d) Study limitations

Several limitations to this part of the study were identified. With regards to the variant
discovery NGS, a major limitation was that only coding regions were prioritised during
AmpliSeq™ primer design for sequencing the 40 individuals, as such several potentially
relevant (located in intronic, upstream, downstream, regulatory and untranslated regions)
SNPs associated with TDF induced renal failure would have been missed. Such variants
include ABCC10 variant ¢.1791+526 G/A (rs9349256) (an intronic variant), associated with
urine phosphorous wasting and B, microglobulin (B,m) (Pushpakom et al. 2011), ABCC2
variant -24 C/A (an intronic variant associated with phosphorous wasting and f,m
(Rodriguez-No6voa et al. 2009, Nishijima et al. 2012), and SLC22A11 64535478 T/A
(rs11231809), a downstream variant associated with altered uric acid excretion (Rodriguez-
Novoa et al. 2009). ABCC4 (4976 T/C (rs1059751)) is a 3> UTR variant associated with
proteinuria (Bm) (Likanonsakul et al. 2016). These variants (including an intronic ABCC10
variant, ¢.2044-182 A/G (rs2487663)) are commonly evaluated for association with TDF-
AKI but are yet to be comprehensively tested in patients drawn from the Bantu-speaking

population.

Novel and LoF variants were not considered because of their low call rate and frequency. The
call rates could be increased by preparing new libraries for the same 40 patients sequenced in
the d4T cohort as this could result in libraries which cover the targeted regions of interest for
all the sequenced samples. There is a possibility that for some patient samples the amplicons
that contain the novel and the LoF variants were not captured due to chip capacity.
Sequencing the new libraries on a chip with more capcity or reducing the number of patient

libraries per chip will subsequently increase the sequencing depth or coverage. Increasing the
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chip capcity will not only futher increase the robustness of the genotypic calls, but could
validate novel and LoF variants. Novel and LoF variants can also be validated by sequencing
a bigger Bantu speaking cohort to not only identify and validate the novel and LoF variants,
but could possibly result in the identification of more novel and LoF variants. These variants

offer the opportunity to establish novel associations with TDF related nephropathies.

Despite these limitations, nine variants previously associated with TDF-AKI were identified
in our Bantu speaking (d4T) cohort, thus warranting further investigation in a case-control
association study to assess the potential association of these variants in a Bantu-speaking

population.
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CHAPTER 3: GENE VARIANT SCREENING FOR VARIANTS
IMPLICATED IN TDF INDUCED AKI USING A CASE-CONTROL
STUDY DESIGN

3.1 METHODOLOGY

3.1.1  Study participants
A representative cohort of patients who were undergoing TDF treatment was recruited to
conduct a case-control association study to assess the potential association of genetic variants

with TDF associated nephropathy.

The TDF cohort included patients from the inpatient and outpatient wards of the Tshepong
(Klerksdorp) hospital and surrounding local clinics. The cases included black adult patients
undergoing TDF combination therapy, who at the time of blood sampling presented with
clinically-defined symptoms linked to drug-induced nephropathy, amongst other adverse
effects. The controls included black adult HIV-positive patients undergoing TDF
combination therapy, who at the time of blood sampling presented with no symptoms linked
to drug-induced nephropathy and were considered otherwise clinically healthy. The age and
sex distribution of cases and controls is shown in the results section and is roughly similar.
Detailed clinical history and demographic information was collected for each patient by the
residing clinician (see clinical response form in Appendix B), together with a quantitative and
qualitative dataset of clinically pertinent variables. These variables included CD4 count, viral
load counts, adverse effect assessment, concomitant medications, co-morbidity, and
assessment of ARV metabolic function, effectiveness of treatment and adherence. Treatment-
related nephropathy was defined by the collaborating clinicians according to the Kidney
Disease Improving Outcomes (KDIGO) definition of acute kidney injury (AKI). This
includes one or more of the following: an increase in serum creatinine by more than 1.5 times
the baseline; creatinine increases >26.4umol/l above the upper limit of normal, urine output
<0.5ml/kg/hr for 6 hrs, and defined reductions in eGFR. eGFR for each patient was
calculated using the Modification of Diet in Renal Disease (MDRD) formula and is based on
serum creatinine level (Creatinine), age, sex and race (eGFR= 186 x (Creatinine/88.4)-1.154
X (Age)-0.203 x (0.742 if female) x (1.210 if black)) (http://egfrcalc.renal.org/ accessed

28/02/17). Clinical variable cut-off and end-point values were defined according to existing

rating scales in practice at the participating sites, for example AKI severity was calculated
based on KDOQI (Kidney Disease Outcomes Quality Initiative) stages of kidney disease (i.e.
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eGFR) (http://www.renal.org/information-resources/the-uk-eckd-quide/ckd-
stages#sthash.KDtVYV37.dpbs accessed 28/02/17).

3.1.2 gDNA isolation and genotyping

SNP genotyping was performed to enable a case control association study of TDF-related
nephrotoxicity. Nine SNPs were prioritised and genotyped in each individual. Genotype and
allele frequencies were determined for the cases (n=53) and controls (n=84). TagMan® SNP
genotyping assays (Life Technologies, California, USA) were used to genotype the 137
patient samples, using Real time PCR. Each assay consisted of a forward primer, reverse
primer and two TagMan probes (specific to each allele) labelled with a fluorescent reporter
dye and a quencher molecule (based on the principle of fluorescence resonance energy
transfer (FRET), a low energy quencher that suppresses the signal of the high-energy
reporter). The technology is based on the 5’ nuclease activity of the Taq polymerase enzyme
during DNA amplification (PCR). As the forward primer extends the template, Taq
polymerase degrades the hybridized probe. This results in the release of the florescent dye
and the signal is detected in real time. With successive amplification cycles, the signal
intensifies overtime and a specific amplification signal is recorded. Sanger sequencing of
patients with ambiguous or undetermined calls was employed for further investigation and
confirmation of data.

a) Sample collection and genomic DNA isolation
Blood samples were obtained with consent from each participating patient, using
conventional venepuncture. To allow optimal isolation of the gDNA to be used downstream,
the salting out method of extracting nucleic acid from nucleated cells (buffy coat) was used
(Miller et al., 1996). This was the preferred method as it produces good quality, pure DNA of
high yield (refer to Appendix F and G).

Buffy coat samples were separated from whole blood by a member of the clinical team at the
sites where the blood was collected. The red blood cell (RBC) membrane was lysed with the
sucrose-triton-X lysis buffer. The supernatant (SNF) containing lysed RBCs was discarded
and the reddish white pellet containing the nucleated white blood cells was kept and washed
2-3 times with the sucrose-triton X lysis buffer, incubating at -20°C for 5 minutes each time.
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To digest the white blood cell membranes and to degrade the protein, 3 ml of TE solution
(T20Es), 0.2 ml of 10% SDS (w/v) (Sigma-Aldrich, Missouri, United States) and 0.5 ml of
proteinase K solution (2 mg/ml proteinase K (Merck, Darmstadt, Germany), 1% SDS (w/v)
and 2 mM EDTA (Sigma-Aldrich, Missouri, USA) freshly prepared) were added and
incubated overnight at 42 °C. To salt-out or precipitate the proteins and debris, 1 ml of
saturated NaCl (40%, w/v) (Sigma-Aldrich, Missouri, USA) was used. After spinning for 10
mins @ 2 400 rpm and 4°C, the resultant SNF containing the gDNA was transferred to a new
50 ml Falcon tube and the precipitated protein pellet was left behind. To precipitate the DNA,
two volumes of absolute ethanol were added and samples were agitated gently until the DNA
precipitated out. The visible gDNA was then spooled out with a pipette and transferred to a
1.5 ml microcentrifuge tube containing 70% ice-cold ethanol (v/v) to wash out excess salts
that could inhibit subsequent activities. The DNA pellet was air dried for approximately five
mins, to avoid over drying, before being resuspended in 50-500 ul of TE buffer, depending

on the size of the pallet, and stored at —20°C until required for genotyping.

The quality and quantity of each sample was assessed using the NanoDrop ™ and the Qubit®
fluorometer. The NanoDrop™ was used to assess the quality and quantity of the gDNA
extracted and the Qubit® fluorometer was used to more accurately quantify the double

stranded DNA. The samples were diluted to 2 ng/ul, and stored for sequencing and

genotyping.

b) Genotyping TDF cohort samples

o Real Time PCR and TagMan® genotyping
Genotyping of the final prioritised panel of nine SNPs was performed using TagMan®
probes (Table 3.1) and primers on a TagMan® 7500 FAST system (Life Technologies,
California, USA). A TagMan® genotyping assay mix (which contains probes for each allele)
for each SNP probe set and TagMan® genotyping assay master mix (which contains the
forward and reverse primers, dNTPs and the Taqg polymerase) was used to make the master
mix. Spare DNA obtained from the d4T cohort samples was initially used to assess and
optimise each assay and known genotypes were used as positive controls to validate each
assay (Appendix H and ). A master mix containing the genotyping assay master mix,

genotyping assay mix and 10 ng of gDNA was prepared and aliquoted into each well with
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volumes shown in Table 3.2. After optimization for four assays, 10 ng of gDNA was deemed

sufficient to produce genotyping results (Appendix H).

Table 3.1. List of the nine TagMan® SNP genotyping assays used in this study

Gene name | TagMan® SNP Alleles dbSNP 1D SNP locus (Hg19)
genotyping ID

ABCB1 C__11711720C_30 C/IA rs2032582 chr7:87160618
ABCC10 C__16173668_10 TIC rs2125739 chr6:43412865
ABCC2 C__22272980_20 G/A rs2273697 chr10:101563815
ABCC2 C__25291743_30 TIA rs17222723 | chr10:101595996
ABCC2 C__11214910_20 CIT rs3740066 chr10:101603957
ABCC4 C__8059522_1_ AIC rs3742106 chr13:95673541
ABCC4 C__1901918_30 TIC rs1751034 chr13:95714976
APOL1 C__89555688_10 TIC rs60910145 | chr.22:36662034
APOL1 C__98253221_10 AIG rs73885319 | chr.22:36661906

Table 3.2. TagMan® SNP genotyping assay reaction setup

Reagents Reaction 1X reaction
concentration (M)

2x TagMan® SNP Genotyping assay mix 2X 6

20x TagMan® SNP Genotyping assay master 20X 0.6

mix

ddH,0 - 0.4

gDNA 10 ng 5

Final volume 12

o Genotyping validation: Sanger sequencing
Sanger sequencing was performed for patients with ambiguous or undetermined calls. The
region flanking the SNP was amplified using the primers described below, purified and sent

for sequencing to Ingaba Biotech, Pretoria.

PCR reverse and forward primers (Table 3.3) were designed for the flanking sequence around
the SNP. The sequences flanking the SNPs were retrieved from Ensembl (www.
ensembl.org) and were used for primer design. PCR was used for DNA amplification and the
amplicons were purified using a QIAquick PCR Purification kit (Qiagen, Hilden, Germany).
PCR conditions were similar to the conditions used for validation of the NGS calls as
described earlier (Table 2.5 and Table 2.6).

71



Table 3.3. Primers sequences and their expected amplicon size

SNP Primer sequences (5°- 3”) Size (bps)

rs2032582 FWD: GGAAGGAGTGGAGAGAGAGTGAAAGTG 1295
REV: TGGCTTGAGGGCACAGAATATTTCCAGG

rs2125739 FWD: GGCCTATGAGAGAAGCCCACACTAGGG 1476
REV: CTCCTTCTTCTGTTGCTTTCCTCCTTCCC

rs2273697 FWD: GAGGAAGGTGGGAATAAGAGGAAAGAGTGG 922
REV: GACTTCTGGCAGGACTGAGGACACTGTCC

rs17222723 | FWD: CTCATTGGTCTCCTCCTCGG 857
REV: CCAACTCTCCTCTCTCCAACC

rs3740066 FWD: GCCATTAGGTAGCTGGGACACTGC 792
REV: GAAGTGAAGAAGGGAAAGATTAGGTCTGCC

rs1751034 FWD: GCCCTTCATGGAGGTAATCACCTTTGAG 880
REV: CCCAGAGGACGTTTGTCAGTGACA

rs3742106 FWD GCATTTAACTGGTGGCCTGCACC 557
REV: GTTTGGCATTCAGCCCAGCC

rs60910145 | FWD: CAGCAGTACCATGGACTACGG 1001

& REV: GCCATCTGCATTAACCCC

rs73885319

3.1.3  Statistical analysis

Statistical analysis was performed using XLSTAT (Microsoft Corporation, Washington,

USA) for descriptive statistical analysis. SNP variation suite software (SVS 8.4.4) (Golden

Helix™, Montana, USA) was used for association analysis. Hardy-Weinberg equilibrium

(HWE) tests were used to assess the distribution of the genotypes and p<0.05 was considered

a significant deviation from HWE. To assess the association of genotypes, allele frequencies

and haplotypes with TDF outcome, the differences between the cases and controls were

evaluated using a Chi-squared (2) test at 5% level of significance (p< 0.05). The y2 tests

were corrected for multiple testing (Bonferroni’s correction), where applicable.
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3.2 RESULTS

3.2.1  Characteristics of the study population

The complete study cohort consisted of HIV-positive adult patients who presented at
Tshepong hospital. The patients were grouped into those with renal failure (designated as the
case group) and a control group of patients who had not developed renal failure while on the
same treatment regimen. An attempt was made to match by age (within +/- 3 years) and sex.
However, since patient recruitment was still ongoing at the time of writing up this
dissertation, the matching was not identical and it is not possible to refer to this cohort as a
matched case-control group in the strictest sense. The cohort that was collected up to the
point of writing up this dissertation consisted of 314 HIV-positive patients. However, a
proportion of patients were excluded from genotyping (56%, n=177) and case-control
association analysis because they did not fulfil the inclusion criteria for this study, more
specifically they were not receiving TDF but were on other ARVs (Figure 3.1).

In order to assess the potential influence of patient genotype on clinical outcome specifically
during TDF treatment, the inclusion criteria for the study were as follows: Black, Bantu-
speaking, adults (older than 18 years), HIV-positive patients and patients who were
undergoing TDF combination therapy at the time of sample collection. The patients were on a
fixed dose combination (FDC) therapy of TDF/3TC/EFV. In total, 137 patients met the
criteria for inclusion in the study and DNA samples from these individuals were genotyped
(Figure 3.1).

73



Bantu-speaking HIV-positive patients with
renal failure (cases) and without (controls)
» n=314
» mean age = 42.7yrs
» 64.9 % female (n=203)
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» mean age =43.2yrs
» 66.2% female (n=172)
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TDF cohort (n=214)
» mean age = 42,9 yrs
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genotyped

Genotyped controls (n=84)
Bantu-speaking

Adults (>18yrs)
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Taking TDF combination therapy
Not presenting with renal failure
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Figure 3.1. Summary of patients enrolled in the study.

Genotyped cases (n=53)
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Mean age= 40,6 yrs
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Presented with renal failure

Prior to statistical analysis, potential differences in the distribution frequencies between the

cases and controls in sex and age were evaluated. To assess potential differences in sex, a x2

test was employed and the outcome of this analysis indicated that the differences between the

cases and controls were not statistically significant (x2=3.48, p=0.06) (Table 3.4). Potential

differences in age were assessed using the Mann-Whitney test (two-tailed test) and this

analysis indicated that statistically significant differences exist between the mean ages of the

cases and the control (p=0.006).
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Table 3.4. Descriptive statistic of the cases vs the controls

Test significance
Characteristics Total (n=137) Case (n=53) Control (n=84)
(p value)
Female 97 (71%) 33 (62%) 64 (77%)
Sex* 0.060
Male 39 (29%) 20 (38%) 19 (23%)
Age 42.8 yrs (£10.8) 40.6 yrs (£12.3) 46.4 yrs (£9.2) 0.006

The differences between the sex and mean age of the cases and controls were evaluated using a y2 test and a Mann-
Whitney test (two-tailed) at 5% level of significance (p>0.05). Standard deviation is given in the parenthesis.
*One genotyped control sample was not assigned a sex.

3.2.2  Genotyping results and association testing

A total of 137 patient samples were genotyped for nine variants using a TagMan® 7500
FAST system and TagMan SNP genotyping assays. Genotype results were not obtained for
all 137 samples for all nine assays, since gDNA was depleted for some samples prior to the
completion of the study. The numbers of samples genotyped for each SNP are shown in
Table 3.6. The robustness of each assay was assessed and validated by comparing the
genotypic calls obtained from NGS (lon S5 sequencing), TagMan® genotyping and Sanger
sequencing (Appendix E) as well as comparing the genotypic calls from TagMan®
genotyping and Sanger sequencing (Appendix ). These findings are summarised in Table
3.5. There was excellent concordance between the genotypes when done using the three
different methods for seven of the nine SNPs (Table 3.5 and Appendix H). As a result, not all
samples needed to be validated for the assays. The genotyping results are shown in Appendix
| and J. Tests for association between genotypes, alleles and haplotypes compared to

categorical clinical data (case-control) were performed in SVS using 2 tests.

Prior to association analysis, genotypes were tested for deviation from Hardy-Weinberg
equilibrium (HWE). The distributions of the genotypes were evaluated for the cases and
controls separately. For the cases, three SNPs, ABCB1 2677 C/A (rs2032582), ABCC2 1249
G/A (rs2273697) and APOL11072 A/G (rs73885319), deviated from HWE (p < 0.05) (Table
3.6) and for the controls three SNPs, ABCB1 2677 C/A (rs2032582), APOL1 1098 T/G
(rs60910145) and APOL1 1072 A/G (rs73885319), deviated from HWE (Table 3.6). For the
full cohort, the genotypes for four SNPs (rs2032582, rs2273697, rs60910145 and
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rs73885319) deviated from HWE. Possible reasons for deviation from HWE include small
sample size with non-random sampling, errors in genotyping, or extreme genetic drift.

Caution was therefore applied to interpreting potentially significant associations observed for

these SNPs.

Table 3.5. TagMan® SNP genotyping assay robustness and validation

lon Torrent

TagMan®

Sanger

Gene SNP . . Outcome
sequencing assay sequencing
Separation of .
ABCB1 152032582 Concordance the genotypes Validated Successful
Complete Good
rs2273697 P separation of 3 | Validated Successful
concordance
genotypes
Complete Good . .
ABCC2 rs17222723 concordance separation of 3 | Validated Successful
genotypes
Good
rs3740066 Discordance separation of 3 | Validated Successful
genotypes
2 90% caparation of lidated ful
rs3742106 concordance si%%rtatlgg of 3 | Validate Successfu
ABCC4 genoyp
Complete Good
rs1751034 separation of 3 | N/A Successful
concordance
genotypes
ABCC10 rs2125739 Complete Seogcrjation of 3 | Validated Successful
concordance P
genotypes
Good
rs73885319 N/A separation of 3 | Validated Successful
APOL1 genotypes
rs60910145 N/A Separation of 3 Validated Successful
genotypes

a) Chi-square tests for genotype association

Genotype (DD vs Dd vs dd, where D is the minor allele (variant) and d is the major allele)
association testing was employed to assess the variants and their potential association with
AKI. The outcome of the association studies is shown in Table 3.6. Genotype association
testing indicated that ABCC2, where the 1249 AA genotype (rs2273697) was marginally
associated with the presence of AKI (p=0.08) and was non-significant after Bonferroni’s
correction for multiple testing. Other genotype association tests performed included
investigating whether additive (dd > Dd > DD), dominant (DD, Dd vs dd) or recessive (DD

vs Dd, dd) models influenced association with TDF-induced AKI. Based on the additive and
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recessive models, ABCC2 1249 AA was associated with this outcome (p=0.04 and p=0.03,
respectively) but was non-significant after Bonferroni correction for multiple testing
(p=0.22). On the basis of the above findings, this variant could be of interest in finding
predictive markers for TDF-induced AKI amongst populations of Bantu-speaking origin.
Independent a priori validation of this association in an adequately powered samples would

however be required.

Table 3.6. Genotype distribution and statistics for association analysis of the variants assessed in this
study in relation to acute Kidney inury in the Bantu-speaking cohort

Controls Cases
Case: Control Case: Control
association association (2 test
Gene SNP Genotype no HWE no HWE (%2 test, p- with Bonferroni
' (p value) ' (p value) value) correction, p-value)
ccC 71 48
CA 2 3
<0.01
ABCB1 rs2032582 A 1 1 0.01 0.66 1.00
Total 74 52
TT 43 29
ABCC10 | rs2125739 | 1C 33 | 065 23 0.14 0.21 1.00
CcC 8 1
Total 84 53
GG 62 34
(52273697 | GA 16 | 044 12 0.01 0.08 0.73
AA 2 6
Total 80 52
TT 51 27
0.60 0.36
ABCC2 | rs17222723 | TA 24 19 : 0.23 1.00
AA 4 6
Total 79 52
cC 62 45
rs3740066 | CT 18 |62 6 0.18 0.30 1.00
TT 2 1
Total 82 52
TT 36 24
TC 35 22
rs1751034 o 5 091 5 078 0.96 1.00
ABCC4 Total 79 52
AA 34 17
rs3742106 AC 31 0.11 26 086 0.42 1.00
CcC 15 9
Total 80 52
AA 70 38
rs73885319 | AG 10 <0.01 11 0.10 0.28 1.00
GG 3 3
APOL1 Total 83 52
TT 71 43
TG 10 7
rs60910145 oG > 0.05 > 0.04 0.28 1.00
Total 83 52
The control group comprised HIV infected patients receiving tenofovir and presenting with normal tubular function); and the case group are
HIV infected patients with AKI. Genotype frequency differences between the cases and controls were evaluated using a Chi-squared
(x2) testing at 5% level of significance (p<0.05). p values for the corrected y2 (Bonferroni correction for multiple testing) are also included.
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b) Chi-square tests for allele association

Allele (D vs d) association testing was employed to assess the variants and their potential

association with AKI. Table 3.7 summarises the allele frequencies (minor allele frequencies

(MAF)) and p values of associations for each variant screened. Allele association testing
indicated that of the SNPs tested, only one had a suggestive association (ABCC2 (rs2273697)
(p=0.024)) with AKI following TDF treatment, where the 1249A allele was associated with
the increased risk of TDF associated AKI (MAF= 0.23 vs 0.13). The association was not
significant after Bonferroni correction (p=0.23). The differences between the allele
frequencies of ABCC2 3563A allele (rs17222723) was marginally significant (p=0.08) but,

was non-significant after Bonferroni’s correction (p=0.69). These findings suggest the

importance of ABCC2 and could be of interest in finding predictive markers for TDF-induced

AKI amongst populations of Bantu-speaking origin.

Table 3.7. Allele distribution and statistics for association analysis of the variants assessed in this

study in relation to acute Kidney injury in the Bantu-speaking cohort

Minor allele frequency

Case-control

Case-control
association (32 with

Gene SNP Minor allele association Bonferroni
Controls Cases (%2 test, p- correction,
value) p-value)
ABCB1 rs2032582 A 0.03 0.05 0.38 1
ABCC10 rs2125739 C 0.29 0.24 0.31 1
rs2273697 A 0.13 0.23 0.02 0.22
ABCC2 rsl7222723 A 0.20 0.30 0.08 0.69
rs3740066 T 0.13 0.08 0.15 1
rs1751034 C 0.32 0.33 0.94 1
ABCC4
rs3742106 C 0.38 0.42 0.50 1
rs73885319 G 0.08 0.11 0.55 1
APOL1
rs60910145 G 0.10 0.16 0.10 0.91

The control group comprised HIV infected patients receiving tenofovir and presenting with normal tubular function); and the case
group are HIV infected patients with AKI. Allele frequency differences between the cases and controls were evaluated using a Chi-
squared (x2) testing at 5% level of significance (p<0.05). p values for the corrected y2 (Bonferroni correction for multiple testing) are

also included.
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c) Chi-square tests for haplotype association

In addition to determining whether individual SNPs were associated with TDF-induced AKI,
haplotype combinations were investigated using haplotype association tests. Haplotypes were
only constructed for SNPs that occur in the same gene and are therefore closely linked.
Association tests were performed in SVS using individual haplotypes inferred by the
haplotype blocks defined by markers that lie in the same gene. The haplotype frequency
estimates of each haplotype were calculated using the Expectation-Maximization algorithm
(Gabriel et al. 2002).

Three ABCC2 haplotypes (constructed based on positions 1249, 3563 and 3972) had
suggestive associations (Table 3.8). The frequency of the ABCC2 GTT haplotype was higher
in the controls as it was found in 13% of the controls and 5% of the cases (p=0.02). However,
the association was non-significant after correcting for multiple testing (p=0.15). The
frequencies of two additional ABCC2 haplotypes were significantly different between the
cases and the controls. ABCC2 haplotype AAC was found in 2% of the controls and in 8% of
the cases (p=0.02, p-value with Bonferroni correction =0.13). These results propose that this
haplotype could potentially be associated with susceptibility towards the development of
renal failure post TDF administration. ABCC2 haplotype AAT was found in 3% of the cases
and not in any of the controls (p=0.03, p-value with Bonferroni correction =0.19). This
analysis suggests that this haplotype could be a potential genetic biomarker as none of the
cases had the genotype. These results are only suggestive and depict the possible significance
of ABCC2 variants. ABCC2 variant rs2273697 deviated from HWE and therefore analysis
must be replicated in a larger cohort. No significant associations were detected with ABCBL1,
ABCC4 and APOL1. The haplotypes and their frequencies are summarised in Table 3.8 .

79



Table 3.8. Haplotype frequencies and associations with TDF induced acute kidney injury in a Bantu-
speaking cohort

Case: control
EM Case:. co_ntrol associ_ation
Markers Used Haplotype EM Freq | Controls EM Cases association (2 with
Freq req (2 test, p- Bonferl_'onl
value) correction, p-
value)
ABCC?2 haplotypes
GTC 0.55 0.56 0.53 0.66 1.00
GAC 0.19 0.18 0.19 0.87 1.00
rs2273697, rs17222723, [ ATC 0.11 0.11 0.12 0.67 1.00
rs3740066 GTT 0.10 0.13 0.05 0.02 0.15
AAC 0.04 0.02 0.08 0.02 0.13
AAT 0.01 0.00 0.03 0.03 0.19
ABCC4 haplotypes
AT 0.43 0.45 0.40 0.45 1.00
rs3742106, rs1751034 CT 0.25 0.23 0.27 0.43 1.00
AC 0.17 0.17 0.18 0.84 1.00
CcC 0.15 0.16 0.15 0.9 1.00
APOL1 haplotypes
AT 0.87 0.90 0.84 0.11 0.34
rs73885319, rs60910145 " 0.09 0.07 0.11 0.36 1.00
GT 0.04 0.02 0.06 0.16 0.49

The control group comprised HIV infected patients receiving tenofovir and presenting with normal tubular function; and the case
group are HIV infected patients receiving tenofovir and with AKI. Expectation-Maximization (EM) algorithm was used to compute
each haplotype frequency via SNP Variation Suite (SVS 8). Haplotypes frequency differences between the cases and controls were
evaluated using a Chi-squared (x2) testing at 5% level of significance (p<0.05). p values for the corrected 2 (Bonferroni correction
for multiple testing) are also included.

3.3: DISCUSSION

3.3.1 Robustness of genotyping assays
The TagMan assays for the nine prioritised variants were initially evaluated and compared to
the genotypic calls from lon Torrent sequencing and then to Sanger sequencing. The analysis
showed complete concordance between the three methods for eight of the nine SNPs
illustrating the robustness of the assaays. Several samples from the TDF cohort were used to
validate the genotypes using Sanger sequencing (Appendix K-L). Allelic discrimination plots
indicated that the genotypic calls for the assays were well distinguished (Appendix 1). A few
of the ‘undetermined’ genotypic calls from TDF cohort screening were confirmed with
Sanger sequencing (Appendix M). Four SNPs deviated from HWE possibly due small sample

size with non-random sampling, errors in genotyping, or extreme genetic drift. Non-random
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sampling results in a biased sample population (or cohort) and selection criteria for a specific
group of people (i.e HIV positive, adults of Bantu-ancestry) could introduce bias. It is
possible that bias was introduced when an attempt was made to match the cohort for sex and
age. It is unlikely that there was an error in genotyping as there was confirmed validation.
Genetic drift is the random fluctuation in allele frequency due to chance events and could
lead to short term disequilibrium. Genetic drift can make a big difference in small
populations as alleles can become more frequent by chance and in extreme cases, fixed in a
population. Genetic drift which reduces the genetic diversity of a population, can have
important consequences when the minor allele frequency is relatively low. ABCB1 2677 C/A
(rs2032582) was relatively rare (MAF=0.04) in our study cohort and a larger population is
required to detect the effect of this variant. As such, any associations detected with those
variants that deviated from HWE will need to be evaluated in a larger cohort.

3.3.2  TDF cohort descriptive statistics
Based on the variants that were prioritised following sequencing analysis, case-control
association analysis was performed to evaluate their potential influence on TDF treatment
outcome in relation to AKI. The TDF cohort that was genotyped for this purpose consisted of
137 patients of Bantu-ancestry who were HIV positive and were undergoing TDF
combination therapy at the time of sample collection. The patients were on a fixed-dose
combination regimen of TDF, emtricitabine (FTC) and EFV. EFV and FTC induced adverse
drug reactions include rashes and hepatotoxicity. Other clinical indicators associated with
adverse drug reactions to other ARVs were recorded and evaluated, but for the purpose of
this study, the focus was on patients presenting with renal failure. Initially patients on TDF
who presented with renal failure (cases) at the participating hospital were recruited onto the
study. Simultaneously, otherwise healthy patients undergoing TDF combination therapy were
recruited (from the hospital and surrounding clinics) and were allocated to the control group.
The cases and controls were not matched and therefore it was necessary to assess the
potential influence of confounders. Prior to performing case-control association analysis,
descriptive statistics of the study cohort were generated. Sex was not statistically different
between cases and controls (p=0.060); however, the mean ages of the cases and controls was
statistically different (p=0.006). This analysis indicated that age is a potential confounder and

was corrected for in the association tests.
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3.3.3  Chi-squared association testing

a) Genotype and allele association testing

With to the pharmacogenetic of TDF induced AKI, ABCC2 variants are the most studied
variants; they have been studied in Caucasian and Asian populations (lzzedine et al. 2006,
Rodriguez-Novoa et al. 2009, Nishijima et al. 2012, Giacomet et al. 2013, Manosuthi et al.
2014, Rungtivasuwan et al. 2015, Likanonsakul et al. 2016). In this current study ABCC2
SNPs were evaluated at a genotype and allele frequency level using chi-squared tests for
potential association with TDF-induced AKI. At a cut-off of p <5 %, the ABCC2 1249 A
allele (rs2273697) was observed to be associated with TDF induced AKI as it was the only
variant that was statistically significantly higher (allele frequency) in the cases (p=0.02)
compared to the controls. The association was not significant after multiple testing
corrections. This variant has been previously shown to be statistically significantly higher
amongst cases (presented with kidney tubular dysfunction) (p<0.02, OR= 6.11[95% ClI=
1.19-31.15]) (Izzedine et al. 2006) and is associated with aminoaciduria (Rodriguez-Novoa et
al. 2009) in patients of Caucasian ancestry and in patients of Japanese ancestry (p=0.12,
OR=16.1 [95% CI= 1.63-161.1) (Nishijima et al. 2012). Since the genotype distribution for
this SNP deviated from HWE in our population, a larger cohort should be tested to determine
whether the data does support the previous findings or not. Similar results were obtained
when evaluating the SNP association using additive (dd > Dd > DD) and recessive (DD vs
Dd, dd) models.

ABCC4 variants are significantly studied in pharmacogenomics investigations (lzzedine et al.
2006, Imaoka et al. 2007, Kiser et al. 2008a, Rodriguez-Ndvoa et al. 2009, Pushpakom et al.
2011, Nishijima et al. 2012, Giacomet et al. 2013, Rungtivasuwan et al. 2015, Likanonsakul
et al. 2016) and in the current study two variants were evaluated in relation to TDF induced
AKI. ABCC4 3463 C/C (rs1751034) was previously shown to be associated with increased
intracellular TDF concentration (35%) (p=0.04) and lower clearance of TDF as compared to
TT carriers, who had lower TDF concentration and higher TDF clearance (Kiser et al.
2008a). However, in our study cohort the differences in genotype and allele frequencies of
the cases and controls were non-significant. Previous studies indicated that ABCC4 4131 A/C

and C/C were associated with altered uric acid excretion (Rodriguez-Ndvoa et al. 2009) and
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carriers of the C/C genotype had increased mean plasma concentration of TDF
(Rungtivasuwan et al. 2015). However, no associations between this variant and TDF

induced AKI were observed in our study cohort.

ABCC10 is another gene that was evaluated in the current study. Pushpamkom and colleagues
(Pushpakom et al. 2011) have previously reported that the allele frequency of ABCC10 2759
C/C genotype (rs2125739) was marginally associated with patients with kidney tubular
dysfunction, KTD (p=0.05, OR=2.0). Their haplotype analysis also indicated that the
ABCC10 haplotype, GGC (rs9349256G, rs2487663G and rs2125739C) was marginally
significantly higher in patients with TDF induced kidney tubular dysfunction (KTD) (p=0.05,
OR=2.1). The potential influence of rs2125739 was evaluated in our Bantu-speaking cohort.
There was no significant difference between the 2759 C allele and CC genotype frequencies
of the cases and the controls. ABCC10 genotype 2759 C/C is also associated with nevirapine
(NVP) plasma concentrations associated with NVP induced hepatotoxicity (Liptrott et al.
2012); however none of the patients in this study were receiving NVP at the time of sample
collection. ABCC10 1791+526 A/A (rs9349256) was previously shown to be associated with
KTD, phosphorous wasting and P, microglobulin (p=0.02 [OR=2.3], 0.02 and 0.04)
(Pushpakom et al. 2011); however this variant was not prioritised for investigation as it was
not detected during sequencing of our representative population due to its intronic location.

ABCB1 variants have been previously evaluated in relation to TDF induced AKI and
Nishijima and colleagues initially identified the ABCB1 T2677A polymorphism in a Japanese
population (Nishijima et al. 2012); however the same ethnic group did not display any
association between variant genotype status at ABCB1 2677 C/A and TDF induced AKI
(Nishijima et al 2015). ABCB1 2677 C/A was also evaluated in our study cohort; however no
significant association was observed. Interestingly, ABCB1 T2677A has been reported to be
associated with increased survival and response in patients with multiple myeloma, and has
been proposed for use as a prognostic biomarker (Maggini et al. 2008, Buda et al. 2009,
Jamroziak et al. 2009, Penna 2011). ABCB1 2677 C/A is also in strong LD with ABCB1 3435
C/T (rs1045642), associated with DILI (rifampicin-EFV) in TB-HIV patients of African
ancestry (Haas et al. 2005, Yimer et al. 2011).
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APOL1 variants were evaluated in the TDF cohort because of their association with structural
kidney dysfunction (Genovese et al. 2010, Tzur et al. 2010) and strong association (p=<
0.001 and OR=89) with HIV associated nephropathy in South African patients (Kasembeli et
al. 2015a). Kasembeli and collegues evaluated the influence of G1 allele (APOL1 1072 G and
1098 G) and G2 allele (c.1212_1217delTTATAA (rs71785313)) and carriers of two risk
alleles were estimated to exhibit 89-fold higher odds of developing HIVAN. G1 allele
variants were evaluated in our study cohort and, to my knowledge, this is the first study to
assess the potential influence of theses variants on TDF induced renal failure. No significant

associations were detected with APOLL1 alleles, genotypes or its haplotypes.

The frequencies of the allele and genotypes for the other four genes (ABCB1, ABCC4,
ABCC10 and APOL1) between the cases and controls were statistically similar. The ABCC2
1249A allele was the only allele that was found to be potentially important due to the
detection of a suggestive association. Further work may therefore be warranted to investigate
this variant in larger cohorts for its potential contribution to AKI during TDF use, and
furthermore its ability to contribute to predicting those most likely to have this outcome in

this population.

b) Haplotype association testing

At some loci, haplotypes have better discriminatory power to identify associations with a
gene locus. This could be because the causal variant has not been identified and a specific
haplotype, rather than a single SNP, is co-inherited. In order to analyse multiple variants in a
single gene for association with TDF induced AKI, haplotype analysis was performed with a
cut-off of < 5%. The Expectation-Maximization (EM) algorithm (implemented in SVS) was
used to calculate the haplotype frequency estimations. Suggestive associations were detected
between TDF induced AKI and ABCC2 haplotypes. The haplotypes were constructed on the
basis of three SNPs at positions at 1249, 3463 and 3972. The AAC and AAT haplotypes were
associated with TDF induced AKI (p=0.02 and 0.03) whilst haplotype GTT was associated
with controls status, i.e. protective (p=0.02). These associations were however non-
significant after correcting for multiple testing. AAT haplotype may result in susceptibility
towards the development of TDF induced AKI as it was only detected in the cases, however
due to the size of the cohort that was tested a likely possibility is that the cohort was

insufficiently powered to detect the presence of this haplotype amongst the control group. A
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previous study detected significant associations with ABCC2 haplotypes (at positions -24,
1249, 3563, and 3972), whereby CATC increased risk of TDF induced AKI (p<0.01) whereas
CGAC has protective effects against AKI (p<0.01) (Izzedine et al. 2006). The same study
also reported that ABCC2 variants 3563 A (rs17222723) and 4544 A alleles have protective
effects (decreased susceptibility to TDF-KTD) as the alleles were only detected in the control
groups (lzzedine et al. 2006). In contrast, a previous study reported an association between
variants at ABCC2 3563 A/A and cardiotoxicity in non-Hodgkin lymphoma patients treated
with doxorubicin (Wojnowski et al. 2005). An ABCC2 3972 T/C (rs3740066) variant has
previously been shown to be statistically associated with 2- microglobulinuria (Rodriguez-
Novoa et al. 2009) however; the C/C genotype (wild type) was associated with AKI
indicators compared to the influence of the T/T genotype that was evaluated in our cohort. No
significant association was detected with this variant in our cohort (p= 0.3, corrected p=1).
Studies, including ours, have suggested and demonstrated that variants in this gene are
associated with increased risk of TDF induced AKI and some haplotypes have protective
effects. These studies demonstrate the necessity of evaluating these variants in bigger and
suitably powered cohorts to elucidate the exact effect on TDF outcomes and TDF induced

nephropathy.

c) ABCC2 and TDF associated nephrotoxicity
The mechanism through which TDF causes nephrotoxicity is not well understood. The uptake
of TDF into the renal tubular cells is well characterised (Cihlar et al. 2001, Motohashi et al.
2002, Ray et al. 2006) (Appendix N) however how TDF is eliminated during active tubular
secretion is less known. P glycoprotein 1 (P-gp 1), multidrug resistance protein (MPR) type 2
(MRP2) and type 4 (MPR4) proteins are possible transporters of TDF as they are expressed
in the apical side of the tubular cells (Miller 2001). MRP2 (ABCC?2) protein is implicated in
the secretion of TDF (lzzedine et al. 2005b, Zimmermann et al. 2006). This is supported by
the fact that MRP2 is located in the apical side of proximal-tubule cells and an in-vitro study
demonstrated that MRP2 eliminates cidofovir and adefovir (acyclic analogues which are
structurally related to TDF) (Miller 2001). TDF and other ayclic nucleotide phosphonates
(such as adefovir) are eliminated by MRP4 (Ray et al. 2006, Imaoka et al. 2007). The
elimination of TDF by MRP2 has not been experimentally established and Ray and
colleagues demonstrated that TDF is not a substrate of P-gpl or MPR2 (Ray et al. 2006).
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Even though TDF is not a substrate for human MRP2 in vitro however MPR2 appears to
affect hepatobiliary elimination in rats (Mallants et al. 2005). TDF usage is associated with
tubular dysfunction and tubular damage is multifactorial. Age and body weight have been
shown to be confounders for TDF induced AKI (Jullien et al. 2005, Rodriguez-No6voa et al.
2009, Calcagno et al. 2013). Studies have suggested a genetic predisposition to TDF induced
AKI. Their findings, and ours, indicate the importance of the transporters localised in kidneys
that transport TDF (Appendix N), especially ABCC2. This gene contains two of the most
commonly implicated variants (-24C and 1249A) (lzzedine et al. 2006, Rodriguez-Névoa et
al. 2009, Nishijima et al. 2012).

The mechanism through which MPR2 mediates TDF induced AKI is not established and
several hypotheses have been suggested. Active tubular secretion could be less efficient in
tubular cells of carriers of genotypes associated with the adverse outcome. This leads to
increased intracellular concentration of TDF and subsequent nephrotoxicity due damaged
tubular cells. This mechanism was reported to be associated with the MPR4 transporter where
individuals with the ABCC4 3463 G/G genotype had 35% higher concentration of TDF than
carriers of the wild type genotype (Kiser et al. 2008a). Another mechanism is that variants
associated with TDF induced AKI are in LD with variants that influence TDF induced AKI.
It is also plausible is that MPR2 may transport other xenobiotics or chemicals that influence
TDF induced nephrotoxicity. Rodriguez-Névoa and collgues motivated for this hypothesis as
TDF is not a MPR2 substrate but appears to affect hepatobilay elimination (Rodriguez-N6voa
et al. 2009). TDF associated tubular dysfunction is multifactorial as TDF is an ATP analogue
that inhibits transcription and results in mitochondrial toxicity. Since TDF requires active
transport concentration dependent toxicity is postulated to be the main cause of renal
dysfunction (Hall. et al. 2011). Therefore, the build-up of TDF in the renal cells is postulated
to be due to structural changes in the proteins that mediate the influx and efflux of TDF. TDF
results in the reduced activity of energy dependent transporters. The extent to which variants
investigated in this study may influence the efficacy of Tenofovir alafenamide (TAF), a
prodrug of tenofovir (Gibson et al. 2016), is unclear. This drug was approved by the FDA in
2015 and clinical studies have shown that the drug is safer and has higher rates of virological
suppression (Sax et al. 2015, Gibson et al. 2016, Greig and Deeks 2016, Mills et al. 2016,
Pozniak et al. 2016, Ray et al. 2016). This drug (TAF) could potentially replace TDF in the

future.
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d) Study limitations

Overall, no significant associations between genetic variant status and with TDF induced
AKI were detected and this may be a reflection of the limitations of this sub study. A possible
reason for the lack of association could be due the study’s relatively low sample power. This
study only found suggestive associations between ABCC2 variants and TDF-induced AKI; at
the same time four of the nine SNPs deviated from HWE. The sample size has a significant
impact on the outcome of the results and increasing the sample size can improve the study’s
power to detect important associations. Another limitation could potentially be study design,
only patients that presented with acute renal failure were recruited while for several studies
the cases were exposed to TDF for a relatively longer period (Zimmermann et al. 2006,
Rodriguez-Novoa et al. 2009, Rungtivasuwan et al. 2015, Likanonsakul et al. 2016). Several
of the studies were matched for age, sex and race (based on the descriptive statistics of some)
and the differences between the cases and controls were not significant (Kiser et al. 2008a,
Rodriguez-Novoa et al. 2009, Pushpakom et al. 2011, Nishijima et al. 2012, Likanonsakul et
al. 2016), except for one (Nishijima et al. 2012). These studies were adjusted for age and sex.
Descriptive statistical analysis indicating that age was a potential confounder in the current
study (p=0.006) and may have influenced outcome. Despite these limitations, evidence was
observed that suggests a potential influence of ABCC2 variants on TDF induced AKI in HIV-
positive patients of Bantu ancestry. Therefore, findings from this work will need to be
replicated in more suitably powered cohorts.
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CHAPTER 4: FUTURE PERSPECTIVES

This study can be used as the basis for potential future research. Such research includes
repeating the study in a bigger cohort to potentially obtain a more normal distribution of
genotypes of all variants evaluated. This bigger study could also potentially result in a
suitably powered cohort, through which statistically significant association can be detected
and validated. At the same time meta-analysis would enable data from these multiple studies
to be analysed simultaneously, in order to confidently identify important associations. Data
generated from such studies would provide more knowledge towards the development of

pharmacogenetic interventions designed to guide optimal, more precise, ARV therapy.

This study focused on coding regions of genes implicated in TDF induced AKI, primarily due
to the nature of the sequencing technology that was employed. Variants in intronic, upstream,
downstream, untranslated and regulatory regions could therefore also be characterised and
evaluated in a suitably powered Bantu-speaking cohort. Novel and LoF variants detected
using NGS could be validated using an alternative method and their influence on TDF
induced AKI can be evaluated. The influence of variants associated with TDF induced AKI
could be evaluated where a genetic model can be developed to determine the influence of
these variants and to determine how well they can predict outcome. The accuracy of the
model can be evaluated and validated in a Bantu-speaking cohort. Once the variants are
validated they can be used to develop a genetic panel that can potentially be used in the future
to predict AKI prior to TDF initiation. Initially such a test would serve predominantly
patients of Bantu-ancestry who represent a large proportion of those receiving such
medication, given the initial development work in this population. However similar studies

on other population groups within the country could lead to the development of similar tests.
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CHAPTER 5: CONCLUSION
Adverse drug events are a concern in South Africa. South African reports indicated that

8.33% of admissions and 2.9% of hospital deaths are attributed to adverse events associated
with TDF, EFV, rifampicin and co-trimoxazole (an antibiotic). Approximately 3.5 million
people are on ARVs and with more HIV positive people expected to be put on the TDF-based
regimen, the number of patients affected by TDF induced AKI is expected to increase. Prior
pharmacogenetic studies have noted significant differences across populations in variants
associated with drug therapeutic outcome, including TDF induced AKI. In this study | aimed
to comprehensively identify variants present in eight TDF implicated ADME genes and to

select a subset of SNPs for a genetic association study for TDF-associated nephrotoxicity.

Targeted ultra-deep sequencing of 40 black South Africans confirmed the presence in this
population of 275 variants in eight ADME genes implicated in TDF efficacy. These included
three loss of function variants and 40 novel variants. The study also detected the presence of
at least nine variants that have previously been shown in other populations to be associated

with TDF-induced nephrotoxicity.

A panel of nine carefully chosen SNPs were evaluated in a case-control genetic association
study to determine their association with TDF associated nephrotoxicity. Suggestive allelic
associations with ABCC2 (rs2272369) were detected, such that the A allele segregated more
often amongst cases (p=0.02). The ABCC2 haplotypes (GTT and AAT) were associated with
the cases (p=0.02 and 0.03, respectively), where ATT was over-represented. Suggestive
associations were also detected between the ABCC2 AAC haplotype and reduced
susceptibility to TDF induced AKI in the controls (p=0.02).

A limitation of the study was its relatively low sample size and reduced power to detect small
to moderate effects. Despite this, we observed suggestive evidence for a potential influence
of a number of genetic variants on TDF induced AKI, as has been reported in current
literature (lzzedine et al. 2006, Rodriguez-Ndvoa et al. 2009, Nishijima et al. 2012,
Manosuthi et al. 2014). The findings from this study will need to be replicated in more
suitably powered cohorts. In summary, this study provided more insight into the genetic
variance of eight ADME genes in a Bantu-speaking cohort, and explored clinically
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significant variants in two cohorts of Bantu ancestry. It is hoped that the knowledge
generated from this study will add value towards the development of Bantu-specific

pharmacogenetic-based interventions.
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APPENDIX B: LIST OF 65 GENES IN NEXT GENERATION SEQUENCING (NGS)
PANEL USED FOR THE AmpliSeq™ PRIMER PANEL DESIGN

Table A: AmpliSeq™ gene list

Category or Genes
function
Transporters ABCC10, ABCB1, ABCC2, ABCC4, ABCG2, SLC15A2, SLC22A1,

Metabolizers or
enzyme

Kidney function,
development and
kidney failure
biomarker
Immune function

Transcription factor
other

SLC22A11, SLC22A6, SLC22A8, SLC35D1, SLCO1A2, SLCO1B1,
SLCO1B3, SLCO2A1, SLCO2B1, SLCO3A1, SLCO4AL, SLCO4C1

CYP1Al, CYP1A2, CYP2A6, CYP2B6, CYP2C19, CYP2C8, CYP2C9,
CYP2D6, CYP2E1l, CYP3A4, CYP3A5,CYP3A7, CYP8B1, DPYD,
ANPEP, GGT1, GSTM1, UGT1A1, CES1, CES2,
FMO1,FMO2,FMO3, POR, NAGA, NAT1, NAT2, SULT1Al

B2M, CLU, LCN2, TIMP1, HAVCR1 (or KIM)

HLAB, HLAC, HLADRBL1,IL18
AHR, NR1I2, NR1I3
AGTR2, AGTRAP, ACE, FGA, FGG, TFF3
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APPENDIX C: CLINICAL RESPONSE FORM (CRF)
Part of this data will be used for a separate project to investigate the proteome of patients undergoing

TDF ART

INFORMED CONSENT / DEMOGRAPHICS

Date Informed Consent Signed: DD DDI:‘ DD
DAY MONTH YEAR

Study duration: 1% August 2012— 315 July 2015

Patient demographics:

Date of Birth: DWD DJ;J,D DYME]

Race: (check one) Ethnicity (if known and consented to by patient)

Black = e

White

Coloured

Indian

Asial 0 e

’:] Other (state) —————

Gender

D Male
D Female

oo

INCLUSION CRITERIA: Please check Yes or No.

1. Of adult age (>18 years)

2. Positive diagnosis for HIV

3. Meets eligibility criteria for ART / already on ART
4. Willing to have blood taken for research

5. Of otherwise sound health

EXCLUSION CRITERIA: Please check Yes or No.

2. Unwilling to have blood taken for research
3. Poor venous access

4. Unwilling to comply with the study protocols

5. Poor treatment compliance

If any of the responses below are checked "No ", the patient is NOT eligible for the study.

If any of the responses below are checked "Yes ", the patient is NOT eligible for the study.

1. Medication for chronic condition/s; suspected concomitant illness e.g. TB

Yes / No
a a
a a
a a
] a
a a

O 0o0o0ad
0O 00 0O DO

~
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Physical attributes

Please enter all information using leading zeros as applicable.

LT O
L. O

Weight (Kgs)/ BMI

Height (metric)

CD4 cell count (viral load)
Original count & date (if available)

Current count

BIOLOGICAL TISSUE SAMPLE

Venous blood sample for I:I
gene / protein analysis

Volume (MLs)

Other (describe)

visiemaee: | ]| [ ][] ]
MONTH YEAR

DAY

PHYSICAL ATTRIBUTES / BIOLOGICAL TISSUE SAMPLE OBTAINED

BIOLOGICAL TISSUE SAMPLE - Renal Function

Venous blood or urine sample for D
kidney function analysis

Creatinine level................ Glycosuria level

Proteinurialevel..... Bicarbonate level...... e
Uric acid level....... Phosphorus level..................
Potassium level................ Glomerular filtration rate ......

Visit Date: DWD DQ\:‘ I:VLIR:]

Consenting patients who present with ART-induced adverse events
during study, or are a control (good responders) volunteer

Venous blood sample
taken D

Volume (MLs)

State adverse event(s)
and intervention taken

Visit Date: |:D|A|;| DWDWD D‘WD

3
MEDICAL HISTORY / MEDICATION
Existing Disease Condition or Allergy Year of Diagnosis
(p/ease enter only ONE abnormal/per line)
LIST DISEASE UNDER STUDY. IF APPLICABLE
CONCOMITANT MEDICATIONS
Please list all medications taken during the course of the study. ARVs taken prior to study should be listed as well. Generic and
trade names are both acceptable. If medication is ongoing, X' the Ongoing box. Complete date fields as completely as possible.
Medication Indication
sarepate L LI T T swpmae [T LT L] ongoine [
DAY MONTH YEAR DAY MONTH YEAR
Medication Indication
sartpate || soppace [T I L]l | ongoms []
DAY MONTH YEAR DAY MONTH YEAR
Medication Indication
sareate || LI T swpoae [T LT | ongoing [
DAY MONTH YEAR DAY MONTH YEAR
Medication Indication
Start Date [—|m ﬂl—"—] I—‘ Stop Date |_"—| ’—”—I|—| ’—“—‘ Ongoing D 4
DAY MONTH YEAR DAY MONTH YEAR
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ADVERSE EVENT REPORT

onsetvate [ JL L LIL LT enavae LILTLILITTET T ongoing O

Severity and event type

Action taken

onsetDate [ ][I JLIL ] Enavate LTI LT T ongoing [

DAY MONTH YEAR DAY MONTH YEAR

Severity and event type

Action taken

COMPLIANCE TO TREATMENT

Compliancecounselling undertakeiprior totherapeutic intervention

I:] Yes D No

On a scale 0of 0-100 (0 being non-compliant 100 being fully complian?) at what frequency do
you think the patient is taking their medication as prescribed during the preceding months

Montls 0- 3 Montls 3-6 Montls 6-9

If non-compliant state reason(s) given, duration, and intervention taken

Montls 9-12

END OF STUDY / EARLY TERMINATION

Da(eofLaslstudylrealmenlintake:| “ Il ” “ || “ I
YEAR

DAY MONTH

Did the patient complete the study completely as described in the protocol? D Yes \:‘ No

Date of Withdrawal: | ” | | ” ” | I ” I

DAY MONTH YEAR

If the answer to the above question was _No', indicate primary reason for early withdrawal from study:

(Check one box only if the patient did NOT fully complete the study)
Protocol Violation: (spec)

Adverse Event/s

Poor Compliance

Lack of Efficacy
Concomitant illness

Other e.g. withdrew consent
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APPENDIX D: ARTICLE

Targeted ultra-deep sequencing of forty black South Africans to comprehensively map

and characterise common and novel variants in the ADME genes

Sibongile Tshabalala BHSc. (Hons)"*3, Ananyo Choudhury Ph.D.? Natasha Beeton-Kempen
Ph.D.?, Neil Martinson MBBCh*®, Michéle Ramsay Ph.D.**and Dalu Mancama Ph.D.?

1) Department of Human Genetics, School of Pathology, Faculty of Health Sciences, University of the Witwatersrand, Johannesburg, South
Africa.

2) Sydney Brenner Institute for Molecular Bioscience (SBIMB), Faculty of Health Sciences, University of the Witwatersrand,
Johannesburg, South Africa.

3) CSIR: Biosciences Unit, Pretoria, South Africa.

4) Perinatal HIV Research Unit, Baragwanath Hospital and Faculty of Health Sciences, University of the Witwatersrand, Johannesburg,
South Africa.

5) Department of Internal Medicine, Faculty of Health Sciences, University of the Witwatersrand, Johannesburg, South Africa.
Correspondence: Dalu Mancama, CSIR: Biosciences, PO Box 395, Pretoria, South Africa, 0001, +27 12 841 4533, dmancama@csir.co.za

ABSTRACT:

African populations are characterised by high genetic diversity, which provides opportunities
for discovering and elucidating novel variants and polymorphisms of clinical importance,
especially those affecting therapeutic outcome. Significantly more detailed knowledge is
however needed before such populations can begin to take full advantage of increasingly
mainstream advances in precision and personalised medicine. Coupled with the need to
concisely map and better understand the pharmacological implications of genetic changes in
populations of sub-Sharan African ancestry, the aim of this study was to identify and
characterize with high confidence the polymorphisms present within 65 of the most important
ADME (absorption, disposition, metabolism and excretion) genes. This included elucidating
numerous polymorphisms that have not previously been reported. Using ultra-deep next-
generation sequencing to screen 40 South African individuals of Bantu ancestry, we
identified a total of 1 687 variants. Functional analysis revealed 152 that are novel, of which
20 represent potential loss-of-function mutations across 15 ADME genes. A high level of
allele frequency differentiation for these variants was observed when compared with other
populations. Notably, many of these variants appear to be pharmacologically important in the
pharmacokinetics of a broad range of drugs, including antiretrovirals, chemotherapeutic
drugs, antiepileptics, antidepressants and anticoagulants. In-depth analysis of our high-
resolution data enabled us to extensively interrogate the pharmacogenetic implications of this
genetic diversity. Furthermore, our study illustrated that a more comprehensive understanding
of these population-specific differences is needed to facilitate the development of

pharmacogenetic-based interventions for optimal drug therapy in patients of African ancestry.
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APPENDIX E: NGS SEQUENCING VALIDATION OF d4T COHORT

Sanger sequencing of patients with ambiguous or undetermined calls was employed for further

investigation and confirmation. Two potentially novel variants and one known variant were identified

after the initial NGS data filtering. The most common variant of rs717620 in most population,

(Izzedine et al. 2006, Rodriguez-Novoa et al. 2009, Nishijima et al. 2012), was the rare variant in our

population. The region flanking the SNP was amplified, purified and sent off for sequencing to Ingaba

Biotech. The results are summarised in the table below where there is discordance between the two

methods used to genotype the d4T patient samples. The Sanger sequencing electropherograms shown

below were of high quality and therefore we conclude that the genotype calling of the lon Torrent data

was incorrect. Unfortunately the two anticipated novel variants appear to be due to an artefact.

A comparison of next generation sequencing (NGS) and Sanger sequencing genotypic calls.

Genotype
Patient sample
Gene/SNP ID NGS Sanger
lon reporter Golden Helix sequencing
genome browser
ABCC2 170 244 CIC T/T* CIT
c.-24CIT
(rs717620)
ABCB1 170 274 CIT CIT TIT
¢.360T/C 170 192 T/T CIT TIT
(novel) 170 357 TIT TIT TIT
170 564 T/T T/T TIT
170 287 T/T Deletion TIT
ABCC2 170 077 AIC AIC A/A
€.2437A/C 170 186 A/C AIC A/A
(novel) 170 300 A/A A/A A/A
170237 AIA / A/A
170 287 A/A Deletion AIA
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Figure 1.3. Sanger sequencing results (A).
Chromatogram images from the Sanger sequencing analysis of patient sample (170 244); highlighted nucleotide shows the

position of variant identified by lon PGM™ sequencing (lon reporter and golden helix), (rs717620, ABCC2,c.-24C>T)

identified by lon PGM™ sequencing (lon reporter and golden helix). Sequencing results indicates that the patient sample has
a heterozygous genotype.
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Figure 1.1. Sanger sequencing results (A-E).

Chromatogram images from the sanger sequencing analysis of five patient samples A-E (170 274, 170 192, 170 357,
170 564 and 170 287); the highlighted nucleotide shows the position where a potentially novel variant was identified by lon
PGM™ sequencing (lon reporter and golden helix), located in ABCB1, ¢.360A>G. Sequencing results indicated that all
selected patient samples don’t possess the variant, i.e. were homozygous for the T allele.
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Figure 1.2. Sanger sequencing results (A-E).

Chromatogram images from the Sanger sequencing analysis of five patient sample A-E (170 077, 170 186, 170 300, 170237,
170 287); highlighted nucleotide shows the position where the potentially novel variant was identified by lon PGM™
sequencing (lon reporter and golden helix), (located in ABCC2, ¢.2437A>G). Sequencing results indicates that all patient
samples don’t possess the variant, i.e. were homozygous for the A allele.
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APPENDIX F: gDNA EXTRACTION & QUALITY CONTROL OF d4T COHORT
SAMPLES:

gDNA was extracted from buffy coat samples from a cohort of 40 South African HIV positive
patients who were undergoing d4T or EFV treatment regimes at the time of blood collection. gDNA
was extracted using the QIAgen kit (Qiagen, Hilden, Germany). The quality and quantity of extracted
gDNA was analysed using the Nanodrop spectrophotometer (ThermoFisher Scientific, Massachusetts,
USA). To improve purity; gDNA was purified with using the ethanol (EtOH) purification method,
where 0.1X volume of 3 M sodium acetate and 2X volume of cold 100% EtOH (v/v) was added,
mixed well and incubated in the freezer (-20°C) for 20 mins. The samples were then spun at max
speed (14X10° for 15 mins), washed with 70% EtOH (v/v) and air dried for 5-20 mins. The pellets
were resuspened in AE elution buffer (QlAgen kit) and kept at 4°C. DNA 12 000 DNA kit and the
bioanalyzer (Agilent Technologies, California, USA) were also employed to assess purity and
concentration. Since the Nanodrop detects all nucleic acid and Qubit detects only double stranded
DNA, the qualities do not correlate exactly (with coefficient of 0.17). Since double stranded DNA is
relevant in this case, the Qubit reading for DNA concentration was used. For final assessment of the
guantity of each sample the Qubit® dsDNA HS Assay Kit and a Qubit® 2.0 Fluorometer were used.
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=% gDNA samples. Gel image (i) generated by the
analysis of 12 samples and the electropherogram of
ot sample (ii) sample 648; illustrating the presence of
40 , high molecular weight gDNA and the lack of high
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4 ,*ﬁm,wwwwwﬂ"’r .""Mx». gDNA was intact and not fragmented.
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APPENDIX G: EVALUATING THE SALTING OUT METHOD FOR gDNA
EXTRACTION

Since the dT4 cohort gDNA samples were extracted using a QIAgen kit (Qiagen, Hilden, Germany)
and the yield was low and the samples needed EtOH purification to improve purity; an alternative
method of extraction was required. The salting out method (Miller et al., 1996) was selected and
evaluated. The salting out method produced high quality DNA and a better yield (Table 1 and Figure
1.1). Restriction enzyme digestion with the EcoRI (NEB) restriction enzyme was employed to validate
the integrity of the gDNA structure of gDNA extracted using the salting out method and DNA 1000

and the bioanalyzer (Agilent Technologies, California, USA) were used for analysis (Figure 1.2)

Table 1: Salting out purification of gDNA from nucleated cells

Sample ID Nenodrop™ Qubit (ng/ pl)
ample ubit (n
P ng/pl 260/280 260/230 oH
RC49 938.42 1.91 2.14 1140
RC57 369.06 1.57 0.62 1040
RC65 222.50 1.9 2.15 1180
R16 403.58 1.92 2.24 3084
RC41 346.21 1.9 2.23 158.8
R60 75.26 1.9 2.54 356
RC111 96.56 1.35 0.36 116.4
A B
M 1 2 3 4 5
M= 1Kb plus
1: RC49
2: RC51
3: RC57
4: RC65
5: R16

Figure 1.1 (A-B). Agarose gel analysis of TDF samples extracted. High molecular weight gDNA
produced by salting out extraction from buffy coat samples from the TDF cohort. The high molecular
weight single band indicates the absence of degraded fragments, showing the structural integrity of
the gDNA extracted. 10pL of extracted gDNA was loading in gel A and 1 pL of gDNA was loaded in
gel B.
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Figurel.2. gDNA structural analysis: Gel image (i) generated by the analysis of samples that were
digested with EcoRlI to assess the structural integrity of the genomic DNA. Four different samples (1-
4) were evaluated at different phased (d=digested and u=undigested). Electropherograms of digested

(ii) and undigested (iii) gDNA sample3 are shown.
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APPENDIX H: ASSAY OPTIMIZATION

Inorder to improve allelelic discrimination for each assay and produce more defined clusters for each
of the genotypes in the assay, increase amplification and fluorescent signals is required. This can be
achieved by increasing the starting amount of gDNA. The starting gDNA was increased from 10ng to
20 ng however this did not significantlly lower the Ct (cycle no. at which amplification begins), and
therefore 10ng was deamed sufficient as the starting amount gDNA for each assay.

Amplification Plot Amplification Plot
A 100 B 100
104 10
1 1
0.14 0.1
c c
['4 0014 14 0011
g <
0.001 1 0001
0.0001 { 0.0001 {
0.00001 1 0.00001 1
0.000001 0.000001
204 8 8 0 R 1 B WA 2 % X AN R KB B Y 2 4 6 8 100R % OB OB N2 XX AN QMR B
Cycle Cycle
Legnd Legen
| C_16173668_10 EC_25591743_30
C Amplification Plot D
100 ¢ Amplfication Mot

107
1
01

00

r
c § %
E oo 0001
0.0001
00011\
0.00001
00001 {
000000 L—mrm—r—r—b—ruetrnoo i p
V | | W\ F:y e 2004 0 0 10 2 Mo N 2 NN NN R NN NN
0.00001 1 \‘ / ' \ Cycla
0,000001 . it
2 4 6 8 0 7 W O® WA 2 N X A Y R MBI e o
Cycle
¢t

Legend
C__22272980_20

Figure A-D. Amplification plots for four assays tested. A was obtained with 10 ng of gDNA; and B-D
was obtained with 20ng of gDNA. Increasing the strarting gDNA did not significantlly lower the Ct
(cycle no. at which amplification begins) therefore increasing the starting gDNA did not increase
amplification and fluorescent signals that results in more defined clusters of the genotypes
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APPENDIX 1I: TAQMAN® SNP GENOTYPING ASSAY ROBUSTNESS AND

VALIDATION

Stavudine (dT4) cohort samples were used to validate each TagMan® assay. Genotypic calls from the

ion reporter software and golden helix were used as a reference. This comparison for each assay is

displayed in the Tables 1-7. These results show concordance for 6 of the 7 assays. The TagMan®

assays were further evaluated by assessing the genotypic. Calls obtained from screening the TDF

cohort where both the TagMan® and Sanger sequencing calls were compared and the outcomes are

displayed in the figures below. The results indicate concordance between the TagMan® and Sanger

sequencing genotypic calls.

1. ABCB1 rs2032582

Assessment and validation of TagMan SNP genotyping assay C_11711720C_30: ABCB1

rs2032582
SAMPLES GENOTYPE
ID
lon Golden | TagMan
reporter helix
456 | C/C - C/C
4| CIC C/C C/IC
314 | C/C C/IC C/C
351 | C/C C/IC C/IC
245 | - C/IC C/IC
263 | - - C/IC
246 | - C/IC C/IC
349 | - - C/IC
213 | C/IC C/C C/IC
631 | C/C C/IC C/IC
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Figure 1. rs2032582 assay validation. Allelic discrimination plot for the d4T cohort (A), No clusters were formed because thls variant is rare and a larger sample size was required to |dent|fy

the variant. The calls were in complete concordance with the genotypic calls for lon importer and Golden Helix. Allelic discrimination plot for the TDF cohort (B), homozygous individuals with
the wild-type (WT) genotype (CC) are clustered in red. Those possessing heterozygous form of the genotype (AC) are cluster in green. The squares represent experimental control (Negative
control). Patients with the 22 forms of the genotype were separated but due to the lack of the variant genotype (AA), clustering was not good. Allele discrimination plots (C1 & D1) and
chromatogram (C2 & D2) images for samples RC46 (1) and R73 (2) from th TDF cohort. Tthe highlighted nucleotide shows the position where the variant rs2032582 lied and sequencing.
Sanger sequencing confirmed the TagMan genotypic calls. For patient RC46. The TagMan assay signals (FAM/VIC) for R73 were low but the assays were sensitive enough to cluster accurately
and the genotypic call was confirmed by Sanger segiencing. rs2032582 islocated in ABCBL1 position ¢.2677.
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2. ABCC101rs2125739

hiahliahted nucleotide shows the position where the variant rs212739 lied. The TaaMan assav sianals (FAM/VIC) for R77 were undeterminded (X) low but the assavs were sensitive

Assessment and validation of TagMan® SNP N
R A Al Discrimination P ot B Allelic Discrimination Plot Cl Allelic Discrimination Plot
genotyping assay C__16173668_10 0 " -
: ABCC10 rs2125739 T :
. .: : .

SAMPLES GENOTYPE ki . t

ID lon Golden | TagMan mE ;

reporter [ helix : . @ "
@ o L2

192 T/C T/C T/C s o

286 TIC T/C T/C

259 T/C T/C T/C : e .

9 T/C T/C T/C A , " "

249 ce | cc | cc | om = . e

274 CIC CI/C CI/C
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Figure 2. rs212739 assay validation. Allelic discrimination plot for the d4T cohort (A) and TDF cohort (B). Homozygous individuals with the wild-type allele (TT) are clustered in
blue. Those possessing heterozygous form of the allele (CT) are cluster in green. The red cluster indicates the patients that are homozygous for the variant allele (CC). The squares
represent experimental control (Negative control) and the individual marked X could not be analysed due to low or no amplification and were therefore repeated. The genotypic calls
from the d4T cohort were in accordance with the genotypic calls for lon reporter and Golden Helix. Allele discrimination plots (C1) and chromatogram (C2) images for RC77; the 128




3. ABCC2 rs2273697

Assessment and validation of TagMan SNP

genotyping assay C__ 22272980 _20

: ABCC2 rs2273697

SAMPLES GENOTYPE
ID lon Golden | TagMan
reporter | helix

294 | AIA A/A A/A

12 | GIA G/A G/A

249 | G/A G/A G/A
383 | G/A G/A G/A
213 | G/A G/A G/A

12 | GIA G/A G/A

648 | G/G GIG GIG
192 | G/IG GIG GIG

9| GIG G/G G/G

241 | G/G G/G G/G
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Figure 3. rs2273697 assay validation. Allelic discrimination plot for the d4T cohort (A) and TDF cohort (B). Individuals homozygous for the wild-type allele (GG) are clustered in blue. Those

possessing heterozygous form of the allele (GA) cluster in green. Individuals homozygous for the mutated allele (AA) cluster in red. The squares represent experimental control (Negative
control). X represents empty wells, as the genotype cannot be clearly distinguished. Genotyping calls from the d4T cohort where the calls were in accordance with the genotypic calls for lon
importer and Golden Helix. Allele discrimination plots (C1 & D1) and chromatogram (C2 & D2) images for samples RC66 (1) and R26 (2) from th TDF cohort. The highlighted nucleotide
shows the position of the variant rs2273697. Sanger sequencing confirmed the TagMan genotypic calls.
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Figure 4. rs17222723 assay validation. Allelic discrimination plot for the d4T cohort (A). Genotyping calls from the d4T cohort where the calls were in accordance with the genotypic calls for
lon importer and Golden Helix. Individuals homozygous for the wild-type allele (TT) clustered in blue. Those possessing heterozygous forms of the allele (AT) cluster in green. The squares
represent experimental control (Negative control). Allelic discrimination plot for the TDF cohort (B), where an increase in sample size resulted in the variants genotype being identified and the
plot displayed good clustering of the patients based on their genotype. Allele discrimination plots (C1) and chromatogram (C2) images for samples R26 (1) from th TDF cohort. Tthe highlighted
nucleotide shows the position of the variant rs17222723 and Sanger sequencing confirmed the TagMan genotypic calls.
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Figure 5. rs3740066 assay validation. Allelic discrimination plot for the d4T cohort (A). Individuals homozygous for the wild-type allele (CC) clustered in red. Those possessing heterozygous
form of the allele (CT) cluster in green. The squares represent experimental control (Negative control). The genotypic calls were in accordance with 50 % of the lon reporter and Golden Helix
calls and this is due very low sequencing depth or coverage. The coverage is listed in the parenthesis and the samples with low coverage were incorrectly called. Allelic discrimination plot for
the TDF cohort (B), where the plot displayed good clustering of the patients based on their genotype. Allele discrimination plots (C1) and chromatogram (C2) images for samples RC91 (1) and
RC66 (2) from the TDF cohort. The highlighted nucleotide shows the position of the variant rs3740066 and Sanger sequencing confirmed the TagMan genotypic calls.
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6 . ABCC4 r53742 106 A . Allelic Discrimination Plot ‘ B ‘ Allelic Discrimination Plot ‘ C 1 - Allelic Discrimination Plot

Assessment and validation of TagMan SNP . i . O‘
genotyping assay C__ 8059522 1 : FrH j it oz
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GENOTYPE : :
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ID reporter helix
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Figure 6. rs3742106 assay validation. Allelic discrimination plot for the d4T cohort (A) and TDF cohort (B) Homozygous individuals Wlth the wild-type aIIeIe (AA) are clustered in red
Those possessing heterozygous form of the allele (AC) cluster in green. The blue cluster indicates the patients that are homozygous for the variant allele (CC). The squares represent
experimental control (Negative control) and the individuals marked X could not be analysed due to low or no amplification and were therefore repeated. The calls were in accordance with 90%
the genotypic calls for lon importer and Golden Helix. Sample 357 was incorrectly called AA and 3 samples were omitted replicates with no amplification to produce good clustering. Allele
discrimination plots (C1) and chromatogram (C2) images for patient samples RC46; the highlighted nucleotide shows the position where the variant rs3742106 was identified by Sanger
sequencing, which confirmed the TagMan genotypic calls for RC46.
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7. ABCC4rs1751034

Assessment and validation of TagMan SNP genotyping assay C__ 1901918 30: ABCC4

rs1751034
SAMPLES ID GENOTYPE
lon golden TagMan
reporter helix
383* CcC cC -
564* CcC CcC CcC
9 TC TC TC
314* TC TC TC
249 TC TC TC
186 TC TC -
631 TT TT TT
274 TT TT TT
648 TT TT -
12 TT TT -
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Figure 7. rs1751034 assay validation. Allelic discrimination plot for the d4T cohort (A) and TDF cohort (B) Homozygous
individuals with the wild-type allele (TT) are clustered in blue. Those possessing heterozygous form of the allele (AC)
cluster in green. The red cluster indicates the patient that are homozygous for the variant allele (CC). The squares represent
experimental control (Negative control) and the individuals marked X could not be analysed due to low or no amplification
and were therefore repeated. The calls were in accordance with 40% of the genotypic calls for lon importer and Golden
Helix.
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8. APOL1 rs73885319
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Figure8. rs73885319assay validation. Allelic discrimination plot for the d4T cohort (A) and TDF cohort (B) Individuals
homozygous for the wild-type allele (AA) are clustered in red. Those possessing heterozygous form of the allele (AG) are
clustered in green. Individuals with both forms of the mutated allele (GG) are clustered in blue. The squares represent
experimental control (Negative control). Allele discrimination plots (C1) and chromatogram (C2) image for patient samples
RC46; the highlighted nucleotide shows the position where the variant rs3742106 was identified by Sanger sequencing,

confirming the TagMan genotypic calls for RC46.
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9. APOL1rs60910145
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g9
calls from the d4T cohort. Individuals both forms of the wild-type allele (AA) are clustered in red. Those possessing

homozygous variant allele (GG) are cluster in green. The squares represent experimental control (Negative control) Allele
discrimination plots (C1 & D1) and chromatogram (C2 & D2) images for patient samples RC46 (1) and R26 (2); the
highlighted nucleotide shows the position where the variant rs60910145 was identified by Sanger sequencing confirmed the
TagMan genotypic calls for RC46 and R26.
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APPENDIX J: TDF GENOTYPING DATABSE

Tablel: Database containing information and genotypic calls for patients included in the TDF cohort

Sample Age Sex Ethnicity AKI ABCB1 ABCC10 ABCC2 ABCC4 APOL1
1D Status
rs2032582 | rs2125739 | rs2273697 r517§2272 rs3740066 | rs1751034 | rs3742106 “73%8531 rSGOE;lO“

RO12 55 | Male Black Case cc TC GG TT cCT TT cc A A TT
R019 50 | Female Black Case cc TT A A TT cc TT AC AG TG
R040 37 | Female Indian Case cc TC GG TA cc TC A A A A TT
R052 46 | Female Black Case cc TT GG TA cc TC AA A A TT
R068 32 | Female Black Case cc TT GA TT cc TT ccC A A TT
R086 36 | Female Black Case cc TC GG TT cc TT AC A A TT
R089 47 | Female Black Case cc TC GG TA cc TC AC A A TT
R090 37 | Male Black Case cc TC GG TT cc TT AA A G TG
R094 62 | Female Black Case cc TT GG TA cc TT AC A A TT
R096 18 | Female Black Case cc TC GG TA cc TC AC AG TG
R098 66 | Female Black Case cc TT GG TA cc TC A A AG TT
R100 52 | Female Black Case cc TT GG A A cc cc cC A A TT
R105 63 | Male Black Case CA TT GG TA cc TC AA AA TT
R106 38 | Male Black Case cc TT GG TA cc TT AC AA TT
R107 42 | Male Black Case TT

R110 33 | Female Black Case cc TT GA TT cc ccC AA AA TT
R114 65 | Female Black Case cc TT A A TA cc TC AC GG G G
R117 44 | Female Black Case cc TC A A TA cc cc ccC AA TT
R127 50 | Female Black Case cc TT GG TA cc TT AC AA TT
R130 43 | Female Black Case cc TT G_A TT cc TC A A AA TT
R132 41 | Male Black Case cc TC GG AA cc TT AC AA TT
R133 33 | Female Black Case cc TC GG TT cc TT cc A A TT
R134 35 | Female Black Case cc TT GA TT cc TT AC A_A TT
R140 27 | Female Black Case cc TC GG TT cCT TT AC AA TT
R141 42 | Male Black Case cc TT GG TT cc TT AA AA TT
R144 46 | Female Black Case cc cc G_A TA cc TT ccC AA TT
R146 62 | Male Black Case cc TC G_A TT cc TT AA AA TT
R147 48 | Female Black Case AA TC GG TA cc TT AC AA TT
R148 71 | Male Black Case cc TT GG TT cc cc cC A A TT
R151 52 | Male Black Case cc TC GG TT cc TC AC A A TT
R152 45 | Male Black Case cc TT GG TA cc TC AA AG TT
R161 44 | Female Coloured Case cc TC A A AA TT TC AC A_A TT
R165 40 | Male Black Case cc TC G_A TA cc TC cC GG G G
R166 65 | Male Black Case cc TT GG TA cc TT AC AG TG
R172 54 | Male Black Case CA TT G_A TA cc TT AA AG TT
R176 56 | Female Black Case cc TT GG TT cc TT AC A A TT
R177 64 | Female | Black Case cc TT G.G TT cc ccC AA G_G TT
R182 51 | Male Black Case cc TC AA AA cT TC cc AA TT
R183 60 | Female Black Case cc TT GG TT cc TC AC A G TG
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Sample Age Sex Ethnicity AKI ABCB1 ABCC10 ABCC2 ABCC4 APOL1
1D Status
rs2032582 | rs2125739 | rs2273697 ;51722272 r$3740066 5117510 rs3742106 557388531 256091014

R184 49 | Male Black Case cc TC G_A TT cc TC AC A A TT
R185 23 | Female Black Case cc TC GG TT cc TC AC AG TT
R187 28 | Female Black Case cc TT GG TT cCT TT AA A A TT
R188 35 | Female Black Case cc TT GG TT cc TT AC A A TT
R189 38 | Male Black Case cc TC GA TA cc TT AC A G TG
R190 39 | Male Black Case cc TT GG TT cc TC AA A G TG
R192 33 | Female Black Case CA TT GA TT cc TC AC A A TT
R193 37 | Female Black Case cc TC GG TT cT TC AA A A TT
R194 54 | Female Black Case cc TC A A AA cC ccC AC AA TT
R195 41 | Female Black Case cc TC GG TT cc TC AA A A TT
R091 69 | Male Black Case cc TT GG TA cc TT AA A A TT
R116 54 | Female Black Case cc TC GA AA cc TC AC AA TT
R142 53 | Female Black Case cc TT GG TT cc TC AC AA TT
R169 55 | Male Black Case cc TT GG TT cT TT AC AA TT
RCO001 39 | Male Black Control cc TT GG TA ccC cc AC G_G TG
RC002 53 | Male Coloured Control TT GG TA ccC TT ccC AA TT
RC003 35 | Female Black Control cc TT G_G TT TT ccC AC AA TT
RC004 37 | Female Black Control cc TC GG TT cc TT A A AA TT
RC005 50 | Male Black Control cc TT G_G TA cc TC AC AA TT
RC006 40 | Female Black Control cc TT G_G TT c.cC TT AC A_A TT
RC009 33 | Female Black Control cc TC G_G TA cT TC AC AA TT
RCO010 42 | Female Black Control CA cc G_A TT cc TC A A AG G G
RCO011 37 | Male Black Control cc TT G_A TT cc TC A A AA TT
RC013 46 Black Control cc cc AA A A c_C TC AC A A TT
RCO041 47 | Male Black Control cc TT GG TT cCT TT cc AA TT
RC042 43 | Female Black Control cc TT GG TA ccC TT AC A_A TT
RC043 28 | Female Black Control cc TT GG TT cc TT A A AG TT
RCO044 34 | Male Black Control cc TT GG TT cT TT AC A_A TT
RC045 40 | Female | Black Control | ¢ ¢ TT GG TT cc T.C AA AG T
RC046 32 | Female Black Control cc TT A A TT cc TC cc AG TG
RC047 30 | Female Black Control AA cc GG TA cc TC AA A A TT
RC048 56 | Male Black Control cc TT GG TA cc TC AC A A TT
RCO049 38 | Male Black Control cc cc GG TT cc TC AA AG TG
RC050 40 | Female | Black Control | ¢ ¢ TT GG TT cc TT AA AA T
RCO051 50 | Female Black Control cc TT GG TT CcT TT AA A A TT
RC052 28 | Female Black Control cc TT GG TA cc TT AC A A TT
RC053 34 | Female Black Control cc TC G.G TT cT TC cc A G TG
RC054 55 | Male Black Control cc TT GA TT cc cc cC AA TT
RC055 59 | Male Black Control cc TT G.A TT cc TC AC AA TT
RC056 44 | Female Black Control cc TC G.G TA cc TT AA AA TT
RCO057 43 | Male Black Control cc TC GG A A cc TC AC AA TT
RC058 28 | Female Black Control TC GA TT cc AA TT
RC059 36 | Female Black Control cc TC GG TT cT TT A A AA TT
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Sample Age Sex Ethnicity AKI ABCB1 ABCC10 ABCC2 ABCC4 APOL1
1D Status
rs2032582 | rs2125739 | rs2273697 | S22 | rsaracoes | 7010 | rsaraziop | o73%°%% | [s091014

RC060 35 | Female Black Control cc TT GG TT cc TT cc AA TT
RCO061 43 | Female Black Control cc TT GG TT cc TC AA AA TT
RC062 35 | Male Black Control cc TC GG TA cc TC AC AA TT
RC063 36 | Female Black Control cc TT GG TT cc TT AA AA TT
RCO064 34 | Male Black Control cc TT GG TT cc TC AA AA TT
RC065 37 | Female Black Control cc TT GG TA cc TT AA AA TT
RC066 39 | Female Black Control cc TC GG AA cc TT AA AA TT
RCO067 38 | Female Black Control cc TC G.A TT cT TC AA AA TT
RCO068 42 | Female Black Control cc TC GG TA cc TT AA AA TT
RC069 26 | Female Black Control cc TT GG TT TT TT cc AA TT
RC070 30 | Female Black Control cc TC G.A TT cT TC AC AA TT
RCO71 40 | Male Black Control CA TC G.A TT cc TC AC AA TT
RCO72 49| Male Control | ¢ ¢ TT GG TT cc TC AC AG TG
RC073 42 | Female Black Control cc TC G.G TT cT TC cc AA TT
RC074 45 | Female Black Control cc cc G.A TT cc TC cc AA TT
RCO075 19 | Female Black Control cc TT cT TG
RCO076 35 | Female Black Control cc TC GG TT cc TC AC AA TT
RCO77 31 | Female Black Control cc TC GG TT cT TC AC AA TT
RCO078 38 | Male Black Control cc cc GG TA cc cc AC AA TT
RCO079 39 | Male Black Control TT GG AA cc TT AA AA TT
RC080 38 | Female Black Control cc TT GG TT CT cc AA AA TT
RCO081 27 | Female Black Control TT GG TA cc TT cc AA TT
RC082 47 | Male Black Control cc TC GG TT cc TT AC AA TT
RC083 54 | Female Black Control cc TC GG TT cc TT AA AA TT
RC084 56 | Female Black Control cc TC GG TA cc cc AC GG GG
RC085 30 | Female Black Control cc TC GG TT cc TC AC GG TG
RC086 39 | Female Black Control cc TC GG TT cc TC cc AG TG
RCO088 39 | Female Black Control cc TC GG TA cc TT cc AA TT
RC089 53 | Female Black Control cc TT GG TA cc TC AC AA TT
RC090 58 | Female Black Control cc TC GA TT cc TT AC AA TT
RC091 48 | Male Black Control cc TC GG TT cc TC AA AA TT
RC092 57 | Female Black Control TT AA TT
RC093 36 | Female Black Control TT AG TG
RC094 41 | Female Black Control TC GG TT cT TC cc AA TT
RC095 30 | Female Black Control TT GG TT cc TC AA AG TG
RC096 41 | Female Black Control cc TC GA TT cc TT AA AA TT
RC097 52 | Female Black Control cc TT GG TT cT TT cc AA TT
RC098 49 | Female Black Control cc TC GG TT cT TT AA AA TT
RC099 36 | Female Black Control TC GA TT cc TT AC AA TT
RC100 51 | Female Black Control cc TC GG TT cc TC AC AA TT
RC101 21 | Female Black Control cc cc GG TT cc TT AC AA TT
RC102 57 | Female Black Control cc TT GG TA cc TC cc AA TT
RC103 26 | Female Black Control cc TT GA TT cc TT AA AA TT
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Sample Age Sex Ethnicity AKI ABCB1 ABCC10 ABCC2 ABCC4 APOL1
1D Status

rs2032582 | rs2125739 | rs2273697 ;51722272 rs3740066 5117510 rs3742106 557388531 ;56091014
RC104 25 | Female Black Control cc cc GG TT cc TC AC AA TT
RC105 49 | Female Black Control cc TT GA TA cc TT AA AA TT
RC106 53 | Female Black Control TT GG cc AA AA
RC107 53 | Female Black Control cc TT G.A TT cc cc AC AA TT
RC108 45 | Female Black Control cc TC cc cc AC AA TT
RC109 35 | Female Black Control cc TT GG TT cT TT AA AA TT
RC110 50 | Female Black Control cc TC GG TA cc TT AC AA TT
RC111 37 | Female Black Control cc TC GG TA cT TT AA AA TT
RC112 46 | Female Black Control cc TT GG TA cc TC AA AA TT
RC113 41 | Female Black Control cc TT GG TT cT TT AA AA TT
RC114 37 | Female Black Control cc TT GG TA cc TT AA AA TT
RC115 41 | Female Black Control cc TC G.A TA cc TC AA AA TT

c_C TC G_G TT C_T TC c_C AG G_G
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APPENDIX K: ASSESSMENT OF THE PERFORMANCE OF THE PRIMERS USED
FOR PCR PRIOR TO SANGER SEQUENCING TO VALIDATE THE

GENOTYPING CALLS

M la 2a 1b 2b 1c 2c 1d 2d le 2e 1f 2f 1g 2g

THIRD @ 01 1w

Figure 1. PCR amplicons of DNA fragments that encompass the SNPs of interest (a-g). Initially, PCR reactions were set up
using Taq polymerase (1) and iProof™ polymerase (2). The corresponding fragment sizes are indicated in brackets with
SNP b not being amplified. Therefore optimised using Iproof polymerase for a, ¢, d, e, f and Taq polymerase for g. About
10pL loaded on a 1% gel, with 10pL of 1Kb plus marker (ThermoFisher Scientific, Massachusetts, USA).

Key: a=rs2032582 (1295 bp) b=rs2125739 (1476 bp), c= rs17222273 (857 bp), d=rs227369 (992 bp), e= rs374066 (792bp),
f=rs1751034 (880bp) and g= rs37402106 (557 bp).
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Figure 2: PCR amplicons of DNA fragments that encompass the SNPs of interest (a-g). Initially PCR reactions
were set up using iProof™ polymerase (1), iProof™ polymerase with DMSO (2), Taq polymerase (3) and Taq
polymerase with DMSO (4). The corresponding fragment sizes are indicated in brackets with the region for SNP
g not amplified. The amount gDNA was doubled to 2ul (44ng). About 10ul loaded on a 1% gel, with 10ul of 1Kb
plus marker (ThermoFisher Scientific, Massachusetts, USA).

Key: a=rs2032582 (1295 bp) b=rs2125739 (1476 bp), c=rs17222273 (857 bp), d=rs227369 (992 bp), e=
rs374066 (792 bp), f= rs1751034 (880 bp) and g= rs37402106 (557 bp).
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APPENDIX L: ASSESSMENT AND VALIDATION OF TAQMAN SNP
GENOTYPING ASSAY

Table 1: Validation of TagMan SNP genotyping assays.

ABCC10

ABCC4

APOL1

rs212739

rs17222723

C__16173668_10

C_ 25591743 30

RC77

R 26

T/T

Gene SNP ID Assay sample ID TagMan Sanger
sequencing
ABCB1 rs2032582 |C_11711720_30 |RC46 CIC CIC
R73 AJA (X) AIA

TIT

T/T

ABCC2

rs3742106

rs60910145

rs73885319

C__ 8059522_1

C_ 98253221_10

C__89555688_10

RC46

RC46

c/C

A/A

rs227369 C_22272980_20 |RC46 A/A A/A
R 26 GIG GIG
rs3740066 |C__11214910_20 |RC91 C/iC c/C
RC66 C/iC c/C

c/C

R 26

RC46

A/A

TIG

T/G (K)

R 26

TIT

TIT

X=undetermined, RC= renal control sample, R= renal sample
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APPENDIX M: CONFIRMATION OF AMBIGUOUS GENOTYPIC CALLS

Sanger sequencing was performed for patients with ambiguous or undetermined calls for further
investigation and confirmation. The region flanking the SNP was amplified using the primers
described chapter 2, the amplicons were purified and sent for sequencing to Ingaba Biotech, Pretoria.
The results are summarised in the figures below where Sanger sequencing was used to determine the
genotype of one of the TDF patient sample (Figure 1) and confirmed the ambiguous call of the other
(Figure 2).
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Figure 1. TagMan SNP genotyping assay C 11711720 30.

Allele discrimination plots (A) and chromatogram (B) images for sample R73; the highlighted nucleotide shows the position
where the variant rs2032582 was identified by lon S5™ sequencing, located in ABCB1, ¢.2677C>A. Sanger sequencing
confirmed the TagMan genotypic calls. The TagMan assay signals (FAM/VIC) for R73 were low but the assays were
sensitive enough to call accurately.
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Multicomponent Plot
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Allele discrimination plots (A) and chromatogram (C) images for patient sample RC77 (1) ; the highlighted nucleotide
shows the position where the variant rs212739 was identified by lon S5™ sequencing, located in ABCC10, ¢.2759 T>C. The
allelic discrimination plots show representative genotypic calls and the multicomponent plot illustrates the fluorescent
signalling for each probe in the assay. The TagMan assay signals (FAM/VIC) for R77 were undeterminded (X) low but the
assays were sensitive enough to call accurately, as indicated by the multicomponent plot (B) and confirmed by Sanger
sequencing (C).
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APPENDIX N: TENOFOVIR/ ADEFOVIR PATHWAY, PHARMACOKINETICS

G

/ \

Tenofovir pathway. Tenofovir is administered as a prodrug tenofovir _ adefovir) dipivoxil and is absorbed into the
gastrointestinal tract via p-gp (encoded by ABCB1). P-gp transport the pro-drug Tenofovir/adefovir dipivoxil, which require
initial diester hydrolysis for conversion to tenofovir/adefovir. Phosphorylation occurs twice, by adenylate kinases (AK2 and
AK4) and (NME1 and NEM1) nucleotide diphosphate kinases, for the pro-drug to be active and have anti-viral properties.
Tenofovir /adenovir are not metabolized by cytochrome P450 enzymes. They are hardly metabolised as they are eliminated
in their active form. Elimination occurs through the kidneys via tubular secretion and glomerular filtration. Elimination
occurs in the proximal tubule of the renal nephron, the functional units of the kidneys. Clearance of these drugs is regulated
mostly by membrane transport proteins. Organic anion transporter 1 (OAT1) (SLC22A6) and organic anion transporter 3
(OAT3) (SLC22A8) are located on the basolateral membrane of the human proximal tubule (kidney) cell, and multidrug
resistance protein 4 (MRP4) (ABCC4) and MRP 7 (ABCC10) on the apical side (Miller 2001). SLC22A6 and SLC22A8 act
in the uptake of tenofovir/adefovir into the renal proximal tubule cell while ABCC4 controls the active efflux of the drug
across the apical membrane (Uwai et al. 2007). MRP2 protein (ABCC2) has also been implicated in the efflux process.
Genetic variation in SLC22A6, SLC22A8 and ABCC4 may alter regulation and exposure of the kidney to tenofovir/adefovir
and thus, play a major role in tenofovir/adefovir associated renal toxicity. Other drugs that interact with these proteins may
influence how tenofovir/adefovir is eliminated and may possibly play a role in tenofovir/adefovir associated toxicity (Whirl
(Whirl-Carrillo et al. 2017)Carrillo et al, 2012).
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