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ABSTRACT 

  

Background: HIV drug resistance (HIVDR) remains a major threat to achieving sustainable viral 

suppression on antiretroviral treatment (ART). Most countries including those in resource limited 

settings (RLS) have adopted use of dolutegravir (DTG), a more potent integrase strand transfer 

inhibitor, leading to an increase in the demand for integrase resistance testing. Current HIVDR testing 

methods in RLS focus on genotyping the HIV protease (PR) and reverse transcriptase (RT) genes, 

separate from the integrase (IN) gene. However, amplification of PR and RT separate from IN is 

expensive and increases the workload for HIVDR genotyping. Therefore, affordable and labour 

efficient methods that genotype all relevant HIV-1 genes (i.e., the PR, RT and IN genes) are required 

to guide clinical decisions, especially in RLS where cost is a major limiting factor. Thus, this study 

aimed to design an affordable in-house HIVDR genotyping method suitable for use in RLS.  

Methods: Remnant plasma samples were obtained from a CAPRISA 103 study and viral RNA 

was extracted from 500µl of plasma. We validated the assay using remnant plasma samples 

from an external quality assessment (EQA) programme. Complimentary DNA synthesis and 

first-round PCR were performed followed by second-round nested PCR which was designed 

to amplify an ~2.9kb HIV-1 pol region (PR, RT and IN genes) using 1% gel electrophoresis. 

Successful second-round nested PCR products were purified using ExoSAP-IT Express PCR 

Product Cleanup reagent. Sanger sequencing was performed and quality of the sequences were 

manually edited using Geneious Prime software. HIVDR mutations were assessed using the 

Stanford HIV drug resistance database. HIVDR mutations using the designed method were 

compared to previous results obtained on the same samples. Sequence quality was also 

evaluated using phylogenetic analysis in Geneious software with maximum likelihood tree 

reconstruction using a generalized time reversible model with proportion of invariable sites 

and gamma distribution (GTR + I + G), and with 100 bootstrap replicates. Method cost-

estimates were done by comparing costs and turn-around time to current genotyping methods.  

Results: Of 115 plasma samples obtained, 19 samples were not processed due to inadequate plasma 

volume. Of the 96 processed, we obtained sequence data for 78 (81%). Of those, 75 (96%) had at least 

one HIVDR mutation in the PR and RT  

  



 

xv 

  

 

genes, with no major-IN mutations observed. Only one sample had an E157Q INSTI-accessory 

mutation. When compared to previous genotypes, only 2/79 (3%) had different phenotypic predictions 

that affected the choice of subsequent regimens. Of 7 EQA samples, 4 were HIV-1C, 2 were HIV-1D, 

and 1 was HIV-1A. Genotypic resistance data generated using the IDR method showed 100% 

concordance with EQA panel results. The overall cost per sample was estimated at ~US$43, with a 

turn-around time of ~15 hours. 

Conclusion: We successfully designed an in-house HIVDR method suitable for genotyping HIV-1C 

PR, RT and IN genes, at an affordable cost of US$64 and shorter turn-around time reduced from ~21 

hours to ~15 hours, compared to currently available methods. This HIVDR genotyping method 

accommodates changes in ART regimens and will help to guide HIV-1 treatment decisions in RLS. 
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CHAPTER 1: INTRODUCTION 

 

1.1 Background 

Since the beginning of the human immunodeficiency virus (HIV) epidemic, roughly 79.3 million 

(uncertainty bounds; 55.9 – 110 million) people have been infected by the virus, and 36.3 million (27.2 

– 47.8 million) people have died of HIV-related illnesses [1]. By 2020, there were approximately 37.7 

million (30.2 – 45.1 million) people living with HIV, with adults aged 15 years and above accounting 

for ~98% (36.0 million, 28.9 – 43.2 million) of all HIV infections [1]. The number of annual new HIV 

infections (all ages) decreased from 1.7 million [1.6 million – 2.3 million] to 1.5 million [1.0 million–

2.0 million] between 2018 – 2020 [1]. There has also been modest global progress towards reaching the 

UNAIDS 95-95-95 goals that target eliminating HIV by 2030, with an estimated 84% (67–98%) of 

people living with HIV knowing their status, 73% (56–88%) of those receiving antiretroviral treatment 

(ART), and 66% (53–79%) of those being virally suppressed, by 2020 [1].  

 

Despite the global reduction in number of people infected with HIV and continual progress towards 

reducing HIV infections, sub-Saharan Africa (SSA) remains the region largely affected, accounting for 

~39% of all new HIV infections in 2020 [1,2]. East and Southern Africa are the most affected areas, 

with an estimated 20.6 million (16.8 million – 24.4 million) people living with HIV and accounting for  

670 000 (470 000 – 930 000) of all new HIV infections reported from SSA in 2020 [1]. South Africa 

remains the epicentre of the HIV epidemic, being home to 1 in every 26 people living with HIV in SSA 

by 2020 [3]. In 2021, approximately 8.2 million people were living with HIV, with 200 000 new 

infections and 79 420 HIV-related deaths in South Africa alone [4]. With approximately 5.5 million 

people receiving ART by the end of 2020, the country has the most extensive HIV treatment programme 

globally, accounting for 1 in every 5 people receiving ART globally [3]. 

 

In South Africa, HIV prevalence varies markedly between provinces. For example, KwaZulu-Natal 

(KZN) province has the highest HIV prevalence in the country (i.e., >50% prevalence between the ages 

15 to 25 years) [5], being home to over 1.6 million people living with HIV, and having approximately 

42 000 new HIV infections in 2021 alone [6]. Nevertheless, the province has made significant progress 

towards achieving the UNAIDS 95-95-95 targets, having the highest proportion of HIV infected 

individuals knowing their status, and the highest proportion of individuals achieving virological 

suppression on ART. Table 1 shows the 2020 South African HIV epidemic provincial statistics provided 
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by the Thembisa model which is designed to answer policy questions relating to HIV prevention and 

treatment [7]. 

 

Table 1. Progress towards UNAIDS 95-95-95 goals by province in South Africa 

Province % of HIV positive 

individuals diagnosed 

% of diagnosed 

individuals on ART 

% of individuals on ART with virological 

suppression (VL <1000 copies/mL) 

KwaZulu-Natal 92.5% 72.4% 91.7% 

Limpopo 91.7% 73.3% 85.2% 

Northern Cape 90.9% 83.0% 84.4% 

Mpumalanga 90.6% 73.5% 88.1% 

Eastern Cape 90.1% 61.6% 87.2% 

Free State 89.2% 73.4% 91.5% 

North West 89.2% 57.7% 87.9% 

Gauteng 88.9% 60.9% 87.3% 

Western Cape 88.7% 65.5% 89.8% 

Overall 90.2% 69.0% 88.1% 

ART, antiretroviral treatment; HIV, human immunodeficiency virus; RNA, ribonucleic acid; mL, millilitre; VL, 

viral load 

 

The introduction of ART has reduced global mortality rates and prolonged the lifespan of people living 

with HIV. In addition, ART access has a population-level advantage in suppressing HIV replication and 

the inherent prevention of onward transmission of the virus, termed “treatment as prevention” [8]. With 

more than 20 antiretroviral (ARV) drugs approved by the Food and Drug Administration (FDA), the 

quality of life of most HIV-infected patients has significantly improved [9], and HIV has become a 

manageable chronic infection [10]. Over the past 10 years, there has been an impressive scale-up of 

ART roll-out in resource limited settings (RLS) [11]. Most countries in RLS have adopted the universal 

test-and-treat (UTT) approach which aims to reduce HIV infection through expanding prevention and 

treatment services [12]. This approach is now supported by various multinational groups, such as the 

United States President’s Emergency Plan for AIDS Relief (PEPFAR) [13]. In South Africa, the 

Department of Health (DoH) supplies ARVs through a public sector roll-out programme, which has 

experienced a substantial expansion in recent years, keeping with the World Health Organization’s 

(WHO) changes to ART guidelines. In partnership with PEPFAR, the South African DoH has focused 

on 27 high-burden districts throughout the country, linking people living with HIV to lifesaving ART 

to improve treatment adherence [14]. Regardless of the positive impact of UTT and PEPFAR activities 
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in the South African HIV treatment programme, the country’s greatest challenge remains that of 

effectively monitoring viral loads of people on ART, with critical gaps in the viral load testing cascade 

resulting in long delays in switching people with virological failure. As such, there remains a problem 

with emergence and transmission of drug resistant virus, leading to poor virological outcomes [15]. 

 

Generally, there have been concerns over increasing levels of HIV drug resistance (HIVDR) in RLS 

among people initiating or re-initiating ART, with or without prior ART exposure (i.e., pretreatment 

drug resistance (PDR)) [11,16], and among people on life-long ART with acquired drug resistance 

(ADR). Treatment failure identification and switching individuals with poor virological outcomes is 

often slow in RLS [22]. In 2021 the World Health Organization (WHO) issued new guidelines 

recommending use of dolutegravir (DTG) an integrase strand transfer inhibitor (INSTI), with two 

nucleoside reverse-transcriptase inhibitors (NRTIs), namely tenofovir (TDF) and lamivudine (3TC) for 

first-line ART [18]. Results from the Nucleosides And Darunavir/Dolutegravir In Africa  (NADIA) trial 

have supported this approach, showing adequate viral suppression (i.e., VL <400 copies/mL) at 96-

weeks among individuals on DTG-based ART, including in those where NRTIs were predicted to have 

no activity, with the ARTIST study showing similar outcomes in viral suppression (i.e., VL <50 

copies/mL) at 24-weeks follow-up [19,20]. However, the ADVANCE study trial showed inadequate 

viral suppression rates (i.e. VL <50 copies/mL) among individuals receiving DTG-based ART for ≥48-

weeks, raising concerns over long-term viral suppression in a setting with high NNRTI-PDR [21]. 

Regardless of DTG effectiveness, emergence of DTG-associated resistance mutations has been reported 

and HIVDR remains a cause of concern [22]. 

 

HIVDR testing can be done as phenotypic or genotypic testing. Phenotypic drug resistance testing is 

done via in vitro susceptibility cultures where a patient’s viral sample is grown with a series of drug 

concentrations [23]. Genotypic testing of HIVDR can be done through a method of dideoxy chain 

termination known as Sanger sequencing which is cheaper compared to phenotypic testing. Sanger 

sequencing also known as population sequencing, has been available since the 1970s and is the most 

common method used for HIVDR testing [24]. It reliably detects viral variants that are well represented 

within a viral pool (i.e., at >20%) [25]. In contrast, advanced genomic sequencing known as next-

generation sequencing (NGS) has the ability to detect infrequent viral variants (i.e., at <20%) [26]. Also, 

various low-cost point mutation assays (PMA) have been developed to detect only specific viral 

mutations [27].  
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In genotypic testing, most affordable methods used in RLS have been based on in-house assays that 

amplify and detect HIVDR in the protease (PR) and reverse transcriptase (RT) genes, such as the 

Southern African Treatment and Resistance Network (SATuRN) drug resistance protocol [28]. This has 

largely been due to PIs, NRTIs and NNRTIs being the most common drugs used for HIV treatment. 

However, as more people receive DTG (INSTI-based ART), simple and affordable methods of 

detecting HIVDR in the integrase (IN) gene are becoming increasingly important. Therefore, we 

designed a single-assay method for detecting HIVDR mutations in all relevant HIV-1 genes (i.e., PR, 

RT, and IN) at an affordable cost, to help inform clinical decisions.  

 

1.2 Literature Review 

1.2.1 Human Immunodeficiency Virus (HIV) 

HIV is a single-stranded ribonucleic acid (RNA) virus in the genus lentivirus within the family 

Retroviridae, and subfamily Orthoretrovirinae [29]. The HIV genome consists of nine genes that encode 

fifteen viral proteins [30]. Three major HIV genes; gag, pol, and env, code for structural proteins 

(matrix, capsid and nucleocapsid), enzymes (PR, RT, and IN) and envelope proteins (gp120 and gp41), 

respectively (Figure 1) [30]. The remaining six genes code for accessory proteins (vif, vpr, vpu/vpx, 

and nef), and regulatory proteins (tat and rev) [30].  

 

Figure 1 The structure of HIV-1 

The figure shows structural proteins, enzymes and envelope proteins of the HIV genome. 
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(Reproduced as is from Tomé, C (2021, October 18). Human Immunodeficiency Virus Structure 

Retrieved October 2021, from https://mappingignorance.org/2013/01/10/towards-a-vaccine-against-

hiv/fig1-4/) 

 

HIV-1 is classified into four groups; major group (M), outlier group (O), non-major group (N) and the 

last identified group (P) [31]. Approximately ~99% of global HIV-1 infections are caused by group M 

viruses, which are divided into nine subtypes (A, B, C, D, F, G, H, J and K) as well as circulating 

recombinant forms (CRFs), and unique recombinant forms (URFs) [32]. Of these, HIV-1 subtype C 

(HIV-1C) accounts for almost 50% of all HIV-1 infections globally [33] and it is the dominant viral 

subtype in most RLS, including Asia and sub-Saharan Africa [34,35], with more than ~98% of 

infections in South Africa being attributed to HIV-1C [31]. 

 

1.2.2 HIV life cycle 

HIV-1 entry into the host cell starts with HIV spike protein (gp120) binding to the primary receptor 

(CD4) and then to a co-receptor (i.e., either CCR5 or CXCR4) on the surface of the host cell (Figure 2) 

[36]. Once the CD4 membrane and HIV envelope fuse, gp41 inserts into the host cell membrane 

resulting in insertion of viral proteins into the CD4 cell [36]. Inside the cell, viral RNA is converted to 

double-stranded DNA by reverse transcriptase enzyme [37,38]. Following reverse transcription, viral 

DNA is transported through the nuclear pore to integrate into the host genome DNA in the nucleus [36]. 

Insertion of viral DNA into host DNA is mediated by viral enzyme integrase. The integrated form of 

viral DNA is known as proviral DNA [37]. The virus starts controlling transcriptionally active cells to 

produce viral messenger RNA (mRNA) using host enzyme RNA polymerase [39]. Translation of 

mRNA produces immature viral proteins which are cleaved into smaller functional proteins by HIV 

protease enzyme [38]. Viral proteins are assembled into new viral particles at the cell wall and bud off 

the host cell, complete maturation, and infect other cells [38]. HIV develops genetic variation during 

the replication cycles, largely due to its high replication rate and lack of proofreading activity during 

reverse transcription [40]. 

 

https://mappingignorance.org/2013/01/10/towards-a-vaccine-against-hiv/fig1-4/#author
https://mappingignorance.org/2013/01/10/towards-a-vaccine-against-hiv/fig1-4/)
https://mappingignorance.org/2013/01/10/towards-a-vaccine-against-hiv/fig1-4/)
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Figure 2 HIV-1 life cycle 

This figure shows reproductive cycle of HIV-1. The figure also shows the different drug classes that 

can be used targeting different processes of the HIV-1 life cycle. 

(Reproduced as is from Spach DH, Kinney RG (2021, October 21). Evaluation and Management of 

Virologic Failure. National HIV Curriculum. (University of Washington). Retrieved October 2021, 

from https://www.hiv.uw.edu/go/antiretroviral-therapy/general-information/core-concept/all).  

 

 

1.2.3 Antiretroviral drugs, mechanisms of action, and drug resistance 

Antiretroviral drugs block HIV replication at different stages of the viral life cycle and are often 

administered as a combination of two or more drugs from at least two different drug classes [41]. The 

goal of ART is to suppress HIV to undetectable levels (i.e., VL <50 copies/mL), thereby reducing viral 

https://www.hiv.uw.edu/go/antiretroviral-therapy/general-information/core-concept/all)
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transmission and emergence of HIVDR mutations [42,43]. Common ART drug classes in RLS include 

NRTIs, NNRTIs, PIs and INSTIs [43].  

 

1.2.3.1 Nucleoside reverse transcriptase inhibitors (NRTIs) 

NRTIs have been a major component of first-line and subsequent ART regimens for decades. NRTIs 

are nucleoside analogues that compete with naturally occurring dNTPs to block viral reverse 

transcription [44]. Once incorporated, they terminate reverse transcription due to the lack of a 3’-

hydroxyl group (3’-OH) [45]. Examples of commonly used NRTIs in RLS include, zidovudine (AZT), 

lamivudine (3TC), tenofovir disoproxil fumarate (TDF), and abacavir (ABC), with stavudine (d4T) 

having been phased-out due to adverse events such as peripheral neuropathy [46]. Despite NRTIs being 

relatively well tolerated, emergent NRTI-associated drug resistance mutations can lead to reduced 

antiviral activity.  

 

There are two main mechanisms of NRTI drug resistance. In the first mechanism, resistance is mediated 

by mutations that allow reverse transcriptase enzyme to preferentially distinguish against NRTIs during 

DNA polymerization, blocking their addition to the DNA chain [47]. This mechanism of resistance is 

commonly observed when mutations occur near the nucleotide-binding site of RT. For example, 

M184V sterically inhibits productive binding of 3TC and emtricitabine (FTC) at the dNTP-binding site 

while, K65R, L74V, and Q151M slow down incorporation of NRTI-triphosphates [55]. The second 

mechanism involves mutations that promote hydrolytic unblocking of chain-terminating NRTIs through 

ATP excision activity, thereby allowing DNA synthesis to continue [47]. For example, thymidine 

analogue mutations (TAMs) such as M41L, D67N, K70R, L210W, T215YF, and K219QE, occur 

during treatment with thymidine analogues (i.e., AZT and d4T) and increase NRTI excision [47,49]. 

Consequently, mutations that distinguish against NRTIs are normally analogous with reduced 

enzymatic polymerase activity in vitro, whereas primer unblocking mutations are analogous with 

reduced enzymatic impairment [50]. Figure 3 shows the classical NRTI mechanisms of action and the 

subsequent effect of drug resistance. 
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Figure 3 Mechanisms of action of nucleoside reverse transcriptase inhibitors 

(Reproduced as is from François C, Allan JH (2021 October 22). HIV Drug Resistance. The New 

England Journal of Medicine. Retrieved October 2021, from 

https://www.nejm.org/doi/full/10.1056/NEJMra025195) 

 

1.2.3.2 Non-nucleoside reverse transcriptase inhibitors (NNRTIs)  

NNRTIs are non-competitive reverse transcriptase inhibitors that bind to a hydrophobic pocket of RT 

enzyme (Figure 4) [51]. This causes a change in the substrate-binding site reducing overall polymerase 

activity [52]. To date, six NNRTIs have been approved by the FDA. First-generation NNRTIs include 

nevirapine (NVP), delavirdine (DLV), and efavirenz (EFV) [53], and second-generation NNRTIs 

include rilpivirine (RPV) and etravirine (ETR) [54,55]. The RT hydrophobic pocket is less conserved 

and development of a single mutation can result in drug resistance against an entire generation of 

NNRTIs (i.e., cross-resistance), hence they are known to have a low genetic barrier to resistance [52]. 

 

NNRTIs have largely been used as a backbone in first-line regimens, in RLS. When NNRTI resistance 

mutations emerge within the RT hydrophobic pocket, they reduce favourable interactions between the 

drug and RT-binding pocket [56,57]. The most common NNRTI resistance mutations that are observed 

in patients failing first-line NNRTI-based regimens include K103N, V106M, and Y181C [58]. Together 

https://www.nejm.org/doi/full/10.1056/NEJMra025195)
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they cause intermediate to high-level resistance to all NNRTIs [59]. Figure 4 shows NNRTI 

mechanisms of action and the subsequent effect of drug resistance. 

 

Figure 4  Mechanisms of action of non-nucleoside reverse transcriptase inhibitors 

(Reproduced as is from François C, Allan JH (2021 October 22). HIV Drug Resistance. The New 

England Journal of Medicine. Retrieved October 2021, from 

https://www.nejm.org/doi/full/10.1056/NEJMra025195) 

 

1.2.3.3 Protease inhibitors (PIs)  

PIs inhibit viral replication by competitively blocking the protease enzyme responsible for cleaving 

viral proteins to form functional virions [60]. In RLS, PIs have largely been reserved for use in second-

line ART regimens in the adult population, replacing NNRTIs as the regimen backbone. Many active 

and non-active site PI mutations have developed overtime [61]. Resistance mutations in the substrate 

cleft decrease binding affinity between PI drugs and the mutant protease enzyme. Mutations elsewhere 

in the enzyme compensate for the reduced kinetics of enzymes with active site mutations or cause 

https://www.nejm.org/doi/full/10.1056/NEJMra025195)
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resistance by changing enzyme catalysis, dimer stability, inhibitor binding kinetics, or changing the 

shape of the active site through long-range structural perturbations [61].  

 

PIs are rapidly metabolized and cleared from the body by Cytochrome P450 (CYP450) 3A4 enzymes 

[62]. Inhibiting or inducing CYP450 may increase or reduce concentrations of ARV drugs, respectively 

[62]. Ritonavir has been shown to be a potent inhibitor of CYP3A4 enzyme. For this reason, ritonavir 

is administered together with other PI drugs to reduce the rate at which they are cleared, attaining 

therapeutic concentrations for desired periods, thus the term boosted-PI regimens [62,63]. However, 

PIs are generally not well tolerated and are associated with adverse events such as diarrhoea and nausea 

[63,64]. The most commonly used PIs in RLS include ritonavir-boosted atazanavir (ATVr) and 

ritonavir-boosted lopinavir (LPVr), with ritonavir-boosted darunavir (DRVr) used as a supplement drug 

in typical third-line ART [63]. Figure 5 shows PI mechanisms of action and the subsequent effect of 

drug resistance. 

 

Figure 5 Mechanisms of action of protease inhibitors 

(Reproduced with modifications from Immunopaedia. Advancing global immunology education. 

Immunopaedia.org. Retrieved October 2021, from  https://www.immunopaedia.org.za/treatment-

diagnostics/hiv-infection-treatment/arv-drug-information/) 

 

file:///C:/Users/sonta/Downloads/ https:/www.immunopaedia.org.za/treatment-diagnostics/hiv-infection-treatment/arv-drug-information/)
file:///C:/Users/sonta/Downloads/ https:/www.immunopaedia.org.za/treatment-diagnostics/hiv-infection-treatment/arv-drug-information/)
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1.2.3.4 Integrase strand transfer inhibitors (INSTIs) 

INSTIs are a class of antiretroviral drugs that inhibit viral integration into host cell DNA (Figure 6) 

[65]. They are the only drug class that interacts with two essential components of the virus namely the 

integrase enzyme and viral DNA, at the point of integration [66]. INSTIs act by inhibiting HIV integrase 

from inserting viral DNA into the host cell’s DNA [67]. Raltegravir (RAL) and elvitegravir (EVG) are 

first generation INSTIs. They have shown a low genetic barrier to resistance and cross-resistance, 

prompting development of second generation inhibitors [65]. DTG is a second generation INSTI that 

has been shown to have a higher genetic barrier to resistance, also showing activity against viral strains 

resistant to RAL and EVG [68]. DTG is the preferred drug in first-line ART and is administered with 

TDF and 3TC (i.e., NRTIs) as a single daily dose, in a regimen that is now commonly abbreviated as 

TLD [69]. Cabotegravir is also an FDA approved long-acting INSTI with a high genetic barrier to 

resistance. It can be administered as an oral tablet or as an injectable intramuscular long-acting 

suspension. This has the advantage of improving treatment adherence compared with administration of 

once-daily pill regimens [70,71]. Viral integrase can also develop resistant mutations leading to reduced 

viral susceptibility to INSTIs [72]. Figure 6 shows the INSTI mechanisms of action. 

 

 

 Figure 6 Mechanisms of action of integrase inhibitors 

(Reproduced as is from Immunopaedia. Advancing global immunology education. 

Immunopaedia.org. Retrieved October 2021, from  https://www.immunopaedia.org.za/treatment-

diagnostics/hiv-infection-treatment/arv-drug-information/) 

 

https://www.immunopaedia.org.za/treatment-diagnostics/hiv-infection-treatment/arv-drug-information/)
https://www.immunopaedia.org.za/treatment-diagnostics/hiv-infection-treatment/arv-drug-information/)
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1.2.4 Antiretroviral therapy in South Africa 

South Africa began rolling out antiretroviral drugs in the public health sector in 2004 [73]. Initially 

provision of ART was practically entirely hospital-based because of accreditation requirements and it 

was restricted to HIV patients with CD4 counts below 200 cells/μL [73]. By 2010, eligibility was 

expanded to CD4 counts lower than 350 cells/μL and all pregnant women living with HIV were eligible 

for life-long ART [73]. Given the benefits of early treatment initiation, the government moved to UTT 

in 2016, increasing the number of people receiving ART significantly [73]. Up to 2019, South African 

HIV treatment guidelines recommended use of TDF with 3TC and EFV (TLE) in first-line ART, with 

PIs reserved for second-line ART, and INSTIs for third-line ART. VL testing is done at ART initiation, 

at 3, 6, and 12 months, and thereafter annually if the VL remains below a 1,000 copies/mL [69,74]. 

However, in the case of insufficient viral suppression, intensive adherence counselling with repeat VL 

testing after 2 months is recommended [74]. If the subsequent VL remains above 1,000 copies/mL (i.e., 

two consecutive VLs >1,000 copies/mL on ART), the patient is considered as failing first-line treatment 

and second-line ART is recommended. As with first-line ART, patients with persistent viremia on 

second-line ART are considered to be failing treatment and only then is genotypic drug resistance 

testing recommended to select drugs for third-line ART [74]. In 2019, due to increased levels of NNRTI 

PDR, the South African HIV treatment guidelines adopted use of DTG in first-line and subsequent ART 

regimens. Table 2 shows a summary of previous and current South African adult ART regimen 

guidelines. 

 

Table 2. Previous and current first- and second-line regimens for adults living with HIV in South Africa 

 First-line regimen Second-line regimen 

 
Previous 

(NNRTI-based) 

Current 

(INSTI-based) 

Previous 

(PI-based) 

Current 

(INSTI-based) 

Preferred 

regimen 

TDF + XTC + EFV TDF + XTC + DTG a AZT + 3TC + LPVr AZT + 3TC + DTG 
 

Alternative 

regimen 

AZT + 3TC + EFV 
 

TDF + XTC + EFV b TDF + 3TC + LPVr 
 

NRTI + XTC + DTG c 

or 

TDF + FTC + DRVr 

Resistance 

testing 

Not required Not required Required Required 

3TC, lamivudine; AZT, zidovudine; DRVr, ritonavir-boosted darunavir; DTG, dolutegravir; EFV, efavirenz; 

FTC, emtricitabine; INSTI, integrase strand transfer inhibitors; LPVr, ritonavir-boosted lopinavir; NRTI, 

nucleoside reverse transcriptase inhibitor; NNRTI, non-nucleoside reverse transcriptase inhibitor; PI, protease 

inhibitors; TDF, tenofovir; XTC, lamivudine or emtricitabine 
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a This includes individuals already on first-line ART with VLs <50 copies/mL 

b If intolerant to DTG 

c If previously on AZT-based ART, perform resistance testing and use whichever NRTI is fully active with XTC 

+ DTG 

 

1.2.5 HIV drug resistance (HIVDR) 

HIVDR mutations are known to reduce susceptibility to ARV drugs. Mutations are named starting with 

the wild-type amino acid (one letter code), followed by the codon position of the amino acid, and then 

the mutant amino acid (one letter code). For example, K65R mutation means that lysine (K) has been 

replaced by arginine (R) at codon position 65 of the RT gene (Figure 7). 

 

Figure 7 HIV drug resistance mutation nomenclature 

 

There are two main types of HIVDR, namely PDR and ADR. PDR is drug resistance in individuals 

initiating or re-initiating ART, with or without prior ART exposure [75]. PDR can occur in any of three 

ways; transmission of drug-resistant HIV from a person with acquired drug resistance (ADR), 

transmission of primary drug-resistant HIV from another ART-naïve person, or from prior exposure to 

antiretroviral drugs for treatment or prevention [75,76]. Presence of PDR is associated with poor 

virological outcomes on first-line ART [77]. Several low and middle-income countries previously 

reported levels of PDR (largely due to NNRTI-associated resistance mutations) at levels above 10%, 

leading to the prompt recommendation to replace NNRTIs with DTG in first-line regimens [78]. In 

contrast to PDR, ADR is the most common type of drug resistance that occurs when HIV continues to 

replicate in the presence of ARV drugs [79]. This is mainly due to sub-optimal drug concentrations, 

resulting from poor treatment adherence, treatment interruptions, and inadequate drug metabolism [79]. 

Generally, more than 70-80% of people with virological failure develop ADR [80].  

 

 

 

 

K65R 

K = Wild type amino acid 

65 = Codon (amino acid position) 

R = Mutant amino acid 
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There are two main methods of HIVDR testing, namely phenotypic and genotypic testing. Phenotypic 

testing measures rate of viral replication in the presence of ARV drugs [23]. This is done in vitro with 

the ability to detect drug resistance levels or susceptibility of the virus without pre-existing knowledge 

of the mutations [81]. In phenotypic testing, virus replication at different drug concentrations is 

monitored by expression of a reporter gene and is compared with the replication of a reference HIV 

strain (Figure 8) [82]. The drug concentration that inhibits viral replication by 50% which is the median 

inhibitory concentration [IC50] is calculated (Figure 9), and the ratio of the IC50 of test and reference 

viruses are reported as fold increase in IC50 (i.e., fold resistance) [83]. However, phenotypic testing is 

not common in RLS due to its high cost, lengthy turn-around time, and the requirement for highly 

specialized facilities [84]. 

 

Figure 8 Phenotypic testing inhibitory concentration curve 

(Reproduced as is from Spach DH, Kinney RG (2021, October 21). Evaluation and Management of 

Virologic Failure. National HIV Curriculum. (University of Washington). Retrieved October 2021, 

from https://www.hiv.uw.edu/go/antiretroviral-therapy/evaluation-management-virologic-

failure/core-concept/all#interpretation-drug-resistance-assays) 

 

On the contrary, genotypic testing detects specific HIV genetic sequence changes to determine whether 

there has been a change in structure compared to ‘wild-type’ virus (a viral sample with no genetic 

mutations or drug resistance) [81]. Based on prior knowledge of specific mutations, genotypic testing 

can be used to predict susceptibility of the virus to ARV drugs [81]. To this date, genotypic testing is 

the preferred method of HIVDR testing due to the relatively low cost, shorter turn-around time, and 

detection of genetic mutations which includes mixtures [85]. Common genotypic testing by Sanger 

https://www.hiv.uw.edu/go/antiretroviral-therapy/evaluation-management-virologic-failure/core-concept/all%23interpretation-drug-resistance-assays
https://www.hiv.uw.edu/go/antiretroviral-therapy/evaluation-management-virologic-failure/core-concept/all%23interpretation-drug-resistance-assays
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sequencing involves several steps which include plasma or dried blood spot (DBS) sample collection, 

viral RNA extraction, reverse transcription-polymerase chain reaction (RT-PCR), nested  polymerase 

chain reaction (PCR), gel electrophoresis, PCR product purification, cycle sequencing, sequencing 

purification, and capillary electrophoresis (Figure 9) [86]. The resulting DNA sequences from each 

sample are analysed for HIVDR mutations commonly using the Stanford HIV Drug Resistance 

Database (Stanford HIVdb) [87]. Stanford HIVdb is arguably the most common tool used for 

monitoring ADR and TDR and in developing new ARV drugs [59]. Researchers focusing on HIVDR 

also use HIVdb for comparison of their findings to previous studies and to perform meta-analyses.    

 

Figure 9 Summary of wet laboratory steps in genotypic HIVDR testing 

(Reproduced with modifications from Spach DH, Kinney RG (2021, October 21). Evaluation and 

Management of Virologic Failure. National HIV Curriculum. (University of Washington). Retrieved 

October 2021, from https://www.hiv.uw.edu/go/antiretroviral-therapy/evaluation-management-

virologic-failure/core-concept/all#interpretation-drug-resistance-assays)  

 

https://www.hiv.uw.edu/go/antiretroviral-therapy/evaluation-management-virologic-failure/core-concept/all%23interpretation-drug-resistance-assays
https://www.hiv.uw.edu/go/antiretroviral-therapy/evaluation-management-virologic-failure/core-concept/all%23interpretation-drug-resistance-assays
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Genotypic resistance testing assays are still considered specialized tests in RLS mainly due to their lack 

of affordability and scalability [88]. Several point mutation assays (PMAs) have been developed to 

provide cheaper and faster turn-around times for detecting HIVDR mutations. PMAs detect a limited 

number of mutations at any given time, hence their utility has been scarce, especially in clinical 

diagnostics [89]. 

 

1.2.6 Point mutation assays 

PMAs are low-cost assays that typically use probes to detect specific amino acid changes, and generally 

have high sensitivity for detecting major and minor variant mutations. However, prior knowledge of 

targeted mutations is required. PMAs are limited by inability to multiplex samples hence they are labour 

intensive when processing numerous samples, require wide validations and are not commercially 

available. The most common PMAs for HIVDR testing target protease and reverse transcriptase 

mutations, and thus require ‘probe’ adjustments for use in detecting IN mutations. These include allele-

specific polymerase chain reaction (AS-PCR), pan-degenerate amplification and adaptation 

(PANDAA), and oligonucleotide ligation assay (OLA) [90].  

 

1.2.7 Allele-specific polymerase chain reaction (AS-PCR)  

AS-PCR is a quantitative polymerase chain reaction (qPCR) assay with the ability to quantify and detect 

minor HIV-1 variants occurring at less than 1% frequencies within the viral pool [91,92]. This highly 

sensitive assay is significantly less labour-intensive, less time-consuming, and can be used for detecting 

specific HIVDR mutations in people that have been infected with HIV despite use of pre- and or post-

exposure prophylaxis, and following vertical HIV transmission (i.e., mother-to-child-transmission) 

[93]. However, as most PMAs, this assay is limited by the number of resistance mutations that can be 

detected simultaneously, because detection of each mutation often requires a separate PCR reaction 

[76,94]. Also, the assay’s sensitivity can be reduced drastically when there is high variability in regions 

around mutation sites [95].  

 

1.2.8 Pan-degenerate amplification and adaptation (PANDAA) 

PANDAA is a qPCR assay that uses degenerate primers to target specific mutation sites, regardless of  

high HIV diversity around the mutation site [96].  Degenerate primers are favorable in that they have 

sequences in which positions contain a number of possible bases, thus primers have different nucleotide 

combinations that can bind to regions with high diversity. PANDAA is designed to identify specific 
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mutations impacting susceptibility to NRTIs and NNRTIs, namely K65R, K103N, V106M, Y181C, 

M184V, and G190A, which represent the most common mutations in individuals receiving NNRTI-

based first-line regimens and failing treatment [97]. This assay can quantify key HIVDR mutations 

present at ≥5% of the viral population, with high sensitivity and specificity, and at a low cost [97]. 

Similar to AS-PCR, an initial investment in a qPCR instrument and molecular laboratory facilities are 

required, which still limits use of PANDAA in RLS [98].  

 

1.2.9 Oligonucleotide ligation assay (OLA) 

On the other hand, OLA is a PMA that does not require a huge investment in laboratory equipment and 

specialized facilities. OLA is designed to identify specific mutations impacting susceptibility to NRTIs 

and NNRTIs, namely K65R, K103N, V106MI, Y181C,  M184V, and G190A [99,100]. Its DNA 

amplification procedure uses three probe-ligated primer sets at a temperature that tolerates annealing of 

sequences with mismatches [100,101]. The more recent OLA-SIMPLE system uses lyophilized 

reagents reducing the need for cold chain storage, and simplifies detection of HIVDR using a lateral 

flow assay [102]. Moreover, it is relatively less expensive and has a shorter turnaround time, making it 

a preferable choice for RLS [103]. In comparison to Sanger sequencing, OLA workflow requires less 

instrumentation, lower reagent cost, minimal hands-on time, and offers higher sensitivity [100,103]. 

 

1.2.10 Sanger sequencing and next generation sequencing (NGS) 

Sanger sequencing remains the gold-standard method used in detecting HIVDR mutations for clinical 

diagnostics (and for research purposes). However, Sanger sequencing does not reliably detect mutations 

at <20% within the viral population [104]. On the other hand, NGS is rapidly becoming a common 

sequencing approach, with the ability to detect low-abundance drug-resistant variants (LA-DRVs) at 

<20% frequency [104]. Moreover, NGS sequencing costs have been reducing given its ability to pool 

samples and perform massive parallel sequencing. However, the clinical significance of LA-DRVs on 

ART is still not well understood [88,104]. Similar to most technologies, use of Sanger sequencing and 

NGS in RLS is mainly limited by infrastructural costs and requires bioinformatic expertise. Details of 

Sanger sequencing and NGS technologies, and recommendations on implementing HIVDR genotyping 

in RLS have been described in a peer reviewed manuscript in Chapter 2 of this thesis [88].  

 

1.3 Study Rationale and Justification  

Given that ART in RLS has been largely limited to NRTIs, NNRTIs and PIs over the years, most drug 

resistance testing methods have been justifiably focused on genotyping the HIV PR and RT genes. 
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However, as ART programs in RLS transition towards use of more potent HIV drugs such as DTG in 

first-line therapy [105,106], there has been an increasing demand for IN resistance testing. HIVDR 

testing has been largely limited by costs in RLS, making it less accessible to the general public, as 

evidenced by lack of HIVDR testing among people initiating and or failing first-line treatment. 

Moreover, HIVDR tests often have long turn-around times, leading to delayed action on managing 

patient treatment, and in some cases patients are lost to follow-up. Given these challenges, including 

IN genotyping as a separate assay to PR and RT genotyping means that for each patient two separate 

HIVDR testing assays should be performed, which theoretically doubles the workload. The costs and 

time of genotyping also tends to increase when performing assays that use different reagents, PCR 

conditions and consumables. Therefore, having a single assay method that assesses HIVDR in all 

relevant viral genes (PR, RT and IN) is preferable to reduce the cost and time required for HIVDR 

testing, making genotyping simple, affordable, and accessible in a timely manner to guide treatment 

decisions.  

 

1.4 Study aim 

To design a HIV genotypic testing method for detecting drug resistance mutations in the PR, RT and 

IN genes. 

 

1.5 Study objectives 

1. To design a simple and affordable method for detecting HIVDR mutations in the PR, RT and 

IN genes. 

2. To conduct cost-estimate analysis and estimate clinical benefits of using the designed method.                                                             

 

1.6 Study method and settings 

1.6.1 Inclusion and exclusion criteria  

This study used remnant plasma samples from a previous cross-sectional study on ADR among HIV-

positive adults (≥18 years) accessing routine care at East Boom Community Health Centre in 

Pietermaritzburg, in the uMgungundlovu district (a HIV hyperendemic setting), in central KZN, South 

Africa. Participants were eligible to be included in the cross-sectional study if they were documented 

HIV-1 positive adults receiving first, second- or third-line ART for a period of at least 6 months, with 

a latest VL ≥1000 copies/mL. Remnant plasma samples collected between May and September 2019 

were used for this study at the National Health Laboratory Service (NHLS) Department of Virology 

(University of KwaZulu-Natal), Inkosi Albert Central Hospital (IALCH), in Durban, South Africa. 
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Details of the study have been described previously as part of the CAPRISA Advanced Clinical Care 

Programme, hereafter referred to as CAP103 study [69].  

 

1.6.2 CAPRISA and the Advanced Clinical Care Programme 

CAPRISA, was established in 2002 under the NIH-funded Comprehensive International Program of 

Research on AIDS (CIPRA) and is the South African Department of Science and Innovation and the 

National Research Foundation‘s designated Centre of Excellence in HIV Prevention. Its goal is to 

undertake globally relevant and locally responsive research that contributes to understanding HIV, TB 

and SARS-CoV-2 pathogenesis, epidemiology, prevention, and treatment. CAPRISA conducts research 

in four main Scientific Programmes namely: HIV and Covid-19 pathogenesis and vaccines; HIV and 

TB treatment; HIV epidemiology and prevention; and SARS-CoV-2 epidemiology, prevention, and 

vaccines. The CAPRISA Advanced Clinical Care (ACC) Program addresses capacity building and 

health systems strengthening in the management of patients with advanced HIV and TB, including ART 

and TB drug resistance management. 

 

1.6.3 National Health Laboratory Service (NHLS) 

The NHLS, established in 2001, is the largest diagnostic pathology service in South Africa, supporting 

national and provincial health departments in the delivery of healthcare. Its activities comprise of 

diagnostic laboratory services, research, teaching and training. The Department of Virology (DOV) at 

Inkosi Albert Luthuli Central Hospital (IALCH) is an Academic Department at NHLS in KZN and the 

University of KwaZulu-Natal. DOV is a diagnostic laboratory providing routine testing for patients 

attending IALCH and other surrounding hospitals in KZN. It also plays a significant role in conducting 

academic laboratory-driven research projects.  

 

DOV has experience in several different testing methods, including cell culture and virus isolation (e.g. 

HIV tissue culture), viral serology (e.g. Hepatitis B surface antibody quantification, SARS-CoV-2 

antibody assays), viral quantitative (e.g. HIV viral load) and qualitative PCR (e.g. respiratory multiplex 

PCR and, more recently, SARS-CoV-2 PCR assays) and Sanger Sequencing. The molecular laboratory 

within DOV has several different platforms and instruments, including the ABI 3730 DNA Analyzer 

(Applied Biosystems, Foster City, United States) which is used for HIVDR routine testing on samples 

referred from all public-sector healthcare facilities in KZN. Thus, DOV is the sentinel laboratory for 

HIVDR testing in KZN, making it an ideal site to conduct this work. 
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1.6.4 Sample collection and transport 

Remnant plasma samples were retrieved from the CAPRISA biorepository and transported on dry ice 

to the NHLS Department of Virology, approximately 6 km away. Upon receipt, samples were stored at 

-80°C, until use. 

 

1.6.5 Ethical approval  

Ethical approval for this study was obtained from the Biomedical Research Ethics Committee of the 

University of KwaZulu-Natal (UKZN) (BREC/000026/2021) (Appendix 1). CAP103 letter of support 

to use remnant samples was obtained from CAPRISA (Appendix 2) and ethical approval for the 

CAP103 study was also obtained from the Biomedical Research Ethics Committee of the University of 

KwaZulu-Natal (BE419/17) (Appendix 3). All participants gave written informed consent to participate 

in CAP103 study, and also gave written informed consent for sample storage and re-use. 

 

1.7 Thesis outline  

This thesis comprises an introduction, literature review and justification in chapter 1, study manuscripts 

in chapters 2 to 4, and an overall synthesis in chapter 5. Manuscript formats and referencing styles used 

in chapters 2 to 4 are according to specific journal requirements, and if published have been presented 

in their current publication format.  

 

Chapter 1: Introduction, literature review, and justification 

This chapter provides the background and overall literature review on HIV drug resistance and this 

project. 

 

Chapter 2: Manuscript: “HIV-1 Drug Resistance Genotyping in Resource Limited Settings: Current and 

Future Perspectives in Sequencing Technologies” 

This chapter consists of a review paper on Sanger sequencing and NGS platforms, showing challenges 

and knowledge gaps of sequencing technologies in HIVDR. 

 

Chapter 3: Manuscript: “Affordable drug resistance genotyping of HIV-1 reverse transcriptase, protease 

and integrase genes, for resource limited settings” 

This chapter presents a manuscript consisting of the methodology and results of this project. 
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Chapter 4: Manuscript: “Affordable method for genotyping HIV-1 reverse transcriptase, protease and 

integrase genes: an in-house protocol” 

This chapter presents a detailed step-by-step protocol of the methodology used in this project. 

 

Chapter 5: Synthesis of the thesis 

The chapter presents a summary of the overall significance of this study, recommendations for policy, 

as well as recommendations for future research. 
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CHAPTER 2: HIV-1 DRUG RESISTANCE GENOTYPING IN RESOURCE LIMITED 

SETTINGS: CURRENT AND FUTURE PERSPECTIVE IN SEQUENCING 

TECHNOLOGIES 

 

Manuscript published: Manyana S, Gounder L, Pillay M, Manasa J, Naidoo K, Chimukangara B. HIV-

1 drug resistance genotyping in resource limited settings: current and future perspectives in sequencing 

technologies. Viruses. 2021;13(6):1125. https://pubmed.ncbi.nlm.nih.gov/34208165/ 

 

Author Contributions:  

Conceptualization, S.M. and B.C.; investigation, S.M.; resources, B.C.; writing-original draft 

preparation, S.M.; writing review and editing, L.G., M.P., J.M., K.N. and B.C. visualization, S.M. and 

B.C.; supervision, B.C.; project administration, S.M.; funding acquisition, B.C. 
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The manuscript in chapter 2 gave an overview of Sanger sequencing and NGS platforms, sequencing 

chemistries, challenges, implementation and current knowledge gaps that exist in the field of HIVDR 

for RLS. It also emphasizes the need to design Sanger sequencing assays that sequence all relevant 

HIV-1 genes (i.e. PR, RT and RT) in a single amplicon, in order to simplify HIVDR genotyping for 

clinical diagnostics and research use in RLS. This motivated work presented in chapter 3, based on a 

HIVDR method that we developed for genotyping all relevant HIV-1 genes. This is a simple and 

affordable method with relatively short turnaround time, that does not require additional infrastructure 

for Sanger sequencing, making it suitable for use in laboratories that are already equipped for 

sequencing in RLS. The manuscript supplementary material is provided in Appendix 4 and figures on 

Appendix 5. 
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CHAPTER 3: AFFORDABLE DRUG RESISTANCE GENOTYPING OF HIV-1 REVERSE 

TRANSCRIPTASE, PROTEASE AND INTEGRASE, FOR RESOURCE LIMITED 

SETTINGS 

 

Manuscript under peer review: Manyana S, Pillay M, Gounder L, Khan A, Moodley P, Naidoo K, 

Chimukangara B. Affordable drug resistance genotyping of HIV-1 reverse transcriptase, protease and 

integrase genes, for resource limited settings. AIDS Research and Therapy, 2022. 

 

Author Contributions: 

Conceptualization, S.M. and B.C.; investigation, S.M., M.P. and B.C.; resources, B.C.; writing original 

draft preparation, S.M., M.P., L.G., A.K., P.M., K.N., and B.C. editing, S.M., M.P., L.G., A.K., P.M., 

K.N., and B.C. visualization, S.M. and B.C.; supervision, B.C.; project administration, S.M. and B.C.; 

funding acquisition, K.N. and B.C. 
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The manuscript in chapter 3 uses a research paper format to describe the designed method for 

genotyping all relevant HIV-1 pol genes (i.e. PR, RT, and IN), that can be used to guide choice of ART 

in RLS. The following manuscript (in chapter 4) presents detailed step-by-step instructions of the 

method described in chapter 3. The protocol is divided into five main sections; 1) total RNA extraction, 

2) one-step reverse transcription and second round PCR amplification, 3) gel electrophoresis, 4) 

sequencing, and 5) sequencing analysis and interpretation of sequence data. This protocol also 

summarizes a list of materials required as well as reagent catalogue numbers. 
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CHAPTER 4: AFFORDABLE METHOD FOR GENOTYPING HIV-1 REVERSE 

TRANSCRIPTASE, PROTEASE AND INTEGRASE GENES: AN IN-HOUSE 

PROTOCOLS 

 

Manuscript published: Manyana S, Pillay M, Gounder L, Khan A, Moodley P, Naidoo K, 

Chimukangara B. protocols.io (dx.doi.org/10.17504/protocols.io.b5tvq6n6). Protocols.io, 2022. 

https://www.protocols.io/view/affordable-method-for-genotyping-hiv-1-reverse-tra-b5tvq6n6 
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CHAPTER 5: SYNTHESIS 

 

5.1 Discussion 

DTG has been introduced on a large scale as part of fixed-dose combinations of TDF and 3TC (i.e., 

TLD) to effectively curb the spread of antiretroviral resistance. It is well tolerated and affordable 

making it ideal for use in RLS [107]. Based on findings from the NADIA and ARTIST trials, increased 

distribution of TLD could minimize the need for pretreatment and acquired HIVDR testing in RLS, as 

individuals on DTG infrequently develop virological failure with clinically significant drug resistance 

mutations [20,21]. However, surveillance for HIV drug resistance remains critical. For instance, the 

ADVANCE study showed less than adequate viral suppression rates among individuals on DTG-based 

ART at 48-weeks, raising concerns over long-term treatment outcomes in a setting with high NNRTI-

PDR [108]. Thus, genotypic drug resistance testing could facilitate the choice of ART regimens in most 

settings where DTG has been rolled-out and enable clinicians to determine which individuals with 

virological failure on DTG-based ART require a change in treatment.  

 

HIVDR genotyping can assist in the selection of optimal ART regimens which will help to attain the 

third 95-95-95 UNAIDS target for sustainable VL suppression. However, limited laboratory capacity 

and high operational costs remain major limiting factors to routine drug resistance testing in many 

RLS. Genotypic resistance testing using inexpensive PMAs would be useful in RLS where resources, 

capacity, and infrastructure to perform standard genotypic drug resistance testing are limited [109]. 

However, the disadvantages of PMAs evolve around requirement for multiple tests per target site which 

increases the costs of PMAs, especially without affordable multiplexing assays [89]. This suggests that 

in the short-term in-house Sanger-based genotypic resistance testing will remain the predominant 

technology, and NGS has great potential for the medium-to-long term, offering the possibility of 

multiplexing very large numbers of samples in a single sequencing reaction, and lowering costs even 

further in high-throughput laboratories. The review paper on chapter 2 discussed use of Sanger 

sequencing and NGS methods for HIVDR genotyping, focusing on their use in RLS. The paper also 

showed several HIVDR assays, none of which detect mutations in PI, RT and IN genes concurrently. 

Furthermore, the paper discussed knowledge gaps and offered recommendations on how to overcome 

existing barriers for implementing HIVDR genotyping in RLS, highlighting a need to design Sanger 

sequencing assays that detect all relevant mutations in a single amplicon, in order to simplify HIVDR 

genotyping for clinical diagnostics and research use. 
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As previously mentioned, common methods of HIVDR testing use an approach of genotyping the PR 

and RT genes separately from the IN gene. This is preferred because of simpler amplification of shorter 

gene fragments. However, because of the need to genotype two separate gene fragments, such an 

approach doubles the workload and increases cost of genotyping, adding pressure on an already strained 

healthcare system. Genotyping all relevant HIVDR mutations using a quick and affordable method is 

important for guiding treatment options and patient management in RLS. The method designed and 

reported in this thesis, provides a positive step towards effectively counteracting challenges associated 

with HIVDR testing, whilst using similar techniques already in place. This approach simplifies the 

genotyping process, providing drug resistance profiles for all relevant viral genes at a low cost and with 

shorter turn-around times, making it ideal for use in RLS. 

 

In-house methods are more flexible than kit-based methods, considering how changes to primers can 

be more easily implemented when required [110]. Chapters 3 and 4 describe a typical in-house assay 

developed using innovative techniques, whereby specific PCR and sequencing primers are adapted for 

HIVDR genotyping. Despite sequence pair analysis of PR and RT genes showing differences between 

the designed in-house method (hereafter referred to as IDR method) and CAP103, there was a 100% 

concordance in identifying samples with at least one HIVDR mutation, similar to a previous method 

reported by Manasa et al. (100%) [28]. Average nucleotide and amino acid pairwise identities were 

>99%, demonstrating high sequence quality, with the WHO recommending a minimum of 90% 

sequence similarity for genotyping assays [110]. Similarly our results were in agreement with those 

achieved by Zhou et al, who reported 99.4% nucleotide identity [111]. Despite the overall sequence 

similarities, we observed some mutation discordances in sequence pairs. 

 

Chapter 3 shows that about 22% (17/79) of sequence pairs had a discordant mutation resulting in 

different phenotypic predictions, although it affected the predicted choice of subsequent ART regimens 

in only 2 of the 17 sequences. To assess true discordances between IDR and CAP103 sequences, 

chromatograms were reviewed at each discordant amino acid position by a second laboratory scientist 

to verify whether the discordances resulted from true mutation calls, or were a result of subjective 

calling of nucleotide bases. Of 17 sequence pairs with discordances, approximately 2 of every 3 

discordances were due to mixed bases at drug resistance mutation sites. Figure 10 shows examples of 

discordances due to mixed bases, in sequences IDR036 and IDR094. In the first example (i.e., IDR036), 

the IDR sequence detected A62AV, K65KR and D67DN as mixtures that were not detected in CAP103 
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sequence. In the second example (i.e., IDR094), CAP103 sequence detected A62AV and K65KR 

mutations as mixtures that were not detected in the IDR sequence.  

 

Figure 10 Comparison of discordant mutation positions between IDR and CAP103 sequences 

 

The reason for such discordances is not clear but could be explained by several reasons. Heterogenous 

distribution of HIV-1 variants in cells (arising from rapid evolution of HIV quasispecies), and absolute 

number of viral variants obtained during viral RNA extraction at any given time, could result in 

discordances associated with mixed bases [112]. Other factors to consider include; primer binding 

preference and location, base calling criteria, general sequence quality, and technical errors introduced 

during PCR from Taq polymerase misincorporation [112].  

 

Maximum-likelihood phylogenetic analysis (shown in manuscript 3, Figure 3) showed good sequence 

pair comparison between IDR and CAP103 sequences, with clustering of unique sequence pairs on the 

same operational taxonomic units, as well as clustering with HIV-1 Subtype C reference sequences. 

Two sequence pairs (i.e., IDR074 and IDR076) clustered together with high sequence similarity 

(>98%), suggesting potential sample mix-up. Without adequate plasma to repeat extraction, processing 

of these samples was repeated from PCR through sequencing, and still showed the same level of 

similarity. The two samples were excluded from final analysis. A possible explanation would be that 
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contamination occurred when aliquoting plasma samples for extraction. This can be avoided by being 

more vigilant at each stage of sample processing, and adhering to crucial good clinical laboratory 

practices [113]. This shows how phylogenetics can be used as a quality control measure in HIVDR 

genotyping.  

 

Cost of infrastructure and resources is arguably the greatest limiting factor to HIVDR genotyping access 

in RLS. In cost-estimate analysis, the running cost per sample for the IDR method was estimated at 

~US$43 for a single genotyping attempt, with the cost increasing to ~US$64 after adding cost that 

accounts for a more than generous 50% genotyping failure rate (Appendix 4, S6 Table). Additionally, 

the estimated cost per sample for using an alternative two-fragment approach was ~US$49 and 

increased to about US$73, after accounting for 50% genotyping failure rate (Appendix 4, S7 Table). 

These estimates do not include labour and instrument maintenance costs. Regardless, IDR method cost 

estimates are similar to common in-house genotyping assays that cost between US$48 - US$155 to 

genotype the PR and RT genes only, with commercial assays ranging between US$155 and US$276 

[88,89]. Moreover, the IDR method has an added advantage in that it provides genotyping of not only 

the PR and RT genes, but also the IN gene, at similar costs. Table 3 shows a comparative cost analysis 

of common in-house methods (with specified cost) in RLS. 

 

Table 3. Comparative cost analysis for in-house HIVDR methods in RLS 

Year Available methods Country Sample type Genes Cost (US$) 

2007 Chen JHK et al. [114] China Plasma PR and RT $30 

2010 Saravanan et al. [115] India Plasma PR and RT $100 

2011 Zhou Z et al. [111] USA DBS/ Plasma PR and RT $40 

2013 Inzaule S et al. [13] Kenya DBS PR and RT $110 

2013 Inzaule S et al. [13] Kenya Plasma PR and RT $113 

2014 Acharya A et al. [116] India Plasma PR and RT $85 

2014 Chaturbhuj DN et al. [117] India Plasma PR and RT $160 

2019 Seatla KK et al. [118] Botswana Plasma IN $32 

2019 Magomere EO et at. [119] Kenya Plasma PR and RT $59 

2022 Manyana S (unpublished) South Africa Plasma PR, RT and IN $64 

DBS, dried blood spots; IN, integrase gene; PR, protease gene; RT, reverse transcriptase gene; US$, United 

State dollars 
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In addition to cost, turnaround time is an important factor in making timely treatment decisions. The 

designed method presented in this thesis is widely implementable for HIVDR genotyping in most RLS 

laboratories, with a total workflow of ~15 hours from extraction to results. This method results in 

reduced genotyping time from ~21 hours to ~15 hours, saving at least one working day when compared 

to other common methods. In addition to providing timely results, it means more samples can be 

processed over time increasing the capacity of genotypic testing. Also, we deliberately designed the 

method to use 8 sequencing primers, to make cycle sequencing reaction setup easier for laboratory 

operators working with standard 96-well plate formats. With this setup, sequencing primers are added 

in the 8 rows and samples in the 12 columns as shown in Appendix 4 (S2 Figure), achieving coverage 

of all mutations of interest in the pol gene. The simplicity, reduced turnaround time, lower cost and 

sensitivity in detecting resistance mutations makes this method ideal for use in RLS. 

 

5.2 Recommendations for future research and policy 

This thesis presents an ideal HIVDR method for use in RLS. However, the method was only compared 

to paired PR and RT gene sequences. This may raise concerns around its effectiveness in detecting IN 

gene mutations. Therefore, future studies similar to this one should consider also comparing paired IN 

gene sequences. Moreover, all samples used to design the IDR method were from HIV-1C infected 

individuals, the most common subtype in RLS. However, future research work should consider testing 

similar in-house methods to non-HIV-1 subtype C samples, including CRFs, and if necessary, subtype-

specific primers can be designed to amplify other HIV-1 subtypes. All samples processed had VLs 

>1000 copies/mL, aligning with the South African HIV treatment guidelines for HIVDR testing in 

individuals with persistent viremia [110]. Thus, this method might not be as effective in genotyping 

HIV from samples with VLs <1,000 copies/mL. Assessing sensitivity in detecting low-level viremia is 

important in future research, as such patients could potentially transmit resistant virus. In addition, 

future work should also consider HIVDR genotyping from other sample isolates such as DBS, given 

the advantages of this type of sample over plasma, in terms of transportation and storage.  

 

Future research should also consider focusing on incorporating NGS technologies in routine HIVDR 

testing for clinical diagnostics. Currently only the Sentosa SQ HIV platform (Vela Diagnostic, 

Germany) has authorised marketing approval from the US-FDA for use in HIVDR testing. However, 

the per sample cost of using Sentosa SQ HIV platform (i.e., ~US$400) currently remains a prohibitive 

factor to use in RLS. In addition, the lack of understanding around the impact of LA-DRVs would have 
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to be addressed in order to effectively use such NGS technologies in making clinical decisions. 

Furthermore, future research should focus on reducing variability in interpretation of HIVDR 

genotyping data. This could be established through development of standard data analysis pipelines/ 

software to ensure consistency in data interpretation [120]. Ultimately, future research work should aim 

to design HIVDR methods that are simple, affordable, offer point-of-care testing, standard data 

interpretation, and are sensitive at detecting HIVDR mutations in a broad range of HIV subtypes and 

even at low VL thresholds. Integrating such methods into the HIV treatment cascade will help improve 

treatment decisions and the quality of lives of people living with HIV. 

 

With recent transitions towards use of TLD, countries (especially in RLS) should prioritise sustainable 

treatment monitoring and reduce time taken to make decisions for switching ART regimens, in order to 

meet the UNAIDS 95-95-95 targets. Significant progress has been made in South Africa in achieving 

these targets, especially in diagnosing HIV infected individuals. However, policy makers should 

enforce measures that improve the number of people that are initiated and remain on ART, considering 

that only ~69% of people diagnosed with HIV were receiving ART in South Africa by end of 2020 

(Table 1) [7]. Moreover, there is also room for improvement in achieving the third 95% UNAIDS target 

in South Africa, given that viral suppression rates were at ~88% by end of 2020 (Table 1) [7]. Therefore, 

policy should strengthen timely action on viral load data, repeat viral load testing, and timely switching 

of ART regimens in accordance with global and local HIV treatment guidelines. Given that TLD is used 

for first- and second-line regimens, policies should consider resistance testing after failing DTG-based 

ART, to assess virologic failure due to HIVDR. Furthermore, policies that support structured and 

continuous HIVDR surveillance using aggregated data from individual patients and population-based 

surveys, are required to monitor community drug resistance, to improve ART programmes and adapt to 

changes in ART guidelines, especially in RLS where routine drug resistance testing is unavailable.  

 

5.4 Conclusion  

Overall, this research work shows an innovative method for HIVDR genotyping that is simple, timely, 

and affordable to detect mutations in the HIV-1 PR, RT and IN genes. Similar methods that are sensitive 

to non-HIV-1C subtypes are required in future to genotype a broader range of HIV subtypes. 

Furthermore, given this method's cost-estimate and shorter turnaround time, it can be implemented and 

performed seamlessly in RLS, whilst accommodating changes in ART regimens. In conclusion, low 

cost HIVDR genotyping methods that are easy to implement and produce results relevant to treatment 

regimens are required to address the problem of HIVDR. Implementation of these methods, vigilant VL 
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monitoring, and prompt action on diagnostic results will help improve rates of viral suppression, which 

will subsequently improve the quality of life of people living with HIV and ultimately help achieve HIV 

elimination. 
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