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Abstract 

Nucleoside reverse transcriptase inhibitors (NRTIs) are the cornerstones of antiretroviral 

therapy as they are included in all treatment regimens. However, the frequent emergence of 

NRTI drug-resistance mutations calls for new NRTIs with novel modes of action. Islatravir 

(ISL) is a first-in-class NRT-translocation-inhibitor (NRTtI) with a high genetic barrier to 

resistance. Although some data on ISL drug resistance are available for HIV-1 subtype B, 

limited data are available for the prevalent circulating subtype (i.e., subtype C) in South Africa. 

Here, we investigated the in vitro phenotypic drug susceptibility of wild-type and NRTI-

resistant HIV-1 subtype C variants to ISL. In vitro testing showed no significant inter- and 

intra-subtype differences in the potency of ISL between subtypes B and C. In addition, dual-

drug synergy assays showed an additive inhibition of a wild-type subtype C variant with 

ISL+doravirine, while ISL+tenofovir disoproxil fumarate (TDF) showed a significant 

synergistic inhibition. High-level ISL resistance was not observed with any of the prevalent 

single NRTI mutations (e.g. K65R, M184V). However, high-level ISL resistance was observed 

with combinations of two or more Type-2 thymidine analogue mutations (TAMs), as well as 

the A114S+M184V combination. Our data suggest that ISL will be effective in the treatment 

of patients failing a TDF- or lamivudine-containing regimen, but less likely for those failing a 

zidovudine- or abacavir-containing regimen due to the selection of Type-2 TAMs. Since the 

latter two drugs are typically included in a PI-based second-line regimen, genotypic drug 

resistance testing would likely be required after treatment failure and prior to the inclusion of 

ISL in their regimens. 
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Chapter 1: Introduction 

1.1. Classification and epidemiology of HIV. 

The human immunodeficiency virus (HIV) is a retrovirus from the genus Lentivirus. HIV type 

1 (HIV-1) was first discovered in 19831 and was soon followed by its association with acquired 

immune deficiency syndrome (AIDS)2. HIV-2 was subsequently identified in 1986, and both 

types are of non-primate origin, with type 1 originating from chimpanzees3, and type 2 being 

of sooty mangabey origin4. As such, the two types represent separate epidemics and have up to 

a 50% variation between their sequences5.  

HIV-1 is responsible for 95% of worldwide HIV infections, and four distinct lineages have 

been observed within this type: groups M (main), N (non-outlier)6, O (outlier), and most 

recently, P7,8, which are listed from high to low prevalence9. Each group is further classified 

into subtypes (clades), with group M being the predominant circulating group. Subtypes of 

group M include A to D, F to H, J, and K, with inter- and intra-subtype genetic variation of up 

to 35% and 20%, respectively10. However, these subtypes are capable of recombination to form 

Circulating Recombinant Forms (CRFs), of which 152 had been identified as of 202311, as well 

as Unique Recombinant Forms (URFs). The criterion that a recombination form must meet to 

be classified as a CRF is its occurrence in three or more epidemiologically unliked individuals, 

whereas a URF does not show transmissibility12. 

HIV-1 subtypes are distributed in general geographic locations (Figure 1.1), with subtype B 

being prevalent in high-income, Western countries (such as the USA and Western Europe). As 

these are the countries where antiretroviral drugs (ARVs) were first available and are the 

current drivers of HIV research, available in vitro, clinical trial, and treatment data are greatly 

focused on subtype B13. Until recent years, HIV-1 subtype C was responsible for nearly 50% 

of global HIV-1 infections and the predominant subtype in South Africa14. While the latter 

remains true, the most recent review of HIV epidemiological data (2010 – 2021) shows that 

subtype C now only accounts for 23% of global HIV-1 infections (Figure 1.1)15. With this, the 

rising prevalence of CRFs has been noticed, which together with URFs, account for 29% of 

global HIV-1 infections15. 
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Figure provided by Williams et al.
15

 

Figure 1.1. The global distribution of HIV-1 subtypes according to region. A meta-analysis 

of the most recent epidemiological data (2010 – 2021) shows the global prevalence of subtype 

C at 23%, and the rise of circulating/unique recombinant forms (CRF/URF). Subtype C remains 

as the most prevalent subtype in Eastern and Southern Africa (40%).  

 

Compared to HIV-1, HIV-2 has less of a global impact, being endemic mostly to countries in 

West Africa. Although significantly less prevalent than HIV-1, between one to two million 

people are still believed to be living with HIV-216. However, HIV-2 has been associated with 

lower mortality rates than HIV-1 due to its differences in that it causes a longer asymptomatic 

phase, lower viral loads, and a significantly slower rate of CD4 T-cell decline17,18. Despite this, 

HIV-2 can still lead to AIDS. HIV-2 consists of nine identified groups (A to I); however, only 

groups A and B are circulatory, with all the other groups being identified in only one (groups 

C to E, G to I), or two (group F) individuals19. Contrasting HIV-1’s many recombinant forms, 

only one CRF and one URF of HIV-2 have been identified19. 
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1.2. Overview of HIV-1 prevalence 

Since the start of the epidemic, HIV has infected an estimated 85.6 million individuals globally, 

and the consequently arising AIDS has claimed the lives of approximately 40.4 million people20. 

Although HIV-1 treatment has come a long way and the introduction of combined antiretroviral 

therapy (cART) allowed for improvements in both life quality and expectancy of HIV-positive 

patients, there were an estimated 1.3 million new infections acquired in 202221,22. The World 

Health Organization (WHO) further reported that in 2022, 39 million people were living with 

HIV globally, and 630 000 people succumbed to AIDS-related illnesses23. 

According to the 2022 data from the Joint United Nations Programme on HIV/AIDS 

(UNAIDS), the number of new HIV infections has decreased by 59% since its peak of 3.2 

million in 1995, and AIDS-related deaths have decreased by 69% since its peak of 2.0 million 

in 200424. The latest world population data from The World Bank (https://data.worldbank.org/) 

indicates that although only 15% of the global population reside in sub-Saharan Africa, it 

accounts for 67% of the global number of people living with HIV (PLWH)25. In line with this, 

in 2022, more than 77% of new HIV-1 infections in people aged between 15 and 24 were 

females residing in sub-Saharan Africa24. Further, the 2022 statistic of global HIV population 

prevalence for adults aged 15 – 49 was 0.7%, whilst for sub-Saharan Africa it was 3.2%, and 

for South Africa, a shocking 17.8%24.  

In global efforts to end the HIV pandemic, UNAIDS set the following “95-95-95” targets for 

the 2025 goal: 95% of all PLWH to be status-aware, 95% of people diagnosed with HIV-1 to 

receive cART, and 95% of these individuals receiving cART to be virologically suppressed. As 

of 2022, targets of 86-89-93 had been achieved globally, and as of 2023, South Africa had only 

achieved targets of 94-75-6926. 

 

 

 

 

  

https://data.worldbank.org/
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1.3. Virion structure and the viral genome 

The mature virion of HIV-1 measures at approximately 145 nm27, and carries two copies of its 

genome as single-stranded RNA (ssRNA), measuring at just under 10 000 bases (Figure 1.2). 

The terminal ends of the viral genome contain long terminal repeats (LTRs), which contain the 

necessary information for the reverse transcription, integration, and expression of genes, and 

are sub-divided into the U3, R, and U5 regions (Figure 1.2)28,29. The U3 region contains binding 

sites for splicing- and transcription factors, whereas the R-region contains the trans-acting 

responsive region (TAR), which is vital for initiating transcription30,31 The U5 region contains 

the polyadenylation (poly-A) tail as well as sub-regions regulating RT activity29. Following 

this is the primer binding site, and the Phi (Ψ) signal, which mediates viral genome packaging32. 

Figure adapted from Heuvel et al.29 

Figure 1.2. Structure of the HIV-1 virion and genome. The HIV-1 genome comprises less 

than 10 000 bases and contains three overlapping reading frames. The mature HIV-1 virion 

contains three essential genes that code for its genome. The env gene codes for the envelope 

glycoprotein complex. The pol gene codes for viral enzymes needed for replication, and the 

gag gene codes for viral proteins. 
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Within the viral core, the viral RNA is attached to nucleocapsid proteins that provide protection 

against nuclease digestion, encoded by the gag gene (Figure 1.2). The gag gene also encodes 

for the viral capsid and matrix proteins. The viral core contains the three major enzymes utilised 

by HIV-1, encoded by the pol gene: RT, integrase (INT), and protease (PR; Figure 1.2). This 

viral core is enclosed within the viral capsid (p24), and PR is also present here. The viral capsid 

is further enveloped by the p17 matrix protein, which is finally enclosed by the lipid bilayer 

derived from the host cell during viral budding. Embedded into this lipid bilayer is the trimeric 

glycoprotein complex, encoded by the env gene, which produces the surface (gp120) and 

transmembrane (gp41) glycoproteins33. 

Following the pol gene are the tat and rev regulatory genes, and vif, vpr, vpu, and nef accessory 

genes. The regulatory proteins Tat and Rev bind to the TAR and Rev-responsive element (RRE), 

where Tat is a vital mediator of viral genome transcription, and Rev is a nuclear export factor 

that transports partially spliced/unspliced viral mRNA from the nucleus into the cytoplasm34,35. 

The accessory genes vif, vpr, and vpu influence the rate at which new virions are produced, and 

the nef gene increases the infectivity levels of the virus and downregulates host-cell immune 

proteins36. 
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1.4. Replication cycle 

The replication cycle of HIV-1 is largely divided into two phases: an early phase, which 

consists of binding, fusion, viral entry, reverse transcription and integration, and a late phase, 

which encompasses the rest of the life cycle, from gene expression to budding, and the 

maturation of new virions (Figure 1.3).  

Adapted from van Heuvel et al.29 

Figure 1.3. The schematic life cycle of HIV-1. Early-stage replication (1 – 5): (1) The virus 

binds to the host cell through the CD4 receptor and co-receptors and (2) fuses with the host 

cell, facilitating viral entry. (3) The viral capsid is imported into the nucleus, where the viral 

RNA undergoes (4) reverse transcription into proviral DNA. The proviral gene is (5) integrated 

into the host gene. Late-stage replication (6 – 12): (6) The proviral genome is transcribed, and 

(7) exits the nucleus to undergo (8) translation, which results in the necessary RNA genome 

and viral proteins. These components of the immature virus are (9) assembled, and the virus 

(10) buds out of the host cell and is (11) released. Viral PR cleaves the Gag/Gag-Pol precursor 

proteins of the virus, allowing for (12) viral maturation.  

viral capsid 
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1.4.1. Early-stage replication 

The initial step of viral entry requires the adhesion of the virus to the membrane of the host 

cell, which is mediated by a number of different ways, for example, pattern recognition 

receptors37, cell surface charge38, and Env interactions39,40. This adhesion allows for Env’s 

close proximity to the primary CD4 receptor41,42, as well as a chemokine co-receptor on the 

host cell membrane, enabling their binding. The major co-receptors utilized by the virus are 

CCR5 (R5-tropic viruses) and CXCR4 (X4-tropic viruses) and are broadly subtype-dependent. 

However, some viruses use both co-receptors, known as R5X4- (or dual-) tropism43. Co-

receptor binding exposes the trimeric gp41 glycoprotein’s fusion peptides44, which allow for 

the fusion of the virus with the host cell. 

Until recently, the viral capsid was believed to either completely or partially disassemble in the 

cytoplasm post-fusion45–47; however, it is now known that the viral capsid remains intact as its 

entirety is imported into the nucleus of the host cell48. It is only upon entry of the nucleoplasm 

that the viral capsid partially disassembles48,49. Reverse transcription of viral RNA is initiated 

within the intact capsid, and is completed in the nucleus of the host cell upon capsid entry49–51. 

The process of reverse transcription is initiated at the 5’ end of the viral RNA by the elongation 

of the tRNALys3 primer post-annealing, which results in a short, antisense DNA strand that is 

complementary to the 3’-end of the HIV genomic RNA. This is then translocated to the 3’-end 

of the viral RNA genome (termed first-strand transfer of reverse transcription)52, resulting in 

the synthesis of full-length, antisense, complementary DNA (cDNA). This gives rise to an 

RNA-DNA hybrid, and the RNA strand is degraded via the RNase H domain of the RT 

enzyme52. Simultaneously, the polypurine tract, which is a sequence of viral genomic RNA, is 

synthesised, which facilitates the second-strand transfer of reverse transcription53. This 

polypurine tract, in a duplex with the antisense DNA, serves as the primer for the synthesis of 

the sense strand DNA54. Once reverse transcription is complete, the pre-integration complex 

(PIC) forms, which consists of viral cDNA, INT, and viral and host proteins55. This PIC has 

recently shown to favour integration into the host cell’s chromatin over genomic DNA56. 

A key characteristic of retroviruses is their ability to integrate their proviral genome into the 

host cell genome. This allows for their ability to remain dormant without being detected and 

destroyed by the host immune system, which results in latent infections57,58. The INT enzyme 

of HIV-1 facilitates integration in two steps. First, 3’-end processing occurs in the cytoplasm, 

where two nucleotides at the 3’-terminal ends of the provirus are excised, leading to the 
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exposure of a 3’-hydroxyl (OH) group, and a 5’-overhang on the complementary strand. Next, 

3’-end joining (also referred to as the strand transfer reaction) occurs in the nucleus, where the 

host target DNA is cleaved by INT, and the 3’-viral and 5’-host DNA ends are ligated59–61. 

Integration marks the end of the early stage of HIV-1 replication. The viral genome can either 

move into the late stage of replication and undergo transcription or enter latency by remaining 

transcriptionally silent. 

1.4.2. Late-stage replication 

Transcription of the HIV-1 provirus occurs alongside the host genome transcription, 

piggybacking off the host’s transcription mechanisms. Certain host transcription factors 

(nuclear factor kappa B, specificity- and activator proteins 1) activate HIV-1 transcription, and 

along with general transcription factors, allow for transcription of the viral genome to occur62–

64. The resulting, full-length gRNA consists of nine open reading frames (ORFs) that partially 

overlap, and are spliced alternatively to produce mRNAs that encode all the necessary viral 

proteins65–67. mRNAs can either be unspliced and full-length, partially spliced and contain 

introns, or completely spliced and contain exons only66,68. The latter mRNA is the only one to 

be translated, resulting in HIV-1 protein expression69. Env precursor gp160 is translated from 

the bicistronic mRNA encoding vpu/env in the rough endoplasmic reticulum, where it 

trimerises before getting cleaved into its functional surface and transmembrane glycoproteins 

(gp41 and pg120, respectively)70. Post-translation, the contents of the immature virus must 

assemble, to facilitate budding and the eventual maturation of the virion.  

The precursor protein of Gag is composed of four domains that are divided by PR cleavage 

sites: the matrix, capsid, nucleocapsid, and p6 domains. Each domain interacts with specific 

viral components to assemble the immature virion. The nucleocapsid domain is responsible for 

packaging the viral genomic RNA into a capsid71. After the budding of the immature virion, 

HIV-1 PR sequentially cleaves the Gag and Gag-Pol precursor proteins, which causes the 

maturation of the virion by the release of viral enzymes and structural proteins72,73. This marks 

the end of the replication cycle of HIV-1, as the new virions go on to infect more host cells. 

  



9 

 

1.5. Classes of antiretroviral drugs 

Currently, there are six classes of antiretroviral (ARV) drugs being used in the treatment of 

HIV-1. Each class targets a step of the replication cycle, inhibiting either the early or late phase 

of the cycle.  

1.5.1. Comprehensive overview of antiretroviral drugs 

1.5.1.1 Entry inhibitors 

Viral entry into the CD4 T-cell is inhibited in one of three ways: fusion inhibitors that target 

gp41 of Env, inhibitors targeting CD4 adhesion (i.e., gp120), and inhibitors targeting the 

chemokine co-receptors required by HIV-1. Enfuvirtide (T-20) is a fusion inhibitor that binds 

to gp4158. Fostemsavir is a CD4 adhesion inhibitor that binds to gp12059. Maraviroc is a CCR5 

antagonist that binds to the CCR5 receptor, inhibiting co-receptor binding of the HI virion by 

preventing gp120-CCR5 interaction74. There are currently no approved CXCR4 antagonists. 

AMD3100 was a potential candidate, however, it was withheld from further clinical 

development due to cardiotoxic effects75. 

1.5.1.2 Nucleoside reverse transcriptase inhibitors (NRTIs) 

NRTIs are a class of ARV drugs that bind to the active site of HIV-1 RT, thereby inhibiting the 

reverse transcription process. NRTIs are drugs or prodrugs that require in cyto phosphorylation 

before they become active metabolites. Once activated, they accumulate a pool of 2’-3’-

dideoxynucleotide di/triphosphates (ddNDPs/ddNTPs), which compete with natural 2’-

deoxynucleotide 5’-triphosphates (dNTPs) to incorporate into the viral genome, thereby 

terminating viral reverse transcription. 

In South Africa, there are four NRTIs in use: Abacavir (ABC), Zidovudine (AZT), Lamivudine 

(3TC), Emtricitabine (FTC), and the tenofovir (TFV) prodrug TFV-disoproxil fumarate (TDF; 

Table 1.1). Together, 3TC/FTC are referred to as XTC. NRTIs are included in all regimens, 

with two NRTIs being used together. The most commonly used combination is TDF + XTC76. 

The second prodrug of TFV is TFV-alafenamide fumarate (TAF); however, it is not used in 

South Africa. 
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Table 1.1. NRTIs, their active analogue form, structure, half-life, and selectivity index. 

NRTI 
Active 

analogue 
*Structure77 

Approximate 

intracellular 

half-life (hours) 

Selectivity 

index 

(
𝑪𝑪𝟓𝟎

𝑬𝑪𝟓𝟎
) 

Abacavir TP 

 

18 – 2178 > 2 00079 

Zidovudine TP 

 

980 > 10 00081 

Lamivudine TP 

 

15 – 1682 > 23381 

Emtricitabine TP 

 

3983 > 1 00081 

Tenofovir 

disoproxil 

fumarate 

DP 

 

16483 

> 12281 

Tenofovir 

alafenamide 
DP 

 

16483 

TP – triphosphate; DP – diphosphate  

*Structures taken from DrugBank Online (go.drugbank.com)

https://go.drugbank.com/atc
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Each drug competes with a natural dNTP and has a specific metabolic pathway that is outlined 

in Figure 1.4. The NRTI analogues competing with the thymine pyridine is AZT; those 

competing with the cytosine pyridine are XTC. NRTI analogues competing with the purines 

adenine and guanine are prodrugs of TFV, and ABC, respectively. 

Adapted from Holec et al.84, “Nucleotide Reverse Transcriptase Inhibitors: A Thorough Review, Present Status, 

and Future Perspective as HIV Therapeutics”. 

Figure 1.4. The metabolic pathways of nucleoside reverse transcriptase inhibitors. TDF 

and TAF are taken as prodrugs (beige), whereas all the other NRTIs start as drugs (blue). 

Monophosphorylated forms of the drugs are denoted as drug-MP (red), diphosphorylated forms 

of the drugs are denoted as drug-DP (green), and triphosphorylated forms of drugs are denoted 

as drug-TP (purple). All drugs are converted to their clinically active drug-TP form, except TFV, 

which is clinically active at drug-DP.  
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1.5.1.3. Non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

In contrast to NRTIs, NNRTIs are non-analogue inhibitors that bind to a hydrophobic pocket 

of RT that is in proximity to the RT active site, thereby inhibiting viral gene reverse 

transcription. Although an NNRTI-backbone regimen was preferred for first-line treatment 

prior to 201985, their low genetic barrier to the development of resistance has rendered them 

undesirable in the post-2019 regimens76,86. As of 2023, six NNRTIs had been approved for ART: 

nevirapine (NVP), efavirenz (EFV), rilpivirine (RPV), etravirine (ETV), delavirdine (DLV), 

doravirine (DOR)87,88. However, DLV was discontinued in 2018 by the manufacturer as a 

financial decision89. According to the 2023 national ART guidelines, the only NNRTIs in use 

in South Africa are NVP and EFV76. 

1.5.1.4. Integrase strand-transfer inhibitors (INSTIs) 

INSTIs target the viral INT enzyme, by binding to INT’s catalytic domain and thus inhibiting 

INT binding to the dsDNA90. INSTIs include first-in-class raltegravir (RAL)91, elvitegravir 

(EVG)92, the backbone of the country’s current regimen dolutegravir (DTG)93, and the novel 

cabotegravir (CAB)94. CAB has shown promising results for long-acting (LA) therapy and pre-

exposure prophylaxis (PrEP)95,96. Bictegravir (BIC) is a second-generation INSTI that was 

derived from DTG88. While it is FDA-approved, it is not yet available in South Africa. 

1.5.1.5. Protease inhibitors (PIs) 

PIs target the PR enzyme of HIV-1, which is essential for viral maturation by the cleavage of 

Gag/Gag-Pol precursor proteins. However, PIs are metabolised quickly by the cytochrome (CY) 

P450 enzyme system, and hence, were developed as drug-metabolising enzyme CYP3A4 

inhibitors97,98. The PI ritonavir (RTV) is a potent inhibitor of CYP3A4 and is therefore used in 

low doses as a booster for other PIs that are weak inhibitors of the CYP3A4 enzyme (denoted 

‘/r’)99,100. PIs currently being used nationally in South Africa are all boosted by RTV, and 

include lopinavir (LPV/r), atazanavir (ATV/r), and darunavir (DRV/r). 

1.5.1.6. Capsid inhibitors 

Capsid inhibitors are a novel class of drugs, with first-in-class lenacapavir (LEN) being 

approved in 2022 in the United States of America, Canada, and the United Kingdom101. As the 

viral capsid is vital in both the early- and late phases of the HIV-1 replication cycle, LEN 

inhibits both phases. More specifically, LEN interferes with three steps in the replication cycle: 

(1) assembly of the viral capsid, (2) assembly and release of virus, and (3) nuclear transport102. 
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LEN is offered to heavily treatment-experienced patients who lack treatment options due to the 

development of resistance, drug intolerance, or drug safety concerns103. Further, it has a high 

genetic barrier to resistance and is given twice annually, as it is a long-acting drug, in 

combination with two or three other drugs103. 

1.5.2. Combination antiretroviral therapy: maximising treatment efficacy 

cART was introduced in 1996, and the preferred initial regimen was two NRTIs + one PI, with 

an alternative first-line regimen being two NRTIs + one NNRTI104,105. In South Africa, cART 

was introduced in 2004, despite a large political debate106–108. However, by 2010, more than 

50% of the country’s PLWH who had CD4 T-cell counts of less than 200 cells/mm3 had initiated 

cART109.  

The initial 2004 first-line therapy for adults in South Africa was stavudine (d4T) + 3TC + 

EFV/NVP, taken twice daily, and second-line therapy was AZT + didanosine (ddI) + LPV/r110. 

AZT and LPV/r were to be taken twice daily, and ddI, once daily (QD)110. However, there were 

high levels of toxicity related to d4T, and consequently, it was phased out of first-line 

treatment111. In addition to toxicity, ddI was found to be costly, have a high prevalence of drug 

interactions, and showed non-superiority to 3TC; therefore, was phased out of treatment111,112. 

In 2010, TDF replaced d4T in the first line regimen and consisted of TDF + 3TC + EFV/NVP, 

QD113. This also meant a reduced pill burden on patients, going from taking five or six pills a 

day to three pills a day. Second-line therapy in 2010 consisted of AZT/TDF + XTC + LPV/r113. 

In 2015, the first-line regimen remained the same as in 2010; however, a fixed-dose 

combination (FDC) was offered, meaning one pill a day, instead of three85. D4T was also 

completely phased out, and all patients who were on d4T were switched over to TDF85. In 2019, 

the national guidelines switched first-line regimens from an NNRTI-backbone to an INSTI-

backbone, recommending TDF + 3TC + DTG (together referred to as TLD), and patients who 

were on AZT/ABC + 3TC + EFV/NVP were switched to AZT/ABC + 3TC + DTG86. However, 

with the updated 2023 guidelines, all patients on prior first-line treatment, regardless of 

regimen, were switched to TLD76.  

Although drug-induced toxicity, adverse side effects, and pill burden have decreased since the 

introduction of cART, drug resistance continues to develop, causing patients to be referred to 

the third-line committee, and require personalised treatment regimens86.  
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1.6. Mechanisms driving antiretroviral resistance 

Since the viral RT enzyme does not contain a proofreading function, a high number of 

mutations are observed in HIV-1114, and additionally, the virus’ exponential replicating abilities 

contribute to even further genetic variation115. However, apart from de novo mutations arising 

from in vivo HIV-1 replication, several other factors contribute to ARV drug resistance. 

1.6.1. Sub-optimal treatment adherence 

The primary factor leading to the development of resistance to ARV drugs is sub-optimal 

adherence to treatment, where patients fail to follow the strict regimen necessary for HIV-1 

treatment. This can be attributed to a variety of factors, some of which are beyond the patient's 

influence. Common causes of sub-optimal adherence include cognitive factors, such as self-

accountability to adhere to the regimen, or perception of improvement after short-term therapy, 

which may lead individuals to think they no longer require ARV drugs116. Furthermore, an 

individual's psychological well-being has an impact on adherence, including issues related to 

mental health and substance abuse disorders117. In the resource-limited South African setting, 

another factor contributing to sub-optimal adherence is structural barriers, such as 

unemployment, leading to financial inadequacies in terms of transport to clinics118. Further, 

there is inaccessibility to adequate infrastructure, such as well-stocked clinics, as well as 

unemployment, religious and cultural beliefs, and the stigma associated with being HIV-1 

positive118,119. Cultural beliefs play a significant role in Africa, where traditional healers 

exacerbate the issue of uninformed and uneducated PLWH, as well as religious beliefs, where 

PLWH believe that the only treatment is through prayer120,121. Further, in South Africa, women 

had a lower tendency to comply with their treatment schedule due to concerns about their 

intimate male partner(s), who might be violent, blame them for the infection, or suspect 

infidelity in their absence to collect their ARV drugs122–125. This lack of support may lead to 

depression, which causes fatigue, memory loss, and feelings of isolation, which is ultimately 

linked to the discontinuation of ARV therapy and the consequent rise of opportunistic 

infections126,127. A more in-depth exploration into the factors affecting ARV sub-optimal 

adherence was performed in 2017 by Kheswa128. 

1.6.2. Drug-induced toxicity and suboptimal drug interactions 

Drug-induced toxicity is another cause of sub-optimal adherence. In the early stages of HIV-1 

infection, patients may either present asymptomatically, or with pyrexia, fatigue, rashes, 
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axillary and inguinal region lymphadenopathy, and retro-orbital/headaches, among others129–

131. A comprehensive review of the primary symptoms of HIV-1 has been conducted by Apoola 

et al.132. Some patients may feel worse once initiating cART due to drug intolerance or drug-

induced toxicity. Adverse effects of ARV drugs include, but are not limited to bone density 

effects, cardiovascular disease, gastrointestinal, hepatic, and renal effects, nervous system 

effects, and weight gain. A comprehensive list of adverse effects and the causative ARV drug/s 

can be found at ClinicalInfoHIV (clinicalinfo.hiv.gov)133, and the National HIV Curriculum 

website (hiv.uw.edu)134. Hence, it is unsurprising that patients who encounter several of these 

adverse effects will discontinue following their prescribed treatment. 

Further, it has been found that with the evolution of old and the development of new ARV drugs, 

as well as the increasing treatment exposure for PLW, novel drug-drug interactions are 

emerging. A comprehensive comparison of the number of ARV and non-ARV treatments that 

are affected by drug-drug interactions between 2012 and 2016 was reported by El Moussaoui 

et al. in 2020135. This study showed that with ARV drugs, the percentage of contraindicated 

interactions was highest with cardiovascular medication (41.2%), and PIs were the most 

frequently involved class of ARV drugs, causing 70.7% of suboptimal interactions within the 

study135. This poses a problem in the South African context, due to the increasing burden of 

coronary heart disease observed nationally136. 

Another drug-drug interaction that limits the efficacy of cART and contributes to ART 

resistance occurs when certain ARV drugs are taken in combination with tuberculosis (TB) 

drugs, specifically, rifampicin (RIF)137. RIF is a CYP450 enzyme inducer, which indicates its 

effects on drug pharmacokinetics138. As such, it reduces ART levels, leading to the development 

of ART resistance. This is especially of note in South Africa, where in 2019, the prevalence of 

HIV-1/TB co-infection accounted for 59% of reported TB cases139. Although South Africa’s 

HIV-1/TB co-infection prevalence for the 2023 global tuberculosis report is not available, 

South Africa was still included in the 2021 – 2025 WHO watch lists of countries with a high 

burden of HIV-1/TB co-infection, TB alone, as well as multidrug-resistant TB140. 

Additionally, substances abused by those on ARV treatment may also cause adverse drug-drug 

interactions. A 2017 cross-sectional survey found the prevalence of substance use to be 10.3% 

among people aged 15 and older in Cape Town141, and another revealed a prevalence of 62.7% 

among South African university students142. Similarly, the prevalence of substance use by high 

school learners (aged 14 – 20) in rural South Africa was revealed to be 47%143. The most 

https://clinicalinfo.hiv.gov/en/guidelines/hiv-clinical-guidelines-adult-and-adolescent-arv/adverse-effects-antiretroviral-agents-full
https://www.hiv.uw.edu/go/antiretroviral-therapy/adverse-effects/core-concept/all
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common substances used by participants were alcohol, nicotine, opiates, and cannabis141–143. A 

study performed by Desai et al.144 revealed that the abovementioned substances impact certain 

CYP enzymes that are needed for the metabolism of ARV drugs, leading to decreased ARV 

therapy efficacy and increased toxicity.  

1.6.3. Acquired and pre-treatment drug resistance 

cART treatment efficacy is severely limited by both acquired and transmitted drug resistance. 

Acquired drug resistance (ADR) is defined by the drug-resistant mutations that are selected for 

in a patient’s virus when viral replication is not optimally suppressed in the presence of ARVs, 

whereas pre-treatment drug resistance (PDR) refers to the infection of cART-naïve patients by 

a drug-resistant HIV strain145. ADR is caused mainly due to sub-optimal adherence, which 

results from numerous factors described previously.  

Drug resistance and adverse effects can ultimately lead to treatment failure.  In a statistical 

context, a treatment outcome study conducted in South Africa showed the percentage of 

patients failing NNRTI-based first-line treatment to be 10%146, while another study showed 

13.5%147. Additionally, several treatment-outcome studies regarding patients failing second-

line treatment in resource-limited, African countries showed a value greater than 15%148–150. 

Furthermore, PDR is a growing concern for patients initiating ARV treatment. A national 

survey in South Africa that collected samples between 2013 to 2014 found the prevalence of 

PDR HIV-1 infection to be 9%, with 2.5% of patients presenting with ≥1 NRTI mutations and 

8.3% of patients presenting with ≥1 NNRTI mutations151. Another national study that collected 

samples between 2013 to 2015 found HIV-1 drug resistance in 22.8% of ARV-naïve patient 

samples, where 20% showed resistance to NNRTIs152. Lastly, a survey conducted in KwaZulu-

Natal in 2017 showed that 10% of patients had NNRTI, 3.2% had NRTI, and 1.2% had PI PDR 

mutations153. Of the NNRTI PDR mutations, the commonest was found to be the K103N151,153, 

followed by Y181C and V106M151. Of the NRTI mutations, the most frequently detected 

mutations were K65R and M184V151,153, and of PI mutations, the M46IL mutation was found 

to be the most common153.  

Although there is evidence that ARVs that are efficacious against subtype B are also effective 

against non-B subtypes, drug susceptibility and potency may differ between subtypes, as there 

are certain drug-resistant mutations that cause different levels of drug resistance in different 

subtypes154. An example of this is the V106M mutation in RT that arises mostly in HIV-1 

subtype C-infected patients due to polymorphisms in the codon, which confers resistance to 
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EFV155. On the contrary, the V106A mutation that arises mostly in HIV-1 subtype B-infected 

patients confers resistance to NVP. Another example is the D30N mutation in PR that alone, 

confers resistance to nelfinavir in subtype B patients but not in subtype C patients156. A review 

by Wainberg and Brenner154 gives multiple more instances of subtype differences that cause 

resistance to ARVs. Hence, research into the drug resistance selection pathways and phenotypic 

drug resistance of HIV-1 non-B subtype against novel ARVs is critical, especially in South 

Africa, where subtype C is the major circulating subtype.  

As alluded to previously, the toxicity and adverse effects of the current approved ARVs, as well 

as the continuous emergence of drug resistance that renders ARVs ineffective, it is imperative 

that novel anti-HIV drugs are developed. Ideally, these novelties should offer decreased toxicity 

with increased safety and potency. Further, with the need and increasing use of HIV-1 pre-

exposure prophylaxis (PrEP) for at-risk groups157, agents that offer better efficiency and a 

longer in vivo half-life are desirable. 

1.6.4. The role of inadequate surveillance: the consequence of resource-limited 

environments 

According to the ClinicalInfoHIV.gov guidelines, which is USA-based information, the panel 

recommendations are that all persons initiating ARV regimens for the treatment of HIV-1 

undergo genotypic drug-resistance testing133. This allows a guided selection for the initial 

regimen. Similarly, genotypic drug-resistance testing is the standard before switching ARV 

regimens, or in the case of virologic failure (VL), defined by HIV-RNA levels > 200 copies/mL. 

This is in stark contrast to South Africa’s guidelines, which recommend genotypic drug-

resistance testing only after PI- or INSTI-based second-line failure, and multiple criteria must 

be met, including two or more consecutive VL testing that showed VL > 1 000 copies/mL76.  

Genotypic resistance testing is financially burdensome, which is the reasoning behind the strict 

criteria put into place in resource-limited settings. However, this potentially exacerbates the 

prevalence and accumulation of resistance, as resistance profiles in patients initiating first-line 

regimens are unknown.  
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1.7. Novel class of RT inhibitors: Islatravir 

1.7.1. Islatravir structure and mechanisms of action 

Islatravir (ISL, EFdA, or MK-8591) is a novel ARV drug that functions like other NRTIs in 

causing chain termination, but with the additional effect of directly causing defective RT 

translocation158. Hence, ISL is a first-in-class nucleoside reverse transcriptase translocation 

inhibitor (NRTtI), and is converted intracellularly to its active form of ISL-TP. An early study 

conducted on its biological properties showed that ISL has a high in vitro genetic barrier to the 

development of drug resistance and low toxicity159. Further, data from an open-label, Phase 1B 

clinical trial showed that in HIV-1 positive and negative subjects alike, ISL and ISL-TP have 

illustrated long in vivo half-lives of 49 – 61 and 78.5 – 128 hours, respectively160. Additionally, 

ISL has not been found to interfere with the pharmacokinetics of certain oral contraceptives161, 

which is in contrast to some approved ARVs162.  

Much like TDF, ISL is an adenosine analogue. However, due to its sugar ring conformation, 

the incorporation of ISL-TP is preferred over dATP by the viral RT enzyme, contributing to its 

potency (Figure 1.5)163. Additionally, ISL’s 2-halo substitution has also been shown to increase 

its potency (Figure 1.5)164. Unlike NRTIs that are obligate chain terminators, ISL possesses a 

3’-OH group, which allows for the incorporation of an additional dNTP before eliciting viral 

DNA structural changes that inhibit further dNTP incorporation165. 

Figure provided by the National Centre for Biotechnology Information, PubChem166. 

Figure 1.5. The chemical structure of islatravir. The adenosine analogue ISL contains a 

halogen on its second carbon chain (fluorine), which increases its potency, as well as possesses 

a 3’-hydroxyl group which allows it to act as a late-chain terminator. 
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1.7.2. Early studies of islatravir on NRTI mutations: in vitro effects 

An in vitro study investigating the effect of ISL on a common HIV-1 NRTI mutation (i.e., 

M184V) using an infectious HIV-1 subtype B clone (HIV-1NL4-3) found that the mutation 

confers only a nine-fold change in the effective concentration of ISL when compared to wild 

type HIV-1167. Another in vitro study found the potency of ISL to be ten times higher in 

comparison to the current approved NRTIs TAF, AZT and 3TC. Additionally, K65R, L74V and 

Q151M mutation-carrying viral strains were more susceptible to ISL than TAF, AZT, and 

3TC168. These mentioned mutations are all major NRTI drug resistance mutations, with K65R 

conferring resistance to all current NRTIs except zidovudine, L74V conferring resistance to 

abacavir, and the multi-NRTI resistant Q151M conferring resistance to all current NRTIs 

except tenofovir169. ISL was also shown to retain its potency against the International AIDS 

Society-listed, multi-drug resistant HIV-1 strain A62V/V75I/F77L/F116Y/Q151M170, which is 

resistant to all current NRTIs except tenofovir169. 

1.7.3. Safety profile of ISL: assessing tolerability and side effects 

The NRTI with the highest selectivity index is AZT, at a value of >10 000 (Table 1.1). ISL’s 

selectivity index is over ten times that of AZT, at a value of 134 000170. Since the selectivity 

index is a ratio measuring the cytotoxic concentration of a drug compared to its effective 

concentration, the higher this value, the safer the drug171. Drugs with a selectivity index of > 

1 000 are said to show exceptional safety and efficacy172.  

Due to its potency, efficacy, and high selectivity index, ISL was examined as a candidate for 

LA HIV-1 treatment as well as LA PrEP in its early years of clinical trials as a monthly or bi-

annual dose, as well as a slow-releasing implant (NCT04644029173, NCT04003103174, 

NCT04652700175). Although PrEP preventative treatment is not life-long, at-risk individuals 

may prefer it as a long-term solution; however, this comes with safety concerns and efficacy 

issues176,177. In an early clinical trial conducted with HIV-1 negative participants, the 

pharmacokinetics of ISL-eluting implants demonstrated that at 54 mg and 62 mg, the forecasted 

range of HIV-1 protection offered was 8–10 and 12–16 months, respectively178. As such, ISL 

as a long-acting PrEP agent was predicted to increase adherence, as opposed to the current 

regimen. 

However, in December 2021, Merck announced that all clinical trials investigating ISL would 

be placed on either partial or full clinical hold due to the observed decreases in total lymphocyte 

count, as well as decreasing CD4 T-cell counts in participants receiving ISL179. Subsequently, 

https://www.clinicaltrials.gov/study/NCT04644029
https://clinicaltrials.gov/study/NCT04003103
https://www.clinicaltrials.gov/study/NCT04652700
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in September of 2022, Merck announced that the development of once-monthly oral PrEP for 

ISL, as well as LA implants for prevention would be discontinued, as the decrease in white 

blood cell count was due to the high doses of ISL being administered for LA prevention 

strategies180. At the 2022 International Congress on Drug Therapy in HIV Infection, Merck 

further reported that the observed side effects were dose-dependent, which was investigated by 

comparing the total lymphocyte count of participants receiving 0.25 mg, 0.75 mg, or 2.25 mg 

to baseline lymphocyte counts181. Additionally, they found that the decrease in total lymphocyte 

count observed with high dosages of ISL was reversible and hence, the monthly and yearly 

dosing of ISL would no longer be developed181. Simultaneously, they announced that 0.25 mg 

ISL was the best daily dose that does not confer a significant decrease in T-cell, B-cell, and 

total lymphocyte counts and that investigations of ISL combined with one other drug would be 

entering clinical trials to determine the efficacy of dual-drug therapy180. 

1.7.3. Current status of islatravir development 

Currently, a combined triple-drug ARV therapy that includes ARVs from two different classes 

is the standard of treatment as it is highly effective in reducing mortality in HIV-1 patients by 

maintaining viral suppression and reducing drug resistance selection, which the initial 

monotherapy failed to achieve182. However, this triple-drug therapy comes with complications 

such as toxicity leading to adverse effects, and consequently, sub-optimal adherence. This, 

together with the financial burden that triple-drug therapies impose, calls for a simplified 

version of ARV treatment. In recent years, this has caused an investigation into the 

effectiveness of dual-drug therapies. Although avoided in the past due to the emergence of drug 

resistance selection, newer drugs that have a higher barrier for drug resistance have enabled the 

observation of the non-inferiority of dual-drug therapies183. In recent years, ISL has been 

combined with DOR in clinical trials to examine their dual-drug effects. Additionally, the 

efficacy of ISL + LEN for HIV-1 treatment has proven to be a potential option for a novel, 

once-weekly (QW) treatment approach184. 

1.7.3.1. Dual-drug regimens showing non-inferiority to triple-drug regimens 

Several dual-drug regimens have been in clinical trials. Such a clinical trial (NCT01599364)185 

investigated two different drug regimens on treatment-experienced but virologically 

suppressed HIV-1 infected patients: a dual-drug regimen consisting of ATV/r + 3TC, and a 

triple-drug regimen consisting of ATV/r + two NRTIs186. The trial found that 89.5% and 79.7% 

https://clinicaltrials.gov/ct2/show/NCT01599364
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of subjects in the dual-drug and triple-drug regimen arms, respectively, maintained HIV-1 RNA 

< 50 copies/mL at week 48186.  

Similarly, a pilot study investigating the efficacy of a dual-drug maintenance therapy consisting 

of RAL + 3TC found that compared to the cART-continuing (control) arm, the RAL + 3TC arm 

did not show inferiority187. From the cohort of participants (n = 75), 9% presented with 

treatment failure at the 24-week mark: of these, 4% were from the RAL + 3TC arm, and 20% 

were from the control group. In terms of adverse effects, 7% of those reported were from the 

RAL + 3TC arm, and 6% were from the control group. Additionally, several clinical trials 

investigated the safety and efficacy of the dual-drug regimen consisting of DTG + 3TC on 

ART-naïve and -experienced patients188. The results showed that DTG + 3TC was non-inferior 

to their three-drug regimen counterparts, and participants in the DTG + 3TC arm maintained 

virological suppression. Further, DTG + 3TC was shown to be efficacious in participants whose 

genotypes contained the M184I/V mutation, as this mutation was not found to affect virological 

outcomes188–193. 

An NRTI class-sparing clinical trial, the KITE study, investigated the safety and efficacy of a 

dual-drug regimen containing LPV/r + RAL194. Participants in the study were virologically 

suppressed on their initial cART regimen, and either stayed on it (cART arm) or were switched 

to LPV/r + RAL (LPV/r + RAL arm). At week 48, 92% and 88% of participants in the LPV/r 

+ RAL arm and cART arm, respectively, had HIV-1 RNA levels < 50 copies/mL. Additionally, 

there were no significant differences in the adverse effects reported. As participants in both 

arms sustained viral suppression comparably, this dual-drug regimen was considered to be non-

inferior to the triple-combination cART regimens that participants were maintained on. 

In 2017, the Food and Drug Administration approved the first-ever dual-drug therapy 

containing DTG + RPV to treat adults infected with HIV-1 who had been virally suppressed 

for a minimum of six months and had no history of treatment failure195. 

1.7.3.2. Islatravir as an agent in a dual-drug therapy approach with doravirine 

In the context of an NNRTI-based dual-drug regimen, a Phase 2B, randomised, double-blind, 

active-comparator-controlled, dose-ranging clinical trial (NCT03272347)196 aimed to evaluate 

the safety, tolerability, antiretroviral activity, and pharmacokinetics of ISL, when given in 

combination with DOR in HIV-1 infected, treatment-naïve adults. DOR is a relatively new 

NNRTI that is desirable due to its high genetic barrier to the development of resistance and 

activity against the common NNRTI mutations K103N, Y181C and G190A197. The trial 

https://clinicaltrials.gov/ct2/show/NCT03272347
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recruited subjects from countries in North and South America and Europe, all of whom had 

HIV-1 RNA VL > 100 000 copies/mL. The subjects were randomly divided into four drug-

regimen groups, with three receiving DOR + 3TC + ranging doses of ISL (0.25-, 0.75-, 2.25-

mg), and one group receiving DOR + 3TC + TDF (control). At Week 24, subjects with HIV-1 

RNA VL < 50 copies/mL were taken off 3TC and maintained on ISL + DOR. At Week 48, 

combined data of the three dual-therapy arms showed non-inferiority (81.1% suppression) 

compared to the triple-drug therapy (80.6%).  

Through week 96, HIV-1 RNA < 50 copies/mL was maintained as follows: 81.1% average in 

the ISL + DOR maintenance group (86.2% in ISL 0.25 mg, 90.0% in ISL 0.75 mg, 67.7% in 

ISL 2.25 mg), and 80.6% in the control group. Adverse effects were reported more commonly 

in the control arm (22.6%), compared to the ISL + DOR maintenance group (average 7.8% 

from all three doses of ISL). The conclusion drawn with this trial suggested that patients 

receiving DOR + ISL had fewer adverse events at all doses of ISL and that this two-drug 

combination is non-inferior to the three-drug combination in maintaining HIV-1 viral 

suppression. Based on the results of this trial, the recommendation that 0.25 mg ISL is safe and 

efficacious was made, as alluded to previously180. Participants from this clinical trial have now 

been recruited into an ongoing, Phase 3, open-label clinical trial (NCT05766501)198 that is 

investigating the safety and tolerability of a FDC of ISL (0.25 mg) + DOR QD, in those who 

were previously exposed to ISL+DOR (ISL at higher doses of 0.75- and 2.25-mg in clinical 

trials). 

Similarly, the ILLUMINATE clinical trials consist of four separate, randomised, Phase 3 trials 

investigating the tolerability and efficacy of ISL + DOR under different conditions199–202. These 

trials were all started within one month of each other in early 2020. 

ILLUMINATE SWITCH A (NCT04223778)199 is an ongoing study evaluating the safety and 

efficacy of a switch to ISL + DOR for patients who are virologically suppressed on a cART 

regimen. Participants of the baseline background cART arm received continuous cART for 48 

weeks, before being switched onto a FDC of 0.75 mg ISL + 100 mg DOR QD for 48 weeks. 

Participants in the ISL + DOR arm were to receive 100 mg DOR + 0.75 mg ISL for the full 96 

weeks. The results at Week 48 when comparing the background cART arm versus the ISL + 

DOR arm were as follows: HIV-1 RNA ≥ 50 copies/mL – 0.0% versus 1.5%; reported adverse 

effects – 70.2% versus 80.1%; discontinuation of study intervention due to adverse effects – 

https://clinicaltrials.gov/study/NCT05766501
https://www.clinicaltrials.gov/study/NCT04223778
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0.3% versus 2.1%; CD4 T-cell change from baseline – 8.7 cells/mm3 versus -0.7 cells/mm3; 

evidence of drug-resistance associated substitutions – 0.9% versus 0.0%.  

ILLUMINATE SWITCH B (NCT04223791)200 is an ongoing study evaluating the safety and 

efficacy of a switch to ISL + DOR for patients who are virologically suppressed on a triple-

drug regimen consisting of BIC + FTC + TAF (Biktarvy). The ISL + DOR arm was designed 

to receive FDC 0.75 mg ISL + 100 mg DOR for 144 weeks, then switched to “placebo” (i.e., 

Biktarvy) for 96 weeks; the Biktarvy arm was designed to receive Biktarvy for 144 weeks, then 

switched to “placebo” (i.e., ISL + DOR) for 96 weeks. The results at Week 48 (i.e., no switch 

yet) when comparing the Biktarvy arm to the ISL + DOR arm were as follows: HIV-1 RNA ≥ 

50 copies/mL – 0.3% versus 0.6%; reported adverse effects – 74.6% versus 71.1%; 

discontinuation of study intervention due to adverse effects – 2.5% both arms; evidence of 

drug-resistance associated substitutions – null both arms.  

The latest data on the ILLUMINA SWITCH clinical trials was presented at the 2024 

Conference on Retroviruses and Opportunistic Infections (CROI). Results showed that 

switching to ISL + DOR at 0.75 mg and 100 mg, respectively, maintained viral suppression of 

patients whose genotypic sequences contained the M184V NRTI and multiple NNRTI 

mutations at Week 96203. 

ILLUMINATE NAÏVE (NCT04233879)201 is an ongoing, double-blinded study evaluating the 

activity, safety, and tolerability of ISL + DOR for treatment-naïve individuals initiating ART. 

The ISL + DOR arm received blinded ISL + DOR, or “placebo” (i.e., Biktarvy), and the 

Biktarvy arm received blinded Biktarvy, or “placebo” (i.e., ISL + DOR). The results at Week 

48 when comparing the Biktarvy arm versus the ISL + DOR arm were as follows: HIV-1 RNA 

< 50 copies/mL – 88.3% versus 88.9%; reported adverse effects – 86.3% versus 90.6%; 

discontinuation of study intervention due to adverse effects – 3.3% versus 7.4%. The incidence 

of drug-resistance-associated substitutions occurring out of the number of participants analysed 

(i.e., participants whose genotype data was available at baseline) was 0/6 from the Biktarvy 

arm and 1/3 from the ISL+DOR arm. The study is yet to report on whether the mutations 

observed in the patient from the ISL+DOR arm conferred resistance to ISL, DOR, or both. 

ILLUMINATE HTE (NCT04233216)202 was the last of the ILLUMINATE trials to be initiated; 

however, it was completed in late 2023. This clinical trial investigated the efficacy of ISL + 

DOR in heavily treatment-experienced (HTE) patients who were failing their cART regimens. 

The study consisted of four arms labelled as the initiating trial regimen before all arms were 

https://www.clinicaltrials.gov/study/NCT04223791
https://www.clinicaltrials.gov/study/NCT04233879
https://www.clinicaltrials.gov/study/NCT04233216
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maintained on ISL + DOR FDC QD from Day 8 to Week 97. The ISL+ART arm was initiated 

on 0.75 mg ISL + their failing ART; the DOR + ART arm was initiated on 100 mg DOR + 

failing ART; the ISL + DOR + ART arm was initiated on ISL + DOR + failing ART; the placebo 

+ ART arm was initiated on a placebo + failing ART. On Day 8, 85.7% of participants in the 

ISL + DOR + ART arm had HIV-1 RNA copies/mL decrease ≥ 0.5log10 from baseline (Day 1). 

At Week 49, the percentage of participants reporting one or more adverse effects was the 

smallest in the ISL+ART arm (71.4%) when compared to the other three arms (85.7% for all). 

At the same time, the percentage of participants withdrawing from the trial due to these adverse 

effects was 14.3% for both the DOR + ART and ISL + DOR + ART arms, whilst the ISL + ART 

and placebo + ART arms reported no withdrawals of participants. Further, at Week 49, the 

percentage of patients from the pooled treatment group that had HIV-1 RNA copies/mL 

decrease ≥ 0.5log10 was 80.6%. 

Although conclusions from the ILLUMINATE clinical trials are yet to be drawn, the 

investigators report non-inferiority of ISL + DOR compared to a three-drug regimen (i.e., 

Biktarvy), and encouraging interim results are shown for the NAÏVE and HTE studies. Further, 

the ISL + DOR dual-drug regimen has been shown to be efficacious against viral strains 

containing the M184V NRTI mutation, and multiple NNRTI mutations203. 

1.7.3.4. A novel, once-weekly dosing antiretroviral therapy with islatravir and lenacapavir 

After the halt in the investigation of ISL as a possible monthly or bi-annually dosed agent, 

ISL+LEN were combined to investigate a potential weekly dosing (QW) oral ART approach. 

This Phase 2, randomised, open-label, active-controlled clinical trial (NCT05052996)204 

investigated the safety and efficacy of ISL+LEN QW on patients who were virologically 

suppressed on Biktarvy. The ISL + LEN arm was switched to 2 mg and 300 mg ISL + LEN, 

respectively, at the initiation of the study (from Biktarvy). The Biktarvy arm was continued on 

the regimen. The results of the primary efficacy endpoint (Week 24) when comparing the ISL 

+ LEN arm versus the Biktarvy arm were presented at CROI 2024: HIV-1 RNA < 50 copies/mL 

– 94.2% versus 92.3%; reported adverse effects – 75.0% versus 73.1%; CD4 T-cell compared 

to baseline – 14 cells/µL versus -7 cells/µL204. The interim conclusion of this trial was that ISL 

+ LEN QD was well tolerated and that the 2 mg ISL dose did not significantly decrease CD4 

T-cells or total lymphocyte count. 

  

https://www.clinicaltrials.gov/study/NCT05052996
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1.8. Motivation for the study, aim, and objectives 

It is evident that ISL is showing promise as a dual-drug therapy agent, as indicated by the 

numerous clinical trials performed with ISL+DOR showing favourable outcomes. Further, ISL 

may still be efficacious as a LA-QW agent, when in combination with LEN. These clinical 

trials are showing the potential future for the use of ISL; however, the trials were conducted 

largely in HIV-1 subtype B-affected areas (North America and Western Europe)202. Further, 

with literature supporting the possible effects of HIV-1 subtype differences on ARV drugs as 

discussed previously, it is unclear how ISL will perform in South Africa, especially in the 

context of PDR and ART-experienced patients who are infected with HIV-1 subtype C. 

Therefore, this study focused on the ISL facet of ISL+DOR dual-drug therapy. 

1.9. Aim and Objectives 

The aim of this study was to investigate the in vitro phenotypic drug susceptibility of HIV-1 

subtype C drug-resistant variants against ISL. Further, as drug-drug interactions may increase 

drug toxicity or adverse effects, the combined effects of ISL+DOR, as well as ISL+NRTIs were 

investigated, to report on potential drug interactions (i.e., dual-drug synergy and/or 

antagonism).  

The study enlisted two broad objectives to achieve the aim: 

Objective 1: To assess the of in vitro ISL susceptibility of wild-type HIV-1 by comparing the 

in vitro ISL susceptibility of wild-type subtype B and subtype C strains and investigating the 

in vitro dual drug synergies of ISL + DOR, and ISL + NRTIs against wild-type HIV-1. 

Objective 2: To assess the in vitro ISL susceptibility of NRTI-resistance HIV-1 by generating 

and testing HIV-1-like pseudoviruses with prevalent single and combination NRTI-resistance 

mutations in vitro for resistance to HIV-1. 
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Chapter 2: Materials and Methods 

2.1 Materials 

2.1.1 Antiretroviral drugs (ARVs) 

Islatravir (ISL) and Doravirine (DOR) were obtained from MedChemExpress 

(https://www.medchemexpress.com/, ISL Cat. No.: HY-104012; DOR Cat. No.: HY-16767). 

The NRTIs Abacavir (ABC), Efavirenz (EFV), Emtricitabine (FTC), Lamivudine (3TC), 

Tenofovir disoproxil fumarate (TDF), and Zidovudine (AZT), and the NNRTI Efavirenz (EFV) 

were obtained from the NIH HIV Reagent Program (https://www.hivreagentprogram.org/). 

3TC was used as the control drug to which data generated from ISL was compared, and 

similarly, EFV served as the control drug in assays involving DOR. 3TC and EFV were used 

as control drugs, as 3TC is in the current first-line regimen76, as indicated by the 2023 National 

Department of Health Guidelines, and EFV, as it was an NNRTI offered in pre-2019 regimens85. 

All ARVs were dissolved in dimethylsulfoxide (DMSO) to prepare 10 mM drug stocks. DMSO 

was chosen as the solvent due to its solvating ability and chemical inertness205. Working 

solutions were prepared from the 10 mM DMSO drug stocks into complete Dulbecco's 

Modified Eagle Medium (DMEM) to various concentrations, depending on the ARV: ISL (0.5 

µM), DOR (0.5 µM), 3TC (100 µM), ABC (50 µM), FTC (150 µM), TDF (2 µM), AZT (6 

µM), and EFV (0.1 µM). The ISL working drug solution was initially prepared at 200 µM but 

adjusted to lower concentrations after the toxicity and initial activity screens. 

2.1.2 Recombinant plasmids 

The in vitro phenotypic drug susceptibility assay employed in this research utilized three 

expression vectors to generate non-replicating, virus-like particles resembling HIV-1 

(pseudoviruses or PSVs). The structural components (i.e. gag structural proteins, and viral 

envelope proteins) and enzymes (i.e. RT, PR, and INT) of the PSV were provided by an HIV-

1 gag-pol expression vector (p8.9NSX+ or p8.9MJ4). The HIV-1 subtype B expression vector 

(p8.9NSX+ 206, 12 151 bp, Supplementary Figure 1, Appendix A) is a derivative of the non-

replicating packaging construct pCMVR9207, which encodes for HIV-1 gag-pol, tat and rev. 

The plasmid is defective in HIV-1 env and the Vpu accessory protein, making the PSV 

replication defective. In p8.9MJ4208, the protease-reverse transcriptase in p8.9NSX+ gag-pol 

was replaced by that of an HIV-1 subtype C isolate (i.e., MJ4209, GenBank accession number 

https://www.medchemexpress.com/
https://www.hivreagentprogram.org/
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AF321523.1). These two plasmids were used for the generation of the NRTI site-directed 

mutants. For use in the cloning and testing of laboratory-adapted strains, modified versions of 

p8.9NSX+(p8.9NSXmod) and p8.9MJ4 (p8.9MJ4mod)  were used that contained a PvuI 

endonuclease restriction site at nucleotide positions 10 – 15 (amino acid positions 4 – 6) in 

reverse transcriptase (HXB2 nucleotides 2 559 – 2 564) and a HpaI endonuclease restriction 

site at nucleotide positions 1 100 – 1 106 (amino acid positions 366 – 369) in reverse 

transcriptase (HXB2 nucleotides 3 650 – 3 655). The PvuI endonuclease restriction site at the 

beginning of protease in p8.9NSX+ was also silenced. These modified plasmids allowed for the 

cloning of 1 103 bp reverse transcriptase amplicons from the laboratory-adapted HIV strains. 

The pHEF-VSVG expression vector produces PSV pseudotyped with the Vesicular Stomatitis 

Virus (VSV) protein G, facilitating attachment and entry into target cells through a clathrin-

mediated endocytic route (Supplementary Figure 2, Appendix A). The pCSFLW expression 

vector encodes for a firefly luciferase reporter gene transcript that is incorporated into the PSV 

(Supplementary Figure 3). Following cell entry, the firefly luciferase transcript undergoes 

reverse transcription and integration into genomic DNA, which are processes that are 

susceptible to inhibition by antiretroviral drugs (ARVs). 

The Spleen Focus Forming Virus promoter drives the expression of the firefly luciferase gene, 

and there is a direct linear correlation between viral titre and firefly luciferase (i.e., reporter) 

expression. The application of ARVs results in decreased firefly luciferase expression due to 

the inhibition of either reverse transcription (by NRTIs and NNRTIs) or integrase (by INSTIs). 

Therefore, this in vitro assay is suitable for investigating the impact of mutations in HIV-1 

reverse transcriptase (and integrase) on ARV drug susceptibility. 

The plasmids p8.9NSX+ and p8.9MJ4 were obtained from Deenan Pillay (University College 

London, London, United Kingdom), while pCSFLW was obtained from Nigel Temperton 

(University College London, London, United Kingdom). The following reagent was obtained 

through the NIH HIV Reagent Program, Division of AIDS, NIAID, NIH: Plasmid pHEF 

Expressing Vesicular Stomatitis Virus (VSV-G), ARP-4693, contributed by Dr. Lung-Ji Chang, 

to produce Vesicular Stomatitis Virus protein G enveloped PSVs. Please refer to the 

Supplementary Figures in Appendix A for plasmid maps. 

2.1.3 HIV-1 laboratory-adapted strains 

Eight laboratory-adapted strains were used for in vitro assessment of wild-type (WT) HIV 

susceptibility to ISL and other ARVs: HIV-1 subtype B strains (DS9, LTNP5, SM1, SM2), and 

https://www.ncbi.nlm.nih.gov/nuccore/AF321523
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HIV-1 subtype C strains (CM9, DU151, DU179, DU422). These were obtained from the 

National Institute for Communicable Diseases (NICD, Modderfontein, Johannesburg) in the 

form of frozen viral culture supernatants.  

2.1.4 Preparation of general laboratory reagents 

Antibiotics. Carbenicillin disodium salt (Gibco™, Cat. No. 10177012) was used for all 

bacterial work. The carbenicillin stock solution was prepared by adding 100 mg to 1 mL of 

distilled water and sterilized through a 0.2-micron filter. All stock solutions of carbenicillin 

were stored at -20 ºC and diluted a 1 000-fold to a final concentration of 100 µg/mL in the 

broth or agar. 

Tris-acetate-EDTA (TAE) buffer. TAE Buffer concentrate (50X, Thermo Scientific™, Cat. No. 

B49) was prepared at a working solution of 1X by diluting 40 mL in 1 960 mL dH2O. The final 

composition of the 1X TAE Buffer (pH 8.4) was 40 mM Tris, 20 mM acetic acid, 1 mM EDTA, 

and stored at room temperature. 

Luciferase.  Bright-Glo™ Luciferase Substrate (Promega, Ref. E263B) was prepared by 

dissolving one vial of lyophilised substrate into 400 mL Bright-Glo™ Luciferase Buffer 

(Promega, Ref. E264CX). The final volume of 400 mL was aliquoted into 50 mL Falcon tubes 

and stored at -80 ºC. 

PEImax. PEI MAX™ Transfection Grade Linear Polyethylenimine Hydrochloride (MW 40 

000), PolySciences (Cat. No. 24765-1) was prepared in a 1 mg/mL solution in dH2O. This 

reagent binds to plasmid DNA and neutralises its negative charge, minimizing DNA-cell wall 

repulsion and thereby allowing the DNA to enter the cell210. The PEI MAX™ solution was pH 

adjusted to ±7, filter sterilized, and stored at 4 ᵒC. 

Alamar blue. Resazurin sodium salt (Sigma Aldrich, Cat. No. R7017-5G) was dissolved in 

DPBS to 0.15 mg/mL. The solution was filter sterilized (0.2 µM filter), aliquoted into 15 mL 

Falcon tubes, and stored at -20 ºC. Live cells reduce resazurin (the non-fluorescent active 

compound) to resorufin, which is a pink, fluorescent dye211. Hence, the viability of cells 

positively correlates with the amount of quantifiable product, indicating a direct relationship 

between cellular health and the measurable quantity of resorufin. 
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2.2 Methods 

2.2.1 Fundamental methodologies 

2.2.1.1 Mammalian cell culture 

a. Preparation of complete culture medium 

The target cells used in this project were the immortalized Human Embryonic Kidney (HEK) 

293T cells (Figure 2.1). Derived from its parental cell line HEK293 cells, HEK293T cells 

harbour the SV40 large T antigen, allowing them to generate recombinant proteins from 

plasmid vectors featuring the SV40 promoter212. Consequently, HEK293T is widely employed 

for retroviral production. HEK293T cells are epithelial in nature (diameter 11 – 15 µM)212, and 

for the purpose of this project, were cultured in an adherent monolayer.  

 

 

 

 

 

 

 

 

Image credit: ATCC 

Figure 2.1. Microscopic morphology of HEK293T cells. Epithelial in nature, this cell line 

was cultured in an adherent monolayer. The cells were passaged every two to three days, 

depending on cell confluency.  

The cell line was maintained in complete Dulbecco’s Modified Eagle’s Medium (DMEM, 

Sigma-Aldrich®, D088) containing glucose (4 500 mg/L), sodium pyruvate (110 mg/L), 

glutamine (580 mg/L), supplemented with 10% foetal bovine serum (FBS, Sigma-Aldrich®, 

F0679), HEPES buffer (0.025 M final, Sigma-Aldrich®, H3537) to maintain physiological pH 

in the cell culture, and gentamycin (21 µg/mL final, Sigma-Aldrich®, G1272). Glucose is 

needed in cell culture as the cells’ primary source of energy. Additionally, as pyruvate is a by-

product of glucose metabolism, it acts as another carbon energy source for the cells213. 
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Similarly, glutamine is utilized by cells that are rapidly dividing and hence have high energy 

demands, as well as by cells that inefficiently use glucose214. Finally, FBS provides growth 

factors for cell proliferation. 

The cell line was maintained at 37 ºC in 5% atmospheric carbon dioxide (CO2) with an 

autoclaved water-filled tray to provide humidity. This will be referred to as standard culture 

conditions (SCC). 

b. Maintenance of continuous mammalian cell line 

HEK293T cells, stored in FBS with 10% DMSO (to prevent the formation of ice crystals that 

would rupture the cell membranes) under liquid nitrogen, were thawed at 37 ºC. Complete 

DMEM (20 mL) was added to 1 mL of cells (± 8 million cells) to dilute the DMSO in the 

storage solution, which was toxic to the cells at 10%215. This was centrifuged at room 

temperature for 10 minutes at 1 600 rpm to pellet the cells. The media was discarded, and the 

cell pellet was dislodged by tapping the tube before resuspension in 10 mL complete DMEM 

containing 20% FBS. The cell suspension was transferred to a filter cap culture flask (75 cm2 

Cell Culture Flask Canted Neck, NEST, Cat. No. 708003), labelled with the date and passage 

number, starting from P0. The flask was incubated at 37 ºC in 5% atmospheric carbon dioxide 

(CO2) with an autoclaved water-filled tray to provide humidity. This will be referred to as 

standard culture conditions (SCC). The percentage of FBS in the culture medium was reduced 

from 20% to the normal 10%, usually in the first passage, using complete DMEM when the 

cells showed recovery from cryopreservation.  

For passaging, the spent media was removed, and the cells were washed with 5 mL Dulbecco’s 

phosphate-buffered saline (DPBS, Sigma-Aldrich®, Cat. No. 10010023) without calcium or 

magnesium, as these ions could inhibit the activity of the trypsin. The flask was then incubated 

with 1 mL TrypLE™ Express (Gibco™, Cat. No. 12604021) at room temperature to dislodge 

the adherent cells from the flask’s surface. TrypLE Express functions by cleaving peptide 

bonds located on the C-terminal sides of lysine and arginine, serving as a direct substitute for 

trypsin. The trypsin-like enzymes in the TrypLE™ Express were then inactivated through 

dilution by adding 4 mL complete DMEM to the flask. The cells were homogenized by 

aspiration with a serological pipette to break up any cell clumps. Lastly, 1 mL of the cell 

suspension (± 2 x 106 cells) was added back into the flask before adding 10 mL of complete 

DMEM. The cells were passaged every two or three days until passage 35 was reached, after 

which the cells were discarded. The storage of the HEK293T cells was performed during 
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passages one to five. A freeze buffer was prepared with 10% DMSO and FBS to a volume of 

1 mL per batch of freezing cells. The cells were centrifuged at room temperature for 10 minutes 

at 1 600 rpm before the media was discarded. The cells were resuspended in the freeze buffer 

and aliquoted into 1 mL cryotubes. The cells were placed in a cryofreeze container (BioCision, 

CoolCell LX, Cat. No. BCS-405) and placed in -80 ºC for 24 hours, and thereafter, transferred 

into storage in liquid nitrogen. The cryofreeze container was originally employed to freeze cells 

by enabling a gradual temperature decrease at a rate of -1˚C per minute, establishing a regulated 

environment for the cells. The steady decrease in temperature allows for a slow-freeze method, 

which aids in the safe freezing of cells216. 

c. Mammalian cell counting 

Cell count and viability were measured using an automated cell counter (Countess™ II FL, 

Invitrogen™). A 10x dilution of freshly passaged cells in 100 µL of 0.4% Trypan Blue Solution 

(Gibco™, Cat. No. 15250061) was prepared. This dye exclusion test works on the principle of 

an impermeable dye that will not be taken up by live cells, hence measuring cell viability and 

count217. The cell count recorded by the Countess™ accounts for a 2x dilution, hence, a further 

5x was factored into the calculation for the total number of live cells per millilitre of cell 

suspension. 

d. Mammalian cell co-transfection 

For the production of PSVs, 8 × 107 viable HEK293T cells were plated in 10 mL of complete 

medium per transfection dish (10 cm, Nunclon™ Delta Surface, Nunc™, Thermo Scientific). 

The dishes were incubated for 24 hours under SCC to allow the cells to adhere to the dish. The 

transfection mixture that was prepared consisted of the following reagents: 250 ng pHEF-

VSVG, 1 000 ng insert plasmid, and 1 500 ng pCSFLW in 100 µL of non-supplemented 

DMEM and 20 µL PEImax. The transfection mixture was incubated for 15 minutes and added 

dropwise to the cells in the transfection dish. This was left to incubate for 48 hours under SCC, 

after which, the first harvest of PSV was performed. To harvest the PSVs, the supernatant was 

centrifuged at 2 000 rpm for 10 minutes to pellet cell debris. The supernatant was then aliquoted 

into 1.5 mL Eppendorf tubes and stored at -80 ºC until use. The dish was then replenished with 

10 mL of complete DMEM, and a second PSV harvest was performed 24 hours post-incubation. 
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2.2.1.2 Bacterial cell culture 

a. Preparation of Luria-Bertani (LB) broth and LB agar  

LB Broth (Invitrogen™) of 6.25 g in powder form, and 9.5 g LB Agar powder (Invitrogen™) 

were each dissolved in 250 mL of distilled water. LB broth and agar both contain the following 

reagents: tryptone (10 mg/mL) to provide essential amino acids for bacterial growth, NaCl (5 

mg/mL) to provide transport ions and offer osmotic stability of bacteria, and yeast extract (5 

mg/mL) that provides organic compounds necessary in bacterial growth. Additionally, LB agar 

contained agar powder (15 mg/mL). LB broth and agar were autoclaved at 121 ºC for 20 

minutes to sterilize, and once cooled, carbenicillin was added to both at a final concentration 

of 100 µg/mL. The agar was poured into 10 cm bacterial culture dishes and left to solidify. LB 

broth and agar were both stored at 4 ºC until use. 

b. Preparation of NZY+ broth  

N-Z-Amine® A (Millipore, C0626) of 5 g in powder form, 2.5 g of yeast extract (Sigma-

Aldrich®), and 2.5 g of sodium chloride (Gold Line, ACE Chemicals), were dissolved in 500 

mL of deionized water (dH2O) and autoclaved to sterilize. Aliquots were stored at -20 ºC. 

c. Preparation of transformation buffer 

For a final volume of 100 mL transformation buffer, the following reagents were added to 100 

mL distilled H2O: 100 mM calcium chloride, 10 mM PIPES, and 15 v/v glycerol. The pH of 

the transformation buffer was adjusted to a value of seven. The function of the transformation 

buffer is to make the bacterial cells susceptible to and enhance the uptake of DNA. The calcium 

ions from the calcium chloride are needed to neutralize the negative charge of DNA, reducing 

the electrostatic repulsion between plasmid DNA and lipopolysaccharides present in the 

bacterial cell membrane. PIPES is an organic buffer that is used due to its ability to render the 

cell membranes permeable. Lastly, glycerol is added as a stabilizing agent that prevents damage 

to the bacterial cell membrane. The transformation buffer was autoclaved for sterilization and 

stored at 4 ºC until use. 

d. Preparation of chemically competent bacterial cells 

To prepare bacterial cells for the transformation with DNA, a single vial of dH5-α Escherichia 

coli competent cells (Invitrogen™, Thermo Fisher Scientific, Cat. No. EC0112) was cultured 

in 4 mL antibiotic-free LB broth overnight at 37 ºC with shaking at 200 rpm. This culture was 

diluted in antibiotic-free LB broth (1 mL culture:40 mL antibiotic-free LB broth) the following 
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day and incubated at 37 ºC with shaking at 200 rpm until an optical density of A600 = 0.4 was 

reached. The bacterial cells were pelleted by centrifugation at 1 500 rpm for 10 minutes at 4 

ºC. The supernatant was discarded, the bacterial cells were resuspended in 10 mL of cold 

transformation buffer, and this was incubated on ice for 20 minutes. Finally, the bacterial cells 

were pelleted by centrifugation at 3 500 rpm for five minutes at 4 ºC and resuspended in 1 mL 

fresh transformation buffer. Bacterial cells were stored in aliquots of 50 µL at -80 ºC. 

e. Bacterial transformation through heat shock  

Chemically competent dH5-α Escherichia coli bacterial cells, that were stored at -80 ºC, were 

thawed on ice. Eppendorf tubes were cooled on ice before the addition of 25 µL dH5-α bacterial 

cells and incubated on ice for 30 minutes after the addition of plasmid DNA. Post-incubation, 

the cells were heat-shocked in a water bath at 42 ºC for 35 seconds, which allowed for the pores 

in the bacterial walls to enlarge and encourage uptake of plasmids. The reaction tubes were 

immediately placed on ice for five minutes to allow for the bacterial cell wall pores to shrink, 

enabling plasmid DNA to remain in the bacteria. Thereafter, 500 µL NZY+ broth was added, 

which aids in bacterial cell recovery post-heat shock. This was incubated with shaking at 200 

rpm for 60 minutes at 37 ºC to enable plasmid DNA expression, particularly, that of the β-

lactamase enzyme involved in carbenicillin resistance. The bacterial cells were pelleted by 

centrifugation at 4 000 rpm for two minutes. The pellet was resuspended in 80 µL NZY+ broth, 

spread onto agar plates, and incubated overnight at 37 ºC. The resulting bacterial colonies on 

the agar plate were picked from the plate using pipette tips, inoculated in 4 mL of LB broth, 

and incubated overnight at 37 ºC with shaking at 200 rpm. 
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2.2.1.3 Molecular biology 

a. Plasmid DNA extraction 

The bacterial cultures were pelleted by centrifugation at 4 500 × 𝑔  for 10 minutes. The 

QIAprep Spin Miniprep Kit (QIAGEN®, Cat. No. 27106) was used to extract plasmid DNA, 

as per the manufacturer’s instructions. This kit uses an alkaline lysis method, which is based 

on the principle of differential precipitation218. The centrifuged bacterial pellets were 

resuspended in 250 µL Buffer P1. Buffer P1 is a resuspension buffer that contains RNase A at 

a final concentration of 100 μg/mL for the degradation of potentially contaminating RNAs in 

the sample. This was transferred to Eppendorf tubes and 250 µL Buffer P2 was added. Buffer 

P2 is an alkaline lysis solution containing sodium dodecyl sulphate, causing the lysis of bacteria 

to release genetic material. The tubes were inverted six times before the addition of 350 µL 

Buffer N3, a neutralization buffer. Buffer N3 neutralizes the pH of the lysate, thereby preparing 

the plasmid DNA to bind to the silica membrane column, whilst precipitating protein, genomic 

DNA, and cell debris. This was inverted six times and centrifuged at 13 000 rpm for 10 minutes. 

The resulting supernatants were applied to QIAprep 2.0 Spin Columns and centrifuged at 

13 000 rpm for one minute. The columns were washed with 500 µL Buffer PB and centrifuged 

at 13 000 rpm for one minute, during which time the plasmid DNA bound to the silica 

membranes of the spin columns. Buffer PB contains a high concentration of salt, ensuring the 

binding of plasmid DNA to the column, while endonucleases are washed away. The columns 

were then washed with 750 µL Buffer PE and centrifuged at 13 000 rpm for one minute. Buffer 

PE contains a high concentration of ethanol, which efficiently removes salts from the spin 

column membranes without eluting the plasmid DNA. After discarding the supernatant, the 

columns were centrifuged at 13 000 rpm for one minute to remove the remaining ethanol. 

Finally, the plasmid DNA was eluted from the column by applying 55 µL Buffer EB, 

incubating for two minutes at room temperature, and centrifuging at 13 000 rpm for one minute. 

Buffer EB contains 10 mM Tris-Cl at a pH of 8.5, which stabilizes the elute for storage. 

b. Plasmid DNA quantification  

The purified plasmid DNA concentration was determined using the NanoDrop™ 

Spectrophotometer (Thermo Scientific™, Cat. No. ND-2000). This method of quantification 

relies on Beer’s Law and is based on the principle that the concentration of the sample is 

proportional to the amount of a wavelength of light transmitted. Background absorbance was 

blanked using Buffer EB, and 1.5 µL of each sample was loaded onto the pedestal to be 
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quantified. The most frequently employed approach to determine DNA concentration involves 

measuring its sample absorbance at 260 nm219. To determine the purity of the DNA, the 

260/280 and 260/230 absorbance ratios were investigated. A 260/280 ratio value between 1.8 

– 2.0 and a 260/230 ratio value between 2.0 – 2.2 are accepted for DNA purity220. Values lesser 

than the range may often indicate protein, salts, and/or RNA contamination of the sample 

DNA221,222. 

c. Agarose gel electrophoresis  

Agarose gel was prepared by dissolving 1 g of agarose (Thermo Scientific™, Cat. No. R0492) 

in 100 mL 1X TAE Buffer (40 mM Tris, 20 mM acetic acid, 1 mM EDTA, Cat. No. B49). 

Ethidium bromide solution (10 mg/mL, Bio-Rad, Cat. No. 1610433) was added to give a final 

concentration of 0.35 µg/mL. Ethidium bromide acts as an intercalating dye, which allows for 

fluorescence visualisation of the DNA bands under ultraviolet light. A loading dye (x6 DNA 

Gel Loading Dye, Thermo Scientific™, Cat. No. R0611), containing bromophenol blue 

(0.25%), xylene cyanol (0.25%), and glycerol (30%) was added to the samples223, which were 

then loaded into the wells of the agarose gel. The bromophenol blue and xylene cyanol are 

coloured indicators that allow for the monitoring of agarose gel electrophoresis, and glycerol 

adds weight to the sample, ensuring it sinks into the wells of the agarose gel. A GeneRuler 

DNA Ladder Mix (Thermo Scientific™, Cat. No. SM0333) was used as the molecular weight 

marker, and electrophoresis was conducted at 100 V for 45 minutes. The migration of samples 

from the cathode to the anode is size-dependent, with smaller fragments migrating further along 

the gel.  

d. Sanger sequencing 

The principle of Sanger sequencing is as follows: DNA is annealed to an oligonucleotide 

primer before undergoing elongation by the DNA polymerase enzyme. This enzyme 

incorporates either deoxynucleotide triphosphates (dNTPs) or a fluorescently labelled chain-

terminating dideoxynucleotide triphosphate (ddNTP). As the concentration of ddNTPs 

included is the limiting reagent, the elongation reactions are eventually halted, which results in 

discernible DNA fragments of different lengths224,225, from which the DNA’s sequence can be 

determined by analysing the incremental increases in DNA fragment lengths by capillary 

electrophoresis. 

Two sets of forward and reverse primer pairs (Table 2.1) were used in sequencing to confirm 

successful cloning and the presence of expected drug resistance mutations. The sequencing 
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reactions were prepared in the wells of a MicroAmp Optical 96-well plate (Applied 

Biosystems). The sequencing primers were used at a final concentration of 0.48 µM (1.5 µL of 

3.2 µM), with 200 – 300 ng template DNA, 1 µL BigDye (BigDyeTM Terminator v3.1 Cycle 

Sequencing Kit, Applied Biosystems, Thermo Fisher Scientific, Ref. 4336917), 2 µL 5x 

Sequencing Buffer, and brought up to a final volume of 10 µL using PCR-grade water. The 

plate was centrifuged at 2 000 rpm for two minutes to collect droplets, before undergoing the 

following PCR cycle in a thermocycler (GeneAmp® PCR System 2700, Applied Biosystems): 

96 ᵒC for one minute, 25 cycles of 96 ᵒC for 10 seconds, 50 ᵒC for five seconds, and 60 ᵒC for 

four minutes. Upon PCR completion, the plate was stored at 4 ᵒC until sequence clean-up was 

performed. 

Table 2.1. Sequences of primers used for Sanger sequencing. 

Primer 

name 

Primer 

direction 
Primer sequence (5’ → 3’) 

HXB21 reference 

position 

Sequencing 

direction 

PFOR-IN Forward AATTTCCCTGTT 3 465  3 476 Reverse 

PREV-IN Reverse CACCTGTCAACA 2 491 → 2 502 Forward 

PolSexAF Forward GTACGTATATCTAATCCCTGG 2 967  2 987 Reverse 

Pol101R Reverse TTAAAACCAGGTATGGATGCCC 2 583 → 2 604 Forward 

1 Los Alamos National Laboratory, Conventional QuickAlign Tool (www.hiv.lanl.gov) 

Sequence clean-up was performed by first preparing the DNA precipitation solution. Absolute 

ethanol was combined with a 3 M sodium acetate solution (pH 5.2) at a ratio of 25:1. The 

absolute ethanol is used to precipitate the DNA post-sequencing, and the sodium acetate 

solution aids in DNA precipitation by neutralising the phosphate backbone charge on the 

DNA226. Five times the sequencing reaction volume (50 µL) was added to each of the 96 wells 

and the plate was centrifuged at 2000 x g at 4 ᵒC for 30 minutes to pellet the DNA. Thereafter, 

the supernatant was removed by centrifuging the plate inverted on a paper towel at 50 x g for 

20 seconds. A cold, desalting solution of 70% ethanol was added to the DNA pellets and the 

plate was centrifuged at 2 000 x g at 8 ᵒC for five minutes. The ethanol was then removed by 

centrifuging the plate inverted on a paper towel at 50 x g for 20 seconds. The DNA pellets were 

dried at 95 ᵒC for three minutes in a thermocycler, as the remaining ethanol can inhibit DNA. 

The DNA pellets were dissolved in 10 µL HiDi Formamide at 65 ᵒC for five minutes in a 

thermocycler. The plate was placed on a vortex to ensure that the DNA had dissolved in the 

HiDi, and a final centrifugation was performed at 1 000 x g for one minute to collect droplets. 

The plate was stored at 4 ᵒC until being sequenced using the 3730xl DNA Analyzer (Applied 

http://www.hiv.lanl.gov/
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Biosystems, Cat. No. A41046) and analysed using Sequencing Analysis Software (v6.0, 

Thermo Fisher Scientific).  

According to Thermo Fisher Scientific, the 3730xl DNA Analyzer detects and analyses the 

DNA sequences based on the principle of capillary electrophoresis and fluorescence detection. 

First, the DNA samples were prepared by labelling the fragments with fluorescent dyes during 

the sequencing PCR described above. Each ddNTP (i.e., ddATP, ddTTP, ddCTP, ddGTP) 

contained a unique fluorescent dye, which allows the sequence analyser software to recognise 

which ddNTP was introduced at the DNA termination end. These labelled fragments were then 

loaded into capillaries, to which, an electric field was applied. This caused the migration of 

DNA fragments, which are negatively charged, to the positively charged end of the capillaries. 

This separation is also size-dependent, resulting in the further migration of smaller-sized DNA 

fragments. As the DNA fragments are migrating through the capillaries, the fluorescent dye 

molecules attached to the DNA are excited using a laser. This causes them to emit a 

fluorescence that can be detected and categorized, depending on the wavelength emitted. These 

fluorescent signals are detected and data on their intensity is collected over time, which creates 

an electropherogram, which can be analysed. The peaks in the electropherograms correspond 

to incorporated ddNTP on the termination ends of the different DNA fragments, and based on 

the lengths of the fragments, the sequence base is assembled.  

Once Sanger sequencing was complete, the sequence trace files were imported into Geneious 

Prime v2022.2.2 (Biomatters, New Zealand). Poor-quality sequence reads were removed from 

the terminal regions of the sequence reads, and a consensus sequence was created after aligning 

the sequence reads to a reference sequence (i.e., p8.9MJ4/p8.9NSX). This consensus sequence 

was mapped to its appropriate reference sequence (p8.9MJ4 RT, p8.9NSX RT, or laboratory-

adapted WT strains), and successful site-directed mutagenesis or cloning was confirmed by 

uploading the consensus sequence to the Stanford HIV Drug Resistance Database 

(https://hivdb.stanford.edu/). The plasmids containing mutations or inserts were used for in 

vitro phenotypic drug susceptibility testing.  

https://hivdb.stanford.edu/
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2.2.2 Objective-specific methodologies 

2.2.2.1 Objective 1: Assessment of in vitro ISL susceptibility of wild-type HIV-1 

Purpose:  

The purpose of this objective was to: 

a. Assess potential differences in ISL potencies against WT subtype B and subtype C 

HIV-1 variants. 

b. Assess potential synergy between ISL and DOR in combination against the WT HIV-1 

subtype C reference isolate. 

Overview: 

The potency of ISL in inhibiting WT HIV-1 subtype B (DS9, LTNP5, SM1, SM2) and subtype 

C (CM9, DU151, DU179, DU422) was assessed in laboratory-adapted HIV-1 strains. To 

achieve this, viral RNA extraction from culture supernatants was performed, cDNA was 

synthesised, and RT fragments were amplified by PCR. Cloning was performed via the TOPO-

TA plasmid before sub-cloning was performed into the p8.9MJ4mod and p8.9NSXmod plasmids. 

Sanger sequencing was performed to confirm the insert identity, and PSVs were generated and 

titred. In vitro phenotypic assays were performed by testing the PSV against ISL, using 3TC 

as an NRTI control drug. Additionally, a synergy experiment was conducted to investigate the 

combined potency of ISL and DOR to the WT p8.9MJ4 PSV. 

2.2.2.1A Objective 1A: Comparing in vitro ISL susceptibility of subtype B and subtype C strains. 

I. Preparation of strain-specific PSVs 

a. Nested PCR  

i. Viral RNA extraction.  

The QIAamp Viral RNA Mini Kit (QIAGEN®, Cat. No. 52906) was used to extract the RNA 

of laboratory-adapted viral cultures as per the manufacturer’s instructions. Specifically, the 

“Spin Protocol” was undertaken, which uses selective binding of RNA to the silica membrane 

of the spin columns. In the preparation of buffers, lyophilized carrier RNA was added to Buffer 

AVE (RNase-free water containing 0.04% sodium azide to prevent microbial growth) to obtain 

a solution of 1 µg/µL carrier RNA. The carrier RNA has a bimodal function of enhancing the 

binding of viral nucleic acids to the silica membrane, as well as reducing the chances of viral 

RNA degradation by RNase molecules should they have escaped denaturation by Buffer AVL. 
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Buffer AVL contains chaotropic salts and detergents. Carrier RNA-containing-Buffer AVE 

was added to Buffer AVL in a 1:100 ratio.  

The viral cultures (stored at -80 ᵒC) were thawed on ice, and 140 µL was added to 560 µL of 

the Buffer AVE/AVL mixture (with carrier RNA), mixed by briefly pulse-vortexing, and 

incubated at 20 ᵒC for 10 minutes. Post-incubation, 560 µL absolute ethanol was added, mixed 

by brief pulse-vortexing, and centrifuged to collect all of the sample at the bottom of the tube. 

A volume of 630 µL of this sample was then transferred to a QIAamp Mini column placed in 

a 2 mL Eppendorf tube, before being centrifuged at 6 000 × 𝑔 for one minute to allow the RNA 

to attach to the silica membrane of the spin column. The filtrate-containing Eppendorf tube was 

discarded, and the column was placed in a new Eppendorf tube. The remaining sample was 

applied to the same column and centrifuged at 6 000 × 𝑔 for one minute. Buffers AW1 and 

AW2 were both prepared by adding the required volume of absolute ethanol. A volume of 500 

µL of Buffer AW1 was added to the column and centrifuged at 6 000 × 𝑔 for one minute to 

denature proteins, allowing them to pass through the filter of the spin column. Buffer AW2 

(500 µL) was added to the column and centrifuged at 20 000 × 𝑔 for three minutes to desalt 

the RNA. High salt and ethanol concentrations in the wash buffers prevent the RNA from 

eluting during the wash steps227.  

The filtrate was discarded, and the column was placed back into the tube and centrifuged at 

20 000 × 𝑔 for one minute to remove any residual wash buffers from the column, as ethanol 

can inhibit downstream applications of RNA228. The column was placed in a new 1.5 mL 

Eppendorf tube, and 50 µL of Buffer AVE was added. Buffer AVE is an RNase-free water 

solution that contains 0.04% sodium azide, which prevents contamination by microbial growth.  

This was incubated for one minute and centrifuged at 6 000 × 𝑔 for one minute to elute the 

viral RNA from the column. This viral RNA was stored at -80 ᵒC until use. 

ii. Primer design.  

A nested PCR approach was undertaken, and hence, two sets of primers were designed against 

the HIV-1 consensus C sequence that was downloaded from the Los Alamos HIV Sequence 

Database (https://www.hiv.lanl.gov/content/index). As these primers were to be used for 

cloning, appropriate restriction sites were introduced into the 5’ ends of the second-round 

primers to be able to ligate the PCR amplicon into the respective HIV-1 expression vectors. 

The first, or outer primer set, was designed to be outside of the two restriction sites (Table 2.2). 

https://www.hiv.lanl.gov/content/index
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The second, or inner, primer set was designed to start (i.e., 5’-end) with a PvuI site on the 

forward primers and with an HpaI site on the reverse primer (Table 2.2). 

Table 2.2. Sequences of primers used in nested PCR for cloning. 

Primer HXB21 ref. 

position 

Seq. 

direction Set Direction Sequence (5’ → 3’) 

Outer 
Forward GCT TGG ATG CAC ACT AAA TTT TCC 2 528 → 2 522 Reverse 

Reverse CCA TGG CTA TTT TTT GCA CTG C 3 660 → 3 682 Forward 

Inner 

Forward 
CGA TCGǂ AAA CTG TAC CAG TAA AAT TAA 

AGC 
2 560 → 2 590 Reverse 

Reverse 
GTT AACǂ TGT TTT ACA TCA TTA GTG TGG 

G 
3 628 → 3 656 Forward 

1 Los Alamos National Laboratory, Conventional QuickAlign Tool (www.hiv.lanl.gov) 

Primers were designed with a 5’ GC clamp to increase the stability of binding to cDNA. 

ǂ CGA TCG – PvuI site; GTT AAC – HpaI site. 

iii. Synthesis of complementary DNA.  

Extracted viral RNA was reverse transcribed to synthesise complementary DNA (cDNA) using 

the SuperScript™ III First-Strand Synthesis System for RT-PCR (Invitrogen™, Thermo Fisher, 

Cat. No. 18080-51), under manufacturer’s instructions. A volume of 5 µL of the extracted viral 

RNA was combined with 1 µL of the outer reverse primer (2 µM, Table 2.2), 1 µL of a 10 nM 

dNTP mix, and prepared to a final volume of 10 µL with diethylpyrocarbonate (DEPC)-treated 

water. This mixture was incubated at 65 ᵒC for five minutes (to denature secondary structures 

in the RNA into primary structures), then placed on ice for one minute. The cDNA Synthesis 

Mix was prepared by adding 2 µL 10x RT Buffer, 4 µL 25 nM magnesium chloride, 2 µL 0.1 

M DTT, 1 µL RNaseOUT (40 U/µL), and 1 µL SuperScript™ III RT (200 U/µL), per reaction. 

This was added to each RNA-primer mixture and incubated at 50 ᵒC for 50 minutes, followed 

by 85 ᵒC for 5 minutes, and chilled on ice for one minute. After a brief centrifugation to collect 

the reaction droplets, 1 µL of RNase H was added to each tube and incubated at 37 ᵒC for 20 

minutes to degrade any template RNA present in the reaction. As the template RNA is 

complementary to the cDNA, resulting template RNA-cDNA hybrids may inhibit PCR. The 

cDNA was stored at -20 ᵒC until its use for PCR. 

 

 

http://www.hiv.lanl.gov/
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iv. PCR amplification of reverse transcriptase gene fragments.  

The Expand™ High Fidelity PCR System (dNTPack, Sigma Aldrich, Roche, Cat. No. 

EHIFIDNTP-RO), was used for the first round of nested-PCR, as per the manufacturer’s 

instructions. Two master mixes were prepared before the PCR. For each PCR reaction, Master 

Mix 1 contained 11.5 µL PCR-grade water, 1 µL PCR Grade Nucleotide Mix (10 mM of each 

dNTP), 5 µL forward outer primer (3 µM), and 5 µL reverse outer primer (3 µM). Master Mix 

2 contained 19.25 µL PCR-grade water, 5 µL PCR Buffer (10X), and 0.75 µL Enzyme Mix 

(2.6 U/ 50 µL). For each PCR reaction, 22.5 µL of Master Mix 1 was added to 25 µL Master 

Mix 2, as well as 2.5 µL of viral cDNA, which was then vortexed gently and centrifuged. The 

reactions underwent a PCR thermal profile with a gradually increasing extension time, which 

allows for a higher yield of amplification products (Table 2.3).  

Table 2.3. Thermocycling conditions for first-round nested-PCR. 

Step Temperature (ᵒC) Time (min:sec) Number of cycles 

Pre-incubation 94.0 2:00 1 

Denaturation 94.0 0:15 

10 Annealing 55.5 0:30 

Elongation 72.0 1:10 

Denaturation 94.0 0:15 

20 Annealing 55.5 0:30 

Elongation 72.0 1:10* 

Final elongation 72.0 7:00 1 

Cooling 4.0 ∞  

* +5 seconds for each successive cycle 

The second-round PCR was performed using the Platinum™ SuperFi II Green PCR Master 

Mix (Invitrogen™, Thermo Fisher, Cat. No. 12369010). Each 50 µL PCR reaction consisted 

of the following reagents: 9 µL dH2O, 25 µL Platinum™ SuperFi II Green PCR Master Mix, 

2.5 µL each of a 10 µM forward- and reverse-inner primers, 1 µL of first-round PCR product, 

and 10 µL SuperFi II GC Enhancer (5X). The reaction was centrifuged to collect droplets, 

before undergoing thermocycling conditions outlined in Table 2.4.  
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Table 2.4. Thermocycling conditions for second-round nested-PCR. 

Step Temperature (ᵒC) Time (min:sec) Number of cycles 

Initial denaturation 98.0 0:30 1 

Denaturation 98.0 0:10  

35 Annealing 56.4 0:30 

Elongation 72.0 1:10 

Final extension 72.0 5:00 1 

Cooling 4.0 ∞  

 

v. Purifying PCR amplicons.  

Upon the completion of nested-PCR, products of both first- and second-round PCR were 

visualised on a 1% agarose gel (as described previously in Chapter 2.2.1.3. Molecular biology, 

c. Agarose gel electrophoresis). The amplicons from the second-round PCR (1 103 bp) were 

gel-purified using the Zymoclean™ Gel DNA Recovery Kit (Zymo Research, Cat. No. D4001) 

as per the manufacturer’s instructions. The amplicon was excised from the agarose gel using a 

blade, transferred into a 1.5 mL Eppendorf tube, and weighed. An Agarose Dissolving Buffer 

(ADB) volume of 3x the weight of the gel fragment was added to the Eppendorf tube and 

incubated at 55 ᵒC for 10 minutes until the gel slice was completely dissolved. The melted 

agarose solution was transferred to a Zymo-Spin column in a collection tube and centrifuged 

at 10 000 × 𝑔 for one minute, and the filtrate was discarded. This allowed the DNA fragment 

from the agarose solution to remain in the collection tube, whilst the agarose solution was 

filtered out. A volume of 200 µL of DNA Wash Buffer was added to the column and 

centrifuged at 10 000 × 𝑔 for 30 seconds, and this wash step was repeated. This DNA wash 

buffer contains a high concentration of ethanol, which precipitates DNA and inhibits its elution 

from the spin column.  Finally, the column was placed in a 1.5 mL Eppendorf tube, and 6 µL 

of DNA Elution Buffer (10 mM Tris-HCl and 0.1 nM EDTA, pH 8.5) was added to the column 

matrix before being centrifuged at 10 000 × 𝑔 for one minute to elute the DNA. The DNA was 

then quantified as previously described (see Chapter 2.2.1.3. Molecular biology, b. Plasmid 

DNA quantification). 
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b. Cloning through TOPO-TA 

Subcloning offers a multitude of advantages when juxtaposed with conventional cloning 

methodologies229. Topoisomerase-based TA (TOPO-TA) cloning utilises a no-ligase approach 

which is simplistic and proven to be highly efficient. TOPO cloning is an example of a 

subcloning strategy, where the innate activity of DNA topoisomerase I is exploited. TOPO-TA 

cloning makes use of complementary base pairs adenine and thymine; the 3’-adenine overhang 

on both ends of the PCR product hybridizes to the thymine on the linear TOPO vector’s ends 

in the presence of topoisomerase230. This allows for the insertion of the PCR amplicons into 

the TOPO-TA plasmid (i.e., PCR-XL-2-TOPO, Supplementary Figure 4, Appendix 4). 

This approach was undertaken in modifying our laboratory-adapted strains with the specific 

mutation of interest. The second-round nested-PCR products were cloned into a TOPO-TA 

plasmid vector (Thermo Fisher™, Waltham, Massachusetts, United States), and subsequently 

cloned into the appropriate HIV-1 expression vector through a standard restriction/ligation 

approach. Cloning through TOPO-TA was performed using the TOPO™ XL-2 Complete PCR 

Cloning Kit (Invitrogen™, Thermo Fisher™, Cat. No.  K8050-10). A 1:1 molar ratio of insert 

to vector was recommended by the supplier. The amount of insert required was calculated as 

follows:  

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 (1 103 𝑏𝑝)

𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑣𝑒𝑐𝑡𝑜𝑟 (3 960 𝑏𝑝)
× 10 𝑛𝑔 𝑣𝑒𝑐𝑡𝑜𝑟 = 𝑛𝑔 𝑜𝑓 𝑖𝑛𝑠𝑒𝑟𝑡 𝑛𝑒𝑒𝑑𝑒𝑑  

This calculated amount of amplicon was combined with 1 µL of the PCR-XL-2-TOPO vector 

(10 ng/µL), and 1 µL of the Salt Solution which contains NaCl and MgCl2. The reaction was 

mixed and centrifuged briefly to collect droplets. The reaction was incubated at room 

temperature for 30 minutes and immediately used for bacterial transformation and plating on 

antibiotic-selective LB-agar plates (as previously described in Chapter 2.2.1.2. Bacterial cell 

culture, e. Bacterial transformation through heat shock).  

  



44 

 

c. Screening through colony PCR  

Colony PCR was performed on bacterial colonies to confirm the presence of inserts in the 

TOPO-TA plasmids. Ten colonies were picked per laboratory-adapted strain, which were each 

resuspended in 50 µL of LB broth containing carbenicillin in a deep-well round-bottom 96-

well plate. The plate was incubated at 37 ᵒC with shaking at 200 rpm for two hours. PCR 

screening was performed using the OneTaq® Quick-Load® 2X Master Mix with Standard 

Buffer (New England Biolabs, Ref. M04865). A PCR master mix was prepared for the 

reactions, consisting of the following reagents per reaction: 5 µL OneTaq® Quick-Load® 2X 

Master Mix, 0.2 µL each of 10 µM inner forward- and inner reverse primers, and 3.6 µL dH2O. 

To a PCR tube, 9 µL of this master mix was added with 1 µL of bacterial culture and underwent 

PCR thermocycling conditions shown in Table 2.5.   

Table 2.5. Thermocycling conditions for colony PCR. 

Step Temperature (ᵒC) Time (min:sec) Number of cycles 

Initial denaturation 98.0 0:30 1 

Denaturation 98.0 0:30 

35 Annealing 56.4 0:30 

Elongation 68.0 1:10 

Final extension 68.0 5:00 1 

Cooling 4.0 ∞  

 

The reactions were analysed on a 1% agarose gel (as described previously in Chapter 2.2.1.3. 

Molecular biology, c. Agarose gel electrophoresis) to determine the cultures that contained a 

plasmid with the insert (expected band size of 1.1 kb). The cultures with plasmids that 

contained inserts were inoculated in 4 mL LB with carbenicillin and incubated at 37 ᵒC with 

shaking at 200 rpm overnight. This was followed by plasmid DNA extraction (see Chapter 

2.2.1.3. Molecular biology, a. Plasmid DNA extraction) and DNA quantification (see Chapter 

2.2.1.3. Molecular biology, b. Plasmid DNA quantification). Sanger sequencing was performed 

as previously described (Chapter 2.2.1.3. Molecular biology, d. Sanger sequencing) to confirm 

the identity of the insert of each clone. A multiple sequence alignment was performed, and a 

phylogenetic tree was constructed using Geneious Prime v2022.2.2 (Biomatters, New Zealand) 

to confirm the identity of the laboratory-adapted strains, as well as to ensure the absence of 

cross-contamination during the PCR and cloning. 
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d. Subcloning into p8.9 

Restriction digests were performed on each of the TOPO-TA clones of the laboratory-adapted 

strains to produce the corresponding inserts for subcloning into the appropriate p8.9 backbone. 

For each of the eight laboratory-adapted strains, 1 000 ng of plasmid was digested, in reactions 

consisting of the following reagents: 0.5 µL PvuI-HF (20 U/µL, New England Biolabs, Cat. 

No. R3150S) 0.5 µL HpaI (5 U/µL, New England Biolabs, Cat. No. R0105S), 1 µL T4 

polynucleotide kinase (PNK, 10 U/µL, New England Biolabs, Cat. No. M0201S), 7 µL 10X 

rCutSmart™ Buffer (New England Biolabs, Cat. No. B6004S), and dH2O to a final volume of 

70 µL. The T4 polynucleotide kinase was included in the reactions to ensure phosphorylation 

of the restricted ends. The digestion reaction was incubated at 37 ᵒC for 60 minutes. This 

resulted in amplicons with “sticky” 5’ ends and “blunt” 3’ ends. Since the 5’ and 3’ ends are 

different, this prevented the inversion of the inserts during ligation into the p8.9mod backbones. 

Similarly, a digestion reaction was performed on the p8.9mod backbones. For both backbones, 

4 000 ng was digested, and the reaction consisted of the following reagents: 0.5 µL PvuI (20 

U/µL), 0.5 µL HpaI (5 U/µL), 1 µL recombinant Shrimp Alkaline Phosphatase (rSAP, 1 U/µL 

New England Biolabs, Ref. M0371S), 10 µL 10X rCutSmart™ Buffer, and dH2O to a final 

volume of 100 µL. rSAP catalyses the dephosphorylation of the terminal ends of DNA. The 

digestion reaction was incubated at 37 ᵒC for 90 minutes, followed by 65 ᵒC for five minutes 

to deactivate the rSAP. 

The digested products of both the inserts and backbones were visualised on a 1% and 0.7% 

agarose gel, respectively (as described previously in Chapter 2.2.1.3. Molecular biology, c. 

Agarose gel electrophoresis). Bands corresponding to 1.1 kb for the inserts and 11 kb for the 

backbones were excised from the gel, and the DNA was extracted using the Zymoclean™ Gel 

DNA Recovery Kit, as described previously (see Chapter 2.2.2.1A Objective 1A: Comparing 

in vitro ISL susceptibility of subtype B and subtype C strains.). 

The ligation reaction was performed using a molar insert to vector backbone ratio of 1:3, 

corresponding to 17 ng of insert and 183.5 ng of vector backbone. The reaction was performed 

in a PCR tube placed on ice, using the Quick Ligation™ Kit (New England Biolabs, Cat. No. 

M2200S). The reaction consisted of 10 µL Quick Ligase Reaction Buffer (2X), 17 ng insert, 

183.5 ng vector, 1 µL Quick Ligase enzyme, and dH2O to a final reaction volume of 20 µL. 

The reaction was mixed, centrifuged to collect droplets, and incubated for five minutes at room 

temperature. Following the incubation, 5 µL of the ligation product was used for bacterial 
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transformation, and the transformation product was spread onto antibiotic-selective agar plates 

(as described previously in Chapter 2.2.1.2. Bacterial cell culture, e. Bacterial transformation 

through heat shock). The resulting colonies underwent colony PCR (as described previously in 

Chapter 2.2.2.1A. Objective 1A, c. Screening through colony PCR). Sanger sequencing was 

performed as previously described (Chapter 2.2.1.3. Molecular biology, d. Sanger sequencing) 

to confirm the identity of the insert of each clone.  
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e. Generation and titration of PSVs 

PSVs of the laboratory-adapted clones were generated, harvested, and stored as previously 

described (Chapter 2.2.1.1. Mammalian cell culture, d. Mammalian cell co-transfection). The 

PSV titres were determined using a 96-well plate (Nunc™ Edge™ 96-Well, Nunclon Delta-

Treated, Flat-Bottom Microplate, Thermo Scientific, Cat. No. 167425). Neat PSV (100 µL) 

was added to the bottom row (Row H) in duplicate, and 50 µL complete DMEM was added to 

all other wells of the plate (Figure 2.2). Two-fold serial dilutions (in duplicate) were prepared 

by transferring 50 µL of the PSV from Row H, consecutively, to Row A. HEK293T cells were 

prepared at 4 × 105 cells/mL and each well received 50 µL of cells. The plate was incubated 

for 48 hours under SCC. The expression of the firefly luciferase reporter gene (i.e., degree of 

PSV infection) was assessed with the Bright-Glo™ Luciferase Assay System (prepared as 

previously described under Chapter 2.1.4 Preparation of general laboratory reagents, 

Luciferase). The substrate (100 µL) was added to each well of the culture plate and incubated 

for two minutes at room temperature under dim lighting, after which the well contents were 

mixed with a multi-channel pipette and 150 µL transferred to the corresponding wells of a 

white 96-well plate. White reading plates were used as they reflect light, thereby maximizing 

the signal of the output light. The bioluminescence of the wells was quantified on a Promega 

GloMax® Explorer Multimode Microplate Reader (Promega, Madison, Wisconsin).  

Figure 2.2. Setup of a 96-well plate to determine the viral titres of PSVs. Two harvests 

were conducted for each PSV. Each harvest’s titre was determined in duplicate on the same 

plate. Two-fold serial dilutions were prepared in complete DMEM, before the addition of 50 

µL HEK293T cells at 4 x 105 cells/mL. After incubation under SCC, the firefly luciferase 

reporter expression in each well was quantified. 

 

  

 



48 

 

Microsoft Excel was used to plot the log10 relative luminescence unit (RLU) against log10 of 

the final dilution of PSV, generating a linear graph. The dilution of PSV to be used in the in 

vitro phenotypic assays was standardised to observe a luminescence of 1 × 106 RLU in the 

uninhibited control (no ISL) column containing media only (refer to Figure 2.2). The dilution 

of PSV was calculated using the FORECAST formula in Microsoft Excel, specifically, 

FORECAST(1 × 106; dilution-fold; average RLU).  
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II. In vitro phenotypic assay 

a. Toxicity assay 

The toxicity of ISL to HEK293T cells was first established before PSVs were screened for their 

response to ISL. This is motivated by establishing the concentration of ISL that is non-cytotoxic 

to be used in the phenotypic drug susceptibility assays, as the use of cytotoxic concentrations 

of ISL can lead to false inhibitory results. 

To the bottom wells of a 96-well Edge™ plate, 75 µL of ISL (200 µM) was added in triplicate, 

and to all other wells, 50 µL of complete DMEM (Figure 2.3). A three-fold serial dilution was 

prepared by transferring 25 µL of ISL from Row H to the adjacent rows above. HEK293T cells 

were prepared at 4 × 105 cells/mL and 50 l added to all wells except for the third column of 

each triplicate. These wells received 50 µL of complete DMEM and served as the “blank” wells 

to observe background luminescence. This was left to incubate for 48 hours under SCC. To 

measure cell viability, 20 µL Alamar blue cell viability reagent (Resazurin sodium salt, Sigma-

Aldrich®) was added to all the wells. This was incubated for 90 minutes under SCC, and the 

fluorescence in the wells was measured (520 nm excitation wavelength, 580-640 nm emission 

wavelength, “CellTitre-Blue” protocol, Promega GloMax® Explorer).  

Figure 2.3. Setup of a 96-well plate for toxicity assay of ISL against HEK293T cells. ISL 

(200 µM) was added to Row H at a volume of 75 µL. A three-fold serial dilution was carried 

from Row H to Row A in complete DMEM, and the resulting concentration of each row is 

shown on the left of the figure. To all wells (excluding the blanks), 50 µL of HEK293T cells 

at 4 x 105 cells/mL were added. The blank columns received 50 µL of complete DMEM instead 

of cells. 

The toxicity assay results were analysed using Microsoft Excel. ISL concentration was plotted 

against the cell viability, resulting in a sigmoidal curve. The FORCAST formula was used to 

calculate the 20% cytotoxicity concentration (CC20) and CC50 values of ISL, which are the 

concentrations of ISL where 80% and 50% of cells are viable, respectively. 
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b. In vitro drug susceptibility assay  

The phenotypic assay protocol described by Parry et al.206 was performed in 96-well Edge™ 

plates. Phenotypic resistance for ISL was determined over non-toxic ISL concentrations, as 

determined above. The non-toxic concentrations of the other ARVs have previously been 

established for this assay and did not need to be determined again. Each PSV was tested over 

11 ISL concentrations, in duplicate. To the wells of Column 1 of a 96-well Edge™, 75 µL of 

ISL working solution (see Chapter 2.1.1 Antiretroviral drugs (ARVs)) in complete DMEM was 

added. All other wells contained 50 µL complete DMEM. Three-fold-serial dilutions were 

performed by transferring 25 µL from Column 1 until Column 11. Column 12 received 50 µL 

of complete DMEM and contained no drug (indicated in green, Figure 2.4). HEK293T cells 

were prepared at 4 × 105 cells/mL and the standardized volume of PSV was added to the cells 

and mixed. A volume of 50 µL of HEK293T cells with PSV was added to all wells. The plate 

was incubated for 48 hours under SCC. 3TC was included as a control drug. The expression of 

firefly luciferase in the wells of the plates was assessed as previously described (see Chapter 

2.2.2.1A, Subsection I e. Generation and titration of PSVs). 

Figure 2.4. Setup of a 96-well plate for the in vitro phenotypic assay for ISL. Three-fold 

serial dilutions were performed from Column 1 to Column 11 to obtain a final ISL volume of 

50 µL, to which an equal volume of complete DMEM containing HEK293T cells (at 4 x 105 

cells/ml) and PSV was added. Column 12 contains no ISL and serves as the uninhibited control. 

*LAS – laboratory-adapted strain. 
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2.2.2.1b Objective 1B: Investigating in vitro dual drug synergies with wild-type HIV-1 

I. In vitro dual drug synergy assay  

According to the 2019 and 2023 ART Clinical Guidelines, all approved ARV regimens contain 

at least two NRTIs76,231. To elucidate whether there is potential synergy between ISL and the 

other NRTIs, a synergistic assay was conducted. Any synergistic interactions observed between 

ARV drugs afford the opportunity to administer reduced doses of individual drug constituents, 

thereby potentially mitigating the incidence of adverse reactions associated with these agents232. 

DOR, a novel NNRTI that has been used in conjunction with ISL in clinical trials196, was also 

included. The control for the toxicity and comparator for the activity assays for ISL-NRTI was 

TDF-3TC, and the control for the toxicity and comparator for the activity assays for ISL-DOR 

was 3TC-EFV. 

a. Plate layout  

The in vitro phenotypic drug susceptibility assay (previously described under Chapter 2.2.2.1A. 

Objective 1A, b. In vitro drug susceptibility assay) was used for synergy, but with a modified plate 

layout. The first six rows (Row 1 – Row 6) and columns (Column A – Column F) of a 96-well 

Edge™ plate were used to perform an assay to determine whether the relationship between ISL 

and DOR, or other approved NRTIs (i.e., ABC, AZT, 3TC, FTC, TDF) was additive, 

synergistic, or antagonistic (Figure 2.5). Six 15-fold serial dilutions of each ARV were 

prepared separately and then combined to result in a “matrix” of concentrations that were tested. 

Well A1 contained no ARV drug, and hence, served as the media (i.e., no drug) control. 

Column 1 and Row A contained only the single ARVs and served as the control for inhibition 

of viral infection of the ARV drug on its own. The highest concentration of ISL was placed in 

Row F, and the highest concentration of DOR (or other approved NRTIs) was placed in 

Column 6. Each well received 25 µL of ARV at the appropriate concentration, to a final volume 

of 50 µL. Wells with single ARVs (i.e. Column 1 and Row A) received 25 µL of the ARV and 

25 µL of complete DMEM. Duplicate wells were prepared in the other half of the plate to 

ensure that each ARV and ARV combination was screened in duplicate. 
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Figure 2.5. Setup of a 96-well plate for assessing ARV synergy. ISL and ARV drugs were 

tested in a combination of a matrix of concentrations to determine their synergistic effect. Well 

A1 contained neither drug, Column 1 contained ISL only, and Row A contained another ARV 

drug only. The two drugs were prepared separately, and each well received 25 µL of the 

appropriate concentration of each drug. A volume of 50 µL of complete DMEM containing 

HEK293T cells (at 4 x 105 cells/ml; with or without PSV) was added to each well.  

 

b. Synergy toxicity assay  

While the toxicity of individual ARVs has been established in relation to HEK293T cells, the 

potential toxicity arising from ARV combinations remained ambiguous. Consequently, an 

assessment of the toxicity of these ARV combinations was imperative prior to the 

commencement of the synergy screening process. The synergy assay plate was prepared as 

described above (Figure 2.5), and HEK293T cells at 4 x 105 cells/mL were added to all wells. 

A corresponding drug blank plate, that received 50 µL complete DMEM instead of cells, was 

prepared. The plate was incubated for 48 hours under SCC, and cell viability was measured 

using Alamar Blue as described previously (see Section 2.2.2.1A. Objective 1A, a. Toxicity 

assay).  

c. Synergy activity assay 

 The synergy plate was prepared as described above, and 50 µL of a HEK293T cell at 4 x 105 

cells/ml with a standardized titre of the WT reference PSV (i.e., p8.9MJ4) was added. The 

synergy was not assessed against the other PSVs. The plate was incubated for 48 hours under 

SCC. The expression of firefly luciferase in the wells of the plates was assessed as previously 

described (see Chapter 2.2.2.1A, Subsection I e. Generation and titration of PSVs).  

Synergy analysis was performed using SynergyFinder+ (synergyfinder.org) where the input 

data was uploaded using the matrix format, and the desired specific response was provided as 

percent inhibition. The programme predicts a synergy score based on four reference synergy 

scoring models that operate under different assumptions. The principle of the Highest Single 

https://synergyfinder.org/#!/dashboard
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Agent (HSA)233 model assumes a favourable synergistic interaction when the drug combination 

produces a more significant response than the most potent single drug. The Loewe234 additivity 

model assumes no interaction between the drugs and that the combined effect is expected to be 

equal to the sum of the effects of each drug. However, this model considers the dose-response 

curves of individual drugs. The Bliss235 model postulates that the effects of two drugs operate 

independently, and the projected combined effect can be computed by considering the 

probability of independent events. Lastly, the Zero Interaction Potency236 (ZIP) model 

computes the anticipated effect of two drugs based on the assumption that they do not enhance 

each other's potency. 

The results analysed for the drugs under each assumption were obtained in the form of a heat 

map, a mean synergy score, and a p-value. The synergistic activity of the two drugs at a specific 

concentration was shown in red, whereas no synergy was shown in green. 
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2.2.2.2 Objective 2: Assessment of in vitro ISL susceptibility of NRTI-resistant HIV-1 

Purpose:  

The purpose of this objective was to 

a. Identify prevalent NRTI resistance mutations in South Africa 

b. Generate HIV-1 subtype C PSVs containing prevalent single and multi-NRTI drug-

resistant mutations 

c. Assess the in vitro phenotypic drug susceptibility of these mutant PSVs against ISL 

Overview: 

The top 20 most prevalent combinations of mutations were identified and synthetically 

generated in an HIV-1 subtype C expression vector (p8.9MJ4, subtype C reference clone). This 

was achieved through site-directed mutagenesis, using either non-overlapping or overlapping 

primer sets. Upon confirmation of the presence of desired mutations through Sanger 

sequencing, PSVs were generated and titred, and the PSVs’ in vitro phenotypic ISL 

susceptibility was determined. The in vitro phenotypic responses were then compared to the 

responses obtained from literature, obtained from the Stanford HIV Drug Resistance Database. 

Single mutations with discrepant results were introduced into the subtype B and C reference 

and WT laboratory-adapted PSVs, screened for ISL drug resistance, and compared. 

2.2.2.2A Objective 2A: Identification of prevalent NRTI resistance mutations in South Africa 

The NHLS database of HIV-1 RT sequences obtained from routine HIV-1 genotypic drug 

resistance testing performed at the Charlotte Maxeke Johannesburg Academic Hospital 

(CMJAH; January 2016 – December 2020) was used in this study. This data was obtained from 

patients failing mostly PI-based antiretroviral therapy as guided by the currently accepted 

guidelines for HIV genotypic drug resistance testing in South Africa76,231,237. Drug resistance 

mutations were defined as the mutations that appeared in patient genotypic drug resistance 

testing, and the Stanford HIV Drug Resistance Database was used238. Using a pivot table in 

Microsoft Excel, the 20 most prevalent NRTI DRM combinations were identified. These drug 

resistance mutation combinations were then selected for the generation of mutant PSV by 

introducing the mutants into the p8.9MJ4 HIV-1 subtype C expression vector. The single 

mutations that the combination profiles consisted of were also generated in the p8.9MJ4 vector 

to gauge their individual level of resistance to ISL, as well as their contribution toward a 

variant’s cumulative phenotypic drug resistance to ISL. 
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2.2.2.2B Objective 2B: Generation of drug-resistant HIV-1 subtype C PSVs 

For the introduction of the NRTI drug resistance mutations into the p8.9MJ4 HIV-1 subtype C 

expression vectors, site-directed mutagenesis (SDM) was performed following two approaches. 

The selection of the approach depended on the success of introducing the desired mutation into 

the plasmid. 

Approach 1: SDM through non-overlapping primers 

a. Primer design 

Primers for single and combination mutations were designed against the reverse transcriptase 

sequence of each clone using NEBaseChanger™ v.1.3.3 (https://nebasechangerv1.neb.com/). 

The reverse transcriptase sequences were uploaded onto NEBaseChanger™. The region of 

interest was identified using the “find” function, and the desired substitution mutation was 

introduced using the “desired sequence” function. The primers were generated by the program 

and verified in Geneious by alignment with the relevant reverse transcriptase sequences. The 

primers were synthesized by Integrated DNA Technologies (IDT, Coralville, Iowa, United 

States). 

b. Mutagenesis  

A stock solution of each primer was prepared at 100 µM in PCR-grade water. This was diluted 

in PCR-grade water to obtain a working solution of 10 µM. SDM was performed using the 

Q5® Site-Directed Mutagenesis Kit (New England BioLabs, Cat. No. E0554), as per the 

manufacturer’s instructions. For a final reaction volume of 25 µL, the following reagents were 

combined: 12.5 µL Q5 Hot Start High-Fidelity 2X Master Mix, 1.25 µL each of 10 µM 

forward- and reverse primers (final concentration 0.5 µM), 1 µL of 25 ng template DNA (i.e., 

p8.9MJ4), and 9 µL of dH2O. The reaction underwent thermocycling conditions shown in Table 

2.6. For combination mutation profiles, individual mutations were introduced into the plasmid 

through successive rounds of SDM until all the desired mutations were introduced. Thus, for 

multi-mutant vectors, several rounds of SDM were performed. 

  

https://nebasechanger.neb.com/
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Table 2.6. Thermocycling conditions for site-directed mutagenesis. 

Step Temperature (ᵒC) Time (min:sec) Number of cycles 

Initial denaturation 98.0 0:30 1 

Denaturation 98.0 0:10 

25 Annealing *50.0 – 72.0 0:30 

Elongation 72.0 **10:00 

Final extension 72.0 2:00 1 

Cooling 4.0 ∞  

* Annealing temperature was primer pair-specific 

** 20 – 30 seconds/kb 

Since the mutagenesis reactions amplified the complete plasmids, a successful SDM reaction 

was expected to yield a product of 11 kb in size. The PCR products were visualized by loading 

10 µL of the SDM reaction with 2 µL loading dye (x6 DNA Gel Loading Dye, Thermo 

Scientific™, Cat. No. R0611) into the wells of a 1% agarose gel, prepared as described 

previously (see Chapter 2.2.1.3. Molecular biology, c. Agarose gel electrophoresis). The gel 

was run for 60 minutes at 100 V. SDM products that showed success (i.e., amplicons ~10 000 

bp) were used to perform kinase, ligase, and DpnI digest (KLD) reactions. 

The components of the KLD reaction have the following purposes: the kinase causes 

phosphorylation of the 5’ ends of the PCR products (which is required for DNA ligation), the 

ligase causes ligation of the 5’ and 3’ ends of PCR products, and the DpnI digest causes 

degradation of the template DNA. The following reagents were added in a PCR-tube: 1 µL 

PCR reaction, 1 µL T4 DNA ligase buffer, 1 µL T4 DNA ligase (5 U/µL, Invitrogen, Thermo 

Fisher Scientific, Ref. 15224-041), 1 µL T4 Polynucleotide Kinase (PNK, 10 U/µL, Molecular 

Biology, Thermo Fisher Scientific, Ref. EK0032), 1 µL DpnI (20 U/µL, Molecular Biology, 

Thermo Fisher Scientific, Ref. ER1702), and dH2O to 10 µL. This was incubated at room 

temperature for one hour.  

The KLD reaction (5 µL) was then used to transform 50 µL of chemically competent dH5α 

bacterial cells through heat-shock as described previously (see Chapter 2.2.1.2. Bacterial cell 

culture, e. Bacterial transformation through heat shock). The transformed cells were plated on 

antibiotic-selective agar plates (as previously described in Chapter 2.2.1.2. Bacterial cell 

culture, e. Bacterial transformation through heat shock). Plasmid DNA extraction was 

performed on the bacterial cultures (as previously described in Chapter 2.2.1.3. Molecular 

biology, a. Plasmid DNA extraction) and quantified (as previously described in Chapter 2.2.1.3. 
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Molecular biology, b. Plasmid DNA quantification). Sanger sequencing followed (as 

previously described under Chapter 2.2.1.3. Molecular biology, d. Sanger sequencing) to 

identify the presence of the expected NRTI drug resistance mutation(s) in the p8.9MJ4 vector. 

Sequences were submitted to the Stanford Drug Resistance Database to confirm the presence 

of the mutations. 

Approach 2: SDM through overlapping primers 

a. Primer design 

This approach was described in 2022 by Yang et al.239 and included the use of an SDM primer 

pair in conjunction with a primer pair targeting the ampicillin-resistant gene of the vector. For 

this approach, the mutagenesis primers were designed using the QuikChange Primer Design 

tool (www.agilent.com/store/primerDesignProgram) (Agilent, Santa Clara, California, United 

States). The reverse transcriptase sequence of each clone was uploaded and the 

“QuikChange® II” mutagenesis kit option was selected. The codons in the sequence were 

translated to amino acids, and the desired position and mutant amino acid were selected. Lastly, 

“design primers” were selected for the program to generate our primer sequences. The primers 

were synthesized by Integrated DNA Technologies (IDT, Coralville, Iowa, United States). 

b. Mutagenesis 

A stock solution of each primer was prepared at 100 µM in PCR-grade water. This was diluted 

in PCR-grade water to obtain a working solution of 10 µM. Similar to the approach of using 

non-overlapping primers, the SDM reactions were performed using the Q5® Site-Directed 

Mutagenesis Kit (New England BioLabs, Cat. No. E0554), as per the manufacturer’s 

instructions. However, instead of one SDM reaction per desired mutant, two SDM reactions 

were performed: the first SDM reaction contained the ampicillin-resistant gene reverse primer 

(AmpR1)239 with the forward primer containing the desired mutation. The second SDM 

reaction contained the ampicillin-resistant gene forward primer (AmpF1)239 with the reverse 

primer containing the described mutation. 

For a final reaction volume of 25 µL, the following reagents were combined: 12.5 µL Q5 Hot 

Start High-Fidelity 2X Master Mix, 1.25 µL each of 10 µM forward- and reverse primers (final 

concentration 0.5 µM), 1 µL of 25 ng template DNA (i.e., p8.9MJ4), and 9 µL of dH2O. The 

reactions underwent thermocycling conditions shown in Table 2.6. 

http://www.agilent.com/store/primerDesignProgram
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Successful SDM reactions were expected to yield a product size of 6 kb for the first reaction, 

and 5 kb for the second reaction. The PCR products were visualized by loading 10 µL of the 

SDM reaction with 2 µL loading dye (x6 DNA Gel Loading Dye, Thermo Scientific™, Cat. 

No. R0611) into the wells of a 1% agarose gel, prepared as described previously (see Chapter 

2.2.1.3. Molecular biology, c. Agarose gel electrophoresis). The gel was run for 60 minutes at 

100 V. SDM reactions that showed the correct product sizes (i.e., amplicons ~6 000 bp and 

~5 000 bp) underwent a digestion reaction using DpnI to remove any template plasmid. The 

reaction constituted of the following: 8.8 µL SDM reaction, 0.2 µL DpnI enzyme (20 U/µL, 

Molecular Biology, Thermo Fisher Scientific, Ref. ER1702), and 1 µL 10X Buffer Tango 

(Thermo Fisher Scientific, Cat. No. BY5). The digestion reaction was performed at 37 ᵒC for 

two hours.  

Post digestion reaction, 2.5 µL of each of the two SDM reactions were combined and used to 

transform 50 µL of chemically competent dH5α bacterial cells through heat-shock as described 

previously (as previously described in Chapter 2.2.1.2. Bacterial cell culture, e. Bacterial 

transformation through heat shock). The transformed cells were plated on antibiotic-selective 

agar plates (as previously described in Chapter 2.2.1.2. Bacterial cell culture, e. Bacterial 

transformation through heat shock). Plasmid DNA extraction was performed on the bacterial 

cultures (as previously described in Chapter 2.2.1.3. Molecular biology, a. Plasmid DNA 

extraction) and quantified (as previously described in Chapter 2.2.1.3. Molecular biology, b. 

Plasmid DNA quantification). Sanger sequencing followed (as previously described under 

Chapter 2.2.1.3. Molecular biology, d. Sanger sequencing) to identify the presence of the 

expected NRTI drug resistance mutation in the p8.9MJ4 plasmid. Sequences were submitted 

to the Stanford Drug Resistance Database to confirm the presence of the mutations. 
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2.2.2.3C Objective 2C: Assessing the in vitro phenotypic drug susceptibility of mutant PSVs 

against ISL 

In vitro phenotypic assay  

Upon confirmation of the presence of expected mutation(s), mutant PSVs were generated (as 

described previously in Chapter 2.2.1.1. Mammalian cell culture, d. Mammalian cell co-

transfection), titred (as described previously in Chapter 2.2.2.1A. Objective 1A, e. Generation 

and titration of PSVs), and screened for resistance to ISL in the in vitro phenotypic drug 

susceptibility assay (as described previously in Chapter 2.2.2.1A. Objective 1A, b. In vitro drug 

susceptibility assay). An NRTI control drug, 3TC, was included in every assay (Figure 2.6, 

Rows C and D). Each PSV was tested in a minimum of three independent assays in duplicate 

reactions.  

Figure 2.6. Setup of a 96-well plate for in vitro drug susceptibility assay. Each PSV was 

tested in duplicate. Column 1 contains the highest concentration of ISL. Three-fold serial 

dilutions were performed in complete DMEM from Column 1 to Column 11 to obtain a final 

ISL volume of 50 µL, to which an equal volume of complete DMEM containing HEK293T 

cells at 400 000 cells/mL and PSV was added. Column 12 contained complete DMEM (no ISL) 

and served as the uninhibited control. 

Post-phenotypic ISL susceptibility assays, the IC50 values for all the WT-ISL results were 

calculated in Microsoft Excel, and an average IC50 value was calculated. The fold change (FC) 

increase (or decrease) in IC50 values was calculated by dividing the IC50 of the mutant PSV by 

the average IC50 of the WT PSV. Finally, the cut-off values for in-house classification of the 

levels of phenotypic resistance to ISL were calculated. For this, the average IC50 value of the 

WT PSV (calculated from the IC50 values over all the assays) was calculated and the 99th 

percentile in FC was established as the lower technical cut-off (LTCO) for ISL phenotypic 

susceptibility. Mutations/mutation profiles with FC values below the LTCO were classified as 

susceptible to ISL. The following in-house classifications were used for ISL resistance: 

potential low-level resistance (LTCO ≤ FC ˂ 2LTCO), low-level resistance (2LTCO ≤ FC < 

3LTCO), intermediate-level resistance (3LTCO ≤ FC < 4LTCO), and high-level resistance (FC 
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≥ 4LTCO). This method of using the 99th percentile of the average IC50 value to calculate cut-

offs has been described by Parkin et al.240. 

The in-house phenotypic responses were compared to the responses from literature, compiled 

in the Stanford HIV Drug Resistance Database (https://hivdb.stanford.edu/). If the in-house 

phenotypic responses were discrepant with those from Stanford, the mutation was introduced 

into HIV-1 subtype B and C reference and WT laboratory-adapted PSVs through SDM (see 

Chapter 2.2.2.2B., Objective 2B, Approach 2: SDM through overlapping primers). The 

resulting PSVs were screened in vitro for ISL resistance (see Chapter 2.2.2.1A. Objective 1A, 

b. In vitro drug susceptibility assay), and their responses were compared to assess whether the 

discrepancies in the in-house and literature responses were due to subtype. 

2.3. Statistical analyses 

For the in vitro phenotypic assays, averages and standard deviations were calculated for 

replicate values. For comparison of intra-subtype differences in fold change values, a 

parametric, unpaired t-test using Welch’s correction was performed to calculate statistical 

significance. For comparison of inter-subtype differences in IC50 values, a parametric, one-way 

ANOVA utilizing the Brown-Forsythe and Welch parameters was performed to calculate 

statistical significance. The percent coefficient of variation within the assays were calculated 

by dividing the standard deviation by the average.  

  

https://hivdb.stanford.edu/
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Chapter 3: Results 

3.1. Objective 1: Assessment of in vitro ISL susceptibility of wild-type HIV-1 

3.1.1. Optimization of ARV concentration ranges for in vitro testing 

Preceding the initiation of in vitro susceptibility assays for ISL, a comprehensive evaluation of 

in vitro toxicity to HEK293T cells was conducted for ISL and all other ARVs under 

investigation in this project. 3TC was used as the control NRTI drug to compare ISL, whereas 

EFV was the control NNRTI drug that DOR was compared against. ISL and 3TC were used in 

all activity assays against WT and mutant PSVs, whereas DOR and EFV were only used in 

synergy assays. The toxicity of the solvent (i.e., DMSO) was also assessed. The rationale 

behind this lies in the imperative to establish a concentration range that does not induce 

cytotoxicity, since it may yield misleading inhibitory outcomes, compromising the accuracy 

and reliability of the assay results.  
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The toxicity assessment revealed that all ARV drugs did not significantly affect HEK293T cell 

viability below 10 µM (Figure 3.1). The DMSO solvent decreased cell viability at > 0.1% (i.e., 

>10 µM drug equivalent). Concerning their CC50 values, EFV was shown to be the most 

cytotoxic (CC50 = 43.1 µM), whereas 3TC and DOR were shown to be the least toxic (CC50 > 

100 µM; Table 3.1). Regarding their CC20 values, EFV was the most toxic (CC20 = 19.4 µM), 

while 3TC was the least toxic (CC20 = 73.9 µM; Table 3.1). ISL showed intermediate toxicity 

with CC50 and CC20 concentrations of 80.0 µM and 30.3 µM, respectively. 
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Figure 3.1. Toxicity of ISL and ARVs against HEK293T cells. An in vitro toxicity assay was 

conducted to determine the non-toxic concentration of ARV drugs (i.e., ISL, 3TC, DOR, EFV) 

against HEK293T cells. The DMSO solvent was also included in the toxicity screening. Four 

independent assays were conducted in duplicate, and the standard deviations of these results 

are depicted as error bars.  

Table 3.1. Cytotoxicity values of ARVs against HEK293T cells. 

ARV Average CC50 (µM) 

CC20 

Average 

(µM) 

Standard 

deviation (µM) 

Coefficient of 

variation (%) 

ISL 80.0 30.3 6.7 22.0 

3TC >100.0 73.9 18.1 24.5 

DOR >100.0 73.4 30.6 41.7 

EFV 43.1 19.4 7.0 36.3 

Solvent 
 

Average CC50 (%) 

CC20 

Average 

(%) 

Standard 

deviation (%) 

Coefficient of 

variation (%) 

DMSO >2 0.007 0.005 70.1 



63 

 

The CC20 values of the ARVs were employed as the highest concentrations for drug dilutions 

in subsequent phenotypic activity assays. However, considering the potencies of the ARVs, 

their concentration ranges were optimised over several repeat assays against the WT p8.9MJ4 

PSV, as this was the reference WT to which the data would be compared (Figure 3.2). The 

optimal concentration ranges at which each ARV was tested were as follows: ISL (8.5 x 10-6 

µM – 0.5 µM), 3TC (1.6 x 10-3 µM – 100 µM), DOR (8.5 x 10-6 µM – 0.5 µM), and EFV (1.7 

x 10-6 µM – 0.1 µM). The concentration of the DMSO over these concentration ranges would 

be < 0.000025% for ISL, DOR and EFV, and would not affect cell viability. However, it would 

be present at 0.1% and 0.3%, at the two highest concentrations for 3TC and could affect cell 

viability minorly. 
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Figure 3.2. Activity of optimal ARV drug concentrations. An in vitro activity assay was 

conducted to determine the optimal concentration of ARV drugs (i.e., ISL, 3TC, DOR, EFV) 

against HEK293T cells in the presence of p8.9MJ4 WT PSV. Three independent assays were 

conducted in duplicate, and the standard deviations of these results are depicted as error bars. 
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The half-maximal inhibitory concentration (IC50) is the concentration of ARV drugs at which 

50% of viral activity is inhibited. Hence, this indicator can be used to measure the potency of 

ARV drugs. ISL was seen to be the most potent, with an IC50 value of 0.0015 µM, followed by 

EFV (0.0025 µM), DOR (0.0037 µM), and finally, 3TC (0.4363 µM; Table 3.2).  

Table 3.2. The potency of ARV drugs. 

ARV 
IC50 

Average (µM) Standard deviation (µM) Coefficient of variation (%) 

ISL 0.0015 0.00034 22.7 

3TC 0.4363 0.00001 0.0 

DOR 0.0037 0.00047 12.6 

EFV 0.0025 0.00062 25.4 
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3.1.2. Generation of wild-type HIV-1 subtype B and C PSVs 

The first objective of this study was to evaluate the in vitro potency of WT HIV-1 subtype B 

and C strains to ISL. This objective was addressed through a two-step approach. Initially, a 

portion of the reverse transcriptase gene from subtype B and subtype C laboratory-adapted 

strains were cloned into the TOPO-TA cloning vector, subsequently excised, and ligated into 

the p8.9MJ4mod or p8.9NSXmod HIV-1 expression vectors. HIV-1-like PSV were then generated 

through co-transfection of HEK293T cells, and the resulting PSV was screened for inhibition 

by ISL. The investigation sought to discern potential variations in ISL potency against 

laboratory-adapted strains of WT subtype B and subtype C HIV-1 variants.  

Portions of reverse transcriptase genes from the HIV-1 subtype B (i.e., DS9, LTNP5, SM1, 

SM2) and HIV-1 subtype C (i.e., CM9, DU151, DU179, DU422) laboratory-adapted strains 

were amplified from RNA by reverse transcription and a nested PCR. Electrophoresis on a 1% 

agarose gel showed the anticipated band size of approximately 1.1 kb for the first-round PCR 

product, and approximately 1.0 kb for the second-round PCR product (Figure 3.3). Second-

round PCR products showed an intense band for DS9, SM1, and LTNP5. A non-specific band 

of approximately 2 kb was observed in the second-round PCR products for all strains.  

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.3. Nested PCR products of wild-type HIV-1 subtype B and subtype C laboratory-

adapted strains. The first- and second-round products of the nested PCR were resolved for 60 

minutes at 100 V on a 1% agarose gel and visualised with ethidium bromide on a UV-

transilluminator. The first-round PCR resulted in amplicons of ~1.1 kb (PCR1), while the 

second-round products were ~1.0 kb (PCR2). These molecular weights of the PCR products 

were as expected. 
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The amplicons from second round PCR were sequenced to confirm the identity of the 

amplicons, relative to their source and to check for any cross-contamination during the PCR 

process. DS9 (subtype B) and CM9 (subtype C) are shown as examples of the results of Sanger 

sequencing (Figure 3.4A). The chromatograms resulting from sequencing with four primers 

were trimmed on both terminal regions before a consensus sequence was created and aligned 

to its respective reference sequence (Figure 3.4A). Although four primers were used for Sanger 

sequencing, PFOR-IN consistently failed to generate sequence reads, and was omitted from the 

alignments. The chromatograms showed clear, distinguishable peaks for the Pol101R and 

PolSexAF primers for both DS9 and CM9 strains and less clear peaks for the PREV-IN primer 

(Figure 3.4A). However, each set of the three primer sequences aligned well with each other, 

and there were no discrepancies with their reference sequences (Figure 3.4A). The results 

showed that both DS9 and CM9 PCR products amplified correctly, as their sequences yielded 

a unanimous consensus sequence individually that aligns correctly with their reference 

sequence. 

Thereafter, the consensus sequences of each of the amplicons were aligned to their reference 

sequence from GenBank via the Los Alamos HIV Sequence Database 

(https://www.hiv.lanl.gov/), and a phylogenetic tree was constructed (Figure 3.4B).

 

https://www.hiv.lanl.gov/
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Figure 3.4. Alignment of PCR sequences and phylogenetic tree of wild-type HIV-1 

laboratory-adapted strains. (A) Chromatograms of the sequence reads were aligned, and a 

consensus sequence for each of the laboratory-adapted strains’ amplicons was obtained. The 

PFOR-IN primer failed to sequence, and hence, no chromatogram is available for it. The 

sequences of all three reads show complete similarity to the corresponding reference sequence, 

and distinct peaks in the chromatograms indicate quality screening. (B) The consensus PCR 

sequences were aligned to the reference sequences of the laboratory-adapted strains, obtained 

from the Los Alamos HIV Sequence Database. Two distinct subtype clusters can be observed, 

and all the PCR products are closely related to their respective reference sequences.  
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The phylogenetic tree revealed the sequences from DS9, LTNP5, SM1, and SM2 were 

clustering with that of p8.9NSX (subtype B), and that CM9, DU151, DU179, and DU422 were 

clustering with that of p8.9MJ4 (subtype C; Figure 3.4B). The values on each of the branches 

indicate the number of substitutions per site, which, if multiplied by 100 and then subtracted 

from 100, gives the percentage bootstrap value. The tree shows that each of the PCR products 

is related to their respective reference sequence. Although the PCR product of LTNP5 did not 

cluster directly with its reference sequence, its bootstrap value was calculated to be 94.89% 

[(0.0255 + 0.0061 + 0.0195) x 100 – 100; Figure 3.4B]. Upon closer sequence inspection, the 

PCR product of LTNP5 aligned with its reference sequence.  

This phylogenetic analysis confirmed that each sequence aligned with its corresponding 

reference strain and no cross-contamination occurred during PCR amplification. The tree also 

validated that p8.9MJ4 and p8.9NSX were representative subtypes of these laboratory-adapted 

strains. This validation process ensured the fidelity of the genetic constructs for subsequent 

investigations into ISL susceptibility against different WT HIV-1 variants. 
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Subsequently, the second-round PCR products were electrophoresed on a 1% agarose gel. The 

band at 1 kb was excised from the agarose gel and the DNA was extracted from the gel to purify 

the PCR product. The purified second-round PCR product was then cloned into the TOPO-TA 

vector. Colony PCR was performed to select successful clones, as shown for subtype B DS9 in 

Figure 3.5. Results showed that clones c2, c3, and c4 contained inserts in their respective TOPO 

vectors, since a ~ 1 kb amplicon could be observed, whereas c1 was unsuccessful, as indicated 

by the absence of a band (Figure 3.5). The colonies of successful clones for both subtype B and 

subtype C laboratory-adapted strains were inoculated into LB broth with carbenicillin, cultured 

overnight, and the plasmid DNA extracted. The identity of the inserts was then confirmed 

through Sanger sequencing, which revealed that each strain had been successfully cloned into 

the TOPO-TA vector. 

Figure 3.5. Agarose gel of colony PCR of DS9 laboratory-adapted strain. Colony PCR was 

performed post-TOPO-TA cloning to select the successful clones to be inoculated, cultured, 

and plasmid DNA extracted. The presence of a ~ 1 kb amplicon demonstrates that TOPO-TA 

cloning was successful in three out of four DS9 colonies. 

The respective TOPO-TA clones of the laboratory-adapted strains underwent a restriction 

digest to excise the reverse transcriptase inserts from the TOPO plasmids. The p8.9MJ4 and 

p8.9NSX vectors were also digested to excise the backbone, after which ligation of the reverse 

transcriptase and respective p8.9 backbones was performed. Colony PCR was performed to 

select the successful clones. The colonies of successful clones were inoculated into LB broth 

with carbenicillin, cultured overnight, and the plasmid DNA extracted. The identity of the 

inserts was confirmed through Sanger sequencing. The final laboratory-adapted strain cloned 

into its respective p8.9 vector is labelled as “Pheno”, as this plasmid was used downstream to 

produce PSV for the phenotypic assays. 
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Lastly, a comparative analysis of each laboratory-adapted strain was conducted through 

agarose gel electrophoresis of the second-round nested PCR product (“PCR”), the PCR product 

housed within the TOPO-TA vector (“TOPO”), and the p8.9 plasmid containing the PCR 

product (“Pheno”, refer to Figure 3.6).  

For each strain, a distinct band at approximately 1.0 kb could be observed which shows the 

presence of the correctly sized reverse transcriptase fragment at each step of the cloning process 

(Figure 3.6). Three bands were seen for the “TOPO” plasmids, as the TOPO-TA backbone 

contains multiple PvuI/HpaI sites, with the band of interest being the lowermost, 1.0 kb band. 

The modified p8.9 vectors only contained a single PvuI and HpaI restriction site, which 

resulted in a single band (~11 kb) for the plasmid backbone. 

Figure 3.6. Molecular characterization of laboratory-adapted strains for cloning. The 

second-round PCR products (“PCR”), restricted TOPO-TA clones (“TOPO”), and restricted 

p8.9 clones (“Pheno”) were analysed simultaneously on a 1.2% agarose gel. Prior to 

visualization on the agarose gel, 200 ng of each of the TOPO-TA and p8.9 clones were digested 

with PvuI and HpaI to excise the inserts. A DNA fragment of approximately 1 kb was 

consistently observed in all three DNA types for each strain. 
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After the success of the cloning was confirmed, PSVs of the laboratory-adapted strains were 

produced by co-transfecting the p8.9 clones with pCSFLW and pHEF-VSVG into HEK293T 

cells. The subsequent titration of these PSVs was conducted to ascertain the optimal dilution 

factor for subsequent phenotypic assays, using a PSV dilution that would yield 1 × 106 RLU 

in the media-only (no drug) wells (Figure 3.7). High viral titres were consistently achieved 

across all laboratory-adapted strain PSVs. However, a plateau in viral titres was observed for 

SM2, CM9, DU151, DU179, and DU422 at the lowest dilution (i.e., 2-fold final dilution), as 

illustrated in Figure 3.7. It is plausible that the plateauing phenomenon occurred as a result of 

the limited number of HEK293T cells in each well. When the entirety of the HEK293T cell 

population becomes infected, leaving no additional susceptible cells for subsequent PSV 

infection, no additional increase in the amount of bioluminescence would be observed. Thus, 

this limitation in the number of host cells may have contributed to the observed saturation in 

viral titres. In addition, the potential cytopathic effects of the high viral titres could also have 

contributed to some of the HEK293T cells dying, which limited further increases in 

bioluminescence. 

 

Figure 3.7. Viral titres of laboratory-adapted strain PSVs. Viral titres were determined to 

obtain the dilution of PSV needed to reach bioluminescence of an RLU value of 𝟏 × 𝟏𝟎𝟔 in 

the media control (no drug) wells. In general, a linear trend was observed between viral titre 

and bioluminescence. For all laboratory-adapted strains, the graph was extrapolated to 

determine the dilution factor used in phenotypic activity assays, as viral titres were high 

(> 5 × 106 RLU).  
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The PSV dilution that would achieve a bioluminescence of 1 × 106 RLU was calculated for 

each laboratory-adapted strain (Table 3.3). The dilution factors were generally high for all 

PSVs (i.e. 208 – 427-fold). The CM9 PSV had the highest dilution factor of 427-fold, while 

the Du179 PSV had the lowest dilution factor of 208-fold (Table 3.3). 

Table 3.3. Dilution factors of laboratory-adapted strain PSVs.  

Subtype Strain Dilution factor *Adjusted volume (µL) 

 

B 

DS9 414 7.25 

LTNP5 406 7.39 

SM1 375 8.00 

SM2 422 7.11 

 

C 

CM9 427 7.03 

DU151 375 8.00 

DU179 208 14.42 

DU422 382 7.85 
* The adjusted volume of PSV used in downstream phenotypic assays was calculated by dividing the dilution 

factor by two since the addition of the PSV and cells (in 50 µL) to the drugs would result in a further 2-fold 

dilution of the PSV.  
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3.1.3. ISL potencies to wild-type HIV-1 subtype B and C laboratory-adapted PSV 

Phenotypic assays were systematically executed to evaluate the impact of WT laboratory-

adapted HIV-1 strain PSVs on the activity of ISL. The WT NSX and MJ4 PSVs were used as 

comparative control PSVs for the subtype B and C PSVs, respectively.  

The IC50 values of the laboratory-adapted PSVs were expressed as the fold change (FC) in IC50 

relative to their corresponding PSVs: MJ4 (IC50 = 16.77 nM) or NSX (IC50 = 15.20 nM) (Figure 

3.8, Table 3.4). For the subtype B laboratory-adapted PSVs, the FC values ranged from 0.53-

fold to 1.59-fold of the IC50 of the NSX PSV: DS9 (0.53 ± 0.25 FC), LTNP5 (1.59 ± 0.82 FC), 

SM1 (1.12 ± 0.13 FC), SM2 (1.01 ± 0.21 FC) (Table 3.4). Hence, ISL was more potent in 

inhibiting the DS9 PSV, and less potent in inhibiting the LTNP PSV, when compared to the 

NSX PSV. For the subtype C laboratory-adapted PSVs, the FC values ranged from 0.50-fold 

to 0.97-fold of the IC50 of the MJ4 PSV: CM9 (0.87 ± 0.17 FC), DU151 (0.89 ± 0.35 FC), 

DU179 (0.97 ± 0.22 FC), DU422 (0.50 ± 0.31 FC) (Table 3.4). DU422 had an FC value lower 

than the other subtype C laboratory-adapted PSV and MJ4s, indicating that this strain may be 

more susceptible to ISL than the other subtype C laboratory-adapted PSVs. 

To assess whether the differences in ISL potency were statistically significant within each 

subtype (i.e., intra-subtype), an unpaired, parametric t-test was performed that incorporated 

Welch’s correction to account for the unequal standard deviations that were observed across 

the data set (Table 3.4). 

 

 

 

 

 

 

 

Figure 3.8. Fold change in ISL IC50 values of subtypes B and C wild-type laboratory-

adapted strains. A phenotypic activity assay was conducted to determine whether ISL had 

similar potencies against different WT strains and subtypes of HIV-1. IC50 values are expressed 

as fold change differences to the IC50 of the relevant WT subtype control.  
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Table 3.4. Intra-subtype comparison of fold-change values of wild-type laboratory-

adapted HIV-1 PSVs in response to ISL. 

 

Subtype 

 

Strain 

Average IC50 

(nM) 

(Standard 

deviation) 

Fold change 

Average  

(Standard 

deviation) 

Welch’s t-test 

*p-value 

Significant  

p-value  

(p < 0.05) 

 

 

B 

p8.9NSX 15.20 (2.68) 1.00 (0.18) - - 

DS9 8.13 (3.77) 0.53 (0.25) 0.0609 No 

LTNP5 24.15 (12.53) 1.59 (0.82) 0.3407 No 

SM1 17.05 (2.01) 1.12 (0.13) 0.2935 No 

SM2 15.35 (3.18) 1.01 (0.21) 0.9458 No 

 

 

C 

p8.9MJ4 16.77 (8.39) 1.00 (0.50) - - 

CM9 14.65 (2.89) 0.87 (0.17) 0.7127 No 

DU151 14.99 (5.85) 0.89 (0.35) 0.7807 No 

DU179 16.24 (3.69) 0.97 (0.22) 0.9273 No 

DU422 8.43 (5.22) 0.50 (0.31) 0.2312 No 
* Significance was calculated by comparing the average fold change to the fold change of the respective subtype’s 

p8.9 WT using an unpaired t-test (Welch’s t-test). 

Welch’s correction is particularly pertinent in instances where the assumption of equal variance 

may not be met, enhancing the reliability of the t-test outcomes, and mitigating potential biases 

associated with unequal standard deviations. A p-value below 0.05 was considered to indicate 

a significant difference. 

For the subtype B laboratory-adapted PSVs, DS9 displayed an FC value approximately two-

fold less than that of the NSX PSV (Table 3.4). However, there was no statistically significant 

difference between the FCs of the NSX and DS9 PSVs, (p-value 0.0609). The remaining three 

laboratory-adapted PSVs displayed an FC value greater than that of the NSX PSV (Table 3.4); 

however, none were significantly different when compared to the NSX PSV’s FC (LTNP5 p = 

0.3407, SM1 p = 0.2935, SM2 p = 0.9458; Table 3.4). For the subtype C laboratory-adapted 

PSVs, all four strains displayed an FC value less than that of the MJ4 PSV (Table 3.4). However, 

there was no statistically significant difference between the FCs of the MJ4 and laboratory-

adapted PSVs (CM9 p = 0.7127, DU151 p = 0.7807, DU179 p = 0.9273, DU422 p = 0.2312; 

Table 3.4). These results indicate that the observed differences in response to ISL in both the 

subtype B and C laboratory-adapted PSVs’, relative to their respective p8.9 PSVs, could be 

attributed to random variability rather than a true difference. 

To assess the significance of differences in the potency of ISL between subtypes (i.e., inter-

subtype), a one-way ANOVA was performed by comparing the IC50 values of the laboratory-

adapted PSVs with each other (Figure 3.9). The analysis specifically scrutinized the IC50 values 

(i.e., not FC values) since no control PSV could be used as a representative (or reference) for 
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both subtypes (Figure 3.9A). The ANOVA was conducted utilizing the Brown-Forsythe and 

Welch parameters, which are particularly suitable for scenarios where the assumption of equal 

variances of parametric data may not hold (Figure 3.9B). Although differences in FC and IC50 

values were observed between the laboratory-adapted PSV from different subtypes, 

particularly with reference to DS9, LTNP5, and DU422, the statistical analysis showed no 

significant difference in potency between any of the subtype B and C laboratory-adapted PSVs. 

 

Figure 3.9. IC50 values of laboratory-adapted PSVs and inter-subtype one-way ANOVA 

test. (A) IC50 values of the laboratory-adapted PSVs showed that the LTNP5 PSV had the 

highest IC50 (0.0241 µM ± 12.53), while the DU422 PSV had the lowest IC50 value (0.0084 

µM ± 0.0052). (B) Statistical analysis was performed using a parametric ANOVA, assuming 

no equal standard deviation. The grid shows the p-values of the inter-subtype comparisons in 

IC50 values. No significant differences were observed between IC50 values. 
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3.1.4. The in vitro dual drug synergies with wild-type HIV-1. 

The synergy between ISL and DOR, as well as ISL with other approved NRTIs (i.e., ABC, AZT, 

FTC, TDF, 3TC) was assessed against the WT HIV-1 subtype C control PSV (i.e., MJ4). The 

combinations of 3TC-EFV and 3TC-TDF were included for comparison. 

3.1.4.1. Toxicity of dual-drug combinations to HEK293T cells. 

Preceding the commencement of in vitro dual drug synergy assays, the assessment of in vitro 

dual drug toxicity was undertaken (Figure 3.10). Although the toxicities of the individual ARVs 

against HEK293T cells have already been established, the combination of ARVs may be more 

toxic and had to be assessed. The toxicity of ISL-DOR was first assessed, with the 3TC-EFV 

combination as a comparator since the 3TC-EFV has been an option for first-line cART 

regimens. 

Figure 3.10. Comparative cytotoxicity analysis of ISL-DOR and 3TC-EFV dual-drug 

combinations in HEK293T cells. Cell viability was assessed following exposure to 

combinations of each drug at varying concentrations. ISL-DOR demonstrated non-toxicity 

across all the combined concentrations. In contrast, 3TC-EFV exhibited cytotoxicity, with a 

notable decline in cell viability observed at the highest concentration of 3TC tested (100 µM). 

Data represent mean values from three independent experiments performed in duplicate. 

Within the ISL-DOR combination, the assessment of toxicity on HEK293T cells revealed a 

notable absence of cytotoxic effects (Figure 3.10). The viability of cells exposed to ISL-DOR 

consistently ranged between 80% and 100%. This observation indicates that the toxicity of this 

ARV combination would not interfere with the subsequent dual-drug antiviral synergy 

investigations. Cell viability scores of over 100% were observed, and whilst theoretically 

impossible, this is due to the variation in assays. 

The 3TC-EFV combination, however, exhibited a discernible impact on cellular viability. 

Notably, at the highest concentration of 3TC (i.e., 100 µM), the cell viability decreased to 
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between 60% and 80% (Figure 3.10). This was also observed for 3TC when screened for 

toxicity individually (Figure 3.1).  

Subsequently, dual drug toxicity assays were also performed for ISL paired with various other 

NRTIs (Figure 3.11). The comparative control for these investigations was TDF-3TC, which 

represents two approved NRTIs currently prescribed in combination during first-line cART. 

 

Figure 3.11. Comparative cytotoxicity analysis of ISL-NRTI dual-drug combinations in 

HEK293T cells. Cell viability was assessed following exposure to combinations of varying 

concentrations of each drug. ISL-ABC exhibited cytotoxicity, with a notable decline in cell 

viability observed at the highest concentration of ABC tested (50 µM). All other ISL-NRTI 

combinations demonstrated non-toxicity across the concentration ranges tested. Data represent 

mean values from three independent experiments performed in duplicate. 
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For combinations of ISL with AZT, FTC, TDF, and 3TC, no discernible toxicity was observed 

since cell viability levels remained above 80% over all of the concentration combinations 

(Figure 3.11). The comparative control, TDF combined with 3TC, also exhibited a lack of 

cytotoxicity as cell viability remained above 80%. The toxicity of these ARV combinations 

would therefore not interfere with the subsequent dual drug synergy investigations. For the 

ISL-ABC combination, however, a notable toxic effect at the maximum tested concentration 

of ABC (i.e. 50 µM) was observed, since cell viability was reduced to a range between 60% 

and 80%. These findings underscore the selective cytotoxicity of ISL-ABC in contrast to the 

non-toxic nature of the other ISL-NRTI combinations, and the TDF-3TC control. Therefore, at 

the maximum concentration of ABC tested in the synergy activity assay for ISL-ABC, it is 

discerned that a substantial proportion, ranging from 20% to 40% of the observed viral 

inhibition, may be attributed to the cytotoxic effects of ABC rather than authentic viral 

inhibition. 
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3.1.4.2. Activity of dual-drug combinations to the wild-type control HIV-1 subtype C PSV. 

Once dual-drug cytotoxicity effects had been determined, the phenotypic susceptibility of the 

control WT HIV-1 subtype C PSV (i.e., MJ4) to these drug combinations was examined. First, 

the activity of both ISL-DOR was assessed in the in vitro phenotypic assay to confirm inhibition 

of the PSV, before the activity data was subsequently submitted online for synergy assessment 

(Figure 3.12). The 3TC-EFV combination was included as a comparator. 

 

Figure 3.12. In vitro phenotypic activity of ISL-DOR and 3TC-EFV dual-drug 

combinations on the wild-type MJ4 PSV. Viral activity was assessed following exposure to 

varying combined concentrations of each drug. ISL-DOR, as well as its comparative control 

3TC-EFV, both exhibit viral suppression at their higher concentrations tested. Data represent 

mean values from at least two independent experiments performed in duplicate. 

For both the ISL-DOR and 3TC-EFV combinations, a typical three-dimensional dose-response 

curve was observed. Full viral suppression was observed at the highest drug concentrations for 

ISL, DOR, 3TC, and EFV individually (front and right axis). For the ISL-DOR combination, 

the estimated IC50 value was obtained at approximately 0.4 nM ISL + 2 nM DOR (Figure 3.12). 

This was lower than the IC50 values of ISL and DOR tested individually, which were 1.5 µM 

and 3.7 µM, respectively (Table 3.2). For the 3TC-EFV combination, the estimated IC50 value 

was obtained at 0.44 µM 3TC + 0.4 nM EFV (Figure 3.12). Only the EFV IC50 was lower in 

combination, as its individual IC50 value was 2.5 nM, whereas the IC50 of 3TC was 0.43 µM 

(Table 3.2). Both activity landscapes of the combination ARV drugs do not show synergy, as 

synergistic activity would be depicted by a sharp decrease in percent viral activity at a given 

combination of concentrations of the two ARV drugs. 
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The phenotypic susceptibility of WT HIV-1 to various ISL-NRTI drug combinations was also 

evaluated. A three-dimensional sigmoidal dose-response curve was obtained for all ISL-NRTI 

drug combinations (Figure 3.13). Full viral suppression was observed at the highest 

concentrations of all drugs individually (front and right axis). For both ISL-3TC and TDF-3TC 

combination curves, the level of suppression was not pronounced at the highest combined 

concentrations with 3TC or TDF when compared to other combinations of ARV drugs. This 

can be observed in the slopes of the curves for 3TC and TDF, as these are less steep when 

compared to the gradients observed for the other drugs. Greater inhibition was observed with 

AZT in the ISL-AZT dual-drug combination as the curve shifted toward the left (i.e., greater 

inhibition toward higher AZT concentrations). 

For the ISL-ABC combination, it is essential to acknowledge that while a portion of the 

inhibition at the highest ABC concentration could be attributed to authentic viral suppression, 

an additional 60% to 80% of the observed effect may stem from the cytotoxicity induced by 

high concentrations of ABC, as corroborated by the findings in the toxicity assays (Figure 3.11). 
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Figure 3.13. In vitro phenotypic activity analysis of dual drug combinations on wild-type 

HIV-1. The phenotypic effects of ISL-NRTI and TDF-3TC on HEK293T cells infected with 

WT-HIV-1 are illustrated. Viral activity was assessed following exposure to varying 

concentrations of drug combinations. Data represent mean values from at least two independent 

experiments performed in duplicate. 
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3.1.4.3. Synergy calculations of dual-drug combinations to the wild-type control HIV-1 

subtype C PSV. 

Synergy calculations of dual-drug combinations were performed via Synergy Finder Plus 

(www.synergyfinder.org). The results analysed for the dual-drug combinations (under each of 

the four assumptions discussed previously, Chapter 2: Materials and Methods, 2.2.2.1B, c. 

Synergy activity assay) were obtained in the form of a heat map, a mean synergy score, and a 

p-value. Synergy analysis for the ISL-DOR dual-drug combinations (Figure 3.14A) showed 

that synergy was observed in all four models over all the concentrations of ISL when combined 

with 2.22 nM DOR. The highest synergy scores ranged from 18.16 (ZIP model) to 23.18 

(Loewe model; Figure 3.14A). The highest synergy was seen at a combination of 20 pM ISL 

with 2.22 nM DOR (Loewe model). Although the heat map showed dark shades of red 

(indicating synergy), shades of green (indicating antagonism) were also observed. Overall, the 

mean synergy scores ranged from -0.69 (Bliss model) to 2.58 (Loewe model; Table 3.5), and 

no significant synergism or antagonism (p > 0.080) was observed for the ISL-DOR dual-drug 

combination in vitro.  

 

Figure 3.14A. Synergy analysis of ISL-DOR. ISL and DOR were combined in various 

concentrations. The heat map indicates that some level of synergy is present at 2.22 nM DOR 

with all concentrations of ISL, shown by the synergy score and the dark shade of red in three 

of the four models.   

 

http://www.synergyfinder.org/
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For the comparative 3TC-EFV dual-drug combination, the HSA and Loewe models predicted 

possible low levels of synergy at various combined concentrations of 3TC and EFV, while the 

ZIP and Bliss models predicted possible low levels of antagonism (Figure 3.14B). Although 

the overall mean synergy scores of the HSA (i.e., 2.42) and Loewe models (i.e., 2.23) predicted 

significant synergy (p = 0.0004, and p = 0.0022, respectively; Table 3.5), the ZIP and Bliss 

models suggest significant antagonism, with mean synergy scores of -0.54 and -1.29 (p = 0.042, 

and p = 0.0047, respectively). 

 

(B) 3TC-EFV 

 

Figure 3.14B. Synergy analysis of ISL-DOR comparative control 3TC-EFV. 3TC and EFV 

were combined in various concentrations. The heat map indicates that a low level of synergy 

is present at various combined concentrations, as shown by the light shade of red in two of the 

four models. However, the lack of a significant p-value (i.e. p-value < 0.05) indicates no 

significant synergy between either of the drug combinations. 
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Table 3.5. Mean synergy scores of dual-drug combinations. 

Dual drug 

combination 
Model 

Mean synergy 

score 
P-value 

Significant 

p-value 

ISL-DOR 

ZIP 0.72 0.5740 No 

HSA 1.48 0.1860 No 

Loewe 2.58 0.0830 No 

Bliss -0.69 0.2040 No 

3TC-EFV 

ZIP -0.54 0.0428 Yes 

HSA 2.42 0.0004 Yes 

Loewe 2.23 0.0022 Yes 

Bliss -1.29 0.0047 Yes 

ISL-ABC 

ZIP -0.73 0.0046 Yes 

HSA 0.21 0.7860 No 

Loewe -0.64 0.2440 No 

Bliss -1.26 0.0127 Yes 

ISL-AZT 

ZIP -0.78 0.1200 No 

HSA 0.02 0.9770 No 

Loewe -0.61 0.3800 No 

Bliss -1.47 0.0234 Yes 

ISL-FTC 

ZIP -1.95 0.0021 Yes 

HSA 0.54 0.3250 No 

Loewe -0.23 0.7220 No 

Bliss -2.47 0.0012 Yes 

ISL-TDF 

ZIP 1.22 0.0012 Yes 

HSA 3.21 0.0017 Yes 

Loewe 2.44 0.0004 Yes 

Bliss 1.28 0.0552 No 

ISL-3TC 

ZIP -1.72 0.0425 Yes 

HSA -2.05 0.2140 No 

Loewe -1.64 0.0127 Yes 

Bliss -3.95 0.0335 Yes 

TDF-3TC 

ZIP -2.01 0.00009 Yes 

HSA 0.88 0.2680 No 

Loewe -0.04 0.9430 No 

Bliss -2.81 0.0003 Yes 

ZIP – Zero Interaction Policy, HSA – Highest Single Agent, Loewe – Loewe  

additivity, Bliss – Bliss independence. 
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Next, ISL-NRTI dual-drug combinations were examined. For the ISL-ABC dual-drug 

combination, the highest synergy score was observed at 3.3 nM ISL combined with 3.3 µM 

ABC (HSA model), at a value of 11.1 (Figure 3.15A). The mean synergy score values ranged 

from -1.26 (Bliss model) to 0.21 (HSA model), which was low (Table 3.5). The lowest mean 

synergy score was observed to be -7.89 at a combination of 9.9 pM ISL with 0.99 nM ABC 

(Loewe model), indicating antagonism between ISL-ABC at that concentration. This, coupled 

with the significant p-values of the negative mean synergy scores of the ZIP (p-value 0.0046) 

and Bliss (p-value 0.0127; Table 3.5) models, indicate that rather than a synergistic relationship, 

ISL-ABC is antagonistic at certain concentration combinations. 

 

 

Figure 3.15A. Synergy analysis of ISL-ABC. ISL and ABC were combined in various 

concentrations. The heat map indicates that some level of synergy is various concentrations of 

ISL-ABC in the HSA model, shown by the synergy score and the dark shade of red. There are 

significant p-values in the ZIP and Bliss models (i.e., p-value > 0.05). 
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For the ISL-AZT dual-drug combination, the highest synergy score was observed at 33.3 nM 

ISL combined with 26.7 nM AZT (HSA model), at a value of 6.54 (Figure 3.15B). The mean 

synergy score values ranged from -1.47 (Bliss model) to 0.02 (HSA model; Table 3.5). The 

lowest mean synergy score was observed to be -8.86 at a combination of 0.1 nM ISL with 1.8 

nM AZT (Loewe model), indicating antagonism between ISL-AZT at that concentration. This, 

coupled with the significant p-values of the negative mean synergy score of the Bliss model 

(p-value 0.0234, Table 3.5) indicates that rather than a synergistic relationship, ISL-AZT may 

be antagonistic at certain concentration combinations. 

 

 

Figure 3.15B. Synergy analysis of ISL-AZT. ISL and AZT were combined in various 

concentrations. The heat map indicates that a low level of synergy is present at various 

combined concentrations, shown by the light shade of red in all four models. However, the 

significant p-value (i.e. p-value < 0.05) in the Bliss model which has a negative mean synergy 

score indicates significant antagonism of ISL-AZT at various concentrations.  
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For the ISL-FTC dual-drug combination, the highest synergy score was observed at 0.1 nM 

ISL combined with 3 nM FTC (Loewe model), at a value of 7.72 (Figure 3.15C). The mean 

synergy score values ranged from -2.47 (Bliss model) to 0.54 (HSA model; Table 3.5). The 

lowest mean synergy score was observed to be -11.93 at a combination of 2.2 nM ISL with 0.7 

µM FTC (ZIP model), indicating antagonism between ISL-FTC at that concentration. This, 

coupled with the significant p-values of the negative mean synergy scores of the ZIP (p-value 

0.0021) and Bliss (p-value 0.0012, Table 3.5) models indicates that rather than a synergistic 

relationship, ISL-FTC may be antagonistic at certain concentration combinations. 

 

Figure 3.15C. Synergy analysis of ISL-FTC. ISL and FTC were combined in various 

concentrations. The ZIP and Bliss models indicate more antagonism than synergy at certain 

combination concentrations of ISL-FTC, indicated in dark green, and their significant p-values 

further validate this (i.e., p-value > 0.05).   
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For the ISL-TDF dual-drug combination, the highest synergy score was observed at 2.2 nM 

ISL combined with 8.9 nM TDF (HSA model), at a value of 15.1 (Figure 3.15D). The mean 

synergy score values ranged from 1.22 (ZIP model) to 3.21 (HSA model; Table 3.5). All four 

models had a positive mean synergy score, unanimously indicating some level of synergy 

between ISL-TDF. This, coupled with the significant p-values of the mean synergy scores of 

the ZIP (p-value 0.0012), HSA (p-value 0.0017), and Loewe (p-value 0.0004; Table 3.5) models 

indicate that ISL-AZT has a synergistic relationship at certain concentration combinations. 

 

Figure 3.15D. Synergy analysis of ISL-TDF. ISL and TDF were combined in various 

concentrations. The heat map indicates that a low level of synergy is present at various 

combined concentrations, shown by the light shade of red in all four models. The significant 

p-value (i.e. p-value < 0.05) in the ZIP, HSA, and Loewe models further validate the synergistic 

effects of ISL-TDF.  
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For the ISL-3TC dual-drug combination, the highest synergy score was observed at 9.9 pM 

ISL combined with 29.6 nM 3TC (Bliss model), at a value of 11.33 (Figure 3.15E). The mean 

synergy score values were all negative and ranged from -3.95 (Bliss model) to -1.64 (Loewe 

model; Table 3.5). The lowest mean synergy score was observed to be -28.13 at a combination 

of 0.1 nM ISL with 2 nM 3TC (Bliss model), indicating antagonism between ISL-FTC at that 

concentration. This, coupled with the significant p-values of the negative mean synergy scores 

of the ZIP (p-value 0.0.0425), Loewe (p-value 0.0127) and Bliss (p-value 0.0335, Table 3.5) 

models indicates that rather than a synergistic relationship, ISL-FTC is antagonistic at certain 

concentration combinations. 

 

 

Figure 3.15E. Synergy analysis of ISL-3TC. ISL and 3TC were combined in various 

concentrations. The antagonistic effects of ISL-3TC are highlighted in the models in dark green. 

The ZIP, Loewe, and Bliss models indicate significant antagonistic effects with ISL-3TC (i.e. 

p-value < 0.05). 

 

  



90 

 

For the comparative TDF-3TC dual-drug combination, the mean synergy score of the HSA 

model suggested an additive effect of TDF-3TC, whilst all three other models had negative 

mean synergy scores, indicating antagonism between TDF and 3TC (Figure 3.15F). ZIP and 

Bliss model p-values, which were 0.00009 and 0.0003, respectively, indicate that the 

relationship between TDF and 3TC is significantly antagonistic (Table 3.5). 

 

 

Figure 3.15F. Synergy analysis of ISL-NRTI comparative control TDF-3TC. TDF and 3TC 

were combined in various concentrations. The heat map suggests antagonistic effects of TDF-

3TC in the ZIP and Bliss models, and low synergistic effects in the HSA and Loewe models. 

However, the significant p-value (i.e. p-value < 0.05) in the ZIP and Bliss models, and the 

absence of such in the HSA and Loewe models indicate antagonism between TDF-3TC. 

 

Overall, no significant synergy was observed between ISL and DOR. The ISL-TDF 

combination revealed a potential low, but significant synergistic relationship. ISL combined 

with other NRTIs showed a possible antagonistic relationship, except ISL-TDF, which showed 

a synergistic relationship. 
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3.2. Objective 2: Assessment of the in vitro ISL susceptibility of NRTI-

resistant HIV-1 

3.2.1. Identification of prevalent NRTI drug-resistance mutations in South Africa. 

The NHLS database of samples tested at the Charlotte Maxeke Johannesburg Academic 

Hospital (2016 – 2020; hereon referred to as the CMJAH database) was used to create a pivot 

table to identify the top 20 most prevalent NRTI drug resistance mutation combinations in 

patients experiencing treatment failure. Within the database that contained 7 749 sequences, 

the majority (70.89%) of patients were on a PI-backbone regimen, followed by an NNRTI-

backbone regimen (12.67%), and the least number of patients were on an INSTI-based regimen 

(0.84%; Table 3.6). Whilst 14.87% of patients were on an unknown regimen, the information 

on the complete regimen was unavailable for 0.74% of patients (Table 3.6). The majority of 

“Other” regimens contained one to four NRTIs, of which some have been phased out (i.e., 

stavudine (d4T), or didanosine (DDI)). 

Table 3.6. ARV drug regimens of CMJAH patients who underwent genotype sequencing. 

ARV class 
Number of patients within 

regimen (n = 7 749) 

Frequency (%) 

(n = 
𝒙

𝟕 𝟕𝟒𝟗
 × 𝟏𝟎𝟎) 

NNRTI 982 12.67 

PI 5 493 70.89 

INSTI 65 0.84 

Other* 57 0.74 

Unknown 1 152 14.87 

*Information on the complete regimen was unavailable. 

Within the NNRTI-backbone regimen, the most common combination was FTC-TDF-EFV (n 

= 386, 39.1%), followed by 3TC-ABC-EFV (n = 265, 26.9%). The most common NRTI used 

within the NNRTI-backbone regimen was 3TC (n = 562, 57.2%). Within the PI-backbone 

regimen, the most common combination was 3TC-AZT-LPV/r (n = 2 825, 51.4%), followed 

by 3TC-ABC-LPV/r (n = 966, 17.6%). The most common NRTI used within the PI-backbone 

regimen was 3TC (n = 4 851, 88.3%).  

Overall, within the database, the prevalence of patients receiving NRTI drugs, irrespective of 

regimen, were as follows: 3TC (n = 5 486, 70.8%), AZT (n = 3 415, 44.1%), TDF (n = 1 702, 

22.0 %), ABC (n = 1 474, 19.0%), and FTC (n = 901, 11.6%). 
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From the 7 749 sequences, 5 521 sequences (71.2%) contained NRTI drug resistance mutations. 

The top 20 most prevalent mutation combinations are listed in Table 3.7 according to 

prevalence. The L74V/Y115F/M184V mutation combination was the most common, at a 

prevalence of 2.97%. This was followed by the K65R/M184V mutation combination at a 

prevalence rate of 2.35%. All the other combination mutations had a prevalence of less than 

2%. Sequences with one or more Type 2 TAMs (i.e., D67N, K70R, T215F, K219E) were fairly 

prevalent (n = 372, 6.7%), while sequences with one or more Type 1 TAMs (i.e., M41L, L210W, 

T215Y) were less common (n = 175, 3.2%). There was one sequence that contained a 

combination of Types 1 and 2 TAMs (n = 37, 0.8%). 

Table 3.7. The prevalence of the top 20 combination NRTI mutations in patients with 

NRTI drug-resistance mutations. 

 

Combination mutation profiles 

 

Prevalence (n) 

Prevalence (%) 

(n = 
𝒙

𝟓 𝟓𝟐𝟏
 × 𝟏𝟎𝟎) 

L74V, Y115F, M184V 164 2.97 

K65R, M184V 130 2.35 

L74V, M184V 89 1.61 

D67N, K70R, M184V, K219Q 87 1.58 

A62V, K65R, M184V 79 1.43 

D67N, K70R, M184V, K219E 77 1.39 

M41L, M184V, T215Y 72 1.30 

K70E, M184V 61 1.10 

M41L, M184V 60 1.09 

D67N, M184V 58 1.05 

A62V, M184V 56 1.01 

K65R, M184V, K219E 46 0.83 

D67N, K70E, M184V 44 0.80 

M184V, T215Y 43 0.78 

K65R, Y115F, M184V 40 0.72 

L74I, M184V 38 0.69 

M41L, M184V, T215F 37 0.67 

K65R, K70T, M184V 37 0.67 

D67N, K70R, M184V 32 0.58 

D67N, K70R, M184V, T215F, K219E 28 0.51 

A114S, M184V* - - 

* This mutation profile (and the single mutation A114S) was not in this database; however, a recent study showed 

that the A114S/M184V mutation combination reduced susceptibility to ISL241. Therefore, it was included in this 

study. 
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The individual single NRTI mutants that constitute the combination mutation profiles were also 

identified and tested against ISL. These mutations are shown in Table 3.8, ranked according to 

their prevalence within the 5 521 sequences. The analysis revealed that the foremost single 

mutation was M184V, with a substantial count of 2 105 cases, translating to a prevalence of 

38.13% (Table 3.8). Notably, this single mutant was present in all the most prevalent 

combination mutation profiles (Table 3.7), as well as in over half of the 5 521 sequences. M41L, 

K65R, D67N, and K70R were among the most prevalent single NRTI mutations and were 

observed in combination with other NRTI mutations in > 10% of the sequences. All the other 

single mutations were present at < 1% (Table 3.8). Neither Y115F nor T215F were observed as 

single mutations but were observed in combination with other mutations at prevalences of 9.38% 

(n = 518) and 6.16% (n = 340), respectively. The A114S mutation was published to be selected 

for during in vitro drug escalation studies with ISL and were not observed amongst our 

sequences. All the prevalent single NRTI drug resistance mutations (Table 3.8) were also 

present in the 20 most prevalent combination mutation profiles (Table 3.7). 

Table 3.8. The prevalence of the individual mutations that constitute the top 20 

combination NRTI mutations in patients with NRTI drug-resistance mutations. 

Mutation 

list 

Prevalence 

Single (n) 
Single (%) 

(n = 
𝒙

𝟓 𝟓𝟐𝟏
 × 𝟏𝟎𝟎) 

In combination 

(n) 

In combination (%) 

(n = 
𝒙

𝟓 𝟓𝟐𝟏
 × 𝟏𝟎𝟎) 

M184V 2 105 38.13 3 004 54.41 

D67N 26 0.47 992 17.97 

K65R 18 0.33 724 13.11 

K219Q 11 0.20 391 7.08 

A62V 6 0.11 315 5.71 

K219E 6 0.11 484 8.77 

M41L 4 0.07 630 11.41 

K70R 4 0.07 758 13.73 

L74V 4 0.07 413 7.48 

T215Y 4 0.07 370 6.70 

K70E 2 0.04 303 5.49 

L74I 2 0.04 287 5.20 

K70T 0 0.00 101 1.83 

*A114S 0 0.00 0 0.00 

Y115F 0 0.00 518 9.38 

T215F 0 0.00 340 6.16 

*A114S is an in vitro ISL-selected drug resistance mutation  
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3.2.2. Generation of HIV-1 subtype C PSVs with NRTI mutations. 

The single and combination mutation profiles were introduced through site-directed 

mutagenesis in the control HIV-1 subtype C expression vector (i.e., p8.9MJ4). The design of 

the mutagenesis primers was facilitated using the NEBaseChanger v1 online tool. A total of 26 

primers were designed to introduce mutations into the p8.9MJ4 vector (Table 3.9).  

Table 3.9. Sequences of primers used for site-directed mutagenesis to synthesize single 

and combination mutation profiles. 

Introducing 

mutation 

Base 

plasmid 
Primer Primer sequence (5’ → 3’) 

A62V 
WT Forward AATAAAAAAGAAAGACAGTACTAAGTG 

M184V Reverse ACAAATACTGGAGTATTATATGGATTTTCAG 

A62V K65R/M184V 
Forward AATAAAAAGGAAAGACAGTACTAAG 

Reverse ACAAATACTGGAGTATTATATGGATTTTCAG 

D67N M184V 
Forward CAGTACTAAGTGGAGAAAATTAGTAGAC 

Reverse TTTTTCTTTTTTATTGCAAATACTGGAG 

D67N K70E/M184V 
Forward CAGTACTGAGTGGAGAAAATTAGTAGAC 

Reverse TTTTTCTTTTTTATTGCAAATACTGGAG 

K70T WT 
Forward ATGGAGAAAATTAGTAGACTTCAGGG 

Reverse GTAGTACTGTCTTTCTTTTTTATTGCAAATAC 

K70T K65R/M184V 
Forward GTGGAGAAAATTAGTAGACTTCAGGG 

Reverse GTAGTACTGTCTTTCCTTTTTATTGCAAATAC 

L74I 
WT Forward AGTAGACTTCAGGGAACTTAATAAAAGAAC 

M184V Reverse ATTTTTCTCCACTTAGTACTGTCTTTC 

L74V 
WT Forward AGTAGACTTCAGGGAACTTAATAAAAGAAC 

M184V Reverse ACTTTTCTCCACTTAGTACTGTCTTTC 

Y115F 

WT Forward TTTTTCAGTTCCTTTAGATGAAGGC 

K65R/M184V    

L74V/M184V Reverse AATGCATCCCCCACATCTAATACTGTTAC 

A114S 
WT Forward ATATTTTTCAGTTCCTTTAGATGAAG 

M184V Reverse GAATCCCCCACATCTAATACTGTTACTG 

T215Y M41L/M184V 
Forward CACACCAGACAAGAAACATCAGAAAGAAC 

Reverse TAAAATCCCCACTTTAATAGATGGTTTC 

K219E K65R/M184V 
Forward GAAACATCAGAAAGAACCCCCATTTC 

Reverse TCGTCTGGTGTGGTAAATCCCCACTTTAATAG 

K219Q 
D67N, K70R, 

M184V 

Forward GAAACATCAGAAAGAACCCCCATTTC 

Reverse TGGTCTGGTGTGGTAAATCCCCACTTTAATAG 

WT = wild-type (i.e., p8.9MJ4, a single mutation was introduced into WT p8.9MJ4). 

Some single (n = 10) and combination (n = 8) NRTI mutation profiles were already available 

in our laboratory and are not shown in the table. The generation of mutant combinations was 

accomplished through successive rounds of SDM to systematically introduce mutations 

individually into the vector. For example, the A62V/M184V combination was prepared by 
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introducing the A62V mutation into a vector already harbouring the M184V mutation. When a 

mutation (e.g., K65R) was introduced in close proximity to another mutation in the p8.9MJ4 

vector (e.g., A62V in K65R+M184V), the mutagenesis primers (i.e., A62V) had to incorporate 

the other mutation (i.e., K65R) as well. Therefore, more than one set of mutagenesis primers 

was designed for certain mutations, depending on the base plasmid that was used. This 

approach was selected as it facilitates a more precise and controlled introduction of mutants. 

3.2.3. In vitro phenotypic ISL susceptibility testing of PSVs with single NRTI mutations. 

In a comprehensive evaluation involving multiple independent in vitro assays (n = 41) of the 

WT p8.9MJ4 PSV against ISL, an average IC50 of 8.3 nM was observed, with a standard 

deviation of ± 5.0 nM (IC50 median = 7.3 nM; Figure 3.16A). Individual IC50 values were 

divided by the average IC50 value of the 41 repeats to obtain an average FC value of 1 (median 

FC = 0.87; Figure 3.16B). The standard deviation was calculated to be 0.60 FC. 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.16. Variation in IC50 and FC of ISL against wild-type p8.9MJ4 PSV. (A) Multiple 

independent in vitro assays (n = 41) were conducted to determine the IC50 of ISL against the 

wild-type HIV-1 subtype C virus (i.e., p8.9MJ4). The average IC50 = 8.3 nM ± 5.0 nM (median 

IC50 = 7.3 nM). (B) Each IC50 value was divided by the average IC50 value to determine the 

FC. The average FC was therefore 1.0 ± 0.6 FC (median FC = 0.87). LTCO: lower technical 

cut-off, obtained from the 99th percentile of the IC50 values. 
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To establish meaningful thresholds for the interpretation of FC values, technical cut-off values 

were derived. The lower technical FC cut-off value was determined based on the 99th percentile 

of the variation in the IC50 values as follows: 

LTCO = 
upper IC50 99th percentile

𝑎𝑣𝑒𝑟𝑎𝑔𝑒 𝐼𝐶50
 

           = 
18.1 𝑛𝑀

8.3 𝑛𝑀
 

           = 2.2-fold change 

Additionally, upper-tier cut-off values were incrementally set at intervals of the 99th percentile, 

specifically using 2.2 as the baseline. The established cut-off values for FC were defined as 

follows: 

• FC < 2.2 = Susceptible 

• 2.2 ≤ FC ˂ 4.4 = Potential Low-Level Resistance 

• 4.4 ≤ FC ˂ 6.6 = Low-Level Resistance 

• 6.6 ≤ FC ˂ 8.8 = Intermediate-Level Resistance 

• FC ≥ 8.8 = High-Level Resistance 

This systematic categorization allowed for a classification of ISL susceptibility in the context 

of our in vitro phenotypic assay, providing a gradient of resistance levels that take into 

consideration the variation in the assay.  
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The PSVs of single mutants (n = 16) were tested against ISL in multiple independent in vitro 

phenotypic assays. Results showed that 75% (n = 12) of single mutants (i.e., M41L, K65R, 

D67N, K70E/R/T, L74I, A114S, Y115F, T215Y, K219E/Q) were susceptible to ISL (FC < 2.2; 

Figure 3.17). Three single mutants (i.e., A62V, L74V, T215Y) showed a potential-low-level 

resistance to ISL, as their FC values were greater than 2.2, but less than 4.4. The M184V 

mutants showed low-level resistance to ISL (FC = 4.4). The classification for ISL susceptibility 

of several of the single mutants (i.e., M41L, L74V, A114S, Y115F, M184V, T215Y, K219E) 

spanned over two or three classifications due to the variability in the assay. However, none of 

the mutations caused an intermediate or high level of resistance to ISL. The highly prevalent 

M184V mutation only caused a potential-low to low-level resistance to ISL. 

 

Figure 3.17. Fold change in IC50 of single mutants in subtype C PSVs compared to the 

wild-type PSV. Following the in vitro phenotypic activity assays, the IC50 value for each 

mutant was compared against the IC50 of the MJ4 wild-type PSV, allowing the determination 

of fold changes. The 99th percentile of variation in the wild-type IC50 value, calculated to be 

2.2 (LTCO: lower-technical cut-off), served as the threshold for categorizing mutants as either 

susceptible or having a decreased susceptibility to ISL. Among the single mutants, M41L, 

K65R, D67N, K70E/R/T, L74I, A114S, Y115F, T215F, and K219E/Q demonstrated 

susceptibility to ISL. In contrast, A62V, L74V, and T215Y exhibited potential low-level 

resistance, and M184V exhibited low-level resistance. Susceptible (n), potential low-level 

resistance (n), low-level resistance (n), intermediate resistance (n), high-level resistance (n). 
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Next, a two-sample t-test was performed with the FC values to ascertain whether there were 

any statistically significant differences between the single mutants and the WT MJ4 (Table 

3.10). K65R, K70E, L74I, T215F, and K219Q had FC values < 1, indicating that they were 

susceptible to ISL (Table 3.10). However, K65R, K70E, and T215F had significantly lower FC 

values than the WT MJ4 PSV (K65R p = 0.0088, K70E p = 0.0003, T215F p < 0.0001; Table 

3.10), and may be indicative of hyper-susceptibility. While the remaining nine single mutants 

had an FC value that was higher than that of the WT MJ4 PSV, this was only significant for 

K70T (p = 0.0329), A114S (p = 0.0307), Y115F (p = 0.0289), M184V (p = 0.0081), and T215Y 

(p = 0.0039; Table 3.10). Although their changes in FC were significant, these mutations did 

not dramatically affect ISL susceptibility. 

Table 3.10. Average IC50- and FC values of single NRTI resistant mutants in subtype C. 

 

Mutation 
Average IC50 

(µM) (SD) 

Fold change 

Average 

(SD) 

Welch’s t-

test p-value* 

Significant 

p-value 

In 

literature** 

M41L 0.015 (0.011) 1.8 (1.1) 0.3917 No 0.8 – 2.1241  
A62V 0.026 (0.013) 3.2 (1.3) 0.1400 No - 
K65R 0.003 (0.002) 0.4 (0.2) 0.0088 Yes 0.2168 – 0.4241 
D67N 0.009 (0.006) 1.1 (0.7) 0.7417 No - 
K70E 0.002 (0.001) 0.3 (0.1) 0.0003 Yes - 
K70R 0.011 (0.005) 1.3 (0.5) 0.4079 No - 
K70T 0.013 (0.003) 1.5 (0.3) 0.0329 Yes - 
L74I 0.007 (0.001) 0.8 (0.1) 0.1648 No 0.9 – 1.4241 
L74V 0.020 (0.014) 2.5 (1.5) 0.1765 No 0.2168 
A114S 0.018 (0.004) 2.1 (0.3) 0.0307 Yes 1.9 – 2.2241 
Y115F 0.018 (0.005) 2.2 (0.5) 0.0289 Yes - 
M184V 0.037 (0.009) 4.4 (1.1) 0.0081 Yes 5.0168 – 

12.0241 
T215F 0.004 (0.0003) 0.4 (0.03) <0.0001 Yes - 
T215Y 0.026 (0.005) 2.9 (0.2) 0.0039 Yes 2.5241 
K219E 0.011 (0.008) 1.3 (0.9) 0.4499 No - 
K219Q 0.005 (0.005) 0.6 (0.4) 0.2959 No - 

* Significance was calculated by comparing the average fold change to the fold change of the p8.9 WT using an 

unpaired t-test (Welch’s t-test). 

** The Stanford HIV Drug Resistance Database (https://hivdb.stanford.edu/) provides predictions for drug 

resistance; however, this is not yet available for ISL. Hence, as the final mode of analyzing the single mutation 

PSVs’ FC values, publications were consulted to see if our phenotypic data corresponded with published data. 

  

https://hivdb.stanford.edu/
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Published phenotypic data were only available for M41L, K65R, L74I/V, A114S, M184V, and 

T215Y (Table 3.10). The majority of the single mutations (five out of six) had FC values that 

were in agreement with the literature (M41L, K65R, L74I, A114S, M184V; Table 3.10). The 

L74V single mutant, however, demonstrated an FC value of 2.5 (± 1.5), which was 12.5-fold 

higher than the value reported in the literature of 0.2168. L74V also had the highest standard 

deviations in IC50 (± 0.014 µM) and FC (± 1.5).  

Consequently, this L74V variant was introduced into the HIV-1 subtype B control PSV (i.e., 

NSX), and the subtype B and C laboratory-adapted PSVs to assess if the discrepancy was due 

to viral subtype. As previously described, the technical cut-off values for the HIV-1 subtype B 

PSVs were calculated based on the average IC50 value (7.9 nM ± 5.5 nM) of the wild-type NSX 

PSV screened against ISL in several independent assays (n = 13 median IC50 = 5.9 nM; Figure 

3.18A). Individual NSX PSV IC50 values were divided by the average NSX PSV IC50 value to 

obtain an average FC value of 1 (median FC = 0.74; Figure 3.18B). The standard deviation for 

the FC was calculated to be 0.7.  

 

 

 

 

 

 

 

 

 

 

 

Figure 3.18. Average IC50 and FC of ISL against wild-type p8.9NSX PSV. (A) Multiple 

independent in vitro assays (n = 13) were conducted to determine the IC50 value of ISL against 

the wild-type HIV-1 subtype B virus (i.e., p8.9NSX). The average IC50 concentration was 

shown to be 7.9 nM (median IC50 = 5.9 nM), with a standard deviation of ± 5.5 nM. (B) Each 

IC50 value was divided by the average IC50 value to obtain an average FC value of 1 (median 

FC = 0.74). The standard deviation of the FC value was shown to be ± 0.7. 
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The lower technical FC cut-off value was determined based on the 99th percentile of the 

variation in FC of the IC50 values (i.e., 15.29 nM, FC 1.9). It was noted that the LTCO for 

subtype B was lower than the FC for subtype C (LTCO 2.2). However, the susceptibility of ISL 

against subtype C (i.e., MJ4) was assessed over many more repeats (n = 41) than for subtype 

B (i.e., NSX; n = 13), and additional testing on NSX could reveal similar LTCOs. 

The delineated cut-off values for the FC of subtype B PSVs were as follows:  

• FC < 1.9 = Susceptible 

• 1.9 ≤ FC ˂ 3.8 = Potential Low-Level Resistance 

• 3.8 ≤ FC ˂ 5.7 = Low-Level Resistance 

• 5.7 ≤ FC ˂ 7.6 = Intermediate-Level Resistance 

• FC ≥ 7.6 = High-Level Resistance 

The IC50 values of the L74V mutant in laboratory-adapted PSVs were expressed as the FC in 

IC50 relative to their corresponding WT p8.9 PSVs (i.e., WT MJ4 or WT NSX) (Figure 3.19, 

Table 3.11). The majority of laboratory-adapted PSVs that contained L74V were susceptible to 

ISL, indicated by their FC being below the LTCO of their corresponding WT p8.9 PSVs (Figure 

3.19).  

 

 

 

 

 

 

 

 

 

 

Figure 3.19. Single mutant L74V in wild-type HIV-1 subtype B and C laboratory-adapted 

strains. A phenotypic activity assay was conducted to determine whether ISL had similar 

potencies against the single mutant L74V in different WT strains and subtypes of HIV-1. IC50 

values are expressed as fold change differences to the IC50 of the relevant control subtype. The 

lower technical cut-off (LTCO) for each subtype is indicated on the graph by a dotted line. 
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Table 3.11. Intra-subtype comparison of fold-change values of the L74V mutant in 

laboratory-adapted HIV-1 PSVs in response to ISL. 

Subtype Strain 

Average IC50 

(nM) 

(Standard 

deviation) 

Fold change 

Average  

(Standard 

deviation) 

Welch’s 

t-test 

*p-value 

Significant  

p-value  

(p < 0.05) 

B 

p8.9NSX-WT 7.91 (5.51) 1.00 (0.70) - - 

p8.9NSX-L74V 6.03 (1.78) 0.76 (0.22) 0.3282 No 

DS9-L74V 2.76 (1.27) 0.35 (0.16) 0.0091 Yes 

LTNP5-L74V 8.67 (2.08) 1.10 (0.26) 0.7027 No 

SM1-L74V 6.50 (1.41) 0.82 (0.18) 0.4319 No 

SM2-L74V 6.57 (0.91) 0.83 (0.12) 0.4227 No 

C 

p8.9MJ4-WT 8.32 (4.99) 1.00 (0.60) - - 

p8.9MJ4-L74V 21.00 (14.41) 2.52 (1.73) 0.1765 No 

CM9-L74V 5.37 (0.85) 0.65 (0.10) 0.0047 Yes 

DU151-L74V 4.83 (0.47) 0.58 (0.06) 0.0001 Yes 

DU179-L74V 4.65 (2.10) 0.56 (0.25) 0.0647 No 

DU422-L74V 2.98 (2.16) 0.36 (0.26) 0.0237 Yes 
* Significance was calculated by comparing the average fold change to the fold change of the respective subtype’s 

p8.9 WT using an unpaired, parametric t-test (Welch’s t-test). 

For the L74V in subtype B laboratory-adapted PSVs, the FC values ranged from 0.35-fold to 

1.10-fold of the IC50 of the WT NSX PSV: NSX-L74V (0.76 ± 0.22 FC), DS9-L74V (0.35 ± 

0.16 FC), LTNP5-L74V (1.10 ± 0.26 FC), SM1-L74V (0.82 ± 0.18 FC), SM2-L74V (0.83 ± 

0.12 FC) (Table 3.11). An intra-subtype analysis with Welch’s t-test revealed that the DS9-

L74V PSV was significantly (p = 0.0091) more susceptible (FC = 2.76) to ISL than the WT 

NSX PSV. 

For the L74V in subtype C laboratory-adapted PSVs, the FC values ranged from 0.36-fold to 

2.25-fold of the IC50 of the WT MJ4 PSV: L74V-MJ4 (21.00 ± 14.41 FC), CM9-L74V (0.65 ± 

0.10 FC), DU151-L74V (0.58 ± 0.06 FC), DU179-L74V (0.56 ± 0.25 FC), DU422-L74V (0.36 

± 0.26 FC) (Table 3.11). An intra-subtype analysis with the Welch’s t-test revealed that the 

CM9-L74V (0.65 FC), DU151-L74V (0.58 FC), and DU422-L74V (0.36 FC) PSVs were 

significantly susceptible to ISL than the WT NSX PSV (p < 0.05). Although the MJ4-L74V 

PSV had a higher IC50 value (FC = 2.52) than the WT MJ4 PSV, the non-significance can likely 

be attributed to the large standard deviations observed for the MJ4-L74V PSV due to assay 

variation, and not a true difference. 
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To assess the phenotypic results for any inter-subtype differences in ISL potency against the 

L74V mutants, a one-way ANOVA was performed by comparing the IC50 values of the L74V 

laboratory-adapted PSVs with each other (Figure 3.20). Similar to the WT laboratory-adapted 

analysis, this ANOVA specifically scrutinized the IC50 values (i.e., not FC values) since no 

control PSV could be used as a representative (or reference) for both subtypes (Figure 3.20A). 

The ANOVA was once again conducted utilizing the Brown-Forsythe and Welch parameters 

(Figure 3.20B). 

Figure 3.20. IC50 values of L74V-in laboratory-adapted PSVs and inter-subtype one-way 

ANOVA test. (A) IC50 values of the L74V mutation in laboratory-adapted strains show that the 

LTNP5 PSV has the highest IC50 (0.0087 µM ± 0.0011 µM). DS9 had the lowest IC50 of 0.0028 

µM ± 0.0013 µM. (B) Statistical analysis was performed using parametric parameters, 

assuming no equal standard deviation. The grid shows the p-values of the inter-subtype 

comparisons in IC50 values. A significant difference was observed between the IC50 values of 

the WT MJ4 PSV and the L74V-DS9 PSV (p-value 0.017). 

For the subtype B PSVs, the L74V-LTNP5 PSV had the highest IC50 (8.67 nM ± 2.08 nM), 

whilst the L74V-DS9 PSV had the lowest IC50 (2.76 nM ± 1.27 nM), similar to what was 

observed in the subtype B WT laboratory-adapted PSVs (Figure 3.9A). For the subtype C 

strains, the L74V-MJ4 PSV had the highest IC50 value (21.00 nM ± 14.41 nM), and the L74V-

DU422 PSV, the lowest (2.98 nM ± 2.16 nM). This, too, was observed for the WT subtype C 

laboratory-adapted PSVs (Figure 3.9A). The ANOVA revealed a statistically insignificant 

difference in the IC50 values across the two subtypes, except for the L74V-DS9 PSV and the 

WT MJ4 PSV (Figure 3.20B). This may be due to the minute standard deviation in IC50 values 

of the L74V-DS9 PSV. Based on these observations, the difference between the observed and 

reported susceptibilities of L74V to ISL (Table 3.10) does not seem to be related to the subtype 

but is more likely related to variation in ISL susceptibility of the WT MJ4 PSV.  
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3.2.4. In vitro phenotypic ISL susceptibility testing of PSVs with multiple NRTI mutations. 

HIV-1 subtype C MJ4 PSVs that contained multiple NRTI mutations were screened in vitro for 

resistance to ISL. Overall, the multiple NRTI mutations were more resistant to ISL than the 

single mutations, with only one combination mutation showing full susceptibility to ISL 

(K65R/A62V/M184V, FC 1.4; Figure 3.21, Table 3.12), compared to the 12 single mutants that 

were susceptible to ISL (Figure 3.17). The variation in the assay was also observed to be greater 

for the combination NRTI profiles than for the single mutants, with the greatest standard 

deviation in FC of combination NRTI profiles being 5.3 (Table 3.12), compared to 1.5 for single 

mutants (Table 3.10). When the standard deviations were taken into consideration, the 

D67N/K70E/M184V combination profile spanned four of the five classifications of resistance 

(potential-low level, low-level, intermediate, high; 6.3 ± 2.4 FC; Figure 3.21, Table 3.12), and 

most other combination profiles spanned over two to three classifications of resistance. 

The M41L group demonstrated contrasting results with that of the single mutants. The single 

T215F Type 2 TAM mutant was susceptible to ISL, and the T215Y Type 1 TAM mutant 

conferred potential low-level resistance to ISL. The M41L/M184V mutant displayed a potential 

low-level resistance to ISL (4.3 ± 0.7 FC). However, the addition of T215F to M41L/M184V 

conferred high-level resistance to ISL (10.2 ± 3.1 FC), while the addition of T215Y did not 

lead to an additional decrease in ISL susceptibility (4.1 ± 1.3). 

Mutation profiles containing K65R (referred to as the “K65R group”) were the least resistant 

to ISL, with either a susceptible, or potential-low level resistant phenotype (1.4 – 4.6 FC; Figure 

3.21). The D67N group contained the greatest number of mutation combinations that conferred 

high-level resistance to ISL, especially when D67N/K70R/M184V was combined with 

additional Type 2 TAMs: K219E/Q (15.2 ± 2.2 FC, and 19.4 ± 2.9 FC, respectively), or with 

T215F/K219E (18.9 ± 5.3 FC; Figure 3.21). Interestingly, the L74V group demonstrated the 

same level of susceptibility/potential-low level resistance to ISL (2.6 – 4.4 FC) as the L74V 

single mutation (2.5 ± 1.5 FC), indicating that the addition of M184V or Y115F/M184V to 

L74V did not increase resistance to ISL (Figure 3.21). 

M184V was present in every combination profile. As a single mutation, it conferred a 4.4-fold 

decrease in ISL susceptibility (Figure 3.17). It would therefore be expected that M184V would 

also contribute to decreasing ISL susceptibilities in the combination mutants. Interestingly, the 

K65R single mutant showed a significant increase in ISL susceptibility (0.4 FC ± 0.2 FC, p = 

0.0088; Table 3.10), which seemed to have been transferred to a reduction in ISL resistance in 
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some of the K65R/M184V-containing mutants (1.4 – 4.6 FC), compared to the M184V mutant 

alone. This was also observed for the K70E/M184V mutant (2.6 ± 0.4 FC), where the single 

K70E mutant was significantly more susceptible to ISL (0.3 ± 0.1, p = 0.0003; Table 3.10). A 

reduction in the level of M184V was observed with the addition of A62V, although A62V alone 

showed an increase in ISL FC (i.e., 3.2 ± 1.3). The addition of T215Y to M184V led to an 

additional decrease in ISL susceptibility (6.7 ± 2.6 FC).  
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Figure 3.21. Fold change in IC50 of mutation combinations in subtype C PSVs compared 

to the wild-type MJ4 PSV. Following the in vitro phenotypic activity assays, the IC50 value 

for each mutant was compared against the IC50 of the MJ4 WT PSV, allowing for the 

determination of fold changes. The 99th percentile of variation in the wild-type IC50 value, 

calculated to be 2.2 (LTCO lower technical cut-off), served as the threshold for categorizing 

mutants as either susceptible or resistant to ISL. It was observed that the combination of NRTI 

mutations generally increased resistance to ISL. The A114S/M184V mutation combination 

showed a very high level of resistance to ISL. Its IC50 value was greater than the highest ISL 

concentration tested, and consequently, its FC value was > 60. Susceptible (n), potential low-

level resistance (n), low-level resistance (n), intermediate resistance (n), high-level resistance 

(n). 
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Table 3.12. Average IC50- and FC values of combination NRTI-resistant mutants in subtype C. 

Mutation profile 

Average IC50 

(nM) 

(Standard 

deviation) 

Fold change 

Fold change in 

literature 
Average 

(Standard 

deviation) 

Welch’s t-test 

*p-value 

Significant  

p-value (p < 0.05) 

A62V, M184V 53.85 (8.36) 6.5 (1.0) 0.0152 Yes - 

K70E, M184V 21.40 (3.49) 2.6 (0.4) 0.0246 Yes 2.3168 

L74I, M184V 75.44 (24.35) 9.1 (2.9) 0.0597 No - 

A114S, M184V > tested > 60ǂ <0.0001 Yes 25 – 38241 

M184V, T215Y 55.34 (21.95) 6.7 (2.6) 0.0935 No - 

M41L, 

M184V 35.79 (5.58) 4.3 (0.7) 0.0169 Yes 5.6241 

M184V, T215F 85.00 (25.86) 10.2 (3.1) 0.0142 Yes - 

M184V, T215Y 33.80 (11.09) 4.1 (1.3) 0.0274 Yes - 

K65R, 

M184V 20.83 (3.51) 2.5 (0.4) 0.0277 Yes 2.1168 

A62V, M184V 11.68 (1.70) 1.4 (0.2) 0.0287 Yes - 

K70T, M184V 35.20 (6.96) 4.2 (0.8) 0.0293 Yes - 

Y115F, M184V 21.43 (8.00) 2.6 (1.0) 0.1438 No - 

M184V, K219E 38.45 (5.62) 4.6 (0.7) 0.0142 Yes - 

D67N, 

M184V 77.51 (25.66) 9.3 (3.1) 0.0621 No - 

K70E, M184V 52.18 (20.34) 6.3 (2.4) 0.0923 No - 

K70R, M184V 49.28 (1.70) 5.9 (0.2) <0.0001 Yes - 

K70R, M184V, K219E 126.64 (18.33) 15.2 (2.2) 0.0116 Yes - 

K70R, M184V, K219Q 161.16 (23.91) 19.4 (2.9) 0.0119 Yes - 

K70R, M184V, T215F, K219E 157.34 (43.85) 18.9 (5.3) 0.0406 Yes - 

L74V, 
M184V 21.93 (8.93) 2.6 (1.1) 0.1620 No 2.3168 

Y115F, M184V 37.13 (5.16) 4.5 (0.6) 0.0127 Yes - 

The average IC50- and FC values were calculated using the average WT MJ4 IC50 value of 8.3 nM (± 5.0 nM). 

ǂ60 was the maximum FC value possible, as the highest concentration of ISL tested (0.5 µM) divided by the average WT MJ4 IC50 value of 8.3 nM = 60. 
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The A114S/M184V combination profile conferred very high levels of resistance to ISL, 

eliciting an IC50 value beyond the highest concentration of ISL tested (0.5 µM), and hence, a 

maximum fold change value of 60 (Figure 3.21, Table 3.12). This was unexpected when 

looking solely at their individual occurrences, with A114S being susceptible to ISL (2.1 ± 0.3 

FC) and M184V conferring potential-low level of resistance (Figure 3.17). Another unexpected 

combination result was that of the L74I/M184V profile. While L74I alone was susceptible to 

ISL (0.8 ± 0.1 FC; Figure 3.17), together with M184V, the combination profile conferred high 

levels of resistance to ISL, with an FC value of 9.1 ± 2.9 (Figure 3.21). 

Next, the FC of the combination mutants were compared to the FC of the WT MJ4 PSV to 

ascertain whether there were any significant differences (Table 3.12). A parametric, unpaired, 

two-tailed t-test was used. The majority of the combination mutation PSVs showed a 

significant difference (p-value < 0.05) in FC from that of the WT MJ4 PSV (Table 3.12). This 

was expected, as the majority of the combination mutation PSVs conferred at least some level 

of resistance to ISL (Figure 3.21). No significant difference was observed for the following 

combination profiles when their FC values were compared to that of the WT MJ4 PSV: 

L74I/M184V, M184V/T215Y, K65R/Y115F/M184V, D67N/M184V, D67N/K70E/M184V, 

and L74V/M184V (Table 3.12). Although all these combination mutations’ FC values 

suggested a level of resistance to ISL, their large standard deviations may have resulted in 

statistically insignificant differences when compared to the FC of the WT MJ4 PSV. 

Compared to the A114S/M184V combination mutation, all the other combination mutation 

PSVs had lower FC values (Figure 3.21). The D67N/K70R/M184V/K219EQ PSVs also had a 

higher FC value than the majority of the other combination mutation profiles (Figure 3.21). 

Interestingly, the D67N/K70R/M184V/T215F/K219E PSV, despite containing an extra TAM 

and a higher number of mutations, had a less significant FC value when compared to that of 

the D67N/K70R/M184V/K219EQ PSVs (Figure 3.21). 

Published phenotypic data were only available for K70E/M184V, A114S/M184V, 

M41L/M184V, K65R/M184V, and L74V/M184V (Table 3.12). All these combination profiles 

had FC values that were in agreement with the literature, hence validating this study’s 

phenotypic data. 
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Chapter 4: Discussion 

The emergence of drug resistance and the manifestation of adverse effects pose significant 

threats to the efficacy of cART treatment protocols, potentially culminating in treatment failure. 

Considering the integral role of NRTIs in all treatment regimens, there exists a compelling 

imperative for the development and exploration of novel RTIs, capable of effectively 

addressing prevailing NRTI-resistant viral variants. Accordingly, this study aimed to 

investigate the in vitro phenotypic drug susceptibility of HIV-1 subtype C NRTI drug-resistant 

variants to ISL, seeking to shed light on its potential efficacy against viruses with prevalent 

NRTI resistance mutations. Using an in vitro single-cycle non-replication assay, the potency of 

ISL was shown to be similar and statistically insignificant between WT laboratory-adapted 

PSVs of subtypes B and C. Furthermore, the dual-drug combination of ISL with TDF showed 

significant synergy in the inhibition of WT HIV-1 subtype C PSVs. Single prevalent NRTI drug 

resistance mutations were shown to be susceptible or pose a low level of resistance to ISL in 

HIV-1 subtype C PSVs. The highly prevalent M184V mutation conferred only a low resistance 

level to ISL, whereas the K65R mutation was found to be potentially hypersusceptible to ISL. 

Within the prevalent combinations of NRTI mutations, combinations with K65R/M814V 

increased the susceptibility to ISL, whereas the presence of multiple Type 2 TAMs drastically 

decreased susceptibility to ISL in HIV-1 subtype C PSVs.  

Although all WT HIV-1 group M subtypes are susceptible to ARVs, the range of their 

sensitivities to ARVs and their pathways to resistance may differ242,243. Since there can be up 

to 15% – 20% genetic variation within a single subtype244, ARV sensitivity within subtypes 

may also differ. To assess whether this may be true for ISL potency against wild-type variants, 

differences in susceptibility to WT HIV-1 between, as well as within, subtypes B and C PSVs 

were tested. This study’s results showed that there were no significant differences in potency 

of ISL within subtypes. Although the LNTP5 HIV-1 subtype B PSV showed a considerably 

higher IC50 than its corresponding WT PSV (i.e., NSX), the large standard deviation within 

LTNP5 repeat experiments proved its higher average IC50 to be insignificantly different from 

NSX. Overall, these results provide valuable insights into the uniformity of ISL potency across 

the laboratory-adapted strains that were investigated. This suggests that viral subtypes, at least 

relating to subtypes B and C, would therefore not be expected to impact ISL treatment efficacy. 

This is supported by an ex vivo study that investigated ISL potency on WT viruses from 
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different subtypes (subtype B n = 5, subtype C n = 15, subtype A1-like n = 1, CRF AE n = 1, 

CRF AG n = 2), that found no statistically significant difference245. 

To our knowledge, the synergy of dual-drug combinations in terms of ARV drugs has not been 

evaluated using the method of this study. Three previous studies conducted on ARV synergism 

were consulted. Feng et al. investigated the inhibition of HIV-1 RT by the TFV/FTC/EFV 

triple-drug combination using both cell culture and biochemical assays246. This study found 

that there was significant synergy between the three ARV drugs under certain enzymatic 

conditions in inhibiting RT. Chou et al. evaluated the synergy between TFV and nanoparticle-

based EFV, finding significant decreases in the IC50 of the drugs when TFV was paired with 

the nanoparticle-based EFV as compared to the IC50 of TFV and free-EFV247. Lai et al. 

evaluated the combination of ISL+DOR and concluded that the breakthrough concentration for 

ISL+DOR was lower than their individual IC50 values and, hence, evidence of synergy between 

ISL+DOR248. 

The method used to assess dual-drug synergy in this study relied on four different models that 

predict synergy in terms of a mean synergy score, and whether this score was significant or not 

(p < 0.05). However, different models within a dual-drug combination reported negative and 

positive mean synergy scores, resulting in contrasting conclusions as to whether the effect of 

the dual-drug combination was synergistic or antagonistic.  

The ISL-DOR dual-drug combination reported no statistically significant synergy between the 

drugs; however, as the mean synergy scores were positive for three out of the four models, we 

hypothesise that their interaction may be additive. For the NRTI-NNRTI comparative control, 

3TC-EFV showed significant synergy in two models, and significant antagonism in the 

remaining two models. A previous study investigating the relationship between ISL and other 

NNRTIs has also found significant synergy between ISL-RPV, and an additive relationship 

between ISL-EFV and ISL-ETR. The synergistic relationship between some NRTIs and 

NNRTIs has been observed in previous studies246,249–251. 

Four out of the five NRTIs (ABC, AZT, FTC, 3TC) paired with ISL in the dual-drug 

combinations revealed significant antagonism. This was also observed for the TDF-3TC 

comparative control. As NRTIs bind to the active site of the polymerase, the antagonistic effects 

of NRTIs in combination may be a result of competitive binding84. These results were in line 

with those observed by Hachiya et al.252, who found antagonism between ISL-XTC using the 

median effect principle253. Surprisingly, the ISL-TDF dual-drug combination displayed 
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significant synergy in three out of the four models, with the highest level of synergy observed 

at 2.2 nM ISL + 8.9 nM TDF in the HSA model. Previous research has also shown that ISL-

TDF together may have an additive effect252. We hypothesise a possible reason for this outcome, 

being related to their clinically active forms. TDF is active as a diphosphate (TFV-DP), whereas 

all the other NRTI drugs require tri-phosphorylation before they are activated. Although ISL is 

also active as a triphosphate, its conversion to ISL-TP is more efficient due to its 3’-OH 

group170,254,255. Further, it has a longer intracellular half-life due to its 2-fluorine substitution 

when compared to other NRTIs170,256. Although unexplored, we hypothesise that these 

characteristics of TDF and ISL together may potentially contribute to their synergistic 

relationship. This nature of ISL+TDF implies that if used in combination therapy, the dose of 

one or both drugs may be reduced, which is favourable in terms of potentially reducing adverse 

effects and intolerance to the drug(s). 

The genotypic drug resistance testing database that was employed for this study included 

sequences from drug resistance testing performed during 2016 – 2020 by the CMJAH. 

Accordingly, the 2015 national treatment guidelines (with TDF + XTC + EFV as first-line 

regimen for adolescents/adults)85 were in place during most of that time, while the new 

guidelines (with a TDF + 3TC + DTG (“TLD”) as first-line regimen for adolescents/adults) 

only took effect from May 201986. ABC, instead of TDF, was prescribed to patients with renal 

disease, who used other nephrotoxic drugs or who were treated for multidrug-resistant TB 

(MDR TB). Patients failing the EFV-based first-line treatment were transitioned onto a PI-

based second-line regimen after virological failure (defined as two consecutive VL > 1 000 

copies/mL), two months apart, despite good adherence. Patients typically received AZT + 3TC 

+ LPV/r, although TDF was also included in cases of HBV co-infection. A switch to ABC 

(instead of TDF) was recommended in cases of anaemia and renal failure.  

Patients entering cART during and after 2019 were initiated on the TLD-containing first-line 

regimen, and patients already receiving EFV-based first-line regimens were offered the option 

to transition to a TLD-based therapy86. Patients failing an EFV- or DTG-based first-line 

regimen were recommended to switch to a boosted PI-based regimen. The criteria for switching 

from an EFV-based regimen were similar to the 2015 guidelines, but switching from a DTG-

based regimen was only recommended for patients with a VL > 1 000 copies/mL on at least 

three visits over the course of two years, or if the virological failure was accompanied with 

immunological or clinical failure and confirmed by DTG-resistance testing. It is important to 

note that, in agreement with the 2015 and 2019 National Treatment Guidelines, genotypic drug 
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resistance testing was typically not performed after failure on an EFV- or DTG-based first-line 

regimen but only after failure on a boosted PI-based or DTG-based second-line regimen85,86.  

The genotypic drug resistance database from the CMJAH database that was used in this study 

reflects this, as the majority of sequences (70.9%) were obtained from patients failing a PI-

based regimen. Therefore, this study could potentially have missed NRTI drug resistance 

mutations that are prevalent during first-line failure. To investigate this, reference was made to 

a national cross-sectional survey that was performed in South Africa between 2013 - 2014 that 

identified ARV drug resistance amongst patients failing NNRTI-based regimens in the public 

sector throughout South Africa257. The following mutations were observed: M41L, A62V, 

K65R/N, D67N, T69del, K70E/R, L74I/V, V75I, F77L, Y115F, F116Y, Q151M, M184V/I, 

L210W, T215F/Y, and K219E/Q, along with TAMs that were unspecified. The M184V and 

K65R were the most prevalent mutations, at 82.7% and 45.8%, respectively. The prevalence of 

TAMs varied from 4.4% to 20.4%. The majority of the NRTI drug resistance mutations listed 

above were also observed in the 20 most prevalent NRTI drug resistance mutations in the 

CMJAH genotypic drug resistance database that was used for this study, except the T69del, 

V75I, F77L, F116Y, Q151M, and L210W mutations. These six mutations appeared at a 

prevalence of less than 5% in the national survey257. Therefore, although this study may not 

have included all NRTI drug resistance mutations observed at first-line failure, it could still be 

considered relevant since the most prevalent mutations were included.  

At least two NRTIs are included in each treatment regimen, with preference given to TDF and 

3TC. Both of these drugs are also used in the second-line regimens, in conjunction with AZT. 

When scrutinizing the CMJAH genotypic drug resistance database, we observed signature 

mutations related to resistance to TDF (i.e., K65R)258–260, 3TC (i.e., M184V)261,262 and AZT 

(i.e., Type-1 and Type-1 TAMS263. The previously mentioned national study’s results showed 

that 57.5% of patients who were failing a TDF-based regimen harboured the K65R mutation257. 

Compared to this, the prevalence of the K65R mutation in our study was low, being observed 

in 0.33% of sequences as a single mutation, and in 13.11% of sequences, in combination with 

one or more other NRTI mutations. However, this low prevalence was expected, as most 

patients were not exposed to TDF at the time of genotyping, and hence, no pressure was present 

for the selection of the K65R mutation. When appearing alone, the K65R mutation has been 

reported to be less susceptible to XTC (8.4- and 8.8-fold264), but more susceptible to AZT265,266. 

Our data showed that K65R alone was significantly more susceptible to ISL (i.e., 0.4 ± 0.2 FC) 

than the WT reference, possibly suggesting its hyper-susceptible nature. This is in agreement 
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with a previous study performed, albeit in an HIV-1 subtype B setting168. Although it is well 

known that the K65R mutation causes a deficit in viral replication267, an in vitro passage study 

showed that the single K65R mutant rapidly reverted to WT in the presence of ISL. This points 

to a favourable outcome for the treatment of K65R-containing variants with ISL, as this mutant 

renders the virus hypersusceptible. 

A large proportion of the patients (i.e., 70.8%, n = 
5 486

7 749
)  from the CMJAH genotypic drug 

resistance database received 3TC as a part of their regimen. XTC has been found to be the 

primary driver behind the emergence of the M184V mutation, and this is supported by the 

genotypic data from the database which showed the mutation to be present at 38.13% in 

isolation and 54.41% in combination with other drug resistance mutations. The previously 

mentioned national cross-sectional study found the prevalence of M184V to be 78.2% in 

patients failing a first-line TDF-based regimen257. The M184V mutation decreases 

susceptibility to XTC by a factor ranging from 100- to 1 000-fold in in vitro settings261,262. On 

the contrary, the M184V mutant is < 3-fold more susceptible to AZT265 and showed a 0.6-fold 

hypersusceptible to TDF268. Our data showed that the M184V mutation conferred potential-

low level resistance to ISL, at a mean FC value of 4.4 ± 1.1. This is in agreement with the 

literature, where M184V showed a modest decrease in ISL susceptibility by 5-fold168. This 

implies that ISL would still be efficacious in the treatment of patients with M184V-containing 

viral variants, which is much needed due to the mutation’s high prevalence. Supporting this is 

the in vivo animal study performed on rhesus macaques, that were infected with the simian 

immunodeficiency virus containing the M184V mutant269. The study showed no viral 

breakthrough of this viral strain under ISL therapy, further validating ISL’s efficacy against 

M184V-containing viral strains. 

Separately and in combination, the K65R and M184V mutations are two of the most common 

NRTI mutations to develop in those infected with HIV-1 subtype C, who are failing on a first-

line NNRTI-backbone regimen containing TDF and 3TC270,271. This was also observed in the 

CMJAH genotypic drug resistance database, which showed that the K65R+M184V 

combination mutation was the second highest in terms of prevalence at 2.35%. While K65R 

and M184V are antagonistic mutations and cause a viral fitness deficit272, the Stanford HIV 

Drug Resistance Algorithm273 (https://hivdb.stanford.edu/) predicts the combination to confer 

high-level resistance to ABC and XTC, and intermediate resistance to TDF. Our data showed 

that this combination conferred potential low-level resistance to ISL. The K65R mutation 

https://hivdb.stanford.edu/
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potentially sensitized the M184V mutant to ISL as it led to a 1.8-fold reduction in FC. This 

increase in ISL susceptibility of K65R+M184V has also been observed in previous studies168,274. 

Additionally, the increase in ISL susceptibility of K65R+M184V has also been observed with 

AZT272. 

Interestingly, the combination mutation profiles that contained other NRTI mutations (i.e., 

A62V, K70T, Y115F or K219E) in addition to K65R+M184V, were susceptible to or conferred 

only a potential low-level resistance to ISL, indicating that the addition of other NRTI 

mutations to K65R+M184V did not cause a further decrease in ISL susceptibility. This finding 

is significant, especially in a subtype C setting where 13.11% (n = 724) of patients presenting 

with NRTI mutations failing second-line therapy contained the K65R mutant in combination 

with other mutations.  

Although AZT or ABC are occasionally included in first-line treatment, AZT is one of the main 

NRTIs used in PI-based second-line treatment. AZT has a low barrier to the development of 

drug resistance and often selects for TAMs275–277. TAMs occur in two distinguishable, yet 

overlapping patterns263,278,279: Type 1 TAMs include M41L, L210W, and T215Y; Type 2 TAMs 

include D67N, K70R, T215F, and K219E/Q. As 44.1% of patients in the CMJAH database 

received AZT, several Type-1 (M41L, T215Y) and Type-2 (D67N, K70R, T215F, K219E/Q) 

TAMs were observed, either alone or in combination with other NRTI drug resistance 

mutations. Individually, most of the viruses with single TAMs were susceptible to ISL, 

although the T215Y mutant conferred potential low-level resistance to ISL. According to the 

Stanford HIV Drug Resistance Algorithm273 (https://hivdb.stanford.edu/), T215Y is predicted 

to be susceptible to XTC, whilst conferring potential low-level resistance (~1.5-fold) to ABC 

and TDF. The remaining TAMs are predicted to be susceptible to ABC, XTC, and TDF, with 

the exception of T215F, which is predicted to confer potential low-level resistance to ABC and 

TDF. 

Although individual TAMs did not affect ISL susceptibility in our study, the combination of 

TAMs with other NRTI drug resistance mutations led to a decrease in ISL susceptibility in most 

cases. This was most evident for combinations with Type-2 TAMs. The combination of Type-

1 TAMs (i.e., M41L+M184V+T215Y) did not decrease ISL susceptibility. However, 

M41L+M184V, with the addition of the T215F Type-2 TAM, caused a significant decrease in 

ISL susceptibility. Furthermore, the addition of TAMs to the D67N+M184V combination also 

decreased ISL susceptibility: While the addition of the K70R (Type-2 TAM) conferred only 

https://hivdb.stanford.edu/
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low-level resistance to ISL, the addition of K219E/Q (Type-2 TAMs), and T215F (Type-1 TAM) 

displayed a very high level of resistance to ISL. Note that all the mutation combinations 

included the M184V mutation, and combinations with TAMs in the absence of M184V were 

not tested. Brenner et. al280 showed that the combination of three Type-1 TAMs 

(M41L+L210W+T215Y) conferred low-level resistance to ISL (2.1 FC). However, in 

combination with M184V, it conferred high-level resistance to ISL (40 FC)280. In addition, 

Diamond et. al241 showed that four Type 2 TAMs together (D67N+K70R+T215F+K219Q), in 

the absence of M184V, conferred only low-level resistance to ISL (3.8 FC).  We have also 

found in this study that ISL susceptibility to the T215Y mutant decreases 2.3-fold when the 

M184V mutation is added. Thus, the role of M184V in combination with multiple TAMs may 

be the ultimate factor in determining resistance to ISL and implies that ISL may not be a suitable 

option for patients who fail an AZT+XTC-containing regimen. 

The A62V mutation has been seen most commonly in conjunction with the K65R mutation, 

partially correcting the viral fitness deficit caused by the latter281. However, in this study, due 

to the hyper-susceptible nature of K65R+M184V, the A62V+K65R+M184V mutation was 

found to be susceptible to ISL. Contrasting this, the absence of the K65R mutant had a notable 

effect, as the A62V+M184V combination conferred a low to intermediate level of resistance to 

ISL. Although this may be a point of concern, the prevalence of the A62V+M184V 

combination was observed in only 1.01% of sequences with NRTI drug resistance mutations 

in the CMJAH genotypic drug resistance database.  

The L74V mutation was shown to confer a potentially low level of resistance to ISL (i.e., 2.5 

± 1.5 FC) in this study, which was higher than reported by Grobler et al. (2022) which showed 

hyper-susceptibility to ISL in subtype B (i.e., 0.21 ± 0.07 FC)168. Further evaluation of the 

L74V mutation in both subtypes B and C PSVs in this study did show potential hyper-

susceptibility in one of the four HIV-1 subtype B PSVs. However, this was not observed in the 

remaining subtype B or C PSVs and although unexplored, suggests that hyper-susceptibility 

may be strain-specific. An additional mutation at position 74 (i.e., L74I) was observed, but at 

a low frequency in the CMJAH genotypic drug resistance database. This mutation did not affect 

ISL susceptibility by itself but significantly reduced ISL susceptibility when in combination 

with M184V.  

The A114S mutation was initially identified in a selection study, which showed that it incurs a 

high level of resistance to ISL (24-fold)282. Similarly, another in vitro dose-escalation study 
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reported the A114S+M184V combination to have an FC of 37.9 to ISL, as well as confer very 

high levels of resistance to XTC (3TC: FC > 368, FTC: FC > 990)241. Interestingly, both studies 

reported the hyper-susceptible nature of the dual mutation against TDF (50-fold282/0.03 FC241) 

and AZT (0.4 FC)241. Although the A114S mutation alone did not decrease susceptibility to ISL 

in this study (i.e., 2.1 ± 0.3 FC), a significant reduction in ISL susceptibility (i.e., FC > 60) was 

observed for the A114S+M184V mutant combination. However, this mutation is uncommon, 

as the Stanford HIV Drug Resistance Database283,284 (https://hivdb.stanford.edu/) depicted its 

frequency as < 0.01%. In addition, the A114S+M184V mutant combination was found to cause 

a viral fitness loss, leading to a significantly decreased infectivity when compared to WT282. 

Therefore, although the A114S+M184V combination is of major concern since it will severely 

impact ISL efficacy, its absence in people living with HIV and its detrimental impact on the 

virus is reassuring. 

Regarding the K70 mutants, K70T did not appear as a single mutation in this study; however, 

it appeared in combination with K65R and M184V at a prevalence of 1.83%. In contrast, the 

K70R/E mutations appeared on their lonesome (0.07% and 0.04%, respectively), as well as in 

combination with other mutations (13.73% and 5.49%, respectively). While lower in 

prevalence, the K70T single mutation has been predicted by the Stanford HIV Drug Resistance 

Algorithm273 (https://hivdb.stanford.edu/) to confer potential-low-level resistance to XTC, and 

low-level resistance to ABC/TDF, while remaining susceptible to AZT. Similar predictions are 

made for the K70E single mutant. Of the three mutations, K70R was found to be most prevalent 

in the CMJAH genotypic drug resistance database and predicted to be susceptible to ABC, 

XTC, and TDF, while conferring intermediate-level resistance to AZT. Although all three K70 

mutations were found to be susceptible to ISL, K70R was the only mutant to have a negligent 

FC value when compared to that of the WT MJ4 PSV (FC 1.3 ± 0.5). This was noteworthy, as 

the K70R mutation is a TAM which is commonly observed in patients failing an AZT-based 

treatment.  

NRTI drug resistance mutations that are acquired during a failing regimen, can also be 

transmitted. The Stanford HIV Drug Resistance Database283,284 (https://hivdb.stanford.edu/) 

was consulted to determine which NRTI drug resistance mutants are seen to be transmissible. 

The 2009 list created by the World Health Organization285, as well as the Stanford HIV Drug 

Resistance Database’s 2014 Surveillance Drug Resistance Mutation Worksheet 

(https://hivdb.stanford.edu/pages/SDRM.worksheet.NRTI.html) compiling surveillance drug 

resistance mutations, were largely in agreement and showed that all the single mutants 

https://hivdb.stanford.edu/
https://hivdb.stanford.edu/
https://hivdb.stanford.edu/
https://hivdb.stanford.edu/pages/SDRM.worksheet.NRTI.html
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examined in this study (except for K70T and A114S) were transmissible mutations. The 

Stanford HIV Drug Resistance Database283,284 showed that the M184V mutation was of the 

highest prevalence in a population of ART-naïve individuals infected with HIV-1 subtype C 

(0.09%). While this is a transmissible mutation, it must also be highlighted that this prevalence 

reported in ART-naïve individuals may also include patients with M184V as PDR. In a more 

specific context, a South African study found that 2% of ART-naïve HIV-1 infected patients 

harboured the M184VI mutation286. Whilst the study interpreted its results under the 

assumption of transmissible mutations, they disclose that this too may include PDR as some 

study participants may have reported as ART-naïve while previously being exposed to cART. 

However, our study infers that transmitted variants with M184V would not significantly impact 

the efficacy of ISL in ART naïve patients, as M184V confers only a low level of resistance to 

ISL. All the TAMs have also been identified as transmissible mutations. Whilst country-

specific literature is scarce, the Stanford HIV Drug Resistance Database283,284 has shown that 

the prevalence of TAMs, especially Type-2 TAMs, in ART-naïve individuals is low (< 0.02%). 

This is encouraging, especially in conjunction with the prevalence of transmissible M184V, as 

we have shown that M184V in combination with multiple Type 2 TAMs has a detrimental effect 

on the efficacy of ISL.  

Literature on ISL resistance in clinical trials is scarce. A Phase 3 clinical trial (NCT04233879) 

determined the activity, safety, and tolerability of ISL+DOR in treatment-naïve patients, 

compared to BIC/FTC/TAF173. One participant in the ISL+DOR arm was reported to have 

virological failure, and upon genotyping, the V106A, M184I, and P225H mutations were 

present.  However, these were DOR-resistance-defining mutations, and treatment failure was 

determined to be due to DOR. Cilento et al.282 performed an in vitro ISL resistance selection 

study with either WT or NRTI-resistant (i.e., K65R, M184V) HIV-1 subtype B strains to 

simulate the possible resistance patterns of ISL that may emerge in ART-naïve or 

TDF/XTC/AZT-experienced patients282. M184IV and M184I+E399K emerged in the WT 

strains. The K65R-containing strain developed A114S+M184V+A502V, while K65R itself 

reverted to WT. The M184V-containing strain developed R358K in addition to M184V, while 

the D67N+K70R+T215Y+K219Q-containing strain developed M184V+E399K in addition to 

the mutations. However, only the mutations containing A114S+M184V displayed an FC value 

significantly higher than the WT. The R358K and E399K mutations occur in the RT connection 

subdomain, whereas the A520V mutation occurs in the RNase H domain287. Although it is 

unclear why they were selected by ISL, these mutations were found to have a minimal impact 

https://clinicaltrials.gov/study/NCT04233879
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on ISL susceptibility. However, connection subdomain- as well as RNase H domain mutations 

have been shown to negatively affect NRTI treatment288,289 and hence, must be considered 

when administering ISL with other NRTIs. 

After investigating mutations selected by ISL alone, Cilento et al. investigated the emergence 

of mutations under an ISL-TDF combination dose, performing serial passages using either WT, 

K65R, or M184V strain viruses274. At a TDF-to-ISL ratio of 100:1, the following were observed: 

90.5% of the WT strain showed no mutations in the sequence population; 100% of the K65R 

strain showed the emergence of S68N. Interestingly, no reversion of K65R was noted, which 

contrasts the data from ISL monotherapy conditions282. However, this is expected, as the 

presence of TDF caused selective pressure for the K65R mutant. This may prove to be 

advantageous, as the hyper-susceptible nature of K65R has been shown to increase the 

susceptibility of combination mutations to ISL. At the TDF-to-ISL ratio of 1:1, the M184V 

strain showed to have a population sequence of the following: 81% had no additional mutations, 

9.5% presented with the emergence of K65R, 4.8% presented with the emergence of M184I, 

and 4.8% presented with M184V reversion to WT. This further strengthens the appropriate use 

of ISL in a combination therapy environment. 

There are several limitations to this study. Firstly, large inter-assay variations in IC50 values 

were observed across replicate experiments in this study. For example, the IC50 of ISL in WT 

MJ4 alone showed 60% variation (IC50 8.3 nM ± 5.0 nM). This large variation in IC50 values 

was not uniform across the mutants and was much higher for some. This resulted in the 

classification of phenotypic drug resistance to ISL to span over two or more tiers for some 

mutations. However, the variation observed in the study was also observed by Parkin et al.240 

who found that wild-type and mutant HIV may display variations in susceptibility across drugs 

and drug classes. The interpretation of results from phenotypic should take both the quantitative 

nature of the result, as well as the assay reproducibility, into account. Thus, we performed 

statistical tests in our analyses to also report on the significance of the differences that were 

observed to consider assay variation. 

Secondly, a technical cut-off value was utilized in this study, which referred to the upper limit 

of susceptibility observed in wild-type PSVs240. In this study, the 99th percentile of variation 

within the IC50 values of ISL was used to determine the FC value, and hence, the technical cut-

off value. Our classifications of the degrees of phenotypic resistance to ISL were based on this 

technical cut-off, and as such, some mutations lie on the cusp of two different categories (i.e., 
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M184V). However, the application of the technical cut-offs as a significant threshold in clinical 

contexts is restricted, as it accounts for the natural variations in viral susceptibility, as well as 

the intra-variability of assays240. As such, a direct correlation between in vitro data and clinical 

outcomes cannot be drawn.  

Thirdly, the single and combination mutants in this study were all synthesised in the same 

variant (i.e., MJ4). Although this allowed us to make a direct comparison of changes to ISL 

susceptibility amongst the mutants, it does not take into consideration the natural polymorphic 

variation in HIV. Although this study yields important phenotypic data, future studies should 

investigate phenotypic susceptibility in patient-derived mutants to take into consideration the 

polymorphisms seen in clinical settings. Although these natural polymorphisms would 

potentially contribute to an even greater variation in the results, the results could be closer to 

clinical outcomes.  

In conclusion, the findings of this study suggest that ISL could be an effective treatment option 

for initiating ART-naive patients infected with either subtypes B or C variants, even in the 

presence of single transmitted NRTI drug resistance mutations. This also implies that ISL 

should be effective against single transmitted NRTI drug resistance mutations encountered in 

the setting of PrEP.  The resilience of ISL against TDF and XTC-selected NRTI drug resistance 

mutations (i.e., K65R, M184V) indicates that ISL may be suitable for switching patients failing 

on TDF- or XTC-containing first-line regimens. Since we have observed synergy between ISL 

and TDF, the combination of these two drugs would be preferred. However, since this study 

has shown that TAM-related mutations could significantly decrease ISL susceptibility, 

switching to ISL from an AZT- or ABC-containing first- or second-line regimen would not be 

recommended unless a genotypic drug resistance test can be performed to evaluate the presence 

of TAM combinations. 
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Appendices 

Appendix A: Supplementary figures 

 

 

Supplementary Figure 1. Plasmid map of p8.9NSX/MJ4. These are HIV-1 gag-pol 

expression vectors that provide the structural components and enzymes of the pseudovirus. 

p8.9NSX is a derivative of the non-replicating packaging construct pCMVR9. For p8.9MJ4, 

the protease-reverse transcriptase in p8.9NSX gag-pol was replaced by that of an HIV-1 

subtype C isolate (i.e., MJ4). 
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Supplementary Figure 2. Plasmid map of pHEF-VSVG. This expression vector produces 

pseudoviruses pseudotyped with the Vesicular Stomatitis Virus (VSV) protein G, facilitating 

attachment and entry into target cells through a clathrin-mediated endocytic route. Contributed 

by Dr. Lung-Ji Chang, ARP-4693. 
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Supplementary Figure 3. Plasmid map of pCSFLW. This plasmid encodes for a firefly-

luciferase reporter gene transcript that is incorporated into the pseudovirus, which allows for 

the fluorescent detection of viral activity. Obtained from Nigel Temperton (University College 

London, London, United Kingdom).   
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Supplementary Figure 4. Vector map of XL-2-TOPO. Schematic representation of the XL-

2-TOPO vector used for TOPO-TA cloning. The laboratory-adapted strains were first cloned 

into this vector prior to subcloning into the p8.9MJ4/NSX vectors. 
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