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ABSTRACT 

 

Introduction and aim: South Africa has never experienced an epidemic of the same extent and 

magnitude as the one with human immunodeficiency virus (HIV) and acquired immune 

deficiency syndrome (AIDS).The roll out of antiretroviral therapy (ART) and other 

interventions, such as prevention of mother to child transmission (PMTCT), has greatly reduced 

the incidence of new HIV infections among children.  However, early initiation of ART among 

children has increased their overall exposure to antiretrovirals (ARVs), resulting in an increased 

prevalence of acquired drug resistance (ADR) on treatment.  Presence of drug resistant virus 

further complicates clinical management of HIV infection, resulting in fewer present and future 

treatment options.  Therefore, drug resistance testing has been recommended in selecting 

appropriate treatment regimens among children and adolescents diagnosed with virological 

failure.  The aim of the current study was to determine and characterise drug resistance 

mutations in newly diagnosed HIV-infected children and in children and adolescents with 

virological failure on ART. 

 

Methods: To detect drug resistance mutations, the present study developed and validated a 

Sanger sequencing assay using dried blood spot (DBS) samples.  The Sanger assay was used to 

perform HIV drug resistance testing on DBS samples testing positive on the early infant 

diagnosis (EID) platform.  Lastly, a retrospective analysis was performed of resistance data 

from samples of children and adolescents submitted to the routine diagnostic laboratory. 

 

Results: A high level of concordance was found among major mutations detected using the 

Sanger DBS and plasma assays.  Since all the discordant mutations were either minor or existed 

as mixtures, the interpretation of resistance profiles was found to be identical.  The DBS assay 

was then used to detect pre-treatment drug resistance (PDR) among samples from children on 

the EID platform.  Overall, PDR was detected among 73% of the children, with the majority of 

the children showing resistance to non-nucleoside reverse transcriptase inhibitors (NNRTIs) 

(72%).  Dual class resistance was most prevalent to NNRTIs and NRTIs (11% [33/308]), 

followed by NNRTIs + protease inhibitors (PIs) (0.6% [2/308]).  Triple class resistance (NNRTI 

+ NRTI + PI) was very rare and was only detected in two children.  Protease resistance was 

very rare among the children and none of the children displayed high-level resistance against 

any PI.  Results from children (0 to 9 years) and adolescents (10 to 19 years) with virological 

failure while on ART indicated that most of the children were resistant to NRTIs (86% [79/92]), 



xii 

followed by NNRTIs (75% [69/92]) and PIs (28% [26/92]).  Among adolescents, prevalence of 

resistance to NNRTIs (87% [146/167]) was the highest, followed by NRTIs (66% [111/167]) 

and PIs (30% [51/167]).  Dual class resistance to NRTIs + NNRTIs was the most common 

among both children (44% [41/92]) and adolescents (38%, [63/167]).  Triple class resistance 

(NNRTI+NRTI+PI) was detected in 18% of children (17/92) and 19% of adolescents (32/167). 

 

Conclusion: The prevalence of infants, children and adolescents experiencing treatment failure 

due to the presence of transmitted, acquired and PDR is increasing.  While the implementation 

of virological monitoring and genotypic testing play an essential role in identifying and 

managing drug resistance among children and adolescents experiencing treatment failure, these 

services are limited in many developing countries.  The current study supports the 

implementation of HIV drug resistance testing for national surveys and optimal clinical 

management of HIV-infected children and adolescents. 

 

Key words: Adolescents, ARVs, DBS, drug resistance, EID, HIV, PMTCT and Sanger 

sequencing 

 

 

 

 

 



1 

CHAPTER 1

 
LITERATURE REVIEW 

 

1.1 Classification of HIV 

 

On the basis of phylogenetic, morphological and biological properties, the human 

immunodeficiency virus (HIV) has been classified in the genus Lentivirus and the family 

Retroviridae (Costin, 2007).  Lentiviruses are transmitted as enveloped, single-stranded, 

positive sense ribonucleic acid (ssRNA) viruses, which contain the enzyme reverse 

transcriptase (RT) and two identical copies of a linear RNA genome.  Infections with 

lentiviruses demonstrate persistent viral replication resulting in a chronic state of the disease, 

with a period of clinical latency preceding the onset of clinical disease (Fanales-Belasio et al., 

2010).  Lentiviruses are known for their immune-suppressive properties and include viruses 

such as simian immunodeficiency virus (SIV), feline immunodeficiency virus (FIV), caprine 

arthritis-encephalitis virus (CAEV), and equine infectious anaemia virus (EIAV) (Costin, 

2007). 

 

As with all lentiviruses, HIV has a complex genomic structure, comprised of several accessory 

and regulatory genes. On the basis of genetic homologies reported among the genomic 

sequences of HI viruses, HIV-1 is easily distinguished from HIV-2 (Fanales-Belasio et al., 

2010).  The first report of HIV-2 was published 1986, where a morphologically similar but 

antigenically distant virus was reported to cause AIDS and was mostly reported in western 

Africa (Clavel et al., 1986; Sharp and Hahn, 2011; Bbosa et al., 2019).  The virus was found 

to be closely related to a simian virus that causes immunodeficiency in macaques but distantly 

related to HIV-1 (Chakrabarti et al., 1987; Guyader et al., 1987; Sharp and Hahn, 2011).  HIV-

1 is characterised by extensive genomic variability resulting in different variants, molecular 

subtypes and several recombinant forms of the virus, which are reported worldwide 

(Buonaguro et al., 2007).  This variability of the HIV-1 genome is a result of 1) the error-prone 

transcription mechanism of the RT enzyme resulting in an average of one substitution per 

genome replication, 2) the rapid viral replication rate in an infected individual, 3) host selective 

immune-pressure and 4) the occurrence of recombination events among different HIV strains 

in an infected individual (Fanales-Belasio et al., 2010). 
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Due to this variability, HIV-1 strains are classified into four major phylogenetic groups, namely 

M (major), O (outlier), N (non-M/non-O) and P (Ayouba et al., 2000; Buonaguro et al., 2007; 

Tebit and Arts, 2011).  Group M, which is associated with the majority of the HIV-1 cases 

worldwide, can be further subdivided into nine subtypes, known as clades (A, B, C, D, F, G, 

H, J and K) (Buonaguro et al., 2007).  Groups N and O are mostly confined to specific 

geographical settings, such as Cameroon, Gabon and other neighbouring countries (Peeters et 

al., 1997).  Phylogenetic studies revealed distinct genetic homologies found among groups M, 

N and O which are due to their close association with SIV, a member of the Lentivirus genus 

reported to cause immune-deficiency in chimpanzees (SIVcpz) (Gao et al., 1999).  A variant 

of group O, which is more closely related to SIV found in gorillas (SIVgor), has been reported 

from a Cameroonian women residing in France and has been designated to a new phylogenetic 

group, namely P (Plantier et al., 2009; Tebit and Arts, 2011). 

 

Occasionally, when an individual is infected with different viruses of two or more subtypes, 

these subtypes can infect the same cell, resulting in a combination of two different genomes 

(Buonaguro et al., 2007; Fanales-Belasio et al., 2010).  These inter-subtype recombinant forms, 

known as circulating recombinant forms (CRFs), have been isolated from different individuals 

and are characterised by genome sequencing.  The virus must be isolated from two different 

individuals infected with the same CRF and sequenced, in order to be classified as a CRF (Carr 

et al., 1998; Bbosa et al., 2019).  The term cpx is used to identify a CRF when more than three 

subtypes are present (HIV sequence database, 2020).  Latest reports indicate a total of at least 

102 CRFs which have been identified, sequenced and updated in the Los Alamos National 

Laboratory HIV sequence database (HIV sequence database, 2020).  The presence of CRFs 

and multiple subtypes in the same population can give rise to individuals being infected with 

different HIV-1 variants (Buonaguro et al., 2007; Fanales-Belasio et al., 2010).  The 

combination of CRFs with other subtypes leads to the formation of several recombinant forms, 

which are known as unique recombinant forms (URFs).   

 

1.2 Structure and replication of HIV 

 

The structure of the virus is similar for HIV-1 and HIV-2 (Fanales-Belasio et al., 2010).  The 

retrovirus genome consists of two identical ssRNA molecules within the virion, enclosed by a 

lipid bilayer membrane that surrounds the nucleocapsid (Sierra et al., 2005).  The HIV-1 

genome is characterised by the presence of structural and regulatory genes, such as gag, env, 
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pol, tat, rev, vpr, vpu, vif and nef genes (Costin, 2007).  The genome organisation of HIV-1 

differs from HIV-2 but the basic structure of the genome, such as the presence of structural 

genes (gag, env and pol), remains similar for all retroviruses and is shown in Figure 1.1 

(Scarlata and Carter, 2003).  The gag gene is responsible for the production of structural 

proteins of the core (p24, p7 and p6) and matrix (p17), while the env gene encodes for viral 

envelope glycoproteins (gp) (gp41 and gp120) which bind to host cell receptors (Fanales-

Belasio et al., 2010).  The pol gene encodes for enzymes which are responsible for viral RNA 

replication within the host cell.  These include the RT enzyme, which converts viral ssRNA 

into deoxyribonucleic acid (DNA), the integrase enzyme, which is responsible for the 

incorporation of viral DNA into the host chromosome, and the protease enzyme, which cleaves 

the viral protein precursors. 

 

 

Figure 1.1 Structure of the HIV-1 particle [Scarlata and Carter, (2003) by permission of Elsevier] 
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Regulatory and accessory genes (tat, rev, vpr, vpu, vif and nef) play a key role in regulating the 

replication of virus particles inside the host cell (Emerman and Malim, 1998).  These include 

1) tat gene, which is responsible for regulating the production and expression of viral genes 

during replication, 2) rev gene encodes for Rev proteins, which are responsible for the transfer 

of genomic RNA from nucleus to cytoplasm, 3) vpr gene enables the transfer of reverse 

transcribed DNA into the nucleus, 4) vpu gene is responsible for the budding of the mature 

virions, 5) vif gene is responsible for increasing the efficiency of infection of progeny virus 

particles and 6) nef gene encodes for the Nef protein, which is responsible for down regulating 

the CD4 receptor activity on the cell surface enabling the budding of mature virions during the 

replication cycle (Fanales-Belasio et al., 2010). 

 

The HIV replication cycle can be divided into the following steps  

 

1) fusion of the virus particle to the cell membrane, 2) entry of the virus particle, including 

uncoating and release of the viral RNA genome, 3) reverse transcription, 4) transport of the 

proviral DNA into the nucleus, 5) integration of the proviral DNA into the host genome, 6) 

transcription, 7) synthesis of the new viral proteins, 8) assembly of the progeny virus and 9) 

budding of the immature virion from the host cell membrane (Herrera-Carrillo and Berkhout, 

2015) (Figure 1.2).  The infection begins with the fusion of the virus particles with the host cell 

membrane, an interaction which is mediated by viral gp 41 and gp 120 (Fanales-Belasio et al., 

2010).  These proteins are essential for the recognition of host cell receptors and the entry of 

the viral genome into the host cell cytoplasm. 
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Figure 1.2 The HIV replication cycle [Herrera-Carrillo and Berkhout, (2015) under the creative 

commons attribution license (https://creativecommons.org/licenses/by/4.0/)] 

 

Following membrane fusion, the viral RNA is released into the host cell cytoplasm, where it is 

then transcribed into proviral DNA by the enzymatic activity of RT (Garcia and Gaynor, 1994).  

The nuclease activity of RT degrades the RNA template and accessory genes, such as vpr and 

vif mediate the entry of the DNA into the host cell nucleus.  The transcription of viral RNA 

into DNA is prone to error and every time the virus genome is transcribed, on average one 

mutation is introduced (Clavel and Hance, 2004).  These errors are mostly base substitutions 

but other mutations such as duplications, insertions and recombinations, can also occur.  The 

high levels of viral replication and turnover combined with the error prone mechanism of RT 

enzyme occurring during each cycle of viral replication results in a complex mixture of 

quasispecies within infected individuals, which can include resistant strains that are selected 

out in the presence of ART. 
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Enzymatic activity of integrase regulates the insertion of the proviral DNA into the host cell 

chromosome (Garcia and Gaynor, 1994).  The proviral DNA is transcribed into messenger 

RNA (mRNA) inside the host cell (Chun et al., 1997).  The transcription process involves the 

synthesis of regulatory HIV proteins, such as Tat and Rev, which mediate the transcription of 

RNA transcripts, expression of structural and enzymatic genes, inhibition of host cell 

regulatory proteins and thus promote the formation of progeny virus particles.  The viral mRNA 

then migrates into the host cell cytoplasm, where the structural proteins for progeny viruses are 

synthesized.  The protease enzyme cleaves the precursor molecules, which are essential for the 

formation of mature progeny virions.  The new virus particle migrates towards the host cell 

surface and is cleaved by the enzyme protease, thus enabling the formation of progeny virions, 

which bud through the host cell membrane. 

 

1.3 Epidemiology and transmission of HIV 

 

According to the Joint United Nations Programme on HIV and AIDS (UNAIDS), an estimated 

38 million people were living with HIV in 2019, with the highest prevalence in Eastern and 

Southern Africa (UNAIDS, 2020).  Heterosexual transmission is predominant and more 

women as compared to men are infected with HIV in sub-Saharan Africa (UNAIDS, 2020).  

According to the annual national antenatal sentinel HIV prevalence survey conducted in South 

Africa, HIV prevalence among pregnant women has remained stable at around 30%, similar to 

the previous decade (National Department of Health, 2017).  The mortality rate for infants has 

decreased from 55.5 deaths per 1,000 live births in 2002 to 23.6 deaths per 1,000 births in 2020 

(Statistics South Africa, 2020).  This has mostly been due to the expansion of the prevention 

of mother to child transmission (PMTCT) programme, which has played a crucial role in 

reducing the maternal and infant morbidity and mortality rates across the country. 

 

HIV has spread across the globe, with deaths caused by HIV reported at around 2.3 million in 

2005, decreasing to 1.6 million in 2012 and 690,000 in 2019 (Maartens et al., 2014; UNAIDS, 

2020).  The decrease was a result of access to antiretroviral therapy (ART) as 68% of adults 

and 53% of children had access to ART as reported by the World Health Organisation (WHO) 

(World Health Organisation, 2020).  Access to ART has increased the global prevalence of 

HIV, which rose from 31 million in 2002 to 35.3 million in 2012 and 38 million in 2019 and 

decreased the global incidence from 3.3 million in 2002 to 2.3 million in 2012 and 1.7 million 

in 2019 (UNAIDS, 2013; Zaidi et al., 2013; UNAIDS, 2020).  The global increase in HIV 
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prevalence was a result of individuals infected with HIV living longer as compared to the era 

before access to ART. 

 

The global decrease in HIV incidence is mainly a result of a reduction in heterosexual 

transmission (Maartens et al., 2014).  The United Kingdom (UK), the United States of America 

(USA) and many countries in Europe have documented a high incidence of HIV in people who 

are in a same sex relationships despite access to ART (Birrell et al., 2013; UNAIDS, 2013).  

This high incidence in these individuals is driven by a number of factors which include 

inaccessibility of ART, increased risk of transmission through sexual contact and stigma related 

to these individuals restricting the access to treatment (Beyrer et al., 2013).   

 

According to UNAIDS, the incidence of HIV among children decreased by 52% from 310,000 

in 2010 to 150,000 in 2019 due to the increased access to ART for PMTCT (UNAIDS, 2020).  

However, the overall prevalence of HIV still remained high among children as compared to 

adults.  A better understanding of HIV transmission has resulted in the development of 

appropriate interventions which can prevent mother to child transmission (MTCT) of HIV 

(Maartens et al., 2014). 

 

The MTCT of HIV can occur 1) in utero (foetus mostly infected during the third trimester of 

pregnancy), 2) intrapartum (infants infected around or during labour or delivery) and 3) post 

natal (breastfeeding) (Lehman and Farquhar, 2007).  In utero transmission has been considered 

as the least common route (5% to 10% of infants annually) for MTCT of HIV and while the 

majority of cases have been reported during the third trimester of pregnancy, reports regarding 

the foetus being infected as early as eight weeks have also been documented (Lewis et al., 

1990; Milligan and Overbaugh, 2014).  A large proportion of infants are infected intrapartum, 

mostly around the time of delivery due to breaches caused in the maternal-infant blood barrier 

resulting in the exchange of maternal and foetal blood, also known as placental 

microtransfusions (Kaneda et al., 1997).  Intrapartum MTCT affects around 30% to 50% of 

infants born to HIV positive women (Lehman and Farquhar, 2007; Milligan and Overbaugh, 

2014).  Postnatal transmission (breastfeeding) also contributes to the transmission of HIV, 

resulting in approximately 40% of infant infections reported.  Viral RNA levels detected in 

breast milk typically correlate with the level of plasma viral load (VL), however, they are 

approximately 100-fold lower than the plasma VL (Lewis et al., 1998; Milligan and 

Overbaugh, 2014).   
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1.4 Treatment and prevention 

 

Combination ART for the treatment of HIV infected individuals has transformed HIV from a 

progressive infection with a fatal outcome, into a chronic and manageable disease (Maartens 

et al., 2014).  The ART is potent and capable of reducing HIV VL concentrations to 

undetectable levels within a few weeks of treatment initiation and inducing immune system 

recovery (as indicated by a rise in the CD4 cell count) (Kaufmann et al., 2003; Mocroft et al., 

2007).  Several antiretrovirals (ARVs) that inhibit the replication of HIV at different stages of 

the virus replication cycle are currently available (Walker et al., 2014) (Figure 1.3).  At least 

six classes of ARVs are currently available, which include 1) nucleoside reverse transcriptase 

inhibitors (NRTIs), 2) non-nucleoside reverse transcriptase inhibitors (NNRTIs), 3) protease 

inhibitors (PIs), 4) integrase inhibitors (INIs), 5) fusion inhibitors (FIs) and 6) chemokine 

receptor type 5 (CCR5) antagonists (Maartens et al., 2014). 

 

 

 

Figure 1.3 The HIV life cycle displaying the sites of action of different classes of ARVs [Walker et al. 

(2014) by permission of Elsevier] 
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The WHO guidelines for the treatment of HIV include the use of tenofovir (TDF) + lamivudine 

(3TC) or emtricitabine (FTC) + dolutegravir (DTG) for adolescents and adults (World Health 

Organisation, 2019a).  For children, WHO recommends the use of abacavir (ABC) + 3TC + 

DTG and for neonates atazanavir (ATV) + 3TC + raltegravir (RAL) is recommended.  In 2015, 

the National Department of Health (NDOH) guidelines recommended the use of ABC + 3TC 

+ lopinavir/ritonavir (LPV/r) for children < 3 years or older children weighing < 10 kg 

(National Department of Health, 2015b).  For children, between 3 and 10 years of age weighing 

more than 10 kg or for adolescents between 10 to 15 years of age and weighing < 40 kg, ABC 

+ 3TC + EFV was recommended.  For adolescents > 15 years of age and adults weighing > 40 

kg, TDF + 3TC (or FTC) + EFV was recommended.  The current standard first line ART 

regimen is ABC + 3TC + LPV/r (Kaletra) for infants ≥ 4 weeks of age (and ≥ 42 weeks of 

gestational age) and weighing ≥ 3 kg (National Department of Health, 2020).  For preterm 

neonates and neonates with birth weight < 3 kg, the use of zidovudine (ZDV) + 3TC + 

nevirapine (NVP) plus additional advice from an expert is recommended.  Infants with 

virological failure on a first-line regimen are recommended for resistance testing and if PI 

resistance is detected, then advice from an expert is recommended before switching to a 

second-line or INI-based regimen (containing DTG).  As a child reaches 20 kg and is less than 

10 years of age, they are switched to ABC + 3TC + DTG.  The transition requires VL < 50 

copies/mL.  As the weight increases to 35 kg and more than 10 years of age, with adequate 

renal function, they are transitioned to TDF + 3TC + DTG.  Children and adolescents with 

virological failure, which is defined as VL of more than 1,000 RNA copies/mL at two separate 

occasions, are switched to a second line regimen guided by resistance testing and an expert 

opinion.  

 

Commencement of ART leads to a decrease in the plasma VL concentration to a level which 

is below the limit of detection for most commercial assays (Maartens et al., 2014).  In most 

people, this decrease in the VL is reported within three months of initiation of ART, however, 

the recovery of the host immune response is slower and variable among individuals.  According 

to a study conducted by Tuboi and colleagues (2007) in low-income countries, a successful 

virological and CD4 cell count response was reported in 56% of patients in response to ART 

at six months, 19% of patients reported a virological response without a rise in a CD4 cell count 

and 15% of patients had an increase in the CD4 cell count without a subsequent virological 

response.  The 19% of patients who did not have a rise in CD4 cell count despite showing a 
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virological response were associated with several risk factors and were at a high risk of 

opportunistic infections.   

 

To combat the high maternal and infant mortality rate associated with HIV infection, remarkable 

progress has been made in reducing the risk of perinatal HIV (PHIV) transmission (National 

Department of Health, 2010b; Maartens et al., 2014).  In 2009, appropriate interventions to 

improve the access to ART in specific populations such as pregnant women, HIV exposed infants 

and individuals with tuberculosis (TB) and HIV co-infection were introduced across the country.  

The intervention addressed individuals with a CD4 count of ≤ 350 cells/mm3 and resulted in an 

estimated 2.6 million individuals being initiated on ART by 2014 (National Department of 

Health, 2015a).  The current NDOH guidelines recommend that all people living with HIV are 

eligible to initiate ART irrespective of the age, CD4 cell count and clinical stage (National 

Department of Health, 2020).  According to the WHO programme for PMTCT of HIV, the aim 

is to reduce the risk of PHIV transmission to less than 5% through the use of appropriate ART 

given to HIV infected pregnant women (World Health Organisation, 2006; World Health 

Organisation, 2010). 

 

In South Africa, single dose NVP was regarded as the standard PMTCT regimen for HIV 

infected pregnant women from 2003 (Meyers et al., 2007).  Although NVP is regarded as a 

simple and cost effective regimen for PMTCT, some studies have reported its efficacy at 

between 30% and 50% (Guay et al., 1999).  However, in studies conducted in urban facilities 

where infants were given formula feed, the PHIV transmission rate with single dose NVP was 

reported to be as low as 9% (Sherman et al., 2004; Coetzee et al., 2005).  The addition of ZDV 

further reduced the PHIV transmission in infants to less than 2% (Lallemant et al., 2004; Dabis 

et al., 2005; Leroy et al., 2005).  Thus, according to the WHO guidelines, countries with a high 

rate of maternal and infant mortality have been advised to use combination therapy to reduce 

the risk of PHIV transmission among HIV-infected pregnant women and children (World 

Health Organization, 2005; World Health Organisation, 2010; World Health Organisation, 

2019a).  The PMTCT programme was first introduced in South Africa in 2002 (Ibeto et al., 

2014).  In 2005, pregnant women in South Africa with a CD4 count of ≤ 200 cells/µl were 

eligible for ART and in 2008, pregnant women with a CD4 count of > 200 cells/µl were offered 

combination therapy of AZT from 28 weeks and a single dose of NVP in labour, while infant 

prophylaxis included a single dose of NVP with AZT.  The fixed dose combination was 

introduced into South Africa in 2013, consisting of the three ARVs which form part of the first-
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line regimen (TDF, 3TC or FTC and efavirenz [EFV]) and is recommended for HIV-infected 

pregnant women to lower the pill burden and to improve adherence and retention on ART 

(National Department of Health, 2015b).  The CD4 count for initiation of ART was increased 

from ≤ 350 cells/µl to ≤ 500 cells/µl and the PMTCT programme adopted an option B approach, 

which stated that ART is recommended for every pregnant and breastfeeding woman regardless 

of the CD4 count or the clinical presentation of HIV infection (National Department of Health, 

2015b; World Health Organisation, 2019a). 

 

The risk of PHIV transmission to infants is estimated at 25% at the time of delivery in the 

absence of appropriate intervention within the PMTCT programme (Kourtis et al., 2006).  The 

risk factors associated with the transmission of HIV include 1) women with high VL, 2) more 

than 36 weeks of gestational age at initiation of ART, and 3) acute primary HIV infection 

during pregnancy (Kourtis et al., 2006; Meyers et al., 2007).  Furthermore, women who have 

acquired acute HIV infection during pregnancy might not be identified as eligible for PMTCT 

due to the window period associated with serological diagnosis and will be at a higher risk of 

transmitting HIV to infants if not retested during late pregnancy (Garcia et al., 1999).  

Recommended interventions with the PMTCT programme have decreased the risk of HIV 

transmission to infants by ten fold and complete eradication of MTCT of HIV has been 

achieved in some countries, such as Belarus, Armenia and the Republic of Moldova (Maartens 

et al., 2014; UNAIDS, 2016b).  Although HIV transmission to infants occurs mostly through 

breastfeeding, exclusive breastfeeding for up to the first six months of life is associated with a 

lower risk of HIV transmission as compared to mixed formula and breastfeeding (Coutsoudis 

et al., 1999; Iliff et al., 2005). Breastfeeding for an extensive period of time is considered a 

norm in most low-income countries, where an estimated risk of 40% is reported for the 

transmission of HIV to infants without the use of appropriate interventions (Maartens et al., 

2014). 

 

The use of combination ART among HIV-infected pregnant women is regarded as a key factor 

in the PMTCT.  According to the current guidelines available for HIV-exposed infants, 

breastfed infants of HIV positive mothers are administered NVP and ZDV as compared to only 

NVP, which was administered in the early days of the PMTCT programme (National 

Department of Health, 2015b; National Department of Health, 2019; National Department of 

Health, 2020).  Furthermore, NVP and ZDV were also recommended for HIV-infected 

pregnant women during labour but recently it was superseded by combination ART for 
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pregnant women (Maartens et al., 2014).  Combination ART is more efficient in preventing 

HIV transmission to infants and has the additional advantages of reducing sexual HIV 

transmission and reducing morbidity and mortality. 

 

Treatment with ARVs will not reach the goal of elimination of MTCT of HIV unless access to 

antenatal care, HIV testing and counselling and PMTCT interventions are increased in areas of 

high HIV prevalence (Wettstein et al., 2012).  In low and middle income countries, women 

often do not have access to antenatal care during pregnancy and a lack of PMTCT interventions 

has been reported (Maartens et al., 2014).  Some studies have reported a lack of adherence of 

HIV-infected pregnant women to ART, which increases the risk of transmission to infants 

(Nachega et al., 2012).  Due to the high prevalence of HIV in South Africa, more interventions 

are needed to reduce the incidence of HIV among young women, which will eventually lead to 

a lower prevalence of HIV among women and children, resulting in a reduced rate of morbidity 

and mortality due to HIV across the country (Maartens et al., 2014).  

 

1.5 Categories of HIV drug resistance 

 

The use of combination ART has proven to be very effective in controlling the replication of 

HIV and prolonging the survival of the individuals infected, however, the response can be 

compromised by the development of resistance to ARVs (Palella Jr et al., 1998; Ledergerber 

et al., 1999; DeGruttola et al., 2000).  A combination of ARVs from different drug classes is 

needed to combat resistance and subsequently decrease the viral replication in an infected 

individual (Clavel and Hance, 2004).  In addition, appropriate interventions are needed to 

control transmission of resistant strains, since these resistant strains often exhibit resistance to 

several classes of ARVs and the presence of cross-resistance (to other ARVs of the same class) 

has been reported.  Three major categories of HIV drug resistance have been documented, 

namely primary or transmitted resistance, secondary or acquired resistance and pre-treatment 

drug resistance (PDR) (World Health Organisation, 2017a). 
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1.5.1 Primary or transmitted resistance 

 

Primary or transmitted resistance implies that a virus has developed resistance to ARVs during 

combination ART and has been transmitted either through sexual transmission or MTCT 

(Clavel and Hance, 2004).  Challenges in detecting and defining transmitted resistance include 

difficulty in directly comparing epidemiological studies, differing antiretroviral treatment 

strategies which impact on the rates of transmitted resistance, and methods used to interpret 

and thus define resistance and distinguish it from naturally occurring polymorphisms (Booth 

and Geretti, 2007).  Several drug resistance surveillance platforms, such as the IAS-USA drug 

resistance mutation panel and the drug resistance surveillance lists by WHO and European 

Centre for Disease Prevention and Control are commonly used to define and report transmitted 

drug resistance (World Health Organisation, 2009; European Centre for Disease Prevention 

and Control, 2019; Wensing et al., 2019).  While resistant strains which are acquired through 

primary transmission are prone to revert to wild type over a period of time in the absence of 

drug pressure, resistance mutations such as M184V are more likely to revert as compared to 

K103N due to higher fitness costs (Tang and Shafer, 2012). 

 

In a comparison of the transmitted drug resistance prevalence globally in ART naïve 

individuals between 2014 and 2019, the prevalence ranged from 4.1% in Southeast Asia, to 

8.5% in Europe, 9% in Latin America/Caribbean and 14.2% in North America (Rhee et al., 

2020).  Between 2012 and 2018, surveys conducted in nine countries in sub-Saharan Africa to 

determine drug resistance in newly diagnosed infants ≤ 18 months of age, from the early infant 

diagnosis (EID) platform reported that over half of the infants carried drug resistant HIV, 

mostly resistant to NNRTIs (efavirenz and nevirapine) (World Health Organisation, 2017a).  

Resistance to NRTIs also exceeded 10% in some countries (World Health Organisation, 

2017a).   

 

Therefore, in such settings where baseline drug resistance testing is not recommended or 

feasible, the surveillance of primary drug resistance is of particular interest to identify 

populations which are at high risk of acquiring transmitted resistance and for whom initial ART 

needs to be modified and baseline resistance testing needs to be considered (Bennett, 2006). 
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1.5.2 Secondary or acquired resistance 

 

Secondary or acquired resistance implies development of resistance in the presence of ART 

within an infected individual (Clavel and Hance, 2004).  Acquired resistance is characterised 

by the presence of high levels of viral replication in an infected individual.  In the chronic phase 

of HIV, the VL in an infected individual is relatively stable, which indicates that a balance is 

maintained between the infection of new target cells and clearance of the old infected cells.  

The half-life of infected cells is relatively short, indicating that HIV infects new target cells at 

a very high rate maintaining the balance of the infected cells (107 to 108) (Ho et al., 1995; Wei 

et al., 1995; Perelson et al., 1996).   

 

1.5.3 Pre-treatment drug resistance  

 

PDR refers to patients who carry drug resistant strains of HIV before initiation of first-line 

ART (Boender et al., 2015).  According to the WHO, PDR is detected among ART naïve-

people who are initiating first-line ARV treatment or in patients with prior ART exposure who 

are initiating or re-initiating first-line ART (World Health Organisation, 2017a).  Therefore, it 

can result from either transmitted or acquired drug resistance or both.   

 

PDR can contribute to the increasing rates of treatment failure and thus compromise the 

effectiveness of first-line ARV regimens (Hamers et al., 2012).  The increase in PDR is largely 

attributed to an increase in NNRTI resistance (Hamers et al., 2011; Gupta et al., 2009; Gupta 

et al., 2012).  Previous studies conducted in sub-Saharan Africa have reported that treatment 

failure on a first-line NNRTI regimen was significantly higher in children as compared to adults 

(Kamya et al., 2007).  According to the HIV drug resistance report published by the WHO, an 

increase in PDR to NNRTIs from 62.7% between 2014 and 2016 to 63.7% in 2019 was reported 

among infants who were starting first-line ART (World Health Organisation, 2017b; World 

Health Organisation, 2019b). 

 

Additionally, studies conducted in resource limited settings have reported an increase in 

virological failure due to PDR and due to limited resources, such as limited VL monitoring and 

absence of genotypic resistance testing, switching to second-line regimens in such settings is 

mostly based on CD4 cell count and clinical criteria (Hamers et al., 2012; Phanuphak et al., 

2014; Kantor et al., 2015).  This approach can lead to incorrect management of patients, due 
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to switching to a second-line regimen without documented virological failure or continuation 

of a failing treatment regimen in the presence of a resistant virus (Sigaloff et al., 2011a).   

 

1.6 Factors influencing selection of HIV drug resistance 

 

The use of ART in the presence of viral replication results in the selection of resistant strains 

containing mutations, which exhibit resistance to ARVs (Maartens et al., 2014).  Sub-optimal 

adherence is the major risk factor, which is associated with the development of resistance 

among HIV-infected individuals (Gardner et al., 2009).  Several differences among classes of 

ARVs for the selection of resistant variants have been reported (Maartens et al., 2014).  

Resistant variants of HIV in which a single mutation can confer high level resistance to ARVs, 

such as EFV, FTC, 3TC, NVP and RAL have been documented.  In comparison, in other ARVs 

such as the PIs, resistant variants develop slowly and several mutations are required before 

efficacy is lost to a specific ARV or class of ARVs. 

 

HIV-infected children are more prone to the selection of resistant variants as compared to 

adults (Chen and Aldrovandi, 2008).  High levels of plasma VL have been reported among 

children and therefore more potent ART is required to achieve subsequent virological 

suppression.  Presence of decreased antiviral immune responses and lower ARV absorption 

place children at a higher risk of acquiring HIV resistant variants.  Furthermore, not all ARVs 

which are administered in adults are approved for usage in children and not all of them are 

available in paediatric formulation (Sánchez and Holguín, 2014).  In addition, ART in the form 

of PMTCT given to mothers and as prophylaxis to infants can select for resistant variants in 

infected infants (Persaud et al., 2007).  These children require long-term ART and additional 

factors, such as 1) sub-optimal or non-adherence to ART, 2) decreased levels of ARVs in 

plasma and 3) inadequate dosage guidelines for different age groups of children, can further 

select for resistant variants of HIV among these children (Clavel and Hance, 2004; Zoufaly et 

al., 2013).  Additionally, challenges, such as 1) poor palatability, 2) regimen complexity, 3) 

swallowing of medication and 4) storage and transportation of ARVs, which leads to poor 

adherence to ART among HIV infected children have been reported (Schlatter et al., 2016).   

 

PDR variants of HIV are more common in children and studies have reported a two-fold higher 

risk of virological failure among children after five years of ART as compared to adults (Zhao 

et al., 2011; Musiime et al., 2013).  According to a study conducted by Kempf and colleagues 
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(2004), ART regimens based on NNRTIs or unboosted PIs are more susceptible to resistance 

as compared to boosted PIs.  Boosted PIs are reported to have a high genetic barrier to 

resistance and also provide a protective mechanism in which resistance is less likely to evolve 

to other ARVs (NRTIs) taken in addition to boosted PIs.  The protective mechanism can be 

explained by the low VL or viraemia achieved among individuals taking PI-based ART. 

 

In many European countries, the use of genotyping has become an essential tool to guide 

clinicians (European AIDS Clinical Society, 2019).  The European AIDS Clinical Society 

(EACS) guidelines recommend resistance testing in the following cases: 1) treatment-naïve 

individuals with acute or recent infection, 2) treatment failure, 3) pregnant women and 

paediatric patients when initiation or change in treatment is considered due to detectable VL 

and 4) pre and post-exposure prophylaxis.  Due to the high cost and the complexity of the 

procedure associated with resistance genotyping, its implementation is limited in low-income 

countries (Nasir et al., 2017).  The South African National Department of Health (NDOH) 

recommends resistance testing in children with virological failure on a PI or INI-based 

regimen, particularly in children who previously received an unboosted PI or INI and in 

children who were treated for TB while on a PI-based regimen (National Department of Health, 

2015b; National Department of Health, 2020). 

 

1.7 Laboratory assays for detection of HIV drug resistance     

 

The selection of ART to suppress HIV replication in infected individuals continues to be 

challenging due to the potential of HIV to develop resistance to ARVs and also to develop 

cross resistance to ARVs of the same class (Mayer et al., 2001).  Development of cross 

resistance to other ARVs has a significant impact on the efficacy of future ARV regimens.  

Several resistance assays have been developed to improve the efficacy of ART selection and 

to assess the potential of alternative regimens in the presence of resistance (Clavel and Hance, 

2004).  Several studies have demonstrated that resistance testing helps in identifying resistance 

associated mutations and improving the virological response to optimized therapy (Durant et 

al., 1999; Baxter et al., 2000; Clevenbergh et al., 2000; Meynard et al., 2002; Tural et al., 

2002).  There are two types of resistance testing which are currently available, namely 

phenotypic testing and genotypic testing (Mayer et al., 2001). 
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1.7.1 Phenotypic testing  

 

Phenotypic testing involves assessing the growth of a virus in the presence of ARVs to provide 

a direct measure of ARV resistance (Mayer et al., 2001).  These assays use recombinant DNA 

technology to measure the ability of HIV to replicate in the presence of ARVs against which 

the resistance is being determined.  Therefore, the results obtained from phenotypic resistance 

testing include the total effect of any and all mutations present.   

 

The advantages of phenotypic testing include determination of phenotypic susceptibility to 

different ARVs and usefulness in providing accurate determination of ARV susceptibility, 

particularly when the virus being tested has a complex mutational profile.  The disadvantages 

include 1) culture requires six weeks, 2) labour intensive, 3) time consuming, 4) more costly 

than genotypic assays and 5) lack of ARV selective pressure during stock generations that can 

favour the outgrowth of a certain virus population other than the original virus population of 

interest.  Due to more recent advances in phenotypic assays, such as the use of second-

generation phenotypic assays, recombinant virus assays have replaced the slow culture based 

technique, thus improving the turn around time (Marino-Merlo et al., 2018).  Two standardised 

phenotypic assays are commercially available to test ARV susceptibility, namely 

Antivirogram® and PhenosenseTM, and were first described by Hertogs et al. (1998) and 

Petropoulos et al. (2000).   

 

1.7.2 Genotypic testing 

 

Genotypic testing involves determination of the nucleotide sequence of the region of the HIV 

genome which confers phenotypic resistance (Mayer et al., 2001).  These assays identify 

resistance associated mutations, particularly in the coding region of the proteins targeted by 

ARVs.  After sequencing the region of interest, the sequences are compared with a database 

consisting of resistance associated mutations and the presence or absence of any ARV 

resistance is determined.  The advantages of genotypic testing include, 1) less costly, 2) shorter 

turn-around time and 3) better efficacy in detecting evolving resistance (Mayer et al., 2001; 

Tang and Shafer, 2012).  The disadvantages include 1) cannot reproducibly generate results for 

VL < 500 copies/mL and 2) only assess known drug resistance mutations, whereas phenotypic 

testing can pick up effects of mutations not yet known to be associated with drug resistance 
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and 3) the complexity of the interpretation of the resistance mutation profile (Mayer et al., 

2001; Tang and Shafer, 2012).  Some of the well described mutations can alter phenotypic 

susceptibility and cause cross resistance to other ARVs (Hanna and Richard, 1999).  Several 

mutations, such as RT associated mutation L74V associated with didanosine (ddl) resistance, 

M184V with 3TC resistance and Y181C with NVP resistance, can alternatively restore the 

susceptibility of HIV to ZDV even in the presence of several ZDV resistance associated 

mutations (Mayer et al., 2001).  The common approaches for genotypic testing involve the use 

of dideoxyterminator (Sanger) sequencing (Tang and Shafer, 2012). 

 

1.7.2.1  Sanger sequencing 

 

This specific genotypic assay relies on detecting resistance mutations in the known targets of 

ART, such as protease, RT, integrase and glycoproteins (gp41) (Tang and Shafer, 2012).  The 

technique is more commonly known as dideoxyterminator sequencing, which is based on 

dideoxynucleotide triphosphates (ddNTPs) being used as DNA chain terminators in 

comparison to the normal nucleotide triphosphates (NTPs) which are found in the DNA chain 

(Karger and Guttman, 2009).  These ddNTPs share similar properties with normal NTPs with 

the exception of a hydrogen group on the 3′ carbon instead of a hydroxyl group (OH) which is 

found in NTPs.  Upon addition in the DNA chain, these modified ddNTPs block the addition 

of normal NTPs, since the phosphodiester bond cannot form between the ddNTPs and the 

normal NTPs, thus resulting in termination of the DNA chain. 

 

The technique has been modified with the use of automated sequencing, which enables the 

sequencing of more DNA in a single tube within a short period of time (Walker and Lorsch, 

2013).  Additionally, the four ddNTPs are labelled with different colour dyes to allow detection 

of each ddNTP present in a tube.  As the DNA is allowed to separate on a single lane and each 

of the four dyes fluoresce at a different wavelength, the laser is thus used to measure and 

identify the presence of each dye at its unique wavelength.  The peaks are then displayed in 

chromatographic format, which indicates the different coloured peaks corresponding to the 

position of specific nucleotides. 

 

Sanger sequencing has been considered as a gold standard for detecting resistance mutations 

to the commonly used ARVs for treating HIV (Lapointe et al., 2015).  The advantages include 

the 1) lower cost as compared to NGS and 2) easy to interpret resistance profiles with the use 
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of a standard database, such as the Stanford HIV Drug Resistance Database (Rhee et al., 2003; 

Shafer, 2006; Ekici et al., 2014).  However, the technique has a number of disadvantages, such 

as 1) limited in throughput and requires the use of modern technology and equipment 2) lacks 

the ability to detect minority variants and 3) not practical to be used for massive sequencing 

projects (Inzaule et al., 2016).   

 

1.8 Problem identification 

 

The South African HIV epidemic is characterized by the high HIV prevalence and incidence 

rates observed over the past decade (Statistics South Africa, 2019).  The HIV incidence rate 

reflecting the rate of new infections per 1,000 population is estimated at 3.98 (3.58 to 4.42) 

(UNAIDS, 2019c).  The overall HIV prevalence rate among the South African population was 

recorded as 13.5%, with an estimate of 7.97 million people living with HIV in 2019 (Statistics 

South Africa, 2019).  In addition to adults, children are severely affected by the disease (Marais 

et al., 2007).  According to UNAIDS, an estimated 260,000 children (0 to 14) were living with 

HIV in South Africa in 2018, of whom 63% had access to treatment (UNAIDS, 2018).  The 

country has the largest ART programme in the world, providing ARV treatment to over 4 

million individuals and it has greatly increased the national life expectancy of HIV-positive 

individuals (UNAIDS, 2016a).  Furthermore, interventions such as PMTCT have greatly 

reduced the vertical transmission of HIV (Anderson et al., 2020). 

 

While the use of ARVs has greatly reduced the number of new HIV infections, it has increased 

the duration of exposure to ARVs, resulting in an increase in the prevalence of HIV drug 

resistance.  Drug resistance is a result of high genetic variability of HIV which results from 1) 

the error prone mechanism of RT, 2) recombination of viral variants infected within the same 

cell and 3) accumulation of proviral variants, which were acquired during the course of the 

initial infection (Coffin, 1995; Mansky, 1996; Levy et al., 2004; Abram et al., 2010).  The 

selection of these drug resistant variants depends upon the replication of virus in response to 

sub-optimal treatment, acquisition of a particular drug resistance mutation and the effect of the 

resistance mutation on viral replication (fitness of the virus) and drug susceptibility (Clutter et 

al., 2016).  For some of the ARVs, a single mutation is enough to cause resistance, while for 

others, multiple mutations are required.  The number of mutations required to impair the viral 

replication or fitness of the virus defines the particular ARV’s genetic barrier to resistance.  The 

mutations can be categorised as primary mutations, which directly reduce the susceptibility to 
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a particular ARV, or accessory mutations, which enhance the fitness of the variants with 

primary mutations or which further reduce the susceptibility to ARVs.  Hence, the detection of 

these mutations in HIV-positive individuals is of utmost importance to determine appropriate 

treatment regimens.   

 

Standard genotypic drug resistance testing involves the use of Sanger sequencing to determine 

drug resistance mutations in the RT, protease and integrase enzymes of the pol region of the 

HIV genome.  The sequencing is performed directly on amplified polymerase chain reaction 

(PCR) products from cDNA, which has been reverse transcribed from plasma RNA.  The 

continuous replication of the virus combined with the error prone mechanism of RT leads to a 

heterogeneous viral population inside HIV-positive individuals, resulting in more than one 

nucleotide (mixtures) present on a Sanger sequencing electropherogram.  Hence, 

standardization is required within laboratories to accurately identify mixed bases and assess 

sequence quality using software based technology (Shafer et al., 2000; Woods et al., 2012).  

Therefore, the Stanford HIV drug resistance database is used as a standard online genotypic 

programme to interpret sequences and to identify relevant mutations within the pol region 

(Rhee et al., 2003; Shafer, 2006).  Drug resistance variants, which are present at below 20%, 

are however missed by Sanger sequencing and it has been identified as a disadvantage to using 

the assay (Clutter et al., 2016).  Ultra-sensitive NGS technologies are then recommended to 

detect these low abundance drug resistant variants.  However, due to the high cost and 

complexity involved with the usage of NGS techniques, the technology has mostly been limited 

to research settings.   

 

The use of Sanger sequencing to determine resistance mutations is of utmost importance in 

children experiencing treatment failure.  The early initiation of ART in children has 

dramatically reduced mortality in newly diagnosed infants but has subsequently increased the 

emergence of drug resistance in the paediatric population (Violari et al., 2008; Steegen et al., 

2014).  Since children face life-long treatment, it is essential to identify appropriate treatment 

regimens and to ensure that they are maintained on first-line and second-line treatment 

regimens for as long as possible (Steegen et al., 2014).  Several studies conducted in South 

Africa have highlighted the drug resistance profiles of children failing ART (Van Zyl et al., 

2009; Wallis et al., 2009; Barth et al., 2011; Taylor et al., 2011; Orrell et al., 2013).  There has 

been a shift towards older children, as these perinatally infected children age towards 

adolescence (Johnson et al., 2012; Anderson et al., 2020).  Previous studies have highlighted 
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that adolescents in South Africa are a unique group with its own challenges, such as facing a 

change in treatment as they grow older, accessing treatment, adherence to treatment and 

retention in HIV-care and transition programmes (Bock et al., 2008; Nachega et al., 2009; 

Bygrave et al., 2012; Nglazi et al., 2012; Govindasamy et al., 2015; Brown et al., 2018).  

Furthermore, additional factors, such as psychological changes, greater peer influence, stigma 

associated with HIV, treatment fatigue, high pill burdens and disclosure issues are some of the 

many factors associated with high treatment and virological failure reported in adolescents 

(Sohn and Hazra, 2013). 

 

Previous studies conducted in sub-Saharan Africa have reported that newly diagnosed infants 

and adolescents have a higher rate of treatment failure (Bock et al., 2008; Nachega et al., 2009; 

Bygrave et al., 2012; Nglazi et al., 2012; Govindasamy et al., 2015; Brown et al., 2018; 

Maskew et al., 2019).  Among infants, the risk factors such as 1) previous exposure to PMTCT 

regimens, 2) young age at ART initiation and 3) lower adherence to ART due to difficulty in 

swallowing of the medication makes them more susceptible to virological failure (Davies et 

al., 2011; Chiappini et al., 2012; Bunupuradah et al., 2015; Rasoolinejad et al., 2019).  Among 

adolescents, 1) lower CD4 count before ART initiation, 2) higher VL at ART initiation, 3) 

previous ART regimens and 4) lower adherence leads to increased virological failure 

(Bunupuradah et al., 2015; Kahana et al., 2015; Collins et al., 2017).  Adolescents are divided 

into two groups, namely PHIV and behaviourally infected adolescents (Crowley et al., 2020).  

Adolescents who were infected perinatally have previous exposure to PMTCT regimens as an 

infant and are heavily treatment experienced, which makes them more susceptible to treatment 

failure as compared to newly infected adolescents (Bunupuradah et al., 2015; Kahana et al., 

2015; Collins et al., 2017).  The increased number of previous treatment regimens leads to an 

increased number of resistance mutations and an increased risk of virological failure (Anderson 

et al., 2020).  However, recent studies regarding the prevalence of resistance mutations in PHIV 

and behaviourally infected adolescents, particularly from South Africa, is lacking. 
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1.9 Aims and objectives         

 

The aim of the study was to investigate drug resistance mutations in newly diagnosed HIV-

infected infants and in children and adolescents with virological failure on ART. 

 

The study had the following objectives: 

 

1) To develop and validate a Sanger sequencing assay for the detection of HIV drug 

resistance mutations from dried blood spot (DBS) samples 

2) To perform the Sanger sequencing for HIV drug resistance on samples testing positive 

by HIV PCR on the routine early infant diagnosis (EID) platform 

3) To characterize Sanger sequencing data collected from children and adolescents with 

virological failure while on ART 

 

1.10 Structure of the thesis 

 

The thesis is presented as a series of research articles and will be tailored for submission to 

specific scientific journals.  Chapter 1 provides a focused overview of HIV literature, with 

specific reference to epidemiology, ARV treatment, drug resistance and the usage of molecular 

testing to detect specific drug resistance mutations. Chapter 2 reports the validation of a Sanger 

sequencing assay for the detection of resistance mutations using DBS samples.  A plasma based 

assay in use in the diagnostic laboratory was used as the comparator assay.  Following 

validation of the assay, chapter 3 describes the use of the Sanger sequencing assay to detect 

PDR in samples which were collected from HIV positive infants on the routine EID platform.  

The National Department of Health (NDOH) recommends the use of EID testing for infants 

born to HIV positive mothers.  Chapter 4 reports the characterization of Sanger sequencing 

data which was collected from children and adolescents, aged 0-19 years, with virological 

failure while on ART.  While I carried out all the laboratory work and data analysis for chapters 

2 and 3, routine genotypic testing had already been completed for the samples included in 

chapter 4 and therefore data collection and analysis was performed for this study.  Finally, 

chapter 5 provides the discussion and overall conclusions derived from the thesis and highlights 

possible themes for future research. 
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CHAPTER 2 

 

DEVELOPMENT AND VALIDATION OF A SANGER SEQUENCING ASSAY FOR 

HIV DRUG RESISTANCE TESTING OF DRIED BLOOD SPOT SAMPLES 

 

2.1 Introduction 

 

South Africa is known to have one of the worst epidemics of HIV globally (UNAIDS, 2019a).  

The combination of antiretrovirals (ARVs) referred to as highly active antiretroviral therapy 

(ART) has dramatically reduced HIV associated mortality, mother to child transmission 

(MTCT) of HIV and the adult HIV incidence (Rhee et al., 2015a).  While a number of ARVs 

has been released in the past decade, the usage of first line regimens containing nucleoside 

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

(NNRTIs) and protease inhibitors (PIs) has remained the mainstay of treatment in Southern 

Africa until the introduction of an integrase inhibitor, dolutegravir, in 2020 (Pau and George, 

2014; National Department of Health, 2020).  A major barrier to successful treatment with 

ARVs is the emergence of resistant variants (Brumme and Poon, 2017). 

 

An estimated 30% of individuals receiving antiretroviral therapy (ART) will develop resistance 

to NRTIs and NNRTIs during treatment, resulting in virological failure (Barth et al., 2010; 

Aghokeng et al., 2013; McMahon et al., 2013; Rhee et al., 2015b).  Emergence and 

transmission of these drug resistant variants leads to poor treatment outcomes and increased 

mortality (DeGruttola et al., 2000; Hogg et al., 2006; Brumme and Poon, 2017).  In addition, 

individuals infected with drug resistant HIV are at a high risk of developing resistance to the 

remaining ARVs in the combination (Brumme and Poon, 2017).  Therefore, in many European 

countries, drug resistance testing is recommended for individuals failing their first line regimen 

and is guided by virological response (European AIDS Clinical Society, 2019).  

 

HIV drug resistance testing involves the use of genotyping assays to interpret drug 

susceptibility using the sequence changes in the viral genes targeted by ARVs (Johnson et al., 

2013; Brumme and Poon, 2017).  These viral genes are amplified from extracted HIV 

ribonucleic acid (RNA) by PCR and sequenced, mostly using an automated Sanger sequencing 

instrument (Cockerill, 1999; Brumme and Poon, 2017; Lapointe et al., 2015).  Genomic regions 

targeted by ARVs, such as protease, RT and integrase are amplified and sequenced resulting 
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in a single consensus sequence per sample.  These sequences represent the dominant HIV 

quasispecies within the sample.  The sequences are then analysed for mutations by 

interpretative algorithms, such as rule-based algorithms developed by Stanford HIV drug 

resistance database, which examines the sequences for known or possible resistance mutations 

within the sample (Rhee et al., 2003; Shafer, 2006). 

 

Traditionally, plasma has been the sample of choice for monitoring HIV RNA viral load (VL) 

and drug resistance testing (Jordan et al., 2012; Singh et al., 2017).  However, there are a 

number of disadvantages associated with the use of plasma in resistance testing, which include 

collection, centrifugation/separation and appropriate transportation of viral plasma to 

diagnostic laboratory services (Lew et al., 1998; Sebire et al., 1998; Amellal et al., 2008; Singh 

et al., 2017).  In addition, venipuncture necessary for the collection of plasma is difficult in 

certain population groups, such as infants (Singh et al., 2017).  Thus, the use of viral plasma 

for resistance testing will be less feasible in areas which lack laboratory infrastructure, trained 

personnel and appropriate storage and transportation to maintain the integrity of viral RNA 

(Lew et al., 1998; Sebire et al., 1998; Amellal et al., 2008; Singh et al., 2017).  The use of 

dried blood spots (DBS) has been introduced as an alternative to plasma in resistance testing 

(Parry et al., 2014; Singh et al., 2017).  Preparation of DBS cards requires a small amount of 

whole blood, which can easily be obtained from infants (Snijdewind et al., 2012).  The cards 

allow for convenient transportation and storage of samples.  Studies have reported that DBS 

cards have been found to be more reliable in maintaining the stability of viral RNA, 

deoxyribonucleic acid (DNA), antibodies and other proteins for an extensive period of time as 

compared to serum or plasma (Singh et al., 2017). 

 

Several studies have indicated a high level of concordance among genotyping assays using 

DBS cards and the results were found to be similar when compared with plasma samples, using 

both in-house and commercially available assays (Parry et al., 2014; Singh et al., 2017).  An 

in-house Sanger sequencing HIV drug resistance assay is currently in use in the diagnostic 

laboratory of the Division of Virology, National Health Laboratory Services (NHLS), 

Universitas Academic Laboratories to determine the presence of drug resistance mutations in 

HIV infected patients but the assay has only been validated on plasma samples.  The aim of the 

study was therefore to develop and validate a Sanger sequencing assay for the detection of HIV 

drug resistance mutations using DBS samples. 

 



25 

2.2 Materials and methods         

2.2.1 Sample collection and processing 

 

The study was performed in the Division of Virology, University of the Free State/NHLS, 

Bloemfontein, South Africa.  As per National Department of Health (NDOH) guidelines, 

during the study period HIV drug resistance testing was performed at the Universitas Academic 

Laboratories for any patient failing a PI-based regimen with a viral load of above 1,000 

copies/mL on two separate occasions (National Department of Health, 2020).  The viral load 

testing was performed using a reverse transcription RealTime PCR assay manufactured by 

Abbott (Abbott RealTime HIV-1, Abbott Molecular).  Aliquots of 70 μℓ of EDTA blood were 

spotted onto perforated DBS specimen collection cards (Lasec) and were left to dry overnight 

at ambient temperature before storage in individual zip lock bags containing silica gel desiccant 

(Lasec) at -80°C. 

 

2.2.2 Optimisation of RNA extraction using DBS samples  

 

The assay was optimised to use DBS cards instead of plasma for RNA extraction using the 

NucliSENS®EasyMAG® magnetic silica based extraction technique.  Briefly, two spots 

containing 140 μL of whole blood were added to 2 mL of NucliSENS® lysis buffer 

(BioMérieux) and were left on a thermomixer (5350BJ536916, Eppendorf, Thermomixer 

compact, Merck) at room temperature at 300 revolutions per minute (RPM) for 2 hours.  After 

the lysis step, the samples were centrifuged (MBB14A088, Microfuge®16 Centrifuge, 

Beckman Coulter®) for 4 minutes (mins) at 4 000 x g and the supernatant was transferred to 

1.7 mL microcentrifuge tubes.  A 50 μL volume of magnetic silica (BioMérieux) was added to 

the samples and placed in the NucliSENS®EasyMAG®Extraction system (02370; BioMérieux) 

according to the manufacturer’s instructions.  Nucleic acid was eluted in 25 μL of 

NucliSENS®Extraction buffer 3 and was transferred to 1.7 mL microcentrifuge tubes and was 

stored at -80°C until further processing. 

 

2.2.3 Nested PCR assay 

 

PCR amplification was performed to detect drug resistance mutations in the RT and protease 

regions found in the pol gene of the HIV genome.  The position of amino acid residues targeted 

for protease was 1 to 99 and for RT 1 to 240.  The primers used were previously validated for 
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an in-house assay used to detect drug resistance mutations from plasma.  The four primers 

validated for the plasma assay were F2 and R3, which were designed in-house, and PolM4 and 

AV150, which had been previously published (Vergne et al., 2000).  The primers were 

synthesized by Integrated DNA Technologies (Whitehead Scientific) and are indicated in Table 

2.1.  The nucleotide position on HXB2 was determined using Los Alamos National Laboratory 

HIV sequence database (HIV sequence database, 2020). 

 
Table 2.1 Oligonucleotide sequences and concentrations of the primers used in the first and second 

round of the nested PCR assay for the detection of the RT and protease regions of HIV 

 

Prime

r Oligonucleotide Sequence (5’---3’) Primer HXB2 nucleotide position Target 

Amplicon 

size (bp) 

Conc 

(µM) 

 First round PCR assay 

F2 GTTGGAAATGTGGAAAGGAAG Sense 2027-2047 

Protease 

and RT 1866 20 PolM4 

CTATTAGCTGCCCCATCTACAT

A Antisense 3870-3892 

 Second round PCR assay 

AV150 

GTGGAAAGGAAGGACACCAAA

TGAAAG Sense 2036--2062 

Protease 

and RT 1760 20 R3 ACAAACTCCCACTCAGGAATC Antisense 3779-3799 

Bp Base pair  Conc Concentration PCR Polymerase chain reaction  

RT Reverse transcriptase 

 

A one-step RT-PCR assay was used to generate complimentary DNA (cDNA) and to perform 

the first round of amplification, using the SuperScript™ III One-Step RT-PCR System with 

Platinum®Taq High Fidelity (Themofisher Scientific).  The master mix for the first round PCR 

was prepared according to the manufacturer’s instructions, as shown in Table 2.2.  The PCR 

programme for the thermocycler (ProFlexTM Base PCR System, S/Ns: 297802347, Applied 

Biosystems®, Life TechnologiesTM) included an initial incubation step of 50ºC for 30 mins and 

activation step of 94ºC for 2 mins, followed by 2 cycles of denaturation at 94ºC for 15 seconds 

(sec), annealing at 61ºC for 30 sec, extension at 68ºC for 2 mins, 14 cycles (decrease annealing 

temperature with 0.5°C per cycle) of denaturation at 94ºC for 15 sec, annealing at 60ºC for 30 

sec, extension at 68ºC for 2 mins, 34 cycles of denaturation at 94ºC for 15 sec, annealing at 

57.5ºC for 30 sec, extension at 68ºC for 2 mins and a final extension step at 68ºC for 7 mins. 
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Table 2.2 Reagent components used in the first round PCR assay for the detection of the RT and 

protease regions of HIV 

 

Reagents Volume (µL) Final concentration 

SuperScript™ III RT/Platinum™ Taq 

High Fidelity Enzyme Mix 0.5 2 U 

2x PCR buffer and reaction mix 

(containing 0.4 mM of dNTPs and 2.4 

mM MgSO4) 12.5 

1.2 mM of MgSO4 and 200 μM of 

dNTPs 

Primer F2 0.5 20 µM 

Primer PolM4 0.5 20 µM 

Nuclease free water 1 1mM 

Template RNA 10 <1 µg RNA 

Total volume 25  
dNTPs deoxyribonucleotide triphosphate PCR Polymerase Chain Reaction RNA Ribonucleic acid  

RT Reverse transcriptase 

 

The second round PCR assay was performed using KOD Hot Start DNA Polymerase 

(Novagen®, Merck).  The reagent composition for the PCR assay was prepared according to 

the manufacturer’s instructions.  The conventional PCR was performed with an optimised 

concentration of 10 mM of each primer in the reaction mixture.  The PCR assay reaction 

composition is shown in Table 2.3.  

 

Table 2.3 Reagent components used in the second round PCR assay  

 

Reagents Volume (µL) Final concentration 

KOD Hot Start DNA Polymerase(1 U/µL) 1 0.02 U/µL 

10x PCR buffer 5 1x 

Primer R3 1 10 mM 

Primer AV150 1 10 mM 

25 mMMgSO4 2 1.5 mM 

2mM dNTPs 5 0.2mM each 

Nuclease free water 20 - 

Template from 1st round of PCR assay 15 <1 µg cDNA 

Total volume 50  
DNA Deoxyribonucleic acid dNTPs Deoxyribonucleotide triphosphate PCR Polymerase Chain 

Reaction  

 

The PCR programme for the thermocycler (ProFlexTM Base PCR System, S/Ns: 297802347, 

Applied Biosystems®, Life TechnologiesTM) included an initial activation step of 95ºC for 2 

mins, followed by 30 cycles of denaturation at 95ºC for 20 sec, annealing at 57.5ºC for 10 sec, 

extension at 70ºC for 1 hour 20 mins and a final extension step at 70ºC for 5 mins. 
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2.2.4 Agarose gel electrophoresis 

 

The amplicons of the nested PCR assay were separated at 90 Volts for 40 mins using a 0.8% 

Seakem® agarose gel (Lonza) in a 1× Tris-acetic acid-ethylenediamine tetraacetic acid (EDTA) 

(Merck) buffer, stained with 2 µL of loading dye.  The loading dye was prepared with 4.7 µL 

GelRed (BioTium) per 750 µL loading dye.  A 100 base pair (bp) DNA ladder (GeneRuler 

DNA Ladder Mix, Thermo Fisher Scientific) was included as a molecular weight marker on 

each gel.  The DNA ladder (GeneRuler DNA Ladder Mix, Thermo Fisher Scientific) was 

prepared using the GeneRuler DNA Ladder Mix with the loading dye containing GelRed 

(BioTium).  The target products for the nested PCR assay were 1760 bp in size and the 

visualisation of the bands was performed using an Ultraviolet Transilluminator (TFM-26, 

Ultraviolet product).  

 

2.2.5 Purification of the PCR products 

 

The amplicons were purified using the PureLink® PCR Purification Kit (InvitrogenTM, Life 

TechnologiesTM, Thermo Fisher Scientific) as per the manufacturer’s instructions.  Briefly, 4 

volumes of the PCR binding buffer (B2) with isopropanol were added to one volume of the 

PCR product (50 µL) and mixed well.  The sample was pipetted into a PureLink®Spin Column 

in a collection tube and was centrifuged (0023081, Eppendorf AG, Centrifuge 5417C, Lasec) 

at > 10,000 x g for 1 min and the flow-through was discarded.  The column was re-inserted into 

the collection tube and 650 µL of the wash buffer (W1) with ethanol was added.  The column 

was centrifuged (0023081, Eppendorf AG, Centrifuge 5417C, Lasec) at > 10,000 x g for 1 min, 

the flow-through was discarded and the column was placed back in the same collection tube.  

The column was centrifuged (0023081, Eppendorf AG, Centrifuge 5417C, Lasec) at 

approximately 16,000 x g for 3 mins.  The column was then placed into a 1.7 mL clean elution 

tube and 50 µL of the elution buffer was added to the centre of the column.  The column was 

incubated at room temperature for 1 min. Following the incubation, the column was centrifuged 

(0023081, Eppendorf AG, Centrifuge 5417C, Lasec) at approximately 16,000 x g for 2 mins.  
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2.2.6 Measurement of the DNA concentrations and dilutions 

 

The DNA concentrations of the purified PCR products were measured using the NanoDrop 

2000 Spectrophotometer (Serial number: E107, 2000 Spectrophotometer, Thermo Fisher 

Scientific).  A 3 µL volume of the purified PCR product was pipetted onto the measurement 

pedestal and the DNA concentration was measured at the absorbance of 260 nm.  The 260/280 

nm and 260/230 nm ratio of absorbance were checked to confirm the purity of DNA and to 

determine the presence of any co-purified contaminants.  The samples were normalized to a 

concentration of 20 ng/µL by making dilutions in nuclease-free water.  The samples were stored 

at -20°C until further processing. 

 

2.2.7 Sanger sequencing 

 

The sequencing primers were designed and validated previously in an in-house assay.  The 

primers were synthesized by Integrated DNA Technologies (Whitehead Scientific) and are 

indicated in Table 2.4.  Sequencing was performed using the BigDye Terminator V3.1 

Sequencing Kit (Applied BiosystemsTM, Themo Fisher Scientific).  The assay was performed 

with an optimised concentration of 3.2 mM of each primer in the reaction mixture.   

 

Table 2.4 Oligonucleotide sequences and concentrations of the primers used in the Sanger 

sequencing assay for the detection of the RT and protease region from HIV-infected 

patients 

 

Primer Oligonucleotide Sequence (5’---3’) Primer  Target 

Conc 

(mM) 

1 ACCTACACCTGTCAACATAATTG Sense 
Protease 

and RT 3.2 2 TGTCAATGGCCATTGTTTAACCTTTGG Antisense 

3 

CACCAGGGATTAGATATCAATATAATGTG

C Sense 
Protease 

and RT 3.2 4 CTAAATCAGATCCTACATACAAGTCATCC Antisense 

M TCCCTCAGATCACTCTTTGGCAACGAC Sense 

Protease 

and RT 3.2 

Y GTGTCTCATTGTTTATACTAGG Antisense 

Protease 

and RT 3.2 

RT Reverse transcriptase Conc Concentration 

 

The reagent composition for the sequencing assay was prepared according to the 

manufacturer’s instructions.  Briefly, using a 96-well reaction plate, 2 µL of the diluted sample 
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was added to 8 µL master mix for each of the six primers.  The sequencing assay reaction 

composition is shown in Table 2.5.   

 

Table 2.5 Reagent components used in the Sanger sequencing assay for each of the six different 

primers 

 

Reagents Volume (µL) Final concentration 

BigDye™ Terminator Ready 

Reaction Mix 1  
BigDye™ Terminator 5x Sequencing 

Buffer 2 5x 

Primers (1,2,3,4,M or Y) 1 3.2 mM 

Nuclease free water 4 - 

Template (Purified PCR product) 2 4 ng/µL 

Total volume 10  

 

The plate was sealed using thermo stable adhesive plate film (Optical Adhesive Cover, Abbott) 

and placed in the thermocycler (ProFlexTM Base PCR System, S/Ns: 297802347, Applied 

Biosystems®, Life TechnologiesTM).  The sequencing programme (ProFlexTM Base PCR 

System, S/Ns: 297802347, Applied Biosystems®, Life TechnologiesTM) included an initial 

incubation step of 96ºC for 1 min, followed by 25 cycles of denaturation at 96ºC for 10 sec, 

annealing at 50ºC for 5 sec and extension at 60ºC for 4 mins. 

 

2.2.8 Purification of the sequencing reactions 

 

The sequencing reactions were purified using the ethanol/EDTA precipitation technique.  One 

mL of nuclease free water (InvitrogenTM, AmbionTM, Themo Fisher Scientific) was added to 

500 µL of 125 mM EDTA (pH 8.0) in a 2 to 1 ratio and 15 µL of the solution was added to 

each well.  Following the EDTA solution, 60 µL of 96% to 100% cold ethanol (Merck) was 

added to each well.  The ethanol was stored at -20°C.  The plate was covered using a clean 

silicon cover and was briefly vortexed and placed at -20°C for 5 mins.  The 96-well reaction 

plate was then centrifuged (CE 113, Digicen 21R, Orto Alresa) at 2,200 x g for 80 mins at 4°C.  

After 80 mins, the silicon cover was removed and the plate was inverted on absorbent paper 

without dislodging the pellet.  The reaction plate was then briefly centrifuged upside down on 

the absorbent paper until the centrifuge reached a relative centrifugal force (RCF) between 120 

and 200 x g.  A volume of 200 µL of cold 70% ethanol (Merck) was added to each well.  The 

reaction plate was centrifuged at 2,200 x g for 40 mins at 4°C.  The silicon cover was removed 

and the plate was inverted on absorbent paper without dislodging the pellet.  The reaction plate 
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was then briefly centrifuged upside down on absorbent paper until the centrifuge reached a 

RCF between 120 and 200 x g.  The 96 well reaction plate was then placed in a thermocycler 

(ProFlexTM Base PCR System, S/Ns: 297802347, Applied Biosystems®, Life TechnologiesTM) 

at 94°C for 25 to 40 sec with the thermocycler lid kept open to make sure any remaining ethanol 

was evaporated.  Finally, 10 µL of HiDiTMformamide (Applied BiosystemsTM, Themo Fisher 

Scientific) was added to each well and was covered with a clean silicon cover.  The sequencing 

reactions were denatured at 95°C for 5 mins and were immediately placed on ice.  

 

2.2.9 Data analysis 

 

Sequencing of the HIV pol gene was performed using the 3500 and 3500XL ABI genetic 

analysers (Applied BiosystemsTM, Themo Fisher Scientific).  The chromatograms obtained 

from the sequencer were checked for the sequence quality and mixed bases using a sequence 

analysis tool; Recall (beta v3.05) (Woods et al., 2012).  The quality of the sequences was 

inspected, checked and verified using Recall.  The position of the mixed bases was inspected 

and verified using the quality of the base call.  Sequence editing was performed according to 

Recall instructions i.e for green: no editing was required, orange: editing required for marked 

bases only, red and black: the sequences were rejected.  Minority variants were called by Recall 

if present at 17.5% or more with at least bidirectional coverage and the sequences were then 

exported as text files and were analysed using the Stanford HIV Drug Resistance Database 

(version 8.9-1) (Rhee et al., 2003; Shafer, 2006).  Drug resistance associated mutations in the 

protease and RT regions and their respective resistance profiles were recorded.  The subtype 

for the validation samples was determined using the Stanford HIV Drug Resistance Database 

(version 8.9-1) (Rhee et al., 2003; Shafer, 2006).  Phylogenetic analysis was performed using 

the in-house PhyloPi software and phylogenetic trees were constructed to check for any 

contamination among the samples (Bester et al., 2019).  For the validation parameters, 

alignments of the samples were analysed using percentage identity matrix from Clustal W 2.1 

software available at EMBL-EBI to determine the similarity of sequences at the nucleotide 

level (Sievers et al., 2011; Sievers and Higgins, 2018, https://www.ebi.ac.uk/).  The gold 

standard was an in-house Sanger sequence assay already validated on plasma samples.  

Mutation differences which were only observed in mixtures and had no clinical impact on 

patient treatment were accepted.  Results were summarised by frequencies and percentages and 

means, median, range or percentiles.  Subgroup comparisons were performed using differences 

in means, medians or percentiles. 
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2.2.10 Validation of the DBS Sanger sequencing assay 

 

According to the WHO guidelines (2012) for validation of DBS HIV drug resistance assay, the 

in-house Sanger sequencing was validated using different parameters to ensure the assay was 

producing reliable results.  These parameters included 1) amplification sensitivity, 2) linearity, 

3) accuracy, 4) precision and 5) reproducibility. 

 

2.2.10.1 Amplification sensitivity 

 

The amplification sensitivity was performed to identify the lowest VL required to successfully 

perform the assay. The minimum required copy number for the current in-house Sanger 

sequencing assay on plasma is 1,000 RNA copies/mL.  Previous studies have reported a similar 

copy number (VL 1,000 copies/mL) for a DBS assay (Smit et al., 2014; Zhang et al., 2018).  

However, some studies have reported reduced sensitivity in samples with VL < 10,000 

copies/mL (Masciotra et al., 2007; Parry et al., 2014).  Therefore, in the current study the 

samples were divided in three categories 1) 1,000 – 5,000, 2) 5,000 – 10,000 and 3) > 10,000 

copies/mL to accurately identify the minimum VL required for reproducible amplification and 

sequencing.  Negative samples (n=12) were interspersed with the positive samples.  The 

acceptance criterion was that more than 85% of the validation samples should be successfully 

amplified and more than 90% of these amplified samples should be successfully sequenced. 

The negative samples should not show any amplification.  Positive samples which failed 

amplification or sequencing were repeated once.  Samples for which the second attempt failed 

were considered to be unsuccessful.  

 

2.2.10.2 Linearity 

 

Assessment of sequence similarity was performed by diluting a known sample (including 

mixtures) over a specific range of copy numbers.  These copy numbers were 1) 100,000, 2) 

50,000, 3) 10,000, 4) 5,000 and 5) 1,000.  Samples which failed on the first attempt were 

repeated once and considered to be unsuccessful if the second attempt failed.  
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2.2.10.3 Accuracy  

 

This was to determine the accuracy of the assay to detect similar mutations when compared to 

the gold standard. Twelve samples without replicates were tested. The acceptance criterion was 

that more than ≥ 98% similarity must be observed when compared with the reference sequence 

at the nucleotide level for all specimens.  

 

2.2.10.4 Precision  

 

Precision reflects the intra-assay variability in the sequencing results obtained using the assay. 

Five replicates of three specimens were processed in a single run to ensure that the assay 

produces similar results for each specimen.  Five DBS spots from three specimens were 

prepared and RNA was extracted, amplified and sequenced from each of these replicates.  The 

sequences were then compared at the nucleotide level to determine the similarity of the 

sequences.  The acceptance criterion was that ≥ 90% of specimens must show ≥ 98% identity 

between replicates at nucleotide level.  

 

2.2.10.5 Reproducibility  

 

Reproducibility refers to the inter-assay variability in the sequencing results. Five replicates of 

three specimens were processed in five separate runs on different days.  As for precision, five 

DBS spots from three specimens were prepared and processed from RNA extraction.  The 

acceptance criterion was that ≥ 90% of specimens must show ≥ 98% identity between replicates 

at nucleotide level. 

 

2.3 Ethics  

 

Ethics approval was obtained from the Health Sciences Research Ethics Committee of the 

University of the Free State (UFS-HSD2017/0633). Additional approval was obtained from the 

Free State DOH and NHLS. 
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2.4 Results  

 

2.4.1 Amplification sensitivity  

 

The amplification sensitivity of the assay was determined using a total of 55 samples over a 

pre-determined VL range.  All samples were subtype C.  Table 2.6 shows the different VL 

categories tested to determine the amplification sensitivity of the assay. 

 

Table 2.6 Amplification and sequencing analysis for DBS samples tested for the amplification sensitivity 

 

Viral load range 

copies/mL 

Number of samples 

tested 

Number of samples 

amplified (%) 

Number of samples 

sequenced (%)* 

1 000 to 5 000 20 13 (65) 11 (85) 

5 000 to 10 000 20 18 (90) 17 (94) 

> 10 000 15 14 (93) 14 (100) 

*The sequencing percentages are calculated with the number of successfully amplified samples as the denominator since 

sequencing can only be performed on samples which are amplified  

 

The assay achieved minimum amplification rate of ≥ 90% for samples with VL between 5,000 

and 10,000 and for samples with VL > 10,000 copies/mL.  A low amplification success rate 

(65%) was observed for samples with VL between 1,000 and 5,000 copies/mL.  The samples 

which failed to amplify had VL ranging from 1,140 to 2,645 copies/mL.  The two samples that 

could not be amplified between 5,000 and 10,000 copies/mL had a VL of 6,868 and 8,700 

copies/mL.  The only sample that could not be amplified in the category of samples withVL of 

> 10,000 copies/mL had a VL of 11,561 copies/mL.  No amplification was observed in the 

negative samples. 

 

2.4.2 Linearity 

 

The different copy numbers which were used to determine the linearity of the assay are 

displayed in Table 2.7.  No amplification was obtained for one of the samples (10,000) and the 

sample was repeated without success.  The sequence similarity was compared using an identity 

matrix from Clustal W 2.1 software available at EMBL-EBI to determine the similarity of 

sequences at the nucleotide level (Sievers et al., 2011; Sievers and Higgins, 2018, 

https://www.ebi.ac.uk/). 

 



35 

Table 2.7 Sequence similarity at the nucleotide level for four sample dilutions with copy numbers 

ranging from 1,000 to 100,000 copies/mL, for assessment of linearity 

 

100,000 50,000 5,000 1,000 

98.3   98.4   100.0  98.3  

100.0 98.8   98.3 98.2   

98.8   100.0 98.4 99.1   

98.2 99.1 98.3 100.0 

 

2.4.3 Accuracy 

 

A total of 12 samples which were sent for HIV drug resistance testing were used to determine 

the accuracy of the assay, since the plasma genotype for these respective samples had already 

been performed and was used as the gold standard in this study to compare the results obtained 

from the DBS assay.  The VL of these samples ranged from 3,336 to 142,686 copies/mL.  All 

of the samples were genotyped except one sample with a VL of 6,877 copies/mL.  The sequence 

similarity at the nucleotide level between plasma and DBS samples is shown in Table 2.8. 

 

Table 2.8 Sequence similarity at the nucleotide level between DBS and plasma assay determined 

using Clustal W 2.1 

 

1 2 3 4 5 6 

98% 99% 99% 99% 99% 99% 

7 8 9 10 11 12 

98% 99% 98% 99% 98% AF 

AF Amplification failure 

 

The assay achieved minimum sequence similarity of ≥ 98% at the nucleotide level for all the 

samples. 

 

The detailed resistance mutations and the interpretation of resistance profiles for accuracy 

samples are shown in Appendices 1a and 1b.  A total of 156 mutations were found in the 

protease region among the matched plasma and DBS samples, with no discordant major 

mutations noted.  Only two discordant minor protease mutations were found, both of which 

were present as mixtures, with an additional K45KR mutation in a plasma sample and an 

M36MI mutation in a DBS sample.  A total of 216 RT mutations were found among plasma 
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and DBS samples, with no discrepancies noted amongst the major mutations.  The discordant 

mutations included nine minor mutations in DBS samples (G93GE, I202V, V60VI, V106VG, 

Q145QR, P157PS, Q182QP, L209LP and L210LP) and one minor mutation in a plasma sample 

(A98AS). The majority of these mutations were mixed codons where the minority population 

may have been missed due to PCR amplification bias, due to being close to or below the Sanger 

sequencing cut off of approximately 20%, or due to proviral DNA in the DBS specimens, 

particularly in samples with low viraemia.  Since all the discordant mutations were minor and 

no discrepancies were found among the major protease and reverse transcriptase mutations, the 

interpretation of the resistance profiles were found to be identical for both the sample types.  

These minor mutation differences therefore would have no clinical impact on the patient 

treatment.   

 

2.4.4 Precision 

 

The three samples had a VL of 25,011, 60,514 and 240,517 copies/mL (Table 2.10).  The results 

of the five replicates were aligned using Clustal W 2.1 software available at EMBL-EBI and 

the resulting identity matrix is shown in Table 2.10 (Sievers et al., 2011; Sievers and Higgins, 

2018, https://www.ebi.ac.uk/). 

 

Table 2.9 Sequence similarity at the nucleotide level for five replicates of three specimens to assess 

precision 

 

Specimen 1 (VL 25,011) 

 

1a 1b 1c 1d 1e 

100.0 98.4 98.5 98.3 98.5 

98.4 100.0 98.7 98.6 98.7 

98.5 98.7 100.0 98.4 98.7 

98.3 98.6 98.4 100.0 98.8 

98.5 98.7 98.7 98.8 100.0 

 

Specimen 2 (VL 60,514) 

 

2a 2b 2c 2d 2e 

100.0 98.9 99.0 99.1 99.3 

98.9 100.0 98.7 99.4 99.2 
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99.0 98.7 100.0 99.3 99.5 

99.1 99.4 99.3 100.0 99.6 

99.3 99.2 99.5 99.6 100.0 

 

Specimen 3 (VL 240,517) 

 

3a 3b 3c 3d 3e 

100.0 99.7 99.6 99.5 99.6 

99.7 100.0 99.9 99.8 99.9 

99.6 99.9 100.0 99.7 99.8 

99.5 99.8 99.7 100.0 99.9 

99.6 99.9 99.8 99.9 100.0 

 

The assay achieved minimum sequence similarity of ≥ 98% between all replicates for all three 

specimens at nucleotide level, therefore meeting the acceptance criteria for precision.  The 

mean and the median of the nucleotide similarities for the precision of the assay was 99%. 

 

The detailed resistance mutations and the interpretation of resistance profiles for precision 

samples are shown in Appendix 2a.  A total of 29 minor mutations and no major mutations 

were detected in the protease region.  The minor mutations found among the replicates included 

3 discordant mutations.  Two of the discordant mutations (I13IL and G49K) occurred in one 

replicate each of sample 1, while the third discordant mutation (T12TS) was detected in a single 

replicate of sample 3.  For the RT region, a total of 17 major mutations were detected, with 4 

discordant mutations noted.  One of the discordant mutations (K219KR) was detected in three 

replicates of sample 1.  The remaining three discordant mutations (A62AV, V75VIM and 

Y115YF) were each detected in three replicates of sample 2.  A total of 46 minor mutations 

were detected.  Two discordant mutations were found.  One of the discordant mutations (I5IV) 

was detected in one replicate of the sample 1, while the second discordant mutation (S68SN) 

was detected in four replicates of sample 2.  All of the above mentioned additional major and 

minor mutations were found in mixtures except for one major (K219R) and one minor mutation 

(I5IV).  The mutations had no impact on the resistance profiles which were found to be similar 

among all five replicates of the three samples. 
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2.4.5 Reproducibility  

 

Five replicates of three specimens were processed in five separate runs on different days.  The 

same three samples used for precision were used to assess reproducibility.  The identity matrix 

following alignment using Clustal W 2.1 is shown in Table 2.11 (Sievers et al., 2011; Sievers 

and Higgins, 2018). 

 

Table 2.10 Similarity matrix from the Clustal W 2.1 alignment of the five replicates of three 

specimens for assessment of reproducibility 

 

Specimen 1 (VL 25,011) 

 

1a 1b 1c 1d 1e 

100.0 99.0 98.9 98.4 98.9 

99.0 100.0 98.9 98.3 99.0 

98.9 98.9 100.0 98.0 99.1 

98.4 98.3 98.0 100.0 98.2 

98.9 99.0 99.1 98.2 100.0 

 

Specimen 2 (VL 60,514) 

 

2a 2b 2c 2d 2e 

100.0 99.4 99.2 99.4 99.0 

99.4 100.0 99.0 99.0 99.0 

99.2 99.0 100.0 99.0 99.2 

99.4 99.0 99.0 100.0 99.0 

99.0 99.0 99.2 99.0 100.0 

 

Specimen 3 (VL 240,517) 

 

3a 3b 3c 3d 3e 

100.0 99.8 99.9 99.5 99.6 

99.8 100.0 99.9 99.5 99.6 

99.9 99.9 100.0 99.6 99.7 

99.5 99.5 99.6 100.0 99.7 

99.6 99.6 99.7 99.7 100.0 
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The assay achieved minimum sequence similarity of ≥ 98% between replicates at nucleotide 

level for all samples tested.  The mean and the median nucleotide similarities for the 

reproducibility of the assay was 99%. 

 

The detailed resistance mutations and the interpretation of resistance profiles for 

reproducibility samples are shown in Appendix 2b.  A total of 26 minor protease mutations and 

no major protease mutations were identified in the protease region.  No discrepancies were 

found amongst the minor protease mutations.  For the RT region, a total of 18 major mutations 

were detected, including 3 discordant mutations.  Each of these three discordant mutations 

(K219KR, A62AV and V108VI) were detected in two replicates of the respective samples.  A 

total of 46 minor mutations were identified, with only one discordant mutation (K20KR) noted 

in one replicate of a sample.  One of the replicates of sample 1 detected a stop codon (I167X) 

which is not unexpected due to the presence of proviral DNA in DBS derived genotypes.  These 

mutations had no impact on the resistance profiles of the replicates and the resistance profiles 

among all 5 replicates of each sample were found to be identical. 

 

2.5 Discussion 

 

The use of DBS has been considered as an alternative specimen type for HIV drug resistance 

genotyping, surveillance and monitoring in areas which lack the necessary infrastructure for 

collection and transport of plasma (McNulty et al., 2007).  Several studies have demonstrated 

a high concordance rate (78% to 94%) in identifying mutations among plasma and whole blood 

specimens spotted on DBS cards in both treatment naïve and treatment exposed patients 

(Bertagnolio et al., 2010; Johannessen et al., 2010; Rottinghaus et al., 2012; Monleau et al., 

2014).   

 

In the current study, the in-house HIV drug resistance assay currently in use in the NHLS 

Virology diagnostic division, which was already validated on plasma samples, was tested on 

DBS cards to identify mutations in the pol region consisting of the RT and protease enzymes.  

The assay was validated against different parameters to ensure that it produces reliable results 

and was compared with the in-house Sanger sequencing assay.  High amplification sensitivity 

(≥ 90%) was observed in samples with VL between 5,000 and ≥ 10,000 copies/mL.  Previous 

studies conducted in Europe and North America have also reported a high amplification rate 

found using DBS specimens ranging from 79% to 95% (Bertagnolio et al., 2007; Masciotra et 
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al., 2007; McNulty et al., 2007; Hallack et al., 2008; Youngpairoj et al., 2008; Hearps et al., 

2010; Johannessen et al., 2010). 

 

Despite the high similarity observed among HIV genotypes generated from plasma and DBS 

specimens, a number of limitations are associated with the use of DBS cards.  The low volume 

of blood in a DBS specimen leads to a smaller quantity of RNA present in the sample, which 

can lead to reduced sensitivity of the assay as compared to plasma samples (Singh et al., 2017).  

Studies conducted by Parry et al. (2014) and Masciotra et al. (2007) have reported that yield 

from DBS specimens with a plasma VL of < 10,000 copies/mL can be as low as 50% to 55%.  

This could be of great clinical significance, since HIV infected patients with VL between 500 

and 1,000 copies/mL have been reported to harbour resistance mutations similar to patients 

with high viraemia (Prosperi et al., 2011; Gonzalez-Serna et al., 2014; Santoro et al., 2014).  

Due to the lower sensitivity of DBS specimens in patients with low viraemia, the presence of 

resistance mutations in these samples might go undetected, thus preventing early treatment 

control and eventually leading to treatment failure (Singh et al., 2017).  In the current study, 

low amplification sensitivity (65%) was observed in samples with a VL of between 1,000 and 

5,000 copies/mL.  All of the samples (n=7) in this VL range that could not be amplified had a 

VL of < 3,000 copies/mL.  Johannessen and colleagues (2010) reported that the reduced 

sensitivity has been associated with samples with a lower viral burden.  A study conducted by 

Hallack et al. (2008) reported that 90% of the samples with a VL of ≥ 6,000 copies/mL were 

genotyped as compared to 58% of the samples with a VL of < 6,000 copies/mL with the use of 

the Trugene® HIV-1 genotyping assay.  Another study conducted by Youngpairoj et al. (2008) 

reported that genotyping was only successful in 8% of the samples with a VL of < 10,000 

copies/mL as compared to 81% of the samples with a VL of ≥ 10,000 copies/mL using the 

commercial ViroSeqTM kit.  However, in the second study the samples were retested using an 

in-house nested RT-PCR assay, which resulted in the successful amplification of 95% of the 

samples with a VL of ≥ 10,000 copies/mL (Youngpairoj et al., 2008).  In the current study, the 

in-house nested PCR assay was used for amplification, which resulted in the successful 

amplification rate of ≥ 90% for samples with VL above 5,000 copies/mL.  As all samples in 

the 3,000 – 5,000 copies/mL range were successfully amplified, the lower VL limit for the 

assay is likely in this range.  Overall, the assay displayed low sensitivity for samples with VL 

between 1,000 and 5,000 copies/mL, which requires additional optimisation and further studies 

are required to improve the sensitivity of the DBS assay.  Plasma therefore remains the 

specimen of choice for HIV drug resistance testing, particularly in a diagnostic setting, due to 
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the ability to reliably amplify and sequence samples with VL between 1,000 and 5,000 

copies/mL. 

 

Another major challenge associated with the use of DBS specimens is the presence of proviral 

DNA from peripheral blood mononuclear cells (PBMC), which can impact HIV DNA 

sequences (Johannessen et al., 2010).  Previous studies have reported the presence of proviral 

DNA ranging from 33% to 80% in a nested RT-PCR assay from treatment naïve as well as 

treatment exposed patients (Ziemniak et al., 2006; Masciotra et al., 2007; Bertagnolio et al., 

2007; McNulty et al., 2007; Hearps et al., 2010).  However, despite the presence of proviral 

DNA, the results found from plasma and DBS specimens were found to be highly similar, 

which was in agreement with the results of the current study.  The degree of interference caused 

by the proviral DNA may vary depending on several factors, such as CD4 cell counts, VL, 

disease status and treatment characteristics of the specific population (Escaich et al., 1992; 

Chun et al., 1997; Bruisten et al., 1998; McNulty et al., 2007).  Previous studies have reported 

that high level of concordance have been found between plasma and DBS samples particularly 

from patients experiencing virological failure with VL ≥ 1,000 copies/mL and found more 

detectable mutations in plasma as compared to DBS, while the opposite has been encountered 

in patients who have undergone treatment interruptions who tend to have more detectable 

mutations present in the DBS as compared to plasma (Bertagnolio et al., 2010; Johannessen et 

al., 2010; Rottinghaus et al., 2012; Monleau et al., 2014). 

 

The contribution of proviral DNA and impact on the resulting HIV genotype is likely 

influenced by the patient’s VL (Johannessen et al., 2010).  Furthermore, in patients with low 

viraemia, interference caused by archived proviral DNA has been reported to be higher as 

compared to patients with high viraemia (Parry et al., 2014).  Previous studies have reported 

high concordance among proviral DNA and RNA genotypes, with strong concordance reported 

with samples with high viraemia and weak concordance reported among samples with low 

viraemia (Wirden et al., 2011; Derache et al., 2015). 

 

As the virus population is typically heterogeneous within individuals, it is possible to detect 

the presence of more than one nucleotide, more commonly known as a mixture, at a given 

position on Sanger sequencing electropherograms.  These mixtures are commonly recognised 

as low-frequency variants, which can be present in a minority in a given viral population.  A 

study conducted by Zhou et al. (2011) has reported a number of discrepancies found in 
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replicates when comparing an optimised in-house assay with the commercially available 

TRUGENE® assay.  However, despite a number of minor differences reported due to the 

presence of mixed bases among the replicates, sequence identity among the replicates ranged 

from 98.22% to 99.65%.  The results are in agreement with the current study, which found ≥ 

98% identity among replicates analysed for the precision and reproducibility parameters of the 

assay.  Although discrepancies were found among the replicates, the interpretation of the 

resistance profiles was found to be identical among the replicates.  Furthermore, the results 

indicated that the sequences generated by Sanger sequencing were found to be highly 

reproducible.   

 

In conclusion, monitoring of ART with VL and drug resistance testing has been the standard 

of care to detect treatment failure and to design and establish effective ARV regimens (Hammer 

et al., 2008).  However, in the past genotypic drug resistance testing has only been available in 

developed countries and has been limited in countries which lack the necessary infrastructure 

(Johannessen et al., 2010).  Since the demand for ART has been increasing in developing 

countries, the need for monitoring VL and resistance testing has increased in these settings 

(Calmy et al., 2007; Johannessen et al., 2010).  Therefore, the use of DBS specimens as an 

alternative to plasma will improve the ease of sample collection and transport in resource 

limited settings, especially in infants and young children where a lack of phlebotomy skills 

may limit access to laboratory testing.  Supporting the previous evidence with the results of the 

current study, HIV drug resistance could easily be detected using DBS specimens in these 

settings. 
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CHAPTER 3 

 

PRE-TREATMENT HIV DRUG RESISTANCE IN EARLY INFANT DIAGNOSIS 

SAMPLES IN CENTRAL SOUTH AFRICA 

 

3.1 Introduction 

 

South Africa has been recognised as one of the countries with the largest number of people 

living with human immunodeficiency virus (HIV) (estimated 7.7 million) (UNAIDS, 2019b).  

The country accounts for a third of all the new HIV infections reported in Southern Africa 

(UNAIDS, 2017).  In 2018, an estimated 240,000 new HIV infections were reported and a total 

of 71,000 South Africans died due to acquired immune deficiency syndrome (AIDS) related 

illnesses (Hunt et al., 2015; Statistics South Africa, 2018).  Consequently, the government 

supports the largest antiretroviral (ARV) treatment programme in the world and the success of 

the programme has been evident, since it has caused a significant increase in life expectancy 

for HIV-positive individuals and has dramatically reduced AIDS related deaths with a 50% 

decrease from 140,000 deaths in 2010 to 71,000 deaths in 2018 (UNAIDS, 2018).  In addition, 

a decrease in the infant mortality rate has been noted from 58 deaths per 1,000 births in 2002 

to 36.4 deaths per 1,000 births in 2018 (Hunt et al., 2015; Statistics South Africa, 2018).   

 

The large scale roll-out of antiretroviral therapy (ART) has been accompanied by increasing 

levels of HIV drug resistance, which can compromise the success of ART (Hamers et al., 2011; 

Gupta et al., 2012; Hunt et al., 2015; Boerma et al., 2016).  Drug resistance is a result of 

mutations within the viral enzymes, such as protease and reverse transcriptase (RT), which can 

reduce susceptibility to ARVs (Hunt et al., 2015).  Factors such as poor adherence to ARVs, 

lower concentrations of ARVs used and switching among the regimens can lead to emergence 

of drug resistant variants (Hunt et al., 2015).  HIV drug resistance can occur in individuals 

experiencing regimen failure, known as acquired drug resistance (ADR) and can be transmitted 

to ARV naïve individuals, known as transmitted drug resistance (TDR) (Hunt et al., 2015). 

 

A third form of drug resistance is known as pre-treatment drug resistance (PDR) (Boerma et 

al., 2016).  PDR can result from 1) transmission of drug resistant HIV from an individual who 

has ADR due to selective pressure of ARVs, 2) transmission of drug resistant HIV from an 

ART naïve individual infected with primary drug resistant HIV or 3) ADR resulting from 
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previous exposure to ARVs used for treatment or prevention (Wittkop et al., 2011; Hamers et 

al., 2012; Chimukangara et al., 2019).  PDR is commonly associated with virological failure, 

mostly on first-line ART.  

 

Drug resistant HIV can be transmitted from mother to child (MTCT) during pregnancy, 

intrapartum or post-partum (breastfeeding) (Delaugerre et al., 2009; Inzaule et al., 2018a).  The 

prevention of mother to child transmission (PMTCT) services have been a huge success but 

although the number of new infections in children has decreased, there is a risk of transmitting 

drug resistant HIV to the children who become HIV positive (Salou et al., 2016).  According 

to the World Health Organisation (WHO) (2018), newly diagnosed HIV infected children are 

at a higher risk of carrying drug resistant HIV than adults.  The WHO further reported that one 

out of every two of these children carry drug resistant HIV, mostly resistant to non-nucleoside 

reverse transcriptase inhibitors (NNRTIs) (nevirapine [NVP] or efavirenz [EFV]) (World 

Health Organisation, 2018).   

 

In 2008, the national PMTCT policy recommended d4T + 3TC + EFV/NVP for mothers with 

a CD4 count of < 200 cells/mm3 or ZDV therapy from 28 weeks of gestation with single dose 

NVP in labour for those not qualifying for lifelong ART based on their CD4 count (National 

Department of Health, 2008).  In 2010, option A was introduced for mothers with a CD4 count 

of < 350 cells/mm3, which recommended lifelong ART consisting of TDF + 3TC/FTC + NVP 

or AZT + 3TC + NVP (National Department of Health, 2010a).  Those women not qualifying 

for lifelong ART received ZDV prophylaxis offered from 14 weeks of gestation with single 

dose NVP and 3 hourly ZDV in labour and single dose of TDF or FTC postpartum.  In 2013 

and 2015, option B and B+ were introduced, which recommended lifelong ART for all HIV 

positive pregnant and lactating women regardless of their CD4 cell count (National Department 

of Health, 2013; National Department of Health, 2015b).  The current National Department of 

Health (NDOH) guidelines recommend the use of NVP, which is given to infants at birth and 

then daily for 6-12 weeks to prevent MTCT of HIV and in high risk infants, AZT is given for 

six weeks (National Department of Health, 2015b; National Department of Health, 2019). 

 

NVP, which is a potent NNRTI, commonly selects for resistance mutations associated with the 

enzyme RT (Palmer et al., 2006; Battini and Bollini, 2019).  The most common mutations are 

K103N and Y181C, which cause resistance to NVP and cross resistance to other NNRTIs 

(Palmer et al., 2006; Battini and Bollini, 2019).  These mutations have a limited effect on the 
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replicative ability of the virus and can therefore persist long after discontinuation of NVP 

therapy (Palmer et al., 2006).  Additionally, the presence of the V106M mutation in HIV-1 

virus exposed to efavirenz can cause cross resistance to other NNRTIs (Brenner et al., 2003; 

Wainberg and Brenner, 2012; Etta et al., 2017).   

 

The NDOH guidelines recommend early infant diagnosis (EID) testing for children born to 

HIV positive mothers, which includes the use of dried blood spots (DBS) to perform HIV 

polymerase chain reaction (PCR) testing at birth and 10 weeks of age (National Department of 

Health, 2019).  Due to the transfer of antibodies from mother to child, EID is performed with 

direct detection techniques, such as the nucleic acid testing which involves the use of PCR 

(Mazanderani et al., 2018).  Repeat samples for a positive result have been recommended by 

NDOH, although newly diagnosed children are started on ART as soon as the first PCR is 

positive to limit the reservoir size (National Department of Health, 2019). 

 

As the scale up of PMTCT services continues, including EID testing and ART, it is critical to 

determine the underlying patterns of HIV drug resistance among newly diagnosed children 

(Fitzgerald et al., 2013; Salimo et al., 2015).  Plasma has been the specimen of choice for 

resistance testing using Sanger sequencing, but due to the inherent requirement to perform 

phlebotomy and maintain the integrity of HIV RNA, the use of DBS has been considered as an 

alternative specimen (Salimo et al., 2015).  Integrity of HIV RNA in plasma is maintained by 

usage of nucleic acid stabilizers, transport of specimens in a cooler box, rapid centrifugation 

and separation of plasma and assessment of collection times to provide results in a timely 

manner (Puren et al., 2010).  The DBS cards can easily be collected using a heel-prick from 

infants and children and can be transported and stored at ambient temperature for up to 14 days 

until transferred to -80°C (Salimo et al., 2015; World Health Organisation, 2012).  Previous 

studies in adults have reported a high rate of concordance in detecting drug resistance mutations 

using plasma and DBS cards in treatment naïve and exposed patients (Bertagnolio et al., 2010; 

Johannessen et al., 2010; Rottinghaus et al., 2012; Monleau et al., 2014).  In addition, a number 

of paediatric studies have been previously published to assess the use of DBS cards for 

detecting drug resistance mutations (Salimo et al., 2015; Zhang et al., 2018). 

 

Limited information is available regarding the presence of drug resistance variants among the 

paediatric population in sub-Saharan Africa (Salimo et al., 2015).  A study conducted by 

Boerma et al. (2016) reported an increase in the PDR profiles among children living in sub-
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Saharan Africa.  The study further reported a PDR prevalence of 42.7% among children 

exposed to PMTCT as compared to 12.7% in children unexposed to PMTCT which had greatly 

increased over the years to 56.1% in children exposed to PMTCT and 33% and 23.5% of 

children with unknown or no exposure to PMTCT (Jordan et al., 2017). 

 

The presence of PDR in PMTCT unexposed children highlights the possibility of children 

acquiring TDR virus from mothers failing ART (Boerma et al., 2016; Poppe et al., 2017).  

Therefore, the WHO has recommended the use of protease inhibitors (PIs) in children as their 

first line ART regardless of the exposure to PMTCT (World Health Organisation, 2019a).  

However, due to the increased cost involved with PIs and large scale drug stock outs, many 

children in developing countries are still initiated on NNRTI based regimens, which greatly 

affects the treatment outcomes among these children (Boerma et al., 2016; Poppe et al., 2017; 

World Health Organisation, 2017a).  

 

A study conducted by Hunt et al. (2019) compared the prevalence of drug resistance found 

among children who were enrolled in three PMTCT surveys conducted in 2010, 2011-2012 

and 2012-2013.  These surveys measured MTCT of 3.5%, 2.7% and 2.6% respectively, while 

drug resistance was lower in 2010 (37%) as compared to 2011 (64%) and 2012 (63%).  

However, further studies are required to determine the current PDR prevalence of HIV 

circulating among the paediatric population across the country. The aim of this study was 

therefore to determine the prevalence of PDR in samples collected from the routine EID 

platform. 

 

3.2 Materials and Methods         

3.2.1 Sample collection and processing 

 

This was a cross-sectional study which was performed at the Division of Virology, University 

of the Free State/National Health Laboratory Service (NHLS), Bloemfontein.  During February 

2018 to April 2019, a total of 521 samples from HIV-infected children submitted for EID HIV 

PCR testing were collected from the Virology laboratory of the NHLS at Universitas Academic 

Laboratories, Bloemfontein.  The laboratory receives samples from the Free State, Northern 

Cape and North West provinces of South Africa.  The EID testing is performed on children 

born to HIV-positive mothers from birth until the age of 18 months.  At the time of the present 

study, NDOH guidelines recommended infant post-exposure prophylaxis (PEP) consisting of 
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6 to 12 weeks of NVP, with high risk infants receiving NVP + zidovudine (ZDV) (National 

Department of Health, 2015b).  ART consisting of abacavir (ABC) + lamivudine (3TC) + 

lopinavir/ritonavir (LPV/r) was initiated as a first-line regimen for infants as soon as the first 

PCR was positive, however, a second PCR sample was required to confirm the positive result 

(National Department of Health, 2015b).  Inclusion criteria for the collection of study samples 

consisted of any sample from children under the age of 18 months testing HIV PCR positive 

for the first time on routine EID testing.  Exclusion criteria consisted of 1) samples from 

children above the age of 18 months 2) insufficient samples 3) infants with a previous positive 

PCR result and 4) children which had documented prior exposure to ART (other than PMTCT).  

The request forms sent for laboratory testing (EID platform) were examined to check the 

patient history on ART and were excluded if previous exposure to ART (other than PMTCT) 

was indicated.  Both DBS and whole blood samples in ethylenediamine tetraacetic acid 

(EDTA) tubes were included.  Samples were collected as residual DBS specimens after the 

EID testing had been performed or, in-case of whole-blood, 70 μL of EDTA blood was spotted 

onto perforated DBS specimen collection cards (Lasec®, South Africa) and were left to dry 

overnight at ambient temperature, before storage in individual zip lock bags containing silica 

gel desiccant (Lasec®, South Africa) at -80°C. 

 

3.2.2 Nucleic acid extraction and nested PCR assay  

 

Nucleic acid extraction was performed using the NucliSENS®EasyMAG®extraction system 

(02370; BioMérieux).  The assay was optimised to use DBS cards (Lasec®, South Africa) 

instead of plasma for RNA extraction.  Two spots containing 140 μL of whole blood were 

used to extract RNA using the NucliSENS®silica based extraction technique, as described 

in Section 2.2.2.  After the extraction, RNA was eluted in the NucliSENS®Extraction buffer 

3 and was stored at -80°C until further processing. 

 

Following extraction, a nested PCR assay was performed to detect mutations in the RT and 

protease regions of the pol gene of the HIV-1 genome.  The position of amino acid sequences 

targeted for protease was 1 to 99 and for RT enzyme 1 to 240 residues.  The SuperScript™ 

III One-Step RT-PCR System with Platinum® Taq High Fidelity (Thermofisher Scientific) 

was used for the first round of amplification, while the nested PCR assay was performed 

using KOD Hot Start deoxyribonucleic acid (DNA) Polymerase (Novagen®, Merck).  The 

primers for the first round of PCR and nested PCR assay were synthesized by Integrated 
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DNA Technologies (Whitehead Scientific) and are indicated in Table 2.1.  The procedure 

for the nested PCR assay is described in detail in Section 2.2.3. 

 

The PCR amplicons were analysed using a 0.8% Seakem® agarose gel (Lonza) in a 1× Tris-

Acetic Acid-EDTA (Merck) buffer, stained with 2 μL of loading dye containing GelRed 

(BioTium).  A 100 base pair (bp) deoxyribonucleic acid (DNA) ladder (GeneRuler DNA 

Ladder Mix, Thermo Fisher Scientific) was included as a molecular weight marker on each gel.  

Analysis of the PCR assay amplicons including the target visualisation are described in detail 

in Section 2.2.4. 

 

The nested PCR assay amplicons were purified using the PureLink® PCR Purification Kit 

(InvitrogenTM, Life TechnologiesTM, Thermo Fisher Scientific) according to the manufacturer’s 

instructions as indicated in Section 2.2.5 and DNA concentrations of the purified PCR products 

were measured using the NanoDrop 2000 Spectrophotometer (Serial number: E107, 2000 

Spectrophotometer, Thermo Fisher Scientific) as indicated in Section 2.2.6. 

 

3.2.3 Sanger sequencing 

 

Sanger sequencing was performed using sequencing primers synthesized by Integrated DNA 

Technologies (Whitehead Scientific) as indicated in Table 2.4.  The sequencing assay is 

outlined in Section 2.2.7.  The Ethanol/EDTA precipitation technique was used for the 

purification of the sequencing reactions as described in Section 2.2.8. 
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3.2.4 Data analysis 

 

Sequencing of the HIV-1 pol gene was performed using the 3500 and 3500XL ABI genetic 

analysers (Applied BiosystemsTM, Themo Fisher Scientific).  The chromatograms obtained 

from the sequencer were checked for sequence quality and mixed bases using a sequence 

analysis tool, Recall (beta v3.05) (Woods et al., 2012).  The sequences were then exported as 

text files and were analysed using the Stanford HIV Drug Resistance Database, including 

determination of the HIV-1 subtype (version 8.9-1) (Rhee et al., 2003; Shafer, 2006).  Drug 

resistance associated mutations in protease and RT regions and their respective resistance 

profiles were recorded.  Phylogenetic analysis was performed using the in-house PhyloPi 

software and phylogenetic trees were constructed to identify any contamination among the 

samples (Bester et al., 2019).  Results were summarised by frequencies and percentages and 

means, median, range or percentiles.  Subgroup comparisons were performed using differences 

in means, medians or percentiles. 

 

3.3 Ethics 

 

Ethics approval was obtained from the Health Sciences Research Ethics Committee of the 

University of the Free State (UFS-HSD2017/0633).  Additional approval was obtained from 

the Free State DOH and NHLS. 

 

3.4 Results 

 

The sample group was comprised of a total of 521 DBS samples, which were collected from 

children who tested positive for HIV on the routine EID platform.  The median age of the 

children was 8 months (range less than a day old to 17 months).  Among the 521 samples, 71% 

(372/521) were successfully amplified using the nested PCR assay and 83% (308/372) were 

sequenced using Sanger sequencing.  The samples which could not be amplified were repeated 

using a different DBS spot from the same card to ascertain the possibility of amplifying such 

samples; however, no additional samples were successfully amplified.  A number of factors 

could have contributed to the inability to amplify these samples including compromised quality 

of the specimens resulting in the degradation of the total nucleic acid present in the sample, 

low VL due to exposure to PMTCT, insufficient blood volume collected on the DBS, and the 

lower sensitivity of the drug resistance assay compared to the EID PCR.  The limit of detection 
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for the EID assay is approximately 300 copies/mL, which is much lower than the minimum 

copy number required for successful amplification and sequencing on the validated DBS drug 

resistance assay (65% amplification sensitivity for VL between 1,000 and 5,000 copies/mL and 

≥ 90% for samples with VL above 5,000 copies/mL) (COBAS® AmpliPrep/COBAS® 

TaqMan® HIV-1 Qualitative Test, Version 2.0).  VL testing was not performed on the samples 

as the majority had insufficient spots remaining following EID testing and repeat drug 

resistance testing, and a validated DBS VL assay is not available in the laboratory.  No patterns 

were noted in the transit times, storage times or geographic origin of samples in relation to 

amplification failure.  Figure 3.1 displays the flow-diagram for the study workflow. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.1 Flow-diagram indicating the study workflow 

Positive samples collected (n=521) 

Male (n=135) 

Female (n=173) 

Samples extracted (n=521) 

PCR amplification (n=372, 71%) 

Sanger Sequencing (n=308, 83%) 

Resistant (n=224, 73%) Susceptible (n=84, 27%) 

EID platform 
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All of the HIV-1 sequences were identified as subtype C.  Drug resistance testing indicated that 

27% (84/308) of the samples were fully susceptible, while resistance was found in 73% 

(224/308) of the samples.  Three of the samples with susceptible drug resistance profiles (1% 

[3/308]) had minor mutations which caused no change in the resistance profiles of the different 

classes of antiretrovirals tested.  These minor mutations were M184MK (NRTI), Y188YD 

(NNRTI) and Q58E (an accessory PI mutation).  The age of the children for these respective 

samples was 0 days, 5 months and 12 months.  Information regarding the maternal and neonatal 

ARV prophylaxis was not available in the laboratory records for the majority of samples tested.  

The samples were therefore analyzed based on the type of drug resistance mutation and their 

associated resistance profile detected using the Stanford HIV drug resistance database (Rhee 

et al., 2003; Shafer, 2006).   

 

Table 3.1 indicates the number of drug resistance mutations found in samples collected from 

the EID platform. NNRTI resistance was detected in 72% (222/308) of the children, NRTI 

resistance in 11.7% (36/308) and PI resistance in 1.6% (5/308).  

 

Table 3.1 Number of resistance mutations by drug category found in paediatric samples collected 

from the routine EID platform 

 
Resistance category Number of sample with DRM (n=308) Number of mutations (%) 

At least one NNRTI DRM 222 72 

At least one NRTI DRM 36 11.7 

At least one PI DRM 5 1.6 

Dual class resistance 

NNRTI + NRTI 33 10.7 

NNRTI + PI 2 0.6 

Triple class resistance 

NNRTI + NRTI + PI 2 0.6 
DRM Drug resistance mutation NNRTI Non-nucleoside reverse transcriptase inhibitor NRTI Nucleoside 

reverse transcriptase inhibitor  PI Protease inhibitor 

 

In those children with resistant drug profiles, the prevalence of NNRTI mutations (99%, 

222/224) was the highest, followed by nucleoside reverse transcriptase inhibitor (NRTIs) 

(16%, 36/224) and PIs (2%, 5/224).  The prevalence of dual resistance to NNRTI and NRTI 

(15%) was the highest, followed by NNRTIs + PIs (0.9%).  None of the children harboured 

dual resistance to NRTIs + PIs.  Triple class resistance (NNRTI + NRTI + PI) was detected in 

two children.  Both of the children were ≤ 1 month, with one of the children only a day old and 

the other one month old. 
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Among the different classes of ARVs, high-level resistance was only detected to NNRTIs and 

NRTIs (Table 3.2).  High-level resistance to NRTIs was considerably lower as compared to 

NNRTIs and was mostly found to emtricitabine (FTC) (8%) and 3TC (8%) and less so to ABC 

(4%) and tenofovir (TDF) (3%).  None of the samples displayed high-level resistance to ZDV, 

however, two of the children displayed intermediate resistance to ZDV, while low-level 

resistance was found in eight children. 

 

Table 3.2 HIV drug resistance profiles among children who tested positive on the routine EID 

platform 

 

Antiretrovirals 

(n=224) 

Susceptible 

n (%) 

High-level resistance 

n (%) 

Intermediate 

n (%) 

Low-level resistance 

n (%) 

NRTIs 

ABC 198 (88.4) 10 (4.5) 6 (2.6) 10 (4.5) 

ZDV 214 (95.5) 0 (-) 2 (0.9) 8 (3.6) 

FTC 200 (89.3) 18 (8) 5 (2.2) 1 (0.5) 

3TC 200 (89.3) 18 (8) 5 (2.2) 1 (0.5) 

TDF 211 (94.2) 6 (2.7) 5 (2.2) 2 (0.9) 

NNRTIs 

DOR 109 (48.7) 21 (9.4) 48 (21.4) 46 (20.5) 

EFV 12 (5.3) 188 (84) 15 (6.7) 9 (4) 

NVP 11 (5) 203 (90.6) 5 (2.2) 5 (2.2) 

ETR 127 (56.7) 5 (2.2) 42 (18.8) 50 (22.3) 

RPV 127 (56.7) 30 (13.4) 32 (14.3) 35 (15.6) 

PIs 

ATV 220 (98.2) 0 (-) 0 (-) 4 (1.8) 

DRV 222 (99.1) 0 (-) 0 (-) 2 (0.9) 

LPV 219 (97.8) 0 (-) 1 (0.4) 4 (1.8) 
3TC Lamivudine ABC Abacavir ATV Atazanavir DRV Darunavir 

DOR Doravirine EFV Efavirenz ETR Etravirine FTC Emtricitabine 

LPV Lopinavir NVP Nevirapine NNRTI Non-nucleoside reverse transcriptase inhibitor 

NRTI Nucleoside reverse transcriptase inhibitor PI  Protease inhibitor RPV rilpivirine 

TDF Tenofovir ZDV Zidovudine 

 

 

Due to the low-genetic barrier to resistance, high-level resistance was mostly found against the 

first-generation of NNRTIs, such as NVP (91%) and EFV (84%).  High-level resistance to the 

second-generation of NNRTIs was considerably lower as compared to first-generation 

NNRTIs, with etravirine (ETR) at 2% and rilpivirine (RPV) at 13%.  Interestingly, high-level 

resistance was also detected to the new FDA approved NNRTI doravirine (DOR) (9%) but was 

much lower than first generation NNRTIs. 

 

Protease resistance was very rare among the children.  None of the children displayed high-

level resistance against any PI.  Among the five children with PI resistance, four children 

displayed low-level resistance to atazanavir (ATV) and LPV/r, while the remaining one was 
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susceptible to ATV, displayed intermediate resistance to LPV/r and low level resistance to 

darunavir (DRV).  Among the four children with low-level resistance to ATV and LPV/r, three 

were susceptible to DRV, while one displayed low-level resistance to DRV.  The ages of these 

children was 1 day, 1 month and 17 months, while two of the children were less than a day old.  

Figure 3.2 displays the mutations found among the different classes of ARVs from children 

included in the study population. 
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Figure 3.2 HIV drug resistance mutations identified in children included in the study population to 

(A) NRTIs, (B) NNRTIs and (C) PIs 

 

Among the NRTIs, the most common mutation was M184V/I (8%), which was detected in 18 

children.  The age of these children ranged from 0 days to 7 months. It was followed by K65R 

(5%), which was detected in 11 children (age ranged from 0 days to 7 months).  Other NRTI 

mutations, such as T69D (0.4%), K70T (0.4%) and K70E (0.4%), existed in combination with 

other NRTI mutations and caused intermediate to potential low-level resistance to NRTIs.  

Classic TAMs, such as M41L (0.9%), D67N (0.9%), K70R (0.9%) were detected in two 

children each, while K219Q (0.4%) was found in one child, respectively. 

 

Among the NNRTIs, the most common mutation was K103N (67%), which was detected in 

150 children.  It was followed by Y181C (19%), which was detected in 43 children.  The third 

most common mutation among the NNRTIs was V106M (13%), which was detected in 30 

children.  Other NNRTI mutations, including A98G (6%), E138A (6%), G190A (6%), 

H221HY (4%) and P225H (7%) existed in combination with other NNRTI mutations and 

caused intermediate to potential low-level resistance to NNRTIs. 

 

Among the PIs, the most common mutation was L90M, which was detected in two children, 

followed by M46I, 147V and I50V which were detected in one child each. 
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3.5 Discussion 

 

The emergence of drug resistance mutations has remained a major threat to successful 

treatment in paediatric HIV, in particular where adherence and drug options are limited for sub-

Saharan African children (Sigaloff et al., 2012b; Fokam et al., 2013; World Health 

Organisation, 2013; Fokam et al., 2018).  Thus novel strategies are required to limit the spread 

of HIV drug resistance among newly diagnosed children born to HIV-positive mothers (World 

Health Organisation, 2012; Paredes et al., 2013; Fokam et al., 2018).  According to the 

nationally representative South African PMTCT surveys, MTCT has decreased over the years, 

from 3.5% in 2010, to 2.7% in 2011-2012, 2.6% in 2012-2013, 1.1% in 2015-2016 and 0.9% 

in 2016-2017 measured as the in utero paediatric HIV infection rate per 100,000 live births 

(Goga et al., 2012; Goga et al., 2015; Goga et al., 2016; Goga et al., 2018; Hunt et al., 2019).  

However, the prevalence of resistance to NNRTIs observed among newly diagnosed children 

has continued to increase over the years. 

 

In the current study, PDR was determined in samples collected from the routine EID platform.  

The overall PDR among children was 73% (224/308), with the majority of the children 

harbouring resistance to NNRTIs (72% [222/308]), particularly to NVP and EFV.  The current 

PDR observed among children (73%) was higher than previous national PMTCT surveys, 

where resistance levels of 37% (2010), 64% (2011), 63% (2012) and 68.7% (2014) were 

recorded (Goga et al., 2012; Goga et al., 2015; Goga et al., 2016, Jordan et al., 2017).  These 

findings suggest an increase in the drug resistance levels in children over the years, which 

currently stands at 73% as observed in the present study.  Furthermore, the findings are higher 

than national PMTCT programmes conducted in sub-Saharan Africa which reported 60% in 

Togo and 63% in Zimbabwe, while even lower resistance rates were documented in Nigeria 

(48%) and Swaziland (35%) (Penazzato, 2013; Salou et al., 2016; Fokam et al., 2018).   

 

The increase in NNRTI resistance in children coincides with the change in the national PMTCT 

policy for HIV positive mothers and HIV-exposed children.  For HIV-exposed infants, national 

PMTCT policy recommended single dose NVP and 7 or 28 days of infant ZDV in 2008 and in 

2010 under option A, daily NVP for 6 weeks if not breastfed or until one week after cessation 

of breastfeeding (National Department of Health, 2008; National Department of Health, 

2010a).  The change from single dose NVP to 6 weeks of NVP prophylaxis for HIV-exposed 

children has likely contributed to the increase in the prevalence of NNRTI resistance observed 
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over the years.  Additionally, HIV-infected mothers are recommended to breastfeed the 

children, leading to prolonged exposure, which might have played a significant role in the 

increase of NNRTI resistance. 

 

In the current study, high-level NVP resistance was detected in 66% (203/308) of children, 

accounting for 91% of the resistant samples (203/224).  This has been observed among other 

studies, which reported 27% prevalence of NVP associated mutations in children exposed to 

single dose NVP and 60% among children with extended exposure to NVP prophylaxis (Hunt 

et al., 2011; Salou et al., 2016).  A study conducted by Kanthula et al. (2017) compared the 

prevalence and persistence of NNRTI resistant mutations among HIV-infected children who 

were given single dose NVP as compared to extended exposure prophylaxis of NVP for 6 

weeks.  The study reported that the prevalence of NNRTI mutations was higher in older 

children (> 50%) and these mutations dominated the child’s quasispecies (Kanthula et al., 

2017).  A decrease in NNRTI mutations was rarely observed in the cohort even with children 

followed up until at least 3 years of age (Kanthula et al., 2017).  Previous studies have reported 

that the K103N mutation has a minor effect on viral replication fitness and the mutant virus has 

similar replicative ability to wild type (Wang et al., 2010).   

 

Furthermore, dual class resistance i.e resistance to both NNRTIs and NRTIs (11% [33/308]) 

was the most prevalent, followed by NNRTIs +PIs (0.6% [2/308]).  All the NRTI resistance 

existed in combination with NNRTI resistance except one sample (8 months), which had a 

single NRTI mutation (T215I).  The mutation is classified as a T215 revertant which can lead 

to development of T215Y/F due to a single base change. T215Y/F is a non-polymorphic 

thymidine analog mutation (TAM) and is selected mostly by thymidine analogs, such as ZDV 

and d4T (stavudine) (Violin et al., 2004; Van Laethem et al., 2007; Mitsuya et al., 2008; Pingen 

et al., 2013).  These TAMs result in reduced susceptibility to NRTIs by facilitating nucleotide 

excision.  Triple class resistance (NNRTI+NRTI+PI) was very rare and was only detected in 

two children.   

 

Overall, among the NRTIs, the most common mutation was M184V/I (6% 18/308), which was 

detected in 18 children.  These children displayed high level resistance to 3TC (6% 18/308) and 

FTC (6% 18/308).  It was followed by K65R (3% 11/308), which was detected in 11 children 

but high-level resistance to TDF was only detected in 6 children, as the remaining five children 

had both M184V and K65R mutations which resulted in high-level resistance to 3TC, FTC and 
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ABC but intermediate resistance to TDF.  Interestingly, one of the children (2 months) with 

high-level resistance to TDF harboured multiple NRTI mutations, including A62V, K65R, 

K70T and M184I, resulting in high-level resistance to TDF.  These findings suggest pre-

treatment NRTI resistance which could be linked to exposure to maternal ARVs.  This is 

worrisome as the response to INI-based regimens which rely on an active NRTI backbone has 

not been established in the presence of high-level NRTI resistance, which could potentially lead 

to infants sub-optimally responding to treatment resulting in virological failure (National 

Department of Health, 2019).  Furthermore, the results support a study conducted by Hunt et 

al. (2019), which compared the findings from three PMTCT surveys conducted nationwide and 

reported dual class resistance (NRTIs and NNRTIs) of 5% among infants aged 4 to 8 weeks.  

The most common mutation among these infants was M184V/I which were detected in 6 

samples (Goga et al., 2012; Goga et al., 2015; Goga et al., 2016; Hunt et al., 2019).   

 

To address HIV drug resistance among children, since 2013, WHO has recommended the use 

of PIs as first-line therapy among children under the age of 3 years (World Health Organization, 

2019a).  As with many other countries in sub-Saharan Africa, this recommendation has been 

adopted in South Africa and the current paediatric treatment guidelines recommend the use of 

ABC + 3TC + LPV/r for children ≥ 4 weeks of age (and ≥ 42 weeks of gestational age) and 

weighing ≥ 3 kg (National Department of Health, 2019).  For preterm neonates and neonates 

with birth weight < 2.5 kg, the use of AZT + 3TC + NVP plus additional advice from an expert 

is recommended.  Resistance testing is recommended for children with virological failure on 

first-line regimens to ascertain the possibility of treatment adherence issues and if PI resistance 

is detected, then advice from an expert is recommended before switching to second-line or 

integrase-based regimens.  The prevalence of protease resistance in the current study was very 

low and none of the children displayed high-level resistance to any PI, with intermediate 

resistance in one child and low-level PI resistance detected in four children.  This indicates the 

probability of continued efficacy of the current first line regimen recommended for children 

under the age of 3 years, even in children with high level NNRTI resistance.  However, a 

previous study conducted by Kanthula et al. (2017) suggested that NNRTI resistance could last 

for at least 2 years and could re-emerge after a period following selection pressure by NNRTIs, 

which could likely have an effect on long term treatment options in children with PDR acquired 

from maternal ARVs or following PMTCT prophylaxis.   
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The study was limited by the unavailability of maternal and infant treatment history, prior ART 

exposure in infants, lack of information on infant prophylaxis and treatment after birth and 

individual factors, such as CD4 cell count and duration of infection, which were not available 

for the majority of the children and was therefore not analysed.  Furthermore, the mothers and 

children were not followed prospectively, which makes it difficult to determine the time of 

onset of HIV drug resistance i.e whether the resistance was transmitted from mother to child 

or acquired due to drug selection pressure during the administration of prophylaxis or 

treatment.  Additionally, the number of samples collected as DBS or whole blood was not 

recorded.  Lastly, Sanger sequencing was used for testing of drug resistance mutations on DBS 

specimens.  More sensitive technologies, such as the use of next-generation sequencing could 

possibly provide additional information such as the presence of drug resistant variants and 

minority sequences among children.   

 

In conclusion, PMTCT has caused a considerable decrease in the MTCT rate of HIV infections 

over the years.  However, the rate of PDR among children who become infected due to failure 

of PMTCT prophylaxis is increasing, which will lead to higher morbidity and mortality in the 

absence of optimal paediatric regimens.  A high rate of PDR was found in the current study 

with most children harbouring NNRTI resistance.  Previous studies have indicated the presence 

of PDR in children unexposed to PMTCT, which indicates the inadequacy of using PMTCT 

history as a means of ruling out PDR among children (Inzaule et al., 2018b).  Furthermore, the 

findings from the present study support the use and implementation of PIs as first-line therapy 

for children < 3 years as suggested by WHO and the current NDOH guidelines (National 

Department of Health, 2019; World Health Organization, 2019a). 
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CHAPTER 4 

 

HIV DRUG RESISTANCE IN CHILDREN AND ADOLESCENTS WITH 

VIROLOGICAL FAILURE WHILE ON ART 

 

4.1 Introduction 

 

In 2018, an estimated 260,000 children (0 to 14 years of age) were living with HIV in South 

Africa, of whom 63% had access to treatment (UNAIDS, 2018; UNAIDS, 2019b).  Due to the 

roll out of antiretroviral therapy (ART) and interventions such as prevention of mother to child 

transmission (PMTCT) programmes, the number of new HIV infections among children has 

dramatically decreased (28,000 in 2010 to 14,000 in 2018) and an increased life-expectancy of 

perinatally HIV infected children has been reported (UNAIDS, 2018).  As the burden of 

paediatric HIV tends to decrease, the focus is shifting towards older children, as these children 

age towards early adolescence (Johnson et al., 2012; Anderson et al., 2020).   

 

In 2016, around 1.2 million adolescents (10 to 19 years) were living with HIV in South Africa 

(Statistics South Africa, 2018).  Despite the widespread availability of ART, access to 

treatment among adolescents has been limited (Maskew et al., 2019).  The prevalence of HIV 

among adolescent girls has reported to be the highest of demographic group (Human Sciences 

Research Council, 2018).  Several factors, such as poor adherence to antiretroviral (ARV) 

treatment, accumulation of drug resistance mutations and socio-economic difficulties have 

resulted in increased treatment failure among adolescents (Anderson et al., 2020).  

Furthermore, it is difficult to distinguish between PHIV and behaviourally acquired HIV 

infection among adolescents (Lam et al., 2017).  A study conducted by Judd et al. (2017a) 

reported a high risk of triple class virological failure among adolescents infected with PHIV.  

Furthermore, a study conducted in the United Kingdom (UK) reported a decline in CD4 counts 

in adolescents prior to their adult care transition, with mean rates of decline between 3-30 

cells/mm3 per year, thus highlighting the vulnerability of this age group with regard to poor 

adherence (Judd et al., 2017b).   

 

The probability of virological suppression and long-term treatment success has been reported 

to be lower in children and adolescents as compared to adults (Fokam et al., 2019).  Younger 

children tend to have high pre-ART viral load (VL), resulting in an increased risk of treatment 
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failure.  The presence of a high VL on ART is likely a result of sub-therapeutic drug 

concentrations owing to the limited availability of paediatric drug formulations, differences in 

pharmacokinetics among adults and children, continuous body weight changes and poor 

adherence (Abrams et al., 1998; Menson et al., 2006).  Furthermore, lack of treatment 

monitoring combined with advanced immune-suppression further complicates treatment 

outcomes among children (Sutcliffe et al., 2008; Bratholm et al., 2010).  As these children age 

towards adolescence, achieving adherence becomes a bigger challenge due to several practical 

and social barriers, such as stigma related to HIV, disclosure of HIV status and adverse 

treatment effects (Simoni et al., 2007).   

 

Early treatment initiation among HIV-infected children has greatly reduced mortality in the 

paediatric population (Violari et al., 2008).  However, it has dramatically increased the number 

of children failing first-line ART with a subsequent increase in drug resistance at an early age 

(Steegen et al., 2014).  Since treatment for HIV is life-long, maintaining children on first-line 

and second-line treatment becomes a priority before resorting to third-line treatment options 

(Steegen et al., 2014).  Several studies conducted in South Africa have reported the presence 

of drug resistance mutations among children failing ART (Van Zyl et al., 2009; Wallis et al., 

2009; Barth et al., 2011; Taylor et al., 2011; Orrell et al., 2013).  These studies reported similar 

resistance profiles in the reverse transcriptase (RT) region, such as the presence of M184V and 

K103N mutations, as compared to adults (Wallis et al., 2009; Barth et al., 2011; Orrell et al., 

2013).  However, a higher prevalence of protease mutations has been reported in children as 

compared to adults (Van Zyl et al., 2009; Wallis et al., 2009; Taylor et al., 2011; Orrell et al., 

2013).   

 

Currently, the National Department of Health (NDOH) recommends the use of two nucleoside 

reverse transcriptase inhibitors (NRTIs) plus a protease inhibitor (PI) for ART in children 

weighing 3 to 20 kg (National Department of Health, 2020).  A combination of abacavir (ABC) 

+ lamivudine (3TC) + lopinavir/ritonavir (LPV/r) has been used for children ≥ 4 weeks of age, 

and ≥ 42 weeks gestational age and weighing < 20 kg (National Department of Health, 2020).  

These recommendations are in line with World Health Organisation (WHO) guidelines for 

first-line ART in children weighing < 20 kg (World Health Organization, 2019a).  The use of 

non-nucleoside reverse transcriptase inhibitors (NNRTIs) in first-line ART has been restricted 

in children since the implementation of NNRTIs given as single dose nevirapine (NVP) for 

PMTCT (Moorthy et al., 2009).  Exposure to NVP as part of the PMTCT for a longer period 
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of time increases the risk of children acquiring virus resistant to NNRTIs, thus leading to 

treatment failure (Moorthy et al., 2009).  The current NDOH guidelines recommend the use of 

NVP, which is given to infants at birth and then daily for 6 weeks or until the cessation of 

breastfeeding (National Department of Health, 2020).  Timely virological monitoring and 

genotypic testing to determine drug resistance mutations have been identified as essential 

services to reduce the rate of treatment failure among children and adolescents (Anderson et 

al., 2020).  Identification of resistance mutations will aid in selecting appropriate treatment 

regimens among children and adolescents experiencing treatment failure (Anderson et al., 

2020).   

 

Information regarding the long-term treatment outcomes, including the virologic and 

immunologic outcomes, in this group of highly treatment experienced children and adolescents 

is lacking (Anderson et al., 2020).  Several studies have reported that virological and 

immunological criteria, such as VL and CD4 cell count monitoring, which are required to 

detect treatment failure among children and adolescents are limited in most resource limited 

settings (Kantor et al., 2009; Van Oosterhout et al., 2009; Mutwa et al., 2014).  The limitation 

of fewer treatment options for this age group combined with the acquisition of drug resistant 

virus leads to poor clinical outcomes and reduced chance of survival (Muri et al., 2017).  

Limited information is available regarding drug resistance mutations among children and 

adolescent with virological failure while on ART (Anderson et al., 2020).  The aim of this 

study was therefore to analyze Sanger sequencing data collected from children and adolescents 

experiencing virological failure while on ART. 

 

4.2 Materials and methods         

4.2.1 Sample collection  

 

This was a retrospective study which was performed at the Division of Virology, University of 

the Free State/National Health Laboratory Service.  The diagnostic Virology laboratory at 

NHLS Universitas Academic Laboratories performs the routine HIV drug resistance testing 

using an in-house nested PCR and Sanger sequencing assay on samples from patients failing 

ART.  The assay targets amino acids 1 to 99 of protease and 1 to 240 of RT, as described in 

detail in Chapter 3. The laboratory receives samples from the Free State, Northern Cape and 

North West provinces of South Africa.  The drug resistance testing was performed on patients 

with virological failure, which is defined as an HIV VL > 1,000 RNA copies/mL on two 
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separate occasions, while receiving PI-based ART (National Department of Health, 2020).  

Data for all samples received between June 2016 and December 2019 for children and 

adolescents ages 0 to 19 years were retrieved from the laboratory information system.  

Exclusion criteria included samples from adults above the age of 19 years and samples with 

unsuccessful PCR amplification or sequencing.   

 

4.2.2 Data analysis 

 

HIV drug resistance data was retrieved from the National Health Laboratory Services (NHLS) 

Trakcare laboratory system.  Sierra web services tool (SierraPy version 0.2.1) from Stanford 

HIV Drug Resistance Database (version 8.9-1) was used to analyse the data (Rhee et al., 2003; 

Shafer, 2006).  The subtype for the samples was determined using the Stanford HIV Drug 

Resistance Database (version 8.9-1) (Rhee et al., 2003; Shafer, 2006).  Samples were divided 

into two groups namely children (0 to 9 years) and adolescents (10 to 19 years) depending on 

their age.  Drug resistance associated mutations in the protease and RT regions and their 

respective resistance profiles were recorded.  Results were summarised by frequencies and 

percentages and are shown as tables and figures.  Subgroup comparisons were performed using 

differences in means, medians or percentiles. 

 

4.3 Ethics 

 

Ethics approval was obtained from the Health Sciences Research Ethics Committee of the 

University of the Free State (UFS-HSD2017/0633).  Approval was obtained from the Free State 

DOH and the NHLS. 

 

4.4 Results 

 

The study data included a total of 295 samples which were sequenced for HIV drug resistance 

testing between June 2016 and December 2019.  The information regarding the current and 

previous regimens of patients was recorded from the request forms sent to the laboratory for 

drug resistance testing.  Where no information was provided on the request form, the 

pathologists attempted to contact the submitting clinician to request the treatment history and 

documented this information.  Among the 295 samples, 34% (101/295) were from children, 
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while 66% (194/295) of the samples were from adolescents.  The median age of the children 

was 4.5 years and for adolescents was 14.5 years and 53% from each group were female.  

 

Among children, 9% (9/101) were fully susceptible, while resistance was detected in 91% 

(92/101) of children.  Regarding the current treatment regimens of children at the time of 

resistance testing, 91% (91/101) of the children were on PI based regimen, followed by NNRTI 

based at 4% (4/101).  Two of the children only had a single NRTI (3TC) recorded and were 

likely on a holding regimen, while four of the children had no current regimen recorded.  

Among adolescents, 14% (27/194) of the samples were susceptible and resistance was detected 

in 86% (167/194) of the samples.  The majority of adolescents were receiving PI based 

regimens (90% [174/194]), followed by 5% (10/194) on NNRTI based regimen, two were on 

NRTI, while eight had no regimen reported. 

 

HIV drug resistance was identified in the samples of 92 children and 167 adolescents. Among 

children with resistance (n=92) on a current PI based regimen (n=81), 86% (70/81) showed 

resistance to NRTIs, 74% (60/81) had resistance to NNRTIs, and 31% (25/92) had resistance 

to PIs.  Among children receiving a NNRTI based regimen (n=4), all except one child had 

resistance to NRTIs, all children had resistance to NNRTIs, and no PI resistance was detected.  

Among adolescents (n=167) with resistance on a current PI based regimen (n=150), 64% 

(96/150) had resistance to NRTIs, 83% (125/150) had resistance to NNRTIs, and 30% (45/150) 

had PI resistance.  Among adolescents receiving a NNRTI based regimen (n=11), 8 adolescents 

had resistance to NRTIs, all adolescents had resistance to NNRTIs, and only one adolescent 

had resistance to PIs.  Table 4.1 displays the current and previous regimens used for children 

and adolescents included in the study population. 
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Table 4.1 The current and previous antiretroviral regimens used for children and adolescents with 

resistance  

 

Type of regimen Children (n=92) (%) Adolescents (n=167) (%) 

Current regimen 

3TC + ABC + EFV 3 (3.2) 4 (2.4) 

FTC + TDF + EFV 0 3 (1.8) 

Other NNRTI regimen 1 (1.1) 4 (2.4) 

3TC + ZDV + LPV/r 17 (18.5) 87 (52.1) 

3TC + ABC + LPV/r 61 (66.3) 42 (25.1) 

Other LPV/r regimen  3 (3.2) 12 (7.2) 

Other ATZ/r regimen 1 (1.1) 9 (5.4) 

Only 3TC indicated 2 (2.2) 0 

No current regimen recorded 4 (4.4) 6 (3.6) 

Previous regimen 

3TC + ABC + EFV 5 (5.4) 37 (22.1) 

3TC + d4T + EFV 0 14 (8.4) 

FTC + TDF + EFV 0 4 (2.4) 

Other NNRTI regimen 2 (2.2) 23 (13.8) 

3TC + ZDV + LPV/r 1 (1.1) 4 (2.4) 

Other LPV/r regimen 5 (5.4) 10 (6) 

Other ATZ/r regimen 0 2 (1.2) 

No previous regimen recorded 79 (85.9) 73 (43.7) 
3TC Lamivudine ABC Abacavir ATZ/r Atazanavir/ritnonavir d4T Stavudine  

EFV Efavirenz FTC Emtricitabine LPV/r Lopinavir/Ritonavir TDF Tenofovir 

ZDV Zidovudine  

 

Table 4.2 below indicates the frequency of drug resistance mutations found among the children 

and adolescents included in the study.  Among children (n=92), resistance to NRTIs (86%) was 

the highest, followed by NNRTIs (75%) and PIs (28%).  Among children with PI resistance 

(28% [6/92]), 13 children had both major and minor PI mutations, while 10 children only 

harboured minor PI mutations and 3 children only harboured major PI mutations.  Dual class 

resistance to NRTIs + NNRTIs was the most common (44% [41/92]), followed by NRTIs + PIs 

(5%) and NNRTIs + PIs (2%).  Triple class resistance (NNRTI + NRTI + PI) was detected in 

17 children (18%).  Interestingly, 40 of the children with detectable resistance (43% [40/92]) 

were ≤ 3 years of age, with dual class resistance (NNRTI and NRTI) detected in 19 (48%) of 

these children and triple class resistance detected in 7 children (18%).  Among the 52 children 

aged between 3 and 10 years, dual class resistance was detected in 22 (42%) and 10 children 

harboured triple class resistance (19%). 

 

Resistance to NNRTIs (87%) among adolescents was the highest, followed by NRTIs (66%) 

and PIs (30%).  Among those with PI mutations (30% [51/167]), 21 of the adolescents 

harboured both major and minor PI mutations, 26 of the adolescents only harboured minor PI 

mutations, while 4 of the adolescents only harboured major PI mutations.  NNRTI mutations 
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existed in combination with NRTI mutations in 38% (63/197) of adolescents with resistance, 

followed by NNRTIs + PIs (4%) and NRTIs + PIs (4%).  Triple class resistance (NNRTI + 

NRTI + PI) was detected in 32 adolescents. 

 

Table 4.2 Frequency of resistance mutations by drug category among children and adolescents 

included in the study 

 
 Children(n=92) Adolescents(n=167) 

Resistance category Frequency of mutations (%) Frequency of mutations (%) 

At least one resistance mutation 92 (100) 167 (100) 

At least one NNRTI  69 (75) 146 (87) 

At least one NRTI  79 (86) 111 (66) 

At least one PI  26 (28) 51 (30) 

Dual class resistance 

NNRTI + NRTI 41 (44) 63 (38) 

NNRTI + PI 2 (2) 7 (4) 

NRTIs + PIs 5 (5) 7 (4) 

Triple class resistance 

NNRTI + NRTI + PI 17 (18) 32 (19) 
NNRTI Non-nucleoside reverse transcriptase inhibitor NRTI Nucleoside reverse transcriptase inhibitor  

PI Protease inhibitor 

 

Figure 4.1 displays the mutations found among the different classes of ARVs from children 

included in the study population.  Among children, the most common NRTI mutation was 

M184V (81%), which was detected in 75 children.  It was followed by Y115F/Y (12%) 

detected in 11 children and A62V/A (8%) which was found in seven children.  Among the 

thymidine analogue mutations (TAMs), the most common mutations were D67N (6%) and 

M41L (4%) which were detected in 6 and 4 children, followed by K219Q/E (5%) and K70K/R 

(3%) which were detected in 5 and 3 children, respectively.  Three or more TAMs (D67N, 

K70R and K219E) were only detected in one child (6 years of age).  Additionally, PI resistance 

was also detected in this child, with major PI resistance mutations, including I54I/V and V82A. 

 

The most common NNRTI mutation among the children was K103N (46%), which was 

detected in 42 children, followed by A98G, P225H/P, Y181C and V179D/E, which were 

detected in 7 children each (8%).  The less common mutations, such as V106M (6%) and 

H221Y/H (6%) were detected in 6 children, followed by E138A (5%), which was detected in 

5 children.   

 

The most common major PI mutations in the children were M46I (13%) and V82A (13%), 

which were detected in 12 children, followed by I54V (11%), in 10 children.  The less common 
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major PI mutations were L76V (6%) in 6 children and L33F/L (4%) in 4 children.  The most 

common minor PI mutation was L10F (11%) which was detected in 10 children.   
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Figure 4.1 Different mutations from children included in the study population to NRTIs (A), NNRTIs 

(B) and PIs (C)  

 

Figure 4.2 displays the mutations found among the different classes of ARVs from adolescents 

with detectable drug resistance.  The most common NRTI mutation was M184V/I (59%), 

which was detected in 98 adolescents.  Among the classic TAMs, the most common mutation 

was M41L (5%), which was detected in eight adolescents, followed by D67N (4%) which was 

detected in 6 adolescents.  Less common TAMs were K70R (5%) and T215F (4%), which were 

detected in eight and six adolescents, respectively.  A multidrug resistant Q151M complex was 

also detected in one adolescent.  The presence of three or more TAMs was detected in nine 

adolescents (age range from 11 to 19 years).   

 

The most common NNRTI mutation among the adolescents was K103N (41%), which was 

detected in 69 adolescents. It was followed by V106M (18%) and P225H (14%), which were 

detected in 30 and 24 adolescents, respectively.  The less common mutations, such as E138A/E 

(12%), G190A/E (11%) and K103K/R/S/N (10%) were detected in 20, 18 and 17 adolescents, 

respectively.   

 

The most common PI mutation was I54I/V (9%), which was detected in 15 adolescents.  It was 

followed by L10F (8%) and V82A (8%), which were detected in 14 adolescents each.  The less 
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common mutations were M46I (6%) and L89L/M (5%) which were detected in 10 and 9 

adolescents, respectively.   
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Figure 4.2 Different mutations detected among adolescents included in the study population NRTIs 

(A), NNRTIs (B) and PIs (C) 

 

4.5 Discussion 

 

The national roll out of ART has greatly reduced the morbidity and mortality associated with 

HIV infections (Boyer et al., 2010).  However, with the rapid scaling up of ARVs for children 

and adolescents within sub-Saharan Africa and South Africa in particular, establishing control 

strategies and surveillance programmes for the prevention of resistance remains a priority 

(Fokam et al., 2011).  Accessibility to these ARVs without adequate monitoring might result 

in an increase in both transmitted (TDR) and acquired drug resistant (ADR) HIV, thereby 

decreasing the effectiveness of commonly used ARVs (Fokam et al., 2011).  Drug resistance 

can be divided into ADR in treatment-experienced patients and TDR in treatment-naïve 

patients, both of which could result in treatment failure (Zou et al., 2020).  Treatment failure 

on ART is a result of sub-optimal treatment and non-adherence leading to increased viral 

replication in the presence of selected drug pressure resulting in the emergence of drug resistant 

HIV (Boyer et al., 2010; Fokam et al., 2011).  Thus, routine VL monitoring and testing for 

drug resistance have been identified as essential services to prevent accumulation of drug 

resistance mutations and preserving HIV susceptibility to ARVs (Inzaule et al., 2016).  

According to the current NDOH guidelines (2020), routine VL monitoring is recommended for 

children and adolescents on ART and virological failure on a NNRTI based regimen is 
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identified as a VL ≥ 1,000 copies/mL on two separate occasions after adherence issues have 

been addressed.  In cases of confirmed virological failure on NNRTI based regimen, resistance 

testing is not recommended and children and adolescents are switched to PI or INI based 

regimens after discussion with an expert.  PI and INI based regimens demonstrate a high genetic 

barrier and slow development of resistance.  Drug resistance testing is therefore only 

recommended for children and adolescents on a PI and INI based regimen for at least two years 

with confirmed virological failure and supported by discussion with an expert. 

 

In the current study, drug resistance mutations were characterised from children and 

adolescents experiencing virological failure while on ART.  Among the samples collected for 

resistance testing (n=295) from children and adolescents, 3% (9/295) of the children and 9% 

(27/295) of adolescents were fully susceptible and no resistance was found in these samples.  

Among these 36 who did not have any detectable resistance to NRTIs, NNRTIs and PIs, 92% 

(33/36) experienced virological failure while on a PI based regimen.  This indicates that non 

adherence contributed to the virological failure observed.  This highlights the need for effective 

surveillance programmes to monitor adherence and provide adherence counselling, since the 

presence of virological failure does not necessarily indicate treatment failure or development 

of resistance among these children and adolescents.  A number of systematic reviews analysing 

different factors associated with non-adherence in children, adolescents and adults have been 

published (Kim et al., 2014; Hudelson and Cluver, 2015; Shubber et al., 2016).  These studies 

highlight a number of individual, interpersonal, community, environmental and structural 

factors, which become a barrier towards achieving adherence in children and adolescents.  In 

addition, WHO has recommended the use of adherence counselling and reminder devices to 

improve adherence in these population groups (World Health Organisation, 2016). 

 

Among the 88% (259/295) of samples with evidence of drug resistance, 36% (92/259) of the 

samples belonged to children, while 64% (167/259) of the samples belonged to adolescents.  

Among children with resistance, 28% (26/92), displayed PI resistance and 13 of the children 

had both major and minor PI mutations. The current regimen was a PI based for all children 

except one child which had no current regimen recorded.  Among adolescents, 30% (51/167) 

of the adolescents displayed PI resistance and 21 of the adolescents had both major and minor 

PI mutations.  The current regimen for these adolescents was PI based for 91% (46/51), four 

had no current regimen recorded and one was receiving a NNRTI based regimen. This 

highlights the possibility of acquired PI resistance among these children and adolescents.  
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However, some children might be infected with a primary drug resistant HIV from their mother 

and some adolescents might have been infected through sexual transmission, making it difficult 

to distinguish between primary and acquired drug resistant HIV in the absence of clinical 

records.  However, previous PMTCT surveys have reported that the transmission of PI 

mutations from mother to child is rare in the current South African landscape (Hunt et al., 

2019). 

 

Most of the children displayed resistance to NRTIs (86%), followed by NNRTIs (75%).  

However, among adolescents, resistance to NNRTIs (87%) was the most common, followed 

by NRTIs (66%).  The high prevalence of NNRTI resistance among young children highlights 

the possibility of transmitted drug resistance from mother to child or acquiring drug resistance 

from PMTCT.  Among most of the adolescents, the current regimen was PI based.  However, 

the previous regimen for most of these adolescents (n=91) was efavirenz (EFV) or NVP based, 

indicating previous exposure to NNRTIs.  According to the National Department of Health 

(2015b) guidelines, children between 3 and 10 years of age should be initiated on 

ABC+3TC+EFV, which was the first-line regimen for most of these adolescents (n=91).   

Similarly, studies conducted in sub-Saharan Africa have reported a high prevalence of 

resistance to NNRTIs (88%), followed by NRTIs (80%) and PIs (54%) among children 

experiencing first-line virological failure (Sigaloff et al., 2011a).   

 

In the current study triple class resistance, i.e resistance to NNRTIs, NRTIs and PIs was 

detected in 18% of children and 19% of adolescents.  Similarly, a study conducted by Collins 

et al. (2017) reported triple class resistance in 12% of adolescents infected with PHIV.  

Anderson et al. (2020) suggested that the risk of resistance increases with higher duration of 

ART and the presence of multidrug resistance has been reported from both high-income and 

low-income countries.  However, a higher prevalence of NNRTI mutations among children 

and adolescents has been reported from high-income countries, which can be explained by the 

intensive PMTCT measures implemented in these settings. 

 

Among children, the most common NRTI mutation was M184V (81%) detected in 75 children, 

displaying high level resistance to 3TC/emtricitabine (FTC) and low-level resistance to ABC 

and didanosine (ddl), while increasing susceptibility to ZDV, stavudine (d4T) and tenofovir 

(TDF), with impaired viral fitness.  TAMs were detected in eleven children, who displayed 

D67N (6%), K70R (1%), K219Q/E (5%) and T215F (1%) indicating the TAM-2 pathway, 
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while the TAM-1 pathway was detected in eight of the children, including M41L (4%) and 

T215Y (1%).  One child had three TAMs (D67N, K70R and K219E) detected, which 

compromises NRTI susceptibility.  Similarly, M184V/I (59%) was the most common mutation 

detected in 98 adolescents.  It was mostly selected in adolescents with previous regimen of 

3TC + ABC + EFV and current regimen of 3TC + ZDV + LPV/r as guided by NDOH 

guidelines for adolescents experiencing first-line virological failure (National Department of 

Health, 2015b).  While, M184V/I increases the susceptibility to ZDV, a number of TAMs 

known to cause reduced susceptibility to ZDV were detected among adolescents, resulting in 

little residual activity of NRTIs and largely relying on PIs.  TAMs were detected in 26 

adolescents, who displayed D67N (4%), K70R (5%), K219E (2%), K219Q (2%) and T215F 

(4%) indicating the TAM-2 pathway, while 19 of the adolescents harboured mutations in the 

TAM-1 pathway, such as M41L (5%), L210W (1%) and T215Y (2%).  The presence of three 

or more TAMs was detected in 9 adolescents, resulting in compromised affectivity of NRTIs.  

One of the adolescents displayed the multidrug resistant Q151M (1%) complex.  The frequency 

of K65R was very low in the current study, as none of the children harboured K65R, while 

only one adolescent displayed the mutation.  The most common NNRTI mutation detected 

among children and adolescents was K103N, which was detected in 42 children and 69 

adolescents. 

 

Previous studies conducted in Southern Africa have reported as similar prevalence of M184V/I 

mutation (range 72% to 81%) compared with findings of the current study of 81% for children, 

although a lower prevalence [59%] was noted for adolescents (Hosseinipour et al., 2009; Wallis 

et al., 2010; Sigaloff et al., 2012b). 

 

The accumulation of multiple TAMs and complex resistance pathways among individuals 

experiencing virological failure causes reduced activity of NRTIs (Van Vaerenbergh et al., 

2000; Whitcomb et al., 2003).  Once cross resistance among NRTIs has developed, the PI based 

second-line regimens will offer the activity of the boosted PI with little effect of the NRTI 

backbone (Sigaloff et al., 2012b).  Furthermore, recent studies including the EARNEST trial 

have reported that the NRTI backbone has limited activity in the PI based second-line regimens 

and the presence of cross resistance to NRTIs does not clinically affect the outcome of the PI 

based regimen as long as the NRTIs are combined with a boosted PI (Paton et al., 2017).  High 

levels of PI resistance were detected among children (28% [26/92]) and adolescents (30% 
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[51/167]) in the current study, which might be due to the intermediate adherence frequently 

encountered in children and adolescents. 

 

Interestingly, to reduce the development of resistance and increase the duration on ART for 

children, certain preventive measures have been undertaken to identify children that experience 

early virological failure as compared to children experiencing late virological failure (Huibers 

et al., 2019).  Early virological failure is most commonly detected among young children ≤ 3 

years of age, with the presence of pre-treatment drug resistant (PDR) mutations and a high pre-

ART viral load (Boerma et al., 2017a, Boerma et al., 2017b; Huibers et al., 2019).  Late 

virological failure is detected among older children > 3 years of age, with advanced WHO stage 

and a history of previous treatment switches (Dalhatu et al., 2016; Huibers et al., 2019).  Poor 

adherence has been associated with both early and late virological failure but plays a more 

crucial role in young children experiencing early virological failure (Huibers et al., 2019).  In 

the current study, forty (43% [40/92]) of the children were ≤ 3 years of age and dual class 

resistance (NNRTI and NRTI) was detected in 19 (48% [19/40]) of these children, while triple 

class resistance was detected in seven children.  These findings have implications for the 

clinical management of HIV infection among children and adolescents experiencing early or 

late virological failure.   

 

The major limitation of the study was the unavailability of the composition and duration of 

current and previous treatment and PMTCT regimens, the maternal treatment history and the 

rout of infection, in the majority of study participants.  In addition, pre-treatment drug 

resistance might have been underestimated since transmitted mutations or those acquired 

during PMTCT are archived in older children and cannot be distinguished from acquired 

mutations in the absence of clinical data.   

 

In conclusion, limited information is available regarding the long-term treatment outcomes of 

perinatally and behaviourally acquired HIV among adolescents.  Future studies are required to 

fill the knowledge gap and to provide better clinical management options for children and 

adolescents.  Optimising adherence counselling, resistance surveillance studies and continued 

monitoring of children and adolescents are crucial to prevent the emergence of drug resistance 

mutations and limit the transmission of acquired resistance. 
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CHAPTER 5 

 

CONCLUSIONS AND FUTURE PERSPECTIVES 

 

5.1 Conclusion 

 

The use of antiretroviral therapy (ART) has significantly reduced the morbidity and mortality 

caused by the human immunodeficiency virus (HIV) epidemic in South Africa (Brumme and 

Poon, 2017).  However, a major barrier to successful treatment is the emergence of drug 

resistant variants.  These variants are a result of the lack of proof reading ability of the enzyme 

reverse transcriptase (RT) coupled with a high error rate of reverse transcription, resulting in 

the diverse population of HIV quasispecies within the first few weeks following infection.  As 

a result of this rapid expansion of quasispecies, the infected individual may harbour variants 

that contain mutations which can confer resistance to antiretrovirals (ARVs) and may be 

present before the initiation of treatment. With the administration of ARVs, the drug pressure 

results in the selection of resistant variants in the presence of ongoing viral replication (Coffin, 

1995).  Previous studies have reported only partial inhibition of viral replication when exposed 

to mono or dual therapy with nucleoside or non-nucleoside reverse transcriptase inhibitors 

(NRTIs/NNRTIs) due to the presence of resistant variants (Rooke et al., 1989; Shirasaka et al., 

1995).  In contrast, the use of modern ART results in the complete inhibition of viral replication 

leading to undetectable viraemia (Brumme and Poon, 2017).  The major barrier to successful 

therapy is partial adherence to ARVs.   

 

Drug resistant HIV can be transmitted to drug naïve individuals, known as transmitted drug 

resistance (TDR), or can be acquired (ADR) due to the presence of selective drug pressure 

(Brumme and Poon, 2017).  Both TDR and ADR have been associated with poorer virological 

response leading to treatment failure and earlier mortality.  HIV drug resistance testing has 

therefore been recommended to select appropriate treatment regimens in individuals 

experiencing treatment failure.  The aim of this study was therefore to determine and 

characterise drug resistance mutations in newly diagnosed HIV-infected children and in 

children and adolescents with virological failure on ART.   

 

To detect drug resistance mutations in children and adolescents, the study developed and 

validated a Sanger assay for HIV drug resistance testing using dried blood spot (DBS) samples.  
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Plasma has been the specimen of choice for performing drug resistance testing but the use of 

plasma in not feasible in resource limited areas.  Therefore, the use of DBS cards has been 

recommended for detecting resistance mutations in infants experiencing treatment failure.  In 

addition, light weight of the cards, small quantity of blood required for preparation, ease of 

sample collection without phlebotomy and easy transport and storage at ambient temperature 

are some of the added advantages for performing DBS testing. 

 

In this study, the DBS assay was validated against different parameters to ensure that the assay 

produce reliable results and was compared with an in-house plasma Sanger sequencing assay.  

These parameters included amplification sensitivity, linearity, accuracy, precision and 

reproducibility.  The results indicated that similar major mutations were detected with both the 

DBS and plasma assays, although additional minor mutations were detected using the DBS 

assay.  Since all the additional mutations found were minor with the majority present as 

mixtures, the interpretation of the resistance profiles were found to be identical using plasma 

and DBS samples.  Hence, the discordant mutations had no clinical impact on the selection of 

treatment regimens for these patients.  These validation results using samples from adults on 

ART are promising since previous studies have reported the presence of proviral 

deoxyribonucleic acid (DNA) in DBS samples, which causes discrepancies due to 

amplification and sequencing of HIV DNA (Ziemniak et al., 2006; Masciotra et al., 2007; 

Bertagnolio et al., 2007; McNulty et al., 2007; Hearps et al., 2010).  The presence of proviral 

DNA results in the detection of additional mutations from the archived virus and these 

mutations would be enhanced in an HIV-infected individual with advanced treatment history 

and treatment interruptions and may account for the additional minor mutations detected using 

the DBS assay in the current study. 

 

Another major challenge associated with the use of DBS specimens is the small blood volume 

present on the card (Singh et al., 2017).  The lower volume of whole blood sample leads to a 

smaller quantity of ribonucleic acid (RNA) present in the sample, which could affect the 

sensitivity of the assay.  However, in the present study high amplification sensitivity (≥ 90%) 

was observed in samples with VL between 5,000 and ≥ 10,000 copies/mL.  Hence, the use of 

DBS technology may revolutionise drug resistance genotyping among the paediatric 

population in resource limited settings. 

 



76 

The rate of transmission of HIV infection from mother to child (MTCT) has greatly decreased 

over the years due to the introduction of prevention of mother to child transmission (PMTCT) 

and early infant diagnosis (EID) services (Salou et al., 2016).  However, the prevalence of drug 

resistance among children has greatly increased particularly to the class of NNRTIs.  Most of 

these children are known to have pre-treatment drug resistant (PDR) HIV, which was either 

acquired through MTCT, prophylaxis with nevirapine (NVP) as part of PMTCT or though 

breastfeeding.  The present study aimed to determine the prevalence of PDR in HIV positive 

samples collected from the routine EID platform.  Overall, PDR was detected among 73% of 

the children, with the majority of the children harbouring resistance to NNRTIs (72%).  The 

findings were similar to national and international PMTCT surveys conducted previously 

(Goga et al., 2012; Penazzato, 2013; Goga et al., 2015; Goga et al., 2016; Salou et al., 2016; 

Fokam et al., 2018).  The national surveys indicated the prevalence of PDR among infants has 

increased from 37% to 68.7% between 2010 and 2014 (Goga et al., 2012; Jordan et al., 2017). 

This change has coincided with the change in the PMTCT policy from single dose of NVP to 

6 weeks of NVP prophylaxis for HIV-exposed infants, which resulted in the increase in the 

prevalence of NNRTI resistance observed over the years. 

 

The nationally representative South African PMTCT surveys reported that MTCT has 

decreased over the years, from 3.5% in 2010, to 2.7% in 2011-2012, 2.6% in 2012-2013, 1.1% 

in 2015-2016 and 0.9% in 2016-2017 measured as the in utero paediatric HIV infection rate 

per 100,000 live births (Goga et al., 2012; Goga et al., 2015; Goga et al., 2016; Goga et al., 

2018; Hunt et al., 2019).  Due to PMTCT the risk of vertical infections has dramatically 

decreased, but the infants who do become infected and harbour drug resistance to ARVs being 

used for PMTCT prophylaxis (i.e NNRTIs) is increasing.  This is relevant in terms of children 

which are being infected with a resistant strain (TDR) is reducing overall but the infants 

harbouring PDR to NNRTIs is increasing.  Among the entire cohort, NVP resistance (66%) 

was the highest and almost all infants with resistance displayed resistance to NVP (91% 

203/224).  This was similar to other studies, which reported increased resistance to NVP among 

infants given extended exposure of NVP prophylaxis (60%) as compared to single dose of NVP 

(27%) (Hunt et al., 2011; Salou et al., 2016).  In addition, overall dual class resistance i.e 

resistance to both NNRTIs and NRTIs (11% [33/308]) was the most prevalent, followed by 

NNRTIs + PIs (0.6% [2/308]).  Triple class resistance (NNRTI+NRTI+PI) was very rare and 

was only detected in two infants.  Among the NRTIs, the most common mutation was M184V/I 

(6%), which was detected in 18 infants and was followed by K65R (5%), which was detected 
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in 11 infants.  Protease resistance was very rare among the infants and none of the infants 

displayed high-level resistance against any PI, which indicates the probability that infants 

would respond adequately to the current first line regimen recommended for HIV exposed 

infants within the paediatric management guidelines.  The present study was limited due to the 

unavailability of maternal and infant treatment history and prophylaxis for the majority of 

samples, which makes it difficult to determine the source of drug resistance among infants i.e 

either through MTCT or through PMTCT given in the form of extended NVP prophylaxis.   

 

In addition to TDR, the rate of ADR among infants and adolescents is increasing (Steegen et 

al., 2014).  This is worrisome, since it limits the future treatment options for infants who already 

have a history of resistance to NNRTIs (Steegen et al., 2014).  These infants with high PDR to 

NNRTIs often have a high pre-ART VL, which makes it difficult to achieve viral suppression 

resulting in high prevalence of early virological failure (Steegen et al., 2014).  In the present 

study, Sanger sequencing data were characterised from children and adolescents experiencing 

virological failure while on ART.  The study population was divided into children (0 to 9) and 

adolescents (10 to 19) and their respective resistance profiles were reported.  The results 

indicated that most of the children were resistant to NRTIs (86% [79/92]), followed by NNRTIs 

(75% [69/92]) and PIs (28% [26/92]).  Among adolescents, prevalence of resistance to NNRTIs 

(87% [146/167]) was the highest, followed by NRTIs (66% [111/167]) and PIs (30% [51/167]).  

The high prevalence of NNRTI resistance among children can be explained by previous 

exposure to PMTCT prophylaxis; however, since the history of exposure to neonatal ART as 

PMTCT was not available, this could not be confirmed.  This also highlights the possibility of 

children primarily being infected with NNRTI resistant HIV due to transmission of NNRTI 

resistant HIV from mother to child.  However, since maternal records were not available, the 

maternal treatment history could not be confirmed. 

 

M184V and K103N were the most common NRTI and NNRTI mutations detected among 

children (n=75, M184V and n=42, K103N) and adolescents (n=98, M184V and n=69, K103N).  

Most of the TAMs which were detected in children (n=11) and adolescents (n=26) indicated 

the TAM-2 pathway.  This corresponded with previous studies conducted in Southern Africa, 

which highlighted the presence of multiple TAMs and the M184V mutation among patients 

failing first-line regimens (Novitsky et al., 2007; Hosseinipour et al., 2009; Wallis et al., 2010; 

Sigaloff et al., 2012b). 
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In conclusion, the prevalence of children and adolescents experiencing treatment failure due to 

the presence of transmitted and acquired resistance is increasing.  Although the implementation 

of drug resistance testing plays a huge role in monitoring drug resistance prevalence, access to 

this essential service is limited in many resource limited settings.  The lack of adherence to 

ARVs in many children and adolescents leads to higher mortality reported among these age 

groups.  Furthermore, awareness is required for strengthening adherence strategies tailored to 

these particular vulnerable populations, which can result in the increased survival of HIV-

infected infants, children and adolescents in South Africa. 

 

5.2 Future perspectives 

 

The world has embarked on a fast-track strategy to achieve the HIV/AIDS 90-90-90 treatment 

target set by the Joint United Nations Programme on HIV/AIDS (UNAIDS)  to curb the spread 

of new HIV infections (Clutter et al., 2016).  The programme aims to diagnose 90% of people 

with HIV infection, with 90% of those with a positive diagnosis receiving antiretroviral therapy 

(ART) and 90% of people on ART achieving suppressed viral loads (UNAIDS, 2014).  South 

Africa has been one of the countries with the largest epidemic of HIV and the country has 

adopted the UNAIDS treatment target to eliminate the burden of HIV infections (UNAIDS, 

2014).  In support of the treatment targets set by UNAIDS, the World Health Organisation 

(WHO) has recommended that ART must be initiated immediately after the diagnosis as part 

of the “treat all” option and pre-exposure prophylaxis (PrEP) must be considered in individuals 

with a high risk of acquiring HIV infection (World Health Organisation, 2016).  While the 

adoption of these recommendations will reduce the number of new HIV infections, they will 

however most likely increase the prevalence of ADR in treated individuals and TDR in newly 

diagnosed individuals (Phillips et al., 2014).  Effective implementation of the programme 

would likely also control the spread of new HIV infections in the most vulnerable populations, 

such as infants, children and adolescents. 

 

The fact that newly-diagnosed infants are becoming infected with HIV due to failing PMTCT 

is problematic, since these infections are preventable and it increases the risk of acquiring drug 

resistant variants due to continuous selective pressure of ARVs (Inzaule et al., 2018a).  Due to 

PMTCT the risk of vertical infections has dramatically decreased, but the infants who do 

become infected are more likely to harbour PDR to NNRTIs.  This is particularly worrisome 

in infants, since infants need treatment for a longer period of time as compared to adults and 
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the presence of PDR can limit the available treatment options, which can lead to treatment and 

virological failure and eventually increased mortality.  This requires the implementation of 

routine and robust nationally representative surveys to continuously assess the rate of PDR in 

HIV-infected individuals starting ART, irrespective of their previous exposure to ARVs (Gupta 

et al., 2018).  The PDR surveys should be conducted among all provinces with special reference 

to infants to highlight the current rate of PDR in this specific population.  Furthermore, the 

introduction of dolutegravir (DTG) will likely have a huge impact on the prevention of MTCT 

of HIV and further preventing PDR (infants infected primarily with NNRTI drug resistant HIV) 

in infants where the mother is on a DTG based regimen.  The use of DTG in pregnant women 

will provide rapid viral suppression and a high genetic barrier to resistance, resulting in 

increased viral suppression.  However, DTG may increase the risk of neural tube defects (NTD) 

in infants and therefore is not recommended preconception and in the first 6 weeks of 

pregnancy (National Department of Health, 2020). A stable pregnant woman on ART is only 

switched from EFV to DTG if 1) VL < 50 copies/mL and 2) no longer in first 6 weeks of 

pregnancy (National Department of Health, 2020).   

 

Management of HIV in paediatric patients is evolving rapidly with the introduction of new 

ARVs to better manage treatment and virological failure among this vulnerable population 

(Penazzato et al., 2018).  However most of these ARVs are not approved for use in infants due 

to lack of clinical trials to determine the long term side effects of using ART.  Adherence is 

difficult to achieve in the paediatric population (Boucher et al., 2018).  Research should be 

conducted in developing new ARVs, which have 1) low-pill burden and available paediatric 

formulations, 2) lower toxicity, 3) high genetic barrier and 4) higher half-life for specific use 

in the paediatric population.  Clinical trials should be conducted to determine the optimal 

dosing of such ARVs for their usage in children of different ages (and weight) to ensure the 

appropriate use in this population (Hazra et al., 2010).  These infants should be followed up as 

they transition into adolescence to determine the effect of treatment of HIV on a developing 

child (Hazra et al., 2010).  ARVs, such as DTG have been proven to have a higher genetic 

barrier to resistance with a longer half life and are currently being investigated for usage in 

young children.   

 

Drug resistance is an inevitable consequence of the use of ARVs to reduce morbidity and 

mortality in the HIV-infected population (Clutter et al., 2016).  While concern for ARV drug 

resistance has been rising, it should never limit the access to ARVs in HIV-infected individuals 
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(Clutter et al., 2016).  However, earlier initiation of ART, continuous adherence and the 

mechanisms and pathways for drug resistance mutations to cause resistance to a specific ARV 

and cross resistance to other ARVs of the same class needs to be monitored closely.  In high-

income countries, drug resistance testing has been implemented as part of the routine care to 

select a better treatment regimen for initiation of ART in HIV-infected individuals (Clutter et 

al., 2016).  However, in resource limited settings, such as South Africa, drug resistance testing 

has only been implemented after treatment failure has been reported, to guide the response for 

second or third line regimens due to feasibility, logistics and cost constraints (Clutter et al., 

2016).  Drug resistance testing is therefore only recommended for children and adolescents on 

a PI and INI based regimen over a course of two years, with confirmed virological failure and 

accompanied by discussion with an expert (National Department of Health, 2020). 

 

Future research should be conducted to design a better coordinated and cost-effective response 

to implement the use of drug resistance testing before the initiation of ART in HIV-infected 

individuals with special reference to newly-diagnosed infants.  Scaling up of drug resistance 

testing will lead to better treatment outcomes and will be useful in developing appropriate 

treatment regimens, better treatment algorithms and managing of particularly complex 

resistance mechanisms in infected individuals (Hamers et al., 2018). 

 

Since the preparation of DBS cards require a small volume of whole blood sample and provide 

for easier transportation and storage, the cards have been considered as a better alternative to 

perform drug resistance testing in infants failing treatment regimens (Zhang et al., 2018).  

However, some studies have reported poor concordance between plasma and DBS cards due 

to the presence of provirus and lack of RNA integrity (Dickover et al., 1998; Parry et al., 2014).  

Future research should be directed into developing pre-extraction steps for processing DBS 

samples to improve the sensitivity of the assays.  Additionally, there is a need for developing, 

standardizing and validating future sensitive assays for performing drug resistance genotyping 

using DBS. 

 

Sanger sequencing has provided essential insights into drug resistance testing which has been 

used in resource limited settings.  However, the disadvantage of this sequencing technology is 

its inability to detect minority variants which are present at below 20-30% of the viral 

population (Halvas et al., 2006).  Next generation sequencing technology has therefore been 

developed to detect these minority variants to as low as 1% but the clinical significance of these 
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low frequency variants is still unclear (Shao et al., 2013; Clutter et al., 2016).  In addition, the 

technology offers great advantages, such as automated sample processing, advanced 

sequencing technology, and generation of large amounts of information.  The substantial 

information generated from NGS enables better understanding of mutational patterns present 

under a selective ART combination (Eriksson et al., 2008; Poon et al., 2010; Willerth et al., 

2010).  Future research should therefore investigate the usage of NGS in infants failing second 

or third line treatment regimens to better understand the mutation populations present.  This 

will make it easier to develop better treatment regimens and algorithms to treat these infants 

with an extensive previous history of ART. 

 

To conclude, the drug resistance genotyping laboratories need to develop a longitudinal 

centralised database to record the treatment regimens and their associated resistance profiles in 

HIV-infected individuals experiencing treatment failure.  These drug resistance laboratories 

should be well co-ordinated to provide input on the relevant and recent resistance patterns and 

mutational profiles obtained from patients failing therapy.  The database should be kept up to 

date with the demographics, patient history, previous treatment regimens, current treatment 

regimens, viral load profile, CD4 count and presence of all the resistance mutations and 

associated resistance profiles detected in an individual.  The information generated from the 

database can be used to monitor HIV-infected individuals with a previous history of drug 

resistance and treatment failure.  Finally, the information generated can be used for routine 

surveillance of population level HIV drug resistance genotyping combined with better 

approaches to prevent the development of additional resistance in the population which will be 

essential in the attainment of the goal to eliminate AIDS as a public threat. 
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Appendix 1a Protease and RT mutations identified in matched plasma and DBS sequences for accuracy parameter 

 

 Protease RT 

ID Plasma DBS Plasma DBS 

1 T12S, I15V, L19I, N37S, 

R41K, L63P, H69K, 

T74TA, V77I, L89M, I93L 

T12S, I15V, L19I, N37S, R41K, 

L63P, H69K, T74TA, V77I, 

L89M, I93L 

M184V, K103N, V1061, V35K, T39E, S48T, 

V106I, K122E, D123G, K173A, D177E, 

T200A, Q207A, R211K, F214FL, E224D 

M184V, K103N, V106I,V35K, T39E, S48T, V106I, 

K122E, D123G, K173A, D177E, T200A, Q207A, 

R211K, F214FL, E224D 

2 M46I, 154V, L76V, 

V82VA, I84IV, L10F, 

I13V, L19I, K20R, M36I, 

N37D, R41K, 

D60E,Q61DEKN,I62IV, 

L63P, H69K, A71AV, 

L89IM, I93IL 

M46I, 154V, L76V, V82VA, 

I84IV, L10F ,I13V, L19I, K20R, 

M36I, N37D, R41K, 

D60E,Q61DEKN,I62IV, L63P, 

H69K, A71AV, L89IM, I93IL 

M41ML, D67N, K70R, M184V, T215F, 

K219Q, K103N, V35T, T39E, S48T, E53D, 

D121Y, K122E, I35V, I142V, K173AV, 

Q174K, D177E, I178L, T200A, E203D, 

Q207E, R211K 

M41ML, D67N, K70R, M184V, T215F, K219Q, 

K103N, V35T, T39E, S48T, E53D, D121Y, K122E, 

I35V, I142V, K173AV, Q174K, D177E, I178L, 

T200A, E203D, Q207E, R211K 

3 V82VA, T12S, I15V, G16E, 

L19E, K20M, E35N, M36I, 

R41K, R57K, D60E, L63A, 

H69K, I93L 

V82A, T12S, I15V, G16E, L19E, 

K20M, E35N, M36I, R41K, 

R57K, D60E, L63A, H69K, I93L 

D67N, K70R, M184V, K219Q, K103N, 

V106M, E138Q, V21I, T27S, V35T, T39D, 

T69N, R83K, V90I, I94L, A98AS, L109I, 

K122E, D123N, S162A, K173T, D177E, 

I178L, V179I, T200A, E204Q, Q207E 

D67N, K70R, M184V, K219Q, K103N, V106M, 

E138Q, V21I, T27S, V35T, T39D, T69N, R83K, 

V90I, I94L, L109I, K122E, D123N, T139I, S162A, 

K173T, D177E, I178L, V179I, T200A, E204Q, 

Q207E 

4 T12S, I15V, G16E, L19I, 

K20R, E35D, M36I, P39T, 

R41K, K45KR, D60E, 

L63P, H69K, L89M, I93L 

T12S, I15V, G16E, L19I, K20R, 

E35D, M36I, P39T, R41K, D60E, 

L63P, H69K, L89M, I93L 

D67DG, K70KE, T215TNSY, K219KR, 

K101KE, Y188YFL, G190GA, V35T, 

T39TK, P55PS, V60VI, S68SR, A98S, 

K122E, D123S, S162SC, K173A, Q174K, 

D177E, T200A, Q207DE, R211K, F214FL 

D67DG, K70KE, T215TNSY, K219KR, K101KE, 

Y188YFL, G190GA, V35T, T39TK, P55PS, V60VI, 

S68SR, A98S, K122E, D123S, S162SC, K173A, 

Q174K, D177E, T200A, Q207DE, R211K, F214FL 

5 T12S, I15V, L19I, M36I, 

R41K, H69K, I93L 

T12S, I15V, L19I, M36I, R41K, 

H69K, I93L 

M184V, K103N, V106VIM, V35T, E36A, 

T39E, S48T, W88C, I94L, K122E, K173A, 

T200A, Q207E, R211K, F214L, 

M184V, K103N, V106VIM, V35T, E36A, T39E, 

S48T, W88C, I94L, K122E, K173A, T200A, Q207E, 

R211K, F214L 

6 T12S, I15V, L19I, M36I, 

L63P, H69K, L89M, I93L 

T12S, I15V, L19I, M36I, L63P, 

H69K, L89M, I93L 

V35T, T39N, V106I, K122E, D123DGNS, 

I142V, S162HY, K173A, D177E, T200A, 

Q207E, R211K 

V35T, T39N, V106I, K122E, D123DGNS, I142V, 

S162HY, K173A, D177E, T200A, Q207E, R211K 

7 K14R, I15V, L19I, K20KR, 

R41K, L63P, H69K, V77I, 

L89M, I93L 

K14R, I15V, L19I, K20R, 

M36MI, R41K, L63P, H69K, 

V77I, L89M, I93L 

E138A, V35T, T39E, S48T, K122E, 

D123DN, K173A, Q174K, D177E, I78M, 

Q197S, T200A, I202V, Q207D, R211K 

E138A, V35T, T39E, S48T, V106VG, K122E, 

D123DN, Q145QR, P157PS, K173A, Q174K, 

D177E, I78M, Q182QP, Q197S, T200A, I202V, 

Q207D, L209LP, L210LP, R211K 

8 T12S, I15V, L19I, K20KR, 

E35D, M36I, N37ND, 

R41RK, L63LP, H69K, 

T74TS, L89M, I93L 

T12S, I15V, L19I, K20KR, 

E35D, M36I, N37ND, R41RK, 

L63LP, H69K, T74TS, L89M, 

I93L 

V35T, E36A, T39E, S48T, V60I, K173A, 

Q174K, D177E, T200A, E203D, Q207A 

V35T, E36A, T39E, S48T, V60I, K173A, Q174K, 

D177E, T200A, E203ED, Q207A 
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9 T12S, L19E, K20R, M36I, 

R41K, I62IV, L63P, H69K, 

L89IM, I93L 

T12S, L19E, K20R, M36I, R41K, 

I62IV, L63P, H69K, L89IM, I93L 

V35T, E36A, T39E, S48T, K122E, D123E, 

I135T, S162A, K173M, Q174R, T200A, 

Q207E, R211K 

V35T, E36EA, T39E, S48T, K122E, D123E, I135T, 

S162A, K173M, Q174R, T200A, Q207E, R211K 

10 M46I, 154V, L76V, 

V82VA, L10F T4S, I15V, 

G16A, L19I, K20R, E35D, 

M36I, R41K, R57K, Q61N, 

I62V, L63V, E65D, H69K, 

T74S, L89M 

M46I, 154V, L76V, V82VA, 

L10F, T4S, I15V, G16A, L19I, 

K20R, E35D, M36I, R41K, 

R57K, Q61N, I62V, L63V, 

E65D, H69K, T74S, L89M 

M41L, E44D, D67N, K70E, M184V, 

L210W, T215Y, A98G, V35T, E36K, T39E, 

S48T, K122E, D123N, K173A, Q174K, 

D177E, T200A, E203D, Q207E, R211K 

M41L, E44D, D67N, K70E, M184V, L210W, 

T215Y, A98G, V35T, E36K, T39E, S48T, G93GE, 

K122E, D123N, K173A, Q174K, D177E, T200A, 

I202V, E203D, Q207E, R211K 

11 T12S, I15V, G16E, L19I, 

E35D, M36I, N37Q, P39S, 

R41K, D60E, Q61N, H69K, 

I72IV, L89M, I93L 

T12S, I15V, G16E, L19I, E35D, 

M36I, N37Q, P39S, R41K, D60E, 

Q61N, H69K, I72V, L89M, I93L 

M184V V35T, E36A, T39E, S48T, K122E, 

D123S, I135T, K173A, Q174K, D177E, 

T200A, E203EK, Q207DN, L210LF, R211K, 

F214L 

M184V, V35T, E36A, T39E, S48T, V60VI, K122E, 

D123S, I135T, K173A, Q174K, D177E, T200A, 

E203EK, Q207DN, L210LF, R211K, F214L 

DBS dried blood spots RT reverse transcriptase 

Major protease and reverse transcriptase inhibitor mutations are shown in bold. Discordances are underlined.  
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Appendix 1b  Interpretation of Protease and RT mutations identified in plasma and DBS sequences 

 

ID Protease Inhibitors NRTIs NNRTIs 

1 

Atazanavir 

Darunavir 

Lopinavir 

Susceptible 

Susceptible 

Susceptible 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

Low-Level Resistance 

Susceptible 

High-Level Resistance 

High-Level Resistance 

Susceptible 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

 

High-Level Resistance 

Potential Low Level Resistance 

High-Level Resistance 

Potential Low Level Resistance 

2 

Atazanavir 

Darunavir 

Lopinavir 

High-Level Resistance 

Intermediate Resistance 

High-Level Resistance 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

High-Level Resistance 

High-Level Resistance 

High-Level Resistance 

High-Level Resistance 

Intermediate Resistance 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

High-Level Resistance 

Susceptible 

High-Level Resistance 

Susceptible 

3 

Atazanavir 

Darunavir 

Lopinavir 

Low-Level Resistance 

Susceptible 

Intermediate Resistance 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

High-Level Resistance 

Intermediate Resistance 

High-Level Resistance 

High-Level Resistance 

Low-Level Resistance 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

High-Level Resistance 

Potential Low-Level Resistance 

High-Level Resistance 

Low-Level Resistance 

4 

Atazanavir 

Darunavir 

Lopinavir 

Susceptible 

Susceptible 

Susceptible 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

Intermediate Resistance 

Intermediate Resistance 

Potential Low-Level Resistance 

Potential Low-Level Resistance 

Intermediate Resistance 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

High-Level Resistance 

Intermediate Resistance 

High-Level Resistance 

High-Level Resistance 

5 

Atazanavir 

Darunavir 

Lopinavir 

Susceptible 

Susceptible 

Susceptible 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

Low-Level Resistance 

Susceptible 

High-Level Resistance 

High-Level Resistance 

Susceptible 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

High-Level Resistance 

Susceptible 

High-Level Resistance 

Susceptible 

6 

Atazanavir 

Darunavir 

Lopinavir 

Susceptible 

Susceptible 

Susceptible 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

7 

Atazanavir 

Darunavir 

Lopinavir 

Susceptible 

Susceptible 

Susceptible 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

Susceptible 

Potential Low-Level Resistance 

Susceptible 

Low-Level Resistance  
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8 

Atazanavir 

Darunavir 

Lopinavir 

Susceptible 

Susceptible 

Susceptible 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

9 

Atazanavir 

Darunavir 

Lopinavir 

Susceptible 

Susceptible 

Susceptible 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

10 

Atazanavir 

Darunavir 

Lopinavir 

High-Level Resistance 

Low-Level Resistance 

High-Level Resistance 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

High-Level Resistance 

High-Level Resistance 

High-Level Resistance 

High-Level Resistance 

High-Level Resistance 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

Low-Level Resistance 

Potential Low-Level Resistance 

Intermediate Resistance 

Low-Level Resistance 

11 

Atazanavir 

Darunavir 

Lopinavir 

Susceptible 

Susceptible 

Susceptible 

Abacavir 

Zidovudine 

Emtricitabine 

Lamivudine 

Tenofovir 

Low-Level Resistance 

Susceptible 

High-Level Resistance 

High-Level Resistance 

Susceptible 

Efavirenz 

Etravirine 

Nevirapine 

Rilpivirine 

Susceptible 

Susceptible 

Susceptible 

Susceptible 

DBS dried blood spots NRTIs nucleoside reverse transcriptase inhibitors NNRTIs  non-nucleoside reverse transcriptase inhibitors RT reverse transcriptase 

 

 

 

 

 

 

 

 

 



127 

Appendix 2a Protease and RT mutations and the interpretation of resistance profiles identified in five replicates of three samples amplified together in a single run to 

determine the precision of the assay 

 

 Resistance mutations Interpretation of resistance profiles 

ID Protease RT Protease NRTIs NNRTIs 

1a 

T12S, I15V, L19I, M36I, R41K, 

L63P, H69K, L89M, I93L 
K70E, M184V, K103N,P225H, 

P4S, K20R, K32N, V35K, E36A, T39E, S48T, A98S, K12

2E, D123S, S162C, K173A, D177E, I178M, T200A, Q207

E, L228R 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

1b 

T12S, I13IL, I15V, L19I, M36I, R4

1K, L63P, H69K, L89M, I93L 

K70E, M184V, K219KR, K103N, P225H, 

P4S, I5IV, K20R, K32N, V35K, E36A, T39E, S48T, A98S

, K122E, D123S, S162C, K173A, D177E, I178M, T200A, 

Q207E, L228R 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

1c 

T12S, I15V, L19I, M36I, R41K, L6

3P, H69K, L89M, I93L 

K70E, M184V, K103N, P225H, 

P4S, K20R, K32N, V35K, E36A, T39E, S48T, A98S, K12

2E, D123S, S162C, K173A, D177E, I178M, T200A, Q207

E, L228R 

 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

1d 

T12S, I15V, L19I, M36I, R41K, L6

3P, H69K, L89M, I93L 

K70E, M184V, K219KR, K103N, P225H, 

P4S, K20R, K32N, V35K, E36A, T39E, S48T, A98S, K12

2E, D123S, S162C, K173A, D177E, I178M, T200A, Q207

E, L228R 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

1e 

T12S, I15V, L19I, M36I, R41K, G4

9K, L63P, H69K, L89M, I93L 

K70E, M184V, K219R, K103N, P225H, 

P4S, K20R, K32N, V35K, E36A, T39E, S48T, A98S, K12

2E, D123S, S162C, K173A, D177E, I178M, T200A, Q207

E, L228R 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

2a 

T12AS, I15V, L19T, M36I, R41K, 

L63P, H69K, L89M, I93L 

A62AV, K65R, V75VIM, M184V, 

L100I, K103N, P225H, 

E28R, K32E, V35T, E36A, T39E, S68SN, K122E, D123S, 

I142Q, K173A, I178L, T200A, Q207K, R211Q, F214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

2b 

T12S, I15V, L19T, M36I, R41K, L

63P, H69K, L89M, I93L 

K65R, V75VIM, Y115YF, M184V, 

L100I, K103N, P225H, 

E28R, K32E, V35T, E36A, T39E, S68SN, K122E, D123S, 

I142Q, K173A, I178L, T200A, Q207K, R211Q, F214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 
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2c 

T12AS, I15V, L19T, M36I, R41K, 

L63P, H69K, L89M, I93L 

A62AV, K65R, V75VIM, Y115YF, M184V, 

L100I, K103N, P225H, 

E28R, K32E, V35T, E36A, T39E, S68SN, K122E, D123S, 

I142Q, K173A, I178L, T200A, Q207K, R211Q, F214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

2d 

T12AS, I15V, L19T, M36I, R41K, 

L63P, H69K, L89M, I93L 

A62AV, K65R, Y115YF, M184V, 

L100I, K103N, P225H, 

E28R, K32E, V35T, E36A, T39E, K122E, D123S, I142Q, 

K173A, I178L, T200A, Q207K, R211Q, F214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

2e 

T12S, I15V, L19T, M36I, R41K, L

63P, H69K, L89M, I93L 

K65R, Y115YF, M184V, L100I, K103N, P225H, 

E28R, K32E, V35T, E36A, T39E, S68SN, K122E, D123S, 

I142Q, K173A, I178L, T200A, Q207K, R211Q, F214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3a 

I15V, L19I, M36I, R41K, H69K, T

74S, L89M, I93L 

K65R, M184I, K103N, M230L, 

V35T, T39E, V60I, K122E, D123S, I135LV, S162C, T165

I, K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3b 

T12TS, I15V, L19I, M36I, R41K, 

H69K, T74S, L89M, I93L 

K65R, M184MI, K103N, M230L, 

V35T, T39E, V60I, K122E, D123S, I135LV, S162C, T165

I, K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3c 

I15V, L19I, M36I, R41K, H69K, T

74S, L89M, I93L 

K65R, M184I, K103N, M230L, 

V35T, T39E, V60I, K122E, D123S, I135LV, S162C, T165

I, K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3d 

I15V, L19I, M36I, R41K, H69K, T

74S, L89M, I93L 

K65R, M184I, K103N, M230L, 

V35T, T39E, V60I, K122E, D123S, I135L, S162C, T165I, 

K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3e 

I15V, L19I, M36I, R41K, H69K, T

74S, L89M, I93L 

K65R, M184I, K103N, M230L, 

V35T, T39E, V60I, K122E, D123S, I135L, S162C, T165I, 

K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

HLR high level resistance IR intermediate resistance LLR low level resistance  NRTIs nucleoside reverse transcriptase inhibitors  

NNRTIs non-nucleoside reverse transcriptase inhibitors RT reverse transcriptase S Susceptible 

Major protease and reverse transcriptase inhibitor mutations are shown in bold 
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Appendix 2b Protease and RT mutations and the interpretation of resistance profiles identified in five replicates of three samples to determine the reproducibility of the assay 

 

 Resistance mutations Interpretation of resistance profiles 

ID Protease RT Protease NRTIs NNRTIs 

1a 

T12S, I15V, L19I, M36I, R41K, L6

3P, H69K, L89M, I93L 

K70E, M184V, K219R, K103N, P225H, 

P4S, K20R, K32N, V35K, E36A, T39E, S48T, A98S, K12

2E, D123S, S162C, K173A, D177E, I178M, T200A, Q207

E, L228R 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

1b 

T12AS, I15V, L19I, M36I, R41K, 

L63P, H69K, L89M, I93L 

K70E, M184V, K219KR, K103N, P225H, 

P4S, K20R, K32N, V35K, E36A, T39E, S48T, A98S, K12

2E, D123S, S162C, K173A, D177E, I178M, T200A, Q207

E, L228R 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

1c 

T12S, I15V, L19V, M36I, R41K, L

63P, H69K, L89M, I93L 

K70E, M184V, K103N, P225H, 

P4S, K20R, K32N, V35K, E36A, T39E, S48T, A98S, K12

2E, D123S, S162C, K173A, D177E, I178M, T200A, Q207

E, L228R 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

1d 

T12S, I15V, L19I, M36I, R41K, L6

3P, H69K, L89M, I93L 

K70E, M184V, K103N, P225H, 

P4S, K20R, K32N, V35K, E36A, T39E, S48T, A98S, K12

2E, D123S, S162C, I167X, K173A, D177E, I178M, T200A

, Q207E, L228R 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

1e 

T12S, I15V, L19I, M36I, R41K, L6

3P, H69K, L89M, I93L 

K70E, M184V, K103N, P225H, 

P4S, K20R, K32N, V35K, E36A, T39E, S48T, A98S, K12

2E, D123S, S162C, K173A, D177E, I178M, T200A, Q207

E, L228R 

 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-IR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-LLR 

Doravirine-IR 

Efavirenz-HLR 

Etravirine-S 

Nevirapine-HLR 

Rilpivirine-S 

2a 

T12S, I15V, L19T, M36I, R41K, L

63P, H69K, L89M, I93L 

A62AV, K65R, V75VIM, Y115YF, M184V, 

L100I, K103N, P225H, 

E28R, K32E, V35T, E36A, T39E, S68SN, K122E, D123S, 

I142Q, K173A, I178L, T200A, Q207K, R211Q, F214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

2b 

T12S, I15V, L19T, M36I, R41K, L

63P, H69K, L89M, I93L 

K65R, V75VIM, Y115YF, M184V, 

L100I, K103N, P225H, 

K20KR, E28R, K32E, V35T, E36A, T39E, S68SN, K122E

, D123S, I142Q, K173A, I178L, T200A, Q207K, R211Q, F

214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 
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2c 

T12AS, I15V, L19T, M36I, R41K, 

L63P, H69K, L89M, I93L 

K65R, V75VIM, Y115YF, M184V, 

L100I, K103N, P225H, 

E28R, K32E, V35T, E36A, T39E, S68SN, K122E, D123S, 

I142Q, K173A, I178L, T200A, Q207K, R211Q, F214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

2d 

T12S, I15V, L19T, M36I, R41K, L

63P, H69K, L89M, I93L 

K65R, V75VIM, Y115YF, M184V, 

L100I, K103N, P225H, 

E28R, K32E, V35T, E36A, T39E, S68SN, K122KE, D123

S, I142Q, K173A, I178L, T200A, Q207K, R211Q, F214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

2e 

T12AS, I15V, L19T, M36I, R41K, 

L63P, H69K, L89M, I93L 

A62AV, K65R, Y115YF, M184V, 

L100I, K103N, P225H, 

E28R, K32E, V35T, E36A, T39E, K122E, D123S, I142Q, 

K173A, I178L, T200A, Q207K, R211Q, F214L 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-HLR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3a 

I15V, L19I, M36I, R41K, H69K, T

74S, L89M, I93L 

K65R, M184I, K103N, M230L, 

V35T, T39E, V60I, K122E, D123S, I135L, S162C, T165I, 

K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3b 

I15V, L19I, M36I, R41K, H69K, T

74S, L89M, I93L 

K65R, M184I, K103N, M230L, 

V35T, T39E, V60I, K122E, D123S, I135LV, S162C, T165

I, K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3c 

I15V, L19I, M36I, R41K, H69K, T

74S, L89M, I93L 

K65R, M184MI, K103N, V108VI, M230L, 

V35T, T39E, V60I, K122E, D123S, I135LV, S162C, T165

I, K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3d 

I15V, L19I, M36I, R41K, H69K, T

74S, L89M, I93L 

K65R, M184MI, K103N, V108VI, M230L, 

V35T, T39E, V60I, K122E, D123S, I135LV, S162C, T165

I, K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

3e 

I15V, L19I, M36I, R41K, H69K, T

74S, L89M, I93L 

K65R, M184I, K103N, M230L, 

V35T, T39E, V60I, K122E, D123S, I135L, S162C, T165I, 

K173A, D177E, Q197K, T200E, Q207A, R211K 

Atazanavir-S 

Darunavir-S 

Lopinavir-S 

Abacavir-HLR 

Zidovudine-S 

Emtricitabine-HLR 

Lamivudine-HLR 

Tenofovir-IR 

Doravirine-HLR 

Efavirenz-HLR 

Etravirine-IR 

Nevirapine-HLR 

Rilpivirine-HLR 

HLR high level resistance IR intermediate resistance LLR low level resistance  NRTIs nucleoside reverse transcriptase inhibitors  

NNRTIs non-nucleoside reverse transcriptase inhibitors RT reverse transcriptase Susceptible S 

Major protease and reverse transcriptase inhibitor mutations are shown in bold 
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Appendix 3: Ethics committee letter, project approval UFS-HSD2017/0633 
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Appendix 4: Ethics committee letter, project approval UFS-HSD2017/0612 
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Appendix 5: National Department of Health approval 
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Appendix 6: National Health Laboratory Services approval 
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Appendix 7: Elsevier permission obtained for figure 1.1 
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Appendix 8: Elsevier permission obtained for figure 1.3 

 

 

 

 

 

 

 


