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Abstract  

Understanding the correlates of treatment failure during second-line antiretroviral therapy 

(ART) could inform interventions to improve outcomes among people living with HIV 

(PLHIV). A retrospective cohort study of PLHIV who started second-line ART at a tertiary 

centre in Nigeria, 2005-2017, used Kaplan-Meier estimates and Cox proportional hazards 

models to investigate factors associated with: virological failure (HIV-1 RNA >1,000 

copies/mL), immunological failure (CD4 count decrease or <100 cells/mm3), and severe 

weight loss (>10% of bodyweight). Whole HIV-1 genome sequences were generated with 

Illumina MiSeq from available first-line and second-line virological failure samples. 

Mutations detected at ≥2% frequency were analysed and intrahost changes were 

observed within longitudinal viral populations. Among 1,031 cohort participants, 33% 

disengaged from care during a median follow-up of 6.9 years (interquartile range 3.7-8.5). 

Of these, 26% subsequently re-entered care. Disengagement was associated with male 

gender, age <30, lower education level and low CD4 count. Among participants with 

endpoint assessments available, 20% (112/565) experienced virological failure, 32% 

(257/809) experienced immunological failure, and 23% (190/831) experienced weight 

loss. A lower risk of virological failure was associated with professional occupations 

compared to elementary: adjusted hazard ratio 0.17 (95% confidence interval 0.04-0.70). 

There was extensive subtype variation and drug resistance at first-line ART failure in the 

101 participants sampled. Major protease mutations at second-line failure were detected 

in 45% (18/40), and were associated with therapeutic PI levels and an increased rate of 

emergent gag mutations. There was also a high prevalence of protease and gag variants 

in West African subtypes, prior to PI exposure. Most future therapeutic options were 

predicted to be effective, with the exception of newer NNRTIs. In summary, adverse 

outcomes were common during second-line ART. Resources should be allocated to 

promote engagement in care and provide routine virological monitoring to target 

adherence interventions and inform the need for third-line regimens.  
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Impact statement  

This in-depth analysis of a large second-line HIV treatment cohort in Nigeria shows that 

disengagement from care and treatment failure were common over several years of 

follow-up. Improved understanding of the long-term patterns of engagement in care may 

aid planning of ART programmes. Knowledge of the risk factors associated with adverse 

outcomes on second-line PI-based regimens allows healthcare practitioners to identify 

people at risk and target resources effectively. This may include interventions aimed at 

streamlining the patient experience of attending clinic, improving engagement and 

adherence to second-line therapy, as well as increasing the availability of third-line ART 

regimens. 

 

The CHANGE study is the first of its kind to use whole genome deep sequencing to 

investigate PI therapy failure in West Africa. This adds to the literature on the prevalence 

and nature of minority drug resistant variants, not detected by standard genotyping, and 

crucially provides data on HIV subtype variation in a neglected region. It also expands our 

understanding of gag-protease co-evolution during PI therapy and demonstrates that the 

gag gene is under selective evolutionary pressure. This technology has directly benefitted 

the participants who contributed to the sequence analysis as all resistance reports have 

been added to the medical notes, to aid future decisions about care. 

 

The detection of highly resistance viruses less than a year into therapy, provides further 

evidence that routine viral load monitoring and targeted adherence support are likely to 

be crucial from the outset of treatment to preserve first-line and second-line agents and 

to prevent the emergence of resistance. These results could also support a greater role 

for therapeutic drug monitoring in certain circumstances, which is cheaper than genotypic 

resistance testing. 
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An important finding was that two-thirds of participants had cross-resistance to newer 

generation NNRTIs, some of which have been proposed even for people with a history of 

virological failure on first generation NNRTI agents. This has global implications for the 

future use of fixed dose combinations such as tenofovir-lamivudine-doravirine 

(TDF/3TC/DOR) and tenofovir-emtricitabine-rilpivirine (TDF/FTC/RPV), and for long-

acting injectable combinations such as cabotegravir-rilpivirine. Many people living with 

HIV across the world will have received nevirapine or efavirenz-based first-line ART, and 

this study adds to concerns about the impact on the efficacy of these new regimens.  

 

The results are also relevant to HIV medicine in the UK, as the epidemic in this country is 

diversifying as a result of migration and subtype mixing and recombination. Clinicians will 

increasingly encounter non-B subtypes and will require an evidence base to aid the 

interpretation of genotypic tests and guide HIV treatment. The data generated by studies 

such as this advance the objective of delivering individualised therapy in the genomics 

era. 

 

Finally, this study has provided essential data on the susceptibility of West African 

subtypes to integrase strand transfer inhibitors (INSTIs), prior to the widespread rollout of 

dolutegravir in this setting, in accordance with new WHO HIV treatment guidelines. 
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Chapter 1: Introduction and literature review  

 

1.1 Project overview  

The subject of this thesis is the CHANGE study (Clinical and HIV determinants of 

Antiretroviral therapy response in a Nigerian subtype G/CRF02_AG Epidemic), which 

aims to investigate the impact of clinical factors and viral genetics on the response to 

second-line HIV treatment in West Africa. I will address this research question by 

reviewing the literature on this topic in Chapter 1, then applying a combined 

methodological approach that integrates clinical epidemiology (as described in Chapter 

2) and viral genomics (Chapter 3) to better understand treatment failure in a Nigerian 

cohort of people living with HIV. 

 

In the first results chapter (Chapter 4) I will describe the engagement in care during 

second-line HIV therapy of the whole cohort attending the study site at the University of 

Abuja Teaching Hospital. I will also explore the patient factors associated with 

disengagement from care and with an increased risk of treatment failure, as defined by 

virological, immunological and clinical end-points.  

 

In the second results chapter (Chapter 5) I will focus on the second-line ART recipients 

who had previously had a blood sample taken for viral load measurement during first-line 

virological failure. The HIV genomic data generated from these samples will be used to 

determine the genetic patterns of resistance present at failure of a first-line regimen 

containing nucleos(t)ide reverse transcriptase inhibitors (NRTIs) and non-NRTI (NNRTI), 

and to predict the susceptibility to second-line ART treatment options. 

 

In the third results chapter (Chapter 6) I will focus on the genetic correlates of second-line 

virological failure and explore the intra-host viral population dynamics during protease 
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inhibitor (PI) therapy. I will also investigate the impact of resistance mutations and subtype 

variation on the predicted susceptibility to future therapeutic options.  

 

1.2 Literature review methodology  

The literature review is presented partly in this first chapter and partly in the introductory 

sections of each results chapter. The source material was collated over the years of the 

research fellowship by monitoring the electronic tables of contents of relevant journals 

including New England Journal of Medicine, Lancet, Lancet Infectious Diseases, Lancet 

HIV, Clinical Infectious Diseases, Journal of Infectious Diseases, Journal of Acquired 

Immune Deficiency Syndrome, AIDS, Journal of Antimicrobial Chemotherapy, HIV 

Medicine and Journal of Clinical Virology. This was supplemented by online searches of 

PubMed and Google Scholar search engines at the start, end and periodically throughout 

the project. Search terms included HIV, first-line, second-line, protease inhibitor, 

treatment failure, viral/virologic/virological failure, CD4, immunologic/immunological 

failure, weight, weight loss, adherence, compliance, retention, engagement, 

disengagement, sub-Saharan Africa, West Africa, Nigeria, Abuja, gag, env, integrase, 

whole genome/deep/next-generation sequencing. Abstracts written in English were 

reviewed for relevance to the topics explored in this thesis. Methods were reviewed for 

validity to the current setting and also for limitations in the results and conclusions derived. 

For broad topics e.g. engagement in care, there was an initial focus on low and middle-

income settings, then narrowed down to sub-Saharan Africa, West Africa, Nigeria, and 

finally the current study site (if such studies were available at these levels). For narrower 

topics on which less is known, or which require specialist technology not widely available 

in low and middle-income settings, e.g. next-generation sequencing of gag gene variants, 

then studies were examined for sub-analyses of West African participants and HIV-1 

subtypes where possible. 
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1.3 The HIV pandemic  

The story of the start of the human immunodeficiency virus (HIV) pandemic is well-

rehearsed. In 1981, the US Centers for Disease Control and Prevention (CDC) issued a 

report of a cluster of cases of atypical Pneumocystis pneumonia.1 This highlighted the 

emerging problem of opportunistic infections in gay men who were suffering from an 

immunodeficiency of unknown cause, which was later named acquired immune 

deficiency syndrome (AIDS). Further cases emerged across North America and Europe, 

and in 1983 the causative pathogen was found to be a retrovirus, initially named 

lymphadenopathy-associated virus.2 There was much speculation as to the origins of this 

new disease, and it was not then known that the starting gun for the global pandemic had 

already been fired several decades earlier. 

 

HIV originated in Africa. Phylogenetic studies comparing viruses infecting humans and 

other primates have demonstrated several cross-species zoonotic transmissions that led 

to human epidemics.3 A simian immunodeficiency virus that infects chimpanzees 

(SIVcpz) crossed into humans probably as a result of the hunter hypothesis of 

chimpanzee blood entering the bloodstream through a wound, rather than other possible 

but improbable routes of transmission. The HIV type 1 (HIV-1) comprises the M (main) 

and N (non-M and non-O) groups, which are each closely related to different types of 

SIVcpz and so must have crossed over separately from chimpanzees, and the O (outlier) 

and P groups, which both originated from SIVgor in gorillas, probably in Cameroon.4 HIV 

type 2 (HIV-2) arose independently from a SIV that infects sooty mangabey monkeys in 

West Africa. 

 

According to the most recent UNAIDS epidemiological estimates, over 37 million people 

(estimate 37.7 million, range of uncertainty 30.2-45.1 million) were living with HIV in 

2020.5 The vast majority are infected with viruses from the HIV-1 M group, which 

comprises several genetically distinct subtypes (A1, A2, B, C, D, F1, F2, G, H, J, K).6,7 
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The most extensively studied is subtype B, which predominates in Western Europe and 

North America, however this represents only about 10% of HIV infections worldwide. The 

greatest HIV subtype diversity is seen in West and Central Africa, where the pandemic 

originated. Some subtypes have combined to create circulating recombinant forms (CRF), 

which themselves go on to spread across large geographical regions. This is the case 

with CRF02_AG, a composite of the subtypes A and G, which probably emerged in the 

1970s according to molecular clock programmes that estimate the time to most recent 

common ancestor.6 CRF02_AG,  along with G, is the most common subtype found in the 

estimated 3.4 million people infected with HIV in Nigeria.8-10 There are also unique 

recombinant forms, which are defined as those that occur in fewer than three people who 

are not linked epidemiologically. Although subtypes are still to be found in specific 

geographical areas, this distinction is less rigid, particularly in high-income countries as 

populations mix and migrate around the world.11 

 

HIV can be transmitted by several routes: sexual, vertical (mother-to-child transmission, 

either in utero, intrapartum or via breast milk), by injection drug use, and through 

healthcare-associated exposure, such as the receipt of blood products or 

needlestick/splash incidents. 

 

1.4 Virus structure and replication cycle  

HIV is in the genus Lentivirus within the Retroviridae family. It is a single-stranded positive 

sense ribonucleic acid (RNA) virus in the Baltimore classification group VI. The virion is 

~100nm wide and consists of a diploid genome and nucleocapsid inside a capsid. It is 

surrounded by matrix protein to provide structural integrity which is then encased in an 

envelope formed from the host cell lipid membrane dotted sparingly with about 14 viral 

env trimeric spikes (gp120-gp41 env-glycoprotein complexes) on the surface of each 

virion12.  
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The genome varies in length but is usually between 9.2 and 9.7 kilobases (kb) long. There 

are nine open reading frames coding for 15 proteins.13 The nine overlapping genes are 

bookended by 5’ and 3’ long terminal repeat (LTR) regions. There are three genes that 

code for structural proteins: gag, pol and env; two that code for essential regulatory 

elements: tat and rev; and four genes that code for accessory regulatory proteins: nef, 

vpr, vif, vpu. 

 

HIV has a short replication cycle of one to two days.14 Initially, the env glycoproteins on 

the surface of the virion bind to the CD4 and CCR5 coreceptor on the target cell surface 

and fuse with the cell surface, expelling the contents of the virion into the cell’s cytoplasm. 

At some stage, the timing of which is uncertain, the capsid disassembles and the viral 

nucleic acid is uncoated, enabling the transcription from RNA to deoxyribonucleic acid 

(DNA) by reverse transcriptase. The DNA is imported into the cell’s nucleus and 

integrated into the host genome by the HIV integrase. This proviral DNA may then be 

transcribed by the host cell to create viral RNA and translated into proteins. These are 

then assembled into new virions. The immature virions bud from the infected cell and are 

released. An essential maturation stage involves the proteolytic cleavage of the gag 

(group-specific antigen) polyprotein to release its subunits: matrix (p17), capsid (p24), p2 

(spacer peptide 1, SP1), nucleocapsid (p7), and p1 (spacer peptide 2, SP2) and p6.15 

Protease also cleaves the polymerase protein into protease (via autoprocessing), reverse 

transcriptase, ribonuclease (RNase) H and integrase. 

 

The protease dimer has two subunits each comprised of 99 amino acids.16,17 Each 

monomer forms nine beta strands and one alpha helix. The two subunits meet at position 

25 at the top of the dimer interface. The protease substrate interacts with the enzyme at 

the active site: the binding cavity, or pocket, which is shielded by two flaps. These flaps 

open on hinges to allow entry of the substrate and then close after binding to allow 

catalysis under hydrophobic conditions. When ART containing a PI is given then the PI 
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molecule takes the place of the substrate. Mutations at the active site can affect drug 

interactions directly, for example by reducing binding by hydrogen or van der Waal’s 

bonds.16 There is a trade-off between impairing binding to the PI drug and preventing 

binding to the intended substrate, which is necessary to perform the proteolytic functions 

essential for HIV replication. Therefore, active site mutations tend to preserve polarity and 

other chemical properties. Other genes have been implicated in PI resistance, including 

gag and env, which I will discuss in detail in Chapter 6. 

 

In very early HIV infection there is an eclipse phase during which the virus disseminates 

from the site of infection (e.g. the genital mucosa in sexual transmission) to lymphoid 

tissue, but there is no evidence of infection in peripheral blood samples.14 After around 

one to two weeks, infected cells release virions into the bloodstream, causing a viraemia. 

The level of HIV RNA in the blood can be quantified and this measurement is known as 

the “viral load”. Acute HIV infection is associated with widespread viral replication and a 

rapid increase in viral load. The viral load then decreases and plateaus at the “setpoint”, 

which varies between individuals and is related to the immune response and the rate of 

release and clearance of virions.14,18 A detailed analysis of a cohort of HIV-infected 

haemophiliac patients by Sabin et al showed that the initial plateau is actually more like a 

“pseudo-setpoint” as the viral load then increases by approximately 0.1 log10 per year 

during the natural course of untreated infection.19 The viral load is proportional to both the 

rate of immunological decline and to the risk of onward transmission of HIV to other 

people.14,18,20 The late stages of untreated HIV infection are also associated with a loss of 

partial immune control and an increase in viral load.  

 

1.5 Clinical impact of HIV infection 

HIV mainly targets CD4+ T lymphocytes. The mechanisms of CD4 cell decline are not 

fully understood, but may in part be explained by cell destruction from the direct cytopathic 
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effects of viral infection, apoptosis and immune activation. There is also T lymphocyte 

exhaustion and a decline in CD4 cell production to replace lost cells.14,18,21 Further 

research has suggested a complex model involving dysregulation of the homeostasis of 

CD4 cell population dynamics.22  

 

The quantification of peripheral CD4 cells in blood samples, the “CD4 count”, gives an 

indication of the degree of immunodeficiency and the risk of HIV-associated morbidity and 

mortality. A CD4 count of less than 200 cells/mm3 is a particular cause for concern as it 

signifies advanced infection and susceptibility to opportunistic pathogens. According to 

the U.S. Centers for Disease Control and Prevention (CDC) staging system, a CD4 count 

of less than 200 cells/mm3 is in itself an AIDS-defining condition. The nadir CD4 count 

also affects subsequent immunological recovery once ART is commenced.21 After the 

start of ART, memory cells are redistributed from lymphoid tissues, which accounts for 

much of the initial rise in the peripheral CD4 count.21 This phenomenon can sometimes 

be associated with immune reconstitution inflammatory syndrome. If there is ongoing viral 

replication as a result of suboptimal adherence or ineffective therapy then this can result 

in a poor immunological response. The CD4 count may also be affected by specific 

antiretroviral agents, such as zidovudine (AZT), and by antimicrobials used for the 

prophylaxis of opportunistic infections, which can have myelosuppressive effects.21  

 

The progressive decline in CD4 count that occurs in untreated HIV infection results in 

profound immunodeficiency. This can result in opportunistic infections by a myriad of 

bacterial, viral, fungal and parasitic pathogens. The chronic inflammation associated with 

viral replication can also cause cardiovascular, metabolic, renal, pulmonary and 

neurological disease.18 People living with HIV are also at greater risk of malignancy.20 

HIV infection may present as an acute seroconversion illness, for example with fever, 

lymphadenopathy, sore throat, rash, or gastrointestinal upset, or there may be a long 

latent period before any symptoms manifest. Infection can be staged using the World 
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Health Organisation (WHO) classification (stages I-IV) or CDC (stages A-C). Advanced 

infection results in AIDS, which is WHO stage IV/CDC stage C. The median survival with 

untreated infection is about ten years.23 

 

Weight loss is a hallmark of untreated HIV infection. Wasting, as defined by an 

unintentional weight loss of at least 10% of bodyweight, is often associated with diarrhoea, 

fever or weakness, and is an AIDS-defining condition.24 Indeed, such was the association 

between HIV and wasting that HIV was known as “slim disease”.25 There are many factors 

that contribute to weight loss in HIV/AIDS. Uncontrolled viral replication leads to a pro-

inflammatory state with associated hypermetabolism, catabolic cytokines, hormonal 

disturbance and increased resting energy expenditure.24,26,27 This increased energy 

requirement may be compounded by a decrease in calorific intake as a result of oral or 

upper gastrointestinal lesions, loss of appetite, malabsorption and socioeconomic 

factors.24,27 Further weight loss may ensue from other diseases associated with advanced 

immunosuppression, including tuberculosis and malignancy. 

 

Weight gain is often considered a sign of treatment success and an indication of a general 

return to health. However, ART itself can directly influence body fat composition. 

Lipodystrophy may be caused by first-generation NRTIs, such as stavudine (d4T) and 

AZT and older PIs, such as indinavir, nelfinavir and ritonavir.28 This leads to a 

characteristic appearance of peripheral and facial lipoatrophy/wasting with central fat 

accumulation, sometimes with a prominent dorsocervical fat pad or “buffalo hump”.28,29 

More recently, integrase strand transfer inhibitors (INSTIs) have been implicated in 

excessive weight gain, which has raised concerns about cardiovascular disease risk and 

long-term health.30,31  
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1.6 Antiretroviral therapy and drug resistance 

Much of the success of HIV lies in its ability to evade environmental pressures such as 

the host response or antiretroviral therapy. A rapid replication rate and error-prone 

reverse transcriptase result in a high mutation rate.14 If these mutations provide an 

advantage to the virus then they are selected out and flourish within the viral population. 

However, this change from “wild-type” to mutant virus can come at a cost as mutant 

viruses tend to be less “fit” than wild-type with lower replicative capacity, all things being 

equal. This impact on the viral fitness can also be overcome by developing other, 

accessory, mutations that restore replicative capacity. Resistance mutations usually 

require ongoing drug pressure to persist. When therapy is stopped, or switched to another 

class, the mutation may decrease to low levels or revert to wild-type altogether. However, 

as HIV is a retrovirus, copies of these mutants are integrated into the host genome and 

could re-emerge later under favourable conditions, a concept known as “archived 

resistance”.32 

 

The initial trials of antiretroviral therapy in the 1980s, which investigated AZT 

monotherapy and then dual therapy, showed the rapid emergence of drug resistant 

mutations. In 1997, it was established that triple therapy with “highly active antiretroviral 

therapy” could achieve lasting viral suppression.20 However, this still required long-term 

adherence to a daily regimen of pills to maintain an undetectable viral load, something 

that many people found hard to achieve. ART was not available at scale in resource-

limited settings until around 2003. Since then there has been increasing drug resistance 

in low and middle-income countries, alongside expansion of ART programmes.33 Drug 

resistance mutations can arise as a direct result of selection pressure of ART, but they 

may also be transmitted at the time of HIV infection. As some people may have been 

exposed to ART elsewhere before they join ART programmes to start “first-line” ART, it 

can be difficult to tell whether mutations detected at baseline are a result of transmitted 

drug resistance or previous undeclared ART exposure. The term pretreatment drug 
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resistance (PDR) encompasses these two groups. The prevalence of PDR is correlated 

with the length of time ART has been available in the region. In 2017, the WHO HIV drug 

resistance report estimated a PDR prevalence of 7.2% in West Africa, and this is likely to 

have increased since.34 In the same year, a modelling analysis of the impact of HIV drug 

resistance in sub-Saharan Africa predicted that with a prevalence of PDR >10%, there 

would be almost one million deaths and half a million infections attributable to HIV drug 

resistance by 2030.35  

 

The goals of HIV therapy are to suppress viral replication so that the viral load in the blood 

is undetectable, to prevent loss of immune function and progression to AIDS, to prevent 

HIV-related morbidity and mortality, and to prevent transmission to other people.20 

Clearly, ART has huge benefits but it can also cause toxicity and side effects that can 

impact on adherence. 

 

There are several classes of ART that target different stages of the replication cycle. 

NRTIs are incorporated directly into the viral DNA generated during the reverse 

transcription process and act as chain terminators. Two NRTIs form the backbone of the 

most commonly used regimens and are usually given in the combination of a cytosine 

analogue (lamivudine [3TC] or emtricitabine [FTC]) and one other e.g. tenofovir disoproxil 

fumarate (TDF), or more recently the preparation tenofovir alafenamide fumarate (TAF), 

abacavir (ABC) or the older agents AZT, d4T or didanosine (ddI). In the case of a standard 

triple therapy regimen the two NRTIs are given with a third agent from a different class, 

such as a NNRTI, PI or INSTI. NNRTIs inhibit the reverse transcription step via allostery. 

INSTIs interfere directly with the intasome by chelating metal ions that are critical for 

transfer of the viral DNA strand into the host DNA. Agents from other classes are rarely 

used, such as the CCR5 antagonist maraviroc, and fusion inhibitor enfurvitide. New 

classes are in development and include maturation inhibitors and capsid inhibitors. 
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There are lists of drug resistance mutations produced by the International Antiviral 

Society-United States of America (IAS-USA) and the Stanford HIV Resistance 

Database.36,37 These refer to amino acid substitutions and use the standard terminology 

for naming mutations by the letter standing for the amino acid of wild-type virus (usually 

the subtype B reference strain HXB2), followed by the codon position in the gene, followed 

by the amino acid it has mutated to, e.g. “K65R” in the case of a lysine to arginine change 

at codon 65 in reverse transcriptase. Table 1.1 lists the mutations associated with 

resistance to the NRTI, NNRTI, PI and INSTI classes. 

 

Table 1.1 Drug resistance mutations 

ART class Resistance mutations* 

NRTI - thymidine analogue 

mutations 

M41L, D67N, K70R, L210W, T215F/Y, K219E/Q 

NRTI - other A62V, K65E/N/R, T69ins, K70E, L74I/V, V75I, F77L, 

Y115F, F116Y, Q151M, M184I/V 

NNRTI L100I, K101E/H/P, K103N/S, V106A/M, V108I, 

E138A/G/K/Q, V179D/E/F/L, Y181C/I, Y188C/H/L, 

G190A/E/Q/S, H221Y, P225H, F227C/L, M230I/L 

PI - major D30N, V32I, M46I/L, I47A/V, G48V, I50L/V, 

I54A/L/M/V/S/T, L76V, V82A/F/L/S/T, I84V, N88S, 

L90M 

PI - minor or accessory L10C/F/I/R/V, V11I, G16E, K20I/M/R/T/V, L23I, L24I, 

L33I/F/V, E34Q, M36I/L/V, K43T, F53L/Y, Q58E, 

D60E, I62V, L63P, I64L/M/V, H69K/R, A71I/L/T/V, 

G73A/C/S/T, T74P, V77I, V82I, N83D, I85V, N88D, 

L89I/M/V, I93L, I93M 

INSTI T66A, T66I, T66K, L74M, E92Q, E92G, T97A, G118R, 

F121Y, E138A, E138K, E138T, G140A, G140C, 

G140R, G140S, Y143C, Y143H, Y143R, S147G, 

Q148H, Q148K, Q148R, S153F, S153Y, N155H, R263K 

*IAS-USA/Stanford drug resistance mutations lists 
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By definition, HIV subtypes are genetically different and therefore what is considered wild-

type in one subtype, may not be the consensus in another. Likewise, minor or accessory 

mutations in the well-studied subtype B may have less certain significance in non-B 

subtypes, which could be polymorphic at that site.  

 

The PI class tends to be reserved for second-line therapy, particularly in low and middle-

income countries, where it is used after failure of a first-line NNRTI-based regimen.  In 

these settings, around 20-30% of patients fail their first-line regimen within two years, and 

the majority of those develop resistance-associated mutations in the reverse transcriptase 

gene. 38,39 Following switch to second-line ART containing a PI, almost 40% of patients 

fail this regimen within three years,40 but remarkably few (<20%) have major mutations in 

the protease gene.41-44 There are data that suggest the non-B subtypes found in West 

Africa may respond differently to ART than subtype B viruses, and yet they have remained 

relatively neglected in the global HIV response, in terms of research investment and 

treatment resources.45 

 

This thesis focuses on the response to PI-containing second-line therapy. The most 

common PI used in low and middle income countries is lopinavir, co-administered with a 

low dose of another PI, ritonavir, which acts as a booster via inhibition of CYP3A4 to 

increase the availability of lopinavir. Lopinavir is manufactured by Abbott Laboratories 

and was approved by the FDA in 2000.  A pharmacokinetics study of 22 healthy 

volunteers found that a lopinavir dose of 400mg/100mg ritonavir twice daily, taken with 

food, was more than sufficient to maintain a minimum effective concentration of 1,000 

ng/mL, with an average maximum concentration of 73,603 ng/mL and trough of 45,146 

ng/mL.46 Though the pharmacokinetics may differ in people with advanced HIV infection, 

who may have problems with nutrition and food availability, as well as issues with 

absorption or tolerability. Another PI used less commonly in the present study was 

atazanavir, again boosted with ritonavir. Atazanavir is manufactured by Bristol-Myers 
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Squibb, and was approved by the FDA in 2003. The ACTG 5257 trial, which compared 

the efficacy and tolerability of atazanavir, darunavir and raltegravir-containing regimens, 

found that atazanavir was discontinued more frequently than the other agents for toxicity 

reasons, mainly hyperbilirubinaemia or gastrointestinal upset.47  

 

Genotypic testing for drug resistance in clinical practice is usually done with Sanger 

sequencing (also known as bulk sequencing). This amplifies a partial pol sequence 

spanning protease and reverse transcriptase. An integrase test can also be obtained by 

using additional primers for that region. The output is a consensus nucleotide sequence 

which can identify mixed bases to a degree, but can usually only reliably identify mutations 

present at >20% in the viral population. Baseline resistance testing is common practice 

in resource-rich settings, however in low and middle-income countries resistance testing 

is usually only done during virological failure of ART, if it is even available at all.  

 

Phenotypic assays involving cell culture are mainly used in academic and pharmaceutical 

settings and can be useful to determine the inhibitory concentration of an antiretroviral 

agent, for cloning, and for selection experiments, which I will discuss further in Chapter 6. 

Whole genome sequencing, rather than partial pol gene sequencing as part of standard 

resistance testing, may have many applications including molecular epidemiology, 

phylogenetic reconstruction, subtype analysis, and the investigation of other genes that 

may be involved in ART response. 

 

1.7 Drug resistant minority variants  

An advantage of deep (or “next-generation”) sequencing technology is the ability to detect 

low level “minority variants” that would be missed by Sanger sequencing. These minority 

variants may represent viral subpopulations that harbour mutations which have decayed 

following cessation or reduction in drug pressure, mutations that have arisen as a result 



 33 

of epistatic interaction with other mutations that confer an evolutionary advantage, or 

emergent mutations that could become fixed in the viral population.48 Very low level 

variants may also represent sequencing errors.  

 

Errors may be introduced at any stage of the sequencing process, including the sample 

preparation steps of nucleic acid extraction, reverse transcription and PCR 

amplification.49,50 The background error rate which arises from the PCR amplification 

stage may be quantified by first tagging the sequences with primerIDs during the reverse 

transcription step. This identifies all subsequent amplicons with the same primerID as 

having originated from a single molecule, therefore any variation within that group can be 

attributed to PCR error.50 After sequencing, adequate quality assurance methods are 

required to remove poor-quality reads that contain errors. Short reads are prone to 

misalignment and the use of a reference sequence for mapping can also bias the output, 

so de novo assembly without a reference strain may be preferred.  

 

A method of analysing HIV drug-resistance minority variants after Ion deep sequencing 

(DeepGen HIV) was reported to reliably identify variants down to 1%.51  A recent study 

that examined the error rates of Illumina sequencing technology found an error rate of 

0.473% (standard deviation 0.938) in the MiSeq platform, the same platform that was 

used in the present study, CHANGE.52 Therefore, considering this and also comparability 

with other studies on minority variants, which tend to report a threshold of 1-2%, a cut-off 

of 2% was deemed appropriate to define minority variants.  

 

There have been several studies comparing the Sanger sequencing and deep 

sequencing methods to identify drug resistance mutations. One analysis of samples from 

50 patients with first-line virological failure found that Sanger sequencing detected 224 

resistance mutations in total, compared to deep sequencing which detected 643.53 Deep 

sequencing had also detected three mutations in the 20-25% frequency range that had 
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not been detected by the Sanger method. A small study from France compared the results 

of Sanger sequencing and deep sequencing on samples from 26 patients with diverse 

HIV-1 subtypes who had failed a regimen of tenofovir-emtricitabine-efavirenz 

(TDF/FTC/EFV), with two consecutive viral loads >50 copies/mL.54 Ten patients had the 

same mutations detected by the two methods, six did not have any mutations detected 

by either method, and in ten patients deep sequencing detected more mutations than 

Sanger sequencing. In this last group, if the deep sequencing results were used to 

calculate the genotypic susceptibility score then fewer drug options were deemed 

susceptible for six patients, compared to the score based on the Sanger sequencing 

results. This difference was mainly observed in the NRTI class of drugs. Minority 

resistance to NNRTIs tended to be associated with majority NNRTI mutations and 

therefore the genotypic susceptibility score was not affected by the sequencing method. 

 

Another study looked at the presence of minority variants among 131 ART-naïve people, 

mainly infected with subtype B virus.55 One third of samples contained major NRTI or 

NNRTI mutations, however these were detected at very low levels, most at <2% 

frequency, therefore some may have been a result of sequencing errors. The deep 

sequencing method identified one mutation at 42% frequency that had not been detected 

by Sanger sequencing. All participants went on to have virological suppression on a first-

line regimen containing efavirenz. 

 

A European case-control study compared the baseline sequences of 76 people who had 

virological failure during a first-line NNRTI-containing regimen with 184 people who had 

virological suppression.56 Around 32% of cases (24/76), and 17% of controls (31/184), 

had minority resistance variants present at baseline at between 1% and 25% frequency. 

The most common NRTI mutations were M184I, V75I and L210W, and the most common 

NNRTI mutations were V90I, V106I, M230I, V108I and E138K. The odds ratio was greater 

than 2 when comparing the presence and absence of minority variants overall and for 
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NRTI and NNRTI minority variants separately. Of the 55 people with baseline resistance, 

52 had only one minority variant. There was a marginal dose-effect with higher mutational 

load (>1,000 minority variant copies/mL) associated with higher odds of virological failure. 

 

 In a study from rural Cameroon in 2010, 238 ART-naïve people were prospectively 

followed up for 12 months after first-line ART initiation.57 Among the 38 (16%) people with 

virological failure, defined as a single viral load >1,000 copies/mL at month 12 of therapy, 

about two thirds had at least one drug-resistance mutation detected by Sanger 

sequencing at the failure time point, most commonly M184V, K103N, Y181C and G190A. 

Virological failure in these people was largely attributed to ART not being available at the 

healthcare facility. Thirty people also had a baseline sample available for deep 

sequencing and six (20%) were found to have minority drug-resistant variants prior to 

first-line ART. Four patients had V90I at baseline and three had V108I. Interestingly, two 

patients who had baseline minority variants at <2% frequency of M184V and K103N, 

respectively, did not go on to develop majority resistance with these mutations in the 

Sanger sequences obtained at the first-line virological failure time point. The 20% 

proportion of first-line virological failure cases who had minority resistance at baseline 

was similar to that of a matched control group that had virological suppression on first-

line ART, as 17% (6/35) of those had also harboured resistant minority variants before 

treatment. 

 

In a case-cohort substudy of the ACTG A5095 RCT, by Paredes et al, baseline samples 

were analysed to compare minority NNRTI resistance among participants who 

subsequently received an efavirenz-containing regimen.58 The analysis was restricted to 

participants who did not have majority NNRTI resistance at baseline. There was no 

significant difference in the detection of K103N minority variants at baseline among those 

who went on to have virological failure (11.6%, 5/43) and those who did not (9.9%, 

14/142). However, baseline Y181C minority mutations were more common in those with 
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subsequent virological failure (58.1%, 25/43) compared to those without (28.9%, 41/142, 

p=0.001). This study was included in a systematic review and pooled analysis in 2011 of 

patient-level data from ten studies of the association between baseline minority variants 

and virological failure during first-line NNRTI-containing regimens.59 People with NRTI or 

NNRTI resistance detectable by Sanger sequencing were excluded. Minority NRTI or 

NNRTI resistance mutations were found in around 15% of participants and these people 

were more likely to experience subsequent virological failure (adjusted hazard ratio [HR] 

2.6, 95%CI 1.9-3.5) compared to those with no detectable resistance at baseline. This 

was mainly driven by NNRTI resistance mutations, however there were only nine 

participants who had only NRTI mutations. There was some evidence of a “dose-effect” 

as those with minority variants of >1% frequency (but <20%), had greater risk of 

virological failure than those with minority variants at <1% frequency, though this latter 

group was still more likely to have virological failure than people with no resistance. Most 

of the participants were from the study by Paredes et al, however the conclusion remained 

unchanged even when this study was excluded. In this pooled analysis there was no 

difference between K103N and Y181C in the risk of virological failure. 

 

Many of the same authors of the Li et al paper from 2010 were involved in a similar case-

cohort study set in South Africa ten years later.60 This analysis did not exclude those with 

majority resistance detected at baseline and the 16% of participants who had majority 

resistance were at least three times more likely to have virological failure, especially if 

there were fewer than two active drugs in the first-line regimen. However, there was no 

increased risk of virological failure observed among the 13% of participants who had only 

minority resistance variants. 

 

A case-control analysis nested within the PASER-M (PanAfrican Studies to Evaluate 

Resistance Monitoring) multinational cohort study, including sites in Nigeria, compared 

152 cases with first-line failure and 247 controls with viral suppression.61 Deep 
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sequencing was performed on pre-treatment samples using Illumina MiSeq and 

examined the effect of varying the threshold for predicting virological failure during 

NNRTI-containing first-line ART. The odds ratio for virological failure was 5.4 (95% CI 2.1 

- 13.9) at a threshold of 20% frequency, 3.8 at the 5% and 10% thresholds, and 2.3 (95% 

CI 1.2-4.2) at the 1% threshold. Using the 1% threshold definition, 17% of cases (26/152) 

and 8% of controls (20/247) had pretreatment IAS-USA resistance mutations, with the 

difference mainly driven by NNRTI mutations.  

 

Most studies have focused on PDR and the impact on first-line therapy, rather than the 

minority variants present at first-line failure that could impact on second-line ART 

response. Among 79 South African patients failing a first-line TDF-containing regimen, 47 

had the K65R mutation detected by Sanger sequencing.62  Illumina MiSeq detected K65R 

at a frequency of 1-3% in a further eight of the remaining 27 samples with sufficient 

volume to process. The deep sequencing method also detected other mutations missed 

by Sanger in 22 of the 27 samples. A similar study in Uganda used a DeepGen 

sequencing method to analyse 33 samples from patients failing first-line regimens that 

had no detectable drug resistance by Sanger sequencing and found that 29 (88%) had 

minority NRTI and/or NRTI mutations.63  

 

There is also the challenge of linkage, as it is not clear whether variants observed in one 

section of the genome coexist in a single quasispecies with variants observed more 

distantly, beyond the span of a read (e.g. >250 bases). This can be discerned by single 

genome sequencing but this is labour-intensive and not practicable to do at scale. 

Therefore, in silico haplotype reconstruction methods have been developed which use 

deep sequencing data to generate full-length sequences that approximate the 

quasispecies present in the viral population.50,64,65  
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1.8 HIV in Nigeria 

It is well-known that sub-Saharan Africa bears the brunt of the global HIV pandemic. An 

MSF report from 2015 highlighted how West and Central Africa is disproportionately 

affected as although it was home to 18% of all people living with HIV, the region was 

burdened with 21% of the world’s new infections, 27% of the HIV-related deaths, and 45% 

of all mother-to-child transmission.45 Since then, there has been significant improvement 

in the access to HIV care in the region through the expansion of national ART 

programmes, with the proportion of people living with HIV receiving treatment increasing 

from about 1 in 4 in 2015 to almost 3 in 4 in 2020.5,45  

 

Nigeria has a fairly low HIV prevalence of around 1.3% among the 15-49 age group, 

however as it is the most populous country in Africa, this constitutes the third-largest 

epidemic worldwide (after South Africa and Mozambique).5 There are estimated to be 

around 1,700,000 people living with HIV in Nigeria, including around 86,000 people newly 

infected in 2020.5 The epidemic has been largely driven by unprotected sex between men 

and women, however higher risk groups including men who have sex with men, injecting 

drug users and female sex workers, account for an increasing proportion of new 

infections.66 The Government of Nigeria’s ART programme started in 2002 with the 

provision of generic ART.67 The US President’s Emergency Plan for AIDS Relief 

(PEPFAR), a US-funded initiative to increase ART access across the world, started in 

Nigeria in 2004.67,68 

 

A bibliometric analysis of the research output on HIV/AIDS from Nigeria showed an 

increase in activity, with 49 articles published in 2006, which was the last year included in 

the study.69 The authors were from many different institutes and universities across 

Nigeria, although the University of Abuja was not among them. 
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1.9 Engagement in care and adherence to therapy  

It is essential that people living with HIV remain in care so that ART can be commenced 

and continue uninterrupted, and any problems during treatment can be ascertained and 

addressed. Therefore, retention in care, or the more active term “engagement in care”, 

which implies a sense of agency in the process, is a key indicator of the success of any 

ART programme. Attrition, the opposite of retention, is when people become disengaged 

from care. In the absence of a standard definition, retention in care may be determined 

by the number and proportion of missed appointments, the visit constancy, i.e. whether a 

person attended clinic within a specified period, or by identifying gaps in clinic attendance 

that exceed a particular length of time.70  

 

A systematic review and meta-analysis examined retention in care in the early years of 

the ART programmes in sub-Saharan Africa, from 2000 to 2007.71 In over 70,000 patients 

from 13 countries (which did not include Nigeria), the weighted estimates of retention 

were 79% at six months, 75% at one year and 62% at two years. Death was thought to 

account for about 40% of attrition.71 In a study of over 18,000 people on first-line ART in 

East Africa, 18% were lost-to-follow-up within two years. Among the people lost to follow-

up who could be traced, it was found that about 30% had died.72  

 

Another study conducted early in the implementation of the ART programme looked at 

retention in patients starting treatment in Nigeria from 2005 to 2006.73 Data were collected 

from five study sites, including the University of Abuja Teaching Hospital, the setting for 

the research described in this thesis. Of 5,760 patients, 26% were considered lost to 

follow-up as they had missed a clinic appointment and had not returned within 60 days of 

that missed visit. The median follow-up period was around seven months and most of the 

attrition occurred immediately after the first clinic, which the authors assumed was a result 

of death. A lower risk of loss-to-follow-up was reported in women, patients with a post-
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secondary education level, and those receiving newer NRTI-containing regimens i.e. AZT 

or TDF,  compared to d4T.73  

 

A different method of assessing retention was employed by a multicentre study of 5,320 

people across 37 HIV care facilities in Nigeria.70 In this study, patients were considered 

to be retained if they had attended clinic at least once in 2010, having enrolled in care up 

to five years earlier. Not all participants were receiving ART, as some had yet to meet the 

contemporaneous criteria for starting treatment. By 2010, 2.7% were known to have died 

or transferred care since enrolment. Of the remainder, 62% were considered to be 

retained in care - 76% of this group were people who had started ART and only 23% were 

people who had not started ART.70 This study also showed that there was better retention 

among women and those who were not taking a d4T-containing regimen, but also in those 

aged over 30, and in people with a baseline CD4 count of between 100 and 350 

cells/mm3.  

 

The largest study of its kind in Nigeria retrospectively evaluated loss to follow-up in over 

50,000 people who had initiated first-line ART between 2004 and 2011 and had returned 

to clinic at least once to collect ART.74 Overall, 28% were considered lost to follow-up by 

2012 as they had not collected ART from pharmacy within two months following the last 

scheduled appointment on at least one occasion. 

 

Risk factors for poor engagement in care are often framed as patient-related causes, 

however, issues related to healthcare services may be just as important. For example, a 

qualitative study of HIV-positive patients’ experiences at a district hospital in Abuja in 2014 

highlighted several factors that impacted on the patients’ willingness to attend the clinic.75 

These included a general lack of resources, chaotic registration processes, long waits to 

see healthcare providers, delays or return visits required to collect medication, and the 

fear of being seen and therefore having their HIV status revealed involuntarily. A 
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qualitative study conducted at the present study site, the University of Abuja Teaching 

Hospital, collected data from 194 people and described the economic implications of 

attending the clinic. Although the antiretroviral medication was provided for free, patients 

had to pay for treatment for opportunistic infections, some laboratory tests, and the costs 

of transport to the clinic.76 Presumably, they may have also incurred further economic 

penalties from lost time in work or education while accessing care.   

 

Adherence to ART is related to engagement in care and is integral to the success of HIV 

treatment. Poor adherence can lead to virological failure and the development of drug 

resistance. Adherence may be assessed in several ways such as through patient self-

reports, leftover pill counts, measures of drug levels in blood or hair samples, or by 

electronic monitoring systems linked to the opening of bottle caps.77  A systematic review 

of the literature on adherence to ART in sub-Saharan Africa summarised the findings from 

154 studies published between 2005 and 2016.78 This analysis identified several themes 

pertaining to adherence including financial, healthcare provider and medication-related 

factors, as well as the patient’s general wellbeing, interpersonal relationships and beliefs 

about HIV and treatment. The most common barriers and facilitators to adherence that 

were reported by patients are shown in Table 1.2. 

 

Table 1.2 Barrier and facilitators to antiretroviral adherence in sub-Saharan Africa 

Barriers to adherence 
(% of studies reporting this factor) 

Facilitators of adherence 
(% of studies reporting this factor) 

forgetting (49%) social support (39%) 

inadequate food (47%)  reminders (36%) 

stigma and discrimination (44%) feeling better after taking ART (23%) 

side effects (44%) disclosing HIV status (17%) 

being out of the house/travelling (39%) good relationship with healthcare provider (14%) 

Data from systematic review by Croome et al, AIDS, 2017 
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The same study that reported on the retention in care of patients receiving first-line ART 

in Nigeria, including at the University of Abuja Teaching Hospital, also analysed 

adherence using pharmacy records.73 If the intervals between prescription collections 

meant that a patient had only enough ART for less than 95% of the elapsed time then that 

person was considered non-adherent. By this definition, three quarters of patients who 

were still under follow-up after the first 90 days of ART were non-adherent at some point. 

This was more likely to be the case in people aged under 35, those who had to travel 

more than two hours to get to the clinic, those who had been on ART for more than six 

months, and those with a CD4 cell count of over 200 cells/mm3. 

 

The topic of stigma is ubiquitous in the literature on engagement in HIV care and 

adherence to ART. Knowledge, attitudes and behaviour surrounding HIV are explored in 

the Nigeria Demographic and Health survey, which included over 13,000 Nigerians aged 

15 to 49.79 Understanding of the potential modes of HIV transmission varied somewhat 

by age, sex and urban or rural settings. Overall, one quarter of respondents believed that 

HIV can be transmitted by sharing food. Around half said they would not buy vegetables 

from a shopkeeper if they knew that person had HIV, and just under half of respondents 

thought that children with HIV should not be allowed to attend school with children who 

are HIV-negative.  The aforementioned study of 194 patients attending the HIV clinic at 

the University of Abuja Teaching Hospital, reported implications of stigma and 

discrimination including the loss of work, home and personal relationships.76  

 

There is a concerted effort underway to address the stigmatisation of people living with 

HIV in Nigeria. The HIV and AIDS Antidiscrimination Act was made law in 2014 and the 

National AIDS Control Agency has developed a stigma reduction strategy that includes 

research, education and awareness campaigns.80 However, it is clear that many HIV-

positive Nigerians may still face considerable hardship and prejudice as a result of their 
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condition. Therefore, it may not be surprising that, as Ugoji et al reported in 2015, “living 

in denial of HIV and the hope for a miraculous cure are common in Nigeria”.70  

 

1.10 Treatment failure  

HIV treatment failure may be classified as clinical, immunological or virological. The WHO 

defines clinical failure in adults as a new or recurrent stage IV condition (or certain stage 

III conditions including pulmonary TB) that occurs after at least six months of ART. This 

could include many opportunistic infections, malignancy, organ dysfunction, or HIV 

wasting syndrome (weight loss of >10%). In the CHANGE study, there were insufficient 

data to ensure that WHO clinical stage progression could be ascertained reliably. 

However, the participants often had a weight measurement when they attended clinic and 

so weight loss was used as a secondary outcome to indicate one type of clinical treatment 

failure.  

 

1.10.1 Weight loss  

Weight is an important predictor of survival in HIV-positive people.24,26,81,82 Weight loss 

during first-line ART has been studied in various resource-rich and resource-limited 

settings. An analysis of 4,311 people in the Veterans Aging Cohort Study, a mostly male 

cohort of U.S. military veterans, found that weight gain during the first year of first-line 

ART was associated with a reduction in mortality in those who started when underweight 

or at normal weight. There was no survival benefit to gaining weight in those who started 

ART when they were already overweight or obese. In all baseline weight strata, losing 

weight during ART was associated with a higher risk of dying than maintaining or gaining 

weight.25 Another U.S.-based study of mainly male participants, the Nutrition for Healthy 

Living study, has made several contributions to the literature on HIV and weight. Among 

552 participants with longitudinal assessments between 1995 and 2000, those with weight 

loss of  ³10% from baseline were almost six times more likely to die compared with 
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participants who maintained or gained weight (HR 5.8, 95% CI 1.7-19.2).82 This analysis 

also found that even losing a smaller proportion of bodyweight was associated with an 

increased risk of death. Weight loss of 5-10% was associated with a relative risk (RR) of 

dying of 4.0 (95% CI 1.5-10.8) and weight loss of 3-5% was associated with a RR of 2.8 

(95% CI 1.0-8.0). A subsequent study of the same cohort found that 18% of participants 

had lost at least 10% of their body weight since baseline.24  

 

Weight changes have also been reported from clinical trials of ART. A recent pooled 

analysis of weight data from eight randomised controlled trials in resource-rich settings 

found that in over 5,000 participants initiating ART the median change in weight was a 

gain of 2.0kg (interquartile range [IQR] -0.9 to 5.9) over 96 weeks.31 Most participants had 

a normal or high BMI at baseline. Another pooled analysis looked at the results from six 

ACTG studies in sites across the world to examine weight gain in 224 participants.83 ART-

naïve participants had more weight gain than those who were ART-experienced: mean 

2.8kg ± 5.2 compared to 0.9 ± 4.1 after 48 weeks of therapy, respectively.  Weight gain 

was also associated with a lower baseline CD4 cell count, a higher baseline viral load and 

viral suppression at week 16. 

 

Observational studies in resource-limited settings include a study of 153 people in 

Botswana who commenced older NRTI/NNRTI regimens with a mean weight gain of 

4.3kg at 48 weeks. Baseline weight was strongly associated with weight gain. Patients 

with wasting at baseline gained a mean of 7kg, compared to an increase of 2.2kg in those 

without wasting.84 Lower baseline weight was also associated with weight gain in a South 

African cohort of 230 people initiating ART, three quarters of whom gained weight. People 

with intercurrent or recent TB diagnoses were less likely to gain weight.29 A much larger 

study of around 19,000 patients in Tanzania found that 31% of participants had lost at 

least 5% of their bodyweight over a median follow-up period of 10 months (IQR 4-20).85 
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Those who lost weight were more likely to have lower socioeconomic status, as defined 

by the district in which they lived, higher baseline weight, and baseline anaemia.  

The largest study to date of weight evolution during first-line HIV treatment in low and 

middle income countries is from the International Epidemiologic Databases to Evaluate 

AIDS (IeDEA) networks of ART programmes in the sub-Saharan Africa and Asia-Pacific 

regions.86 This included over 200,000 patients (with >17,000 from West Africa), who 

started ART between 2001 and 2010 with up to two years of follow-up. The greatest 

weight increase was seen in the first six months of treatment with an average gain of 4kg. 

However, in participants with weight measurements at one and two years, it was found 

that 45.8% had lost weight during the second year of treatment. The median decrease 

was 2kg (IQR 1.0-3.6) and around one third of those with weight loss had lost at least 5% 

of their one-year weight (note that this was not comparing to a pre-treatment baseline 

weight).  Women were more likely to lose at least 5% of their one-year weight: adjusted 

OR 1.48 (95% CI 1.41 - 1.55) compared to men (p<0.0001), as were people with a higher 

baseline weight and lower baseline CD4 count. The authors discussed possible reasons 

for weight loss including treatment failure, opportunistic infections, tuberculosis and 

deliberate weight loss from lifestyle changes. 

 

There is little information on the importance of weight changes during second-line therapy. 

For instance, a retrospective cohort study of 1,540 first-line ART recipients in Ethiopia 

found weight loss of more than 10% to be strongly associated with mortality.87 However, 

as noted in other studies, most of the deaths occurred during the first year of 

treatment.87,88 Therefore, it is possible that people who survive the first years of ART and 

are switched to second-line therapy may have a different risk profile. There are few data 

on weight loss during second-line therapy, particularly in lower and middle income 

countries. It is not clear whether weight loss is a problem during second-line therapy or if 

it is as significant as weight loss following ART initiation in terms of associated mortality. 
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Another unanswered question is how weight loss relates to immunological and virological 

types of treatment failure during second-line ART. 

 

1.10.2 Immunological failure 

Immunological failure is defined by a poor CD4 response during ART. The WHO criteria 

include a decrease in CD4 count compared to baseline, and/or a persistent CD4 of <100 

cells/mm3, requiring a confirmatory measurement to discern transient CD4 count 

decreases that may occur with intercurrent illness.89 Until 2013, the WHO criteria also 

included a decrease of 50% compared to the peak CD4 count on ART and so some 

studies have included this in the definition.90 CD4 count measurements are often 

available, even in resource-limited settings without access to routine viral load testing. 

Therefore, for most ART programmes in low- and middle-income countries, 

immunological failure is used to guide management decisions including interventions to 

optimise adherence and switch to second-line ART regimens. 

 

As with weight loss, most of the data on immunological failure are from studies relating to 

first-line ART. An analysis of the national HIV programme in Tanzania included over 

120,000 people who had started first-line ART between 2004 and 2011 and had baseline 

CD4 counts with at least 6-month follow-up data.91 Overall, 16% had immunological failure 

over a median follow-up of 1.7 years, with a cumulative probability of 24% by three years, 

using an immunological failure definition of a CD4 decrease from baseline or CD4 <100 

cells/mm3.  

 

Other data from East Africa include two studies from Ethiopia. The first was a 

retrospective review of 1,321 adults and children receiving first-line ART, which found that 

17.6% had experienced immunological failure over a median follow-up 30 months (IQR 

15-48).92 The figure of 17.6% was based on single measurements that showed a 

decrease in CD4 count compared to baseline, or <100 cells/mm3, or more than 50% 
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decrease compared to the highest CD4 count on treatment, and the percentage of 

participants with immunological failure fell slightly to 11.5% if consecutive measurements 

were required to confirm this. However, this study may have underestimated the true 

frequency of immunological failure as the authors found that CD4 monitoring, even for 

those under active follow-up, was not done as often as expected. Just under half matched 

the WHO guidelines of a CD4 count measurement six months after ART initiation, and 

only one third had a further test as recommended after the first year of ART. The second 

study set in Ethiopia from 2003 to 2015 found that of 3,939 patients with pre-ART and 

follow-up CD4 count measurements, 19.7% had experienced immunological failure 

defined as a CD4 count below baseline or <100 cells/mm3 after at least six months of 

ART.93  

 

In Nigeria, a study of 9,690 patients at four hospitals found that 32% had experienced 

immunological failure during a median follow-up period of 33 months on first-line ART.94 

Less is known about immunological failure during second-line ART. A study from 2014 at 

one of the Institute of Human Virology Nigeria (IHVN) sites in Abuja, described 57 patients 

who had switched to second-line ART because of immunological or virological failure 

during first-line treatment.95 It did not mention immunological failure following second-line 

ART switch but did report that the median CD4 count had increased from 95 (IQR 36 - 

125) to 419 (125-535) during the course of second-line ART over a median follow-up of 

23 months (IQR 18-29). 

 

1.10.3 Virological failure  

If effective ART is commenced then the viral load decays rapidly during the first week of 

treatment. This is thought to relate to the short half-life of productively infected CD4+ T 

lymphocytes that produce most of the virions found in the blood. The second phase of 

viral load decay occurs over subsequent weeks and months and may relate to the longer 

half-life of infected macrophages or other cells.14 Monitoring of the viral load during 
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therapy is used to determine the success of ART, with the aim to suppress viral replication 

so that HIV RNA is undetectable in the plasma by standard quantitative assays. The 

threshold of detection has lowered over the years from around 400 copies/mL to 20 

copies/mL as the assays have become more sensitive. However, ultrasensitive assays 

have revealed that there is ongoing low level replication in many people who are 

considered “undetectable”, which may contribute to the persistence of a reservoir of 

infected cells. It is this reservoir, as well as the integration of proviral HIV DNA into the 

host genome, that enables HIV to recrudesce when ART is stopped or interrupted.14,20  

 

One of the goals of ART is to suppress viral replication so that the plasma viral load is 

undetectable. The WHO definition of virological failure has changed over the years, 

initially comprising a single viral load >400 copies/mL (the level of detectability in older 

assays), to a more stringent threshold of a persistent viral load of >5,000 copies/mL in the 

2010 guidelines, and back to an intermediate definition of a single measurement of >1,000 

copies/mL in the 2013 guidelines.89,90 At least six months of ART should have been given 

before diagnosing virological failure. The 2013 guidelines also recommended viral load 

monitoring to guide treatment decisions, including in low and middle-income countries. 

However, in practice, viral load monitoring may not be available or routinely performed, 

despite having been shown to be more cost-effective than CD4 monitoring in this setting.96  

 

A controversial topic is the impact of subtype diversity on the response to ART. There are 

some data from high-income countries that suggest people infected with non-B subtypes 

may have worse outcomes. For instance, a study from Sweden compared 596 people 

with subtype C infection and 1077 with subtype B, and found an increased odds of 

virological failure in the subtype C group, with an adjusted odds ratio of 1.75 (95% CI 

1.06-2.88).97 This difference was especially marked in those receiving PIs. However, 

studies such as this one, of subtype differences in resource-rich settings, are subject to 

multiple confounding factors. People with non-subtype B infections tend to originate from 
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low and middle-income countries (as in this study where 90% of people with subtype C 

infection where born outside of Sweden). Therefore, there are many factors aside from 

the virus, such as unfavourable socioeconomic circumstances, which may impact on 

adherence and the success of ART. In this case, only 2/62 people with virological failure 

on a PI developed major protease resistance, suggesting adherence was likely to have 

been poor in most cases. The importance of human factors in ART response is further 

supported by a Swiss HIV Cohort Study analysis which showed that participants of white 

ethnicity with non-subtype B infection did no worse, and in fact had better virological 

outcomes, than those with subtype B infection.98  

 

There is a handful of systematic reviews and meta-analyses on the topic of virological 

failure during second-line therapy in resource-limited settings. An early systematic review 

and meta-analysis of around 2,000 participants in low and middle-income countries in 

Africa and Asia had reported a proportion of 21% to 38% of participants with virological 

failure at six to 36 months of second-line ART.40 In 2018, Stockdale et al analysed data 

mainly from clinical trials, but also included some observational studies, of protease-

inhibitor second-line ART in sub-Saharan Africa.99 The primary outcome of virological 

suppression (defined as a viral load <400 copies/mL) was achieved by 69% of people at 

48 weeks (data from 4558 participants) and 61% at 96 weeks (data from 2145 

participants). Participants in randomised controlled trials were more likely to remain in 

care and to achieve viral suppression than those in observational studies. The analysis 

did not include other factors associated with virological failure. 

 

In 2019, Edessa et al published a systematic review and meta-analysis on second-line 

ART treatment failure in sub-Saharan Africa.100 There was some overlap with the analysis 

by Stockdale et al, but with a focus on observational studies and predisposing factors. 

Among 18,550 participants reported in 33 studies, the overall treatment failure rate was 

15 per 100 person-years (95% CI 13-18). This encompassed clinical, immunological or 
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virological failure endpoints. Treatment failure was associated with higher baseline viral 

load (>5,000 copies/mL), advanced stage of HIV infection, low baseline CD4 count and 

poor adherence to ART. 

 

One of the studies included in the meta-analysis by Edessa et al was a multicohort study 

of 27 MSF-supported ART programmes from 13 countries in Africa and Asia between 

2001 and 2008.101 Of the 632 people who had received second-line ART for at least six 

months, around half from Southern Africa, 72% were taking a regimen containing 

ritonavir-boosted lopinavir, and 79% had changed two NRTI agents at second-line switch. 

Overall, 19% had at least one type of treatment failure during a median follow-up of 16.6 

months (IQR 10.1-27.0). Of those who could ascertain the relevant treatment failure type, 

15.5% had clinical failure, 4.4% immunological failure and 6.1% had virological failure. 

Treatment failure was associated with a low baseline CD4 count and suboptimal 

adherence. The risk of death was almost three times higher in those with any type of 

treatment failure than those who had not failed treatment. 

 

The African Cohort Study (AFRICOS) published in 2019 included 2054 participants on 

either first-line or second-line ART from Uganda, Kenya, Tanzania and Nigeria.34 

Virological failure was defined as having a viral load at the most recent visit of >1,000 

copies/mL, after at least six months of ART. Overall, 9% had virological failure, which 

ranged from 3.4% in Uganda to 16.6% in Tanzania. The proportion in Nigeria was 13.3% 

(28/210). About the same number of participants were viraemic at the most recent visit 

but at a level below the threshold for virological failure. Second-line recipients were more 

likely to have virological failure than first-line (adjusted relative risk 1.8, 95% CI 1.28 - 

2.66). Other factors associated with virological failure in this study were younger age, a 

baseline CD4 count of less than 500 cells/mm3, a low BMI, a history of fever in the 

preceding week, and a history of missing any doses of ART in the preceding month. 
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I found three Nigerian studies in the literature that reported on virological response to 

second-line ART. A 2013 retrospective cohort study that was included in the meta-

analysis by Edessa et al, but not by Stockdale et al, reported on 186 patients from a 

tertiary hospital in Southeast Nigeria.102 They had switched to second-line ART after a 

mean first-line ART duration of 16.6 ± 7.6 months. Only 2.2% had switched because of 

toxicity, the rest had experienced first-line treatment failure of some kind. Eight-nine 

patients had a viral load measured at six months and 70 (79%, 70/89) were undetectable. 

The second Nigerian study, which was included in the meta-analysis by Stockdale et al, 

but not that by Edessa et al, reported on 73 patients who had received second-line ART 

at two sites, including the University of Abuja Teaching Hospital, from 2008 to 2009.103 

Two thirds were still in care with an undetectable viral load one year after the switch to 

second-line ART. Finally, a small study from other IHVN sites in Abuja included 57 

second-line ART recipients of whom 21 had a viral load measured during second-line 

treatment during a median follow-up of 23 months (IQR 18-29). Of those, 15 (71%, 15/21) 

had undetectable viral loads (<400 copies/mL), four had low level viraemia (400-1,000 

copies/mL), and two had viral loads >1,000 copies/mL.95  

 
 
1.11 Gaps in the literature 

ART in resource-limited settings is often provided without routine HIV viral load monitoring 

or drug resistance testing, and so there is a paucity of virological evidence to guide 

treatment strategy in regions with non-B subtype epidemics. Furthermore, when 

resistance testing is available, the traditional partial genome sequencing methods only 

cover part of the pol gene, which contains the regions encoding reverse transcriptase and 

protease. This approach neglects the potential contribution of the two other main HIV-1 

genes: gag, which is cleaved by protease during viral maturation, and env, which forms 

the viral envelope and interacts directly with the host’s immune system. The introduction 

of efficient high-throughput platforms for deep sequencing has made it feasible to 
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examine the entire viral genome and there is growing evidence that resistance to the PIs 

used in second-line therapy can also be mediated by gag and env regions 15,104-108. 

Previous work by the Gupta group has shown that CRF02_AG and G viruses may be 

inherently more drug-resistant than the subtype B viruses which predominate in Western 

Europe 109. If proven, this finding would have implications for management guidelines, 

which may need to be tailored to an individual’s HIV subtype, or to geographical regions 

with homogeneous epidemics where subtyping is not available.  

 

As ART programmes are scaled up across the world, it is critical that we understand how 

non-B subtype viruses evolve to develop drug resistance so we can make best use of 

available therapy. Genomic data alone may not be sufficient to provide clinically relevant 

insights into viral evolution. It is important to consider other factors which may influence 

the success of treatment. Knowledge of the factors affecting individuals and the cohort as 

a whole is necessary to complement sequence data. There is little known about 

engagement in second-line HIV care in Nigeria as most studies are from first-line settings, 

with relatively short observation periods, and censoring at loss-to-follow-up. Knowledge 

of the risk factors for disengagement and treatment failure could help guide decision 

making in clinic, enabling the best use of resources such as adherence interventions, 

genotypic drug testing and counselling. 

 

1.12 Research question and aims  

The research presented in this thesis centres around the question of how human and viral 

factors influence the response to second-line therapy in people living with HIV in Nigeria. 

I intend to answer this question by integrating clinical, epidemiological and genetic data 

to address three main aims, one in each of the results chapters in this dissertation: 
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Aim 1 To describe engagement in HIV care and investigate risk factors for 

disengagement and treatment failure during second-line ART in a Nigerian cohort 

 

Objectives  

- Characterise the people living with HIV that have been prescribed second-line therapy 

at the University of Abuja Teaching Hospital, in terms of sociodemographic and clinical 

factors and treatment history 

- Describe the engagement in care and determine factors associated with 

disengagement from care and reengagement 

- Quantify the risk of treatment failure (using virological, clinical and immunological 

failure definitions)  

- Identify potential risk factors for each type of treatment failure  

 

Aim 2 To determine the genetic patterns of resistance following first-line virological failure 

of a NNRTI-based regimen, and the subsequent response to second-line therapy 

 

Objectives  

- Describe the drug resistance mutations present at first-line virological failure, by 

frequency, duration of ART, and HIV-1 subtype 

- Examine other sites in the HIV genome that could affect first-line ART susceptibility 

- Review the predicted efficacy of second-line regimens, prior to second-line switch 

- Compare the predicted efficacy of the second-line regimens that were prescribed to 

the virological response  

 

Aim 3 To explore the HIV genomic changes and intra-host viral population dynamics 

during PI therapy, and the impact on future therapeutic options 
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Objectives 

- Identify the protease drug resistance mutations present at second-line virological 

failure and correlate with the PI concentration in plasma 

- Review longitudinal whole genome sequences from before and after PI therapy to 

identify hotspots of change and non-synonymous mutations rates across the genome 

- Compare emergent gag and pol mutations to those already implicated in PI resistance 

and identify novel changes 

- Establish the baseline prevalence of gag and pro variants in West African subtypes, 

prior to PI exposure 

- Generate quasispecies haplotypes from deep sequencing data to perform intra-host 

phylogenomic analyses and examine linked variants 

-  Estimate susceptibility to future therapeutic options including newer generation 

NNRTIs, darunavir, maturation inhibitors, capsid inhibitors 

- Determine the prevalence of integrase mutations, prior to the introduction of INSTIs to 

the national treatment programme 
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Chapter 2: Epidemiological methods  

 

2.1 Study setting and data collection 

2.1.1 Study site 

The study is based at the University of Abuja Teaching Hospital in Gwagwalada, a town 

in central Nigeria about 60km outside of the capital, Abuja. This centre has a HIV-positive 

cohort of over 9,000 patients, including around 1,200 recipients of second-line therapy.  

Most people enter the cohort following a new diagnosis of HIV at a general outpatient 

department or via a voluntary counselling and testing scheme. The HIV treatment 

programme is provided by the IHVN, a PEPFAR-implementing partner that has delivered 

HIV care and antiretroviral therapy across the country since 2004. The University of Abuja 

Teaching Hospital HIV department is led by Infectious Diseases physician Dr Vivian 

Kwaghe. The virology laboratory services are split between an onsite laboratory at 

University of Abuja Teaching Hospital and the Asokoro Laboratory Training Centre at the 

IHVN in Abuja. The laboratory is led by Research Laboratory Director Dr Nicaise Ndembi. 

The IHVN collects clinical data on ART programme recipients prospectively and maintains 

a database which is used to generate quarterly reports for the CDC. Aliquots of residual 

plasma from samples that have been analysed for HIV RNA quantitation (viral load 

testing) are stored at -80 oC in the Asokoro Laboratory Training Centre under monitored 

conditions. 

 

2.1.2 Ethical considerations 

Ethical approval for this study has been granted by the IHVN Institutional Review Board, 

the National Health Research Ethics Committee of Nigeria (NHREC/01/01/2007), the 

University of Maryland, Baltimore Institutional Review Board (HP-00066914), and the 

UCL Research Ethics Committee (14865/002), Appendices A-B. The clinical and 

epidemiological data were already available in the IHVN database and medical records. 
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No additional samples were obtained for this study. Therefore, it was deemed that 

participant level consent was not required. The ethical approvals were for adult and 

adolescent participants aged 15 years and over. All drug resistance reports were 

communicated to the IHVN as soon as available in order for this information to be added 

to the patient record to guide management decisions. Cohort data were anonymised prior 

to analysis and stored securely. 

 
2.1.3 Study population 

The study participants were selected from the HIV-positive patient population at the 

University of Abuja Teaching Hospital. All cohort participants had received an ART 

regimen containing a PI. A subset of this group also had samples available for HIV whole 

genome sequencing at first-line failure, second-line failure or both time points (Figure 2.1). 

 

Second-line treatment cohort participants  

The IHVN database was used to identify HIV-positive people who had attended the 

University of Abuja Teaching Hospital and received a second-line ART regimen 

containing a PI. All participants who met these criteria and were aged over 15 years at 

the time of second-line ART initiation were included in the cohort analysis. Cohort 

participants who had stored samples available for HIV whole genome sequencing could 

then be included in a further five sub-analyses, as described below, some of which 

overlapped. 

 

First-line virological failure participants  

Participants were selected for the first-line virological failure analysis if they had a stored 

plasma sample with a HIV RNA >1,000 copies/mL, obtained at least six months after first-

line ART initiation, from which a whole HIV genome sequence was successfully 

generated.  
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Second-line virological failure participants 

Participants who had a plasma HIV RNA >1,000 copies/mL at least six months after 

starting second-line ART and had a whole HIV genome sequence from that time point 

were included in the second-line virological failure analysis, regardless of whether the 

sequencing of the first-line virological failure sample had been successful. 

 
 

Figure 2.1 Study flow chart sub-analysis populations and related aims  

 
 
 
  

Second-line treatment cohort 
participants (n=1031) 

Participants with longitudinal 
HIV sequences from both first-
line and second-line time points 

(n=26) 

Drug resistance at 
first-line failure 

Drug resistance at 
second-line failure 

Participants with at least one HIV whole genome sequence (n=115) 

Engagement in care 
and risk factors for 
treatment failure 

Intrahost viral 
evolution 

Integrase mutations before 
integrase inhibitor use 

Participants with HIV sequence 
obtained during first-line 
virological failure (n=101) 

Participants with HIV sequence 
obtained during second-line 

virological failure (n=40) 



 58 

Longitudinal participants  

This final sub-analysis comprised the participants who had whole HIV genome sequences 

generated from both first-line virological failure and second-line virological failure time 

points, enabling a longitudinal intrahost comparison.  

 

2.1.4 Clinical and laboratory data collection 

Clinical and laboratory data were drawn from the IHVN database and the laboratory 

information management system. Additional clinical data were collected on site from 

medical notes at the University of Abuja Teaching Hospital.   

 

Institute of Human Virology Nigeria database  

The IHVN has a dedicated data management team, overseen by epidemiologist Mrs Fati 

Murtala-Ibrahim, which is responsible for maintaining a database of the HIV treatment 

programme. The programme sites prospectively collect clinical and laboratory 

information, which is then collated by IHVN. This collated dataset is primarily used to 

create reports for the CDC. The data collection and management processes are subject 

to regular audit. The database included demographic variables sex and date of birth, and 

clinical information on ART regimens and weight measurements. There was also a 

section that included information related to adherence such as support methods used; 

self-reported adherence in the preceding month (e.g. poor, good, very good); reason for 

missed medication, if applicable; barriers to adherence; and disclosure of HIV status (e.g. 

none, partner, family member). The following laboratory variables were also included: 

• CD4+ cell count  

• HIV RNA quantitation (viral load) 

• Haemoglobin 

• White blood cell count 

• Platelet count 

• ALT (alanine transaminase)  

• Creatinine  

• Total cholesterol 

• Hepatitis B surface antigen 

• Hepatitis C antibody



 59 

University of Abuja Teaching Hospital medical notes  

On review of a sample of the participants’ medical notes there were several variables 

which were not recorded in the IHVN database. This included: 

• Marital status 

• Occupational status (general e.g. employed, unemployed, retired, etc) 

• Occupation (specific job) 

• Education level 

• Preferred language  

• Travel time to hospital 

• Number of dependants 

• Missed clinic appointments information  

• Transfer of care information  

• Death information 

This additional information was collected from a personal history form (which was 

completed on entry to the cohort and filed in the notes), contact tracking forms (filled out 

in the case of a missed appointment), and transfer of care and death forms (if applicable). 

Further information could be gathered from the entries made by healthcare professionals 

during ward rounds and clinic visits. I reviewed the first ~100 sets of medical notes, and 

then created a standard operating procedure form to facilitate standardised data 

collection. The data for the remainder of the participants were collected by two IHVN data 

clerks. 

 

2.2 Data preparation and defining measures and outcomes of interest 

2.2.1 Data preparation and cleaning 

The statistical software SAS (version 9.4; SAS Institute, Cary, NC, USA) was used to 

perform data cleaning and curation. The IHVN database variables were examined for 

completeness. The three datasets obtained in April 2016, February 2017 and July 2017 
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were each expected to contain all data from the start of the programme up to each date, 

respectively. However, there were a few people who were in one or two datasets but not 

all three. Therefore, in order to include all potential second-line recipients and clinic 

attendances, the datasets were merged and duplicate care visits were removed to create 

a single dataset for the cohort analysis. This was used to create a list of unique 

participants for retrieval of medical notes from the University of Abuja Teaching Hospital 

filing system. The dataset collected from the medical notes required extensive cleaning 

and recoding of variables prior to analysis. Missing data were entered if this could be 

inferred, as follows: 

 

Marital status: This was coded as single, married, divorced/separated/widowed or 

missing. If the marital status was missing but the next of kin was given as husband or wife 

then the marital status was changed to married.  

 

Occupation: The occupation variable had been recorded as free text. An occupation group 

was assigned based on the International Standard Classification of Occupations (ISCO-

08) (https://www.ilo.org/public/english/bureau/stat/isco/isco08/index.htm). The ten major 

ISCO-08 groups, 0 – 9, were used and a further four groups were added: housewife, 

student, retired, and unemployed, to account for the high prevalence of these responses 

in the local setting (Table 2.1). If the occupation field stated ‘business” this was classified 

as major group 5. If the occupation was missing this was cross-referenced with the 

occupational status variable and if the person was recorded as being unemployed then 

his/her occupation was coded as unemployed. The occupations were then further 

regrouped as professional, skilled, elementary or other, as shown in Table 2.1. 
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Table 2.1 Occupation groups 
 

ISCO* group Occupation type Recoded as  

1 Managers Professional 

2 Professionals 

3 Technicians and Associate Professionals Skilled 

4 Clerical Support Workers 

5 Services and Sales Workers 

6 Skilled Agricultural, Forestry and Fishery Workers 

7 Craft and Related Trades Workers 

0 Armed Forces Occupations 

8 Plant and Machine Operators and Assemblers Elementary 

9 Elementary Occupations 

- Housewife Other 

- Student 

- Retired 

- Unemployed 

* ISCO: International Standard Classification of Occupations 

 

Education level: Education level was classified as none, primary, secondary or post-

secondary. 

 

Travel time from home to clinic: This was usually recorded in the personal history form in 

the medical notes. If missing, then the participant’s address was reviewed for village/town, 

local government area (LGA) and state. If another participant with a known travel time 

was from the same place then the same travel time was entered. If there was more than 

one participant from the same place with slightly different travel times then the average 

was used. Home states were grouped as either Federal Capital Territory (FCT, in which 

the capital Abuja is located), adjacent states (Kaduna, Nassarawa, Kogi or Niger), or other 

states. 
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Figure 2.2 Nigeria state map 

 
 
United Nations map from https://www.un.org/geospatial/content/nigeria-0 

 

Missed appointment data: A contact tracking form was completed when a patient missed 

a clinic appointment. This contained fields for the date of the missed appointment, date 

last seen in clinic, attempts to contact the patient, and if contact was successful then the 

reason given for not attending the appointment. The reasons had already been 

categorised and numbered on the form (see Table 2.2), however most were entered as 

free text so these were reviewed and assigned a category number. 
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Table 2.2 Reasons documented for not attending a clinic appointment  

Reason number Reason (as defined by form in notes) 
1 was sick 
2 no transport fare 
3 transferred to new site 
4 forgot 
5 felt better 
6 not permitted to leave work 
7 lost appointment card 
8 still had drugs 
9 taking herbal treatment 
10 others (specify) 

 

2.2.2 Determining follow-up time  

Examination of the data revealed that some people had gaps in their care records. It was 

unclear whether this represented a true gap in care, in which they did not attend clinic, or 

merely incomplete records in the IHVN database. As treatment failure could not be 

ascertained during periods with no clinical or laboratory data, follow-up time was defined 

as time “in care”, rather than simply time “in cohort”. Each data entry for ART regimen, 

weight measurement, or laboratory test was considered to represent a clinic attendance. 

Duplicate clinic dates were removed (e.g. where a person had an ART record and a 

weight measurement on the same day), as were those which occurred less than two 

weeks after the preceding clinic date. This was to account for the fact that many laboratory 

test dates were recorded as the date when the test was performed, rather than the sample 

collection date, and so this would often lag behind the true attendance date by up to two 

weeks.  

 

Time in cohort: This was defined to start on the date of switch to second-line ART and 

continued uninterrupted until the date of death (if applicable), the date of transfer (if 

applicable) or the last administrative censoring date. The 25th May 2017 was selected as 

the last administrative censoring date as this was the day after the last clinic attendance 

in the second-line cohort dataset. No one is considered lost to follow-up during this time.  
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Time in care: As with the time in cohort, each participant’s first period in care started on 

the date of switch to second-line ART. Participants were considered to be in care for 12 

months following each clinic attendance (based on the unique set of attendance dates 

above). If they continued to attend at least once a year throughout their time in the cohort 

then their period of care was considered to be uninterrupted (and, in this case, their time 

in care would be the same as their time in cohort). However, if they were not seen in clinic 

again during the first 12 months after each previous visit then they were deemed to be 

out of care after those 12 months had elapsed. If they did not attend clinic again they 

remained out of care. If participants attended clinic again after a period out of care then a 

second period in care commenced and a further minimum 12-month period in care 

recorded, with the clock resetting after each subsequent clinic visit (see Table 2.3 for 

example participant). As with the time in cohort definition, the time in care was censored 

on the date of death or transfer (if applicable) or the last administrative censoring date 

(25th May 2017). 

 

2.2.3 Measuring engagement in care 

Engagement in care was described by a number of different variables. This included the 

number and frequency of clinics attended overall, as well as the number and frequency 

of weight measurements and blood tests such as CD4 count and viral load. It was 

apparent that the year of initiation of second-line ART was related to the likelihood and 

frequency of viral load testing. Therefore, this variable was categorised into three groups: 

2005-2008, 2009-2012 and 2013-2016 to better reflect different eras of monitoring. 

Engagement in care was also examined by reviewing the number and duration of in-care 

periods and the proportion of potential follow-up time that was spent in care. The 

characteristics of participants whose first follow-up period continued uninterrupted until 

the last administrative censoring date were compared with those whose first follow-up 

period was followed by a period out of care to examine the potential for attrition bias. 
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Table 2.3 Example of determining time in care for a study participant  

    
Date Clinical/laboratory records  Care status Period 

17/11/09 Second-line ART started 
Weight and regimen 

In care 

First period in care 
46.6 months 

(17/11/09 - 04/10/13) 

16/12/09 regimen In care 
16/02/10 weight, regimen, blood 

tests 
In care 

15/09/10 CD4, blood tests In care 
06/01/11 weight, regimen In care 
07/10/11 CD4, blood tests In care 
03/07/12 CD4, blood tests In care 
05/10/12 weight, regimen In care for next 

12 months or 
until censored* 

05/10/13 (No records for this time) Out of care until 
next clinic or 

censored 

Out of care period  
5.2 months 

(05/10/13 - 11/3/14) 
12/03/14 regimen In care 

Second period in care 
27.6 months 

(12/03/14 - 02/07/16) 

02/06/14 weight, regimen In care 
01/09/14 weight, regimen In care 
02/03/15 regimen In care 
01/04/15 CD4, blood tests In care 
03/07/15 weight, regimen In care for next 

12 months or 
until censored 

03/07/16 (No records for this time) Out of care until 
next clinic or 

censored 

Out of care period  
3.6 months 

(03/07/16 - 19/10/16) 
20/10/16 weight, regimen In care 

Third period in care 
7.1 months  

(20/10/16 - 25/05/17) 

28/03/17 CD4, blood tests 
 

In care until last 
administrative 
censor date 

 
Potential time in cohort = 90.1 months               
Cumulative time in care = 81.3 months 
Cumulative time out of care = 8.8 months 

 

*Care periods censored at death, transfer, last administrative censor date (25/05/17) 

 

81.3/90.1 x 100 = 90.2 

“In care” for 90.2% of follow-up  
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2.2.4 Ascertaining treatment failure 

To investigate treatment failure, I first needed to decide on definitions that were 

appropriate to the study setting. I was conscious that overly stringent criteria for defining 

treatment failure would be likely to introduce substantial bias if only some participants had 

the relevant investigations to enable the outcome to be ascertained.  

 

Clinical failure, as defined by progression of disease, such as the diagnosis of an 

opportunistic infection associated with advanced HIV infection, could not be reliably 

ascertained by the information included in the IHVN database or the limited case notes 

review. However, weight loss is an objective and readily determined way of indicating 

clinical deterioration during HIV treatment in this cohort. Although weight loss may be a 

positive outcome in those who are overweight, the majority of participants had a baseline 

weight that was in the normal or low range. Virological failure and immunological failure 

are recognised adverse outcomes of HIV treatment and have been used as endpoints in 

ART trials and observational studies. Each of these measures of treatment failure do, 

however, depend on the corresponding monitoring in order to ascertain failure, i.e. viral 

load testing is required to ascertain virological failure, CD4 count monitoring to ascertain 

immunological failure, and weight measurement to ascertain weight loss.  

 

Studies in resource-rich settings often require two consecutive measurements to meet 

the threshold of virological failure. The second measurement is generally undertaken to 

confirm that the first reading was not a one-off event (for example because of variability 

in viral load quantitation, or transient viral load blips followed by viral suppression) and 

mitigates the effect of inaccurate quantitation in the laboratory or data entry in medical 

records. However, as viral load monitoring was not routinely performed in the present 

study setting, by only including those who had two measurements of virological failure I 

would have introduced further bias into the analysis by underestimating the number of 

virological failure events and requiring a longer follow-up period. A viral load test was 
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performed at least six months after second-line ART initiation in 582 participants, of whom 

only 221 participants went on to have a repeat viral load test.  It was not common practice 

to confirm virological failure with a second viral load test, but rather to switch therapy on 

the basis of one viral load result, possibly in conjunction with clinical and/or immunological 

evidence of treatment failure. 

 

Treatment failure can only be diagnosed after ART has been given long enough to 

improve the measure of interest. The WHO definitions of treatment failure require at least 

six months of ART before considering a high viral load to represent virological failure, but 

12 months of ART must be given before a low CD4 count is considered immunological 

failure.89,90 

 

2.2.4.1 Ascertainment of virological failure 

The most stringent definition of virological failure, requiring at least two viral load tests 

after at least 12 months of second-line ART, could only have been ascertained among 

186 participants, 18% of the total cohort. In contrast, 582 (56.5% of all participants) had 

at least one viral load test at least six months into second-line ART, and so the least 

stringent definition of virological failure could potentially be ascertained in this subgroup. 

The characteristics of the subgroups that could be included in each analysis are shown 

in Table 2.4, with the most stringent definition on the left, and with the definitions becoming 

progressively more inclusive until the final column, which shows the characteristics of all 

participants.  As the definition of virological failure becomes progressively more stringent, 

from requiring a single measurement after six months of therapy to two measurements 

after 12 months, the subset of participants who meet these criteria may become 

increasingly unrepresentative of the whole cohort. In order to identify the potential for this 

to occur, the characteristics of these subsets were compared.  
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Table 2.4 Ascertainment of virological failure: comparison of endpoint definitions  

Participant 
characteristics 

Required number of viral loads and second-line ART duration 
(Most stringent > > > All) 

2 viral 
loads after 

³12 
months 

2 viral 
loads after 

³6 
months 

1 viral 
load after  
³12 

months 

1 viral 
load after  

³6 
months 

All cohort 

N (% of whole cohort 

meeting criteria) 

186  
(18.0) 

221  
(21.4) 

534  
(51.8) 

582  
(56.5) 

1031 
(100) 

Sex, n (%)      
   Male 74 (39.8) 87 (39.4) 190 (35.6) 202 (34.7) 360 (34.9) 
   Female 112 (60.2) 134 (60.6) 344 (64.4) 380 (65.3) 671 (65.1) 
Age, years  
   median (IQR) 

35 
(31 - 41) 

35 
(30 - 41) 

36 
(31 - 42) 

36 
(31 - 42) 

36 
(31 - 42) 

Education, n (%)*      
   None 10 (5.5) 13 (6.0) 27 (5.1) 32 (5.6) 77 (7.7) 
   Primary 36 (19.8) 46 (21.2) 110 (21.0) 115 (20.3) 206 (20.5) 
   Secondary 57 (31.3) 67 (30.9) 189 (36.0) 204 (36.0) 384 (38.3) 
   Post-secondary 79 (43.4) 91 (41.9) 199 (37.9) 216 (38.1) 336 (33.5) 
   Missing 4 4 9 15 28 
Occupation, n (%)*      
   Professional 21 (11.9) 22 (10.4) 46 (8.9) 50 (9.0) 95 (9.6) 
   Skilled 70 (39.6) 86 (40.6) 220 (42.7) 234 (42.0) 371 (37.5) 
   Elementary 44 (24.9) 54 (25.5) 124 (24.1) 135 (24.2) 260 (26.3) 
   Other 42 (23.7) 50 (23.6) 125 (24.3) 138 (24.8) 264 (26.7) 
   Missing 9 9 19 25 41 
Marital status, n (%)*      
   Single 24 (13.6) 32 (15.1) 82 (16.0) 86 (15.4) 173 (17.4) 
   Married 131 (74.0) 154 (72.6) 374 (72.8) 406 (72.8) 688 (69.4) 
   Other 22 (12.4) 26 (12.3) 58 (11.3) 66 (11.8) 131 (13.2) 
   Missing 9 9 20 24 39 
Dependants,  

   median (IQR) 
3 (1 - 4) 3 (1 - 5) 3 (1 - 5) 3 (1 - 4.5) 3 (1 - 4) 

   Missing 17 20 45 50 89 
Travel time, minutes,   
   median (IQR) 

60  
(40 - 120) 

70 
(40 - 120) 

80 
(45 - 120) 

80 
(45 - 120) 

90  
(45 - 120) 

   Missing 1 1 2 2 6 
Year start, n (%)      
   2005-2008 90 (48.4) 98 (44.3) 171 (32.0) 178 (30.6) 290 (28.1) 
   2009-2012 74 (39.8) 96 (43.4) 227 (42.5) 250 (42.9) 451 (43.7) 
   2013-2016 22 (11.8) 27 (12.2) 136 (25.5) 154 (26.5) 290 (28.1) 
First PI, n (%)      
   Lopinavir 167 (89.8) 196 (88.7) 437 (81.8) 474 (81.4) 846 (82.1) 
   Atazanavir 12 (6.5) 17 (7.7) 84 (15.7) 93 (16.0) 167 (16.2) 
   Other 7 (3.8) 8 (3.6) 13 (2.4) 15 (2.6) 18 (1.8) 
Viral load,  

   log10 copies/mL, 
   median (IQR) 

57,016 
(15,475 - 
169,815) 

58,124 
(12,322 - 
195,260) 

52,147 
(12,637 - 
168,542) 

51,874 
(12,706 - 
170,276) 

56,872 
(12,832 -
178,658) 

   Missing 53 63 149 160 319 



 69 

CD4 count, cells/mm3,  
   median (IQR) 

153 
(62 - 256) 

153  
(66 - 264) 

158 
(75 - 255) 

159  
(75 - 256) 

151  
(64 - 260) 

   Missing 7 7 29 32 75 
Weight, kg,  
   median (IQR)  

62 
(55 - 72) 

62.5 
(55 - 73) 

62 
(55 - 73) 

62  
(55 - 73) 

61  
(53 - 71) 

   Missing 5 7 40 41 65 
*Indicates % of non-missing. No missing data: sex, age, year started second-line, first PI 
**Viral load, CD4 count and weight closest to second-line ART initiation 
 

The characteristics of participants who fulfilled the most stringent criteria (as they had had 

more viral load testing) differed from the rest of the group. Men were overrepresented, as 

were those with higher levels of education and professional occupations. They tended to 

live closer to the clinic (median travel time 60 minutes compared to 90 minutes for the 

whole cohort). Those who started ART in earlier years were more likely to have had repeat 

viral load testing, presumably because of the longer follow-up time in which testing could 

occur. Viral load monitoring was not performed routinely for most of the cohort follow-up 

period. Rather it was recommended by clinicians in the case of suspected virological 

failure, and participants were required to pay for this test. This would have introduced bias 

and those who had viral load testing were therefore unlikely to be representative of the 

whole cohort. For this reason, the whole cohort was used as the denominator for the 

virological failure analysis. Later sensitivity analysis examined the effect of using those 

who could ascertain virological failure as the denominator. 

 

The decision to allow 12 months of time in care after each clinic visit before the person 

was classified as being out of care, was examined with sensitivity analyses to compare 

different durations of being in care after each clinic visit: six, 24 and 36 months. Allowing 

only a six-month period in care after each clinic visit was considered too strict as it resulted 

in care being prematurely defined as ‘interrupted’ for an additional 271 people who had 

returned to clinic at some point between six and 12 months after their previous clinic visit 

and so would have been considered to have uninterrupted care using the 12-month 

definition. The numbers of participants in whom it was possible to ascertain treatment 
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failure and who actually had treatment failure events during the first period in care, 

allowing for 12 months in care following each clinic, were similar to the number of 

participants in whom it was possible to ascertain treatment failure and who had actually 

developed treatment failure during all time in cohort. Extending the in-care period to 24 

or 36 months following each clinic attendance did not result in the inclusion of many more 

failure events or the potential ascertainment of these. Therefore, allowing these 

extensions to the period that a person was considered to be ‘in care’ after each clinic 

attendance would simply prolong the total follow-up period without identifying further 

events. As such, the effect of this would be to reduce the apparent rates of treatment 

failure. Table 2.5 shows the number of people in whom virological failure could be 

potentially ascertained according to the different extensions that could be allowed: all time 

in care, then the first in-care period extended to six, 12, 24 or 36 months after the last 

clinic attendance. This demonstrates that the first follow-up period extended to 12 months 

is broadly representative of all time in care and therefore an appropriate follow-up time 

for this analysis. 

 
Table 2.5 Ascertainment of virological failure: comparison of time in care definitions 

 
Time in care 

definition 
(extension after 
each clinic visit) 

Required number of viral loads and second-line ART duration 
(Most stringent > > > All) 

2 viral loads 
after 

³12 months 

2 viral loads 
after 

³6 months 

1 viral load 
after 

³12 months 

1 viral load 
after 

³6 months 
First period 
(+6 months) 143 174 416 469 

First period  
(+12 months) 177 212 515 565 

First period 
(+24 months) 185 220 527 576 

First period 
(+36 months) 186 221 530 578 

All time in care 
 186 221 534 582 
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The viral load threshold used in the WHO 2013 guidelines to define virological failure is 

HIV RNA >1,000 copies/mL.90 Sensitivity analysis was performed to examine the effect 

of varying the viral load threshold to previous WHO definitions of 400 or 5,000 copies/mL, 

at six months or 12 months after second-line ART switch. 

 

Study definition: The main definition of virological failure used for this analysis was one 

viral load measurement with HIV RNA >1,000 copies/mL, obtained at least six months 

after second-line ART initiation. The denominator was the whole cohort.  

 

2.2.4.2 Ascertainment of immunological failure 

Note that virological failure could be ascertained from viral load results during second-line 

ART alone, without the need for a baseline viral load result. However, immunological 

failure and weight loss involve comparisons with pre-second-line results, and thus 

baseline CD4 count and weight measurements were necessary for these outcomes to be 

ascertained. Unlike virological failure, the characteristics of those in whom it was possible 

to ascertain immunological failure did not differ significantly from those of the whole cohort 

(Table 2.6). CD4 monitoring has long been a part of routine care in the HIV programme 

at the University of Abuja Teaching Hospital and thus the requirement for individuals to 

have repeated CD4 counts in order to ascertain outcomes was not expected to introduce 

bias (unlike with viral loads where only those who could afford to have a second 

measurement would be included). As with the other variables, those starting second-line 

ART more recently were less likely to meet the requirements for immunological failure 

ascertainment as their follow-up times were shorter, with fewer opportunities for CD4 

monitoring. The denominator used for immunological failure analysis was those 

participants in whom it was possible to ascertain immunological failure, with sensitivity 

analysis examining the effect of using the whole cohort as the denominator. 
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Table 2.6 Ascertainment of immunological failure: comparison of endpoint definitions  

Participant 
characteristics 

Required number of CD4 counts and second-line ART duration 
(Most stringent > > > All) 

Baseline + 
2 CD4 

after ³12 
months 

Baseline + 
2 CD4 
after ³6 
months 

Baseline + 
1 CD4 

after ³12 
months 

Baseline + 
1 CD4 
after ³6 
months 

All cohort 

N (% of whole cohort 

meeting criteria) 

690  
(66.9) 

728  
(70.6) 

759  
(73.6) 

822  
(79.7) 

1031 
(100) 

Sex, n (%)      
   Male 239 (34.6) 251 (34.5) 260 (34.3) 279 (33.9) 360 (34.9) 
   Female 451 (65.4) 477 (65.5) 499 (65.7) 543 (66.1) 671 (65.1) 
Age, years  
   median (IQR) 

36 
(31 - 42) 

36 
(31 - 42) 

36 
(31 - 42) 

36 
(31 - 42) 

36 
(31 - 42) 

Education, n (%)*      
   None 45 (6.7) 50 (7.0) 53 (7.1) 61 (7.6) 77 (7.7) 
   Primary 137 (20.2) 143 (20.0) 148 (19.9) 168 (21.0) 206 (20.5) 
   Secondary 258 (38.1) 276 (38.6) 286 (38.5) 307 (38.3) 384 (38.3) 
   Post-secondary 237 (35.0) 246 (34.4) 256 (34.5) 265 (33.1) 336 (33.5) 
   Missing 13 13 16 21 28 
Occupation, n (%)*      
   Professional 68 (10.2) 71 (10.1) 72 (9.9) 74 (9.4) 95 (9.6) 
   Skilled 260 (39.0) 273 (38.9) 283 (38.8) 299 (38.0) 371 (37.5) 
   Elementary 167 (25.1) 178 (25.4) 183 (25.1) 207 (26.3) 260 (26.3) 
   Other 171 (25.7) 180 (25.6) 191 (26.2) 207 (26.3) 264 (26.7) 
   Missing 24 26 30 35 41 
Marital status, n (%)*      
   Single 117 (17.5) 126 (17.9) 130 (17.7) 137 (17.3) 173 (17.4) 
   Married 471 (70.6) 493 (69.9) 515 (70.2) 556 (70.2) 688 (69.4) 
   Other 79 (11.8) 86 (12.2) 89 (12.1) 99 (12.5) 131 (13.2) 
   Missing 23 23 25 30 39 
Dependants,  

   median (IQR) 
3 (1 - 4) 3 (1 - 4) 3 (1 - 4) 3 (1 - 4) 3 (1 - 4) 

   Missing 56 58 61 70 89 
Travel time, minutes,   
   median (IQR) 

90  
(45 - 150) 

90 
(45 - 150) 

90 
(45 - 120) 

90 
(45 - 120) 

90  
(45 - 120) 

   Missing 2 2 2 3 6 
Year start, n (%)      
   2005-2008 218 (31.6) 222 (30.5) 226 (29.8) 232 (28.2) 290 (28.1) 
   2009-2012 344 (49.9) 361 (49.6) 368 (48.5) 395 (48.1) 451 (43.7) 
   2013-2016 128 (18.5) 145 (19.9) 165 (21.7) 195 (23.7) 290 (28.1) 
First PI, n (%)      
   Lopinavir 592 (85.8) 621 (85.3) 645 (85.0) 692 (84.1) 846 (82.1) 
   Atazanavir 85 (12.3) 92 (12.6) 100 (13.2) 115 (14.0) 167 (16.2) 
   Other 13 (1.9) 15 (2.1) 14 (1.8) 15 (1.8) 18 (1.8) 
Viral load,  

   log10 copies/mL, 
   median (IQR) 

48,339 
(11,236 - 
162,500) 

48,157 
(10,653 - 
161,107) 

51,264 
(11,682 - 
166,944) 

51,874 
(12,386 - 
163,974) 

56,872 
(12,832 - 
178,658) 

   Missing 177 190 205 222 319 
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CD4 count, cells/mm3,  
   median (IQR) 

160 
(75 - 263) 

160  
(75 - 262) 

159 
(73 - 264) 

159  
(74 - 266) 

151  
(64 - 260) 

   Missing 0 0 0 0 75 
Weight, kg,  
   median (IQR)  

63 
(55 - 73) 

63 
(55 - 72) 

62 
(55 - 72) 

62  
(54 - 72) 

61  
(53 - 71) 

   Missing 36 36 40 41 65 
*Indicates % of non-missing. No missing data: sex, age, year started second-line, first PI, CD4 
**Viral load, CD4 count and weight closest to second-line ART initiation 
 

 

As with virological failure, the first follow-up period extended to 12 months after last clinic 

appeared to capture most of the participants able to ascertain immunological failure 

without unnecessarily prolonging the time in care (Table 2.7). 

 

 
Table 2.7 Ascertainment of immunological failure: comparison of time in care definitions 

 
Time in care 

definition 
(extension after 
each clinic visit) 

Required number of CD4 counts and second-line ART duration 
(Most stringent > > > All) 

Baseline +  
2 CD4 counts 

after 
³12 months 

Baseline +  
2 CD4 counts 

after 
³6 months 

Baseline +  
1 CD4 count 

after 
³12 months 

Baseline +  
1 CD4 count 

after 
³6 months 

First period 
(+6 months) 569 622 644 735 

First period  
(+12 months) 666 710 738 809 

First period 
(+24 months) 684 724 753 818 

First period 
(+36 months) 687 726 757 820 

All time in care 
 690 728 759 822 

 

 

The WHO 2013 guidelines define immunological failure as a CD4 count on treatment that 

is lower than the baseline value, or a persistent CD4 <100 cells/mm3.90 In order to 

approximate this, whilst only requiring a baseline CD4 measurement and a single CD4 

measurement on second-line ART, immunological failure was defined as a CD4 
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measurement obtained at least six months after second-line initiation that was less than 

baseline or <100 cells/mm3. Sensitivity analysis was performed to vary the CD4 threshold 

to a decrease of more than 20% less than baseline, or to <100 cells/mm3, at six months 

or 12 months after second-line switch. 

 

Study definition: The main definition of immunological failure used for this analysis was 

one CD4 count obtained at least six months after second-line ART initiation, which was 

either less than the baseline CD4 count (at the start of second-line ART) or less than <100 

cells/mm3. The denominator was the number of participants in whom this could be 

ascertained, i.e. those with baseline and follow-up CD4 counts.  

 
 
2.2.4.3 Ascertainment of weight loss 

In contrast to viral load and CD4 counts, weight was frequently measured at clinic visits 

and so it was possible to ascertain weight loss in the majority of participants (>70%), 

regardless of the definition used. The characteristics of the participants in whom it was 

possible to ascertain the most stringent definition of weight loss (two consecutive 

measurements after at least 12 months of second-line ART) did not differ significantly 

from the whole cohort (Table 2.8). Therefore, the number of participants in whom it was 

possible to ascertain weight loss was deemed an appropriate denominator for this 

outcome. Again, those starting second-line ART more recently had less follow-up time 

available for monitoring and so less opportunity for ascertainment. 

 

Table 2.9 shows that the first follow-up period allowing for 12 months in care following the 

last clinic appears to be an appropriate definition to examine weight loss as it captures 

the majority of events that occurred during all time in care without unnecessarily extending 

the time in care, which would overestimate time in care of those who had disengaged, 

and so underestimate the risk of treatment failure. 
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Table 2.8 Ascertainment of weight loss: comparison of endpoint definitions  

Participant 
characteristics 

Required number of weights and second-line ART duration 
(Most stringent > > > All) 

Baseline + 
2 weights 
after ³12 
months 

Baseline + 
2 weights 
after ³6 
months 

Baseline + 
1 weight 
after ³12 
months 

Baseline + 
1 weight 
after ³6 
months 

All cohort 

N (% of whole cohort 

meeting criteria) 

730  
(70.8) 

792  
(76.8) 

772  
(74.9) 

840  
(81.5) 

1031 
(100) 

Sex, n (%)      
   Male 253 (34.7) 273 (34.5) 265 (34.3) 291 (34.6) 360 (34.9) 
   Female 477 (65.3) 519 (65.5) 507 (65.7) 549 (65.4) 671 (65.1) 
Age, years  
   median (IQR) 

35 
(31 - 42) 

36 
(31 - 42) 

36 
(31 - 42) 

36 
(31 - 42) 

36 
(31 - 42) 

Education, n (%)*      
   None 50 (7.0) 56 (7.2) 52 (6.9) 58 (7.1) 77 (7.7) 
   Primary 142 (19.9) 154 (19.9) 154 (20.4) 168 (20.5) 206 (20.5) 
   Secondary 271 (37.9) 298 (38.6) 289 (38.2) 314 (38.4) 384 (38.3) 
   Post-secondary 252 (35.2) 265 (34.3) 261 (34.5) 278 (34.0) 336 (33.5) 
   Missing 15 19 16 22 28 
Occupation, n (%)*      
   Professional 72 (10.2) 74 (9.7) 75 (10.1) 78 (9.7) 95 (9.6) 
   Skilled 276 (39.2) 290 (38.1) 286 (38.5) 302 (37.5) 371 (37.5) 
   Elementary 170 (24.2) 193 (25.4) 182 (24.5) 208 (25.8) 260 (26.3) 
   Other 186 (26.4) 204 (26.8) 199 (26.8) 218 (27.1) 264 (26.7) 
   Missing 26 31 30 34 41 
Marital status, n (%)*      
   Single 132 (18.7) 138 (18.1) 138 (18.5) 146 (18.1) 173 (17.4) 
   Married 490 (69.5) 529 (69.2) 516 (69.3) 560 (69.2) 688 (69.4) 
   Other 83 (11.8) 97 (12.7) 91 (12.2) 103 (12.7) 131 (13.2) 
   Missing 25 28 27 31 39 
Dependants,  

   median (IQR) 
3 (1 - 4) 3 (1 - 4) 3 (1 - 4) 2.5 (1 - 4) 3 (1 - 4) 

   Missing 56 62 58 68 89 
Travel time, minutes,   
   median (IQR) 

90  
(45 - 150) 

90  
(45 - 120) 

90 
(45 - 135) 

90 
(45 - 120) 

90  
(45 - 120) 

   Missing 3 4 3 4 6 
Year start, n (%)      
   2005-2008 224 (30.7) 233 (29.4) 231 (29.9) 244 (29.1) 290 (28.1) 
   2009-2012 365 (50.0) 387 (48.9) 382 (49.5) 406 (48.3) 451 (43.7) 
   2013-2016 141 (19.3) 172 (21.7) 159 (20.6) 190 (22.6) 290 (28.1) 
First PI, n (%)      
   Lopinavir 638 (87.4) 682 (86.1) 666 (86.3) 781 (85.5) 846 (82.1) 
   Atazanavir 78 (10.7) 94 (11.9) 90 (11.7) 106 (12.6) 167 (16.2) 
   Other 14 (1.9) 16 (2.0) 16 (2.0) 16 (1.9) 18 (1.8) 
Viral load,  

   log10 copies/mL, 
   median (IQR) 

50,086 
(11,637 - 
164,991) 

52,953 
(11,682 - 
168,412) 

53,773 
(12,438 - 
169,815) 

56,381 
(12,637 - 
169,815) 

56,872 
(12,832 

-178,658) 
   Missing 199 217 215 234 319 
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CD4 count, cells/mm3,  
   median (IQR) 

151 
(72 - 256) 

154 
(72 - 259) 

153 
(70 - 259) 

158  
(73 - 263) 

151  
(64 - 260) 

   Missing 37 40 41 44 75 
Weight, kg,  
   median (IQR)  

62 
(55 - 72) 

62 
(54 - 72) 

62 
(55 - 72) 

62  
(54 - 72) 

61  
(53 - 71) 

   Missing 0 0 0 0 65 
*Indicates % of non-missing. No missing data: sex, age, year started second-line, first PI, weight 
**Viral load, CD4 count and weight closest to second-line ART initiation 
 
 
Study definition: The main definition of weight loss used for this analysis was one weight 

obtained at least six months after second-line ART initiation, which represented at least 

10% decrease from the baseline weight (at the start of second-line ART). The 

denominator was the number of participants in whom this could be ascertained, i.e. those 

with baseline and follow-up weight measurements.  

 
 
Table 2.9 Ascertainment of weight loss: comparison of time in care definitions 

 
Time in care 

definition 
(extension after 
each clinic visit) 

Required number of weights and second-line ART duration 
(Most stringent > > > All) 

Baseline +  
2 weights 

after 
³12 months 

Baseline +  
2 weights 

after 
³6 months 

Baseline +  
1 weight  

after 
³12 months 

Baseline +  
1 weight  

after 
³6 months 

First period 
(+6 months) 614 699 657 761 

First period  
(+12 months) 712 783 753 831 

First period 
(+24 months) 727 791 769 837 

First period 
(+36 months) 728 792 771 839 

All time in care 
 730 792 772 840 

 
 
 
2.2.4.4 Ascertainment of multiple types of treatment failure 

In just over half (56.5%, 582/1031) of participants, it was possible to ascertain virological 

failure based on a single measurement at least six months after starting second-line ART. 

Baseline and follow-up CD4 counts were available in 79.7% (822/1031) of participants, 
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enabling the potential ascertainment of immunological failure, and baseline and follow-up 

weight measurements enabled the potential ascertainment of weight loss in 81.5% 

(840/1031) of participants. Figure 2.3 shows there was considerable overlap in the ability 

to determine different types of treatment failure. Of note, the ascertainment of all three 

treatment failure outcomes was possible in only around half of the cohort (49.3%, 

508/1031). 

 

Figure 2.3 Venn diagram of participants in whom it was possible to ascertain treatment 

failure: virological failure, immunological failure and weight loss ascertainment 

 

A. Single measurement definitions  B. Consecutive measurements definitions 

     

Overall, it was impossible to ascertain treatment failure through any of the three 

approaches for 122 (11.8%) participants. This group included nine people who died and 

17 who transferred care to another centre after a short period of follow-up (median time 

in care: 6.6 months, IQR 6.0 - 9.0). Had I changed the definitions of failure to require 

consecutive rather than single measurements during second-line ART this would have 

markedly reduced the proportion of participants in whom it was possible to ascertain 

virological failure: from 56.4% (582/1031) to 21.4% (221/1031) Figure 2.3 part B). 

Immunological failure and weight loss were less affected by the decision to use either 

single or consecutive assessments as CD4 counts and weight measurements were 

performed more frequently than viral loads, as part of routine care. 
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2.2.5 Main definitions of primary and secondary endpoints 

After multiple exploratory analyses to determine appropriate treatment failure outcomes 

and follow-up time, the following definitions were selected:  

 

Table 2.10 Treatment outcomes and follow-up time definitions 

 Definition Denominator 
Primary 
endpoint 

Virological failure 
• HIV RNA >1,000 copies/mL, after at 

least six months of second-line ART 

whole cohort 

Secondary 
endpoint 

Immunological failure 
• CD4 count <100 cells/mm3 or less 

than baseline, after at least six months 
of second-line ART 

participants with baseline and 
follow-up CD4 count 

Secondary 
endpoint 

Weight loss 
• Weight decrease of >10% from 

baseline, after at least six months of 
second-line ART 

participants with baseline and 
follow-up weight measurements 

Follow-up 
time 

First period in care 
• Uninterrupted time in care from 

second-line ART start, allowing for 12 
months in-care after each clinic, 
censored at death, transfer or last 
administrative censor date (25/05/17)  

 

Time in cohort 
• Potential follow-up time from 

start of second-line ART to 
death, transfer or last 
administrative censor date 
(25/05/17) 

 

2.2.6 Exclusions 

Participants were excluded if they had not received second-line ART or if they were aged 

<15 at second-line ART initiation. In order to allow each participant to have at least 12 

months of follow-up before the last administrative censoring date of 25/05/17, participants 

were also excluded if they had started second-line ART after 26/05/2016.  

 

2.3 Analysis of risk factors for treatment failure 

The statistical analysis was performed using SAS (version 9.4; SAS Institute, Cary, NC, 

USA). Twelve potential risk factors were investigated: sex, age, education level, 

occupation, marital status, dependants, travel time, first PI, year started second-line ART, 
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baseline viral load, baseline CD4 count and baseline weight. Categorical variables were 

summarised by frequency and percentage and compared by chi-square test. Continuous 

variables with Normal distributions were summarised by mean and standard deviation 

and compared by ANOVA. Continuous variables with non-Normal distributions were 

summarised by median and interquartile range and compared by Kruskal-Wallis test.  

 

2.3.1 Kaplan-Meier survival analysis 

Kaplan-Meier survival analysis was carried out for each type of treatment failure overall 

and after stratifying by levels of each of the twelve exposure variables individually. Log-

rank tests were used to indicate whether survival curves differed between categories of 

each variable.  

 

2.3.2 Cox regression analysis  

Cox proportional hazards regression methods were used to identify factors associated 

with second-line virological failure by estimating hazard ratios (HR) and 95% confidence 

intervals (CI) for each exposure variable. The twelve main exposure variables were sex 

(categorical – one parameter), age (continuous, scaled so that the parameter estimate 

reflects a 5-year increment in age – one parameter), education level (categorical – two 

parameters), occupation (categorical – three parameters), marital status (categorical – 

two parameters),  dependants (continuous, per person – one parameter), travel time 

(continuous, scaled so that the parameter estimate reflects a 1-hour increment in time – 

one parameter), first PI (categorical – two parameters), year started second-line 

(categorical – two parameters), baseline viral load (continuous, per log10 copies/mL – one 

parameter), baseline CD4 count (continuous, scaled so that the parameter estimate 

reflects the association with a 50 cells/mm3 increment – one parameter), baseline weight 

(continuous, per 5kg – one parameter).  
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After initially fitting a series of univariable models, factors associated with virological 

failure from these analyses (p<0.1) were then considered for inclusion in a multivariable 

model.  Closely related variables, such as education and occupation were cross-tabulated 

to examine the overlap between different categories, e.g. high education level and 

professional occupation. Multivariable models were built including either one or both of 

these variables to examine whether the two variables were likely to be collinear. If there 

was evidence of collinearity then one was selected for inclusion in the final model, based 

on the strength of association with the outcome of interest. The number of parameters in 

the final model was restricted to fewer than 10% of the number of treatment failure events 

to avoid model over-fitting. Plots of the log(-log(Survival) against log(time) were visually 

assessed for evidence of non-proportionality of hazards. If there was clear evidence of 

this (i.e. the plotted lines were seen to cross) interaction terms between the factor of 

interest and log(time) were included in the model.  

 

The final multivariable model produced adjusted HR and 95% CI as well as a p value for 

each covariate (Type 3 tests). A similar approach was used for the secondary endpoints 

of immunological failure and weight loss. Where possible, I retained the same covariates 

in the multivariable models for each type of treatment failure to permit comparisons 

between the associations of each factor with the different outcomes. If a variable was 

associated with immunological failure or weight loss but not virological failure, then 

multivariable models were built with and without that variable to check whether it was still 

significant when controlling for other factors and that excluding it from the final model 

would not change the overall results. 

 

2.3.3 Sensitivity analysis 

Sensitivity analyses were performed to examine the effect of varying the following factors: 
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Virological failure Viral load 
- >400 copies/mL 
- >1000 copies/mL 
- >5000 copies/mL 
 

Immunological failure CD4 count 
- less than baseline and/or <100 cells/mm3 
- decrease of ³20% from baseline  
- <100 cells/mm3 

 
Weight loss Weight 

- loss of  ³10% of baseline 
- loss of  ³10% of baseline and ³5kg 
- loss of  ³15% of baseline 

 
Second-line ART Minimum duration of PI therapy 

- 6 months 
- 12 months 

 
Denominator  
 

Population included  
- All cohort 
- Participants in whom failure can be 

ascertained 
 

Follow-up time First period in care extended after each clinic visit by 
- 6 months 
- 12 months 
- 24 months 
- 36 months 

 

A further sensitivity analysis was performed which considered all participants who 

disengaged from care to have also experienced virological failure, through a “missing 

equals failure” approach.  

 

2.3.4 Multiple treatment failure events 

The overlap between the three different types of treatment failure was examined using a 

Venn diagram. Exposure variables associated with virological failure, immunological 

failure and weight loss were compared to look for risk factors common to all types of 

treatment failure. 
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Chapter 3: Virological methods  

 

3.1 Laboratory methods 

3.1.1 HIV RNA (viral load) quantitation 

Viral load testing had been previously performed at the Asokoro laboratory in Abuja, 

initially with an Amplicor HIV-1 monitor test kit, version 1.5, Roche (Indianapolis, Indiana) 

that had a limit of detection of 400 copies HIV RNA/mL, then in recent years with the 

COBAS AmpliPrep/COBAS TaqMan HIV-1, version 2.0, Roche (Indianapolis, Indiana) 

with a limit of detection of 20 copies HIV RNA/mL. 

 

3.1.2 Sample selection and transport 

IHVN laboratory records were reviewed to identify the locations of stored samples from 

eligible study participants (as described in Chapter 2) with HIV RNA >1,000 copies/mL. 

Plasma samples were retrieved from -80oC storage at IHVN repositories, visibly inspected 

for integrity and sufficient volume for sequencing, and transferred to UCL on dry ice with 

temperature monitoring en route.  

 

3.1.3 Extraction 

Manual nucleic acid extraction was done at UCL using the QIAamp Viral RNA mini kit, 

Qiagen (Hilden, Germany) with a plasma input volume of 0.5-1.5 mL as per instructions.  

 

3.1.4 Library preparation 

The first strand of cDNA was synthesised using SuperScript IV reverse transcriptase, 

Invitrogen, (Waltham, MA, USA), followed by NEBNext second strand cDNA synthesis 

E6111, New England Biolabs GmbH, (Frankfurt, Germany). Sample libraries were 

prepared as per the SureSelectXT automated target enrichment protocol, Agilent 

Technologies (Santa Clara, CA, USA) with in-house HIV baits at the UCL Pathogen 
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Genomics Unit.110 Briefly, this involved shearing the DNA by ultrasonication into 

fragments up to 150-200 bp long, repairing the ends of the fragments, adding Klenow and 

dATP to the fragments with 5’-phosphorylated ends to create a 3’-dA overhang, ligation 

of adapters, AMPure XP bead purification to remove unligated adapters, polymerase 

chain reaction (PCR) with SureSelect primer and SureSelect pre-capture reverse PCR 

primers, and prepping of SureSelect Capture library with pathogen-specific baits. This 

was followed by library hybridisation, hybrid capture selection using magnetic bead 

selection specific to the bait, washes to remove human DNA, then amplification and index 

tagging, PCR and purification, DNA quantification by qPCR, and pooling of samples. 

 

3.1.5 Sequencing 

Whole genome deep sequencing was performed using Illumina Miseq platform (San 

Diego, CA, USA). The prepared libraries are loaded onto flow cells. The fragments bind 

to the surface of the flow cell and undergo bridge amplification which creates clonal 

clusters. Fluorescently labelled nucleotides are then incorporated sequentially and 

imaging of the flow cell reveals the nucleotide sequence by recording the wavelength and 

intensity of the emissions from each cluster. This results in multiple reads per sample, 

around 250 bases long. 

 

3.1.6 Plasma protease inhibitor assay 

Samples from second-line virological failure time points with sufficient residual plasma 

were transported to the University of Liverpool to determine the concentration of PI in the 

sample. High-performance liquid chromatography-tandem mass spectrometry (HPLC- 

MS) assay was performed using a method developed by Professor Saye Khoo and team. 

Briefly, 100 µL of each plasma sample was mixed with an internal standard (quinoxalone) 

before protein precipitation with 500 µL acetonitrile. Samples were then centrifuged and 

200 µL of 0.05% formic acid was added to the supernatant. Chromatographic separation 
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using a rapid gradient mobile phase on a HPLC column was followed by detection of 

analytes with a mass spectrometer. Validated calibration curves were used to represent 

a range of therapeutic concentrations of antiretroviral agents.111 The HPLC method has a 

low intra- and interassay variability of less than 10%.46,111 Therapeutic levels were 

considered to be >1,000 ng/mL for lopinavir and >150 ng/mL for atazanavir. 

 

3.2 Bioinformatics methods  

3.2.1 Bioinformatics pipeline 

The raw reads from Illumina sequencing were processed using several software 

programmes called from the command line to generate consensus sequences and variant 

files, see Table 3.1  for an overview of the bioinformatics pipeline. Linux commands were 

used to write a Bash shell script to create a pipeline that could loop through multiple 

sequences automatically.  

 

Table 3.1 Bioinformatics pipeline overview 

Input Software Action Output 
Fastq files  
(raw reads) 

Trimgalore 
(cutadapt) 

Trims reads and removes 
those of poor quality  

Fastq files  
(trimmed reads) 

Fastq files  
(trimmed reads) 

BWA Maps the trimmed reads to 
a reference panel 

Text file of references 
with best coverage 

Fastq files  
(trimmed reads) 

BWA Maps the trimmed reads to 
the chosen reference 

SAM files 
(alignment) 

SAM files 
(alignment) 

SAMtools Converts SAM to BAM files 
then sorts and indexes 

BAM files 
(indexed alignment) 

BAM files 
(indexed alignment) 

PICARD Removes duplicate reads BAM files 
(without duplicates) 

BAM files 
(without duplicates) 

VCFUtils Extract consensus 
sequence from alignment 

Fasta files 
(consensus sequence) 

 

Read trimming was performed with Trimgalore which uses cutadapt. The q -30 flag 

removed reads with PHRED score <30. FastQC was used to visualise the quality of the 

reads. The BWA (Burrows-Wheeler algorithm) was used to map the trimmed reads to a 

reference panel. The reference panel comprised 170 HIV subtypes and CRFs 
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downloaded from the Los Alamos National Laboratory (LANL) HIV database.112 The 

references that generated the highest coverage and consensus length when used as a 

template for read mapping were outputted in a text file. The text file was inspected to 

select the best reference. For CRF02_AG sequences this was the Ibadan Nigeria 1994 

reference (accession number L39106).113 The trimmed reads were then mapped to the 

best reference with BWA to create a SAM (sequence alignment map) file. This was 

converted to a BAM (binary alignment map) file. Duplicate reads were removed. Full-

length HIV consensus sequences were generated using an iterative virus assembly 

method with a 50% threshold.114 A study reference genome was then created by 

generating a consensus of all consensus sequences. This study genome was then used 

as a reference for consensus assembly and mapping of nucleotide variants of the 

individual samples using Geneious software package version 10.2.3.115 This approach 

was taken to reduce the mapping bias that would result from using a distantly related 

sequence as a reference, such as the subtype B HXB2 standard. This analysis generated 

a 50% consensus fasta file and a read assembly BAM file for each sample.  

 

3.2.2 General sequence analysis 

The Stanford HIV Drug Resistance Database36 and IAS-USA 2019 update37 were used 

to identify 102 variants of interest (56 in the reverse transcriptase gene, 27 in protease 

and 19 in integrase). The BAM files were analysed to look for variants present at a 

minimum frequency of 1% and depth of 20 reads at each site. Resistance variants 

harboured by each participant were categorised by the frequency in the sample read 

mixture: <2%, 2-5%, 5-20%, 20-50%, 50-90% and >90%. Susceptibility to specific 

antiretroviral agents was determined by inputting the mutations to the Stanford 

Resistance Database algorithm. Consensus sequence subtypes were determined using 

the REGA subtyping tool version 3.0.116 and the bootscan images inspected to look for 

recombination and breakpoints. Consensus tropism was determined using env V3 loop 

consensus sequences in PhenoSeq, with a false positive rate threshold of 10%.117  
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3.2.3 First-line virological failure analysis  

Mutations present at first-line virological failure were compared by gene, mutation 

frequency, time on ART, subtype and tropism. The variant calling results of known drug 

resistance mutations in Geneious were manually inputted into an excel file, as were data 

on other variables including the subtype and tropism, which were derived from automated 

online software. These variables were then further categorised and compared using 

statistical software Stata version 13.1 (College Station, TX, USA). Reverse transcriptase 

mutations were grouped into TAMs (M41L, D67N, K70R, L210W, T215F, T215Y, K219E, 

K219Q), other NRTI (A62V, K65E, K65N, K65R, T69ins, K70E, L74I, L74V, V75I, F77L, 

Y115F, F116Y, Q151M, M184I, M184V) and NNRTI (L100I, K101E, K101H, K101P, 

K103N, K103S, V106A, V106M, V108I, E138A, E138G, E138K, E138Q, V179D, V179E, 

V179F, V179L, Y181C, Y181I, Y188C, Y188H, Y188L, G190A, G190E, G190Q, G190S, 

H221Y, P225H, F227C, F227L, M230I, M230L) as shown in Table 1.1 in Chapter 1. Other 

sites in reverse transcriptase including the cleavage sites and primer grip region were 

also examined by visual inspection of consensus sequence alignments in Geneious and 

manual input into the same excel file to allow further analysis in Stata. Consensus 

sequences from first-line failure time points were also reviewed for the presence of known 

protease and gag variants of interest.  

 

3.2.4 Second-line virological failure analysis 

All protease sequences from second-line failure samples were reviewed for the presence 

of major or minor/accessory resistance mutations (minimum frequency 2%) and results 

correlated with the plasma PI concentration, if known. Among participants with 

longitudinal sequence data from first-line and second-line virological failure time points, 

consensus sequences were compared to look for emergent non-synonymous mutations 

across the genome (present at second-line but not first-line). The protease and gag 

emergent mutations were compared to known drug resistance mutations and variants 

implicated in PI exposure and/or resistance by previous studies (see Table 1.1 in Chapter 
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1 and Table 6.1 in Chapter 6). Emergent mutations were reviewed to look for specific 

amino acid substitutions that occurred across multiple participants. If the same non-

synonymous mutation arose in at least three participants, and was not present in any of 

the samples obtained from any of the participants at first-line virological failure, then this 

was considered a potentially novel mutation.  

 

3.2.5 Quasipecies generation and analysis 

Full-length haplotypes were generated from deep sequencing data to approximate the 

population of viral quasispecies present in the sample. The Haplotype Reconstruction for 

Longitudinal Samples (HaROLD) method was used to assign short reads to haplotypes 

by considering all possible assignment of variants and determining the maximal log 

likelihood of each.65 For each participant, haplotypes derived from sequences were 

aligned using mafft using CRF02_AG (IBNG_L39106.1) or subtype G (U88826.1) as a 

reference genome. Alignments were inspected for quality and coverage. Alignments were 

trimmed and a general time reversible (GTR) tree was created using FastTree, with the 

reference as an outgroup. The trees were opened in FigTree, rooted on the outgroup 

branch and examined to look for the phylogeny of the haplotypes, bootstrap values, 

whether haplotypes were separated by the sample time point, interspersed, or whether 

one sample’s haplotypes appeared to arise from another’s. Quasispecies diversity was 

calculated by the p-distance using MEGA. For each participant with longitudinal data, the 

mean p-distance was calculated between the quasispecies present in the viral population 

at the first-line virological failure time point; between the quasispecies present in the viral 

population at the second-line virological failure time point; and then between the mean of 

these two groups of quasispecies present at first-line and second-line failure to compare 

the difference between these time points. These measures were also stratified by the 

presence of major protease mutations at second-line virological failure. 
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Chapter 4: Engagement in care and factors associated 

with second-line HIV treatment failure in a Nigerian 

cohort       

 

4.1 Introduction   

People living with HIV who are engaged in their care, through regular clinic attendance 

and assessments, and who adhere to their ART regimens are likely to have positive 

treatment outcomes, such as clinical improvement, immunological response and viral 

suppression. However, a proportion may experience poor outcomes such as clinical 

deterioration, including weight loss, immunological failure, or virological failure after ART 

initiation. Previous HIV cohort studies in low- and middle-income countries have focused 

on treatment failure during first-line ART, so there is a need to understand the correlates 

of second-line treatment failure. This is particularly the case because most second-line 

participants will have already failed first-line therapy, and so may be at increased risk of 

subsequent treatment failure after switching to second-line (and the correlates of this may 

differ from those of first-line failure). An understanding of the risk factors associated with 

treatment failure allows healthcare practitioners and ART programme organisers to 

identify people at increased risk of treatment failure and target resources accordingly. 

This is particularly important in settings with limited resources that may not have access 

to third-line regimens. This retrospective cohort study aims to describe a large group of 

second-line ART recipients attending a tertiary hospital in central Nigeria. A pragmatic 

approach to follow-up is taken, which recognises that a period of disengagement may not 

represent permanent loss-to-follow-up and participants may be able to contribute further 

data if they return to care. Furthermore, a degree of engagement in care is required to 

ascertain treatment failure outcomes and this is considered when deciding on appropriate 

endpoint and follow-up definitions. Virological failure is the primary endpoint, and two non-

virological endpoints: immunological failure and weight loss are also analysed.  
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4.2 Aim and objectives 

To describe engagement in HIV care and investigate risk factors for disengagement and 

treatment failure during second-line ART in a Nigerian cohort  

Objectives  

- Characterise the people living with HIV that have been prescribed second-line therapy 

at the University of Abuja Teaching Hospital, in terms of sociodemographic and clinical 

factors and treatment history 

- Describe the engagement in care and determine factors associated with 

disengagement from care and reengagement 

- Quantify the risk of treatment failure (using virological, clinical and immunological 

failure definitions)  

- Identify potential risk factors for each type of treatment failure  

 

4.3 Methods 

As described in Chapter 2, a retrospective cohort study design was used to investigate 

engagement in care and treatment failure among people who had received second-line 

ART at the University of Abuja Teaching Hospital in Abuja, Nigeria. Eligible participants 

were aged 15 or over at the time of second-line ART initiation, had received a second-

line PI-containing regimen, and had at least one year of potential follow-up time before 

the study censor date in May 2017. Data were collected from the IHVN database and 

from medical notes at the hospital. Extensive data preparation and cleaning was 

performed and then reviewed to determine appropriate definitions of measures and 

outcomes of interest, prior to analysis. Follow-up time for each participant was divided 

into periods in-care and out-of-care. Participants were considered to have become out-

of-care, and therefore disengaged, if they had not returned to clinic within one year of the 

last clinic visit (unless known to have formally transferred care or died). Baseline 

characteristics were compared between participants who had remained in care 
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continuously and those who had become disengaged at any time during their follow-up. 

Frequency of clinic attendance, weight measurements and laboratory measurements 

including routine blood tests, CD4 count and HIV viral load was determined. The data 

were reviewed to determined appropriate treatment failure definitions for the primary 

endpoint of virological failure and the secondary endpoints of immunological failure and 

weight loss. This included varying the threshold for failure, the number of measurements 

required, and the definition of time in-care, to determine the number of participants in 

whom it would have been possible to ascertain treatment failure. Characteristics were 

compared between those in whom it was possible to ascertain treatment failure and the 

whole cohort to see if the former was representative of the whole cohort, or whether bias 

was likely to be introduced.  

 

Kaplan-Meier survival analysis was used to inspect the association between each of the 

three types of treatment failure and twelve exposure variables: sex, age, education level, 

occupation, marital status, dependants, travel time, first PI, year started second-line ART, 

baseline viral load, baseline CD4 count and baseline weight. Cox proportional hazards 

regression methods were used to further investigate the association with these factors in 

univariable and multivariable models. Sensitivity analyses were performed to examine the 

effect of varying the definitions of treatment failure, the minimum duration of second-line 

ART, the population included and the follow-up time. A “missing equals failure” analysis 

was also performed whereby participants who had disengaged were also considered to 

have experienced virological failure. 

 

 
4.4 Results 

4.4.1 Study participants 

Around 9,000 people have been enrolled in the HIV treatment and care programme at the 

University of Abuja Teaching Hospital. The IHVN database query identified 1,111 
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individuals as potential second-line ART recipients. The University of Abuja Teaching 

Hospital notes were reviewed to determine eligibility. One person was excluded as the 

medical notes could not be found, 28 had not received a PI, and five were aged under 15 

at the start of second-line ART. A further 46 people were later excluded from the analysis 

as they had less than one year of potential follow-up, having started second-line ART less 

than a year before the last administrative censor date (after 26th May 2016). This left 1,031 

participants eligible for inclusion in the cohort analysis (see Figure 4.1). 

 

Figure 4.1 Study flow chart  

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

The demographic characteristics of the cohort participants are shown in Table 4.1. Two 

thirds of the cohort were women. The median age at second-line ART initiation was 36, 

with a range of 15 to 74 years. Around one third of participants held a higher degree, just 

over a third were educated to secondary school level, and one fifth had only attended to 

Excluded (n=46) 
¨   Started second-line ART after 

26/05/16 
 

Cohort participants included in the analysis 
(n=1,031) 

Potential second-line ART recipients 
(n=1,111) 

Excluded (n=34) 
¨   Medical notes not found (n=1) 
¨   Had not received a PI (n=28) 
¨   Age <15 at switch (n=5) 

Confirmed second-line ART recipients 
(n=1,077) 
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Table 4.1 Cohort participant characteristics 

 All 
participants 

n=1,031 

Women 
n=671 

Men 
n=360 

p-value* 

Sex     

Female 671 (65.1) 671 (100.0) - - 
Male 360 (34.9) - 360 (100.0)  
Age      

years, median (IQR) 36 (31-42) 33 (29-39) 40 (35-46) <0.0001 
<30 202 (19.6) 172 (25.6) 30 (8.3) <0.0001 
30-39 488 (47.3) 350 (52.2) 138 (38.3)  
40-49 253 (24.5) 120 (17.9) 133 (36.9)  
³50  88 (8.5) 29 (4.3) 59 (16.4)  
Education     

None 77 (7.7) 55 (8.5) 22 (6.3) 0.14 
Primary 206 (20.5) 140 (21.5) 66 (18.8)  
Secondary 384 (38.3) 253 (38.9) 131 (37.2)  
Post-secondary 336 (33.5) 203 (31.2) 133 (37.8)  
Occupation     

Professional 95 (9.6) 51 (7.9) 44 (12.7) <0.0001 
Skilled 371 (37.5) 212 (33.0) 159 (45.8)  
Elementary 260 (26.3) 140 (21.8) 120 (34.6)  
Other 264 (26.7) 240 (37.3) 24 (6.9)  
Marital status     

Single 173 (17.4) 126 (19.6) 47 (13.5) <0.0001 
Married 688 (69.4) 406 (63.0) 282 (81.0)  
Divorced/separated/widowed 131 (13.2) 112 (17.4) 19 (5.5)  
Dependants     

median (IQR) 3 (1-4) 2 (0-4) 4 (2-5) <0.0001 
None 205 (21.8) 162 (26.6) 43 (12.9) <0.0001 
1-2 262 (27.8) 196 (32.2) 66 (19.8)  
³3 475 (50.4) 251 (41.2) 224 (67.3)  
Travel time to clinic     

minutes, median (IQR) 90 (45-120) 90 (45-120) 90 (45-120) 0.77 
<1 hour 302 (29.5) 188 (28.2) 114 (31.8) 0.38 
1-2 hours 304 (29.7) 209 (31.4) 95 (26.5)  
2-3 hours 222 (21.7) 141 (21.2) 81 (22.6)  
³3 hours 197 (19.2) 128 (19.2) 69 (19.2)  
*Missing: education: all - 28, women - 20, men - 8, occupation: all - 41, women - 28, men - 13, marital 
status: all - 39, women - 27, men - 12, dependants: all - 89, women - 62, men - 27, travel time to clinic: 
all - 6 women - 5, men - 1 

 

primary school level. No formal education was reported by about 7% of participants. The 

occupation groups included 95 professionals and managers; 371 in the skilled group (259 
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services and sales workers, 48 technicians and associate professionals, 46 craft and 

related trades workers, 12 clerical support workers, 5 armed forces personnel, and 1 

skilled agricultural worker); 260 in the elementary group (various basic occupations 

including plant and machine operators, farming and cleaning); and 264 in the other group 

(156 housewives, 61 students, 38 unemployed and 9 retired).  

 

At the time of the personal history data collection, 69% of participants were married, 17% 

were single, 10% had been widowed, and 3% were divorced or separated. Most people, 

around 80%, reported at least one dependant, with half having 3 or more people 

dependent on them. The highest number of dependants reported was 24. The median 

number of dependants overall was 3 (IQR 1-4) and there was a median of 1 (IQR 0-3) 

child dependants.  

 

The cohort was ethnically diverse with over 90 different languages and tribes represented, 

hailing from 19 states across Nigeria. Around half (524, 51.0%) were from the Federal 

Capital Territory, in which the clinic is located; 460 (44.8%) were from an adjacent state 

(Kaduna, Nassarawa, Kogi or Niger); and 43 (4.2%) were from further afield. The median 

travel time from home to the University of Abuja Teaching Hospital was 90 minutes (IQR 

45-120) but there was a large range. Some people travelled for over 10 hours to attend 

the clinic, while others lived just five minutes away.  

 

Men tended to be older than women with median ages of 40 and 33, respectively. Women 

were less likely to be in paid employment (the professional, skilled and elementary 

occupation categories) than men, and women made up most of the “other” occupation 

category which included housewives. Men were more likely to be married on entry to the 

cohort, and women were more likely to be single or previously married. Another 

difference, likely to be related to income and marital status, is that women reported having 

a median of two dependants, compared to a median of four reported by men.  
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4.4.2 First-line HIV treatment history 

Study participants may have been receiving care at the University of Abuja Teaching 

Hospital for several years before commencing second-line ART. The earliest entry to the 

HIV treatment programme of the second-line ART recipients was 2004. The median age 

on entry to the programme was 33 (IQR 28-39, range 9-69). Nineteen participants had 

been children (aged under 18) on entry. Participants had spent a median of 30.8 months 

(IQR 16.7-51.3) in the treatment programme prior to second-line switch. There was no 

record of the first-line ART regimen for 114 participants. These participants did not differ 

from the rest of the cohort with respect to their risk of treatment failure and so were 

retained in the whole cohort analysis. 

 

Of the 917 people with available data on their first-line regimen, the median time from 

first-line ART initiation to second-line switch was 29.6 months (IQR 17.8-48.7). 

Participants had been exposed to a variety of NRTI agents including 3TC in 826 (90.1%), 

AZT in 684 (74.6%), TDF in 434 (47.3%), FTC in 377 (41.1%), d4T in 324 (35.3%), and 

ABC in 10 (1.1%). The two NNRTIs, nevirapine (NVP) and efavirenz (EFV) had been 

used in 810 (88.3%) and 247 (26.9%) participants respectively, including 140 (15.3%) 

who had been exposed to both NNRTI agents during first-line therapy. 

 

Viral load testing had been performed during first-line therapy in 768 (74.5%) of the people 

who subsequently switched to second-line ART. Ninety-seven participants had a history 

of confirmed viral suppression (HIV RNA <400 copies/mL) at some point during first-line 

therapy, and 34 of those did not have any record of confirmed first-line virological failure. 

Therefore, they are likely to have switched to second-line therapy for other reasons. The 

median nadir CD4 count prior to second-line ART initiation was 78 cells/mm3 (IQR 32-

149, range 1-991, 30 missing).  
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4.4.3 Second-line antiretroviral therapy regimens  

Second-line PI-containing regimens were rolled out in 2007, although a handful of 

participants were switched to PIs in the couple of years before widespread availability. 

Figure 4.2 shows the PI agents commenced as part of second-line ART in different year 

groups. Lopinavir was the first PI commenced in 846 (82.1%) of second-line cohort 

participants and atazanavir was the first in 167 (16.2%). Eighteen people (1.8%) started 

another PI: saquinavir (SQV) in 12 (1.2%), indinavir (IDV) in 5 (0.5%), and nelfinavir (NFV) 

in one case (0.1%). Most people only ever received one PI, but 155 (15.0%) were exposed 

to two PI agents and three participants (0.3%) received three different agents during 

second-line therapy. 

 

Figure 4.2 First protease inhibitor agents started during the study period 

 
 
LPV lopinavir, ATV atazanavir, 2015/2016 period from 1st January 2015 to 26th May 2016 
 



 96 

The most common NRTI backbones prescribed with a PI at the start of second-line ART 

were tenofovir disoproxil fumarate-emtricitabine (TDF-FTC) in 397 (39.9%) and 

zidovudine-lamivudine (AZT-3TC) in 144 (14.5%). A further 264 people (26.5%) received 

all four of these agents with their first PI. The remainder of the cohort received different 

NRTI combinations, which included ABC in 83 (8.1%), d4T in 29 (2.8%), and ddI in six 

(0.6%). The NRTI regimens given throughout second-line therapy were complicated by 

frequent switches and substitutions between different agents. This was because the 

availability of drugs was not always consistent, and if there was a stockout of one agent 

in the pharmacy then another agent of the same class may have been given temporarily 

as a substitute. This made it difficult to calculate the cumulative duration of exposure to 

each agent. However, it was possible to determine whether an agent had ever been given 

during first or second-line therapy and this is shown in Table 4.2. 

 

Table 4.2 NRTI exposure during first and second-line ART 

NRTI agent Participants exposed 

during first-line, n (%)* 

Participants exposed 

during second-line, n (%) 

zidovudine (AZT) 684 (74.6) 541 (52.5) 

tenofovir disoproxil fumarate (TDF) 434 (47.3) 838 (81.3) 
abacavir (ABC) 10 (1.1) 83 (8.1) 

stavudine (d4T) 324 (35.3) 29 (2.8) 
didanosine (ddI) 0 (0.0) 6 (0.6) 

lamivudine (3TC) 826 (90.1) 611 (59.3) 
emtricitabine (FTC) 377 (41.1) 778 (75.5) 

*114 missing data for first-line ART 

 

The prescribing patterns for second-line regimens differed from first-line, with TDF 

favoured over AZT, and FTC over 3TC, though all four remained the most commonly used 

NRTIs during second-line as well as first-line regimens. The older NRTI d4T was used in 

around a third of participants during first-line ART but was rarely given during second-
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line. There was increased use of ABC in second-line regimens but only up to about 8% 

of all participants.  

 

4.4.4 Time in care 

The median time in cohort, defined as the time elapsed between the start of second-line 

ART until death, transfer or the administrative censor date, was 83.1 months (IQR 44.0 - 

101.7). However, only two thirds of participants (690/1031) were considered to be in care 

for all of their potential follow-up time.  

 

Second-line therapy was delivered during a single period in care for 91.2% of participants 

(940/1031). The first period in care could have been terminated for several reasons. In 

606 people (58.8%), the first period in care continued uninterrupted until the last 

administrative censoring date (25th May 2017). The first period in care was censored at 

death in 14 people and at formal transfer of care to another centre in 70 people. For the 

remaining 341 people, the first period of care ended as there were no data to indicate that 

they had returned to clinic within one year following their previous clinic attendance and 

so were considered to be out of care from one year following that last known attendance. 

Only 91 of these 341 people later returned to clinic, at which point a second period in care 

commenced. Overall, the first period in care lasted for a median of 50.4 months (IQR 

24.3-88.2): 75.5 months (IQR 43.4-98.2) for those who were in care continuously, and 

27.4 months (IQR 15.0-47.4) among those who became out of care after the first period.  

 

Deaths during the first period in care occurred a median of 5.2 months (IQR 1.1-24.7) 

after switching to second-line ART. Those that transferred care to another facility did so 

after a median of 37.5 months (IQR 10.0-73.9).  

 

Eighty-three people (8.1%) had two distinct periods in care, and were considered to have 

been out of care in the interim.  A further five people had three periods in care, two people 
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had four periods in care, and one person had five periods in care. For participants with 

multiple periods in and out of care, the second period in care lasted for a median of 14.5 

months (IQR 12.0-27.2), the third for 12.0 months (IQR 12.0-18.3), the fourth for 12.0 

months (IQR 12.0-19.5) and for the single person who had a fifth period in care follow-up 

was censored after 7.1 months. A summary of all periods in care and their outcomes is 

shown in Figure 4.3. 

 

The total time in care for all periods for the entire cohort was 4,773 person-years, out of 

a potential 6,333 person-years from second-line switch to death, transfer or last 

administrative censor date. Therefore, the whole cohort was in care for 75.4% of the 

potential follow-up time. 

 

The characteristics of the 690 participants who remained in care were compared to the 

341 participants who had at least one period out of care (Table 4.3). Compared to 

participants who remained in care, those who spent time out of care were more likely to 

be male (41.6% compared to 31.6%, p=0.002); aged under 30 (24.9% compared to 17.0% 

overall, 35.2% compared to 21.6% for women, 10.6% compared to 6.9% for men); and 

less likely to be educated to post-secondary level (28.0% compared to 36.2%). 

 

Participants who had become out of care were also more likely to have started second-

line ART earlier and, therefore, to have received lopinavir as the first PI. Those who 

became out of care started with a lower CD4 count (a median of 125 cells/mm3 compared 

to 161). There was no significant difference in the proportion of people with higher CD4 

counts of >350 cells/mm3, comprising 16.9% of the people who remained in care and 

15.8% of those who became out of care. Baseline CD4 counts were lower in men than in 

women, regardless of engagement in care status.  Women who became out of care had 

a lower median baseline weight of 56.0kg compared to 61.7kg in women who remained 

in care (p<0.0001), although there was no association with baseline weight among men.  
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Figure 4.3 All cohort time in and out of care  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

*LAC - last administrative censor date (25/5/17) 

First period in care 
N=1031 

Outcome: 
14 died  70 transferred 
341 out of care 606 LAC* 

 

Out of care 
N=341 

Outcome: 
2 died  3 transferred 
91 back in care 245 LAC* 

Second period in care 
N=91 

Outcome: 
1 died  4 transferred 
64 out of care 22 LAC*  

Out of care 
N=64 

Outcome: 
8 back in care 56 LAC*  

Third period in care 
N=8 

Outcome: 
7 out of care 1 LAC*  

Start 
second-
line ART 
 

Out of care 
N=7 

Outcome: 
3 back in care 4 LAC* 
 

Fourth period in care 
N=3 

Outcome: 
1 out of care 2 LAC*  

Out of care 
N=1 

Outcome: 
1 back in care 

Fifth period in care 
N=1 

Outcome: 
1 LAC*  
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Table 4.3 Characteristics of participants who remained in care or were ever out of care  

 
 In care  

n=690 
Out of care 

n=341 
P 

value* 
Sex    
Male 218 (31.6) 142 (41.6) 0.002 
Female 472 (68.4) 199 (58.4)  
Age, years     
median (IQR) 36.7 (31.6-42.3) 35.8 (30.1-42.1) 0.06 
<30 117 (17.0) 85 (24.9) 0.02 
30-39 337 (48.8) 151 (44.3)  
40-49 177 (25.7) 76 (22.3)  
³50 59 (8.6) 29 (8.5)  
Education    
None/Primary 185 (27.6) 98 (29.5) 0.03 
Secondary 243 (36.2) 141 (42.5)  
Post-secondary 243 (36.2) 93 (28.0)  
Occupation    
Professional 70 (10.6) 25 (7.6) 0.11 
Skilled 253 (38.3) 118 (35.8)  
Elementary 159 (24.1) 101 (30.6)  
Other 178 (27.0) 86 (26.1)  
Marital status    
Single 108 (16.4) 65 (19.5) 0.12 
Married 471 (71.5) 217 (65.2)  
Divorced/separated/widowed 80 (12.1) 51 (15.3)  
Dependants    
median (IQR) 3 (1 - 4)  3 (1-4) 0.80 
Travel time to clinic, minutes    
median (IQR) 
 

85 (45-120) 90 (45-150) 0.03 

First protease inhibitor    
Lopinavir 548 (79.4) 298 (87.4) 0.005 
Atazanavir 130 (18.8) 37 (10.9)  
Other 12 (1.7) 6 (1.8)  
Year started protease inhibitor    
2005-2008 163 (23.6) 127 (37.2) <0.0001 
2009-2012 297 (43.0) 154 (45.2)  
2013-2016 230 (33.3) 60 (17.6)  
Baseline viral load, log10 copies/mL    
median (IQR) 4.71 (4.10-5.23) 4.82 (4.13-5.31) 0.25 
Baseline CD4 count, cells/mm3    
All - median (IQR) 161 (75-267) 125 (48-246) 0.003 
Women - median (IQR) 178 (89-292) 154 (55-304) 0.11 
Men - median (IQR) 120 (56-219) 100 (43-173) 0.08 
Baseline weight, kg    
All - median (IQR)  62.0 (54.8-72.1) 59.0 (51.3-68.0) 0.0002 
Women - median (IQR) 61.7 (53.0-72.1) 56.0 (49.0-65.0) <0.0001 
Men -  median (IQR) 64.0 (56.0-73.0) 64.0 (56.5-71.0) 0.57 
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*P value chi-square or Kruskal-Wallis as appropriate 
Missing: education: in care - 19, out of care – 9; occupation: in care -  30, out of care - 11; marital 
status: in care – 31, out of care - 8; dependants: in care – 60, out of care - 29; travel time: in care – 4, 
out of care – 2; baseline viral load: in care – 203, out of care – 116; baseline CD4: in care – 45, out of 
care – 30; baseline weight: in care – 51, out of care – 16. 

 

 

At least one contact tracking form was completed for 380 people (36.9%) indicating that 

these participants had not attended a clinic appointment and that attempts had been 

made by clinic staff to contact them. The median number of contact tracking forms 

completed for these participants was two (IQR 1-3, range 1-10). The most common 

reasons people gave for missing appointments were that they had forgotten, did not have 

the transport fare to get to the clinic, felt unwell, still had antiretroviral medication, had 

been bereaved, were travelling, or were not permitted to leave work to attend the 

appointment. Most people with a contact tracking form (293/380, 77.1%), had attended 

clinic again within a year and so were not considered out of care using the study definition.  

 

Seventeen people (1.6% of the cohort) were known to have died after switching to 

second-line ART: ten women and seven men. The median age at death was 39 (IQR 38-

43, range 30-56). The specific causes of death documented included pulmonary 

tuberculosis, brain tumour, severe anaemia and hypovolaemic shock. Other stated 

causes were variations on HIV e.g. “retroviral disease”, “HIV stage 4”, and in three cases 

the cause was unknown. 

 

4.4.5 Adherence to antiretroviral therapy 

Over half of participants (583, 56.5%) used some sort of method to aid adherence to ART, 

including an alarm (365, 35.4%), taking pills as part of their daily routine (90,8.7%), a 

treatment partner (47, 4.6%) or a pill box (20, 1.9%). Some of the cohort had participated 

in patient educational modules and support groups. Self-reported adherence was almost 

always documented as “very good” or “good”. Where lapses in compliance were reported, 
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the reasons participants gave included a routine change or being busy, that they did not 

want to take the medication, forgot, fell asleep, felt depressed, felt sick, or had lost the 

medication. A handful of people cited side effects as the reason for having missed doses 

of medication. Only 77 participants (7.5%) had not disclosed their HIV status to at least 

one person among their family and friends. However, disclosure of status was still 

reported as one of the barriers to adherence, as well as lack of family support, HIV 

knowledge, poor communication and trust and confidence. Stigma was frequently cited 

as a barrier to adherence as well as practical issues such as cost and transport to clinic. 

 

4.4.6 Clinical and laboratory monitoring  

Baseline measurements were defined as those taken closest to the time of second-line 

ART initiation, within up to one year before and three months after the switch to second-

line therapy. The variables that defined the three types of treatment failure: viral load (for 

virological failure), CD4 count (for immunological failure), and weight (for weight loss), 

had been performed at baseline in 69.1%, 92.7% and 93.7% of the cohort, respectively 

(Table 4.4).  

 

Of participants with a baseline viral load result, 93.7% (667/712) had been viraemic with 

a median viral load of 56,872 copies/mL, IQR 12,831-178,658 [median 4.75 log10 

copies/mL, IQR 4.10-5.25]. The median CD4 count at baseline was 151 cells/mm3 (IQR 

64-261).  The median baseline weight was 64.0kg for men and 60.0kg for women. The 

other baseline laboratory measurements tended to be within the normal range:  median 

haemoglobin 11.7 g/dl (IQR 10.7-12.7), median platelet count 245 x 109/L (IQR 198-291), 

median creatinine 80 µmol/L (IQR 67-97), and median alanine transaminase  26 IU/L (IQR 

20-35). 
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Table 4.4 Baseline clinical and laboratory measurements  

 
Measurement before second-line ART Participants 

Baseline viral load, copies/mL  n=712 

£400 45 (6.3) 

401-999 16 (2.3) 

1,000-9,999 95 (13.3) 
10,000-99,999 281 (39.5) 

³100,000 275 (38.6) 

median log10 (IQR) - all 4.75 (4.10-5.25) 

median log10 (IQR) - women 4.70 (4.10-5.26) 
median log10 (IQR) - men 4.83 (4.13-5.23) 

Baseline CD4 count, cells/mm3  n=956 

<50 186 (19.5) 

50-99 149 (15.6) 
100-199 271 (28.4) 

200-349 192 (20.1) 

³350 158 (16.5) 

median (IQR) - all 151 (64-261) 

median (IQR) - women 173 (80-294) 
median (IQR) - men 116 (52-205) 

Baseline weight, kg n=966 

<50 152 (15.7) 

50-59.9 272 (28.2) 
60-69.9 267 (27.6) 

³70 275 (28.5) 

median (IQR) - all 61.0 (53.0-71.0) 
median (IQR) - women 60.0 (51.9-70.0) 

median (IQR) - men 64.0 (56.0-72.0) 

*Missing: viral load: all - 319, women - 197, men - 122; CD4: all - 75, women - 55, men -  

20; weight: all - 65, women - 48, men - 17 

 

Around 95% of participants (983/1031) had at least one further clinic attendance after 

switching to second-line therapy. There was considerable variation in the number of clinic 

visits recorded during second-line care with a median of 19 clinics (IQR 9-33, range 0-

62). On average, participants attended clinic 4.4 times a year, or put another way, the 

average interval between clinic attendances was 2.8 months (see Table 4.5). The ART 
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regimen was documented at most of these clinic attendances. Weights were measured 

on average 2 to 3 times a year. Routine bloods including full blood count, renal and liver 

function were done at least once in around two thirds of participants and appear to have 

been tested every 1 to 2 years on average, although the haemoglobin component of the 

full blood count was less frequently documented than the platelets. CD4 cell counts were 

recorded more frequently: every 8 to 12 months. Viral load testing was not part of routine 

care and only performed in 582 participants (56.5%), usually just once during second-line 

care.  

 

Table 4.5 Care indicators during second-line therapy 

Care 
indicators 

Participants with 
care indicator  

n (%) 

Number of 
occurrences per 

participant,  
median (IQR) 

Number per 
year in care, 
median (IQR) 

Interval in 
months, 

median (IQR) 
 

Clinic 983 (95.3) 19 
(9-33) 

4.36 
(3.56-4.82) 

2.8 
(2.5-3.4) 

Regimen 959 (93.0) 16 
(6-30) 

4.12 
(3.16-4.57) 

2.9 
(2.6-3.8) 

Weight 920 (89.2) 12 
(6-19) 

2.54 
(1.92-3.06) 

4.7 
(3.9-6.3) 

CD4 896 (86.9) 6 
(3-10) 

1.24 
(0.96-1.50) 

9.7 
(8.0-12.5) 

Viral load 582 (56.5) 1 
(1-2) 

0.26 
(0.16-0.38) 

46.2 
(31.6-75.0) 

Haemoglobin 661 (64.1) 2 
(1-3) 

0.36 
(0.25-0.55) 

33.3 
(21.8-48.0) 

Platelets 812 (78.8) 4 
(2-7) 

0.82 
(0.57-1.02) 

14.6 
(11.8-21.1) 

Creatinine 677 (65.7) 5 
(2-7) 

0.75 
(0.51-0.96) 

16.0 
(12.5-23.5) 

Alanine 
transaminase 

678 (65.8) 4 
(2-6) 

0.71 
(0.50-0.93) 

16.9 
(12.9-24.0) 

 

 

Other blood tests that were usually only done once, if at all, included cholesterol, which 

was performed in 886 participants. The median total cholesterol level was 4.0 mmol/L 

(IQR 3.3-4.6) and around 10% (96/886) of those tested had a raised total cholesterol level 
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of >5.0 mmol/L. Viral hepatitis screening was performed less commonly with 333 

participants having been tested for hepatitis B and 33 of those (9.9%) found to have 

hepatitis B co-infection. Only six participants had a documented hepatitis C result and 

four were positive. 

 

4.4.7 Primary outcome: Virological failure  

Overall, 113 (11.0%) of the cohort had confirmed virological failure at some point during 

follow-up, using the main definition of a single viral load >1,000 copies/mL at least six 

months after switch to second-line ART. This represented 19.4% (113/582) of the 

participants who had a viral load measured at least six months after second-line switch 

and in whom it was therefore possible to ascertain virological failure. Most people did not 

have repeat viral load measurements during second-line, and only 28 participants (2.7% 

of the cohort) had two consecutive viral load measurements that confirmed virological 

failure.  

 

Restricting the follow-up time to the first uninterrupted period in care (allowing for 12 

months in care following each clinic attendance), captured all but one of the virological 

failure events. Among those 112 people who experienced virological failure during their 

first period in care, the median time to detection of virological failure was 31.5 months 

(IQR 14.7-58.8) after second-line ART switch. The median viral load at virological failure 

was 28,103 copies/mL, IQR 5,520-124,340 (4.45 log10 copies/mL, IQR 3.74-5.09). 

 

The probability of virological failure during the first period in care was estimated with 

Kaplan-Meier plots. Categories were compared within twelve exposure variables to look 

for differences in the risk of virological failure (Figure 4.4). The plots start at six months 

following switch to second-line ART as by definition no one can fail treatment before then. 

The log of the negative log survival curves were inspected to check for non-proportionality 

(Appendix C). 
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There was no significant difference in time virological failure by categories of sex, age, 

and travel time to clinic. There was a linear association with education as those with higher 

levels of education were less likely to have virological failure. Elementary occupation was 

associated with a higher risk of virological failure than the skilled and other occupations, 

which in turn were associated with a higher risk of virological failure than the professional 

occupations. The PI used at second-line ART initiation was also significantly associated 

with the risk of virological failure. After 18-24 months of second-line ART the atazanavir 

group diverged from the lopinavir group and was much more likely to have virological 

failure. A similar effect was also seen for the year of starting second-line ART, as the most 

recent year group (2013-2016) had a higher risk of virological failure after 18-24 months 

compared to earlier year groups.  

 

A linear relationship was seen with baseline viral load as those with higher viral loads at 

second-line ART initiation were more likely to experience virological failure. The 

association with baseline weight was of borderline significance overall, though the 

participants who weighed less than 50kg at second-line ART initiation clearly had a higher 

risk of virological failure after at least 18 months of therapy, compared to people in the 

higher weight categories. There was a non-significant trend of a linear relationship with 

baseline CD4 count with those who started with lower CD4 counts appearing to be more 

likely to experience virological failure. A trend was also seen with the number of 

dependants, as those with no dependants tended to have a lower risk of virological failure 

than those with one or two, and those with three or more.  
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Figure 4.4 Kaplan-Meier survival analysis of virological failure 

  
 
                                   

Male 353 320 284 256 237 217 187 171 159 
Female  657 610 540 488 456 412 370 323 282 

 

<30 years 201 183 163 144 136 125 117 101 92 
30-39 years 477 444 389 354 331 298 265 237 205 
40-49 years 246 223 201 184 167 152 131 118 110 
³50 years 86 80 71 62 59 54 44 38 34 

  
 
 
 

None/primary 278 255 220 192 178 159 138 120 107 
Secondary 377 347 307 283 258 230 204 182 163 
Post-secondary 327 306 279 254 242 226 203 183 164 

 

Professional 92 87 82 78 72 68 61 53 52 
Skilled 363 340 304 277 265 233 207 186 164 
Elementary 254 228 198 176 157 146 123 109 100 
Other 260 238 209 185 173 158 147 132 113 
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Single 171 157 137 126 117 104 93 82 67 
Married  674 625 556 506 475 431 382 343 314 
Divorced/separated 126 116 105 88 78 72 62 53 46 

 

None 200 186 169 153 147 130 116 99 78 
1-2  258 238 206 188 174 161 142 130 115 
3 or more 466 429 380 345 316 288 254 227 216 

   

<1 hour 296 279 242 216 208 187 163 143 129 
1-2 hours 294 268 242 220 203 184 158 143 121 
2-3 hours 219 200 178 163 146 128 116 103 94 
>3 hours 195 178 158 142 133 128 118 103 96 

 

Lopinavir 830 764 688 625 583 535 502 470 428 
Atazanavir 163 151 121 105 98 82 43 12 2 
Other protease inhibitor 17 15 15 14 12 12 12 12 11 
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2005-2008 284 256 235 216 206 195 189 183 174 
2009-2012 444 419 394 363 338 320 302 290 267 
2013-2016 282 255 195 165 149 114 66 21 0 

 

£400 copies/mL   45 42 34 32 31 29 26 26 20 
401-999 copies/mL   16 16 16 15 14 13 12 10 10 
1,000-9,999 copies/mL 93 88 84 79 74 68 60 54 53 
10,000-99,999 copies/mL 277 265 241 221 215 192 162 150 134 
³100,000 copies/mL 270 252 220 197 176 159 142 126 113 

 

  
<50 cells/mm3 181 161 133 119 107 98 90 83 74 
50-99 cells/mm3  146 134 113 102 93 88 77 73 66 
100-199 cells/mm3 266 248 223 207 196 176 154 137 130 
200-349 cells/mm3 191 184 171 154 149 137 121 112 93 
³350 cells/mm3 154 143 131 115 106 94 86 75 68 

 
 

<50kg 148 127 102 87 79 68 55 45 33 
50-59.9kg  267 246 211 191 176 158 145 130 119 
60-69.9kg 260 244 223 200 186 173 161 150 138 
³70kg 270 252 234 218 207 191 176 162 146 
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Next, a univariable Cox regression analysis was performed with the same twelve 

exposure variables (Table 4.6). The factors that were associated with virological failure in 

the univariable analysis were the education level, the occupation group, the number of 

dependants, the year of starting second-line ART and the baseline viral load.  

 
Table 4.6 Univariable Cox analysis of factors associated with virological failure   

 All participants 
n=1031 

Unadjusted 
hazard ratio (95% CI) 

Global p-value 
Sex  p=0.64 
male 360 (34.9) Ref 
female 671 (65.1) 1.10 (0.74-1.63) 
Age  p=0.57 
years, median (IQR) 
HR/5 years 

36 (31 - 42) 0.97 (0.87-1.08) 

<30 202 (19.6) Ref 
30-39 488 (47.3) 1.22 (0.74-2.03) 
40-49 253 (24.5) 0.95 (0.53-1.73) 
³50 88 (8.5) 1.17 (0.53-2.58) 
Education   p=0.04 
None/primary 283 (28.2) Ref 
Secondary 384 (38.3) 0.83 (0.54-1.30) 
Post-secondary 336 (33.5) 0.54 (0.33-0.88) 
Occupation  p=0.02 
Professional 95 (9.6) 0.19 (0.06-0.61) 
Skilled 371 (37.5) 0.74 (0.47-1.15) 
Other 264 (26.7)  0.61 (0.37-1.03) 
Elementary 260 (26.3) Ref 
Marital status  p=0.98 
Single 173 (17.4) Ref 
Married 688 (69.4) 1.00 (0.59-1.67) 
Divorced/separated/widowed 131 (13.2) 0.94 (0.45-1.96) 
Dependants  p=0.05 
median (IQR) 
HR/dependant 

3 (1 - 4) 1.06 (1.00-1.13) 

None 205 (21.3) Ref 
1-2 262 (27.3) 1.51 (0.81-2.82) 
³3 494 (51.4) 1.63 (0.92-2.87) 
Travel time  p=0.91 
minutes, median (IQR) 
HR/hour 

90 (45-120) 0.99 (0.87-1.13) 

<1 hour 302 (29.5) Ref 
1-2 hours 304 (29.7) 0.96 (0.60-1.56) 
2-3 hours 222 (21.7) 0.76 (0.43-1.32) 
³3 hours 197 (19.2) 1.10 (0.66-1.82) 



 111 

First PI  p=0.06 
Lopinavir 846 (82.1) Ref 
Atazanavir 167 (16.2) 1.84 (1.10-3.08) 
Other 18 (1.8) 0.77 (0.19-3.13) 
Year started second-line  p=0.0008 
2005-2008 290 (28.1) Ref 
2009-2012 451 (43.8) 1.11 (0.69-1.77) 
2013-2016 290 (28.1) 2.52 (1.47-4.33) 
Baseline viral load  p=0.002 
log10 copies/mL, median (IQR) 
HR/log10 copies/mL 

4.75 (4.11-5.25) 1.49 (1.15-1.92) 
 

£400  45 (6.3) Ref 
401-999 16 (2.3) no events 
1,000-9,999 95 (13.3) 1.38 (0.29-6.63) 
10,000-99,999 281 (39.5) 2.21 (0.53-9.26) 
³100,000 275 (38.6) 3.62 (0.88-14.98) 
Baseline CD4 count  p=0.74 
cells/mm3, median (IQR) 
HR/50 cells/mm3 

151 (64-261) 0.99 (0.94-1.04) 

<50 186 (19.5) Ref 
50-99 149 (15.6) 1.28 (0.69-2.41) 
100-199 271 (28.4) 0.92 (0.51-1.65) 
200-349 192 (20.1) 1.06 (0.58-1.95) 
³350 158 (16.5) 0.98 (0.51-1.91) 
Baseline weight  p=0.08 
kg, median (IQR) 
/5kg weight 

61.0 (53.0-71.0) 0.93 (0.87-1.01) 
 

Missing: education - 28, occupation - 41, marital status - 39, dependants - 89,  travel time - 6 
baseline viral load - 319, baseline CD4 count - 75, baseline weight - 65  

 

The choice of PI agent appeared to have borderline significance (global p-value 0.06), as 

those who started second-line with atazanavir were more likely to have virological failure 

than the lopinavir group. However, the choice of available PI agents was highly correlated 

with the year that second-line ART was started, with almost all atazanavir starting after 

2013 (Table 4.7). When adjusted for calendar of starting second-line ART, the PI variable 

was not significant, with a global p-value of 0.90 (atazanavir HR 0.87, 95% CI 0.45-1.71 

and the other PI group HR 0.86, 95% CI 0.21-3.57, compared to lopinavir).  When the 

analysis was restricted to the 290 participants who started second-line ART between 2013 

and 2016, the risk of virological failure among atazanavir recipients was similar to lopinavir 

recipients (HR 0.92, 95% CI 0.45 - 1.86). There was no difference in the effect of other 

variables when the multivariable analysis was restricted to this year group. 
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Table 4.7 Association between year started second-line ART and the PI 
 
 Protease inhibitor 

Year Lopinavir Atazanavir Other Total 

2005-2008 274 0 16 290 

2009-2012 444 6 1 451 

2013-2016 128 161 1 290 

Total 846 167 18 1031 

 
 
Occupation and education were also expected to be linked. Table 4.8 shows that 

participants in more professional occupations were generally educated to a higher level. 

When both variables were included in the multivariable analysis, the strength of 

association with virological failure was reduced and both variables became non-

significantly associated with the outcome, indicating possible collinearity. Occupation was 

selected for inclusion in the final model as this had the stronger association with virological 

failure of the two variables.   

 

 
Table 4.8 Association between occupation and education 
 
 Education 

Occupation Post-secondary Secondary None/primary Total 

Professional 77 15 1 93 

Skilled 132 152 85 369 

Other 87 92 82 261 

Elementary 30 118 111 259 

Total 326 377 279 982* 

*Missing data for one or both variables - 49 
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Baseline viral load appeared to be strongly associated with virological failure, with an 

approximately 50% increase in the risk of virological failure with every log10 increment in 

baseline HIV RNA measurement.  This finding was further examined by comparing the 

characteristics of those with higher (>50,000 copies/mL, n=376) and lower (<50,000 

copies/mL, n=336) baseline viral loads. The groups did not differ significantly with respect 

to demographic variables. However, those who had a higher baseline viral load were more 

likely to have a lower baseline CD4 count: median 120 (IQR 53.5-205) compared to a 

median of 177 (IQR 91.5-285) in those with a lower baseline viral load, p<0.0001. A higher 

baseline viral load was also associated with a lower baseline weight: median 60.0kg (IQR 

51.2-69.0) compared to 65.0kg (IQR 57.0-74.0) in the lower baseline viral load group, 

p<0.0001. The association between baseline viral load and weight applied to both men 

and women. Therefore, models were fitted with and without the baseline viral load variable 

in order to examine its effect on the other covariates. Although baseline viral load 

remained significant when adjusted for other covariates it did not change the effect of the 

other variables and so was not retained in the multivariable model as it would have 

reduced the number of participants who could be included in the analyses, potentially 

introducing selection bias.  

 

The final multivariable model included five variables (six parameters): sex, age, 

occupation, number of dependants and the year of start of second-line ART. For the 

standard definition of virological failure (single viral load >1,000 copies/mL at least six 

months after second-line switch) during the standard follow-up period (first period in care, 

allowing 12 months in care after each clinic attendance) this model included 920 

participants, of whom 101 experienced virological failure. The unadjusted and adjusted 

hazard ratios are shown in Table 4.9. Age and sex were not significantly associated with 

virological failure. The effects of occupation group, number of dependants and the year 

started second-line on the risk of virological failure did not change much after adjusting 

for the other covariates in the model. People working in professional occupations were 
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much less likely to have confirmed virological failure than those in skilled and other 

occupations who, in turn, were less likely to have virological failure than those in 

elementary occupations. Each additional dependant was associated with an increased 

risk of virological failure, of around 9%. The year in which second-line ART was 

commenced was also associated with virological failure with the most recent group (2013-

2016) more than twice as likely to have confirmed virological failure compared to the 

earliest year group (2005-2008).  

 
 
Table 4.9 Univariable and multivariable Cox regression: virological failure  

 Unadjusted 

hazard ratio (95% CI) 

Unadjusted*  

hazard ratio (95% CI)  

Adjusted** 

hazard ratio (95% CI) 

Sex p=0.64 p=0.79 p=0.48 

Male Ref Ref Ref 
Female 1.10 (0.74-1.63) 1.06 (0.70-1.60) 1.19 (0.74-1.91) 

Age p=0.57 p=0.69 p=0.73 
/5 years 0.97 (0.87-1.08) 1.02 (0.91-1.15) 0.98 (0.85-1.12) 

Occupation p=0.02 p=0.03 p=0.06 
Professional 0.19 (0.06-0.61) 0.19 (0.06-0.63) 0.21 (0.06-0.67) 

Skilled 0.74 (0.47-1.15) 0.74 (0.47-1.18) 0.79 (0.50-1.26) 
Other 0.61 (0.37-1.03) 0.65 (0.38-1.09) 0.70 (0.40-1.21) 

Elementary Ref Ref Ref 
Dependants p=0.05 p=0.05 p=0.03 
/person 1.07 (1.00-1.14) 1.07 (1.00-1.14) 1.09 (1.01-1.17) 

Year  p=0.0008 p=0.008 p=0.006 
2005-2008 Ref Ref Ref 

2009-2012 1.11 (0.69-1.77) 1.08 (0.66-1.77) 1.14 (0.70-1.86) 
2013-2016 2.52 (1.47-4.33) 2.24 (1.26-3.97) 2.40 (1.34-4.32) 

*non-missing data for sex, age, occupation, number of dependants, year started second-line ART 

**adjusted for other variables in the table: n=920, events-101 
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4.4.8 Secondary outcome: Immunological failure  

Overall, 272 participants met the main definition of immunological failure of a CD4 count 

of less than 100 cells/mm3 or a decrease compared to baseline, at least six months after 

starting second-line ART. This represented 26.4% of the whole cohort (272/1031), and 

33.1% (272/822) of participants in whom it was possible to ascertain immunological 

failure, i.e. those who had CD4 count measurements at baseline and during second-line 

ART. A second consecutive CD4 count measurement during second-line ART that 

confirmed immunological failure was recorded in 11.3% of all participants (117/1031).  

 

The follow-up period for the main analysis (the first period in care, extended to 12 months 

after last clinic attendance) included 257 immunological failure events or 31.8% (257/809) 

of participants in whom it was possible to ascertain immunological failure. The breakdown 

of this composite definition of immunological failure was that 150 (18.5%, 150/809) people 

had a CD4 count during second-line ART that was lower than their baseline but >100 

cells/mm3, 37 (4.6%) had a CD4 count on second-line ART that was higher than their 

baseline but <100 cells/mm3, and 70 (8.7%) people had a CD4 count that was both lower 

than baseline and <100 cells/mm3.  The median CD4 count at immunological failure was 

158 cells/mm3 (IQR 83 - 289), at which point 59.5% (153/257) had a CD4 count of <200 

cells/mm3. The median absolute decrease from baseline was 40 cells/ mm3 (IQR 7 to 98), 

which represented a decrease of 17.2% (IQR 3.6% - 40.7%). The median time to the 

detection of immunological failure following second-line switch was 14.8 months (IQR 9.2 

- 25.2). 

 

The Kaplan-Meier survival analysis of immunological failure by twelve exposure variables 

is shown in Figure 4.5.  
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Figure 4.5 Kaplan-Meier survival analysis of immunological failure 

  
 
                                   

Male 273 238 212 196 180 161 143 128 117 
Female  534 461 412 364 345 312 277 241 209 

 

<30 years 153 137 124 107 104 92 86 74 68 
30-39 years 387 335 297 267 250 231 207 185 155 
40-49 years 203 170 153 141 130 115 96 86 82 
³50 years 64 57 50 45 41 35 31 24 21 

  
 
 
 

None/primary 226 191 171 152 145 129 117 96 85 
Secondary 301 255 229 207 189 169 149 133 115 
Post-secondary 259 235 210 190 180 165 145 133 121 

 

Professional 72 67 64 59 55 52 47 43 42 
Skilled 293 261 237 213 198 174 156 143 122 
Elementary 203 167 146 135 126 115 98 81 73 
Other 205 174 151 132 126 114 103 90 78 
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Single 134 118 107 93 87 75 64 58 47 
Married  545 470 418 379 356 322 291 257 232 
Divorced/separated 98 87 79 72 66 61 51 44 39 

 

None 161 143 125 110 105 93 84 70 59 
1-2  208 178 151 135 123 113 100 91 76 
3 or more 370 323 297 271 253 229 200 180 167 

  
 

<1 hour 242 205 174 154 144 129 111 94 88 
1-2 hours 238 210 192 177 166 148 128 115 100 
2-3 hours 168 146 129 116 110 96 87 77 65 
>3 hours 156 136 127 111 103 98 92 81 72 

 

Lopinavir 679 581 527 476 445 401 373 351 318 
Atazanavir 113 105 86 75 71 63 38 9 1 
Other protease inhibitor 15 13 11 9 9 9 9 9 7 
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2005-2008 226 194 182 163 153 145 136 131 123 
2009-2012 388 329 304 281 266 245 231 221 203 
2013-2016 193 176 138 116 106 83 53 17 0 

 

£400 copies/mL   35 30 26 22 21 18 17 17 13 
401-999 copies/mL   15 14 12 12 11 10 9 8 8 
1,000-9,999 copies/mL 83 70 67 63 61 56 48 40 38 
10,000-99,999 copies/mL 239 209 186 171 161 141 125 115 102 
³100,000 copies/mL 220 196 173 156 146 133 117 105 93 

 

  
<50 cells/mm3 139 129 118 104 95 92 87 79 69 
50-99 cells/mm3  126 115 103 93 87 82 76 70 61 
100-199 cells/mm3 237 212 198 184 174 154 136 118 110 
200-349 cells/mm3 175 155 137 123 118 107 87 76 63 
³350 cells/mm3 130 88 68 56 51 38 34 26 23 

 
 

<50kg 104 84 74 59 56 49 42 35 25 
50-59.9kg  213 183 163 149 138 122 109 98 87 
60-69.9kg 218 187 167 149 139 128 122 108 102 
³70kg 233 209 189 175 167 151 134 124 109 
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There was no association between immunological failure and sex, age, education, marital 

status, number of dependants, PI, year of second-line ART initiation, baseline viral load 

and baseline weight. As with virological failure, occupation was associated with 

immunological failure with the professional and skilled occupation groups being less likely 

to fail. A travel time from home to clinic of less than one hour was associated with a higher 

risk of immunological failure. Those who travelled less than one hour also tended to be 

more likely to have an elementary occupation (31.6% compared to 22-25% of in the 

participants who lived further away). They did not attend clinic or have their CD4 cell count 

measured more frequently (median 4.4 clinic visits per year in care and 1.25 CD4 cell 

count measurements per year). The median baseline CD4 count in those who lived less 

than one hour from clinic was 166 cells/mm3 (IQR 92-295), compared to a median of 145 

cells/mm3 in those who lived 1-3 hours away, and 162 cells/mm3 in those who lived more 

than three hours away. 

 

The variable most strongly associated with immunological failure was baseline CD4 

count. Participants with higher baseline CD4 counts of >350 and 200-349 cells/mm3 had 

an increased risk of immunological failure compared to those with baseline CD4 <200 

cells/mm3. The univariable Cox analysis (Table 4.10) also showed that the baseline CD4 

count was associated with immunological failure, with an increased risk of about 11% for 

every 50 cells/mm3 higher baseline value. The baseline CD4 count remained significant 

when adjusted for sex, age, occupation, dependants and year (HR 1.11, 95% CI 1.09-

1.14). However, the effects of the other covariates did not change and so it was not taken 

forward for the final model, in order to enable a direct comparison with the multivariable 

model of virological failure. The association of occupation with immunological failure was 

less marked than that with virological failure, though the professional occupation group 

was still significantly less likely to fail second-line ART using this definition, with a hazard 

ratio of 0.56 (95% CI 0.33-0.94) compared to the elementary occupation group.   
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Table 4.10 Univariable Cox analysis of factors associated with immunological failure 

 Participants*  
n=809  

Unadjusted hazard 
ratio (95% CI) 

Sex  p=0.40 
male 275 (34.0) Ref 
female  534 (66.0) 0.90 (0.70-1.16) 
Age  p=0.54 
years, median (IQR) 36.2 (31.2-42.3) 1.02 (0.95-1.10) 
<30 153 (18.9) Ref 
30-39 388 (48.0) 1.02 (0.73-1.42) 
40-49 203 (25.1) 1.02 (0.70-1.48) 
³50 65 (8.0) 1.17 (0.72-1.93) 
Education   p=0.84 
None/primary 226 (28.7) Ref 
Secondary 302 (38.3) 1.05 (0.77-1.43) 
Post-secondary 260 (33.0) 0.96 (0.70-1.32) 
Occupation  p=0.09 
Professional 74 (9.6) 0.56 (0.33-0.94) 
Skilled 293 (37.8) 0.77 (0.57-1.05) 
Other 205 (26.5) 0.95 (0.68-1.31) 
Elementary 203 (26.2) Ref 
Marital status  p=0.11 
Single 135 (17.3) Ref 
Married 546 (70.1) 0.85 (0.62-1.17) 
Divorced/separated/widowed 98 (12.6) 0.58 (0.35-0.96) 
Dependants  p=0.67 
median (IQR) 3.0 (1.0-4.0) 0.99 (0.95-1.04) 
None 162 (21.9) Ref 
1-2 208 (28.1) 0.93 (0.65-1.34) 
³3 371 (50.1) 0.91 (0.66-1.26) 
 Travel time to clinic  p=0.17 
minutes, median (IQR) 90 (45-120) 0.94 (0.85-1.03) 
<1 hour 242 (30.0) Ref 
1-2 hours 238 (29.5) 0.60 (0.44-0.84) 
2-3 hours 169 (21.0) 0.80 (0.57-1.12) 
³3 hours 157 (19.5) 0.75 (0.53-1.07) 
First protease inhibitor  p=0.67 
Lopinavir 680 (84.1) Ref 
Atazanavir 114 (14.1) 0.84 (0.56-1.24) 
Other 15 (1.9) 1.02 (0.42-2.47) 
Year started second-line  p=0.61 
2005-2008 227 (28.1) Ref 
2009-2012 388 (48.0) 0.93 (0.70-1.23) 
2013-2016 194 (24.0) 0.83 (0.58-1.19) 
Baseline viral load   p=0.57 
log10 copies/mL, median 
(IQR) 

4.72 (4.09 – 5.22)  
 

0.97 (0.87-1.08) 

£400  35 (5.9) Ref 
401-999 15 (2.5) 0.47 (0.13-1.65) 
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1,000-9,999 84 (14.2) 0.83 (0.43-1.61) 
10,000-99,999 239 (40.3) 0.86 (0.48-1.54) 
³100,000 220 (37.1) 0.72 (0.39-1.31) 
Baseline CD4 count  p<0.0001 
cells/mm3, median (IQR) 158 (74-263) 1.11 (1.09-1.13) 
<50 140 (17.3) Ref 
50-99 126 (15.6) 1.10 (0.67-1.80) 
100-199 237 (29.3) 0.98 (0.63-1.52) 
200-349 175 (21.6) 1.61 (1.05-2.48) 
³350 131 (16.2) 4.17 (2.77-6.28) 
Baseline weight  p=0.29 
kg, median (IQR) 62.0 (54.5-72.0) 0.98 (0.93-1.02) 
Male 64.6 (57.0-73.0) 1.01 (0.93-1.09) 
female 60.0 (53.0-71.3) 0.96 (0.90-1.01) 
*Participants in whom it was possible to ascertain immunological failure  
Missing: education – 21, occupation – 34, marital status – 30, dependants – 68,  travel time – 3, 
baseline viral load – 216, baseline CD4 – 0, baseline weight – 39 

 
 
The multivariable model, which included the same variables as the model for virological 

failure, is shown in Table 4.11. Sex, age and number of dependants were not associated  

 

Table 4.11 Univariable and multivariable Cox regression: immunological failure 

 Unadjusted 
hazard ratio  

(95% CI) 

Unadjusted*  
hazard ratio  

(95% CI)  

Adjusted** 
hazard ratio  

(95% CI) 
Sex p=0.40 p=0.72 p=0.60 
Male Ref Ref Ref 
Female 0.90 (0.70-1.16) 0.95 (0.73-1.25) 0.92 (0.68-1.25) 
Age p=0.54 p=0.72 p=0.41 
/5 years 1.02 (0.95-1.10) 1.01 (0.94-1.10) 1.04 (0.95-1.13) 
Occupation p=0.09 p=0.06 p=0.05 
Professional 0.56 (0.33-0.94) 0.52 (0.30-0.91) 0.51 (0.29-0.89) 
Skilled 0.77 (0.57-1.05) 0.81 (0.58-1.11) 0.82 (0.59-1.13) 
Other 0.95 (0.68-1.31) 1.02 (0.73-1.43) 1.06 (0.74-1.52) 
Elementary Ref Ref Ref 
Dependants p=0.67 p=0.92 p=0.57 
/person 0.99 (0.95-1.04) 1.00 (0.95-1.05) 0.99 (0.93-1.04) 
Year started 
second-line 

p=0.61 p=0.37 p=0.34 

2005-2008 Ref Ref Ref 
2009-2012 0.93 (0.70-1.23) 0.88 (0.66-1.18) 0.88 (0.66-1.18) 
2013-2016 0.83 (0.58-1.19) 0.76 (0.51-1.12) 0.74 (0.50-1.11) 
*non-missing data for sex, age, occupation, number of dependants, year started second-line ART 
**adjusted for other variables in the table: n=723, events - 231 
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with immunological failure. After controlling for the other variables, participants with a 

professional occupation had around half the risk of immunological failure compared to 

those with an elementary occupation. The year of second-line ART initiation was not 

associated with immunological failure. 

 
4.4.9 Secondary outcome: Weight loss  

Overall, 201 people had weight loss of at least 10% compared to the start of second-line 

therapy. This represented 19.5% (201/1031) of the whole cohort and 23.9% (201/840) of 

the participants in whom it was possible to ascertain weight loss as they had baseline and 

follow-up weight measurements. The majority of people who experienced weight loss 

based on a single measurement during second-line therapy also had repeat weight 

measurements that confirmed this finding (87.1%, 175/201).  

 

The single-measurement definition of 10% weight loss occurred during the first period in 

care in 190 people (18.4% of the whole cohort and 22.9% of participants in whom it was 

possible to ascertain weight loss over this time). The median weight at failure was 58.5kg 

(IQR 50.5 - 62.8) for men and 53.0kg (IQR 48.0 - 61.0) for women. The median decrease 

in weight was 8.9kg (IQR 7.0 - 10.3) in men and 8.0kg (IQR 7.0 - 10.0) in women. This 

represented around a 12% (IQR 11% to 15%) decrease from baseline in both men and 

women. 

 
The Kaplan-Meier survival analysis of weight loss by exposure variables is shown in 

Figure 4.6.  
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Figure 4.6 Kaplan-Meier survival analysis of weight loss 

  
 
                                   

Male 288 270 253 234 213 193 173 162 147 
Female  541 512 476 419 380 339 308 263 221 

 

<30 years 163 153 142 124 112 100 94 80 71 
30-39 years 391 366 342 306 278 247 225 203 170 
40-49 years 203 195 183 168 152 138 121 109 100 
³50 years 72 68 62 55 51 47 41 33 27 

  
 
 
 

None/primary 222 211 198 173 154 136 123 105 95 
Secondary 309 288 267 243 218 193 176 156 133 
Post-secondary 276 262 248 223 208 190 170 156 135 

 

Professional 77 71 69 65 59 54 48 43 40 
Skilled 299 284 269 244 221 195 180 162 138 
Elementary 205 190 176 156 138 128 115 101 91 
Other 214 204 187 163 152 134 122 106 88 
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Single 144 136 128 117 102 90 77 68 52 
Married  553 525 492 443 403 363 332 298 266 
Divorced/separated 101 92 86 71 67 60 54 46 40 

 

None 170 161 152 136 126 110 95 79 60 
1-2  209 195 170 154 141 123 111 101 84 
3 or more 382 359 344 309 276 255 234 212 199 

  
 

<1 hour 242 233 217 193 180 161 140 124 109 
1-2 hours 245 224 209 187 166 149 135 121 101 
2-3 hours 176 169 155 142 126 110 103 92 81 
>3 hours 162 152 144 128 118 110 101 87 77 

 

Lopinavir 708 665 627 570 518 466 437 404 357 
Atazanavir 105 102 87 70 64 55 33 10 1 
Other protease inhibitor 16 15 15 13 11 11 11 11 10 
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2005-2008 240 227 221 204 191 179 170 160 149 
2009-2012 400 373 358 328 295 270 258 245 219 
2013-2016 189 182 150 121 107 83 53 20 0 

 

£400 copies/mL   34 33 30 28 25 23 22 22 16 
401-999 copies/mL   16 15 15 13 12 11 10 9 8 
1,000-9,999 copies/mL 84 79 70 62 57 53 47 40 35 
10,000-99,999 copies/mL 239 227 214 198 183 160 142 132 115 
³100,000 copies/mL 227 217 202 178 162 150 134 115 101 

 

  
<50 cells/mm3 137 132 121 111 99 94 84 78 71 
50-99 cells/mm3  124 120 110 101 94 87 83 75 65 
100-199 cells/mm3 225 207 194 176 157 143 128 111 98 
200-349 cells/mm3 169 160 151 132 126 111 101 94 77 
³350 cells/mm3 131 122 112 95 82 70 65 57 50 

 
 

<50kg 113 110 101 90 82 71 60 49 35 
50-59.9kg  231 218 204 177 160 142 126 108 94 
60-69.9kg 236 221 206 188 168 153 144 128 119 
³70kg 249 233 218 198 183 166 151 140 120 
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Women were more likely to have weight loss than men from around 18 months after the 

switch to second-line ART. The youngest age group (<30 years) was more likely to have 

weight loss, as were single people compared to married people. Table 4.12 shows that 

marital status and age are correlated, with younger participants more likely to be single. 

 

Table 4.12 Breakdown of marital status by age group for participants in whom it was 

possible to ascertain weight loss 

          Marital status 

Age 

Single 

n (%) 

Married 

n (%) 

Divorced/separated 

/widowed n (%) 

Total 

<30 50 (35.5) 83 (58.2) 9 (6.4) 141 

30-39 80 (20.7) 256 (66.2) 51 (13.2) 387 

40-49 13 (6.5) 155 (77.5) 32 (16.0) 200 

³50 1 (1.4) 62 (86.1) 9 (12.5) 72 

Total 144 555 101 800* 

*31 missing data for marital status 

 

Travel time to clinic was of borderline significance (p=0.04), but there did not appear to 

be a linear relationship with weight loss. Participants who started second-line ART more 

recently (2013-2016) were less likely to have weight loss.  

 

The group with a baseline viral load between 1,000 and 10,000 copies/mL were more 

likely to have weight loss. The baseline CD4 cell count group associated with the lowest 

risk of weight loss was 50-99 cells/mm3. The people in the lowest baseline weight group 

(<50kg) were least likely to have weight loss. Tables 4.13 - 4.15 show the relationship of 

baseline values of weight, CD4 cell count, and viral load. There did not appear to be any 

particular associations that explained the difference seen in the other variable cross-

tabulated.  
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Table 4.13 Baseline weight and CD4 

          CD4 
 
Weight 

<50 50-99 100-199 200-349 ³350 Total 

<50 25 (24.3) 19 (18.5) 29 (28.2) 15 (14.6) 15 (14.6) 103 

50-59.9 39 (17.8) 32 (14.6) 74 (33.8) 44 (20.1) 30 (13.7) 219 

60-69.9 36 (16.1) 44 (19.7) 62 (27.8) 46 (20.6) 35 (15.7) 223 

³70 37 (15.2) 29 (11.9) 61 (25.1) 64 (26.3) 52 (21.4) 243 

Total 137 124 226 169 132 788* 

*43 missing either or both of baseline weight and baseline CD4 cell count 
 

Table 4.14 Baseline weight and viral load 

          VL 
 
Weight 

£400 401-999 1,000-
9,999 

10,000-
99,999 

³100,000 Total 

<50 2 (2.6) 1 (1.3) 5 (6.5) 26 (33.8) 43 (55.8) 77 

50-59.9 9 (5.5) 2 (1.2) 27 (16.5) 63 (38.4) 63 (38.4) 164 

60-69.9 12 (7.1) 6 (3.5) 20 (11.8) 71 (41.8) 61 (35.9) 170 

³70 11 (5.8) 7 (3.7) 32 (16.8) 80 (42.1) 60 (31.6) 190 

Total 34 16 84 240 227 601* 

VL viral load *230 missing either or both of baseline weight and baseline viral load 
 

Table 4.15 Baseline CD4 and viral load 

          VL 
 
CD4 

£400 401-999 1,000-
9,999 

10,000-
99,999 

³100,000 Total 

<50 3 (3.0) 2 (2.0) 14 (14.0) 31 (31.0) 50 (50.0) 100 

50-99 6 (6.3) 2 (2.1) 4 (4.2) 42 (43.8) 42 (43.8) 96 

100-199 9 (5.1) 2 (1.1) 28 (16.0) 65 (37.1) 71 (40.6) 175 

200-349 5 (3.8) 5 (3.8) 23 (17.6) 63 (48.1) 35 (26.7) 131 

³350 10 (13.0) 5 (6.5) 15 (19.5) 30 (39.0) 17 (22.1) 77 

Total 33 16 84 231 215 579* 

VL viral load *252 missing either or both of baseline CD4 cell count and baseline viral load 
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The univariable and Cox regression analyses for weight loss are shown in Table 4.16. 
 

Table 4.16 Univariable Cox analysis of factors associated with weight loss 

 Participants* 
n=831 

Unadjusted 
hazard ratio (95% CI) 

Sex  p=0.05 
male 288 (34.7) Ref 
female 543 (65.3) 1.37 (1.01-1.88) 
Age  p=0.07 
years, median (IQR) 36.2 (31.1-42.4) 0.92 (0.85-1.01) 
<30 163 (19.6) Ref 
30-39 392 (47.2) 0.85 (0.60-1.20) 
40-49 204 (24.6) 0.52 (0.34-0.82) 
³50 72 (8.7) 0.82 (0.46-1.47) 
Education   p=0.16 
None/primary 222 (27.4) Ref 
Secondary 311 (38.4) 1.09 (0.77-1.57) 
Post-secondary 276 (34.1) 0.78 (0.54-1.15) 
Occupation  p=0.76 
Professional 77 (9.7) 0.84 (0.47-1.50) 
Skilled 299 (37.5) 1.10 (0.76-1.60) 
Other 216 (27.1) 1.10 (0.73-1.64) 
Elementary 205 (25.7) Ref 
Marital status  p=0.03 
Single 144 (18.0) Ref 
Married 555 (69.4) 0.66 (0.46-0.94) 
Divorced/separated/widowed 101 (12.6) 0.97 (0.60-1.56) 
Dependants  p=0.11 
median (IQR) 3.0 (1.0-4.0) 0.95 (0.90-1.01) 
None 170 (22.3) Ref 
1-2 210 (27.5) 0.84 (0.57-1.26) 
³3 383 (50.2) 0.67 (0.47-0.96) 
Travel time  p=0.60 
minutes, median (IQR) 90 (45-120) 1.03 (0.93-1.13) 
<1 hour 243 (29.4) Ref 
1-2 hours 245 (29.6) 1.15 (0.79-1.68) 
2-3 hours 177 (21.4) 0.77 (0.49-1.21) 
³3 hours 162 (19.6) 1.45 (0.98-2.13) 
First protease inhibitor  p=0.20 
Lopinavir 710 (85.4) Ref 
Atazanavir 105 (12.6) 0.67 (0.36-1.23) 
Other 16 (1.9) 0.40 (0.10-1.63) 
Year started second-line  p=0.01 
2005-2008 241 (29.0) Ref 
2009-2012 401 (48.3) 1.19 (0.87-1.64) 
2013-2016 
 
 

189 (22.7) 0.52 (0.29-0.93) 



 129 

Baseline viral load  p=0.60 
log10 copies/mL, median (IQR) 4.75 (4.10-5.23) 0.97 (0.86-1.09) 
£400 34 (5.7) Ref 
401-999 16 (2.7) 1.52 (0.41-5.65) 
1,000-9,999 84 (14.0) 3.03 (1.19-7.71) 
10,000-99,999 240 (39.9) 1.34 (0.53-3.38) 
³100,000 227 (37.8) 1.45 (0.58-3.65) 
Baseline CD4 count  p=0.33 
cells/mm3, median (IQR) 158 (73-264) 1.02 (0.98-1.05) 
<50 137 (17.4) Ref 
50-99 124 (15.7) 0.74 (0.41-1.34) 
100-199 226 (28.7) 1.62 (1.04-2.53) 
200-349 169 (21.5) 1.38 (0.86-2.22) 
³350 132 (16.8) 1.51 (0.91-2.49) 
Baseline weight  p=0.09 
kg, median (IQR) 62.0 (54.1-72.0) 1.05 (0.99-1.10) 
Male 64.1 (57.0-72.0) 1.06 (0.95-1.18) 
female 60.0 (52.8-71.0) 1.05 (0.99-1.11) 
*Participants in whom it was possible to ascertain weight loss  
Missing: education – 22, occupation - 34, marital status - 31, dependants - 68,  travel time - 4, 
baseline viral load - 230, baseline CD4 - 43, baseline weight - 0 

 
 
The univariable analysis showed that women were 37% more likely to have weight loss 

than men. Married people had two thirds of the risk of weight loss of single people. The 

people that started second-line ART between 2013 and 2016, had around half the risk of 

weight loss compared to those who started between 2005 and 2008.  

 

The multivariable Cox proportional hazards model including the same variables as the 

virological failure and immunological failure models is shown in Table 4.17. Sex and year 

started second-line ART were still associated with the risk of weight loss. Models were 

also fitted with marital status, baseline viral load, baseline CD4 count and baseline weight, 

but they did not significantly change the estimates for the other variables. 
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Table 4.17 Univariable and multivariable Cox regression: weight loss 

 Unadjusted 
hazard ratio 

(95% CI) 

Unadjusted*  
hazard ratio 

(95% CI)  

Adjusted** 
hazard ratio (95% CI) 

Sex p=0.05 p=0.07 p=0.20 
Male Ref Ref Ref 
Female 1.37  

(1.01-1.88) 
1.35 

(0.98-1.87) 
1.27 

 (0.88-1.82) 
Age p=0.07 p=0.09 p=0.78 
/5 years 0.92  

(0.85-1.01) 
0.92 

(0.84-1.01) 
0.99 

 (0.89-1.10) 
Occupation p=0.76 p=0.72 p=0.82 
Professional 0.84  

(0.47-1.50) 
0.82 

(0.45-1.51) 
0.83 

(0.45-1.53) 
Skilled 1.10  

(0.76-1.60) 
1.13 

(0.77-1.66) 
1.04 

(0.70-1.55) 
Other 1.10  

(0.73-1.64) 
1.09 

(0.72-1.66) 
0.91 

(0.59-1.41) 
Elementary Ref Ref Ref 
Dependants p=0.11 p=0.03 p=0.13 
/person 0.95  

(0.90-1.01) 
0.94 

(0.88-1.00) 
0.95 

 (0.89-1.02) 
Year started PI p=0.01 p=0.05 p=0.05 
2005-2008 Ref Ref Ref 
2009-2012 1.19 (0.87-1.64) 1.19 (0.85-1.66) 1.14 (0.81-1.59) 
2013-2016 0.52 (0.29-0.93) 0.60 (0.33-1.09) 0.56 (0.31-1.03) 
*n=745 participants with non-missing data for sex, age, occupation, number of dependants, year 
started second-line ART 
**adjusted for other variables in the table: n=745, events - 173 

 
 

4.4.10 Sensitivity analysis: time in care and treatment failure thresholds 

Sensitivity analysis included varying the definitions of first period in care to extend the 

time in care by 6, 12, 24 or 36 months after the last clinic attendance. Several different 

thresholds for each type of treatment failure were also examined, including those that 

occurred at least six months or 12 months after second-line initiation Tables 4.18-4.20. 

These alternatives were reviewed for their effect on the total number of failure events and 

the estimates from multivariable regression models. The denominator was varied from 

the whole cohort to those in whom it was possible to ascertain treatment failure. Extended 

sensitivity analyses are presented in Appendix D. 
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Table 4.18 Number of events using different definitions of virological failure  

Viral load threshold, 
copies/mL 

>400  
 

>1,000  
 

>5,000  
 

>400  
 

>1,000  
 

>5,000  
 

Time on second-line, 
months 

>6 >6 >6 >12 >12 >12 

All time in care 136 
 

113 
 

93 
 

116 
 

95 
 

78 
 

First period  
(³6 months in care) 

102 85 67 84 69 55 

First period  
(³12 months in care) 

134 112  92  114  94  77  

First period  
(³24 months in care) 

135  112  92  115  94  77  

First period  
(³36 months in care) 

135  112  92  115  94  77  

 

Table 4.19 Number of events using different definitions of immunological failure  

CD4 drop threshold, 
cells/mm3 

any 
drop 

or <100  

>20% 
drop 

 

<100  any 
drop 

or <100  

>20% 
drop 

 

<100  

Time on second-line, 
months 

>6 >6 >6 >12 >12 >12 

All time in care 
 

272 170 115 229 142 100 

First period  
(³6 months in care) 

216  124  80  168  96  61  

First period  
(³12 months in care) 

257  157  107  212  127  89  

First period  
(³24 months in care) 

266  165  112  223  137  97  

First period  
(³36 months in care) 

269  168  114  226  140  99  

 

Table 4.20 Number of events using different definitions of weight loss  

Weight loss 
threshold, kg 

>10% 
loss 

 

>10% 
and 
>5kg 
loss 

>15%  
loss 

 

>10% 
loss 

 

>10% 
and 
>5kg 
loss 

>15%  
loss  

Time on second-line, 
months 

>6 >6 >6 >12 >12 >12 

All time in care 
 

201 195 90 183 178  80 

First period  
(³6 months in care) 

152  145  64  130  124  52  

First period  
(³12 months in care) 

190  182  81  172  165  71  
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First period  
(³24 months in care) 

198 191  88  180  174  78  

First period  
(³36 months in care) 

198  192  89  180  175  79  

 

4.4.11 Sensitivity analysis: missing equals failure 

The survival analyses presented so far have been restricted to the first period in care with 

individuals’ follow-up censored if they transferred care, died or became disengaged. In 

order to avoid underestimating the true proportion of participants who may have 

experienced virological failure following disengagement, a “missing equals failure” 

sensitivity analysis was performed. 

 

In this analysis, participants were considered to have experienced virological failure if they 

had disengaged from care. This used the main study definition of virological failure as a 

single viral load >1,000 copies/mL at least six months after the start of second-line ART, 

and disengagement from care as when participants did not return to clinic within 12 

months of their last attendance. 

 

Overall, 42.3% (436/1031) of participants had virological failure and/or had disengaged 

from care during second-line therapy. This included 95 people with confirmed virological 

failure who remained in care, 324 who had not had confirmed virological failure but had 

disengaged from care, and 17 people who had confirmed virological failure and then also 

disengaged from care. 

 

4.4.12 Multiple treatment failure events 

Combinations of treatment failure events were reviewed using the study’s standard 

definitions of virological failure, immunological failure and weight loss based on single 

measurements at least six months after starting second-line ART (Figure 4.7). At least 

one type of treatment failure occurred in 440 (42.7%) participants, of whom 126 (12.2%) 
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had multiple treatment failure events. Twenty (1.9%) people experienced all three types 

of treatment failure. 

 

Figure 4.7 Venn diagrams of treatment failure events during all time in care  

A. Single measurement definitions  B. Consecutive measurements definitions 

                      
 

If the definition of treatment failure required two consecutive measurements at least six 

months after second-line ART start then 25.3% (261/1031) of the cohort had experienced 

any type of treatment failure and 0.7% (1/1031) had experienced all three.  If the analysis 

is restricted to the 497 participants in whom it was possible to ascertain all three types of 

treatment failure during the first period in care, 19.3% (96/497) had virological failure, 

33.8% (168/497) had immunological failure and 26.0% (129/497) had weight loss. There 

was still little overlap between the types of treatment failure.  

 

There was little overlap in the factors associated with different treatment failure types, as 

shown in Table 4.21. Using a liberal threshold of significance of a global p-value of less 

than 0.1, the variables associated with two types of treatment failure were occupation 

(virological and immunological failure), year of second-line ART initiation (virological 

failure and weight loss), and baseline weight (virological failure and weight loss). None of 

the factors examined were significantly associated with all three types of treatment failure. 
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Table 4.21 Factors associated with different treatment failure types in univariable 
analyses 
 Virological failure Immunological failure Weight loss 

Sex û û ü 

Age û û ü 

Education ü û û 

Occupation ü ü û 

Marital status û û ü 

Dependants ü û û 

Travel time û û û 

Protease inhibitor ü û û 

Year of initiation ü û ü 

Baseline viral load ü û û 

Baseline CD4 count û ü û 

Baseline weight ü û ü 

ü Global p£0.1 û Global p>0.1 

 

 

4.5 Discussion 

I have presented an in-depth analysis of a large cohort of people living with HIV on 

second-line treatment in Nigeria. Around two thirds of the participants were women, which 

is a similar proportion to other HIV-positive cohorts in sub-Saharan Africa. The cohort was 

fairly young and most people were aged under 40 when they started second-line 

treatment. This compares to an average life expectancy in Nigeria of 61.2 years for men 

and 64.1 years for women, according to WHO estimates.118 The participants were 

generally well-educated, with over 70% having completed secondary school or tertiary 

education. Just under 10% had professional occupations and over one third had skilled 

occupations. Around one quarter did elementary jobs and another quarter were not in 
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paid employment. Around 70% were married with a median number of three dependants. 

Men tended to be older than women and were also more likely to have a professional or 

skilled job, more likely to be married, and had more dependants than women. The median 

travel time was 90 minutes, which suggests that many people made the 60km journey 

from the city of Abuja to attend the clinic. 

 

Antiretroviral therapy regimens  

Many participants had a history of advanced HIV infection, as evidenced by a median 

nadir CD4 count of only 78 cells/mm3. The participants had often been exposed to multiple 

NRTI and NNRTI agents over a median of 2.5 years of first-line therapy before switching 

to second-line. First-line regimen data were missing for around 11% of the cohort. It is 

possible that these people had received first-line therapy elsewhere, before entry to the 

University of Abuja Teaching Hospital cohort, or that they had not received it at all, but 

more likely that this information is missing from the records. Sensitivity analysis excluding 

these participants did not affect the overall results. The median CD4 count at the time of 

switch to second-line was 151 cells/mm3. There is an indication that women may have 

been in better health than men as they had a higher median CD4 count of 173 compared 

to 116 cells/mm3 in men. It may be that clinicians were more inclined to switch to second-

line ART earlier in female patients, or that women were more engaged in care and so 

problems with first-line ART were identified sooner.  

 

Lopinavir was by far the most common PI prescribed in second-line ART regimens up to 

2013. After this both lopinavir and atazanavir were widely used.  There were changes in 

the use and availability of NRTIs over the years and TDF and FTC were used more 

frequently as part of second-line regimens than they had been in first-line regimens, while 

the older NRTIs d4T and AZT were used less often. This difference is also likely to reflect 

an attempt to include new NRTIs that the patient has not been exposed to before as part 

of the switch to second-line ART. 
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Engagement in care and adherence 

Overall, 59% of people remained in care at the same healthcare facility with no loss to 

follow-up or gaps in care. A further 6.8% had transferred care to another centre, having 

been in care up until transfer, and 1.4% had died while in care. The remaining third of the 

cohort were considered to have disengaged from care at some point. This included the 

5% of the cohort who experienced very early attrition as they did not attend clinic again 

following the initial prescription of a second-line regimen. Overall, there was a long 

potential follow-up period of almost seven years on average. Considering the cohort time 

as a whole, participants were deemed to have been in care for about 75% of the total 

potential time in care (censored at known date of death, transfer or end of the observation 

period of the study).  

 

Varying definitions of retention in the literature hamper direct comparisons with other 

studies. A meta-analysis of sub-Saharan African studies, a multinational study in East 

Africa, two multicentre studies in Nigeria, and a single site study in rural Kenya all reported 

retention in care of about 60-70% of patients.70-72,74,119 However, there are notable 

differences between these papers and the CHANGE study. The bulk of the literature 

describes retention in care during first-line ART. This is known to be significantly impacted 

by the deaths of patients soon after ART initiation, so may not be applicable to 

engagement in care during second-line treatment. On the other hand, studies published 

to date usually have a much shorter observation period in which patients can become lost 

to follow-up. For instance, the multicentre study in Nigeria that included the University of 

Abuja Teaching Hospital, reported retention in care of 74% of first-line ART recipients but 

this was over a median follow-up of around seven months.73 This analysis may have 

missed the attrition that can occur later on in the course of ART as a result of treatment 

fatigue and a return to health.70 In the present study, some of the patients had been on 

second-line ART for up to 10 years, with a median follow-up of just over four years for the 

first period of care alone. Participants who became out of care had been in care for a 
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median of 27 months prior to disengaging, suggesting that attrition does tend to occur 

later during second-line ART than during first-line therapy. This study is also likely to be 

more valid to the current experience of HIV-positive patients, as previous studies set in 

the University of Abuja Teaching Hospital were conducted before the implementation of 

a programme that promotes pre-treatment preparation as well as disclosure of HIV status 

and a support network of treatment companions, which may have improved engagement 

in care.73  

 

Disengagement and becoming out of care was more common in men; in participants aged 

under 30; in participants with a lower education level, and those with a low baseline CD4 

count (<100 cells/mm3). These factors were also identified by other studies of retention in 

care in Nigeria.70,73,74 These studies also found that a higher CD4 count (>350 cells/mm3) 

was a risk factor for disengagement, but I did not observe this. Neither did I observe an 

increased risk in older participants, which has been reported previously.70 The large 

analysis of first-line recipients at 32 hospitals across Nigeria found that the non-income 

generating occupation group, comprising housewives, students, retirees and the 

unemployed, to be at greater risk of loss to follow-up.74 This non-income generating 

occupation category matched the “other” group in the present study, however, I did not 

find that those participants were more likely to become out of care.  

 

I found that women who disengaged from care were more likely to be aged under 30 and 

had a lower baseline weight than women who remained in care. However, age and 

baseline weight were not associated with disengagement from care among men. People 

who had started second-line ART in earlier calendar years were more likely to become 

out of care, which is likely to reflect a longer potential follow-up period, prior to the 

administrative censor date in 2017.  
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Barriers to engagement in care and adherence experienced by the study participants may 

be gleaned from the contact tracking forms. These were created when patients missed a 

clinic appointment, prompting a telephone call to determine the reason for non-attendance 

and to encourage them to return to clinic. Reasons given included forgetting, lack of 

transport fare, being unwell, travelling, having leftover medication and not being able to 

get time off from work, which are common themes in the literature on adherence.73,78,120 

An analysis of the determinants of non-adherence to first-line ART in Ibadan in Southwest 

Nigeria described many of the same issues as the present study.120 It also highlighted the 

importance of understanding cultural and religious influences on adherence. For example, 

fasting was a common reason for missing medication in that population. Self-reported 

adherence in the CHANGE study was generally claimed to be good or very good, however 

this measure of adherence did not correlate well with pharmacy refill rates in a previous 

study conducted at this site.73 It was heartening to learn that over 90% of second-line ART 

recipients had disclosed their HIV status to someone close to them, as this is known to 

facilitate adherence and provide social support.73,78 Despite this, stigma was a commonly 

reported barrier to optimal adherence. 

 

There are scant data on engagement in care following switch to second-line ART. The 

present study design allowed people to come back in to care after gaps so that their data 

and outcomes could be included. This is in contrast with conventional definitions of follow-

up that censor a participant’s follow-up after a prespecified duration of non-attendance, 

with that person being considered loss-to-follow-up from then on, even if they return to 

clinic at a later date. The approach I have taken is more reflective of real-world HIV care, 

as patients still need to be cared for and treated, even after a period of disengagement. 

Allowing a one-year period of being in care after each clinic attendance may be too 

generous in a centre where patients are usually seen every three months or so and could 

lead to an underestimate of the time participants spent out of care. However, this interval 

was chosen to allow for missing data in the database which may spuriously indicate gaps 
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in care that do not reflect reality. This decision is supported by the sensitivity analysis, 

which showed little difference in the number of treatment failure events that occurred 

using different interval durations. 

 

Virological failure 

The primary outcome of virological failure was detected in just over 10% of the cohort 

during second-line therapy. This represented just under 20% of the participants in whom 

a viral load was measured. This is lower than one would expect from other second-line 

studies,40,99,100 particularly when considering the long follow-up period of this analysis. 

However, the low frequency of viral load measurements, which were only done every four 

years on average, means that this is likely to be an underestimate of the true proportion 

of the cohort that had virological failure.   

 

The baseline viral load, measured prior to switch to second-line ART, was strongly 

associated with the risk of second-line virological failure. Those who failed first-line ART 

with a viral load of >100,000 copies/mL were over three times more likely to have 

virological failure during second-line ART than those with an undetectable viral load at 

baseline. This is likely to reflect poor adherence to ART during first-line therapy that 

continued during second-line, as compared to participants with an undetectable viral load 

who had presumably switched to second-line for reasons other than virological failure, 

such as clinical or immunological failure, or toxicity. This finding is similar to that observed 

in the SECOND-LINE trial, which showed that high viral load and a more sensitive 

genotype at first-line ART failure were predictive of virological failure during second-line 

ART.121 Despite this association, baseline viral load was not included in the final model 

as it would have biased the results to include only those who had a viral load measured 

during first-line failure. Sensitivity analysis showed that if baseline viral load were included 

in the multivariable model it remained significant, however, it did not change the effects 

of the other covariates.  



 140 

Participants with professional occupations were about five times less likely to experience 

virological failure than those with elementary jobs. Likewise, a higher level of education 

was associated with a lower risk of virological failure. This may reflect an improved 

knowledge of HIV and the importance of adhering to ART, or it may be that those 

participants with higher socioeconomic status had lifestyles that were more conducive to 

adhering to a daily regimen. Interestingly, there was a trend to suggest that those with 

more dependants had a higher risk of virological failure. I am not sure why this would be, 

but it may be that the additional responsibilities of caring for others could interfere with 

the ability to take regular medication or even the ability to attend the clinic and/or wait to 

collect prescriptions. Additionally, there may have been social factors such as stigma or 

non-disclosure to other household members that may have impacted on the adherence 

to ART of those participants with more dependants. 

 

Participants that started second-line ART more recently, in the 2013-2016 period, were 

more than twice as likely to have virological failure than those starting from 2005-2008. 

This is likely to be a function of the increased viral load testing that occurred in later years. 

This change in the availability and use of viral load monitoring also affected the 

association between virological failure and the PI agent. Atazanavir was used much more 

frequently in the 2013-2016 period than in earlier years, and so participants receiving 

atazanavir were likely to be subject to more viral load testing and therefore more likely to 

have virological failure detected. The effect of atazanavir did not remain significant when 

adjusted for the year of second-line ART initiation, or when the analysis was restricted to 

the participants who switched to second-line ART in 2013-2016. 

 

Extensive sensitivity analyses were performed to check the robustness of the findings 

when using different types and definitions of treatment failure, durations of ART prior to 

failure, number of measurements required to confirm failure, the definition of the first 

follow-up period (allowing different durations of “in-care” status after each clinic 
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attendance), and different denominators (using the whole cohort or those in whom it was 

possible to ascertain the type of treatment failure). The multivariable proportional hazards 

model was also built with and without including several different variables to identify 

confounding factors. However, there was little difference between the univariable and 

multivariable estimates of the association with treatment failure. 

 

The methodology chosen in this study may underestimate the true incidence of treatment 

failure, as it is possible that some of those who disengaged from care may also have 

experienced treatment failure. Indeed, it could be considered likely for the primary 

endpoint of virological failure which would be the expected outcome of disengaging from 

care and ceasing ART. Therefore, a further sensitivity analysis was performed using a 

“missing equals failure” approach. This showed that 42% of participants had either 

confirmed virological failure or had disengaged from care. This may provide an 

approximate upper bound for the true probability of virological failure in this cohort. Not 

including this definition may have biased the assessment of factors associated with 

virological failure. For example, if those who had disengaged from care and experienced 

virological failure (but did not have the viral load measurement necessary to confirm this) 

differed from those who had confirmed virological failure while in care.  

 

Immunological failure  

One third of participants with baseline and follow-up CD4 measurements experienced 

immunological failure. Most had a fall in CD4 count during second-line treatment, with an 

average decrease of 17% compared to baseline, rather than a just a failure of the CD4 

count to rise above 100 cells/mm3. The majority (60%) had a CD4 count of less than 200 

cells/mm3 at immunological failure and so would be considered to have an increased risk 

of opportunistic infections and death. 
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Baseline CD4 count was the strongest predictor of immunological failure, and participants 

with a baseline CD4 count greater than 350 cells/mm3 had about a four-fold higher risk of 

immunological failure than those with a baseline CD4 count of less than 200 cells/mm3. 

Other factors associated with an increased risk of immunological failure in this cohort 

included non-professional occupations and a travel time to clinic of under one hour. 

Participants with the shortest travel time to the hospital would have lived in the town or 

surrounding communities of Gwagwalada, rather than the city of Abuja, which is located 

60km away from the hospital. I found that those who travelled for less than one hour to 

reach clinic were more likely to have an elementary occupation and a slightly higher 

baseline CD4 count than those who travelled from further afield, though the association 

with immunological failure was still present even after controlling for these factors. This 

increased risk could not be explained by more frequent clinic attendances or by increased 

CD4 count monitoring in this group. Therefore, it is likely that there were some other 

confounding factors, such as socioeconomic differences associated with the risk of 

immunological failure, that have not been accounted for in this analysis.  

 

Other studies have identified a high baseline CD4 count as a risk factor for immunological 

failure, including analyses of the Tanzanian national ART programme (over 120,000 

participants),91 and a first-line Ethiopian cohort of 1,321 participants.92 These studies also 

found that advanced HIV infection and a low CD4 count were associated with 

immunological failure. The authors of another first-line Ethiopian cohort study of 3,919 

participants with similar findings hypothesised that the increased morbidity and 

opportunistic infections associated with late HIV diagnosis and low CD4 count would have 

impacted on adherence and led to a worse immunological outcome.93  I did not find an 

association between immunological failure and low CD4 count, and this may reflect 

differences between first-line and second-line ART studies. For example, people with 

advanced disease and low CD4 counts on first-line may be less likely to survive to second-

line switch.  
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Weight loss 

Almost one quarter of the cohort had weight loss of at least 10% following the switch to 

second-line ART. Factors associated with weight loss were female sex, younger age, 

single marital status, and having a baseline viral load of between 1,000 and 10,000 

copies/mL. Participants less likely to have weight loss were those who had started 

second-line ART in recent years (2013-2016); had a baseline CD4 cell count between 50 

and 99 cells/mm3; and those with the lowest baseline weight category (<50kg).  

 

The proportion of the whole cohort that had experienced weight loss was fairly high at 

over 20%, and was similar to the pre-HAART Aquitaine Cohort in France93 and the first-

line ART recipients in the Nutrition for Healthy Living study in the U.S.24 However, these 

studies are unlikely to have external validity with the cohort described in this thesis, as 

they mainly consisted of male, white ethnicity participants from resource-rich settings. It 

was difficult to compare directly with other studies in resource-limited settings as more 

recent papers have focussed on reporting weight gain rather than loss. The Tanzanian 

cohort of over 19,000 people described by Li et al used a less stringent definition of 5% 

weight loss, which occurred in 31% of participants, mostly over a shorter follow-up period 

of less than one year.85  

 

Women were more likely to experience weight loss than men, which was evident from the 

second year of second-line ART onwards. This could be due to several factors. The 

Nigeria Demographic and Health Survey reported that women are at risk of chronic 

energy deficiency, particularly during their reproductive years, for reasons that include 

poor intake and uneven household food distribution.79 Interestingly, the opposite was 

found in the Tanzanian cohort in which men were found to have a higher risk of weight 

loss. The authors attributed this to the older ART agents in use which tended to cause 

lipoatrophy in men and increased fat deposition in women.85 I found that younger people 

and those not yet married were more likely to have weight loss and this may be related to 
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general self-care and nutrition in this group compared to older married participants who 

may have a more stable routine. 

 

Participants who switched to second-line ART most recently, between 2013 and 2016, 

were less likely to have weight loss and this may reflect better overall health. The test and 

treat strategy introduced in that period meant that ART was started earlier in the natural 

history of the infection, without waiting for clinical and immunological deterioration. There 

could also be an apparent benefit in this group as they had less time for follow-up and so 

fewer weight measurements that could have ascertained weight loss. 

 

Participants with a baseline viral load between 1,000 and 10,000 copies/mL had three 

times greater risk of weight loss than those who had an undetectable viral load, but also 

had a significantly higher risk than those with higher viral loads. This level of viraemia may 

be associated with ongoing treatment of a drug-resistant virus rather than non-adherence 

which is usually associated with a higher viral load. Perhaps those in the 1,000-10,000 

copies/mL group had been exposed to more ART or had a history of suboptimal 

adherence, which could also put them at risk of weight loss.  

 

Curiously, people with a baseline CD4 count of 50-99 cells/mm3 had a lower risk of weight 

loss. There was no clear explanation for this and the people in this group did not appear 

to differ significantly in their other characteristics. Conversely, in the study from Tanzania, 

the people with the lowest baseline CD4 counts of <50 cells/mm3 had the highest risk of 

weight loss, and there was a linear relationship between baseline CD4 count and weight 

loss.85 Lower baseline CD4 cell count was also associated with at least 10% weight loss 

in a study from Zimbabwe.122 

 

Baseline weight has been associated with subsequent weight loss in several studies.29,84-

86 In the present analysis, people with the lowest baseline weight (<50kg) were less likely 
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to have weight loss of at least 10%. This may be because they had already reached their 

nadir weight at first-line treatment failure with nothing left to lose following the switch to 

second-line. This was also seen in the Tanzanian cohort as patients who were 

underweight at ART initiation were less likely to go on to experience significant weight 

loss.85  

 

Height measurements would have enabled a calculation of the body mass index (BMI) to 

identify people who were overweight or obese and in whom weight loss may be a 

considered a positive outcome. It is difficult to infer the likely distribution of BMI from other 

studies. The National Demographic and Health Survey 2018 reported the prevalence of 

obesity in the general population to be 8.9%, however this varied markedly across the 

country.79 The same study analysed a representative sample of Nigerian women aged 

15-49 and found that 60% had a normal BMI, 12% were underweight, and 28% were 

overweight or obese. This latter group had increased from 22% ten years earlier. A cross-

sectional study conducted in Eastern Nigeria in 2011 found that of 392 patients recently 

diagnosed with HIV, 38% were overweight and 21% were obese.123 The mean BMI was 

26.2 ± 5.4 kg/m2. Notably, this group had a fairly high mean baseline CD4 count of 416 ± 

209 cells/mm3 and the authors noted that the weight distribution was representative of the 

general population in that region.  

 

In contrast, a study of 259 HIV-positive patients in Southwest Nigeria found that those 

who were not on treatment had a mean weight of 61.7 ± 15.2kg, mean BMI 22.6 ± 4.7 

kg/m2, with 3% classified as obese; whereas those on ART had a mean weight of 63kg ± 

12.5kg, mean BMI 23.1 ± 4.3 kg/m2, with 8% obese.124 This study probably better reflects 

the cohort studied in this thesis, in whom the median weight was 62kg (IQR 54.8-72.1). 

This issue may be complicated by cultural perceptions that being overweight or obese is 

desirable and a sign of good health.29 These beliefs may be confirmed to some extent as 
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in Nigeria 46% of women in the highest wealth quintile are obese, compared to 9% of 

women in the lowest quintile.79  

 

Further evidence that weight loss may be a good outcome in some people, even in lower 

and middle income countries, is provided by the Prospective Evaluation of Antiretrovirals 

in Resource-Limited Settings (PEARLS) randomised trial, which investigated first-line 

ART initiation with three different treatment arms. Participants were recruited from nine 

countries from 2005-2007.125 A subanalysis of 246 participants who had confirmed 

virological suppression examined changes in body weight and associated circulating 

markers of inflammation (including plasma soluble CD14, C-reactive protein, interferon-

gamma, tumour-necrosis factor-alpha, and interleukin-6). Participants who were 

underweight or overweight at baseline tended to have higher levels of inflammatory 

markers. Inflammation, particularly C-reactive protein, decreased when underweight 

people gained weight during therapy. However, worsening of the inflammation (especially 

CD14 expression) was seen in overweight participants who gained weight on ART.  

 

This study fills a gap in knowledge as there is a paucity of data on weight loss during 

second-line ART in low and middle income countries. This may be a particular problem in 

this setting with the widespread use of the PI lopinavir, which can cause diarrhoea and 

lipid abnormalities.126  

 

Multiple types of treatment failure  

There was little overlap between virological failure, immunological failure and weight loss, 

even when the analysis was restricted to those participants in whom it was possible to 

ascertain all three types. There was also poor correlation between risk factors for different 

types of treatment failure, with no single factor being associated with all three. This fits 

with studies from Kenya, Tanzania and Malawi, which have shown that clinical and 

immunological failure are poor predictors of virological failure during first-line ART.127-129 
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This included a Kenyan cohort of over 27,000 people, of whom 1,859 people had a viral 

load measured.127 Of the 799 patients with clinical failure, only 59% had virological failure. 

Of the 463 patients with immunological failure, 63% had virological failure. In the first-line 

cohort from Malawi, of 155 patients with immunological failure only 57 (37%) were found 

to have a viral load >1,000 copies/mL.129 In the Tanzanian study, only 27% (42/156) of 

patients with immunological failure also had virological failure, defined by a viral load > 

5,000 copies/mL.128  

 

The literature is clear that the use of immunological endpoints to guide switch to second-

line leads to people with viral suppression being switched unnecessarily and those with 

virological failure kept on failing regimens, which is likely to drive drug resistance. This 

study adds to this topic by investigating second-line ART outcomes and indicating the 

need to confirm virological failure before switching to third-line regimens, rather than 

relying on clinical or immunological endpoints. 

 

Limitations 

This retrospective cohort analysis has several limitations. As the list of second-line ART 

recipients differed slightly between the three datasets from the IHVN database, I cannot 

be certain that I have included all people who received second-line ART at the University 

of Abuja Hospital over the years, or all of their clinic attendance data. Another limitation 

is that I may not have captured all deaths. In previous studies, a significant proportion of 

attrition has been attributable to deaths, however these usually occur in early ART, and 

so may not be applicable to these second-line recipients who have already survived first-

line therapy. The deaths that were recorded did tend to occur early after switch to second-

line ART.  Another limitation is the lack of pharmacy data on ART prescriptions, collections 

and stockouts to corroborate the ART and adherence information in the IHVN database. 

There are also no data on marginalised groups such as men who have sex with men, 

transgender people, or sex workers. These people often face additional barriers to 
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engagement in care and adherence with ART and so may be more likely to experience 

treatment failure.130 While this study does not include granular data on adherence in this 

cohort, it is important to recognise that adherence to therapy is inextricably linked to the 

success of treatment and is key to preventing virological failure. Understanding the factors 

that contribute to non-adherence in this setting provides context for the interpretation of 

the data on virological failure and emerging drug resistance which are explored in this 

thesis.  

 

With regard to the treatment failure outcomes, there may be some selection bias 

introduced with differences in monitoring of viral load, CD4 count and weight. This was 

particularly the case for viral load testing as the characteristics of those who had viral 

loads measured differed from those of the whole cohort. The study definition of only a 

single measurement meeting the threshold for treatment failure, rather than requiring a 

second measurement for confirmation is justified by the low frequency of repeat viral load 

testing in this setting. However, by using a single measurement for the immunological 

failure and weight loss definitions as well I increased the risk of falsely attributing 

treatment failure to a result that could be due to an error in measurement or data entry. 

In the case of a single low CD4 count, this could have occurred transiently during 

intercurrent illness. However, the sensitivity analysis showed that requiring two 

measurements to confirm immunological failure and weight loss, while reducing the 

number of events slightly, did not affect the overall findings of the related risk factors. 

Furthermore, requiring a confirmatory measurement would exclude those with 

immunological failure or weight loss who disengaged from care or died before a second 

measurement could be obtained. 

 

The viral load and CD4 count assays were performed in accredited laboratories with 

quality assurance procedures. However, in any laboratory there is a risk of assigning the 

wrong result, either from errors within the laboratory or subsequent data entry, or from  
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pre-analytical mistakes such as mislabelling or sample mix-up. I do not know how many 

sets of weighing scales the clinic used over the years or whether these were calibrated. 

Also, the precision of the weight recordings may have differed between observers. As the 

study setting has a warm climate, it is less likely to be affected by seasonal changes in 

clothing which could lead to misleading fluctuations in weight. Another limitation with the 

weight loss outcome is that there were no other anthropometric measurements, such as 

height, middle upper arm circumference, abdominal circumference, waist-to-hip ratio, 

which may be more representative of whether a person is a healthy weight for than the 

weight measurement alone. More sophisticated analysis such as bioelectrical impedance 

measurements of fat-free mass or body cell mass would probably not have been useful 

as the Nutrition for Healthy Living study found that such measurements did not improve 

the ability to predict mortality compared to weight alone.82  

 

Another limitation of the present study is the absence of information on other conditions 

such as tuberculosis and malignancy. Particularly important in a predominantly female 

cohort is the lack of information on pregnancy and previous exposure to ART for 

prevention of mother-to-child HIV transmission. Finally, the retrospective cohort design 

may indicate associations between certain participant characteristics and treatment 

failure, but it is not possible to infer a causal relationship.   

 

Summary 

In conclusion, in this study of 1,031 people living with HIV in Nigeria, one third of 

participants became out of care at some point after switching to second-line ART. The 

whole cohort had 4,773 person-years of follow-up while in care, during which time 43% 

had at least one type of treatment failure. About 10% had virological failure, one third had 

immunological failure and one quarter had weight loss. The three types of treatment 

failure often did not coincide. Virological failure was less common among people with 

higher levels of education, more professional occupations and more dependants.  
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Second-line virological failure was more likely if participants had had a high viral load at 

the end of their first-line therapy, which probably indicates poor adherence, or if they had 

a low bodyweight prior to second-line switch.  

 

In subsequent chapters of this thesis I will investigate the viral genetic factors associated 

with virological failure in this cohort during first-line and second-line therapy, describe the 

viral population dynamics that occur within individuals over time, and explore the options 

for third-line treatment regimens in this highly ART-experienced group. 
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Chapter 5: Drug resistance mutations detected at first-

line HIV treatment failure and the predicted efficacy of 

second-line regimens 

 

5.1 Introduction 

This thesis focuses on the response to second-line HIV treatment in Nigeria. In order to 

contextualise these findings, this chapter describes the participants’ first-line treatment 

history and the drug resistance that had accumulated before second-line therapy was 

commenced. This is particularly important as the switch to second-line involves the 

substitution of only one class of drug, which at this time was from a NNRTI to a PI. The 

dual-NRTI backbone is continued, often unchanged, though ideally the NRTI agents are 

replaced by other NRTIs to which the patient has not been exposed.  

 

There have been many studies of first-line HIV treatment in low and middle-income 

countries and, in general, ART has been very successful. One meta-analysis of 184 

cohorts from 35 countries (2006 to 2013) found that despite the challenges encountered 

in these settings with respect to resources and monitoring, overall virological suppression 

was >80% for up to five years on ART among people retained in care.131 An intention-to-

treat analysis of the same dataset, which considered loss-to-follow-up or death as 

virological failure, estimated that 75% (95% CI 72-77%) had virological suppression at six 

months and 62% (95% CI 44-80%) at 48 months. 

 

However, people who do have virological failure on first-line regimens comprising two 

NNRTIs are very likely to develop drug resistance mutations. As discussed in previous 

chapters, there are many challenges to adherence, which may provide an opportunity for 

viral escape. Resistant mutations can then arise as a result of prolonged viral replication 

during selective but suboptimal drug pressure.  A lack of routine viral load monitoring 
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means that virological failure is not identified in a timely way, if at all. In this study setting, 

as elsewhere, virological failure does not always correlate with more readily identified 

types of treatment failure such as clinical progression, weight loss or immunological 

failure. Even if treatment failure is recognised, restricted access to second-line regimens 

may result in an individual having no option but to continue on first-line ART. 

 

Most of the literature on drug resistance relies on Sanger sequencing technology. The 

PASER-M study (PharmAccess African Studies to Evaluate Resistance Monitoring) 

sequenced samples from 142 people who had a viral load ≥1,000 copies/mL after one 

year of ART, from a cohort of 2,588 first-line ART recipients in sub-Saharan Africa.132 (Of 

these 142 people, 70% harboured viruses with at least one drug resistance mutation and 

49% had dual-class resistance. The most common mutations were M184V (54%), K103N 

(29%), Y181C (16%) and G190A (14%). 

 

A larger study, perhaps more relevant to the current setting, described the resistance 

mutations observed following virological failure of thymidine analogue-containing first-line 

ART regimens among 1,367 people from ten countries in West and Central Africa.133 

Though this did not include any data from Nigeria, the sample did comprise diverse 

subtypes, including CRF02_AG, and participants had been on ART for a median of 28 

months (IQR 22-55). Similar to the PASER-M study, the most common mutations 

detected were M184V/I (89%), K103N/S (51%), Y181C/I/V (34%), T215Y/F (19%), 

G190S/A (19%), K70R/E (18%) and M41L (18%). The presence of drug resistance 

mutations correlated with the duration of ART. 

 

 A retrospective study of four cohorts in Nigeria suggested that AZT may be better than 

TDF as part of a first-line regimen with a cytosine analogue and nevirapine in people who 

had initiated ART between 2006 and 2008.134 The individuals who had received TDF were 

more likely to have virological failure, with an adjusted hazard ratio of 1.47 (95% CI 1.21-



 153 

1.79) compared to the AZT recipients. However, there are limitations to this study as it a 

retrospective cohort design, rather than a randomised controlled trial, therefore there may 

have been selection bias in the choice of regimens used. For example, TDF may have 

been perceived as a superior agent and therefore preferentially given to those with more 

advanced infection or who were expected to have problems with adherence. The authors 

postulated that the efficacy of the NNRTI may differ according to the NRTI agent with 

which it is prescribed and cited the DAUFIN study135 which was terminated early due to 

increased virological failure in the tenofovir-lamivudine-nevirapine (TDF/3TC/NVP) arm, 

compared to the zidovudine-lamivudine-nevirapine (AZT/3TC/NVP) arm. There are also 

in vitro data that show reduced intracellular tenofovir and nevirapine levels when those 

agents were co-administered.136 The Nigerian study did not include baseline resistance 

data and it is possible that there may have been differences between the groups in the 

prevalence of “pretreatment” mutations.  

 

Conversely, a study from two PEPFAR centres, including the University of Abuja 

Teaching Hospital, included 175 samples from participants who had been on ART for a 

median of 27 months and found less NRTI resistance in samples from TDF recipients 

than those who had received older NRTI agents.137 Drug resistance mutations associated 

with the failure of TDF-containing first-line ART regimens have been investigated 

extensively by the TenoRes collaboration, which collated data from HIV cohorts across 

the world.138 TDF resistance was defined as the presence of K65R/N or K70E/G/Q 

mutations detected by Sanger sequencing. Among 1,926 participants, 700 (36%) had 

TDF resistance. Of those, 83% had M184V/I mutation and 78% had a major NNRTI 

mutation. The prevalence of TDF resistance was highest in cohorts from sub-Saharan 

Africa (57%) and was 68% in the participants from Nigeria (53/78).  TDF resistance was 

associated with the baseline CD4 count (more resistance in individuals with CD4 <100 

cells/mm3), with the cytosine analogue prescribed (3TC associated with more resistance 

than FTC), and with the NNRTI prescribed (nevirapine associated with more resistance 
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than efavirenz). Interestingly, the viral load at virological failure did not predict the 

presence of TDF resistance. This goes against the common perception that high viral 

loads are likely to indicate poor adherence with no impairment of viral fitness, and 

therefore are likely to represent wild-type virus. Further data from the TenoRes study 

showed that of 712 people failing what was thought to be a first-line TDF-containing 

regimen, 16% had thymidine analogue mutations. This suggests that those people had 

been exposed to older NRTIs in the past. The presence of TAMs was also associated 

with increased resistance to TDF, cytosine analogues and NNRTIs.139 

 

It is unclear whether whole genome deep sequencing can offer additional information that 

is clinically useful, compared to standard partial gene Sanger sequencing. For example, 

minority drug resistant variants, which are likely to be missed by standard genotyping may 

influence the susceptibility to subsequent ART options. Other parts of the genome that 

are not usually studied, such as the HIV-1 cleavage sites, may also affect the response 

to NRTI and NNRTI therapy. During replication, the reverse transcriptase heterodimer is 

cleaved from the gag-pol precursor protein by protease at the protease-reverse 

transcriptase p51 and reverse transcriptase p66-integrase cleavage sites. Reverse 

transcriptase is itself cleaved into the p51 subunit and the p66 ribonuclease (RNase) H 

domain.140 These sites tend to be highly conserved, but if mutations do occur then this 

can lead to reduced infectivity and compensatory mutations may emerge to overcome 

this. For example, in the p51-p66 cleavage site the F440V mutation reduces replication 

capacity and a compensatory mutation, T477A, restores function by allowing increased 

flexibility and cleavage at a different site.141  

 

I aimed to determine the genetic patterns of resistance during first-line virological failure, 

prior to second-line switch. Drug resistance mutations were stratified by frequency, time 

on ART, subtype and tropism. I examined the effect of varying the mutation frequency 

threshold to estimate second-line ART options and also compared the predicted efficacy 
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to the second-line regimens that were actually prescribed. I expected to find a wide 

frequency distribution of drug resistant variants within the sampled viral population, as 

drug resistance emerged. I hypothesised that a longer duration of ART at the time of 

sampling would be associated with more drug resistance. 

 
 

5.2 Aim and objectives 

To determine the genetic patterns of resistance following first-line virological failure of a 

NNRTI-based regimen, and the subsequent response to second-line therapy 

 

Objectives  

- Describe the drug resistance mutations present at first-line virological failure, by 

frequency, duration of ART, and HIV-1 subtype 

- Examine other sites in the HIV genome that could affect first-line ART susceptibility 

- Review the predicted efficacy of second-line regimens, prior to second-line switch 

- Compare the predicted efficacy of the second-line regimens that were prescribed to 

the virological response  

 

5.3 Methods 

As described in Chapter 3, available plasma samples that had been obtained at the time 

of first-line ART virological failure (HIV RNA >1,000 copies/mL), prior to switch to second-

line ART, were retrieved from storage and shipped to UCL for whole genome deep 

sequencing.  Manual nucleic acid extraction was followed by SureSelectXT target 

enrichment and library preparation using in-house HIV baits and then Illumina MiSeq 

sequencing. The raw reads were then trimmed and filtered to retain high-quality reads, 

which were processed with a bioinformatics pipeline to assemble a consensus whole 

genome sequence and perform variant calling for each sample. The IAS-USA 2019 

update and Stanford HIV Drug Resistance Database were used to identify drug resistance 
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mutations associated with NRTI and NNRTI therapy in the study sequences. The Stanford 

Resistance Database algorithm was used to determine the predicted susceptibility to 

antiretroviral agents. Sites outside of the recognised drug resistance mutation regions 

were also reviewed, including the reverse transcriptase cleavage sites and primer grip 

region. Mutations were compared by frequency, time on ART, subtype and tropism. 

 

5.4 Results 

 
5.4.1 Study participants 

The first-line virological failure analysis included 101 participants with stored samples 

from which full-length HIV-1 genome sequences were generated. The participants’ 

characteristics are shown in Table 5.1. The median age was 30 and two thirds of the 

participants were women. The median CD4 count at ART initiation was 129 cells/mm3 

(IQR 56-195). This did not change much during first-line therapy as the median CD4 count 

at virological failure was 140 cells/mm3 (IQR 64 - 239), Wilcoxon signed-rank test p=0.55. 

There was often a history of exposure to several NRTI agents, most commonly AZT (74% 

exposed) or TDF (45%) in combination with a cytosine analogue: 3TC (91%) or FTC 

(42%). Nevirapine was the most commonly used NNRTI (87% exposed), and only 20% 

of participants had ever received efavirenz. The median time on ART before the 

virological failure sample was obtained was 32.9 months (IQR 19.0-48.8). The most 

common HIV-1 clades were the recombinant CRF02_AG (54%) and subtype G (42%). 

Around two thirds of the samples exhibited majority CCR5 coreceptor usage, one fifth had 

CXCR4 and 15% could not be determined by genotypic tropism methods.  
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Table 5.1 First-line virological failure participants’ clinical and virological characteristics 

 

  

  
All participants 

(n=101) 

Sex, n (%)  
    female 66 (65.3%) 

    male  55 (54.5%) 

Age, median (IQR) years  30 (26 - 37) 

Baseline CD4 count*, median (IQR) cells/mm
3
 129 (56 - 195) 

ART exposure during first-line, n (%)  

    NRTI:     3TC 92 (91.1%) 

                  AZT 75 (74.3%) 

                  TDF 45 (44.6%) 

                  FTC 42 (41.6%) 

                  d4T  34 (33.7%) 

                  ABC 3 (3.0%) 

    NNRTI:  NVP 88 (87.1%) 

                  EFV 20 (19.8%) 
Time on ART at virological failure sample,  
median (IQR) months 32.9 (19.0-48.8) 
HIV-1 RNA at virological failure,  
median (IQR) log

10
 copies/mL 4.9 (4.4 - 5.4) 

HIV-1 subtype, n (%)  
     CRF02_AG 54 (53.5%) 

     G 42 (41.6%) 

     CRF06_cpx 4 (4.0%) 

     C 1 (1.0%) 

HIV-1 coreceptor usage**  

    CCR5 66 (65.3%) 

    CXCR4 20 (19.8%) 

    Undetermined 15 (14.9%) 
*CD4 count at first-line ART initiation - 8 missing 
**Coreceptor usage determined by consensus V3 sequence 
3TC: lamivudine, AZT: zidovudine, TDF: tenofovir, FTC: emtricitabine, d4T: stavudine, 
ABC: abacavir, NVP: nevirapine, EFV: efavirenz 
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5.4.2 Drug resistance mutations 

A total of 616 drug resistance mutations were detected at greater than 2% frequency in 

the first-line virological failure samples from 101 participants (Figure 5.1). The majority of 

these (354/616, 57.5%) were present at over 90% frequency within the viral population, 

96 (15.6%) were present at 50-90% frequency, and 54 (8.8%) were present at 20-50% 

frequency. The remainder (112/616, 18.2%) comprised minority variants, which would not 

necessarily be detected by standard resistance testing methods, including 63 (10.2%) 

mutations that were present at 5-20% frequency and 49 (8.0%) present at 2-5% 

frequency. A further 66 mutations were not included in the analysis as they were detected 

at <2% frequency in the sample, therefore could not be distinguished from low level 

sequencing errors. 

 

Figure 5.1 Distribution of reverse transcriptase drug resistance mutations by frequency 

 

 

Figure legend: All 616 reverse transcriptase drug resistance mutations detected in first-line 

virological failure samples from 101 participants by frequency within the sample. 
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The most common individual mutations are shown in Figure 5.2. M184V was present in 

87% of participants (88/101) at ≥2% frequency in the sample, Y181C in 61% (62/101), 

K103N in 43% (41/101), M41L in 32% (32/101) and G190A in 31% (31/101).  

 

Figure 5.2 Type of reverse transcriptase drug resistance mutations at first-line ART failure  

 

Figure legend: Reverse transcriptase mutations shown if present in at least three participants. 

 

The three main types of reverse transcriptase mutation were all prevalent: 61% (62/101) 

of participants had at least one thymidine analogue mutation (TAM), 92% (93/101) had 

other (non-TAM) core NRTI resistance mutations and 99% (100/101) had NNRTI 

resistance mutations. This included TAM, core NRTI and NNRTI minority variants, which 

were detected in 28% (28/101), 19% (19/101) and 35% (35/101) of samples, respectively. 

About one third (9/28) of participants with TAM minority variants did not have any TAM 

mutations at ≥20% frequency, therefore would not be considered to have this class of 

resistance by Sanger sequencing methods. In 16% (3/19) of those with core NRTI 

minority variants there were no core NRTI mutations detected at ≥20% frequency. Only 
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one person with a NNRTI minority variant did not have any NNRTI mutations at ≥20% 

frequency in the same sample (3%, 1/35). This person had the NNRTI mutation E138A 

present at 2.4% and a core NRTI minority variant, L74I, present at 8.6%, with no other 

mutations detected. Of the 62 participants with at least one TAM at ≥2% frequency, there 

was a history of AZT exposure in 87% (54/62) and d4T exposure in 42% (26/62). Over 

one third of all participants (37%, 37/101) harboured three or more TAMs. Sixteen 

samples contained all of the TAM 1 pathway mutations (M41L, L210W and T215Y), 11 

contained the TAM 2 pathway mutations (D67N, K70R, T215F and K219Q/E), and four 

contained the mutations for both pathways.  

 

The prevalence and number of reverse transcriptase mutations were similar regardless 

of ART duration (Table 5.2). Among the 12 participants who were sampled less than a 

year after initiating first-line treatment, all had reverse transcriptase mutations at a 

frequency of ≥20% (with a median of 4.5 mutations) and half also had reverse 

transcriptase minority variants. Overall, 59% of participants had any minority variants: 

40% had NRTI minority variants and 35% had NNRTI minority variants.  

 

Table 5.2 Prevalence and number of drug resistance mutations by first-line ART duration 

Class Frequency 
in sample 

Prevalence and median number (IQR) mutations by ART duration 
 <1 year 

(n=12) 
1-2 years 

(n=20) 
2-3 years 

(n=22) 
3-4 years 

(n=18) 
≥4 years 
(n=29) 

Total  
(n=101) 

Any 
≥20%  100% 

4.5 (4-6.5) 
100% 

4.5 (4-6) 
95%  

4 (3-7) 
94%  

5.5 (4-7) 
100% 
5 (3-6) 

98% 
5 (4-7) 

2-20%  50% 
0.5 (0-1) 

50%  
0.5 (0-2) 

55% 
1 (0-1) 

67%  
1 (0-2) 

69% 
1 (0-3) 

59% 
1 (0-2) 

NRTI 
≥20%   

100% 
3 (2-3.5) 

100% 
3 (2-3) 

86% 
2 (1-5) 

89% 
3 (2-4) 

93% 
2 (1-4) 

93% 
3 (2-4) 

2-20%  
 

33% 
0 (0-1) 

25% 
0 (0-0.5) 

36% 
0 (0-1) 

50% 
0.5 (0-1) 

48% 
0 (0-1) 

40% 
0 (0-1) 

NNRTI 
≥20%  100% 

2.5 (2-3) 
100% 
2 (2-3) 

95% 
2 (1-3) 

94% 
2 (1-3) 

100% 
2 (2-2) 

98% 
2 (2-3) 

2-20%   
25% 

0 (0-0.5) 
35% 

0 (0-1) 
27% 

0 (0-1) 
33% 

0 (0-1) 
45% 

0 (0-1) 
35% 

0 (0-1) 
NRTI nucleos(t)ide reverse transcriptase inhibitor, NNRTI non-nucleos(t)ide reverse transcriptase inhibitor 
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5.4.3 Subtype variation 

The K65R mutation was detected in the first-line virological failure samples of 24% of 

participants (24/101). There was a history of TDF exposure in 83% (20/24) of those with 

K65R and a history of d4T exposure in 13% (3/24), which included two people who had 

received both agents previously. All samples with K65R also contained M184I/V. 

 

One third of people with CRF02_AG had K65R (33%, 18/54), compared to only 7% of 

people with subtype G (3/42, p=0.002, Fisher’s exact test). Three of the four CRF06_cpx 

samples also had the K65R mutation. There were no significant subtype differences in 

exposure to NRTI agents associated with the K65R mutation: 48% (26/54) of participants 

with CRF02_AG had been exposed to TDF during first-line ART, compared to 38% 

(16/42) of participants with subtype G (p=0.33, Chi-square test). At least one of TDF or 

d4T had been given to 72% (39/54) of participants with CRF02_AG and to 69% (29/42) 

with subtype G (p=0.73, Chi-square test).  

 

The codon usage was examined to see if this explained the difference between 

CRF02_AG and G in the likelihood of developing K65R. The mutation involves a switch 

between the basic amino acids lysine (K), which is coded for by AAA or AAG, and arginine 

(R), which is coded for by AGA, AGG, CGT, CGC, CGA or CGG (Figure 5.3). Examination 

of the nucleotide sequences showed that all K65R mutations were AGA. Therefore, 

having a wild-type codon of AAA would only require one nucleotide change to become 

AGA, compared to AAG which would require two changes. However, the codon usage 

was the same among the CRF02_AG and G sequences with the wild-type K65K, with 

92% AAA and 8% AAG. One of the subtype G viruses had a K65N mutation (trinucleotide 

AAC), which causes intermediate resistance to TDF, ABC, d4T and ddI. At the preceding 

codon, K64, all but three samples had the trinucleotide AAG (K64K). The exceptions to 

this were the subtype C sample and one subtype G, which had the trinucleotide AAA 
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(K64K), and one other subtype G sample which had the trinucleotide AGG, which resulted 

in an amino acid substitution to K64R. 

 

Figure 5.3 Codon usage of reverse transcriptase 65 

 

 

 

People with subtype G viruses were more likely to have three or more TAMs (52%, 22/42) 

compared to those with CRF02_AG (24%, 13/54, p=0.004, Chi-square test). There was 

a history of AZT exposure in 81% (34/42) of people with subtype G and 70% (38/54) with 

CRF02_AG (p=0.24, Chi-square test). The older NRTI d4T had been given to 41% (17/42) 

of people with subtype G and 30% (16/54) with CRF02_AG (p=0.27, Chi-square test).  At 

least one of AZT or d4T had been given to 88% (37/42) of people with subtype G and 

78% (42/54) of those with CRF02_AG (p=0.19, Chi-square test). The duration of first-line 

ART at the time of sampling did not differ significantly between participants with subtype 

G (median 36.2 months, IQR 18.2-60.7) and CRF02_AG (median 33.6 months, IQR 21.3-

48.8, p=0.56, Wilcoxon Mann-Whitney test). No samples were found to contain the K65R 

mutation in the presence of three or more TAMs. 
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Sixty-three participants (62%) had mutations in at least one of the three reverse 

transcriptase cleavage sites. Fifty participants (50%) had changes in the cleavage site 

between p51 and p66 RNase H, compared to the HXB2 reference amino acid sequence 

at this site, which is GAETF/YVDGA. The F440Y mutation, a phenylalanine to tyrosine 

substitution at the fifth codon of the cleavage site, was seen in 43% (43/101) of the study 

sequences and was more common in subtype G than CRF02_AG, at 88% and 11% 

respectively, p<0.001 (Table 5.3). No sequences contained the F440V mutation. 

However, its compensatory mutation T477A was present in 27% (27/101) of all 

sequences: 51% (22/43) of those with F440Y and 9% (5/58) of those without F440Y 

(p<0.001, Fisher’s exact test).  A substitution in the adjacent codon, K476Q, was noted in 

five sequences and accompanied F440Y in three of those. Four other mutations in the 

p51-p66 RNase H cleavage site were present: G436K in one participant, A437V in seven, 

A437T in one and E438D in three.   

 

Table 5.3 Reverse transcriptase p51-p66 RNase H cleavage site mutations 

RT codon HXB2 reference  CRF02_AG* Subtype G* p-value** 

436 G . K 2% 0.44 
437 A V 7%  T 2% V 5% 0.46 

438 E D 2% D 5% 0.58 

439 T . . - 

440 F Y 11% Y 88% <0.001 

441 Y . . - 

442 V . . - 

443 D . . - 

444 G . . - 
445 A . . - 

 
    

477 T A 4% A 48% <0.001 

*Amino acid substitution and percentage of sequences  
**Fisher’s exact p-value for subtype comparison 
. indicates same as HXB2 reference sequence 
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Protease-p51 cleavage site (CTLNF/PISPI) mutations were found in the sequences from 

nine (9%) participants. Two had I851V, six had P853H/S/T and two had I854V. The p66-

integrase cleavage site (IRKVL/FLDGI) had mutations in the sequences from 17 (17%) 

participants. Two had I1405V, ten had K1407R, and five had V1408I. There were no 

significant subtype differences observed at the protease-p51 or p66-integrase cleavage 

sites.  

 

5.4.4 Predicted NRTI and NNRTI susceptibility 

The Stanford HIV database algorithm was used to predict the susceptibility to potential 

second-line agents. Two resistance reports were generated for each sample: one based 

on all the drug-resistant mutations present at ≥2% frequency within the sample, and one 

restricted to those present at ≥20% frequency (Figure 5.4). In the case of TDF, using a 

20% threshold for the mutation frequency resulted in 48% (48/101) of participants being 

considered to have viruses with intermediate or high-level TDF resistance, however, when 

a 2% mutation frequency threshold was used, this rose to 56% (57/101). A similar effect 

was seen with ABC, with 68% (69/101) predicted to have intermediate to high-level 

resistance when using a 20% mutation frequency threshold, but 76% (77/101) when using 

a 2% threshold. There was less of a difference with AZT: 45% (45/101) considered 

intermediate to high-level resistant with a 20% mutation frequency threshold and 48% 

(48/101) with a 2% mutation frequency threshold. Most samples analysed contained high-

frequency mutations that cause high-level resistance to the cytosine analogues, 3TC and 

FTC, therefore changing the mutation frequency threshold did not make much difference 

to the prediction.  Overall, 28% of participants were predicted to harbour intermediate or 

high-level resistance to all available NRTIs that could be given during second-line ART: 

TDF, AZT, ABC, ddI, d4T, FTC and 3TC.  

 

 
 
 



 165 

Figure 5.4 Predicted NRTI susceptibility after first-line virological failure  
 

 

 
Figure 5.5 Predicted NNRTI susceptibility after first-line virological failure  
 

 

Figure legend Proportion of participants with low, intermediate or high-level resistance according 
to the Stanford resistance algorithm at 2% and 20% mutation frequency thresholds. Fig 5.4: TDF 
tenofovir disoproxil fumarate, ABC abacavir, AZT zidovudine, d4T stavudine, ddI didanosine, XTC 
emtricitabine or lamivudine. Fig 5.5: NVP nevirapine, EFV efavirenz, DOR doravirine, ETR 
etravirine, RPV rilpivirine  
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The Stanford algorithm for NNRTI susceptibility confirmed almost universal high-level 

resistance to nevirapine, the most commonly used NNRTI agent during first-line ART, and 

intermediate to high-level resistance to efavirenz, which was used less often (Figure 5.5). 

There was also considerable cross-resistance to the newer NNRTI agents, doravirine, 

etravirine and rilpivirine, to which these participants had not been exposed. 

 

5.4.5 Predicted NRTI susceptibility and second-line outcome 

For each participant, the Stanford algorithm prediction of NRTI susceptibility was 

compared to the NRTIs that were prescribed for that person when they switched to 

second-line therapy. The second-line NRTI backbones used were tenofovir-emtricitabine 

(TDF-FTC) in 63 participants, zidovudine-lamivudine (AZT-3TC) in 22, tenofovir-

zidovudine-lamivudine (TDF-AZT-3TC) in eight, abacavir-lamivudine (ABC-3TC) in four, 

tenofovir-lamivudine (TDF-3TC) in two and tenofovir-zidovudine-emtricitabine (TDF-AZT-

FTC) in two. Of the 75 participants who started a TDF-containing second-line regimen, 

41 (55%) were predicted to have intermediate to high-level TDF resistance. Of the 32 

participants who started a AZT-containing second-line regimen, nine (28%) were 

predicted to have intermediate to high-level AZT resistance. 

 

The number of ‘active’ NRTI agents, i.e. those to which the virus is predicted to be either 

susceptible or low-level resistant, is shown in Table 5.4. Only 11% of participants 

commenced a NRTI backbone that was predicted to be effective, and 43% of participants 

had no active NRTI agents at all. However, the number of active agents did not differ 

significantly between participants who went on to have confirmed viral suppression during 

second-line therapy and those who had virological failure (p=0.37, Chi-square test).  

 

All first-line virological failure sequences were predicted to be susceptible to the PIs 

lopinavir and atazanavir, which were used for second-line therapy. 
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Table 5.4 Number of active NRTI agents in the second-line regimen 

Number of 

active NRTIs 

All participants 

(n=101) 

Viral suppression on 

second-line (n=46) 

Virological failure on 

second-line (n=55) 

0 43 (43%) 23 (50%) 20 (36%) 

1 47 (47%) 19 (41%) 28 (51%) 
2 11 (11%) 4  (9%) 7  (13%) 

 

 
5.5 Discussion 

First-line virological failure was associated with extensive multiclass drug resistance. 

Deep sequencing showed that most reverse transcriptase mutations were dominant in 

the viral population at over 90% frequency, but around one fifth were minority variants, 

which may not have been detected by standard resistance testing methods. In this setting, 

without routine resistance testing to guide ART selection, 43% of participants were 

switched to second-line regimens that included an NRTI backbone to which their virus 

was predicted to have intermediate to high-level resistance. Even if resistance testing had 

been available to influence the choice of second-line regimen, more than one quarter of 

participants had viral genotypes that were predicted to be resistant to all available NRTI 

agents.  

 

The participants included in this first-line virological failure analysis were young, 

predominantly female, and with a low baseline CD4+ cell count indicating advanced 

disease at the time of ART initiation. The baseline characteristics were similar to those of 

the wider second-line treatment cohort from which they were selected (described in 

Chapter 4). They were also similar to the first-line cohort attending the University of Abuja 

Hospital, as described recently by Ndembi et al.142  

 

A variety of NRTI agents had been used for first-line therapy, most commonly, 3TC, AZT, 

TDF and FTC. One third of participants had been exposed to the older NRTI d4T, which 
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is no longer recommended in Nigerian or WHO guidelines. The NNRTI nevirapine was 

prescribed more often than efavirenz. Notably, most participants’ ART history prior to 

second-line switch did not consist of just two NRTI agents and one NNRTI, but included 

several different NRTIs that had been prescribed during the course of first-line therapy. 

This may have been a result of temporary substitutions due to drug stockouts, however 

discussion with the lead pharmacist suggested that this is not a current issue at the 

University of Abuja Teaching Hospital. The clinic tends to be well-supplied and is often a 

source of medications for other IHVN sites when they experience stockouts, though this 

may have been more of a problem in the past. The majority of participants had been on 

ART for at least two years by the time viral load testing was performed and virological 

failure was confirmed. 

 

All participants had sequences that contained multiple reverse transcriptase mutations at 

first-line virological failure.  One third of participants had three or more TAMs and 92% 

had other core NRTI mutations, such as cytosine analogue resistance. All but one person 

had major NNRTI mutations. The most common mutations were M184V, Y181C, K103N, 

K65R and G190A. The prevalence of drug resistance mutations did not correlate with the 

duration of ART, which was an unexpected finding. This is in contrast to an 

aforementioned study of samples from  West and Central Africa, which found that most 

reverse transcriptase mutations, with the exception of K65R, were observed more 

frequently with increased duration of ART.133 The detection of highly resistance viruses 

less than a year into therapy, provides further evidence that routine viral load monitoring 

and adherence support are likely to be crucial from the outset of treatment in resource-

limited settings to preserve first-line and second-line agents and to prevent the 

emergence of resistance.  

 

The HIV-1 clades were mainly CRF02_AG and subtype G, with a handful of CRF06_cpx 

or subtype C. K65R was significantly more prevalent in CRF02_AG viruses than subtype 
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G, which was not completely explained by differences in TDF exposure or treatment 

duration. Nor was there a difference in the codon usage at position 65 or 64 that would 

be expected to predispose to a lysine to arginine substitution. For instance, in subtype C 

viruses there are five adenosines before the adenosine at the second position of codon 

65, which increases the likelihood of a mutation during reverse transcription.36 But only 

one non-subtype C virus had this pattern in the present analysis. It may be a chance 

finding that K65R occurred more commonly in CRF02_AG, and a larger sample size is 

required to support or refute this observation. 

  

People with subtype G viruses were more likely to have three or more TAMs and also to 

have cleavage site mutations. Reverse transcriptase cleavage site mutations were found 

in 62% of samples overall (50% p51-p66, 17% p66-integrase, 9% protease-p51). This 

was surprising given that these sites are usually conserved, although subtype variation 

has been reported in an analysis of all HIV-1 gag and pol sequences in GenBank.140  None 

of the sequences in the present study contained the F440V mutation which has been 

previously reported to reduced replication capacity,141 but 43% had the mutation F440Y. 

This was often present with T477A, the compensatory mutation associated with F440V, 

which suggests coevolution. 

 

Over half of the drug resistance mutations were high-frequency (≥90% of the sample), 

which suggests that most emergent resistance was already fixed in the viral population 

by the time of sampling. Despite this, there were still many minority variants. These could 

represent emerging or waning resistance, or may reflect fluctuations in the frequency of 

mutations under changing drug pressure. Lowering the mutation frequency threshold for 

predicting ART susceptibility resulted in more viruses being considered resistant to TDF 

or ABC. However, it is not certain that these minority variants would indeed flourish and 

become dominant if these agents were actually used.  
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Over two thirds of participants had viruses considered resistant to TDF at first-line 

virological failure, which is concerning as this agent is often used for second-line or third-

line regimens, therefore subsequent lines of therapy could be jeopardised. Worryingly, 

without the benefit of genotypic resistance testing at the time of second-line switch, over 

half of participants were kept on or switched to ineffective backbones and only 11% had 

two active NRTIs in their second-line regimen. Therefore, the majority of second-line 

recipients were effectively on PI monotherapy or dual therapy at best. This finding would 

suggest the need for contemporaneous resistance testing when considering second-line 

switch to guide the selection of an effective regimen. However, a surprising finding from 

the EARNEST trial of second-line therapy is that people with no NRTIs predicted to be 

active in a second-line regimen did not appear to have worse virological outcomes, and 

indeed the number of NRTIs predicted to be active was inversely related to the likelihood 

of viral suppression.143 This may be because the presence of mutations reflects previous 

adherence to first-line therapy, which is then continued during second-line and associated 

with positive treatment outcomes.   

 

This explanation may also be relevant to the present analysis, as the resistance detected 

at first-line virological failure did not appear to correlate with subsequent second-line 

virological response. It may be that second-line treatment success is more likely to be 

influenced by host factors, such as adherence. Another issue, which may influence TDF 

resistance in particular, is the serendipitous effect that can occur when combinations of 

mutations result in lower levels of resistance than they generate individually. This is 

highlighted by phenotypic analysis which showed that the cytosine analogue mutation 

M184V mitigates against the effects of K65R and so the overall impact on TDF 

susceptibility may not be clinically significant when these two mutations co-exist.144 This 

finding was strengthened by the results of the NADIA trial, which showed that participants 

with K65R and M184V mutations at baseline were no more likely to fail a regimen 

containing TDF compared to AZT, when combined with 3TC and either darunavir or 



 171 

dolutegravir.145 Notably all participants in the present analysis who had the K65R mutation 

also had M184I and/or M184V. 

 

There was extensive resistance to nevirapine and efavirenz, as these were the agents 

used in first-line regimens. Newer NNRTIs have since been developed that can be used 

in some cases even after previous virological failure on older NNRTIs. However, at least 

two thirds of participants were predicted to have a degree of cross-resistance to these 

agents. This has implications for the future use of fixed dose combinations such as  

Delstrigo (tenofovir-lamivudine-doravirine) and Eviplera (tenofovir-emtricitabine-

rilpivirine), and for long-acting injectable combinations such as cabotegravir-rilpivirine. 

Many people living with HIV across the world will have received nevirapine or efavirenz-

based first-line ART, which could impact on the efficacy of these new regimens. Although 

these people are likely to have extensive archived NNRTI resistance, this may not be 

detectable by standard genotyping methods by the time these regimens become 

available.  

 

This finding of a high prevalence of drug resistance at first-line failure is consistent with 

other studies from the region. The EARNEST study reported on 787 first-line regimen 

recipients from Uganda, Kenya, Malawi and Zimbabwe who had been on ART for a 

median duration of four years. Almost 98% had major NRTI or NNRTI mutations, and the 

majority (95%) had both. The most common NRTI mutations were M184I/V, T215F/Y and 

M41L, and the most common NNRTI mutations were Y181C, K103N and G190A/S. 

Around half were resistant to TDF, AZT and ABC. Cross-resistance to agents with no 

history of previous exposure was also common.146 The HIV-1 subtypes in this study set 

in East and Southern Africa were mainly A1, C and D. Overall, more drug resistance 

mutations were seen in subtype C viruses, after controlling for CD4 count, viral load, the 

presence of clinical failure, and previous ART agents and duration. However, it is difficult 
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to exclude the confounding effects of geographical and treatment centre differences, 

rather than just subtype.  

 

Another study, more applicable to the current analysis, looked at resistance among 164 

people in Togo who had been on first-line ART for at least four years.147 Sanger 

sequencing was performed on plasma samples collected in 2012 and revealed that all 

but one contained drug resistance mutations. Overall, 72% of the participants had 

intermediate or high level resistance to all three drugs they were receiving, and 27% had 

resistance to two of the drugs in their regimen. M184V present in 99% and TAMs in 71% 

of patients. Only one participant had K65R but TDF was not used often in this setting at 

the time. 

 

A Nigerian study from 2013 looked at 175 samples from people with first-line virological 

failure and also found a high prevalence of resistance.137 Almost all (97%) had NNRTI 

resistance, 62% had TAMs, and the K65R mutation was present in 14%. A recent study 

of first-line ART failure was conducted by Ndembi et al at the University of Abuja Teaching 

Hospital.142 It included 5,928 first-line recipients who had at least six months of follow-up 

and at least one CD4 measurement. Sanger sequences were available for 198: 21% did 

not have drug resistant mutations, 73% had NNRTI mutations, 76% had M184I/V, 15% 

had 3 or more TAMs, 19% had K65R (all of whom had received TDF). One limitation of 

the present analysis is that the first-line resistance data are from people who subsequently 

switched to second-line, and therefore may not be representative of people who fail first-

line but do not switch to second-line. For example, Ndembi et al found that one fifth of 

Sanger sequences from people who had failed first-line ART at the same study site had 

no detectable drug resistance mutations. This may reflect complete non-adherence or 

very poor adherence, in which case a switch to second-line would not be common 

practice. On the other hand, other studies have shown that extensive resistance does 

occur when people are kept on failing regimens long-term, without the benefit of viral load 
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monitoring to guide management. As discussed in previous chapters, selection bias may 

be introduced by clinician-driven viral load testing as there may be a different risk of failure 

and resistance in those who are and are not sampled. 

 

A further limitation of the CHANGE study is the lack of sequence data from before first-

line ART. Viral loads were not routinely measured before commencing ART and therefore 

there were no available plasma samples from this time point. It is known that some people 

starting “first-line” ART may harbour drug resistant virus, either because of directly 

transmitted drug resistance or as a result of previous exposure to ART in other treatment 

programmes or private facilities. This may be a particular problem among women who 

may have received a short course of nevirapine to prevent mother-to-child HIV 

transmission, which increases the risk of archived NNRTI mutations.  

 

The issue of pretreatment drug resistance was investigated by the PASER studies 

(PharmAccess African Studies to Evaluate Resistance). The highest proportion of 

resistance was seen in samples from Ugandan participants, with a prevalence of over 

10%, compared to 1.6% (3 of the 186 participants) in Lagos, Nigeria. The most frequently 

detected mutations were K103N, TAMs, M184V and Y181C/I.148 A meta-analysis by 

Gupta et al of over 26,000 people who had started ART from 2001 to 2011 showed this 

was a global problem in resource-limited settings and there was an increase in 

pretreatment drug resistance in regions which had the earliest rollout of ART (in east and 

southern Africa).149 The estimated prevalence of pretreatment drug resistance in west and 

central Africa ranged from 3.5-5.7% in the 3-7 years after ART rollout. This is important 

because a later study by the PASER group showed that people with pretreatment drug 

resistance were around twice as likely to have virological failure and to develop further 

resistance during first-line therapy. Pretreatment drug resistance was also associated 

with a poorer immunological response.150  
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In summary, diverse Nigerian HIV clades exhibit multi-class drug resistance at first-line 

ART failure. The predominance of high-frequency mutations suggests that emergent 

resistance had become fixed in the viral population by the time of sampling. NRTI 

resistance was not associated with second-line virological response in this cohort. The 

NNRTI resistance profile suggests that newer NNRTI agents are unlikely to be reliable in 

this setting. Routine viral load monitoring and targeted adherence interventions are 

warranted to prevent the emergence of resistance and to preserve future therapeutic 

options.  

 

In the next chapter I will focus on the HIV genetic signature associated with second-line 

virological failure and the dynamics of viral populations within individuals over the course 

of PI  therapy. 
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Chapter 6: Genetic correlates of second-line HIV 

treatment failure and the impact on future therapeutic 

options 
 
 6.1 Introduction          

In most ART programmes across the world, PIs form the basis of second-line regimens 

following first-line treatment failure. The integrase inhibitor dolutegravir has recently 

replaced NNRTIs in the recommended first-line regimen, but PIs remain the preferred 

class for second-line ART after failure of a dolutegravir-containing regimen. 

 

PIs have a high genetic barrier to resistance and so tend to be more “forgiving” and less 

likely to generate drug resistance even with suboptimal adherence. This is important as 

almost all recipients of a second-line regimen will have already experienced virological 

failure during first-line therapy (although a minority may have switched for other reasons, 

such as toxicity). Therefore, people living with HIV who have failed first-line therapy are 

at particular risk of virological failure during second-line therapy as well. 

 

Although there is less known about second-line failure compared to first-line, there are 

several papers that address this issue, including in resource limited settings. A pooled 

analysis of a combination of 5 prospective studies and 8 cross-sectional studies in sub-

Saharan Africa analysed resistance tests from 669 people with second-line virological 

failure and found that major protease mutations were present in a median of 17% (0-

25%).99 There were few participants from West Africa, with the majority in South Africa or 

Kenya. One of the studies included in this meta-analysis was a cross-sectional study of 

123 patients who had failed second-line, mainly lopinavir-containing, ART in Kenya 

between 2010 and 2015.151 At a median time on second-line ART of 3.1 years (IQR 1.9-

4.6), 32% of participants had developed major protease resistance mutations, with a 

median of 3 major mutations each (range 1-5). The most common mutations were M46I/L 
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(25%), I54V (22%), V82A/T/F/S (20%). Another study included in the meta-analysis was 

the PASER-M study of 227 participants across 13 sites in sub-Saharan Africa.152 Thirty-

two people experienced virological failure and had a resistance test, of whom 7 (22%) 

had major protease resistance: M46I in 6, V82A in 5, L76V in 3, and I50V and L90M in 

one participant each. 

 

Other reports from sub-Saharan Africa include a national survey in South Africa of drug 

resistance during second-line ART failure, which found that after a median of 25 months 

(IQR 14-43), 16.4% (58/350) of people had major protease mutations, most commonly 

I54V, V82A and M46I.153 A substudy of the Treatment as Prevention (TasP) cluster-

randomised trial in rural South Africa found that 22.8% (23/101) of participants 

experienced second-line virological failure, with only one person having developed major 

protease mutations out of the eight participants that had resistance tests performed.154 

An analysis of 105 participants failing lopinavir therapy in Kenya reported 9% with PI 

resistance mutations, most commonly M46L/I and V82A/L.155  

 

In other countries, where older first-generation PIs were used more widely, there appears 

to be a higher risk of emergent resistance with second-generation PI therapy. For 

example, a high prevalence of PI mutations was reported among second-line ART 

recipients in Vietnam with 64% (14/22) having major protease mutations (most commonly 

M46I/L, I54V and L90M) during second-line virological failure.156 This was strongly 

associated with previous PI exposure, with at least ten of the patients with major protease 

mutations having received indinavir in the past. Despite this, the proportion experiencing 

virological failure in the wider second-line cohort was low at 10% (22/231) of participants 

experiencing virological failure. An increased risk of lopinavir resistance was also 

observed in 54 trial participants who had previously received older PIs (e.g. nelfinavir, 

indinavir, saquinavir). One third of participants (19/54, 35%) developed additional 
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genotypic and phenotypic resistance during subsequent lopinavir therapy, all of whom 

had protease mutations present at baseline, prior to lopinavir.157 

 

There are fewer observational studies of atazanavir, which is used far less often than 

lopinavir for second-line ART in low and middle-income countries. A report from France 

focused on atazanavir resistance in clinical practice looked at resistance tests before and 

during atazanavir therapy in 113 PI-naïve patients, around half with non-subtype B 

infection.158 Only 4 (3.5%) had developed major atazanavir-associated resistance 

mutations after a median of 21.2 months. The major atazanavir-associated resistance 

mutations were I84V in two people and I50L and N88S in one person each. Other 

emergent protease mutations observed (including some that are considered major for 

other PI agents) were L10V, G16E, K20I/R, L33F, M36I/L, M46I/L, G48V, F53L, I54L, 

D60E, I62V, A71T/V, V82I/T, L90M, and I93L/M. 

 

Deep sequencing of protease resistance mutations, although not part of routine clinical 

care, has been performed in some trial participants. The CASTLE trial compared the 

boosted PIs lopinavir and atazanavir, given with tenofovir-emtricitabine (TDF-FTC), in 

ART-naïve participants.159 Deep sequencing of the protease gene performed on 36 

samples obtained during virological failure (HIV RNA >1,000 copies/mL) at 48 or 96 

weeks revealed that 13 (36%) contained low level drug resistance mutations. However, 

these were all present at <5% frequency and did not have any effect on the phenotypic 

susceptibility to PIs in vitro. Deep sequencing was also performed on 17 virological failure 

samples from the PIVOT trial of PI monotherapy as a maintenance strategy after 

suppression on a combined regimen.160 No major protease mutations were detected 

using a threshold of 2%. Three of the 17 samples contained minor protease mutations at 

2-10% frequency (G73D in a participant receiving atazanavir, I54T in a darunavir 

recipient, and L89V in a lopinavir recipient). 
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A comparison of Sanger and Roche 454 deep sequencing methods to detect protease 

resistance mutations was performed on seven samples from South Africa obtained during 

virological failure of a lopinavir-containing second-line regimen.48 All samples had 

protease resistance mutations (range 3-5) detected by Sanger sequencing. Additional 

major protease mutations were identified by deep sequencing in five samples, though all 

were present at <1% frequency. A French study that included 110 patients (39% with the 

West African clade CRF02_AG) performed deep sequencing of the pol gene prior to a 

first-line PI regimen and found a baseline prevalence of PI minority variants of 12% 

(M46I/L, and G73C). However, the frequency of these mutations within the viral 

population was very low, all but one were <2%, with a median proportion of 1.3% (IQR 

1.1-1.7). There was no association between the present of protease minority variants at 

baseline and the subsequent response to a darunavir or atazanavir-containing 

regimen.161  

 

There has also been great interest in other areas of the HIV genome, which are not 

captured by standard resistance genotyping methods, that could be relevant to treatment 

response. As discussed in Chapter 1, the gag polyprotein is sequentially cleaved by the 

protease enzymes at five cleavage sites to release subunits, a crucial stage in viral 

maturation necessary to produce an infectious virion. The gag gene is not sequenced in 

routine genotyping for resistance testing and so there are relatively few gag sequences 

in HIV sequence repositories. No gag mutations are included in the IAS-USA or Stanford 

resistance lists. However, as the substrate for protease it might be expected to play a part 

in susceptibility to PIs. 

 

The role of gag in PI resistance may be investigated using several different approaches. 

Gag sequences from PI-naïve and PI-experienced groups can be compared at a 

population level to look for differences that may result from exposure to PIs. Longitudinal 

sequences derived from sampling of the same person before and after PI therapy may be 
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compared to look for the emergence of gag mutations within an individual. Patient-derived 

gag sequences may be tested through in vitro experiments by inserting the gag sequence 

into a retroviral vector, which then replicates in cell culture and can be exposed to varying 

concentrations of PIs to examine the phenotypic effects on PI susceptibility. This can be 

done with or without the patient-derived protease, to see if the gag mutations are sufficient 

to cause drug resistance alone or whether they are acting in synergy with the co-evolved 

protease. Specific mutations of interest can be created using site directed mutagenesis, 

and also reverted to wild-type, to determine the impact of individual or combinations of 

mutations on phenotypic resistance. 

 

In 2007, Nijhuis et al proposed a novel pathway for PI resistance.162 The gag mutation 

A431V was shown to confer lopinavir resistance with a 2.6-fold decrease in susceptibility 

to this agent. The protease mutations M46I and L76V further impaired the PI 

susceptibility, while preserving infectivity, and the three mutations together (A431V-M46I-

L76V) conferred a 10-fold increase in resistance to lopinavir. In a separate paper from the 

same year, the same group showed that two mutations in the gag cleavage site between 

nucleocapsid and p1 (K436E and I437T/V) caused PI resistance even in the presence of 

wild-type protease. Analysis of clinical trial data showed that these mutations were also 

more common in patient sequences obtained after failure of PI therapy. The gag 

mutations A431V and I437V were confirmed to contribute to protease resistance, aside 

from just compensating for reduced infectivity, by another group that performed 

phenotypic testing of patient-derived samples for resistance and replicative capacity.163  

 

Since then there have been more phenotypic studies that have added to our 

understanding of the interplay between gag and protease, including several by Professor 

Gupta’s group (some including participants from the present study, which I will discuss 

later in this chapter). Parry et al studied patient-derived full-length gag-protease in a 

retroviral vector system and showed that the protease reduced replication capacity by 
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95% but that this was restored by adding the co-evolved gag to the experiment. 

Furthermore, gag alone (expressed with wild-type protease) was sufficient to reduce PI 

susceptibility.104 Sutherland et al produced a series of papers exploring gag-protease 

interactions with phenotypic methods. Their findings included variation in PI susceptibility 

within subtype B viruses, including the molecular clones YU2 and JRFL, with N-terminal 

gag mutations appearing to be the main determinant. When the gag mutations K30R and 

D102E were subjected to site directed mutagenesis which reverted these mutations 

(R30K and E102D), the phenotypic susceptibility to PIs, including lopinavir was 

restored.107 This group also demonstrated variability in gag-mediated susceptibility to PIs 

among recently transmitted subtype C viruses.164 Analysis of longitudinal samples from a 

participant of the SARA trial of PI monotherapy, revealed a change in phenotypic 

susceptibility before and after PI failure. No major protease mutations had emerged but 

there were several changes observed in gag (V7I, G49D, R69Q, A120D, Q127K, N375S 

and I462S).165 A recent analysis of nine people with virological failure on darunavir found 

an association with the gag mutations K95R and R286K.166 One of the four participants 

with clonal analysis had phenotypic resistance to darunavir, even in the absence of 

protease mutations, but it is possible that the presence of the gag mutations was a result 

of epistasis, rather than indicating causality. 

 

A substudy of the Swiss HIV Cohort Study compared consensus sequences of the C-

terminus of gag (including nucleocapsid and p6) from 825 PI-naïve and 369 PI-

experienced participants.167 Over half of the PI-experienced participants (56%, 208/369) 

harboured “known” gag mutations, including 18% (66/369) with at least one of A431V, 

I437V, P453L or L363M, which are gag mutations with phenotypic data to support an 

independent effect on PI susceptibility. Notably, 8% (43/521) of the PI-naïve group also 

harboured at least one of these mutations. This paper also reported on four apparently 

novel gag mutations (A360S/P, Q369L, T427D/N AND E467V/K), although all were also 

present in the PI-naïve group. This study lacked baseline data to see whether any of these 
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mutations had emerged during PI therapy, and it was unclear whether the comparator 

groups were balanced with regard to subtype.   

 

An analysis of gag-protease covariation in 93 participants during PI therapy found that 

mutations in the gag matrix and p6 subunits appeared to be involved in PI resistance.168 

Specific gag mutations that were more prevalent in those who had ongoing failure of PI 

therapy were N124S in matrix, K436R in the nucleocapsid-p1 cleavage site, and E460A 

and F465S in p6. The gag mutation A431V was highly correlated with changes at the 

sites of major and minor protease resistance mutations in residues 82, 46, 10 and 93. 

Other associated sites included gag P453 and protease M36; gag L449 and protease I84; 

gag A118/V128 was correlated with protease I66; and gag T456/L486 with protease L24. 

Another weaker association was observed between gag R452/P453 and protease 

D30/N88. There were also gag-gag correlations with strong covariation of sites in matrix 

and capsid with sites in p1 and p6, suggesting direct contact occurs between these 

regions. G443 in p1, near the gag-pol frameshift-regulating region, was often involved in 

gag-gag correlations. The matrix alpha helix site combinations Y79-T81 and V82-T84 

were also highly correlated. Nuclear magnetic resonance imaging is another technique 

which has provided insights into gag-protease interactions, as reported by Deshmukh et 

al who showed that globular gag domains interact directly with protease to form transient 

encounter complexes, and so residues outside the cleavage sites may evolve under PI 

therapy and impact on binding and drug susceptibility.169  

 

The vital role gag plays in the HIV replication cycle makes it an appealing target for drug 

development. Maturation inhibitors have been in development for years and although still 

a long way off from being available to prescribe, they may well be part of antiretroviral 

regimens in the future. One agent, Bevirimat targeted a step late in the cycle by preventing 

cleavage of capsid-p2. However, resistance mutations emerged quickly at this site and 

as a result this drug was discontinued. Second-generation bevirimat analogues have a 
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higher genetic barrier to resistance but mutations have been identified in in vitro selection 

experiments with subtype B and C viruses. These included three mutations in SP1/p2: 

A1V (gag 364), S5N (gag 368), and G10R/T (gag 373); and two in capsid: P157A (gag 

289) and V230M (gag 362).170 A study by the pharmaceutical company Gilead of the 

capsid inhibitor GS-6207 (lenacapavir), which prevents HIV replication by preventing 

capsid disassembly and formation, and offers the prospect of 6-monthly dosing, found no 

phenotypic resistance to mutated viruses that contained cleavage site mutations resistant 

to PIs and maturation inhibitors. However, selection experiments identified six mutations 

which conferred reduced susceptibility: capsid L56I (gag 188), M66I (gag 198), Q67H 

(gag 199), K70N (gag 202), N74D/S (gag 206) and T107N (gag 239).171  

 

The Nijhuis group summarised the gag mutations considered to be important for PI 

resistance in a review paper in 2012.15 This review, and the other papers mentioned here, 

were used to create a list of gag variants of interest for this analysis (Table 6.1). Non-

cleavage site mutations may affect PI resistance via an allosteric mechanism. Some 

interactions may guide the protease enzyme towards the cleavage site and even influence 

 

Table 6.1 Gag variants associated with PI therapy in the literature 

Gag region Variants of interest 

matrix E12K, R30K, G62R, L75R, R76K, Y79F, T81A, E102D, 
K112E, T122A, G123E, S126del, H127del 

matrix-capsid CS V128A/I/T/del, Y132F 

capsid S165N, Q199H, M200I, H219P/Q, T242N, G248A 

capsid-p2 CS A360P/S/V, V362I, L363C/F/M/N/Y, S368C/N 

p2 Q369H/L, V370A/M/del, T371del 

p2-nucleocapsid CS S373P/Q/T, A374P/S, T375N/S, I376V, R380K, G381S 

nucleocapsid I389T, V390A/D, I401T/V, R409K, G412D, K418R, T427D/N 

nucleocapsid-p1 CS E428G, Q430R, A431V, K436E/R, I437T/V 

p1-p6 CS L449F/P/V, S451G/R/T, R452K/S, P453A/L/T 

p6 T456S, E467V/K, E468K, Q474H/L, Y484P, T487S, P497L 

CS: cleavage site  
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the order of cleavage of the gag subunits. Other sites may interact directly with other 

proteins.  For example, the env gene was reported by Rabi et al to be involved in protease 

resistance via interactions between the cytoplasmic tail of the gp41 region of the envelope 

protein and the matrix subunit of gag.106 This group showed that the PIs lopinavir, 

atazanavir and darunavir all inhibited cell entry in vectors containing wild-type HIV-1 env 

and that truncating the gp41 cytoplasmic tail rescued this effect. They also presented 

phenotypic data which showed that patient-derived env sequences obtained following 

exposure to PIs could confer in vitro PI resistance even with a wild-type gag-protease 

backbone. Other groups have further delineated gag-env interactions and have shown 

that a gag lattice forms on the plasma membrane of the infected cell during particle 

assembly to allow the env glycoprotein to be incorporated into budding virions.12,172 The 

matrix residue L12 is particularly important for trapping env trimers prior to packaging and 

interacts with env Y712.12 

 

There have been no previous studies in Nigeria of protease resistance or associated 

mutations using whole genome deep sequencing. The aim of this final results chapter is 

to determine the prevalence and nature of protease mutations and to explore the intra-

host viral population dynamics during failure of second-line PI therapy. I approached this 

firstly by determining the prevalence of gag and protease variants in West African 

subtypes at first-line ART failure, prior to PI therapy, and stratified participants by second-

line ART outcome to see whether baseline gag or protease variants were associated with 

subsequent PI failure. I then examined the PI drug resistance mutations that were present 

at second-line PI failure. Where possible, this was correlated with results from plasma PI 

concentrations, an objective marker of adherence. Participants with longitudinal 

sequence data encompassing first-line and second-line therapy were reviewed to 

determine all sites across the genome that had changed between these time points 

(regardless of whether the sites are known to be related to PI exposure) with a focus on 

emergent protease and gag mutations. The rate of change across the whole genome was 
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determined by calculating non-synonymous mutations rates for each gene or subunit, and 

stratification by the presence of major protease resistance. The subset of participants who 

had developed major protease mutations and had therapeutic PI levels was then studied 

in-depth to characterise the viral quasispecies that emerged under the selective pressure 

of PI therapy. Finally, I examined the predicted susceptibility to other agents, including 

integrase inhibitors, that could be used in this cohort in the future.  

 

6.2 Aim and objectives 

To explore the HIV genomic changes and intra-host viral population dynamics during PI 

therapy, and the impact on future therapeutic options 

 

Objectives 

- Identify the protease drug resistance mutations present at second-line virological 

failure and correlate with the PI concentration in plasma 

- Review longitudinal whole genome sequences from before and after PI therapy to 

identify hotspots of change and non-synonymous mutations rates across the genome 

- Compare emergent gag and pol mutations to those already implicated in PI resistance 

and identify novel changes 

- Establish the baseline prevalence of gag and pro variants in West African subtypes, 

prior to PI exposure 

- Generate quasispecies haplotypes from deep sequencing data to perform intra-host 

phylogenomic analyses and examine linked variants 

-  Estimate susceptibility to future therapeutic options including newer generation 

NNRTIs, darunavir, maturation inhibitors, capsid inhibitors 

- Determine the prevalence of integrase mutations, prior to the introduction of INSTIs to 

the national treatment programme 
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6.3 Methods 

As described in Chapter 3, all stored plasma samples obtained during second-line 

virological failure (HIV RNA >1,000 copies/mL at least 6 months after PI initiation) were 

subject to whole genome deep sequencing and, if sufficient sample remained, tested for 

protease inhibitor drug levels. The IAS-USA 2019 update and the Stanford HIV Drug 

Resistance database were used to identify known protease drug resistance mutations. 

Participants with sequences from first-line and second-line virological failure were 

included in a longitudinal intrahost analysis to identify emergent mutations associated with 

PI failure. The presence of major protease mutations was correlated with the presence of 

therapeutic PI drug levels within the same sample. A haplotype reconstruction method 

was used to approximate quasispecies sequences within a viral population. Participants 

with longitudinal data were included in a phylogenetic analysis of intrahost longitudinal 

viral quasispecies to examine the change in population dynamics during PI failure.  

 

6.4 Results 

6.4.1 Protease resistance mutations present at PI failure   

Whole genome sequences from samples obtained during virological failure of second-line 

ART were available for 40 participants. This represented 36% (40/112) of cohort members 

who had had confirmed virological failure during second-line ART. These 40 participants 

were similar to the whole cohort in that about two thirds were women and at the start of 

second-line ART the median age was 36 years, the median CD4 count was 166 

cells/mm3, and the median weight was 59kg (Table 6.2).  Lopinavir-ritonavir had been 

prescribed in 90% (36/40) and atazanavir-ritonavir in 22.5% (9/40), including five 

participants who had been prescribed both PIs at some point during second-line therapy.  

 

Major protease resistance mutations present at ≥20% frequency of the viral population 

were detected in 18 participants (18/40, 45%). There were no differences in the baseline 
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characteristics among people with and without major protease resistance mutations 

(Table 6.2).  

 

Table 6.2 Participant characteristics overall and stratified by PI resistance  

 All  
participants 

n=40 

Major protease 
mutations* 

n=18 

No major 
mutations*  

n=22 

p-value** 

Sex, n (%)     

male 13 (32.5) 8 (44.4) 5 (22.7) 0.19 
female 27 (67.5) 10 (55.6) 17 (77.3)  

Age, years     
median (IQR) 36 (32-42) 36 (33-42) 36 (31-42) 0.59 

First-line ART duration, years   
median (IQR) 3.4 (1.9-5.4) 2.3 (1.8-4.5) 4.1 (2.3-5.7) 0.22 

Viral load at first-line failure***, copies/mL   
median (IQR) 168,996  

(83,149-400,945) 

132,357  

(77,179-271,974) 

239,436  

(101,727-442,452) 

0.38 

CD4 count***, cells/mm3    

median (IQR) 166 (59-267) 149 (32-259) 172 (75-326) 0.41 
Weight***, kg     
median (IQR)  59.0 (49.0-70.0) 63.5 (50.0-70.0) 55.0 (47.0-70.0) 0.46 

Second-line ART duration, years   
median (IQR) 2.8 (1.3-5.2) 3.7 (1.3-6.2) 2.7 (1.2-3.5) 0.33 

Protease inhibitor exposure, n (%)   
lopinavir 31 (77.5) 15 (83.3) 16 (72.7) 0.75 

atazanavir 4 (10.0) 1 (5.6) 3 (13.6)  
both 5 (12.5) 2 (11.1) 3 (13.6)  

Viral load at second-line failure, copies/mL   
median (IQR) 58,484  

(10,214-507,272) 

71,925  

(23,344-495,379) 

47,108  

(6,193-519,165) 

0.64 

*Major protease mutations present at ≥20% frequency of the sequence population 
**p-value for Chi-square, Fisher’s exact or Mann-Whitney test, as appropriate.  
***Viral load, CD4 count and weight at start of second-line ART (antiretroviral therapy)  
 

The duration of second-line ART was longer for participants with major protease 

mutations at a median (IQR) of 3.7 years (1.3-6.2) compared to 2.7 years (1.2-3.5) among 
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those with no major protease mutations, however this was not statistically significant 

(p=0.33, Mann-Whitney test). Neither was there a significant difference in the viral load at 

virological failure between the two groups.  

 

All protease drug resistance-associated mutations are shown in Figure 6.1, by mutation 

frequency within the sequence population. In total, there were 220 protease resistance-

associated mutations (major, minor or accessory). Most of these (63.2%, 139/220) were 

fixed in the viral population at ≥90% frequency, 19.1% (42/220) were present at 20-90% 

frequency, and the remaining 17.7% (39/220) were minority variants present at <20% of 

the viral population. 

 

 Among the 18 participants with major protease mutations present at ≥20% frequency, 

the median number of major protease mutations was 4 (IQR 2-4). The most common 

major mutations were I54V (n=15 participants at ≥20% frequency), M46I (n=12), V82A 

(n=7) and L76V (n=6); followed by Q58E, T74P and V82S (n=3 each); M46L and I84V 

(n=2 each); and V32I, I47V, I54L, V82F, N88S and L90M (n=1 each). A further two 

participants had only minority variants (<20% frequency) of major protease mutations: 

one had M46I at 2.5% and V82I at 4.8%; and the other had I54T at 14%. The remaining 

participants had no major protease mutations detected at any frequency.  

 

All participants had minor or accessory protease mutations present at second-line 

virological failure, except one person who had a sample taken six months after switching 

to second-line ART. Participants who had major protease mutations tended to have more 

minor/accessory mutations (median 5.5, IQR 5-7) than those who did not have major 

protease mutations (median 4, IQR 4-4, p=0.0002, Mann-Whitney test). The most 

common minor/accessory protease mutations were K20I (present in 36/40 [90%] 

participants at ≥20% frequency), H69K (n=35, 88%), L89M (n=26, 65%), L63P (n=18, 

45%), and V82I (n=12, 30%).  
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Figure 6.1 Protease drug resistance mutations by mutation frequency 
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6.4.2 Plasma PI levels  

Thirty-one participants had sufficient residual plasma sample to test for PI concentrations. 

Of those, 13 (42%) had no detectable PI at the time of second-line virological failure and 

18 (58%) had therapeutic levels (defined as ≥1,000 ng/mL for lopinavir; ≥150 ng/mL for 

atazanavir). Only 7.7% (1/13) of participants with undetectable PI levels harboured a 

major protease mutation at ≥20% frequency, compared to 77.7% (14/18) of those with 

therapeutic levels (p=0.0002, Fisher’s exact test). Based on these results, a therapeutic 

plasma PI concentration had a sensitivity of 93.3% (95% CI 68.1-99.8) to predict the 

presence of major protease resistance mutations, with an overall test accuracy of 83.9% 

(Table 6.3). 

 

Table 6.3 Diagnostic validity of plasma PI concentration to predict major protease 

resistance  

Measure Estimate* % (95% confidence interval) 

Sensitivity 93.3 (68.1-99.8) 

Specificity 75.0 (47.6-92.7) 

Positive predictive value  77.8 (59.7-89.2) 

Negative predictive value  92.3 (63.9-98.8) 

Accuracy 83.9 (66.3-94.6) 

*presence of major protease mutations at ≥20% frequency of the viral population 

 

The one person with undetectable plasma PI levels who had a major protease mutation 

present at ≥20% frequency, had the I54V mutation at 73.1% of the viral population. The 

two participants mentioned previously who had major protease mutations present only as 

minority variants (M46I at 2.5% and V82I at 4.8%; I54T at 14%), also had undetectable 

plasma PI concentrations. Although the number of major protease mutations differed by 

whether there was detectable PI in the plasma, there was no clear association with the 

duration of second-line ART (Figure 6.2) or the viral load at virological failure (Figure 6.3).  
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Figure 6.2 Association between time on second-line ART and the number of major 

protease mutations, stratified by PI level (undetectable or therapeutic)  

 

 

 

Figure 6.3 Association between viral load at virological failure and the number of major 

protease mutations, stratified by PI level (undetectable or therapeutic)  
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6.4.3 Intrinsic protease and gag mutations detected before PI exposure 

In order to distinguish the genetic signature associated with second-line failure from the 

normal variation present in West African subtypes, I determined the prevalence of 

protease and gag variants of interest in the CRF02_AG and G sequences obtained prior 

to PI exposure. This included most of the samples obtained during virological failure of 

first-line therapy described in Chapter 5. Only one participant had a major protease 

mutation: a subtype G virus with L90M at 99.3% frequency. However, all first-line 

sequences contained minor or accessory protease mutations at this time point, prior to PI 

exposure (Table 6.4). The majority of first-line consensus sequences included K20I (98%, 

94/96), M36I (100%), H69K/R (98%) and L89M (97%). L10V and G16E were more 

common in CRF02_AG than subtype G sequences; and V82I was more common in G. 

 

Table 6.4 Prevalence of minor or accessory protease mutations before PI exposure  

Protease All CRF02_AG/G 
n=96 
n (%) 

CRF02_AG 
n=54 
n (%) 

Subtype G 
n=42 
n (%) 

p-value 
Chi-square 

L10I 14 (14.6) 6 (11.1) 8 (19.1) 0.27 

L10V 5 (5.2) 5 (9.3) 0 (0.0) 0.04 

V11I 1 (1.0) 1 (1.9) 0 (0.0) 0.38 

G16E 19 (19.8) 18 (33.3) 1 (2.4) <0.001 

K20I 94 (97.9) 53 (98.2) 41 (97.6) 0.86 

K20V 2 (2.1) 1 (1.9) 1 (2.4) 0.86 

L33F 1 (1.0) 1 (1.9) 0 (0.0) 0.38 

E34Q 3 (3.1) 3 (5.6) 0 (0.0) 0.12 

M36I 96 (100.0) 54 (100.0) 42 (100.0) 1.00 

K43T 1 (1.0) 1 (1.9) 0 (0.0) 0.38 

I62V 5 (5.2) 1 (1.9) 4 (9.5) 0.09 

L63P 24 (25.0) 12 (22.2) 12 (28.6) 0.48 

H69K 83 (86.5) 50 (92.6) 33 (78.6) 0.05 

H69R 11 (11.5) 4 (7.4) 7 (16.7) 0.16 

V77I 3 (3.1) 3 (5.6) 0 (0.0) 0.12 

V82I 42 (43.8) 8 (14.8) 34 (81.0) <0.001 

L89I 3 (3.1) 2 (3.7) 1 (2.4) 0.71 

L89M 93 (96.9) 52 (96.3) 41 (97.6) 0.71 
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The CRF02_AG and G sequences obtained during first-line failure were also reviewed for 

the presence of gag variants implicated in PI resistance. Table 6.5 shows the prevalence 

of these variants in first-line failure samples and whether they differed by subtype.  

 
Table 6.5 Prevalence of gag variants before PI exposure  

Gag  All CRF02_AG/G 
n=96 
n (%) 

CRF02_AG 
n=54 
n (%) 

Subtype G 
n=42 
n (%) 

p-value 
Chi-square 

E12K 91 (94.8) 51 (94.4) 40 (95.2) 0.86 

R30K 27 (28.1) 9 (16.7) 18 (42.9) 0.005 

G62R 6 (6.3) 1 (1.9) 5 (11.9) 0.04 

R76K 64 (66.7) 37 (68.5) 27 (64.3) 0.66 

Y79F 51 (53.1) 29 (53.7) 22 (52.4) 0.90 

T81A 4 (4.2) 2 (3.7) 2 (4.8) 0.80 

E102D 84 (87.5) 50 (92.6) 34 (81.0) 0.09 

T122A 8 (8.3) 8 (14.8) 0 (0.0) 0.009 

G123E 3 (3.1) 1 (1.9) 2 (4.8) 0.42 

V128del 44 (45.8) 41 (75.9) 3 (7.1) <0.001 

Y132F 13 (13.5) 12 (22.2) 1 (2.4) 0.005 

S165N 3 (3.1) 1 (1.9) 2 (4.8) 0.42 

H219P 1 (1.0) 0 (0.0) 1 (2.4) 0.25 

H219Q 59 (61.5) 21 (38.9) 38 (90.5) <0.001 

T242N 13 (13.5) 6 (11.1) 7 (16.7) 0.43 

G248A 17 (17.7) 2 (3.7) 15 (35.7) <0.001 

V362I 11 (11.5) 2 (3.7) 9 (21.4) 0.007 

Q369L 1 (1.0) 0 (0.0) 1 (2.4) 0.25 

V370A 57 (59.4) 28 (51.9) 29 (69.1) 0.09 

V370del 6 (6.3) 0 (0.0) 6 (14.3) 0.004 

T371del 47 (49.0) 46 (85.2) 1 (2.4) <0.001 

S373T 45 (46.9) 42 (77.8) 3 (7.1) <0.001 

A374P 3 (3.1) 3 (5.6) 0 (0.0) 0.12 

A374S 12 (12.5) 1 (1.9) 11 (26.2) <0.001 

T375N 37 (38.5) 37 (68.5) 0 (0.0) <0.001 

T375S 3 (3.1) 2 (3.7) 1 (2.4) 0.71 

I376V 17 (17.7) 15 (27.8) 2 (4.8) 0.003 

R380K 54 (56.3) 17 (31.5) 37 (88.1) <0.001 

G381S 28 (29.2) 6 (11.1) 22 (52.4) <0.001 

I389T 53 (55.2) 43 (79.6) 10 (23.8) <0.001 

I401V 6 (6.3) 4 (7.4) 2 (4.8) 0.60 



 193 

K418R 12 (12.5) 7 (13.0) 5 (11.9) 0.88 

T427N 3 (3.1) 3 (5.6) 0 (0.0) 0.12 

K436R 20 (20.8) 9 (16.7) 11 (26.2) 0.25 

I437V 1 (1.0) 1 (1.9) 0 (0.0) 0.38 

L449P 59 (61.5) 48 (88.9) 11 (26.2) <0.001 

L449V 3 (3.1) 0 (0.0) 3 (7.1) 0.05 

S451G 1 (1.0) 1 (1.9) 0 (0.0) 0.38 

S451T 3 (3.1) 0 (0.0) 3 (7.1) 0.05 

R452K 1 (1.0) 0 (0.0) 1 (2.4) 0.25 

R452S 1 (1.0) 0 (0.0) 1 (2.4) 0.25 

P453L 17 (17.7) 0 (0.0) 17 (40.5) <0.001 

P453T 10 (10.4) 7 (13.0) 3 (7.1) 0.35 

T456S 9 (9.4) 7 (13.0) 2 (4.8) 0.17 

E468K 1 (1.0) 1 (1.9) 0 (0.0) 0.38 

Q474L 6 (6.3) 4 (7.4) 2 (4.8) 0.60 

I479R 44 (45.8) 29 (53.7) 15 (35.7) 0.08 

T487S 2 (2.1) 0 (0.0) 2 (4.8) 0.11 

 
 

The most common gag variants overall were E12K, R76K, Y79F and E102D in the matrix 

subunit; V128del in the matrix-capsid cleavage site; H219Q, T242N and G248A in the 

capsid subunit; V362I in the capsid-p2 cleavage site; V370A and T371del in p2; S373T, 

T375N and R380K in the p2-nucleocapsid cleavage site; I389T in nucleocapsid; L449P 

in the p1-p6 cleavage site; and I479R in p6. The prevalence of some variants differed by 

subtype. Gag variants significantly more common in CRF02_AG than G were T122A, 

V128del, Y132F, T371del, S373T, T375N, I376V, I389T and L449P. Variants more 

prevalent in subtype G than CRF02_AG were R30K, G62R, H219Q, G248A, V362I, 

V370del, A374S, R380K, G381S, L449V, S451T and P453L.  

 

Several variants that are implicated in PI resistance in the literature were not present in 

any of the CHANGE samples at first-line or second-line failure. These were L75R, K112E, 

V128A/T, Q199H, M200I, A360P/S/V, L363C/F/M/N/Y, S368N, V370M, S373P/Q, 
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V390A/D, I401T, R409K, G412D, T427D, Q430R, K436E, I437T, L449F, S451R, 

E467K/V, Q474H, Y484P and P497L. 

 

There was no difference in the prevalence of baseline gag variants among participants 

who subsequently experienced virological failure or virological suppression during 

second-line PI-containing regimens. There was also no association between subtype and 

second-line response (p=0.74, Chi square test). 

 

Other gag variants implicated in PI resistance in the literature were only present in 

second-line failure samples. A431V was present in 8 (20%) of the 40 participants with 

second-line failure samples but was not in any of the first-line failure consensus 

sequences.  Other gag variants implicated in PI resistance that were only detected at 

second-line failure were V128I, S368C, E428G and P453A, each present in one 

participant, and Q369H which was present in two participants.  

 

6.4.4 Whole genome non-synonymous mutation rates  

Of the 40 participants with sequence data from second-line virological failure, 14 did not 

have corresponding first-line sequence data as the samples were either insufficient or 

failed to generate full-length genomes. The remaining 26 participants had whole genome 

sequence data from first-line and second-line virological failure time points, thereby 

enabling an intrahost comparison. The median interval between first-line and second-line 

samples was 3.2 years (IQR 1.7-5.2). Between these time points, there was a median of 

62 (IQR 41-88) non-synonymous mutations across the whole genome, which would have 

resulted in amino acid substitutions. Overall, the median rate of non-synonymous 

mutations was 14.6 (IQR 10.8-31.8) per year across the genome. The rates by gene (or 

subunit) are shown in Table 6.6. 
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Table 6.6 Non-synonymous mutation rates across the HIV genome 

HIV gene 
/subunit 

Non-synonymous mutations/year, median (IQR) p-value** 

All  

participants 

 

n=26 

Participants with 

major protease 

mutations* 

n=9 

Participants without 

major protease 

mutations* 

n=17 

gag 1.8 (1.0-3.1) 3.1 (2.2-6.8) 1.4 (0.7-2.0) 0.01 
protease 0.3 (0.0-1.4) 2.4 (1.4-6.7) 0.0 (0.0-0.3) <0.0001 
RT/RNase   2.1 (1.7-3.8) 2.0 (1.5-6.8) 2.2 (1.9-3.5) 0.89 

integrase 0.3 (0.0-0.9) 0.4 (0.3-1.8) 0.3 (0.0-0.8) 0.13 

vif 0.9 (0.1-1.6) 0.5 (0.2-1.3) 0.9 (0.0-1.6) 0.81 

vpr 0.6 (0.1-1.1) 0.8 (0.2-1.8) 0.6 (0.0-0.7) 0.20 

tat 0.2 (0.0-0.4) 0.3 (0.2-0.4) 0.0 (0.0-0.3) 0.12 

rev 0.3 (0.0-1.0) 0.6 (0.2-0.7) 0.3 (0.0-1.1) 0.35 

vpu 0.4 (0.2-0.8) 0.7 (0.2-2.1) 0.4 (0.3-0.7) 0.37 

env 5.8 (3.3-17.0) 7.5 (3.8-20.8) 5.7 (3.1-12.7) 0.27 

nef 1.2 (0.4-2.4) 2.0 (0.4-2.4) 0.8 (0.4-2.4) 0.73 

whole genome 14.6 (10.8-31.8) 13.7 (12.9-57.1) 15.6 (10.3-25.8) 0.19 

*Major protease mutations present at ≥20% frequency of the sequence population 

**p-value for Mann-Whitney test 

 

Participants who developed major protease mutations had a significantly higher mutation 

rate in gag than participants who did not develop major protease resistance, with a 

median of 3.1 (IQR 2.2-6.8) gag amino acid changes per year compared to 1.4 (IQR 0.7-

2.0), respectively, (p=0.01, Mann-Whitney test). There was little change in the protease 

sequences of those participants who did not develop major resistance. There was no 

significant difference in the rate of change of the other genomic regions among people 

who did and did not develop protease resistance. The env gene had the highest rate of 

non-synonymous mutations overall, with a median of 5.8 per year. However, there was 

no clear pattern in the env mutations that emerged. There was no truncation of the gp41 

cytoplasmic tail sequence observed in any of the samples. The env Y712 and matrix L12 

residues which are important for env incorporation during viral budding were both wild-

type in all CHANGE sequences. 
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The second highest mutation rate was in reverse transcriptase. Many of those changes 

occurred at sites of NRTI or NNRTI resistance mutations and represented reversion to 

wild-type after switching to second-line therapy.  

 

6.4.5 Gag-protease co-evolution 

The 26 participants with longitudinal sequence data are shown in more detail in Table 6.7, 

grouped by whether they had major protease mutations and/or therapeutic PI levels in 

the plasma samples obtained at second-line virological failure. The emergent protease 

and gag mutations shown are all those that emerged between first-line and second-line 

virological failure time points (regardless of whether those mutations have any known 

association with PI exposure or resistance). The first group comprised eight participants 

with major protease mutations and therapeutic PI levels (ID numbers 1 to 8 in Table 6.7). 

Of these eight, seven people developed new minor protease mutations that had not been 

present at first-line, and all developed “other” protease mutations, not known to be 

associated with PI resistance (range 3-7 new other protease mutations). This was 

associated with the emergence of new gag mutations in all eight participants (range 6-20 

new gag mutations). In contrast, of the ten patients with no major protease mutations and 

no detectable PI levels (ID numbers 17 to 26), only one developed a new minor protease 

mutation, four developed a new other protease mutation (one each), and there were fewer 

emergent gag mutations (range 0-7).  
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Table 6.7 Intrahost participants and gag-protease emergent variants  

 
ID HIV-1 

subtype 
PI 

exposure 
PI 

duration 
(year) 

Plasma PI 
levels 

Emergent* major 
protease  

 

Emergent* minor 
protease  

 

Emergent* other 
protease 

Emergent* gag mutations 

Major protease mutations and plasma PI level therapeutic 
1 G LPV/r 4.1 therapeutic M46I I54L/V T74P 

V82S 
L10I L24I L33F 

K43T 
Q35H K41R 

K55R E61D M64I 
D42E I75L I107R Y132F I228L 

D425E E428G N441D L449I A487T 
2 G LPV/r 4.6 therapeutic M46I I54V V82S  L10I L23I L24I 

L33F M89I 
K41P T74S T91A R95K I107R G114E V128I E312D 

S368C R387K N389T M423L A431V 
G466R 

3 G LPV/r 5.1 therapeutic M46I I54V L76V 
V82A  

- Q35H K41R 
Q61H T91S 

V82I A138T V376I N382K I389N 
K436G 

4 G LPV/r 5.4 therapeutic V32I M46I I47V 
I54V Q58E 

L10V L24I L33F 
I36L F53L D60E 

L63P 

L19P Q35H K41R 
K55R R57K V75I 

I82M 

V7I M61I P66S S110N G123E V128I 
V362I S368C A370V T427S I449V 

N451S L465F E466G T469E K469I/T 
A487T S488T/A K490R 

5 G LPV/r 6.2 therapeutic M46I I54V T74P 
V82A L90M  

L10F V11I L33F 
K43T L63V 

L19I E35D K55R 
R57K L64I S67C 

E103A N114K M115V I228M R248G 
D260E E319D V362I A372V R384L 
V401I R418K Q421R K424N A431V 
N441H A451T P453L F463S G464R 

6 AG LPV/r 6.9 therapeutic M46I Q58E L76V 
I84V  

L10F G16E A22V K55R L63R 
T91S 

T53S M61L S66P K69T L75V F79Y 
D102E I/V104I M107A T115A T118A 
I147V T/A215T D230E E245D Q369H 

A373N G374N T388A 
7 AG LPV/r 7.2 therapeutic M46I I54V L76V 

V82A 
L10V M89I V13A R14K E68G 

T91S 
R26K L50F K76R R90Q V104L 

H219Q A223V T427S A431V P449L 
P453L 

8 G LPV/r 9.0 therapeutic M46I I54V V82S  L10V I20V L24I 
L33F I36L L63P 

R14K T74A T91A S15A D102N D110N V128I E211D 
R275K A407G A431V F463L 
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Major protease mutations and plasma PI level not done 
9 G LPV/r 1.8 not done M46L I54V V82A L10F V13A A15V Q30K L31M L41M L60I K113T 

E118A A431V I437S 
No major protease mutations and plasma PI level therapeutic 
10 G LPV/r 0.6 therapeutic - - - N124S R248T K286R Q476E 
11 G ATV/r 0.7 therapeutic - - T12P/A K14R L75I I223F T248H S389N L449P 

S470A 
12 AG both 2.7 therapeutic - - - T115A S349A N441S L463F 
No major protease mutations and plasma PI level not done 
13 AG LPV/r 3.4 not done - M89I K14R R70K K28H S49D/G H63Q E93D S109N 

A119T A158V I247M G385S H441N 
14 AG LPV/r 3.0 not done - - E35D S66P S310T 
15 AG LPV/r 2.8 not done - - - H15Q R76K A81T D480E R481K 

A487T  
16 AG LPV/r 1.1 not done - - - S15M G49S R69S S90R S124G 

R418K 
No major protease mutations and plasma PI level undetectable 
17 AG LPV/r 6.3 undetectable - L63P - S72T 
18 AG LPV/r 5.2 undetectable - - M14I P66S F75L K90R K387R N441S 
19 AG LPV/r 4.5 undetectable - - P39T V104I S125N N332S P453A R490K 
20 G LPV/r 1.5 undetectable - - D35E I82L/V D124N I256V G357S V362I 

G381S I389T 
21 AG LPV/r 3.5 undetectable - - R57K - 
22 G both 3.5 undetectable - - - Q69K V115E G119A K125R A210S 

G357S K442S 
23 AG ATV/r 2.7 undetectable - - - K43R E230D T388A V401L S441N 
24 AG both 2.4 undetectable - - - O450P S451A/G R452M/S/A E454A 
25 AG LPV/r 1.2 undetectable - - - I215M 
26 G ATV/r 0.8 undetectable - - - - 

AG: CRF02_AG; PI: protease inhibitor; LPV/r: lopinavir-ritonavir; ATV/r: atazanavir-ritonavir, both: exposed to lopinavir-ritonavir and atazanavir-ritonavir 

*Emergent between first-line and second-line virological failure time points (comparison of consensus sequences) 
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6.4.5.1 Emergent protease mutations 

All longitudinal protease changes are shown in Figure 6.4. Most changes occurred at four 

sites known to be involved in PI drug resistance: residues 10, 46, 54, and 82. Other sites 

known to be involved in drug resistance were also subject to change (highlighted purple 

in Figure 6.4). However, there were 16 sites with intrahost changes in between first-line 

and second-line time points (highlighted red in Figure 6.4) that are not known to be sites 

associated with PI exposure or resistance, according to IAS-USA or the Stanford HIV 

Resistance Database. These sites were at protease residue 12 (T12A/P in 1 participant); 

residue 13 (V13A n=2); residue 14 (K14R n=2, R14K n=2, M14I n=1); residue 19 (L19I 

n=1, L19P n=1); residue 22 (A22V n=1); residue 35 (Q35H n=3, E35D n=2, D35E n=1); 

residue 39 (P39T n=1); residue 41 (K41R n=3, K41P n=1); residue 55 (K55R n=4); 

residue 57 (R57K n=3); residue 61 (Q61H n=1, E61D n=1); residue 67 (S67C n=1); 

residue 68 (E68G n=1); residue 70 (R70K n=1); residue 75 (V75I n=1); and residue 91 

(T91A n=2, T91S n=3). 

 

The 101 first-line virological samples were reviewed to check the prevalence of these 

mutations prior to PI exposure. Most were commonly found in first-line samples and so 

were likely to represent polymorphisms.  However, at three sites there were mutations 

which had emerged during second-line virological failure in at least three participants and 

were not present in any of the 101 first-line virological failure samples. These potentially 

novel mutations were Q35H (emerged in 3 participants), K55R (4 participants), and 

T91A/S (5 participants: 2 with T91A and 3 with T91S). 
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Figure 6.4 Sites of intrahost emergent protease mutations during second-line ART failure  
 
 

 
 
 
 
 
Figure legend: purple - known sites of resistance associated mutations (IAS-USA or Stanford classification); red - not known sites  
 
  

Protease gene 
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6.4.5.2 Emergent gag mutations 

All but two participants with longitudinal sequence data had developed gag mutations 

between first-line and second-line failure time points. The two participants without no new 

gag mutations (numbered 21 and 26 in Table 6.7) had undetectable plasma PI levels and 

no major protease mutations. The remaining 24 participants developed a total of 186 gag 

mutations at 112 unique positions. The sites of these emergent gag mutations are shown 

in Figure 6.5. Only 18.3% (34/186) of the amino acid substitutions occurred in cleavage 

sites (4 in cleavage site [CS]1, 5 in CS2, 5 in CS3, 8 in CS4 and 12 in CS5). The globular 

domains contained 66.1% (123/186) of gag mutations (72 in matrix, 30 in capsid, 21 in 

nucleocapsid), and the remaining 15.6% (29/186) of mutations were in the other gag 

domains (3 in SP1, 7 in SP2, 19 in p6). 

 

The gag changes were reviewed to see if the same amino acid substitutions occurred in 

multiple participants.  Sites of emergent mutations in at least three participants are shown 

in Table 6.8. The sites that underwent change in the study participants during second-line 

therapy were compared to mutations at the same site reported in the literature to be 

associated with PI exposure (in italics in Table 6.8). The most common amino acid 

substitutions that emerged in the study participants: A431V (5 participants), and V128I 

and V362I (3 participants each), have all been previously implicated in PI resistance. 

Another substitution which occurred in three study participants was A487T. Although this 

is at the same site as a known mutation (T487S), it appears to represent a reversion to 

the (subtype B) wild-type. Other known gag mutations that emerged in the study 

sequences were I/N389T (in 2 participants), L449P or V (2 participants), S451G or T (2 

participants), and P453A or L (3 participants). 
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Figure 6.5 Sites of intrahost emergent gag mutations during second-line ART failure 

 

 

 

Figure legend: intrahost amino acid substitutions by gag subunit (position labelled if present in 3 or more participants). Matrix/p17 amino acid (aa) 1-127; CS (cleavage site) 1 

aa128-137; capsid/p24 aa138-358; CS2 aa359-368; SP (spacer peptide) 1/p2 aa369-372; CS3 aa373-382; nucleocapsid/p7 383-427; CS4 aa428-437; SP2/p1 438-443; CS5 

aa444-453; p6 aa454-501. 

Matrix CS1 

CS2 CS3 
 

CS4 
 

CS5 
 

Capsid Nucleocapsid SP1 SP2 p6 

Gag gene 
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Table 6.8 Gag sites with intrahost changes in at least three participants 

Gag 
codon 

Amino acid substitution between first- and second-line 
ART (number of participants) 

Known mutation 
association with PI 

exposure at that site 
15 S15M (1) S15A (1) A15V (1) H15Q (1) - 

66 S66P (2) P66S (2)   - 

69 K69T (1) Q69K (1) R69S (1)  - 

75 L75V (1) F/I75L (2) L75I (1)  L75R 

90 S/K90R (2) R90Q (1)   - 

104 V104I (2) V104L (1)   - 

107 M107A (1) I107R (1)   - 

115 T115A (2) V115E (1) M115V (1)  - 

124 D124N (1) S124G (1) N124S (1)  - 

128 V128I (3)    V128A/I/T/del 

248 R248T (1) R248G (1) T248H (1)  G248A 

362 V362I (3)    V362I 

389 I/N389T (2) I/S389N (2)   I389T 

431 A431V (5)    A431V 

441 N441H (1) N441S (2) N441D (1) S/H441N 
(2) 

- 

449 L449P (1) I449V (1) P449L (1) L449I (1) L449F/P/V 

451 S451G (1) A451T (1) N451S (1)  S451G/R/T 

453 P453A (1) P453L (2)   P453A/L/T 

463 F463S (1) F463L (1) L463F (1)  - 

487 A487T (3)    T487S 

*red font: emergent mutations in study participants known to be associated with protease 
inhibitor exposure 

 
 
 
6.4.6 Viral population dynamics 

Viral quasispecies analysis was performed by generating full-length haplotypes. In order 

to examine the effect of selection pressure of PI on viral population dynamics, this section 

of the analysis focussed on participants with therapeutic plasma PI levels. Three of the 

11 participants with therapeutic drug levels did not have any major protease mutations. 

Two (numbered 10 and 11 in Table 6.7) had been sampled soon after switching to 

second-line ART (6-8 months) and in both cases the viral load was decreasing with at 

least a log10 drop since first-line virological failure. In the third case (number 12), the 
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second-line virological failure sample was obtained 2.6 years after switching to second-

line, and both lopinavir and atazanavir were detectable in the plasma sample. This 

participant had been prescribed both agents at different times during the course of 

second-line therapy, though was only supposed to be taking one at that point. Therefore, 

the presence of both PIs suggests this person had not been taking their medications 

correctly, and may have just taken some prior to attending clinic. In order to better 

understand the intrahost viral evolution during failure of PI therapy, this section of the 

analysis was further restricted to focus on the eight participants with therapeutic PI levels 

and major protease mutations.  

 

The following pages show a detailed summary of each of these eight participants with 

four components i) a chart of the ART history, CD4 counts, viral loads, and timing of first-

line and second-line samples; ii) a table of the protease mutations in each sample and 

mutation frequency determined by deep sequencing read analysis; iii) a phylogenetic tree 

of the viral quasispecies sequences generated from first-line and second-line time points, 

annotated with the linked gag and protease mutations that were present in second-line 

quasispecies sequences but not first-line; and iv) the quasispecies diversity within and 

between first-line and second-line time points, shown by mean p-distance (Figures 6.6-

6.13). 
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Figure 6.6a: Participant 1: Clinical summary and PI resistance mutation frequency  
 

 
 

Protease mutation frequency within the sample (%) 
      
ART line  1st 1st 2nd 2nd 
Sample   193 148 133 160 
      
Major protease      
                 M46I  - - 99.1 98.3 
                 I54L  - - - 2.7 
                 I54V  - - 99.2 96.1 
                 T74P  - - - 97.5 
                 V82S  - - 99.4 98.6 
      
Minor/accessory      
                 L10C  - - 90.8 - 
                 L10I  - - - 96.2 
                 K20I  99.2 99.5 99.7 98.0 
                 L24I  - - 94.8 98.0 
                 L33F  - - - 98.2 
                 K43T  - - - 98.7 
                 L63P  97.6 96.5 97.2 97.1 
                 I64M  96.9 97.1 99.1 - 
                 H69K  87.7 97.3 99.5 98.4 
                 V82I  98.6 98.4 - - 
                 L89M  98.7 98.9 100.0 99.2 

 

193 
160 

Subtype G 

148 

133 
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Figure 6.6b Participant 1: Intrahost quasispecies diversity, phylogeny and emergent linked gag-protease mutations 
 
 

  
 
 
 
 
 

Quasispecies p-distance 
 
within first-line population = 2% 
 
within second-line population = 3% 
 
between first and second-line = 3% 
 
between second-line populations = 3% 
 

133 H3 3% gag: I75L D425E A487T pro: M46I I54V 
  

133 H0 5% gag: A487T pro: M46I I54V E61D V82S 
 

160 H2 5% gag: D42E I228L D425E 
E428G A487T 

pro: L10I L24I L33F M64I T74P V82S 
 

133 H2 22% gag: D425E N441D A487T pro: L10I L24I Q35H M46I I54V V82S 
 

133 H1 70% gag: D425E N441D A487T pro: L10I L24I Q35H M46I I54V V82S 
 

160 H0 23% gag: D42E I75L I228L D425E 
N441D A487T 

pro: L10I L24I L33F Q35H K43T M46I 
I54V E61D M64I T74P V82S 

 

160 H1 72% gag: D42E I75L I228L D425E 
E428G N441D L449I A487T 

pro: L10I L24I L33F Q35H K41R K43T 
M46I I54V E61D M64I T74P V82S 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

*identical gag-protease sequence 

* 
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Figure 6.7a: Participant 2: Clinical summary and PI resistance mutation frequency  
 
 

 
 
 

Protease mutation frequency within the sample (%) 
         
ART line  1st 2nd   
Sample  147 211  
     
Major protease     
                 M46I  - 98.5  
                 I54V  - 97.9  
                 V82S  - 98.6  
     
Minor/accessory     
                 L10I  - 98.9  
                 K20I  99.6 69.1  
                 L23I  - 98.3  
                 L24I  - 98.3  
                 L33F  - 66.5  
                 E34Q  - 4.2  
                 M36L  - 7.5  
                 F53L  - 13.2  
                 L63P  96.8 99.0  
                 H69K  98.2 98.7  
                 V82I  99.1 -  
                 V82S  - 98.6  
                 L89I  - 93.3  
                 L89M  99.2 5.0  

 
 

Subtype G 

147 

211 
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Figure 6.7b Participant 2: Intrahost quasispecies diversity, phylogeny and emergent linked gag-protease mutations 
 
 
 
 

 
 

Quasispecies p-distance 
 
within first-line population = 3% 
 
within second-line population = 1% 
 
between first and second-line = 3% 
 

 
 
 

211 H3 2% gag: R95K E312D pro: L10I L23I L24I M46I I54V  T74S 
V82S T91A 

 
 

211 H4 6% gag: R95K I107R E312D 
A431V 

pro: L10I L23I L24I K41P M46I I54V  
T74S V82S M89I T91A 

 
 
 
 
 
 
 
 
 
 
 
 

211 H1 25% gag: R95K I107R E312D 
S368C A431V 

pro: L10I L23I L24I L33F K41P M46I 
I54V T74S V82S M89I T91A 

 
 

211 H2 30% gag: R95K E312D M423L 
A431V 

pro: L10I L23I L24I K41P M46I I54V  
T74S V82S M89I T91A 

 
 

211 H5 36% gag: R95K E312D A431V pro: L10I L23I L24I L33F K41P M46I 
I54V T74S V82S M89I T91A 
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Figure 6.8a: Participant 3: Clinical summary and PI resistance mutation frequency  
 
 

 
 
 

Protease mutation frequency within the sample (%) 
         
ART line  1st 2nd  
Sample  153 161  
     
Major protease     
                 M46I  - 99.1  
                 I54V  - 96.6  
                 L76V  - 98.5  
                 V82A  - 98.5  
     
Minor/accessory     
                 L10I  98.9 99.0  
                 G16E  99.0 99.5  
                 K20I  99.3 99.5  
                 I64V  - 5.1  
                 H69R  97.1 96.9  
                 V82I  98.8 -  
                 L89I  75.3 98.3  
                 L89M  23.9 -  

 
  

Subtype G 

153 161 
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Figure 6.8b Participant 3: Intrahost quasispecies diversity, phylogeny and emergent linked gag-protease mutations 
 

 

 

 

Quasispecies p-distance 
 
within first-line population = 2% 
 
within second-line population = 5% 
 
between first and second-line = 4% 
 
 

 
 
 
 

161 H2 5% gag: 82I 138T 376I 389N pro: 35E 76V 82A 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

161 H0 95% gag: 82I 138T 382K 389N 436G pro: 35H 41R 46I 54V 61H 
76V 82A 91A 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



 211 

Figure 6.9a: Participant 4: Clinical summary and PI resistance mutation frequency  
 

 

Protease mutation frequency within the sample (%) 
         
ART line 1st  2nd  2nd 2nd 2nd 2nd   
Sample  190 114 184 213 201 186  
        
Major protease        
                 V32I - - - 99.5 98.9 99.6  
                 M46I - 98.1 95.8 97.6 98.8 97.7  
                 I47V - 96.6 95.4 98.2 99.1 16.6  
                 I54V - 96.1 93.9 95.9 98.8 97.2  
        
Minor/accessory        
                 L10F - 2.4 - - - -  
                 L10V - - 98.6 86.5 99.2 86.0  
                 V11 - - - - - 3.4  
                 G16E - 2.1 - - - -  
                 K20I 99.6 99.6 99.4 99.5 99.3 99.4  
                 L24I - - 98.7 99.3 99.3 99.6  
                 L33F - - - 99.6 99.0 99.0  
                 M36L - - - 99.5 - 99.5  
                 F53L - 10.2 94.4 - 98.1 -  
                 Q58E - - 94.3 96.1 97.2 96.2  
                 D60E - - - 99.0 99.0 96.5  
                 I62V 4.0 - - - - -  
                 L63P - - 95.6 98.3 100.0 97.4  
                 H69K 98.0 97.9 95.9 98.4 98.4 97.7  
                 V82I 98.2 98.2 - - - -  
                 L89M 98.5 96.4 97.5 98.6 98.4 98.0  

Subtype G 
190 

114 

184 

213 

201 
186 
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 Figure 6.9b Participant 4: Intrahost quasispecies diversity, phylogeny  
 

 

 

Quasispecies p-distance 
 
within first-line population = 1% 
 
within second-line population = 3% 
 
between first and second-line = 2% 
 
between second-line populations = 3% 
 

 

184 H1 1% gag: V362I pro: L24I K41R 
 

201 H0 1% gag: A487T pro: M46I I47V F53L I54V K55R R57K D60E 
L63P V75I V82M 

 

114 H3 6% gag: none pro: none 
 

114 H1 5% gag: none pro: M46I 
 

114 H4 27% gag: none pro: M46I I47V I54V 
 

114 H2 63% gag: none pro: M46I I47V I54V 
 

184 H0 89% gag: V362I A487T pro: L10V L24I Q35H M46I I47V F53L I54V 
K55R R57K Q58E L63P I82M 

 

184 H2 10% gag: V362I A487T pro: L10V L24I M46I I47V F53L I54V Q58E 
L63P I82M 

 

213 H3 2% gag: V362I S368C 
T427S A487T 

pro: L10V L33F Q35H M46I I47V F53L I54V 
K55R R57K L63P V75I V82M 

 

213 H6 1% gag: V362I T427S 
A487T 

pro: L10V L24I L33F M46I I47V I54V K55R 
R57K L63P V75I V82M 

 

201 H4 1% gag: V7I P66S V362I 
S368C T427S A487T 

pro: L10V L24I V32I L33F Q35H I36L K41R 
M46I I47V F53L I54V K55R R57K Q58E 
D60E L63P V75I V82M 

 

213 H1 10% gag: P66S V362I 
A487T 

pro: L10V L24I V32I L33F Q35H I36L K41R 
M46I I47V F53L I54V K55R R57K Q58E 
D60E L63P V75I V82M 

 

201 H3 10% gag: P66S V362I 
T427S A487T S488A 

pro: L10V L24I V32I L33F Q35H I36L K41R 
M46I I47V F53L I54V K55R R57K Q58E 
D60E L63P V75I V82M 

 

213 H2 23% gag: P66S V362I 
S368C T427S A487T 

pro: L10V L24I V32I L33F Q35H I36L K41R 
M46I I47V F53L I54V K55R R57K Q58E 
D60E L63P V75I V82M 

 

201 H1 64% gag: P66S V362I 
S368C T427S A487T 

pro: L10V L24I V32I L33F Q35H I36L K41R 
M46I I47V F53L I54V K55R R57K Q58E 
D60E L63P V75I V82M 

 

213 H5 44% gag: P66S V362I 
S368C T427S A487T 

pro: L10V L24I V32I L33F Q35H I36L K41R 
M46I I47V F53L I54V K55R R57K Q58E 
D60E L63P V75I V82M 

 

213 H4 20% gag: V362I T427S 
A487T 

pro: L10V L19P L24I V32I L33F Q35H I36L 
K41R M46I I47V F53L I54V K55R R57K 
Q58E D60E L63P V75I V82M 

 

201 H2 24% gag: V362I T427S 
A487T 

pro: L10V L19P L24I V32I L33F Q35H I36L 
K41R M46I I47V F53L I54V K55R R57K 
Q58E D60E L63P V75I V82M 

  

186 H4 12% gag: V7I P66S V362I 
S368C T427S A487T 
K490R 

pro: L10V L19P L24I V32I L33F Q35H I36L 
K41R M46I F53L I54V K55R R57K Q58E 
D60E L63P V75I V82M 

  

186 H6 18% gag: V7I P66S V362I 
T427S I449V A487T 
K490R 

pro: L10V L24I V32I L33F Q35H I36L K41R 
M46I F53L I54V K55R R57K Q58E D60E 
L63P V75I V82M 

 
 
 
 
 
 
 
 
 

  
 

186 H5 14% gag: V7I P66S V362I S368C 
T427S I449V A487T S488A 

pro: L10V L19P L24I V32I L33F Q35H I36L K41R M46I F53L 
I54V K55R R57K Q58E D60E L63P V75I V82M 

 

186 H2 24% gag: V7I P66S V362I S368C 
T427S I449V A487T S488A 

pro: L10V L19P L24I V32I L33F Q35H I36L K41R M46I F53L 
I54V K55R R57K Q58E D60E L63P V75I V82M 

 

186 H8 15% gag: V7I P66S V362I T427S 
I449V A487T S488A 

pro: L10V L24I V32I L33F Q35H I36L K41R M46I F53L I54V 
K55R R57K Q58E D60E L63P V75I V82M 

 

186 H1 6% gag: V7I V362I S368C I449V 
A487T S488A 

pro: L10V L19P L24I V32I L33F Q35H I36L K41R M46I I47V 
F53L I54V K55R R57K Q58E D60E L63P V75I V82M 

 

186 H7 8% gag: V7I V362I S368C I449V 
K490R 

pro: L10V L19P L24I V32I L33F Q35H I36L K41R M46I I47V 
F53L I54V K55R R57K Q58E D60E L63P V75I V82M 

 

186 H0 3% gag: P66S V362I I449V 
K490R 

pro: L10V L24I V32I L33F Q35H I36L K41R M46I I47V F53L 
I54V K55R R57K Q58E D60E L63P V75I V82M 

 

186 H3 1% gag: V7I P66S V362I S368C 
T427S A487T 

pro: L10V L19P L24I V32I L33F Q35H I36L K41R M46I I47V 
F53L I54V K55R R57K Q58E D60E L63P V75I V82M 

 

186 H9 1% gag: V7I V362I S368C I449V 
A487T 

pro: L10V L19P L24I V32I L33F Q35H I36L K41R M46I I47V 
F53L I54V K55R R57K Q58E D60E L63P V75I V82M 

 
 
 
 
 
 
 
 
 

* 

* 

* 
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Figure 6.10a: Participant 5: Clinical summary and PI resistance mutation 
frequency  
 

 

Protease mutation frequency within the sample (%) 
         
ART line  1st  2nd   
Sample   151 162  
     
Major protease     
                 M46I  - 99.3  
                 I54V  - 98.7  
                 T74P  - 98.0  
                 V82A  - 97.7  
                 L90M  99.3 97.0  
     
Minor/accessory     
                 L10F  - 98.7  
                 V11I  - 57.2  
                 G16E  2.2 -  
                 K20I  98.4 97.5  
                 L33F  - 98.6  
                 K43T  - 99.0  
                 I62V  98.4 96.8  
                 I64L  97.8 43.9  
                 H69K  98.6 97.6  
                 V82I  98.4 -  
                 L89M  99.4 96.7  

 

 

Subtype G 

151 162 
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Figure 6.10b Participant 5: Intrahost quasispecies diversity, phylogeny and emergent linked gag-protease mutations 
 

 

 

Quasispecies p-distance 
 
within first-line population = 3% 
 
within second-line population = 3% 
 
between first and second-line = 4% 
 

 
 
 
 
 
 
 

162 H3 3% gag: 114K 115V 228M 248G 260E 418K 
421R 424N 431V 441Q 463S 464R 

pro: 10F 19I 43T 46I 54V 55R 
57K 63V 67C 74P 82A 90M 

 
162 H0 6% gag: 103A 228M 248G 260E 319D 362I 

372V 401I 418K 421R 424N 431V 441H 
463S 464R 

pro: 10F 11L 19I 33F 35D 43T 
46I 54V 55R 57K 63V 67C 
74P 82A 90M 

 
162 H1 66% gag: 114K 115V 228M 248G 260E 319D 

362I 372V 401I 418K 421R 424N 431V 
441H 463S 464R 

pro: 10F 19I 33F 35D 43T 46I 
54V 55R 57K 63V 64I 67C 
74P 82A 90M 

 
162 H2 26% gag: 103A 114K 228M 248G 260E 319D 

362I 372V 401I 418K 421R 424N 431V 
441H 463S 464R 

pro: 10F 19I 33F 35D 43T 46I 
54V 55R 57K 63V 67C 74P 
82A 90M 
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Figure 6.11a: Participant 6: Clinical summary and PI resistance mutation 
frequency  
 

 

Protease mutation frequency within the sample (%) 
         
ART line  1st 2nd 
Sample   119 116 
    
Major protease    
                 M46I  - 65.7 
                 M46L  3.7 - 
                 Q58E  - 66.0 
                 L76V  - 62.3 
                 I84V  - 73.6 
    
Minor/accessory    
                 L10F  - 96.6 
                 G16E  48.5 88.3 
                 K20I  98.7 87.8 
                 D60E  - 2.3 
                 L63P  3.5 - 
                 I64V  - 2.5 
                 H69K  99.0 63.3 
                 V77I  3.0 - 
                 L89I  95.2 74.7 
                 L89M  2.8 - 

 

CRF02_AG 

119 
116 
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Figure 6.11b Participant 6: Intrahost quasispecies diversity, phylogeny and emergent linked gag-protease mutations 
 

 

 

Quasispecies p-distance 
 
within first-line population = 3% 
 
within second-line population = 5% 
 
between first and second-line = 4% 
 

 
 
 

116 H5 38% gag: T53S M61L T115A  
T118A D230E Q369H G374N 
T388A 

pro: none 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

116 H0 29% gag: T115A T118A I147V 
A215T E245D Q369H G374N 
T388A 

pro: L10F G16E M46I K55R Q58E 
L63R L76V I84V T91S 

 
 
 

116 H6 33% gag: T115A  T118A I147V 
A215T D230E E245D Q369H 
G374N T388A 

pro: L10F G16E A22V M46I K55R 
Q58E L63R L76V I84V T91S 
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Figure 6.12a: Participant 7: Clinical summary and PI resistance mutation 
frequency  
 

 

Protease mutation frequency within the sample (%) 
         
ART line 1st  2nd 2nd 
Sample  42 37 203 
    
Major protease    
                 M46I - 99.0 81.8 
                 I54V - 99.0 92.3 
                 L76V - 98.4 100.0 
                 V82A - 3.2 76.7 
    
Minor/accessory    
                 L10V - 77.8 97.3 
                 K20I 99.8 99.4 100.0 
                 L33F - - 9.4 
                 L63P 99.6 97.9 96.2 
                 H69R 98.5 89.1 96.6 
                 L89M 97.4 - - 
                 L89V 2.3 - - 

 

 

 

 

 

CRF02_AG 
42 37 

203 
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Figure 6.12b Participant 7: Intrahost quasispecies diversity, phylogeny and emergent linked gag-protease mutations 
 

 

Quasispecies p-distance 
 
within first-line population = 2% 
 
within second-line population = 3% 
 
between first and second-line = 3% 
 
between second-line populations = 4% 
 

 
 
 

203 H0 9% gag: H219Q A223V P449L pro: L10V R14K E68G L76V M89I 
T91S 

 
 
 
 
 
 
 

37 H3 1% gag: H219Q A223V T427S 
A431V P453L 

pro: L10V V13A R14K M46I I54V 
E68G L76V M89I T91S 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

37 H0 4% gag: V104L T427S A431V 
P453L 

pro: V13A R14K M46I I54V E68G 
L76V M89I T91S 

 

37 H2 3% gag: T427S A431V P453L pro: L10V V13A R14K M46I I54V 
E68G L76V M89I T91S 

 

37 H5 20% gag: L50F H219Q A223V 
T427S A431V P453L 

pro: V13A R14K M46I I54V E68G 
L76V M89I T91S 

 

37 H6 11% gag: H219Q A223V A431V 
P453L 

pro: L10V V13A R14K M46I I54V 
E68G L76V M89I T91S 

 

203 H2 91% gag: V104L H219Q A223V 
T427S A431V P449L P453L 

pro: L10V V13A R14K M46I I54V 
E68G L76V V82A M89I T91S 

 

37 H1 10% gag: H219Q A223V T427S 
A431V P453L 

pro: L10V V13A R14K M46I I54V 
E68G L76V M89I T91S 

 

37 H4 50% gag: L50F H219Q A223V 
T427S A431V P453L 

pro: L10V V13A R14K M46I I54V 
E68G L76V M89I T91S 
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Figure 6.13a: Participant 8: Clinical summary and PI resistance mutation 
frequency  

 

 

Protease mutation frequency within the sample (%) 
         
ART line  1st  2nd 
Sample  43 141 
    
Major protease    
                 M46I  - 97.7 
                 I54V  - 98.3 
                 V82S  - 97.9 
    
Minor/accessory    
                 L10I  13.3 - 
                 L10V  - 97.2 
                 G16E  13.7 - 
                 K20I  98.5 5.9 
                 K20V  - 90.3 
                 L24I  - 93.9 
                 L33F  - 97.2 
                 M36L  - 97.7 
                 I62V  - 27.7 
                 L63P  32.3 98.9 
                 H69K  20.4 99.4 
                 H69R  75.1 - 
                 V77I  13.2 - 
                 V82I  66.4 - 
                 L89M  85.6 98.7 
                 L89V  5.0 - 

 

Subtype G 

43 141 
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Figure 6.13b Participant 8: Intrahost quasispecies diversity, phylogeny and emergent linked gag-protease mutations 
 

 

 

 

 

 

Quasispecies p-distance 
 
within first-line population = 7% 
 
within second-line population = 2% 
 
between first and second-line = 7% 
 

 
 
 

141 H2 4% gag: 15A 110N 128I 211D 
275K 407G 463L 

pro: 10L 14K 20I 36L 46I 54V 
63P 74A 82S 91A 

 
 
 
 
 
 
 
 
 
 

141 H0 63% gag: 15A 102N 110N 128I 
211D 275K 407G 431V 463L 

pro: 10V 14K 20V 24I 33F 36L 
46I 54V 63P 74A 82S 91A 

 
 
 
 

141 H1 33% gag: 15A 102N 110N 128I 
211D 275K 407G 431V 463L 

pro: 10V 14K 20V 24I 33F 36L 
46I 54V 63P 74A 82S 91A 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

* 
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The protease mutation frequency tables show that the major protease mutations that were 

detected at second-line failure tended to be present at high frequencies within the viral 

population. One participant (number 7) had a major protease minority variant in a second-

line sample (V82A at 3.2%) that became high-frequency (76.7%) in a subsequent second-

line sample. Two other participants (numbers 1 and 4) with minority variants of major 

protease mutations at second-line (I54L at 2.7% and I47V at 16.6%, respectively), did not 

have further second-line samples to see whether these minority variants emerged to 

become majority.  In the only case of a minority variant of a major protease mutation 

present at first-line (participant number 6), a M46L at 3.7% frequency in first-line failure 

was followed by the emergence of M46I at 65.7% at second-line failure.  

 

Among the three participants with more than one sample available from second-line 

failure (numbers 1, 4 and 7), the major protease mutations increased in number and/or 

mutation frequency over time. In these cases there had also been three major protease 

mutations present at high frequency in the initial second-line sample that was sequenced. 

 

Some minor/accessory protease mutations seemed prone to changing during second-line 

failure. At residue 10, three participants had a change in the minor/accessory mutation 

present at residue 10: L10C to L10I (participant number 1), L10F to L10V (participant 

number 4), and L10I to L10V (participant number 8). L89M mutated to L89I (another 

minor/accessory mutation) in two participants (numbers 2 and 3). In five participants, the 

minor mutation V82I present at first-line then changed to a major mutation at second-line 

failure: to V82S in three participants (numbers 1, 2 and 8) and to V82A in two participants 

(numbers 3 and 5). However, this did not always happen, for example in participant 

number 4, V82I was detected at high frequency in the first two samples that were 

sequenced, but was not present in the following four and did not mutate to V82A or S. In 

participant number 7, V82A emerged during second-line without V82I at first-line. 
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Minor/accessory mutations present at <20% frequency (e.g. G16E, F53L, I62V, L63P, 

V77I and L89M/V in participants 4, 5, 6, 7 and 8) were often not detected in later samples,  

 

The quasispecies phylogenies commonly showed that populations present at first-line 

appeared to arise from older populations that were present at low frequency in second-

line sample. For example, in participant 1 the quasispecies labelled 133_H3 which 

represented 3% of the viral population in that second-line sample 133; participant 2 with 

211_H3 at 2%; participant 3 with 161_H2 at 5%; participant 4 with 184_H1 at 1%, 201_H0 

at 1% and 114_H3 at 6%; participant 7 with 203_H0 at 9%; participant 8 with 141_H2 at 

4%. Participant 6 was notable for having a quasispecies 116_H5 at 38% of the viral 

population which did not carry any new protease mutations (compared to first-line) but 

had acquired several gag mutations.  

 

There was no clear pattern with regard to gag-protease linked mutations. The annotated 

phylogenies did not suggest that there were specific gag-protease mutations emerging 

together in some quasispecies and different gag-protease mutations emerging in other 

quasispecies in the same viral population.  

 

The outlier with regard to sequence diversity was participant 8 in whom there had been 

ten years between first-line and second-line sampling. This person also had a diverse 

first-line population with a within-population p-distance of 7%. This may reflect a 

longstanding infection, and this is supported by the pre-treatment CD4 count which was 

less than 50 cells/mm3, indicating advanced infection.  In the other participants the 

quasispecies sequence diversity within and between time points was <5%. 

 

The analysis was then expanded to include all 26 participants with longitudinal data. A 

summary of the p-distance between quasispecies obtained at first-line virological failure, 

between those obtained at second-line virological failure, and overall between those two 
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time points within each participant, is shown in Table 6.9. Where participants had more 

than one sample obtained during second-line virological failure, the p-distance between 

the groups of quasispecies obtained at these time points was also calculated. 

 

Table 6.9 Quasispecies diversity within and between viral populations at first-line and 

second-line virological failure  

Quasispecies 

comparison 

p-distance between quasispecies, % mean ± SD p-value** 

All 
n=26 

Major protease 
mutations* 

n=9 

No major protease 
mutations* 

n=17 

within viral population 

at first-line failure  

2.73 ± 1.37 3.00 ± 1.73 2.59 ± 1.18 0.48 

within viral population 
at second-line failure 

3.42 ± 1.42 3.33 ± 1.41 3.47 ± 1.46 0.82 

between populations 

at first- and second-

line failure 

3.50 ± 1.27 3.90 ± 1.49 3.29 ± 1.13 0.25 

between populations 

during second-line 

failure***  

3.21 ± 0.90 3.40 ± 0.34 3.02 ± 1.34 0.66 

*Major protease mutations present at ≥20% frequency of the sequence population 
**p value for t-test 
***participants with multiple samples from second-line virological failure (3 participants with major 
protease mutations, and 3 with no major protease mutations) 
                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                                             

On average, there was as much diversity between second-line sequences as between 

first-line and second-line. There was no difference in diversity at second-line between 

participants with and without major protease mutations. There was also no difference 

between participants with undetectable or therapeutic PI levels. The mean p-distance 

within second-line samples in participants who had therapeutic PI levels was 3.27% ± SD 

1.35, and in participants with undetectable PI levels it was 3.20% ± SD 1.55, (p=0.91 t-

test). The p-distance between the first-line and second-line groups were mean 3.57% ± 

SD 1.36 and 3.14% ± SD 1.34, p=0.48 for the therapeutic and undetectable PI levels 

groups, respectively. 
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6.4.7 Future treatment options 

6.4.7.1 Predicted darunavir susceptibility 

The Stanford resistance algorithm was applied to all 40 second-line virological failure 

samples to determine the susceptibility to the PIs lopinavir and atazanavir at the time of 

virological failure of one of those agents. The predicted susceptibility to darunavir is 

shown in Figure 6.14. Varying the mutation frequency threshold from 20% to 2% did not 

make much difference to the predicted susceptibility to lopinavir or atazanavir. At a 20% 

cut-off, intermediate-high level resistance was predicted to lopinavir in 40% of participants 

and to atazanavir in 37.5%. At a 2% threshold, 42.5% were predicted to have 

intermediate-high level lopinavir resistance and 40% to atazanavir.  

 

Figure 6.14 Predicted susceptibility to PIs following second-line ART failure 

 

Figure legend Proportion of participants with low, intermediate or high-level resistance according 

to the Stanford resistance algorithm at 2% and 20% mutation frequency thresholds. LPV 

lopinavir, ATV atazanavir, DRV darunavir. 
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No participants were predicted to have high-level resistance to darunavir following 

second-line virological failure of boosted lopinavir or atazanavir. At 20% mutation 

frequency threshold, 2.5% were predicted to have intermediate resistance and 22.5% 

low-level resistance to darunavir. The proportion predicted to have intermediate 

resistance rose to 7.5% when a 2% mutation frequency threshold was applied. Only the 

participants who had therapeutic plasma PI levels were predicted to have any degree of 

resistance to darunavir. 

 

6.4.7.2 Predicted maturation/capsid inhibitor susceptibility 

Only two participants had sequences containing gag mutations associated with reduced 

susceptibility to maturation or capsid inhibitors. One (participant number 11 in Table 6.7) 

had capsid L56I (gag 188) at 3.7% and capsid M66I (gag 198) at 5.2% in the first-line 

virological failure sample, and then p2 A1V (gag 364) at 2% and I437T at 1.2% in the 

second-line virological failure sample. The other participant had a second-line sample 

with three minority variants associated with maturation inhibitor resistance: M66I at 1.3%, 

K436E at 6.9%, and I437T at 7.8%. There was no available sequence from first-line 

virological failure time point for comparison. Overall, none of the participants had 

maturation or capsid inhibitor mutations in consensus sequences. The capsid mutation 

T107N was not observed, although T107A was the consensus in 11% (13/115) of all 

participants and T107S in 1.7% (2/115). 

 

6.4.7.3 Integrase subtype variation 

Susceptibility to integrase inhibitors was investigated in all study samples from 

participants with subtype G or CRF02_AG infection, whether obtained during first-line or 

second-line virological failure. Four participants had major IAS-USA integrase inhibitor 

mutations present as minority variants at 2-5% frequency in the viral population. Two 

participants had Q148K and two had R263K.  A further six participants had minor IAS-
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USA integrase inhibitor mutations: four participants had T97A (three at ≥20% frequency, 

and one as a minority variant), one had an E138K minority variant, and one had a G140A 

minority variant.  

 

Overall, the L74I mutation was present at ≥2% frequency in samples from 40% (46/115) 

of participants. In 34 people, L74I was present at ≥20% frequency and in 12 people it was 

present as a minority variant (2-20% frequency). The median frequency within the viral 

population was 90.6% (IQR 17.8-98.7). L74I differed by subtype and was more common 

among participants with subtype G infection (55%, 26/47) than those with CRF02_AG 

(29%, 20/68, p=0.005, Chi-square test).  The consensus sequences were examined to 

determine the codon usage at this position. All participants with L74I consensus 

sequences (27%, 31/115) had the trinucleotide ATA at this position. The wild-type L74L 

sequences used either CTG, TTG, TTA or CTA. The wild-type trinucleotides CTG or TTG 

(present in 60%, 69/115) each require two nucleotide changes to substitute the amino 

acid from leucine to isoleucine, whereas TTA or CTA (present in 13%, 15/115), each 

require only a single nucleotide change to generate the L74I mutation. There was no 

significant difference among the subtypes in the codon usage of L74L and the number of 

nucleotide changes required to mutate to L74I (p=0.13, Chi square test). The integrase 

polymorphism, E157Q, was present in 12 participants, of whom six also had L74I. 

 

6.5 Discussion          

Protease mutations and plasma PI levels  

The analysis of protease mutations present at second-line virological failure included over 

one third of all cohort participants who had confirmed second-line virological failure. A 

comparison of the baseline characteristics suggested this subset of participants with 

available sequence data was broadly representative of the wider group. 
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Just under half of participants had developed major protease mutations during second-

line virological failure. As with the reverse transcriptase mutations detected at first-line 

virological failure described in Chapter 5, the majority of protease resistance mutations 

present at second-line virological failure were fixed in the viral population at a frequency 

of over 90%. Interestingly, the proportion of protease mutations that were minority variants 

at second-line failure was 18%, identical to the minority variant proportion among reverse 

transcriptase mutations at first-line failure. Most major protease mutations were fixed in 

the viral population by the time of sampling, though there was some accumulation of major 

resistance in those with multiple second-line samples, which fits with the observation in 

the meta-analysis by Stockdale et al that the number of protease mutations increases 

with the duration of second-line ART.99  

 

There was no association between the presence of major protease mutations and 

participant characteristics such as age, sex, baseline CD4 or baseline viral load, and this 

was also the case in other studies of second-line ART.48,151  The viral load at second-line 

virological failure was not significantly different among those with and without major 

protease mutations. Therefore, one should not infer that a high viral load at virological 

failure is likely to reflect wild-type virus. This finding differs from that of a South African 

study of people with subtype C infection, among whom those with protease mutations had 

lower viral loads.153 This may be a result of better, though still suboptimal, adherence in 

the South African participants, or could indicate preserved “fitness” in the West African 

subtypes, even where protease mutations are present. There are in vitro data to show 

increased replicative capacity in West African subtypes, particularly CRF02_AG, 

compared to subtypes that prevail elsewhere on the continent.173  

 

Two observational studies from Nigeria focussed on protease mutations during second-

line failure using resistance tests from Sanger sequencing methods. One showed that 

62% (38/61) of participants with resistance tests had any protease mutations, however 
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the definition of protease mutations included polymorphisms that are not classed as major 

or minor/accessory.174 There was a median of one major mutation (IQR 0-3), and one 

minor mutation (IQR 0-2). These 61 participants represented less than 10% of the cohort 

who had failed second-line therapy, and were selected for resistance testing because of 

their perceived good adherence. Like the CHANGE study, the most common major 

protease mutation sites were I54, V82 and M46. Another study of second-line ART 

response in 73 patients at two treatment centres in Nigeria, including the present study 

site, performed retrospective genotypic resistance tests on stored samples from the nine 

patients who had failed therapy. Two people had developed major protease resistance 

mutations: one had M46I and L76V at six months into second-line ART, and the other had 

M46I and I54V at six months followed by I47V at 30 months.103  

 

Of concern, over 40% of those tested had no detectable plasma PI levels at the time of 

second-line virological failure. This may represent complete non-adherence and at least 

indicates that these participants had not taken their antiretroviral medications in the days 

prior to attending the clinic appointment when their viral load sample was obtained. The 

presence of plasma PI was strongly correlated with the presence of major protease 

mutations, with a ten-fold difference in the proportion of participants with major protease 

mutations among those with therapeutic and undetectable PI levels. The two participants 

who only had major protease mutations detected at low levels during second-line failure 

did not have detectable PI levels, suggesting that they had probably taken ART in the 

past and major mutations either did not have sufficient drug selection pressure to compete 

with wild-type virus in the population, or that the mutations had previously been at a higher 

frequency and were waning after PI therapy had stopped.  

 

In the present study, the samples were tested retrospectively and so would not have 

affected adherence per se, however these results are still subject to the phenomenon of 

“white coat” compliance, whereby patients who are not usually adherent might take their 
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drugs prior to a clinic appointment.175 An example of this may be the participant with 

detectable levels of both lopinavir and atazanavir, though only prescribed one at that time, 

who may have taken whatever medications were to hand before attending clinic. Such 

behaviour confounds the utility of a one-off plasma level. Overall, the PI plasma level test 

had an accuracy of 84% to discriminate between samples with and without major protease 

mutations in this study population.  

 

There are some reports in the literature of the use of untimed plasma PI testing in trial 

and observational settings. A substudy of the SECOND-LINE trial (a head-to-head of 

lopinavir and two or three NRTIs, versus lopinavir with raltegravir) retrospectively tested 

stored samples obtained at week 12 of therapy and correlated the untimed plasma 

lopinavir concentrations with subsequent virological response.176 There was generally 

good adherence as only 6% (32/517) of participants had undetectable lopinavir levels 

(<25 ng/mL). Of the participants with no detectable lopinavir in plasma samples at week 

12, 47% had a viral load >200 copies/mL, at week 48, compared to 11% of people who 

had a detectable plasma lopinavir level. The samples with detectable levels were further 

categorised as optimal (over 1,000 ng/mL) or suboptimal (25-1000 ng/mL) and a dose-

response was observed, as those with suboptimal but detectable levels were more likely 

to have ongoing viral replication with an adjusted HR of 2.94 (95% CI 1.54-5.62), 

compared to undetectable, adjusted for baseline viral load and study arm. The adjusted 

HR for undetectable versus optimal was not much higher at 3.55 (95% CI 1.89-6.64). 

 

A cross-sectional study in two centres in Durban, South Africa, of 134 pts with second-

line virological failure (>1,000 copies/mL) found that 28 (21%) had major protease 

mutations. Only around half (64, 48%) had detectable lopinavir levels. A random lopinavir 

levels had a high negative predictive value (91%), but a lower positive predictive value of 

34%, for the presence of major protease mutations.175 Another cross-sectional study by 

the same group in two centres in Cape Town, South Africa, found that lopinavir 
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concentrations in both plasma and hair samples from 93 people on second-line ART also 

correlated with the likelihood of virological failure.177 Overall, 37 (40%) people had 

virological failure, and only two of them had major protease mutations. Plasma and hair 

lopinavir levels were generally concordant, except in three cases of virological failure 

which were attributed to intermittent adherence (e.g. recent omission of medications but 

previous good adherence with undetectable plasma levels and detectable hair levels, or 

vice versa). Although hair drug levels are more representative of adherence over the 

preceding weeks to months, this method has its own limitations, as it may not identify 

intermittent adherence, and participants need sufficient hair to enable sampling. The 

authors of these studies proposed therapeutic drug monitoring as a strategy to identify 

people at risk of failure and target interventions, for a relatively low cost of less than 

US$50 per test, compared to around US$300 for a genotypic resistance test. 

 

The intrahost longitudinal sequence data from the 26 CHANGE participants were used to 

identify sites that were subject to increased change during second-line ART. There were 

few emergent minor or accessory protease mutations. Even those present at minority 

variant levels at first-line failure did not flourish under PI selection pressure as might have 

been expected. The quasispecies did not reveal certain linked mutations arising in one 

population and different mutations arising in another. The phylogenies often showed first-

line and second-line quasispecies to be interspersed. In some cases there was a second-

line quasispecies which branched first and appeared to be closer ancestrally to the 

outgroup. This could represent the emergence of an older viral population from a reservoir 

site, which evaded the selection pressure of the PI therapy. It was surprising that there 

was no significant difference in quasispecies diversity over the course of therapy. One 

might have expected either the participants with major protease mutations and 

therapeutic PI levels to harbour a less diverse population because of the emergence of 

changes that enable viral escape, and for participants without major protease mutations 

to have more diversity as a result of unchecked viral replication and lack of selection.  The 
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diversity measure itself may not have adequately captured selective pressures acting on 

specific branches. A similar methodology was employed by Kemp et al to examine the 

intrahost viral population during second-line virological failure among eight people 

infected with HIV subtype C in South Africa.178 This took a different approach of focusing 

on people who had not developed major protease mutations, with and without therapeutic 

PI levels, and also found the emergence of known gag mutations including T81A and 

T375N, and the phylogenetic intermingling of quasispecies.  

 

Interestingly, three amino acid substitutions in protease emerged in at least three 

participants each: Q35H, K55R and T91A/S. Q35H is located in the hinge region of the 

protease flaps, adjacent to the minor resistance site, residue 34. K55R is in the active site 

of protease, adjacent to the known major mutation site 54. T91A/S is located in the 

protease dimerization region, adjacent to the known major mutation site 90. A similar 

substitution, T91V, was identified by a Mexican study of 151 subtype B viruses as being 

under positive selection during PI therapy.179 These three emergent mutations in the 

CHANGE participants do not appear to be subtype-specific polymorphisms as they were 

not present in any of the 101 first-line virological failure sequences. It could be that these 

changes occurred by chance, however further phenotypic studies may be warranted to 

elucidate the impact of these potential novel mutations on the susceptibility to PIs. 

 

A major strength of the longitudinal sequence data is the ability to show that many of the 

minor/accessory protease mutations detected at second-line failure had not emerged 

during PI therapy but were present beforehand. The larger group of first-line samples was 

also used to determine the prevalence of protease and gag variants in these subtypes, 

prior to PI exposure. It was striking that all of the protease sequences from the West 

African subtypes contained variants that would usually be considered minor or accessory 

resistance mutations. Some, such as K20I, M36I and V82I, are recognised to be subtype-

specific polymorphisms.36 Minor protease mutations K20R, M36I, L63P, H69K and I93L 
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were also common at baseline in an analysis of lopinavir recipients with subtype C 

infection in Cape Town, the majority of whom did not go on to develop major protease 

resistance.180 

 

My findings suggest that the minor mutation V82I, which is recognised to be common in 

West African subtypes, may predispose to the emergence of major protease mutation at 

this site (V82A or S) as occurred in five of the eight CHANGE participants with therapeutic 

protease levels and major protease resistance. This would fit with a previous study which 

found V82A after PI monotherapy.108 However, major mutations at this site did not emerge 

in all cases of baseline V82I, and neither was it necessary for V82I to be present at 

baseline for major resistance mutations to arise at this site. Furthermore, minority variants 

of minor or accessory mutations detected at baseline did not always flourish during PI 

therapy, so if deep sequencing were to be introduced into routine care then the presence 

of minor or accessory protease minority variants should not necessarily preclude the use 

of a PI, at least in these subtypes. 

 

Gag mutations 

In addition to protease, the only other gene that differed significantly in the non-

synonymous mutation rate between those participants with and without major protease 

mutations was gag. Over 80% of gag mutations occurred outside of cleavage sites. These 

regions may be involved in guiding protease to the cleavage sites, and in some cases can 

change the order of polypeptide processing. The gag mutation A431V was present in 20% 

of participants at second-line failure, but none of the first-line failure samples, which fits 

with previous research that shows this is a primary resistance mutation selected by PI 

therapy. Other known gag mutations V128I and V362I were also selected in three 

intrahost participants each. There were many other sites of emergent gag mutations in 

intrahost gag sequences that have not been previously associated with PI resistance. 

Analysis of the specific amino acid substitutions showed that these often differed among 
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participants. It could be that these were stochastic changes that did not provide any 

evolutionary advantage, or were the result of epistasis, arising on the same quasispecies 

with advantageous mutations elsewhere in the genome. An alternative explanation is the 

“substrate envelope hypothesis” postulated by Prabu-Jeyabalan et al in 2002, which 

suggests that gag alters its structure to increase recognition by protease, and thus 

overcome PI therapy, without having to mutate to a specific amino acid sequence.181  

 

The gag findings were similar to those of the DART trial of PI monotherapy, a subanalysis 

of which performed Sanger sequencing on baseline and failure samples from 23 

participants.182 There was a high prevalence of gag mutations at baseline, prior to PI 

exposure, and although several more gag changes were observed at failure, there were 

no clear patterns of mutations emerging consistently across participants. For example, as 

I found in the CHANGE sequences, some mutations present at baseline then reverted to 

wild-type during PI therapy, and others mutated to and from different amino acids, not 

associated with resistance. 

 

The gag variants that were prevalent before PI exposure differed among CRF02_AG and 

subtype G viruses. Some of the borderline significant associations may have been a result 

of multiple hypothesis testing, but there were 12 mutations for which the subtype 

difference had a significance of p<0.001, which is less likely to have occurred by chance. 

West African subtypes from Cameroon with partial gag-protease Sanger sequencing 

were commonly found to have gag mutations at the p2-nucleocapsid cleavage site, even 

in PI-naïve people.183 Another study also found gag mutations in baseline sequences 

obtained before PI monotherapy as part of the MONARK trial. Non-subtype B viruses, of 

which around half were CRF02_AG, were more likely to have gag cleavage site mutations 

at baseline than subtype B viruses. The participants with non-subtype B viruses did have 

worse virological outcomes in this trial, however there was no evidence of an 
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accumulation of gag (or protease) mutations at failure. This led the authors to surmise 

that suboptimal adherence was the most likely reason for virological failure.184  

 

One of the few studies with longitudinal gag-protease Sanger sequencing followed 20 

paediatric patients from South Africa during PI therapy (lopinavir, or ritonavir alone if aged 

under 6 months and/or receiving mycobacterial treatment).44 Eight participants (40%) 

developed major protease mutations including M46I, I54V and V82A. Overall, there were 

53 gag amino acid substitutions during PI therapy in these 20 participants, fewer than I 

observed in the CHANGE participants who had >180 changes among 26 participants, 

however the mean duration of PI treatment before sampling in this paediatric population 

was only 9.5 months. Five sites in gag were found to be under positive selection pressure: 

15, 54, 62, 69 and 339. Gag 15 and 69 were also “hotspots” in the CHANGE sequences 

with emergent mutations at these sites in four and three participants, respectively, 

although with different amino acids emerging in each case.  

 

In another study from South Africa, a computational method of mapping resistance 

pathways was employed to construct probable gag-protease pathways from stored 

sequences from patients who had failed lopinavir therapy in South Africa.185 Gag A431V 

was found to correlate with M46I and V82A, as previously reported, but also with L10F. 

Gag 69K (which emerged in one CHANGE participant but reverted in another) also 

appeared to be involved in lopinavir resistance. The authors noted that gag was able to 

tolerate more variation than protease, without compromising structural integrity.  

 

Phenotypic experiments by Rawlings Datir in Professor Gupta’s laboratory showed that a 

combination of gag mutations conferred PI resistance in one of the CHANGE participants 

(number 18 in Table 6.7), who had not developed any major protease mutations and had 

no detectable plasma PI. The combination of gag S126del, H127del, T122A and G123E 

present at virological failure in this participant conferred a 4-fold reduced susceptibility to 
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lopinavir.186 The same effect was observed when these four mutations were introduced 

to a subtype B gag-protease. The mutant viruses were also less fit with a 2-fold decrease 

in infectivity compared to wild-type. This combination of mutations was not observed in 

any of the other study sequences.  We also performed a nested case-control analysis of 

CHANGE participants with second-line virological failure and second-line virological 

suppression, matched on age, sex, subtype, baseline CD4 count, viral load and duration 

of ART. Rawlings amplified gag-protease from samples obtained at first-line virological 

failure, and using a retroviral vector system investigated phenotypic susceptibility for a 

panel of PIs. There was no significant difference between those who went on to fail or 

suppress during second-line ART, suggesting adherence was more likely to determine 

response.187  

 

Env gene evolution  

The env region had the highest non-synonymous mutation rate. This is known to be a 

highly variable region and a similar finding was reported by Kemp et al.178 There was a 

higher mutation rate in env in participants who had developed major protease mutations, 

but this was not significantly different from those who had not developed major protease 

mutations, and there were no specific env mutations that were identified repeatedly 

across participants.  

 

There are conflicting reports about the significance of env mutations in clinical samples 

from people exposed to PI therapy.  A French study of deep sequencing of samples from 

32 people (53% with CRF02_AG) who had failed a first-line PI regimen, usually including 

darunavir, after a median of 1.4 years. There was a much lower incidence of emergent 

protease mutations and gag mutations compared to the present study. Most gag 

mutations were already fixed in the viral population (>90% frequency) at baseline and 

only two participants had emerging gag mutations (R286K). They highlighted a 

15V/64M/70R pattern among 2 participants with CRF02_AG, however this combination 
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did not emerge in the CHANGE participants. There were also fewer emergent gp41 

mutations, with 15 participants showing no change at all in this region, and no emergent 

mutations occurred in more than two participants.188 There may have been less change 

in these viral populations than observed in the present study because of the shorter 

interval between longitudinal samples, because the participants were receiving a first-line 

regimen and may have had better adherence, and also because most participants 

received darunavir which may have a different impact on intrahost evolution than the 

lopinavir and atazanavir agents studied in CHANGE.  

 

An analysis comparing the gag and gp41 sequences at virological failure between 40 

participants on a PI-containing regimen and 20 on a NNRTI, found many mutations in 

both genes but no clear difference between the groups.189 The authors concluded that if 

there were PI resistance mutations in gag or gp41 then they may not fit the usual paradigm 

of specific drug resistance mutations consistently detected at certain sites. 

 

Future treatment options 

Prior to 2018, there were no regimens other than first-line NNRTI and second-line PI 

regimens available through the IHVN ART programme. Some people would have been 

able to access a third-line regimen of two NRTIs, darunavir, and the first-generation 

integrase inhibitor raltegravir from private facilities. However, this would have been 

prohibitively expensive for most people and there were no participants receiving this 

regimen among those who contributed sequences to the present analysis. 

 

The WHO guidelines have since changed to recommend the second-generation integrase 

inhibitor dolutegravir as first-line ART, and also second-line ART for people failing a 

NNRTI-based first-line regimen. PI-based regimens remain the preferred second-line 

option if there is failure of a first-line dolutegravir regimen. Globally, there will be many 

people who have failed second-line PI therapy, therefore it is useful to determine the 
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predicted susceptibility to newer ART agents, which may be available in the future, even 

if they are not in use now. In Chapter 5, I found extensive NRTI and NNRTI resistance, 

and so there is likely to be archived resistance to these classes, even if there has since 

been reversion of some of the mutations to wild-type among the viral population 

circulating at the time of second-line failure. I showed that the NNRTI mutations generated 

by efavirenz and nevirapine were also predicted to cause cross-resistance to many of the 

newer generation NNRTIs, including rilpivirine and doravirine.  

 

Darunavir is a second-generation PI with a high genetic barrier to resistance. It has a low 

toxicity profile and is usually well-tolerated, with fewer side effects than lopinavir and 

atazanavir. As such, it is an attractive option for use in low and middle-income countries. 

It is now available in a generic formulation and also in fixed dose combinations with other 

agents. CHANGE participants who developed major protease resistance had multiple 

mutations and this often resulted in intermediate-high level resistance to lopinavir and 

atazanavir. However, darunavir susceptibility was usually preserved with <10% of 

participants predicted to have intermediate level resistance to this agent, and ~20% 

predicted to have only low-level resistance. Darunavir would appear to be a potential 

future agent for most people in this setting, although the impact of accumulated gag 

mutations on darunavir susceptibility is unknown. 

 

There are some observational data to support the use of darunavir following exposure to 

previous PIs in clinical settings. A UK analysis of darunavir resistance in 386 people with 

pre- and post-darunavir resistance tests found that overall the emergence of darunavir 

resistance mutations was low at 2.8% (11/386), although this was more likely to occur 

among participants who were already PI-experienced, with 3.7% (7/188) developing new 

mutations. The PI-experienced group also had baseline protease resistance mutations 

present in 13.8% (26/188), prior to darunavir exposure.190 Predicted susceptibility to 

darunavir was reported in some of the studies from sub-Saharan Africa discussed in the 
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introduction of this chapter. In the PASER-M study, less than 5% of participants who failed 

second-line therapy were predicted to have intermediate level resistance to darunavir, 

and none were predicted to have high level resistance.152 

 

In the Kenyan study of 123 people, in which 32% developed major protease mutations, 

the Stanford algorithm predicted intermediate to high level resistance to darunavir in 7% 

(but to lopinavir in 27%, and atazanavir in 24%).151 However, in another study from Kenya 

in which 9% of the 105 participants who failed second-line therapy had developed major 

protease mutations, only one was predicted to have darunavir resistance.155 The South 

African national survey focused on the 58 people with major protease mutations, of whom 

31 (53%) were predicted to have intermediate resistance to darunavir, and none to have 

high level resistance.153  

 

Whilst maturation inhibitors are not yet routinely available anywhere, they offer the 

prospect of a new class of agent in the antiretroviral armamentarium. There is a lack of 

HIV gag sequence data from clinical samples to determine the prevalence of mutations 

that are likely to affect susceptibility to maturation inhibitors. I found only two participants 

with potential maturation inhibitor mutations, and these were all minority variants present 

at <10% frequency. There were no maturation inhibitor mutations present in any of the 

consensus sequences. Neither were there any previously described mutations to the 

capsid inhibitor lenacapavir detected in any of the consensus sequences, although one 

site (capsid T107) was noted to be polymorphic in these subtypes. This fits with previous 

analyses including two studies from France, one which found no capsid resistance 

mutations in 1500 consensus sequences (44% CRF02_AG),191 and another that used 

deep sequencing to analyse 132 samples (36% CRF02_AG) and did not detect any 

capsid resistance mutations using a mutation frequency threshold of 2%.192 
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There is scant information on the integrase sequence variation among West African 

subtypes. This is particularly important given the rollout of the integrase inhibitor 

dolutegravir for use in first and second-line regimens in low and middle income countries. 

It is reassuring that there were few major integrase mutations in the sequences from 

CHANGE study participants, and those that were present were at low-level frequency of 

<5%. However, over one third had the integrase L74I mutation. This is a polymorphism 

that was present at baseline and failure in three participants with subtype A virological 

failure during the FLAIR trial of cabotegravir, alongside major integrase resistance 

mutations.193 L74I is part of a hydrophobic cluster of residues in the catalytic core domain 

of integrase, which includes the resistance-associated mutations T97A and F121, near 

the active site.194  

 

The Stanford Resistance Database includes L74I in combination with other integrase 

mutations.36 The IAS-USA does not include L74I as a resistance mutation, though does 

include L74M as a minor raltegravir mutation.37 This finding of a high prevalence of L74I 

may have implications for the success of dolutegravir therapy in West African settings 

without frequent viral load monitoring or resistance testing. It may be that L74I could prime 

the virus so that if major integrase mutations were to emerge under the selective pressure 

of suboptimal dolutegravir therapy, it could act as an accessory mutation. Further in vitro 

and clinical studies are required to determine whether L74I can facilitate resistance to 

integrase inhibitors in non-B subtypes. 

 

On the other hand, there are data to suggest that West African subtypes could potentially 

be less likely to develop integrase resistance. One Canadian study of 244 integrase 

sequences derived by Sanger sequencing methods found 2-7% integrase sequence 

diversity between different subtypes, and <2% within subtypes.195 Polymorphisms were 

commonly observed at codon positions 140, 148, 151, 157 and 160. The codon usage at 

positions 140 and 151 in CRF02_AG, CRF01_AE and C viruses suggested a higher 
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genetic barrier to developing the resistance mutations G140S/C and V151I at these 

positions as more nucleotide changes were required for these mutations to emerge in 

these subtypes. 

 

Limitations  

There are several limitations to this study. For the purposes of the analysis, I used a 20% 

mutation frequency threshold to classify participants into those with and without major 

protease mutations. This was intended to reflect the Sanger sequencing threshold and so 

increase the applicability of the results to settings with only standard resistance testing 

methods available. It did mean that two participants with only minority variants of major 

protease mutations were included in the no major protease mutations group. However, 

this decision is supported by data from the CASTLE trial which showed that that low level 

protease drug resistance mutations of <5% frequency did not impact on phenotypic 

susceptibility.159 A single untimed plasma drug level can only provide a snapshot of 

adherence and, as discussed, may not identify all patterns of suboptimal adherence. The 

retrospective nature of this aspect of the study, which involved PI level assays on stored 

samples, meant that the test could not have influenced the participants’ behaviour. 

However, if this test were to be introduced into routine care and patients knew they were 

likely to have drug levels taken, then this could result in transient improvements in 

adherence prior to clinic, and thus reduce the ability of a plasma PI level to identify people 

who are most likely to have protease mutations and may benefit from genotypic resistance 

testing and consideration of third-line regimens.    

 

With regard to the longitudinal analysis, it is possible that not all intrahost mutations 

occurred during second-line ART. In most cases, only a few months had elapsed between 

the first-line virological failure and the switch to second-line ART, however there were a 

few outliers with a longer period after the first-line failure sample and before the switch to 

second-line ART during which viral evolution could have occurred. Using the time since 
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second-line switch as the denominator would have overestimated the rate of change and 

attributed this to second-line ART itself, rather than the passage of time. To mitigate 

against this, the time between first-line and second-line samples was considered the 

appropriate denominator to examine the rate of mutations across the genome. Another 

problem with calculating rates of change is that this assumes active viral replication 

throughout this period, whereas some people may have achieved viral suppression and 

then experienced a rebound viraemia later on in their treatment. Ideally, one would 

calculate the mutation rate based on the duration of virological failure, rather than the 

duration of prescribed therapy. However, in a setting of such infrequent viral load testing, 

many participants only had one viral load measurement during second-line therapy and 

therefore it was not possible to obtain more granular detail.  Even if frequent viral load 

results were available, the calculation of a rate is based on the assumption of a linear 

accumulation of substitutions, which may not be the case and could vary by changes in 

the viral load and fluctuations in adherence. 

 

The analysis focused on non-synonymous mutations, however synonymous mutations 

may also be relevant, and could affect the formation of secondary structures during the 

HIV replication cycle. Viral quasispecies diversity was approximated by the p-distance, a 

simple phylogenetic measure that does not take into account the potential for intermediate 

substitutions between sequence time points. However, the p-distance is the foundation 

for many of the more complicated phylogenetic models and is appropriate for use in 

closely related sequences (<5% homology), as applies to this dataset.196 The phenotyping 

performed by Rawlings used pseudotypes rather than live virus, which may not accurately 

reflect in vivo conditions. Finally, there was no human genetic sequencing, which might 

be required to explain some of the variation in gag changes among individuals that could 

be a result of interactions with the host immune system.  
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Summary 

I have shown that West African subtypes harbour many protease and gag variants that 

might be considered minor or accessory resistance mutations in subtype B viruses, prior 

to any exposure to PI therapy. This intrinsic subtype variation may impact on the likelihood 

of developing major protease resistance, or possibly help maintain viral replication 

capacity, but further research is required to delineate the effects of these variants on 

clinical outcomes. I found that the main determinant of the emergence of major protease 

mutations was whether the person was taking their antiretroviral medication, as evidenced 

by a therapeutic plasma PI level. Most protease resistance mutations were already fixed 

in the viral population by the time virological failure was identified in this cohort. I also 

observed three potentially novel protease mutations that emerged during PI failure which 

may warrant further investigation.  

 

People who had adhered to second-line therapy to a sufficient degree to develop protease 

mutations were also more likely to develop gag mutations. This analysis adds to the 

literature on gag-protease interactions by demonstrating selective pressure on gag and a 

higher mutation rate in the presence of PIs. It also confirms the emergence of gag 

mutations previously implicated in PI resistance. However, a clear signature of specific 

gag mutations that consistently emerge across individuals remains elusive. This may 

because the mechanisms by which gag contributes to reducing PI susceptibility do not fit 

the usual drug resistance paradigm of specific amino acid substitutions in well-defined 

locations known to interact with the target enzyme.   

 

In the final chapter I will summarise my results, discuss the strengths and limitations of 

the study, and consider the wider context of these findings and the future research 

questions to be addressed. 
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Chapter 7: Discussion 
 
 
7.1 Contributions to research 

I have presented a comprehensive study of a Nigerian cohort of people living with HIV 

who initiated second-line ART between 2005 and 2017. I have combined epidemiological 

methods and whole genome deep sequencing data to explore the human and viral factors 

related to response to PI therapy.  

 

In Chapter 4, I found that one third of the 1,031 cohort members had, at least transiently, 

disengaged from care after switching to second-line ART, and that 40% had experienced 

treatment failure.  Disengagement was more common in men, young people, those with 

a lower education level, and those with a lower CD4 count at switch to second-line ART. 

One quarter of participants who had disengaged from care later returned to clinic. 

Participants with a very low CD4 count of <50 cells/mm3 were more likely to disengage 

from care and were less likely to re-enter care following disengagement. This is 

concerning as these people who were profoundly immunosuppressed were most in need 

of lifesaving care. However, these data show that it is possible to re-engage people and 

strategies are needed to increase the proportion of people living with HIV that return to 

care, perhaps via dedicated services to trace and welcome back those who have 

disengaged.  

 

Among participants with sufficient data to assess treatment failure, one fifth was 

diagnosed with virological failure, one third had immunological failure and one quarter 

had severe weight loss, although these measures of treatment failure often identified 

different individuals. A lower risk of virological failure was observed in people with higher 

levels of education and also in those with professional occupations, compared to those 

with elementary jobs. The baseline viral load, measured prior to switch to second-line 
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ART, was also strongly associated with the risk of second-line virological failure. This is 

likely to reflect poor adherence to first-line ART regimens that continued during second-

line therapy. 

 

In Chapter 5, I focussed on the 101 participants with plasma samples available from first-

line virological failure and found extensive multiclass drug resistance prior to second-line 

ART switch in this cohort. Drug resistance mutations were predominantly high frequency 

(>90% of the reads at that position), indicating that they had become fixed in the viral 

population. There was also subtype variation in the prevalence of K65R, thymidine 

analogue mutations and p51-p66 RNase H cleavage site mutations among CRF02_AG 

and subtype G viruses. NRTI resistance was not associated with the subsequent 

virological response to second-line PI-containing regimens in this cohort. However, the 

NNRTI resistance profile suggested that newer generation NNRTI agents are unlikely to 

be reliable in this setting. 

 

In Chapter 6, I explored the genetic correlates of second-line virological failure in the 40 

participants with samples from this time point, including 26 with longitudinal sequence 

data from before and during PI therapy. Major protease mutations had developed in 45% 

of people at second-line failure and these tended to be present in blood samples that also 

contained a therapeutic level of the PI agent (lopinavir or atazanavir). In most cases of 

virological failure in the absence of major protease resistance there was no detectable PI 

level, which implies suboptimal or non-adherence to the prescribed ART. 

 

The distribution of drug resistance mutation frequencies revealed by deep sequencing 

was remarkably consistent during failure of the different first-line and second-line 

regimens. Around 18% of all NRTI, NNRTI and PI resistance mutations were present as 

minority variants, and therefore likely to be missed by standard resistance testing with 

Sanger sequencing technology. 
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The longitudinal analysis showed that there were around twice as many intrahost gag 

changes among people who developed major protease mutations than those who did not. 

This adds to the evidence that gag is likely playing a role in PI resistance. I also discovered 

that many of the gag variants that previous studies have implicated in PI resistance were 

already prevalent in West African subtypes, prior to any exposure to PI therapy. There 

were also several intrinsic protease variants that in a subtype B virus would be considered 

minor or accessory mutations, and some of these were shown to mutate to major protease 

mutations during second-line therapy.  

 

Finally, I looked ahead to future therapeutic options and showed that the PI darunavir was 

predicted to be effective in over 90% of cases following virological failure of a regimen 

containing an older PI. Novel agents that target the maturation step of the replication 

cycle, or directly inhibit capsid, were also predicted to have activity against the gag 

sequences in this study. Examination of the integrase sequences showed that although 

integrase resistance mutations were extremely rare, prior to integrase inhibitor use in this 

population, these subtypes had a high prevalence of the L74I integrase variant which 

could potentially impact on susceptibility to this class of ART. 

 

7.2 Strengths  

This is a unique dataset of correlated clinical, epidemiological and genomic data and 

these findings are applicable to many low and middle-income countries. Nigeria, and other 

countries in West Africa, shoulder a disproportionate burden of HIV-related morbidity and 

mortality but have been largely neglected by global HIV genomics research. Studies such 

as this can contribute towards redressing the balance.  

 

The use of whole genome deep sequencing, a tool which is often inaccessible in sub-

Saharan Africa, improves understanding of HIV treatment failure and viral population 



 246 

dynamics. This method also enables the generation of quasispecies sequences that can 

be used to examine intrahost phylogenies and linked mutations that emerge over time. 

Full-length genome sequences allow all genes to be analysed rather than just the partial 

pol gene which is amplified by standard resistance testing methods. The merit of 

longitudinal analysis is that emergent mutations can be identified in second-line 

sequences that were not present at first-line failure. This is more convincingly attributable 

to the effects of ART and here demonstrated evolution of the gag substrate under the 

selective pressure of PI therapy.  

 

Another strength of the present study is the combined methodological approach provides 

a richer understanding of the participants and the environment in which their viruses 

evolved. A detailed review of the medical notes enabled me to investigate more factors 

that might be associated with treatment response, in addition to the variables routinely 

collected by PEPFAR-funded ART programmes. Selection of participants from a single 

cohort setting ensured a similar standard of care among participants, unlike many 

previous studies of subtype diversity, which may have been confounded by external 

factors. By focussing on subtypes G and CRF02_AG at a single study site I was able to 

discern subtype differences among participants with similar sociodemographic, clinical 

and treatment backgrounds. The median observation period of 7 years since second-line 

ART initiation, is much longer than usually reported. Also, the follow-up was not censored 

at a pre-defined threshold for loss-to-follow-up, but rather participants could become out-

of-care then later return to care and contribute more data. This made the findings more 

representative of the patient experience during second-line therapy and the proportions 

of time spent in and out of care.  

 

7.3 Limitations 

There are several limitations to consider. The IHVN database is generally well-maintained 
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in order to produce quarterly reports for the CDC. However, there is a possibility that some 

data were missing and that could have given the impression of gaps in care when there 

were none. I tried to mitigate against this by considering each participant to be in-care for 

one year after each appointment, and I used a composite of different variables - clinical, 

laboratory and pharmacy - to look for evidence of clinic attendance. It is probable that 

some of the deaths occurring out of care may not have been recorded, and in previous 

studies these have accounted for a significant proportion of attrition. 

 

The retrospective cohort study design means that although factors associated with 

treatment failure may be identified, one should not infer a causal relationship. The 

analysis is also subject to selection bias. For example, in the absence of routine viral load 

monitoring, virological outcomes could not be assessed in about half of the cohort 

members as they had not had any viral load testing after switching to second-line ART. 

Clinician-driven viral load testing would have introduced selection bias as it only tended 

to be performed in specific circumstances, such as in cases of suspected treatment failure 

when adherence was uncertain. Therefore, the likelihood of virological failure and drug 

resistance may have differed between those who had a viral load measured during 

second-line ART and those who did not. Because of the infrequent monitoring, a single 

viral load measurement was used to define virological failure, rather than two consecutive 

measurements as recommended by the WHO. This might have overestimated the 

proportion with true virological failure, however, a review of second-line ART in mainly 

low and middle-income settings found there was no difference in the proportion of people 

deemed to have failed between whether the definition required a confirmatory viral load 

measurement or only a single measurement to detect viraemia.40  

 

Viral load testing is not performed at all prior to first-line ART initiation and therefore 

another limitation of this study is the lack of samples from ART-naïve individuals. This 

would provide information on the background polymorphisms and transmitted drug 
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resistance in this population, and longitudinal sampling without ART would reveal the 

natural rate of viral evolution in the absence of drug pressure. Human genome 

sequencing may have complemented the HIV sequence data and provided insights into 

the host-pathogen interactions, for example the impact of HLA on CTL epitopes.  

 

The infrequent viral load testing also resulted in a relatively small sample size for the 

intrahost analysis, with only 26 participants with longitudinal sequence data from a cohort 

of 1,031 people. There may have been technical issues with the quality of the plasma 

samples, which may have been impaired by suboptimal storage or transport, and by small 

residual volumes. For example, sequencing data from a sample with a small volume and 

a low viral load may not pick up a low frequency mutant that was actually present in the 

participant. As is the case with any sequencing from blood samples, the circulating 

variants may not be representative of the virus present in other body compartments, such 

as the lymph nodes, gut, central nervous system, or of the integrated proviral DNA. The 

mutation frequency threshold of 2% may have missed very low frequency mutations, or 

conversely, may have included some that were a result of sequencing errors or were not 

clinically significant. One challenge to interpreting deep sequence data is that a clinically 

significant threshold for minority variants has yet to be established.  

 

7.4 Implications and recommendations  

The finding that one third of people had disengaged from care during follow-up highlights 

the need to focus on retention to and reengagement to improve patient outcomes. It may 

be that streamlining the patient experience of clinic would facilitate attendance and the 

collection of medication. The University of Abuja Teaching Hospital has a patient group 

and it may be that this could be expanded with the use of peer mentors to promote 

engagement in care, particularly in those who have felt unable to disclose their HIV status 

to friends and family. I found that men, younger people and those with lower education 
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level found it particularly challenging to remain engaged in care. Knowledge of these risk 

factors may enable targeting of resources to these groups. Contact tracking and 

reengagement may also be easier if all patients are asked to provide several ways to 

contact them e.g. their phone number, email address, alternative number, next of kin 

details, etc. Local authorities could be approached to try to link in mortality data. This 

would better inform the clinicians about outcomes of the HIV treatment programme, and 

also ensure contact tracking resources are focussed on those not known to have died. 

This study has shown that around one quarter of people who disengaged did return to 

care. Perhaps a “welcome back” clinic model could be implemented, which could involve 

congratulating the person on their attendance, reinforcing the positive outcomes 

associated with staying in care, and gathering information about why they had disengaged 

and if they have any suggestions of how to prevent this happening again.  

 

Many of the participant characteristics that may influence engagement in care and 

treatment failure were not recorded in the IHVN database. In order to investigate potential 

associations between these outcomes and factors such as occupation, education, marital 

status, number of dependants and travel time to clinic, this information had to be manually 

collected from over 1,000 sets of case notes held in the medical records department at 

the University of Abuja Teaching Hospital. If similar analyses are planned for the future, 

for example to investigate the response to integrase inhibitor therapy, then it might be 

worth inputting these data into the central IHVN database each time a person enters the 

cohort and is added to the database for the first time. However, this would require an 

additional step not required for the CDC quarterly reports and may not be deemed the 

best use of staff time. Some variables that were in the IHVN database did not appear to 

be particularly useful, for example self-reported adherence, which was generally reported 

as “good” or “very good” even during virological failure. Other data sources may be used 

to support this type of assessment, such as hospital pharmacy records to confirm 

medication pick-ups ad an objective indicator of possible adherence, and local mortality 
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data which may confirm death among some people who had disengaged and not returned 

to care.  

 

This study confirms that clinical and immunological failure endpoints are not sufficient to 

infer virological failure as there types of treatment failure often do not coincide. There was 

also a high prevalence of drug resistance, even within the first year of ART. Therefore, 

viral load monitoring is important in this setting to monitor the effectiveness of therapy and 

identify adherence problems early. Routine viral load monitoring every 6 months has since 

been introduced at the study site and further analysis may evaluate the impact of this. 

 

Genotypic resistance testing is performed routinely at baseline and also at first-line 

virological failure in high-income settings. Although this is likely to be the trajectory for low 

and middle-income countries as this technology becomes more widely available, the 

findings from the CHANGE study do not indicate that this should be a high priority where 

resources are constrained. People switching to second-line ART tended to have extensive 

NRTI and NNRTI drug resistance at first-line virological failure but may still suppress on 

a second-line PI-containing regimen. Genotypic testing may be more helpful during 

second-line virological failure, where the presence of major protease mutations was highly 

correlated with a therapeutic plasma PI drug level. Therefore, if second-line virological 

failure were to occur without major protease mutations then a strategy of enhanced 

adherence support and continuation of PI therapy would seem appropriate. If genotypic 

testing showed major protease resistance then a switch to a second-generation integrase 

inhibitor-based regimen could be offered, as well as adherence support.  

 

Despite an increasing number of studies of resistance data derived from deep 

sequencing, it is still not clear that this methodology aids clinical management over and 

above the information from standard Sanger sequencing.  In fact it may complicate 

decision-making as there remains uncertainty over the significance of minority drug 
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resistance variants. The longitudinal intrahost data showed that such minority variants in 

protease may flourish and become majority mutations or may disappear, despite apparent 

selective drug pressure. High-throughput sequencing also demands considerable start-

up costs, bioinformatics expertise, and maintenance. Though once up and running it can 

be more cost-effective than Sanger sequencing if sufficient numbers of samples are being 

processed.  

 

The finding that two-thirds of participants were predicted to harbour resistance to newer 

generation NNRTIs has implications for future ART in this setting. This may be most 

relevant to long-acting injectable combinations such as cabotegravir-rilpivirine. While this 

may not preclude people who have received nevirapine or efavirenz-based first-line ART 

from benefitting from injectable therapy, this study highlights the need for caution in this 

context and further research is warranted to assess the impact of pre-existing NNRTI 

resistance on clinical effectiveness in a real-world setting. 

 

7.5 Research in context 

Most of the literature on HIV drug resistance, particularly in low and middle income 

countries, is derived from partial pol gene Sanger sequencing technology. It is difficult to 

draw conclusions about gag gene variants in the absence of consensus guidelines on 

those that are relevant to ART response, as there are for the protease, reverse 

transcriptase and integrase genes. The literature on this topic implicates many gag 

variants in PI resistance, however they have often been identified using different methods, 

without baseline comparisons, and may or may not have arisen because of PI exposure. 

The gag mutations with most evidence to support an association with protease resistance 

did occur in multiple participants of the present study. Although there were few specific 

amino acid substitutions that occurred consistently at the sites of greatest change in gag, 

this may be consistent with the substrate envelope hypothesis that protease does not 
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interact only with specific peptide sequences in gag but rather to structural conformation 

and so chemically similar residues may have the same phenotypic effect.181 I did not find 

any convincing evidence for the emergence of specific env mutations, a region which has 

been postulated to have a role in PI resistance. 

 

The clinical and genomic data presented here complement the phenotypic studies 

performed on a subset of these participants by another member of Professor Gupta’s 

group. These showed no difference in baseline PI susceptibility among those who did and 

did not have virological failure during subsequent second-line ART, and also the 

emergence of a combination of gag mutations that contributed to phenotypic PI resistance 

in a participant without any major protease mutations.186,187  

 

7.6 Future research 

There are many questions that remain unanswered. Barriers to engagement in HIV care 

could be further explored with qualitative research methods, potentially integrated into a 

quality improvement programme to improve access to care. The University of Abuja 

Teaching Hospital already has an excellent contact tracking initiative, to trace patients 

who have missed appointments and this could be recreated elsewhere to encourage 

people to reengage and to provide insights into the barriers to care from the patient’s 

perspective.  

 

The introduction of routine viral load monitoring in recent years should result in earlier 

detection of virological failure and it is possible that earlier targeted adherence support 

interventions may prevent the emergence of protease resistance in some cases. More 

frequent viral load monitoring will also create a repository of samples that could better 

demonstrate the rate and order of emergence of protease drug resistance mutations, 

which could not be appreciated by the infrequent sampling that had been performed in 
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the current study participants. This may also provide insights into the tipping point at which 

a quasispecies carrying a minority drug resistant variant is likely to flourish and become 

dominant in the viral population.  

 

Gag-protease interactions are still not well understood. It may be that a different 

methodology, for example in silico structural modelling, may shed more light on this and 

their role in PI susceptibility. The potential novel protease mutations identified in the 

intrahost analysis could be further investigated by examining larger datasets from PI-

experienced people and by phenotypic experiments. Another unresolved area is how the 

predicted susceptibility to future therapeutic agents, particularly newer NNRTIs in the 

context of extensive first-generation NNRTI resistance, will relate to clinical outcomes in 

these highly treatment-experienced people.  

 

7.7 Conclusions 

Disengagement from care and adverse outcomes were common during second-line ART 

in this cohort. Poor outcomes disproportionately affected people with lower 

socioeconomic status and more advanced HIV infection. A prolonged follow-up period 

showed that re-engagement with care is possible and suggests a need to focus on 

retaining people living with HIV in care and providing services to trace and re-engage 

those who have disengaged from care. Among people who experienced virological failure, 

I have shown that plasma PI levels were highly correlated with the presence of major 

protease mutations. Therefore, the question of why so few people with PI failure have 

protease mutations is probably explained in large part by poor adherence.   

 

Whole genome deep sequencing can be used to investigate genes outside of pol that 

contribute to drug resistance and to identify minority drug resistance variants that may be 

missed by standard resistance tests. In the subset of people who achieve therapeutic 
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plasma PI levels and yet still experienced virological failure, there was strong evidence of 

gag-protease co-evolution during the emergence of major drug resistance. Whole 

genome sequencing also revealed a high prevalence of protease and gag variants in 

West African subtypes that could theoretically reduce their susceptibility to PIs. Perhaps 

these minor mutations that are intrinsic to West African subtypes could prime these 

proteases to develop major resistance and restore fitness if major mutations do emerge. 

 

Ultimately, I have to conclude that human factors which impede adherence and 

engagement with care are the main determinants of response to second-line HIV 

treatment in this setting. The greatest benefit to people living with HIV is likely to be 

derived not from the latest sequencing technology, but from investment in resources for 

the clinics providing direct patient care. Current initiatives to promote adherence to 

therapy, retention in care and stigma reduction must be supported, alongside routine viral 

load monitoring to quickly identify people who require additional help. With these 

measures in place, then the new WHO-recommended regimens, which have low toxicity 

profiles and high genetic barriers to resistance, should be highly effective across all HIV 

subtypes. 
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Appendix C: Log of negative log of estimated survivor functions  
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Immunological failure: log of negative log of estimated survivor functions 
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Weight loss: log of negative log of estimated survivor functions 
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Appendix D: Cox regression sensitivity analyses 

 
Multivariable Cox regression model of virological failure with different definitions of the first period in care 
  
     
Viral load threshold 1,000 copies/mL 1,000 copies/mL 1,000 copies/mL 1,000 copies/mL 
Duration on second-line ³6 months ³6 months ³6 months ³6 months 
Time in care after last clinic 6 months 12 months 24 months 36 months 
Denominator all all all all 
Events/number 75/920 101/920 101/920 101/920 
Sex p=0.79 p=0.48 p=0.37 p=0.34 
Male Ref Ref Ref Ref 
Female 1.08 (0.63-1.86) 1.19 (0.74-1.91) 1.24 (0.77-1.99) 1.26 (0.79-2.02) 
Age p=0.34 p=0.73 p=0.78 p=0.84 
/5 years 0.92 (0.78-1.09) 0.98 (0.85-1.12) 0.98 (0.86-1.12) 0.99 (0.87-1.13) 
Occupation p=0.05 p=0.06 p=0.07 p=0.08 
Professional 0.18 (0.04-0.78) 0.21 (0.06-0.67) 0.22 (0.07-0.71) 0.22 (0.07-0.72) 
Skilled 0.74 (0.44-1.25) 0.79 (0.50-1.26) 0.81 (0.51-1.29) 0.83 (0.52-1.32) 
Other 0.53 (0.27-1.03) 0.70 (0.40-1.21) 0.70 (0.40-1.21) 0.71 (0.41-1.23) 
Elementary Ref Ref Ref Ref 
Dependants p=0.05 p=0.03 p=0.03 p=0.03 
/person 1.09 (1.00-1.18) 1.09 (1.01-1.17) 1.09 (1.01-1.17) 1.09 (1.01-1.17) 
Year p=0.01 p=0.006 p=0.006 p=0.007 
2005-2008 Ref Ref Ref Ref 
2009-2012 1.22 (0.68-2.18) 1.14 (0.70-1.86) 1.15 (0.70-1.88) 1.17 (0.72-1.92) 
2013-2016 2.49 (1.29-4.80) 2.40 (1.34-4.32) 2.40 (1.34-4.30) 2.40 (1.34-4.31) 
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Multivariable Cox regression model of virological failure with different definitions of the viral load threshold and time on second-line ART(all 
cohort denominator)  
 
       
Viral load threshold 400 copies/mL 1,000 copies/mL 5,000 copies/mL 400 copies/mL 1,000 copies/mL 5,000 copies/mL 
Duration on second-line ³6 months ³6 months ³6 months ³12 months ³12 months ³12 months 
Time in care after last clinic 12 months 12 months 12 months 12 months 12 months 12 months 
Denominator all all all all all all 
Events/number 121/920 101/920 83/920 105/920 87/920 71/920 
Sex p=0.43 p=0.48 p=0.57 p=0.62 p=0.62 p=0.66 
Male Ref Ref Ref Ref Ref Ref 
Female 1.19 (0.77-1.84) 1.19 (0.74-1.91) 1.16 (0.69-1.97) 0.89 (0.57-1.40) 0.88 (0.54-1.45) 0.88 (0.51-1.53) 
Age p=0.38 p=0.73 p=0.65 p=0.19 p=0.39 p=0.60 
/5 years 0.94 (0.83-1.07) 0.98 (0.85-1.12) 0.97 (0.83-1.12) 0.91 (0.79-1.05) 0.94 (0.80-1.09) 0.96 (0.81-1.13) 
Occupation p=0.008 p=0.06 p=0.20 p=0.02 p=0.08 p=0.17 
Professional 0.16 (0.05-0.52) 0.21 (0.06-0.67) 0.32 (0.10-1.06) 0.12 (0.03-0.51) 0.16 (0.04-0.66) 0.23 (0.05-0.98) 
Skilled 0.74 (0.49-1.13) 0.79 (0.50-1.26) 1.12 (0.66-1.90) 0.79 (0.50-.24) 0.85 (0.51-1.39) 1.11 (0.63-1.96) 
Other 0.58 (0.35-0.97) 0.70 (0.40-1.21) 0.88 (0.47-1.66) 0.62 (0.36-1.09) 0.72 (0.39-1.33) 0.85 (0.43-1.71) 
Elementary Ref Ref Ref Ref Ref Ref 
Dependants p=0.06 p=0.03 p=0.04 p=0.22 p=0.20 p=0.15 
/person 1.07 (1.00-1.15) 1.09 (1.01-1.17) 1.09 (1.00-1.18) 1.05 (0.97-1.13) 1.06 (0.97-1.15) 1.07 (0.98-1.17) 
Year p=0.001 p=0.006 p=0.02 p<0.0001 p=0.0001 p=0.002 
2005-2008 Ref Ref Ref Ref Ref Ref 
2009-2012 1.17 (0.74-1.83) 1.14 (0.70-1.86) 1.22 (0.70-2.12) 1.33 (0.81-2.20) 1.29 (0.74-2.23) 1.47 (0.80-2.73) 
2013-2016 2.55 (1.48-4.39) 2.40 (1.34-4.32) 2.54 (1.30-4.95) 4.12 (2.24-7.56) 3.74 (1.94-7.23) 3.77 (1.75-8.14) 

Red font indicates variable(s) under investigation  
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 Multivariable Cox regression model of virological failure with different definitions of the viral load threshold and time on second-line ART 
(possible to ascertain virological failure denominator)  
 
       
Viral load threshold 400 copies/mL 1,000 copies/mL 5,000 copies/mL 400 copies/mL 1,000 copies/mL 5,000 copies/mL 
Duration on second-line ³6 months ³6 months ³6 months ³12 months ³12 months ³12 months 
Time in care after last clinic 12 months 12 months 12 months 12 months 12 months 12 months 
Denominator ascertain ascertain ascertain ascertain ascertain ascertain 
Events/number 121/502 101/502 83/502 105/460 87/460 71/460 
Sex p=0.48 p=0.53 p=0.62 p=0.68 p=0.68 p=0.70 
Male Ref Ref Ref Ref Ref Ref 
Female 1.17 (0.76-1.80) 1.17 (0.73-1.87) 1.14 (0.68-1.93) 0.91 (0.58-1.43) 0.90 (0.55-1.48) 0.90 (0.52-1.56) 
Age p=0.41 p=0.79 p=0.67 p=0.28 p=0.52 p=0.72 
/5 years 0.95 (0.83-1.08) 0.98 (0.85-1.13) 0.97 (0.83-1.13) 0.92 (0.80-1.07) 0.95 (0.81-1.11) 0.97 (0.82-1.15) 
Occupation p=0.008 p=0.07 p=0.35 p=0.03 p=0.13 p=0.32 
Professional 0.17 (0.05-0.56) 0.22 (0.07-0.73) 0.35 (0.11-1.18) 0.15 (0.04-0.60) 0.19 (0.04-0.79) 0.27 (0.06-1.18) 
Skilled 0.66 (0.43-1.01) 0.71 (0.44-1.14) 1.03 (0.60-1.77) 0.72 (0.46-1.14) 0.78 (0.47-1.29) 1.05 (0.59-1.86) 
Other 0.58 (0.35-0.97) 0.70 (0.40-1.22) 0.90 (0.48-1.69) 0.64 (0.37-1.12) 0.75 (0.40-1.37 0.89 (0.44-1.78) 
Elementary Ref Ref Ref Ref Ref Ref 
Dependants p=0.16 p=0.09 p=0.09 p=0.44 p=0.38 p=0.26 
/person 1.05 (0.98-1.13) 1.07 (0.99-1.15) 1.08 (0.99-1.17) 1.03 (0.96-1.11) 1.04 (0.96-1.13) 1.05 (0.96-1.15) 
Year p=0.002 p=0.009 p=0.02 p<0.0001 p=0.0004 p=0.004 
2005-2008 Ref Ref Ref Ref Ref Ref 
2009-2012 1.20 (0.77-1.88) 1.18 (0.72-1.92) 1.26 (0.73-2.18) 1.43 (0.87-2.36) 1.39 (0.81-2.41) 1.61 (0.87-2.97) 
2013-2016 2.46 (1.43-4.21) 2.35 (1.31-4.20) 2.53 (1.31-4.92) 3.82 (2.09-6.98) 3.51 (1.83-6.75) 3.57 (1.67-7.67) 
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Multivariable Cox regression model of immunological failure with different definitions of the first period in care 
 
     
CD4 threshold < baseline or 

<100 cells/mm3 
< baseline or 

<100 cells/mm3 
< baseline or 

<100 cells/mm3 
< baseline or 

<100 cells/mm3 
Duration on second-line ³6 months ³6 months ³6 months ³6 months 
Time in care after last clinic 6 months 12 months 24 months 36 months 
Denominator ascertain ascertain ascertain ascertain 
Events/number 197/660 231/723 240/731 242/732 
Sex p=0.68 p=0.60 p=0.75 p=0.81 
Male Ref Ref Ref Ref 
Female 0.94 (0.68-1.29) 0.92 (0.68-1.25) 0.95 (0.71-1.28) 0.96 (0.72-1.30) 
Age p=0.34 p=0.41 p=0.54 p=0.57 
/5 years 1.05 (0.95-1.15) 1.04 (0.95-1.13) 1.03 (0.94-1.12) 1.03 (0.94-1.12) 
Occupation p=0.10 p=0.05 p=0.06 p=0.06 
Professional 0.58 (0.33-1.03) 0.51 (0.29-0.89) 0.54 (0.31-0.94) 0.54 (0.31-0.92) 
Skilled 0.78 (0.54-1.11) 0.82 (0.59-1.13) 0.83 (0.60-1.15) 0.82 (0.60-1.13) 
Other 1.05 (0.71-1.55) 1.06 (0.74-1.52) 1.09 (0.76-1.55) 1.06 (0.75-1.51) 
Elementary Ref Ref Ref Ref 
Dependants p=0.60 p=0.57 p=0.67 p=0.60 
/person 0.99 (0.93-1.04) 0.99 (0.93-1.04) 0.99 (0.94-1.04) 0.99 (0.94-1.04) 
Year p=0.07 p=0.34 p=0.27 p=0.25 
2005-2008 Ref Ref Ref Ref 
2009-2012 0.89 (0.65-1.21) 0.88 (0.66-1.18) 0.86 (0.64-1.14) 0.85 (0.64-1.12) 
2013-2016 0.60 (0.38-0.93) 0.74 (0.50-1.11) 0.73 (0.49-1.08) 0.73 (0.49-1.08) 
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 Multivariable Cox regression model of immunological failure with different definitions of the CD4 cell threshold and time on second-line 
ART(possible to ascertain immunological failure denominator)  
 
       
CD4 threshold <100 cells/mm3 < baseline or 

<100 cells/mm3 
< baseline 
³20% drop 

<100 cells/mm3 < baseline or 
<100 cells/mm3 

< baseline 
³20% drop 

Duration on second-line ³6 months ³6 months ³6 months ³12 months ³12 months ³12 months 
Time in care after last clinic 12 months 12 months 12 months 12 months 12 months 12 months 
Denominator ascertain ascertain ascertain ascertain ascertain ascertain 
Events/number 98/723 231/723 140/723 82/664 191/664 113/664 
Sex p=0.007 p=0.60 p=0.09 p=0.13 p=0.77 p=0.18 
Male Ref Ref Ref Ref Ref Ref 
Female 0.55 (0.35-0.85) 0.92 (0.68-1.25) 1.42 (0.95-2.11) 0.68 (0.42-1.11) 0.95 (0.68-1.32) 1.36 (0.87-2.11) 
Age p=0.97 p=0.41 p=0.05 p=0.38 p=0.53 p=0.06 
/5 years 1.00 (0.87-1.15) 1.04 (0.95-1.13) 1.12 (1.00-1.25) 1.07 (0.92-1.24) 1.03 (0.94-1.14) 1.13 (1.00-1.27) 
Occupation p=0.17 p=0.05 p=0.16 p=0.20 p=0.16 p=0.23 
Professional 0.42 (0.18-1.01) 0.51 (0.29-0.89) 0.45 (0.21-0.95) 0.49 (0.18-1.29) 0.50 (0.27-0.94) 0.40 (0.17-0.97) 
Skilled 0.87 (0.55-1.40) 0.82 (0.59-1.13) 0.93 (0.62-1.41) 1.18 (0.69-2.01) 0.93 (0.65-1.34) 0.92 (0.58-1.46) 
Other 0.64 (0.35-1.17) 1.06 (0.74-1.52) 0.76 (0.47-1.22) 0.77 (0.39-1.52) 1.01 (0.67-1.53) 0.82 (0.48-1.39) 
Elementary Ref Ref Ref Ref Ref Ref 
Dependants p=0.12 p=0.57 p=0.24 p=0.33 p=0.66 p=0.15 
/person 0.94 (0.86-1.02) 0.99 (0.93-1.04) 0.96 (0.89-1.03) 0.96 (0.88-1.05) 0.99 (0.93-1.05) 0.94 (0.87-1.02) 
Year p=0.03 p=0.34 p=0.34 p=0.16 p=0.54 p=0.86 
2005-2008 Ref Ref Ref Ref Ref Ref 
2009-2012 0.65 (0.43-1.00) 0.88 (0.66-1.18) 0.92 (0.63-1.34) 0.68 (0.43-1.08) 0.86 (0.63-1.19) 1.03 (0.68-1.57) 
2013-2016 0.44 (0.22-0.89) 0.74 (0.50-1.11) 0.68 (0.40-1.15) 0.56 (0.26-1.21) 0.80 (0.51-1.26) 0.88 (0.48-1.61) 
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 Multivariable Cox regression model of immunological failure with different definitions of the CD4 cell threshold and time on second-line ART(all 
cohort denominator)  
 
       
CD4 threshold <100 cells/mm3 < baseline or 

<100 cells/mm3 
< baseline 
³20% drop 

<100 cells/mm3 < baseline or 
<100 cells/mm3 

< baseline 
³20% drop 

Duration on second-line ³6 months ³6 months ³6 months ³12 months ³12 months ³12 months 
Time in care after last clinic 12 months 12 months 12 months 12 months 12 months 12 months 
Denominator all all all all all all 
Events/number 98/920 231/920 140/920 82/920 191/920 113/920 
Sex p=0.01 p=0.73 p=0.06 p=0.14 p=0.79 p=0.17 
Male Ref Ref Ref Ref Ref Ref 
Female 0.56 (0.36-0.87) 0.95 (0.70-1.28) 1.46 (0.98-2.17) 0.69 (0.42-1.13) 0.96 (0.69-1.33) 1.37 (0.88-2.13) 
Age p=0.96 p=0.36 p=0.04 p=0.35 p=0.48 p=0.05 
/5 years 1.00 (0.88-1.15) 1.04 (0.96-1.14) 1.12 (1.00-1.25) 1.07 (0.93-1.24) 1.04 (0.94-1.14) 1.13 (1.00-1.27) 
Occupation p=0.18 p=0.05 p=0.15 p=0.19 p=0.15 p=0.23 
Professional 0.42 (0.18-1.02) 0.51 (0.29-0.89) 0.45 (0.21-0.95) 0.49 (0.19-1.31) 0.51 (0.27-0.96) 0.41 (0.17-0.99) 
Skilled 0.88 (0.55-1.42) 0.83 (0.60-1.15) 0.94 (0.63-1.42) 1.22 (0.72-2.08) 0.98 (0.68-1.40) 0.97 (0.61-1.55) 
Other 0.65 (0.36-1.19) 1.06 (0.74-1.52) 0.76 (0.47-1.22) 0.80 (0.41-1.58) 1.06 (0.70-1.59) 0.86 (0.51-1.45) 
Elementary Ref Ref Ref Ref Ref Ref 
Dependants p=0.16 p=0.70 p=0.30 p=0.40 p=0.85 p=0.21 
/person 0.94 (0.87-1.02) 0.99 (0.94-1.04) 0.96 (0.90-1.04) 0.96 (0.88-1.05) 0.99 (0.94-1.06) 0.95 (0.88-1.03) 
Year p=0.02 p=0.06 p=0.09 p=0.08 p=0.16 p=0.44 
2005-2008 Ref Ref Ref Ref Ref Ref 
2009-2012 0.67 (0.44-1.03) 0.92 (0.69-1.22) 0.95 (0.65-1.38) 0.67 (0.42-1.06) 0.85 (0.62-1.16) 1.01 (0.66-1.54) 
2013-2016 0.37 (0.18-0.76) 0.63 (0.42-0.93) 0.58 (0.34-0.98) 0.47 (0.22-1.00) 0.64 (0.41-1.01) 0.71 (0.39-1.30) 
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Multivariable Cox regression model of weight loss with different definitions of the first period in care 
 
     
Weight threshold >10% drop from 

baseline 
>10% drop from 

baseline 
>10% drop from 

baseline 
>10% drop from 

baseline 
Duration on second-line ³6 months ³6 months ³6 months ³6 months 
Time in care after last clinic 6 months 12 months 24 months 36 months 
Denominator ascertain ascertain ascertain ascertain 
Events/number 139/687 173/745 180/751 180/753 
Sex p=0.71 p=0.20 p=0.36 p=0.37 
Male Ref Ref Ref Ref 
Female 1.08 (0.72-1.61) 1.27 (0.88-1.82) 1.18 (0.83-1.67) 1.17 (0.83-1.66) 
Age p=0.63 p=0.78 p=0.78 p=0.81 
/5 years 0.97 (0.86-1.10) 0.99 (0.89-1.10) 0.99 (0.89-1.09) 0.99 (0.89-1.10) 
Occupation p=0.92 p=0.82 p=0.81 p=0.82 
Professional 0.86 (0.43-1.71) 0.83 (0.45-1.53) 0.79 (0.44-1.45) 0.81 (0.44-1.47) 
Skilled 1.07 (0.69-1.68) 1.04 (0.70-1.55) 1.04 (0.71-1.53) 1.06 (0.72-1.55) 
Other 0.99 (0.60-1.63) 0.91 (0.59-1.41) 0.94 (0.61-1.44) 0.96 (0.62-1.47) 
Elementary Ref Ref Ref Ref 
Dependants p=0.07 p=0.13 p=0.13 p=0.15 
/person 0.93 (0.86-1.01) 0.95 (0.89-1.02) 0.95 (0.89-1.02) 0.95 (0.89-1.02) 
Year p=0.07 p=0.05 p=0.05 p=0.05 
2005-2008 Ref Ref Ref Ref 
2009-2012 1.12 (0.77-1.62) 1.14 (0.81-1.59) 1.12 (0.81-1.55) 1.13 (0.81-1.56) 
2013-2016 0.54 (0.28-1.04) 0.56 (0.31-1.03) 0.55 (0.30-1.00) 0.56 (0.31-1.02) 
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 Multivariable Cox regression model of weight loss with different definitions of the weight threshold and time on second-line ART(possible to 
ascertain weight loss denominator)  
 
       
Weight threshold >10% drop from 

baseline 
>10% and >5kg 

drop from 
baseline 

>15% drop from 
baseline 

>10% drop from 
baseline 

>10% and >5kg 
drop from 
baseline 

>15% drop from 
baseline 

Duration on second-line ³6 months ³6 months ³6 months ³12 months ³12 months ³12 months 
Time in care after last clinic 12 months 12 months 12 months 12 months 12 months 12 months 
Denominator ascertain ascertain ascertain ascertain ascertain ascertain 
Events/number 173/745 167/745 74/745 156/679 150/679 64/679 
Sex p=0.20 p=0.24 p=0.18 p=0.15 p=0.17 p=0.66 
Male Ref Ref Ref Ref Ref Ref 
Female 1.27 (0.88-1.82) 1.25 (0.86-1.80) 1.46 (0.84-2.52) 1.33 (0.91-1.95) 1.31 (0.89-1.93) 1.14 (0.64-2.03) 
Age p=0.78 p=0.74 p=0.96 p=0.95 p=0.98 p=0.95 
/5 years 0.99 (0.89-1.10) 0.98 (0.88-1.09) 1.00 (0.85-1.17) 1.00 (0.90-1.12) 1.00 (0.89-1.12) 1.01 (0.85-1.20) 
Occupation p=0.82 p=0.85 p=0.63 p=0.72 p=0.75 p=0.92 
Professional 0.83 (0.45-1.53) 0.89 (0.48-1.64) 0.88 (0.37-2.09) 0.76 (0.40-1.47) 0.82 (0.42-1.59) 0.90 (0.35-2.32) 
Skilled 1.04 (0.70-1.55) 1.09 (0.73-1.63) 0.99 (0.55-1.79) 1.06 (0.70-1.62) 1.12 (0.73-1.72) 1.09 (0.57-2.08) 
Other 0.91 (0.59-1.41) 0.94 (0.60-1.48) 0.68 (0.34-1.35) 0.93 (0.58-1.48) 0.97 (0.60-1.57) 0.89 (0.42-1.87) 
Elementary Ref Ref Ref Ref Ref Ref 
Dependants p=0.13 p=0.29 p=0.60 p=0.14 p=0.33 p=0.81 
/person 0.95 (0.89-1.02) 0.97 (0.90-1.03) 0.97 (0.88-1.08) 0.95 (0.88-1.02) 0.97 (0.90-1.04) 0.99 (0.89-1.10) 
Year p=0.05 p=0.06 p=0.36 p=0.12 p=0.11 p=0.30 
2005-2008 Ref Ref Ref Ref Ref Ref 
2009-2012 1.14 (0.81-1.59) 1.21 (0.86-1.71) 1.35 (0.80-2.27) 1.21 (0.85-1.73) 1.30 (0.90-1.87) 1.49 (0.85-2.61) 
2013-2016 0.56 (0.31-1.03) 0.62 (0.34-1.14) 0.85 (0.35-2.07) 0.66 (0.34-1.26) 0.74 (0.39-1.44) 0.95 (0.34-2.65) 
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Multivariable Cox regression model of weight loss with different definitions of the weight threshold and time on second-line ART (all cohort 
denominator)  
 
       
Weight threshold >10% drop from 

baseline 
>10% and >5kg 

drop from 
baseline 

>15% drop from 
baseline 

>10% drop from 
baseline 

>10% and >5kg 
drop from 
baseline 

>15% drop from 
baseline 

Duration on second-line ³6 months ³6 months ³6 months ³12 months ³12 months ³12 months 
Time in care after last clinic 12 months 12 months 12 months 12 months 12 months 12 months 
Denominator all all all all all all 
Events/number 173/920 167/920 74/920 156/920 150/920 64/920 
Sex p=0.23 p=0.26 p=0.19 p=0.18 p=0.21 p=0.71 
Male Ref Ref Ref Ref Ref Ref 
Female 1.25 (0.87-1.80) 1.23 (0.85-1.78) 1.44 (0.83-2.51) 1.33 (0.89-1.91) 1.28 (0.87-1.89) 1.12 (0.63-2.00) 
Age p=0.90 p=0.86 p=0.97 p=0.86 p=0.89 p=0.91 
/5 years 0.99 (0.89-1.10) 0.99 (0.89-1.10) 1.00 (0.85-1.18) 1.01 (0.90-1.13) 1.01 (0.90-1.13) 1.01 (0.85-1.20) 
Occupation p=0.81 p=0.83 p=0.69 p=0.69 p=0.70 p=0.93 
Professional 0.82 (0.44-1.50) 0.87 (0.47-1.61) 0.86 (0.36-2.06) 0.76 (0.40-1.47) 0.82 (0.43-1.59) 0.91 (0.35-2.35) 
Skilled 1.07 (0.72-1.59) 1.12 (0.75-1.67) 1.01 (0.57-1.82) 1.11 (0.73-1.69) 1.17 (0.76-1.79) 1.13 (0.59-2.15) 
Other 0.96 (0.62-1.48) 0.99 (0.89-1.10) 0.71 (0.36-1.42) 1.00 (0.63-1.59) 1.04 (0.65-1.68) 0.94 (0.45-1.98) 
Elementary Ref Ref Ref Ref Ref Ref 
Dependants p=0.12 p=0.28 p=0.59 p=0.14 p=0.32 p=0.82 
/person 0.95 (0.89-1.01) 0.96 (0.90-1.03) 0.97 (0.88-1.08) 0.95 (0.88-1.02) 0.96 (0.90-1.04) 0.99 (0.89-1.10) 
Year p=0.003 p=0.004 p=0.14 p=0.01 p=0.02 p=0.17 
2005-2008 Ref Ref Ref Ref Ref Ref 
2009-2012 1.15 (0.82-1.61) 1.22 (0.87-1.73) 1.35 (0.80-2.28) 1.19 (0.84-1.70) 1.28 (0.89-1.84) 1.47 (0.84-2.58) 
2013-2016 0.42 (0.23-0.77) 0.46 (0.25-0.85) 0.64 (0.26-1.55) 0.48 (0.25-0.92) 0.54 (0.28-1.05) 0.70 (0.25-1.95) 

 
 


