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General introduction
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HiV gLoBAL ePiDemic

The first cases of a novel immunodeficiency syndrome were reported in San Francisco, 
US, in 1981 [1]. In 1983, the causative agent was discovered to be a novel retrovirus, 
which was named Human Immunodeficiency Virus (HIV) [2]. The syndrome was named 
Acquired Immunodeficiency Syndrome (AIDS). Since the 1980s, the HIV/AIDS epidemic 
has had a detrimental impact worldwide. To date, HIV/AIDS has claimed the lives of more 
than 25 million people, and more than 30 million people are estimated to be living with 
HIV/AIDS worldwide [3]. Sub-Saharan Africa is the region most heavily affected by HIV/
AIDS, accounting for 68% of all people living with HIV/AIDS, 70% of all new HIV infections 
in 2010, and 72% of all AIDS-related deaths [3]. The epidemic is most severe in southern 
Africa. Recently, the largest epidemics in the region —in Ethiopia, Nigeria, South Africa, 
Zambia, and Zimbabwe— have either stabilized or are showing signs of decline [3]. The 
number of annual AIDS-related deaths is steadily decreasing, reflecting the introduction 
of combination antiretroviral therapy (ART) as well as a decreasing incidence [3].

HIV is an enveloped retrovirus that belongs to the genus of lentiviridae, which is subdivided 
in two types: HIV-1, most common globally, and HIV-2, a less pathogenic variant concen-
trated in west Africa. HIV-1 has been divided into four distinct genetic groups: M, N, O and 
P [4-6]. Group M (major) is responsible for over 90% of HIV-1 infections globally. Natural 
genetic variation has led to the sub-classification of HIV-1 group M into nine subtypes (A-D, 
F-H, J, and K) and numerous circulating recombinant forms (CRFs) [7]. Subtype B is most 
prevalent in Europe, North America and Australia [8]. In sub-Saharan Africa, HIV-1 subtype 
C is responsible for 56% of infections, mainly in southern and east Africa, whereas smaller 
proportions of infections are caused by subtypes A, D, G, CRF_AG and other CRFs [8].

AntiRetRoViRAL tReAtment

HIV-1 can be transmitted sexually, through parenteral exposure to blood, or from 
mother to child during pregnancy, birth or breast-feeding. HIV-1 primarily targets CD4+ 
T-lymphocytes and macrophages. The acute infection is characterized by a burst of viral 
replication and immune activation [9, 10] and followed by a symptom-free interval of on 
average eight to ten years. During chronic infection, the number of CD4+ T-lymphycytes 
gradually declines. Without ART, cell-mediated immunity will eventually be lost and the 
immunodeficient HIV-infected individual becomes susceptible to opportunistic infec-
tions and neoplasms. The final stage, AIDS, will lead to death, if untreated.
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ART reduces HIV-related morbidity and mortality by lowering of the viral load to mini-
mum levels, thereby allowing the immune system to recover and preventing opportu-
nistic infections [11, 12]. Notably, with currently available treatment modalities, HIV-1 
cannot be eliminated from infected persons. Since ART became available in 1996, HIV no 
longer inevitably leads to AIDS and death. As a result of social mobilization, high-level 
political commitment and substantial international funding during the past decade, 
access to ART in resource-limited countries has been rapidly scaled-up. By the end of 
2010, more than five million people in sub-Saharan Africa were receiving ART, reaching 
nearly 50% of those in immediate need [3]. HIV-related morbidity and mortality have 
significantly decreased for individuals receiving ART in the region [11, 13]. Despite these 
impressive gains, access is still not universal, and the United Nations General Assembly 
has recently committed to a target of treating 15 million people by 2015 worldwide [14].

To allow the scale-up of ART in resource-limited countries, a public health approach, 
developed by the World Health Organization (WHO) has been critical [15]. This approach 
is based on simplified ART protocols, including standard first-line and second-line 
ART regimens, limited laboratory monitoring, and a decentralized service delivery. 
Standard first-line regimens consist of a single non-nucleoside reverse transcriptase 
inhibitor (NNRTI) and a dual nucleoside/nucleotide reverse transcriptase inhibitor (NRTI) 
backbone, often available as generic fixed-dose combinations [16, 17]. Recommended 
second-line regimens combine a ritonavir-boosted protease inhibitor (bPI) with two 
previously unused and/or recycled NRTIs [16, 17], although availability of second-line 
regimens is still restricted in many settings. Because of resource constraints, plasma 
viral load testing is not generally available to monitor therapy effectiveness and detect 
therapy failure. Instead, WHO-defined HIV clinical staging and –if available– CD4 cell 
counts are commonly used to guide decision-making about regimen switching [16, 17].

HiV DRug ResistAnce

HIV-1 infection is characterized by high genetic diversity of the virus. This is the result 
of high levels of viral replication [18, 19] coupled with a high mutation frequency in the 
HIV genome, which is generated by error-prone reverse transcription during the HIV 
replication cycle [20, 21]. Consequently, a large pool of genetically related but distinct 
genetic virus variants, called quasispecies, are present within the infected individual 
[22]. Distinct quasispecies may have either deleterious mutations, mutations that reduce 
their fitness, or mutations that provide a fitness advantage in a particular environment, 
such as in the presence of antiretroviral drugs. Mutations (i.e. point mutations, inser-
tions or deletions) may result in changes in the amino acid coding of the HIV proteins, 
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potentially altering the structure and/or function of these proteins and affecting the 
fitness of the viral strain. Mutations can cause drug resistance by structural alteration of 
the target molecule that prevents or reduces inhibitor binding (in the case of PIs, NRTIs, 
NNRTIs, and entry inhibitors), or by directly affecting the mechanism of action of the 
reverse-transcriptase enzyme (in the case of NRTIs).

ART applies a combination of antiretroviral agents from different drug classes to mini-
mize the risk of drug resistance development. An effective ART regimen will suppress 
the replication of most quasispecies. However, quasispecies containing one or more 
resistance-associated mutations may continue to replicate at a very low rate. In the pres-
ence of the selective pressure of ART, viruses with reduced susceptibility to one or more 
of the drugs in the regimen will out-compete the wild-type (i.e. drug-susceptible) virus, 
and eventually become predominant in the quasispecies population. If the selective 
pressure of ART is removed, the virus variants harbouring resistance may be replaced 
by more efficiently replicating wild-type virus [23]. The drug-resistant variants persist as 
minority quasispecies, archived in the proviral DNA, and may re-emerge if selective pres-
sure is re-applied by restarting the antiretroviral drug that selected for them. Overall, 
mutation and selection is a dynamic process determined by the potency of the ART regi-
men, drug concentrations, cross-resistance, and the effects of resistance on viral fitness.

Drug-resistant HIV-1 variants that are selected by ART during residual viral replication, 
called acquired drug resistance, constitute a reservoir for onward transmission to 
newly infected individuals, called primary or transmitted drug resistance (TDR) [24, 25]. 
Individuals who are newly infected with a drug-resistant variant can further contribute 
to the spread of drug-resistant HIV-1 [26, 27]. Although TDR variants may persist in 
untreated individuals [28], they may revert to wild-type virus over time or diminish to 
levels below detection by population-based genotyping [29]. Some of the challenges in 
studying the epidemiology of TDR include differences between studies in the definition 
and interpretation of resistance test results, duration of HIV-1 infection, time period, 
geographic region, subpopulation, and the possibility of undisclosed previous exposure 
to antiretroviral drugs.

scALe-uP of AntiRetRoViRAL tReAtment in ResouRce-LimiteD 
settings

In resource-limited countries, concern has been raised about the potential emergence 
and spread of HIV-1 drug resistance and its public health implications after the scale-up 
of antiretroviral drugs. In Europe and North America, the wider use of ART has been as-
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sociated with an increase in levels of TDR [30-32], peaking in some settings at over 20% 
before levelling off at 9-15% in the era of (highly active) ART [24, 25, 33, 34]. Notably, its 
evolution has occurred in the context of (non-potent) sequential mono and dual thera-
pies of NRTIs before 1996 [30-32]. By contrast, in resource-limited countries, the history 
and conditions of HIV treatment have been very different. The rapid scale-up of ART 
since 2003-2004 has been rightfully given priority to save the lives of millions of HIV-1 
infected Africans, using potent, triple combination therapy from the onset. Relatively 
little attention has been paid to the development and spread of drug-resistant HIV-1 as 
a potential consequence of the widespread distribution of ART.

Factors contributing to HIV-1 drug resistance in resource-limited countries can be broadly 
grouped into four categories: regimen- and drug-specific, virus-related, patient-specific, 
and programmatic. A recognized limitation of NNRTI-based regimens is their relatively 
lower genetic barrier to resistance when compared to bPI regimens. Suboptimal regi-
mens, such as the peripartum use of single-dose nevirapine to prevent mother-to-child 
HIV transmission (PMTCT), drug-drug interactions, inappropriate prescribing practices, 
use of non-quality assured drugs can further increase the risk of acquiring drug resistance 
[35]. For example, concomitant use of rifampicin in tuberculosis co-infected patients has 
been shown to reduce levels of nevirapine [36]. Poor adherence to ART is a predictor of 
virological failure [37-41], drug resistance, disease progression [42-44] and death [45]. 
Programme-level factors, such as limited human resources, inadequate infrastructure 
and weak supply management systems, can also negatively affect treatment adherence, 
retention in care and ultimately facilitate the emergence of population-level HIV drug 
resistance. Fragile drug procurement and supply management systems can result in 
drug stock-outs [46]. The absence of routine viral load monitoring, which is a more sen-
sitive indicator of treatment failure than clinical-immunological parameters, may lead 
some patients to experience prolonged periods of virological failure prior to change of 
regimen [47, 48]. Moreover, although current evidence is limited, it has been suggested 
that the propensity to develop drug resistance and the spectrum of mutations that are 
acquired during ART, may differ across the various HIV-1 subtypes and CRFs [49].

The threat of increased TDR after the ART scale-up in sub-Saharan Africa has the potential 
to compromise the effectiveness of first-line ART regimens. Therefore, a new challenge 
that may confront national HIV treatment programs is how to manage emerging drug-
resistant HIV-1. However, few data exist to adequately inform policy.
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ReseARcH setting: tHe PAseR netwoRk

In 2006, a collaborative bi-regional program was established in sub-Saharan Africa and 
Asia, (Linking African and Asian Societies for an Enhanced Response to HIV/AIDS, denoted 
LAASER) with the primary aim of developing the regional capacities for the population-
based assessment of acquired and transmitted HIV-1 drug resistance, thereby advancing 
the epidemiological, clinical and laboratory knowledge of the management of drug 
resistance in the regions. LAASER received financial support from The Netherlands Min-
istry of Foreign Affairs in partnership with Stichting AidsFonds (2006-2011).

As part of LAASER, the PharmAccess African Studies to Evaluate Resistance (PASER) 
network was established as a collaborative partnership of clinical sites, laboratories 
and research groups in Kenya, Nigeria, South Africa, Uganda, Zambia, and Zimbabwe. 
Table 1 summarizes some relevant country characteristics. PASER has implemented 
two laboratory-based study protocols: prospective cohorts to assess pre-therapy and 
acquired resistance in patients receiving first- or second-line ART (Monitoring, PASER-
M), and cross-sectional surveys to assess TDR in recently HIV-1 infected populations 
(Surveillance, PASER-S). PASER contributes to fulfilling the goals of the Global HIV Drug 
Resistance Network (HIVResNet), developed by the WHO (http://www.who.int/hiv/top-
ics/drugresistance/hivresnet). The implementation of HIV-1 drug resistance surveys in 
resource-limited countries is challenged by the high cost and complexity of genotypic 
resistance testing. To address this issue, PASER has initiated a public–private consortium, 
called Affordable Resistance Test for Africa (ART-A), which aims to develop a more afford-
able test algorithm for HIV-1 drug resistance. The studies included in this thesis were 
conducted as part of the PASER and ART-A programs.

table 1. HIV/AIDS characteristics of PASER countries (source: WHO/UNAIDS)

country number of 
people infected 

with HiV 
(millions) (2009)

national 
adult HiV 

prevalence 
(2009)

Year of introduction 
of national HiV 

treatment program

number 
of people 

receiving ARt 
(2010)

national ARt 
coverage 

(2010)

Kenya 1.5 6.3% 2003 432,621 61%

Nigeria 3.3 3.6% 2002 359,181 26%

South Africa 5.6 17.8% 2004 1,389,865 55%

Uganda 1.2 6.5% 2000 248,222 47%

Zambia 1.0 13.5% 2003 344,407 72%

Zimbabwe 1.2 14.3% 2004 326,241 59%



20 Chapter 1

ReseARcH oBjectiVes

The aim of this thesis was to study the extent of HIV-1 drug resistance and its potential 
public health implications after the scale-up of ART in sub-Saharan Africa.

The research objectives of the thesis were:
• To define the epidemiology of TDR in HIV-1 infected populations after the scale-up 

of ART.
• To assess the effects of pre-therapy HIV-1 drug resistance on the response to first-line 

or second-line ART in routine ART programs.
• To assess patterns of HIV-1 drug resistance mutations and their clinical impact in 

patients experiencing failure of standard first-line or second-line ART in routine ART 
programs.

• To explore the implications of emerging HIV-1 drug resistance for public health 
policy in resource-limited countries.

outLine of tHesis

Background

As an introduction to the thesis, the first three chapters include a review of data on 
HIV-1 drug resistance in sub-Saharan Africa that were available before the start of the 
PhD research (chapter 2), including an illustrative patient case study (chapter 3), and a 
profile of the PASER-M cohort (chapter 4).

The core of the thesis comprises three parts that include studies on epidemiological 
(Part i), clinical (Part ii) and public health (Part iii) aspects of drug-resistant HIV-1 in 
sub-Saharan Africa.

Transmitted HIV-1 drug resistance (Part I)

The first part focuses on the epidemiology of TDR in various countries and populations 
after the scale-up of ART, based on data from the PASER-M and PASER-S studies. The first 
study compares the prevalence and patterns of pre-therapy resistance between antiret-
roviral-naïve and antiretroviral-exposed individuals in Lusaka, Zambia, who are about 
to start standard first-line ART (chapter 5). Subsequently, we assess TDR prevalence 
in antiretroviral-naive adults from 11 regions in Kenya, Nigeria, South Africa, Uganda, 
Zambia, and Zimbabwe, and examine if wider use of ART in sub-Saharan Africa is associ-
ated with rising prevalence of TDR (chapter 6). Finally, we assess TDR in a recently HIV-1 
infected population in Kampala, Uganda (chapter 7).
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Antiretroviral treatment and acquired resistance (Part II)

The second part includes clinical studies on therapy response and drug resistance pat-
terns in patients receiving first-line ART (chapters 8 and 9), switching to second-line ART 
(chapter 10), or receiving second-line ART (chapter 11), who are enrolled in 13 regular 
ART programs in six African countries. All studies are based on data from the PASER-M 
cohort. The first study prospectively assesses the effect of pre-therapy resistance on 
the immunological, virological and resistance outcomes of first-line ART (chapter 8). 
Subsequently, the patterns of drug resistance mutations in patients experiencing viro-
logical failure after 12 months of first-line ART are described, including the implications 
for second-line therapy strategies (chapter 9). In chapter 10, we investigate patients 
at time of switch to a second-line regimen who experienced prolonged first-line failure, 
in the absence of plasma viral load monitoring. Particularly, we assess the diagnostic 
accuracy of clinico-immunological failure criteria –i.e. the proportion of patients who 
are misdiagnosed with virological failure and switched unnecessarily–, and the patterns 
of HIV-1 drug resistance mutations that are present at time of switch after prolonged 
failure. Finally, we prospectively assess the response to empiric second-line ART, includ-
ing the effect of first-line resistance, and the patterns of drug resistance mutations in 
patients failing second-line ART (chapter 11).

Public health policy (Part III)

The third part expands on the implications of emerging drug-resistant HIV-1 for clinical 
practice and public health policy in resource-limited countries. First, we discuss the op-
erational experiences, achievements and challenges in establishing the PASER network 
(chapter 12), and report the results of a site-level assessment of WHO-recommended 
early-warning indicators of HIV-1 drug resistance in all clinical sites collaborating in the 
PASER network (chapter 13). In chapter 14, we report a model-based analysis on the 
costs, life-expectancy and cost-effectiveness associated with laboratory-based diag-
nostic monitoring of patients receiving ART in sub-Saharan Africa using either CD4 cell 
counts or plasma viral loads only, as compared to clinical monitoring. In chapter 15, a 
systematic review was undertaken of the usefulness and limitations of dried fluid spots 
as a practical, affordable specimen matrix to measure HIV-1 viral load and genotypic 
resistance in resource-limited countries. Finally, we expound recommendations and 
priorities for public health policy in view of rising drug-resistant HIV-1 in sub-Saharan 
Africa (chapter 16).

Discussion

The final chapter (chapter 17) is a summary and general discussion of the main research 
findings of this thesis, followed by some concluding remarks.
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