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There is considerable heterogeneity in HIV-1 infection susceptibility and progression 
rates after infection. Certain people are relatively resistant to HIV-1 infection and 
remain uninfected despite multiple exposures to HIV-1. After HIV-1-infecion, some 
individuals progress to AIDS in as little as 2 years, while others remain symptom-free 
for more than 15 years. Host genetic variation has been demonstrated to account for at 
least part of the variability in susceptibility and disease progression in individuals. In 
this concluding Chapter, the success stories and shortcomings of host genetic research, 
and future perspectives in genomics and potential implications for clinical medicine 
will be discussed.

Host genetics in HIV-1 and pathogenesis
Back in 1996, a 32 basepair deletion in CCR5 (CCR5Δ32), the major coreceptor for 
HIV-1, was discovered. The CCR5Δ32 genotype results in a truncated protein product 
that is no longer expressed on the cell surface, which provided near complete protection 
against HIV-1 infection in individuals homozygous for this deletion [1-3]. Individuals 
carrying the heterozygous CCR5Δ32 genotype have sufficient CCR5 expression on the 
cell surface to support infection; however, this heterozygous genotype is associated 
with delayed disease progression after HIV-1 infection [1,4,5]. The discovery of the 
necessity of a functional CCR5 coreceptor for the virus to enter the cell led to the 
development of a new class of anti-HIV-1 drugs inhibiting entry of HIV-1 into the 
cell. Maraviroc, a small-molecule CCR5 antagonist, which blocks the binding of 
viral envelope to CCR5, is currently administered to patients under combination 
antiretroviral therapy (cART) with therapy failure [6]. In 2009, an HIV-1-infected 
patient from Berlin, who developed acute myeloid leukemia, was transplanted with 
hematopoietic stem cells from a homozygous CCR5Δ32 donor and subsequently cART 
was discontinued [7]. Three and a half years later, HIV-1 could not be detected in 
any of the patient’s tissues, and it is reasonable to conclude that the virus has been 
eradicated [8]. These developments in therapy illustrate the potential of host genetic 
research to combat HIV-1 infection and AIDS.

Genome-wide association studies and clinical assessment
More recently, genome-wide association studies (GWAS) have been employed to scan 
the complete human genome for additional factors without a priori knowledge about 
their role in complex diseases. High-density genotyping arrays containing over one 
million markers are now available for screening.

To date over 1000 genetic variants have been identified by GWAS to be significantly 
associated with very diverse polygenetic traits. Taken all these variants into account, 
on average they explain only a modest fraction (10-30%) of heritability. However, 
the important impact of these studies is to provide valuable insights into underlying 
causation and identifying potential drug targets. 

The first GWAS [9], published in 2005, identified a variant with large effect size, in 
the gene for complement factor H (CHF), to be associated with age-related macular 
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degeneration (AMD) in a small sample set. Consecutive GWAS were successful in 
identifying additional markers. Recently it was reported that five major variants that 
are found to be associated with AMD, taken together, more than double the risk of 
AMD, accounting for more than half the estimated total risk [10]. Another illustrative 
example is the role of GWAS in Crohn’s disease (CD), an inflammatory disease of the 
intestines [11]. The loci identified to be associated with CD emphasize several pathways, 
including innate immunity, differentiation of Th17 lymphocytes and signaling in 
secondary immune response. Interestingly, not all of these biological pathways were 
appreciated as being involved in the pathogenesis of CD before. Although no therapies 
have emerged from these results yet, research is focusing on the newly highlighted 
areas, which may accelerate the development of novel therapies. Furthermore, the loci 
identified to be correlated with CD might help in distinguishing it from ulcerative 
colitis, which can be hard to distinguish diagnostically from CD.

Type 2 diabetes mellitus (T2D) was one of the first diseases to be studied by candidate 
gene approaches and linkage analysis. The first GWAS for T2D was conducted in a 
French cohort and identified novel and reproducible association signals in the zinc 
transporter SLC30A8, expressed exclusively in insulin-producing β-cells and HHEx 
involved in β-cell development [12]. These initial findings were followed by large 
meta-analysis efforts, such as the Diabetes Genetics Replication and Meta-analysis+ 
(DIAGRAM+) consortium. This recent meta-analysis had sufficient power to detect 
genetic variants with low effect size, either overlapping with previous results or novel 
loci, such as a new x-chromosomal association [13].

Multiple genetic tests are already available for the detection of rare mutations that 
are associated with specific diseases. These tests have improved the diagnosis, prediction 
and management of many heritable diseases, such as the predictive value of BRCA1 
and BRCA2 mutations in heritable breast and ovarian cancers [14,15], although these 
tests also come with serious personal and ethical dilemmas. 

In contrast to the success of risk prediction with certain mutations, the predictive 
value of GWAS discoveries for common diseases remains limited, since most variations 
identified have very modest individual effect sizes. 

GWAS in HIV-1 disease
In the last two decades, candidate gene analyses have identified numerous genetic 
factors that are associated with HIV-1 infection and pathogenesis (reviewed in Chapter 
1), yet only a small fraction of the diversity in clinical course after HIV-1 infection 
could be explained by these markers [16]. Therefore, several GWAS have been applied 
in HIV-1 infection and disease progression to identify novel genes and pathways not 
previously implicated in HIV/AIDS.  HIV-1 infection was the first infectious disease 
for which a GWAS was reported [17]. The results of this and other GWAS on HIV-1 
clinical course after infection are reviewed in Chapter 1. 

The GWAS by Fellay et al. [17] identified variants in the HLA-region to be most 
dominantly associated with viral load at set-point, which was successfully replicated in 
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other cohorts, using viral load control and disease progression as phenotypes [18-20] 
(Chapter 3). Signals in GWAS that used clinical disease progression as a phenotype, 
such as the variants identified in Chapter 4 on survival time to AIDS-diagnosis and 
AIDS-related death, did identify genetic variants outside the HLA-region, that need 
further research [21,22]. These results indicate that HLA-alleles play an important role 
in viral load control, however, progression to AIDS might be influenced by additional 
genetic factors that influence processes other than viral replication. 

Multiple determinants may account for the variability in results from different 
GWAS. For example, variability in the phenotype studied, differences in the genotyping 
platform that was used, ancestry of the study population, gender, transmission route of 
infection and choices of statistical tests may influence the outcomes of these studies. By 
combining clinical data from all cohorts that have longitudinal data, a large sample set 
will be created which will give the opportunity to explore in more detail host genetic 
factors that are associated with HIV-1 disease progression. This strategy may lead to the 
identification of novel polymorphisms outside the HLA-gene region that explain only 
a marginal portion of the observed variance as has been achieved previously by meta-
analyses of GWAS for T2D [13]. Other opportunities lie in more in-depth analyses 
of the available GWAS data, thereby focusing on pathway analysis and gene-gene 
interactions. These analyses may support the discovery of additional variants that did 
not survive the stringent multiple testing correction thresholds in the discovery studies 
due to limited power.

Only genetic variants in CCR5 and CCR2 could be confirmed in a GWAS on HIV-1 
until now [20], numerous other markers identified previously through candidate gene 
studies, such as APOBEC3G (reviewed in Chapter 1), were not found to be genome-
wide significant in the GWAS on HIV-1 infection and disease progression. Although 
one could argue that based on this result, most of the signals obtained in candidate 
gene studies may be false-positive, the discrepancy between studies more likely is a 
consequence of the conservative statistical correction for multiple testing in GWAS, 
especially given the biological validation of many of these markers. Unfortunately, due 
to this stringent approach many true associations will be missed especially since most 
alleles exert only a small effect, have a low-frequency and/or are recessive. The need for 
larger studies and/or improved gene analysis techniques to detect these missed genetic 
polymorphisms is described elsewhere.

While the outcomes of GWAS on HIV-1 did not yet lead directly to new therapies, 
the unraveling of novel pathways to be involved in the clinical course of HIV-1 infection 
may highlight innovative research fields. The predictive value of the identified SNPs for 
diagnostic tools is very low. The strongest signal, the HCP5 rs2395029, can only explain 
~5% of variability in set-point viremia [20]. However, due to the near complete linkage 
disequilibrium (LD) of rs2395029 with HLA-B*5701, this SNP has high predictive value 
on side effects of certain antiretroviral therapy. Hypersensitivity reactions to abacavir, 
a nucleoside reverse-transcriptase inhibitor, are more or less restricted to carriers of 
the HLA-B*5701 allele [23,24]. Patients are nowadays HLA-typed before receiving 
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this therapy to avoid the hypersensitivity reaction [25]. Interestingly, rs2395029 was 
found to be a useful surrogate marker of the HLA-allele [26]. This would allow cheaper 
and less labor-intensive screening of individuals with European ancestry at risk for 
abacavir hypersensitivity. 

Alternative phenotypes in HIV-1 infection
To date, GWAS have focused primarily on viral load and disease progression. However, 
examining the role of host genetics on alternative phenotypes that may influence 
health after HIV-1 infection, or that could be relevant for vaccine development, might 
be interesting. In Chapter 8 of this thesis, a GWAS is described that was performed 
to determine associations between SNPs and the presence of HIV-1 specific cross-
neutralizing activity in sera of participants of the ACS. Although some signals were 
potentially interesting, none of the signals reached genome wide significance, making it 
even more important to replicate these signals in other cohorts that have data available 
on the development of HIV-1 specific neutralizing antibodies. Unfortunately, adaptive 
immune responses have not been measured in many cohort studies and therefore it 
may be hard to replicate these findings. 

The use of antiretroviral drugs has been associated with severe toxicities, including 
hypersensitivity reactions, neurotoxicity and liver damage [27,28]. Several studies 
on the association between genetic determinants of people infected with HIV-1 and 
clinical toxicity resulting from different antiretroviral drugs have been performed, 
both candidate gene and genome-wide approaches. For example, there is a great inter-
individual variability in plasma concentrations of efavirenz, a nonnucleoside reverse 
transcriptase inhibitor (NNRTI), and patients with the highest plasma concentrations 
of the drug run a higher risk of developing neuropsychiatric symptoms, like severe 
depression and psychosis [29]. Efavirenz is metabolized in the liver mainly by means 
of the CYP450 isoenzyme 2B6 (CYP2B6), as other NNRTI. Up to 28 polymorphisms 
in this gene have been described and a G/T change in codon 516 (CYP2B6 G516T) was 
identified to alter the metabolism of efavirenz significantly [30]. Furthermore, a GWAS 
was performed in HIV-1 infected study participants to look further into the relative 
impact of SNPs and cART to lipid variation. They identified several SNPs that were able 
to explain a part of the inter-individual lipid variation, similar to the contribution of 
cART alone [31].  All HIV-1 infected individuals who are receiving cART will have to 
continue to take these drugs throughout their lifetime. Being able to predict and avoid 
toxicities, such as HLA-B*57 typing to prevent abacavir hypersensitivity as described 
before, is therefore desirable. Additional GWAS could be used to explore novel host 
genetic factors that are correlated with response and adverse events to antiretroviral 
therapies.

With the advent of cART, HIV-1 infection transitioned from an acute to a chronic 
disease. Subsequently, an increase in the proportion of deaths due to non-AIDS 
causes has been observed. These comorbidities may result from prolonged exposure 
to cART or direct effects of HIV-1 or both. Inflammation markers, such as interleukin 
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6 (IL-6) and high sensitivity C-reactive protein (hsCRP), are key elements in the 
pathogenesis of cardiovascular diseases (CVD) [32]. These two markers are found to 
be elevated in HIV-1 infected compared with uninfected persons in multiple studies 
[33]. Furthermore, HIV-1 associated nephropathy (HIVAN), a renal disease, is well 
established as being related to the virus. Several host genetic factors are identified 
to play a role in HIVAN pathogenesis. A genome-wide mapping strategy identified 
a region containing non-muscle myosin IIA (MYH9) to be strongly associated with 
HIVAN in African Americans [34]. Further defining of the causal mutation revealed 
that it was actually an apolipoprotein L1 (ApoL1) variant that was associated with renal 
disease [35]. 

Although there is appreciable evidence that HIV-1 plays a role in non-AIDS diseases, 
a lot of questions still remain. More information on risk factors associated with CVD, 
HIVAN and other comorbidities, would improve the possibility to understand and 
predict these detrimental non-AIDS events in the HIV-1 infected population. 

 It is important to keep in mind that in infectious diseases two genomes are involved, 
one from the pathogen and one from the host. The HIV-1 genome is exceptionally well 
able to co-evolve with the genome of the host, since retroviruses are recognized for their 
capacity to mutate which allows them to escape from immune responses and to adapt 
to the host environment. For example, HLA-restricted immune responses drive the 
selection of viruses with escape mutations that are no longer recognized by cytotoxic T 
lymphocytes (CTLs). Especially the protective HLA-B*57 is exerting selection pressure 
on the viral population that is hard to evade, causing escape mutations that come at 
a fitness cost for the virus [36,37]. Therefore, in addition to focusing on the human 
genome, it is important to consider the role of virus strain diversity and fitness as 
essential differential markers in HIV-1 susceptibility and pathogenesis. This might be 
a challenging task, taking into account the high mutation rate of the virus and the 
continuous presence of a viral quasispecies in the patient. 

An interesting first step towards a combined analysis of host and HIV-1 
genomes was made by researchers from the Swiss HIV cohort, who used genetic 
variation in the HIV-1 genome as study phenotype in a human GWAS data set 
[38]. They made a first attempt to analyze how human genetic variation correlated 
with HIV-1 sequence mutations in Pol that were associated with viral load at set-
point. Not surprisingly, mainly SNPs that tagged certain class I HLA-types in 
combination with the HIV-1 epitopes they restrict were found to be associated 
with control of viral load. A larger study population in combination with the full 
HIV-1 genome, ideally from different time points in the course of infection, may 
lead to the discovery of novel viral restriction factors outside the HLA-region. 
Adaptation of HIV-1 as an escape mechanism from host defense systems has been 
observed at a population level. In Chapter 9 we describe that the observed increase 
in viral load at set-point in the HIV-1 epidemic in the Netherlands, coincides with a 
lost impact of the protective effect of the minor allele of rs2395029 HCP5 and of the 
CCR5Δ32 heterozygous genotype. The adaptation of HIV-1 at a population level is 
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even more evident in a study by Kawashima et al [39], who showed the adaptation 
of HIV-1 to the most prevalent HLA type in the population. Moreover, we recently 
reported that early HIV-1 variants from people who seroconverted in the beginning of 
the epidemic were more resistant to neutralizing antibodies than HIV-1 variants from 
more recently seroconverted individuals [40]. For a more comprehensive view on host 
genetic markers that force the adaptation of the virus to the host, one could compare 
host genetic associations in combination with virus sequences that were obtained 
from individuals who became infected in the 80’s and 90’s, in the beginning of the 
epidemic, and host genetic markers associated with the HIV-1 genome of individuals 
who obtained HIV-1 more recently (seroconversion after 2000). 

Future of genomic research
The variants discovered to date to be associated with HIV-1 infection and pathogenesis, 
but also in other traits, can explain only a modest part of the variation in disease course. 
Low-frequency variants, with a minor allele frequency (MAF) < 5%), and small effect 
sizes may be an explanation for the missing heritability in common diseases. Further 
increases in sample size and number of SNPs on arrays will likely yield new associated 
variants. However, low-frequency SNPs are poorly represented on current genotyping 
platforms which contain mostly common SNPs (MAF > 5%). Furthermore, association 
studies often highlight a small region and pinpointing the causal variant or coding 
region within that loci can be a large fine-mapping and resequencing effort. 

Advances in sequencing technologies will enable whole-genome sequencing 
(WGS), to rapidly develop and overtake the position of GWAS in genomic research. 
Sequencing the complete genome of cases will make it possible to capture these rare 
variants and directly identify the causal variant. As a proof-of-concept, Ng et al [41] 
sequenced the exomes of four unrelated cases with Freeman-Sheldon syndrome and 
eight controls. They were able to identify the already known causation of the trait, since 
the causal gene was the only region that contained variations in all four cases that were 
absent in controls. 

Until WGS is inexpensive enough to be used for large sample sizes, careful selection 
of individuals is essential. One approach involves the selection of individuals from each 
side of the extremes of the phenotype distribution. For HIV-1, the sequencing of the 
complete genome of hemophiliacs who are known to be highly exposed to HIV-1 but 
who remained uninfected has been started [42]. The identification of causal variants in 
the discovery cohort through this strategy is expected, which will then be confirmed 
by genotyping a much larger validation cohort. The study of rare variants via WGS 
can also be powered by focusing on isolated populations. Recently WGS data were 
successfully used to detect a susceptibility locus for sick sinus syndrome at MYH6, 
encoding the alpha heavy chain subunit of cardiac myosin in Icelandic individuals 
[43]. This sequence-based approach clearly emphasizes that it is possible to discover 
variations with a very low population allele frequency (0.1-1%) in a small population 
of distantly related individuals.  
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Still many technical challenges in WGS need to be overcome. Analysis techniques 
need to be developed in order to cope with the millions of variants that are called 
per genome. Moreover, accurately calling of small insertions and deletions is a big 
challenge. Since the costs for WGS are still high, careful selection of cases and controls 
for sequencing is very important.

Whole-exome sequencing, a strategy to selectively sequence the coding regions, can 
be a more cost-effective alternative to identify host genetic markers that are associated 
with disease. However, there are drawbacks to this technique; only a small number of 
SNPs associated with traits are located in, or occur in high LD with protein coding 
regions of genes. The vast majority of trait-associated SNPs fall in intergenic regions 
and noncoding introns [44,45]. These findings have emphasized the potential role of 
intergenic regions and introns in trait associations, which will be missed when whole-
exome sequencing is used.  

Within a couple of years, rare and personal variants with small to moderate effects 
will be discovered for many traits. This data could lead to personal genomics, where the 
risk of common diseases could influence lifestyle choices and encourages pre-pregnancy 
and fetal screening. However, the developing possibilities also raise questions on what 
the limitations and ethical considerations for genetic testing are. Risk predictions in 
disease, such as with the BRCA gene mutations, may not provide all information one 
needs to make a balanced decision. Moreover, should we test for disorders that we 
cannot treat? Finally, is it desirable to put genetic screening before or after conception 
into practice for non disease-traits like sex selection, in the preference for sons? These 
questions should be taken into account before offering genetic screening in personal 
genomics.

Genomic research in developing countries
There are more than 33.3 million people globally living with HIV-1 infection and the 
situation is particularly alarming in sub-Saharan Africa where 22.5 million are infected 
with HIV-1, with an adult prevalence rate of ~5%. Human genetic studies in disease 
have been focusing almost exclusively on individuals of European ancestry. Until 
2011 more than 75% of the GWAS with documented ancestry (n=493) in the catalog 
of published genome-wide association studies [46], were analyzing individuals with 
European ancestry. Amazingly, less than 5% of the GWAS were focusing on individuals 
with an African descent.

An obvious reason for this inequality is the availability of study populations; 
most researchers with funding have access to cohorts with participant of European 
ancestry. Furthermore, study populations of European descent are easier to control 
for population stratification. Introducing heterogeneity by the inclusion of African or 
African-American individuals in the GWAS leads to the need for larger sample sizes 
and more elaborate statistical analyses to control for the more diverse genetic structure 
in the study population. African populations are also characterized by lower levels 
of LD, since ancestral Africans have maintained a large and subdivided population 
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structure and had more time for recombination when compared to the emergence of 
non-African populations from Africa [47]. The bottleneck associated with the founding 
of non-African populations resulted in lower levels of genetic diversity, higher LD 
and more similar patterns of LD. The absence of large LD blocks in individuals from 
African descent lead to poor coverage of the whole-genome by proxy SNPs on the chips 
used in GWAS. 

Because of this uneven prevalence of European ancestry in GWAS, recent genomic 
discoveries that are identified in people from European descent can be rare or absent 
from other populations. SNP rs2395029 HCP5 was identified in a Caucasian population 
to be associated with viral load at set-point through tagging HLA-B*5701, however, the 
SNP was not found to be associated with viral load at set-point in an African population 
[48]. This is explained by the fact that the minor allele of this SNP and consequently 
HLA-B*5701, is rare in individuals of African ancestry. However, individuals carrying 
HLA-B*5703 were found to have a favorable virologic outcome. 

To date, GWAS results have minor contribution directly to therapies or health care, 
therefore the low number of African GWAS has not lead to important health-care 
inequities.

To increase the likelihood of genetic discovery and to be able to examine the 
influence of different HIV subtypes on genetic association studies in HIV-1 infection 
and pathogenesis, it is necessary to analyze HIV cohorts with individuals of non-
European descent.

The shift of genetic research from GWAS to whole-genome sequencing might be a 
positive development for genomics in African populations, since the causal variants are 
genotyped directly, without the need for high LD structures. Furthermore, a smaller 
sample size is needed to identify rare, causal variants, making it possible to collect 
smaller amount of samples from individuals from different subpopulation structures 
throughout the African continent. 

Concluding remarks
Several host genetic determinants of HIV-1 infection and pathogenesis have been 
unraveled in the last decennia, either by the classical candidate-gene approaches or 
in the last four years with the help of GWAS. In all these studies, variants in the HLA-
region and the coreceptor CCR5 were the most consistent and with the largest effect 
size. While these polymorphisms may have a large effect on the disease course in the 
individual, these genetic markers were only able to explain a small fraction of overall 
observed differences in HIV-1 infection and disease progression in the population. 
The missing genetic variations may be identified by combining GWAS data sets of 
cohorts to increase power and look into additional phenotypes. Furthermore, in the 
next couple of years whole-genome sequencing will most likely be able to unravel novel 
rare variations associated with HIV-1 susceptibility and disease progression. Foremost, 
with these developments time has come to underscore the need for genetic research 
on individuals from developing countries, where the AIDS burden is the highest, but 
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the amount of available genetic data the lowest. This may lead to the discovery of host 
genetic markers associated with HIV-1 infection and disease progression that are more 
prevalent in people from African descent.

Hopefully, the ongoing genetic research may contribute substantially to the 
understanding of the pathogenesis of HIV-1 infection and thereby lead to development 
of new strategies to combat the AIDS epidemic worldwide. 
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