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[Evaluation of next generation sequencing protocols for HIV complete

genome sequencing]

Masterproef voorgedragen
tot het behalen van de

graad van Master in de
Biomedische Wetenschappen

door Nı́dia TROVÃO
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Summary

HIV is a retrovirus that gave rise to a worldwide epidemic after its successful zoonotic transmission in
the first half of the twentieth century. Current therapy, referred to as Highly Active AntiRetroviral Therapy
(HAART), can significantly delay disease progression. However, despite more than 25 years of intensive
research there is still no cure available.

All available antiretroviral drugs are faced with the insurmountable challenge posed by the high evolution-
ary potential of HIV. This implies that regardless the administered drug cocktail, drug resistance can and
will develop. To manage these negative effects, patients should be screened on a regular basis in order
to detect the development of drug resistance in an early phase, so the therapy regimen can be timely
adjusted. Importantly, both drug resistant variants that have evolved de novo or were acquired through
transmission can negatively impact on therapy outcome. Thus, also therapy-naive patients should be
screened before therapy onset.

This screening usually involves genotyping of the viral population through the direct sequencing of the
RT-PCR products. Unfortunately, this approach does not allow the reliable detection of viral variants
present in less then at about 20%-25% of the population. The association of such minor variants harbor-
ing drug resistance mutations with therapy failure fueled investigations to exploit the recently developed
Roche R© 454 NGS platform in an attempt to gain a more accurate in-depth view of the viral population.
These inquiries are characterized by two major drawbacks: their focus on limited genomic regions and
the need for large amounts of input material characteristic for the proprietary Roche R© 454 fragmentation
approach.

As part of a lager project on the comparison of currently available sample preprocessing protocols for
complete genome sequencing of clinical HIV plasma and PBMC samples, and the identification of the
most suitable viral reservoir for resistance testing in newly infected patients as a secondary objective,
this thesis focuses on the corresponding practical aspects of pre-processing prior to sequence data
generation. Because of time restrictions, a complete data-analysis with respect tot the research question
of this larger project falls outside the scope of this thesis.

Specifically, all wet-lab procedures for both the sequence-specific and random priming amplification
strategies were carried out. For the former, we generated 6 overlapping amplicons to cover the entire
HIV-1 genome. After equimolar pooling of all amplicons for each sample, we performed two enzy-
matic fragmentation methods. These will be compared to conventional mechanical 454 shearing. The
successful sequencing of one sample and the completion of all sample pre-processing procedures is
promising for further applications but a comprehensive evaluation of the sequence data to be generated
is necessary to make an informed choice among the different approaches.
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Samenvatting

Meer dan 25 jaar na de ontdekking van HIV leven volgens de laatste cijfers van de Wereld Gezondheid-
sorganisatie ongeveer 33 miljoen mensen met het aidsvirus. Gelukkig kan sinds de goedkeuring van het
eerste antiretrovirale middel in 1987 de ziekteprogressie significant vertraagd worden, hetgeen geleid
heeft tot een sterk gedaalde morbiditeit. De keerzijde van de medaille is, althans tot een geneeskrachtige
therapie ontwikkeld wordt, de levenslange behandeling met dikwijls vele ongewenste neveneffecten. Het
werd al snel duidelijk dat therapiefalen ten gevolge van residuele virale replicatie, hetgeen de selectie
van varianten met mutaties die het virus minder gevoelig maken voor de toegediende drugs, onontkoom-
baar is. Zelfs het gelijktijdig inhiberen van verschillende stappen in de virale replicatiecyclus, hetgeen
momenteel mogelijk is dankzij de 25 verschillende beschikbare antiretrovirale middelen, blijkt niet te
volstaan om de ontwikkeling van resistentie te voorkomen. Bijgevolg zijn we genoodzaakt om diagnos-
tische tests toe te passen die de ontwikkeling van resistentie aan de huidige combinatietherapieën in
een zo vroeg mogelijk stadium kunnen opsporen. Dit laatste is belangrijk omdat een tijdige aanpassing
van het therapieregime de verdere ontwikkeling van resistentie gedeeltelijk kan vermijden.

Vanwege de relatief lagere kost, de eenvoudigheid en snelheid van toepassing wordt voor deze re-
sistentietest standaard gekozen voor het genotyperen van de virale populatie. Meestal gebeurt dit door
de volgorde van de nucleotiden van de RT-PCR producten te bepalen met behulp van de door Sanger
en Coulson ontwikkelde methode. Ondanks de grote vooruitgang op het gebied van therapiemanag-
ment die met deze techniek geboekt werd, komt therapiefalen nog dikwijls voor. Dit kan deels verklaard
worden door de hoge detectielimiet van de standaard genotyperingstesten: virale varianten met een
aandeel van minder dan 20%-25% van de virale populatie kunnen op deze manier niet betrouwbaar
gedetecteerd worden. De associatie tussen zulke laagfrequente varianten met resistentiemutaties en
therapiefalen heeft geleid tot de toepassing van de recent door Roche gecommercialiseerde nieuwe se-
queneringstechnologie, algemeen gekend onder de naam ”454 pyrosequencing”, om een meer accuraat
dieptezicht in de complexe virale populaties te bekomen.

Deze studies lijden echter onder twee grote nadelen. Door de nood aan grote hoeveelheden startmate-
riaal voor het standaard Roche R© 454 fragmentatieprotocol beperken veel studies zich tot stalen met een
hoge virale lading, hetgeen de bruikbaarheid van deze benadering sterk beperkt. Dit kan omzeild wor-
den door het genereren en sequencen van een set overlappende amplicons van geschikte lengte. Van
de noodzakelijke amplificaties kan dan gebruik gemaakt worden om de noodzakelijke adaptors en, in-
dien gewenst, unieke labels in te bouwen. Echter, door het veelvuldige gebruik van sequentiespecifieke
primers kan deze amplicon-gebaseerde methode de representatieve weerspiegeling van de eigenlijke
virale populatie niet garanderen. Bovendien ligt bij deze studies de focus op beperkte genomische
regio’s, hetgeen een alomvattende analyse van virale evolutie verhindert.

Als onderdeel van een groter project waarbij verschillende staalvoorbereidingstechnieken met elkaar
vergeleken worden qua performantie op klinische plasma en PBMC stalen van HIV patiënten, en waarbij
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het identificeren van het meest geschikte virale reservoir voor resistentietesting bij nieuw geı̈nfecteerde
patienten een secundair objectief is, legt deze thesis zich toe op de praktische aspecten van de staalvoor-
bereiding die voorafgaat aan het genereren van de sequentiedata. Meer specifiek is het doel van deze
thesis na te gaan welke staalvoorbereidingsmethode het meest geschikt is voor een zo omvattend mo-
gelijke analyse van volledige HIV genomen uit te voeren.

Hiervoor wordt een sequentie-onafhankelijke amplificatiemethode (WT-OvationTM RNA-Seq System,
NuGEN R©), die resulteert in amplificatieproducten met een geschikte lengte om te sequencen, vergeleken
met een aantal fragmentatiemethoden die een voorafgaande primer-gebaseerde amplificatie vereisen.
Om bij deze laatste de kans op een vertekend beeld van de virale populatie te minimalizeren wordt
gekozen voor een minimale primerset. Hiervoor baseren we ons op generische PCR-protocollen voor
HIV-1 groep M (verantwoordelijk voor de wereldwijde epidemie) die door onze collega’s van het Aids
Referentie Laboratorium (UZ Leuven/KU Leuven) ontwikkeld werden, hetgeen ons verzekert van de
breedst mogelijke toepasbaarheid. De fragmentatiemethoden die vergeleken worden vertegenwoordi-
gen het volledige beschikbare spectrum aan vereist startmateriaal, gaande van laag (NexteraTM) over
middelmatig (NEBNext R© dsDNA FragmentaseTM) tot hoog (standaard Roche R© 454 fragmentatie).

Een overzicht van de experimentele setup kan teruggevonden worden in Figuur 3.1. Belangrijk is
dat van elke stap een aantal herhalingen gebeuren, die, vooraleer verder te gaan met de procedure,
samengevoegd worden. Hierdoor wordt de impact van stochastische invloeden tijdens elke stap van het
proces geminimalizeerd met als neveneffect een substantiële verhoging van de werklast. Alle nodige
amplificaties, opzuiveringen en fragmentaties met de verschillende methoden werden uitgevoerd. Met
een makkelijk op te volgen en eenduidig experiment voor ogen werd ervoor gekozen om alle stalen
tijdens dezelfde ”454-run” te sequencen. Ten gevolge van tijdslimieten heeft deze strategie ertoe geleid
dat we van slechts 1 staal sequentiedata kunnen rapporteren (zie hieronder).

Binnen de sequentiespecifieke arm van het onderzoek duiden de eerste resultaten al op het potentiële
voordeel van de lage inputvereiste van het NexteraTM protocol ten opzichte van de andere fragmen-
tatiemethoden. Doordat de tweede ronde van amplificaties hierbij overbodig is, zelfs voor het staal
met de laagste virale lading waarvoor plasma beschikbaar was, wordt ook de bijhorende kans op een
vertekend beeld van de virale populatie geminimalizeerd. Van de 11 stalen die met het NexteraTM pro-
tocol gefragmenteerd werden, kon het Genomics Core centrum (UZ Leuven/KU Leuven) al een analyse
van de fragmentgrootte-verdeling uitvoeren. Deze lijken gemiddeld genomen te groot voor een efficiënte
emPCR, maar dit patroon kan te wijten kan zijn aan niet-covalente bindingen tussen de adaptorsequen-
ties. Hoewel dit volgens de fabrikant geen contraindicatie is voor een succesvolle emPCR, werd uit
voorzichtigheid geopteerd voor een test-run van 1 staal op 1/16e regio van de picotiterplaat. Hierbij
werden twee condities uitgetest: een emPCR met 0,15cpb (copies per bead) en 0,30cpb. Uit een initiële
analyse blijkt dat voor beide condities het aantal reads binnen de te verwachten grenzen ligt, maar dat
er een iets grotere dan verwachtte proportie kortere reads is. Welke de oorzaak hiervan is, vraagt een
gedetailleerde analyse die buiten het kader van deze thesis valt.

Het overzicht van de ruwe sequentiedata die bekomen werden (Figuur 4.5) illustreert zowel de mogeli-
jkheid om een goed dieptezicht over de volledige lengte van het genoom te bekomen, als de grote ho-
eveelheden data waarmee dit gepaard gaat. Aangezien dit laatste diepgaande analyses zeer tijdrovend
maakt, werd bij wijze van voorbeeld 1 regio volledig geanalyseerd (Figuur 4.4).



In conclusie kunnen we stellen dat het succesvol sequencen van 1 staal en het afwerken van alle
staalvoorbereidingen voor dit onderzoek veelbelovend is voor toekomstige toepassingen, maar dat een
uitgebreide analyse van de -deels nog te genereren- data nodig is om een onderbouwde keuze tussen
de verschillende fragmentatiebenaderingen te maken.
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Chapter 1

Introduction

1.1 HIV/AIDS

On June 5 1981, a new clinical syndrome was reported among homosexual men by the Center for
Disease Control. Infected patients had very low numbers of CD4+ T-cells and were susceptible for in-
fections and pathologies associated with immunodeficiency, such as Pneumocystis carninii pneumonia,
candidiasis and Kaposi’s sarcoma [12, 13].

A virus discovered two years later by Françoise Barré-Sinoussi and her colleagues at the Institut Pas-
teur [14], was soon recognized as the causative pathogen of the Acquired Immunodeficiency Syndrome
(AIDS). In 1986 a consensus name was agreed upon and the virus became known as the Human Im-
munodeficiency Virus (HIV) [15]. That same year, a close relative was discovered and classified as HIV-2
[16], while the former virus was referred to as HIV-1.

The disease course can be divided in three phases, defined by the CD4-count1 and the viral load2

[17]. The acute phase is characterized by a high viral load and a depletion of CD4+ T-cell pool, usually
accompanied by flu-like symptoms and/or rash. A viral set point is subsequently reached, which reflects
the balance between viral replication and control by the host immune system. This relatively stable
viral load can be maintained for longer periods of time, on average 10 years, but eventually this chronic
and latent phase comes to an end due to the gradual loss of CD4+ T-cells (Figure 1.1). In the final
symptomatic stage of the disease course, the host becomes susceptible for opportunistic infections and
after AIDS has developed, death occurs usually within a year [18].

Fortunately, from 1987 on, antiretroviral drugs became available [19]. Although they cannot completely
abolish viral replication, the disease onset can be significantly delayed and life expectancies of well-
treated HIV-infected people nowadays are almost as high as those of uninfected people [20].

The HIV life cycle includes a step that converts the RNA into a proviral DNA genome. The virally encoded
reverse transcriptase responsible for this task lacks proofreading activity and is the main contributor to
the high error rate associated with the RNA to DNA transition, estimated at about 10-4 to 10-5 errors
per base per cycle [21]. In combination with a rapid turnover and a large ”replication space”, this pro-
vides the HIV virus with an enormous potential to generate diversity. Within a host, the HIV population
consequently exists as a swarm of closely related variants, often referred to as the ”quasispecies”. On

1number of CD4+ T-cells per mL of blood
2number of HIV-1 RNA copies per mL plasma
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Origins and classification of HIV Introduction

a global scale this diversity is reflected in types, groups and numerous subtypes as well as Circulating
Recombinant Forms (CRFs) [22].

Figure 1.1: Natural course of HIV-1 infection (red - RNA copies per mL plasma; blue -
number of CD4+ cells per mL). Adapted from [1]

The three most prevalent
subtypes are A, B and C,
whereby the latter accounts
for almost 50% of all HIV-
1 infections worldwide and
more than 80% of all HIV-1
infections in southern Africa
and India. According to the
latest estimates of the World
Health Organization and UN-
AIDS, 33.3 million people
were living with HIV/AIDS at
the end of 2009.

That same year, an esti-
mated 2.6 million persons
became newly infected and 1.8 million died of AIDS, including 2.5 million children [23].

Despite of being pandemic, HIV/AIDS is characterized by large geographic prevalence disparities, with
the highest burden carried by Sub-Sahara African countries. In this region an estimated 22.4 million
people are living with HIV/AIDS - around two thirds of the global total [24].

1.2 Origins and classification of HIV

Figure 1.2: (A) Pan troglodytes troglodytes, (B) Gorilla gorilla
gorilla and (C) Cercocebus atys. Adapted from [2, 3]

The most compelling evidence that points in the
direction of a closely related virus in simians
as the progenitor of HIV can be summarized in
two arguments. First, HIV lineages are phylo-
genetically interspersed with Simian Immunode-
ficiency Viruses (SIV): HIV-1 groups appear most
closely related to either SIVcpz or SIVgor, respec-
tively found in the chimpanzee subspecies Pan
troglodytes troglodytes and in Gorilla gorilla gorilla. Likewise, HIV-2 is most closely related to SIVsm,
found in sooty mangabeys (Cercocebus atys) [25]. Importantly, since the human viruses are closer with
their animal counterpart, such a tree topology indicates multiple cross-species transmissions [26]. Sec-
ond, the most diverse population of viruses is expected to circulate in regions where they have been
around for the longest period of time. This is indeed the case for the geographical patterns of HIV diver-
sity, which point to the regions where Pan troglodytes troglodytes, Gorilla gorilla gorilla and Cercocebus
atys live, Central and Western Africa respectively, as the cradle of HIV [27] (Figure 1.2). In both re-
gions humans are exposed to simian viruses in multiple ways (through hunting and keeping pets), which
implicates blood-blood contact as a plausible route for crossing the species barrier [28].

At least four such transmissions from chimpanzees and gorillas to humans occurred, each giving rise to
one of the clades HIV-1 is categorized into: group M (main), N (not M, not O), O (outlier) and P [29, 30].
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These transmissions had very different outcomes: group P likely represents a dead-end transmission,
groups N and O remain confined to relatively few individuals [31, 32, 33, 34, 35], whereas group M strains
have spread throughout the world and represent more than 90% of HIV-1 infections, and can be further
organized into 9 subtypes and numerous Circulating Recombinant Form (CRFs) [36]. The latter reflects
the high genetic variability, which, together with founder effects, accounts for the geographical linkage of
subtypes [37].

Based on molecular clock analysis calibrated using historical samples, the emergence of HIV/AIDS has
been dated back to the beginning of the 20th century [38, 39]. A plausible explanation on the geograph-
ical origins of HIV/AIDS is that it originates from Cameroon [40] and reached Kinshasa at a time when
circumstantial factors where permissive for its initial spread [26].

1.3 Viral structure and genome

Figure 1.3: Schematic organization of the HIV-1 genome. Adapted from [4]

In terms of taxonomy, HIV be-
longs to the lentivirus genus of the
retroviridae family [41]. The viral
genome consists of two positive
stranded RNA molecules of ≈9.7
kilobases (kb), each one with a
5’ CAP end and a 3’ poly(A) tail
as to mimic the eukaryotic mR-
NAs. The general structure fol-
lows that of the other retroviruses,
with three main and several accessory genes. These are encoded in 9 open reading frames (Figure 1.3)
and produce 15 proteins as a result of differential splicing and post-translational cleaving.

Figure 1.4: Schematic representation of the HIV-1 viral structure
[5]

From the gag region, four proteins are produced
via precursor polyprotein (p55) cleavage by HIV
protease: Matrix (Ma or p17), which surrounds
the Capsid (Ca or p24), that in turn encloses the
Nucleocapsid (Nc or p7), and p6. Processing of
the pol-encoded polyprotein precursor results in
Reverse Transcriptase (RT or p66/p51) , Protease
(Pr or p11) and Integrase (IN or p31). The env
gene codes for the precursor polyprotein gp160,
that is cleaved by cellular protease giving rise to
the Surface (Su or gp120) and Transmembrane
(Tm or gp41) glycoproteins, which anchor to and
protrude from the viral lipid membrane (Figure
1.4).

In addition to the structural and enzymatic pro-
teins HIV also possesses regulatory and acces-
sory genes: tat, rev, nef, vif, vpr and vpu (Figure
1.3). Their main function is the regulation of HIV transcription and the modulation of the host cell ma-
chinery to favor its own replication cycle (Figures 1.5).
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The nine genes are flanked by two repetitive regions called non-coding long terminal repeats (LTRs)
which function as promoters [42]. These LTRs are divided into the U3, R, and U5 regions, where by the
U3 region can be further divided into the modulatory, enhancer and promoter regions [43].

1.4 Replication cycle

The HIV-1 replication cycle is divided in two phases.The early phase encompasses stages from cell
attachment up to the integration of the viral cDNA, whereas the late phase refers to the expression of
viral genes and subsequent release and maturation of progeny virions (Figure 1.5).

1.4.1 Early phase

Cellular entry is mediated by the envelope proteins, which are inserted in the virion’s membrane as
trimers of gp41/gp120. The entry process starts with the recognition of a CD4 molecule by the gp120
trimer. This binding induces a conformational change, which allows neighboring regions to interact with
a co-receptor adjacent to the CD4 molecule in the cell membrane [44], usually the chemokine receptors
CCR5 or CXCR4.

The conformational changes in gp41 induce a trimer-of-hairpins to bring virion and cell membrane to-
gether, allowing fusion [45]. After its release into the cytoplasm, the RNA genome is converted to a
dsDNA molecule by the virally encoded reverse transcriptase during transport to the nucleus. This com-
plex process includes two template switches [46, 47], and thus contributes to the ability of HIV to generate
diversity through recombination [22]. The integrase mediated insertion of the viral genome upon nuclear
entry concludes the events of the early phase [48].

1.4.2 Late phase

Once integrated, the HIV proviral DNA will proceed to the late phase of its replication cycle. As part
of the cellular DNA, the provirus is transcribed by the cellular machinery. All transcripts are generated
from a single promoter in the 5’ LTR to which cellular transcription factors (TFs) will bind, as well as viral
proteins, like Tat [49]. A key cellular TF is nuclear factor kappa-light-chain-enhancer of activated B cells
(NF-κB), which binds two adjacent sites in the U3 region. In a positive feed-back loop, viral stimulation
of the T cell receptor triggers the liberation of the inactive form of NF-κB from its cytoplasmic inhibitor
IκB. This in turn enables the translocation of NF-κB to the nucleus where it induces the expression of a
series of T-cell activation-specific genes, concomitantly activating HIV-1 transcription [43].

The viral transcripts are 5’ capped, 3’ polyadenylated and can be divided in three classes: single spliced
mRNAs (≈4kb) which encode Env, Vif, Vpu and Vpr, multiple spliced mRNAs (≈2kb) which are translated
into Rev, Tat and Nef and genomic unspliced mRNA (≈9kb), which will be inserted in assembling virions
and serves as the template for the Gag and Gag-Pol polyprotein precursors [50, 51].

This range of transcripts with intronic sequences are produced by suboptimal splicing sites [52], and can
be exported to the cytoplasm by Rev [53]. This is followed by translation at the free ribosomes or at
endoplasmatic reticulum associated ribosomes, for Env [54].

Virion assembly starts with a complex interplay between Gag and Env and is crucially dependent on
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p6, which is required for the separation of the virion envelope from the host plasma membrane [55].
During or shortly after release, maturation is achieved by protease mediated cleavage of the Gag and
Pol polyproteins in order to produce the necessary proteins. Concomitantly, the immature spherical
particles become mature, infectious conical capsids [56].

Figure 1.5: Schematic representation of the HIV-1 replication cycle. Adapted from [6]. See text for details.

1.5 Next generation sequencing platforms - upscaling the amount
of sequence information

The past decades of genomic research have been characterized by an increasing demand of more
affordable and higher throughput sequencing. Whereas the initial upscaling through parallelization led
to the 96-well automated capillary electrophoresis systems, the explosion in sequencing capacity only
started with the commercialization of the first so-called next generation sequencing (NGS) platforms in
2005 [57]. Here, the miniaturization of the sequencing process in combination with an in vitro cloning
step led to the ability of massive parallel sequencing of in vitro clonally amplified fragments.

From the three major players that dominate this field (see Table 1.1), the Roche R© 454’s GS FLXTM

system (further referred as ”454”) is by far the most exploited in HIV research, in part because it was
the first available NGS system. The main reason however is that the long read length permits more
efficient data recovery through mapping procedures [7], which is why we implemented this system in our
research.
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Because the 454 platform allows the cost-effective analysis of, currently, about 1 million of individual
sequences at a time, it can be applied to upscale the amount of sequence information in two dimensions
(Figure 1.6). By aiming at a high coverage one can achieve an accurate in-depth view of the viral pop-
ulation composition, whereas at the same time, focus can be expanded from limited genomic markers
towards whole genome studies.

Figure 1.6: Illustration of both dimensions of sequence upscaling. The rectangle marks an area in the HIV-1 genome alignment,
for which the aligned reads and the obtained coverage are presented in more detail. Results obtained from a pilot GS20 run [7]

The 454 system was readily adopted for the detection of low frequency variants in within-host popula-
tions in order to investigate the potential clinical importance of minor drug resistant variants [58]. Such
research crucially depends on a high coverage in order to obtain the desired resolution, which is why
such procedures are often referred to as ”deep” sequencing.

This dimension of upscaling has received most attention but analysis remained confined to specific
portions of the genome, notably those most often targeted by therapy (PR, RT and V3-loop of Env) [59, 60].
Obviously, by ignoring the genomic context to a large extent, this focus on short regions poses limits to
our understanding of viral evolution. For example, the comprehensive study of HIV evolution in response
to the cellular immune response requires we take the whole viral proteome into account. Also, drugs
that target different steps in the viral replication cycle are becoming available and, as they are encoded
by different genes, genotyping will have to be extended towards all possible targets. A third advantage of
the second dimension of upscaling lies in the applications in epidemiological surveys because, by aiming
at a minimal coverage, the complete genome of many samples can be simultaneously sequenced.
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Table 1.1 - Comparison of next generation sequencing platforms. Adapted from [61, 62]

1.5.1 The Roche R© 454’s GS FLXTM Titanium sequencing procedure

An important feature of the 454 platform library preparation, which it shares with the other currently
prevailing NGS platforms, is that it is essentially aimed at the creation of fragments of suitable length
flanked with different upstream and downstream adaptors A and B (Figure 1.7A). One of these adaptors
is used in a next step to bind to a bead coated with complementary oligomers (Figure 1.7B), under
conditions whereby on average only one DNA fragment is bound to each bead. These beads are then
subjected to an oil-in-water emulsion PCR, which serves to amplify the signal strength (Figure 1.7C). At
the same time, the emulsion PCR effectively ensures the massive parallel in vitro clonal amplification
of the bead-bound fragments. This, combined with the parallel sequencing using about 1 million beads
on the PicoTiterPlateTM, is responsible for the enormous upscaling of the sequencing throughput. The
PicoTiterPlateTM (Figure 1.7D-F), in the current configuration of 454 platform, contains about 3.4 million
wells. The dimensions of the latter are such that these can accommodate exactly one fragment-bound
bead, as well as several smaller beads. The smaller beads serve two purposes: they keep the ”big”
bead in place and anchor the enzymes necessary for the actual sequencing reaction (Figure 1.7G-H).
The actual sequencing process starts by delivering the dNTPs in a fixed and known order to the beads on
the PicoTiterPlateTM. Each time a dNTP is incorporated in the growing strands on a bead, the released
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pyrophosphate is used by ATP sulfurylase to release ATP. This in turn drives the conversion of luciferine
to oxyluciferine by luciferase, which is a luminiscent reaction (Figure 1.7I). The equimolarity of this chain
of reactions ensures, over a limited range, a linear relation between the number of incorporated dNTPs
and the signal intensity. All signals are detected by the instrument’s sensor, and because each light
flash can be traced back to a specific dNTP-flow, the sequence can be reconstructed from the obtained
flowgram (Figure 1.7J) [63, 64].

1.6 Front-end amplification protocols

Figure 1.7: The 454 library preparation and pyrosequencing procedure. Adapted from [8]

The need for large quantities
of input material for the stan-
dard library preparation pro-
tocol of 454 platform neces-
sitates a prior amplification
step when low input samples
are to be used.

However, even a nested
PCR approach whereby many
copies of a large genomic re-
gion are generated does not
necessarily guarantee the
yield required for the stan-
dard library preparation pro-
tocol (5µg) [64]. Therefore,
many of the initial studies
who took this approach were
confined to high-input sam-
ples [58], which limits the ap-
plication scope since clinical
plasma samples may have lower numbers of viral RNA.

The latter downside might be, at least partially, overcome by the recently commercialized enzymatic ran-
dom fragmentation method (NEBNext R© dsDNA FragmentaseTM) that has a minimum input requirement
1µg [9].

Alternatively, a set of overlapping amplicons of suitable length can be created. Here, the necessary
amplification steps can be used to incorporate the platform-specific adaptors, which in effect replaces
the inefficient standard fragmentation procedure. A useful extension of the latter methodology was
reported by Hoffmann et al. [59], who added unique labels to the primers, which makes it possible to
afterwards attribute each read to its original sample.

Unfortunately, such target specific primer-based technique does not guarantee the proportional rep-
resentation of templates and may introduce systematic as well as stochastic biases [65, 66, 67]. Also,
extending the amplicon-sequencing approach towards full genome sequencing becomes impractically
labor intensive and costly, in particular because replicates are advised in order to minimize the potential
impact of stochastic influences [68, 60].

8



Antiretroviral therapy Introduction

An elegant solution to this problem was described by Bimber et al. [69]. By creating a small set of
large overlapping amplicons that span the entire genome, followed by fragmentation using an efficient
transposon based method, they circumvent the need for multiple PCRs. However, because this ap-
proach still requires a sequence-specific amplification, it focuses on minimizing the possibility of biases
by limiting the number of primers. Alternatively, samples may be accommodated for NGS platform se-
quencing through bias-free random amplification strategies, as recently demonstrated by Willerth et al.
[70]. However, the performance of the latter on clinical plasma samples has not yet been evaluated.

1.7 Antiretroviral therapy

The discovery that zidovudine, an analogue of thymidine, was able to suppress HIV-1 replication in cell-
culture, spurred hopes for a treatment of HIV infection [71]. In 1987 it became the first antiretroviral agent
approved for the treatment of HIV/AIDS [19]. Currently, 25 drugs have been approved by the US Food and
Drug Administration for treatment of HIV-1 infection. These can be classified into 5 classes according to
their mode of action (Table 1.2).

Thanks to antiretroviral therapy (ART), HIV infection can now be managed as a chronic disease with
significantly improved life quality and expectancy [72]. However, single and dual therapy proved not to
be efficient enough to control virus replication for prolonged periods of time. Therefore current standard
therapy is a combination of 3 different drugs that simultaneously target at least 2 steps in the viral
replication cycle, a strategy commonly referred to as Highly Active AntiRetroviral Therapy (HAART) [73].

Unfortunately, complete suppression of viral replication remains, even under the most potent regimens,
unattainable. This residual replication, often a result of adherence problems, inevitably leads to the
selection of variants with drug resistance mutations (DRM) and is associated with therapy failure.

Such drug resistance mutations may already be fixed in the viral population before (salvage) therapy start
and can have a detrimental effect on therapy-efficacy. For this reason resistance testing has become
a routine clinical tool [74, 75]. Genotyping is the preferred method for predicting the response to the next
therapy because of its lower cost, less complicated technique and faster turnaround time compared to
phenotyping assays [76]. The standard procedure involves the direct sequencing of the RT-PCR products
by the dideoxy-chain termination method, a method often referred to as population or bulk sequencing.
A major limitation of such approaches is that mutations present in less than at about 20% to 25% of the
viral population cannot be reliably detected [7].

This limitation, whereby potentially clinically significant low-level drug resistant variants are often over-
looked, can be overcome through deep sequencing with the 454 system (see above), which can reveal
an accurate and quantitative view of the genetic diversity [7].

9



Viral reservoirs at primary HIV-1 infection Introduction

Table 1.2 - Summary of antiretroviral drug classes for treatment of HIV-1 infection. Adapted from [77]

1.8 Viral reservoirs at primary HIV-1 infection

When cells become infected with HIV this is usually followed by the hijacking of the cellular machinery
and the production of many offspring virions (see above). Sometimes, however, the viral genome is
inserted in CD4+ T-cells that, instead of being activated, return to the resting memory state. This process
leads to the formation of a latent reservoir that not only prevents the eradication of HIV -proviruses are
no target of current ART- but also serves as a memory wherein all diversity ever generated is present.
Interestingly, the dynamics of he proviral reservoir are such that it’s fueled primarily by the transmitted
variant or variants [78, 79]. Because DRMs usually confer a fitness cost, viral variants that harbor such
mutations will tend to either revert to wild-type in the absence of drug selective pressure, or persist as
minor variants under the detection limit of conventional genotyping assays, impeding their detection in
plasma. However, the long half-life of the resting CD4+ T-cells and the relatively slow genetic turnover
of the PBMC-reservoir [80], which ensures we can find transmitted DRMs in PBMCs long after the initial
infection, make PBMCs are a plausible candidate for TDR detection [81].
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Chapter 2

Aims

We propose to comprehensively evaluate a number of sample pre-processing methods, for in-depth
complete genome characterization of clinical HIV-1 samples, on the 454 platform. We aim to test both
sequence-specific and random-priming amplification strategies. For the former, we adopt a strategy
similar to Bimber et al. [69] and generate 6 overlapping amplicons to cover the entire HIV-1 genome.

In a next step, we compare two enzymatic fragmentation methods, NEBNext R© dsDNA FragmentaseTM

and NexteraTM transposon-based technology, to conventional mechanical 454 shearing. These repre-
sent the state-of-the-art fragmentation approaches, and range from high (standard Roche R© 454 shear-
ing) to moderate (NEBNext R© dsDNA FragmentaseTM) and even low (NexteraTM) input requirements. The
fragmentation procedures will also be compared with a sequence-independent amplification method that
has proven useful for complete HIV sequencing on the IlluminaTM platform [70]. We aim to study how they
impact coverage distribution, both in terms of uniform coverage of the complete genome and depth of
quasispecies variation, and to determine which approach allows for the most comprehensive evolution-
ary characterization of HIV genomes in clinical samples. Although we aim to complete all pre-processing
procedures on our samples as part of this thesis, we anticipate that the generation and comprehensive
analysis of the sequence data is beyond the scope of the current project due to time restrictions.

We apply the proposed sample pre-processing protocols in parallel to six pre-therapy samples originat-
ing from four patients that constitute a small HIV-1 subtype B transmission chain. By investigating both
plasma and PBMC populations, we hope to elucidate which viral compartment may be best suited to
detect transmitted drug resistance at a pre-treatment stage.
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Chapter 3

Materials and Methods

In this project, we used the clinical samples available from patients that constitute a small HIV-1 subtype
B transmission chain [82]. An overview of the samples at our disposal can be found in Table 3.1.

Table 3.1 - Overview of the samples available for each patient.

A general overview of the experimental setup, which includes the pre-processing procedures we com-
pared and to which we refer below, can be found in Figure 3.1.

Figure 3.1: Schematic representation of the experimental setup. The number of replicates are indicated in circles. The dotted
lines indicate potential steps without resorting to inner PCR amplification.
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3.1 Sequence specific amplification

Analogous to Bimber et al., we generated a set of 6 overlapping amplicons that span the viral genome
for both the viral and proviral samples (Figure 3.2).

We extend on the applicability of this approach by ensuring generic detection capability for HIV-1 group
M (responsible for the worldwide epidemic), for which we have evaluated (RT-)PCR protocols that are
routinely used by our collaborators at the AIDS Reference Laboratory (University Hospitals Leuven).

Figure 3.2: Overview of the sequence specific amplification strategy. The primer pairs targeting a genomic region are indicated
with the same color. The scale bar represents the genomic coordinates according to HXB2.

3.1.1 RNA extraction

The ability to detect variants at their true proportions depends on the number of viral templates available
for cDNA synthesis [83], which in turn is determined by the number of RNA molecules in the original
sample and potential losses during the upstream procedures.

According to the results of Poon et al.[68], sampling variation during the RNA extraction represents the
largest source of error in the sample pre-processing procedure in terms of obtaining a correct view on
the actual population composition. For this reason, they advise a minimum of 2 replicate extractions
as a standard for the use of NGS in genotypic resistance testing. We opted for a 6 replicate extraction
because this number provided us with the volume required for the replicate RT-PCRs. Concomitantly,
this ensures a more representative view on the true population composition. HIV RNA was extracted
from 140µL plasma with the QIAgen Viral RNA mini kit (Qiagen R©) according to the manufacturer’s
instructions, and eluted in 60µL.

The efficiency of the RNA-extraction has, together with the viral load of the samples, a large impact on
the interpretation of the results because they determine the number of independent viral RNA molecules
that are available for RT-PCR amplification. To illustrate this, we present an overview of the samples’
viral load in relation to the maximum number of different input molecules in Table 3.2. Besides de facto
defining the biologically meaningful detection limit, this also impacts on the reproducibility of the results.
This has been statistically analyzed by Stenman et al. [84] who, like Karrer et al. [65], found that the lower
the abundance of any template, the less likely its true abundance will be reflected in the amplified library.
The source of this error lies in the distribution of, in this case, the viral RNA templates in the RNA-extract,
from which a small volume is used as input for the (RT-)PCR. This sampling effect can be countered by
striving for a maximal concentration of the viral RNA, which can be achieved by aiming for an as high
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as possible input volume for the RNA extraction procedure. Alternatively, the chosen strategy of pooling
6 replicate extractions -which only increases the chance that all variants are represented in their true
proportions in the RNA extract, but does not increase the concentration of the viral RNA templates-
afterwards averages out this potential source of error. At the same time, this pooling strategy minimizes
the impact of stochastic fluctuations due to PCR drift [68, 60].

Table 3.2 - Viral load and the expected number of independent input molecules for extraction and cDNA synthesis

3.1.2 DNA extraction

Before proceeding to the actual DNA extraction, the number of available cells was determined as advised
in Appendix B of the QIAamp DNA Blood Mini Kit (Qiagen R©) in order to assure that the maximum input
number of cells was not exceeded.

This revealed we were limited to a 1x replicate DNA extraction from 1.000.000 PBMCs from sample
AR01-902 and 3.000.000 cells from sample AR07-861.

Figure 3.3: Schematic overview of the amplification proto-
col for both plasma and PBMC samples with the sequence
specific amplification approach.

Estimates of a proviral load between 1 provirus per
105 and 103 PBMCs [85] lead us, analogues to the rea-
soning above, to expect 0,5 to 50 independent copies
in each outer PCR for sample AR01-902 and 1,5 to
150 for sample AR07-8611. To ensure the purifica-
tion of RNA-free DNA, the optional addition of RNaseA
(Qiagen R©) was included in the protocol. All steps were
performed according to the manufacturer’s protocol.

3.1.3 PCR

For both training purposes and because of the changes
we have introduced to the (RT-)PCR protocols (see Ad-
dendum and also below: the final extension time was
omitted), we tested their performance on RNA extract
derived form laboratory strains. Also, the (RT-)PCR
protocols which we based ourselves upon were opti-
mized for the amplification of plasma-derived viruses.
Before proceeding with the amplification of the patients’

1Based on an extraction efficiency of 100% for the used elution volume of 200µL (www.qiagen.com) and an input volume of
10µL for the outer PCR
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PBMC-derived proviral DNA, we first evaluated their performance with exclusion of the RT-step on cell
culture derived provirus.

Briefly, viral RNA was transcribed to cDNA and amplified in a one-step RT-PCR reaction, as 6 amplicons
(Figure 3.2). 5 replicate RT-PCR products of each amplicon were pooled with the already available
outer PCR product (see Table 3.2 and Table 3.3). The pooled outer PCR product was used as input
for a 5 replicate inner PCR for each amplicon, except for patient AR01. For the latter, the absence
of stored plasma required us to exclusively rely on the available 1 replicate outer PCR product for all
amplifications. The products of the inner nested-PCR were pooled per amplicon for each patient (Figure
3.3).

Conditions for the amplification of proviral DNA were identical, except for the omission of the RT-step.
The use of RNaseA at the extraction step combined with the omission of the RT-step in the hot-started
cycling program should in effect result in a traditional outer PCR. Also, the obtained extraction volume
did not permit 5 replicates of the outer PCR with the usual 10µL extract as input. Instead, to arrive at
the same number of replicates, 6µL of DNA extract was complemented with 4µL of H2O except for Nef.
Here we added 10µL of the DNA extract because the test with the 6µL-approach yielded no positive
result as determined on a 1% agarose-gel electrophoresis. Because of this only 4 replicate outer PCR
reactions were possible for Nef (Table 3.3).

Table 3.3 - Overview of the generated amplicons and the number of replicate (RT-)PCR reactions per patient and per sample.

To minimize the amount of PCR-induced recombination, which leads to loss of linkage and thus pre-
cludes haplotype reconstruction (which falls outside the scope of this thesis), the final extension step
was excluded from all employed cycling programs [86]. To quantify the effect of excluding the final exten-
sion time on PCR-induced recombination, we amplified the gp160 region from a 50%-50% mixture of the
RNA extract of laboratory strains IIIb and pNL4.3 with the same amplification protocol as for the clinical
plasma samples. We aimed to compare the crossover patterns with those obtained from amplification
of the same mixture by the same protocol wherein a final extension time of 10 minutes at 68 degrees
Celsius was added to the cycling programs.

All amplification reactions were performed in a Biometra T3000 thermal cycler. Primers were synthe-
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sized by Eurogentec R© (Belgium). An overview table with al (RT-)PCRs mixes, the cycling programs and
a list of primers can be found in Addendum.

3.1.4 Purification and quantification

Before the plasma and PBMC samples were submitted to the various shotgun fragmentation methods,
the pooled PCR products were purified and quantified, after which all amplicons were equimolarly mixed
per sample.

Since the fragmentation methods we compared represent the state-of-the-art approaches and range
from high (standard 454 shearing) to moderate (NEBNext R© dsDNA FragmentaseTM) and even low
(NexteraTM) input requirements, both the outer and inner PCR products were purified and quantified.
This allowed us to check whether the second-round PCR amplification can be avoided for the mod-
erate and low-input fragmentation approach, which can further reduce potential biases. All quantifi-
cations were done with the Quant-iT dsDNA HS Assay kit or Quant-iT dsDNA BR Assay Kit from
InvitrogenTM according to the manufacturers’ instructions. Samples were measured 3 times and the
average of these measurements was used. To equimolarly mix the amplicons, following formula was
used: Molecules/µl = (Sampleconc.;ng/µl)×(6.022×1023)

(328.3×109)×(avg.fragmentlength;nt) .

Figure 3.4: Experimental setup of the applied shearing methods.

The pooled outer and inner PCR
products were divided over two sep-
arate experiments in our protocol
(Figure 3.4). One part was puri-
fied with DNA Clean&ConcentratorTM

(Zymo Research), and after quantifi-
cation and equimolar pooling these
samples served as input for the
TransposomeTM based fragmentation
(NexteraTM). The remainder of the
product was purified with the illustra R©

GFXTM PCR DNA and Gel Band Purifi-
cation kit from GE Healthcare Life Sci-
ences. After quantification and equimo-
lar pooling, these samples served as
input for the general 454 shearing
method and for the NEBNext R© dsDNA
FragmentaseTM.

3.1.5 Shearing methods

In this section we provide a brief overview of the conventional mechanical Roche 454 shearing and the
two enzymatic fragmentation methods we compared.
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3.1.5.1 Standard Roche R© 454’s GS FLX TitaniumTM shearing method

Due to the losses that occur during the different steps of the process, a high amount of input DNA
is required. The procedure starts with mechanical fragmentation through nebulization. Because this
results in a rather broad fragment length distribution, this step is followed by a size selection. During
this step the fragments with lengths that give rise to the best sequencing results are selected. More
specifically, the size range of 500-800bp is selected because these fragments amplify well during the
emulsion PCR and take advantage of the possible long read lengths. Next, the fragment ends are
polished and the platform-specific adaptors are ligated to the ends. The remaining steps of this library
preparation procedure are aimed at selectively removing those fragments that have the same adaptor at
both opposing ends [64]. Fragmentation through mechanical shearing is performed by Genomics Core
(University Hospitals Leuven/K.U. Leuven), who will incorporate different barcodes for each sample if
required.

3.1.5.2 NEBNextTM dsDNA FragmentaseTM

Figure 3.5: (A) Reaction conditions and (B) times for (RT-)PCR. Adapted from
[9].

This protocol is based on the activ-
ity of two enzymes, a V. vulnificus nu-
clease that generates random nicks,
blended with a modified T7 endonu-
clease that recognizes the nicks and
cleaves the opposite strand. Here, size
distribution is a time-dependent vari-
able, as well as dependent on input
size (Figure 3.5). All reactions with
the NEBNext R© dsDNA FragmentaseTM

were performed according to the man-
ufacturer’s instructions [9]. The chosen
incubation time at 37 degrees Celsius
was 20 minutes because this generates
fragments with a peak in size distribu-
tion of 300-600bp, which are well suited
for the 454 platform.

From here on, we resort to the standard
library preparation method, and all further reactions are performed by Genomics Core (University Hos-
pitals Leuven/K.U. Leuven), who will incorporated different barcodes for each sample if required.

3.1.5.3 NexteraTM technology

This shearing method is based on transposon mediated insertion of the adapter sequences and thus
enables to directly obtain a library in finished form (Figure 3.6). The efficiency of this reaction, and
the introduction of the adapter sequences simultaneously with fragmentation, ensure both a low input
requirement, as little as 50ng, and a library that is ready for downstream sequencing.
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All reactions with the NexteraTM DNA Sample Prep Kit (454 compatible) were performed according to
the manufacturer’s protocol (Epicentre Biotechnologies). During the addition of the emPCR compatible
sites, each sample was barcoded with a unique tag (Table 3.4).

Figure 3.6: NexteraTM technology protocol. Adapted from [10]

Table 3.4 - Overview of the samples’ barcodes
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3.2 Sequence independent amplification

Figure 3.7: RNA amplification process used by WT-OvationTM

RNA-Seq System. Adapted from [11].

New 6 replicate RNA extractions from the plasma
samples were done with the same methods as de-
scribed before. The pooled RNA extract was used
for full genome amplification using WT-OvationTM

RNA-Seq System from NuGEN R© (Figure 3.7).
The heart of the system is a random reverse
transcription with hybrid random hexamer and
oligo(dT) primers tailed with a 5’ RNA portion,
which is a unique sequence that is not comple-
mentary to the RNA sample and does not hy-
bridize to it [87], followed by an amplification step
with primers directed at the previously incorpo-
rated tails.

The resulting product has a median length of
200bp. Given the median the read length of the
454’s GS FLXTM system with Titanium chemistry
is 400bp, the use of this kit will probably result in
a loss of potential output.

3.3 Sequencing

Sequencing using the Roche R© 454’s GS FLXTM platform with Titanium chemistry is performed at Ge-
nomics Core (University Hospitals Leuven/K.U. Leuven). We refer to the introduction for background on
454 sequencing.

3.3.1 Assay-related error

One of the objectives of this study, elucidating which viral compartment is best suited for the detection
of pre-therapy drug resistance, critically depends on the ability to accurately detect DRMs, even when
these are present at low frequencies. Hence, it is important to be able to accurately distinguish true
variants from experimentally introduced errors.

Errors that result from the sequencing process itself, as well as those introduced during the sample pre-
processing stadia invariably impact on the sensitivity. For this reason, we opted for high-fidelity enzymes
for the sequence specific amplification approach. Importantly, the extent to which errors from both
sources impact on the detection limit differs. Substitution errors introduced during the PCR amplifications
can be modeled as random events which happen at relatively low rates, and are therefore not expected
to systematically inflate the frequencies at which low-level DRMs are detected. For example, an error
during the first round of amplification in a PCR with one template molecule as input will be passed on
in 25% of the progeny molecules. Such a mutation event in the second round will affect 12,5% of the
progeny and so forth. In order to arrive at the same level of amplification-introduced errors when a PCR
starts with 100 input templates, that same position will have to be independently substituted in all input
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molecules during that particular round of the cycling program or another extremely unlikely combination
of substitution events has to take place. Because we use Platinum Taq High Fidelity (InvitrogenTM) for the
outer PCR, which has an error rate of at about 10-6, an impact on the more prevalent DRMs becomes
highly unlikely. Expressed in numbers for the outer PCR in which we generate the longest amplicon
(gp160, 2888bp), 1000 input templates equal 2888000nt. Such an error rate can thus be expected to
result in at about 3 errors during the first round. Assuming these occur on different positions, which
is the most likely scenario, this theoretically limits the sensitivity to 0,025%. In the event 3 mutations
independently occur on the same position, this still only affects sequencing depths <0,1%, which is not
meaningful to strive for at the given input of 1000 molecules.

Nonetheless, when looking at very rare minor variants, these errors may become important, especially
because we have not taken into account the error rate during the RT-step in the above reasoning, which
can be considerable higher in comparison with that of the high fidelity polymerases [83].

In contrast, errors that occur during the sequencing process itself occur at higher frequencies (Q202 for
the first 400bp [88]), particularly at homopolymer runs [83], and therefore will be of greater importance.
To statistically account for these non-random distributed [57] errors, we adopted the approach developed
by Wang et al. [58]. This procedure relies on the error pattern found in the pyro-reads derived from a
clonally amplified sequence. For this, the sequence of the clone as determined with the standard chain-
termination technology is used as a gold standard, and all observed differences with the 454 reads from
the same clone are considered a 454 sequencing error. Specifically, errors in the homopolymer and
heteropolymer regions can be modeled according to a Poisson-distribution, and we only consider those
variants that could not be explained by Poisson error(P <0,001) and thus are highly unlikely to result
from a sequencing artifact.

To obtain this clonal sequence, we performed a limiting dilution PCR whereby we amplified the gp160
region of two laboratory strains, IIIb and pNL4.3. The PCR product derived from the dilution whereby less
than one-third of the reactions gave a positive result was considered to be derived from one template [89]

and will be sequenced with both Sanger and 454 technology.

3.4 Sequencing and data analysis

Samples were sequenced with the GS FLXTM Sequencer with Titanium chemistry by the Genomics
Core centre (University Hospitals Leuven/K.U. Leuven) and the results were provided to us as Standard
Flowgram Files. For the data-analysis we rely on a combination of freely available software because this
allows us to address the specific characteristics of pyro-reads derived from highly complex populations
such as HIV during the read mapping. Sequence data were extracted and converted into FASTA-format
with a freeware python-script, sff extract.py [90].

Prior to the read-mapping, reads with an exact match to both the barcode and, for the Nextera-fragmented
samples, the transposon end sequence are extracted with Segminator [91] and included in the next stages
of the analysis. Because the 5’ end of the reads is slightly more error-prone and sequencing errors tend
to occur on a disproportionately small number of reads [92], this effectively functions as an heuristic fil-
ter that increases the overall quality of the remaining reads. Conveniently, the non-viral ”search string”
sequences are clipped from the reads during the extraction process.

The Segminator-program [91] plays a central role in the read mapping stage of our data-analysis because
2Q20 is a Phred-equivalent expression. It implies an accuracy of 99%
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the implemented innovative mapping algorithm -based on the cover density of so-called k-mers across
the reference template- ensures an unbiased and minimal data-loss during these initial stages. The
authors noted that the use of a closely related reference sequence significantly reduces data-losses [91].
The absence of a data-specific consensus sequence required us to adopt a two-staged mapping pro-
cess: during the first step reads are mapped against a distantly related reference genome, in our case
we used the HXB2 reference genome (accession number K03455). The resulting pairwise alignment
was manually edited and served to construct a data-specific consensus sequence. During the manual
editing, all reads that were either very short (<30nt) or contained ambiguity characters (N) were re-
moved [92]. The second step involves mapping the sample reads against the newly created data-specific
consensus sequence. The resulting pairwise alignment is again manually edited and can, depending
on the sample under investigation, be used to screen for DRMs or to determine the appropriate cut-off
above which the observed frequency of a mutation is highly unlikely to result from sequencing error
(see above). For the former we make use of the publicly available, curated online Stanford Drug Resis-
tance Database [93], which provides a comprehensive list of all resistance mutations in the gene regions
targeted by ART.
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Chapter 4

Results

Within the time frame of this thesis, we completed the RNA/DNA extraction, evaluation and application of
the amplification steps, fragmentation using three different approaches for the available clinical samples,
as well as the sequence independent amplification procedure. Sequencing of these products is currently
ongoing. Below, we report the results of the amplification step, the quantification of the DNA yield before
applying the general 454 shearing, NEBNext R© dsDNA FragmentaseTM and NexteraTM technologies, and
the fragment size distribution for the latter. In addition, we present the analysis of the sequence data
generated for a single sample as an illustration of the work that needs to be completed.

4.1 Amplifications

Figure 4.1: Nested-PCR of all amplicons for a PBMC sample of patient AR01-902.
(NC) Negative control; (DMWM) DNA molecular weight marker

Having evaluated and adapted the
PCR protocols for our purposes,
we performed the 6 replicate RNA
extraction. Only one replicate DNA
extraction of the PBMC samples
was done. Afterwards, the pooled
extracts were subjected to a 5 repli-
cates (RT-)PCR, of which the prod-
ucts were subsequently pooled per
amplicon. The pooled outer-PCR
products were used as input for a
5 replicate inner-PCR for each am-
plicon.

The resulting products of the inner
nested-PCR were pooled per am-
plicon for each patient, and the am-
plification results were evaluated on a 1% agarose gel electrophoresis (Figure 4.1).

The amplified products were consistent with the expected length of the targeted amplicons. Also, neg-
ative controls were always included in order to detect potential contamination, and always resulted in
negative results.
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4.2 Quantification

The quantification results (ng/µL) of all samples purified with illustra R© GFXTM PCR DNA and Gel Band
Purification kit (GE Healthcare Life Sciences) with an input volume of 100µL and eluted in 25µL accord-
ing to the manufacturer’s instructions, are presented in Table 4.1. These samples were further subjected
to both NEBNext R© dsDNA FragmentaseTM and the general 454 shearing method.

We also present the quantification results (ng/µL) of all samples, purified with DNA Clean&ConcentratorTM

(Zymo Research) with 100µL of input volume and eluted in 10µL according to the manufacturer’s in-
structions, in Table 4.2. These samples were further subjected to NexteraTM technology. Because of the
lower elution volume, the DNA concentrations are on average higher compared to the results obtained
by the illustra R© GFXTM PCR DNA and Gel Band Purification procedure.

Interestingly, the outer-PCRs of both plasma and PBMC samples did not contain enough material to
arrive at the required amount of input material for the NEBNext R© dsDNA FragmentaseTM and general
454 shearing method. For this reason and taking into account the minimal input DNA requirement for
each fragmentation method, the outer-PCRs were only used for the NexteraTM technology, with the
exception of the plasma outer-PCR product of patient AR01-902 that proved to have resulted in a too
low yield.

Table 4.1 - DNA concentration (ng/µL) of inner PCRs for both PBMCs and plasma samples
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Table 4.2 - DNA concentration (ng/µL) of outer and inner PCRs for both PBMCs and plasma samples
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4.3 Sample pre-processing methods

All inner-PCRs were subjected to both NEBNext R© dsDNA FragmentaseTM and the standard 454 shear-
ing method. All outer- and inner-PCRs were subjected to NexteraTM and for those, we report the results
on the fragment size distribution below.

4.3.1 Fragment size distribution

Figure 4.2: Fragment size distribution for samples subjected to NexteraTM tech-
nology. (FU) Fluorescent units; (1) AR01 Outer-PCR PBMC sample; (2) AR01
Inner-PCR PBMC sample; (3) AR07 Outer-PCR PBMC sample; (4) AR07 Inner-
PCR PBMC sample; (5) AR01 Inner-PCR plasma sample; (6) AR05 Outer-
PCR plasma sample; (7) AR05 Inner-PCR plasma sample; (8) AR06 Outer-PCR
plasma sample; (9) AR06 Inner-PCR plasma sample; (10) AR07 Outer-PCR
plasma sample; (11) AR07- Inner-PCR plasma sample

To avoid and inefficient and rela-
tively expensive sequencing run, it
is standard protocol to examine the
fragment size distribution prior to
454 sequencing to assure that the
length of the fragments is in the ap-
propriate range.

According to the distributions ob-
tained with a Bioanalyzer (Agilent
Technologies) by Genomics Core
(University Hospitals Leuven/K.U.
Leuven) (Figure 4.2), the fragment
size distributions peak at lengths
>1000bp. We further comment on
these findings in the Discussion.

4.3.2 Sequence analysis

The results on the fragment size dis-
tribution led us to generate reads
using two emPCR conditions (0,15
and 0,30 copies per bead (cpb))(see
Discussion) for one sample only,
each run on 1/16th region of the
PicoTiterPlateTM. We used the
Nextera-fragmented, PBMC-derived
inner-PCR product of patient AR01
as a test case. We will further re-
fer to the reads of both emPCR
conditions as AR01-015 and AR01-
030, referring to the emPCR con-
dition with 0,15cpb and 0,30cpb re-
spectively.

The initial quality control revealed
that the number of filter-passed reads was within the expected range: 31.787 reads for AR01-015 and
33.609 reads for AR01-030. The median read length, 314nt for AR01-015 and 328nt for AR01-030,

25



Sample pre-processing methods Results

however, appears to be shorter than expected. Also, the profiles of read length versus the number of
reads do not seem to be affected to a large extent by the different emPCR conditions (Figure 4.3).

Figure 4.3: Read length count for AR01-015 and AR01-030

Next, reads without an exact match to both
the barcode (MID2, see Table 3.4) and the
19bp TransposomeTM end sequence (AGATGTG-
TATAAGAGACAG) were discarded. This filtering
step excluded 2.900 reads of sample AR01-015
and 2.887 reads of sample AR01-030 from further
analysis.

Because the adopted two-stage mapping strategy
is very time consuming, we have limited ourselves
to a complete mapping process of the protease
region, part of the Gag-Pr amplicon, of sample
AR01-015. The extracted reads served as the
basis for the multiple alignment, for which we con-
structed the coverage profile after editing (Figure
4.4). This illustrates the homogenizing effect of
removing short reads on the coverage profile.

We screened the resulting alignment for the pres-
ence of DRMs. An overview of the DRMs and
their frequency can be found in Table 4.3. Also indicated in this table is the presence or absence of the
DRMs in the protease gene sequence of the corresponding plasma sample from patient AR01-902 that
was previously obtained using standard genotyping (population sequencing). These preliminary results
seem to corroborate earlier findings that most, if not all, highly prevalent DRMs are also detected by
standard bulk sequencing approaches but that low to moderate frequent DRMs often go undetected [7]

Indeed, all high-frequency DRMs were also detected with the bulk sequencing approach, but, notwith-
standing I50V represented 7,42% of the 454 reads, it was not present in the Sanger sequence. Of note,
one DRM (E35D) was only found in the plasma-derived Sanger sequence and not in the pyro-reads
from the PBMC sample. Because the proviral reservoir has a slow genetic turnover [80], this might be
explained by the recent appearance and fixation of this DRM.

For all other amplicons of both samples we confined the analysis to the first stage of the mapping
procedure for illustration purposes. The residue frequencies were subsequently extracted to construct
the corresponding coverage profiles (Figure 4.5). These profiles demonstrate that in general, a good
in-depth view over the complete length of the genome can be obtained.

Figure 4.4: Comparison between Pr-region unedited and edited coverage profiles against data-specific consensus
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Table 4.3 - DRMs frequencies (%) based on Stanford Drug Resistance Database
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Figure 4.5: Coverage profiles for AR01-015 (blue) and AR01-030 (orange) amplicons.
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Chapter 5

Discussion

Next generation sequencing methods provide a unique opportunity to study the composition of complex
viral populations such as HIV. Amongst the NGS platforms, we opted for the Roche R© 454’s GS FLXTM

system because it excels in read length, which greatly facilitates the read alignment and assembly, the
first step in many analysis. We ambitiously set out to compare several sample pre-processing protocols
and coupled this to a research question that involves the comparison of plasma and PBMC viral reser-
voirs in order to investigate which one would be suitable to use for genotyping in a pre-therapy setting.
Due to time constraints, only part of these goals could be accomplished in this thesis: all samples are
amplified, purified and fragmented by the diverse array of methodologies we selected but only one sam-
ple could be sequenced. We choose to complete these procedures prior to sequencing so that all the
products could then be simultaneously sequenced using a single 454 run.

Our first results already highlight the potential advantage of the 50ng input requirement of the NexteraTM

sample preparation protocol over the alternative pre-processing methods. The benefit of such a low
input requirement is that the second-round PCR amplification could potentially be avoided, which elimi-
nates potential biases that result from second-round amplification. A potential downside of this method
is the expected drop in sequence coverage starting at about 125bp from the end of the DNA (both ends)
because the TransposomesTM do not attach to the ends of dsDNA. In our experimental setup with rel-
atively small overlapping amplicons, this may influence the coverage distribution. However, based on
the coverage-plots of the raw data (Figure 4.5), this feature does not appear to seriously impact on the
detection limit.

Both NEBNext R© dsDNA FragmentaseTM and general Roche R© 454 shearing, with a respective input
requirement of 1µg and 5µg, could only be performed on the inner PCR products of all samples. As
this is the case for both samples with high and low (pro-)viral loads, and additional amplification step
may always be required irrespective of the (pro-)viral load. This is not only time-consuming and labor
intensive, but it also brings about potential systematic and stochastic errors that may distort the relative
frequencies in which the viral variants are present. For example, Mild et al. [94] recently illustrated that
primer selection may impact on the detection and quantification of low-level variants. It is of interest
to note that even with this low input requirement, the outer-PCR product of patient AR01 could not be
fragmented with this approach. Should the NexteraTM approach prove to be the preferred method, this
may constitute an additional argument in favor for standardizing the use of replicate (RT-)PCRs followed
by the pooling of the products, in studies where NGS platforms are used to interrogate complex (viral)
populations.
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Of all samples, the Genomics Core center (University Hospitals Leuven/K.U. Leuven) was able to per-
form an analysis of the fragment size distribution of the 11 samples that were fragmented with the
NexteraTM approach. The peaks of the fragment size distribution are centered around 1000bp. In addi-
tion, the distribution appears to be skewed, which makes that for most samples more than 50% of the
fragments are shifted to higher/lower molecular weights (>1000bp). Such high molecular weights are in-
dicative for an inefficient emPCR (see above), but according to the manufacturer such a pattern can also
be caused by non-covalent bonds between the adaptor sequences and should thus not be considered
as a contra-indication for a successful emPCR. A cautionary approach led us to opt for a test-run of one
sample on 1/16th region of the PTP whereby two emPCR conditions were tested (0,15cpb and 0,30cpb).
The number of reads generated for both tests (31.787 and 33.609) lies well within the expected range
(25.000 - 37.500)1, which therefore seems to substantiate the manufacturer’s claim. However, the me-
dian read length is shorter then expected (Figure 4.3), which can be due to a too long average fragment
length- a feature we cannot exclude based on the available data. Therefore, these results should be
compared with those obtained from the NexteraTM fragmentation of the same sample, which achieves
adaptor ligation and library enrichment with less PCR cycles.

The coverage plots of the raw sequence data (Figure 4.5) illustrate both the possibility to obtain a good
in-depth view over the complete length of the genome with this method, as well as the large amounts of
data this entails. The latter, in turn, warrants that any profound data-analysis will be very time-consuming
and constitutes the reason why only one region was looked at in greater detail. Analysis of the coverage
plots in Figure 4.4 revealed that removing short sequences, which are more likely to not uniquely map
on one region of the genome, has a profound impact on the ”coverage peaks”. More specifically, by
lowering the coverage, a higher frequency at which a DRM needs to be detected at that position before
it is accepted as truly present, is required. Consequently, the false-discovery rate will be reduced.

The false-discovery rate is important with respect to the low frequencies at which most DRMs were
detected, even often at levels below 1% (see Table 4.3). Because no statistical analysis to asses the
appropriate frequency cut-off to distinguish sequencing noise from true variants has been carried out,
we must stress it is likely that most of these extremely rare DRMs are the result of sequencing error.
However, the detection of variants at levels as low as 0,175% for K55R supports the applicability of this
NGS platform for future studies aimed at gaining a more profound insight into the clinical importance
of minority DRMs. With respect to the latter, the different genetic barrier to resistance of the diverse
therapy regimens implies that the clinical relevance of minority DRMs may vary, which in turn implicates
various prevalence cut-offs may need to be determined [95]. As opposed to PIs, NNRTIs have a relatively
low genetic barrier to resistance. It is therefore not surprising that several studies point to a relatively
high sensitivity of NNRTI-based regimens to minority DRMs [96, 97, 98].

The fragmentation procedures were also compared with a sequence-independent amplification method,
the WT-OvationTM RNA-Seq System from NuGEN R©, which has a minimum input 500pg of RNA. This
input requirement can be an obstacle, in particular for low viral load samples, because RNA extraction
procedures are not very efficient and because the major composition of the extracted product is carrier
RNA. For this reason, accurate direct quantification of target viral RNA for RNA-Seq input with traditional
methods is not possible. The main advantage of this technology is that its starts from the extracted RNA
from the samples, thus avoiding primer-specific amplification and the inherent risk of a result that is not
representative of the actual variant proportions in the sample. The sequence-independent methodology
therefore holds better potential to uncover the true scope of the population, although not necessarily in

11.000.000 reads / 16 = 62.500 reads per 1/16th PTP. Accounting for a gasket-induced output loss of 40%-60%, the read
number is expected to lie in the range of 25.000 - 37.500
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the most cost efficient way.

An important research question that we would eventually like to address with our sequence data involves
transmitted drug resistance. Drug resistant variants can not only be generated de novo, but they may
also evolve from resistant virus acquired through transmission. In both cases, they may lie at the basis
of a suboptimal response to regimens [99]. Furthermore, it is currently assumed that drug-resistant
variants persist life-long as archived provirus in the PBMCs, which implies that TDR might exert a long-
term impact on responses to antiretroviral therapy [100]. Consequently, TDR poses a challenge with
potentially important clinical and public health implications, which led to the implementation of genotypic
resistance testing in therapy-naive patients in international guidelines [74].

However, transmitted drug resistant variants tend to revert to wild-type in the absence of the selective
pressure of therapy as a result of the fitness cost that is often associated with drug resistance mutations,
the so-called reversion phenomenon [101, 102]. Alternatively, they may persist as minor variants under
the detection limit of standard sequencing approaches. Because such conventional ”bulk sequencing”
based on genotyping assays are most oftenly used to assess TDR, the prevalence estimates of approx-
imately 10% in Europe and the USA [101, 103] are prone to underestimation [104]. Here, the 454 platform,
through its massive parallel sequencing ability, can analyze large numbers of specimens simultaneously,
and therefore presents the potential for a more accurate and cost-competitive assessment of the true
scope of TDR on a population scale [105]. Given the increasing number of people receiving antiretro-
viral treatment, estimated at about 5.2 million in 2009 [106], and the associated high dropout rate [107],
such accurate population scale screenings may become an important tool to comprehensively charac-
terize the epidemiology of TDR. More specifically, implementation of such routine screening, especially
in resource-limited regions that currently experience a scale-up in the availability of therapy, may inform
on the optimization of the implemented therapy-policy [108]. A more precise evaluation of TDR may also
serve a public health purpose by aiding in the identification of transmission networks and populations on
which to focus preventive measures [109].

In addition to the choice between the tools at hand, a second possible variable that may impact the
assessment of TDR prevalence, and therefore the clinician’s choice for an appropriate first-line therapy
regimen, lies in the viral reservoir under investigation. Whereas plasma virus generally represents re-
cently produced virions, the proviral DNA in PBMCs may serve as an archive of genetic diversity. When
cells become infected with HIV this is usually followed by the hijacking of the cellular machinery and the
production of many offspring virions (see above).

Sometimes, however, the viral genome is inserted in CD4+ T-cells that, instead of being activated return
to the resting memory state [110]. The latter process leads to the formation of a latent reservoir that
not only prevents the eradication of HIV - proviruses are no target of current ART- but also serves as a
memory wherein all diversity ever generated is present. The dynamics of of the proviral reservoir are
such that it’s fueled primarily by the transmitted variant(s) [78, 79]. The combination of the former with the
relatively slow genetic turnover of the PBMC reservoir [80], makes it possible to find transmitted DRMs in
PBMCs long after the initial infection. The long half-life of resting CD4+ T-cells, make PBMCs a plausible
candidate for a more sensitive TDR detection [81]. More specifically, chances are that DRMs ”hidden” by
the reversion phenomenon can still be detected in the proviral reservoir. Here it is of interest to note that
all 5 DRMs present at frequencies between 2% and 79,3% are only found in the PBMC sample of patient
AR01-902 and not in the plasma-derived Sanger sequence (Table 4.3). Thus, although statistical support
needs to be evaluated and a comparison with the 454 data of the corresponding plasma sample needs
to be performed, the preliminary analysis of DRMs in the examined PBMC sample of patient AR01-902
hint at the possibility of more sensitive TDR detection in PBMCs. However, there was one mutation in

31



Discussion

the plasma population that was not detected in our PBMC-derived reads, which could suggest that the
proviral reservoir is not always superior.

In conclusion, the successful sequencing of one sample and the completion of all preparatory work for
this research offers hope for useful applications in the near future. A comprehensive analysis of the
sequence data that is currently generated is however required in order to make an informed choice
between the different sample preparation methods available. Finally, we are aware that our choice for a
pre-processing procedure may only be a current snapshot that should evolve with the swift evolution of
state-of-the-art sequencing technologies.
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Addendum

Table 1 – Overview of all (RT-)PCRs primers.

* PBMCs sense outer primer
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