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ABSTRACT

HIV-1 is a virus with a very variable genome and therefore has the ability to
adapt to new environments which include escape from immune pressure and
suboptimal antiretroviral treatment. Next-generation sequencing (NGS), especially
ultra-deep pyrosequencing (UDPS), has enabled in-depth sequencing studies with a
previously unattainable resolution. However, the technology is more error prone than
traditional sequencing which makes it challenging to interpret UDPS results. In this
thesis we carried out comprehensive work to identify, characterize and reduce errors as
well as investigate the UDPS performance (Papers I, 111 and 1V). In Papers IV and V
we used UDPS to study HIV-1 minority variants. Novel primer design software was
developed in Paper | and a new method to tag molecules was developed and evaluated
in Paper V1. The design of primers is of special importance in NGS to avoid selective
amplification which may skew estimates of variant frequencies. We developed a
computer program, PrimerDesign, to meet the changed requirements for primer design.
PrimerDesign is tailored to design primers from a multiple alignment and is suitable for
all types of NGS that is preceded by amplification. The new Primer ID methodology
has the potential to provide highly accurate deep sequencing. We identified three major
challenges; a skewed resampling of Primer IDs, low recovery of templates and
erroneous consensus sequences. Undetected this would lead to an underestimation in
diversity of the quasispecies and cause a skewed and incorrect results. As many of our
other findings, the methodology is not limited to HIV or virology.

The resolution of UDPS analysis is primarily determined by the number of input
DNA templates, the error frequency of the method and the efficiency of data cleaning.
In Papers Il and 1V we therefore optimized the pre-UDPS protocol and investigated
the characteristics and sources of errors that occurred when UDPS was used to
sequence a fragment of the HIV-1 pol gene. UDPS introduced indel errors located in
homopolymeric regions that were removed by our in-house data cleaning software. The
remaining errors were primarily substitution errors that were introduced in the PCR that
preceded UDPS. Transitions were significantly more frequent than transversions, which
will limit detection of minor variants and mutations in HIV-1 as well as other species.
Further, we evaluated the quality and reproducibility of the UDPS technology in
analysis of the same pol gene fragment. We concluded that the UDPS repeatability was
good for both major and minor variants. In our experimental settings, in vitro
recombination and sequencing directions posed a minor problem, but still needs to be
considered especially for studies of minor viral variants and linkage between mutations.

Minority resistance mutations have been shown to impact the clinical outcome in
treated patients. We examined the presence of pre-existing drug resistance mutations in
treatment-naive HIV-1 infected individuals and found very low levels of M184l,
T215A and T2151, but no presence of M184V, Y181C, Y188C or T215Y/F. This
indicates that the natural occurrence of these mutations is very low. When the same
individuals experienced treatment failure or interruption, almost 100 % of the wild-type
virus respective drug resistance variants were replaced. Other patients were followed
from primary HIV infection (PHI) until their virus switched coreceptor use from CCR5
(R5) to CXCR4 (X4). We did not find any X4-using virus present as a minority
population during PHI. The results indicate that the X4-using population most probably
evolved in stepwise fashion from the R5-using populations in each of the three patients.

In conclusion, we have developed and used new NGS and bioinformatic methods
to study HIV-1 genetic variation. We have shown that UDPS can be used to gain new
insights in HIV evolution and to detect minority drug resistance mutations as well as
minority variants.
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1 INTRODUCTION

1.1 HUMAN IMMUNODEFICIENCY VIRUS

1.1.1 History

In 1981 came the first alarming reports of young men experiencing unusual
opportunistic infections and rare malignancies [1] [2]. Over three decades has now
passed since these first reports. The causative agent leading to acquired
immunodeficiency syndrome (AIDS) has been found [3-5] and is referred to as human
immunodeficiency virus (HIV). The virus is globally spread and has to date infected in
excess of 60 million individuals and caused over 25 million deaths. The pandemic and
the disease is far from over and more than 35 million people are living with HIV
infection today [6],

1.1.2 Origin and classification

AIDS is in fact caused by two viruses, HIV type 1 (HIV-1) and HIV type 2 (HIV-2).
These are morphologically similar but genetically and antigenically distinct [7]. HIV-1
is much more widespread, more infectious and causes a faster progression to AIDS
than HIV-2 [8, 9]. This thesis is primarily focused on HIV-1. HIV-1 is a part of the
lentivirus genus and belongs to the Retroviridae family. It comprises four distinct
lineages, termed groups (M) (main), N (non-M-non-O), O (Outlier), and P. Each group
is the result of an independent cross-species transmission event of simian
immunodeficiency viruses (SIVS) [7]. SIVs are naturally infecting African primates
[10]. Group M originates from SIVcpz, a virus that infects two of four subspecies of
chimpanzees. Group M is by far the most prevalent group and completely dominates
the global pandemic. The transmission event that founded the M group is estimated to
have occurred in southeastern Cameroon around 1910 [11]. As Group M spread, time
and geographical dispersal caused the virus to evolve into different lineages. Group M
is therefore divided into nine pure subtypes (A, B, C, D, F, G, H, J and K) and many
(currently 58 known) circulating recombinant forms (CRFs) [12, 13]. Groups N, O and
P represent less than 1 % of the infections and are very regionally located [14-18]. The
same is true for HIV-2.

1.1.3 The current HIV epidemic

According to WHO’s and UNAIDS" estimations, between 32.2 and 38.8 million
individuals were living with HIV infections in 2012. In 2012, 2.3 million individuals
became infected by HIV and 1.6 million individuals died due to AIDS. The infection is
not evenly distributed over the world. In Sub-Saharan Africa, 25 million individuals are
estimated to live with HIV and in some countries like Botswana and Swaziland the
HIV prevalence is well over 20 % in the adult population [6].



Western &
: Central Europe Eastern Europe
North America :
1.3 million 860,000  &Central Asia East Asia
' 1.3 million  g8gp,000

Caribbean
250,000 Middle East & North Africa  S°outh & East Asia
260,000 3.9 million
Latin America Sub-Saharan Africa ¥
1.5 million 25.0 million Oceania
51,000

Total: 35.3 million

Figure 1. Adults and children estimated to be living with HIV globally in 2012.
Adapted from [6].

In 1983, the first known HIV-infection in Sweden was reported. Until June 2013,
approximately 10,500 individuals have been diagnosed with the infection [19]. At that
time approximately 6,200 HIV infected individuals were known to be living in Sweden,
which corresponds to a prevalence of 0.06 %. In 2012, 441 new infections were
reported. This corresponds roughly to the average incidence of newly infected patients
per year in the preceding decade. The majority of infections (51 %) were heterosexual
acquired and 70 % stated that they had been infected abroad [20]. Of patients infected
abroad, 79 % were born abroad and infected prior to the first arrival to Sweden. Of the
117 domestic transmissions, 56 % occurred between men who have sex with men
(MSM). The number of MSM transmissions has increased significant since 2003 [20].

12 HIV-1VIROLOGY

1.2.1 Structure, genes and regulatory enzymes

The HIV-1 particle is enveloped, spherical with a diameter of approximately 120 nm.
The envelope is obtained when the virus buds from the host cell and consists of a lipid
layer derived from the cell membrane and viral trimeric transmembrane glycoprotein
(gp41) linked to the outer trimeric glycoprotein (gp120). The viral envelope surrounds
the nucleocapsid, which contains the viral enzymes: reverse transcription (RT),
protease (PR) and integrase (IN), as well as two positive sensed single stranded RNA
molecules (sSRNA). Each of the RNA strands consists of approximately 9,700 bases.
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Figure 2. Schematic structure of the HIV-1 virion.



Like all retroviruses, the HIV genome contains the gag, env and pol genes. They
encode the major structural and enzymatic proteins; group specific antigen (Gag),
polymerase (Pol), and envelope (Env). The gag-gene encodes the capsid proteins. The
Gag precursor is the p55 protein which is processed to p17 (matrix), p24 (capsid), p7
(nucleocapsid), and p6 proteins, by the viral protease. The genomic region of pol
encodes the viral enzymes RT, PR and IN. The env-gene encodes the polyprotein which
is cleaved into the outer gp120 and the transmembrane gp41. The genome also codes
for two regulatory proteins, Tat and Rev and four accessory proteins Vif, Vpr, Vpu and
Nef.
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Figure 3. The genome organization of HIV-1

1.2.2 Replication

The HIV-1 replication cycle begins with the virus attaching to the target cell via
binding of the virus envelope protein gp120 to the primary cellular receptor, the CD4
protein [21, 22]. CD4 is found on CD4+ T-lymphocytes (CD4 cells), macrophages,
monocytes, dendritic cells and brain microglia. The envelope protein binding induces a
conformational change allowing the envelope to bind to a coreceptor, which is either of
the chemokine receptors CCR5 (R5-using virus) or CXCR4 (X4-using virus). Some
viruses, however, use both coreceptors (R5X4-using or dual tropic virus) [23] (more on
this in section 1.4.2). Thereafter, fusion of the host membrane and the viral envelope is
mediated by a second conformational change which is unlocked by the coreceptor
binding whereby the viral nucleocapsid is delivered into the host cell cytoplasm [24].

Following the host cell’s reception of the viral contents, the capsid is partially opened
and the enzyme RT starts the reverse transcription of one ssSRNA strand and generates a
cDNA strand with its reverse transcription activity. The RNase H activity of the RT
degrades the viral RNA template at the same time. Both RNA strands are needed to
complete the cDNA synthesis, in part because the long terminal repeats (LTRs) at both
ends of the genome are extended. Genetic variability in form of mutations occurs
during the reverse transcription since the RT enzyme is error prone and lacks a proof
reading mechanism. Another factor that contributes to the genetic variability is RT’s
ability to switch between the two RNA strands which create a hybrid cDNA strand if
the virus particle contains two genetically distinct RNA molecules as a result of dual
infection of the cell from which the virus was produced. A complementary DNA strand
is synthesized by the DNA polymerase activity of RT. A pre-integration complex
termed PIC is created and transports the dsDNA molecule into the nucleus where IN
catalyzes the integration of the viral genome into the host genome. At this stage of the
process, the viral DNA genome is referred to as a provirus which can either directly
continue the replication cycle or (much more rarely) enter a latent stage. In case the
provirus stays active, the next step is transcription performed by the RNA polymerase
Il of the host cell. The first viral transcript is a full length RNA copy which is spliced
into small mRNAs and translated to the early viral proteins Nef, Tat and Rev. Tat
interacts with the transactivation response element (TAR) in 5’-end of the HIV mRNA



to promote efficient viral mMRNA elongation. Rev binds to the rev responsible element
(RRE) in the env-region of the viral mMRNA, which induces a switch from synthesis of
early to late viral proteins by promoting transport of unspliced and partially spliced
RNA from the nucleus into the cytoplasm.

The late transcription involves production of longer mRNAs by alternative splicing.
The proteins Gag, Gag-Pol, Env, Vif, Vpr and Vpu are transcribed together with full-
length mMRNA. All mRNAs are translated by the cellular host translation processes in
the cytoplasm. The assembly of the components of new virus particles, i.e. structural
proteins, viral enzymes and genomic RNA, takes place at the cellular membrane. The
new viruses then bud from the cell taking a part of the host cell’s lipid layer with it to
form the envelope. When the immature virus particle has left the cell, it matures after
PR cleaves the Gag and Gag-Pol polyproteins into functional proteins forming the
matrix, capsid and nucleocapsid proteins (Gag) as well as the viral enzymes (Gag-Pol).
Following these last steps, the virus is ready to infect new cells.

1.2.3 Genetic variability

HIV-1 displays very high genetic variability and is ranked one of the most rapidly
evolving organisms known [25]. The genetic diversity found at a single time point in a
single infected individual exceeds the global variation in influenza isolates in an entire
season [26]. This enormous variation allows the virus to evolve and escape both the
immune pressure and suboptimal antiretroviral therapy. The genetic viral variants
constituting the populations are called haplotypes, and these haplotypes form a viral
quasispecies [27-29]. Several factors contribute to this effect, for example a high turn-
over rate, the error-prone reverse transcriptase and high potential for recombination.

In the chronic stage of infection, in an untreated individual, one ml of plasma contains
on average 10%-10° or more HIV-particles. The generation time is short (the average
replication time is ~1-2 days [30]) and the production rate of new virions is high which
results in the production of approximately 10'° new virions per day in patients who are
not receiving antiretroviral therapy (ART) [31-33].

Single nucleotide substitutions (point mutations) are spontaneously generated as the
virus replicates. These are primarily caused by the error-prone reverse transcription
process. Mutations also occur when the DNA is transcribed by the host RNA
polymerase Il and when G-to-A mutations are mediated by the cellular antiretroviral
enzyme APOBEC3G (or APOBEC3F). There is no consensus on the relative
contribution of these processes, but together they generate an average of 3.4 x10°°
mutations per nucleotide synthesized [34-37]. Since the HIV-1 genome is
approximately 10,000 nucleotides long, this means that every third newly synthesized
HIV genome contains a point mutation. Furthermore, the combination of the high
mutation rate and the high virus production rate means that every possible single point
mutation in the HIV genome arises spontaneously many times every day. These point
mutations occur more or less randomly [38], but with a transition vs. transversion bias.
G-to-A transitions are especially common, possibly as a result of APOBEC editing.
Insertions and deletions (indels) of one or several nucleotides are also created during
reverse transcription and contribute to the genetic variation [39]. Finally, recombination
Is a third source of genetic variation. Recombination arises because the RT enzyme
switches between the two ssSRNA molecules in the virus particle when the DNA copy is
created in the newly infected cell. Thus, the DNA copy will always be a recombinant,
but this usually has little consequence because the two RNA molecules in the incoming



virus particle usually are nearly identical. However, if two genetically distinct HIV
variants infect the same cell, the viruses that are produced from this cell may be
“heterozygous”, i.e. contain two genetically distinct RNA copies. If such a virus infects
a new cell the DNA copy will be a mosaic with bits from both RNA variants. The
effective recombination rate (e.g. the creation of genetically distinct variant) has been
estimated to 1.4 x10 > recombination per site and generation [40].

New viral variants that arise through point mutations, indels and recombination are
continuously screened for their fitness. There exist several different definitions of viral
fitness, but here | refer to fitness as the virus ability to produce progeny, which depends
on the ability of the virus to perform all steps in the replication cycle as well as the
ability to adapt to the surrounding environment such as challenges posed by the
immune system of the host and ART. The process by which mutations are maintained
to the next replication cycle, and eventually becomes fixed, is a combination of
selection and chance. Viral variants that carry advantageous mutations, i.e. mutations
that increase virus fitness, will tend to increase in frequency. This is referred to as
positive or Darwinian selection. The frequency of variants with disadvantageous
mutations will tend to decrease and some mutations may even be directly lethal. This is
referred to as negative or purifying selection. Neutral mutations will either become
fixed or disappear depending on chance. However, chance will also affect the fate of
moderately advantageous and disadvantageous mutations as described by Kimura in his
model of neutral evolution [41].

1.3 HIV-1INFECTION
1.3.1 Pathogenesis

The clinical stages of the infection can be monitored through clinical symptoms and the
levels of CD4 cells and virus particles in the blood as well as through many other
clinical, immunological and viral markers.

The period after the virus has been transmitted and the infection has been established is
referred to as the eclipse period. The eclipse period lasts until the virus can be detected
in blood which usually takes 7-21 days. During the eclipse period, the infected
individual is asymptomatic and the virus spreads from the initial sites of replication in
mucosa and local lymphatic tissue to other replication sites, primarily lymphatic tissue
throughout the body.

About 50 -70 % of the infected individuals experience clinical manifestations in the
acute phase [42]. The phase is also referred to as primary HIV infection (PHI) (~2-4
weeks). Symptomatic patients suffer from a flulike illness characterized by fever, sore
throat, lymphadenopathy and rash [43]. Once the virus becomes detectable in blood
plasma, it increases exponentially reaching 10’ or more copies of viral RNA/mI blood
[44]. The high level is a result from absence of the early immune response and rapid
replication in gut-associated lymphoid tissue (GALT) and peripheral lymphoid tissue
compartments [45-48]. The CD4 cells temporary decline in blood but partially recover
following a rapid decline of plasma RNA levels and the emergence of immune
response fighting the infection [30, 49]. Fiebig and colleagues has classified the acute
and early stage of HIV-infection based on the presentation of different biomarkers [50].
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The chronic phase (~1 - 20 years) of HIV is usually asymptomatic for the infected
individual. During the chronic phase, the virus levels in plasma reaches a semi-steady
state (the viral set-point) well below the levels during its peak in the acute phase
(usually 1,000 - 100,000 RNA copies/pl). The plasma HIV RNA levels remain constant
or slowly increasing whereas the CD4 cells slowly decrease [30].

AIDS is the end stage of the HIV infection and develops when the CD4 cells have
declined so that immune system cannot control the HIV infection as well as other
(opportunistic) infections and tumors. This occurs when CD4 counts have decreased to
levels below 200 cells/ul, but it is not uncommon that early symptoms of
immunodeficiency may appear already when CD4 counts are 200 - 500 cells/pl. During
the AIDS stage, viremia steadily rises whilst the CD4 cell counts continue to decline.
The infected individual may experience unusual opportunistic infections like
pneumocystis jirovecii pneumonia, esophageal candidiasis and brain toxoplasmosis
and/or rare malignancies like Kaposi’s sarcoma and Burkitt’s lymphoma. The
development from HIV-infection to AIDS takes on average 10 years [51] but varies
between individuals.

There are infected individuals who can control the infection and remain asymptomatic
despite the absence of ART. The virus is undetectable using standard assays but single
viruses can be detected with special assays. These individuals are called long term non-
progressors or elite controllers. The definitions of these two groups partly overlap but
elite controllers are superior in controlling the infection.

1.3.2 Transmission

In 2012, 2.3 million new cases of HIV infection were estimated to have occurred
globally [6]. HIV can be transmitted by sexual encounter (unprotected vaginal, anal and
oral intercourse), but can also be vertically transmitted from mother to child or via
contaminated blood or needles. Heterosexual transmission accounts for nearly 70 % of
the new cases of HIV-1 infection worldwide [6].



In the absence of ART, the risk rate of penile-vaginal transmission of HIV-1 has been
estimated between 1 in 2000 and 1 in 200. The probability for HIV transmission of
unprotected anal intercourse is higher and range between 1 in 300 and 1 in 20 [49, 52-
55]. The risk of HIV transmission is influenced by many factors. One of them is the
viral load of the transmitting partner. A study in HIV-1 discordant couples has shown a
2.5-fold increase in transmission for every 10-fold increase observed in viral load [56,
57]. The clinical stage of infection in the transmitting partner is another factor. The risk
of infection being transmitted from an individual with acute or early infection is higher
than from one with an established infection due to the very high virus levels during this
stage of the disease, but also because the infected person usually is unaware of his/her
infection. In addition, co-infections may influence the risk rate, particularly infections
causing genital inflammation ulcers in the genital tract [58]. The transmission event of
HIV-1 involves a genetic bottleneck where one or a few virus particles establish the
productive infection [59-61]. The number of transferred particles is dependent on the
route of transmission [49, 62]. In 80 % of the heterosexual transmissions a single virus
established the infection while the same number in injection-drug users and MSM is 40
% in both. CCR5 using viruses is found in most transmissions, but transmission of dual
tropic CCR5/CXC4 using has been documented [62-64].

1.3.3 Prevention

The incidence of new infections in 2012 shows a 33 % decline compared to the 3.4
million in 2001 [6]. The decrease is largely due to ART. However, as noted above, over
2.3 million individuals were still infected during the year. Since no vaccine against HIV
is available, the development of other prevention methods is continuously needed.

The use of CART has been shown to prevent sexual HIV transmission in several studies
[65]. Results from the HPTN 052 study, where cART is used in combination with
condoms and counseling in serodiscordant couples has in the published interim results
shown a reduction in HIV transmissions by 96.4 % [66]. Male circumcision has in
other studies been shown to reduce acquisition efficiency [67, 68]. The use of condom
is always an important factor to avoid sexual transmission as well as treatment of other
sexually transmitted disease if such is present. Mother to child transmission can be
almost completely prevented if antiretroviral treatment is given to the mother and
prophylaxis to the infant. Avoidance of breast feeding and in some cases, Caesarean
section can further reduce the risk of mother to child transmission [69, 70]. Even
though each of these and other prevention methods is helpful on their own, it is clear
that a combination of intervention strategies must be used [71, 72]. The best solution
would be an effective and safe HIV vaccine.

1.4 HIV-1 GENETIC VARIATION

1.4.1 Coreceptors

To infect a cell, the HIV-1 protein Env first binds to its primary receptor on the cell, the
CD4, and then to a cellular coreceptor. The coreceptor used by HIV-1 is the C-C
chemokine receptor type 5 (CCR5) and/or the C-X-C chemokine receptor type 4
(CXCR4). Viruses that use CCR5 are referred to as R5 viruses and viruses using
CXCR4 are called X4 viruses. Some viruses are dual-tropic and use both coreceptors
and they are referred to R5X4 virus [23]. Other coreceptors have been documented in
vitro, but only CCR5 and CXCR4 are proven to be used in vivo [62].



The Env protein is divided into five conserved regions (C1-C5) interspersed with five
variable regions (V1-V5). The gp120 coding domain of the env gene evolves faster
(changing 1-2 % per year) than any other region of the genome [73]. The variable
regions are presented on the surface of the protein and the principal determinant of
coreceptors use is mainly located to the variable loop 3 (V3) [74], but the V1/V2, V4
and C4 regions have also been shown to affect the coreceptor binding [75-77]. Three
amino acid changes, at positions 11, 24, and 25 of the 35-amino-acid-long V3 loop, are
highly associated with the coreceptor switch [78, 79]. Positions outside the V3 loop
have also been identified as statistically linked to changes within V3. Generally the
genetic variation is greater after the switch, suggesting that substitutions are part of a
more complex evolutionary pathway [80].

R5-using viruses are most often found to be the founder of a new infection, irrespective
of the route of transmission but also X4-using and R5/X4-using virus have been
detected in early infection. [62, 81-85]. The reason for the dominance of R5 virus is not
fully understood. One theory is that the CCR5-using virus is preferred and selected for
in a genetic bottleneck during transmission. A supporting fact that selection of R5-
using viruses occur during transmission is found in humans who are homozygous
defective for CCR5 expression. This defect is mediated by a deletion of 32 base pair in
CCRS5 (CCR5A32) causing a premature stop codon. Despite presence of functional X4-
using virus the individuals who are homozygote for the deletion are highly protected
from HIV-1 infection. Also individuals who are heterozygous seem to have some
protection against the infection [86-88], but primarily show significantly slower rate of
disease progression [89, 90]. The other theory suggests that virus type transmitted
merely is a result of random selection. The dominance of R5-using virus is explained
with the absence of X4-using virus in the transmitting partners. R5-viruses are most
often the only virus present during major parts of the infection which by default results
in the transmission of R5-using virus [91].

In 50-70 % of patients with untreated HIV infection X4 or X4R5 viruses emerge in the
later stages of infection [92-96]. The cause of the coreceptor switch is not fully
understood, but it is believed that the X4 viruses emerge from R5 viruses within an
individual rather than are transmitted [97]. The coreceptor switch is associated with an
accelerated decline of CD4 cells and a faster disease progression [97, 98]. It is not
known if the switch to X4-using virus is a cause or/and a consequence of
immunodeficiency [94, 99]. Longitudinal studies on a limited number of patients have
shown the presence of minority X4-using viruses in samples obtained up to 12 months
prior to the coreceptor switch [100].

Maraviroc was the first approved CCR5-antagonist [101]. Successful treatment has
only been shown in patients with only CC5-tropic virus. Before initiating a treatment
regimen containing maraviroc a HIV-1 tropism test should be performed to rule out the
presence of X4 viruses [102].

1.4.2 Tropism prediction methods

The coreceptor use can be tested by phenotypic assays or and predicted
bioinformatically from the sequence data (genotypic assay).

In the phenotypic tests, patient derived virus is tested for its’ ability to replicate in
specific cell lines expressing defined coreceptors. The MT-2 assay was the first widely
used phenotypic test. In this assay peripheral blood mononuclear cells from a HIV



infected individual are co-cultivated together with MT-2 cells. If X4-using virus is
present, they will infect the cells and form syncytia, while R5-using virus will not
[103]. The disadvantages of this method are the lack of a negative control and, because
the complete virus is used, the requirement for a biosafety level-3 facility. More recent
phenotypic test uses parts or the entire env gene. The parts are amplified from plasma
HIV RNA to generate recombinant virus or pseudovirions which in turn are used to
infect human cell lines expressing CD4 and a coreceptor in cell cultures [104-106].
Both the virus and the cell line are usually specially engineered to allow high
throughput, easy read-out and high reproducibility.

The Trofile phenotypic assay (Monogram Biosciences) [105] is the most widely used
method to predict HIV coreceptor tropism in the US, while most of the screening in
patients who are candidates for maraviroc therapy in Europe is performed by in-house
genotypic tests [107, 108]. Genotypic assays are generally faster and less expensive
compared to phenotypic assays.

Several algorithms to bioinformatically interpret the coreceptor use from the sequence
data have been developed. The simplest method is the 11/25 charge rule. It only uses
information of the charge of amino acids in positions 11 and 25 in the V3 loop to
predict the virus tropism based on the finding that many X4 viruses have basic
(positively charged) amino acids at one or both of these positions. The results show a
moderate correlation with phenotypic tests [109]. PSSM and geno2pheno are more
advanced prediction algorithms. Both algorithms use the amino acid sequence of entire
V3 loop in the env-gene, and calculate scores with different methods. If the score in
PSSM is below—6-96 the sequence is considered R5, whereas sequences with s core
above —2-88 are predicted to be X4. In the geno2pheno the result of the interpretation is
given as a quantitative value of the false positive rate (FPR). FPR is defined as the
probability of classifying an R5 virus falsely as X4. Varying the FPR threshold value
changes the sensitivity and specificity for X4 prediction. The genotypic tests have for a
long time been based on Sanger population sequencing. One disadvantage with the
population sequencing is the risk of minor variants present in less than 20 % of the
population remain hidden. Such minority variants that have been shown to be of
clinical relevance [109-112]. The majority of NGS-studies performed have used 454
sequencing to study coreceptors tropism but PacBio, Illumina and lon Torrent have
been demonstrated to predict minority X4 variants at similar levels [113].

15 ANTIRETROVIRAL THERAPY

1.5.1 History and current treatment

All steps of the virus replication cycle are potential targets for ART. Since viruses are
obligatory intracellular parasites, they are completely dependent on the availability of
suitable host cells. The processes targeted by ART must therefore differ from the host
cell processes so that the ART primarily affects the viral replication as interference with
host cell functions may lead to adverse side effects. Individuals with an untreated HIV-
1 infection will in almost all cases develop AIDS which ultimately is followed by
death, but the introduction of modern combination ART has transformed HIV infection
into a treatable chronic disease [114]. Antiretroviral therapy suppresses the virus
replication and thereby lowers the virus levels in the infected individual. In 1987, the
first drug for HIV-1 infection treatment, azidothymidine (AZT), was introduced in the
market followed by a few, similar, drugs during the early 1990’s [115-117]. In 1996,
the morbidity and mortality in AIDS dropped [118-120] dramatically due to the



development of new drugs and the introduction of new combination treatment methods.
Since then, ART is given as a combination of at least three drugs simultaneously
attacking different steps of the replication cycle [118, 119, 121, 122]. This treatment
strategy is often referred to as highly active antiretroviral therapy (HAART) or
combinational antiretroviral therapy (CART). To date, around 25 antiretroviral drugs
have been approved for use in the treatment of HIV infection by the European medicine
agency (EMA) in Europe and/or the Food and Drug Administration (FDA) in the
United States [123, 124]. Through cART, it is possible to suppress the plasma HIV-1
viral load below detection limits of standard assays for quantification of plasma HIV-1
RNA (< 20-50 RNA copies/mL). There are six distinct classes of antiretroviral drugs
but the majority of drugs are in three of the classes, nucleoside reverse transcriptase
inhibitors (NRTIs), non-nucleoside reverse transcriptase inhibitors (NNRTIs) and
protease inhibitors (PIs) (Table 1). Both NRTIs and NNRTIs target the HIV-specific
enzyme reverse transcriptase and inhibit its function. NRTIs are compounds similar to
and competing with the normal substrate of RT, i.e. nucleosides, but they are altered so
that they lack a 3"hydroxyl group which leads to chain termination of the growing viral
DNA chain [125-127]. NNRTIs are non-competitive and block the activity of reverse
transcriptase by binding near to the active site of reverse transcriptase [127]. Protease is
another of HIV-1’s three essential enzymes. Pls resemble the normal peptide substrate
of the protease and bind to the active site of enzyme and thereby inhibit the maturation
of new viral particles, leaving them non-infective. Other drug classes are entry
inhibitors, CCRS5 antagonists, and fusion inhibitors.

In Sweden, treatment initiation is recommended when the CD4 count is < 500 cells/pl

or if the patient experiences any of the following conditions regardless of CD4 count;
AIDS diagnosis; some AIDS associated conditions; hepatitis B infection which
demands treatment; non-HIV related cancer demanding cytostatic and/or radiation
treatment; pregnancy; primary HIV-infection or a desire to minimize the transmission
risk [19]. The first line treatment for previously untreated patients is a combination of
two NRTIs and a PI, integrase inhibitor or NNRTI [19]. The first line treatment
recommendations in the US are similar to the Swedish guidelines, but also include two
NRTIs in combination with an integrase inhibitor. US treatment initiation is
independent of the CD4 cell count and is recommended for all HIV-infected
individuals to reduce the risk of disease progression [128].

First line treatment options in Sweden [19]:
e abacavir/lamivudine together with atazanavir/r
e abacavir/lamivudine together with darunavir/r
e abacavir/lamivudine or tenofovir/emtricitabin together with efavirenz
e abacavir/lamivudine or tenofovir/emtricitabin together with raltegravir
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Table 1. ARV approved by FDA and EMA

Drug Approved FDA/EMA
NRTIs

abacavir (ABC) 1998/1999
didanosine (ddl) 19912
emtricitabine( FTC) 2003/2003
lamivudine (3TC) 1995/1996
stavudine (d4T) 1994/1996b
tenofovir (TDF) 2001/2002
zalcitabine (ddC) 1992°
zidovudeine (AZT) 1987/1987
NNRTIs

delavirdine (DLV) 1997/-
efavirenz (EFV) 1998/1999
etravirine (ETR) 2008/2008
nevirapine (NVP) 1996/1998
Rilpivirine 2011/2011
Pis

atazanavir (ATV) 2003/2004
Darunavir 2006/2008
fosamprenavir (FAMP) 2003/2004
indinavir (IDV) 1996/1996
Lopinavir 2000/2001
nelfinavir (NFV) 1997/1998°
saquinavir (SQV) 1995/1996
tipranavir (TPV) 2005/2005
Fusion Inhibitor

enfuvirtide (T-20) 2003/2003
Entry Inhibitor

maraviroc (MVC) 2007/2007
HIV integrase strand transfer inhibitors

raltegravir (RAL) 2007/2007
Dolutegravir 2013/2014

# the drug was withdrawn from the market by the manufacturer.
® not recommended by Swedish guidelines due to side effects.
° not recommended by Swedish guidelines due to low antiviral activity.

1.5.2 Treatment failure and drug resistance

Treatment failure is defined in three stages. 1) Virological failure occurs when plasma
virus levels rebound or do not decrease sufficiently despite of CART. This might lead
to 2) immunologic failure and 3) clinical failure.

Viral replication can be suppressed for decades when patients are treated under
optimal conditions. Adherence is of greatest importance and without it, the patient
risks virological treatment failure and development of drug resistance. Other factors
such as poor drug tolerability and drug interactions between antiretrovirals (ARVS)
and/or other medication may also lead to virologic failure and cause the evolution of
drug resistance [129].

The high genetic variability in an HIV-infected patient creates a pool of genetically

distinct HIV particles. In treatment-naive patients, minority variants (virus variants that
constitute less than approximately 20 % of the population in plasma) may contain low
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levels of naturally occurring drug resistance mutations. When ART s initiated such
variants with reduced susceptibility may be selected for and thereby contribute to
treatment failure [29, 129].

Drug resistance mutations, especially those involved in development of PI resistance,
are divided into primary and secondary mutations. Primary resistance mutations usually
confer high level antiretroviral resistance, but are often also associated with a fitness
cost. To compensate for the loss in fitness, secondary (compensatory) mutations may
evolve. If successful cART is interrupted, the resistant virus usually is replaced by
wild-type variants. The rebounding wild-type variants have been suggested to originate
either from wild-type virus that had been archived in latently infected cells before start
of therapy [130] or from continued evolution that leads to reversion of resistance
mutations [131, 132].

Drug resistance is unequally prone to occur for different drugs and drug classes. For
several NNRTIs and NRTIs a single mutation is enough to cause resistance. Hence,
these drugs have a low genetic barrier. Other drugs have a higher genetic barrier, for
example Pls, as several mutations are needed to cause high level resistance. Resistance
to drugs with high genetic barrier usually requires suboptimal treatment during which
the virus gets the chance to replicate during drug-selective pressure, which leads to de
novo evolution of resistance mutations.

Drug resistant viruses can also be transmitted to newly infected individuals; this event
is termed transmitted drug resistance (TDR). This is a clinical and epidemiological
problem because it may contribute to failure of antiretroviral treatment. The prevalence
varies geographically. In Sweden, 5.6 % of the newly diagnosed HIV-infections
showed evidence of TDR [133], but most of these patients had low or moderate levels
of resistance to one drug or drug class. In the US, the corresponding portion is 14.6 %
[134] whilst the average in Europe is around 10 % [135].

For most of the drugs, the relevant resistance mutations and their impact on drug
susceptibility is known. This makes it possible, and recommendable, to screen for the
presence of drug resistant variants at diagnosis or before ART is initiated [19].
Resistance mutations may decrease the virus fitness. This is true for many of the drug
classes, especially the NRTI lamivudine (3TC). For this reason, 3TC therapy is
sometimes continued despite documented resistance to this drug. A risk if the
replication is not completely suppressed by the other drugs used in the combination is
that the virus might gain compensatory mutation that increase its fitness or accumulate
more resistance mutations.

1.6 NEXT GENERATION SEQUENCING

1.6.1 History and current NGS-methods in short

Next-generation sequencing (NGS) has revolutionized the genomics research field.
NGS is characterized by production of very large volumes of sequence data to a
relatively low cost at a high speed. The automated Sanger sequencing [136] is
considered a “first generation” DNA sequencing machine and new technologies
following, with the 454-sequencer from Roche as the first in the market, are referred to
as “the next generation” [137].
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NGS is used to study whole genomes but it is also possible to study smaller, selected
genomic regions more in depth. When long fragments, such as whole genomes are
studied the common way is to fragmentize the DNA into small parts and sequence
them, this is referred to as the shot-gun approach. After sequencing, reads must be
assembled, either via multiple sequence alignment or to a reference sequence.

The choice of sequencing platform to some degree depends on the aim of the research
project. There is a tradeoff between the amount of data, the read length, the accuracy of
the generated data and the cost (Table 2). Generally, sequence platforms with high
throughput and short reads like SOLID and HiSeq 2000 are suitable for whole genome
projects whilst in-depth studies of shorter regions benefit from longer reads such as the
data from the GS-FLX Titanium (454 sequencing), lon Torrent or pair-end sequencing
on the MiSeq platform.

Table 2. Summary of current NGS technologies.

454 GS-FLX HiSeq 2500/  lon Torrent RS

Titanium/ MiSeq (PGM)

454 GS Junior
Company Roche Illumina Life Pacific

technologies bioscience
Amplification Emulsion PCR Bridge PCR Emulsion PCR  No amplification
method on beads in situ on beads is required
Principle Synthesis Synthesis Synthesis Single molecule,
(chemistry) (pyrosequencing) (reversible (H+ detection)  real-time
termination) synthesis

Average read length  450/400 ~2*150/ ~400 4,200-8,500
(bp) 2*300a
Average yield/run 0.45/0.035 50-1000/ 1.2-2 0.02-0.08
(Gb) 0.3-15
Primary error and Indels Substitutions  Indels Indels
frequency reported  ~1 ~0.32/0.1 ~1 ~13
(%)
Main advantage(s)  Long reads, Easy work Low cost, Longest reads

maturity flow, fast run

maturity

Shortest reads
(HiSeq)

Main
disadvantage(s)

Homopolymer
misreads,
high cost per Mb

Homopolymer
misreads

High error rate,
expensive

1.6.2 PCR

Polymerase chain reaction (PCR) is a preparatory approach used to target and amplify
selected regions of genetic material [138]. In the PCR process, a short synthetic
oligonucleotide is designed to bind to the target DNA in the beginning of the fragment
of interest and another one in the end of the same fragment. The two DNA
complementary pieces of nucleotides are called primers, because they prime the
reaction. The genetic material in between the two primers (the amplicon) is “cut out”
and copied many times.
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Primer design has always been important in project where PCR amplification and/or
DNA sequencing is used, but with the NGS technology it has become even more
crucial. The increased possibilities to study rare variants hidden in diverse populations,
demand primers that are placed in conserved areas of the genetic material. This is
especially challenging in RNA viruses and other divergent viruses. Primers that do not
capture the full population diversity and thereby favor certain variants will cause a bias
in the result. Other factors to consider when the primers are designed for NGS are the
longer primers (gene specific primer together with unique sample tags and platform-
specific adaptors) as well as the increased multiplexing (several samples in the same
reaction). Both lead to a greater risk of primers and templates binding to themselves
(forming hairpins) or to other primer/template present in the same reaction
(dimerization).

1.6.3 454 sequencing methods-UDPS

454 sequencing was the first available NGS platform. The sequencing technology is
based on a sequencing by synthesis chemistry called pyrosequencing [139]. The
platform has many applications and one of them is targeted resequencing or ultra-deep
pyrosequencing (UDPS) as it also is referred to. The methodology is described below
and in Figure 5.

The library preparation is the first step of the process. It is initiated by targeting the
region of interest and attachment of the 454-specific adaptors A and B. The double
stranded DNA is separated into two single strands and each strand is attached to a
DNA capture bead by binding to a complementary adaptor strand. A droplet is then
formed around the bead by shaking a mixture of oil and water. Most droplets contain
a single DNA fragment as well as many small enzyme beads. The droplet works as a
mini-reactor and millions of immobilized DNA copies are produced in the emulsion
PCR (emPCR). Each bead is then washed and placed on a PicoTiterPlate for
sequencing. One bead is loaded into one well. Bases are flown sequentially over the
plate, always in the same order (TACG). If one or several nucleotides of the type are
complementary to the strand, they will be incorporated and a chemi-luminescent
signal proportional to the number of nucleotides is produced. The light signal is
recorded by a CCD camera and converted to bar graph of light intensities called a
flowgram. Each well generates a flowgram and translated to a sequence (also referred
to as a read) [140].

1.6.4 Possibilities of ultra-deep sequencing

UDPS, which also referred to as amplicon sequencing, is an application of the 454-
platform. It has frequently been used to study viruses, in particular rapidly evolving
RNA viruses, such as HIV and hepatitis C virus (HCV). During the last years, UDPS
has been widely used and considered to be a valuable tool to study minority variants at
frequency below the detection limit of standard genotyping assays. However, the
development of other sequencing techniques and platforms has continued, and currently
the 454-platform is being phased out in virology research to be replaced with other
platforms with even greater potential. lon Torrent and MiSeq are two of the newer
platforms that are replacing the 454-platform in studies of TDR, coreceptor use,
characterize within-host evolution and drug resistance [100, 141-144].
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Figure 5. The 454 sequencing workflow.

1.6.5 454 sequencing limitations and overcoming errors

Compared to Sanger sequencing the NGS methods, and especially Roche-454
sequencing, are more error prone [145]. This is an obstacle, for example when the
presence of drug resistance mutations in minority species in studied. It is of greatest
importance to be able to distinguish a rare true biologic variant from a variant resulting
from an artifact created somewhere in the cDNA synthesis, PCR or sequencing steps.
Originally, Roche-454 error rates were estimated to 4 % for experimental samples, and
0.6 % for test fragments but subsequent versions of Roche-454 have greatly reduced
these error rates [146]. Several strategies to identify, characterize and overcome these
errors have been published. These bioinformatic strategies to obtain more reliable data
differ. One approach is to filter sequence reads with low quality prior to or during
alignment [147-149]. Another is to use statistical approaches where single nucleotide
variation is detected and reconstructed. [150-153]. Both in-house software and public
programs are used, each of the methods has its’ specific pros and cons. Artificial
recombination of templates created during the PCR also contribute to the error
frequency and programs to bioinformatically identify these recombinants have been
developed [150].

1.6.6 Molecular tagging — Primer 1Ds

Errors occur during PCR. PCR-free sequencing is rarely possible. Random sequence
tags have been used to circumvent some of the remaining PCR artefacts [154, 155].
This method, where every individual molecule is tagged and resequenced was used in
an HIV study by Jabara and colleagues [156]. The sequence tags were then referred to
as Primer IDs. The Primer ID consisted of a stretch of randomized nucleotides (N’s) in
the primer used for cDNA synthesis. Using this approach, the sequence reads
originating from the same template molecule can be identified and grouped according
to their unique Primer ID. This makes it possible to construct a consensus sequence for
template molecules that has been resequenced three times or more. The consensus
sequence will be free from errors even if the single reads contain random PCR
substitution errors and PCR recombination errors. The method requires high volumes
of data since it is based on resequencing of the template molecules. It also needs a
sequencing technique that produces long reads because a Primer ID of a certain length
will be added to the amplicon. The length of the Primer ID is dependent on the number
of cDNA template in the sample. The number of unique Primer IDs must be enough to
label each template with a unique Primer ID.
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2 AIMS

The specific aims of my thesis were:

VI.
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To develop a software program that designs primers from a multiple
alignment and are suitable for next generation sequencing.

To investigate the characteristics and sources of errors in data from ultra-deep
pyrosequencing and to develop methods to reduce the error frequency.

To evaluate the quality and reproducibility of the UDPS technology in
analysis of HIV-1 pol-gene variation.

To investigate, by UDPS, the presence of drug resistance mutations in
treatment naive HIV-1 infected patients and the dynamic of drug resistance
development and reversion during treatment initiation and discontinuation.

To investigate if CXCR4-using virus is present as a minority species already
during primary HIV-1 infection in patients whose virus later switches to
CXCR4-use.

To study the utility of using an improved NGS methodology called Primer ID.



3 MATERIALS AND METHODS

3.1 MATERIALS

No human material was used in Paper 1.

In Paper 11, a SG3Aenv-plasmid was diluted to a single copy, amplified and sequenced
in three separate runs on the Genome Sequencer FLX. The amplicon contained 167
nucleotides from the HIV-1 pol gene corresponding to the last nucleotide of amino acid
169, amino acids 170-224, and the first nucleotide from amino acid 225 as well as the
sample tags and the 454-specific adaptors A and B. Sequence analyses were performed
on the total dataset of 47,693 reads obtained from UDPS.

5’ LTR gag vif I tat u nef

D&,— rev —D 3’ LTR
pol |:| env
// \

Amino acids 171-224
FRKQNPDIVIYQYMDDLYVGSDLE IGQHRTKIEELRQHLLRWGFTTPDKKHQKEP

CAGACATAGTTATCTATCAGTACATGGATG ATGTAGGATCTGACTTA GCATAGAA GAGGAACTGAGACAACATCTGTTAAGG CACACCAGA TCA ACCTC

B = NNRTI resistance mutation

B = NRTI resistance mutation
= Homopolymeric region

B = Non-homopolymeric region

Figure 6. The HIV-1 genome organization and the sequence used in Papers I1, 111, IV
and V1. Kindly provided by Anna Sahlberg.

In Paper 111, four plasma samples (A-D) were used. Sample A and B were used to
study repeatability, effects of sequence direction and the influence of primer-related
selective amplification. These samples had approximately 1,050,000 and 1,600,000
HIV-1 RNA copies/ml, respectively. Plasma samples C and D were used to generate
two molecular clones for studies of UDPS sensitivity and in vitro PCR recombination.
These two clones were therefore chosen on the basis of sequence dissimilarity with the
aim to maximize the number of informative sites. The sequence region was the same as
in Paper Il and the samples used were the same as described below in Paper 1V
(sample A, B, C and D correspond to sample 6.4, 2.5, 4.5, 3.5 in Paper V).

In Paper 1V, six to eight longitudinally obtained plasma samples from six patients were
retrospectively investigated. All patients were infected with subtype B virus and had
experienced virological treatment failure. The patient selection was based on the
patients’ treatment history and plasma viral load (ranging from 17,900-1,600,000 HIV-
1 RNA copies/mL). All patients had started treatment before combination ART was
used. Their exact treatment history varied but common for all patients was the use of
3TC, AZT and d4T. All patients, except one, were sampled before treatment was
initiated and, all except one (not the same), underwent and were sampled during a
subsequent treatment interruption. The sequence region was the same as in Paper Il
and IV.
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In Paper V, four to nine longitudinally obtained plasma samples from each of three
patients were retrospectively investigated. All patients were infected with subtype B
virus and had a HIV population that switched coreceptor use from CCR5 to CXCR4.
The information about the coreceptor use was based on the MT-2 assay, which had
been performed when the samples were originally obtained. The MT-2 results had been
stored in the database connected to the biobank. Patients 1 and 2 were sampled during
PHI. Both patients were classified into Fiebig stage Il based on a negative HIV
antibody test and positive HIV antigen and HIV RNA tests. When the first sample was
drawn from patient 3, he was classified to be in Fiebig stage 1\VV-V based on a positive
HIV ELISA antibody test and an incomplete Western blot profile that lacked a p31
band. For all three patients, the remaining samples were collected both before and after
documented coreceptor switch.

In Paper VI, the SG3Aenv plasmid (same as in Paper I) was used as a control to
investigate the accuracy of the Primer ID UDPS system. Plasma samples from three
HIV-infected patients (A, B and C) were also investigated. The patients that were
selected for evaluation of the Primer ID method were selected from a study on
transmitted drug resistance in Sweden.

3.2 ETHICAL CONSIDERATION

For Papers 111, IV and V, an ethics application was approved (Dnr 2008/122-31/2) by
Regional Ethical Review Board in Stockholm, Sweden and for Paper VI an ethic
application was approved (Dnr 2007/1533) by the same board.

All patients gave written or oral informed consent in accordance with the Declaration
of Helsinki.

No patient material was used for Papers | and 11, therefore no ethic application or
approval was needed.

3.3 SEQUENCING

The sequence depth of UDPS primarily depends on the number of input molecules and
the error frequency of the sequencing method. In Paper 1V, the sequencing protocol
was carefully optimized to maximize the number of HIV RNA molecules that were
extracted, reverse transcribed, PCR amplified and subjected to UDPS. In-house HIV
specific primers were used together with sample-specific tags to allow multiplexing
during sequencing. The amplicon also contained 454 specific adaptors to allow UDPS.

The HIV RNA was extracted and purified. The amount of plasma used for extraction
was adjusted according to the viral load of each sample. The number of viral templates
(HIV-1 cDNA copy number) for each sample was quantified by limiting dilution PCR
before UDPS so that the number of templates subjected to sequencing could be related
to the number of UDPS sequences obtained. The protocol is presented in detail in
Paper 1V as well as in Figure 7 and was used in Papers I1-VI.
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Figure 7. Schematic illustration of the experimental setup used in Papers 11-VI.

3.3.1 Calculation of error frequencies

The Needleman-Wunsch algorithm was used to construct pairwise alignments between
a reference sequence, a Sanger population sequence of the SG3Aenv plasmid, and
UDPS reads. The identity score (the number of correctly aligned bases divided by the
total number of bases) from the pairwise comparisons were added together and divided
by the number of sequences.

We present different error frequencies derived from the same raw data in Papers Il and
IV. The different numbers are due to a difference in calculation. In Paper 1V, missing
nucleotides in reads that did cover the entire 167-basepair amplicon (short reads) were
considered as sequencing errors and contributed to the average error frequency. In
Paper 11, we ignored such missing nucleotides in short reads which resulted in a lower
error frequency. Other researchers have, in their papers, generally omitted how such
missing data has been handled.

3.3.2 UDPS data filtering procedure

We designed a set of Perl scripts to filter UDPS data from reads that were likely to
contain sequencing errors. Most other methods are based on correction of errors. Both
approaches have their specific pros and cons. Filtering may lead to loss of data (reads),
whereas correction algorithms may create artificial viral variants which were not
present in the original sample.

Our data filtering strategy detected variation relative to the Sanger sequence of the
SG3Aenv plasmid in the control experiments and a population Sanger sequence for
each of the patient samples. Each filtering step divided the sequence reads into two
files; one file with reads that passed the filtering step and another file with reads that
were removed by the filtering because they had characteristics associated sequencing
errors. Some or all filtering steps were use for Paper 11, 111, IV and V. In Paper 1V,
statistically derived cut-offs were applied to the cleaned data.
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1) Identification of unique UDPS reads. To simplify the data handling and reduce the
computational time, all sequences were collapsed to unique variants. The abundance
(i.e. number of reads) of each unique variant was added to the sequence header of that
variant; 2) Removal of low similarity reads. The first filtering step removed reads
with low similarity to a reference sequence, i.e. non-HIV sequences or HIV sequences
with very low quality. We used the Needleman-Wunsch algorithm to construct pairwise
alignments between a Sanger reference sequence, and the unique UDPS reads to obtain
the similarity score. If the alignment identity score was below a user-defined threshold,
the read was removed. In Papers 11, 111 and IV, an 80 % similarity threshold was used.
In Paper V, the corresponding threshold was 70 %, because the V3 region is more
heterogeneous than the pol region; 3) Removal of reads with ambiguous base calls
“N’s”. The 454-software uses the character “N” to describe an ambiguous base call.
Huse et al. showed that reads from the Genome Sequencer 20 (454 Life Sciences,
Branford, CT) instrument containing N’s have a higher error frequency than reads
without ambiguous base calls [157]. Our data, that was generated using the GS-FLX
instrument, also showed this and we therefore removed reads containing N. This was
performed in Papers 11-V; 4) Removal of reads not covering the region of interest.
Reads that did not cover the entire region of interest (amino acids 180-220 in RT,
position 3087 to 3206 in HxB2, GenBank accession humber K03455) were removed in
Papers 111 and 1V. Remaining reads were imported into the GS amplicon software
(Roche, Penzberg, Germany) and aligned; 5) Removal of reads with out-of-frame
indels. UDPS errors frequently involve indels, especially in homopolymeric regions
[146]. Therefore, we identified reads with out-of-frame indels and longer
(>6 nucleotides) frame-shifted regions. This step retained reads with indels involving
entire codons as well as reads with short frame-shifted regions (<6 nucleotides), which
may represent functional HIV-1 variants. The latter reads were flagged to allow visual
inspection, which was done in Paper I1. In Paper 1V, a slightly modified indel filtering
was used. Reads with in-frame indels, £3,6,9... nucleotides were retained while reads
with out-of-frame indels were removed; 6) Removal of reads with stop codons.
UDPS data from coding regions that contain stop codons are likely to represent
sequencing errors, or are otherwise evolutionary dead-ends. We would not apply this
filter if we would have been interested in studying stop codons in UDPS data from
clinical patient samples or if we would have studied non-coding regions; 7) Forward
and reverse read comparisons. The tally of each unique variant in forward and
reverse reads was compared for all variants found in Paper IV. The abundance of a
variant was set to the sum of the forward and reverse tallies unless the frequencies of
the forward and reverse reads differed by more than a factor 10. If it did, we made the
assumption that a systematic error had occurred during 454 sequencing and adjusted
the frequency to the lower of the two estimates. If a variant was found to be absent in
either forward or reverse direction it was discarded from further analyses; 8) Manual
inspection. The remaining alignments were manually inspected for any remaining
sequencing errors in Papers 11-V; 9) Cut-off values. In Papers Ill and IV, variants
were classified as high-confidence variants if their abundance exceeded a sample-
specific cut-off value. The cut-off value was calculated using the overall average error
frequency and the 95 % confidence interval from the SG3Aenv plasmid sequenced in
three separate runs. In Paper 1V, cut-off values were also derived for individual drug-
resistance positions. For each individual nucleotide position the average error
frequency at that site and its’ 95 % confidence interval was obtained from the SG3Aenv
plasmid sequenced in three separate runs. A Chi-square test with correction for
continuity was used to evaluate if the frequencies of variants/drug resistance mutations
were significantly higher than the observed experimental error. The variants/drug

20



resistance mutations with frequencies above the cut-offs were retained for further
analysis.

3.4 MOLECULE TAGGING (PRIMER IDS)

The depth and accuracy of the sequencing analysis is strongly influenced by the
frequency of introduction of experimental errors before and during sequencing. We
have developed an NGS methodology that has the potential to generate NGS data with
greatly reduced error frequency compared to standard NGS. The methodology was
applied to UDPS on the 454 GS-FLX platform, but could also be used on other NGS
platforms. The generation of sequence data and the bioinformatic pipeline to process
the data is described below.

3.4.1 Experimental approach

RNA extraction, cDNA synthesis and semi-nested PCR amplification were performed
according to the experimental protocol presented in Paper IV and Figure 7. The key
feature of the method is the Primer 1D, a unique sequence tag that labels each template
molecule prior to PCR amplification, Figure 8. Our Primer ID consisted of 10
randomized nucleotides, which enables 1,048,576 unique combinations. The Primer 1D
was added to the HIV-specific reverse cDNA primer together with the 454 specific B
adaptor. This primer was synthesized with uracils instead of thymidines, which allowed
it to be degraded by uracil-DNA glycosylase and NaOH following cDNA synthesis.
Sample tags were added to one of the forward PCR primers to allow multiplexing, just
as in standard UDPS.
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Figure 8. Schematic picture of the Primer ID process.

3.4.2 Bioinformatic approach

The sequences were first sorted by their sample tag. Sequences containing the same
Primer ID originated from the same template molecule and were therefore sorted into
groups. The sequences were multiply aligned using Muscle [158] and the alignments
for each Primer ID were used to construct strict majority-rule consensus sequences if
the group consisted of at least three sequences. These sequences were referred to as
consensus template sequences because they should be an accurate reflection of the
corresponding template sequence (HIV RNA molecule) in the patient sample, with the
exception of errors that might have occurred during cODNA synthesis.
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3.5 PROGRAMMING

Perl is a family of programming languages that have different built-in modules to make
various tasks easier. BioPerl is a collection of Perl modules that facilitate the
development of Perl scripts for bioinformatic applications, such as translation of
nucleotides to amino acids and creating alignments. Perl 5 was used to handle data in
all Papers and to clean data in Papers I1-V. The programming language C was used
for the computationally intensive dimerization risk estimation in PrimerDesign. Moose
object-oriented programming in Perl has been used together with the Catalyst Model-
View-Controller framework to construct the web interface for PrimerDesign in Paper
I. In-house Perl scripts were first used, but later translated to Python scripts, to analyze
the 454 sequence data in Paper VI.

3.6 PHYLOGENETIC ANALYSES

The evolutionary relationship of the sequence variants in Paper V was analyzed using
maximum likelihood trees. jModelTest [159] was used to find the best-fit model of
nucleotide substitution and PhyML 3.0 [160] was used to construct the trees. The
maximum likelihood method was chosen before other phylogenetic methods because it
is an accurate method that works well on rapidly evolving organisms like HIV [161].

3.7 TROPISM PREDICTION

In Paper V, the coreceptor tropism of the viruses was phenotypically tested using the
MT-2 assay at the time of sampling. Genotypic coreceptor testing was performed on
sequences from the V3-region with the prediction algorithms PSSMy4s and
geno2phenojco-receptor]. Variants were considered to be X4-using viruses if the PSSM
score was greater than - 2.88 and geno2pheno predicted an X4 phenotype using a FPR
of 2.0 % or less. The PSSM score was chosen based on the European recommended
guidelines [102]. Other cut-offs for geno2phenoyco-receptor] Were also evaluated and the
2.0 % cut-off was chosen because it gave the highest agreement with PSSM predictions
on our data.

3.8 STATISTICAL ANALYSES

Mann-Whitney U test was used to test whether error frequencies in homopolymeric-
and non-homopolymeric regions were statistically significant (Paper I1); Fisher exact
test was used to test if the error frequencies of transition and transversion errors differed
significantly (Paper IlI); Spearman rank correlation test was used to study the
correlations of site-specific error frequencies between runs as well as between forward
and reverse reads in the same run and their P-values were calculated using a z-test
(Paper I1). The repeatability of variant quantification between samples in Paper 11l
was statistically tested using Bland-Altman analyses and plots.
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4 RESULTS AND DISCUSSION

NGS, in general and UDPS in particular, introduced new possibilities of studying the
genetics and evolution of HIV-1. In 2008, when | initiated my PhD-studies, the
technique was relatively new. At that time, there was a widespread excitement
concerning the use of the method, but it was also realized that the analysis of the large
sequence datasets was challenging. Thus, there was also a great need to develop and
fine tune the methodology and the downstream analyses. UDPS can be used to study
diverse virus populations, but the utility of the method can be hampered by
experimental errors occurring in library preparation, sequencing and analysis. This
thesis includes six studies, Papers | to VI. The topics include characterization of the
type and source of errors arising in UDPS, optimization of pre-UDPS protocols,
evaluation of the UDPS system and development of novel bioinformatic methods to
design primers and to reduce UDPS errors through a filtering strategy. We have also
analyzed and evaluated the challenges of a new method to tag individual molecules in
order to reduce sequencing errors. The results from these studies are presented and
discussed below, based on the common themes across the papers.

41 PRIMER DESIGN

Paper | presents and discusses PrimerDesign. PrimerDesign is a computer program
tailored to meet the requirements for primers in the settings of NGS and highly variable
genetic targets. A vast number of commercial and non-commercial primer design
programs were available before we initiated our work [162-169]. The large number
reveals the importance and difficulty creating suitable primers. However, none of the
existing programs fulfilled our requirements. In contrast to the available programs,
PrimerDesign optimizes the construction of primer pairs with constraints including
degenerate sites to maximize population coverage, matching of melting temperatures,
optimizing de novo sequence length, finding optimal bio-barcodes to allow efficient
downstream analysis, and minimizing risk of dimerization. PrimerDesign’s workflow
follows a series of inter-connected steps. Each step is described in order as they appear:

1) Determination of the primers target locations. The user inputs a multiple
alignment and states the region of interest (ROI) together with some other optional
parameters. The primers generated are located outside the ROI but within a distance
constrained by the sequencing length of the intended platform. The genetic complexity
(i.e. the number of degenerated sites for each position) is calculated and the entropy for
the region is estimated using Shannon entropy. All potential primers are thereafter
listed in order of result from the entropy estimations; 2) Optimization of primer
melting temperatures (Tm). Tm is estimated using the empirical nearest-neighbor
model with respect to the possibility of degenerated sites [170, 171]. Should the
difference in Tm between a forward and a reverse primer be within the maximum
allowable limit, the primer-pair is included in the list of potential constructs; 3) Adding
bio-barcodes and adaptors. If desired, the program can be set to generate barcodes
(also referred to as tags). These can be optimized by either a number of unique tags, a
certain length of the tags or the edit distance (Levenshtein distance), i.e. the possible
minimum number of nucleotide changes required to transform one tag to another is
dependent on tag length. Adaptors can also be added by the user, either by choosing
from existing platform specific adaptors or by manually creating new. The tags must
not have repeated nucleotides at adjacent sites as this is known to cause misreads in
UDPS. If adaptors are added, this is automatically controlled and constrained; 4)
Estimation of dimerization risk. When a primer binds to other primers or to
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themselves, primer-dimers or hairpins may be created which may cause serious
problems in the PCR. PrimerDesign analyzes the potential dimerization risk between
all primer constructs (primer-tag-adaptor oligomers) that will be included in the same
reaction. The dimerization risk is evaluated as a user-defined sliding window move
along all potential primer-primer interactions and as a user-specified fraction of bonds
in an interaction. Thus, each step includes user settings, which may be default values,
as well as automatic parameters used within the algorithm. The final primers are
presented in pairs.

One limitation of PrimerDesign is the restriction on tag generation. Currently, it allows
generation of up to 200,000 tags and a tag length of 18 nucleotides. For long tags, the
edit distance can be set up to 10. The tagging possibility is sufficient for most studies
undertaken today, despite the restriction. An additional limitation is the risk that the
algorithm becomes very computationally intensive, particularly if a large number of
tags and/or a high complexity are included in the design.

PrimerDesign’s strength is its ability to use multiple alignments in combination with its
comprehensive approach. The multiple alignments make it possible to avoid
unnecessary target bias. This is done by finding primers located in as conserved regions
as possible. The increasing usage of multiplexed NGS is supported by PrimerDesign’s
automatic and flexible tag and adaptor generation. The possibility to reduce the
dimerization risks for the entire amplicon is to our knowledge a unique feature of
PrimerDesign when compared to other similar programs.

Anterior primer design programs have focused on specific needs of certain
experimental protocols and not NGS. In these programs, only a single sequence is
generally used to design primers (e.g., Primer3 [169]) and, as discussed previously in
this section, the risk of undetected genetic variability could result in amplification
biases in genetically diverse target populations. There are programs that use multiple
alignments (e.g., GeneFisher [165]) but lack the ability to simultaneously evaluate
primers appropriately, for instance, by matching Tm’s and dimerization risk.

The development of PrimerDesign was based on our experience with 454 ultra-deep
sequencing of HIV-1, but the program is platform independent. Thus, the software can
be used for primer and probe design for other NGS technologies which are preceded by
a PCR step, e.g. lonTorrent, MiSeg/HiSeq and SOLID as well as general PCR, real-
time PCR and traditional Sanger sequencing protocols. Further, PrimerDesign can be
used to design primers for all stages of variability in DNA-sequencing and not only for
HIV sequencing.

The results reported in Paper 111 emphasize the importance of primer design. In that
study, we evaluated two carefully designed sets of primers. They targeted the same pol-
region and their ability to quantify viral variant abundance was investigated. Both sets
of primers detected variants down to 0.2 % of the virus population. In one of the primer
sets, which were also used for the patient samples in Paper 1V, we estimated one
variant to constitute 46 % of the population. In contrast, the same variant was only
detected in 5.6 % of the reads with the alternative primers. We view this result as an
indication of primer-related selective PCR amplification that occurred as a result of
primer mismatch.
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4.2 EVALUATION OF ULTRA-DEEP PYROSEQUENCING

We have used UDPS to detect minority variants containing drug resistance mutations
(Paper 1V), coreceptor usage (Paper V) and acute infection (Paper V). Others have
shown that minority HIV resistance mutations, below the detection limit of population
Sanger sequencing, may be of clinical relevance [172-176].

The resolution of our protocol and those reported in others studies is primarily
determined by the number of input DNA templates, the error frequency of the method
and the efficiency of data cleaning. Therefore we have focused on optimizing the
experimental protocols in Paper 1V, characterizing the type, frequency and source of
errors and minimizing their impact in Papers Il and VI.

4.2.1 Pre-UDPS experimental setup

RNA extraction, cDNA synthesis and PCR were all optimized for high recovery of
templates in our pre-UDPS protocols. Quantification of the number of cDNA template
was performed by a limiting dilution PCR using the very same PCR as that used for
UDPS preparation. This template quantification showed that the number of cDNA
molecules subjected to UDPS ranged from 2,300 to 570,000 in Paper IV and from 56
to 93,632 in Paper V. The UDPS generated from 3,827 to 41,490 reads per sample in
Paper 1V and 279 to 32,094 reads per sample in Paper V. We experienced low
recovery in a few of the samples which could be due to long and suboptimal storage
conditions. Most of the samples had been stored at -70°C or -20°C and some samples
had been repeatedly freeze-thawn. Consequently, for some samples the UDPS reads
exceeded the number of cDNA templates. In many preceding and simultaneous studies,
a low number of viral templates were used as UDPS input and often not accurately
quantified. This in combination with low number of reads resulted in higher detection
limits for minority viral variants in these studies. Studies carried out today are generally
more carefully designed. In these more recent studies, the number of input molecules is
both quantified and high enough to benefit from the advantages of UDPS. However,
some NGS studies would still have benefitted from the use of other methodologies such
as single genome sequencing (SGS).

Overall, we sequenced a sufficient number of viral templates from the samples with
sufficient depth to take advantage of the ability of UDPS to study minority HIV
variants. However, in our studies we have definitely resampled the samples virus
variants. Thus, it is important to remember that every sequence read does not
correspond to one viral RNA template. Due to oversampling, the lower limit of
detection of our UDPS studies were primarily limited by errors introduced during PCR
and UDPS.

4.2.2 Characteristics and source of errors in raw UDPS data

In Paper 11, an HIV-1 clone was diluted to a single copy, PCR amplified and ultra-
deep sequenced in three separate runs. The sequenced region corresponds to a part of
the pol-gene where many drug resistance mutations are found. The same region was
used to evaluate the performance of UDPS in Paper Ill and studied in the patient
samples in Paper 1V. This region was also used to examine the challenges with Primer
ID in Paper VI.

The sequence analysis presented in Paper Il was performed on a complete dataset of
47,693 UDPS reads as well as separately for forward and reverse reads from each of the
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three UDPS runs (the reads per sample range between 2,570 and 12,092). The average
error frequency in our raw data was 0.30 %. UDPS-induced deletions in
homopolymeric regions were the dominating error type. A substantial part of the
deletions were only found in the reverse sequencing direction of the same run. This
indicates that they were introduced during the UDPS. As anticipated, we found that
homopolymeric regions had a higher average error frequency (0.59 % per nucleotide)
compared to non-homopolymeric regions (0.12 % per nucleotide). This result is
consistent with the findings of others published both before and after our study [146,
148, 157, 177, 178]. Despite this apparent difference in average error frequency, there
was no statistically significant difference between homopolymeric and non-
homopolymeric regions. This implies that a few single positions of the homopolymeric
regions contributed to a substantial part of the elevated error frequency. This was
confirmed when site-specific frequencies of deletion errors in homopolymeric regions
ranged from 0.0021 % to 20.4 %. In fact, the site-specific error frequencies, particularly
substitutions, were unevenly distributed across the region that was sequenced. Among
the substitution errors, transitions were more common than transversions.

4.2.3 Filtering strategy

Based on our analysis of raw data in Paper Il and Paper 1V, as well as previous
publications, we developed a set of scripts that filtered reads that were likely to contain
sequencing errors. The backbone of the filtering strategy was to remove reads
containing: 1) less than 80 % similarity to a user-defined reference sequence, 2)
ambiguous nucleotide calls, 3) indels, and 4) stop codons. The steps are explained in
detail above (Materials and Methods section). The filtering step where indels were
removed had the most pronounced effect and reduced the average error frequency
almost 5-fold from 0.28 % to 0.058 % per nucleotide. The cleaning procedure removed
31 % of the reads in the data for Paper Il. Similar cleaning procedures for the data
used in Papers 111 and V removed 20 % and 15 % respectively. In Paper 1V, the data
cleaning strategy was used together with cut-off values for high confidence variants
which removed 30 % of the reads.

Other studies have used similar approaches and removed sequences associated with
errors while other have reconstructed haplotypes e.g. ShoRAH. The best approach
depends on the goal of the study. A limitation of the filtering strategy is the risk of
removing true biological variants and that some remaining substitution errors may be
interpreted as true variants. In addition, increasing read lengths may pose a problem
with the filtering strategy since the probability for occurrence of a sequencing error
increases which may lead to filtering of a large proportion of the reads. This risk is also
dependent on the type of sequence (e.g. homopolymeric /non-homopolymeric regions).
On the other hand, error correction leads to a risk of creating new variants or changing
true low frequency variants.

4.2.4 Characteristics and source of errors in cleaned data

The filtering strategy, as presented above in the Material and Method section, was
applied on the SG3Aenv-plasmid. The average error frequency per nucleotide for the
six data sets in Paper Il was reduced to 0.056 %. The error frequencies estimated for
the cleaned data from the V3-region in Paper V was about the same for both the 454
GS FLX and the 454 GS FLX Junior Titanium platforms.

In Paper I, all except two reads with indel errors were removed. Interesting to note is
that the cleaned average error frequency is about the same as the error frequency for
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substitutions found in the raw data (0.057 %). The difference in error frequencies
between homopolymeric and non-homopolymeric regions was almost completely
removed in the cleaned data.

The average error frequency of transitions was 0.052 % per nucleotide and the
corresponding number for transversions was 0.001 %, which is a 48-fold and
significant difference. Site-specific error frequencies continued to vary across sites.
Moderate, but significant, correlations in site-specific error frequencies were found
when forward or reverse reads from three separate runs were compared (Spearman R=
0.31-0.65; p=0.001). Significant correlations were found between forward and reverse
reads within runs (Spearman R= 0.33-0.60; p=0.001).

Altogether, this indicates that the PCR that preceded UDPS contributed to a substantial
proportion of errors that remained in our cleaned UDPS data.

In Paper 111, we showed that the in vitro recombination rate during PCR was low. Two
clones that differed in 13 positions were mixed in 50:50 ratio before PCR amplification.
The mixes were used in two experiments with 10,000 and 100,000 HIVV DNA templates
as input, respectively, and the estimated recombination rates were 0.29 % and 0.89 %.
The majority of recombinant reads were single recombinants. The recombinant variants
were found in low frequencies and below our limit of detection in Paper IV. The
recombination rate in our control study (Paper I11) was higher than the recombination
rate (0.09 % - 0.11 %) estimated by Tsibris et al. [149] and lower than 1.9 % presented
by Zagordi et al. [179]. The difference in in vitro recombination estimates may be a
result of different mixture of clones, differences in amplicon length and differences in
PCR amplification conditions. In our and collaborators” recent, unpublished
experiments, we observed that the PCR recombination rate could be greatly reduced if
the number of PCR cycles was reduced from 60 to 30, i.e. by omitting the second,
nested PCR.

Our PCR recombination studies were performed on DNA templates. This provides a
limitation to our study as the first step in the PCR process, the cDNA synthesis where
RNA it reverse transcribed into cDNA, is not included in our experiments. RTs are, as
discussed in the introduction, error-prone enzymes and as a consequence our result may
be an underestimation of true recombination. Fang and colleagues reported a 2.5 fold
higher in vitro recombination in RT-PCR compared to DNA-PCR [180] while Metzner
et al. did not find the RT step to particularly affect the recombination rate in a recent
publication [177]. Our results should in our view be interpreted as showing that our
UDPS method may be used to study genetic variants and mutational linkage at least
over relatively short distances.

4.2.5 Using the information of error frequencies

The results from the optimized experimental protocols in Paper IV gave us the
possibility to detect minority variants and low frequency mutations. In Paper 1V, the
number of templates that we obtained from a sample ranged from 2,300 to 570,000, this
corresponds to a theoretical sequencing depth of 0.04 % (1/2,300). The corresponding
numbers in Paper V ranged from 56 to 93,632 which is equivalent to a lowest
theoretical sequencing depth of 1.8 % (1/56). However, the sequencing depth was much
deeper for most samples. Thus, the sequencing depth for most samples was primarily
dependent on the error frequency and not by the number of templates.
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We carefully evaluated how to derive accurate statistical cut-off values in Paper IV.
The use of cut-off values was supposed to allow us to better distinguish between rare,
but genuine, sequence variants and single-site drug resistance mutations from
sequencing artifacts. It was well known that homopolymeric regions posed a particular
problem in pyrosequencing. When we started the study we believed that different cut-
offs should be used for homopolymeric respective non-homopolymeric regions.
However, since this error bias was removed by our in-house cleaning strategy we did
not need to distinguish between homopolymeric and non-homopolymeric regions.
Instead, we used the information about the variation in site-specific error rates and
derived individual cut-offs for all drug resistance position of interest. The average cut-
off value for drug resistance position was 0.05 %, ranging between 0.014 % and
0.29 %. Using the same method, the cut-offs for high confidence variants was
estimated to 0.11 % (range 0.09 to 0.21 %). With the knowledge obtained in Paper 11,
we would today instead estimate the cut-offs in Paper 1V (which chronologically was
the first published paper) based on the differences in error frequency of transition vs.
transversion instead of individual positions.

43 METHODS TO FURTHER REDUCE THE IMPACT OF ERRORS.

Paper VI was a continuation of our efforts to generate reliable sequence data to study
minority variants and low frequency mutations in different settings, e.g. in TDR. Also
after we have been able to reduce the average error frequency with data cleaning
(Paper 11, Paper 1V), substitution errors created during PCR remained.

One possible method to further reduce the error frequency is to lower the number of
PCR cycles. It is well known that the error frequency increases with an increased
number of PCR cycles [181, 182]. Zagordi et al. and Shao et al. both reported a
significant reduction in UDPS error frequencies in clones that were not PCR amplified
[179, 183]. The same was shown by Di Giallonardo et al. in a recently published study.
However, the effect that a reduced number of PCR cycles have on NGS error
frequencies is not yet thoroughly evaluated. Besides, a certain number of PCR-cycles
are needed to get the sufficient amount of material needed for the subsequent UDPS,
but at the same time newer platforms and protocols such as the Nextera XL - Illumina
pipeline allows NGS on tiny amounts (picograms) of DNA which means that PCR
amplification cycles will be fewer.

Theoretically, the use of a polymerase with higher fidelity could produce sequences
with lower error frequencies. However, many of the existing enzymes with very high
fidelity seem to have a lower processivity, which leads to lower sensitivity in the PCR
step. In addition, it has been reported that polymerase with high fidelity are more prone
to introduce in vitro recombination [183].

Random barcodes, referred to as Primer IDs, can be used to circumvent some of the
remaining PCR and sequencing errors. With this approach, every individual cDNA
molecule is marked with a Primer ID before the PCR and UDPS step and then
resequenced multiple times [154, 155]. This relatively new method was first presented
in an HIV study by Jabara et al. [156]. Independently, we had started on a similar
approach as Jabara and colleagues. Our method is described in detail in Materials and
Methods. The method has potential to provide consensus sequences with highly
reduced error rates compared to standard UDPS for every cDNA template sequenced.
Another advantage of the Primer ID method is that the exact number of templates
sequenced is directly determined. This removes both the need to quantify the number of
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templates and the risk of overestimation of variants by repeated sampling of the same
original variants. In Paper VI, we present some important challenges that we have
identified when applying the Primer ID UDPS method to sequencing of a clone and
three patient samples. The challenges we found may influence the outcome of Primer
ID sequencing.

Our first observation was that we found a very low number of consensus sequences
despite a high number of cDNA input molecules. In the clone control experiment, less
than two percent of input templates were sequenced and the results were similar for the
patient samples. Skewed resampling of Primer IDs was one reason for the low number
of recovered templates was. Some templates were sequenced several thousand times
and others only a few times. We found several templates sequenced less than three
times which could therefore not be used to construct consensus sequences.

The second observation was that the number of sequence templates where
overestimated due to PCR errors in Primer IDs. Theoretically, over a million unique
Primer IDs were available (4*° combinations). Despite this, we identified several
groups of Primer IDs that differed by only one or a few nucleotides. It is statistically
highly unlikely that such groups of closely related Primers IDs would represent
correctly labeled template molecules. Therefore, we believe that these closely related
Primer 1Ds originated from the same original template molecule and were created when
PCR errors were introduced in the Primer IDs during PCR and/or 454 sequencing. This
primarily occurred in templates that had been resampled many times.

Finally, despite the use of Primer IDs, 21 of 35 (60 %) consensus template sequences
from the clone were incorrect. The majority of the remaining errors were deletions in
homopolymeric regions, mainly in a single position. The same problem was observed
in Paper 1. We believe that these errors had been introduced during UDPS because the
mutations were present in the majority, but not all, reads from the template and because
the errors were “typical” 454 homopolymeric errors.

We, and others, have shown good repeatability for standard UDPS (Paper I11). This
indicates that the Primer ID itself or the long cDNA primers are the source of the
skewed result. Since the Primer IDs are random, known potential problems (e.g.
homopolymeric stretches, dimerization) cannot be avoided, which may lead to
differences in PCR efficiency between templates labeled with different PIDs. Even
very small differences in PCR efficiency in every cycle may be a problem because the
differences will be magnified during PCR cycling. Designed, instead of random, Primer
IDs, is a possible way to proceed and something we are currently testing. This approach
was used by Shiroguchi et al. in a related experimental setup [184]. PrimerDesign,
presented in Paper I, could be used to design Primer IDs to avoid structural problems.

An additional potential source of problems is that the Primer ID tags are attached
during, instead of before, cDNA synthesis. This leaves a window where errors may
occur during cDNA synthesis and remain undetected. This may result in an
overestimation of the viral quasispecies. In a recent study by Metzner and colleagues
showed that the in vitro RT induced errors as well as recombination is a risk in the
cDNA synthesis [177].

In conclusion, Primer ID has potential to generate accurate sequence data but it is

important to acknowledge the challenges of the methodology which needs to be
overcome for the technique to be a truly successful solution.
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44 DETECTION AND IMPACT OF MINORITY VARIANTS IN HIV-1

The quasispecies of related, but distinct, HIV-1 variants existing in an individual
include several minority variants. Some of these minority variants may be of clinical
relevance. It has been shown that minority variants with resistance mutations can
contribute to treatment failure in patients. Particularly, pre-existing minority variants
with NNRTI resistance mutations have been shown to be of clinical significance [175,
185-187].

In Paper 111, we show that minority variants can be detected by our UDPS system
which is presented in Paper IV. In Paper Ill, we identified minority variants
representing down to 0.05 % of a population in analysis from two clones mixed at
ratios of 99.5:0.5 and 99.95:0.05. The proportions of identified minority variants were
somewhat higher than expected in both experiments, i.e. 22 % and 0.31 %
respectively. This might be due to stochastic effects or that minority strains were
systematically overestimated. However, it cannot be excluded that the artificial
mixtures contained slightly higher proportions of the minor virus variant than intended.
The statistical cut-offs derived in Paper IV allowed us to consider minority viral
variants constituting on average 0.11 % of the population as high confidence variants
and single drug resistance mutation 0.05 % on average.

The repeatability for our system was evaluated in Paper Il and in conclusion we
found that repeatability was good. All viral variants representing 0.27 % or more of the
population were found in repeated UDPS analyses of two patient plasma samples. A
similar degree of consistency was observed between forward and reverse reads.
Somewhat surprisingly, the detection of major and minor variants showed similar
repeatability.

We have studied the importance of minority variants in two longitudinal patient studies.
In Paper IV, we investigated quasispecies dynamics during suboptimal treatment,
treatment failure and treatment interruption. In Paper V, the viral variants were studied
from PHI until after coreceptor switch from CCR5-using to CXCR4-using viruses with
the intention to establish whether CXCR4-using variants existed as a minority
population during PHI and/or early infection. We also analyzed the number of variants
that established the infection in each of the three patients.

4.4.1 Pre existing drug-resistance

Low but significant levels of the M1841, T215A and T215I (range 0.02 %-0.12 %) drug
resistance mutations were found in the treatment-naive patients studied in Paper V.
This was rather expected since these resistance mutations only require a single mutation
from “wild-type”. With the high genetic diversity of HIV-1, these mutations are
expected to arise spontaneously every day. We looked for, but did not identify,
significant pre-existence of the major drug resistance mutations M184V, Y181C,
Y188C. All of which also require a single mutation. The absence could be explained by
an increased fitness cost for the virus or the higher limit of detection in the position of
interest (e.g. 0.15 % for M184V compared to 0.07 % for M184l). As discussed above
in connection with Paper 11, transitions and transversions have vastly different error
frequencies. This knowledge could have been used in Paper IV if we would have had
the results at that time. However, both the M184V and M184l are transitions and
suggesting that the difference in their detection is not explained by this. The cause may
instead be a context dependent error that we have not observed, but may also be due to
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biologic reasons. The M184l mutation is known to be a transient state in the
development of M184V during (3TC) treatment failure. There exist several theories as
to why M1841 tends to develop first only to replace by M184V. Our data suggest that a
higher frequency of pre-existing M1841, may originate from HIV-1s higher A->G
mutation frequency. T215Y/F was also screened for but not found. This is however an
amino acid change that requires two nucleotide substitutions and is therefore less likely
to occur.

4.4.2 Dynamics of HIV-1 quasispecies

The sensitivity of the experimental method and data filtering allowed us to study virus
variants present in >0.11 % of the population. The sequencing length also allowed us to
study linkage between mutations and to track individual variants through time. Five of
the six patients studied in Paper IV were sampled before initiation of ART. As
expected, different wild-type virus variants coexisted in the pre-treatment samples. The
virus population remained heterogeneous after initiation of treatment. During treatment
failure, diversity gradually decreased concurrent with the evolution of specific, linked
drug resistance mutations. Particularly, M184V-T215Y variants were found. This
suggests that they were more fit during selective pressure from the treatment regimen,
which consisted of 3TC, d4T and ddl. Wild-type variants were only detected in one
patient during treatment failure, suggesting that they have very low fitness in the
presence of ART and that the contribution is very low from the latent reservoirs, where
wild-type virus should have be archived. The drug resistant variants were replaced by
wild-type soon after removal of ART, which is a proof that such virus was indeed
archived. This was not unexpected since drug resistant variants, especially many
resistance mutations are known to have reduced fitness in the absence of drugs [130,
188]. Thus, it is very likely that wild-type virus variants were present at levels below
our detection limit during treatment failure.

4.4.3 Transmitted virus and coreceptor switch during PHI

Samples from the three patients taken during PHI were analyzed in Paper V. The
samples were used to study the evolutionary relationships in the virus population. Two
of the patients appeared to have one founder variant. The largest minority variant
represented 0.19 % or less of the population in these two patients. These variants are
likely to have evolved from the founder virus after transmission because the genetic
diversity was stochastically distributed with any single variant carrying at most one or
two mutations relative to the founder virus. In one of the patients, two or three viruses
established the infection. The three major variants made out 47 %, 38 % and 10 % of
the virus population, respectively. The second and third most common variants differed
from the first variant by a minimum of four nucleotides, which makes it highly unlikely
that they evolved after transmission. As expected, all three patients had a low genetic
diversity during PHI.

Our result is consistent with recent observations that only one or a few viruses establish
the infection following transmission to a new host. Studies have suggested that the
proportion of infections that are founded by a single variant differs according to route
of transmission, with IDUs and MSM more often having two or more founding variants
than heterosexually infected patients [49, 62]. Our patients were MSM, which means
that it is expected to observe transmission of more than one variant in approximately 60
% of cases. However, since we only studied three patients, no firm conclusions can be
drawn from our data [49].
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UDPS analysis did not show any indication on presence of X4-using minority variants
in any of the three patients during PHI or prior coreceptor switch as detected by the
MT-2 assay. However, the presence of X4 for a shorter time period before coreceptor
switch cannot be excluded since the samples obtained prior to switch were drawn a
minimum of 17 months before the switch. Bunnik and colleagues reported that X4
variants usually evolved gradually during a 12-month period prior to overt coreceptor
switch [100]. In agreement with this, our phylogenetic analysis indicated that the X4
populations originated from R5 variants that evolved after the last R5-only sample was
obtained. This strengthens the theory that a one or a few, primarily R5-using viruses are
the predecessors of the X4 population. However, our result does not completely rule
out the possibility that minority X4 variants transmitted and remained present at levels
below the detection limit of our UDPS assay until overt coreceptor switch. The three
individuals studied in Paper V had an atypical course of infection with a rapidly
progressing immunodeficiency. This is consistent with the observed coreceptor switch,
but again it should be stressed that the patients were too few draw any general
conclusions.
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5 CONCLUSIONS AND FUTURE PERSPECTIVE

HIV-1 is a virus with a very variable genome. It has the ability to adapt to changes in
the environment and thereby escape both immune pressure and suboptimal ART. NGS,
and especially UDPS, has enabled deep sequencing studies with unprecedented
resolution, but the technology is more error prone than traditional sequencing.

The comprehensive work to identify, characterize and reduce errors as well as
investigate the UDPS performance performed in Papers Il, 111 and IV has allowed
more accurate interpretations of the biological findings in Papers IV and V. It also
encouraged us to develop the novel software in Paper | and the new method developed
and evaluated in Paper VI. In Paper I, we developed a novel computer program,
named PrimerDesign. It is tailored to designs primers from a multiple alignment and is
suitable for all types of NGS that is preceded by amplification. The algorithm was
successfully used in studies of HIV-1 and should be equally useful for designing
primers targeting other organisms independent of the level of genetic variation.

The NGS technology has enabled the entire HIV-genome to be deep sequenced. In an
article by Henn et al. [142], the HIV genome was amplified in overlapping regions but
with varied coverage. A possible future development for PrimerDesign is to extend the
algorithm to find several, compatible, primer pairs in a longer region, e.g. the complete
genome. This would save laboratory time as samples may be multiplexed and allow
even deeper sequencing. In an ongoing project, PrimerDesign was used to design
primers for effective and high-coverage Illumina sequencing of entire HIV-genomes.

We optimized the pre-UDPS protocol in Paper 1V and investigated the characteristics
and sources of errors that occurred when UDPS was used to sequence a fragment of the
HIV-1 pol gene in Paper Il. Our in-house data cleaning software removed UDPS-
introduced indel errors in homopolymeric regions. The remaining errors were primarily
substitution errors that were introduced in the PCR that preceded UDPS. Transitions
were significantly more frequent than transversions, which will limit detection of minor
variants and mutations in HIV-1 as well as other species. Importantly, this problem is
applicable to all NGS platforms where sequencing is preceded by PCR. We further
evaluated the quality and reproducibility of the UDPS technology in Paper I1l. We
concluded that repeatability was good, both for majority and minority variants. In our
experimental settings, in vitro recombination and sequencing directions posed a minor
problem, but still needs to be considered especially for minor viral variants and studies
of linkage between mutations. The design of primers is of particular importance in
UDPS to avoid selective amplification which may skew the result of frequency
estimations.

Because the NGS technologies are evolving very rapidly, the 454 sequencing approach
that we have used in this thesis is not the method we would have used if we had started
the projects today. Instead, we would probably have decided to use Illumina or possibly
lon Torrent. Illumina has the advantage of a lower error frequency, higher throughput
and an easier workflow, but shorter read length. However, the read length has increased
and recent pair-end sequencing protocols on the MiSeq Illumina platform has a
read length of approximately 600 bases, which is sufficient for many applications. lon
Torrent generates relatively long reads, but makes the same type of errors (indels) as
454. Both are cost efficient and generates substantially more data compared to 454. The
Pacific Biosciences™ platform is also an interesting platform, which offers very long
read lengths, but unfortunately it also has a quite high error frequency.
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One limitation to cross field work, even within the same field, is the use of different
nomenclature. With the increasing development speed, | think it is of particular interest
to have a joint language to make analysis simpler. One example is when a script is used
to parse a sequence file created by someone else. If no standardized method to name the
sequences has been used, it results in problem to create automated tools for simple
analysis, which leads to time consuming manual work. Another example is the method
we refer to as Primer ID. At least three different names in two different research areas
are used for the molecule tagging approach. As a contrast, the quality score associated
with every sequenced nucleotide for Sanger sequencing and 454 sequencing are both
called Phred but are not equivalent.

Minority variants and drug resistance mutations were studied in Papers IV and V. We
examined the presence of pre-existing drug resistance mutations in treatment-naive
HIV-1 patients and found very low levels of M1841, T215A and T215I, but no presence
of M184V, Y181C, Y188C or T215Y/F. This indicated that the natural occurrence of
these mutations was very low, i.e. below our detection limit. When patients experienced
treatment failure almost 100 % of the wild-type virus was replaced with drug sensitive
variants and when therapy was interrupted, 100 % of the drug resistance variants were
replaced with wild-type. The quasispecies in patients followed from PHI to a
coreceptor switch were investigated in Paper V. We did not find any X4-using virus
present as a minority species during PHI. The results indicate that the X4 population
most probably stepwise evolved de novo from the R5 populations in each of the three
patients.

Minority drug resistance mutation and minority variants of the virus coreceptor tropism
have both been shown to play an important role in successful ART. Already today,
detection and quantification of drug resistance is recommended for treatment
initialization and the standard care for patients failing therapy and requiring new cART.
I believe that we will see an increased use of NGS sequencing instruments in both
routine and research laboratories, which will be very beneficial. Hospitals and research
laboratories working with sequencing will have their own bench top sequencer within a
couple of years and whole genome sequencing will be performed on more or less a
daily basis. This scenario could benefit patients by providing additional possibilities
and accuracy in personalized treatment. As a consequence, the cost for resistance
testing and other sequencing will temporarily increase. Bioinformatic expertise will
become even more needed to interpret and handle the data generated. The rapid
development of NGS technology will require continuous development of new methods
to adjust and take advantage of newer NGS platform, just as I have done in this project.

Successful treatment with the CCR5-antagonist maraviroc is dependent of the presence
of solely R5-using virus in the patient. 1 would recommend more studies of
transmission pairs to further evaluate whether R5-using virus is selected for during
transmission or not. | would not be surprised if the results show that the likelihood of
R5 or X4 transmission is proportional to their abundance in the donor. This would of
course support the use of coreceptor tropism prediction before treatment initiation, but
also already at the time of diagnosis. The coreceptor use might affect when treatment
should be initiated since X4-using virus is associated with a faster disease progression.

The Primer ID methodology has the potential to provide highly accurate deep
sequencing. We identified three major challenges (Paper VI); a skewed resampling of
Primer IDs, low recovery of templates and erratic consensus sequences. These
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problems can lead to an underestimation of the diversity of the quasispecies as well as
skewed or incorrect results if they are not detected. As many of our other findings, our
results concerning the Primer 1D approach is not limited to HIV or virology. We are
currently evaluating the Primer ID methodology on other NGS platforms with
promising results.

In the future, all parts of the sequencing process will be further optimized, from the pre-
sequencing experimental protocols, via sequencing platforms, to the data interpretation.
Every time consuming step will be considered a bottleneck in an otherwise streamlined
process. Read lengths will increase. Already today, the RS Il from Pacific Bioscience
generates reads with an average read length of 4,200 to 8,500 base pairs and the longest
reads cover over 30,000 base pairs. 454 (Roche) recently presented a new improved
chemistry, GS FLX + which is said to have the capability to generate reads up to 1,000
bases. The error frequencies will be reduced. The Nextera XL - Illlumina pipeline
allows NGS to start from tiny amounts of DNA which reduces the PCR cycles needed
and thereby reduces the introduction of the PCR errors. The lowered error frequencies
will not only depend on sequencing free from errors but, just as we have attempted to
reduce error frequency in Paper VI, other methods to circumvent the errors will be
developed and improved. Pacific Bioscience’s sequencing libraries are made from
circular DNA molecules with adapters (hairpin loops) ligated at both ends of the DNA
insert, the raw sequence reads often contain multiple determinations of the DNA insert
sequence, separated by the adapter sequences. This allows a user to extract the
consensus sequence, but full potential of the longer read length is still blunted by
artificial recombination occurring in the PCR that precedes sequencing. Sequence data
will be generated faster and cheaper. | believe that the big challenge in the future is to
efficiently carry out data analysis and store the enormous amount of data. It will be
even more crucial to develop pipelines where as little manual work as possible is
required.

The possibilities of data storage are rapidly developing but the costs for archiving data
can however be considerable. Storage must be done in an efficient way for two main
reasons. Larger collaboration is often needed in these types of analysis and data must
be possible to send between people and locations. It is also important for the
transparency that others are able to access data after publication. Today, Sanger
sequences and to some extent NGS data is stored in large public databases, but other
solutions are required for the growing amounts of NGS data. Another problem with
both transparency and comparison between studies is the lack of standardized methods
to state which methods are being used in the particular experiment. Conclusions from
experiments are being drawn after numerous steps data cleaning, normalization of data,
the use of cut-off values etc., sometimes without being fully declared.

Many of the applications that are being developed, including our methods and software,
reach further than to HIV and virology. Genomics research in general would gain from
more cross-field collaboration and interaction.

In conclusion, we have developed and used new NGS and bioinformatic methods to
study genetic variation and evolution in HIV-1. We showed that UDPS can be used to
gain new insights in HIV evolution and to detect minority drug resistance mutations as
well as minority variants.

I believe that we only have seen the beginning of the sequencing revolution.
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