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ABSTRACT

BACKGROUND: Sub-Saharan Africa hosts over two thirds of the global HIV-
infected population. South Africa (SA), with the highest national incidence of HIV,
also has the largest antiretroviral therapy programme globally. In an effort to reach
the UNAIDS 90-90-90 targets, SA implemented a universal test-and-treat approach
in 2016 and has committed to increasing the number of HIV-infected individuals
on ART over the next few years. The first line regimen in SA includes an NRTI
backbone of tenofovir and emtricitabine, combined with efavirenz as the NNRTI.
Treatment failure as a result of the development of drug resistance mutations is the
greatest risk to successful ART. The most prevalent drug resistance mutations in
SA, K103N, M184V and K65R, confer broad high level resistance to NRTI and
NNRTIs and may affect the efficacy of second-line regimens. HIV drug resistance
testing is not recommended at treatment initiation or at first-line regimen failure,
due to the high cost and limited laboratory capacity. The HIV Drug Resistance RNV
(derived from K65R, K103N, and M184V) Multiplex Assay was designed by the
CDC to simultaneously detect the K65R, K103N and M184V mutations in the
presence of virological failure. The aim of this study is to optimise the assay in a
South African setting, by comparing assay results to the current gold standard,

namely nested PCR and sequencing using Sanger sequencing technologies.

METHODS: A total of 225 whole plasma specimens collected from patients
infected with HIV-1 were selected for study, and include specimens with the K65R,
K103N and M184V and wild-type genotypes as well as specimens with both low
(<600 copies per ml) and high (=600 copies/ml) viral load. Nucleic acids were
extracted using the MagNA pure LC instrument and template was generated using
PCR amplification of the entire protease gene and codons 1-250 of the reverse
transcriptase gene. Detection of HIV variants harbouring these mutations was
performed by determining the change in the cycle threshold (ACt) of the total copy
and mutation detection components of the assay. Specimens with discrepancies
between conventional genotype and RNV assay were re-sequenced using next

generation sequencing.



RESULTS: Of the 225 specimens selected for this study, 47 specimens had a VL
< 600 copies/ml, and 178 specimens had a VL > 600 copies/ml. Of 171 specimens
with known genotype, 105 specimens had a WT genotype and 66 specimens had
one or more mutation present (the remaining 54 specimens were not genotyped due
to low VL result). For the total copy component of the assay, which differentiates
specimens by VL based on a cut-off of 600 copies/ml, 180 (84%) specimens had
results concordant to the previous VL result and 45 (16%) specimens had
discordant results. The sensitivity of this component was 91% and specificity 60%.
For the mutation detection component of the assay, the 161 specimens that had a
high VL using both the RNV assay and standard VL methodologies were screened.
Of these 161 specimens, 130 (81%) were concordant with the known genotype, 28
(17%) were discordant and 3 (2%) had no amplification. The sensitivity of this
component of the assay was 94%, and specificity 74%. Next generation sequencing
detected low prevalence mutations in five specimens that were not present in the
Sanger sequence, but were detected in the RNV assay. New thresholds were
proposed to improve test statistics: for the total copy component, the recommended
threshold was reduced from 25.00 to 21.78 cycles; this increased sensitivity to 95%
and specificity to 85%. For the RNV component, a recommended change in cycle
threshold value of 10.94 cycles decreased the number of discordant specimens to

25 (15%). This increased the sensitivity of the assay to 84%, and specificity to 86%.

CONCLUSIONS: The RNV multiplex assay was successful in amplifying the three
key drug resistance mutations in South African Subtype C specimens. The success
of the assay thus makes it a viable screening tool to detect the K65R, K103N and
M184V drug resistance mutations at first-line therapy failure. However, our
recommended cut-offs should be considered by the developers to improve the
sensitivity and specificity of the assay
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CHAPTER 1:

LITERATURE REVIEW

1.1 INTRODUCTION

1.1.1 Current Status of HIV Epidemic

Infection with the human immunodeficiency virus (HIV) remains a global public health
priority with 36.9 million people living with HIV by the end of 2017 (Joint United Nations
Programme on HIV/AIDS, 2018b). Eastern and Southern Africa are the worst affected
regions hosting more than 50% of the global burden (Joint United Nations Programme on
HIV/AIDS, 2018b). Early initiation of antiretroviral (ARV) therapy (ART) for treatment
of HIV infection can significantly reduce HIV-related morbidity and mortality by
suppressing HIV replication and reducing the risk of HIV transmission (TEMPRANO
ANRS 12136 Study Group, 2015; The INSIGHT START Study Group, 2015). Current
World Health Organization (WHO) ART guidelines recommend a “universal test and
treat” approach where ART is initiated in HIV-infected individuals regardless of immune
competency (World Health Organization, 2016b). In efforts to control the HIV epidemic,
the Joint United Nations Programme on HIV/AIDS (UNAIDS) has called for countries
to aim to achieve the “90-90-90” treatment targets by 2020 (Joint United Nations
Programme on HIV/AIDS, 2014). These targets are defined as 90% of HIV-infected
persons should know their HIV status, 90% of these HIV-infected individuals should be

on ART and 90% of those receiving treatment should have sustainable viral suppression.

South Africa (SA) has the highest number of people living with HIV, with approximately
7.2 million by the end of 2017. The country is one contributor to new infections globally,
with an estimated 270 000 new HIV infections in 2017 (Joint United Nations Programme
on HIV/AIDS, 2018b). South Africa has the largest ART programme globally with almost
4.4 million HIV-infected individuals on ART as of 2017 (Joint United Nations
Programme on HIV/AIDS, 2018b).

The development of HIV drug resistance (HIVDR) remains the biggest threat to
successful treatment programs (Tang and Shafer, 2012). Of individuals in ART globally,

it is estimated that 9.7% have acquired drug resistance mutations during therapy (World



Health Organization, 2017). Of the HIV-infected individuals on ART in SA, 87.5% were
estimated to be virologically suppressed in 2017 based upon a viral load (VL) less than
(<) 1000 HIV-1 RNA copies/ml (Human Sciences Research Council, 2018). Of those
with an unsuppressed VL on an NNRTI-based regimen, the prevalence of drug resistance
was between 89% and 96.1% (Hunt et al., 2017; Steegen et al., 2017).

Over the past decade, there has been an increase in the levels of HIVDR in patients
initiating ART, notably to the non-nucleoside reverse transcriptase inhibitor (NNRTI)
drug class, particularly in low- and middle-income countries (World Health Organization,
2016b, 2017). The levels of NNRTI drug resistance in low- and middle-income countries
were estimated to be increasing by between 11% and 29% annually and the prevalence
ranged from 7.2% to 15.5% in 2016, depending on the geographic region (World Health
Organization, 2017).

1.2 VIRION AND GENOMIC STRUCTURE OF HIV
1.2.1 Biological Properties

Human immunodeficiency viruses are enveloped retroviruses approximately 100 to 120
nanometers (nm) in diameter (Freed and Martin, 2013). Within the virion is a cone shaped
cylindrical core containing the dimeric HIVV-1 RNA genome.

1.2.2 Genomics

The HIV-1 genome is a single-stranded ribonucleic acid (ssSRNA) genome of 9719
nucleotides (nt) in length (Kaslow et al., 2014). The genome has nine open reading frames
which encode fifteen structural, regulatory and accessory proteins. The structural genes
are gag, pol and env, the regulatory genes are tat and rev, and the accessory genes are nef,
vif, vpr and vpu (Figure 1.1) (Watts et al., 2009).
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Figure 1.1: Genomic organisation of the HIV-1 genome. The structural genes are gag, pol and
env, the regulatory genes are tat and rev, and the accessory genes are nef, vif, vpr and vpu (Freed
and Martin, 2013; Kaslow et al., 2014).



1.2.3 Gag Polyproteins

1.2.3.1 Gag Proteins

The p55 gag polyprotein precursor is cleaved by the protease (PR) enzyme to form the
pl7 matrix (MA) protein, the p24 capsid (CA) protein, the p7 nucleocapsid (NC) protein,
the p6 protein and the two spacer proteins, SP1 and SP2 (Kaslow et al., 2014). These
proteins are involved in the formation and assembly of the structural elements of the
virion and contribute to the reverse transcription process (Lu et al., 2011; Freed and
Martin, 2013).

1.2.3.2 Pol Proteins

The polymerase (pol) gene encodes for the enzymes involved in replication and viral
integration. These include the pl0 protease (PR) enzyme, the heterodimeric reverse
transcriptase (RT), and the p31 viral integrase (IN) (Freed and Martin, 2013). The
function of PR is to proteolytically cleave the Gag-Pol precursor molecule in order to
release the functional Gag and Pol proteins (Freed and Martin, 2013). The HIV-1 IN
enzyme is involved in the catalysation of the insertion of the viral double stranded
deoxyribonucleic acid (dsDNA) produced by reverse transcription into the host
chromosome as described in Section 1.3 below (Freed and Martin, 2013).

The HIV-1 RT is a heterodimeric enzyme consisting of the p66 and p51 subunits (Freed
and Martin, 2013). Proteolytic cleavage of the C-terminal of the p66 subunit forms the
p51 subunit, and the additional 15-kilo Dalton (kD) fragment that remains forms the
ribonuclease H (RNase H) (Hansen et al., 1988).

The function of HIV-1 RT is threefold: it is at times an RNA-dependant deoxyribonucleic
acid (DNA) polymerase, a DNA-dependant DNA polymerase as well as an endonuclease
(Herschhorn and Hizi, 2010). The major role of HIV-1 RT is during reverse transcription,

where the viral sSRNA is converted into dsDNA, as described in Section 1.3 below.

The fidelity of RT enzymes in general is lower than that of cellular DNA polymerases,
however, the RT of lentiviruses specifically have been shown to be even less accurate
than other reverse transcriptase enzymes (Mansky and Temin, 1995). The lower fidelity
of these enzymes can be attributed to their lack of 3’ to 5’ exonucleolytic proofreading
activity (Herschhorn and Hizi, 2010; Menéndez-Arias et al., 2017).



1.2.4 Env Glycoproteins

The gp120 and gp41l envelope glycoproteins are cleaved from the single chain gp160
polyprotein precursor by cellular proteases (Poignard et al., 2001). During translation of
the gp160 precursor, glycosylation occurs followed by proteolytic cleavage (Checkley et
al., 2011; Freed and Martin, 2013). These processes are vital as uncleaved gp160 is unable
to be incorporated into virions and glycosylation is required for correct folding gp120 for
CD4* binding (Li et al., 1993; Welman et al., 2007).

The cleaved gp120 and gp41 glycoprotein products form a complex via a weak, non-
covalent association (Freed and Martin, 2013). The gp120-gp41 complex is transported
to the plasma membrane, during which many of the oligosaccharide side chains are
modified by the addition of complex carbohydrates, which obscures gp120 from immune
recognition by the host (Freed and Martin, 2013). The gp120-gp41 complex form the
glycoprotein spikes on the surface of virions which are responsible for CD4* binding

during the infection of cells (Checkley et al., 2011).

1.2.5 Regulatory and Accessory Proteins

There are two regulatory proteins, Tat and Rev, which are involved in the transcription
of viral messenger RNA (mRNA) and its export out of the nucleus (Groom et al., 2009;
Debaisieux et al., 2012). The accessory proteins Vif, Vpr, Vpu and Nef are involved in
viral pathogenesis by enhancing the infectivity of virions and contributing to
immunosuppression (Geyer et al., 2001; Muthumani et al., 2006; Nomaguchi et al., 2008;
Freed and Martin, 2013).

1.3 HIVLIFECYCLE

The main cellular target of HIV-1 virions is CD4* T-lymphocytes, however, infection of
dendritic cells and other CD4* macrophages also occurs (Freed and Martin, 2013; Kaslow
et al., 2014). Virus entry involves binding of gp120 on the viral cell surface to the CD4*
receptor as well as either the CCR5 or CXCR4 chemokine receptors on the surface
T-lymphocytes (Poignard et al., 2001). This binding leads to conformational changes in
gp120 and gp4l that results in delivery of the viral core into the host cell cytoplasm
(Welman et al., 2007; Checkley et al., 2011).

Reverse transcription begins after the HIV-1 virus core enters the cell (Kaslow et al.,

2014). In this process, the HIV RT reverse transcribes the viral RNA template into



complementary dsDNA. Recombination can occur during this process when the RT
transcribes DNA from segments of both of the HIV-1 RNA molecules present in the
infected cell (Herschhorn and Hizi, 2010; Levin et al., 2010). The genomic RNA template
is then degraded by RNase H hydrolysation (Beilhartz and Gotte, 2010).

The ds DNA product formed by reverse transcription is then integrated into the host
genome by HIV IN (Delelis et al., 2008). Integrase forms part of the pre-integration
complex (PIC), which includes other viral and cellular components and catalyses the
endonucleolyic cleavage of the host DNA and insertion of the viral DNA into the gap
(Delelis et al., 2008). Cellular enzymes repair the gap to produce a segment of integrated

proviral DNA chromatin (Vandegraaff and Engelman, 2007).

The integrated viral genome is used as a template by cellular RNA polymerase Il to
transcribe viral mMRNA (Freed and Martin, 2013). Viral mRNA are processed as cellular
mRNA and are exported via Rev or host-mediated mechanisms (Wu, 2004; Freed and
Martin, 2013). Expression of the viral mMRNA is mediated by Tat, Rev and host regulatory
elements (Liu et al., 2011).

Viral RNA binds to p55 gag polyproteins and migrate to the plasma membrane for
assembly (Scarlata and Carter, 2003; Freed and Martin, 2013). Maturation into virions
occur when PR cleaves the Gag polyprotein, and the mature virions subsequently bud off
of the host cell (Scarlata and Carter, 2003; Fujii et al., 2009; Freed and Martin, 2013).

1.4 PATHOGENESIS OF HIV INFECTION

Within 72 hours of the initial infection, HIV establishes itself at the infection site and
draining lymph nodes through infection of inactivated CD4* T lymphocytes, and within
the first week disseminates to other lymph nodes to establish systemic infection (Freed
and Martin, 2013; Kaslow et al., 2014). During this phase of infection, inflammatory
cytokines and chemokines are induced, which increases trafficking of T-lymphocytes to
the lymph nodes, thereby enhancing virus replication and spread (Hunt, 2007; Levy,
2009; Maartens etal., 2014). The earliest that virus is detectable in the blood is
approximately 8 to 10 days after infection during the acute viraemic stage, where the VL
can reach over one million copies per millilitre (copies/ml) (Figure 1.2) (Fiebig et al.,
2003; Kaslow et al., 2014). The CD4* T-lymphocyte cells undergo a marked decline
during this period, particularly in the gastrointestinal tract where the highest number of

lymph nodes are located, from which the host does not fully recover (Levy, 2009; Kaslow
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et al., 2014). Additionally, the HIV reservoirs are established during this acute phase,
with the viral reservoir established by large numbers of viruses infecting follicular
dendritic cells and the latent reservoir established by smaller numbers of virues

integrating into resting CD4* T-lymphocytes (Kaslow et al., 2014).
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Figure 1.2: Course of HIV infection and host response (Kaslow et al., 2014). The progression
of HIV RNA concentration (grey), host peripheral CD4*T-lymphocye count (solid black) host
mucosal CD4*T-lymphocyte count (dashed black), host CD8" T-cell count (dotted black) and host
immune activation (broken black) responses following infection with HIV.

Following the acute phase, the viral load declines to a set point due to CD8* T-lymphocyte
destruction of HIV-infected cells (Kaslow et al., 2014; Maartens et al., 2014) This also
allows the CD4* T-lymphocyte counts to partially recover from the profound HIV- and
CD8* T-lymphocyte-mediated destruction observed in early infection. The entire HIV
population within an infected individual, called the HIV quasispecies, encompasses the
entire viral population and develops from several rounds of replication, the high HIV
replication rate and the error-prone RT (Tang and Shafer, 2012;). This results in a highly
variable population of HIV-1 virions. Escape mutants develop in response to these CD8*
T-lymphocyte and antibody responses, which develop after approximately three months
post-infection, leading to immune escape (Frahm and Brander, 2007; Tang and Shafer,
2012; Maartens et al., 2014). The host immune system does not manage to control viral

replication thus allowing the HIV VL to increase at low levels, and during this latency



period the CD4* T-lymphocyte counts continue to decline (Levy, 2009; Kaslow et al.,
2014).

While direct destruction of infected CD4* T-lymphocytes by CD8* T-lymphocytes does
contribute to the overall decline in CD4* T-lymphocytes observed in HIV infections, it
alone is not responsible for the depletion of these cells (Hunt, 2007). The main
contributing mechanism thought to contribute to this is the activation, apoptosis and
autophagy of bystander CD4* T-lymphocytes in the blood and lymphoid tissues, among
other factors (Hunt, 2007; Levy, 2009). The eventual failure of the immune system ensues
resulting in the development of acquired immune-deficiency disease (AIDS) and death
(Kaslow et al., 2014).

15 CLINICAL MANIFESTATIONS OF HIV INFECTION

The symptoms experienced during the acute seroconversion stage of HIV infection are
generally non-specific, with more serious symptoms occurring rarely (Soogoor and Daatr,
2005; Melhuish and Lewthwaite, 2018). Chronic infection follows acute seroconversion
and the only symptom generally observed is mild lymphadenopathy (O’Cofaigh and
Lewthwaite, 2013; Melhuish and Lewthwaite, 2018). There may be systemic
manifestations of HIV infection or other early signs of progression to advanced disease
(Kuritzkes and Koup, 2013).

As the CD4* T-lymphocyte cell count declines, conditions such as unexplained weight
loss, skin disorders, gastrointestinal symptoms, and pathogenic infections such as
Mycobacterium tuberculosis, candiasis and varicella zoster may appear (Kuritzkes and
Koup, 2013; Melhuish and Lewthwaite, 2018). Certain AIDS-defining infections such as
Pneumocyctis jirovecii, cerebral toxoplasmosis, Cryptosporidium and Microsporidium
are associated with a further decline in the CD4* T-lymphocyte cell count (Melhuish and
Lewthwaite, 2018). Malignancies related to HIV may also develop at this stage of the
infection (O’Cofaigh and Lewthwaite, 2013).

At end-stage disease, disseminated AIDS-defining infections become more common and
include Mycobacterium avium, Cryptococcus neoformans, and cytomegalovirus
reactivation (Melhuish and Lewthwaite, 2018). Malignancies, particularly viral-

associated malignancies, are more common with non-Hodgkin’s lymphoma and Kaposi’s



sarcoma being the most observed (Kuritzkes and Koup, 2013; Melhuish and Lewthwaite,
2018).

1.6 DIAGNOSTIC AND MONITORING ASSAYS

Diagnosis of HIV is performed based upon the presence of certain HIV markers such as
host antibodies, specific HIV component such as proteins, the p24 antigen or the HIV
nucleic acid, or the whole virus itself (Iweala, 2004). Typical specimen types used for
diagnostic purposes include venous whole blood in the form of capillary whole blood and
dried blood spots (DBS), , serum, plasma, and oral fluid (World Health Organization,
2015a).

Serological assays involving enzyme immunoassays (EIA) are the most commonly used
assay for HIV diagnosis (World Health Organization, 2015a). There are four different
ElAs used for HIV diagnosis, differing based upon the antibody or antigen detected
(World Health Organization, 2015a; Daskalakis, 2016). Typically, immunoglobulin (lg)
G is the target of EIAs as the concentration of IgM is usually not high to produce a

sensitive assay (Iweala, 2004).

Rapid diagnostic tests most commonly use HIV antigens affixed to filter paper or
membranes to detect HIV antibodies (Greenwald et al., 2006; Daskalakis, 2016). The
antibodies present in the specimen, either oral fluid, whole blood, plasma or serum, bind
to the HIV antigens and result in a colour change, through one of many mechanisms, that
is visibly detectable as positive (Iweala, 2004; Greenwald et al., 2006; Daskalakis, 2016).
Rapid diagnostic tests have numerous advantages, including that they are simple and fast,
generally do not require laboratory equipment or instrumentation and are relative cheap

costing approximately US$ 1 - 2 (Kosack et al., 2017).

Nucleic acid testing detects the HIV RNA genome through polymerase chain reaction
(PCR) assays (Iweala, 2004; Fearon, 2005). HIV RNA is extracted from virions in the
infected person’s plasma.followed by a reverse-transcriptase PCR (RT-PCR) in order to
convert the RNA to DNA and increase the number of DNA copies, after which it is
detected either by agarose gel electrophoresis or enzyme-linked quantification (lweala,
2004; Newman et al., 2014). Nucleic acid tests are the standard for diagnosing HIV in

infants younger than 15 months as serological testing may be compromised by the



presence of maternal HIV antibodies in the patient (Iweala, 2004; Fearon, 2005; Kuritzkes
and Koup, 2013).

Viral load monitoring, performed by quantitative PCR is generally used to monitor
patients following HIV diagnosis and response to ART (Fearon, 2005; Kaslow et al.,
2014; Mossoro-Kpinde et al., 2016). The PCR is real-time based and more sensitive
clinical assays are able to detect as few as 20 copies of viral RNA per millilitre (ml)
plasma (Kaslow et al., 2014; Mossoro-Kpinde et al., 2016).

The CD4* T-lymphocyte cell count is used to determine the immunological status
andstage of disease (Kaslow et al., 2014). The CD4* T-lymphocytes are measured by
flow cytometry, which counts cells bound to chemiluminescent-tagged antibodies
(Glencross et al., 2008; Kaslow et al., 2014). There are also portable CD4* T-lymphocyte
analysers that can determine the CD4* T-lymphocyte cell count at the point of care
(Glencross et al., 2012).

1.7 EPIDEMIOLOGY OF HIV

1.7.1 Global Epidemiology of HIV

Recent data published by the UNAIDS estimates that 36.9 million people world-wide are
living with HIV in 2017 (Joint United Nations Programme on HIV/AIDS, 2018b). The
region that has the highest number of people living with HIV is Eastern and Southern
Africa, with more that 50% of the HIV infected population found in this region that
accounts for only 6.2% of the global population (Joint United Nations Programme on
HIV/AIDS, 2016b). Among the countries in this region, South Africa, Mozambique and,
Tanzania contribute to over 50% of the infections in this region (Kharsany and Karim,
2016).

It is further estimated that approximately 21.7 million HIV-infected individuals are
accessing ART globally (Joint United Nations Programme on HIV/AIDS, 2018b). Within
Eastern and Southern Africa, 12.9 million people living with HIV are receiving ART,
making up 66% of the HIV-infected population of that region (Joint United Nations
Programme on HIV/AIDS, 2018a, 2018Db).

In 2014, UNAIDS stated that they sought to end the AIDS epidemic by 2030, and set the
“90-90-90” targets. These targets state that 90% of all people living with HIV should



know their status, 90% of those diagnosed with HIV should be on sustainable ART and
90% of those on ART should be virally suppressed (Joint United Nations Programme on
HIV/AIDS, 2014). This translates to 90% of the HIV population knowing their status,
81% of all people living with HIV accessing ART and 73% all infected persons to be
virally suppressed (Joint United Nations Programme on HIV/AIDS, 2014, 2016b). As of
data collected by 2017, the global progress towards these goals is that 75% of the HIV
population know their status, 59% of people living with HIV are on ART and 47% of
people living with HIV and on ART are virally suppressed (Joint United Nations
Programme on HIV/AIDS, 2018a). The progress towards these goals differ vastly by
country and region. The greatest progress was observed in the Western and Central
Europe region with 85%, 76% and 65% progress, and the least progress was observed in
Northern Africa and the Middle East region with 50%, 29% and 22% progress towards
the 90-90-90 goals, respectively (Joint United Nations Programme on HIV/AIDS,
2018b).

1.7.2 Origin and Spread of HIV

Acquired Immune Deficiency Syndrome was first noticed in homosexual men in the
United States of America (USA) in 1981 (Sharp and Hahn, 2011), with the causative
agent later identified as a retrovirus in 1983 (Barré-Sinoussi et al., 1983). The origins of
HIV, however, have been traced to approximately 1920 in Central Africa, where they
emerged from cross-species transmission of simian immunodeficiency virus (SIV) from
chimpanzees and sooty mangabeys to humans, most likely through exposure of the
mucous membranes to infected blood or body fluids (Sharp and Hahn, 2011; Faria et al.,
2014).

The four lineages of HIV-1, Groups M, N, O and P, resulted independently cross-species
transmission of SIV to humans (Faria et al., 2014). Group M, the pandemic form of HIV-1
and the first lineage discovered, resulted from cross-species transmission of SIV from the
Pan troglodytes troglodytes chimpanzees found in the South-eastern corner of Cameroon
(Sharp and Hahn, 2011). Group O HIV remained non-pandemic with infections of this
group being rare and typically constrained to West Africa, particularly Cameroon and
Gabon (Sharp and Hahn, 2011; Faria et al., 2014). Group N, which is even rarer than
Group O, is only found in Cameroon, and has been traced to P. t. troglodytes chimpanzees

in South-central Cameroon (Sharp and Hahn, 2011). Group P, which has been detected
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in two persons to date, has been traced back to SIVs from gorillas in the West-central
Africa region (Sharp and Hahn, 2011).

The transmission event of SIV to humans that resulted in Group M HIV-1 has been
modelled back to approximately 1910 to 1930 (Sharp and Hahn, 2011; Faria et al., 2014).
Following the transmission event of Group M HIV-1 to humans, presumably via
bloodborne transmission from ape blood to human hunters, the virus spread along the
Congo river to Kinshasa in the Democratic Republic of the Congo (DRC), where the
earliest strains of HIV-1 were discovered (Sharp and Hahn, 2011). The virus then spread
and diversified in that region for approximately 50 to 70 years before it was recognised
(Sharp and Hahn, 2011; Faria et al., 2014).

The origins of HIV-2, first identified in 1986, was traced to a cross-species transmission
event of SIV from sooty mangabeys in West Africa (Sharp and Hahn, 2011). The HIV-2
epidemic is mainly limited to West Africa, with Guinea-Bissau and Senegal having the
highest prevalence (Sharp and Hahn, 2011). Compared to HIV-1, HIV-2 has lower VLs,
making the virus less transmissible; and results in a slower progression to AIDS (Sharp
and Hahn, 2011; Kaslow et al., 2014). These factors are resulting in reduced prevalence
rates of HIV-2 and the gradual replacement of HIV-2 with HIV-1 in most countries in
that region (Sharp and Hahn, 2011).

1.7.3 Geographical Distribution and Subtypes

It is hypothesised that most, if not all, of the evolution of HIV-1 Group M into the nine
subtypes occurred in the area around Kinshasa following its introduction in the beginning
of the twentieth century (Hemelaar et al., 2011; Sharp and Hahn, 2011). This is supported
by the fact that the genetic diversity of HIV-1 Group M was much greater and more
complex in the DRC by the end of the 1980s compared to the rest of the world, and that
all subtypes have been identified there (Sharp and Hahn, 2011; Faria et al., 2014).

The classification of subtypes or clades within HIV-1 Group M was originally based on
the envelope (env) sequences, with a variation of 20 to 35% observed between viruses of
different clades, and only 8 to 20% variation observed between viruses belonging to the
same clade (Hemelaar et al., 2011). The nine clades (A-D, F-H, J and K) may also
recombine in dual-subtype infected individuals to form circulating recombinant forms

(CRFs), found in three or more epidemiologically unlinked individuals, or unique
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recombinant forms (URFs), found in fewer than three individuals (Kijak and McCutchan,
2005; Taylor et al., 2008). To date, there have been over 96 CRFs identified (Recordon-
Pinson et al., 2018). The most prevalent subtypes are A, B, C, D CRF01_AE and
CRF02_AG, which combined account for approximately 85% of global infections
(Hemelaar et al., 2011).

Due to being the origin of HIV, it is logical that the greatest subtype diversity is found in
Central Africa, where all subtypes and many CRFs and URFs co-circulate (Kijak and
McCutchan, 2005; Hemelaar et al., 2011).. In Southern Africa, the dominant subtype is
almost exclusively subtype C, from where it spread to also dominate the epidemic in
Ethiopia and India and circulate in other surrounding countries (Hemelaar et al., 2011;
Sharp and Hahn, 2011). Subtype C is the most prevalent subtype globally (approximately
48% of infections) and has been responsible for major epicentres of the HIV pandemic
by spreading through countries in Southern Africa and Southern and Central Asia
(Hemelaar et al., 2011). The global distribution of HIV-1 subtypes is illustrated in Figure
1.3 below.
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1.7.4 Transmission

Transmission of HIV-1 occurs via exposure to blood or other biological fluids at mucosal
surfaces or percutaneously (Shaw and Hunter, 2012; Kaslow et al., 2014). The major

routes which HIV-1 is transmitted includes through anal or vaginal, sharing of needles or
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other injection devices with an infected person and through perinatal exposures which
include transplacental, intrapartum and postpartum exposures (Kaslow et al., 2014).
Mother-to-child transmission carries the highest risk of HIV-1 transmission, either
through intrauterine, intrapartum or transmission via breastmilk (Shaw and Hunter,
2012).

The global epidemic is primarily driven by sexual transmission, the majority of these
being heterosexual transmissions, despite having the lowest transmission probabilities
(Shaw and Hunter, 2012; Kaslow et al., 2014; Cohen et al., 2016). The greatest
contributing factor to the risk of transmission for sexual exposures is the VL, with an
approximate 2.5-fold increased risk of transmission for every ten-fold increase in the VL
(Shaw and Hunter, 2012; Maartens et al., 2014). As a corollary, acute phase infections
are also associated with an increased risk of transmission as the plasma VL is high during
this phase (Maartens et al., 2014). In addition to the high VL, the lack of neutralising
antibodies and the clonal expansion of viruses highly capable of initiating productive
infections are thought to play a role in the increased risk of transmission during acute
phase infections (Shaw and Hunter, 2012). The presence of genital ulcer disease,
particularly ones that result in inflammation and ulceration increase the risk of

transmission by approximately 2 to 11-fold (Gray et al., 2001; Shaw and Hunter, 2012).

1.7.5 Key Populations

The World Health Organization identifies five key populations who are
disproportionately affected by the HIV epidemic, namely men who have sex with men
(MSM), transgender people, people who inject drugs, sex workers and people in prisons
and other closed settings (World Health Organization, 2016a). These population groups
make up almost 50% of the global HIV-infected population (Joint United Nations
Programme on HIV/AIDS, 2018b).

While the incidence does differ by region, outside of Western, Central, Eastern and
Southern Africa the proportion of new HIV infections attributed to key populations and
their sexual partners was as high as 96% in some regions in according to UNAIDS data
from 2014 (Joint United Nations Programme on HIV/AIDS, 2016a).
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1.7.1 Epidemiology of HIV in South Africa

Approximately 33% of infections in Eastern and Southern Africa are from SA, and it has
one of the highest prevalence rates of HIV globally, with an estimated 7.2 million people
living with HIV (Joint United Nations Programme on HIV/AIDS, 2018b). With an
estimated 4.4 million people accessing ART, SA has the largest ART programme
worldwide (Joint United Nations Programme on HIV/AIDS, 2016a, 2018b). With regards
to the 90-90-90 targets, as of the end of 2017 84.9% of the HIV-infected population know
their status, 70.6% of HIV-infected persons are accessing ART, and 87.5% of people with
HIV are virally suppressed (Human Sciences Research Council, 2018).

1.8 ANTIRETROVIRAL THERAPY

Chemotherapeutic treatment of HIV is achieved through ART, which can be administered
as combination ART for the management of HIV infection, or to prevent infection either
through pre-exposure prophylaxis (PrEP or post-exposure prophylaxis (PEP). The first
ARV, the NRTI zidovudine (AZT), was identified in 1985 and approved for management
of HIV infection in 1987 (Cihlar and Ray, 2010; Cihlar and Fordyce, 2016). Over the
years, more ARV drugs became available, including more NRTI, protease inhibitors (Pl),
entry inhibitors, fusion inhibitors and integrase strand-transfer inhibitors (InST1) (Broder,
2010).

The current HIV treatment paradigm consists of triple therapy, however, initial ART
regimens consisted of a single ARV. While viral suppression on monotherapy was
achieved, it was not sustained, and the survival benefit attributed to such regimens was
only a six to eighteen-month increase in lifespan (Hammer et al., 1994; de Béthune,
2010). Additionally, the other benefits of ART were also short-lived, primarily due to the
development of drug resistance (Hammer et al., 1994). The efficacy of triple therapy,
proven to be the most effective form of ART in 1997, is due to the prevention of drug
resistance, which occurs early during monotherapy (Gulick et al., 1997; Hammer et al.,
1994). The rapid development of drug resistance during monotherapy is due to the
presence of drug-resistant variants present at low levels prior to ART initiation. The
selection pressure of the drug combined with the inability of a single agent to completely
halt the replication of the entire HIV quasispecies, results in low-level of these drug

reseistance variant and a resulting increase in their prevalence (Coffin, 1995; Clutter et
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al., 2016). The triple therapy ART approach currently used consists of a backbone of two
NRTI with an additional ARV from another class (Martinez-Cajas and Wainberg, 2008).

1.8.1 Reverse Transcriptase Inhibitors

1.8.1.1 Nucleoside Reverse Transcriptase Inhibitors (NRTI)

The NRTI class of ARV agents are analogues of endogenous nucleosides and nucleotides
that lack a 3’°-hydroxyl group (Cihlar and Ray, 2010; Sherman, 2015), resulting in DNA
chain termination during the elongation phase of reverse-transcription (El Safadi et al.,
2007; Sherman, 2015).

The NRTI are formulated as prodrugs that require phosphorylation to form active
deoxynucleoside triphosphate (ANTP) analogues (Cihlar and Ray, 2010). Despite having
a lower intracellular concentrations, these dNTP analogues are incorporated at similar
rates and with similar efficiency as endogenous dNTPs (El Safadi et al., 2007). Thus, the
dNTP analogues compete with endogenous dNTPs for incorporation into by the HIV RT
(Cihlar and Ray, 2010).

The NRTI include zidovudine (AZT), didanosine (ddl), zalcitabine (ddC), stavudine
(d4T), lamivudine (3TC), abacavir (ABC), emtricitabine (FTC) and tenofovir (TFV). A
number have fallen out of use, due to higher levels of toxicity, avoidance of thymidine
analogues to reduce the accumulation of thymidine analogue mutations (TAMS), or cost
implications (Martinez-Cajas and Wainberg, 2008; Venter, 2017). Currently, AZT, TFV,
ABC, 3TC and FTC remain in use.

Despite being classified as an NRTI, TFV is an acyclic nucleotide analogue which only
requires di-phosphorylation (Vivet-Boudou et al., 2006; Cihlar and Ray, 2010). In
addition to this, TFV has been formulated as the prodrug TFV disoproxil fumarate (TDF)
in order to enhance oral bioavailability (Lyseng-Williamson et al., 2005).

The NRTI have a significantly high intracellular persistence after phosphorylation
compared to the plasma half-life, which has been suggested to be the reason behind the
efficacy of certain NRTI regimens (Cihlar and Ray, 2010). The adverse effects observed
when using NRTI include peripheral neuropathy, pancreatitis, lipoatrophy and fatal liver
toxicity, many of which may be as a result of mitochondrial damage (El Safadi et al.,

2007; Sherman, 2015). There are few drug interactions associated with most of the NRTI,
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however, concomitant use of two analogues deriving from the same nucleoside is

contraindicated (Sherman, 2015).

1.8.1.2 Non-Nucleoside Reverse Transcriptase Inhibitors (NNRTI)

The NNRTI are non-competitive allosteric inhibitors of the RT enzyme (Safrin, 2015;
Sherman, 2015; Valuev-Elliston and Kochetkov, 2017). They bind to a hydrophobic site
adjacent to the active site inducing a conformational change that displaces the catalytic
aspartate residues and results in a reduced nucleotide incorporation rate (Vivet-Boudou
et al., 2006).

The first-generation NNRT]I include nevirapine (NVP), delavirdine (DEL) and efavirenz
(EFV) (Deeks, 2018; Gu et al., 2018). These NNRTI, however, proved to have a low
generic barrier to resistance and could be rendered inactive by a single drug-resistance
mutation (de Béthune, 2010; Gu et al., 2018). The second-generation NNRTI, doravirine
(DOR), etravirine (ETV) and rilpivirine (RPV), were formulated to be active against HIV-
1 viruses with resistance mutations to the first-generation NNRTI (Valuev-Elliston and
Kochetkov, 2017).

The relative safety and favourable toxicity profile combined with their effective inhibition
of wild-type (WT) HIV-1 viruses has made NNRTI, specifically EFV, the preferred third
drug used in first-line ART for the last several years (de Béthune, 2010; Venter, 2017).
Due to the high specificity with which NNRTI inhibit HIV-1 RT, these drugs are inactive
in other retroviruses including HIV-2 (de Béthune, 2010).

1.8.2 Protease Inhibitors (PI)

Protease inhibitors (PI) function by reversibly inhibiting the HIV protease enzyme thus
preventing cleavage of the viral polyproteins into their component enzymes, ultimately
preventing the formation of mature, infectious virus particles (Sherman, 2015). The PI
were formulated to mimic the transition state intermediate formed during proteolytic
cleavage, replacing the scissile bond with a hydroxyethylene group (Adamson, 2012),
except in tipranavir which has a sulphonamide-containing dihydropyrone ring (Orman
and Perry, 2008). The PI bind HIV PR with high affinity, but are not cleaved as PR cannot
hydrolyse the hydroxyethylene group (Wensing et al., 2010).

The first generation of Pl approved for clinical use were saquinavir (SQV), ritonavir
(RTV), indinavir (IDV) and nelfinavir (NFV). Due to the issues of low bioavailability,
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high pill burden, multiple daily dosing and the associated adherence issues and
suboptimal drug concentrations, the first-generation Pls have fallen out of use (Adamson,
2012; Venter, 2017).

The second-generation of Pl were formulated to improve on the issues associated with
the first-generation of PI. These include a reduced pill burden, better tolerability due to
fewer adverse effects, and greater drug potency which can be further enhanced with RTV
boosting (Adamson, 2012).The second-generation PI include amprenavir (APV) (and the
prodrug fosamprenavir [FPV]), lopinavir (LPV), atazanavir (ATV), tipranavir (TPV) and
darunavir (DRV) (Wensing et al., 2010). In addition to the abovementioned
improvements, these second-generation PI have a higher genetic barrier to resistance and
develop a different pattern of mutations compared to the first-generation Pl (Adamson,
2012).

The discovery that RTV inhibits cytochrome P450 (CYP450) enzymes has resulted in it
being used to “boost” PI regimens by co-administering it in low doses with a Pl (Larson
et al., 2014). This boosting results in substantially improved bioavailability, half-life and
potency of the boosted Pl (Adamson, 2012).

1.8.3 Integrase Strand Transfer Inhibitors (InSTI)

The integrase strand-transfer inhibitors (InSTI) are competitive inhibitors of HIV
replication by binding IN in the active site, chelating the two metal cations required for
enzyme function, and preventing the proviral DNA from binding (McColl and Chen,
2010). This chelation activity makes InSTI unsuitable to be taken together with antacid
medications (Sherman, 2015). The adverse effects of InST1 use include nausea, diarrhoea,

headaches and nervous disorders (Safrin, 2015; Sherman, 2015).

The first-generation InSTI include raltegravir (RAL) and elvitegravir (EVG). Both of
these have proven to be potent ARVs for both initial and salvage regimens (Karmon and
Markowitz, 2013). The second-generation InSTI were formulated to have a higher genetic
barrier to resistance, and to be active in patients who have accumulated drug resistance
mutations to RAL and EVG (Dow and Bartlett, 2014). The second generation InSTI
include dolutegravir (DTG) and bictegravir (BIC), and unlike EVG, do not require
pharmacokinetic boosting with cobicistat (Larson et al., 2014; Badowski et al., 2016;
Markham, 2018).

17



In general, InSTI have proven to have a few adverse effects and drug interactions, making
them relatively well tolerated (Mesplede and Wainberg, 2013). This tolerability makes
InSTI a popular option as the third agent in ART regimens in wealthier countries (Venter,
2017). Due to the high genetic barrier of DTG and the ability to manufacture generic
formulations, the WHO has recommended a DTG-based alternative first-line regimen
(Venter, 2017; World Health Organization, 2018).

1.8.4 Entry Inhibitors

The use of entry inhibitors is generally reserved for patients who have accumulated
multiple drug resistance mutations and require a drug targeting a novel site of action for
salvage therapy (Adamson, 2012). Maraviroc binds directly to CCR5 in order to prevent
its association with gp120 and thus block viral entry. This means it is only active against
R5 viruses and not X4 viruses, which enter the host cell using CXCR4 (Checkley et al.,
2011). Therefore, it is important that patients undergo tropism testing prior to maraviroc

initiation to ensure the drug will be effective (Tilton and Doms, 2010).

Enfuvirtide (T-20) blocks gp41 from coming into close proximity with the host cell
membrane in order to form a fusion pore Unlike with maraviroc, viral tropism does not
play a role in the treatment response to enfuvirtide (Matthews et al., 2004). The use of
enfuvirtide is limited compared to maraviroc as it is associated with significant toxicities
(Venter, 2017).

1.8.5 Treatment of HIV

As with the treatment of any other medical condition, the goal of ART is to prolong the
length and improve the quality of life of persons infected with HIV. This is done by
suppressing viral replication to prevent the infection of new cells (Moyle et al., 1998).
Following ART initiation, there is a rapid decrease in the viral load, with an approximate
0.5 log reduction by four weeks and a one log reduction by eight weeks after initiation
(Samuel et al., (2006). In addition to the survival benefits, successful ART also reduces
transmission, as higher viral loads are associated with a greater probability of sexual

transmission of the virus (Cihlar and Fordyce, 2016; Cohen et al., 2016).

The current treatment paradigm used to treat HIV is combination therapy and consists of
two NRTI making up the “backbone” of the regimen, and an additional ARV from a
second class (an NNRTI, PI or InSTI) (Cihlar and Fordyce, 2016). Triple therapy
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regimens were proven clinically superior to their NRTI dual-therapy counterparts in two
clinical trials ending in 1997 (Gulick et al., 1997; Hammer et al., 1997). At the time of
these studies it was already established that dual-therapy was superior to monotherapy,
and the results of these trials showed that triple-therapy was superior to dual-therapy in
terms of virological suppression, HIV-1 RNA and CD4 cell responses and disease
progression to AIDS or death.

Prior to 2016, ART initiation was deferred until the CD4* cell count was below a certain
threshold, if there were symptoms of advanced HIV disease, if there was tuberculosis or
hepatitis B co-infection, if the patient was pregnant or breastfeeding or if the patient had
an HIV-negative partner (World Health Organization, 2013; National Department of
Health, 2015). The Strategic Timing of Antiretroviral Therapy (START), the Strategies
for Management of Antiretroviral Therapy (SMART) and TEMPRANO trials
investigated the outcomes of patients starting ART earlier than recommended (The
Strategies for Management of Antiretroviral Therapy (SMART) Study Group, 2008;
TEMPRANO ANRS 12136 Study Group, 2015; The INSIGHT START Study Group,
2015). The results of these trials, all of which indicated reduced adverse events when
initiating therapy earlier, prompted the WHO to update their guidelines on when to initiate
ART (World Health Organization, 2015b). Following this, South Africa implemented the
universal test-and-treat approach in September 2016 (National Department of Health,
2016).

The South African National Consolidated Guidelines for the prevention of
mother-to-child transmission of HIV and the management of HIV in children, adolescents
and adults is based upon the WHO 2016 treatment guidelines (National Department of
Health, 2015; World Health Organization, 2016b). The first-line regimen prescribed for
adults includes pregnant and breastfeeding women and should be prescribed as a
fixed-dose combination. In the private sector, the regimen choice is the same, however,
DTG is available in the place of EFV (Meintjes et al., 2017).
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Table 1.1: Preferred first-line ART regimen in South Africa for all age groups.
Population Group Preferred First-line ART Regimen
Adults and adolescents older than 15 years and | TDF + 3TC/FTC + EFV

greater than 40 kilograms (kg)
Children and adolescents 3 to 15 years and greater | ABC + 3TC + EFV
than 10 kg
Children younger than 3 years and less than 10 kg | ABC + 3TC + LPV/r

While on ART, certain clinical and laboratory assessments are performed, including
CD4* T-lymphocyte cell counts, VL monitoring, drug toxicity testing, screening for
infection with Mycobacterium tuberculosis and determination of the WHO clinical stage
(National Department of Health, 2015). Virological failure which is defined as at least
two VL measurements > 1000 copies/ml two months apart despite good ART adherence,
results in a regimen switch to second-line ART which consists of AZT, 3TC and ritonavir
boosted lopinavir (LPV/r) (National Department of Health, 2015). Alternatives to these
drugs for second-line ART include ABC, TDF and ATV/r. Failure of second-line ART
requires referral to a specialist, however, the regimen will generally consist of an InSTI
such as RAL, a second-generation Pl such as DRV and / or a second-generation NNRTI
such as ETR (National Department of Health, 2015).

1.9 HIV DRUG RESISTANCE

1.9.1 Resistance to NRTI

Drug resistance mutations targeted against NRTI arise using one of two mechanisms to
confer resistance, the discrimination mechanism or the primer unblocking excision
mechanism (Vivet-Boudou et al., 2006; El Safadi et al., 2007; Nikolenko et al., 2011).
The two NRTI resistance pathways, with the exception of the M184V mutation, are
opposing pathways and therefore, the mutation pattern observed is either one primer
unblocking mutations or multiple discriminatory mutations (Tang and Shafer, 2012). The
discrimination mechanism allows the HIV RT to distinguish between endogenous dNTPs
and chain terminating dideoxy-NRTI (Tang and Shafer, 2012), and is dependent on the
competition between the endogenous dNTPs and the NRTI analogues as well as the rate
of NRTI incorporation into DNA (Vivet-Boudou et al., 2006; El Safadi et al., 2007).
These mutations occur close to or within the dNTP binding site and include the K65R,
K70E/G/Q, L74VI1, F77L, M184V/l and the Q151M complex mutations (Vivet-Boudou
et al., 2006; El Safadi et al., 2007; Cihlar and Ray, 2010; Nikolenko et al., 2011; Tang
and Shafer, 2012).
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The excision mechanism of drug resistance uses adenosine triphosphate-lysis to excise
the chain terminating NRTI analogue (El Safadi et al., 2007; Cihlar and Ray, 2010;
Nikolenko et al., 2011; Tang and Shafer, 2012; Clutter et al., 2016). These mutations are
distant from the dNTP binding site and are generally termed TAMs as they first originated
following the use of the thymidine analogues AZT and d4T (Nikolenko et al., 2011,
Clutter et al., 2016). The TAMs include the M41L, D67N, K70R, L210W, T215F/Y and
K219Q/E/N/R (El Safadi et al., 2007; Cihlar and Ray, 2010; Nikolenko et al., 2011; Tang
and Shafer, 2012). The TAMs are generally found in one of two overlapping patterns,
Type | (M41L, L210W and T215Y) or Type Il (D67N, K70R, T215F and K219Q/E)
(Tang and Shafer, 2012). While these mutations were originally associated with
thymidine analogues, they are multidrug and also confer resistance to TDF, ABC and ddlI
(Cihlar and Ray, 2010; Tang and Shafer, 2012).

1.9.1.1 M184V

The Substitution of the methionine (M) with valine (V) or isoleucine (I) at position 184
of the RT (the M184V mutation) is the most common NRTI-resistance mutation in
approximately 53% of failing regimens in resource limited settings (Hosseinipour et al.,
2013). It is typically the first drug resistance mutation to appear, often with NNRTI-
associated resistance mutations, in cases where NNRTI are co-administered (Miller et al.,
2002). The mutation is selected for by 3TC, FTC, ABC, ddl and ddC, and confers
resistance to all of these, particularly 3TC and FTC, where there is a 100 to 1000-fold
increase in the half maximal inhibitory concentration (ICso) (Miller et al., 2002;
Wainberg, 2004; Vivet-Boudou et al., 2006; El Safadi et al., 2007; Clutter et al., 2016).
The presence of M184V also increases the virus susceptibility to AZT and TVF
(Wainberg, 2004; Tang and Shafer, 2012; Clutter et al., 2016). Despite the high level of
resistance to 3TC and FTC, these drug retain some residual activity in the presence of
M184V (Miller et al., 2002; Wainberg, 2004).

The M184 amino acid is located within the highly conserved YMDD catalytic motif of
the HIV-1 RT, which is highly conserved and interacts with the 3 end of the primer,
incoming dNTPs and metal ion cofactors (Miller et al., 2002; Vivet-Boudou et al., 2006).
Substitution of the M184 with V or I results in steric hindrance with 3TC and FTC in
particular as the sulphur atom in the oxathiolane ring of these NRTI project further than
the standard ribose ring present in endogenous dNTPs (Gao et al., 2000; Vivet-Boudou
et al., 2006). The M1841 mutation typically precedes M184V, however, due to the low
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enzymatic efficiency of M184l, it is outcompeted by M184V (Gao et al., 2000; Miller et
al., 2002; Vivet-Boudou et al., 2006; Clutter et al., 2016).

There is an increased fidelity associated with the M184V mutation, however, it is not as
high as that observed by some other drug resistance mutations such as K65R or M184l
(Miller et al., 2002; Wainberg, 2004; Vivet-Boudou et al., 2006). The increased fidelity
results in reduced fitness, which not only reduces the HIV-1 processivity and replicative
capacity, but may also result in reduced HIV-1 RNA levels of approximately 1.5 log
compared to WT viruses (Miller et al., 2002; Wainberg, 2004; Vivet-Boudou et al., 2006;
Tang and Shafer, 2012; Clutter et al., 2016). The reduced fitness is also conveyed in the
fact that viruses rapidly revert to WT at the M184 amino acid site following 3TC or FTC
discontinuation (Miller et al., 2002; Vivet-Boudou et al., 2006; Wilson et al., 2015).

The presence of M184V is antagonistic and suppressive to the generation of TAMs,
resulting in their emergence being limited or delayed (Miller et al., 2002; Wainberg,
2004). The combination of M184V and certain TAMSs in one virus results in an additive
inhibition of RT to an enhanced degree than would be observed by either alone
(Wainberg, 2004).

1.9.1.2 K65R

Substitution of lysine (K) with arginine (R) at position 65 (the K65R mutation) is
commonly detected in patients failing TFV-based regimens, and is more commonly
observed in HIV-1 Subtype C (Brenner et al., 2006; Das et al., 2009). The lysine at
position 65 forms part of the RT binding pocket and contributes to the correct binding
and relative positioning of the incoming dNTP (Das et al., 2009). Mutation of this amino
acid to R increases the fidelity of the HIV-1 RT and decreases the rate of dNTP
incorporation by almost 3-fold (White et al., 2005; Das et al., 2009). The increased
fidelity leads to even lower efficiency of dideoxy-NRTI incorporation due to the
structural differences existing between them and endogenous dNTPs (White et al., 2005;
Vivet-Boudou et al., 2006; Das et al., 2009). The increased fidelity also results in a
reduction in viral fitness as the virus is less able to adapt to changes in the host (Das et
al., 2009).

The K65R drug resistance mutation is primarily selected for by TFV use, but also by d4T,
ABC, ddl and ddC use, and confers resistance to these drugs as well as to 3TC and FTC
(White et al., 2005; Vivet-Boudou et al., 2006; El Safadi et al., 2007; Tang and Shafer,
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2012). It is not selected for in AZT use and provides increased susceptibility to the drug
(Vivet-Boudou et al., 2006; Garforth et al., 2014).

The K65R and M184V mutations in conjunction with each other reduce susceptibility to
ddl, ABC, 3TC and FTC and increase susceptibility to TFV, d4T and AZT compared to
each mutation alone (Das et al., 2009). In addition, viruses with both of these mutations
have a greater reduction in fitness due to an even lower incorporation on dNTPs (Vivet-
Boudou et al., 2006). There is antagonism between the K65R and TAM drug resistance
mutations, and the two of these present in one virus results in increased susceptibility to
TFV (Vivet-Boudou et al., 2006; Das et al., 2009).

1.9.2 Resistance to NNRTI

Mutations conferring resistance to NNRTI generally occur within the vicinity of or within
the NNRTI binding pocket and result in the RT having reduced affinity for NNRTI
(Nikolenko et al., 2011; Tang and Shafer, 2012). The mutations, which appear either
single or as part of a complex, confer resistance to at least two or more NNRTI (Nikolenko
etal., 2011; Tang and Shafer, 2012). The most common NNRTI drug resistance mutations
include L1001, K101E/P, K103N/S, V106A/M, E138K, Y181C/I/V, Y188C/HIL,
G190A/S/E and M230L (EI Safadi et al., 2007; Nikolenko et al., 2011; Tang and Shafer,
2012).

1.9.2.1 KI103N

The K103N drug resistance mutation is the most common NNRTI drug resistance
mutation and second most common drug resistance observed in resource-limited settings
(Hosseinipour et al., 2013). It confers broad, high-level NNRTI resistance to NVP, DEL
and EFV, and is selected by these drugs (El Safadi et al., 2007; Nikolenko et al., 2011,
Massarotti and Coluccia, 2016).

The mechanism in which K103N reduces NNRTI susceptibility is by stabilising the
structure of the NNRTI binding pocket in a closed conformation (Hsiou et al., 2001; Ren
and Stammers, 2008; Massarotti and Coluccia, 2016). This is supported by the fact that
direct interaction between the K103 amino acid side chains and incoming NNRTI has
only been observed with DEL (Hsiou et al., 2001; Ren and Stammers, 2008; Massarotti
and Coluccia, 2016). The newer NNRTI such as ETV, have a less rigid structure and thus

are able “wiggle” into the closed binding pocket, as represented by the minimal resistance
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effect of K103N mutants on ETV efficacy (Tang and Shafer, 2012; Massarotti and
Coluccia, 2016). There are other amino acid mutations that occur at the K103 amino acid
site of RT, including K103S which results in a 9.5-fold reduction in susceptibility to EFV
and even greater reduction to DEL and NVP susceptibility (Harrigan et al., 2005).

1.9.3 Development of Drug Resistance

The development of drug resistance is due to the selective pressure exerted by ART agents
on the replicating HIV-1 virus. Drug resistance is also specific to the drug or drug class
from which it developed, and cross-resistance between classes generally does not occur,
even between NRTI and NNRTI drug resistance mutations (Tang and Shafer, 2012). The
genetic barrier to resistance of an ARV is defined as the number of mutations required to
confer resistance to that drug and Figure 1.4 describes the genetic barrier of several

common ARVs as a function of their potency (Tang and Shafer, 2012).
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Figure 1.4: Genetic barrier to resistance of commonly used antiretrovirals as a function of
their potency (Tang and Shafer, 2012). The potency compared to genetic barrier of commonly
used ARVs. Drug classes are as follows: NRTI in black font, NNRTI in purple font, PI in blue
font, InSTI in red font and entry inhibitors in green font. Antiretrovirals within the same ellipse
are considered to have similar potencies and genetic barriers to resistance.

The genetic barrier of the drug classes reserved for second- and third-line ART, namely
the PI, InSTI and second-generation NNRTI have a higher genetic barrier to resistance
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than the NRTI and NNRTI commonly used in first-line ART regimens (National
Department of Health, 2015; World Health Organization, 2016b). This is due to the fact
that cross-class drug resistance is rare, and thus provides a new drug class to which the
patient is fully susceptible (Tang and Shafer, 2012). These drugs also have a higher
potency, defined as the extent to which the ARV lowers plasma HIV-1 levels, and thus
are more ideal in situation where the NRTI backbone may be compromised (Tang and
Shafer, 2012; Clutter et al., 2016).

The development of drug resistance mutations is facilitated by the high replication rate in
conjunction with the low fidelity of the viral RT resulting in a high mutation rate (Daar
and Richman, 2005; Tang and Shafer, 2012). Suboptimal ART levels allows for
continued HIV replication and due to the selection pressure of the drug, minor-variant
drug-resistant strains present within the HIV population increase in prevalence and result
in replicating drug-resistant viruses (El-Khatib et al., 2010; Clutter et al., 2016). While
non-adherence is a common cause of suboptimal ART levels, other virus and host factors
play a role as well including poor drug absorption and suboptimal therapeutic drug levels
resulting in continued HIV replication (Rong et al., 2007; Clutter et al., 2016). It is
estimated that approximately 5% of patients develop genotypic resistance after one year
on combination ART, 10% after two years and within six years almost 30% experience
virological failure with a minimum of one major drug resistance mutation (Wilson et al.,
2015). It should however be noted that as most drug resistant variants are less fit, they are
frequently out-competed by the more fit circulating WT variants in the absence of drug
pressure (Clutter et al., 2016).

The above describes how acquired drug resistance (ADR) is developed, however, drug
resistant viruses may also be transmitted from person-to-person (Clutter et al., 2016).
Infection with a resistant virus, termed transmitted drug resistance (TDR), carries an
increased risk of virological failure and possible development of additional drug
resistance mutations (Tang and Shafer, 2012). Detection of TDR is limited by the fact
that drug resistance mutations may not be present without the selective pressure of the
ART after a certain amount of time as the mutant variant may be archived in the viral
reservoirs (Hanna and D’Aquila, 2001). Screening of TDR is often performed by
analysing pre-treatment drug resistance (PDR), which is also subject to previous ART

exposure (Tang and Shafer, 2012).
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1.9.4 Review of HIVDR trends

A systematic literature review of rates of PDR including studies performed between 2001
and 2016 was reported in the 2017 WHO HIV Drug Resistance Report (World Health
Organization, 2017), where in rates of PDR have increased annually by 29% in Eastern
Africa and 23% in Southern Africa, and between 11 and 17% in other regions. A sequence
data meta-analysis similarly showed increases in odds of NNRTI TDR in most regions,
including a 1.09-fold increase in sub-Saharan Africa (Rhee et al., 2015). Figure 1.5 below
shows the results of the meta-analysis of NNRTI and NRTI drug resistance in Southern
Africa (World Health Organization, 2017).
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Figure 1.5: Pre-treatment drug resistance in Southern Africa (World Health Organization,
2017). Then approximate levels of non-nucleoside reverse transcriptase inhibitor resistance (left)
and nucleoside reverse transcriptase inhibitor resistance (right) in Southern Africa.

The paediatric PDR prevalence was estimated to be 31.3% by the WHO Drug Resistance
Report (World Health Organization, 2017). A meta-analysis performed by Boerma et al.
(2016) determined the level of PDR in children in sub-Saharan Africa based upon
exposure to for prevention of mother-to-child transmission (PMTCT). This study found
a PDR prevalence of 42.7% for prevention of mother-to-child transmission
(PMTCT)-exposed and 12.7% for those unexposed children. There was also found to be
higher levels of dug resistance in children aged less than (<) 3 years (40.9%) compared
to children 3 years or older (17.6%) (Boerma et al., 2016). This higher level of PDR
children < 3 years in sub-Saharan Africa is concordant with the results of a multi-country
analysis performed in five sub-Saharan African countries where the overall PDR was

found to be 54.1% in newly-diagnosed infants < 18 months of age (Jordan et al., 2017).
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The WHO 2017 HIV Drug Resistance Report further reported trends in ADR, with a
global prevalence of 70.7% among adults failing ART (World Health Organization,
2017). Figure 1.6 below summarises the drug resistance mutations detected by ARV class
and major mutation (World Health Organization, 2017). Within Southern Africa, the
prevalence of drug resistance in adults failing ART was estimated to be approximately
87.3% (World Health Organization, 2017).

Acquired HIV drug resistance among individuals on ART (systematic literature review, 2014-2017)
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prevalence of NNRTI PDR was found to be 24.0% and 56.8%, and NRTI PDR was 10.7%
and 14.8%, respectively, according to whether PMTCT-naive or —exposed (Kuhn et al.,
2014).

There have been multiple studies in SA assessing the levels of ADR at first-line treatment
failure (El-Khatib et al., 2010; Wallis et al., 2010; Sigaloff et al., 2011; van Zyl et al.,
2011; Steegen et al., 2014, 2017; Skhosana et al., 2015; Hunt et al., 2017). The most
prevalent mutation detected in SA is M184V/I, and has been detected in high numbers
since 2007, ranging from 60.4% to 91.3%. Mutations that confer resistance to NNRT]I are
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also prevalent, with K103N being the most common with a prevalence ranging from
35.3% to 53.0%. As with M184V, there is also a general increase in the prevalence.

The K65R NRTI-resistance mutation has dramatically increased in prevalence since
2007, with an increase from between 1.1% to 8.8% prior to 2010 to 44.7% to 53.8% in
TFV-based regimens after 2010 (El-Khatib et al., 2010; Wallis et al., 2010; Sigaloff et
al., 2011; van Zyl et al., 2011, Steegen et al., 2014, 2017; Skhosana et al., 2015; Hunt et
al., 2017). The substantial increase in the prevalence of this mutation is due to the change
in first-line ART guidelines in 2010 recommending a TDF-based regimen, which selects
K65R, in the place of a d4T-based regimen, which selects TAMs (Martinez-Cajas and
Wainberg, 2008; National Department of Health, 2015; Steegen et al., 2017).

1.9.5 Resistance Detection Assays

Phenotypic drug resistance assays measure the in vitro susceptibility of a viral inoculum
to increasing ARV concentrations (Tang and Shafer, 2012). The susceptibility is based
upon the ratio of the ARV concentration that inhibits 50% (ICso) of the virus being tested
relative to the 1Cso of the wild-type (WT) reference, measured as a fold change in
susceptibility (Cohen et al., 2002; Tang and Shafer, 2012). Phenotypic drug resistance
assays are generally not performed for clinical management due to high costs and
turnaround time (Clutter et al., 2016).

Genotypic drug resistance testing relies on the detection of drug resistance mutations at
the sequence level, usually performed using PCR and dideoxynucleotide Sanger
sequencing (Clutter et al., 2016). The sequencing reaction is performed on the PCR
amplification product of the PR, RT or IN gene (Tang and Shafer, 2012). The resulting
electropherogram can then be analysed using software tools that provide consistency with
regards to the identification of nucleotide mixtures (Clutter et al., 2016). While Sanger
sequencing can detect variation in the HIV population, the limit of detection is
approximately 20% of the mutant in a WT background (Tang and Shafer, 2012; Parikh et
al., 2017). Interpretation of the detected mutations to determine the effect each has on
drug resistance can be performed using multiple algorithms such as the Stanford HIV
Drug Resistance Database (HIVDB) (Clutter et al., 2016).

Other genotypic assays have sought to improve upon the sensitivity of Sanger sequencing

and include next-generation sequencing (NGS), real-time allele-specific PCR (AS-PCR),
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oligonucleotide ligation assays (OLAs), pan-degenerate amplification and adaptation
(PANDAA) assays and ligation on RNA assays (Hunt et al., 2011; Tang and Shafer, 2012;
Inzaule et al., 2016; Natoli et al., 2017; Panpradist et al., 2017; Parikh et al., 2017). These
assays are capable of reliably detecting mutations present at levels as low as 0.01 to 5%
of the HIV-1 population (Parikh et al., 2017). Table 1.2 below compares Sanger
sequencing, NGS, and point mutation assays in general in terms of their advantages and
disadvantages (Hanna and D’Aquila, 2001; Tang and Shafer, 2012; Inzaule et al., 2016).
The improved sensitivity of these assays, with a focus on AS-PCR, has been used to detect
minority drug resistance mutations undetectable by Sanger sequencing (Johnson et al.,
2008; Pillay et al., 2008; Coovadia et al., 2009; Rowley et al., 2010; Hunt et al., 2011; Li
etal., 2011; Hoffman et al., 2013). It is important to note that point mutation assays, while
having the potential to be multiplexed, are designed to detect mutations present at a single
codon and therefore will not detectedother mutations present in the amplicon (Inzuale et
al., 2016).

Table 1.2: Comparison of the advantages and disadvantages of drug resistance assays

(Hanna and D’Aquila, 2001; Tang and Shafer, 2012; Inzaule et al., 2016)

Drug Resistance

Advantages Disadvantages
Assay g g
Phenotypic drug ¢ Reproducible ¢ Labour intensive and time consuming
susceptibility e Available in a kit ¢ In vitro selection of drug resistance
assays mutations

Lack of consensus on clinically
significant fold change values

¢ Insensitive to antagonistic mutations
Sanger sequencing |e Widely validated e Labour intensive
e Available in a kit e Limited automation potential
e Broad subtype e High initial capital cost
e Commonly available e Low sensitivity to variants below 20%
e Can be used with DBS e lll-suited for parallel testing
Next-generation e Specimens can be pooled |e Labour intensive
sequencing and run in parallel to save |e Complex workflow
costs e Can be subject to PCR errors
e High sensitivity e Complex and costly data analysis
e Can be used with e Requires wide validation
validated primers e High initial capital cost
e Can be used with DBS | e Possible read problems or uneven

sequence coverage

Point mutation
assays

High sensitivity

Potential for use with
validated primers
Potential for point-of-care
implementation

Limited multiplex capability

o Not commercially available

Requires extensive validation
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1.9.5.1 The HIV Drug Resistance RNV Multiplex Assay

The HIV Drug Resistance RNV (named for its detection of the K65R, K103N, and
M184V mutations) Multiplex Assay was developed by the Centers for Disease Control
and Prevention (CDC) for the purpose of detecting HIV-1 expression and screening for
three key drug resistance mutations associated with resistance to reverse transcriptase
inhibitors. Detection of unsuppressed HIV replication and the three key drug resistance
mutations, namely K65R, K103N and M184V occurs simultaneously. This allele-specific
assay uses a real-time platform with the SYBR-green intercalating fluorescent dye for the

quantitative detection of the amplification levels (Wei et al., 2015).

The RNV assay consists of two PCR reactions, the total copy (TC) PCR component and
the RNV PCR component, which are performed simultaneously. The TC PCR component
is the VL component of the assay and qualitatively differentiates between a high (=600
copies/ml) and a low (<600 copies/ml) VL. Specimens classified as having a high VL are
further analysed using the RNV PCR component. The RNV component is a multiplex
reaction that simultaneously detects the K65R, K103N and M184V mutations, Mutation
detection is performed by estimating the approximate mutant virus in the HIV population
for that specimen by using the change in the cycle threshold (ACt) value of the RNV
curve compared to the TC curve of that specimen. As both the viral load and mutation
detection component are qualitative, this assay serves as a screening method for the
identification of patients experiencing virological failure or harbouring drug-resistant
HIV.

There is no differentiation of the RNV PCR component amplification products as the
RNV assay uses an intercalating dye, however, agarose gel electrophoresis of the RNV
PCR products allows for identification of specific mutations in specimens with mutations
detected. The expected product sizes are 118 bp for the K65R product, 129 bp for the
K103N product and 190 bp for the M184V product.

The value of this assay is that while it is not quantitative, it can be implemented for routine
viral load monitoring as it can detect virological failure. The mutation detection
component of this assay also allows for screening of patients that require further drug
resistance testing or better adherence counselling, thus reducing the number of
unnecessary drug resistance tests performed. The approximate percentage of mutant virus
in the HIV population of a specific specimen can be estimated by using the change in the
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cycle threshold (ACt) value of the RNV curve compared to the total copy (viral load)

curve of that specimen.

This RNV assay is a relatively simple assay to set up and can be used on most real-time
platforms, making it feasible to implement in the majority of laboratories in SA and sub-
Saharan Africa. It is also cost effective, and will reduce not only the number of drug
resistance tests performed, but the number of patients switched to second-line regimens,
both of which have significant cost implications (Inzaule et al., 2016).

1.10 AIM
The aim of this study was to validate and optimise the HIV Drug Resistance RNV
Multiplex Assay in a South African setting.

1.11 OBJECTIVES

The primary objective of this study is:

1. To validate the HIV Drug Resistance RNV Multiplex Assay using specimens
collected from South African HIV-1 patients failing first-line ART.

2. To compare the results of the assay to previously determined VL and genotype
data.

The secondary objectives of the study include:

1. To analyse discrepant specimens using NGS to assess if the RNV assay is more

sensitive.

2. Toexplore polymorphic changes in discrepant specimens that may be contributing
to assay failure. To analyse the nucleotides in the primer binding region using the
previously generated Sanger sequences in any specimen where the allele-specific
multiplex PCR did not detect a mutation present in the Sanger sequence data.

3. To optimise the assay by recommending alternative TC and RNV thresholds

based on the pervious VL and Sanger sequence data.
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CHAPTER 2:

MATERIALS AND METHODS

2.1 SPECIMEN SELECTION

A total of 225 remnant plasma specimens were selected for this study, with known VL
and genotype (if the VL was > 1,000 copies/ml). These specimens were obtained through
previous drug resistance surveillance studies where participants were receiving ART
(University of the Witwatersrand Human Research Ethics Committee [HREC] number
M150740 and M131021). Of these, 47 specimens had a VL <600 copies/ml, and 178
specimens had a VL > 600 copies/ml. Of those with known genotype, 105 specimens had
a WT genotype at the 65, 103 and 184 amino acid sites, and 66 specimens had one or
more of the K65R, K103N and/or M184V mutations detected by conventional Sanger
sequencing technologies. The remaining 54 specimens were not previously genotyped
due to low VL. All specimens were delinked by the primary study principal investigators

and given a unique study identifier (ID).

2.2 SPECIMEN PROCESSING AND TEMPLATE GENERATION

Whole blood specimens were originally collected in ethylenediaminetetraacetic acid
(EDTA) vacutainer tubes. Specimens were shipped from the sample collection site within
96 hours. The plasma was separated by centrifugation at 4°C for 10 min at 440 g, and the

plasma was transferred to a new tube and stored at -80°C.

2.2.1 Nucleic Acid Extraction

Total nucleic acid (TNA) extraction of viral RNA was performed on 200 pl of plasma
using the automated MagNAPure LC instrument (Roche Diagnostics) using the MagNA
Pure LC Total Nucleic Acid Isolation Kit (Roche Diagnostics) according to the
manufacturer’s instructions. The procedure involves lysis, in which the lysis buffer and
proteinase K disrupted and digested the proteins and enzymes present. The magnetic glass
particles used consist of a silica surface with a magnetic core. The magnetic glass particles
and wash buffer | (containing isopropanol and guanidium chloride) were added to the
lysed mixture, allowing the nucleic acids present to bind to the silica surface of the beads
while the wash buffer removed the proteins and other contaminating molecules. The

magnetic glass particles were isolated from the digested cellular material and debris by
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applying the magnet, and washing performed using wash buffers Il and I11. The isolated
nucleic acids were released from the magnetic glass particles into the elution buffer by

applying heat and low-salt conditions (Roche Diagnostics GmbH, 2008).

The nucleic acids were eluted into 50 pl of the provided elution buffer and stored at -80°C
until use. The instrument has capacity for 30 specimens to be processed in a single batch.

Each batch included a HIV-positive and a HIVV-negative control.
2.2.2 Reverse-Transcriptase PCR

An RT-PCR was initially performed to generate template for the RNV assay, using
conditions described by Zhou et al., 2011. In this assay, complementary DNA (cDNA)
synthesis and RT-PCR was combined into a single reaction step using the SuperScript®
I11 One-Step RT-PCR System (Invitrogen, Carlsbad, CA, USA), and performed on the
Applied Biosystems 2720 Thermal Cycler (Applied Biosystems, Foster City, CA, USA).
Included in every batch of RT-PCR were positive and no-template controls. The RT-PCR
primers RT-R1 and PrtM-F1, which is an equimolar mixture of PrtM-F1a and PrtM-F1b
(Table 2.1), generate a first-round template that is 1.3 kilo-bp (kb) in length (nucleotide
position 2057 to 3370). The reaction conditions were: 1X Reaction Mixture which
contained 0.2 millimolar (mM) of dNTP and 1.2 mM magnesium sulphate (MgSOs), 1
microlitre (ul) of the SuperScript® Il RT Enzyme Mix (Invitrogen) and 0.4 micromolar
(uM) of each primer, to a final volume of 40 pul. To each reaction, 10 pl of extracted TNA
was added.

Table 2.1: Primers used for cDNA synthesis and initial amplification of the pol gene (Zhou
etal., 2011).

Primer | Sequence (5’ to 3°) Position (nt) | Orientation | Tm (°C)

PrtM-Fla | TGA ARG AIT GYA CTG ARA | 2057 to 2085 Forward 56
GRC AGG CTAAT

PrtM-F1b | ACT GAR AGR CAG GCT 2068 to 2092 Forward 51
AATTTTTTAG

RT-R1 ACT CCT GCATAA ATC TGA | 3370 to 3348 Reverse 54
CTTGC

The PCR cycling conditions were: 50°C for 45 minutes (min) for cDNA synthesis, 94°C
for 2 min (initial denaturation) followed by 40 cycles consisting of 94°C for 15
seconds (s), 50°C for 20 s and 72°C for 2 min; ending with 72°C for 10 min for final
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product extension and cooling to 4°C. The RT-PCR products were stored at -20°C until

further use.

Product verification of RT-PCR products was performed via agarose gel electrophoresis
using a2% agarose gel, made with UltraPure™ Agarose (Invitrogen) stained with
ethidium bromide (5 pg/ml) (Bio-Rad Laboratories, Hercules, CA, USA) and the PCR
products were visualised under UV light using the Bio-Rad ChemiDoc™ MP Imaging
System (Bio-Rad Laboratories).

2.3 THE HIV-1 DRUG RESISTANCE RNV MULTIPLEX ASSAY

2.3.1 Kit components and purpose

The HIV-1 Drug Resistance Multiplex Assay was designed by the Division of HIV/AIDS
Prevention, Centres for Disease Control (CDC), Atlanta, GA as a simple and affordable
assay to simultaneously detect HIV viraemia levels and three key drug resistance
mutations (K65R, K103N and M184V) using an intercalating fluorescent dye and real-
time PCR platforms (Wei et al., 2015). Specifically, the kit quantifies the relative
amplification level of a HIV-1 total copy (TC) PCR to which the mutation specific (RNV)
PCR is compared. The TC PCR component acts as a qualitative measure of circulating
virus levels using a lower detection limit of 600 copies/ml as a basis for qualitative

categorisation.

The kit provides vials of lyophilised TC and RNV reaction mixture that are reconstituted
to the required concentration immediately prior to use using distilled water. In addition,
included in each kit are two control plasmids, the RNCV control plasmid, which contains
each of the K65R, K103N and M184V control plasmids, and a WT control plasmid that
function as internal controls and measure the ability of the assay to distinguish mutant
from WT. The assay requires generation of amplified RT-PCR template of the HIV
polymerase gene as input for the assay, and is intended to be adaptable to any template

product method, and any real-time PCR platform.

2.3.2 Assay protocol

The lyophilised TC and RNV reaction mixes were reconstituted with 1150 ul diH20,

whereas the plasmid controls were reconstituted with 200 pl diH20.
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For all reactions, the final reaction mixture included 23 pl of the relevant reconstituted
TC or RNV enzyme mixture and 2 pl of the RT-PCR template product or plasmid control.
Each specimen or control was added to each of two wells, one containing the TC enzyme
mixture and the other the RNV enzyme mixture. Figure 2.1 illustrates the typical plate
layout used for the RNV assay. A maximum of 45 specimens could be included in each

run.

1 2 3 4 5 6 7 8 9 10 11 12
A|TC+ |RNV+|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |[RNV+|TC+ |RNV+
S1 S1 S9 S9 S17 S17 S25 S25 S32 S32 S39 S39
B|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+
S2 S2 S10 S10 S18 S18 S26 S26 S33 S33 S40 5S40
C|TC+ |RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |[RNV+
S3 S3 S11 S11 S19 S19 S27 S27 S34 S34 S41 S41
D|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+
S4 S4 S12 S12 S20 S20 S28 $28 S35 S35 S42 S42
E|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+
S5 S5 S13 S13 S21 S21 S29 S29 S36 S36 543 543
F|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+
S6 S6 S14 S14 S22 S22 S30 S30 S37 S37 S44 S44
G|TC+ |RNV+|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |RNV+
S7 S7 S15 S15 S23 S23 S31 S31 S38 S38 S45 S45
H|TC+ |[RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |RNV+|TC+ |RNV+
S8 S8 S16 S16 S24 S24 RNCV [RNCV |WT WT NTC |[NTC

Figure 2.1: Typical plate layout of the RNV assay. Layout of a typical RNV PCR assay plate.
Grey shading represents tubes with the TC enzyme mixture while white shading indicates tubes
with the RNV enzyme mixture. The specimens are represented by S1 to S45.

The real-time PCR reaction was performed using the LightCycler 480 instrument (Roche
Diagnostics, Mannheim, Germany) under the following conditions: 95°C for 10 mins
followed by 35 cycles of 95°C for 30 s, 50°C for 15 s and 59°C for 30 s. Fluorescence
was collected after the annealing step at the SYBR Green acquisition wavelengths of

excitation at 465 nm to emission at 510 nm.

2.3.3 Real-time PCR data analysis methods

The amplification curves were analysed using two absolute quantification methods,
namely the second derivative maximum and the fit point methods, to determine the cycle
threshold (Ct, also known as crossing point) values. The second derivative maximum Ct
value was calculated by the Light Cycler instrument (Roche Diagnostics) by determining
the equation of the amplification curve and the exact point where the second derivative
of this was at a maximum, such as described by Tichopad et al., (2003). This was done
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automatically by the instrument after selecting the method for analysis. The crossing point
/ cycle threshold in relation to the second derivative and amplification curves is shown in
Figure 2.2 below.

4 .
.
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g 2 ’
c £ crossing point 2nd derivative
§ 22 B maximum
LB N e
i N 4 //
Py ¥ i
. A/
0 >0 TR SR Ll R——n—— 1 -
0 5 10 15 20 25 30 35 40
-1
cycle number

Figure 2.2: The crossing point (Ct) of an amplification curve in relation to the second
derivative values. The crossing point (Ct) value illustrated in relation to the amplification curve
at the point where the second derivative is at a maximum.

The fit point method requires the user to select a threshold which eliminates background
noise and the Ct values are determined as the point where the amplification curve crosses
this user-defined threshold. The threshold is selected at the beginning of the exponential
phase of the RNCV and WT control amplification curves. Figure 2.3 illustrates the noise
band position and the points fit to curves after eliminating the noise below the threshold.
Calculation of the Ct value following placement of the threshold or noise band is

determined by the Light Cycler instrument software.

Amplification Curves

1,0E1

+

Fluorescence (465-510)

6 8 10 12 14 16 18 20 22 24 26 28 30 32 34
Cycles

Figure 2.3: Determination of the Ct using the fit points method. The RNCV (orange), WT
(purple) and H2O (grey) RNV control amplification curves and the noise band (red) following
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removal of the noise beneath the threshold. The point fit to curve (black cross) were used to
calculate the Ct value.
Using either data analysis method to determine the Ct values, the change in ACt value

was calculated for each control by subtracting the TC Ct value from the RNV Ct value.

This was performed using Microsoft Excel 2016 (Microsoft Corporation, WA, USA)

2.3.4 Preparation and validation of assay control plasmids

The control plasmids provided in the kit are used to verify and validate the functionality
of the assay on the instrument, as well as to verify and validate each run. In addition to
the WT control plasmid, was the 65R, 103N and 184V control plasmids. All control
plasmids are reconstituted in 200 pl diH20.

An initial validation run was performed using the plasmid 65R, 103N, and 184V diluted
in the WT control to specified values to ensure that the sensitivity of the diluted positive
controls were within the specified range. Dilutions of the 65R, 103N and 184V control
plasmids were created by mixing 5 pl of the reconstituted mutant plasmid control with 20
ul of the WT plasmid to create a 20% mutant: WT mixture. This 20% control mixture was
further diluted in the same way to produce the 4% control, and further diluted to create
the 0.8% control. Each dilution preparation was processed on the RNV assay in triplicate.

The initial validation run included the WT and a no template control (NTC).

2.3.5 Specimen processing using the Allele-specific RNV PCR Assay

All 225 RT-PCR templates were processed on the RNV Multiplex Assay as described in
Sections 2.3.2 and 2.3.3. Each specimen was processed and analysed in triplicate by
performing three separate RNV PCR reactions using the same RT-PCR template. The
RNCV and WT controls were included in all runs to act as an internal run validation

control.

Prior to analysing the TC Ct values, the amplification curves of each specimen were
analysed and qualitatively classified as being either amplification positive or negative
based on the sigmoidal shape of the amplification curve. Specimens that had visible
amplification were subsequently analysed to determine the Ct value while TC specimens
with no amplification were assumed to have a VL < 600 copies/ml. The RNV

amplification curves were analysed and classified in the same way.
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For all triplicate values, the mean TC, RNV and ACt, values for each specimen were
calculated. If any of the individual results differed from mean by > 3.0 cycles, then that
run was considered discrepant and the data was not used. In such cases, the RNV assay,
including the TC PCR and RNV PCR, was repeated on that specimen.

2.3.6 Assay validation criteria

The following criteria apply to the assay:

e For successful validation, the mean ACt of each mutant plasmid preparation was
expected to be < 11.0 cycles and the mean ACt of the WT plasmid was expected to be
> 12.0 cycles. This criteria applies to the 100%, 20% and 4% mutant:WT dilutions of
the 65R, 103N and 184V plasmids prepared.

e The RNCV control ACt must fall within 4.5 + 1.0 PCR cycles.

e The WT control ACt must be > 12.0 PCR cycles.

e The Ct value for the specimen TC reaction of should fall within 10 to 25 cycles. If the
RT-PCR product is too concentrated (TC < 10 cycles, the template should be diluted
1:20 or further in diH20 to fall within this range and the assay performed again.

e ACt cutoff for positive detection of mutation in specimens is < 11.0 PCR cycles.

e The limit of detection of the assay is defined as a TC Ct value of < 25.0 cycles,
equivalent to a HIV VL of 600 copies/ml. All specimens with a TC Ct value of > 25.0
are therefore considered as having a VL of < 600 copies/ml and are not analysed
further.

e Mutations are determined to be present if the difference between TC and RNV Ct
values (ACt) are < 11.0 cycles.

e Agarose gel electrophoresis of the RNV PCR reaction product is subsequently
performed to determine which mutation(s) are present on specimens that are RNV
positive (ACt < 11.0) only.

2.3.7 Agarose Gel Electrophoresis of RNV Assay Products

Specimens that had were positive for mutations using the RNV component of the assay
underwent agarose gel electrophoresis to determine which of the mutations were detected
by the RNV assay. The RNV assay PCR product was loaded onto a 4% agarose gel
(Invitrogen) stained with ethidium bromide (10 mg/ml) (BioRad Laboratories). The
agarose gel was viewed using the Bio-Rad ChemiDoc™ MP Imaging System (Bio-Rad
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Laboratories). The K65R, K103N and M184V amplification products were at 118 bp, 129
bp and 190 bp, respectively.

2.4 NEXT-GENERATION SEQUENCING (NGS)

2.4.1 Nested PCR

The nested PCR (nPCR) reaction was performed on the RT-PCR products that was used
as template for the RNV assay. This was performed on all specimens selected to undergo
NGS, which included the specimens discrepant between the RNV assay and Sanger
sequencing as well as specimens with additional mutations present in the agarose gel
electrophoresis analysis of the RNV amplification products that were not present in the
Sanger sequence data. The PCR was done as described by Zhou et al., (2011). The nested
primers Prt-F2 and RT-R2 primers (Table 2.3) generate a product of 1,084 kb in length
(nucleotide position 2243 to 3326). Included in every batch of nPCR was the positive

and negative control described in Section 2.2.1.

Table 2.2: Primers used for nPCR for amplification of the pol gene (Zhou et al., 2011).

Primer | Sequence (5’ to 3°) Location (based | Orientation | Tm
on HXB2) (°C)
Prt-F2 CTTTARCTT CCC TCARAT 2243 to 2266 Forward 56
CACTCT
RT-R2 | CTT CTC TAT GTC ATT GAC 3326 to 3304 Reverse 55
AGT CC

The reaction mixture consisted of 1X GeneAmp® 10X Gold Buffer (Applied
Biosystems), 2 mM magnesium chloride (MgClz) (Applied Biosystems), 0.2 mM PCR
Nucleotide Mix (Roche Diagnostics), 0.2 uM of each of the forward and reverse primer,
and 5 units (U) of the AmpliTag Gold® DNA Polymerase (Applied Biosystems). The 1X
GeneAmp® 10X Gold Buffer (Applied Biosystems) contained 15 mM 2-amino-2-
(hydroxymethyl)propane-1,3-diol (Tris) hydrogen chloride (HCI) and 0.05 mM
potassium chloride (KCI).

Four pl of the RT-PCR was added to the 46 pl of the reaction mixture. The reaction
conditions were as follows: 94°C for 4 min, followed by 40 cycles of 94°C for 15 s, 55°C
for 20 s, and 72°C for 2 min; ending with 72°C for 10 min and cooling to 4°C. The nested
PCR (nPCR) products were stored at -20°C until use.
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Product verification was performed via agarose gel electrophoresis. A 1% agarose gel
(Invitrogen) stained with ethidium bromide (5 pg/ml) (BioRad Laboratories) was used
for electrophoresis and the PCR product was visualised under a UV light using the
Bio-Rad ChemiDoc™ MP Imaging System (Bio-Rad Laboratories). Any specimen that
had a visible band was further processed for NGS.

2.4.2 PCR Product Purification

Purification of the nPCR products was done by size exclusion bead purification using
Agencourt AMPure XP (Beckman Coulter Life Sciences, Indianapolis, IN, USA)
magnetic beads in order to remove the excess primers, salts, enzymes and dNTPs. Each
PCR products was topped up with 1X Tris-EDTA (TE) buffer (Invitrogen) to a final
volume of 50 pul. The AMPure XP magnetic beads were added to the specimens in a ratio
of 0.75:1 and mixed by pipetting. The mixture was then incubated at room temperature
for 5 min then placed on a DynaMag™-96 Side Magnetic Stand (Invitrogen) for
separation. Once the supernatant became clear, it was discarded by pipetting, and the
beads were washed twice with 70% ethanol (EtOH). This was done by adding 200 ul of
70% EtOH to the magnetic beads while on the magnetic stand, leaving for 1 min, and
removing the supernatant. Following the wash step, the magnetic beads were dried for 5
min, and then removed from the magnetic stand. The magnetic beads were then
resuspended in 60 pl 1X TE buffer, (or 30 ul for specimens with a faint band on the
agarose gel. Once the supernatant was clear, it was removed and placed into a new

microcentrifuge tube, and stored at -20°C until further use.

2.4.3 Quantification

Purified nPCR products were quantified using the Quant-It PicoGreen dsDNA Assay Kit
(Invitrogen) according to the manufacturer’s instructions. A 50X dilution of the lambda
(A) DNA standard (100 pg/ml; Invitrogen) was prepared using TE buffer (Invitrogen) and
further diluted in TE buffer to generate a dilution series consisting of 200 ng/ml, 100
ng/ml, 50 ng/ml, 25 ng/ml, 12.5 ng/ml, 6.25 ng/ml and 3.12 ng/ml. A TE blank consisting
of 100 ul of TE buffer was included in the dilution series. One pl of each purified nPCR
product to be quantified was added to a separate well in the fluorometer plate, to which
99 ul of TE buffer was added. The A dilution series was added to the final column of the
fluorometer plate in descending order.
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A 200X dilution of the PicoGreen reagent was prepared and 100 pl of this was added to
each well containing either. The plate was incubated for 10 min out of the light, following
which the fluorescence was read. The fluorescence was measured using the Glomax Multi
Detection System (Promega, Madison, MI, USA) using the blue optical kit (excitation:
490 nm, emission: 510-570 nm). The measured fluorescence of the A dilution series was
used to create a standard curve, which was used to calculate the concentration of the
purified PCR products.

2.4.4 MiSeq lllumina

NGS was performed on purified nPCR products (Section 2.4.1) on the MiSeq System
(IMlumina, San Diego, CA, USA). All NGS processing was performed by a centralised
sequencing core facility. Prior to proceeding with the NGS protocol, fluorometric
quantification of each specimen was performed again using the Qubit dsSDNA BR Assay
system (Thermo Fisher Scientific, Waltham, MA, USA).

Library preparation was performed using the Nextera XT Library Preparation Kit
(Nextera). This involved tagmentation, where each specimen is fragmented and tagged
with an adapter sequence; amplification, clean-up and normalisation of the libraries and
pooling of the libraries. Tagmentation was performed by adding 1 ng of specimen DNA
to 10 pl of the Tagment DNA Buffer (Nextera). To this, 5 pul of Amplicon Tagment Mix
(Nextera) was added. This was followed by centrifugation at 280 g at 20°C for 1 min,
heating in a thermal cycler for 5 min at 55°C, followed by cooling to 10°C. Immediately
following this, 5 ul of Neutralize Tagment Buffer (Nextera) was added and each
specimen. This was followed by centrifugation at 280 g at 20°C for 1 min, and incubation

at room temperature (22°C) for 5 min.

Library amplification was performed by adding 15 pl of Nextera PCR Master Mix
(Nextera) to the tagmented specimens, followed by centrifugation at 280 g at 20°C for 1
min. The reaction conditions were as follows: 72°C for 3 min, 95°C for 30 s, followed by
12 cycles of 95°C for 10 s, 55°C for 30 s and 72°C for 30 s, ending with 72°C for 5 min.

Following amplification, library clean-up was performed as described in Section 2.4.2.

Library normalisation was performed to ensure equal library representation once the
specimens had been pooled. Normalisation was performed by adding 200 pl of Library

Normalisation master mix (Nextera) to each specimen. The Library Normalisation master
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mix (Nextera) consisted a 4:23 mixture of Library Normalisation Additives (Nextera) and
Library Normalisation Beads (Nextera). Following this, specimens were shaken at 1800
revolutions per minute (rpm) for 30 min, then placed on a magnetic stand for separation,
and the supernatant was discarded. This was followed by two was steps involving the
addition of 45 pl of Library Normalisation Wash (Nextera), shaking at 1800 rpm for 5
min, separation on a magnetic stand and removal of the supernatant. Subsequent to
washing, 30 ul of 0.1 normal (N) sodium hydroxide (NaOH) was added followed by
shaking at 1800 rpm for 5 min to resuspend the specimens. Separation on a magnetic
stand was followed by the transfer of 30 pul of the supernatant to a new tube containing

30 ul of Library Normalisation Storage Buffer (Nextera).

Libraries were subsequently pooled. This was performed by diluting each specimen and
combining to the starting concentration of 6 pM. The libraries were spiked with 0.1 nM
PhiX (10nM) (Illumina) as a sequencing control. The libraries were loaded onto the
MiSeq System (lllumina) using the MiSeq Reagent Kit v3 600 cycle (lllumina). The
cluster densities using this were in the range of 1200 to 1400 k/mm? and the maximum
number of reads reaching up to 25 million. The generated FastQ files were a maximum
of 15 gigabytes (GB) and were analysed using DeepChek® (Advanced Biological

Laboratories, Luxembourg, Luxembourg) using a 1% threshold.
2.5 STATISTICAL ANALYSIS

2.5.1 Validation of the RNV Assay

Using the thresholds for TC and ACt described in Section 2.3, the sensitivity (Equation 1),
specificity (Equation 2) and area under receiver operating characteristic (ROC) curve
(Equation 3) (DeLong et al., 1988) were calculated by comparing the RNV assay to
standard VL and genotyping methodologies.

True positives

Sensitivity = — . 1

True positives+False negatives
e True negatives

Specificity = . — 2
True negatives+False positives

Area under ROC curve =

—00 s s
foo True positive rate(T) X False positive rate’'(T) X dT 3
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Statistical analyses were all performed using MedCalc Version 14.8.1 (MedCalc Software
bvba, 2014). Comparison of the TC component of the RNV assay to standard VL
quantification was performed on all 225 specimens, while comparison of the ACt to
standard genotyping was only performed on those specimens with a positive TC and a
VL > 600 copies/ml.

Further optimisation of the RNV assay used ROC curve analysis and the Youden J index
(Equation 4). The sensitivity, specificity and area under the ROC curve were calculated

for the optimised thresholds and cut-off for comparison.
Youden Index | = Sensitivity + (Specificity — 1) 4

2.6 ETHICAL REVIEWS
This study was granted ethical approval by the University of the Witwatersrand HREC as
a sub-study under the protocol number M180295.

43



CHAPTER 3:

RESULTS

The objective of this project was to validate the HIVV Drug Resistance RNV Multiplex
assay in a South African context. A total of 225 remnant plasma specimens were selected
for this study, with known VL and drug resistance genotype. Of these, 47 specimens had
a VL < 600 copies/ml, and 178 specimens had a VL > 600 copies/ml. Of 171 specimens
with known genotype, 105 specimens had a WT genotype and 66 specimens had one or

more mutation present.
3.1 SPECIMEN PROCESSING

3.1.1 Nucleic acid extraction and RT-PCR

All 225 specimens were extracted using the MagNaPure TNA kit (Roche Diagnostics)
with the MagNAPure LC instrument (Roche Diagnostics) as described in Section 2.2.1
and amplified by RT-PCR as described in Section 2.2.2. Gel visualisation of the 1.3kb
RT-PCR template was only performed on the nucleic acid extraction positive and
negative controls and the RT-PCR positive and NTC (Figure 3.1). This was done to

remain blinded as to whether the specimen had a high or low VL.

1 2 3 4 5 6

Band of
interest +
300 bp

2176 bp
1766 bp

1230 bp
1033 bp

653 bp

517 bp
453 bp
394 bp

298 bp
234/220 bp

154 bp

Figure 3.1: Image of an agarose gel following electrophoresis for band separation of
RT-PCR controls. The image above shows the agarose gel of the controls included in an RT-
PCR. The amplified product is approximately 1.3 kb in size. Lane 1 and 3 contain extraction
positive controls, lane 2 and 4 contain extraction negative controls, lane 5 contains a PCR positive
control and lane 6 contains the NTC.
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3.2 VALIDATION OF ASSAY USING THE SERIAL MUTANT:WT
DILUTIONS OF THE 65R, 103N AND 184V CONTROL PLASMIDS
Control plasmids were prepared as described in Section 2.3.4, wherein reconstituted
mutant plasmids were mixed with WT plasmids to generate a 0.8%, 4%, 20%, and 100%
mutant control dilution series. All controls were run on the same 96-well plate, and
processed in triplicate. The amplification curves obtained from processing the control

plasmids using the RNV assay are illustrated in Figure 3.2 below.
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H1: WT(-) TC HZ: WT(-) TC H3: WT(-) TC H4: WT(-) RNV HS: WT(-) RNV HE: WT(-) RNV
— HT:H20TC — HE&: H20TC — HI:H20 TC —— H10: H20 RNV —— H11: H20 RNV —— H12: H20 ANV

Figure 3.2: RNV validation run amplification curves. The amplification curves for the TC
component (A, C and E) and the RNV component (B, D and F) of the RNV validation run are
shown for the K65R (A and B), K103N (C and D) and M184V (E and F) controls with the wild
type (yellow) and H,O (black) controls represented in each.
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3.2.1 Amplification Curve Analysis Using the Fit Points Method

Analysis of the amplification curves was first performed using the fit point data analysis
method. This method allows for user-based manipulation of the noise band, and the Ct
value is subsequently determined by the cycle at which the specimen amplification curve
crosses the noise band. The noise band was set above the NTC and at the beginning of
the exponential phase as illustrated in Figure 3.3 below. While only the M184V control

is shown in the figure below, all the controls used the same noise band.
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Figure 3.3: Noise band amplification curves for the RNV Validation run. The noise band
(red) for the TC component (A) and RNV component (B) of the M184V controls of the RNV
validation run.

The results of the validation are summarised in Table 3.1 below. The ACt values for
100%, 20% and 4% mutant were all <11.0 cycles for each mutant, whereas the ACt values

at 0.8% mutant concentration were > 11.0 cycles. The WT control had a ACt value of >

12.0 cycles.
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Table 3.1: Mean ACt values and outcome of the RNV validation run analysed using the fit

oint method.

Percent K65R K103N M184V Wild-Type
Mutant| Mean |Outcome| Mean | Outcome| Mean |Outcome| Mean |Outcome
ACt ACt ACt ACt
100% 5.46 Pass 7.81 Pass 6.73 Pass 13.71 Pass
(5.18 to (6.81to (6.47 to (12.90to
5.74) 8.82) 6.99) 14.52)

20% 7.24 Pass 8.49 Pass 8.69 Pass
(6.48 to (8.32t0 (8.61to
8.01) 8.65) 8.77)

4% 9.12 Pass 10.03 Pass 10.34 Pass
(8.73 t0 (9.68 to (9.96 to
9.51) 10.37) 10.71)

0.8% 11.65 Fail 11.66 Fail 12.08 Fail
(11.36 to (11.47 to (1158 to
11.94) 11.85) 12.58)

Calculated mean ACt values for all controls were plotted against the mutant concentration
as shown in Figure 3.4 below. The correlation coefficients are 0.9926, 0.9704 and 0.9987
for the K65R, K103N and M184V controls, respectively. The WT control value was

>12.0 cycles. As the validation requirements are not required for the 0.8% mutant control

for successful validation of the control, the validation of diluted plasmids was considered

successful.
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Plotted ACt Values using the Fit Point Method from the RNV
Validation Run

16.00
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R?2=0.9926 — = Cutoff
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80.00 8.00 0.80
% Mutant:WT (log)

Figure 3.4: Line graph displaying the mean ACt values of the controls using the fit point
method of analysis. A line graph with a logarithmic x-axis displaying the mean ACt value of
each mutant control as a function of the dilution. The K65R (blue), K103N (red) and M184V
(green) control ACt values should increase linearly and the correlation coefficients (R?) values for
each trendline (dotted line) is shown in the boxes to left of each. The wild-type control (pink) was
not diluted and thus only has one value at the 100% dilution. The cut-off (grey dotted line)
represents the line below which the mutant positive controls at the 100%, 20% and 4% should fall
below and the wild-type should fall above.

The K65R and M184V correlation coefficients were both >0.99, with the K103N
mutation at >0.97, indicating consistency in the detection of all three mutations. The 4%
mutations were all above the ACt cut-off of 11.0 cycles, indicating that mutations can be

reliably detected at this level using the fit points method of analysis.

3.2.2 Amplification Curve Analysis Using the Second Derivative Maximum
Method

Control plasmid Ct values were calculated using the second derivative maximum analysis
method. Using this approach, the Ct value was calculated by the Light Cycler instrument
(Roche Diagnostics) by determining the equation of the amplification curve and the exact
point where the second derivative of this was at a maximum. The ACt values for 100%,
20%, 4% and 0.8% mutant were all < 11.0 cycles for each mutant. The WT control had a

ACt value of > 11.6 cycles.
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Table 3.2: Mean ACt values and outcome of the RNV validation run analysed using the
second derivative maximum method.

Percent K65R K103N M184V Wild-Type
Mutant| Mean [Outcome| Mean |Outcome| Mean |[Outcome| Mean |Outcome
ACt ACt ACt ACt
100% 3.25 Pass 5.74 Pass 5.18 Pass 11.63 Fail
(2.97 to (5.09 to (5.10to (11.09 to
3.53) 6.39) 5.27) 12.18)

20% 5.26 Pass 7.09 Pass 7.12 Pass
(4.55 to (6.90 to (6.97 to
5.97) 7.29) 7.26)

4% 7.33 Pass 8.45 Pass 8.77 Pass
(7.28 to (8.29 to (8.63 to
7.38) 8.61) 8.91)

0.8% 9.25 Pass 9.88 Pass 10.13 Pass
(9.12 to (9.60 to (9.74 to
9.37) 10.16) 10.51)

Calculated mean ACt values for all controls were plotted against the mutant concentration

as shown in Figure 3.5 below. The correlation coefficients for the K65R, K103N and
M184V controls were 0.9998, 0.9939 and 0.9998, respectively. Using this method, all
controls passed validation criteria; however, the WT plasmid had a ACt slightly below

the required cutoff of >12.0 cycles.
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Plotted ACt Values using the Second Derivative Maximum
Method from the RNV Validation Run
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Figure 3.5: Line graph displaying the mean ACt values of the controls using the second
derivative maximum of analysis. A line graph with a logarithmic x-axis displaying the mean
ACt value of each mutant control as a function of the dilution. The K65R (blue), K103N (red) and
M184V (green) control ACt values increased linearly and the correlation (R2) values for each
trendline (dotted line) is shown in the boxes to left of each. The wild-type control (pink) was not
diluted and thus only has one value at the 100% dilution. The cut-off (grey dotted line) represents
the line below which the mutant positive controls at the 100%, 20% and 8% should fall below
and the wild-type should fall above.

The K65R, K103N and M184V correlation coefficients were all >0.99, indicating
consistency in the detection of all three mutations. The 0.8% mutations were all above
the ACt cut-off of 11.0 cycles, indicating that mutations can be reliably detected at this
level using the second derivative maximum method of analysis. Both the correlation
coefficients and mutation limit of detection were better than observed with the fit point

method of analysis.

3.3 PROCESSING OF SPECIMENS USING THE RNV MULTIPLEX ASSAY

The RNV assay was subsequently performed in triplicate on all 225 specimens, as
described in Section 2.3. An example of the amplification curves generated by the TC
component of the assay is shown in Figure 3.6. Specimens that had a TC Ct value of < 10
cycles (Figure 3.6A) were diluted 1:20 to 1:160000 and RNV assay repeated. Specimens
that showed amplification and had a TC Ct value of > 10 cycles (Figure 3.6B) were

analysed for mutations using the RNV Ct value to calculate the ACt value. Specimens
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that showed no evidence of amplification by either the TC and/or RNV component of the
assay (Figure 3.7C) were reported as no-amplification and described as having a
VL < 600 copies/ml.
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Figure 3.6: RNV Assay TC amplification curves. Amplification curves representing the TC
component of an RNV Assay reaction. All the amplifications curves shown above are from a
single run, however, they are separated into specimens with early amplification that required
dilution (A), amplification positive specimens (B) and specimens that showed no amplification
(C). Specimens are represented by blue, the RNCV control by orange, the WT control by purple
and the NTC control by grey.
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3.3.1 Analysis of the TC Component of the Assay Using the Fit Point Method

Of the 225 specimens analysed using the fit point method, 180 specimens had a mean TC
Ct value between the positive range of 10.0 to 25.0 cycles and 45 were considered as TC
negative, defined as either a TC Ct > 25.0 cycles or no amplification observed. Twenty-
four of these had no amplification observed and were assumed to have a VL < 600

copies/ml.

Of these 180 TC positive specimens, 161 had VL > 600 copies/ml (as previously
determined using standard VL assays) while 19 specimens had VL < 600 copies/ml
(Figure 3.7, Appendix A). Of the 45 specimens that were TC negative, 28 specimens had
VL <600 copies/ml whilst 17 specimens had a VL > 600 copies/ml. In total, 189 (84.0%)
specimens had RNV TC results concordant to the prior VL quantification and 36 (16.0%)
specimens had discordant results. In each run, the RNCV control was between 3.5 and

5.5 cycles and the WT control was >12.0 cycles.

Total number of specimens

analysed
n =225
TC(-)
TC (+)
ct > 25 cycles or no
10 <ct<25cycles ampli¥icati0n
n=180 n =45

VL > 600 copies/ml VL < 600 copies/ml VL > 600 copies/ml VL < 600 copies/ml
n=161 n=19 n=17 n=28

Figure 3.7: Comparison of the results of the RNV assay TC component using the fit point
method of analysis to standard viral load methodology using the original cut-off. The results
of the mean TC Ct value analysed using the fit point method for all 225 specimens compared to
the VL data available for each specimen.

3.3.2 Analysis of the TC Component of the Assay Using Second Derivative

Maximum

When applying the second derivative maximum method, only 3 of the 43 RNV PCR assay
runs with RNCV and WT control Ct values fell within the expected ranges of 3.5 t0 5.5
cycles and >12.0 cycles, respectively. Analysis of the RNV assay was therefore not

performed any further using second derivative maximum analysis method.
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3.3.3 Analysis of the RNV Component of the RNV Assay Using the Fit Point
Method

A total of 180 specimens that had a TC Ct < 25 cycles were further analysed for mutations.
Of these, 19 specimens did not have a genotype results for comparison, due to non-
amplification or non-testing as Sanger genotyping is usually performed on specimens
with VL > 1000 copies/ml only. Of note, five of these were RNV positive for mutations

(three had VL < 1000 copies/ml), 10 were negative, and 4 had no amplification.

The mean ACt was calculated for the remaining 161 specimens and compared to the
qualitative result for the combined genotype at the K65, K103 and M184 amino acid sites

obtained from Sanger sequencing. Figure 3.8 summarises the results of this comparison.

Total number of specimens analysed for mutations
(TC positive and VL > 600 copies/ml)

n=161
RNV(+) RNV(-) No RNV
Act < 11 cycles Act> 11 cycles* Amplification
n=_84 n=74 n=3
Mutations Mutations absent Mutations Mutations absent  Mutations absent

present (standard (standard present (standard (standard (standard
method) method) method) method) method)

n =60 n=24 n=4 n=70 n=3

Figure 3.8: Comparison of the results of the RNV component using the fit point method of
analysis to standard genotyping methodology using the original cut-off. The results of the
mean ACt value analysed using the fit point method for all specimens with a positive TC and VL
greater than 600 copies/ml compared to the genotype data available for each specimen. Three
specimens that showed no amplification in the RNV amplification curves were assumed RNV
negative.

Of the 161 specimens analysed for mutations and compared to Sanger sequencing results,
84 specimens had a positive RNV defined by a ACt of <11.0 cycles, 74 specimens had a
negative RNV defined by a ACt of > 11.0 cycles and three specimens had no RNV
amplification observed. Of the 84 RNV positive specimens, 60 had mutations present in
the Sanger sequence, whereas 24 had no mutations detected. The 74 RNV negative
specimens had 70 WT Sanger sequence genotypes whereas 4 specimens had mutations
identified by Sanger sequencing. The three specimens (AMP077, AMP136 and AMP183,
Appendix A) that had no amplification observed were all WT according to the Sanger
sequence. Of the 161 specimens, 130 (80.7%) were concordant between the RNV assay

and Sanger sequencing and 28 (17.4%) were discordant.

53



3.3.4 TC and RNV Assay Test Statistics

Using the fit point method to analyse the amplification curves, the TC component of the
assay has a sensitivity of 90.5% and specificity of 59.6% (Table 3.3). The accuracy of the
TC determination compared to the VL was fair (area under the ROC curve = 0.75).

The RNV component of the assay has a sensitivity of 93.8% and specificity of 74.5%.
The accuracy of the RNV determination compared to the genotype results was considered

good (area under ROC curve = 0.84).

Table 3.3: Test statistics for comparison of the TC and RNV components of the assay.

Test Statistic TC (95% CI) RNV (95% CI)
Sensitivity 90.45% (85.15% — 94.34%) 93.75% (84.76% to 98.27%)
Specificity 59.57% (44.27% - 73.73%) 74.47% (64.43% to 82.91%)

Area under ROC curve 0.750 (0.688 to 0.805) 0.841 (0.775 t0 0.894)

3.3.5 Agarose Gel Electrophoresis

Agarose gel electrophoresis was performed on the RNV component of the RNV assay
PCR product of each specimen that had mutations detected in the RNV assay (Figure 3.9).
The consensus of the agarose gel electrophoresis results are listed in Appendix A. Bands
that were observed but were faint were indicated in brackets. Comparing the consensus
of the agarose gel results to Sanger sequencing genotype in RNV positive specimens, 14
specimens had additional mutations observed in the agarose gel band analysis.
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The impact of the approximately 270 bp non-specific amplification products observed in
the agarose gel have not been determined. The lack of primer sequences to compare
product sizes to has made it difficult to determine whether this product is due to primer
binding in non-targeted areas or PCR products combining to form larger than expected

product sizes due to the multiplexing.
3.4 NEXT-GENERATION SEQUENCING

3.4.1 Next-Generation Sequence Analysis

Specimens selected to undergo NGS underwent nPCR as described in Section 2.4 using
the RT-PCR product as described in Section 2.2 as a template. Following purification, the
specimens were quantified on the Glomax Multi Detection System (Promega) and

submitted for sequencing using the MiSeq System (lllumina) platform.

Of the 24 specimens with mutations detected by the RNV assay but not by Sanger
sequencing, 20 underwent NGS. Four specimens were not sequenced using NGS due to
insufficient material (AMP012, AMP023, AMP046 and AMP147). The results of the
NGS performed on the 20 specimens is summarised in Table 3.4 below. Five specimens
had minor variants detected by NGS (AMP043, AMP088, AMP110, AMP152 and
AMP155), with prevalence percentages of 1.7%, 3.3%, 3.6%, 1.2% and 1.3%,
respectively. The minor variants present in these five specimens therefore confirm the
result of the RNV assay. The remaining 15 specimens had a confirmed WT genotype by
NGS, and thus were classified as true discrepant specimens and RNV false positives. One
specimen (AMP158) had a ACt value near the mutation detection cut-off of 11.0 cycles
(10.99), however, the remaining 14 specimens (AMP005, AMP027, AMP047, AMP061,
AMP082, AMP089, AMP098, AMP101, AMP103, AMP127, AMP158, AMP167,
AMP210, AMP261 and AMP273) had ACt values that ranged between 5.5 and 9.9 cycles.

Table 3.4: NGS results of the 20 specimens discrepant between the RNV assay and Sanger
sequencing.

Specimen | ACt | Agarose Sanger NGS Prevalence | Outcome
ID Gel Bands | Sequence | Mutations
Mutations
AMPOQO5 | 8.77 M184V None None RNV
discrepant
AMPO027 | 9.93 K65R, None None RNV
M184V discrepant
AMP043 | 7.68 K65R, None K65R 1.7% Minor variant
M184V (K65R)
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Table 3.4: Continued.

Specimen | ACt | Agarose Sanger NGS Prevalence | Outcome
ID Gel Bands | Sequence | Mutations
Mutations
AMP047 | 8.21 K65R, None None RNV
K103N, discrepant
M184V
AMPO61 | 5.51 M184V None None RNV
discrepant
AMP082 | 9.60 K65R, None None RNV
K103N, discrepant
M184V
AMPO088 | 9.09 K65R, None K65R 3.3% Minor
K103N, variant
M184V (K65R)
AMP089 | 7.54 K103N, None None RNV
M184V discrepant
AMP098 | 6.59 K65R, None None RNV
M184V discrepant
AMP101 | 6.61 K65R, None None RNV
K103N, discrepant
M184V
AMP103 | 9.24 K65R, None None RNV
M184V discrepant
AMP110 | 7.61 K65R, None K65R 3.6% Minor variant
K103N, (K65R)
M184V
AMP127 | 9.83 K65R, None None RNV
M184V discrepant
AMP152 | 4.82 M184V None M184V 1.2% Minor variant
(_
AMP155 | 9.59 K65R, None K65R 1.3% Minor variant
K103N, (K65R)
M184V
AMP158 | 10.99 K65R, None None RNV
M184V discrepant
AMP167 | 7.67 M184V None None RNV
discrepant
AMP210 | 9.94 K65R, None None RNV
M184V discrepant
AMP261 | 8.83 M184V None None RNV
discrepant
AMP273 | 6.85 M184V None None RNV
discrepant

Four specimens had no mutations detected by the RNV assay (RNV negative, ACt > 11.0
cycles) yet had mutations present in the Sanger sequence. Two of these four discrepant
specimens underwent NGS (Table 3.5), whereas no more specimen was available for the
third and fourth. These two specimens (AMP252 and AMP291) were true false RNV

negatives as the same mutations detected by Sanger sequencing were detected by NGS.
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Table 3.5: NGS results of the three specimens with mutations detected by Sanger sequencing
but not the RNV assay.

Specimen | RNV | Sanger Sequence NGS Prevalence Outcome
ID Assay Mutations Mutations
ACt Detected Detected
AMP252 | 13.33 K103N K103N 99.4% RNV discrepant
AMP291 | 11.70 K103N, K103S K103N, 19.7% 48.5% | RNV discrepant
K103S, 42.8%
M184V

Fourteen specimens had mutations detected by both the RNV assay and Sanger
sequencing but had additional mutations detected in the agarose gel of the RNV assay
product; these were also repeat sequenced using NGS to confirm the presence of these
mutations using a different sequencing platform. These 14 specimens are described in
Table 3.6 below. Twelve of these specimens (AMP001, AMP051, AMP100, AMP104,
AMP125, AMP132, AMP177, AMP217, 236, AMP245, AMP293 and AMP315) had
identical genotypes outcomes at the K65, K103 and M184 amino acid sites in the NGS
and Sanger sequence data, and thus the additional mutations detected in the agarose gel
of the RNV amplification products were confirmed as false positives.

Table 3.6: NGS results of the 14 specimens with additional mutations detected by agarose
gel electrophoresis.

. Agarose Sanger
SEECLE ACt Gel Sequence NG.S Prevalence | Outcome
1D . Mutations

Bands Mutations

AMP001 10.16 K65R, K103N K103N 78.4% K65R and
K103N, M184V not
M184V confirmed

AMPO051 6.44 K103N, K103N K103N 99.0% M184V not
M184V confirmed

AMP100 8.93 K65R, K103N K103N 98.6% K65R and
K103N, M184V not
M184V confirmed

AMP104 8.16 K103N, K103N K103N 39.6% M184V not
M184V confirmed

AMP125 9.85 K65R, K103N, K103N, 99.1%, K65R not
K103N, M184V M184V 99.3% confirmed
M184V
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Table 3.6 Continued.

) Agarose Sanger
SRS ACt Gel Sequence NG.S Prevalence | Outcome
ID . Mutations
Bands Mutations
AMP132 9.79 K103N, K103S, K103S, 98.7%, Detected
M184V M184V M184V 99.1% K103S as
K103N
AMP150 10.75 K65R, M184V K103N, 7.1%, Minor
K103N M184V 99.0% Variant
(K103N),
K65R not
confirmed
AMP177 7.38 K103N, K103N K103N 58.3% M184V not
M184V confirmed
AMP217 9.05 K103N, K103S, K103S, 98.9%, Detected
M184V M184V M184V 49.9% K103S as
K103N
AMP236 10.94 K65R, M184V M184V 99.1%, K65R not
M184V 99.2% confirmed
AMP245 8.10 K65R, K103N K103N 99.0% K65R not
K103N confirmed
AMP293 5.04 K103N, K103N K103N 99.0% M184V not
M184V confirmed
AMP297 9.45 K103N, M184V K65R, 5.6%, K103N not
M184V M184V 98.0% confirmed
AMP315 8.13 K65R, K103N, K103N, 98.5%, K65R not
M184V M184V M184V 99.3% confirmed

Two of these 14 specimens had additional minor variant mutations detected using NGS.
Specimen AMP150 had M184V detected using Sanger sequencing and NGS yet this band
was not present on the agarose gel. The K103N mutation was present in the NGS
sequence at a prevalence of 7.1%). However, the K65R gel band was not present in the
Sanger or NGS sequence. Specimen AMP297 had the K65R mutation detected at a
prevalence of 5.6%; however, this band was not visible on the agarose gel. The K103N
gel band was not present in the Sanger or NGS sequence. Specimens AMP132 and
AMP217 had a K103S mutation present in the Saner and NGS sequence; these
corresponding bands were present on the agarose gel. Three specimens (AMPO031,
AMPO055 and AMP236) that also had the K103S mutation in the Sanger sequence but did

not have a K103N band on the agarose gel.

Phylogenetic analysis of the 36 Sanger and NGS 20% consensus sequences was

performed to ensure sequence similarity (Figure 3.10). The branch lengths between the
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NGS 20% consensus and the corresponding Sanger sequences were all short indicating
minimal sequence divergence. In addition to relatedness, the phylogenetic tree also
separated specimens according to subtype. The three specimens most closely related to
the HXB2 reference genome, namely AMP249, AMP263 and AMP272, were subtype B,

while the rest were all subtype C.
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sequences to new sequences. Neighbour-joining phylogenetic tree generated using the
Kimura 2-parameter distance model. The HXB2 outgroup is shown in yellow, the NGS
sequences are indicated in red and the previously performed sequencing in grey.

3.5 SEQUENCE ANALYSIS OF MUTATIONS NOT DETECTED BY THE RNV

ASSAY
Analysis of the three specimens which had mutations present in both the Sanger and NGS

data but not detected by the RNV assay is detailed below. There were no K65R or M184V
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mutations that were not detected by RNV assay. Comparison of the AY 77269 subtype C
reference sequence from SA to those of the three specimens that had the K103N mutation
is found in Table 3.7 below. The K103N nucleotides, AAA, are in the centre with the 12
nucleotides upstream and downstream on the left and right, respectively.

Table 3.7: Comparison of the sequence surrounding the K103 amino acid of HXB2 genome

and the specimens that did not amplify using the RNV assay.
3

Nucleatige 1212121212333 [3[3]3]3]3[3[3[3[3[3]3]3]3[3[3]3]3]3]3
e 9l9l/9l9lololololololo|o|o|o|o|a|ala]alalalalal1l1]|2]2

5/6/7|8|9(0|1|2|3|4|5|6|7|8|9|0|1]2|3|4|5|6|7|8|9|0]|1
Amino Acid | =o9 | 900 | K101 | K102 | K103 | K104 | S105 | vios | T107
Position

AYT772699 |G|G|G|T|T|A[A|AAIA|A|G|AIA AIAIA|TICIA|G|T|G|A|IC|A

AMPlgG . . . 3 3 . . 3 . . 3
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*S:GorC;, W:AorT.

The mean ACt values of the specimens were 11.43, 13.33 and 11.70, respectively for
AMP196, AMP252 and AMP291. Two of the three specimen runs used to calculate the
ACt value for AMP196 had a mean ACt value of < 11 cycles, however the third triplicate
ACt value was > 13 cycles and therefore resulted in the mean ACt being calculated as >11
cycles. The three runs used to calculate the mean ACt for AMP252 and AMP291 were all

> 11 cycles.

Two of the specimens analysed, AMP196 and AMP291, had no differences compared to
the AY 772699 reference sequence other than the mutation at the 3’ end of codon 103.
The three nucleotides detected in AMP252 that were not present in the reference sequence
were analysed in all other sequences they were present to determine if they affected RNV
primer binding. The transversion from A to C at nucleotide position 304 was present in
five other sequences, AMP047, AMP110, AMP150, AMP170 and AMP192. None of
these other sequences had the K103N mutation, thus the effect on primer binding could
not be ascertained. The transition from A to G at nucleotide position 312 was present in
nine other sequences, AMP033, AMP047, AMP048, AMP068, AMP091, AMP143,
AMP177, AMP227 and AMP296. This mutation was also present in AMP143 and
AMP177, both of which had only the K103N mutation present and thus did not influence
the K103N primers from binding. The transition from G to A at nucleotide position 318
was present in 30 other sequences, six of which had the K103N mutation. Only one of
these, AMP177, had only the K103N mutation alone, and did not affect primer binding.
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3.6  EXPLORATORY ANALYSIS FOR RECOMMENDATION OF
DIFFERENT ASSAY THRESHOLDS

The raw data was further analysed statistically to provide alternative recommended

cut-off values for the TC and RNV components of the assay, using both fit-point and

second derivative maximum methods for determining Ct values. For this analysis, the 24

specimens that did not amplify by TC component were excluded.

3.6.1 Optimised Thresholds and cut-offs for TC component, using fit-point method

Mean TC Ct values were compared to known VL values using categorisations of above
and below 50, 100, 200, 400 and 600 copies/ml. For each analysis, sensitivity, specificity,
a ROC curve was generated.

Table 3.8: Test statistics for the mean TC component compared to different VL thresholds
using 200 specimens with detectable TC values.

Statistic >50 >100 >200 > 400 > 600
copies/ml copies/ml copies/ml copies/ml copies/ml
Number of 189 185 180 171 166
specimens
Sensitivity 91.15 92.02 94.48 92.28 83.13
Specificity 88.89 76.92 85.00 66.67 74.29
Area under 0.924 0.851 0.913 0.841 0.842
ROC curve
Youden J 0.8003 0.6894 0.7948 0.5965 0.5742
index
Associated <24.03 <24.03 <21.78 <19.18 <15.86
TC Ct

Table 3.8 indicates the test statistics obtained for the VL thresholds of > 50, 100, 200, 400
and 600 copies/ml. The greatest length of the Youden J index was observed with a VL of
> 50 copies/ml, as well as highest specificity and Area under curve. However, the
associated CT value of 24 cycles may compromise the RNV component of the assay, as
>11 cycles are required to classify a specimen as WT. The test statistics for the VL > 200
copies/ml produced a Youden index of 0.7948, with a specificity of 94.48 and specificity
of 85.00.

These figures predicted that a cycle threshold cut-off of <21.78, equivalent to 200
copies/ml provides alternative recommended values for the TC component of the assay

Figure 3.11 below shows the ROC curve comparing the mean TC Ct values to standard

VL methodologies using a VL threshold of > 200 copies/ml.

61



Mean TC Ct

g 100 B

S I

= 8o

» 60 i

P _

= |

o 40

® K

= -

§ 20 i AUC =0,842
- 0 A B P IR |

0 20 40 60 80 100
False Positive Rate (100-specificity) (%)

Figure 3.11: Receiver operating characteristic curve for mean TC Ct values analysed using
the fit point method compared to a viral load greater or equal to 200 copies/ml. Receiver
operating characteristic curve displaying the change in sensitivity and false positive rate
(100-specificity) for mean TC Ct values (red squares) classified based according to the VL being
> 200 copies/ml. The diagonal line represents where the sensitivity equals 100-specificity.

Figure 3.12 summarises the results of the comparison of the RNV assay to standard VL
methodologies using a TC Ct cut-off of < 21.78 cycles for determination of a VL > 200
copies/ml. With these thresholds, there were 188 (93.5%) specimens that were concordant

and 13 (6.5%) specimens discordant between the RNV assay and standard VL assays.

Total number of specimens

analysed
n =201
]
I I
TC(+) TC()
10 < Ct < 21.78 cycles Ct > 21.78 cycles
n=174 n=27

VL > 200 copies/ml VL < 200 copies/ml VL > 200 copies/ml VL < 200 copies/ml
n=171 n=3 n=10 n=17

Figure 3.12: Comparison of the results of the RNV assay TC component to standard viral
load methodology using the optimised cut-off for the fit point method of analysis. The results
of the mean TC Ct value analysed using the fit point method for al specimens compared to the
VL data available for each specimen.

Based on the above thresholds described for the TC component, the optimal ACt cut-off
for mutation detection was determined. The 171 that had a positive TC and a VL

> 200 copies/ml were compared to standard genotyping methods with the exception of 13
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specimens which had no available genotyping data and three specimens that did not
amplify on the RNV component of the assay. The comparison performed on the 155 is

shown in the ROC curve in Figure 3.13 below.
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Figure 3.13: Receiver operating characteristic curve for mean ACt values analysed using
the fit point method compared to standard genotyping. Receiver operating characteristic curve
displaying the change in sensitivity and false positive rate (100-specificity) for mean ACt values
(red squares) classified based according to the Sanger sequencing genotype. The diagonal line
represents where the sensitivity equals 100-specificity.

The Youden J index J of 0.7082 was associated with a ACt value of < 10.94 cycles. The
sensitivity, specificity and area under the ROC curve compared to standard genotyping
methods were 93.65%, 77.17% and 0.893. Figure 3.14 summarises the comparison of the
results of the RNV assay mutation detection component to standard genotyping

methodologies.
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Total number of specimens analysed for mutations
(TC positive and VL > 200 copies/ml)

n =155
ACt <10.94 cycles ACt > 10.94 cycles
n =280 n=75

Mutations present Mutations absent ~ Mutations present ~ Mutations absent
(standard method) (standard method)  (standard method)  (standard method)
n =59 n=21 n=4 n=71

Figure 3.14: Comparison of the results of the RNV assay RNV component using the fit point
method of analysis to standard genotyping methodology using the optimised cut-off. The
results of the mean ACt value analysed using the second derivative method for all specimens with
a positive TC and VL greater than 200 copies/ml compared to the genotype data available for
each specimen.

3.6.2 Optimised Second Derivative Maximum Thresholds and Cut-offs

To determine values for the RNCV control and the WT control, the median with 95% CI
of the raw data values were calculated after exclusion of outlier values. The 95%
confidence intervals were calculated to be at 1.99 and 3.65 cycles. The proposed cut-off
values for the RNCV control are: 2.82 + 0.83 cycles. Any runs with a RNCV control
value outside of this range were considered invalid and the run data was not included in

the analysis.

As a range is not required for the WT control, but rather a cut-off value, the lower 95%
confidence interval was calculated to be at 9.70 cycles. Any runs with a WT control value
< 9.70 were considered to be invalid and the data from that run was not included in the

analysis.

The mean TC RNV and ACt values were calculated for each specimen based on the first
three RNV assay results. Test statistics were determined using VLs > 50, 100, 200, 400
and 600 copies/ml (Table 3.9).
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Table 3.9: Test statistics for the mean TC cycle values cycles compared to different VL limits
of detection using 201 specimens. The 24 specimens that did not amplify by TC component of
the assay were excluded.

Statistic >50 >100 >200 > 400 > 600
copies/ml copies/ml copies/ml copies/ml copies/ml
Sensitivity 91.15 92.02 94.48 95.32 96.39
Specificity 88.89 76.92 85.00 63.33 60.00
Area under 0.928 0.836 0.900 0.823 0.830
curve
Youden J 0.8003 0.6894 0.7948 0.5865 0.5639
index
Associated <23.75 <23.75 <2151 <2151 <2151
Ct value

The test statistics showed using a VL > 50 copies/ml or > 200 copies/ml and associated
with Ct values of 23.75 and 21.51, respectively, were most optimal. However, the 200
copies/ml criteria is therefore recommended as this value is unlikely to compromise the
RNV component of the assay. Figure 3.15 below shows the ROC curve comparing the
mean TC Ct values to standard VL methodologies using a VL threshold of > 200

copies/ml.
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Figure 3.15: Receiver operating characteristic curve for mean TC Ct values analysed using
the second derivative maximum method compared to a viral load greater or equal to 200
copies/ml. Receiver operating characteristic curve displaying the change in sensitivity and false
positive rate (100-specificity) for mean TC Ct values (orange squares) classified based according
to the VL being > 200 copies/ml.
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Figure 3.16 summarises the results of the comparison of the RNV assay to standard VL
methodologies using a TC Ct cut-off of < 21.78 cycles for determination of a VL > 200
copies/ml. With these thresholds, there were 188 (93.5%) specimens that were concordant
and 13 (6.5%) specimens discordant between the RNV assay and standard VL assays.

Total number of specimens

analysed
n=201
10 < Ct<21.51 cycles Ct>21.51 cycles
n=174 n=27

VL >200 copies/ml VL <200 copies/ml VL >200 copies/ml VL <200 copies/ml
n=171 n=3 n=10 n=17

Figure 3.16: Comparison of the results of the RNV assay TC component to standard viral
load methodology using the optimised cut-off for the second derivative maximum method
of analysis. The results of the mean TC Ct value analysed using the second derivative maximum
method for al specimens compared to the VL data available for each specimen.

Based on the above thresholds described for the TC component, the optimal ACt cut-off
for mutation detection was determined. The 171 that had a positive TC and a VL
> 200 copies/ml were compared to standard genotyping methods with the exception of 13
specimens which had no available genotyping data and three specimens that did not
amplify on the RNV component of the assay. The comparison performed on the 155 is

shown in the ROC curve in Figure 3.17 below.
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Figure 3.17: Receiver operating characteristic curve for mean ACt values analysed using
the fit point method compared to standard genotyping. Receiver operating characteristic curve
displaying the change in sensitivity and false positive rate (100-specificity) for mean ACt values
(red squares) classified based according to the Sanger sequencing genotype. The diagonal line
represents where the sensitivity equals 100-specificity.

The Youden J index of 0.7000 was associated with a ACt value of <8.26 cycles. The
sensitivity, specificity and area under the ROC curve compared to standard genotyping
methods were 84.13%%, 85.87%% and 0.912. Figure 3.18 summarises the comparison
of the results of the RNV assay mutation detection component to standard genotyping

methodologies.
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Figure 3.18: Comparison of the results of the RNV assay RNV component using the second
derivative maximum method of analysis to standard genotyping methodology using the
optimised cut-off. The results of the mean ACt value analysed using the second derivative

method for all specimens with a positive TC and VL greater than 200 copies/ml compared to the
genotype data available for each specimen.
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CHAPTER 4:

DISCUSSION

The HIV Drug Resistance RNV Multiplex Assay was developed by the Centers for
Disease Control and Prevention for the purpose of screening plasma specimens for three
key drug resistance mutations associated with resistance to reverse transcriptase
inhibitors, namely K65R, K103N and M184V. This multiplex multi-subtype allele-
specific assay uses a real-time platform with a fluorescent dye for qualitative detection of
these three key mutations, and has a lower limit of sensitivity equivalent to a VL of 600
copies/ml, which can simultaneously be used as a signal of virological failure. The assay
is cost-effective when compared to the Sanger sequencing-based resistance testing
technologies that are routinely used for detection of HIV-1 drug resistance mutations.
This RNV assay is a relatively simple assay to set up and can be used on any real-time
platforms, making it feasible to implement in most laboratories. The detection of these
mutations uses a ACt value to classify specimens as mutant (RNV positive, or having one
or more mutations present) and thus is dependent on accurate detection of HIV above the

assay limit of detection.

This study set out to validate and optimise the RNV multiplex assay in a South African
setting, by comparing the results of the assay to previously determined VL and genotype
data. Specimens that had discrepant genotypic results between the RNV assay and Sanger
sequencing results were re-sequenced using NGS technologies to establish if the RNV
assay is more sensitive at detecting the mutations. We further optimised the assay by

recommending alternative thresholds.

The validation was performed on the LightCycler 480 Real-time PCR instrument, based
on the availability of this instrument in the HIV Drug resistance laboratory at NICD. The
instrument software has the capacity to interpret raw data amplification curves using the
fit point method or the second derivative maximum method. When using the fit point
analysis method, the operator can manually select a noise band, beneath which variations
in fluorescent signal are considered as background noise. The cycle threshold (Ct) is then
determined as the point at which each specimen amplification curve passes this noise
band. Using the second derivative maximum method, this noise band is calculated

internally by the software. The second derivative maximum ideally is a preferred method
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for analysis, as it minimises operator variability. However, threshold methods, including
the fit point method, are the more commonly used analysis methods for real-time PCR
amplification curves due to them being the first method implemented in real-time PCR
machine software and widespread availability. Literature reviews of preferred methods
for analysis of real-time PCR amplification curves indicate that while threshold methods
are highly susceptible to errors in baselining and signal anomalies, there is value in these
methods due to their consistency (Clemens and Shain, 2008; Spiess et al., 2016). This
method of analysis is the most commonly used, making it an ideal option for universal
analyses, particularly due to the lack of other quantification analysis tools in some

software packages (Spiess et al., 2016).

A total of 225 remnant plasma specimens were selected for this study, with known VL
and drug resistance genotype. Of these, 47 specimens had a VL < 600 copies/ml, and 178
specimens had a VL > 600 copies/ml. Of 171 specimens with known genotype, 105
specimens had a WT genotype and 66 specimens had one or more mutation present. The
initial validation of the assay and the instrument were successful, with all controls passing
validation criteria when analysed using the fit point method. The in-run controls did not
pass validation criteria when using the second derivative maximum method; therefore,
we did not pursue this method further for validation purposes. This method was explored

further using new thresholds later in the discussion.

The validation of the RNV assay was successful for detection of virological failure (VL
> 600 copies/ml). The results of the total copy (TC) component of the RNV assay
produced 180 (84.0%) results were concordant with the VL results, whilst 45 (16.0%)
had discrepant results, of which 19 (8.4%) could be considered false positive and 17
(7.5%) could be considered false negative. The sensitivity of the TC component of the
RNV assay was high (90.5%), however, the specificity was lower (59.6%). Despite this,
however, the overall accuracy reflected by the area under the ROC curve statistic was fair
(0.750).

The 161 specimens that had a positive TC and a VL > 600 copies/ml were compared to
standard genotyping performed previously. Of these, 130 (93.2%) had concordant results
with Sanger sequencing, and 28 (17.4%) were discordant. An additional three specimens
were characterised as having no amplification. Of the discordant specimens, 24 (14.9%)

were positive for mutations on the RNV assay but did not have mutations present in the
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Sanger sequence, and 4 (2.5%) were RNV negative yet mutations were detected using
Sanger sequencing. Considering the limit of detection of Sanger sequencing being
approximately 20% while AS-PCRs can have a limit of < 1%, the high number of false
positives may be explained by this. This would be reflected by a high sensitivity when
compared to a less sensitive assay, as was seen with the RNV assay when compared to
Sanger sequencing. However, minority variants were detected in five of the 24 false
positive specimens using NGS. The mutation analysis component had improved statistics
over the TC component: greater accuracy was signalled by a higher area under the ROC
curve statistic (0.841), and the sensitivity and specificity were determined to be 93.7%
and 74.5%, respectively. The two specimens that had no mutations in the RNV assay but
had mutations in the Sanger sequence genotype revealed that these mutations are true
RNV discrepant specimens as the same mutations were present in the NGS sequence.

Comparison of the results of the agarose gel electrophoresis to the NGS revealed that all
14 of the specimens had additional mutations in the agarose gel that were not confirmed
by NGS. The agarose gel analysis of the RNV amplification product is time-consuming
(four to six hours), this combined with potential to falsely detect mutations that may not
be present make this component of the analysis particularly infeasible.

An RNV assay ACt positive indicates one or more of the K65R, K103N or M184V
mutations are present, however, the assay is unable to differentiate between these
mutations. This is due to the assay using an intercalating dye in the RNV multiplex primer
mixture with only one detection wavelength. Due to this, an alternative method will need
to be employed in order to determine the mutations present. As the agarose gel
electrophoresis of the RNV PCR product is not feasible, this would be done by Sanger
sequencing or NGS. Due to the cost of these assays, such an approach is not recommended

for low-middle income countries.

The additional 270 bp amplification product present in the agarose gel electrophoresis has
had an undetermined impact on the performance of the RNV assay. Due to the assay using
an intercalating dye, however, amplification not due to the presence of the K65R, K103N
or M184V mutations in the RNV PCR reaction may result in a false positive result. This

is an issue that will need to be addressed prior to implementation of this assay.

The statistical tests presented here indicate a need for further optimisation of the assay.
The RNV assay was initially validated by using DBS cards and resulted in a limit of
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detection of 600 copies/ml. A review published by the WHO to provide a reference for
the use of DBS cards for HIV-1 VL quantification and genotyping found that the
sensitivity when using DBS cards for VL quantification was 2 log lower than when using
plasma (Bertagnolio et al., 2010). Since this study used plasma, a lower VL threshold was
explored, with the optimal threshold determined to be > 200 copies/ml. The recommended
TC cut-off associated with this lower VL limit of detection was reduced from < 25.0
cycles to < 21.78 cycles. Using these statistics, the sensitivity, specificity and area under
the ROC curve of the assay increased to 94.5%, 85.0% and 0.913.

Using the specimens that had a positive TC based on a Ct value <21.78 cycles and a VL
> 200 copies/ml, the mutational analysis component cut-off was analysed. The analysis
comparing the ACt value to the Sanger sequencing genotype determined the optimal cut-
off to be < 10.94, a value that was very similar to that originally proposed. Using these
statistics, the sensitivity, specificity and area under the ROC curve of the assay increased
to 84.1%, 85.9% and 0.912.

Despite being validated successfully on control plasmids, analysing specimen runs using
the second derivative method resulted in only three runs falling within the range specified
for the RNCV and WT controls. Alternative thresholds for analysis using the second
derivative method were similarly proposed. The second derivative maximum analysis
method was also optimised further and new ranges for the RNCV and WT controls
recommended. The advantages of using this method over the fit point method to analyse
the amplification curves lies in the way in which the Ct values are calculated. This
mathematical model requires no user input and thus is simple as there is no separate

analysis for the TC and RNV components and there is no variation between users.

One of the drawbacks of the fit point method to analyse the amplification curves is that
the threshold generated by the software did not cross the exponential phase of the
amplification curves and thus it had to be set for every analysis. In addition, there were
many instances where this threshold drawn according to the exponential phase of the
RNCV and WT controls were inaccurate for other specimens in the analysis. The second
derivative maximum method of amplification curve analysis does not suffer from this
limitation, as it bases the concentration of amplified DNA on the shape of the
amplification curve and rejects the idea that specimens with the same fluorescence have

the same DNA concentration (Rasmussen, 2001).
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Even with the optimised thresholds and cut-offs proposed using the second derivative
maximum method, there were a number of false positive and false negative mutations
detected by the RNV assay (13[8.4%] and 10[6.5%], respectively). Should the RNV assay
be implemented in low-middle income countries, the impact of these would be
substantial. The false positive mutation results could potentially result in changes from
first-line to second-line ART at significant cost implications in patients who are
non-adherent as opposed to failing ART due to mutations. The impact of this would be
that those patients are at risk of failing second-line ART due to non-adherence as well.
The recommendation in this case would be that adherence counselling be performed prior
to performing the RNV assay, however, for a shorter period that currently performed to
limit the time patients harbouring major drug resistance mutations remain on a failing

regimen.

The implications of RNV false negative specimens is that a patient harbouring drug
resistance mutations would remain on a failing regimen, possibly without the potential
for viral re-suppression. It would therefore be feasible to suggest that the current guideline
regarding virological failure, enhanced adherence counselling and an eventual regimen

change should these be ineffective still be in place for such cases.

Using the RNV assay as a screening tool for HIV-1 infected patients failing first-line ART
allows for the identification of patients harbouring key drug resistance mutations and
require a change in regimen. South Africa, like many other low-middle income countries,
does not provide resistance testing at ART regimen initiation or at first-line failure.
Instead, patients are switched to second line following two successive VL results that are
> 1,000 copies/ml (World Health Organization, 2016b). However, a screening assay
could assist in identifying patients that harbour resistance, as opposed to those who are

non-adherent.

The relevance of a screening assay that detects the NNRTI mutation K103N could be
questioned as many countries transition to a dolutegravir-based regime for first-line
treatment for HIV infection (Vitoria et al., 2019). However, many countries are exploring
retaining efavirenz-based regimens for women of child bearing age; therefore, the assay

may retain its value in the future.

Future work into the RNV assay includes the performance of the assay in other countries
where different HIV-1 subtypes dominate and its performance in a large study where the
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dynamics involved around implementation of this assay can be analysed. Assessing the
molecular aspects of the assay to improve the sensitivity and specificity should also be
performed. This includes analysing primer binding to assess the impact of non-specific
amplification products on the possible generation of false positive results. As the assay is
designed with two separate enzyme mixtures, additional mutational enzyme mixtures
could also be developed to identify additional mutations present either in combination

with or independently from the RNV enzyme mixture.

To conclude, the RNV assay was successfully validated with the controls as well as the
HIV-1 Subtype C specimens with a high sensitivity and accuracy as reflected by the area
under the ROC curve value. Optimisation of the RNV assay resulted in higher sensitivity,
specificity and area under the ROC curve value. With these improved statistics, the RNV
assay is a viable option for implementation in a clinical setting as a screening tool for
HIV-infected patients failing first-line ART due to the development of major drug

resistance mutations.
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APPENDIX A:
RNV Assay Results

The results of the RNV assay using the fit point method are summarised in Table A.1 below. The amplification column describes whether on not
amplification was observed in at least two runs. The mean TC, RNV and ACt values were calculated using the results of the runs performed in
triplicate. The agarose gel results column describes the consensus of the bands observed after performing agarose gel electrophoresis on the RNV

amplification product of specimens with a TC <25 cycles and a ACt < 11 cycles.

Table A.1: Specimen information and RNV assay results using the fit point method.

nger ncin

Specimen | Viral Load > geR:sel(JqlltJ;e o RN REE Agggfse

ID (copies/ml) 65 | 103 | 184 Dilution TC _ Mean RNV _ Mean | Mean Mean AC.t Results

Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation

AMPO001 8905 K N M 20 Yes 12,43 Yes 22,60 | 10,16 Mutant RNV
AMP002 640 No Amplification 1 No No
AMPO003 3260 No Amplification 1 Yes 17,54 Yes 28,44 | 10,91 Mutant RNV
AMP004 1257 K K M 20 Yes 13,28 Yes 25,24 | 11,96 Wild-type \Y
AMPO005 12004 K K M 400 Yes 24,03 Yes 32,04 8,77 Mutant \Y
AMPO006 26000 R N V 1 Yes 17,54 Yes 21,72 4,18 Mutant RNV
AMP008 2180 K K M 20 Yes 12,89 Yes 27,65 | 14,76 Wild-type RV
,LAMP010 1184 K K M 1 No No
AMPO012 <40 K K M 1 Yes 15,19 Yes 24,33 9,14 Mutant RNV
AMPO013 362 K N M 1 Yes 16,85 Yes 26,08 9,23 Mutant RN
AMPO015 334 No Amplification 1 No No
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Table A.1: Continued

nger ncin
Specimen | Viral Load > geReS:L?Il'sse o SNSRI Healliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation
AMPO016 29760 K K M 20 Yes 12,47 Yes 2443 | 11,96 Wild-type
AMP017 398 No Amplification 1 Yes 14,37 Yes 27,09 | 12,71 Wild-type
AMPO20 | 120975 | K | K [ M | 400 Yes 13,73 Yes 26,56 | 12,83 |  Wild-type
AMP021 285 No Amplification Yes 27,59 No
AMP023 596 K K M Yes 13,49 Yes 22,53 9,04 Mutant RNV
AMPO025 2076 K K M Yes 27,73 No
AMPO026 55720 K K M 400 Yes 13,32 Yes 28,37 | 15,05 Wild-type
AMPO27 302605 K K M 400 Yes 10,37 Yes 20,30 9,93 Mutant R
AMP028 42 No Amplification 1 No No
AMPO029 674 K K M 20 Yes 14,62 Yes 26,63 | 12,02 Wild-type
AMPO31 36846 K S Vv 20 Yes 11,27 Yes 20,22 8,95 Mutant \Y
AMPO033 224 K N M Yes 16,19 Yes 22,45 6,26 Mutant RNV
AMP034 22013 R N Vv Yes 12,42 Yes 17,11 4,69 Mutant NV
AMPO035 58000 K K M 20 Yes 11,89 Yes 23,22 | 11,33 Wild-type RV
AMPO036 906828 K N Vv 20 Yes 16,55 Yes 23,51 6,97 Mutant NV
AMP039 <40 No Amplification No No
AMP040 96 No Amplification No No
AMP041 5295 K K M 20 Yes 12,88 Yes 28,15 | 15,28 Wild-type
AMP042 | 316880 K K M 8000 Yes 16,98 Yes 29,84 | 12,86 Wild-type
AMP043 6025 K K M 20 Yes 12,02 Yes 19,70 7,68 Mutant RV
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Table A.1: Continued

nger ncin
Specimen | Viral Load > geRssl?lltJ: o SNSRI Healliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation
AMPO046 375 K K M 1 Yes 10,71 Yes 19,28 | 8,57 Mutant R
AMP047 1590 K K M 1 Yes 16,42 Yes 2464 | 821 Mutant RNV
AMP048 | 233375 K K M 400 Yes 12,57 Yes 27,36 | 14,79 Wild-type
AMP049 1815 K N M 400 Yes 15,07 Yes 23,42 | 8,35 Mutant N
AMP050 29005 K K M 20 Yes 10,87 Yes 22,80 | 11,93 Wild-type
AMPO051 12930 K N M 400 Yes 12,1 Yes 18,54 | 6,44 Mutant NV
AMP055 47082 K S \Y 400 Yes 15,09 Yes 20,05 | 4,96 Mutant Vv
AMPO056 88332 No Amplification 1 No No
AMPO059 49 No Amplification 1 Yes 29,44 Yes 31,21
AMPO060 952 K K M 20 Yes 15,47 Yes 28,25 | 12,77 Wild-type
AMPO061 3922 K K M 1 Yes 12,14 Yes 17,65 | 551 Mutant Y
AMPO064 1946 K N \Y 1 Yes 12,38 Yes 15,06 | 2,68 Mutant NV
AMPO065 | 107475 K K M 400 Yes 10,66 Yes 24,27 | 13,62 Wild-type
AMP068 | 222230 K K M 400 Yes 12,95 Yes 25,73 | 12,79 Wild-type
AMP069 | 199690 K K M 400 Yes 12,28 Yes 25,09 | 12,82 Wild-type
AMPO070 20744 K K M 400 Yes 14,71 Yes 26,73 | 12,02 Wild-type
AMPO74 <LDL No Amplification 1 Yes 29,61 No
AMPO75 | 309690 K K M 400 Yes 11,76 Yes 29,56 | 17,80 Wild-type
AMP076 69705 K K M 20 Yes 11,73 Yes 22,95 | 11,22 Wild-type RNV
AMPO77 | 1038270 K K M 8000 Yes 21,17 No
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Specimen | Viral Load > geRssl?lltJ: o SNSRI Healliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation
AMPO78 1950 K K M 20 Yes 11,29 Yes 25,95 | 14,66 Wild-type
AMPO079 4759 K N V 20 Yes 12,19 Yes 17,65 5,45 Mutant N
AMPO081 <40 No Amplification Yes 25,71 No
AMP082 1178 K K M Yes 16,43 Yes 26,03 9,60 Mutant RN(V)
AMP083 34223 R N Vv 20 Yes 14,43 Yes 19,97 5,54 Mutant RV
AMPO085 98770 R K M 20 Yes 10,74 Yes 20,54 9,80 Mutant R
AMPO086 7840 K K M 20 Yes 15,56 Yes 27,68 | 12,12 Wild-type
AMP088 10550 K K M Yes 15 Yes 24,09 9,09 Mutant RNV
AMP089 806 K K M Yes 12,03 Yes 19,57 7,54 Mutant NV
AMP090 1238 K N M Yes 12,92 Yes 19,01 6,08 Mutant N
AMP091 53640 K K M 20 Yes 11,99 Yes 23,11 11,12 Wild-type RN
AMP093 2106 No Amplification 1 No No
AMP094 62 No Amplification 1 No No
AMP095 | 160180 K K M 20 Yes 12,22 Yes 25,06 | 12,84 Wild-type
AMP097 78075 K K M 20 Yes 11,5 Yes 23,05 | 11,55 Wild-type
AMP098 31235 K K M 1 Yes 10,42 Yes 13,53 6,59 Mutant
AMP099 <DL No Amplification 1 Yes 30,06 No
AMP100 1692 K N M 1 Yes 12,41 Yes 21,34 8,93 Mutant NV
AMP101 1772 K K M 1 Yes 11,84 Yes 26,17 6,61 Mutant R(N)V
AMP102 380 No Amplification 1 Yes 28,62 No
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Specimen | Viral Load > geRssl?lltJ: o SNSRI Healliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation
AMP103 | 195910 K K M 20 Yes 13,81 Yes 23,05 | 9,24 Mutant \Y
AMP104 | 191500 K KN [ M Yes 11,99 Yes 20,81 | 8,16 Mutant NV
AMP106 1330 K K M Yes 14,39 Yes 26,60 | 12,21 Wild-type RNV
AMP110 1130 K K M Yes 18,54 Yes 27,16 | 7,61 Mutant RNV
AMP111 7816 R N \Y; Yes 21,78 Yes 28,05 | 6,28 Mutant RNV
AMP112 | 1644050 K K M 20 Yes 11,09 Yes 23,55 | 12,45 Wild-type
AMP113 9035 K K M 400 Yes 13,67 Yes 2543 | 11,76 Wild-type N(V)
AMP114 3098 K | NK | V 1 Yes 27,19 No
AMP115 31100 K K M 400 Yes 12,95 Yes 26,35 | 13,40 Wild-type
AMP117 72665 K K M 400 Yes 13,48 Yes 26,13 | 12,64 Wild-type
AMP118 165 No Amplification 1 Yes 21,7 Yes 31,53 3,84 Mutant
AMP120 10665 K K M 20 Yes 13,45 Yes 27,15 | 13,70 Wild-type
AMP121 1650 K K M 20 Yes 14,22 Yes 29,07 | 14,86 Wild-type
AMP122 12784 No Amplification 20 Yes 13,31 Yes 24,99 | 11,68
AMP123 13966 KR | KR | \Y 400 Yes 14,14 Yes 20,07 | 5,93 Mutant RV
AMP124 208 No Amplification 1 Yes 19,9 Yes 28,78 8,88 Mutant R(N)
AMP125 45091 K N \Y 400 Yes 11,77 Yes 21,62 | 9,85 Mutant RNV
AMP126 608 K K M 1 Yes 11,34 Yes 22,85 | 11,51 Wild-type
AMP127 1623 K K M 20 Yes 11,96 Yes 21,79 | 9,83 Mutant RV
AMP128 | 102070 K K M 400 Yes 12,38 Yes 25,89 | 13,51 Wild-type
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Table A.1: Continued

Sanger Sequencing

Specimen | Viral Load Results SNSRI Healliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC |Amplification| RNV | ACt [ Interpretation

AMP129 1462 K N M 1 Yes 14,93 Yes 21,95 8,32 Mutant N
AMP130 3593 K K M 20 Yes 10,85 Yes 23,34 | 12,49 Wild-type

AMP132 945 K S V 20 Yes 14,47 Yes 24,26 9,79 Mutant RNV
AMP133 808 K K M 20 Yes 11,27 Yes 25,37 | 14,11 Wild-type

AMP136 10803 K K M 400 Yes 20,62 No

AMP138 1650000 R K M 20 Yes 14,73 Yes 20,86 6,13 Mutant R
AMP139 4695 K K M No No

AMP140 104 No Amplification No No

AMP142 835 K K M Yes 30,72 No

AMP143 20910 K N M 400 Yes 13,36 Yes 21,43 8,07 Mutant N
AMP145 17430 K K M 20 Yes 14,06 Yes 28,77 | 14,71 Wild-type

AMP146 152 No Amplification 1 Yes 29,37 No

AMP147 30920 K K M 1 Yes 13,13 Yes 23,68 | 10,55 Mutant RNV
AMP148 1580 K N V 1 Yes 19,18 Yes 25,12 5,94 Mutant NV
AMP149 26079 R N M 1 Yes 14,67 Yes 22,12 7,45 Mutant N
AMP150 11121 K K Vv 1 Yes 15,16 Yes 25,91 | 10,75 Mutant RNV
AMP151 176505 K K M 1 Yes 12,81 Yes 26,89 | 14,08 Wild-type

AMP152 40245 K K M 1 Yes 13,26 Yes 18,07 4,82 Mutant \Y/
AMP155 54770 K K M 1 Yes 11,27 Yes 20,85 9,59 Mutant RNV
AMP158 255230 K K M 400 Yes 16,28 Yes 27,27 | 10,99 Mutant RV
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Specimen | Viral Load > geRssl?lltJ: o SNSRI Healliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation

AMP159 | 114925 K K M 20 Yes 14,84 Yes 27,32 | 12,48 Wild-type

AMP160 66620 K K M 20 Yes 13,24 Yes 26,74 | 13,50 Wild-type

AMP161 59 No Amplification 1 Yes 24,97 No

AMP162 112 No Amplification 1 Yes 28,06 No

AMP164 58285 K K M 8000 Yes 12,64 Yes 28,82 16,18 Wild-type

AMP166 102735 R N M 8000 Yes 14,36 Yes 22,44 8,08 Mutant RN
AMP167 4620 K K M 400 Yes 15,82 Yes 23,49 7,67 Mutant \V
AMP168 1525 K N Vv 20 Yes 14,28 Yes 20,82 6,55 Mutant NV
AMP169 363 No Amplification 1 Yes 14,35 Yes 28,04 | 13,69 Wild-type

AMP170 780 K K M 20 Yes 13,07 Yes 28,01 14,95 Wild-type

AMP171 471 K K M Yes 16,07 Yes 27,14 | 11,07 Wild-type RNV
AMP172 54 No Amplification Yes 26,32 No

AMP173 106 No Amplification Yes 30,66 No

AMP175 30865 K K M 400 Yes 12,39 Yes 26,96 | 14,57 Wild-type

AMP176 56622 K K M | 160000 Yes 15,5 Yes 29,08 | 13,58 Wild-type

AMP177 11745 K KN M 400 Yes 11,73 Yes 19,11 | 7,38 Mutant NV
AMP178 25865 K K M 8000 Yes 14,62 Yes 27,98 | 13,36 Wild-type

AMP181 44 No Amplification 1 Yes 24,63 No

AMP182 8605 K K M 400 Yes 18,23 Yes 29,88 11,65 Wild-type

AMP183 90865 K K M 8000 Yes 15,77 No
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Specimen | Viral Load > geRssl?lltJ: o SNl Reslliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation

AMP184 | 147065 K K M 8000 Yes 16,41 Yes 28,65 | 12,25 Wild-type

AMP188 12650 K K M 8000 Yes 15,07 Yes 29,99 | 14,93 Wild-type

AMP189 <40 No Amplification 1 Yes 24,97 No

AMP190 90 No Amplification 1 No No

AMP191 3308 No Amplification 1 Yes 25,62 No

AMP192 3425 K K M 400 Yes 15,14 Yes 31,81 | 16,36 Wild-type

AMP193 | 219525 K K M 400 Yes 20,89 Yes 32,58 | 11,69 Wild-type Y
AMP194 11846 R N Vv 400 Yes 18,39 Yes 27,32 8,93 Mutant RN
AMP196 8015 K KN M 400 Yes 16,49 Yes 27,92 | 11,43 Wild-type N
AMP197 17250 No Amplification 1 Yes 10,89 Yes 2401 | 13,12 Wild-type

AMP199 6828 No Amplification 1 Yes 26,23 No R
AMP200 | 145388 K | kK | m [ 8000 Yes 17,09 Yes 31,12 | 14,03 Wild-type

AMP201 140 No Amplification 1 Yes 22,4 Yes 23,77 1,37 Mutant RNV
AMP204 58 K N M 1 Yes 15,36 Yes 21,38 6,02 Mutant N
AMP205 1394 K K M 1 No No

AMP206 404 No Amplification 1 Yes 24,92 No

AMP207 19162 K N M 20 Yes 15,62 Yes 22,97 7,35 Mutant N
AMP208 1011 R N Vv 20 Yes 14,08 Yes 19,37 5,29 Mutant RNV
AMP210 20715 K K M 20 Yes 14,09 Yes 24,02 9,94 Mutant RV
AMP212 <40 No Amplification 1 Yes 28,4 No
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nger ncin
Specimen | Viral Load > geRssl?lltJ: o SNSRI Healliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation

AMP214 3130 K K \% 20 Yes 14,94 Yes 21,31 | 6,38 Mutant \%
AMP215 <DL No Amplification 1 Yes 28,33 No

AMP217 344375 K S \% 400 Yes 17,29 Yes 26,34 | 9,05 Mutant NV
AMP218 107255 K K M 400 Yes 13 Yes 26,17 | 13,17 Wild-type

AMP221 82300 K K M 400 Yes 15,78 Yes 30,15 | 14,37 Wild-type N
AMP223 24225 K K M 20 Yes 15,23 Yes 28,11 | 12,88 Wild-type

AMP224 459 No Amplification 1 Yes 27,42 No

AMP226 8287 K N M 400 Yes 13,88 Yes 22,69 | 881 Mutant N
AMP227 6985 K K M 20 Yes 13,84 Yes 27,22 | 13,38 Wild-type

AMP228 4853 K N \% 20 Yes 14,61 Yes 24,13 | 9,52 Mutant NV
AMP229 548 No Amplification 1 Yes 16,1 Yes 26,53 | 10,43 Mutant RV
AMP230 145318 R SN V 20 Yes 16,14 Yes 19,98 3,84 Mutant RNV
AMP231 1569 K K M 20 Yes 12,2 Yes 26,46 | 14,26 Wild-type

AMP232 254 No Amplification 1 No No

AMP233 24674 K N M 400 Yes 15,57 Yes 24,07 | 8,551 Mutant N
AMP236 202777 K S V 400 Yes 12,47 Yes 23,41 | 10,94 Mutant RV
AMP237 132 No Amplification 1 Yes 30,6 No

AMP238 22674 No Amplification 20 Yes 12,58 Yes 26,11 13,53 Wild-type

AMP240 13128 No Amplification Yes 10,72 Yes 22,67 11,94 Wild-type

AMP241 83 No Amplification No No
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Specimen | Viral Load > geRssl?lltJ: o SNSRI Healliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation

AMP242 2875 K K M 1 Yes 11,33 Yes 24,05 | 12,72 Wild-type

AMP243 828 No Amplification 1 No No

AMP244 5770 K K M 400 Yes 14,77 Yes 29,12 | 14,35 Wild-type

AMP245 5852 K N M 400 Yes 16,28 Yes 24,38 8,10 Mutant RN
AMP246 986 K K M 1 Yes 13 Yes 25,95 [ 12,94 Wild-type

AMP249 148000 R N V 1 No No

AMP251 104 No Amplification 1 Yes 30,17 No

AMP252 1310 K | N | M 1 Yes 12,38 Yes 25,71 | 13,33 Wild-type

AMP253 310 No Amplification 1 Yes 13,91 Yes 28,60 | 14,69 Wild-type

AMP254 2830 R | N | M 20 Yes 11,77 Yes 20,05 8,28 Mutant R
AMP255 203 No Amplification 1 No No

AMP260 384 No Amplification 1 Yes 13,52 Yes 25,89 | 12,37 Wild-type

AMP261 216250 K K M 400 Yes 11,74 Yes 20,57 8,83 Mutant \Y
AMP263 7545 K K M 400 Yes 13,52 Yes 28,15 | 14,64 Wild-type

AMP265 1676 No Amplification 1 No No

AMP267 | 119385 | K | N [ v | 400 Yes 155 Yes 2349 | 7,98 Mutant NV
AMP268 766 No Amplification 1 Yes 12,99 Yes 24,98 | 11,99 Wild-type

AMP271 1536 No Amplification 1 No No

AMP272 16015 K K V 1 Yes 13,55 Yes 27,81 | 14,26 Wild-type

AMP273 1076255 K K M 8000 Yes 12,5 Yes 19,35 6,85 Mutant \Y
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Specimen | Viral Load > geRssl?lltJ: o SNSRI Healliee Aggg(l)se
ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results
Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation
AMP275 98 No Amplification 1 Yes 11,88 Yes 24,16 | 12,28 Wild-type
AMP276 1300 K K M 400 Yes 16,35 Yes 29,68 | 13,33 Wild-type
AMP278 2738 K K M 1 No No
AMP279 69530 R KR | MV 400 Yes 12,99 Yes 21,68 | 8,68 Mutant RV
AMP280 7000 K K M 20 Yes 14,85 Yes 27,28 | 12,44 Wild-type NV
AMP282 12630 K K M 20 Yes 13,81 Yes 28,27 | 14,47 Wild-type
AMP283 2129 K K M 20 Yes 13,31 Yes 27,15 | 13,85 Wild-type
AMP284 1268 No Amplification 1 Yes 13,2 Yes 24,13 | 10,93 Mutant RV
AMP285 6115 K K M 1 Yes 11,63 Yes 25,49 | 13,86 Wild-type
AMP287 47950 R N \Y 400 Yes 12,43 Yes 18,00 | 5,57 Mutant RV
AMP288 67665 K K M 400 Yes 14,3 Yes 25,83 | 11,53 Wild-type
AMP289 | 112445 K KN [ M 400 Yes 11,7 Yes 19,53 | 7,84 Mutant N
AMP290 334 No Amplification 1 No No
AMP291 | 287522 K NS M 400 Yes 11,62 Yes 23,32 | 11,70 Wild-type
AMP292 | 232465 K K M 8000 Yes 14,99 Yes 26,11 | 11,12 Wild-type
AMP293 66655 K N M 400 Yes 10,88 Yes 15,91 | 5,04 Mutant NV
AMP294 | 3761180 K K M | 160000 Yes 14,49 Yes 27,92 | 13,43 Wild-type
AMP296 63910 R K \Y 400 Yes 12,32 Yes 21,83 | 9,51 Mutant RV
AMP297 | 471495 K K \Y; 20 Yes 12,89 Yes 22,34 | 945 Mutant
AMP298 1314 K K M 1 No No
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Specimen | Viral Load > geRssl?lltJ: o SNSRI Healliee Aggg(l)se

ID (copies/ml) 65 | 103 | 184 Dilution TC . Mean RNV _ Mean | Mean Mean AC.t Results

Factor | Amplification| TC | Amplification| RNV | ACt | Interpretation

AMP299 6396 R N V 20 Yes 15,86 Yes 19,58 3,72 Mutant RNV
AMP301 241580 K K M 400 Yes 10,71 Yes 24,10 | 13,38 Wild-type
AMP302 207764 R R V 8000 Yes 141 Yes 19,70 5,59 Mutant RV
AMP303 125 No Amplification 1 No No
AMP304 776 R N Vv 1 Yes 13,55 Yes 19,92 6,37 Mutant RNV
AMP305 800 K N M 20 Yes 15,7 Yes 24,15 8,44 Mutant N
AMP306 19488 K KN M 400 Yes 13,75 Yes 21,76 8,01 Mutant N
AMP307 191100 K K M 400 Yes 13,7 Yes 27,20 | 13,50 Wild-type
AMP308 2202 K K Vv 20 Yes 15,57 Yes 22,25 6,68 Mutant \Y
AMP309 10665 K K M 20 Yes 11,67 Yes 26,15 | 14,48 Wild-type
AMP310 9109 K N Vv 1 Yes 11,17 Yes 16,69 551 Mutant NV
AMP313 1196 K N V 20 Yes 15,66 Yes 22,55 6,89 Mutant NV
AMP314 1605 R K M 400 Yes 14,95 Yes 22,09 7,14 Mutant R
AMP315 141925 K N V 400 Yes 10,4 Yes 18,52 8,13 Mutant RV

* Results in brackets indicate bands that were faint on the agarose gel.
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