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Abstract 

 

The HIV-1 pandemic remains a major public health dilemma. Treatment with combination 

antiretroviral therapy (cART) can, in the majority of patients, sufficiently suppress HIV viral 

replication. However, cART is not a cure as it does not affect long-lived reservoirs. HIV 

proviruses are harboured in the genome of long-lived CD4 helper cells that are maintained by 

having long half-lives and by being replenished through cellular proliferation. HIV infected 

cells that proliferate can be identified as clonal populations by all having the same integration 

site. A small proportion of proviruses are intact from where HIV rebounds after therapy 

interruption and is the barrier to achieving cure or remission. Therefore, many molecular assays 

have been designed to characterise HIV proviruses, with a focus on intact proviruses. From 

this the proviral landscape is estimated to consist of ~2% intact proviruses and up to 98% 

defective proviruses comprising deletions and hypermutations. However, highly deleted 

proviruses such as solo-long terminal repeats (LTRs) remain largely uncharacterised. Recently, 

it has become apparent that some proviral clones are able to express infectious HIV and cause 

clonal viraemia in patients on cART, which are not indicative of ongoing cycles of viral 

replication. This has further confirmed the importance of proviral clones in maintaining the 

HIV reservoir. Subsequently, aspects of proviral clones were investigated in this study. 

A novel assay capable of characterising severely deleted proviruses by targeting the unique 

integration sites was developed. The characterisation of proviral clones in paediatric patients 

with this novel assay revealed that severely deleted solo-LTR proviruses may be more 

prevalent than previously expected. 

Further investigation of these solo-LTR proviral clones was performed with another novel 

assay capable of quantifying proviruses based on unique integration sites. The longitudinal 

waxing and waning of solo-LTR proviral clones could be observed. Although solo-LTR 

proviruses do not contribute to the true reservoir, it suggests that current proviral landscape 

proportions require adjustment to account for all HIV integration events in cells. 

Clonal viraemia was studied in HIV positive adult patients on long term cART presenting with 

non-suppressible HIV viraemia. Three clusters of monotypic plasma viraemia and cell 

associated DNA HIV sequences were identified in one patient. These monotypic proviruses 

were shown to be replication competent by viral outgrowth. This provides evidence that 
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clonally proliferated cells harbour at least a proportion of intact proviruses and therefore 

constitute an important component of the true HIV reservoir. Two additional patients were 

identified with uncommon cases of sustained viraemia. Firstly, a probable large cell clone 

harbouring non-infectious virus was found to leak proviral nucleic acid into plasma, resulting 

in apparent treatment failure. Secondly, possible clonal viremia was observed in a patient with 

very slow decaying viral load, despite objective evidence of adherence and initial 

undetectability of treatment-relevant drug resistance over a period of 2 years. We conclude that 

clonal viraemia may be underreported, and that cases like these show that clonal viraemia 

should be considered as an explanation of non-suppressed viraemia or apparent therapy failure 

in the management of HIV infected patients on cART. 
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Opsomming 

 

Die MIV-1 pandemie is steeds ‘n geweldige gesondheids probleem. Behandeling met 

kombinasie antiretrovirale terapie (kART) kan, in die meerderheid van pasiënte, voldoende 

onderdrukking van die MIV virale lading behaal. kART is egter nie ‘n geneesmiddel nie omdat 

dit geen effek op die lang-lewende reservoir het nie. MIV provirusse word gehuisves in die 

genoom van lang-lewende CD4 helper selle wat voortleef weens ‘n lang halfleeftyd en 

aangevul word deur sellulêre vermeerdering. MIV geïnfekteerde selle wat vermenigvuldig kan 

geïdentifiseer word as klonale populasies met identiese integrasie liggings. ‘n Klein proporsie 

provirusse is intakt en is die bron van MIV wat terugbons na terapie gestaak word en dit 

verhinder genesing of remissie. Daarom is etlike molekulêre toetse ontwerp om MIV 

provirusse te karakteriseer, met ‘n fokus op intakte provirusse. Bykans 2% van die provirale 

landskap is intakte provirusse terwyl soveel as 98% foutief is. Hoogs-gebrekkige provirusse, 

soos die wat alleen bestaan uit lang terminale herhalings (LTRs), is egter hoofsaaklik on-

gekarakteriseer. Dit het onlangs geblyk dat sekere provirale klone infektiewe MIV kan 

produseer en klonale viremie veroorsaak in pasiënte op kART, sonder om aanduidend te wees 

van volgehoue replikasie. Hierdie bevindings bevestig die belangrikheid van provirale klone 

in die onderhouding van MIV reservoirs. In hierdie studie is aspekte van provirale klone dus 

verder bestudeer. 

‘n Nuwe toets is ontwikkel wat hoogs-gebrekkige provirusse kan karakteriseer deur die unieke 

integrasie ligging te teiken. Karakterisering van provirale klone in pediatriese pasiënte met 

hierdie nuwe toets het onthul dat hoogs-gebrekkige LTR-alleen provirusse meer algemeen mag 

wees as wat voorheen verwag is. 

Verdere ondersoek van die LTR-alleen provirusse is gedoen deur nog ‘n nuwe toets wat 

provirusse kan kwantifiseer deur gebruik te maak van die unieke integrasie ligging. 

Longitudinale toename en kwyning van LTR-alleen provirale klone kon waargeneem word. 

Hoewel LTR-alleen provirusse nie self tot die reservoir bydra nie, blyk dit hieruit dat daar 

aanpassing benodig word in die huidig-aanvaarde provirale landskap proporsies om al die 

integrasie voorvalle in te sluit. 

Klonale viremie is bestudeer in MIV positiewe volwasse pasiënte op kART van wie viremie 

nie-onderdukbaar was nie. Drie groeperings monotipiese plasma viremie en sellulêr 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                                                                Opsomming 

v 

 

geassosieerde DNA MIV nukleotied volgorde is in een pasiënt geïdentifiseer. Hierdie 

monotipiese provirusse het replikasie-vermoë soos bewys is met virale uitgroei toetse. Dit 

verleen ondersteuning daaraan dat klonaal-vermeerderde selle ‘n gedeelte van die intakte 

provirusse mag huisves en dus ‘n aansienlike komponent van die ware MIV reservoir uitmaak. 

Twee addisionele pasiënte met ongewone volhoubare viremie is geïdentifiseer. Eerstens, is ‘n 

waarskynlike groot sel-kloon wat ŉ gebrekkige provirus huisves en provirale nukleïensuur in 

plasma in lek, geïdentifiseer, wat tot klaarblyklike terapie-faling lei. Tweedens, is moontlike 

klonale viremie waargeneem in ‘n pasiënt met baie stadige afname van die virale lading oor 

twee jaar van studie, ten spyte van terapie en geen terapie-verwante weerstandigheid nie. Ons 

samevatting is dat klonale viremie meer algemeen mag wees as verwag, en dat gevalle soos 

hier bespreek, daarop dui dat klonale viremie ŉ oorweging moet wees in die hantering van MIV 

geïnfekteerde pasiënte op kART met volhoubare viremie of oënskynlike terapie-faling. 
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Chapter 1 

Literature review 

 

 

1.1 General introduction 

Human immunodeficiency virus (HIV) remains a major threat to public health with 38 million 

individuals currently diagnosed, 1.7 million in just the last year. Due to the scale of the problem, 

a staggering 12.6 million of these people are still awaiting treatment (UNAIDS 2020). The 

discovery and subsequent advancements of antiretroviral drugs revolutionised HIV treatment, 

suppressing the virus and allowing patients a relatively normal life (Chun et al. 1997; Broder 

2010). When HIV replication is not fully suppressed HIV drug resistance development is 

common, especially when using low genetic barrier regimens. Low genetic barrier drugs lose 

clinical effectiveness, in the presence of single drug resistance mutations, which often occur 

without a significant impact on viral fitness (Tang and Shafer, 2012; AIDSinfo 2020). In 

addition, it is very difficult to objectively assess drug adherence and self-reported adherence is 

inaccurate due to social desirability bias (Nachega et al. 2011). Therefore, when drug resistance 

is not detected, treatment failure is usually ascribed to inadequate adherence. Alternative 

pathways to drug resistance that occur in genes such as gag and env and which are not included 

in resistance scoring algorithms have also been proposed, but it remains uncertain whether 

these mechnanisms are clinically relevant (Dam et al. 2009; Özen et al. 2014; Malet et al. 2017; 

van Duyne et al. 2019). Thresholds for treatment failure are often arbitrarily defined and there 

is no threshold with near-perfect receiver operator characteristics, and thresholds are therefore 

either not very sensitive or not very specific (Joya et al. 2019). Low-level and transient viraemia 

therefore complicates patient care (AIDSinfo 2020). With the use of modern tolerable and high 

genetic barrier regimens, the large majority of patients can achieve virological suppression. 

Nevertheless, these therapies do not constitute a cure as viral rebound occurs soon after 

treatment interruption (Chun et al. 1997). The main barrier to HIV cure is long-lived reservoirs. 

HIV is maintained as proviruses in the genome of these long-lived cells throughout the body, 

surviving for decades (Finzi et al. 1997; Blankson et al. 2000; Besson et al. 2014). The 

identification of monotypic residual viraemia (plasma viraemia consisting of multiple identical 
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sequences) led to the discovery that proviral clones, rather than ongoing replication, are 

responsible for HIV survival (Dinoso et al. 2009; Anderson et al. 2011; Wagner et al. 2013; 

Kearney et al. 2014; Reeves et al. 2018). Due to the size of the human genome and relatively 

random HIV integration, cells that harbour the same proviral integration site represent proviral 

clones (Simonetti et al. 2016; Cohn & Nussenzweig 2017). Cells harbouring latent HIV-1 

proviruses are not only long-lived but can self-renew through clonal proliferation and constitute 

the major barrier to cure (Maldarelli et al. 2014; Wagner et al. 2014). Moreover, the size of 

these clones and their ability to wax and wane over time complicate proviral studies (Wang et 

al. 2018; Simonetti et al. 2020). Significant advances have been made in HIV reservoir 

research, with a multitude of assays designed for reservoir characterization, including viral 

outgrowth and proviral induction, viral and proviral quantification and nucleotide sequencing 

assays (Finzi et al. 1997; Palmer et al. 2005; Li et al. 2007; Cillo et al. 2013; Hatano et al. 2013; 

Bruner et al. 2019). Additionally, the study of proviral integration sites offers substantial 

insights into clonal proliferation and reservoir survival (Chomont et al. 2009; Maldarelli et al. 

2014; Patro et al. 2019). The fact that HIV survives in long-lived cells with the potential for 

self-renewal, rather than low-level ongoing replication (Wagner et al. 2013; Maldarelli et al. 

2014), directly affects which curative approaches are most feasible. Several curative strategies 

have been suggested. “Shock/kick and kill” is based on reversing proviral latency followed by 

the killing of HIV infected cells (Deeks 2012). In contrast the “block and lock” approach aims 

to enforce latency to prevent proviral reactivation (Suzuki et al. 2008; Ahlenstiel et al. 2015). 

Gene editing to induce host resistance or deactivate HIV proviruses have also been suggested 

(Ebina et al. 2013; Wang et al. 2014). However, since it may not be feasible to target all HIV 

infected cells, more emphasis has been placed on functional cure approaches. Functional cure 

(or remission) can be defined as an approach that, in the absence of antiretroviral therapy 

(ART), achieves control of viral replication, thereby preventing disease progression and 

rendering the individual non-infectious without ridding the body of all reservoirs. Therapeutic 

vaccines to achieve HIV remission are currently being investigated (Davenport et al. 2019). 

However, substantial advances are still required to achieve scalable HIV cures (Thomas et al. 

2020). 
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1.2 Virus characteristics 

1.2.1 Classification  

HIV belongs to the genus Lentivirus from the family Retroviridae and is divided into two types, 

HIV-1 and HIV-2. HIV-1 is further divided into four groups namely HIV-1 M (major), HIV-1 

N (new), HIV-1 O (outlier), HIV-1 P (Simon et al. 1998; Robertson et al. 2000; Plantier et al. 

2009; Los Alamos 2017). Group M, the predominant group, is further divided into subtypes A 

through K with over 51 circulating recombinant forms distributed across the globe (Hemelaar 

2012).  

 

1.2.2 Morphology 

Mature HIV virions are round and consist of a conical capsid with a lipid membrane envelope, 

measuring 100 - 120 nm in diameter (Gelderblom 1991; Niedrig et al. 1994). The virus capsid 

contains two strands of positive-sense single-stranded RNA and viral proteins, including 

reverse transcriptase and integrase (Figure 1.1) (Luciw 1996). 

Figure 1.1: Schematic overview of the HIV-1 virion indicating the viral capsid and lipid membrane 

envelope, with structural and non-structural proteins that make up the mature virus particle. Image 

credit: NIAID. 
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1.2.3 Genome 

The ~9 kilobase (kb) diploid RNA genome of HIV-1 consists of 10 genes, encoded over all 

three open reading frames and incomplete long terminal repeats (LTRs) at the 5’ (R-U5) and 

3’ (U3-R) ends (Figure 1.2) (Ooms et al. 2007; Los Alamos 2017). 

 

Figure 1.2: Representation of HIV-1 RNA genome indicating the various genes with 5' and 3' 

incomplete long terminal repeats (Ooms et al. 2007). 

After infection, the reverse transcribed HIV genome integrates into the host genome with 

complete LTRs at the 5’ and 3’ ends (Figure 1.3) (Greene & Peterlin 2006; Los Alamos 2017). 

HIV LTRs contain multiple transcription factor binding sites and act as regulator for the 

expression and suppression of viral genes (Jordan, Defechereux & Verdin 2001; Schröder et 

al. 2002; Weinberger et al. 2005; Burnett et al. 2009). The HIV genome yields 17 proteins from 

10 genes, including major gene proteins (gag, polymerase and envelope), regulatory proteins 

(Tat and Rev) and accessory proteins (Nef, Vpr, Vpu and Vif). The major genes give rise to 

several proteins including gag (matrix-p17, capsid-p24, nucleocapsid-p7 and p6), polymerase 

(protease, reverse transcriptase, RNase and integrase) and envelope (glycoprotein (gp) 120 and 

gp41) (Figure 1.3) (Hope & Trono 2000; Greene & Peterlin 2006; Los Alamos 2017). 

Additionally, an antisense protein (Asp) gene has been identified in frame 2 reverse (HXB2 

position 7373 – 7942) of most HIV-1 group M subtypes (Cassan et al. 2016). 

Figure 1.3: Representation of the HIV-1 genome. Open reading frames are indicated for each gene. 

Genome numbering is based on HXB2 (K03455) (Spach 2019). 
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1.2.4 Proteins and function 

1.2.4.1 Major proteins 

Each major gene (gag, polymerase and envelope) gives rise to a precursor protein, p55 

myristoylated protein, gag-Pol polyprotein and gp160 respectively. Each polyprotein is 

proteolytically cleaved by the encoded viral protease in the process of viral maturation 

(Göttlinger, Sodroski & Haseltine 1989; Hope & Trono 2000). 

The p55 gag polyprotein is cleaved into four functional proteins, matrix-p17, capsid-p24, 

nucleocapsid-p7 and p6. The matrix protein forms part of the N-terminal of the p55 polyprotein 

and remains associated with the viral envelope of mature virions. The functional matrix-p17 

protein targets gag to the lipid membrane and assists in the incorporation of envelope gp120 

and gp41 into immature virions. The matrix protein has also been associated with post-

assembly steps in the replication cycle of HIV (Yu et al. 1992; Yuan et al. 1993; Dorfman et 

al. 1994; Zhou et al. 1994; Reil et al. 1998; Göttlinger 2010). The capsid-p24 protein is crucial 

for virion formation and carrying the genetic material into target cells after infection. The 

capsid protein is responsible for the assembly of the conical virion core, a distinguishable 

feature of lentiviruses that contains the viral RNA and proteins (reverse transcriptase and 

integrase). Reconstructed models of the viral core indicate a relatively open structure, 

permeable to nucleotide triphosphates, suggesting that reverse transcription of the viral RNA 

can occur within the core (Gelderblom 1991; S. Li et al. 2000; Göttlinger 2010). The 

nucleocapsid-p7 protein forms part of the capsid-p24 C-terminal and is essential for virus 

replication. The nucleocapsid protein is required for the specific packaging of two un-spliced 

copies of viral RNA into the core structure, in addition to coating the viral RNA in mature 

virions. Nucleocapsid proteins also assists in annealing reactions in the viral life cycle 

including, placement of transfer RNA primers, dimeric RNA maturation into compact 

thermostable forms and RNA strand transfer during reverse transcription (Berkowitz, Fisher & 

Goff 1996; Rein, Henderson & Levin 1998; Göttlinger 2010). The p6 domain is separated from 

the nucleocapsid by a peptide, encoded to direct translational frameshifting to the overlapping 

polymerase gene. As a result of this, the p6 domain is excluded from the gag-Pol polyprotein. 

The p6 domain lacks conventional secondary protein structure and primarily serves as flexible 

extension to provide binding sites for cellular factors. Although only the N-terminal of p6 

appear to be essential for propagation in cell culture, small deletions in the p6 domain is 

associated with non-progressive HIV-1 infection in humans (Göttlinger et al. 1991; Henderson 

et al. 1992; Stys, Blaha & Strop 1993; Alexander et al. 2000). 
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Due to the p6 frameshifting activity, protease, reverse transcriptase, RNase and integrase 

domains are expressed as a gag-Pol polyprotein (Jacks et al. 1988). This frame shift to the 

polymerase reading frame is only successful approximately 5% of the time, resulting in a gag 

precursor to gag-Pol polyprotein expression ratio of about 20:1 (Parkin, Chamorro & Varmus 

1992; Hope & Trono 2000). The viral protease cleaves the gag and Pol peptides from each 

other during virion maturation, followed by further digestion to separate the protease, reverse 

transcriptase, RNase and integrase proteins. The Pol peptide cleavage is ineffective with about 

50% of the reverse transcriptase and RNase proteins remaining as polyproteins (Hope & Trono 

2000). The viral protease is classified as an aspartyl protease and performs as a dimer. The 

protease is essential for polyprotein cleavage, as discussed. Determining the three-dimensional 

structure of the HIV-1 protease resulted in drug formulation to inhibit its activity (Miller et al. 

1989; Navia et al. 1989; Ashorn et al. 1990; Hope & Trono 2000). The reverse transcriptase 

protein forms part of the polymerase activities. During reverse transcription, double-stranded 

DNA is synthesised from the single-stranded diploid HIV-1 RNA. The RNase protein digests 

the RNA template from the first strand DNA to allow for double-stranded DNA synthesis. 

Transactivation response (TAR) elements at the 5’ ends of viral RNA are required for reverse 

transcription initiation. Although HIV-1 DNA synthesis occurs relatively quickly after viral 

entry, viral DNA may remain unintegrated for prolonged periods of time. HIV polymerase is 

error-prone due to a lack of proof-reading activity (Zack et al. 1990a; Harrich, Ulich & Gaynor 

1996; Hope & Trono 2000). Integrase is responsible for the insertion of the double-stranded 

HIV-1 DNA into the genome of the infected cell. The integrated HIV DNA is referred to as the 

provirus. Proviral integration will be discussed in detail as part of viral replication. All the 

polymerase gene products are included in the capsid of mature virions. 

The gp160 polyprotein is synthesised in the endoplasmic reticulum followed by migration to 

the Golgi complex for glycosylation, required for infectivity. Polyprotein gp160 is then 

proteolytically cleaved to yield gp120 and gp41. The gp41 protein consists of three domains, 

extracellular, transmembrane and cytoplasmic, and is embedded in the viral envelope as trimers 

(Figure 1.4) (Bernstein et al. 1995; Garg et al. 2011). Protein gp120 is comprised of two 

domains, the inner and outer domains, and interact with gp41 as trimers. The inner domain 

forms a non-covalent interaction with gp41 while the larger, less conserved and highly 

glycosylated outer domain interacts with CD4 and co-receptors (CXCR4 and CCR5) (Landau, 

Warton & Littman 1988; Kwong et al. 1998; Blumenthal, Durell & Viard 2012). 
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1.2.4.2 Regulatory proteins 

Tat and Rev are essential regulatory proteins for HIV gene expression. Tat is a trans-activator 

that binds TAR at the 5’ end of HIV RNA and activates transcription from LTR by over 1000-

fold. Tat is primarily found in the nucleus and nucleolus of infected cells in two forms, a 72 

amino acid minor form and an 86 amino acid major form, both of which are functional 

transcriptional activators (Feng & Holland 1988; Roy et al. 1990). Importantly Tat promotes 

the elongation phase of HIV-1 transcription for the production of full-length viral transcripts. 

The absence of Tat results in the production of short transcripts (<100 nucleotides) (Feng & 

Holland 1988; Roy et al. 1990). Furthermore, Tat and cytokines have been shown to induce the 

expression of the Tat gene (Levy 2011; Seitz 2016). 

The shift of early to late phase viral gene expression is induced by Rev. The Rev protein binds 

a region comprised of a complex RNA secondary structure, known as the Rev response 

element. This allows for the export of incomplete and un-spliced RNA from the nucleus into 

the cytoplasm, and results in a rapid cycle between the nucleus and cytoplasm (Kim et al. 1989; 

Malim et al. 1989; Zapp & Green 1989; Hope & Trono 2000; Los Alamos 2017). 

1.2.4.3 Accessory proteins 

In addition to the major and regulatory proteins, the HIV-1 genome contains additional genes 

that encodes accessory proteins (Nef, Vpr, Vpu, Vif and Asp). Although proteins Nef, Vpr, 

Vpu and Asp are not essential for viral replication, they do represent critical virulence factors. 

Figure 1.4: Representation of the HIV-1 envelope spike, indicating the gp120/gp41 heterodimer trimers, 

along with the immuno-protective glycan shield. (Spach 2019) 
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Vpu, Vpr and Vif proteins are only expressed during late phase replication from incompletely 

spliced RNA and are therefore Rev dependent. 

The Nef protein is expressed during early phase viral replication and exhibits several activities. 

Nef downregulates the cell surface expression of CD4 by upregulating CD4 targeted 

endocytosis and lysosomal digestion. The Nef protein has also been shown to disturb T cell 

activation. Additionally, Nef stimulates virion infectivity, producing virions 10 times more 

infectious than viral particles generated in the absence of Nef (Kim et al. 1989; Luria, 

Chambers & Berg 1991; Garcia & Miller 1992; Aiken et al. 1994; Miller et al. 1994; Pandori 

et al. 1996). 

About 100 copies of Vpr protein are incorporated in the HIV virion through interaction with 

p55 gag. Vpr assists in HIV infection of nondividing cells by targeting the nuclear import of 

the pre-integration complex (Cohen et al. 1990; Zack et al. 1990b; Heinzinger et al. 1994). 

Vpu is expressed at rates 10-fold lower than envelope and integrates into internal membranes. 

Vpu facilitates the degradation of CD4 in the endoplasmic reticulum in addition to enhancing 

virion release from infected cells (Sato et al. 1990; Schwartz et al. 1990; Schubert et al. 1996). 

Althought HIV can replicate in particular tumour cell-lines without a functional Vif protein, it 

is essential for HIV replication in the natural host, with its absence resulting in defective virions 

(Strebel et al. 1987). Vif prevents the encapsidation activity of “apolipoprotein B mRNA 

editing enzyme, catalytic polypeptide-like” (APOBEC) 3G and APOBEC3F, two potent 

human anti-retroviral cytidine deaminases. APOBEC targets viral mRNA and induces C→U 

mutations, resulting in DNA G→A mutations. This effect is more commonly known as G→A 

hypermutations, resulting in the disruption of the HIV genome (Jarmuz et al. 2002; Harris et 

al. 2003; Mangeat et al. 2003; Bishop et al. 2004; Liddament et al. 2004). The Vif protein 

directly counteracts APOBEC3G and APOBEC3F by binding these enzymes for targeted 

degradation. Although this is effective, small amounts of APOBEC enzymes can still be 

encapsulated in HIV-1 virions (Lecossier et al. 2003; Mariani et al. 2003; Marin et al. 2003). 

Finally, the existence of the Asp protein was only recently confirmed, with indications of 

selective pressure on the Asp gene. Although early investigations suggest the Asp protein plays 

a role in co-receptor selection for HIV entry, this has not been confirmed (Torresilla, Mesnard 

& Barbeau 2015; Cassan et al. 2016; Dimonte 2017).  
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1.3 HIV replication cycle 

The gp120 trimers of mature HIV virions bind CD4 receptors of targeted cells and in turn 

allows for the binding of chemokine receptors (CCR5 and CXCR4). This binding results in a 

conformational change in gp41 trimers which mediates fusion of the viral envelope and cell 

membrane, leading to the release of the viral core into the cytoplasm (Figure 1.5) (Chan & Kim 

1998; Kwong et al. 1998; Doms & Trono 2000). Some individuals exhibit naturally occurring 

mutant CCR5 receptors, as a result of a 32 base-pair deletion in the CCR5 gene. Individuals 

with homozygous mutant CCR5 genes display significant resistance to HIV infection, 

emphasizing the importance of CCR5 receptors for HIV infection (Liu et al. 1996; Martinson 

et al. 1997). 

Uncoating of the viral core, mediated by Nef and Vif, initiates during entry into the cytoplasm. 

The HIV core releases the reverse transcription complex consisting of diploid viral RNA, lysine 

transfer RNA (reverse transcription primer), the HIV reverse transcriptase, viral integrase, Vpr, 

matrix protein and nucleocapsid protein (Lu et al. 1998; Öhagen & Gabuzda 2000; Schaeffer, 

Geleziunas & Greene 2001). Viral reverse transcription from single-stranded RNA to double-

stranded DNA is referred to as retro-transcription (Figure 1.6). Lysine transfer RNA attaches 

to the complimentary primer binding site in the gag-leader region. Reverse transcription yields 

complimentary negative strand DNA of the 5’ R and U5 region. The 5’ R and U5 RNA region 

is hydrolysed, releasing the single-stranded DNA section, followed by strand transfer to the 

complimentary R region at the 3’ RNA end. Complimentary negative strand DNA synthesis 

proceeds for the entire genome, with segmented RNase hydrolysis. Two specific RNase 

cleavage resistant RNA sections (central and 3’ polypurine tracts (PPT)) are left intact and 

remain attached to the negative strand DNA strand, facilitating positive strand DNA synthesis 

initiation. Positive strand DNA synthesis coincides with RNase cleavage of the PPT sites and 

the lysine transfer RNA, exposing the primer binding site. Complimentary primer binding sites 

of the positive and negative DNA strands anneal and is followed by strand displacement 

synthesis to yield double-stranded HIV DNA with a complete LTR at each end (Huber & 

Richardsong 1990; Rausch & le Grice 2004; Basu et al. 2008; Esposito, Corona & Tramontano 

2012). Reverse transcription often yields highly deleted double-stranded HIV DNA that can be 

integrated into the human genome (Li & Craigie 2009; Craigie & Bushman 2012; Maldarelli 

2016). 
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Figure 1.5: Illustration of the HIV replication cycle, indicating the various steps from virion binding to 

release. Important host and viral factors are also indicated. (NIAID 2018) 
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Figure 1.6: Representation of the nine step HIV retro-transcription to yield double-stranded DNA with 

complete LTR at each end. The HIV genes along with the primer binding site (PBS) and central and 3’ 

polypurine tracts (PPT) are indicated. Image modified from (Esposito et al. 2012). 

 

The double-stranded HIV DNA together with integrase, reverse transcriptase, matrix protein, 

Vpr and host DNA-binding protein form the pre-integration complex, and moves toward the 

nucleus (Miller, Farnet & Bushman 1997; Greene & Peterlin 2006). The viral pre-integration 

complex enters through the nuclear pores, with the matrix, Vpr and integrase proteins assisting 

in this process (Bukrinsky et al. 1993; Heinzinger et al. 1994; Gallay et al. 1997). In the nucleus, 

proviral integration proceed into relatively random locations of the host genome, assisted by 

integrase, high-mobility group proteins, barrier-to-autointegration factor and other host factors. 

Additionally, the integrase protein mediates the DNA ligation to establish the provirus in the 

host genome (Farnet & Bushman 1997; Miller et al. 1997; Chen & Engelman 1998; Lee & 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                                    Chapter 1 – Literature review 

12 

 

Craigie 1998; L. Li et al. 2000; Lin & Engelman 2003). Proviral integration in transcriptionally 

active cells is favoured in promoter rich areas, while proviruses in resting cells are often 

associated with suboptimal gene expression regions (Jordan et al. 2001; Wang et al. 2007; 

Brady et al. 2009). 

Proviral integration can result in transcriptionally active or latent infection. Proviruses can 

remain latent for years and are not affected by combination antiretroviral therapy (cART) 

(Adams et al. 1994; Jordan et al. 2001; Greene & Peterlin 2006). The proviral LTR contains 

promoter elements, including the initiator, TATA-box and three Sp1 transcription factors, 

which helps position human RNA polymerase II for transcription initiation. Nuclear factor 

kappa-B, nuclear factor of activated T cells and erythroblast transformation specific 

transcription factors are also involved in HIV transcription initiation (Jones & Peterlin 1994; 

Taube et al. 1999; Karin & Ben-Neriah 2000; Barboric et al. 2001). HIV transcription proceeds 

and is greatly enhanced by Tat to yield HIV mRNA and the various proteins as discussed 

previously. 

Viral particle assembly occurs at the cellular plasma membrane, with each virion constructed 

with ~1500 p55 gag polyproteins, ~100 gag-Pol polyproteins, Vpr and two copies of HIV RNA 

(Freed 1998; Wilk et al. 2001). Virion assembly is further assisted by human proteins and HIV 

Nef and envelope proteins (gp41 and gp120) (Pandori et al. 1996; Zimmerman et al. 2002; 

Ganser-Pornillos, Yeager & Sundquist 2008; Sundquist & Krausslich 2012). The gag 

polyprotein associates with the cell membrane due to cholesterol and glycolipid tropism. 

Therefore, virus budding results in cholesterol rich virion envelopes which favours virion 

release, stability and fusion of targeted cells (Göttlinger et al. 1989; Campbell, Crowe & Mak 

2001; Ono & Freed 2001; Ono 2009). 

Virion budding employs the host “endosomal sorting complexes required for transport” 

pathway, recruited by two late domain motifs of HIV p6 protein. This results in successful 

virion release from the infected cell (Garnier et al. 1999; Strack et al. 2000; Usami et al. 2009; 

Peel et al. 2011). Virion maturation initiates during the budding process, driven by the 

proteolytic cleavage of the gag and gag-Pol polyproteins, resulting in fully formed infectious 

HIV virions (Briggs 2003; Benjamin et al. 2005; Hill, Tachedjian & Mak 2005; Briggs et al. 

2006).  
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1.4 Transmission and Epidemiology 

The HIV pathogen can be detected in blood, semen, rectal and vaginal secretions, and breast 

milk of infected individuals. As a result, the most common routes of HIV transmission are 

sexual contact (heterosexual and homosexual), injection drug users and mother to child 

transmission (Shaw & Hunter 2012; WHO 2020).  

Analyses of samples collected in 1959 and the 1960s indicate HIV genetic diversification, 

suggesting that HIV was already circulating as a “silent” epidemic prior to 1930 (Worobey et 

al. 2008). However, it was only after discovering an epidemic of acquired immunodeficiency 

in 1981, predominantly among young men who have sex with men in the USA and Europe, 

with the subsequent cell culture isolation of HIV in 1983, that the scientific community became 

aware of HIV as the cause of acquired immunodeficiency syndrome (AIDS) (Gottlieb et al. 

1981; Levy 1993). Today the pandemic continues to grow worldwide despite substantial 

treatment and prevention strategies, with about 38 million people living with HIV (UNAIDS 

2020). South Africa remains the country with the biggest HIV epidemic. Current data indicates 

~200 000 new infections were reported over the last year, accruing in a total of ~7.5 million 

HIV positive individual (UNAIDS 2020). In order to drastically reduce the HIV pandemic a 

90-90-90 plan was put into place with the aim to diagnose 90% of HIV positive individuals, 

ensure treatment for 90% of these individuals and to achieve viral suppression in 90% of treated 

patients by end 2020. Even though over 25 million HIV positive people are currently on 

treatment, the 90-90-90 objectives are still not achieved, with current data indicating 79% 

diagnosed, 78% treatment coverage and 86% viral suppression (Avert 2020; UNAIDS 2020). 

The 2030 goal of eliminating AIDS is therefore off track and significant efforts are required if 

this is to be achieved (UNAIDS 2020). 

 

1.4.1 Global distribution of HIV 

HIV-1 group M is responsible for the global HIV pandemic, with subtype C accounting for 

more than 50% of all cases, followed by subtypes A and B at ~12% each. Several recombinant 

strains including CRF01_AE, CRF02_AG and CRF07_BC have also been detected in Asia and 

West Africa and represent about 5% of cases each (Hemelaar et al. 2011; Bbosa, Kaleebu & 

Ssemwanga 2019). HIV subtype A predominates in East Africa, Russia and Asia, with 

CRF02_AG and other recombinant types widely detected in Asia (Figure 1.7) (Saksena et al. 

2011; Gounder et al. 2017; Aibekova et al. 2018). Subtype B predominates in North and South 
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America, Europe, Australia, the Middle East and North Africa (Castley et al. 2017; Daw et al. 

2017; Lima et al. 2017; Oster et al. 2017; Sallam, Şahin, et al. 2017; Sallam, Esbjörnsson, et 

al. 2017; Alexiev et al. 2018; Hebberecht et al. 2018; Hernandez-Sanchez et al. 2018; Tumiotto 

et al. 2018; Volz et al. 2018). Subtype C is predominantly detected in Southern Africa and India 

(Ngcapu et al. 2017; Sharma et al. 2017; Sivay et al. 2018). Subtype D is not a predominant 

strain but circulates in East Africa along with subtypes A and C (Billings et al. 2017). 

 

Figure 1.7: World map indicating the global distribution of major HIV-1 group M subtypes and 

circulating recombinant forms (CRF) responsible for the pandemic. (Bbosa et al. 2019) 

  

1.5 Diagnosis and treatment 

Although there is a higher HIV testing coverage today than ever, there is still some way to go 

in order to reach the UNAIDS goal of 90% of people living with HIV knowing their status 

(UNAIDS 2020). HIV testing is mostly done by two approaches, serology assays and nucleic 

acid detection. HIV serological assays can be laboratory-based enzyme immunoassays or point 

of care rapid lateral flow assays. The latter is referred to as the HIV rapid serological assay 

(CDC 2020). These rapid tests offer sensitivity above 95% and specificity above 99% and are 

often used for community level diagnosis (Boadu et al. 2016). Laboratory-based assays have 

developed through several generations, with current fourth-generation enzyme immuno-assays 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                                    Chapter 1 – Literature review 

15 

 

detecting HIV p24 antigen in addition to antibody, in order to shorten the diagnostic window 

period to 15-20 days (Ananworanich et al. 2013). Rapid assays have also been adapted to detect 

HIV p24 antigen, but in general are less sensitive for antigen than laboratory based fourth 

generation HIV serology (CDC 2020). Qualitative and quantitative nucleic acid assays are used 

to confirm HIV infection in children before the age of 18 months and are used to diagnose 

acute HIV in adults as these assays detect HIV before antigen or antibodies are detectable 

(Cohen et al. 2010). Quantitative HIV-1 RNA assays are used to monitor the HIV viral load 

during infection and treatment. Molecular based assays can target HIV DNA or RNA, where 

DNA will detect HIV provirus and RNA will detect HIV cellular mRNA and virion RNA. For 

this reason, detection of active circulating virus by HIV RNA assays, are performed on plasma 

samples devoid of cellular material (Templer et al. 2016; Ochodo et al. 2018). The window 

period following infection before HIV can be detected with molecular assays is at least 10 days 

(Cohen et al. 2010; CDC 2020). 

Since the discovery of antiretroviral drugs in 1987, followed by the adaptation to dual drug 

therapy in 1992 and finally triple drug regimens in 1996, ART development has been 

revolutionised and is more accessible than ever before (Arts & Hazuda 2012; Kemnic & Gulick 

2020). HIV treatment with cART substantially improves patient survival and quality of life by 

suppressing viral replication and preventing disease progression, but it is not a cure (Chun et 

al. 1997; Broder 2010). Several groups of antiretrovirals, with multiple drugs each, have been 

developed. The most common groups of drugs are nucleoside/non-nucleoside reverse 

transcription inhibitors (NRTIs and NNRTIs), protease inhibitors, integrase inhibitors, fusion 

inhibitors, co-receptor antagonists and pharmacokinetic enhancers. Each of these drug groups 

target a specific step of the HIV replication cycle as stated in the name, and activity can be 

augmented by the pharmacokinetic enhancers (Figure 1.8) (Engelman & Cherepanov 2012; 

Laskey & Siliciano 2014). Although cART suppresses the viral load and prevents new rounds 

of cellular infection, it does not directly affect the HIV provirus (Kearney et al. 2017; 

Rosenbloom et al. 2017; van Zyl et al. 2017; McManus et al. 2019). These latently infected 

CD4+ T cells can survive for decades in patients on HIV suppressive therapy (Chun et al. 1997; 

Vanhamel, Bruggemans & Debyser 2019). 

 

 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                                    Chapter 1 – Literature review 

16 

 

Figure 1.8: Representation of the HIV replication cycle, indicating the various targets for antiretroviral 

drugs including, nucleoside/non-nucleoside reverse transcription inhibitors (NRTIs and NNRTIs), 

protease inhibitors, integrase inhibitors (integrase strand transfer inhibitors (InSTIs) and allosteric 

integrase inhibitors (ALLINIs)), fusion inhibitors and co-receptor antagonists. (Laskey & Siliciano 

2014) 

 

1.5.1 Low-level viraemia and virologic failure 

Several factors affect HIV-1 viral load thresholds: 1) The threshold of commercial assays; 2) 

clinical impact of elevated viral loads on health and development of drug resistance; 3) whether 

drug resistance testing is feasible at a particular threshold. Initial commercial HIV-1 RNA 

assays had thresholds around 400-500 copies/mL (O’Shea et al. 2000); and drug resistance 

assays had initially been validated for viral loads > 1000 copies/mL (Mitsuya et al. 2006), with 

inhouse assays validated for lower viral loads (Yang et al. 2010). Thereafter “ultrasensitive” 

HIV-1 viral load assays became available with a lower limit of detection of 50 copies/mL, but 

the impact on clinical practice was not pronounced as most individuals failed with relative 

higher viral loads (Muir et al. 2000). Since then, HIV-1 viral load has been considered 

suppressed when quantitative RNA assays indicate the plasma viral load as <50 copies/mL for 

over 6 months (EACS 2018; AIDSinfo 2020). Viral suppression is generally achieved in 8 – 

24 weeks after cART initiation, in treatment adherent individuals (AIDSinfo 2020). With viral 

load assays becoming more sensitive, an increase of sustained and episodic low-level (50 – 

1000 copies/mL) and very low-level or residual (<50 copies/mL) viraemia has been observed 

(Greub et al. 2002; Palmer et al. 2008). The implications of prolonged detection of low-level 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                                    Chapter 1 – Literature review 

17 

 

viraemia require further investigation, while some studies indicate an increased risk of 

subsequent virologic failure, this association was not observed in other studies (Damond et al. 

2007; Gatanaga et al. 2009; Willig et al. 2010; Laprise et al. 2013; Hermans et al. 2018; 

AIDSinfo 2020). The office of AIDS research advisory council (OARAC) and AIDS clinical 

trials group (ACTG) therefore adapted their guidelines on HIV treatment to define a confirmed 

viral load of over 200 copies/mL as virologic failure (Aldous & Haubrich 2009; AIDSinfo 

2020). However, other groups define virologic failure as a viral load above 50 copies/mL, to 

avoid acquisition of HIV drug resistance mutations (Nettles et al. 2005; Mitsuya et al. 2006; 

Doyle et al. 2012; Henrich, Wood & Kuritzkes 2012). In contrast, low- and middle-income 

countries, including South Africa, adopted the WHO treatment guidelines which defines 

treatment failure at a viral load of greater than 1000 copies/mL (World Health Organisation 

2016). Although there are no clear guidelines of low-level viraemia treatment in clinical 

settings, some studies recommend immediate treatment adjustment to fully active regimens to 

avoid negative outcomes (Nasta, Castelnuovo & Paraninfo 2005; Cohen 2009; Ryscavage et 

al. 2014). These discordant definitions of low-level viraemia and virologic failure also 

complicate comparative analyses on treatment failure and outcomes between different patient 

subsets. 

HIV virologic/treatment failure occurs when the cART regimen no longer controls HIV 

viraemia. The main contributing factors to virologic failure are inadequate drug exposure, 

predominantly due to inadequate adherence and treatment relevant drug resistance (ie. drug 

resistance mutations against the administered treatment). Poorly tolerable regimens, and drug 

toxicity impact adherence and drug exposure, whereas inadequate drug exposure could 

contribute to the acquisition of drug resistance. HIV variants that harbour drug resistance 

mutations can also be transmitted, which increases the risk of subsequent treatment failure in 

newly infected individuals (AIDSinfo 2020). HIV reverse transcription lacks proofreading, 

which results in the emergence of multiple variants, some of which by chance may harbour 

drug resistance mutations. In the absence of prior treatment exposure or transmitted drug 

resistance, these drug resistant variants mostly occur as single mutations in a particular variant 

and some are very rare considering the fitness price of particular resistance mutations (Coffin 

1995; O’Neil et al. 2002). Therefore, in the absence of prior drug exposure or transmission of 

drug resistant variants, cART effectively suppresses HIV replication and evolution, thereby 

preventing the further emergence of drug resistance (Maggiolo et al. 2005; Bangsberg 2006; 

Nachega et al. 2007; Martin et al. 2008). In contrast, poor or non-adherence to treatment could 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                                    Chapter 1 – Literature review 

18 

 

create an environment where HIV could replicate in the presence of non-suppressive drug 

levels resulting in the emergence of drug resistant HIV strains and disease progression 

(Bangsberg et al. 2001; Harrigan et al. 2005; Nachega et al. 2011; Hassan et al. 2014; Ahmed, 

Merga & Jarso 2019; Endalamaw et al. 2020). Acquired drug resistance due to poor adherence 

is therefore one of the most important predictors of virologic failure.  Individuals presenting 

with viraemia indicating treatment failure require immediate adherence counselling and HIV 

drug resistance sequence analyses to assist in the selection of an active treatment regimen 

(Kiweewa et al. 2019; AIDSinfo 2020). Some antiretroviral drugs require multiple mutations 

before phenotypic drug resistance and clinical treatment response are sufficiently impacted. 

These are referred to as high genetic barrier regimens and are very valuable in treatment-

experienced patients (Clotet et al. 2007; Banhegyi et al. 2012; Eron et al. 2013). Recently, with 

the introduction of first-line regimens comprising high genetic barrier second generation 

integrase inhibitors such as the widely used combination of tenofovir with lamivudine and 

dolutegravir (TLD), the risk of drug resistance and treatment failure are likely to decrease 

substantially (Brenner & Wainberg 2017; Phillips et al. 2019).  

 

1.5.2 Transient viraemia 

Transient viraemic episodes, also referred to as viraemic blips, are quite common in patients 

on suppressive cART. However, definitions of viral blips are discordant, including a single 

viral load above 200 copies/mL (AIDSinfo 2020), viral loads between 50 and 500 copies/mL 

for up to six weeks (Sörstedt et al. 2016) or any viral load above 50 copies/mL followed by 

suppression to below 50 copies/mL (Havlir 2001). The WHO guidelines, followed in South 

Africa, define single viraemic episode up to 1000 copies/mL as a viral blip (World Health 

Organisation 2016). The relevance of viral blips is also disputed; while some studies suggest 

limited or no clinical significance and suggest no treatment change (Havlir et al. 2001; Lee et 

al. 2006; Garcia-Gasco et al. 2008), other studies observed associations between viral blips and 

virologic failure and suggest prompt action (Young et al. 2015; Sörstedt et al. 2016). Several 

factors have been associated with transient viraemic episodes including, high baseline viral 

loads, poor adherence to cART, opportunistic infections and vaccinations (Günthard et al. 

2000; Jones & Perelson 2002; Kolber et al. 2002; Jones & Perelson 2005; Fung et al. 2012; 

Sörstedt et al. 2016). Further investigation of viral blips is essential to standardise its definition 

and clarify the potential clinical implications. 
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1.6 Proviral latency and persistence 

HIV proviruses can remain latent for decades while the viral load is suppressed by cART 

(Adams et al. 1994; Chun et al. 1997; Siliciano et al. 2003; Strain et al. 2003; Vanhamel et al. 

2019). The genomic location of the proviral integration site has been associated with latency. 

While integration is favoured in promoter rich areas of transcriptionally active cells, proviruses 

are often associated with suboptimal gene expression regions in resting cells (Jordan et al. 

2001; Wang et al. 2007; Brady et al. 2009). Several molecular mechanisms have been 

implicated in maintaining proviral latency including, epigenetic changes in chromatin (Jordan, 

Bisgrove & Verdin 2003), DNA methylation (Blazkova et al. 2009; Kauder et al. 2009) and 

transcriptional interference (Lenasi, Contreras & Peterlin 2008; De Marco et al. 2008; Shan et 

al. 2011). Resting cells further maintain latent proviruses by blocking HIV transcript elongation 

(Adams et al. 1999; Lin et al. 2003). This blockage is reversed after T cell activation, as 

observed by an increased ratio of elongated HIV transcripts (Kaiser et al. 2017; Yukl et al. 

2018). The underlying mechanism of proviral latency is therefore thought to be multifactorial 

(Lassen et al. 2004; Siliciano & Greene 2011). Although many proviruses of various levels of 

intactness can latently infect any of the above-mentioned cell types and persist during cART, 

the replication competent proviruses that yield infectious virions are defined as the reservoir 

(Siliciano & Greene 2011). 

Human CD4+T cells are the primary HIV-1 reservoir, with long-lived memory T cells likely 

the most important in harbouring latent provirus (Ahmed et al. 2009; Restifo & Gattinoni 2013; 

Doitsh et al. 2014). The large memory T cell subset, central memory T cells, is considered one 

of the most significant reservoirs by persisting through T cell survival and cellular proliferation 

in addition to being very long lived (Chomont et al. 2009; Soriano-Sarabia et al. 2014; Barton, 

Winckelmann & Palmer 2016; Pallikkuth et al. 2016). HIV infected memory T cells have been 

identified in the gut-associated lymphoid tissue and lymph nodes during suppressive therapy 

(Chun et al. 2008). Elevated levels of HIV-1 DNA in the gut-associated lymphoid tissue and 

lymph nodes have been observed when compared to the peripheral blood (Chun et al. 2008; 

Yukl et al. 2010; Banga et al. 2016; Khoury et al. 2017). However, the penetration of cART 

drugs into the gut-associated lymphoid tissue was found to be sufficient to prevent viral 

replication, as observed by a lack of HIV proviral DNA diversification (Josefsson, von 

Stockenstrom, et al. 2013; von Stockenstrom et al. 2015). Other cells and tissues have also been 

implicated in harbouring HIV. HIV-DNA has been detected in latently infected bone marrow 

CD133+ and mast cells of patients on cART (Sundstrom et al. 2007; McNamara et al. 2013). 
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Ex vivo analyses on purified liver Kupffer cells from patients on suppressive therapy yielded 

infectious virus (Kandathil et al. 2015). The presence of HIV in the cerebrospinal fluid and 

brains of some infected individuals has been well described (Ho et al. 1985; Levy et al. 1985), 

with multiple studies suggesting compartmentalised central nervous system infection 

(Koyanagi et al. 1987; Cheng-Mayer & Levy 1988; Chiodi et al. 1989; Korber et al. 1994; 

Wong et al. 1997; Strain et al. 2005; Harrington et al. 2009; Schnell et al. 2009). HIV DNA 

and RNA has been detected in the lungs of treated and untreated HIV positive patients. Lung 

CD8+T cells and macrophages were found to harbour HIV (Sierra-Madero et al. 1994; 

Semenzato et al. 1995; Jambo et al. 2014) and CD4+T cells obtained from the lungs showed 13 

fold higher levels of HIV DNA than peripheral blood (Costiniuk et al. 2018). Additionally, in 

one study, some level of compartmentalisation was detected in HIV envelope sequences from 

lung tissues of AIDS patients (van’t Wout et al. 1998). HIV virions, DNA and RNA have also 

been detected in kidney podocytes and tubular cells, and urine of cART treated patients 

(Winston et al. 2001; Marras et al. 2002; Chakrabarti et al. 2009; Canaud et al. 2014). The male 

and female reproductive tracts have also been found to harbour HIV while on suppressive 

therapy, in the prostate, testes, semen (Lecatsas et al. 1985; Borzy, Connell & Kiessling 1988; 

Silva et al. 1990; Baccetti et al. 1991; Pudney & Anderson 1991; Wolff et al. 1992; Bagasra et 

al. 1994; Muciaccia, Uccini, et al. 1998; Muciaccia, Filippini, et al. 1998; Shevchuk, Nuovo & 

Khalife 1998; Lafeuillade et al. 2002; Marcelin et al. 2008; Sheth et al. 2009; Halfon et al. 

2010; Politch et al. 2012) and female genital secretions (Kovacs et al. 2001; Nunnari et al. 

2005; Launay et al. 2011; Wahl et al. 2011; Fiscus et al. 2013), with evidence of 

compartmentalisation (Overbaugh et al. 1996; van’t Wout et al. 1998; Paranjpe et al. 2002; 

Smith et al. 2004; Tirado et al. 2004; Coombs et al. 2006; Chomont et al. 2007; Bull et al. 2009; 

Kelley et al. 2010). In addition to all these sources, limited traces of HIV have been identified 

in the thymus (Deere et al. 2014), adipose tissues (Couturier et al. 2015; Damouche et al. 2015) 

and CCR6 tropic rectal CD4+ T cells (Anderson et al. 2020) of treated individuals. 

In peripheral blood of chronically infected individuals, significant decay (~86% decline) of 

HIV DNA is observed in the first 12 months after treatment initiation, followed by further 

decay (~23% per year) up to year four, after which proviral DNA levels stabilise (Besson et al. 

2014). In contrast, treatment initiation during acute infection resulted in substantially sharper 

HIV DNA decay and the decline continued past four years on treatment (Hocqueloux et al. 

2013; Ananworanich et al. 2016). In fact, the sooner after infection cART is initiated, the more 

dramatic the HIV DNA decay (Laanani et al. 2015). Similar observations made in children 
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associated delayed cART initiation with slower decay of HIV DNA, and treatment initiation in 

the first week after birth with a significant reduction of long-lived infected cells (Veldsman et 

al. 2019). However, after the initial years of decay the levels of HIV DNA in peripheral blood 

remains remarkably stable (Tierney et al. 2003; Viard et al. 2004; Besson et al. 2014). When 

cART is interrupted, long-lived latently infected cells are the source of rebounding virus, again 

confirming the importance of these cells in maintaining the HIV reservoir (Chun et al. 1997). 

The levels of HIV DNA in peripheral blood is a predictor of the time to viral rebound after 

cART interruption, while higher levels are associated with accelerated rebound (Piketty et al. 

2010), low DNA levels have been associated with a higher probability of maintained virologic 

control (Williams et al. 2014; Assoumou et al. 2015). However, a recent study observed the 

emergence of large, intact HIV RNA populations after cART was ceased, and the re-seeding 

of tissue sites throughout the body (Chaillon et al. 2020). This finding suggests that treatment 

interruption studies could have serious consequences in terms of the repopulation of the 

proviral reservoir although the clinical implications remain unclear (Julg et al. 2019). 

 

1.6.1 Proviral clones 

Phylogenetic analyses indicate a lack of HIV-1 proviral genomic evolution over time, 

suggesting that ongoing viral replication is not the main mechanism for reservoir persistence 

(Josefsson, von Stockenstrom, et al. 2013; Wagner et al. 2013; von Stockenstrom et al. 2015; 

Kearney et al. 2016; Kearney et al. 2017). Due to the size of the human genome (3.0 ×109 base 

pairs) and relatively random HIV integration, cells that harbour the same integration site 

represent cellular clones (Simonetti et al. 2016; Cohn & Nussenzweig 2017). The appearance 

of monotypic HIV proviral sequences in patients on long-term therapy suggests that CD4+ T 

cell clonal expansion, rather than ongoing replication, is responsible for reservoir maintenance, 

as proven by integration site analyses (Maldarelli et al. 2014; Reeves et al. 2018). Clonal 

expansion is a major mechanism for maintaining the reservoir, as these proliferated cells can 

harbour replication competent proviruses (Lorenzi et al. 2016; Simonetti et al. 2016; Reeves et 

al. 2018; de Scheerder et al. 2019). The rarity of intact proviruses is also reflected in the clonal 

population, as most of the identified proviral clones are defective (Imamichi et al. 2014; Cohn 

et al. 2015). Latently infected cells can stably proliferate without virion expression and 

infection of further cells (Hosmane et al. 2017). The majority of these long-lived clonally 

expanded cells contain only one provirus (Josefsson et al. 2011; Josefsson, Palmer, et al. 2013) 
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however, ex vivo experiments indicated that a single proliferated clone can be responsible for 

a large proportion of expressed infectious virions (Bui et al. 2017). Furthermore, Hosmane et 

al highlighted that in vivo proliferation of cells containing intact provirus could occur without 

producing virus and about 57% of the isolated replication competent proviruses in a single 

patient were clones (Hosmane et al. 2017). A recent study suggested that the HIV reservoir 

consists of a few large clones and many small clones (Reeves et al. 2018). Proviral landscape 

dynamics are further complicated, as intact and defective proviruses containing elements that 

favour protein expression decrease over time as a result of immune clearance (Pinzone et al. 

2019). Recent reports on clonal waxing and waning suggest that antigen-driven and cytokine-

induced proliferation, rather than continuous cell-autonomous proliferation, contribute to 

clonal expansion and the stability of the latent reservoir (Wang et al. 2018; Simonetti et al. 

2020).  

Understanding the mechanisms of HIV persistence is pertinent in designing future approaches 

to HIV cure or achieving remission. Clonal proliferation is increasingly recognised as an 

important mechanism of persistence. Intact expanded proviral clones present a barrier to HIV 

cure. In addition, cells harbouring defective proviruses may produce viral RNA and proteins, 

which drive chronic immune activation and hamper the clearance of cells harbouring the intact 

reservoir (Jones et al. 2017; Pollack et al. 2017; Pinzone et al. 2019). 

 

1.6.2 Clonal viraemia 

Residual viraemia, defined as a viral load below 50 copies/mL, has been shown to often 

constitute clonal viraemia, evident by monotypic plasma viraemia. This suggests that virus 

produced by clonally proliferated cells are drug sensitive and show no evidence of ongoing 

replication and evolution (Nettles et al. 2005; Tobin et al. 2005; Bailey et al. 2006; Anderson 

et al. 2011). The majority of CD4 clones contain replication defective proviruses however, they 

could become reactivated, express protein, and some defective viruses are able to produce and 

package viral RNA (Cohn et al. 2015; Rassler et al. 2016; Pollack et al. 2017). In contrast to 

residual viraemia, viraemia detectable by commercial viral load assays has until recently been 

considered a reflection of poor adherence or drug resistance. Nevertheless, a recent case of 

HIV-1 plasma RNA viraemia between 100 and 200 copies/mL represented virus release from 

a replication competent infectious clone for over 13 years, until the patient passed away from 

metastatic squamous cell carcinoma (Simonetti et al. 2015). Another case with transient 
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viraemia at two time points (viral loads of 297 and 100 copies/mL) represented viruses released 

from a defective clone, followed by successful viral suppression (Rassler et al. 2016). Cells 

harbouring hypermutated proviruses are unlikely to produce viral particles if these 

hypermutations occur in gag, as a functionally intact gag is essential for capsid assembly and 

RNA packaging (Delchambre et al. 1989; Pollack et al. 2017). However, it is possible that 

hypermutated proviruses may have intact gag or alternatively, defective proviral genomes may 

be packaged when complemented by another provirus in the same cell, which has an intact gag 

gene (Iwabu et al. 2008).  

With the advent of potent and tolerable antiretroviral regimens, the most common causes of 

failure, including inadequate adherence and drug resistance may diminish and rarer cases of 

unexplained viraemia such as clonal viraemia may become more apparent. These cases require 

proper characterization (Jacobs et al. 2019). Further understanding of clonal viraemia would 

provide invaluable guidance for clinical management of patients with evidence of good 

adherence, in the absence of drug resistance, but with persisting HIV-1 viraemia. 

 

1.7 The proviral landscape 

The replication competent HIV reservoir is maintained during suppressive cART and rebounds 

after treatment interruption (Ho et al. 2013). However, the reservoir is vastly outnumbered by 

other proviruses of various intactness. In fact, only about 2% of the proviral landscape is 

represented by intact replication competent virus (Figure 1.9) (Bruner et al. 2016).  

 

Figure 1.9: Representation of the proviral landscape characterised from 152 near full-length HIV 

sequences of 10 patients. (Bruner et al. 2016) 
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The remaining 98% of proviruses are defective in one or several ways. HIV proviruses with 

deletions within either the 5’ or 3’ genome halves or very large internal deletions made up 

about 75% of the 152 near full-length sequences from 10 patients (Figure 1.9) (Bruner et al. 

2016). Approximately 5% of the investigated sequences had deletions within the packaging 

signal and major splice sites and about 3% of sequences contained insertions or inversions (Ho 

et al. 2013; Bruner et al. 2016). Hypermutations as a result of APOBEC3G and APOBEC3F 

activity is responsible for rendering between 15% and 32% of proviruses as defective (Ho et 

al. 2013; Bruner et al. 2016).  

Importantly, due to the location of the primers used for near full-length amplification, severely 

deleted proviruses consisting of only a single LTR or partial LTR would be completely 

overlooked and therefore remains largely uncharacterised in HIV-1 infection (Bruner et al. 

2016; Hiener et al. 2017). A recent study identified a predominant solo-LTR proviral clone 

comprising 25% of the proviral landscape (Anderson et al. 2020). Solo-LTR and partial-LTR 

proviruses are results of ineffective viral reverse transcription, yielding severely deleted 

genomes, limited to LTR sequences, and subsequently integrated into the host genome (Li & 

Craigie 2009; Craigie & Bushman 2012; Maldarelli 2016). Solo-LTR proviruses are well 

described in other retroviruses (Katzourakis et al. 2007) and comprise up to 90% of human 

endogenous retroviruses (Buzdin et al. 2006; Contreras-Galindo et al. 2013; Thomas, Perron 

& Feschotte 2018). Further investigation of the distribution and possible activity of solo-LTR 

and partial-LTR proviruses is required, which could significantly influence the proposed 

proportions of the proviral landscape. 

 

1.7.1 Assays to characterise the proviral landscape 

A multitude of assays to quantify the HIV reservoir and characterise the proviral landscape in 

patients on suppressive cART have been developed, each with its own benefits and limitations 

(Massanella & Richman 2016; Sharaf & Li 2017).  

1.7.1.1 Cell based assays 

Quantitative viral outgrowth assays (QVOA) to determine the infectious units per million cells 

have been described as the gold standard to quantify the proviral reservoir. With QVOA a 

limiting dilution cell culture format is performed after one round of stimulation to activate 

resting cells, and HIV p24 antigen is measured after several days of culture (Finzi et al. 1997; 
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Siliciano & Siliciano 2005). This assay is useful to demonstrate the stability of the proviral 

reservoir in HIV suppressed patients, with the main benefit that only replication competent 

provirus is observed (Siliciano et al. 2003; Crooks et al. 2015). However, a major limitation of 

QVOA is that only a fraction of replication competent proviruses is induced, resulting in a large 

proportion of the reservoir being overlooked (Ho et al. 2013; Bruner et al. 2016). Additionally, 

QVOA is resourse intensive and could yield variable results (Ho et al. 2013). Recently QVOA 

was performed with multiple rounds of stimulation, increasing the number of inducible intact 

proviruses and yielding increased quantities of infectious virions from more proviruses. 

Although the multiple stimulation QVOA approach yields more inducible proviruses, it still 

underestimates the total reservoir, in addition to being even more resource and labour intensive 

(Hosmane et al. 2017). 

Quantifying RNA from inducible proviruses is considered a viable alternative to the resource 

and labour-intensive viral outgrowth assay and offers a more accurate representation of the 

inducible reservoir (Hermankova et al. 2003; Wei et al. 2014). However, RNA transcripts from 

defective proviruses could lead to an overestimation of the reservoir (Kearney et al. 2016). 

1.7.1.2 Nucleic acid quantification 

Several HIV DNA assays have also been developed to quantify various subsets of the proviral 

landscape. Proviral DNA quantification assays targeting various HIV regions including gag 

(Nottet et al. 2009; Klatt et al. 2014), reverse transcriptase (Strain et al. 2013), LTR (Hatano 

et al. 2013; Yukl et al. 2013; Yukl et al. 2014) and integrase (Cillo et al. 2013; Hong et al. 

2016) have been developed. Due to the high levels of genetic variation in the gag and reverse 

transcriptase regions, the integrase targeted HIV DNA assay was found to be superior, offering 

single-copy sensitivity (Cillo et al. 2014). Proviral LTR quantification found 10-fold higher 

DNA levels than the other assays, due to the detection of highly deleted proviruses (Rozera et 

al. 2010). Some studies suggest that the total DNA proviral load reflect the size of the proviral 

reservoir and can predict time to viral rebound after cART interruption (Yerly et al. 2004; 

Williams et al. 2014). The HIV DNA targeted assays can quantify many, but not all defective 

proviral variants, resulting in an under-estimation of the total proviral load and a severe over-

estimation of the reservoir (Eriksson et al. 2013; Ho et al. 2013; Bruner et al. 2016). Although 

the quantification of proviral DNA has been heavily criticised for over-estimating the reservoir, 

even defective proviruses can produce viral proteins and thereby participate in HIV 

pathogenesis (Imamichi et al. 2016). It is therefore essential to measure the entire proviral 
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landscape, as each proviral subset contributes to the complex pathophysiology of HIV 

(Rouzioux & Richman 2013; Rouzioux & Avettand-Fenoël 2018). To bridge this gap, an assay 

to simultaneously quantify and distinguish between intact and defective proviruses was 

recently developed. This assay targets the HIV packaging signal and Rev response element 

regions, with intact proviruses being quantifiable in both regions. Hypermutated proviral 

genomes are also effectively discerned by allelic discrimination probes targeting the Rev 

response element (Bruner et al. 2019). 

Quantification of the different RNA transcripts (spliced, incompletely spliced and un-spliced) 

can be performed by targeting various regions in the HIV genome. Total HIV RNA transcript 

can be quantified by targeting the LTR (Hatano et al. 2013; Yukl et al. 2013; Yukl et al. 2014). 

Spliced HIV RNA is quantified by targeting the Tat and Rev regions (Pasternak et al. 2008), 

while targeting the gag region will quantify un-spliced RNA, a predictor of time to rebound 

after treatment initiation (Li et al. 2015). 

1.7.1.3 Sequencing based assays 

Single proviral template amplification and nucleotide sequencing of the envelope and partial 

gag-polymerase regions can be used for proviral characterisation. These single template assays 

offer immense value in studying the inter-patient proviral variability (Palmer et al. 2005; 

McKinnon et al. 2011; Evering et al. 2014; Nolan et al. 2017). 

Near full-length HIV amplification and sequencing of single template proviruses has also been 

performed and add immense value in studying intact and defective proviruses. These near full-

length assays offer insights into the proviral landscape and can differentiate between the 

various proviral subsets (Li et al. 2007; Ho et al. 2013; Bruner et al. 2016). The identification 

of identical near full-length proviral sequences indicate a strong probability that the source of 

these sequences is in fact clonal (Hiener et al. 2017). However, the only true indicator of 

clonality is the unique integration sites (Bailey et al. 2006; Maldarelli et al. 2014; Wagner et 

al. 2014). The investigation of integration sites can shed light on the size of any specific clone 

and its relative proportion compared to other proviral clones detected in a patient. 

Various approaches have been developed to obtain nucleotide sequences of proviral integration 

sites. One approach is to target the Alu repeat region of the human genome together with HIV 

gag. The nucleotide sequences should reveal partial HIV sequence along with the unique 

integration site and adjacent human genome sequence (Chomont et al. 2009; de Spiegelaere et 

al. 2014). However, a major disadvantage of this method is that integration sites can only be 
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determined for proviruses containing gag, which excludes severely deleted proviruses. 

Alternatively, LTR targeted assays can successfully determine the integration site of any 

provirus, irrespective of intactness but provide no or very limited proviral sequence data 

(Maldarelli et al. 2014; Simonetti et al. 2016). A recent development that uses limiting dilution 

genomic DNA input followed by whole genome amplification, with subsequent sequence-

based characterization of proviruses and their linked integration sites allows for the 

identification and linkage of both, but is costly and cumbersome (Patro et al. 2019). This is 

important for an improved understanding of HIV reservoirs, and improvements to make this 

less cumbersome or costly would further facilitate growth of the field. 

Each of these mentioned assays have some advantages and limitations as indicated in the table 

below (Table 1.1). 

 

Table 1.1: Advantages and limitations of selected assays aimed at analysing the HIV reservoir. 

Assay Advantages Limitations 

Quantitative viral outgrowth 

assays (QVOA) 

Isolate inducible, replication 

competent proviruses  

Very expensive, high 

workload, unable to detect all 

replication competent 

proviruses 

Inducible virus assay Faster, less expensive and 

more sensitive than QVOA 

Unable to differentiate 

inducible from replication 

comptent proviruses 

Gene specific quantification Very fast and sensitive Only specific to proviruses 

consisting of intact regions of 

the targeted gene 

Intact and defective provirus 

identification and 

quantification  

Fast, sensitive, able to 

distinguish between intact 

and defective proviruses 

Only specific to proviruses 

consisting of the targeted 

regions, based on sequences 

from a determined sample 

subset 

Single copy sequencing (gag-

Pol) 

Sensitive, able to assess 

proviral divestity 

Limited to proviruses with 

gag-Pol, does not account for 

variation in other genome 

regions 

Single copy sequencing (near 

full length) 

Sensitive, detect intact 

proviruses 

Requires intact 3’ and 5’ 

proviral regions, will 

overlook severely deleted 

proviruses 

Integration site assays Able to investigate the role 

of clonal proliferation 

Yields no proviral sequence 

data 

Combined near full length and 

integration site assay 

Able to assess clonal 

proliferation of intact 

proviruses 

Expensive, high workload, 

only focussed on intact or 

mostly intact proviruses 
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1.8 HIV cure 

As cART has been shown to have great benefit, especially in early stages of infection, and 

could prevent onward transmission, all HIV infected individuals currently qualify for therapy. 

This results in a substantial burden on health care systems as patients require life-long treatment 

and frequent visits to facilities to monitor therapeutic success (UNAIDS 2020). Moreover, non-

adherent individuals may acquire drug resistant HIV strains, compromising the durability of 

treatments. Novel approaches that would either eliminate HIV from the body, i.e. an eradication 

cure, or achieve sustained remission in the absence of therapy, i.e. a functional cure, may 

therefore have huge benefit for affected individuals and the healthcare systems (Ananworanich 

& Fauci 2015). Although two patients have successfully been cured of HIV, both patients 

endured severe cancer treatments, including allogenic stem cell transplantations from 

CCR5Δ32 individuals (Hütter et al. 2009; Gupta et al. 2019). This treatment is not considered 

as a viable and scalable therapeutic strategy.  

A few different approaches to HIV cure are currently being investigated. The “shock/kick and 

kill” approach is aimed at inducing viral expression from the latent reservoir with latency 

reversing agents, which can then be targeted and cleared by cytotoxic T lymphocytes (Deeks 

2012). However, current latency reversing agents do not efficiently induce the entire reservoir, 

and viral proteins from defective proviruses are also targeted by cytotoxic T lymphocytes 

resulting in inadequate clearance of the reservoir (Pollack et al. 2017; Abner & Jordan 2019). 

In contrast, the novel “block and lock” strategy aims to reinforce latency with small interfering 

RNAs to inhibit viral rebound after treatment termination (Suzuki et al. 2008; Ahlenstiel et al. 

2015; Mousseau et al. 2015; Méndez et al. 2018). However, this strategy is still in development 

and requires further investigation. Gene editing methods such as CRISPR-Cas9 and zinc-finger 

nucleases could be used to target human or viral genes and thereby induce resistance to HIV, 

bolster viral latency or deactivate proviruses (Ebina et al. 2013; Wang et al. 2014; Liao et al. 

2015; Xu et al. 2017; Dash et al. 2019; Xiao, Guo & Chen 2019). Although some of these 

approaches yielded promising preclinical results, significant advances are required to achieve 

scalable cures. Therapeutic HIV vaccines aim to eliminate rebounding virus rather than 

targeting the elusive proviral reservoir. Various approaches for an HIV vaccine have been 

studied, including specific viral protein targets (gag and Tat) (Schooley et al. 2010; Pollard et 

al. 2014; Deng et al. 2015; Sgadari et al. 2019), multiple viral protein targets (Lévy et al. 2005; 

Lévy et al. 2006) and autologous dendritic cells to stimulate T cell responses (García et al. 

2011; Gandhi et al. 2016; Gay et al. 2018). Some of these vaccines have demonstrated moderate 
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success in delaying viral rebound (Lévy et al. 2006) and continuous reductions in the proviral 

reservoir (Sgadari et al. 2019). Even though these findings suggest that therapeutic vaccines 

may improve outcomes after treatment interruption, sustained viral remission has not been 

achieved (Davenport et al. 2019).  

 

1.9 Study motivation 

Recent studies have indicated the significance of intact and defective proviral clones in the 

barrier to cure. Although several assays can successfully characterise proviruses, severely 

deleted proviruses such as solo-LTRs are not detectable by these assays. Recent data indicates 

that solo-LTR proviral clones may account for a significant proportion of the proviral 

landscape. Additional data on severely deleted proviruses are required to investigate the 

potential impact they may have on the barrier to HIV cure. An assay capable of amplifying any 

provirus regardless of intactness is required to characterise even highly deleted proviruses. This 

could be achieved by targeting the unique integration site and a region in the host genome 

specific to a selected integration site for amplification, and so excluding the requirement of 

proviral intactness. Additionally, integration-site specific quantification would allow the study 

of any particular clone and could assist in determining the true proportions of the proviral 

landscape. 

The recent characterisation of clonal viraemia as a possible cause of low level and transient 

viraemia requires further investigation. Replication competent proviral clones are possibly not 

only the primary source of viral rebound after treatment interruption but could also be 

responsible for sustained low-level and transient viraemia detected in some patients. Therefore, 

the investigation of these cases of unusual viraemia is essential to understanding the dynamics 

and kinetics of proviral clones. Additionally, cases of low-level and transient viraemia require 

in depth investigation to determine the implications on patient care, and to provide a framework 

for the recognition and management of such events. 
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1.10 Aim 

The aim of this doctoral project was to investigate the HIV proviral landscape by means of 

studying specific integration sites and clones in HIV positive patients on long term cART. 

 

1.11 Objectives 

1. Characterise the HIV proviral landscape by amplifying proviruses with integration-site 

specific PCR reactions, followed by full-length sequencing. (Chapter 2) 

2. Identify persisting HIV infected cell clones longitudinally and investigate clonal 

proliferation with quantitative or semi-quantitative integration-site specific PCR. (Chapter 

3) 

3. Characterise non-suppressible viraemia and investigate whether proviral clones are the 

source of viraemia, in patients on long term cART. (Chapters 4 and 5)
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Chapter 2 

Integration site specific proviral characterisation 

 

 

2.1 Introduction 

Characterising the reservoir in patients receiving long-term cART is an essential step in 

understanding HIV persistence and working towards a cure. Several molecular techniques 

target various regions of HIV DNA in order to study the integrated proviruses and through this, 

define the reservoir. Although these methods are valuable in studying the kinetics of HIV 

reservoirs, it does not explain the mechanism of persistence. Recently, clonal proliferation of 

HIV infected cells, rather than ongoing replication, has emerged as an important mechanism 

of long-term HIV persistence, assays are therefore needed to characterise HIV proviral clones. 

Specifically, there was a need for assays that could investigate particular proviruses, identified 

by their unique integration sites in order to describe HIV persistence. Multiple molecular assays 

have been developed by various groups to identify HIV proviral integration sites and better 

understand the latent reservoir (Vandegraaff et al. 2001; Yu et al. 2008; Ciuffi & Barr 2011; 

Maldarelli et al. 2014; Sunshine et al. 2016). Although these assays can be used to identify 

integration sites, they offer little to no molecular sequence data of the provirus itself. Additional 

techniques, capable of identifying integration sites and proviral sequences, were developed to 

address this gap in the field (Einkauf et al. 2019; Patro et al. 2019). The primary goal of these 

methods is to identify intact HIV proviruses along with defective proviruses comprising at least 

partial HIV genomes. All the above-mentioned assays enable one to characterise the proviral 

landscape, in order to determine the proportion of the reservoir compared to defective 

proviruses. They have an important limitation however, relying on HIV specific primers to 

amplify the HIV provirus. It is known from studies using these assays that a large proportion 

of proviruses have large internal deletions. Therefore, if any large deletions occur in any of 

these primer binding areas, the proviral assays would be unable to amplify the particular 

provirus. These assays are therefore inherently biased towards somewhat more intact 

proviruses (which would at least allow binding of the internal HIV proviral primers). 

Proviruses consisting of only HIV LTR, or “solo LTR” integration events would therefore not 
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be detected, and subsequently overlooked in the proviral landscape proportions. Although such 

defective proviruses do not form part of the true or replication competent reservoir, LTRs 

contain promoters and may impact on adjacent gene transcription and cell survival and clonal 

proliferation of infected cells (Maldarelli et al.2014; Cesana et al. 2017; Anderson & Maldarelli 

2018a). The high prevalence of solo LTRs among retroviral elements in the mammalian 

germline may suggest that solo LTRs may be a common outcome of retroviral integration 

(Katzourakis et al. 2007; Contreras-Galindo et al. 2013a). We therefore developed a different 

approach aimed at amplifying proviruses irrespective of intactness. This approach makes use 

of identified integration sites and designing primers that would amplify proviruses by targeting 

the human genome and unique human genome-proviral junctions, using a semi-nested PCR 

approach. This approach will not require any HIV genome region as target and as a result will 

be able to amplify even severely deleted proviruses. 

 

2.2 Materials and methods 

2.2.1 Specimen selection 

Participants in this study were from the children with HIV early antiretroviral (CHER) study 

and post-CHER cohorts. The CHER study was conducted in HIV infected children in South 

Africa, diagnosed between 4-6 weeks of life and compared clinical and immunological 

outcomes between a) early elective treatment initiation continued for 40 or 96 weeks followed 

by a period of treatment interruption until meeting criteria for treatment initiation and b) 

delayed (treatment started when meeting clinical or immunological criteria) but not interrupted 

(Violari et al. 2008; Cotton et al. 2013). The post-CHER cohort is a subset of participants 

retained from the CHER trial to study neurocognitive outcomes and HIV-1 reservoirs. 

Longitudinal whole blood EDTA specimens were collected twice annually as part of the CHER 

and post-CHER studies. As part of post-CHER, HIV proviral integration sites were identified 

at the HIV Dynamics and Replication Program, National Cancer Institute (NCI) (Frederick, 

MD, USA) with integration site analysis (ISA), in order to investigate reservoirs in children 

after receiving early cART (Bale et al. manuscript in preparation). Integration sites were 

successfully identified in 11 study participants, and further investigated for clonality by 

identifying the most expanded proviral clones (Table 2.1). These 11 participnts were selected 

using a sampling for diversity approach to represent children with variable ages of treatment 

initiation and variable intra-participant viral diversity, including particpants with monotypic 
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and highly diverse populations. For this study, 30 of the most expanded clones from the 11 

patients of which ISA data was available, were selected for full-length proviral analysis by a 

novel integration site specific assay. These 30 most expanded integration sites, as detected by 

ISA, accounted for 10 of the 11 study participants with ISA data. 

 

Table 2.1: Integration site data generated for the 11 patients. The total number of integration sites 

detected by the ISA assay is indicated along with the number of clones identified. The number of 

integrase cell associated DNA (iCAD) copies per 1 million PBMCs, an indication of the total proviral 

load, is included. 

PID 

Age at 

treatment 

initiation 

Time to viral 

suppression 

Viral status 

over study 

period 

iCAD 

value 

Number of 

integration 

sites 

detected 

Number 

of 

clones 

detected 

338206 9.9 months 0.92 years Suppressed 21.3 311 9 

340116 9.3 months 2.29 years Suppressed 181.5 301 6 

332406 2.7 months 1.38 years Suppressed 23.6 272 21 

339266 9.0 months 0.44 years Suppressed 46.7 110 16 

334696 6.1 months 0.47 years Suppressed 9.2 94 3 

335106 1.8 months 0.46 years 
One viraemic 

episode 
4.5 128 3 

337286 17.7 months 1.37 years Suppressed 32.8 101 2 

337916 1.9 months 0.46 years Suppressed 1.5 136 14 

335836 5.1 months 0.93 years Suppressed 11.9 454 30 

341862 2.2 months 0.44 years 
One viraemic 

episode 
42.3 116 10 

360806 2 months 3.76 years 
One viraemic 

episode 
186.2 133 5 

 

2.2.2 Peripheral blood mononuclear cell isolation 

Peripheral blood mononuclear cells (PBMCs) were isolated from freshly collected whole blood 

EDTA specimens from selected CHER patients according to the hanc cross-network PBMC 

processing protocol (www.hanc.info/labs/labresources/procedures/Pages/pbmcSop.aspx). 

Approximately 34 mL whole blood was collected per patient at each visit. Plasma was 

separated by centrifugation in a Jouan BR4i centrifuge (Jouan SA, St-Herblain, France) at 1623 

rcf for 10 min and stored at -80oC in 1 mL aliquots. The volume of plasma removed was 

replaced with 1x phosphate buffered saline (PBS) (Lonza, Basel, Switzerland) and mixed until 

homogeneous. The blood mixture was carefully layered on 15 mL histopaque-1077 (Sigma-
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Aldrich, MO, USA) as density gradient medium (Figure 2.1) and centrifuged 721 rcf for 30 

min with centrifuge acceleration and break set to the lowest setting. 

  

Figure 2.1: Diagram of whole blood separation into plasma, PBMCs, and red blood cells. 

 

The PBMC layer (Figure 2.1) was carefully removed and washed twice in 45 mL 1x PBS with 

centrifugation at 462 rcf for 17 min. Purified PBMCs were resuspended in 20 mL 1x PBS. A 

1:1 mixture of PBMCs (50 µl) and Trypan Blue Dye (50 µl) (Bio-Rad, Hercules, CA, USA) 

was used to determine cell counts with a TC20 automated cell counter (Bio-Rad) setting cell 

size gates to 6-17 µm. PBMCs were pelleted by centrifugation at 462 rcf for 10 min and PBS 

was removed, followed by suspension in 10 % dimethyl sulfoxide (DMSO) (Sigma-Aldrich) 

and 90 % heat inactivated foetal bovine serum (FBS) (Gibco, Waltham, MA, USA) to a 

concentration of 2.5x10E6 cells per mL. Purified PBMCs were stored in aliquots of 1 mL in a 

liquid nitrogen storage unit. 

 

2.2.3 Nucleic acid isolation 

Selected PBMC specimens were split to consist of ~1.25 million cells per isolation reaction. 

PBMCs were centrifuged in a Labnet Prism R refrigerated microcentrifuge (Labnet, Edison, 

NJ, USA) at 500 rcf for 15 min at 4oC. After removal of the supernatant, 600 µl custom lysis 

buffer consisting of 3.6 M Guanidinium thiocyanate (GuSCN), 0.13 M Dithiothreitol (DTT), 

0.67 mg/mL Glycogen, 10 mg/mL N-Lauroylsarcosine, 10 mg/mL Sodium Citrate and 132 µl 

molecular grade water were added. Cell pellets were resuspended by pulse vortex mixing for 4 

seconds and incubated at 25oC for 10 min. Reactions were inverted at least 30 times after the 

addition of 600 µl 100% Isopropanol and centrifuged at 17 200 rcf for 20 min at 10oC. The 

PBMCs 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                    Chapter 2 – Proviral characterisation 

35 

 

supernatant was carefully removed without disturbing the nucleic acid pellet followed by the 

addition of 1mL ice cold 70% ethanol. Reactions were inverted and centrifuged at 17 200 rcf 

for 20 min at 10oC. The ethanol wash step was repeated twice more followed by the complete 

removal of all ethanol by centrifuging reactions twice at 17 200 rcf for 1 min and removing 

any supernatant. The nucleic acid pellets were dried for about 15 min at 25oC followed by 

resuspension in 200 µl cold 5 mM Tris-HCl (pH 8.0) (Sigma-Aldrich). Isolated nucleic acid 

was stored at -80oC until use. 

 

2.2.4 Assay design and validation 

2.2.4.1 Amplification strategy 

We developed a novel assay to enable the amplification of specific proviruses from their 

known integration sites. A combined semi-nested PCR strategy was employed to amplify each 

provirus with human genome sequence at both 5’ and 3’ ends (Figure 2.2). The integration site 

specific proviral amplification (ISSPA) method consists of two parallel pre-nested reactions, 

reaction 1 primes in the human genome beyond the 3’ end of the provirus, with the opposing 

primer being the HIV 5’ U3 LTR human genome junction, while reaction 2 primes in the 

human genome beyond the 5’ end of the provirus with the opposing primer being the HIV 3’ 

U5 LTR human genome junction. Each of these PCR reactions are followed by 2 semi-nested 

reactions, using the same junction primers as in the pre-nested reactions but opposing internal 

human genome primers or alternatively junction primers: reaction 1.1 and 1.2, and 2.1 and 2.2 

respectively (Figure 2.2). These four different parallel approaches to amplify proviruses by 

targeting unique integration site junctions and human genome positions were done as 

confirmation that the products generated represent the true amplification of proviruses and do 

not represent PCR artefacts.  
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Figure 2.2: Representation of the integration site-specific amplification strategy with human genome in 

blue and provirus in red. Primer position and orientation are indicated by arrows. 

Based on the the relative low total HIV-1 DNA levels and expected proportion that could be 

made up by individual clones according to  literature, only a small fraction of the total DNA 

isolated from PBMCs is expected to contain any specific integration site. Therefore, in order 

to increase the probality of detecting these rare integrants ~60 000 PBMC equivalent DNA 

copies were tested for each integrant. To limit PCR inhibition by DNA overload each PCR step 

was performed in replicates of 11, with ~250 ng DNA per reaction. No template controls 

(NTCs) were included. 

2.2.4.2 Primer design 

Specific primers to amplify proviruses from each unique integration site were designed 

(Addendum B). Integration site data were obtained from ISA performed previously (Bale et al. 

2019), mapped to human genome 19 (hg19) in BLAT together with LTR nucleotide sequences 

generated for each patient as part of a previous study. The semi-nested 5’In and 3’In human 

genome primers (semi-nested PCR 1.1 and 2.1 (Figure 2.2)) were designed at least 100 bp from 

the selected integration site. Junction primers were designed 6-8 bp into the HIV LTR to ensure 

integration site specificity (Figure 2.3). Primers were designed with caution to ensure proper 

DNA from 

PBMCs 

3’Out 5’J 5’Out 3’J 

5’J 3’In 

5’J 3’J 5’J 3’J 

5’In 3’J 

Pre-nested PCR 1 Pre-nested PCR 2 

Semi-nested PCR 1.1 

Semi-nested PCR 

Semi-nested PCR 2.1 

Semi-nested PCR 2.2 
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binding to template, palindromic sequences were avoided to prevent hairpin loops and 

corresponding primers were designed to have similar melting temperatures (Tm). 

 

 

Figure 2.3: Representation of specific primer positioning for a selected integration site.  Integration site 

provirus-human genome junctions with HIV LTR U3 and U5 ends are indicated along with the four 

human genome primers (5’Out, 5’In, 3’Out and 3’In) and two integration site junction primers (5’J and 

3’J) required for ISSPA. 

 

Standard primers were designed to target proviral junctions and the flanking human genome 

regions. Dual priming oligonucleotide (DPO) primers were designed targeting the same human 

genome regions as the standard primers in order to compare the efficacy of standard and DPO 

primers. The DPO primers were designed according to specifications from (Chun et al. 2007a; 

Chun et al. 2007b). All primers designed for ISSPA are included in Addendum B. 

2.2.4.3 Validation with ACH2 

Several assessments were performed in order to validate the ISSPA assay. The ACH2 cell line 

was selected as a control for this assay, due to the presence of one major clone (present in ~ 

1/3 genome copies) and multiple minor clones contained in the genome. Standard and DPO 

primers designed to target the major ACH2 clone were used to attempt full-length (~9 kb) 

proviral amplification. Assay sensitivity was investigated by limiting dilution of ACH2 input 

DNA at concentrations of ~547, ~54 and ~5 copies of the major clone per PCR reaction. An 

assay specificity reaction was included for each of the primer sets, spiked with ~17 000 copies 

of HIV negative PBMC DNA per reaction. For the validation assay, a positive no dilution 

control was included containing >50 000 DNA copies of the major ACH2 clone. 
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A 400 bp region of HIV integrase was targeted to confirm full-length proviral (~9 kb) 

amplification after ISSPA was performed on the ACH2 control. Reaction mixes (25 µl) for the 

integrase PCR consisted of: 1x Ranger mix, 0,4 µM forward and reverse primer respectively 

and nuclease free water (Promega Corp., Madison, WI, USA). Amplification conditions were 

as follows: an initial denaturing step (94oC, 2 min) was followed by 30 cycles of denaturation 

(94oC, 30 sec), annealing (44oC for 30 sec) and extension (68oC, 30 sec). A final extension step 

(68oC, 7 min) was included to ensure full-length amplicons. 

 

2.2.5 Integration site specific proviral amplification (ISSPA) 

Proviral amplification was attempted as mentioned above (2.2.4.1) in replicates of 11 reactions. 

Amplification was performed with Ranger mix (Bioline meridian bioscience, London, UK) and 

each reaction (50 µl) consisted of: 1x Ranger mix, 0.4 µM forward and reverse primer 

respectively and nuclease free water (Promega Corp.). Amplification conditions consisted of 

an initial denaturing step (95oC, 1 min) followed by 30 cycles of denaturation (98oC, 15 sec), 

annealing (first five cycles consisted of touchdown temperature starting at 63oC down to 58oC, 

with the remaining 25 cycles at 58oC for 45 sec) and extension (68oC, 11 min). A final 

extension step (68oC, 15 min) was included to ensure full-length products. A second round 

semi-nested PCR reaction was performed at the same amplification conditions using 1 µl of a 

1:4 dilution of the first-round product. If no successful proviral amplification was achieved, 

amplification was attempted on an additional 11 replicates, up to a maximum of 44 replicates. 

 

2.2.6 Verification of proviral PCR products 

When only a solo-LTR sequence was obtained after ISSPA, PCR recombination yielding 

artefactual solo-LTR products was excluded as a possibility by attempting amplification of a 

fragment that is slightly larger than LTR, by priming on the integration site junction and just 

beyond LTR. Amplification was attempted with two primer sets, namely: integration site 

junction – 642Rev and integration site junction – 788Rev, targeting the packaging signal and 

gag respectively (Table 2.2). The appropriate integration site-junction primers for solo-LTR 

verification were selected from patient ISSPA primers that yielded solo-LTR PCR products. 

Amplification was attempted with Ranger mix as described in section 2.2.5. Cycle conditions 

consisted of an initial denaturing step (95oC, 1 min) followed by 30 cycles of denaturation 
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(98oC, 15 sec), annealing (first 10 cycles consisted of touchdown temperature starting at 65oC 

down to 55oC, with the remaining 20 cycles at 55oC for 30 sec) and extension (68oC, 1 min). 

A final extension step (68oC, 5 min) was included to ensure full-length products. 

 

Table 2.2: Primers targeting the HIV packaging signal and gag used to verify solo-LTR amplification. 

Primer 

name 
Orientation Sequence (5’-3’) 

Location in 

HXB2 genome 

642Rev Reverse 
TTC GCT TTC DVG TCC CTG TTC 

GG 
642 – 665 

788Rev Reverse AGA TGG GTG CGA GAG CGT CA 788 – 808 

  

 

2.2.7 Half-length integration site specific proviral amplification 

If ISSPA failed to amplify any HIV products after several (22-55) replicates, we attempted to 

retrieve larger, at least partially intact, proviral sequences that could be intergrated at these 

particular integration sites by performing half-length integration site specific proviral 

amplification. In short, primers were chosen that targeted the 5’integration site provirus-human 

junction and reverse transcriptase (3410) for the 5’ half and in the p6 region (1870) and 

3’integration site provirus-human genome junction for the 3’ half (Figure 2.4 and Table 2.3).  

Figure 2.4: Representation of HIV provirus indicating primer locations for half-length integration site 

specific proviral amplification. 
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Table 2.3: Primers used for half-length integration site specific proviral amplification 

Primer name Orientation Sequence (5’-3’) 
Location in 

HXB2 genome 

5’ integration 

site junction 
Forward Unique to targeted integration site 

Integration Site 

Junction 

HIV RT 3410 Reverse 
CAG TTA GTC GTA CTA TGT CTG TTA 

GTG CTT 
3409 – 3438 

HIV p6 1870 Forward GAG TGT TGG CTG AGG CAA TGA G 1871 – 1892 

3’ integration 

site junction 
Reverse Unique to targeted integration site 

Integration Site 

Junction 

 

Amplification was attempted with Ranger mix as described in section 2.2.5. Cycle conditions 

consisted of an initial denaturing step (95oC, 1 min) followed by 30 cycles of denaturation 

(98oC, 15 sec), annealing (55oC for 45 sec) and extension (68oC, 6 min). A final extension step 

(68oC, 15 min) was included to ensure full-length products. 

 

2.2.8 PCR product analysis and purification 

PCR reactions were assessed for amplicon by mixing 5 µl PCR product with 15 µl EZ-Vision® 

Bluelight DNA Dye (Amresco, Solon, OH, USA) at a dilution of 1:10 000 in a 96 well plate. 

The UVprochemi II system (Uvitec, Cambridge, UK) was used to view plates in order to 

identify amplicon positive wells. Positive amplicons were further analysed with agarose gel 

electrophoresis. Gels consisting of 1% agarose (Lonza, Rockland, ME), 1x Sodium Boric acid 

buffer (0,4 mg/mL NaOH, 2,25 mg/mL Boric acid and distilled water) and 1x EZ-Vision 

Bluelight DNA Dye were used for analysis. A 1 kb DNA ladder (Promega Corp., Madison, 

WI) was used to determine amplicon size. The UVprochemi II system was used for gel analysis. 

Selected PCR product bands were gel-separated, excised and purified using the Nucleotrap® 

kit (Macherey-Nagel, Düren, Germany) according to the manufacturer’s instructions and eluted 

in 30 µl elution-buffer. Purified PCR products were stored at -20oC.  
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2.2.9 Nucleotide sequencing and analysis 

Purified PCR products were used as template for Sanger sequencing. Nucleotide sequencing 

was performed with the ABI Prism BigDye® Terminator v3.1 Cycle Sequencing Kit (Applied 

Biosystems, Foster City, CA) on an automated analyser. Sequencing reactions (20 µl) 

comprised of: Big Dye Terminator 1x sequencing buffer (Applied Biosystems), 1 µl reaction 

Terminator mix (Applied Biosystems), 2 pmol primer (Fermentas) and nuclease-free water 

(Promega Corp.). Thermal cycling conditions for sequence reactions were as follows: an initial 

denaturing step (95oC, 3 min) was followed by 25 cycles of denaturation (94oC, 30 sec), 

annealing (50oC, 15 sec) and extension (60oC, 4 min). Primers that yielded amplicon after 

ISSPA were used for the respective nucleotide sequencing reactions. Sequencing reactions 

were purified using the BigDye® XTerminator Purification Kit (Applied Biosystems) as per 

the manufacturer’s instructions. Sequence data was collected with Genetic Analyser Data 

Collection V3.1 software after analysis on an automated ABI sequence analyser.  

Nucleotide sequences were verified and translated using SequencherTM 4.10.1 (Gene Codes 

Corp., Ann Arbor, MI, USA), Geneious Prime 2020.1 (Biomatters Ltd., Auckland, NZ) and 

BioEdit Sequence Alignment Editor (V7.2.5). Nucleotide sequences were identified as HIV by 

BLASTn (https://blast.ncbi.nlm.nih.gov/Blast.cgi?PROGRAM=blastn&PAGE_TYPE= 

BlastSearch&BLAST_SPEC=OGP__9606__9558&LINK_LOC=blasttab&LAST_PAGE=bl

astn). Proviral nucleotide sequences were identified by investigating nucleotide sequence ends 

for human genome sequence, specific to each integration site, and confirmed by Human BLAT 

Search (https://genome.ucsc.edu/cgi-bin/hgBlat). Proviral sequences were reconstructed with 

complimentary sequence data obtained from Sanger sequencing reactions targeting each 

specific integration site against the closest HIV sequence match in GenBank (AF321523). 

 

2.2.10 Phylogenetic analysis 

Proviral sequences were aligned with HIV consensus C using MAFFT Version 7 

(https://mafft.cbrc.jp/alignment/server/). P-distance analysis was performed to construct 

phylogenetic trees in MEGA7 (Kumar, Stecher & Tamura 2016). Bootstrap analysis of 1000 

replicates was perfomed and only clusters with >70% support were considered significant. 
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2.3 Results 

2.3.1 Selected specimens 

In total, 30 of the most expanded clones previously identified from 10 participants were 

selected for full-length proviral analysis. Integration site data such as location and orientation 

are provided in Table 2.4 along with human genome data such as gene of insertion. Orientation 

of the gene and whether the integration occurred in an intron or exon are also indicated as 

obtained from Human BLAT Search (genome.ucsc.edu/cgi-bin/hgBlat). 
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Table 2.4: Integration site data of selected patients with chromosome (Chr) and location indicated, along 

with integration site orientation and human gene of insertion with gene orientation. It is also indicated 

whether the integration occurred in the gene intron or exon. 

Patient 

ID 

Integration site 

location 

Integration 

site 

orientation 

Gene/Orientation Intron/Exon 

338206 

Chr1_24294547 + SRSF10/- UTR3 

Chr19_1423908 + DAZAP1/+ Intron 

Chr11_73469151 - RAB6A/- Intron 

Chr1_231081054 - TTC13/- Intron 

Chr1_153861271 - GATAD2B/- Intron 

340116 

Chr17_58684892 - PPM1D/+ Intron 

Chr6_13641182 - RANBP9/- Intron 

Chr18_20529591 + RBBP8/+ Exon 

Chr2_73620016 - ALMS1/+ Intron 

Chr18_6467385 + Nearest: LINC01387 Non-coding 

Chr16_17134060 + Nearest: XYLT1/- - 

332406 

Chr18_18609870 + ROCK1/- Intron 

Chr14_68759177 - RAD51B/+ Intron 

Chr6_32786955 -  - - 

339266 
Chr2_241353495 - Nearest: GPC1/+ - 

Chr9_137214293 + Nearest: RXRA/+ - 

334696 

Chr6_135525218 + MYB/+ Intron 

Chr6_26227488 - 
Nearest: 

HIST1H3E/+ 
- 

335106 
Chr6_45580207 - Nearest: RUNX2/+ - 

Chr4_54281522 + FIP1L1/+ Intron 

337286 
Chr17_40421775 - STAT5B/- Intron 

Chr19_53455758 + ZNF816/- Intron 

337916 

Chr16_47550997 - PHKB/+ Intron 

Chr3_141257185 + RASA2/+ Intron 

Chr8_43028875 - HGSNAT/+ Exon 

335836 
Chr10_103786725 - C10orf76 Intron 

Chr3_49116408 + QRICH1/- Intron 

341862 

Chr17_42550940 - GPATCH8/- Intron 

Chr11_116877612 + SIK3/- Intron 

Chr19_10287814 - DNMT1/- Intron 

 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                    Chapter 2 – Proviral characterisation 

44 

 

2.3.2 Assay validation outcomes 

Full-length (~9kb) ACH2 proviral amplification attempted with human genome targeted DPO 

primers and standard primers targeting the integration site junction, was unsuccessful after 

multiple attempts (Figure 2.5).  

 

Figure 2.5: Gel electrophoresis of second round semi-nested PCR products after attempting 

amplification of full-length ACH2 proviral amplification with a combination of standard and DPO 

primers. Each primer set (5’human genome ‘In’ DPO primer-3’ junction standard primer and 5’ junction 

standard primer-3’ human genome ‘In’ DPO primer) was attempted in triplicate. The 1 kb DNA ladder 

is indicated by M. 

 

Proviral amplification of the major ACH2 clone was successful after performing ISSPA with 

standard primers targeting human genome and integration site. Amplification using standard 

primers with diluted input of ACH2 DNA (~547, ~54 and ~5 major clone proviral copies per 

reaction) yielded large (~9 kb) bands. No clear amplification bands were observed for HIV 

negative PBMC background PCR controls, except for a faint band in semi-nested PCR 2.2 

(Figure 2.6).  

5’InDPO-3’JSt 3’InDPO-5’JSt M NTC NTC 

10 kb 
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Figure 2.6: Gel electrophoresis of PCR products of A) Semi-nested PCR 1.1 and 1.2 and B) Semi-nested 

PCR 2.1 and 2.2. Proviral copy input per reaction is indicated for each well. Wells containing 

background only reactions are labelled with Bgr, positive controls are labelled as Pos and no template 

control wells are labelled as (-). The 1 kb DNA ladder is indicated by M. Lanes 1-3 (~547 copies (cp), 

lanes 4-6 (~54 cp) and lanes 7-9 (~5 cp). 

  

Amplification targeting integrase performed on selected ACH2 ISSPA products from Figure 

2.6 confirmed the presence of HIV (Figure 2.7). Integrase amplicons were observed in the most 

concentrated wells (well 1) of all ISSPA sets and in the least concentrated wells (well 9) of 

semi-nested PCR 2.1 and 2.2 (Figure 2.7).  

A 

1    2     3   4    5    6     7    8    9   Bgr Pos (-) 1    2     3    4    5    6   7    8    9  Bgr  Pos(-) 

Semi-nested PCR 2.1 

3’J-5’In 

Semi-nested PCR 2.2 

3’J-5’J 

M M 

~547 cp ~54 cp ~5 cp ~547 cp ~54 cp ~5 cp 

B 

1    2    3    4    5    6     7    8    9               (-) 1    2     3    4    5    6    7    8    9                (-)  

Semi-nested PCR 1.1 

5’J-3’In 

Semi-nested PCR 1.2 

5’J-3’J 

M M 

~547 cp ~54 cp ~5 cp ~547 cp ~54 cp ~5 cp 

10 kb 

10 kb 
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These results indicate that standard primers are superior to DPO primers for the purpose of 

ISSPA. Standard primers can be used to successfully amplify ~10 kb HIV amplicons from low 

copy number ACH2 DNA. 

 

2.3.3 Proviral amplification and nucleotide sequencing of selected proviral clones 

Positive amplification was observed by fluorescence plate view (Figure 2.8A) after ISSPA, and 

PCR products were selected for nucleotide sequencing following gel electrophoresis (Figure 

2.8B). HIV proviral sequences (red arrows) were identified from semi-nested ISSPA reactions 

along with human genome background amplification (white arrows) (Figure 2.8). 

Semi-nested PCR 2.1 

3’J-5’In 

Semi-nested PCR 2.2 

3’J-5’J 

Semi-nested PCR 1.1 

5’J-3’In 

Semi-nested PCR 1.2 

5’J-3’J 

400 bp 

M M 

Figure 2.7: Gel electrophoresis of integrase PCR performed on wells 1 and 9 of ISSPA 1.1, 1.2, 2.1, 2.2 

Bgr and Pos products. The 100 bp DNA ladder is indicated by M, along with a 400 bp marker. 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                    Chapter 2 – Proviral characterisation 

47 

 

 

Figure 2.8: A) Amplification fluorescence plate of replicates of ISSPA semi-nested reactions 1.1 and 

2.1 indicating wells of positive and negative amplification along with no template controls. B) Gel 

electrophoresis of ISSPA products viewed in A, with arrows indicating bands selected for nucleotide 

sequencing. The only HIV positive sequence products are indicated by red arrows. 

 

Amplicons, identified as HIV by nucleotide sequencing, were obtained from 9/30 integration 

sites after ISSPA (Table 2.4). HIV proviruses were successfully amplified for 6/30 integration 

sites from the 5’- (semi-nested 1.1 and 1.2) and 3’-proviral junctions (semi-nested 2.1 and 2.2). 

The provirus of integration site (332406: chromosome (Chr)14_68759177) could only be 

amplified from the 3’-proviral junction (2.1 and 2.2), whereas provirus (335106: 

Chr6_45580207) could only be amplified from the 5’-proviral junction (1.1 and 1.2) (Table 

2.5). Amplification of provirus (332406: Chr6_32786955) was only successful after semi 

nested reaction 1.2, yielding only proviral nucleotide sequence without any human genome-

provirus junction signal (Table 2.5). No direct link between clone size and the ability to 

successfully amplify the provirus was observed. 

  

NTC 
Semi-nested PCR 2.1 

3’J-5’In 

Semi-nested PCR 1.1 

5’J-3’In 

A 

750 bp 

Semi-nested PCR 2.1 

3’J-5’In 

Semi-nested PCR 1.1 

5’J-3’In M M 
B 
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Table 2.5: Summary of amplification results for each integration site and ISSPA semi-nested reaction 

as indicated by Figure 2.2. The patient ID, integration site, chromosome (Chr) and location is indicated. 

Each proviral clone size is indicated as a percentage of the total integration sites detected for the patient, 

along with the time difference between samples used for ISA and ISSPA.  

Patient 

ID 

Integration 

site 

Clone 

size 

Time 

between 

ISA and 

ISSPA 

Semi-

nested 

PCR 

reaction 

Reactions 

performed 

per PCR set 

Successful 

amplification 

338206 

Chr1_ 

24294547 
5.8% 

5.5 

Months 

1.1/1.2 11 ✓ 

2.1/2.2 22 ✓ 

Chr19_ 

1423908 
2.3% 

1.1/1.2 55  

2.1/2.2 55  

Chr11_ 

73469151 
1.9% 

1.1/1.2 22 ✓ 

2.1/2.2 22 ✓ 

Chr1_ 

231081054 
1.3% 

1.1/1.2 22 ✓ 

2.1/2.2 22 ✓ 

Chr1_ 

153861271 
0.6% 

1.1/1.2 22  

2.1/2.2 22  

340116 

Chr17_ 

58684892 
2% 

5.5 

Months 

1.1/1.2 44  

2.1/2.2 44  

Chr6_ 

13641182 
1.3% 1.1/1.2 33 ✓ 

2.1/2.2 33 ✓ 

Chr18_ 

20529591 
1.3% 

1.1/1.2 33  

2.1/2.2 33  

Chr2_ 

73620016 
1% 

1.1/1.2 22 ✓ 

2.1/2.2 22 ✓ 

Chr18_ 

6467385 
0.7% 

1.1/1.2 22  

2.1/2.2 22  

Chr16_ 

17134060 
0.3% 

1.1/1.2 44  

2.1/2.2 44  

332406 

Chr18_ 

18609870 
5.1% 

5.5 

Months 

1.1/1.2 33  

2.1/2.2 33  

Chr14_ 

68759177 
4.4% 

1.1/1.2 55  

2.1/2.2 11 ✓ 

Chr6_ 

32786955 
2.2% 

1.2 22 ✓ 

2.1/2.2 22  

339266 

Chr2_ 

241353495 
10.9 

Same 

visit 

1.1/1.2 33  

2.1/2.2 33  

Chr9_ 

137214293 
7.3% 

1.1/1.2 33  

2.1/2.2 33  
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Table 2.5 Continued      

Patient 

ID 

Integration 

site 

Clone 

size 

Time 

between 

ISA and 

ISSPA 

Semi-

nested 

PCR 

reaction 

Reactions 

performed 

per PCR set 

Successful 

amplification 

334696 

Chr6_ 

135525218 
7.4% 

6 Months 

1.1/1.2 22  

2.1/2.2 22  

Chr6_ 

26227488 
6.4% 

1.1/1.2 22 ✓ 

2.1/2.2 22 ✓ 

335106 

Chr6_ 

45580207 
12.5% 

5.5 

Months 

1.1/1.2 22 ✓ 

2.1/2.2 33  

Chr4_ 

54281522 
1.6% 

1.1/1.2 22  

2.1/2.2 22  

337286 

Chr17_ 

40421775 
7.9% 

6 Months 

1.1/1.2 22  

2.1/2.2 22  

Chr19_ 

53455758 
2% 

1.1/1.2 22  

2.1/2.2 22  

337916 

Chr16_ 

47550997 
2.9% 

Same 

visit 

1.1/1.2 22  

2.1/2.2 22  

Chr3_ 

141257185 
2.2% 

1.1/1.2 22  

2.1/2.2 22  

Chr8_ 

43028875 
2.2% 

1.1/1.2 22  

2.1/2.2 22  

335836 

Chr10_ 

103786725 
1.5% 

Same 

visit 

1.1/1.2 22  

2.1/2.2 22  

Chr3_ 

49116408 
1.5% 

1.1/1.2 22  

2.1/2.2 22  

341862 

Chr17_ 

42550940 
3.4% 

5.5 

Months 

1.1/1.2 22  

2.1/2.2 22  

Chr11_ 

116877612 
2.6% 

1.1/1.2 22  

2.1/2.2 22  

Chr19_ 

10287814 
2.6% 

1.1/1.2 22  

2.1/2.2 22  

 

2.3.4 Solo LTR verification 

Attempts to amplify any region beyond a single LTR, by priming on the integration site 

junction and in the HIV packaging signal and gag yielded no positive amplification (Figure 

2.9), confirming solo LTR proviral clones detected by ISSPA. 
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Figure 2.9: Example of an amplification fluorescence plate of solo-LTR verification reactions. Five 

PCR replicates performed for each primer combination integration site junction - 788Rev/642Rev) 

along with no template controls are indicated. Columns A, B and C indicate reactions targeting clones 

Chr1_24294547, Chr11_73469151 and Chr1_231081054 of patient 338206 respectively. Column D 

indicate reactions for clone Chr2_73620016 of patient 340116. A positive flourescence control well is 

indicated. 

 

2.3.5 Half-length integration site specific proviral amplification 

No amplification was observed after near half-length amplification was attempted on ISSPA 

negative products (Figure 2.10). This confirms that these expanded clones are not intact, or at 

least partially intact proviruses.  

NTC NTC 
IS junction – 788Rev IS junction – 642Rev 

Positive fluorescence control 

A 

B 

C 

D 

M 
5’ Half-length 3’ Half-length 

M 

Figure 2.10: Gel electrophoresis of half-length  PCR products. 

10 kb 
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2.3.6 Nucleotide analysis and proviral reconstruction 

Nine proviral sequences, generated from ISSPA, were successfully reconstructed as solo-LTRs 

with flanking integration site junction and human genome sequences mapped to the exact 

genomic locations, identified by preliminary ISA data (Figure 2.11). Human genome data could 

only be generated for one end (either 3’ or 5’) of two proviral clones (332406: Chr14_68759177 

and 335106: Chr6_45580207) (Figure 2.11), due to amplification success reported in section 

2.3.3. Although no human genome sequence data could be obtained for proviral clone 332406: 

Chr6_32786955, HIV proviral sequence was obtained and reconstructed from ISSPA targeting 

the specific integration site (Figure 2.11). Proviral reconstruction of clone 334696: 

Chr6_26227488 yielded an incomplete solo-LTR, with a 240 bp deletion spanning the R and 

U3 regions of LTR (Figure 2.12). 
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Figure 2.11: Representation of reconstructed proviral nucleotide sequences showing the 3’ (A) and 5’ (B) junctions and human genome data. Clone integration sites 

are indicated along with the respective human chromosome sequences. Red bars indicate areas where ISSPA and nucleotide sequencing were unsuccessful, as reported 

in section 2.3.3. The closest related sequence from GenBank (AF321523) was used as reference sequence. 

A 

B 
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Figure 2.12: Representation of proviral reconstruction indicating a 240 bp deletion spanning R and U3 of the LTR of clone Chr6_26227488 (PID: 334696). 
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2.3.7 Phylogenetic analysis 

Phylogenetic analyses indicate solo-LTR HIV proviral sequences of each patient cluster 

together with inter patient genetic variation (Figure 2.13). Similar solo-LTR proviral sequences 

were generated with ISSPA, targeting different locations in the human genome corresponding 

to proviral integration sites. This confirms amplicons were generated from the correct patients 

and further suggest that these sequences are not from artefactual PCR products.  

 

Figure 2.13: P-distance phylogenetic tree of HIV solo-LTR proviral nucleotide sequences (634 bp) 

obtained from ISSPA. Replicates of 1000 bootstraps were used with bootsrap percentage values 

indicated next to the brances. The closest HIV subtype C sequence match from GenBank was used as 

reference and root. 

  

 338206 24294547

 338206 73469151

 338206 231081054

338206

 340116 73620016

 340116 13641182

340116

 332406 68759177

 332406 32786955

332406

 334696 26227488

 335106 45580207

 AF321523

99

100

67

100

79

85
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2.4 Discussion 

Although some recently developed assays (Einkauf et al. 2019; Patro et al. 2019) can 

characterise HIV proviral clones and identify their human genome integration sites, these 

assays are unable to detect severely deleted proviruses linked to integration sites due to HIV 

genome targeting. Therefore, an assay capable of amplifying HIV proviruses irrespective of 

intactness and linking these proviruses to the human genome integration site can significantly 

assist in characterising the proviral landscape. This data could shed further light on the 

proportion of intact proviruses in addition to comparing the regions of proviral integration in 

relation to intactness. Moreover, highly defective integrated HIV-1 may not be without 

consequence as the promoters in LTR may impact cell survival and proliferation when 

activating growth gene transcription.  

The novel ISSPA assay was designed with the aim of amplifying expanded proviral clones by 

targeting the unique human genome-proviral junctions of integration sites. Proviral 

amplification by ISSPA uses the adjacent 3’ human genome sequence with the 5’ integration 

site junction and the 5’ human genome sequence with the 3’ integration site junction in parallel. 

Additionally, amplification targeting both the 3’ and 5’ integration site junctions could be used 

to confirm PCR products from these parallel reactions. 

The ACH2 cell line was selected for the validation of the ISSPA assay due to the close 

resemblance to HIV positive human PBMC samples, containing multiple proviral clones of 

various intactness. The major intact proviral clone of the ACH2 cell line was selected as the 

target of the ISSPA assay. Standard and DPO human genome primers were also compared in 

the validation, investigating the increased specificity of DPO primers in order to minimise 

human genome background amplification. The strict requirements for DPO primer design 

allowed for human genome targeted primers, but specific integration site junction sequences 

could not accommodate DPO primers. All integration site junction primers were therefore 

designed as standard primers initiating in the human genome, covering the five bases of the 

integration site and spanning six to eight bases into the HIV LTR. Intact proviral amplification 

performed with all standard primers yielded ~9 kb products, whereas amplification with human 

DPO and standard junction primers did not yield any products after multiple attempts. Standard 

primers were therefore considered superior in long-range proviral amplification and selected 

for ISSPA. Assay sensitivity, assessed by diluted input of ACH2 genetic material (~547, ~54 

and ~5 major clone proviral copies) along with HIV negative DNA background (~17 000 
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copies) yielded ~9 kb amplicons. The ~9 kb amplicons were confirmed as HIV by integrase 

amplification. This confirmed that proviral amplification by targeting integration site junctions 

and adjacent human genome sequences is possible, even at low template input. A degree of 

background amplification was noted, therefore, only products that could be verified by 

junction-junction amplification would be considered for nucleotide sequencing. 

Due to the expected rarity of specific integration sites, each ISSPA approach (3’ and 5’) was 

performed in replicates of 11 for each of the 30 selected integration sites. If no HIV was 

detected after nucleotide sequencing of several selected amplicons of various sizes, additional 

replicates of each ISSPA approach was performed, up to 22-55 replicates. Due to proviral 

intactness being unknown, amplicons of various sizes from ~600 bp to ~10 kb were selected 

for nucleotide sequencing. HIV sequences were identified from ISSPA amplicons of 9/30 

integration sites tested, in each case yielding PCR products of ~750 bp. Nucleotide sequencing 

revealed the amplicons comprised of HIV LTR and human genome sequence. Proviral 

reconstruction of 5/30 clones (338206: Chr1_24294547, Chr11_73469151, Chr1_231081054; 

340116: Chr6_13641182, Chr2_73620016) yielded a single full-length HIV LTR flanked by 

human genome sequence at both 3’ and 5’ ends. Proviral clone 334696: Chr6_26227488 

reconstruction yielded an incomplete HIV LTR sequence, with a 240 bp mid LTR deletion 

spanning the R and U3 regions. This proviral sequence was also flanked by human genome 

sequence at both 3’ and 5’ ends. This suggests that highly deleted HIV genomes, consisting of 

only a partial LTR sequence, could integrate into the human genome. Proviral reconstruction 

of clones 335106: Chr6_45580207 and 332406: Chr14_68759177 yielded nearly complete 

HIV LTR sequences with some missing LTR sequence data and no human genome sequence 

at the 3’ and 5’ ends respectively, due to ISSPA only being successful from one end. Human 

genome sequences were obtained from the opposite ends (5’ and 3’ respectively) of these 

clones, that were successfully amplified and sequenced. Reconstruction of clone 332406: 

Chr6_32786955 yielded a nearly intact HIV LTR sequence with only a few missing bases at 

the 5’ end, unfortunately no human genome sequence could be generated in this case. All 

human genome sequences flanking HIV proviruses were successfully mapped to the exact 

targeted chromosome and location, confirming specific proviral and human genome junction 

amplification by ISSPA. These results indicate that 8/9 successfully amplified and sequenced 

proviral clones comprise of only a solo-LTR and 1/9 proviral clone consists of a partial solo-

LTR sequence. 
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The unexpected nature of only identifying solo-LTR proviral clones prompted the need for 

result verification. The solo-LTR products were unlikely to be caused by PCR recombination 

as identical products were obtained from independent pre-nested and semi-nested PCR sets. 

Additionally, solo-LTR proviruses were confirmed by an inability to amplify any HIV signal 

beyond the LTR. Furthermore, phylogenetic analyses indicate solo-LTR proviral sequences of 

each patient cluster together and are distinctly different from solo-LTR sequences from other 

patients, eliminating the possibility of cross contamination. Taken together, these findings offer 

strong support for the existence and prevalence of solo-LTR proviral clones, and that these 

clones can be successfully characterised by ISSPA.  

Proviruses that could not be amplified by ISSPA were further investigated with near half-length 

integration site specific proviral amplification. These clones were investigated for intact or 

partially intact proviruses possibly missed by ISSPA. Unfortunately, no additional proviral 

clones could be amplified using this method. Successful proviral amplification is therefore 

assumed to be dependent on sampling, prevalence of the clone and genomic location of the 

clone could complicate primer design. Additionally, successful amplification could be biased 

towards shorter proviruses. 

The ISSPA assay allows for the investigation of specific proviral clones from identified 

integration sites. The ability of ISSPA to amplify proviruses, irrespective of intactness, offers 

additional data about the proviral landscape, notably it enables one to investigate the presence 

of solo-LTR proviruses in multiple patients. A limitation of the ISSPA assay is that due to the 

rarity of a particular clone it requires a large blood volume to obtain sufficient DNA; and to 

prevent inhibition by DNA overload of a reaction, multiple PCR replicates are performed. Due 

to the large sample volume required, ISSPA might need to be performed on a different time 

point than ISA, this could prohibit proviral detection due to potential waning of the clone of 

interest. Additionally, ISSPA may be less efficient for the amplification of larger intact 

proviruses in patient samples, even though long-range amplification was successful for the 

ACH2 control. The most expanded clones were selected for proviral characterisation. Cells 

harbouring proviruses that express mRNA and protein are more likely to be purged by the 

immune system (Pollack et al. 2017). This biased survival of deleted proviruses may also 

account for the overrepresentation of solo-LTRs amongst the most expanded CD4 cell clones 

in patients on long-term suppressive ART.    
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Since LTRs are duplicated at the ends of integrated HIV-1 proviruses, assays to amplify full-

length proviruses have been designed to prevent ambiguous binding in LRT, and therefore 

would not amplify solo-LTRs (Bruner et al. 2016; Hiener et al. 2017). Therefore, until recently, 

HIV-1 solo-LTR proviruses have largely been overlooked, but a recent report characterised a 

predominant solo-LTR HIV cell clone (Anderson et al. 2020). This study utilised a mehod 

similar to ISSPA by targeting the unique integration site junction together with the specific 

region in human genome. This method is different from ISSPA, as ISSPA is performed as two 

independent first round amplification reactions followed by two sets of semi-nested reactions 

each, in several replicates. The solo-LTR described by Anderson et al was also verified by 

attempting to amplify from junction to gag, with no success. In contrast, the existence and 

prevalence of solo-LTR proviruses are well described in other retroviruses (Katzourakis et al. 

2007), including human endogenous retroviruses (HERVs) (Buzdin et al. 2006; Contreras-

Galindo et al. 2013b; Thomas, Perron & Feschotte 2018). In fact, solo-LTRs comprise as much 

as 90% of HERVs in the human genome (Subramanian et al. 2011). Taken together, these 

studies along with findings from this study, indicate that solo-LTR HIV proviruses could 

account for the majority of HIV proviruses in patients on long term cART, as some of the most 

expanded proviral clones were characterised as solo-LTRs. At this stage, the effect of HIV-1 

LTR transcriptional promoters (Klaver & Berkhout 1994; Pereira et al. 2000) on host genes 

remains unclear in the case of a solo-LTR provirus. 

In this study, a novel method capable of proviral and adjoining host nucleotide amplification 

by targeting the specific clone integration site was developed and termed ISSPA. Nine of the 

most expanded proviral clones in five patients were successfully characterised with ISSPA, 

and eight of these could be linked to the unique location in the human genome. The 8/9 

proviruses characterised as solo-LTRs and 1/9 as partial-LTR indicate that a significant 

proportion of the proviral landscape is comprised of solo or partial-LTR proviruses. It would 

be advantageous for future analyses of the proviral landscape to include solo and partial-LTR 

proviruses, as this could significantly impact the proposed proportions of other proviruses. 

Intact proviruses may therefore represent less than 2% (Figure 1.9) of the total number of 

proviruses in patients on long term cART. Further studies on the quantification of specific 

proviral clones, including solo-LTR clones, could offer valuable data concerning clonal 

expansion and contraction. The ISSPA assay could be used for the investigation of important 

clones in adult and children, by determining the complete sequence of any selected proviral 

clone, as long as the integration site is known.

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                            Chapter 3 – Proviral quantification 

59 

 

Chapter 3 

Integration site specific proviral quantification 

 

 

3.1 Introduction 

Currently there are numerous assays targeting various regions of the provirus used to quantify 

the proviral reservoir, to determine the number of intact proviruses and so determine the barrier 

to cure (Yu et al. 2008; Brady et al. 2013; Cillo et al. 2014; Sherman et al. 2017; Anderson & 

Maldarelli 2018b; Bruner et al. 2019). These assays are capable of accurately quantifying 

different subsets of the proviral landscape based on the targeted proviral region, however, they 

are unable to quantify severely deleted proviruses such as solo-LTR and partial-LTR 

proviruses, potentially overlooking a significant part of the proviral landscape. Additionally, 

these solo-LTR proviruses may act as promoters and may impact transcription of grow genes 

and clonal proliferation. Determining the true proviral landscape proportions would shed light 

on the actual size of the barrier to cure, potentially a fraction of the total proviral load in some 

individuals. This will need to be taken into account when investigating the proviral reservoir, 

as the intact proviruses may be very rare compared to defective proviruses. Additionally, these 

assays cannot selectively quantify specific clones. We therefore developed an integration site 

specific quantification assay capable of accurately quantifying proviral clones, including solo-

LTR clones. This approach consists of a nested PCR approach, targeting the unique integration 

site junction for highly specific quantification. A high quantity of cellular DNA is used as 

template in order to detect rare proviral clones. Quantification of specific proviral clones may 

elucidate the true dynamics of HIV-1 infected cell clonal proliferation and could assess the 

impact of future interventions which are aimed at limiting clonal proliferation. 
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3.2 Materials and methods 

3.2.1 Specimen selection 

Specimen selection for this study was based on successful proviral characterisation by ISSPA 

(Chapter 2). Nine HIV-1 proviral clones successfully characterised by ISSPA were selected as 

candidates for integration site specific proviral quantification (Table 3.1).  

 

Table 3.1: Proviral clones successfully characterised by ISSPA, eligible for integration site specific 

proviral quantification. 

Patient ID 
Integration site location in 

human genome 

Provirus 

orientation 
Provirus 

338206 

Chr1_24294547 + Solo-LTR 

Chr11_73469151 - Solo-LTR 

Chr1_231081054 - Solo-LTR 

340116 
Chr6_13641182 - Solo-LTR 

Chr2_73620016 - Solo-LTR 

332406 
Chr14_68759177 - Solo-LTR 

Chr6_32786955 - Solo-LTR 

334696 Chr6_26227488 - Partial-LTR 

335106 Chr6_45580207 - Solo-LTR 

 

3.2.2 PBMC and nucleic acid isolation 

PBMC and nucleic acid isolation were performed exactly as described in chapter 2 sections 

2.2.2 and 2.2.3. Isolated nucleic acid was stored in 5 mM Tris-HCl (pH 8.0) (Sigma-Aldrich) 

at -80oC until use. 

 

3.2.3 Assay design and validation 

3.2.3.1 Amplification and quantification strategy 

A nested PCR approach was selected for sensitive and specific quantification of rare HIV 

proviruses. Increased sensitivity and specificity for the integration site specific proviral 

absolute quantification (ISSAQ) assay is achieved by including a pre-amplification step before 

real-time (rt) quantification (Figure 3.1), similar to assays described by (Bosman et al. 2015). 

With the expected integration site specific proviral load being less than one copy per reaction, 

a traditional per reaction rt quantification approach would simply not be sensitive enough. Due 
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to the rarity of individual HIV proviruses, requiring multiple ISSPA reactions to detect a 

specific provirus, a “digitalised” 92 reaction Poisson quantification approach was devised. 

With this approach, sample PBMC DNA is seeded in 92 reactions at a concentration of ~200 

ng per reaction, equating to “endpoint dilution”. Poisson distribution statistics were used to 

determine the expected number of specific proviral templates per positive reaction. The total 

amount of input DNA (for 92 reactions) were determined by CCR5 quantification in order to 

accurately quantify each proviral clone (section 3.2.5). 

Figure 3.1: Representation of the integration site (IS) specific proviral quantification strategy, consisting 

of a pre-real-time (rt) amplification and rt quantification step. The section of human genome (Hg) is 

indicated along with the IS and proviral LTR. Primers are indicated by black arrows and the probe is 

represented by a red arrow. 

3.2.3.2 Primer and probe design 

Specific ISSPA inner human genome and integration site junction primers that successfully 

generated proviral products in chapter 2 were selected for the quantification of the respective 

clones. Reverse primers, targeting conserved sequences in the R region of the LTR were 

designed in order to bind all selected proviral clones (Figure 3.2 and Table 3.2). Primer and 

probe orientations are dependent on the orientation of the provirus. 

  

IS 
Proviral LTR 

Pre-rt 

rt 
IS 

Proviral LTR 

Hg             U5          R              U3 

Hg             U5          R              U3 
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Figure 3.2: Representation of specific primer and probe positioning for integration site (IS) specific 

proviral absolute quantification (ISSAQ). The 5’ IS junction and HIV LTR U5, R and U3 regions are 

indicated. The IS specific 5’ human genome (Hg) In and 5’ IS junction primers along with ISSAQ 

primers (real time (rt) and pre- rt) and probe are annotated on the nucleotide sequence.   

A TaqMan minor groove binding (MGB) probe design (Thermo Fisher Scientific, MA, USA) 

was selected for highly sensitive and specific binding. A well-conserved section in the R region 

of the HIV LTR was selected for the probe, which was designed to be hydrolysed by the unique 

integration site junction primer in order to further increase specificity (Figure 3.2 and Table 

3.2). Proviral orientation was considered for the LTR primers and probe design. With these 

ISSAQ primers and probe, the 3’ junction of a positive sense provirus and 5’ junction of a 

negative sense provirus will be targeted. 

Table 3.2: Primers and probe targeting the proviral LTR for integration site specific proviral absolute 

quantification (ISSAQ). Human genome (Hg) and integration site (IS) specific primers are dependant 

on the targeted clone, these primers are described in Addendum B. 

Primer/Probe 

name 
Orientation Sequence (5’-3’) 

Location in 

HXB2 genome 

Hg specific (pre- rt) Forward Dependant on IS Upstream of IS 

IS specific (rt) Forward Unique to targeted IS IS Junction 

ISSAQ pre- rt Reverse GCT GCA TAT AAG CAG CTG C 421 – 439 

ISSAQ rt Reverse WGG YAG RCC AGA TCT GAG CC 464 – 483 

ISSAQ Probe Forward FAM-ACT CAA GGC AAG CTT 531 – 545 

 

3.2.3.3 Assay validation 

Several procedures were used to optimise and validate the ISSAQ assay. The major proviral 

clone of the ACH2 cell line was targeted as an initial proof of concept for the RT detection of 

a specific proviral clone without interference of other proviruses. Along with integration site 
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specific primers used for ISSPA validation in chapter 2, ACH2 specific LTR primers were 

designed for ISSAQ based rt detection (Table 3.3). The ISSAQ probe (Table 3.2) was also used 

for ACH2 rt detection. 

Table 3.3: Primers targeting the major proviral clone of ACH2 for integration site specific real-time (rt) 

detection. 

Primer name Orientation Sequence (5’-3’) 
HXB2 

location  

ACH2 In Forward GTG ATT TAG TAT ACC TGG AG 
61 – 81 bp 

upstream of 

IS 

ACH2 IS Junction Forward 
AAT TAT TAT CTT TAT TAC TGC 

TAG 

ACH2 IS 

Junction 

ACH2 ISSAQ pre- rt Reverse CGA GCC CTC AGA TGC TGC 408 – 425 

ACH2 ISSAQ rt Reverse 
GTT AGA CCA GAT CTG AGC CTG 

G 
465 – 486 

 

Targeted ISSAQ reactions were also tested on the corresponding ISSPA products generated 

from patient DNA in chapter 2. The ISSPA products were serially diluted until the cycle 

threshold (Ct) value of the integration site specific quantification curve was ~30 and used as 

positive controls for ISSAQ. The ACH2 cell line, with multiple integration sites at various 

frequencies (Symons et al. 2017), was selected as specificity control. Assay specificity was 

assessed by using ~17 000 ACH2 DNA copies per reaction as template in patient integration 

site specific reactions. Finally, accurate quantification was assessed by performing ISSAQ on 

linearly diluted input DNA of patient 338206, targeting proviral clone Chr1_24294547. For the 

validation of each ISSAQ run, pre-amplification and quantification plates included an 

integration site specific positive control (diluted ISSPA amplicon), a specificity control (ACH2 

DNA), and two NTCs. 

 

3.2.4 Integration site specific proviral absolute quantification (ISSAQ) 

The nested PCR approach mentioned above (section 3.2.3.1) was used for proviral 

quantification. The pre-amplification step was performed with Ranger mix (Bioline meridian 

bioscience) with each reaction (20 µl) consisting of: 1x Ranger mix, 0,4 µM forward and 

reverse primer respectively and nuclease free water (Promega Corp.). Pre-amplification 

conditions consisted of an initial denaturing step (95oC, 1 min) followed by 15 cycles of 
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denaturation (98oC, 15 sec), annealing (55oC for 15 sec) and extension (68oC, 30 sec). A final 

extension step (68oC, 5 min) was included to ensure full-length amplicon. The quantification 

step was performed with LightCycler® 480 Probes Master (Roche, Basel, Switzerland) and 

each reaction (25 µl) consisted of: 1x LightCycler® mix, 0,4 µM forward and reverse primer 

respectively, 0,3 µM probe, nuclease free water (Promega Corp.) and 5 µl pre-amplicon. 

Quantification conditions consisted of an initial denature step (95oC, 5 min) followed by 50 

cycles of denaturation (95oC, 15 sec), annealing (55oC for 15 sec), extension (68oC, 30 sec) 

and fluorescence measurement for FAM dye. Amplification curves were visually assessed, 

with a sigmoidal shape indicative of exponential amplification as criterion for positivity, to 

determine the number of positive reactions per 92 ISSAQ reactions. 

 

3.2.5 CCR5 quantification as reference 

The number of human genome cell equivalent DNA copies of each patient sample used for 

ISSAQ was determined in order to normalise the proviral quantification results. Cell equivalent 

DNA copies were determined by CCR5 quantification according to the single-copy sensitive 

assay described by (Malnati et al. 2008). Primers and probe as designed by Malnati et al were 

used for CCR5 quantification (Table 3.4). 

Table 3.4: Primers and probe used for CCR5 quantification as described by (Malnati et al. 2008). 

Primer name Sequence (5’-3’) 

CCR5 Forward ATG ATT CCT GGG AGA GAC GC 

CCR5 Reverse AGC CAG GAC GGT CAC CTT 

CCR5 Probe 
VIC-AAC ACA GCC ACC ACC CAA GTG 

ATC A 

 

The CCR5 quantification assay was performed with LightCycler® 480 Probes Master (Roche, 

Basel, Switzerland) and each reaction (25 µl) consisted of: 1x LightCycler® mix, 0,9 µM 

forward and reverse primer respectively, 0,3 µM probe, nuclease free water (Promega Corp.) 

and 10 µl patient PBMC DNA. Quantification conditions consisted of an initial denature step 

(95oC, 5 min) followed by 50 cycles of denaturation (95oC, 15 sec), annealing and extension 

(60oC, 1 min) and fluorescence measurement for VIC dye. 
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3.2.6 Proviral quantification analysis 

Using Poisson probability distribution, the number of positive reactions per 92 ISSAQ 

reactions was analysed to calculate the probability that more than one template could be present 

per reaction. Nonparametric bootstrapping was used to determine the 95% confidence interval 

(CI), implemented in R. The calculated range of positive templates per 92 reactions, together 

with the total amount of cell equivalent input DNA as calculated by CCR5 quantification, was 

used to normalize the integration site specific proviral load to “integration sites per million 

cells”.  

 

3.3 Results 

3.3.1 Selected specimens 

Three sample time points, based on sample availability, for the nine proviral clones of five 

patients were selected for ISSAQ. The description of each proviral clone along with the time 

on treatment (in years) for each patient sample time point is provided in Table 3.5.  

Table 3.5: Samples selected for proviral quantification by ISSAQ, with three time points selected for 

each patient. The number of years on treatment at sample time point is indicated for each patient. 

Patient ID 
IS location in 

human genome 

Provirus 

orientation 
Provirus 

Years on treatment at 

sample time point 

Time 

point 

1 

Time 

point 

2 

Time 

point 

3 

338206 

Chr1_24294547 + Solo-LTR 

8.1 8.6 9.6 Chr11_73469151 - Solo-LTR 

Chr1_231081054 - Solo-LTR 

340116 
Chr6_13641182 - Solo-LTR 

7.8 8.3 9.3 
Chr2_73620016 - Solo-LTR 

332406 
Chr14_68759177 - Solo-LTR 

9.2 9.7 10.7 
Chr6_32786955 - Solo-LTR 

334696 Chr6_26227488 - Partial-LTR 8.5 9.7 10.2 

335106 Chr6_45580207 - Solo-LTR 8.8 9.3 10.5 
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3.3.2 Assay validation outcomes 

Successful amplification was observed after integration site specific rt detection targeting the 

major clone of ACH2 and patient clone ISSPA products (Figure 3.3). Amplification was 

observed for all patient clones, except clone Chr6_26227488, a partial-LTR proviral clone 

lacking the LTR R region targeted by ISSAQ. Assay specificity was confirmed by no non-

specific detection of ACH2 in patient integration site targeted reactions. 

A dilution effect was observed after “digitalised” quantification by ISSAQ, targeting clone 

Chr1_24294547, was performed on serially diluted DNA of patient 338206 (Figure 3.4). The 

error plot indicates the Poisson calculated values and high and low CI values at each DNA 

concentration. 

 

Figure 3.3: Integration site specific amplification curves of ACH2 major clone and selected diluted 

ISSPA products, to be used as positive controls, from selected patient proviral clones. Fluorescence is 

indicated on the y-axis and cycles on the x-axis. Target curves are indicated in red, NTC curves are in 

light blue and threshold lines are indicated in dark blue. 

ACH2 

Chr6_32786955 Chr6_45580207 

Chr1_24294547 Chr11_73469151 

Chr1_231081054 
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Figure 3.4: Error plot of positive templates at each DNA concentration, indicating the linear dilution 

effect observed after ISSAQ was performed on patient 338206 clone Chr1_24294547. The expected 

number of positive templates are indicated by black dots, with the 95% confidence interval values 

indicated by horizontal lines. 

 

3.3.3 CCR5 quantification 

Total cell equivalent DNA copies tested by ISSAQ for each patient clone was calculated from 

CCR5 quantification (Table 3.6). Patient 334696 clone Chr6_26227488 was excluded from 

CCR5 quantification and ISSAQ due to the deletion spanning the R region of LTR (discussed 

in chapter 2), required as ISSAQ target.  

Table 3.6: Total cell equivalent DNA copies used for ISSAQ per patient clone time point, as calculated 

from CCR5 quantification. 

Patient ID 
IS location in 

human genome 

Cell equivalent DNA copies tested per 

ISSAQ run at each sample time point 

Time point 

1 

Time point 

2 

Time point 

3 

338206 

Chr1_24294547 

742817 504107 315276 Chr11_73469151 

Chr1_231081054 

340116 
Chr6_13641182 

559653 651674 389308 
Chr2_73620016 

332406 
Chr14_68759177 

237875 363107 516136 
Chr6_32786955 

334696 Chr6_26227488 Excluded due to LTR deletion 

335106 Chr6_45580207 542094 421816 497119 
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3.3.4 Proviral quantification 

Integration site specific proviral quantification data for at least one sample time point could be 

generated for 6/9 selected proviral clones. In addition to the exclusion of clone Chr6_26227488 

due to partial LTR deletion, no quantification data could be generated for patient 332406 clones 

Chr6_32786955 and Chr14_68759177 at any sample time point. The ISSAQ rt amplification 

curves were carefully studied to determine the number of positive reactions per 92 reaction run 

(Table 3.7). Amplification curves are displayed in Addendum C. 

 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                                                                                                                      Chapter 3 – Proviral quantification 

69 

 

 

 

Table 3.7: Number of positive ISSAQ reactions detected per patient proviral clone at each sample time point. The range (low, expected (exp) and high) of  

positive reactions as calculated by Poisson, bootstrapping and proviral quantification results normalised to proviral copies per one million cell equivalent 

DNA copies. 

Low Exp High Low High Low Exp High Low Exp High Low Exp High Low Exp High

Chr1_24294547 15 15 35 8 16 25 8 25 31 44 60 11 22 34 16 32 50 98 140 190

Chr11_73469151 8 2 5 3 8 15 0 5 1 5 11 4 11 20 0 4 10 3 16 35

Chr1_231081054 6 1 1 2 6 12 0 3 0 1 3 3 8 16 0 2 6 0 3 10

Chr6_13641182 6 2 1 2 6 12 0 5 0 1 3 4 11 21 0 3 8 0 3 8

Chr2_73620016 0 3 0 0 0 0 0 7 0 0 0 - - - 0 5 11 - - -

Chr14_68759177

Chr6_32786955

335106 Chr6_45580207 8 7 1 3 8 15 2 14 0 1 3 6 15 28 5 17 33 0 2 6

Proviral copies per 1 million cell equivalent DNA 

copies

Time 

point 1

Time 

point 2

Time 

point 3

Time point 1 Time point 2 Time point 3 Time point 1 Time point 2 Time point 3

7

Patient ID              
IS location in 

human genome

ISSAQ positive reactions
Range of templates calculated by Poisson and 

bootstrapping

Exp

332406
No quantification data obtained

338206

16

2

1

340116
2

3

No quantification data obtained
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The range of expected positive reactions for each ISSAQ run, calculated by Poisson probability 

and 95% CI determined by non-parametric bootstrapping (Table 3.7), was normalised using 

CCR5 quantification data (Table 3.6). The normalised specific provirus quantification data 

(Table 3.7) was used to construct line graphs with error bars showing 95% CI at each point 

(Figure 3.5) to observe proviral expansion and contraction over time. 

 

Figure 3.5: Log scale error plots representing ISSAQ results of the selected patient proviral clones over 

three sample timepoints (indicated by years on treatment). Quantification results are normalised to 

specific proviruses per one million cell equivalent DNA copies, with error bars showing 95% 

confidence intervals (CI). The first clone (Chr1_24294547) showed a significant expansion in the 

relative (normalized) clone size between the second and third time point, as evident from non-

overlapping CIs and the last clone (Chr6_45580207) showed a significant decline between the first and 

last time points (cell yields were similar; Fisher exact p = 0.03). No other differences were statisitcally 

significant.  

 

3.4 Discussion 

Although proviral quantification using various approaches (Yu et al. 2008; Brady et al. 2013; 

Cillo et al. 2014; Sherman et al. 2017; Anderson & Maldarelli 2018; Bruner et al. 2019) has 

enabled improved characterisation of the proviral landscape, these assays are unable to fully 

characterise the proviral landscape due to various levels of proviral intactness. As more data is 

being generated concerning the prevalence of solo-LTR proviruses (chapter 2 and (Anderson 

et al. 2020), the need for proviral quantification, irrespective of proviral intactness, becomes 

greater for the accurate characterisation of the proviral landscape. Additionally, longitudinal 

quantification of a specific proviral clone could offer valuable evidence for clonal expansion 

and contraction. This could shed light on the driving forces of clonal waxing and waning, and 

proviral dynamics.  
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The ISSAQ assay was therefore designed to enable specific proviral quantification of clones, 

irrespective of proviral intactness. This is made possible by targeting HIV-1 proviral clone 

specific human genome sequence in a pre-amplification step, followed by amplification 

targeting the unique human genome-proviral integration site junction, as performed with 

ISSPA (chapter 2). Using these integration site specific primers with conservative HIV LTR 

specific primers and probe, allows for the highly specific amplification and detection of 

selected proviral clones. Because the prevalence of most clones is expected to be well below 

the detection limit of a single PCR reaction, a “digitalised” quantification approach with 92 

integration site specific reactions was used. With this quantification approach, the Poisson 

probability distribution and non-parametric bootstrapping are used to calculate the expected 

number of specific proviral copies with confidence intervals from the number of positive 

reactions obtained after ISSAQ. The calculated values were normalised to one million cell 

equivalent DNA copies, obtained from CCR5 quantification of each patient time point sample. 

Analyses of ISSAQ were performed to validate the assay before sample testing. To validate 

the assay, the nested amplification approach was first tested on the major ACH2 clone and 

thereafter on the nine ISSPA products obtained in chapter 2. Testing the amplification approach 

on these targets allowed for PCR optimisation, as ISSPA integration site specific primer 

binding was already confirmed. The ACH2 major clone and 8/9 ISSPA products were 

successfully amplified and detected by the ISSAQ amplification approach. Only the ISSPA 

product of patient 334696 clone Chr6_26227488 could not be amplified or detected by ISSAQ 

due to the R region LTR deletion, which is targeted by the ISSAQ HIV specific LTR primers 

and probe. Clone Chr6_26227488 was therefore excluded from further testing. Assay 

specificity was confirmed by performing patient integration site specific reactions on ACH2 

DNA, yielding no amplification. Following preliminary ISSAQ results of patient 338206 clone 

Chr1_24294547, this clone was selected to assess the DNA linear dilution effect on ISSAQ as 

part of assay validation. A linear dilution effect was observed after performing ISSAQ on four 

concentrations (1:1, 1:2, 1:3 and 1:4) of patient 338206 time point 3 DNA. Taken together, 

results from these analyses support the use of ISSAQ for the accurate quantification of specific 

proviral clones. 

In order to accurately quantify specific proviral clones, the number of cell equivalent DNA 

copies used for each ISSAQ run was determined. The highly sensitive CCR5 quantification 

assay described in Malnati et al. 2008 was selected to determine the patient DNA input copy 

number for ISSAQ. Cell equivalent DNA copies used for ISSAQ was determined to range from 
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237 875 to 742 817 based on patient and sample time point. This allows for the normalisation 

of ISSAQ data to compare intra and inter patient specific proviral clone quantification data 

longitudinally. 

Specific proviral quantification data for at least one time point of 6/9 patient clones was 

successfully generated. In addition to the exclusion of patient 334696 clone Chr6_26227488, 

patient 332406 clones Chr6_32786955 and Chr14_68759177 did not yield any positive ISSAQ 

reactions after multiple attempts at all time points. Specific proviral quantification data for 

clone Chr2_73620016 could only be generated for time point 2. The lack of ISSAQ positive 

reactions at time points 1 and 3 of this clone could be the result of the specific proviral 

concentration being below the ISSAQ limit of detection. Five proviral clones (Chr1_24294547, 

Chr11_73469151, Chr1_231081054, Chr6_13641182 and Chr6_45580207) could be 

quantified at all time points, with an expected value (95% CI) of 2(0-6) to 140(98-190) specific 

proviral copies per one million cell equivalent DNA copies. Error plots of the proviral clone 

quantification data revealed longitudinal evidence of clonal expansion (338206 

Chr1_24294547) and contraction (335106 Chr6_45580207). Although some level of waxing 

and waning was observed for the other clones, these variations were not statistically significant. 

No clear pattern of proviral waxing and waning could be observed between the clones. The 

observed variability in clone size, with two cases having definitive waxing and waning, may 

be in keeping with recently reported antigen-driven and cytokine-induced proliferation 

contributing to clonal expansion and the stability of the latent reservoir, rather than continuous 

cell-autonomous proliferation (Wang et al. 2018; Simonetti et al. 2020). This study yields the 

first report of severely deleted (solo-LTR) proviral clones persisting in paediatric patients on 

long term cART (~8 to ~10 years). Furthermore, these novel findings indicate that solo-LTR 

proviral clones may wax and wane through similar mechanism as described in literature. 

The ISSAQ assay offers a novel approach to the quantification of proviral clones and offers 

integration site specificity capable of individual clonal quantification. Some limitations of the 

ISSAQ assay are that only a single proviral clone can be targeted at a time and large sample 

DNA volume is required for each ISSAQ run. As we had limited available sample volume from 

paediatric patients, the ISSAQ error margins were relatively large. Moreover, as several clones 

of the same patient needed investigation, available PBMC samples had to be split between 

assays for various clones at each time point. The precision of this assay and its ability to detect 

differences in clone size is dependent on the number of cells assayed; and would give more 

precise results in cases of larger volume blood or leukapheresis samples from adults. 
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Processing a large sample volume would also increase the sensitivity for the detection of very 

rare integration events. Another possibility to overcoming these limitations is to perform 

multiple displacement amplification on sample DNA distributed across 92 wells, yielding 

ample sample volume for repetitive ISSAQ assays targeting different proviral clones of each 

patient. The nested PCR approach along with targeting the unique human genome-provirus 

integration site offers sufficient specificity to the ISSAQ assay. 

Taken together, the findings from chapters 2 and 3 demonstrate that some of the most expanded 

proviral clones are solo-LTRs and that these proviruses persist longitudinally by waxing and 

waning, suggesting that solo-LTR proviruses could make up a substantial proportion of the 

proviral landscape. With at least 3/5 and 2/6 of the most expanded clones from patients 338206 

and 340116 respectively characterised as solo-LTR proviruses. The novel findings from this 

study and Anderson et al. 2020 suggest that solo-LTR proviral clones are under-represented 

with traditional approaches studying the proviral landscape, indicating intact proviruses could 

make up an even smaller proportion of all integrated HIV than previously thought. Although 

the prominence of solo-LTR HIV clones does not affect the barrier to cure, it does offer new 

data on HIV integration and proviral persistence. The prevalence and persistence of solo-LTR 

HIV proviruses suggest that, similar to HERVs, highly defective genome integrations may be 

the most frequent result of retroviral cellular infection. As these small inserts may have little 

impact on cellular function and could impact surrounding gene expression (Buzdin, Prassolov 

& Garazha 2017), it is in keeping with the incorporation and evolutionary retention of such 

retroviral elements in the human genome as evidence of archaic retroviral infections in the 

human evolutionary lineage. There is some evidence that HIV can infect spermatozoa and 

considering the current number of HIV infected individuals (Baccetti et al. 1998), HIV 

germline integration is not unfathomable, but would most likely involve highly defective 

proviruses. This requires further investigation.  
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Chapter 4 

Characterisation of non-suppressible viraemia cases in USA 

patients (Pittsburgh, PA) 

 

 

4.1 Introduction 

Clinically detectable HIV viraemia in patients on long term cART has traditionally been 

attributed to non-adherence and/or drug resistance. However, recently a case of infectious 

viraemia associated with a large cell clone containing an intergenic intact HIV provirus in an 

individual with metastatic cancer has been reported (Simonetti et al. 2016), confirming that 

clonally expanded CD4+ T-cell clones can contain replication competent provirus. This 

suggests an alternative cause of sustained detectable viraemia, rather than virologic failure 

which implies ongoing new rounds of replication. Therefore, a cohort of patients with sustained 

clinically detectable viraemia and no regimen relevant drug resistance were investigated for 

possible clonal viraemia (Halvas et al. 2019). Patients with ongoing viremia despite no drug 

resistance and objective evidence of adherence may require futher investigation, and in cases 

where monotypic low level viraemia is found, this may be suggestive of clonal viremia. 

However, to prove this requires linking plasma viraemia to an HIV-1 infected cell clone. This 

process is costly and cumbersome but through investigating these cases more efficient methods 

of characterising clonal viraemia can be developed, in future.  

The data presented in this chapter formed part of the Halvas et al. 2019 study, as part of my 

academic visit to the HIV dynamics and replication program at the University of Pittsburgh 

under the supervision of Prof. John W. Mellors. The aim of this academic visit was to obtain 

techniques of value to the van Zyl research group at Stellenbosch University for the 

characterisation of potential clonal viraemia and other cases of unexplained sustained viraemia. 

  

Stellenbosch University  https://scholar.sun.ac.za



                                               Chapter 4 – Non-suppressible viraemia in USA patients (Pittsburgh, PA) 

75 

 

4.2 Methods 

4.2.1 Specimen selection 

Twelve patients with prolonged elevated HIV viral loads, while adherent to cART with no 

relevant drug resistance, and after being offered alternative regimens, who were identified by 

HIV care providers, were referred and enrolled into the non-suppressible HIV viraemia cohort. 

Three of these patients are included in this chapter. The selection criteria for this study was as 

follows: detectable HIV-1 RNA by Roche or Abbott platforms >40 copies/mL, detectable 

viraemia on multiple sample dates, no treatment-relevant drug resistance (determined by 

routine drug resistance testing and which would have explained current regimen failure) and 

no clinical suspicion of non-adherence (as determined by the primary HIV care provider). 

Leukopak specimens (specimens obtained by leukapheresis) collected from these patients were 

followed by plasma and PBMC isolation to be used for this study. 

4.2.2 Quantitative viral outgrowth assay (QVOA) 

Viral outgrowth was performed on PBMCs from patients, having monotypic plasma viral 

populations with at least one identical sequence from PBMC DNA, suggestive of clonality. 

Viral outgrowth was performed to identify p6ProRT sequences released from replication 

competent proviruses, identical to the identified sequences in plasma, In addition, identifying 

identical sequences in multiple QVOA replicates would suggest clonality, as this would 

originate from different cells. The QVOA assay was performed over 21 days as follows: 

Day -1: Two days prior to initiation of the QVOA assay, PBMCs from 120 mL EDTA whole 

blood of an HIV negative donor were isolated and incubated in 30 mL super T cell media 

(STCM) [made up out of 500 mL phenol red-free RPMI (Lonza), 5 mL Glutamax (Invitrogen), 

10% heat-inactivated FBS (Fisher Scientific), 3 mL Penicillin/Streptomycin (Invitrogen), 100 

U/mL rh-IL-2 (Fisher Scientific) and 2% T-cell growth factor] with 0.5 µg/ml (PHA) (Sigma-

Aldrich, MO, USA) at 37oC until CD8 depletion (Day 2). 

Day 1: On the day of QVOA initiation 120 mL EDTA whole blood from an HIV negative 

donor was inactivated by γ-irradiation with 5000R in a Caesium source irradiator. PBMCs were 

isolated from these cells and resuspended in STCM at a concentration of 2.5x106 cells/mL. 

Cells were chilled on ice after the addition of 1 µg/ml PHA. 

PBMCs previously isolated from the selected HIV positive patient were thawed at 37oC and 

CD4+ T-cells were isolated using the EasySepTM human CD4+ T-cell isolation kit (STEMCELL 
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Technologies, Vancouver, Canada) according to manufacturer’s instructions. Isolated resting 

CD4+ T-cells were plated as follows (Figure 4.1): 4 wells of 1x106 cells/mL (1M) were plated 

in 6-well plates with 10 million irradiated PBMCs + PHA and the volume made up to 8 mL 

per well with STMC. Five wells each of HIV positive CD4+ T-cells were also plated at 

concentrations of 3x105 cells/mL (300k), 1x105 cells/mL (100k) and 3x104 cells/mL (30k) in 

24-well plates with 2.5 million irradiated PBMCs + PHA and the volume made up to 2 mL per 

well with STMC. A negative control was included on the lowest concentration plate by 

replacing the HIV positive CD4+ T-cells with STCM. Plates were incubated at 37oC until day 

2. 

Day 2: Media was removed from wells (6 ml from the 6-well plate and 1.5 ml from 24-well 

plates) and replaced with STCM, plates were incubated at 37oC for two hours before adding 

CD8-depleted T-lymphoblasts. PBMCs isolated from the HIV negative donor on day -1 were 

CD8-depleted using Anti-human CD8 magnetic particles (BD Biosciences, Franklin Lakes, 

NJ, USA) according to manufacturer’s instructions. The CD8-depleted lymphoblasts were 

resuspended with STCM at a concentration of 0.67x106 cells/mL and seeded into QVOA wells 

1x106 HIV+ CD4+ T-cells 

4 Replicates 

5 Replicates + Neg 

1x105 HIV+ CD4+ T-cells 

5 Replicates 

3x105 HIV+ CD4+ T-cells 

3x104 HIV+ CD4+ T-cells 

5 Replicates 

Figure 4.1: Representation of the plate layout for quantitative viral outgrowth. The number of HIV 

positive CD4+ T-cells used are indicated along with the number of replicates performed at each cell 

dilution. The HIV negative control (Neg) was included on the 3x104 HIV positive CD4+ T-cells dilution 

plate, indicated in yellow. 
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(4x106 cells per well for the 6-well plate and 1x106 cells per plate for 24-well plates), plates 

were incubated at 37oC. 

Day 5: Media was changed by replacing 3 mL per well for the 6-well plate and 750 µl per well 

for 24-well plates with STCM. PBMCs from an HIV negative donor were isolated and prepared 

for CD8-depletion as done on day -1. 

Day 7: Supernatant (200 µl) from each QVOA well was used to perform p24 antigen detection 

with the Alliance HIV-1 p24 antigen ELISA kit (PerkinElmer, Waltham, MA, USA) according 

to manufacturer’s instructions. HIV negative donor PBMCs, prepared on day 5, were CD8-

depleted and resuspended in STCM at a concentration of 1x106 cells/mL. Incubated QVOA 

cells were split by gently mixing cells in each well and discarding half of the volume. 

Lymphoblasts were added to replace the discarded cells, 4x106 cells in 4 ml STCM was added 

to each well for the 6-well plate and 1x106 cells in 1 ml STCM was added to each well for the 

24-well plates. Plates were incubated at 37oC until day 12. 

Day 12: Media change and HIV negative donor PBMC isolation proceeded as performed on 

day 5. 

Day 14: Supernatant (200 µl) was used for HIV-1 p24 detection. The QVOA cells were split 

and Lymphoblasts added as performed on day 7. 

Day 19: Media was changed as on days 5 and 12. 

Day 21: Supernatant (200 µl) was tested for HIV-1 p24 antigen as on days 7 and 14. 

Additional supernatants (700 µl) from all QVOA wells on days 7, 14 and 21 were stored at -

80oC until RNA isolation. 

 

4.2.3 PBMC and DNA isolation 

PBMC and DNA isolation were performed exactly as described in chapter 2, sections 2.2.2 and 

2.2.3. Isolated DNA was stored in 200 µl 5 mM Tris-HCl (pH 8.0) (Sigma-Aldrich) at -20oC 

until use 
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4.2.4 RNA isolation 

Selected plasma samples and QVOA supernatants were centrifuged in an Eppendorf 5430 R 

centrifuge (Eppendorf, Hamburg, Germany) at 21100 rcf for 60 min at 4oC prior to lysis. RNA 

isolation proceeded identical to DNA isolation (2.2.3). Purified plasma RNA was resuspended 

in 20 µl cold 5 mM Tris-HCl (pH 8.0) (Sigma-Aldrich) and QVOA RNA was resuspended in 

50 µl cold 5 mM Tris-HCl (pH 8.0). 

 

4.2.5 cDNA synthesis 

Complimentary DNA (cDNA) synthesis was performed with the Superscript III first strand 

cDNA synthesis kit (Invitrogen Corp., Carlsbad, CA, USA) according to manufacturer’s 

instructions. A 50 µl cDNA synthesis reaction was performed using the entire 20 µl plasma 

RNA volume, and 100 µl cDNA synthesis reactions were performed on dilutions (1:10, 1:100 

and 1:100) of QVOA RNA. Reactions consisted of 1x Reverse transcription buffer, 5 mM 

MgCl2, 0.01 M DTT, 2 units/µl RNaseOUT, 10 units/µl SuperScript III Reverse transcriptase, 

0.5 mM dNTPs, 30 µM HIV specific reverse primer 3500 (5-CTA TYA AGT CTT TTG ATG 

GGT CAT AA-3’), and nuclease free water (Promega Corp.). Extracted RNA, dNTPs and the 

primer were denatured at 65oC for 5 min and immediately chilled on ice for 2 min. After the 

addition of the reaction mix reverse transcription was performed at 50oC for 50 min followed 

by enzyme inactivation at 85oC for 5 min. The cDNA was used immediately after synthesis or 

stored at -20oC until use. 

 

4.2.6 p6PrRT single genome amplification 

Single genome sequencing (SGS) covering the p6, Protease and Reverse transcriptase 

(p6PrRT) region of HIV-1 was performed on cDNA and PBMC DNA as described previously 

(Kearney et al. 2008). The p6PrRT SGS PCR protocol consists of a nested amplification 

approach. According to Poisson probability, single copy template amplification is most likely 

to be achieved when less than 30% of the total reactions are successfully amplified. Therefore, 

p6PrRT SGS was first performed on a “dilution plate” consisting of 1:3 serially diluted 

template nucleic acid to find the target single copy dilution. This was followed by p6PrRT SGS 

on an “expansion plate” consisting of 92 reactions at the target dilution and four NTC wells as 

controls (Figure 4.2).  
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The p6PrRT SGS amplification was performed with the PlatinumTM Taq DNA Polymerase 

High Fidelity system (Invitrogen Corp.), with each reaction (10 µl) consisting of: 1x High 

Fidelity PCR Buffer, 2 mM MgSO4, 0.4 units Platinum Taq High Fidelity enzyme, 0.2 mM 

dNTPs, 0.16 µM HIV-1 subtype B optimised forward and reverse primers (Table 4.1) and 

nuclease free water. Pre-nested amplification conditions consisted of an initial denaturing step 

(94oC, 2 min) followed by 45 cycles of denaturation (94oC, 30 sec), annealing (50oC, 30 sec) 

and extension (72oC, 1 min 30 sec), with a final extension step (72oC, 3 min). The pre-nested 

PCR products were diluted with 83 µl 5 mM Tris-HCl (pH 8.0) (Sigma-Aldrich) per reaction 

and 2 µl diluted amplicon was plate stamped into the nested PCR plate. Nested amplification 

conditions consisted of an initial denaturing step (94oC, 2 min) followed by 41 cycles of 

denaturation (94oC, 30 sec), annealing (55oC, 30 sec) and extension (72oC, 1 min), with a final 

extension step (72oC, 3 min). 

  

1:3 

1:9 

1:27 

1:81 

p6PrRT SGS Dilution plate 

p6PrRT SGS Expansion plate at 1:27 

A 

B 

NTC 

4 x NTC 

Figure 4.2: Representation of the p6-Protease-Reverse transcriptase (p6PrRT) single genome 

sequencing (SGS) plate layout for A) Dilution plate, indicating 11 reactions and one NTC for each 1:3 

serial dilution and the arrow indicates the target dilution as 1:27. B) Expansion plate with 92 reactions 

of the target dilution (1:27) and four NTC reactions. 
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Table 4.1: Primers used for HIV-1 subtype B p6-Protease-Reverse transcriptase (p6PrRT) single 

genome sequencing (SGS) amplification. 

Primer 

name 
Orientation Sequence (5’-3’) 

Location in 

HXB2 

genome 

Pre-nest F Forward GAT GAC AGC ATG TCA GGG AG 1827 – 1846 

Pre-nest R Reverse CTA TTA AGT ATT TTG ATG GGT CAT AA 3503 – 3528 

Nest-F Forward GAG TTT TGG CTG AGG CAA TGA G 1871 – 1892 

Nest-R Reverse CAG TTA GTG GTA TTA CTT CTG TTA GTG CTT 3409 – 3438 

 

4.2.7 PCR product analysis and purification 

Nested p6PrRT PCR reactions were diluted with 45 µl 5 mM Tris-HCl (pH 8.0) (Sigma-

Aldrich) and assessed for amplicon as described in chapter 2 section 2.2.8. PCR wells 

containing amplicon as observed by fluorescence were purified by adding 2 µl Exonuclease 1 

(Exo) (New England Biolabs Inc. (NEB), Ipswich, MA, USA) and 4 µl Shrimp Alkaline 

Phosphatase (rSAP) (NEB) to each selected well. Reactions were incubated at 37oC for 20 min 

followed by enzyme inactivation at 80oC for 15 min and diluted with 40 µl 5 mM Tris-HCl 

(pH 8.0) (Sigma-Aldrich). Purified PCR products were stored at -20oC until use. 

 

4.2.8 Nucleotide sequencing and analysis 

Nucleotide sequences of purified p6ProRT amplicons were determined as discussed in chapter 

2 section 2.2.9, using 3 µl Exo-rSAP purified amplicon per reaction and four overlapping 

primers (Table 4.2) in independent reactions. Nucleotide Sanger sequence chromatograms 

were analysed, and sequences verified with SequencherTM 4.10.1 (Gene Codes Corp.) and 

BioEdit Sequence Alignment Editor (V7.2.5). Consensus sequences were generated for each 

positive p6PrRT SGS amplicon. 
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Table 4.2: Primers used for overlapping nucleotide Sanger sequencing of p6-Protease-Reverse 

transcriptase (p6PrRT) single genome sequencing (SGS) amplicons 

Primer 

name 
Orientation Sequence (5’-3’) 

Location in 

HXB2 

genome 

p6PrRT-A Forward TGT TGG AAA TGT GGA AAG GAA GGA C 2026 – 2050 

p6PrRT-B Forward ATG GCC CAA AAG TTA AAC AAT GGC 2599 – 2622 

p6PrRT-C Reverse TTC TTC TGT CAA TGG CCA TTG TTT AAC 2610 – 2636 

p6PrRT-D Reverse TTG CCC AAT TCA ATT TTC CCA CTA A 3327 – 3351 

 

4.2.9 Phylogenetic analyses 

Nucleotide sequences were aligned with the consensus B sequence (MN919177.1) using 

MAFFT Version 7 (https://mafft.cbrc.jp/alignment/server/). Neighbour joining p-distance 

analysis with 1000 bootstraps were performed to construct phylogenetic trees in MEGA7 

(Kumar, Stecher & Tamura 2016). Phylogenetic trees were analysed for identical sequences 

spanning the p6PrRT region. Aligned consensus sequences were analysed for polymorphisms 

responsible for branching observed on phylogenetic trees. 

 

4.2.10 Multiple displacement amplification and product purification 

Multiple displacement amplification (MDA) was performed on PBMC DNA from patients 

where identical p6PrRT sequences, as determined by phylogenetic analysis, were obtained 

from plasma, PBMCs and QVOA. The MDA reactions were performed to yield greatly 

amplified genomic material where possible HIV-1 proviral clones are present to be used for 

downstream molecular analyses such as integration site determination and near full length 

proviral amplification. Isolated PBMC DNA was diluted in nuclease free water (Promega 

Corp.) to the determined p6PrRT endpoint and seeded at 2 µl per well in a 96 well PCR plate. 

This was followed by the addition of the denature solution comprising of 200 mM KOH 

(Sigma-Aldrich) and 5 mM EDTA (Invitrogen Corp.). Each reaction was pipette mixed and 

incubated at 25oC for 3 min, the plate was then chilled at 4oC for 2 min prior to the addition of 

the neutralisation solution comprising of 100 mM Tris-HCl pH 7.5 (Sigma-Aldrich) and 332 

mM Trehalose (Sigma-Aldrich). The MDA master mix consisting of: 1x Phi29 Polymerase 

Buffer (NEB), 2 mM DTT (Invitrogen Corp.), 100 mM bovine serum albumin (BSA) (NEB), 
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3 mM dNTPs (Invitrogen Corp.), 600 mM Trehalose, 0.02 mM random heptamer primer, 0.04 

mM Hg19 anti-HIV primers and 0.75 mM Phi29 Polymerase enzyme (NEB) was added to the 

cold neutralised reaction to a total of 25 µl. The reactions were incubated for 20 hours at 40oC 

followed by an enzyme deactivation step for 10 min at 65oC. 

Solid phase reversible immobilisation (SPRI) DNA fragment purification beads from Beckman 

Coulter Life Sciences (Brea, CA, USA) were used for MDA product purifications. SPRI beads 

(20 µl) were added to MDA reactions and mixed well for 5 min. Reactions were incubated on 

a magnet for 2 min and the supernatants were carefully removed and discarded without 

disturbing the bead pellet. Each reaction was washed twice with 170 µl 80% Ethanol for 30 sec 

followed by air drying of the bead pellets for 3 min while on the magnet. Bead pellets were 

resuspended in 35 µl 5 mM Tris-HCl (pH 8.0) (Sigma-Aldrich) by incubation at 37oC for 5 

min with intermittent pulse vortexing. Each reaction plate was then incubated on the magnet 

again for 2 min followed by the removal of the supernatant containing purified MDA products 

and stored in 96 well PCR plates at -20oC until use. 

 

4.2.11 Post MDA p6PrRT SGS 

Purified MDA products were screened by p6PrRT SGS for identical p6PrRT sequences 

previously detected from plasma, PBMC and QVOA sources, in order to match MDA product 

wells with possible proviral clones for further analyses. Purified MDA reactions were plate 

stamped for p6PrRT SGS, 2 µl of each purified MDA reaction was used for p6PrRT 

amplification in final reaction volumes of 10 µl, as described in section 4.2.6. Post p6PrRT 

amplification proceeded as previously mentioned (section 4.2.7 and 7.2.8) and nucleotide 

sequence data was included in neighbour joining phylogenetic trees. Purified MDA products 

that yielded p6PrRT sequences identical to monotypic phylogenetic clusters (possible clones) 

were sent to the HIV Dynamics and Replication Program at the NCI for integration site (IS) 

determination by integration site analysis (ISA). 
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4.2.12 Host to full-length provirus to host amplification (HFH) 

After obtaining integration site data from p6PrRT clones of interest, HFH was attempted to 

investigate and characterise the proviral clone. Using HFH, the provirus can be amplified in 

two overlapping half genome segments with ample host genome on both 5’ and 3’ ends too 

definitively link the provirus to the IS. For this assay, p6PrRT primers targeting HIV are used 

together with human genome targeted primers up-stream and down-stream of the proviral 

integration site (Figure 4.3). The Hg primers were designed with similar melting temperatures 

as the corresponding p6PrRT primers, and special consideration was taken to avoid primer 

dimers. Proviral orientation was taken into consideration to pair up the correct HIV and human 

genome primers (Table 4.3). 

 

Table 4.3: Human genome and HIV specific primers used for host to full length provirus to host proviral 

amplification of a selected integration site (IS). 

Primer 

name 
Orientation Sequence (5’-3’) 

Location in 

HXB2 genome 

Host-9kb F Forward 
GGA ATT CTA TTC CCA GCA TTG 

TGG  

9250 bases 

upstream of IS 

Host-6kb F Forward 
GAA TCA CTA TCC TGC TAT ATG 

AAA TCT AC 

5830 bases 

upstream of IS 

Pre-nest R Reverse 
CTA TTA AGT ATT TTG ATG GGT 

CAT AA 
3503 – 3528 

Nest-R Reverse 
CAG TTA GTG GTA TTA CTT CTG 

TTA GTG CTT 
3409 – 3438 

Pre-nest F Forward GAT GAC AGC ATG TCA GGG AG 1827 – 1846 

Nest-F Forward GAG TTT TGG CTG AGG CAA TGA G 1871 – 1892 

Host-R Reverse 
TAA GAA GTC AAG AGA TTG TTT 

CAT TC 

3410 bases down-

stream of IS 

Figure 4.3: Respresentation of the host to full length to host proviral amplification strategy, indicating 

HIV and human genome specific primers. 
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A semi-nested PCR approach was selected for HFH, pairing a single host primer with both of 

the respective p6PrRT primers (Figure 4.3). Amplification was performed with Ranger mix 

(Bioline meridian bioscience) and each reaction (10 µl) consisted of: 1x Ranger mix, 0.4 µM 

forward and reverse primer respectively and nuclease free water (Promega Corp.). Two sets of 

amplification conditions were attempted, first: an initial denaturing step (95oC, 2 min) followed 

by 30 cycles of denaturation (98oC, 10 sec), annealing and extension in one step (58oC, 12 

min). A final extension (58oC, 15 min) was included to ensure full-length products. 

Alternatively, the second set of amplification conditions consisted of an initial denaturing step 

(95oC, 2 min), followed by 30 cycles of denaturation (95oC, 10 sec), annealing (58oC for 30 

sec) and extension (68oC, 12 min). A final extension step (68oC, 15 min) was included to ensure 

full-length amplicons. Amplicons were analysed as discussed in chapter 2 section 2.2.8. 
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4.3 Results 

4.3.1 Selected specimens 

Three patients presenting with clinical data indicative of clonal viraemia (ie. prolonged 

elevated viral load with no regimen relevant drug resistance) that required further investigation, 

were selected for this project. Viral load data and a brief clinical overview for each patient are 

provided, and selected specimen time points are indicated. Patient T13 clinical overview and 

viral load data indicate sustained detectable viraemia for 17.3 months. Samples from two time 

points (TP), ~3 months apart, were collected (Figure 4.4). The collected sample viral loads are 

indicated as 78 copies/mL at TP1 and 100 copies/mL at TP2. 

 

Figure 4.4: Clinical overview and viral load data for patient T13. Time point 1 (TP1) sample is indicated 

in red and TP2 in black. (Elvitegravir/ Cobicistat/ Emtricitabine/ Tenofovir Alafenamide (ECF-TAF)). 

 The clinical overview and viral load data for patient L14 indicate detectable viraemia for 1.8 

months, and one sample collected (TP1) with a viral load of 583 copies/mL (Figure 4.5). 
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Figure 4.5: Clinical overview and viral load data for patient L14. Time point 1 (TP1) sample is indicated 

in red. (Elvitegravir/ Cobicistat/ Emtricitabine/ Tenofovir Alafenamide (ECF-TAF)). 

Patient D15 clinical overview and viral load data indicate a longitudinal unstable viral load. 

After the last period of viral suppression, HIV was detectable for over 12 months at sampling 

TP1, with a viral load of 116 copies/mL (Figure 4.6). 

 

Figure 4.6: Clinical overview and viral load data for patient D15. Time point 1 (TP1) sample is indicated 

in red. 
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Rooted with consensus B 

PBMC DNA 

Plasma RNA 

4.3.2 Preliminary p6PrRT phylogenetic data 

Preliminary p6PrRT SGS data generated from samples of patients T13, L14 and D15 indicate 

various levels of identical sequences as indicated by p-distance neighbour joining phylogenetic 

trees (Figure 4.7).  

Figure 4.7: P-distance neighbour joining phylogenetic trees of p6PrRT SGS sequence data from patients 

A) T13, B) L14 and C) D15. Sequence data obtained from plasma RNA are indicated by red dots and 

data from PBMC DNA by black dots. All phylogenetic trrees were rooted with HIV consensus B 

sequence (MN919177.1) and identical sequences are circled.  

 

4.3.3 QVOA p24 detection 

Based on preliminary phylogenetic analyses (Figure 4.7) indicating identical p6PrRT 

sequences obtained from plasma RNA and PBMC DNA, patient T13 TP1, with ample PBMC 

sample volume, was selected for QVOA. HIV p24 detection from days 7, 14 and 21 of QVOA 

indicated significant replication with nearly all replicates being detectible at days 14 and 21 

(Table 4.4). 
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Table 4.4: p24 detection results of day7, 14 and 21 quantitative viral outgrowth assay supernatants for 

patient T13. 

 

 

Day Dilution Rep p24 

7 

1x106 

(1M) 

1 Pos 

2 Low Pos* 

3 Pos 

4 Pos 

3x105 

(300k) 

1 Pos 

2 Pos 

3 Pos 

4 Pos 

5 Pos 

1x105 

(100k) 

1 Low Pos* 

2 Pos 

3 Low Pos* 

4 Low Pos* 

5 Pos 

3x104 

(30k) 

1 Neg 

2 Low Pos* 

3 No data# 

4 No data# 

5 No data# 

Neg   Neg 

Day Dilution Rep p24 

21 

1x106 

(1M) 

1 Pos 

2 Pos 

3 Pos 

4 Pos 

3x105 

(300k) 

1 Pos 

2 Pos 

3 Pos 

4 Pos 

5 Pos 

1x105 

(100k) 

1 Pos 

2 Pos 

3 Pos 

4 Pos 

5 Pos 

3x104 

(30k) 

1 Pos 

2 Pos 

3 Neg 

4 Pos 

5 Neg 

Neg   Neg 

Day Dilution Rep p24 

14 

1x106 

(1M) 

1 Pos 

2 Pos 

3 Pos 

4 Pos 

3x105 

(300k) 

1 Pos 

2 Pos 

3 Pos 

4 Pos 

5 Pos 

1x105 

(100k) 

1 Pos 

2 Pos 

3 Pos 

4 Pos 

5 Pos 

3x104 

(30k) 

1 Pos 

2 Pos 

3 Neg 

4 Pos 

5 Neg 

Neg   Neg 

*A slight colour change in the p24 

detection well was deemed as “Low Pos” 

#p24 detection failed 
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The infectious units per million (IUPM) for patient T13 was calculated as 36.1 using the online 

IUPMStats v1.0 calculator (https://silicianolab.johnshopkins.edu/) based on p24 results from 

days 14 and 21. Day 14 QVOA supernatants with detectable HIV p24 antigen were selected 

for p6PrRT SGS along with day 7 300k replicate 3 supernatant. Due to identical p24 results for 

day 14 and 21, day 14 replicates were selected for sequence analyses for a greater chance to 

detect both fast and slower growing HIV variants. 

 

4.3.4 p6PrRT SGS 

The p6PrRT SGS assay was performed on genomic cell associated DNA from PBMCs and 

plasma RNA of patients T13, L14 and D15. For patient T13 p6PrRT SGS was performed on 

TP1 and 2 cell associated DNA and plasma sequences, along with TP1 QVOA supernatants 

(day 7 300k-3 and day 14) and TP1 MDA products. A total of 309 p6PrRT sequences were 

generated for patient T13 from these sources (Table 4.5). 

Table 4.5: Patient T13 p6PrRT SGS nucleotide sequences generated from various sources as indicated, 

including plasma, cell associated DNA (CAD), quantitative viral outgrowth assay (QVOA) supernatant 

and multiple displacement amplification (MDA).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Source Sequences generated 

TP1 Plasma 51 

TP1 CAD 65 

TP1 Day 7 QVOA 300k-3 5 

TP1 Day 14 

QVOA 

1M 

1 4 

Day 14 QVOA 

total: 74 

2 3 

3 4 

4 5 

300k 

1 4 

2 4 

3 3 

4 3 

5 4 

100k 

1 6 

2 5 

3 4 

4 4 

5 6 

30k 

1 5 

2 5 

4 5 

TP1 MDA 55 

TP2 Plasma 24 

TP2 CAD 35 
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Time point 1 p6PrRT SGS amplification of patients L14 and D15 produced a total of 82 and 

36 nucleotide sequences respectively (Table 4.6).  

 

Table 4.6: Patient L14 and D15 p6PrRT sequences generated from cell associated DNA (CAD) and 

plasma 

Source Sequences generated 

L14 
TP1 Plasma 27 

TP1 CAD 55 

D15 
TP1 Plasma 10 

TP1 CAD 26 

 

4.3.5 Phylogenetic and nucleotide sequence analyses 

Neighbour-joining phylogenetic trees constructed of p6PrRT sequence data from patients T13, 

L14 and D15 with evolutionary distance calculated using the p-distance model were analysed 

for the presence of monotypic clusters suggestive of clonality. Two distinct clusters of identical 

sequences (clones 1 and 2) consisting of sequences obtained from TP1 plasma, TP2 plasma, 

TP1 cell associated DNA, TP2 cell associated DNA, various QVOA supernatants and MDA 

products were identified with phylogenetic analysis for patient T13 (Figure 4.8). A potential 

sub-clone 1 consisting of identical sequences with a single base mutation compared to clone 1 

sequences were identified (Figure 4.8). A third cluster (clone 3) consisting of identical 

sequences obtained from TP1 plasma, TP1 cell associated DNA, TP2 cell associated DNA and 

MDA products were also identified., The inducibility and replication competence of clone 3 

are unknown due to the lack of identical sequences from QVOA supernatants (Figure 4.8). 

Nucleotide sequences spanning p6PrRT of clone 1 and sub-clone 1 were further investigated 

to identify the polymorphisms responsible for the separate phylogenetic clustering. A single 

nucleotide polymorphism (SNP) (G → A) was identified to be responsible for the formation of 

sub-clone 1 (Figure 4.9). 
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Figure 4.8: Neighbour joining p-distance phylogenetic tree of p6PrRT nucleotide sequences generated 

from TP1 and 2 plasma, TP1 and 2 cell associated DNA (CAD), TP1 QVOA supernatants and TP1 

MDA products of patient T13. Identical sequence clusters “Clones” 1 and 2 circled in red, sub-clone 1 

circled in blue and clone 3 circled in black are indicated. Sequence origins are represented with various 

symbols as indicated by the legend. A cluster of hypermutated sequences adjacent but not related to 

sub-clone 1 was collapsed into a wedge. The tree was constructed with 1000 bootstraps and rooted to 

Consensus B (MN919177.1). 

  

Plasma TP1 

CAD TP1 

Rooted with consensus B 

QVOA D7 300k 

QVOA D14 1M 

QVOA D14 100k 

Plasma TP2 

QVOA D14 30k 

QVOA D14 300k 

TP1 MDA 

CAD TP2 
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All (27) plasma p6PrRT SGS nucleotide sequences obtained from patient L14 are identical or 

nearly identical, as indicated by the phylogenetic analysis (Figure 4.10). No identical clusters 

were observed with patient L14 cell associated DNA sequences, and none of the 55 cell 

associated DNA sequences were similar to any plasma sequences. 

  

Figure 4.9: Excerpt of clone 1 and sub-clone 1 from patient T13 phylogenetic tree along with nucleotide 

sequences of clone 1 and sub-clone 1 indicating the single nucleotide polymorphism (SNP) responsible 

for the phylogenetic branching. 

Plasma TP1 
CAD TP1 

QVOA D14 30k 

TP1 MDA 
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Figure 4.10: Neighbour joining p-distance phylogenetic tree of p6PrRT nucleotide sequences generated 

from TP1 plasma and cell associated DNA (CAD) samples of patient L14. The identical plasma 

sequence cluster is circled in red. Sequence origins are represented with symbols as indicated by the 

legend. The tree was constructed with 1000 bootstraps and rooted to Consensus B (MN919177.1). 

 

Phylogenetic analysis of TP1 plasma and cell associated DNA sequences from patient D15 did 

not indicate any major clustering of identical sequences (Figure 4.11). 
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Plasma TP1 
CAD TP1 

Rooted with consensus B 

 

Figure 4.11: Neighbour joining p-distance phylogenetic tree of p6PrRT nucleotide sequences generated 

from TP1 plasma and cell associated DNA (CAD) samples of patient D15. Sequence origins are 

represented with symbols as indicated by the legend. The tree was constructed with 1000 bootstraps 

and rooted to Consensus B (MN919177.1). 

 

4.3.6 Preliminary HFH data of T13 sub-clone 1 

Preliminary ISA data of MDA products from patient T13 sub-clone 1 indicate the presence of 

the provirus in an intergenic region of Chr1 (position 146,354,082) in the positive orientation. 

No clear amplicon, without background, was obtained from the combined annealing and 

extension PCR approach. Separating the annealing and extension steps and increasing the 

extension temperature to 68
o
C resulted in a reduction in background amplification (Figure 

4.12). A single amplicon of the expected size (9.1 kb) from the 5’ ~6kb-p6PrRT approach was 

obtained and could be visualised on gel electrophoreses (Figure 4.12). However, no nucleotide 

sequence could be obtained for this HFH amplicon. 
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A B 

 

4.4 Discussion 

It is widely accepted that the major proviral reservoir of infectious HIV-1 is harboured in 

resting memory T-cells (Chun 2013; Siliciano & Siliciano 2014), presenting a significant 

barrier to cure. Clonally expanded CD4+ T-cells have been implicated in harbouring infectious 

virus and shedding virus into the periphery for several years in a patient on cART (Simonetti 

et al. 2016). The frequency of clonally expanded cells harbouring infectious HIV is unknown, 

it is however an additional barrier to achieving cure. Moreover, when clonally expaned cells 

produce viraemia detectable by commercial assays it may complicate clinical care as this may 

be attributed to treatment adherence or drug resisance and result in unnecessary and ineffective 

treatment substitutions. 

Therefore, in this study a cohort of patients with prolonged unexplained HIV viraemia was 

enrolled to investigate the clonally expanded proviral reservoir. This part of the study consisted 

5’ 6kb 

Host-p6RT 
~9.1kb 

5’ 9kb 

Host-p6RT 
~12.6kb 

3’ 3kb 

Host-p6RT 
~11.2kb 

58
o
C combined annealing and extension 

5’ 6kb 

Host-p6RT 
~9.1kb 

5’ 9kb 

Host-p6RT 
~12.6kb 

3’ 3kb 

Host-p6RT 
~11.2kb 

58
o
C annealing and 68

o
C extension 

Figure 4.12: Gel electrophoresis images of sub-clone 1 provirus Chr1_146354082 specific HFH. A) 

Combined annealing and extension step on 5' and 3' HFH halves. B) Separate annealing and extension 

steps on 5' and 3' HFH halves. Amplicon of expected size (9.1kb) is indicated by a white arrow. Lanes 

contain replicates of the indicated targets. 
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of three patients presenting with clinical data consistent with expected clonal viraemia: 

persistent non-suppressible viraemia and no treatment relevant drug resistance, as indicated by 

p6PrRT single genome sequences and routine drug resistance testing, which included integrase, 

while maintaining good adherence on cART. Genetic material from plasma and PBMCs of 

these patients were investigated with molecular assays targeting the semi-conserved p6PrRT 

region. Virus recovery was attempted from CD4+ T-cells of patients where multiple identical 

p6PrRT nucleotide sequences were obtained from plasma and PBMCs. HIV p24 antigen 

positive QVOA supernatants were investigated for infectious virus with identical p6PrRT 

nucleotide sequences to plasma virus and PBMC provirus. The integration site data of 

infectious suspected clones were sought by screening amplified genomic MDA reactions for 

identical p6PrRT sequences. Host genome amplified reactions containing the suspected 

proviral clones were used for ISA to identify the integration sites and thereby confirm clonality. 

With confirmed integration site data and p6PrRT nucleotide sequences, the sequence of the 

entire provirus and flanking Hg regions can be determined using HFH. 

Although all nucleotide sequences from plasma of patient L14 were identical or nearly 

identical, a strong indication of clonal viraemia, no identical or closely related sequences could 

be obtained from PBMCs. Clonal viraemia maintained by expanded cell clones could therefore 

not be further investigate for this patient. The spike in p6PrRT identical HIV viraemia lasting 

1.8 months, as indicated by the clinical data, could be the result of the activation and HIV 

expression of a minor cell clone however, this remains unconfirmed. This period of detectable 

viraemia spontaneously resolved with HIV re-suppression. 

The unstable viral load of patient D15 with the latest viral load spike lasting for over 12 months 

was investigated for clonal viraemia. Initial p6PrRT plasma sequencing indicated a low level 

of identical sequences. Further p6PrRT analyses indicated significant variation of the plasma 

and cell associated DNA population, with no substantiated clonal viraemia. Due to these initial 

results further investigation of clonally expanded infectious proviruses were abandoned for this 

patient. 

Initial p6PrRT SGS on plasma and cell associated DNA of patient T13 TP1 indicated multiple 

clusters of identical plasma sequences and one plasma cluster with identical sequences from 

cell associated DNA. This patient was therefore selected for QVOA to investigate the inducible 

infectious proviral reservoir. Almost all viral outgrowth replicates, except for two, tested HIV 

p24 antigen positive after 14 and 21 days, with a calculated IUPM of 36.1. A total of 74 p6PrRT 
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SGS sequences were obtained from QVOA supernatants of a single positive replicate of day 7 

and all positive day 14 replicates. Nucleotide sequences of the p6PrRT region were also 

obtained from TP2 plasma and cell associated DNA. Phylogenetic analysis of these sequences 

identified two major clusters of identical sequences obtained from all sources, termed clone 1 

and 2. A cluster of identical plasma, cell associated DNA and QVOA sequences, removed from 

clone 1 by a SNP confirmed in all sequences, was identified and termed sub-clone 1. Sub-clone 

1 formation could be the result of either of two events. Firstly, an almost identical HIV strain 

to the clone 1 strain could be responsible for a separate integration event, followed by some 

level of clonal expansion. Alternatively, the polymorphism could have occurred during clonal 

proliferation of cell clone 1, resulting in the formation of a seemingly separate clone. This 

phenomenon could be clarified by comparing the full-length HIV sequences of both proviral 

clusters, however, integration site data is required to confirm the true origin of sub-clone 1. In 

addition, a third separate phylogenetic cluster, consisting of plasma and cell associated DNA 

sequences, were identified and termed clone 3. Given the detection of multiple identical cell 

associated DNA sequences but no related sequences from QVOA supernatants, the replication 

competence of clone 3 is brought into question, but not ruled out. Identical p6PrRT sequences 

from MDA products were obtained for clones 1, 2, 3 and sub-clone 1. The integration site of 

sub-clone 1 was determined to be in an intergenic region of Chr1 at position 146354082, with 

the provirus in the positive orientation. Observations of the Hg flanking this position revealed 

a high degree of repetitive sequences. Reliable primers for HFH targeting this position were 

therefore designed over 6 kb up-stream and over 3 kb down-stream of the IS, requiring 

amplicons of at least 9 kb and ~12 kb respectively for successful HFH. No amplicons of interest 

could be generated with the standard HFH PCR cycle conditions. The HFH protocol was 

therefore optimised by separation of the annealing and extension steps, resulting in a reduction 

of background amplification and a single 5’ amplicon of interest. Unfortunately, no nucleotide 

sequence data could be generated for the HFH amplicon of interest. Although the clonality of 

the T13 identical sequence clusters remain to be confirmed by ISA and HFH, the high number 

of identical p6PrRT sequences from numerous sources is highly suggestive of detectable 

viraemia sustained by clonally expanded cells harbouring infectious provirus. 

Results from this project were shared as part of the non-suppressible viraemia cohort study at 

CROI 2019 (Halvas et al. 2019). This study indicated that intact proviruses are integrated into 

introns in intergenic regions in either orientation. It offers further evidence that non-adherence 

and drug resistance are not the only causes of clinically detectable and sustained viraemia. 
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Infectious proviral clones present new implications to achieve cure as they may cause rapid 

rebound of viraemia after cART interruption. In order to achieve HIV cure, expanded infectious 

proviral clones along with the rest of the reservoir will need to be eliminated or suppressed 

successfully, this is further complicated by the potential regrowth of proviral clones. Further 

investigations regarding the mechanism of clonal escape are required.
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Chapter 5 

Non-suppressible HIV viraemia in South African adult patients 

on long term cART 

  

 

5.1 Introduction 

In keeping with observations made in chapter 4, South African adult patients presenting with 

non-suppressible HIV subtype C viraemia, as evident from sustained detectable viral loads, 

which could not be explained by detected drug resistance or insufficient treatment adherence, 

were referred to our lab for further investigation. Molecular assays used for clonal viraemia 

characterisation in chapter 4 were applied to these patient samples to investigate the nature of 

the sustained viraemia. 

Findings from patient 1 discussed in this chapter have been shared at the 28th International 

Workshop on HIV Drug Resistance and Treatment Strategies (Botha et al. 2019) and at CROI 

2020 (Botha et al. 2020). 

 

5.2 Materials and methods 

5.2.1 Specimen selection 

Two HIV-1 positive South African adult patients on long term cART presenting with non-

suppressible viraemia were referred to our lab by HIV care providers. The selection criteria for 

this study was a detectable HIV viral load sustained for over 6 months with no expected non-

adherence. Plasma and EDTA whole blood specimens over multiple time points were collected 

for these patients. Ethics approval for this study was obtained from the University of the 

Witwatersrand from where the patients were enrolled (Clearance certificate: M190294). 

 

5.2.2 PBMC and nucleic acid isolation 

PBMC, DNA and plasma RNA isolation proceeded as described previously in chapter 2 

sections 2.2.2 and 2.2.3 and chapter 4 section 4.2.4. 
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Additionally, cell associated RNA was isolated from PBMCs as follows: selected PBMC 

specimens were split to consist of ~1.25 million cells per isolation reaction. PBMCs were 

centrifuged in a Prism R refrigerated microcentrifuge (Labnet) at 500 rcf for 15 min at 4oC. 

After removal of the supernatant, 600 µl custom lysis-buffer consisting of 3.6 M GuSCN, 0.13 

M DTT, 0.67 mg/mL Glycogen, 10 mg/mL N-Lauroylsarcosine, 10 mg/mL Sodium Citrate 

and 132 µl nuclease free water were added. Cell pellets were resuspended by pulse vortex 

mixing for 4 seconds and incubated at 25oC for 10 min. Reactions were inverted at least 30 

times after the addition of 600 µl 100% Isopropanol and centrifuged at 17 200 rcf for 20 min 

at 10oC. The supernatant was carefully removed without disturbing the nucleic acid pellet 

followed by the addition of 1mL ice cold 70% ethanol. Reactions were inverted and centrifuged 

at 17 200 rcf for 20 min at 10oC followed by the complete removal of all ethanol by centrifuging 

reactions twice at 17 200 rcf for 1 min and removing any supernatant. The nucleic acid pellets 

were dried for about 5 – 10 min at 25oC followed by resuspension in 8ul Purelink DNase buffer 

(Invitrogen), 62ul nuclease free water and 10ul Purelink DNase (Invitrogen). The nucleic acid 

was incubated in DNase mix for 15 min at 25oC followed by the addition of 200 µl resuspension 

buffer (5.7 M GuSCN, 50 mM Tris-HCl pH 7.5 and 1 mM EDTA) and 250 µl 100% 

Isopropanol. Mixtures were inverted and centrifuged at 17 200 rcf for 20 min at 10oC. The 

supernatant was carefully removed without disturbing the RNA pellet followed by the addition 

of 1mL 70% ethanol and centrifugation at 17 200 rcf for 20 min at 10oC. Supernatant was 

removed and RNA pellets were stored in 1mL 70% ethanol at -80oC until use. 

Prior to the use of cell associated RNA, pellets stored at -80oC in 70% ethanol were thawed 

and centrifuged 17 200 rcf for 20 min at 10oC followed by the removal of supernatant. 

Centrifugation was repeated twice for 1 min for the complete removal of all supernatant. The 

RNA pellets were dried for 5 – 10 min at 25oC followed by resuspension in 24 µl cold 5 mM 

Tris-HCl (pH 8.0) (Sigma-Aldrich). The resuspended RNA was used immediately.  

 

5.2.3 Molecular workup (cDNA synthesis, p6PrRT SGS, phylogenetic analysis) 

cDNA synthesis was performed as described in chapter 4 section 4.2.5 on plasma RNA and 

cell associated RNA in 50 µl reactions. SGS targeting the p6PrRT region was performed as 

described in chapter 4 section 4.2.6 on PBMC DNA, DNA of cell debris (obtained from low-

speed centrifugation of plasma), stored buffy coat DNA and cDNA (plasma virus pellet RNA 

and PBMC RNA) based on availability from each patient. HIV-1 subtype C specific p6PrRT 
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primers (Table 5.1) were designed and used for South African patients. For cell associated 

RNA-cDNA p6PrRT, successful DNase was confirmed by including two no-cDNA synthesis 

control reactions. 

Table 5.1: Primers used for HIV-1 subtype C p6-Protease-Reverse transcriptase single genome 

sequencing amplification. 

Primer 

name 
Orientation Sequence (5’-3’) 

Location in 

HXB2 

genome 

Pre-nest F Forward GAT GAC AGC ATG TCA GGG AG 1827 – 1846 

Pre-nest R Reverse CTA TYA AGT CTT TTG ATG GGT CAT AA 3503 – 3528 

Nest-F Forward GAG TGT TGG CTG AGG CAA TGA G 1871 – 1892 

Nest-R Reverse CAG TTA GTC GTA CTA TGT CTG TTA GTG CTT 3409 – 3438 

 

PCR products analysis, nucleotide sequencing with subtype C specific primers (Table 5.2) and 

phylogenetic analysis proceeded as described in chapter 4. Nucleotide sequences obtained in 

this study were aligned with consensus C sequence (KR820366.1) for accurate phylogenetic 

analysis. 

Table 5.2: Primers used for overlapping nucleotide Sanger sequencing of HIV-1 subtype C p6-Protease-

Reverse transcriptase single genome sequencing amplicons 

Primer 

name 
Orientation Sequence (5’-3’) 

Location in 

HXB2 

genome 

p6PrRT-A Forward TGT TGG AAA TGT GGA AAG GAA GGA C 2026 – 2050 

p6PrRT-B Forward ATG GCC CAA AAG TTA AAC AAT GGC 2599 – 2622 

p6PrRT-C Reverse YTC TTC TGT CAA TGG CCA TTG TTT AAC 2610 – 2636 

p6PrRT-D Reverse TTG CCC AGT TTA ATT TTC CCA CTA A 3327 – 3351 

 

5.2.4 Near full-length amplification 

Near full-length (NFL) amplification of HIV-1 was performed on PBMC DNA of selected 

patients. Similar to p6PrRT SGS (section 4.2.6), the NFL protocol consists of a nested 

amplification approach and makes use of Poisson probability to determine the single template 

endpoint dilution, followed by amplification at the determined endpoint.  
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Amplification was performed with Ranger mix (Bioline meridian bioscience) and each reaction 

(10 µl) consisted of: 1x Ranger mix, 0.4 µM forward and reverse primers (Table 5.3) and 

nuclease free water (Promega Corp.). Pre-nested amplification conditions consisted of an initial 

denaturing step (95oC, 2 min) followed by 30 cycles of denaturation (98oC, 10 sec), annealing 

and extension in one step (61oC, 10 min) followed by a final extension step (68oC, 15 min). 

The pre-nested PCR products were diluted with 83 µl 5 mM Tris-HCl (pH 8.0) (Sigma-Aldrich) 

per reaction and 2 µl diluted amplicon was plate stamped into the nested PCR plate. Nested 

amplification conditions consisted of an initial denaturing step (95oC, 2 min) followed by 30 

cycles of denaturation (98oC, 10 sec), annealing and extension in one step (61.5oC, 10 min) and 

a final extension step (68oC, 15 min). 

Table 5.3: Primers used for HIV-1 subtype C near full-length single genome amplification. *(Li et al. 

2010) 

Primer 

name 
Orientation Sequence (5’-3’) 

Location in 

HXB2 

genome 

*Li_Out_F Forward 
AAA TCT CTA GCA GTG GCG CCC GAA 

CAG 
623 – 649 

*Li_Out_R Reverse 
TGA GGG ATC TCT AGT TAC CAG AGT 

C 
9662 – 9686 

NFL_In_F Forward CCG AAC AGG GAC BHG AAA GCG AA 642 – 664 

*Li_In_R Reverse 
GCA CTC AAG GCA AGC TTT ATT GAG 

GCT TA 
9604 – 9632  

 

Successful amplification reactions were determined followed by gel-electrophoresis to 

determine amplicon size, as discussed in chapter 2 section 2.2.8. Amplicons of ~9 kb was 

selected for p6PrRT sequencing (as described above). The packaging signal, p17 and partial 

p24 nucleotide sequences of NFL amplicons were determined by Sanger sequencing (as 

described) with the NFL_In_F nested amplification primer (Table 5.3). Theses nucleotide 

sequences were aligned with and analysed against consensus C sequence (KR820366.1). 
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5.3 Results 

5.3.1 Specimen selection 

Two patients presenting with unexplained non-suppressible HIV viraemia were referred to us 

for further investigation. The known viral load history is indicated on log scale data plots with 

samples collected for analyses. A brief clinical history is also provided for each patient. Clinical 

data from patient 1 indicates an unstable viral load that was finally suppressed after adapting 

the treatment to AZT/FTC/TDF/LPV/R (Figure 5.1). However, after a brief period of viral 

suppression, HIV-1 was once again detectable at 4230 copies/mL and sustained for over 15 

months. Drug resistance population sequencing performed on samples 1 and 2 yielded 

hypermutated sequences only. Plasma virus component and plasma cell debris from samples 1 

and 2, along with plasma virus component and PBMCs from sample 4 were investigated to 

characterise the non-suppressible viraemia in patient 1.  

 

Patient 2 clinical data with known viral loads of the study period indicates a very slow but 

steady decline of detectable HIV-1 (Figure 5.2). No viral load data prior to sample 1 is available 

for this patient. Initial poor adherence to treatment was reported for 2012 – 2015 

Figure 5.1: Clinical overview and viral load (VL) data plot for patient 1. Collected samples (S) 1, 2 and 

4 are indicated with the respective VL. 
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(FTC/TDF/EFV), followed by treatment adjustment to 3TC/AZT/LPV/R with good adherence 

from 2015 – early 2018. However, side effects led to treatment adjustment to 3TC/AZT/DTG, 

the treatment combination for the duration of study. After initial viral decline to 6500 

copies/mL the viral load returned to over 10 000 copies/mL and non-adherence was suspected. 

Although freely admitting poor adherence during 2012-2015 the patient claimed perfect 

adherence since early 2018. The patient missed no clinic appointments and pill refill records 

indicated towards adherence. The patient further provided video evidence of taking his tablets 

every evening for over two months, to the satisfaction of the HIV care provider. Finally, 

adherence and drug absorption were confirmed with 3TC and DTG drug level testing on four 

occasions. Although unconventional, these findings prove adherence to treatment. Drug 

resistance testing indicated high-level resistance to 3TC, resulting in increased susceptibility 

to AZT over the study period (Liu & Shafer 2006). Integrase sequencing indicated 

susceptibility to DTG from January 2018 until September 2019 (21 months), after which 

resistance to DTG (N155H and R263K) was detected (January 2020). Even though DTG 

resistance was detected, the viral load continued to decline (Figure 5.2). Samples 4 (plasma 

and buffy coat), 5 (plasma) and 6 (plasma and PBMCs) were investigated to characterise the 

source of sustained viraemia in patient 2. Samples 1, 2 and 3 were excluded due to elevated 

viral loads. 

Figure 5.2: Clinical overview and viral load (VL) data plot for patient 2. Collected samples (S) 1, 2, 3, 

4, 5 and 6 are indicated with the respective VL. 
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5.3.2. p6PrRT SGS 

For patient 1, several p6PrRT nucleotide sequences were generated from sample 1 (plasma 

virus component and plasma cell debris), sample 2 (plasma cell debris) and sample 4 (plasma 

virus component, plasma cell debris, cell associated DNA and RNA) (Table 5.4). Notably 

sample 4 p6PrRT SGS endpoint for cell associated DNA was 1:27 compared to cell associated 

RNA endpoint 1:2187, indicating a much higher HIV-1 RNA than HIV-1 DNA concentration. 

 

Table 5.4: Patient 1 p6PrRT nucleotide sequences obtained from various sources for each sample. *(Liu 

& Shafer 2006) 

Sample Sequence source 
Number of 

sequences obtained 
*Mutations detected 

Sample 1 Plasma 

(09/02/2018) 

Population drug 

resistance 
1 consensus Hypermutated 

Plasma cell debris 4 Hypermutated 

Plasma virus 

component 
3 Hypermutated 

Sample 2 Plasma 

(06/04/2018) 

Population drug 

resistance 
1 consensus Hypermutated 

Plasma cell debris 2 Hypermutated 

Plasma virus 

component 
PCR negative PCR negative 

Sample 4 Plasma 

(14/03/2019) 

Population drug 

resistance 
1 consensus D67N 

Plasma cell debris 1 Hypermutated 

Plasma virus 

component 
4 D67N 

Sample 4 PBMC 

(14/03/2019) 

DNA 10 

1/10 – D67N 

9/10 – Hypermutated 

RNA 11 Hypermutated 
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Patient 2 p6PrRT SGS yielded nucleotide sequences from samples 4 (plasma RNA and buffy 

coat DNA), 5 (plasma RNA) and 6 (plasma RNA, cell associated DNA and RNA) (Table 5.5). 

Table 5.5: Patient 2 p6PrRT nucleotide sequences obtained from various sources for each sample. *(Liu 

& Shafer 2006) 

Sample 
Sequence 

source 

Number of 

sequences obtained 

*Drug resistance mutations 

NRTI NNRTI Integrase 

Sample 4 

(05/09/2019) 

Plasma RNA 8 

A62V, 

K65R, 

M184V 

L100I, 

K103N 
None 

Buffy coat DNA 24 None 

Sample 5 

(30/09/2019) 
Plasma RNA 12 

A62V, 

K65R, 

M184V 

L100I, 

K103N 
None 

Sample 6 

(15/01/2020) 

Plasma RNA 22 

A62V, 

K65R, 

M184V 

L100I, 

K103N 

N155H, 

R263K 

PBMC DNA 24 None 

PBMC RNA 21 None K103N None 

  

5.3.3 NFL amplification and nucleotide sequencing 

In total, 10 NFL amplicons were generated from sample 4 cell associated DNA of patient 1 

(Figure 5.3). Products from all amplicon positive wells were analysed on gel electrophoresis 

(Figure 5.3). Nucleotide sequences covering the p6PrRT region and the packaging signal, p17 

and partial p24 were successfully generated for all 10 NFL amplicons. 

 

Figure 5.3: Gel electrophoresis of amplicons detected after near full-length (NFL) amplification of 

patient 1 sample 4 PBMC DNA. The expected NFL amplicon size (~9 kb) is indicated (black arrow) 

along with positive NFL amplicons (white arrows). 
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Five possible NFL amplicons were obtained from patient 2 sample 6 cell associated DNA 

(Figure 5.4). Products from all amplicon positive wells were analysed on gel electrophoresis 

(Figure 5.4). The p6PrRT region of only 1/5 amplicons could be obtained. 

5.3.4 Phylogenetic and nucleotide sequence analyses 

Neighbour-joining phylogenetic trees constructed of p6PrRT nucleotide sequences and 

p6PrRT sequence data from NFL products from patients 1 and 2 with evolutionary distance 

calculated using the p-distance model were analysed for monotypic clusters that, indicative of 

proviral clones. A single identical nucleotide sequence cluster consisting of all p6PrRT 

sequences obtained from samples 1 and 2, along with 9/10 cell associated DNA, the plasma 

cell debris, all cell associated RNA and NFL sequences obtained from sample 4 was 

phylogenetically identified (Figure 5.5). All these sequences had APOBEC3G G to A signature 

mutations, as identified by the Stanford HIVDB (Liu & Shafer 2006) (Table 5.4). All sample 

4 plasma virus component sequences along with 1/10 cell associated DNA and the consensus 

drug resistance sequences, formed a separate variable phylogenetic cluster. A D67N mutation 

was identified in all these sequences (Table 5.4). Analysis of the identical packaging signal, 

p17 and partial p24 nucleotide sequences obtained from 9/10 NFL amplicons, against 

consensus C sequence (KR820366.1) revealed a G → A SNP (HXB2 nucleotide position 

1425), resulting in a stop codon within the p24 gene (HXB2 amino acid position 212) (Figure 

5.6).  

  

Figure 5.4: Gel electrophoresis of amplicons detected after near full-length (NFL) amplification of 

patient 2 sample 6 PBMC DNA. The expected NFL amplicon size (~9 kb) is indicated (black arrow), 

along with possible NFL amplicons (red arrows) and one confirmed NFL product (white arrow). 
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Hypermutated

D67N mutation only
92

100

Cell associated DNA (CAD) 

Plasma cell debris 

Population drug resistance 

Cell associated RNA (CAR) 

Plasma virus component 

Figure 5.5: Neighbour joining p-distance phylogenetic tree of patient 1 p6PrRT nucleotide sequences 

generated from plasma virus component and plasma cell debris from sample 1 and plasma cell debris 

from sample 2, along with sequences from plasma virus component, plasma cell debris, CAD, CAR and 

NFL from sample 4. The identical APOBEC hypermutated nucleotide sequence cluster is indicated 

along with the sample 4 sequence cluster consisting of D67N mutation sequences. Sequence origins are 

represented with various symbols as indicated by the legend. The tree was constructed with 1000 

bootstraps and rooted to Consensus C (KR820366.1). 
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Several identical p6PrRT nucleotide sequence clusters were observed after phylogenetic 

analysis for patient 2 (Figure 5.7). A monotypic sequence cluster consisting of sample 4 buffy 

coat and sample 6 cell associated DNA sequences, not related to any cell associated RNA or 

plasma sequences, was identified. Most sequences obtained from sample 6 cell associated RNA 

clustered together in two identical sequence clusters however, no cell associated RNA 

sequences identical to any of the identical plasma or cell associated DNA monotypic clusters 

were identified. Plasma virus RNA sequences yielded two identical clusters termed plasma 

cluster 1 and 2. Plasma cluster 1 consisted of sample 4, 5 and 6 sequences, whereas plasma 

cluster 2 consisted of only sample 4 and 6 sequences. No PBMC DNA or buffy coat DNA 

sequences were identical to any of the plasma clusters. 

Figure 5.6: Patient 1 sample 4 PBMC DNA partial p24 sequence data obtained from NFL amplicons. 

A) Nucleotide sequences indicating the G → A SNP (HXB2 nucleotide position 1425). B) Transcribed 

amino acid sequences indicating the stop codon within the p24 gene (HXB2 amino acid position 212). 

The NFL sequences were analysed against consensus C sequence (KR820366.1). 
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Figure 5.7: Neighbour joining p-distance phylogenetic tree of patient 2 p6PrRT nucleotide sequences 

generated from samples 4, 5 and 6 (plasma virus), sample 4 (buffy coat (BC)) and sample 6 (cell 

associated DNA (CAD), cell associated RNA (CAR) and near full-length amplification on CAD. 

Identical sequence clusters, CAD/BC monotypic cluster (sample 4 BC and sample 6 CAD), CAR 

sequences (two separate clusters of identical sequences), plasma cluster 1 (samples 4, 5 and 6 plasma 

virus sequences) and plasma cluster 2 (samples 4 and 6 plasma virus sequences) are circled in 

corresponding colours. Sequence origins are represented with various symbols as indicated by the 

legend. The tree was constructed with 1000 bootstraps and rooted to Consensus C (KR820366.1). 
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5.4 Discussion 

Findings from Simonetti et al. 2016 and Halvas et al. 2019 discussed in chapter 4 indicated that 

patients may present with persistent vireamia, as detected by commercial viral load assays, 

over several months, due to the release of viruses from expanded cell clones in the absence of 

ongoing viral replication. Based on these studies the incidence of clonal viraemia could be 

more common than previously thought. Patients presenting with non-suppressible viraemia 

therefore require further investigation to characterise the source of the sustained viraemia, to 

avoid being mischaracterised as having virologic failure. 

In this study two South African adult patients presenting with non-suppressible viraemia for 

over 15 months and 24 months respectively were referred to our lab for further investigation. 

No treatment relevant drug resistance was observed, and the patients were adherent to cART. 

Molecular methods targeting the p6PrRT region of the HIV genome, as discussed in chapter 4, 

were used to characterise the possible clonal viraemia on various longitudinal samples from 

these patients. As these patients were referred from clinical care, samples were a combination 

of residual samples from routine tests (viral load and HIV drug resistance) and additional 

testing after informed consent for this case series. Sample volumes were limited for these 

longitudinal plasma samples. In one case (patient 2 sample 4) the only available cells were 

from a buffy coat sample. Although this is a suboptimal sample due to poor preservation of 

cells, several p6PrRT nucleotide sequences could be obtained from buffy coat DNA. For the 

proper investigation of HIV-1 cell associated DNA and RNA, a whole blood EDTA sample for 

PBMC isolation was requested at enrolment into this study. In addition to the molecular 

methods of chapter 4, cell associated RNA was extracted, amplified and p6PrRT sequenced to 

investigate whether the cell associated DNA was transcribed and NFL amplicons to investigate 

the intactness of the possible clones. 

Phylogenetic analysis of patient 1 p6PrRT SGS revealed a major identical cluster consisting of 

products from all sources expect sample 2 and 4 plasma virus pellets. These sequences were 

present in the virus pellet of sample 1, PBMCs (cell associated DNA and RNA) and could be 

separated from plasma by low speed pre-centrifugation (cell debris) of samples 1, 2 and 4. The 

hypermutated sequences had a critical mutation in gag p24 which would prevent packaging. 

The sample 4 PBMC p6PrRT SGS endpoints of DNA (1:27) and RNA (1:2187) suggest that 

this APOBEC hypermutated strain is highly transcribed. The partial gag sequences from NFL 

amplicons revealed a SNP resulting in a stop codon in the p24 gene. If translated this would 
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result in truncated p24 capsid proteins, which in turn would preclude virion formation. Taken 

together these findings suggest that the source of the non-suppressible viraemia appear to be a 

large population of cells with identical hypermutated provirus (a possible CD4+ T-cell clone) 

that, through cytolysis, are releasing cellular nucleic acid as cellular fragments of various sizes 

into the plasma component. This is the first reported case of false virologic failure of a patient 

on long-term cART, as a result of defective proviral DNA and RNA released into plasma. This 

case was detected due to the hypermutated nature of the HIV viraemia, however the release of 

cellular material into plasma may be an underrepresented cause of false treatment failure and 

could impact patient care by unnecessarily changing drug regimens. Moreover, it has recently 

been reported that delayed processing of plasma before viral load testing could result in false 

high HIV viral loads due to the release of cellular material into the plasma. For that reason, 

pre-centrifugation of samples is recommended before viral load testing (Hardie et al. 2019).  

Patient 2 phylogenetic analysis revealed several monotypic sequence clusters of PBMC and 

buffy coat DNA, cell associated RNA and plasma respectively. Similar to patient L14 of 

chapter 4 no identical cell associated DNA and plasma sequences could be obtained. However, 

unlike patient L14 nearly all cell associated DNA sequences were identical to one another. 

These observations suggest that some level of proviral clonality might be present in patient 2. 

The proviral strain responsible for the apparent clonal viraemia could not be identified from 48 

p6PrRT SGS cell associated DNA/buffy coat sequences. The viraemia could therefore be the 

result of cellular activation of a rare provirus, which may be underrepresented in peripheral 

blood and possibly more prevalent in particular tissues (Wong & Yukl 2016). This does not 

exclude clonality of this strain. The large identical cell associated DNA cluster hints at the 

existence of a predominant cell clone, with no evidence of trasncription. The identical cell 

associated RNA sequences, that are not matching the DNA cluster, suggest that additional 

proviral transcription is occurring in this patient, however no evidence was observed to suggest 

that this is responsible for the sustained viraemia. Although the identical plasma nucleotide 

sequences suggest that clonal viraemia could be the cause of the uncommon very slow viral 

decay, no matching cellular DNA sequences could be found. However, after a period of almost 

2 years without treatment relevant HIV drug resistance and the presence of monotypic 

sequences (at time points S4 and S5), significant treatment relevant high level DTG drug 

resistance was detected. As this patient did not have prior integrase strand transfer inhibitor 

treatment (InSTI), such as raltegravir before being initiated on DTG, this remains unusual. It 

raises the question whether other mutations outside the integrase gene, such as the polypruine 
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tract, which confer DTG drug resistance might have emerged first (Malet et al. 2017). Recently, 

envelope mutations were shown to allow in vitro HIV replication by cell to cell spread which 

also confer DTG resistance. However, this has not yet been described in a patient (van Duyne 

et al. 2019). Although the initial lack of mutations conferring DTG resistance, for 21 months, 

suggest that clonal viraemia could be the primary cause of the very slow viral decay, the 

identification of DTG resistance at 24 months suggests that other mechanisms may have 

contributed to treatment failure such as ongoing compartmentalised replication or mutations 

outside of integrase contributing to initial reduced susceptibility of DTG. Further investigation 

of this case is required to identify the underlying cause of initial non-suppressible viremia and 

origin of the sustained identical viraemia. 

Perelson et al. previously described a theory of HIV-1 plasma virus decay based on the 

differential half-lives of various cellular sources of HIV viraemia (Perelson et al. 1997). This 

model however does not explain viral “blips” (Lee et al. 2006; Sörstedt et al. 2016) observed 

in some patients on treatment and does not account for the recent findings of Simonetti et al. 

and Halvas et al. or the two cases described here. Although the cases described here may be 

extreme outliers, as most cases of monotypic viremia have been described in participans with 

residual viremia (< 50 copies/mL) recent evidence suggests the HIV infected cell population is 

very dynamic and that HIV-1 infected cell clones may wax and wane (Wang et al. 2018). 

Moreover, when these clones harbour HIV-1 DNA transcribed to RNA or released as virions 

in the plasma, it may be a cause of non-suppressed viraemia and it remains unknown how often 

clonal viremia may result in persistent low viremia above 50 copies/mL. Therefore, HIV-1 

viraemia in patients receiving cART may not be the result of either non-adherence or drug 

resistance, but a third alternative of clonal viraemia could explain non-suppressed viraemia. 

When these clones consist of large cell populations, not only viruses released from clones with 

intact p24 protein but also cellular debris may account for detectable viraemia, as suggested by 

the findings in this study. Antiretroviral therapy is now characterised by more tolerable and 

potent regimens with a high genetic barrier to drug resistance. These factors helped to address 

adherence barriers and have resulted in a low drug resistance risk. Therefore, as the most 

important causes of viraemia decrease and converge with highly sensitive assays to monitor 

HIV-1 viral loads, it may enrich for previously rare or overlooked causes of non-suppressed 

viraemia. Moreover, most HIV-1 clonal proliferation appears to be antigen driven (Wang et al. 

2018; Simonetti et al. 2020) and clonal viraemia after vaccination or infection with a pathogen, 

such as influenza, may activate HIV infected T cells clones, that release virus on activation, 
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resulting in viral blips.  Novel mechanisms of HIV drug resistance that occur outside target 

genes, or adaptation of HIV to replicate by cell to cell spread may also contribute to treatment 

failure (Malet et al. 2017; Bracq et al. 2018; van Duyne et al. 2019). The contribution of these 

different mechanisms of drug resistance and clonal viremia to unsuppressed viremia is 

unknown and require further investigation. Our findings corroborate that of others that suggest 

that a new framework for viral load kinetics in patients on cART is needed, that does not only 

take account of the different initial phases of decay but also includes clonal viraemia and other 

cases of apparent virologic failure. 
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Chapter 6 

General discussion and conclusions 

 

 

This doctoral project was aimed at investigating the HIV reservoir by characterising and 

quantifying specific proviral clones in paediatric patients on suppressive therapy. Proviral 

clones were further studied in adult patients presenting with non-suppressible HIV viraemia. 

The developed assays illustrated in chapters 2 and 3 may be used to further investigate proviral 

clones responsible for unsuppressed viraemia presented in chapters 4 and 5. 

A novel method (ISSPA), capable of detecting severely deleted proviruses, was developed for 

the amplification and characterisation of specific proviruses and linking these proviruses to 

specific integration sites. The characterisation of proviral clones in paediatric patients with this 

novel assay revealed that severely deleted solo-LTR proviruses are probably more prevalent 

than previously expected as most assays that characterise proviruses exclude them, due to the 

duplication of LTRs at the 5’ and 3’ genome ends. In two patients multiple of the most 

expanded clones were characterised as solo-LTRs. Although this does not directly affect the 

size of the true replication competent proviral reservoir, it does suggest that when considering 

all HIV-1 integration events the proposed proportions of other proviruses, including intact 

proviruses, require adjustments to account for the prevalence of solo-LTR and partial-LTR 

proviruses. Recent evidence also suggests that intact proviruses decay faster (Peluso et al. 

2020), most likely since these and other proviruses capable of antigen expression can be 

targeted by the immune system which shapes the proviral landscape (Pollack et al. 2017). In 

this investigation we selected the most expanded clones as they were the most feasible to detect. 

This may have biased our investigation towards highly defective proviruses, as such severely 

deleted proviruses may be undetectable by the immune system which may favour the expansion 

of these clones. All the proviral clones characterised in this study were integrated in 

untranslated/intronic regions, with 5/9 in the opposite orientation (related genes: SRSF10, 

ALMS1, RAD51B, HIST1H3E, RUNX2) and 3/9 in the same orientation (related genes: RAB6A, 

TTC13 and RANBP9) than the related gene (Table 2.4). Human genome data for one integration 

site was unknown. The effects of integrated solo-LTRs on adjacent genes are not currently 
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known, but as they may act as promoters, they may impact on transcription of grow genes and 

clonal proliferation as has been seen described with proviral integration in general (Maldarelli 

et al. 2014). 

Further investigation of these specific proviral clones by means of a novel assay (ISSAQ), 

capable of quantifying proviruses based on unique integration sites, was performed. This 

“digital” semi-nested quantitative PCR approach, like others (Bosman et al. 2015), offers 

efficient sensitivity and specificity for the accurate quantification of specific proviruses. This 

revealed that solo-LTR proviruses can be detected in up to 140 (98-190) copies per million 

PBMCs. The longitudinal waxing and waning of proviral clones was observed, supporting 

previous reports that antigen-driven and cytokine-induced proliferation contributes to clonal 

expansion and stability of the proviral reservoir rather than cell-autonomous proliferation 

(Wang et al. 2018; Simonetti et al. 2020). The ISSAQ assay offers a novel approach to the 

sensitive quantification of proviral clones. However, this assay does require a high volume of 

DNA to successfully detect rare integration events. The ISSPA and ISSAQ assays, like many 

other assays, are completely dependent on sampling and large blood volumes or leukopaks are 

required for in depth studies of the PBMC harboured proviral reservoirs. 

The findings from chapters 2 and 3 together with recent data from Anderson et al, indicate that 

solo-LTR proviruses are a major component of the proviral landscape (Anderson et al. 2020). 

The transcription factor binding sites in the HIV LTR could regulate the expression or 

suppression of related genes (Buzdin et al. 2006; Burnett et al. 2009) however, further 

investigation is required to determine the effects, if any, that solo-LTR proviruses have on 

adjacent host genes. Furthermore, the high proportion of solo-LTR proviruses shed light on 

previous studies that observed up to 10-fold higher HIV DNA quantities when targeting the 

LTR (Rozera et al. 2010). Predominant solo-LTR proviruses could have further implications 

such as interference with near full-length amplification methods that prime in the HIV LTR (Li 

et al. 2007; Ho et al. 2013; Bruner et al. 2016), and result in LTR targeted integration assays 

(Maldarelli et al. 2014) yielding mostly solo-LTR related integration sites and potentially 

overlooking the true reservoir. Additional studies of solo-LTR and partial-LTR proviruses are 

required to shed light on the true proviral landscape proportions (Maldarelli 2016). 

Proviral clonality was further studied in HIV subtype B positive adult patients on long term 

cART presenting with episodes of non-suppressible HIV viraemia. Monotypic plasma viraemia 

was detectable in some treatment adherent patients, similar to previously described cases 
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(Anderson et al. 2011; Wagner et al. 2013). In one patient sequences identical to the monotypic 

plasma viraemia were also detected in PBMCs and shown to be replication competent by 

QVOA. The identification of monotypic HIV sequences longitudinally is in agreement with 

previous studies showing that the reservoir is maintained by clonal expansion rather than low 

level replication, indicating that proviral clones are the major barrier to cure (Shen & Siliciano 

2008; Dinoso et al. 2009; Kearney et al. 2017; van Zyl et al. 2017). Although identical p6PrRT 

SGS nucleotide sequences in patients with high diversity strongly suggest that these monotypic 

sequences are clonal, integration site analyses are required for confirmation (Maldarelli et al. 

2014). Replication competent proviral clones are a major barrier to cure and viruses produced 

by such clones, resulting in clonal viraemia, can present in clinical care as non-suppressible 

viraemia (Simonetti et al. 2016; Halvas et al. 2019). Moreover, these proviral clones are 

harboured in long-lived cells that can self-renew through clonal proliferation (Maldarelli et al. 

2014; Wagner et al. 2014) and are able to wax and wane over time as a result of antigen 

stimulation (Wang et al. 2018; Simonetti et al. 2020). The ability of these reservoir harbouring 

cell clones to self-renew has severe implications for curative strategies, as incomplete clearance 

of HIV infected cells can result in the regrowth of the reservoir (Deeks 2012; Sengupta & 

Siliciano 2018; Abner & Jordan 2019). In depth analyses are required to shed light on the 

mechanisms of persisting HIV viraemia during cART (Jacobs et al. 2019). 

Further investigation of non-suppressible viraemia was performed on HIV subtype C positive 

adult patients. This revealed two uncommon cases of sustained viraemia in patients on long 

term cART, with no treatment relevant drug resistance. Firstly, a probable large cell clone 

harbouring non-infectious virus was found to release cell debris that contained proviral nucleic 

acid into plasma, resulting in apparent treatment failure. This monotypic hypermutated provirus 

was quantifiable at multiple time points for over a year at between 400 copies/mL and 4300 

copies/mL. Nucleotide sequencing revealed a stop codon in gag-p24, which would result in 

truncated gag proteins, and therefore no virion formation (Göttlinger 2010). Secondly, possible 

clonal viraemia along with indications of compartmentalised replication were observed in a 

patient with very slow decaying viral load, with no relevant drug resistance for 21 months and 

excellent confirmed adherence to treatment during the study period. An initial decrease in viral 

load from 149 000 copies/mL to 6500 copies/mL was observed four months after amended 

regimen initiation, followed by very slow viral load decline by an average of ~270 copies/mL 

per month and which still remains above 1000 copies/mL, 26 months after treatment initiation. 

The observed viral load kinetics are vastly different from the expected 8 – 24 weeks to achieve 
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viral suppression (AIDSinfo 2020), with no adequate clinical explanation for these 

observations. The sustained viraemia in this case revealed two separate clusters of monotypic 

p6PrRT sequences. Although some monotypic sequences were also identified in cell associated 

RNA, these were not related to the monotypic viraemia. Thereafter a sudden emergence of high 

level DTG associated drug resistance due to N155H and R263K was detected, four months 

after the only mutation that may have been suggestive of DTG selection was a polymorphic 

mutation M50I. Furthermore, almost all cell associated DNA sequences were identical, 

suggesting the existence of a possible large cell clone however, also not responsible for the 

sustained viraemia. The very slow decaying viral load remains uncharacterised, but with 

indications of clonal viraemia and possible compartmentalised replication. The sustained 

viraemia is thought to be the result of either virion expression from a very small peripheral 

clone that remains uncharacterised, or a partially compartmentalised tissue reservoir that 

contains clonal cell populations that express virus or which has insufficient drug penetration to 

achieve viral suppression (Wong & Yukl 2016; Henderson et al. 2019) or could have been due 

to mutations outside of integrase that reduce susceptibility to DTG; and require further 

investigation to confirm the underlying cause. This case indicates that, similar to HIV subtype 

B cases, clonal viraemia occurrence may be possible in other HIV subtypes and is more 

prevalent than expected. Cases like these pose alternative explanations to ongoing viraemia 

apart from insufficient treatment exposure due to inadequate adherence, dosing or absorption, 

or HIV drug resistance. These cases of non-suppressible viraemia persisted too long to be 

classified as transient viraemia or “blips” and cannot be characterised as treatment failure, as 

the viraemia is refractory to adjusting treatment and therefore complicates patient care. With 

more sensitive viral load assays being available, the detection rate of “low-level” viraemia is 

becoming more common (Greub et al. 2002; Palmer et al. 2008). The cases described here 

suggest that an elevated viral load is not necessarily an indicator of drug resistance or non-

adherence. We therefore suggest that alternative explanations should be considered in the 

management of low-level viraemia and apparent treatment failure. Based on these findings, 

cases of unexplained viraemia, despite objective evidence of adherence and without drug 

resitance that would explain failure, require further investigation and more in-depth 

investigation than routine drug resistance testing before drug regimens are altered. 

Taken together, these findings further confirm the importance of proviral clones in maintaining 

the reservoir. These findings also suggest that severely deleted proviral clones follow waxing 

and waning trends similar to other proviral clones and represent an important marker of the 
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proviral landscape. This suggests that proviral clones may wane to below the detection limit of 

many assays while still being maintained, only to proliferate at a later stage. This poses 

challenges to achieve HIV cure as very rare, non-detectable latent proviral clones could harbour 

infectious virus and are able to self-renew and replenish the reservoir. Consequently, the 

dynamics of clonal waxing and waning require further investigation to clarify the requirements 

for HIV cure and remission. In addition, findings from this study suggest that viral load kinetics 

are more complex than previously thought and factors other than non-adherence and drug 

resistance should be considered in cases of apparent virologic failure. 

The ISSPA assay expands on available assays to investigate the proviral landscape, as any 

selected proviral clone, such as the patient 1 probable clone, or severely defective clones can 

be characterised by using knowledge of the human genome integration position only. 

Furthermore, the ISSAQ assay allows for the accurate quantification of selected proviral clones 

and could in future be used to assess the longitudinal waxing and waning of possible intact 

proviral clones and the impact of antigenic stimuli on the proliferation of particular clones. It 

is as of yet not known how many cases of apparent virological failure could be due to clonal 

viremia.  We therefore suggest that samples from patients with unexplained virological failure, 

which remains unexplained after obtaining objective evidence of adherence and HIV-1 drug 

resistance sequencing, should be screened for probable clonal viremia. Such screening could 

be done by first assessing whether plasma viremia is monotypic followed by recovering 

matching proviruses from PBMC DNA, after which it could be confirmed by integration site 

analysis. This approach is currently costly, but with minitiurization of single genome 

sequencing, or improvements in template tagging and next generation sequencing approaches 

to recovery true proviral and plasma virus haplotypes (Boltz et al., 2019), efficient 

identification of cases with likely clonal viremia may become more feasible in future.  
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HIV Pseudo viremia from large lysed defective CD4 cell clone, Stellenbosch 

University Annual Academic Year Day 2019 

 

Botha, J.C., Steegen, K., Hans L., Karstaedt A., Carmona S., Reddy D., van Zyl G.U. 

 

HIV viral load and drug resistance testing for patient management is based on the accurate and 

reliable analysis of circulating replication competent virus. The presence of cellular DNA in 

plasma can cause an overestimation of the HIV viral load and influence drug resistance results. 

A vast majority of the HIV reservoir is defective, partially due to APOBEC mediated 

hypermutations. These hypermutated proviruses do not produce progeny virus but can be 

detected in plasma as a result of cell lysis due to improper sample processing. Drug resistance 

associated mutations (M184I and E183K) have been identified in proviral DNA of treatment 

naïve patients as a result of APOBEC editing. Investigating unusual cases of unsuppressed 

viremia is essential to understand the mechanism and cause of the detectable viral load. 

Diagnostic error due to pre-analytical sample processing could impact patient management 

through overestimation of viral loads and detection of drug resistance mutations arising from 

defective proviruses. It is therefore imperative to avoid cell lysis when processing plasma 

samples. 

In this study a patient on cART presented with an unsuppressed viral load for over 3 months. 

Drug resistance nucleotide sequencing revealed identical APOBEC mutated sequences in three 

plasma samples taken over this time period. A whole blood EDTA sample (sample 4) was 

collected for further investigation. Peripheral blood mononuclear cells and plasma were 

isolated from the EDTA sample for HIV cell associated DNA analysis and single genome 

sequencing (SGS). SGS targeting the p6, protease and reverse-transcription (p6ProRT) region 

was performed on cell debris and virus isolated from plasma samples. Identical p6ProRT 

hypermutated sequences were detected in centrifuged cell debris from multiple plasma samples 

suggesting that lysed cells rather than free virus are the predominant species detected by viral 

load testing and sequencing. 
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Nonsuppressible viremia on ART from large cell clones carrying intact 

proviruses, CROI 2019 

 

Halvas, E.K., Joseph, K., Brandt, L.D., Botha, J.C., Sobolewski, M., Jacobs, J.L., Keele, B.F., 

Kearney, M.F., Coffin, J.M., Rausch, J.W., Guo, S., Wu, X., Hughes, S.H. & Mellors, J.W. 

 

Clinically detectable viremia on ART is generally attributed to virus replication from 

incomplete adherence and/or drug resistance. One case of infectious viremia from a large cell 

clone with an intergenic intact provirus has been reported in an individual with metastatic 

cancer (Simonetti, PNAS 2016). We studied individuals referred for clinically detectable 

viremia despite receiving potent ART, adherence counseling, and in some cases, regimen 

switches or intensification. 

Peripheral blood mononuclear cells (PBMCs) and plasma were collected at two or more time 

points from donors with plasma HIV RNA >20 copies/ml occurring for >6 months on 

combination ART. Single-genome sequencing was performed on plasma HIV RNA, cell-

associated HIV DNA (CAD), and p24+ culture supernatants from quantitative viral outgrowth 

assays (qVOA). The clonal cellular origin of viremia was assessed by phylogenetics and 

integration site analysis (ISA), and confirmed by sequencing the integrated provirus and the 

flanking host sequences. 

Across the 10 individuals referred, median plasma HIV-1 RNA was 97.5 cps/mL (range 40 to 

356 cps/mL) after a median of 10 years on ART. One donor (A-04) had phylogenetic evidence 

of virus evolution and accumulation of resistance mutations and was not analyzed further. Each 

of the other 9 donors had multiple identical single-genome HIV RNA sequences in plasma that 

did not change over time and lacked resistance to the current ART regimen. In 6 of 9 donors, 

HIV sequences from plasma matched proviral sequences in PBMC. Plasma HIV RNA and 

proviral sequences were identical to HIV RNA in p24+ qVOA wells for 4 donors (C02, C03, 

R09, T13). The integration sites for the intact proviruses producing viremia were mapped to 

the human genome for 3 donors (4th pending). Integrations were in introns of the MATR3, 

ZNF268, and ABCA11P genes for C02, C03, and R09, respectively. The provirus in MATR3 

and ZNF268 were in the opposite orientation to the gene, whereas the ABCA11P integrant was 
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in the same orientation. The intact provirus comprised 4.2-15.4% of all proviruses in PBMC 

with amplifiable pro/pol sequences.  

Large cell clones carrying intact proviruses can produce clinically relevant levels of viremia 

and should be considered in managing patients. The mechanisms involved in clonal expansion 

and persistence of cells with intact proviruses that produce viremia need to be understood to 

effectively target the HIV reservoir. 
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HIV Pseudo viremia from large defective cell population, 28th International 

Workshop on HIV Drug Resistance and Treatment Strategies 2019 

 

Botha, J.C., Steegan, K., Hans, L., Karstaedt, A., Carmona, S., Reddy, D. & van Zyl, G.U. 

 

BACKGROUND: HIV-1 plasma viral load (HIVVL) >1000 copies/mL is the World Health 

Organization threshold for virological failure (VF). When HIVVL assays detect free plasma 

virus, it is thought to represent viral replication. However, with delayed sample processing 

HIV-1 cell associated DNA could “leak” into the plasma compartment.  Most HIV-1 DNA has 

defects, which include large internal deletions, gag-leader mutations and APOBEC mediated 

hypermutations; the latter associated with the spurious detection of drug resistance associated 

mutations (E138K and M184I). It is not known, however, to what extent HIV-1 DNA leakage 

could result in diagnosing “persisting VF”. We therefore investigated an unusual case, who had 

identical APOBEC mediated hypermutations, by bulk sequencing, over a period of 3 months, 

in three subsequent plasma samples (1-3), while viral loads ranged from 4230 to 6170 

copies/mL, using single genome sequencing (SGS) and in addition processed a whole blood 

EDTA sample (sample 4), collected 10 months later. 

METHODS:  Plasma from each time point was centrifuged at low speed to separate cell debris 

from plasma, from which virus was pelleted through high-speed microcentrifugation. SGS 

targeting the p6, protease and reverse-transcription (p6-PR-RT) region was performed on cell 

debris and virus pellets from plasma samples with adequate volume (samples 1, 2 and 4).  For 

sample 4 peripheral blood mononuclear cells (PBMCs) were processed to quantify HIV-1 cell 

associated DNA using a quantitative PCR targeting integrase and to perform SGS.  

RESULTS: Identical p6-PR-RT hypermutated nucleotide sequences were detected in cell 

debris of samples 1, 2 and 4, plasma pelleted virus (samples 1) and PBMC (sample 4). Sample 

4 had a total HIV-1 DNA load of 66.3 HIV DNA copies per 1 million PBMCs and of 10 p6-

PR-RT sequences obtained, 9 were identical to APOBEC mutated sequences detected in 

sample 1-, 2- and 4 cell debris and sample 1 “virus pellet”. Sample 4 plasma virus was non-

hypermutated.  

CONCLUSION: Our findings showed that over a 3-month period a defective HIV sequence 

was the predominant sequence in blood “plasma” during VF. All “plasma” samples contained 

cell debris, which in 2 out of 3 cases had hypermutated sequences, representing the only 
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detectable sequence at two time points. In sample 1 the hypermutated sequence remained in 

the ‘virus pellet’ after a pre-spin. A large defective hypermutated HIV-1 DNA population, 

which may represent a CD4 clone prone to cell lysis, was the main source of detected HIV-1 

in “plasma” over the 3 months and remained detectable as the major proviral sequence in 

PBMC 10 months later. Multiple hypermutated sequences drew our attention to this case, not 

representing true viremia. It is not known how many cases with “leaked” HIV-1 DNA without 

such obvious defects may be falsely classified as having VF. 
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‘False ART failure’ from identical hypermutated HIV nucleic acid in 

plasma, CROI 2020 

 

Botha, J.C., Steegan, K., Hans, L., Karstaedt, A., Carmona, S., Reddy, D., Kearney, M., 

Mellors, J. & van Zyl, G.U. 

 

BACKGROUND: Plasma HIV-1 RNA above the limit of detection of commercial assays on 

ART arise from i)complete cycles of viral replication as a consequence of inadequate drug 

exposure and/or drug resistance; or from ii)virions produced from proviruses in clonally-

expanded cells without complete cycles of replication. Most proviruses that persist on ART are 

defective, including those hypermutated by APOBEC. Although hypermutated proviruses can 

be transcribed into mRNA and even spliced, their packaging into virions is expected to be very 

inefficient. Here we report the first instance of false virologic failure on ART arising from cells 

with hypermutated proviruses. 

METHODS: A 46-year-old female presented with detectable HIV on ART ranging from 439 

to 4230 copies/mL. Single genome sequencing (SGS) analysis (p6-Pro-RT) of 4 longitudinal 

plasma samples obtained over 13 months was performed. To characterize the source of viremia, 

fractions of plasma after low- (2700 g) and high-speed centrifugation (17 200 g) and total 

nucleic acid from PBMC were analyzed by SGS including cell-associated HIV mRNA and 

near-full length (NFL) sequencing of proviral DNA.  

RESULTS: SGS (p6-Pro-RT) revealed multiple, identical hypermutated sequences in all low-

and one high-speed plasma pellet(s), and in PBMC HIV DNA (p6-Pro-RT and NFL) and cell-

associated HIV mRNA. The only non-hypermutated sequences were from the high-speed 

plasma pellet (4 of 4) and PBMC HIV DNA (1 of 10) at the 13-month time point. Sequencing 

of gag revealed a stop codon at amino acid 211 which would prevent capsid (p24) formation.  

CONCLUSIONS: This is the first report of false virologic failure of ART resulting from release 

of defective HIV nucleic acid into plasma. The source appears to be a large population of cells 

with identical hypermutated proviruses, i.e. an infected CD4+ T-cell clone that is undergoing 

cytolysis and release of cellular nucleic acid including HIV DNA and mRNA into plasma. 

Production of viral proteins and packaging of viral genomes is a highly unlikely source given 

the hypermutated genome with at least one stop codon in gag-p24.  Release of cellular nucleic 

acids into plasma may be an underappreciated cause of false virologic failure.  

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                                                                                                         Addendum A – Research Output Materials 

170 

 

Presented at CROI 2020 

Stellenbosch University  https://scholar.sun.ac.za



                                                                                                                  Addendum B – ISSPA Primers 

171 

 

Addendum B – ISSPA primers 

 

Table of DPO and standard primers used for integration site specific proviral amplification (ISSPA). 

Primers for ACH2 and all selected patient integration sites are included. Patient primer locations are 

indicated according to the chromosome (Chr) location of the Hg19 genome. (Inosine = I) 

Primer name Orientation Sequence (5’-3’) Location based on Hg19 

ACH2 

DPO_ACH2_5O Forward 
ACT TAC TTG AGC ATA ACG TCA III 

IIT GCC AC 

131 bp upstream of 

integration 

ACH2_5O Forward CAT AAC GTC AGA TTC TGC C 
133 bp upstream of 

integration 

DPO_ACH2_5I Forward 
CAT GTG ATT TAG TAT ACC TGG III 

IIA TGA CC 

52 bp upstream of 

integration 

ACH2_5I Forward GTG ATT TAG TAT ACC TGG AG 
61 bp upstream of 

integration 

ACH2_5J Forward AAT TAT TAT CTT TAT TAC TGC TAG 5' Junction 

ACH2_3J Reverse AAG AAT GCT TTG TAA TTG GAA G 3' Junction 

ACH2_3I Reverse AAT CCA AAT ATG AGG AAC AG 
30 bp downstream of 

integration 

DPO_ACH2_3I Reverse 
GAA CTT CAA TCT CTA AAA TTT 

AAA TCI III IAT GAG G 

35 bp downstream of 

integration 

ACH2_3O Reverse CAC ATT TTG AGA CAT GAG G 
90 bp downstream of 

integration 

DPO_ACH2_3O Reverse 
GTA AGA ACA TGC ATA TCA CAT 

TTT III IIA TGA GG 

90 bp downstream of 

integration 

338206 

DPO_ 

C1_24294547_5O 
Forward 

AGC ACC TTT CCT CTC TCA CTG AAI 

III IAT CTC TCA 
Chr1_24 294 391 - 427 

C1_24294547_5O Forward TCT CTC ACT GAA GCA TTA TCT CTC Chr1_24 294 403 - 426 

DPO_ 

C1_24294547_5I 
Forward 

AGG TGA AGT GTG TCA GCC CTI III 

IGA GTG TTG 
Chr1_24 294 495 - 528 

C1_24294547_5I Forward TGT GTC AGC CCT CAT TTG AGT G Chr1_24 294 503 - 526 

C1_24294547_5J Forward 
ACC ATT CTA TTT ATC ATT GAG CTG 

GAA G 

Chr1_24 294 530 - 

Junction 

C1_24294547_3J Reverse GTA TGA CTG GGC TCA TGC TAG AG 
Junction - 

Chr1_24 294 562 

C1_24294547_3I Reverse GAT CCT ACT GAT ACT TGA TGA GG Chr1_24 294 641 - 664 

DPO_ 

C1_24294547_3I 
Reverse 

ACC CAT GGT AGT TTG GAT CCT 

ACT GII III TGA TGA GG 
Chr1_24 294 641 - 679 

C1_24294547_3O Reverse ACA CCT AAC AGC TTC AAA AGG AC Chr1_24 294 694 - 717 

DPO_ 

C1_24294547_3O 
Reverse 

CCT AAA GCG ACA CAC CTA ACA 

GCT TII III GGA CTA TAT TAC 
Chr1_24 294 686 - 728 

C19_1423908_5O Forward GTT TCA TCA CCG ATG CTG TGT TCC Chr19_1 423 699 - 722 

C19_1423908_5I Forward GTT GCT TCT AGA TCC TCC CGG T Chr19_1 423 770 - 791 

C19_1423908_5J Forward CTT CGG GGC CTG GAA GG 
Chr19_1 423 898 – 

Junction 
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Primer name Orientation Sequence (5’-3’) Location based on Hg19 

C19_1423908_3J Reverse CGT GCT GGC CCT GCT AG 
Junction - 

Chr19_1 423 914 

C19_1423908_3I Reverse GGG ACA CAC TCT CTG GGA GG Chr19_1 424 010 - 029 

C19_1423908_3O Reverse ACA GAC CCG TCT CAG AAG ATG C Chr19_1 424 047 - 068 

C11_73469151_5O Forward GTT GCA TTC TTC TGT GGG Chr11_73 468 991 - 9 008 

C11_73469151_5I Forward CTT TGA AAG CTG AAT TGT GG Chr11_73 469 097 - 116 

C11_73469151_5J Forward CAT GAA GAG TTA CTG CTA G 
Chr11_73 469 139 - 

Junction 

C11_73469151_3J Reverse CTT TTG ATG TAA CTG GAA GG 
Junction - 

Chr11_73 469 163 

C11_73469151_3I Reverse TGT CTA TAG TTT TCT TAT GCG Chr11_73 469 184 - 204 

C11_73469151_3O Reverse ACT ATA TTG TCA AGT AAT GCC Chr11_73 469 253 - 273 

C1_231081054_5O Forward GAT CTG GGT GGA AAT CC Chr1_231 080 956 - 972 

C1_231081054_5I Forward TTT CTC ATC TGT GAA CTG G Chr1_231 080 999 - 1 017 

C1_231081054_5J Forward GGT CAA TGA ACA GTG CTA G 
Chr1_231 081 047 - 

Junction 

C1_231081054_3J Reverse AAC TGC TAC TGT TTG GAA G 
Junction - Chr1_231 081 

065 

C1_231081054_3I Reverse GTT ACG ATT GCC ATA GCG Chr1_231 081 098 - 115 

C1_231081054_3O Reverse GGT TAG TGC AAT TTA TGG C Chr1_231 081 163 - 181 

C1_153861271_5O Forward ACG TTT ATC TCT TTT GCC AC Chr1_153 861 152 - 171 

C1_153861271_5I Forward GGC CTG GCT TTT TGC TG Chr1_153 861 203 - 219 

C1_153861271_5J Forward CAA GAG TAG AAA TCT GCT AG 
Chr1_153 861 255 - 

Junction 

C1_153861271_3J Reverse ATA AGC TGG GAT TTT GGA AG 
Junction - Chr1_153 861 

283 

C1_153861271_3I Reverse GAT GAG AAG CTT AAT GTA GAG Chr1_153 861 313 - 335 

C1_153861271_3O Reverse AAG ATA AGA GCA ACC TTC AC Chr1_153 861 347 - 366 

340116 

C17_58684892_5O Forward CCT CAG CTT CCC GAG TAA CTG G Chr17_58 684 757 - 778 

C17_58684892_5I Forward AAC TGG GAT TAC ACG CAT GTG C Chr17_58 684 773 - 794 

C17_58684892_5J Forward GTC TTG AAC TCC CGA CTG CTA G 
Chr17_58 684 877 - 

Junction 

C17_58684892_3J Reverse ATC ACT TGA GGT CGG TGG ATG 
Junction - 

Chr17_58 684 902 

C17_58684892_3I Reverse GTG CGG TGG CTC ACG C Chr17_58 684 940 - 955 

C17_58684892_3O Reverse TCA CAC CAG AGA TCA CCC TTT GC Chr17_58 685 126 - 148 

C6_13641182_5O Forward 
CAA AAT GTA GAA TGG TGG TTT 

CCA GGG 
Chr6_13 640 938 - 946 

C6_13641182_5I Forward GGA GTC GGA TGG TGG TGA TGG Chr6_13 641 032 - 052 

C6_13641182_5J Forward 
TAG ACA CCC ATC TTC TAA ATA 

AGT GCT AG 

Chr6_13 641 160 - 

Junction 

C6_13641182_3J Reverse 
GTT TAA AAA TGT GAA AAT CTT 

ATT GGA TGG G 

Junction - 

Chr6_13 641 200 

C6_13641182_3I Reverse GCA GGA AGA ATG GGA GAA GCC Chr6_13 641 499 - 520 

C6_13641182_3O Reverse 
CAG AAA TTG GTA TTA GCA GGA 

AGA ATG GG 
Chr6_13 641 506 - 534 
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Primer name Orientation Sequence (5’-3’) Location based on Hg19 

C18_20529591_5O Forward 
AAG AGC TCT GCA GAG AAA ATT 

CTG G 
Chr18_20 529 398 - 422 

C18_20529591_5I Forward 
ACA CGG TGG AGC TCT TAG AAT 

TAT CC 
Chr18_20 529 506 - 531 

C18_20529591_5J Forward 
CCT TTA GAG ATG CAC AAA TGG 

AAG G 

Chr18_20 529 574 - 

Junction 

C18_20529591_3J Reverse 
GTG AAG AAT TCT TCT AGT CTT TGT 

TGC TAG 

Junction - 

Chr18_20 529 610 

C18_20529591_3I Reverse ACC TAA GTG CCA GAC TCA CCG Chr18_20 529 675 - 695 

C18_20529591_3O Reverse AGG TGA GAG AAG GCT GTG GG Chr18_20 529 779 - 798 

C2_73620016_5O Forward CTA TTA TGT ATA ATG CTA CCG Chr2_73 619 909 - 929 

C2_73620016_5I Forward GGA TTC ATT TCT CTT GGA TG Chr2_73 619 965 - 984 

C2_73620016_5J Forward TTT TGG GAC ATA TGT GCT AG 
Chr2_73 620 003 - 

Junction 

C2_73620016_3J Reverse CAG AAT TCC ATA TTG GAA GG 
Junction - 

Chr2_73 620 024 

C2_73620016_3I Reverse GCC AGA TTG TTT TCC AAA G Chr2_73 620 043 - 061 

C2_73620016_3O Reverse GGA ACT CTC ATA CAC TGC Chr2_73 620 076 - 093 

C18_6467385_5O Forward CAC CTC AGC CTC CC Chr18_6 467 304 - 317 

C18_6467385_5I Forward GCC ACC ATT CCC AGG Chr18_6 467 342 - 356 

C18_6467385_5J Forward GGG AGA CAC TGG AAG G 
Chr18_6 467 377 - 

Junction 

C18_6467385_3J Reverse AAG ACC GTG TCT GCT AG 
Junction - 

Chr18_6 467 391 

C18_6467385_3I Reverse CAG GGA GTT CAA GAC C Chr18_6 467 409 - 424 

C18_6467385_3O Reverse CAG CAC TTT GCA AGG C Chr18_6 467 449 - 464 

C16_17134060_5O Forward CTG TTT TTC ACT CCT GGC Chr16_17 133 978 - 995 

C16_17134060_5I Forward AAA CAT TAC CTG TCT CCA C Chr16_17 134 015 - 033 

C16_17134060_5J Forward TTC AAG GAA ACT GGA AGG G 
Chr16_17 134 055 - 

Junction 

C16_17134060_3J Reverse TAG TTT GGG TTT CTG CTA G 
Junction - Chr16_17 134 

068 

C16_17134060_3I Reverse CTT TGA ACC CAA ATC CCG Chr16_17 134 093 - 110 

C16_17134060_3O Reverse CAG GGT CAC AAG GGC Chr16_17 134 135 - 149 

332406 

C18_18609870_5O Forward 
ATT TGA TGT GGA CCA AGT CTT 

CCA G 
Chr18_18 609 603 - 627 

C18_18609870_5I Forward 
GGC TTG AAT GTT ACA AGG GGT 

ACA TC 
Chr18_18 609 726 - 751 

C18_18609870_5J Forward 
CAA AAT ACT AAA AAA TTA TTT 

TAG TGG AAG GG 

Chr18_18 609 847 - 

Junction 

C18_18609870_3J Reverse 
AGA ACA TGA GGT TAT TGT ACC 

TAA ATG CTA G 

Junction - 

Chr18_18 609 890 

C18_18609870_3I Reverse TGG CTA AAT GTG TTG TTT CGT TCC Chr18_18 609 991 - 10 014 

C18_18609870_3O Reverse 
GAA TGG TGG AAA AGC CCT AAT 

ATC C 
Chr18_18 610 048 - 072 

C14_68759177_5O Forward GTT GGC TTT CCC AGT GGT CC Chr14_68 759 006 - 025 

C14_68759177_5I Forward 
TGC TGA GTT CTT TTG GAC TAA 

AAA GCG 
Chr14_68 759 050 - 076 
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Primer name Orientation Sequence (5’-3’) Location based on Hg19 

C14_68759177_5J Forward 
GTA AAT CTG CAA AAT TTT CTC 

CAC TGC TAG 

Chr14_68 759 154 - 

Junction 

C14_68759177_3J Reverse GGG AGG GTG GAT GGA AGG G 
Junction - 

Chr14_68 759 183 

C14_68759177_3I Reverse CCA GAC CCA CAG CAT TCT GC Chr14_68 759 341 - 360 

3O2_68759177_3O Reverse 
TGG AAG AGC TAT GCA TGT CTA 

CCC 
Chr14_68 759 358 - 382 

C6_32786955_5O Forward 
CAT CAT CTT TCA GCA TGA AAT 

GTG CC 
Chr6_32 786 809 - 834 

C6_32786955_5I Forward TGA AAT GTG CCC CTG ATT TGC C Chr6_32 786 824 - 845 

C6_32786955_5J Forward TCC AGG GCC ATG ACT GCT AG 
Chr6_32 786 942 - 

Junction 

C6_32786955_3J Reverse 
GCT AGA AGT TCA AGG TCA TTG 

GAA GG 

Junction - 

Chr6_32 786 969 

C6_32786955_3I Reverse 
AGC CTT ATG CTC TCT GTC TTA GTC 

C 
Chr6_32 787 047 - 071 

C6_32786955_3O Reverse 
TCT GAA GAA GTG TAC CCT TCT 

TCC C 
Chr6_32 787 075 - 099 

339266 

C2_241353495_5O Forward 
ACC TCT GCC CAT TCT TAG AGA 

AGC 
Chr2_241 353 326 - 349 

C2_241353495_5I Forward CAG ATG GAT CCT GAG TGC TCT GG Chr2_241 353 393 - 415 

C2_241353495_5J Forward TCC CCT TCC ATG CTG TGC TAG 
Chr2_241 353 481 - 

Junction 

C2_241353495_3J Reverse GTT TGG GCT ACA GCA TGG AAG GG 
Junction - 

Chr2_241 353 505 

C2_241353495_3I Reverse 
TCA TTT TGG ACA CTG ATG AGG 

TTT GG 
Chr2_241 353 614 - 639 

C2_241353495_3O Reverse AGC CTG GGC TTC CCT AAG C Chr2_241 353 661 - 679 

C9_137214293_5O Forward ACG GGG AAA CCA GAG TCT TGG Chr9_137 214 095 - 115 

C9_137214293_5I Forward AGC TCA GGT TCC TCC TCT CCG Chr9_137 214 190 - 210 

C9_137214293_5J Forward GGG GCT CTT TGG TGT GGA AGG 
Chr9_137 214 280 - 

Junction 

C9_137214293_3J Reverse CCA GGG GCC ACC ATG CTA G 
Junction - Chr9_ 

137 214 301 

C9_137214293_3I Reverse 
CCA AAG AGT TCA GGT GAG TGA 

GGC 
Chr9_ 137 214 379 - 402 

C9_137214293_3O Reverse TAC TTC CAG AAC TCT GGG GAG C Chr9_ 137 214 419 - 440 

334696 

C6_135525218_5O Forward GCT TCC CTA AAT TAT TTA AAG C Chr6_135 525 113 - 134 

C6_135525218_5I Forward ATA GCC CAA TAC CCA GCC ACC Chr6_135 525 150 - 170 

C6_135525218_5J Forward 
TGC AGA GGG AAA CTT CTG GAA 

GG 

Chr6_135 525 203 - 

Junction 

C6_135525218_3J Reverse 
ACT TCC TCT AGG GTT ATG AAG 

TTG CTA G 

Junction - 

Chr6_135 525 235 

C6_135525218_3I Reverse 
CTT TAA GGT AAT GGG CAG ACT 

CAA AGG 
Chr6_135 525 309 - 335 

C6_135525218_3O Reverse 
TGG AAG GAG AAA CTA TCA CAA 

GAA TGG G 
Chr6_135 525 342 - 369 
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Primer name Orientation Sequence (5’-3’) Location based on Hg19 

C6_26227488_5O Forward 
GGT CTT GTG AAT TGG AGA TTC 

AGT GC 
Chr6_26 227 338 - 363 

C6_26227488_5I Forward 
GCG TGA GGA AAA CAG CCT AAC 

TAT CC 
Chr6_26 227 361 - 387 

C6_26227488_5J Forward 
AAT GTT GTT TCC TGT ATC CTG TAT 

GCT AG 

Chr6_26 227 467 - 

Junction 

C6_26227488_3J Reverse 
GCT AGA ATC TTA AAG AAA GTA 

CAG TGG AAG G 

Junction - 

Chr6_26 227 507 

C6_26227488_3I Reverse AAA AGA TGC ATT CTG TGC CCA CC Chr6_26 227 573 - 595 

C6_26227488_3O Reverse 
AGA GGC TTT GTT TTA GGC AAA 

TGA CC 
Chr6_26 227 628 - 653 

335106 

C6_45580207_5O Forward 
TAT TGA AAG CTC CCC AAG GAG 

AGG 
Chr6_45 579 989 - 80 012 

C6_45580207_5I Forward CCA AGG AGA GGG GCT ATG C Chr6_45 580 002 - 020 

C6_45580207_5J Forward TGG TCC TCC TTG ATT CCT GCT AG 
Chr6_45 580 191 - 

Junction 

C6_45580207_3J Reverse 
TAG GGA TGA AGG AGG AAT TGG 

ATG G 

Junction - 

Chr6_45 580 220 

C6_45580207_3I Reverse 
CCA GTG GAA TAA TAC TCA GCA 

GTA AAG AGG 
Chr6_45 580 383 - 412 

C6_45580207_3O Reverse 
AGG TGT CAA ATA CCT GTC CAG 

TGG 
Chr6_45 580 406 - 429 

C4_54281522_5O Forward 
GTT GTT ATG CTT TTG TTA ATG ATC 

TAC CC 
Chr4_54 281 382 - 410 

C4_54281522_5I Forward 
GTT AAT GAT CTA CCC TCC AGT 

GAA TTT TGG 
Chr4_54 281 395 - 424 

C4_54281522_5J Forward 
GAA ATA ATA ACT TCA TCT TTA 

ATG GAT GG 

Chr4_54 281 502 - 

Junction 

C4_54281522_3J Reverse 
GTT TCT CAT TGC ATC CCT TAA ATG 

CTA G 

Junction - 

Chr4_54 281 539 

C4_54281522_3I Reverse 
GTC TGT ATT TTG AAG TCA GGT 

TAT CAA AGC 
Chr4_54 281 595 - 624 

C4_54281522_3O Reverse 
CCT CAA ATG ATA AAT TAG GAA 

AGT ATC TTG G 
Chr4_54 281 624 - 654 

337286 

C17_40421775_5O Forward 
CAA AGA AAA TTC AAC CCT GGT 

CAA AGG 
Chr17_40 421 619 - 645 

C17_40421775_5I Forward 
GTT GAC AAT CCT GGA AGC TAA 

CAT CC 
Chr17_40 421 651 - 676 

C17_40421775_5J Forward 
CAC TAC GCT TTA GGG TTG TGC 

TAG 

Chr17_40 421 758 - 

Junction 

C17_40421775_3J Reverse 
GGA AAC AGA ATT CAC AAC CTG 

GAA G 

Junction - 

Chr17_40 421 789 

C17_40421775_3I Reverse 
TGT ATG TCT AGA GCT CTG CAA 

AGG C 
Chr17_40 421 888 - 912 

C17_40421775_3O Reverse 
GCC TAT TTG GGC GAA TTT TTA 

AGG C 
Chr17_40 421 924 - 948 

C19_53455758_5O Forward 
GCT TGA ACT CAG GAT GCA GAG 

GTT GC 
Chr19_53 455 538 - 563 

C19_53455758_5I Forward 
GTC TGT TCA ACA GAG GGA GAC 

TCT GTC TG 
Chr19_53 455 594 - 622 
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Primer name Orientation Sequence (5’-3’) Location based on Hg19 

C19_53455758_5J Forward 
CCA GGG ACA TCT CTT CCT AGT 

GGA AGG 

Chr19_53 455 739 - 

Junction 

C19_53455758_3J Reverse 
CAA TTG AAC ATC ATC CTG CTC 

TAG GTG CTA G 

Junction - Chr19_53 455 

778 

C19_53455758_3I Reverse 
CAT TGT TTT CTG CGG TGA TGA 

CCC TCC 
Chr19_53 455 864 - 890 

C19_53455758_3O Reverse 
ATT CTC TTT TGT GAT TTT GCC CCA 

TAC ATG C 
Chr19_53 455 906 - 936 

337916 

C16_47550997_5O Forward 
AAG TGG GAT TAT TCA AGC ATT 

TGG G 
Chr16_47 550 811 - 835 

C16_47550997_5I Forward 
AAC AAA TAA GGG AAA GGA GCT 

GGG 
Chr16_47 550 898 - 921 

C16_47550997_5J Forward 
CAT GAC TCT GAC TGA GTG CTA 

GAG 

Chr16_47 550 982 - 

Junction 

C16_47550997_3J Reverse GCC TCC TCT CCT CAG TGG AAG 
Junction - 

Chr16_47 551 007 

C16_47550997_3I Reverse 
CGG TTA TCA TAA GAT GTT CCA 

CAG GG 
Chr16_47 551 086 - 111 

C16_47550997_3O Reverse 
CAA TAT TAG TTG CCA CTA ATT 

GTA AAC GG 
Chr16_47 551 108 - 137 

C3_141257185_5O Forward TCC CTG ATC TCA AGG GAG GC Chr3_141 256 874 - 893 

C3_141257185_5I Forward 
CAC ACA CAC AAA CTT GTT TTG 

CTG C 
Chr3_141 256 964 - 988 

C3_141257185_5J Forward 
CTT TGA AAA TTA AAT TGG TAG 

TAT GGA AGG G 

Chr3_141 257 163 - 

Junction 

C3_141257185_3J Reverse 
AAT TTT CAG ATT TTA AAA GTA 

TAT ACT ATG CTA GAG 

Junction - 

Chr3_141 257 208 

C3_141257185_3I Reverse 
AAG ATA CCT TTG GTT GGT GAA 

ATT TCA G 
Chr3_141 257 262 - 289 

C3_141257185_3O Reverse 
GAC ACA AAA CAC ATA CTG TTA 

GGG TGG 
Chr3_141 257 505 - 531 

C8_43028875_5O Forward 
TTT CTA TAC CAG TGT GTA ATG 

AAG TCC 
Chr8_43 028 763 - 789 

C8_43028875_5I Forward 
GTA ATG AAG TCC ACA CTA GAT 

TTA GGA GG 
Chr8_43 028 778 - 806 

C8_43028875_5J Forward GAC AGT GGC TGA CCT CTG CTA G 
Chr8_43 028 860 - 

Junction 

C8_43028875_3J Reverse CGG GAA CAC GAG GTT GGA AG 
Junction - 

Chr8_43 028 884 

C8_43028875_3I Reverse 
ACT TCC TAA CCA CAT AAC ACA 

TGC C 
Chr8_43 028 975 - 999 

C8_43028875_3O Reverse 
TCT TTT ATA CAC ACG TGT AGG 

CAC TGG 
Chr8_43 029 041 - 068 

335836 

C10_103786725_5O Forward ACT AAT GCC ACA CAG TTG TGG TG Chr10_103 786 562 - 584 

C10_103786725_5I Forward 
AGT TGT GGT GTC AGT GTG GAT 

GAT GG 
Chr10_103 786 575 - 600 

C10_103786725_5J Forward 
CTG GCA TAT AGG GGC CTG CTA 

GAG 

Chr10_103 786 710 - 

Junction 

C10_103786725_3J Reverse 
CAA ATA TTT GTT GGG CCC CTG 

GAT GG 

Junction - 

Chr10_103 786 739 
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C10_103786725_3I Reverse GGT CTC GAA CTC CTA ACC TCA GG Chr10_103 786 818 - 840 

C10_103786725_3O Reverse AGA CGG AAT CTC ACT CTG TCA CC Chr10_103 787 013 - 035 

C3_49116408_5O Forward GAG TTG GAG TCT CCC TCT GTC GC Chr3_49 116 149 - 171 

C3_49116408_5I Forward TGC AGT GGC ACG ATC TCG Chr3_49 116 183 - 200 

C3_49116408_5J Forward 
GGG ATT ATA GAC GTG ATG GAT 

GGG 

Chr3_49 116 393 - 

Junction 

C3_49116408_3J Reverse GGG TGG CTC ACG TGC TAG 
Junction - 

Chr3_49 116 415 

C3_49116408_3I Reverse GTA GTA GCT GGG ACT ACA GGT GC Chr3_49 116 539 - 561 

C3_49116408_3O Reverse AGT GCA TTC GAG TGA TCT CGG G Chr3_49 116 613 - 634 

341862 

C17_42550940_5O Forward 
GGC CTA AAA TCA GTG ATT TTT 

AAC TTA GC 
Chr17_42 550 799 - 827 

C17_42550940_5I Forward 
CAG TGA TTT TTA ACT TAG CAA 

AGT GGG 
Chr17_42 550 809 - 835 

C17_42550940_5J Forward 
CGT CAT CAA TTA CTG CTG CTA 

GAG 

Chr17_42 550 925 - 

Junction 

C17_42550940_3J Reverse CTT AGG CAT GGC AGT TGG ATA G 
Junction - 

Chr17_42 550 950 

C17_42550940_3I Reverse GGT TTG TAT TGC ACG GTC TGC Chr17_42 551 073 - 093 

C17_42550940_3O Reverse GCC CAT ATT AGC TAA GCA GCC Chr17_42 551 101 - 121 

C11_116877612_5O Forward 
GCA AAT CTA GGT ATT TAG CTC 

AGG C 
Chr11_116 877 444 - 468 

C11_116877612_5I Forward 
GGA TAA CAA AAA TGC ACA CTG 

GC 
Chr11_116 877 495 - 517 

C11_116877612_5J Forward 
CTT GTT ATT AAA TAC TAT TAA TAC 

ATG GAT AGG 

Chr11_116 877 588 - 

Junction 

C11_116877612_3J Reverse 
CCT TTA TGG TAA GTG TAT TGC 

TAG AG 

Junction - 

Chr11_116 877 625 

C11_116877612_3I Reverse GGG TGA TAA TCC AGT TTT GAG GC Chr11_116 877 707 - 729 

C11_116877612_3O Reverse GCA CGA GCA TGT CCA AAG G Chr11_116 877 757 - 775 

C19_10287814_5O Forward GGA CAA AGT AAT CCA GGT GGG Chr19_10 287 639 - 659 

C19_10287814_5I Forward 
GGC TGT AAC TTG ATA ACT GTT 

GGC 
Chr19_10 287 697 - 720 

C19_10287814_5J Forward 
GTA AAA ACA GGT AAC GTT TTT 

GCT AGA G 

Chr19_10 287 795 - 

Junction 

C19_10287814_3J Reverse 
ATG AAT AGC ATT TCT GAA AAC 

TGG ATA G 

Junction - 

Chr19_10 287 830 

C19_10287814_3I Reverse TGT TTT GGG ATG GAA TTG GTA GG Chr19_10 287 901 - 923 

C19_10287814_3O Reverse 
GGA TTA CAA GGA AAA GCA CCA 

GG 
Chr19_10 288 000 - 022 
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338206 
Chr1_24294547 

ISSAQ log scale amplification 

curves obtained from each 

time point of selected patient 

integration sites. Positive 

controls are indicated in red. 
Time point 1 

15 Positives 

Time point 2 

15 Positives 

Time point 3 

35 Positives 
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338206 Chr11_73469151 

Time point 1 

8 Positives 

Time point 2 

2 Positives 

Time point 3 

5 Positives 
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 338206 Chr1_231081054 

Time point 2 

1 Positive 

Time point 1 

6 Positives 

Time point 3 

1 Positive 
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 340116 Chr6_13641182 

Time point 1 

6 Positives 

Time point 2 

2 Positives 

Time point 3 

1 Positive 
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335106 Chr6_45580207 

Time point 1 

8 Positives 

Time point 2 

7 Positives 

Time point 3 

1 Positve 
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 340116 Chr2_73620016 

Time point 2 

3 Positives 
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