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Abstract 

Human immunodeficiency virus (HIV) infection remains a major global health issue. 

Antiretroviral drugs improve life expectancy and significantly reduce the rate of viral 

transmission; however, we are far from finding a cure for HIV. The major barrier to 

finding a cure is the persistence of the replication-competent yet transcriptionally silent 

latent reservoir. Current latency reversal agents (LRAs) lack efficacy to eliminate all the 

latent proviruses from the reservoir. The response to the same LRAs is varied in 

latently infected cells ex vivo or in vitro. We hypothesised that HIV could generate 

different populations of latently infected cells that differ in HIV integration sites and 

response to reactivation by LRAs.  

We used a Nef-competent EGFP reporter virus to generate infection and to determine 

the latently infected cells in chemokine-treated CD4+ T cells in vitro. We first 

demonstrated that EGFP expression is dependent on viral integration and can be used 

to determine productively expressed and latently induced infected cells in our culture 

system. Infection and latency were established in both resting untreated and CCL19-

treated CD4+ T cells in vitro. Addition of integrase inhibitor, raltegravir, at time of 

infection reduced the levels of EGFP expression in both T cell conditions, providing 

evidence that in our culture system EGFP expression is dependent on viral integration. 

There was a 4-fold reduction in EGFP expression in the CCL19-treated compared to 

the matched resting untreated cells. The reduction in the EGFP expression following 

addition of integrase inhibitor strongly suggested that incubating CD4+ T cells with 

CCL19 favors viral integration in vitro. We subsequently showed that the addition of IL-

7 significantly increases the levels of latency in the chemokine-treated CD4+ T cells. 

Thus, we clearly showed that both resting and chemokine-treated CD4+ T cells are 

permissive to direct infection with HIV in vitro. However, the effect of CCL19 in the 

induction of latency is more pronounced with addition of IL-7.  
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We further asked whether the establishment of latency affects the response to 

reactivation by LRAs or T cell receptor (TCR) signalling. We used resting CD4+ T cells 

to establish infection in the pre-activation pathway and used activated T cells as a 

model for the establishment of infection in the post-activation pathway. Co-culturing 

EGFP- cells with allogeneic monocytes alone or in combination with an antibody 

against CD3 (aCD3); we showed a significant increase in EGFP expression from 

latently infected cells in the pre-activation latency model. Response to allogeneic 

monocytes in combination with signals derived from aCD3 significantly correlated with 

T cell proliferation and there was a minimal spontaneous EGFP expression from 

latently infected cells in this culture. 

In contrast, allogeneic monocytes alone or in combination with aCD3 reduced the 

EGFP expression from latently infected cells in the post-activation latency model. 

There was no correlation between T cell proliferation and viral expression. The level of 

spontaneous EGFP expression from latently infected cells was high and the inhibition 

of EGFP expression by monocytes was dependent on the direct contact between 

monocytes and T cells. We further showed that the interaction between T cells and 

monocytes at the time of infection induced spontaneous expression, providing 

evidence that monocyte-T cell interaction at an early time post infection maintains 

latency in activated T cells. By direct comparison of pre- and post-activation latency in 

vitro we, therefore, demonstrated that effective strategies to reverse latency would 

depend on how latency is established.  

We further profiled the HIV integration sites in pre- and post-activation latency models 

and showed a significant enrichment of the sites in genic, exon and intron; in sense 

direction in the introns of pre-activation latency compared to the post-activation models, 

suggesting preferential integration of proviral DNA in these locations.  
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By indexing genes with integration sites with gene expression available for these genes 

in GEO dataset using RNA-Seq analysis, we found a set of genes that are not 

expressed during activation of T cells in response to TCR stimulation. This observation 

was found across all T cell subsets in the GEO datasets and suggests there is a 

common mechanism in T cells that allows for viral entry and integration in non-

expressing genes.  

Our study has clearly shown that how latency is established is a critical factor affecting 

how latency is maintained or reversed in response to LRAs. Understanding the 

relationship between chromatin status of the genes that are never expressed during 

activation of T cells and establishment of infection or latency is of interest for designing 

strategies to induce the expression from latency or to permanently silence the virus.  
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1.1  Introduction 

1.1.1 Global burden of HIV infection and management 

According to a report published by the World Health Organization (WHO, 2016) in 

2016, there were 36.7 million people living with human immunodeficiency virus (HIV), 

with 2.1 million newly infected cases diagnosed each year. Current antiretroviral 

therapy (ART) can improve the health of HIV-infected individuals and significantly 

reduces the rate of viral transmission. However, due to cost and lack of availability of 

these drugs, 1.1 million HIV-infected patients lose their lives each year. Although 

people on treatment can maintain complete, or near complete, viral suppression for 

years or decades (Maldarelli et al., 2007, Jones and Perelson, 2007), individuals still 

suffer from virus and drug-induced co-morbidities (Rodriguez-Penney et al., 2013), 

such as cardiovascular disease (Duprez et al., 2012), diabetes (Brown et al., 2010), 

malignancy (Achenbach et al., 2011) and dementia (Heaton et al., 2010). Most 

importantly, treatment is generally life-long as ART interruption almost inevitably 

leads to a rebound in viral load and re-emergence of the disease (Neumann et al., 

1999, Fischer et al., 2003), due to the existence of a latent HIV reservoir. Therefore, 

there is an urgent need to find strategies to cure HIV (reviewed in (Deeks et al., 

2012, Kent et al., 2013)). 

1.2 HIV Discovery and Pathogenesis 

1.2.1 HIV as a lentivirus 

HIV was first isolated as the cause of AIDS in the early 1980s (Barre-Sinoussi et al., 

1983, De Jarlais et al., 1984, Haverkos et al., 1985). HIV is a lentivirus from the 

family Retroviridae (reviewed in (Engelman and Cherepanov, 2012)). Retroviruses 

are ribonucleic acid (RNA) viruses.   
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HIV like other retroviruses contains multiple copies of the reverse transcriptase (RT) 

enzyme and two identical single-stranded RNA molecules (Baltimore, 1970). The 

inclusion of two RNA copies packaged in the virion allows RNA template to switch 

during reverse transcription resulting in a] efficient transcription b] frequent 

recombination increasing genetic diversity (Didierlaurent et al., 2011). RT has two 

enzymatic activities i.e. a DNA polymerase that can generate a DNA from an RNA 

template and an RNase H that cleaves RNA from RNA/DNA duplex. The two 

enzymatic function of RT act to convert the RNA into double-stranded linear DNA. 

The RT enzyme generates a linear proviral double-stranded DNA replica of the viral 

RNA genome soon after entry into the target cell (Baltimore, 1970, Götte et al., 

1999). 

The external layer of a retrovirus is made up of lipid bilayers and glycoproteins that 

cover the protein core where two copies of the reverse transcriptase enzyme bind to 

two identical single-stranded RNA molecules (reviewed in (Strebel, 2013)). The 

critical components of a retrovirus are coded by three genes including group-specific 

antigens (gag), which code for core and structural proteins; polymerase (pol), which 

codes for three major enzymes, reverse transcriptase (RT), protease (Pr) and 

integrase (Int); and envelope (env), which codes for the retroviral envelope protein 

(Env) (reviewed in (Malim and Emerman, 2008)). 

In addition HIV has two essential regulatory elements; HIV transactivator (Tat) and 

regulator of expression of virion proteins (Rev) as well as accessory genes including 

HIV infectivity factor (vif), lentivirus protein R (vpr), virus protein U (vpu) and negative 

factor (nef), which encode for multiple accessory proteins that are involved in 

pathogenesis of the virus (reviewed in (Seelamgari et al., 2004)).  

These accessory genes and protein are able to block potent activities of host- 

encoded restriction factors including apolipoprotein B messenger RNA (mRNA)-
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editing enzyme catalytic polypeptide-like 3 (APOBEC3) family of proteins in 

particular, APOBEC3G, tetherin/bone marrow stromal cell antigen 2 (BST2) and 

tripartite-motif-containing 5α (TRIM5 α) allowing for efficient HIV replication (reviewed 

in (Malim and Bieniasz, 2012). 

1.2.2 HIV derived factors and role of Tat 

While HIV Tat has a critical role in viral transcription, Rev acts on posttranscriptional 

regulation of HIV gene expression. The interaction between HIV Rev and the cis-

acting Rev Response Element (RRE), which is encoded in the Env gene and present 

in the mRNA that codes for the Env protein (Watts et al., 2009) facilitates 

translocation of viral transcripts from the nucleus to the cytoplasm, where HIV 

structural proteins are made (Wang et al., 2009a). Thus, Rev is an essential protein 

required for HIV protein expression (reviewed in (Karn and Stoltzfus, 2012)). The 

contribution of Rev in the establishment of viral latency is unclear. However, there 

are several mechanisms indicating the importance of HIV Tat on proviral latency. 

1.2.2.1 Tat as an activator of HIV gene expression 

The mechanism by which Tat regulates viral transcription has been very well studied 

(Apolloni et al., 2007, Charnay et al., 2009, Das et al., 2011). Regulation of viral 

transcription is mainly attributed to the Tat positive feedback loop (Weinberger et al., 

2005), which controls HIV transcription by up-regulating Tat-dependent gene 

expression, up to 50-100-fold above basal levels. This leads to the expression of HIV 

Rev which facilitates the nuclear export of unspliced and singly spliced RRE 

containing transcripts (Weinberger et al., 2008).  

The HIV Tat protein is also able to interact with the host cellular protein Tat- 

associated histone acetyltransferase (TAHs) enzymes, including p300/CBP/PCAF 

and hGCN5 (Kiernan et al., 1999, Col et al., 2001, Bres et al., 2002).   
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The interaction results in chromatin remodeling through histone acetylation (Kiernan 

et al., 1999, Bres et al., 2002) that makes the HIV LTR accessible to the host 

transcription factors promoting viral transcription.  

Subsequently, HIV Tat is able to interact with bromodomain (BRM), the enzymatic 

subunit of host SWI/SNF (SWItch/Sucrose Non-fermentable) complex and recruit the 

SWI/SNF to the HIV LTR, increasing chromatin remodelling leading to re-activation 

of integrated HIV DNA (Dorr et al., 2002, Pantano et al., 2006). The other crucial 

mechanism controlled by HIV Tat is the phosphorylation of RNA polymerase II 

(RNAPII), the key player of the host transcription machinery.  

Tat is able to recruit positive transcription elongation factor b (P-TEFb) (Coiras et al., 

2007) to the Tat-activator response element (TAR), that activate transcription 

elongation, which in turn results in the initiation of proviral transcription (Weinberger 

et al., 2008). 

1.3 HIV life cycle and viral Latency 

1.3.1 Active replication 

Entry of HIV into a host cell requires the interaction between viral envelope 

glycoprotein gp120 and both the CD4 receptor and an additional co-receptor on the 

surface of the cell (Figure 1.2) (Ran et al., 2017). The main co-receptors used by HIV 

are transmembrane C-C chemokine receptor 5 (CCR5) (Park et al., 2017) and C-X-C 

chemokine receptor type 4 (CXCR4) (Ran et al., 2017). Viruses that enter target cells 

using CCR5 receptors are commonly called R5-tropic, while those that enter via the 

CXCR4 receptor are called X4- tropic. Dual-tropic viruses can enter via interaction 

with either co-receptor (Fogel et al., 2015). 
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Following entry into a cell, the virus particle is partially uncoated (Figure 1.1). The 

viral RT enzyme generates a complementary deoxyribonucleic acid (cDNA) copy of 

the viral RNA genome (Arfi et al., 2009), which is then transported to the nucleus as 

a pre-integrated complex (PIC).  

PICs contain viral and cellular proteins (Bushman and Craigie, 1991) including 

transportin (Tnpo) 3 and nucleoporin (Nup) 358, which have been shown to facilitate 

nuclear translocation and integration of the provirus into the host genome (Brass et 

al., 2008, Bernhard et al., 2011). Integration of proviral DNA into the host genome is 

one of the most crucial steps in the HIV life cycle. This is an orchestrated event that 

requires interaction between at least 15 different host cellular factors/genes (Konig et 

al., 2008) and virion-associated integrase enzyme.  

The role of host cellular enzymes and proteins in facilitating HIV integration has been 

very well documented (Tyagi and Karn, 2007, Hare et al., 2010, Kvaratskhelia et al., 

2014, Ballandras-Colas et al., 2017). Factors including subunit of SWI/SNF (SNF5) 

chromatin / integrase interactor (Ini) 1 (Kalpana et al., 1994), lens epithelium-derived 

growth factor (LEDGF)/ p75 (Cherepanov et al., 2003, Llano et al., 2004), human 

polycomb group EED protein (Violot et al., 2003), human Ras-related protein (hRad) 

18 and heat shock protein (HSP) 60 (Parissi et al., 2001), shown to facilitate the viral 

integration in the nucleus of target cells.  

However, in activated T cells there is an unintegrated form of HIV DNA called extra-

chromosomal DNA. The extra-chromosomal DNA is susceptible to elimination unless 

the infected cell becomes activated, in which case the extra-chromosomal DNA 

integrates into the host genome (Stevenson et al., 1990). Following integration into 

the host genome, the proviral DNA can be used as a template for viral gene 

expression (Figure 1.1).  
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Figure 1-1 HIV life cycle 

HIV-1 enters a cell following interactions between HIV-1 gp120 and both CD4 and a co-receptor (CCR4 

or CXCR4) on the surface of the target cells. Following entry into the cell, the viral RNA will be released 

in the cytoplasm after the un-coating step. A double-stranded DNA (dsDNA) copy of the RNA genome is 

made by HIV-1 reverse transcriptase enzyme (HIV-RT). The HIV-1 DNA then moves to the nucleus and 

integrates into the host genome by the action of a second viral enzyme; integrase (INT). This covalently 

integrated form of viral DNA, termed a provirus, will serve as a template for viral transcription. Viral 

proteins are made following transcription of the proviral genes and transported to the cytoplasm, where 

viral proteins are made following the translation process. The viral protein is assembled into immature 

nucleocapsid with two copies of full-length RNA genome. As they bud through the plasma membrane, 

they became encapsulated by a layer of the membrane that harbors the viral Env glycoproteins, then 

leave the cell through a budding step (modified from (Rambaut et al., 2004). 

Viral gene expression is mediated by HIV long terminal repeat (LTR). The viral LTR 

acts as a eukaryotic promoter and facilitates viral gene expression through 

interaction with the host DNA dependent RNA polymerase (RNA pol) II enzyme 

(reviewed in (Colin and Van Lint, 2009)).   
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To make viral proteins, the viral RNA transcripts are then transported to the 

cytoplasm where the viral protein is translated by host cellular ribosomal machinery 

(Brasey et al., 2003) and moved to the cell membrane of the infected cells. The last 

phase of HIV life cycle is the production of new infectious virus. This event is also 

mediated by the interaction between host and viral factors. 

The viral RNA at this stage is recruited into the assembling viral to ensure the 

release of new infectious virus to uninfected cells. The viral proteins assemble into 

immature nucleocapsid with two copies of full-length RNA genome (Briggs et al., 

2009). As the viral proteins bud through the plasma membrane they are 

encapsulated by a layer of the membrane that harbors the viral Env glycoproteins, 

then leave the cell through a budding step (Votteler and Sundquist, 2013, Meng et 

al., 2015) as a free virion, which can establish infection in neighboring cells. 

However, the existence of integrated provirus with no evidence of viral protein 

expression or virus production has been reported in HIV suppressive patients on 

therapy (Chun et al., 1998, Finzi et al., 1999).  

1.3.2 Latent infection 

It is well demonstrated that HIV can persist in host cells by establishing a long-lived 

infection in the absence of viral expression (reviewed in (Chun et al., 2015)). Once 

integrated, HIV DNA is highly stable and theoretically can last for the lifespan of the 

infected cell. For a CD4+ T cell, this can be up to 971 days (Michie et al., 1992, Chun 

et al., 1995). The frequency of the infected cells is around one in 1 million cells and is 

similar in circulating blood and lymphoid tissues, where HIV predominantly 

establishes infection in activated CD4+ T cells (Chun et al., 1997a). 

There are two types of latent infection a] pre-integration and b] post-integration. The 

pre-integration latent infection is well-defined as a partial or incomplete block of viral   
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life cycle prior to integration (Pierson et al., 2002). The contributing factors in pre-

integration latent infection are described as the lack of complete reverse transcription 

(Gao et al., 1993), and the effect of host restriction factors such as APOBEC3G a 

cellular deoxycytidine deaminase (Wang et al., 2008). In addition, PICs could also fail 

to entry to the nucleus due to the lack of ATP (Bukrinsky et al., 1991) resulting in the 

establishment of pre-integrated latent infection. The pre-integrated proviral DNA has 

a half-life of 1 day (Pierson et al., 2002) and rapidly decays. 

Due to the labile nature of the pre-integration latent infection, this type of latency 

does not account for the long-term latent reservoir and appears to be of limited 

clinical relevance for latency and to my thesis. The distinction is only important in 

terms of viral persistence in that pre-integration latency is short lived and largely 

irrelevant for the reversal of HIV latency. The pre-integration latent infection can be 

rescued by cytokine stimulation (Chun et al., 1997a, Unutmaz et al., 1999), T cell 

receptor (TCR) ligation (Bukrinsky et al., 1991) and mitogen stimulation (Spina et al., 

1995) leading to proviral integration, subsequent viral progeny and viral protein 

expression. The post-integration latent infection, however, is described as integrated 

proviruses, which fail to express the viral protein and become reversibly silent 

following integration into the host genome.  

The absence of viral protein expression is one of the main factors that shield HIV 

infected cells from the host immune system. Thus, this type of latent infection is 

exceptionally stable (Chun et al., 1997a). 

1.3.2.1 Absence of active Tat as an initiator of viral latency 

The critical roles of Tat in viral transcription have suggested that lack of Tat 

expression or insufficient Tat activity in HIV infected cells could induce latency (Singh 

et al., 2010, Hansen et al., 2018).   
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Mutated HIV Tat has been shown to induce viral latency in both primary cells (Tyagi 

et al., 2010) and Jurkat cell line models (Donahue et al., 2012). Treatment of Jurkat 

cells with Tat at the time of infection reduced the number of latently infected cells up 

to 1,700 fold compared to insufficient Tat conditions (Donahue et al., 2012). It has 

been shown that small changes in the levels of host transcription factors in T cells 

can reduce Tat activity and subsequently reduce HIV gene expression leading to 

viral latency (He et al., 2010).  

In addition, a transcription initiation latency has been suggested in which latency can 

occur at many subsequent stages i.e RNA elongation, RNA stability, splicing, 

translation and packaging (Telwatte et al., 2018, Moron-Lopez et al., 2019). HIV 

gene expression can be influenced by the Tat auto-regulatory positive feedback loop, 

or double negative feedback gene circuits (Austin et al., 2006, Burnett et al., 2009), 

which alternatively reduces gene expression, resulting in a shift from productive 

expression to latency (Lassen et al., 2006, Miller-Jensen et al., 2013, Razooky et al., 

2015). These studies support the theory that proviral latency is part of an auto-

regulatory circuit of the viral life cycle that facilitates viral survival in long-lived HIV-

infected T cells (Hansen et al., 2018). 

1.4 Establishment of latency  

Two mechanisms for the establishment of post-integration latency in T cells have 

been proposed: post-activation and pre-activation pathways. 

1.4.1 Post-activation latency 

One of the currently proposed mechanisms for the establishment of post-integration 

suggests that HIV latency occurs following the reversion of HIV infected activated T 

cells into resting and quiescent cells (Siliciano and Greene, 2011).  
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This is called post-activation latency. This process creates latently infected resting 

memory CD4+ T cells with an extremely long half-life (Chun et al., 1997a, Finzi et al., 

1999). The long half-life of the CD4+ T would maintain the integrated provirus for the 

indefinite time (Pierson et al., 2002). This type of latency, therefore, is the most 

clearly understood barrier to a cure for HIV. Several studies have been able to 

demonstrate the establishment of post-integration latency through direct infection of 

activated T cells in vitro and reversion to latency (Marini et al., 2008, Bosque and 

Planelles, 2009, Nogales-Cadenas et al., 2009, Chavez et al., 2015).  

1.4.2 Pre-activation latency  

An alternative pathway to establish post-integration latency is the direct infection of 

resting CD4+ T cells, which is referred to as pre-activation latency (reviewed in 

(Evans et al., 2012)). Lack of functional viral reverse transcriptase enzyme, low 

levels of deoxynucleoside (dNTP) (Plesa et al., 2007, Pan et al., 2013) as well as the 

levels of both transcription factors i.e. NF-B (Nuclear Factor Kappa light chain 

enhancer of activated B cells (Budhiraja et al., 2013, Saleh et al., 2016) and NFAT 

(Nuclear Factor of Activated T cells) (Tsunetsugu-Yokota et al., 2016, Baer et al., 

2017) have introduced blocks for efficient infection of resting CD4+ T cells both in 

vivo and in vitro suggesting that the establishment of latency through pre-activation 

pathway requires changes to T cell microenvironments.  

In this regard, direct infection of resting CD4+ T cells following incubation with the 

chemokines CCL19 or CCL20 (Saleh et al., 2007, Cameron et al., 2010, Pace et al., 

2012, Chavez et al., 2015, Saleh et al., 2016, Zerbato et al., 2016), co-culture with 

antigen presenting cells, including myeloid dendritic cells and monocytes (Evans et 

al., 2013, Kumar et al., 2015, Evans et al., 2018, Kumar et al., 2018), or with 

endothelial cells (Alvarez et al., 2013), or spinoculation (Swiggard et al., 2005) has 

been demonstrated in vitro.  



 

12 
 

1.5 Latent reservoir  

In HIV- infected individuals on ART, latent cells persist for the lifetime of the infected 

cells as demonstrated by early studies (Chun et al., 1997a, Finzi et al., 1999). 

1.5.1 Dynamic of HIV integrated DNA 

The HIV viral reservoir is established early during the acute phase of infection (Finzi 

et al., 1997) and remains following extremely early initiation of ART (Persaud et al., 

2013, Henrich et al., 2017).  

Studies both in nonhuman primates and humans have demonstrated that the 

seeding of the reservoir occurs very early during HIV infection (Barouch et al., 2013, 

Whitney et al., 2014, Henrich et al., 2017). However, early treatment during acute 

infection has shown to reduce the size of the viral reservoir (Koelsch et al., 2011, 

Buzon et al., 2014). The decay of viral DNA was biphasic, and the first phase was 

faster when patients were treated early after infection (Murray et al., 2012). There 

was a significant drop in viral DNA of infected patients 12 months following initiation 

of therapy, while the integrated HIV DNA was barely changed in the patient treated 

during chronic infection (Pinzone et al., 2016). 

In addition, recent studies have compared the kinetics of viral 2-LTR and integrated 

DNA in treated and untreated subjects of a Thai cohort (Ananworanich et al., 2016). 

In untreated subjects, HIV DNA peaked at week 2 after enrolment but dropped 

significantly between week 2 and week 6. It started to increase gradually over time 

and reached the highest level by the end of the observation period (i.e. week 144). 

The levels of unintegrated DNA (2-LTR) however, increased rapidly but remained 

steady with no significant changes (Ananworanich et al., 2016).   
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In contrast, the kinetics of viral DNA was different in the treated subject started the 

therapy immediately after enrolment. The integrated DNA was 25-fold lower at week 

2 and 100-fold lower at week 144 compared to untreated individuals.  

Although these observations suggest that in certain conditions the integrated HIV 

DNA can be a marker of reservoir size, one of the main limitations of those studies is 

the lack of information on the characteristic of the latent provirus itself.  

1.5.2 Latent reservoir and the diversity of the integrated proviruses 

Not all the persistent integrated proviruses in the HIV- infected individuals on ART 

are capable of replicating. A large number of integrated provirus found in very well-

suppressed HIV- infected individuals are replication-incompetent or defective with 

numerous deletions (Imamichi et al., 2014, Imamichi et al., 2016, Clarridge et al., 

2018) with low to no levels of viral expression (Hiener et al., 2017).  

In addition, there is a diverse population of intact, replication- competent provirus in 

the reservoir of very well-suppressed individuals in which some intact, replication-

competent viruses are not easily activated following strong stimulation.  

Moreover, even in partially induced provirus, there is a diversity of response to 

stimulation. The replication- competent provirus could remain transcriptionally silent 

(transcription-competent provirus) or proceed to translation (translation-competent 

provirus) in which they could produce viral RNA and viral progeny (reviewed in 

(Baxter et al., 2018)).  

Extensive efforts to activate intact latent provirus using a broad range of latency 

reversing agent (LRA) both in vitro (Bosque and Planelles, 2009, Chavez et al., 

2015, Chen et al., 2017, Rezaei et al., 2018) and ex vivo (Ho et al., 2013, Cillo et al., 

2014, Bullen et al., 2014, Bui et al., 2016, Hosmane et al., 2017) have been able to 

induce viral expression from a proportion of replication-competent provirus.   
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These proviruses often called replication- competent “non-induced” proviruses could 

also persist during the response to T cell activation. Thus, the latent reservoir 

contains populations of transcriptionally diverse integrated provirus. The differences 

in the levels of viral transcription could introduce another layer of complexity to 

understanding the establishment and maintenance of the latent reservoir.  

It is worth acknowledging that the diversity amongst integrated proviruses found in 

the viral reservoir of the well-suppressed individual on ART could raise the questions 

a] what do we define as latent reservoir b] what proportion of the integrated provirus 

is intact but remain transcriptionally silent and c] what drives silencing of the 

integrated provirus? Moreover, are there any integrated provirus in T cells that 

remain inheritably silent during T cell development and differentiation?  

1.5.3 Measuring the latent reservoir 

Studies have used a more-advanced technique to determine the frequency of 

replication-competent reservoir in the HIV-infected individual. However, the size of 

the latent reservoir has been shown to be difficult to measure due to high levels of 

defective, non-intact integrated HIV DNA (Ho et al., 2013, Bruner et al., 2015). 

A culture-based assay such as quantitative viral outgrowth assay (QVOA) (Siliciano 

and Siliciano, 2005, Laird et al., 2016), a gold standard for measuring the number of 

infectious units per million (IUPM) cells, suggested at least one in a million resting 

CD4+ T cells with replication-competent provirus. 

However, there is some inconsistency in estimating the size of the viral reservoir 

across different studies using QVOA. Two separate studies suggested that the size 

of the latent reservoir is around 2-fold higher than initial estimation.  
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There was a mean of 0.42 IUPM per million among 37 patients (Crooks et al., 2015) 

and mean of 0.64 IUPM per million among 30 patients on suppressive ART (Eriksson 

et al., 2013). Therefore, it was estimated that the size of the viral reservoir could be 

10-times higher than is been originally suggested (Poon et al., 2018).  

Similarly a PCR-based assay detecting total or integrated HIV DNA (O'Doherty et al., 

2002, Chomont et al., 2009, Yukl et al., 2010b, Vandergeeten et al., 2014) has been 

shown to overestimate the size of the viral reservoir by measuring defective non-

intact proviruses (Palmer et al., 2003, Cohn et al., 2015), thus, suggesting a more 

sensitive assay is required to determine the replication-competent provirus amongst 

the non-defective integrated HIV DNA using PCR based assays. 

The diversity of the integrated provirus could raise the question about the definition of 

the viral reservoir. Does only characterizing viral sequence and measuring the 

frequency of non-defective provirus adequately define the latent reservoir while there 

are replication-competent proviruses that are never expressed? Or measuring total 

HIV DNA in which there is a high level of non-intact provirus could define the latent 

reservoir?  

Despite lack of accurate technique to determine the size of the latent reservoir, the 

replication-competent provirus is considered a potential source of persistent viral 

infection due to their long lifespan (Siliciano and Siliciano, 2004, Shen and Siliciano, 

2008, Siliciano and Siliciano, 2015) and a major hurdle to curing HIV.  

1.6 HIV persistence on ART 

The viral reservoir can be defined as the cell types or anatomical sites in which 

replication- competent form of the virus can be found in a more stable condition 

during ART (reviewed in (Eisele and Siliciano, 2012)).   
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1.6.1 Cellular subsets 

The main reservoir described in HIV-infected patients on ART was resting CD4+ T 

cells (Bukrinsky et al., 1991, Chun et al., 1997b). The integrated provirus was found 

to be replication-competent and induced using quantitative viral outgrowth assay 

(QVOA) (Siliciano and Siliciano, 2005).  

To date, CD4+ T cells are the best-characterized reservoir found in HIV-infected 

individuals on ART. They are further classified based on their memory status and 

their effector function following stimulation. Both HIV DNA and replication-competent 

provirus have found in naïve cells, and cells emerged from thymus, however, the 

frequency of infection is much lower in these cells compared to memory phenotypes 

(Brenchley et al., 2004, Chomont et al., 2009, Josefsson et al., 2013).  

Interestingly, within memory phenotypes central memory (TCM), effector (TEF) and 

transitional memory T cells (TTM) shown to be the major memory subsets carrying 

integrated HIV DNA virus on ART-treated patients (reviewed in (Kandathil et al., 

2016)) and the latent reservoir has been frequently reported in central memory T 

cells (Pierson et al., 2002, Chomont et al., 2009 , Soriano-Sarabia et al., 2014, 

Hiener et al., 2017). However, the less-differentiated memory subset identified 

recently as a HIV cellular reservoir are stem cell memory T cells (TSCM), which 

harbour high per-cell copies of the HIV DNA and have been subsequently proposed 

to contribute to the total viral reservoir over time (Buzon et al., 2014, Jaafoura et al., 

2014). 

Apart from the phenotypic characteristic of the memory CD4+ T cell, this subset can 

be divided based on functional capacity. The well-characterized functions of memory 

CD4+ T cells are based on their transcription factors, chemokine receptors and 

cytokine expression in response to activation (Monteiro et al., 2011, Bernier et al., 

2013).  
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Both regulatory T cells (Treg) (Oswald-Richter et al., 2004) and T follicular helper cells 

(TFH) (Pallikkuth et al., 2016, García et al., 2017) might represent a preferential 

cellular reservoir in ART-treated individuals. In addition, the CD4+ T cells expressing 

homing receptors including CCR6, which is a marker of Th17 cells (Alvarez et al., 

2013), or CXR3 and CCR4 (Gosselin et al., 2010, Khoury et al., 2016) shown to be 

highly susceptible to HIV infection and represent the cellular HIV reservoir of resting 

memory CD4+ T cells (McBride et al., 2013). 

Apart from T cells subsets, integrated provirus has been reported in monocytes 

(Saini and Jane Potash, 2014), macrophages (Shen et al., 2009) and brain 

astrocytes (Thompson et al., 2011), however their contribution to the viral reservoir 

remains unclear. 

1.6.2 Anatomical reservoir 

The primary targets for HIV infection are CD4+ T cells in which the bulk of circulating 

T cells reside in lymphoid tissues (Ganusov and De Boer, 2007). However, it is 

believed that there is an anatomical site of HIV reservoir (Estes et al., 2017a, 

McGary et al., 2017), which may be the result of the inaccessibility of these sites to 

adequate and consistent concentrations of ART (Else et al., 2011, Horiike et al., 

2012, Fletcher et al., 2014). 

1.6.3 Gut-associated lymphoid tissue (GALT) 

There has been an increasing interest in the role of the gut as both a viral reservoir 

and the first host-virus interface in HIV infection (Lerner et al., 2011, Yukl et al., 2013, 

Vergnon-Miszczycha et al., 2015, Arthos et al., 2018). Lack of CD4+ cell restoration 

in gut tissues of infected individuals following antiviral therapy has suggested the 

impenetrability of these tissues to ART (Ostrowski et al., 2015).  
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The gut-associated lymphoid tissue (GALT) is the largest lymphoid tissue infected 

with HIV. In some studies, the frequency of HIV infection measured in GALT was 

shown to be higher than matched blood samples (Chun et al., 2008, Yukl et al., 

2010a). In other studies, no significant differences were found in the frequency of 

HIV infection in blood and rectal CD4+ T cells (Descours et al., 2013). The decay 

rate of the HIV infected cells in GALT was similar to the infected cells in peripheral 

blood mononuclear cells (Poles et al., 2006, Belmonte et al., 2007). There was a 

significant correlation in the frequency of the infection found in two different sites 

(Avettand-Fenoel et al., 2008, Chomont et al., 2009). However, there was diversity 

amongst the viral sequences isolated from different compartments of gut tissues 

compared to circulating blood suggesting that the gut can act as an independent 

tissue reservoir (van Marle et al., 2007). 

Furthermore, CD4+ T cells are not the only viral reservoir in the gut, and the 

existence of HIV provirus in cells resident in the GALT other than CD4+ T cells has 

also been reported. Cells including myeloid cells (Yukl et al., 2014, Honeycutt et al., 

2016) and tissue macrophages for instance (Zalar et al., 2010) have been suggested 

to contribute to the viral reservoir of the GALT. 

However, the contamination with CD4+ T cells (Josefsson et al., 2013) in this 

compartment should not be excluded, and more extensive studies need to be done 

to clearly define the myeloid cells as a HIV reservoir in GALT and the levels of 

replication-competent proviruses in the GALT is still unclear (reviewed in (Clayton et 

al., 2017)).  

1.6.4 Lymph node (LN) 

The viral reservoir has also been reported in the lymph node in ART-treated 

individuals (Chun et al., 1997a, Perreau et al., 2013) as well as non-human primates 

(Santangelo et al., 2015, Estes et al., 2017b).  
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Studies suggest the follicular helper cells (TFH), which resides in the germinal centres 

of the lymph node are a major anatomical site for viral infection and persistence 

(Perreau et al., 2013, Banga et al., 2016). The diversity in the viral sequences 

circulating in blood vs viruses isolated from follicular dendritic cells (FDCs) has 

provided evidence that the close proximately between FDCs and CD4+ T cells in 

germinal centres of the lymph node could promote viral replication in germinal 

centres (reviewed in (Zhang and Perelson, 2013)). 

In addition, a recent study in simian immunodeficiency virus (SIV) infected macaques 

has suggested that the B cell follicles could be sanctuaries for persistence SIV 

replication due to exclusion of cytotoxic T lymphocytes (CTL) in this site (Fukazawa 

et al., 2015, Petrovas et al., 2017, Tauriainen et al., 2017, Buggert et al., 2018, 

Ferrando-Martinez et al., 2018, Webb et al., 2018). 

Similarly, the concentration of the antiretrovirals are lower in lymph node compared 

to peripheral blood and would allow persistence of the HIV replication in this site 

(Fletcher et al., 2014). Thus, lymph node might be the key player for the HIV 

persistence through residual viral replication in T follicular helper cells.  

1.6.5 Other tissue compartments as the viral reservoir  

In addition to the gut and lymph nodes, the central nervous system (CNS) is one of 

the earliest anatomical sites suggested as an HIV reservoir (Epstein and Gendelman, 

1993). Although it is still unclear whether the brain could be a long-lived reservoir of 

replication-competent HIV during ART (Gray et al., 2014), it has been shown to 

contain integrated HIV provirus in untreated HIV infected patients (Churchill et al., 

2006, Thompson et al., 2011). Moreover, studies have reported the involvement of 

other organs, including the genital and respiratory tract in ART-treated rhesus 

macaques (Santangelo et al., 2015).   
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Of note, studies in mice have shown subsets of tissue-resident memory T cells that 

do not recirculate and retain their memory function and play a role in protective 

immunity against site-specific pathogen including at mucosal sites (Teijaro et al., 

2011, Kumar et al., 2017). These studies introduce a critical aspect of memory CD4+ 

T cells (Gray et al., 2018), and recently been characterized in CD8+ T cells of the 

lymphoid organs in HIV-infected individuals (Buggert et al., 2018). They possess 

effector-related immune genes signature similar to what has been found in elite 

controller who has a natural protection against HIV infection.  

1.7 T cell proliferation and exhaustion 

Both T cell proliferation and T cell exhaustion could be contributing factors in driving 

persistence of the viral reservoir. 

1.7.1 Cell proliferation 

Homeostatic proliferation has been proposed as a mechanism for maintaining the 

viral reservoir (reviewed in (Hughes and Coffin, 2016)). The ability of T cells to 

respond to proliferation signals while carrying integrated provirus has been proposed 

as a mechanism for HIV persistence in individuals on ART (Chomont et al., 2009).  

Proviruses have been found within central, transitional and effector memory T cells 

with different frequencies in ART-treated individuals (Chomont et al., 2009, Hiener et 

al., 2017, Hosmane et al., 2017). Both central and transitional T cells have high 

levels of proliferation compared to effector memory T cells (reviewed in (Mahnke et 

al., 2013)).  

The persistence of the viral reservoir via T cell proliferation is further supported by 

the lack of evolution between the clusters of the identical sequences isolated from 

patients on long-term therapy (Kearney et al., 2014).   
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In the study by Kearney et al., the genomic diversities of the plasma-isolated viral 

sequences were assessed amongst a mixed cohort of HIV infected patients, prior to 

and during therapy, following therapy interruption, and during viral rebound. Using 

single genome sequencing, there was a consistent change in viral sequences before 

and after treatment. There was a reduction in the diversity of the viral variants and a 

shift toward more genetically uniform viral sequences following prolonged treatment 

(Kearney et al., 2014).  

Similarly, the identical sequences have been found with intact replication-competent 

virus (Bui et al., 2016) in the clonally expanded infected cells (Simonetti et al., 2016). 

These observations have revealed multiple clones with identical sequences, 

suggesting T cell proliferation as a possible mechanism for persistence of the HIV 

reservoir.  

Subsequent studies using single-genome near full-length sequencing of HIV DNA 

derived from ex vivo polarized Th1 CD4+ T cells found identical proviral sequences 

in the very well-suppressed patient on therapy (Lee et al., 2017). Lack of evolution 

between clusters of the identical sequences isolated from patients on long-term 

therapy (Hosmane et al., 2017) has provided evidence for the in vivo amplification of 

a single provirus further, supporting proliferation of the HIV infected cells (Lee et al., 

2017). 

1.7.2 Cell exhaustion 

The hierarchical process of T cell development from naïve to terminally differentiated 

T cells needs maturation and differentiation states in which T cells will gain different 

abilities to proliferate/expand or respond during antigenic stimulation (Campbell et 

al., 2001, Fritsch et al., 2005) (Figure 1.2.).   
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Naïve T cells demonstrate high levels of proliferation following antigenic stimulation, 

while terminally differentiated T cells show very little response to proliferation signals 

(reviewed in (Wherry and Kurachi, 2015)) (Figure 1.2). Following stimulation, T cells 

undergo a sequential developmental program and commit to more differentiated, 

short-lived effector and terminally differentiated T cell types (Odorizzi and Wherry, 

2012) (Figure 1.2). 

Sustained antigenic stimulation induces exhaustion of the immune system resulting 

in the expression of exhaustion markers, called immune checkpoint markers (ICMs), 

on T cells (reviewed in (Wherry and Kurachi, 2015)). 

The upregulation of ICMs such as T- cell immune receptor with Ig and ITIM domain 

(TIGIT) (Zhang et al., 2018), programmed death (PD)-1 (Trautmann et al., 2006), 

cytotoxic T–lymphocyte antigen (CTLA)-4 (Kaufmann et al., 2007), T cell 

immunoglobulin and mucin protein (TIM)- 3 (Jones et al., 2008), lymphocyte 

activation gene (LAG)-3 (Li et al., 2009), and TNF-related apoptosis-inducing ligand 

(TRAIL) (Herbeuval et al., 2005) are commonly associated with T cell exhaustion 

during HIV infection.  

In addition to ICM expression, exhausted T cells have shown persistent changes in 

transcription patterns compared to functional T cells (Shankar et al., 2011). 

Co-culturing naïve T cells with mature monocyte-derived dendritic cells (MDDCs) 

infected with HIV have shown up-regulation of transcriptional repressors Blimp-1 (B-

lymphocyte-induced maturation protein-1) and Foxp3 (forkhead transcription factors- 

3) in T cells in vitro. Quantitative measurements of Blimp-1 mRNA showed a direct 

correlation between the expression of Blimp-1 and ICM in T cells. The expression of 

Blimp-1 was directly correlated with an increase in both gene and protein expression 

of a panel of ICMs on T cells, including LAG-3, TIM-3, CTLA-4, PD-1 and TRAIL 

(Shankar et al., 2011).   
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Figure 1-2 Proposed model of the relationship between persistence of the HIV latent 
reservoir and changes in T cells following antigenic stimulation 

Linear differentiation of naive T cells following antigenic stimulation. (A) When naïve T cells encounter 

antigenic stimulation, they move towards a more differentiated T cell. Differentiation of T cells is 

associated with an increase in ICM expression and effector function, in which naïve T cells express the 

least ICMs and TEMRA T cells express the most ICMs (B). Differentiation is also associated with a 

decrease in the level of T cell proliferation and the ability for self-renewal, where TSCM have the highest 

levels of proliferation and self-renewal and TEMRA are considered the population with the lowest ability 

to proliferate or self-renew (C). Due to the increase in the levels of ICMs, T cells become exhausted and 

gradually lose their ability to respond to stimulation (Day et al., 2006) (D) TSCM, stem-like central 

memory T cells; TCM, central memory T cells; TTM; transitional memory T cells; TEM, effector memory 

T cells; TEMRA, effector memory re-expressing CD45RA. 

The expressions of ICMs and transcriptional repressor genes have been shown to 

generate immunologically dysfunctional T cells (Day et al., 2006, Che et al., 2012). 

Expression of LAG-3 is able to induce T cell suppression, or arrest, via inhibition of T 

cell receptor (TCR) signalling leading to the reduction in T cell proliferation and 

cytokine expression (Hannier et al., 1998), maintaining the quiescent status of the T 

cell. Amongst these negative co-stimulatory molecules, the association of PD-1 and 

CTLA-4 with HIV disease progression has been reported (Day et al., 2006). 

Subsequently, the viral reservoir was found to be enriched in T cell subsets 

expressing ICM (Banga et al., 2016, Fromentin et al., 2016).   
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Phenotypic characteristic of the HIV-infected cells in respect to ICM has also become 

of interest in current studies (Martin et al., 2018, Noto et al., 2018). The CD4+ T cells 

with high levels of PD-1 expression are enriched in the persistent of HIV reservoir in 

virally suppressed patients on ART. These observations have introduced a new line 

of evidence defining the viral reservoir. 

The contributions of each T cell subset are not fully defined, and more advanced 

techniques are required to measure the size of the viral reservoir. However, 

enrichment of the viral reservoir in exhausted T cells could suggest a link between 

the maintenance of the viral reservoir and ICM expression (Kumar et al., 2018, 

Evans et al., 2018). Using advanced techniques like single cell FISH-Flow (Grau-

Exposito et al., 2017) and Full-length Individual Proviral Sequencing (FLIPS) (Hiener 

et al., 2017) have demonstrated the enrichment of replication-competent provirus in 

effector memory CD4+ T cells.  

Since effector T cells are highly differentiated T cells with high levels of ICM 

expression compared to central memory T cells (reviewed in (Wherry and Kurachi, 

2015)), it is very likely that the effector cells would indeed be the major contributor of 

the viral reservoir in HIV infected individuals on ART.  

Taking into account the levels of ICM expression in effector memory T cell, it is 

reasonable to propose that the pressure of antigenic stimulation might indeed 

suppress the expression of the replication-competent viral reservoir in response to T 

cell activation due to high levels of ICM expressed in this memory subset. Thus, it 

could be hypothesized that in T cells with an established viral reservoir, antigenic 

stimulation could induce T cell proliferation (Figure 1.2A). The proliferation signals 

would then promote T cell differentiation toward a more differentiated T cell 

phenotype, subsequently; this could lead to the expression of ICMs (Figure 1.2B&C), 

which would maintain the viral reservoir in response to T cell activation (Figure1.2D).   



 

25 
 

We proposed that there is a direct relationship between the changes in T cell 

following antigenic stimulation and response to T cell activation in which could 

maintain the replication-competent proviruses in response to latency reversing 

agents. A schematic of the proposed model is provided in Figure 1.2.  

Thus, understanding the relationship between ICM and establishment or 

maintenance of the HIV reservoir in T cell subset is critical to optimize the strategies 

that might lead to a] defining the size of the viral reservoir and b] defining the most 

predominant T cell population c] understanding the factors maintaining the viral 

reservoir in response to latency reversing agents.  

1.8 Factors contributing to the establishment of the reservoir 

How latency is established has been the subject of a large body of research. The 

current emphasizes, however, has been on the role of epigenetic modifications 

around the site of HIV integration and the role of viral proteins.  

1.8.1 Host-derived factors  

The concept of host epigenetic modifications on viral transcription is in fact inherited 

from extensive studies in the cancer field. 

The effect of epigenetic modifications on activating or silencing a tumor suppressor 

gene is the main epigenetic modifications studied in mammalian cancer (reviewed in 

(Feinberg and Tycko, 2004)). These include DNA methylation and posttranslational 

modifications of histone marks including acetylation, methylation, and 

phosphorylation (reviewed in (Paquin and Howlett, 2018) and chromatin environment 

(Perez et al., 2018). The proposed mechanism of the establishment of latency 

through epigenetic modifications is mainly related to host chromatin and the 

environment around the site of integration (Wang et al., 2007, Pearson et al., 2008).   
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The proof of concept comes from studies where depletion of chromatin reassembly 

factors (CRFs) like Spt6, chromosome-helicase DNA binding protein (Chd) 1 or 

facilitates chromatin transcription (FACT), resulted in chromatin relaxation and 

subsequent proviral expression (Gallastegui et al., 2011). These studies have 

provided evidence that factor like CRFs influence the accessibility of the transcription 

factors to HIV promoter by blocking the elongation process. This would then lead to 

the establishment of HIV latency (Gallastegui et al., 2011).  

In addition, aberrant DNA methylation was shown to promote transcriptional gene 

silencing (Molavi et al., 2013, Boot et al., 2017). Hypermethylation of the CpG island 

around the promoter (Wen et al., 2015, Morgan and Marioni, 2018) is now an 

established factor for gene silencing in cancer. The main cellular pathways affected 

by this epigenetic modification are DNA repair, cell cycle, apoptosis, and cell 

adherence (Dunn et al., 2015). Using in vitro models of latency, high frequencies of 

integrated provirus are found in regions enriched in CpG island and G/C bases 

(Sherrill-Mix et al., 2013).  

1.8.1.1 Histone and chromatin remodeling 

In addition, the balance between histone acetylation and de-acetylation plays a 

critical role in regulating gene expression.  

Histone acetylation, induced by the enzyme histone acetyltransferase (HAT), has 

been associated with gene expression. De-acetylation of histone, induced by histone 

de-acetyltransferase (HDAC) enzymes, has been shown to be associated with gene 

silencing (Lin et al., 2006). These two enzymes predominantly act on the N-terminus 

domains of the histone tails, the main part of the chromatin (Rea et al., 2000). This 

region allows for efficient interactions between the viral LTR and host cell 

transcription factors, which promote viral transcription.  
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Unlike HAT, histone de-acetylation can repress viral transcription from LTR 

promoters by inducing condensation of nuc-1 (Lusic et al., 2003). Thus, 

decondensation of nuc-1, following interaction with HAT, leads to the induction of HIV 

gene expression (Benkirane et al., 1998). 

Similarly, recruitment of host transcription factors such as yin and yang 1(YY1) and 

late SV40 factor (LSF), or p50 subunit of NF-B (Williams et al., 2006) and c-

promoter binding factor 1(CBF-1) (Henderson et al., 2004), by HDAC enzyme to the 

HIV LTR increases condensation of the nuc-1, reducing the accessibility of this 

region to the host transcription pre-initiation complexes, therefore, promoting viral 

latency (Coull et al., 2002, He and Margolis, 2002).  

1.8.1.2 Methylation and gene silencing 

Apart from histone acetylation, there is evidence in the literature to suggest a role for 

histone methylation in promoting viral latency (Kim et al., 2017, Nguyen et al., 2017). 

The effect of methylation on gene silencing has been well documented in T cell 

development (reviewed in (Issuree et al., 2017)).  

Post de-acetylation by HDAC, lysine residues in the H3 and H4 regions can be 

methylated by the enzyme histone-lysine N-methyltransferase suppressor of 

variegation 3-9 homolog-1 (Suv39H1) (Smale, 2003), which subsequently binds to 

the heterochromatin protein 1 homolog- (HP1, also known as CBX3). This 

interaction would generate the Suv39H1: HP1 complex, which is able to increase 

condensation of the local chromatin at nuc-1, blocking the accessibility of the host 

transcription machinery to the region (Smale, 2003, Chene et al., 2007).  

Similar to HP1, Suv39H1 can also recruit co-receptor CTIP2 (chicken ovalbumin 

upstream promoter-transcription factor (COUP-TF) interacting protein 2), also known 

as BCL-11B and facilitates the interaction of both HDAC1 & 2 enzymes with lysine 9, 
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and 27 in H3 (i.e. H3K9, H3K27) (Marban et al., 2007 , Minematsu et al., 2011), and 

lysine 20 in H4 (i.e. H4K20) (Pearson et al., 2008). 

This could result in the methylation of these residues. Through this process, 

Suv39H1 is able to increase the nucleosome condensation, promoting the post-

integration latency (du Chene et al., 2007).  

1.9 HIV integration sites (IS) 

One of the proposed factors contributing to HIV latency is the location of the proviral 

integration sites. As a retrovirus, HIV can insert its genome into the host cell 

chromosomes, which is one of the distinctive features of the retroviruses and 

accounts for the many of the characteristics associated with the retroviral 

pathogenesis, including latency and persistence of the infection.  

1.9.1 HIV integrase enzyme and selectivity of the integration sites 

Retroviral integration sites are selective and favor transcriptionally active genes 

(reviewed in (Rezaei et al., 2018)). However, the comparative studies of viral 

integration sites amongst retroviruses, such as murine leukemia virus (MLV) with HIV 

and simian immunodeficiency virus (SIV), have shown integration sites differences 

across retroviruses (Hematti et al., 2004, Derse et al., 2007). HIV and SIV 

predominately target active genes, while MLV favors transcription start site (TSS), 

particularly regions in promoters and upstream of start codons (Wu et al., 2003, 

Mitchell et al., 2004). 

The differences between integration site selections amongst retroviruses (MLV, HIV, 

and SIV) are attributed to the interaction between the viral associated integrase 

enzyme and host cellular factor LEDGF/p75 (Derse et al., 2007). 
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The cellular protein LEDGF/ p75 forms a stable tetramer structure with the HIV 

integrase enzyme (Cherepanov et al., 2003). This interaction enhances selective 

viral integration into the active genes.  

Depletion of LEDGF/p75 leads to loss of preferential HIV site selection (Llano et al., 

2004). In comparison, replacing the LEDGF/p75 chromatin interaction domain by 

fusion proteins results in the redirecting the HIV integration sites to the G/C rich 

regions (Ferris et al., 2010, Gijsbers et al., 2010). This is commonly associated with 

the suppressed genes.  

The role of host cellular factors in viral integration has further supported by the 

substitution of the LEDGF/p75 with hepatoma-derived growth factor-related protein 2 

(HRP2) (Gijsbers et al., 2010, Schrijvers et al., 2012). The conserved proline-

tryptophan-tryptophan-proline (PWWP) domain common in both LEDGF/p75 and the 

HRP2 can bind to modify the histone resulting in the integration of the proviral DNA 

into the active transcription unit (TU) (Gijsbers et al., 2010). These observations 

provide evidence for a strong correlation between the interaction of the HIV integrase 

enzyme with LEDGF/p75 and the selection of the integration sites (Singh et al., 

2015). 

In MLV, however, there is no interaction between the viral integrase and LEDGF/p75. 

This might explain the different preferences for the integration site selection detected 

in these two viruses (Derse et al., 2007).  

Other host cellular proteins proposed as the determinants of the integration site 

selection in retroviruses are the barrier- to- auto integration (BAF) and the high 

mobility group (HMG)-1. Both BAF (Huang et al., 2011) and the HMG (Y) (Mukherjee 

et al., 2013) are small DNA binding proteins, which can modify DNA structure at the 

site of integration, thereby increasing the possibility of the viral integration (Christ et 

al., 2012, Cleret-Buhot et al., 2015).   
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Although the integrated HIV provirus is predominantly detected in the 

transcriptionally active regions (Mitchell et al., 2004, Wang et al., 2007, Dahabieh et 

al., 2014), transcriptionally silent, but replication-competent, proviruses are also 

found in the regions with low levels of transcription, including gene deserts 

(Dieudonne et al., 2009) and alphoid regions of the heterochromatin (Jordan et al., 

2003). This has suggested a mechanism for the establishment of latency.  

1.9.2 Site selection and the establishment of latency 

The lack of productive infection in the resting CD4+ T cells carrying integrated 

provirus may suggest the integration of the proviral DNA in the chromosomal sites 

with a suppressed gene could be a possible mechanism for the viral latency (Barr et 

al., 2006). Early studies analysing the sites of HIV integration have provided proof-of-

concept that the efficient transcription of the viral proteins occurs when the 

proviruses are integrated into the sites where the basal transcription is strong 

(Jordan et al., 2001, Jordan et al., 2003). Conversely, the low levels of viral 

expression are detected when the site of integration is associated with the low level 

of transcriptional activity (Jordan et al., 2001).  

Subsequent studies have shown that if viral integration occurs at the sites close to 

the cellular transcription regulatory elements, the viral promoter could function 

independently, leading to the viral transcription (Jordan et al., 2001). Several studies 

have examined the proviral integration in latently infected cells by direct infection of 

the resting and activated CD4 +T cells in vitro (Vatakis et al., 2009, Brady et al., 

2009, Pace et al., 2012, Sherrill-Mix et al., 2013).  

Using a green enhanced fluorescent protein (EGFP) reporter virus, the site of 

integration was different in the cells expressing low levels of EGFP, without 

producing free virus, compared to the latently infected cells that had no EGFP 

expression (Pace et al., 2012).   
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These data suggest that the specific site of HIV integration in a T cell may determine 

whether the integrated virus can or cannot be activated to express either virus 

protein or infectious particles.  

Subsequent analysis of latent and productive proviruses across 5 different in vitro 

latency models (Sherrill-Mix et al., 2013) showed that the epigenetic modifiers at the 

HIV integration sites even in an actively transcribed gene had only a modest effect to 

determine the level of expression. Furthermore, no common epigenetic features were 

found in these in vitro models that could predict HIV integration site (Sherrill-Mix et 

al., 2013). In addition, HIV integration sites have also been reported in regions 

commonly known as transcriptionally repressive, such as CpG islands, centromeric 

and heterochromatin regions (Lewinski et al., 2005, Tyagi and Karn, 2007, 

Zamborlini et al., 2007, Dieudonne et al., 2009). Taken together, these studies 

suggest a relationship between HIV site of integration and the establishment of 

latency.  

1.9.3 Specificity of the IS and persistence of the reservoir  

Although, HIV could integration through much of the genome, recurrence of the 

integration sites in certain genes (Marini et al., 2015) points towards a mechanism for 

the HIV integration site selection that might be critical in determining the persistence 

of the HIV latent reservoir in patients on long-term therapy. 

Initial studies of HIV integration sites in T cell lines have shown that HIV integrates in 

the active genes favoring transcription, DNA repair and cell metabolism (Schroder et 

al., 2002, Elleder et al., 2002, Gerlich and Ellenberg, 2003). In the analysis of a total 

of 2410 integration sites isolated from 5 very well-suppressed patients on therapy, a 

strong association was found between HIV integration sites and both BTB domain 

and CNC homolog 2 (BACH2) and Myocardin like 2 (MKL2) genes (Maldarelli et al., 

2014).   
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The BACH2 gene is preferentially expressed by B cells and participates in T cell-

mediated immune responses (Muto et al., 2010, Roychoudhuri et al., 2013, Tsukumo 

et al., 2013). The MKL2 acts as a transcriptional coactivator of serum response factor 

(SRF), one of the key factors in cell cycle and apoptosis (Norman et al., 1988).  

In subsequent analysis, HIV integration sites were also found in these two genes and 

with the same transcriptional orientation. In one patient, 11 distinct integration sites 

were found in the MKL2 gene (Maldarelli et al., 2014). The reoccurrence of the HIV 

proviruses in genes like BACH2 has been attributed to the specificity and selectivity 

of the HIV integration sites suggesting non-randomness of the proviral integration 

sites in HIV infected T cells. 

The genes involved in cell cycle and apoptosis are not the only genes in which 

integrated proviruses have been detected. Recent studies have found a correlation 

between viral integration sites and cancer-related genes (Wagner et al., 2014). In the 

analysis of a total of 534 integrated proviruses isolated from 3 very well-suppressed 

patients on therapy, the proviral integration sites were found near the genes 

associated with cancer (Wagner et al., 2014).  

Strikingly, there were a higher number of cancer-associated genes with proviral 

integration sites compared to the total number of cancer genes found in the human 

genome, 12.5% vs. 5.19 % respectively. This suggested that these genes have been 

preferentially targeted by the virus.  

Further analysis showed multiple integration sites upstream of the start codons while 

sharing the same transcriptional orientation with the genes. Interestingly, BACH2 

was found to be the common gene targeted by the virus in both studies. The 

reoccurrence of HIV integration sites in BACH2 genes has been previously reported 

(Ikeda et al., 2007, Imamichi et al., 2014).   
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Furthermore, the comparison between integration sites detected in patient samples 

and acutely infected cell lines showed a clear and distinctive pattern of viral 

integration (Wagner et al., 2014, Maldarelli et al., 2014, Cohn et al., 2015). In the 

study by Wagner et al., only one integrant was found in the BACH2 gene in Jurkat 

cell line (a HIV infected cell line). However, the orientation and the location of the 

integrant were not discussed (Wagner et al., 2014).  

In the study by Maldarelli et al., there was no consistent pattern, either in the 

orientation or the location of the integrants found in the acutely infected HeLa and in 

vitro CD34+ infected cells. The integration sites were more widespread and had 

multiple orientation patterns (Maldarelli et al., 2014).  

These findings suggest that integration sites in HIV infected patients on long-term 

therapy might be selective. Both studies have provided evidence on the relationship 

between the cancer-related genes and the selectivity of the HIV integration sites, 

whether these relationships could promote the persistence of the viral reservoir is 

unclear. 

1.9.4 Transcriptional Interferences (TI)  

Another mechanism that may contribute to HIV latency is the orientation of the 

integrated provirus relative to the nearest gene (Shearwin et al., 2005). It has been 

shown that proviral integration in the same orientation as the nearest gene increases 

HIV transcription by more than 10-fold (Han et al., 2008).  

The access to the host transcriptional machinery is critical for viral expression (Han 

et al., 2008). The orientation of the integrated provirus could increase the chance of 

overlapping between the RNA polymerase binding sites on the proviral LTR and the 

promoter of the nearest genes in the host genome. 
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If the integrated proviruses share a different orientation to the nearest genes (called 

divergent), the two RNA polymerases would overlap as they share the same RNA 

binding sites and leads to the premature termination of one or both promoters 

resulting in proviral latency. This is referred to at transcriptional interference or TI. 

(Han et al., 2008, Lenasi et al., 2008).  

The effect of TI is more pronounced when the integrated proviruses share the same 

direction and the same orientation with the nearest host genes. This effect (called 

tandem) results in the ongoing transcription from the upstream host promoter. The 

ongoing transcription can block the assembly of pre-initiation complexes on the HIV 

5’ LTR, leading to proviral latency (Lenasi et al., 2008). However, in some instances, 

the ongoing transcription from the host upstream promoter can result in a formation 

of chimeric host-HIV RNA transcripts (Gallastegui et al., 2011). This occurred when 

the RNA polymerase past the point when it is supposed to stop (at poly-A tail), the 

provirus is also expressed as part of the messenger RNA (mRNA) by transcriptional 

“read-through” (Gallastegui et al., 2011). In this regard, the contribution of the HIV 

gag read-through transcripts in patients on therapy has been reported around 8.3% 

of total detected transcripts (Pasternak et al., 2016).  

Taken together, these findings emphasize how the relationship between the 

orientation of the integrated proviruses and transcriptional activity of the nearest host 

genes can shift the balance from proviral expression toward latency, introducing 

another factor contributing to the establishment and maintenance of latency. 

1.10 HIV Cure 

The persistence of the latent reservoir is a major challenge to curing HIV. Currently 

the only patient that has been cured from HIV is Timothy Brown commonly known as 

the “Berlin patient”, who received an allogeneic stem-cell transplant from a donor 

homozygous for a 32 base pair deletion (Δ32) in the CCR5 gene (Hütter  et al., 
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2009), a mutation that makes CD4+ T cells resistant to HIV viral entry (Symons et al., 

2014).  ART was discontinued post-transplantation in 2007, and he has remained 

HIV free since (Brown, 2015).  

This indicates that a cure for HIV is achievable. However, there was a viral rebound 

during treatment interruptions in other patients who received transplants from donors 

with heterozygous CCR5 alleles (Henrich et al., 2013). This emphasizes the need for 

strategies, which could result in the complete elimination of the latent reservoir.  

Recent efforts have investigated a variety of the molecular and immunological 

approaches towards curing HIV. It is likely that a cure will require a combination of 

different strategies to target the latent reservoir.  

1.10.1 Shock and kill strategy 

A widely proposed approach to eliminate latent HIV is to trigger viral expression from 

latently infected cells using latency reversal agents (LRAs) in the presence of 

ongoing ART. This approach, which is called “shock”, starts viral protein expression 

and viral progeny from latently infected cells, which in turn leads to the elimination 

“kill” of these cells via the host immune system (Deeks et al., 2012). Since viral 

protein expression occurs in the presence of antivirals, further rounds of infection are 

prevented.  

The most widely used LRAs to reverse viral latency in vitro, or ex vivo, include 

protein kinase C (PKC) activators (Reuse et al., 2009), HDACs inhibitors (HDACis) 

(Archin et al., 2009), histone methylation inhibitors (HMTi) (Bernhard et al., 2011), 

DNA methyltransferase inhibitors (DNMTi) (Fernandez and Zeichner, 2010) and 

inhibitors of bromodomain and extra-terminal (BET) domain proteins JQ1 (Bisgrove 

et al., 2007).  
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Several LRAs have been used in clinical trials including disulfiram (Elliott et al., 2015) 

TLR agonists (Offersen et al., 2016) and HDACis (Rasmussen et al., 2013). The 

recruitment of HDACis can reduce condensation of the nuc-1 region, increasing the 

accessibility of the HIV LTR to the host transcription machinery, leading to viral 

expression from latently infected cells.  

The HDACi suberoylanilide hydroxamic acid (SAHA, also known as vorinostat) 

induced viral expression measured as cell-associated unspliced viral RNA in HIV-

infected patients on ART (Elliott et al., 2014). However, there was no decline in the 

size of viral reservoir (Lehrman et al., 2005, Archin et al., 2010, Rasmussen et al., 

2013, Spivak et al., 2014, Elliott et al., 2015).  

The PKC agonists have been strongly pursued as potent LRAs, mostly because 

these drugs are able to induce activation of the NFκB signalling pathway, one of the 

key pathways in T cell activation (Bi et al., 2001, Zhang and Liu, 2002).  

Signalling through NFKB has been shown to activate HIV latent proviruses 

(Jakobovits et al., 1990, Kulkosky et al., 2001). The PKC agonist, bryostatin-1, can 

induce viral expression from latently infected cells in vitro. In a comparative study 

using 5 different in vitro models of latency, PKCs agonists were the only LRAs that 

uniformly induced virus expression from latently infected cells in models (Spina et al., 

2013).  

Similarly, bryostatin-1 was shown to be the most potent LRA, inducing viral 

expression amongst a panel of LRAs tested in three independent ex vivo studies 

using cells from HIV-infected individuals on ART (Bullen et al., 2014). Recently, the 

ingenol ester derivatives such as ingenol B and ingenol-3-angelate alone (José et al., 

2014), or in combination (Jiang et al., 2015), have been shown to be able to induce 

HIV expression in vitro and ex vivo (Gama et al., 2017).  
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1.10.1.1 Optimizing the shock and kill strategy  

Although the shock and kill strategy is promising, more evidence is required on the 

efficacy of the current LRAs to induce expression from all the latent proviruses. The 

use of an LRA by itself might not be able to significantly reduce the size of the HIV 

latent reservoir. However, this may be possible if the LRA is combined with antigen-

specific stimulation of cytotoxic T lymphocytes (CTL) (reviewed in (Barouch and 

Deeks, 2014)).  

This is supported using a Bcl2-transduced primary CD4+ T cell model of latency 

(Shan et al., 2012), where the killing of the latently infected CD4+ T cells by 

autologous CTL response following induction of virus expression (Shan et al., 2012). 

The primary CD4+ model used in this study was specifically designed for the long-

term survival of latently infected cells, which might explain the survival of re-activated 

T cells.  

However, priming the CD8+ T cells with HIV gag peptides induced the killing 

process, leading to the elimination of the activated T cells expressing HIV proteins 

(Shan et al., 2012). This observation suggests that using LRAs to induce viral 

expression from latency would be effective if combined with additional interventions 

that improve the HIV specific immune response. 

Several immunologic strategies are being explored to clear latently infected cells 

following latency reversal (reviewed in (Barouch and Deeks, 2014)). These strategies 

include boosting the antigen-specific CTL response (Rolland et al., 2013, Borthwick 

et al., 2014, Deng et al., 2015), broadly neutralizing antibodies (Klein et al., 2012, 

Barouch et al., 2013, Halper-Stromberg et al., 2014), use of antibodies that can 

simultaneously bind to cell-surface viral envelope antigens on HIV infected cells and 

to the CD3 receptor on CTLs (Sloan et al., 2015), and immune checkpoint inhibitors 

(Wightman et al., 2015, Gill et al., 2016).   
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The success of combination therapy in reducing the size of the viral reservoir has 

been demonstrated by recent studies. Combining the HDACi, romidepsin with a 

peptide-based therapeutic HIV vaccine (Vacc-4x), resulted in a small but significant 

reduction in cell-associated HIV DNA (Leth et al., 2016). Although the combination 

seemed promising, the time of rebound following treatment interruption was very 

similar to other clinical trials where there was no intervention (Ruiz et al., 2000).  

Subsequent studies combining a TLR7 agonist (GS-986) with a therapeutic vaccine 

(Ad26/MVA) in very well-suppressed SIV infected macaques (Borducchi et al., 2016), 

resulted in both a reduction in the size of the reservoir and a delay in viral rebound 

following treatment interruption. Another TLR7 agonist (GS-9620) is currently being 

tested in HIV-infected patients (NTC02858401) (reviewed in (Jefferys, 2017)).  

Defining the relative effectiveness of the different LRAs in combination with 

strategies to boost immune recognition of the activated latently infected cells would 

provide a better design for shock and kill strategy. 

1.11  Pathways to latency and response to reactivation  

The response to LRAs has highlighted differences between in vitro models of latently 

infected T cells versus patient-derived latently infected cells ex vivo (Sherrill-Mix et 

al., 2013, Spina et al., 2013, Cillo et al., 2014, Bullen et al., 2014). In this thesis, a 

central hypothesis is that the response to latency reactivation is related to how 

latency is established.  

LRAs have demonstrated different potencies within the different in vitro and ex vivo 

models (Cillo et al., 2014, Bullen et al., 2014). These differences may have several 

explanations, including different in vitro models used to generate the latently infected 

cells (Shan et al., 2012); the use of in vitro models of latency vs. patient-derived 

infected cells (Bullen et al., 2014); and different HIV strains (Mohammadi et al., 
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2014). To better monitor the efficacy of the LRAs, or other intervention strategies to 

purge the HIV provirus from latency, it is critical to determine the effect of the 

establishment of latency on viral re-activation. In post-activation models, the latent 

proviruses are predominately purged through cellular activation via TCR-stimulation 

or through activation of NFB signalling pathways using PKC activators and (Bosque 

and Planelles, 2009, Shan et al., 2011, Novis et al., 2013).  

On the contrary, in the pre-activation model of latency, modification of histones via 

HDACis has been shown to be more potent at inducing the expression from latent 

viruses (Spina et al., 2013). The HDACis lack efficacy in reversing latency in the in 

vitro model of post-activation latency (Mohammadi et al., 2014, Hashemi et al., 

2016). 

In addition, in the chemokine-treated latently infected CD4+ T cells, stimulation with 

the PKC; agonist prostratin, the cytokine IL-7, or the mitogen combination; 

PHA/PMA, could induce virus production compared to treatment with the HDACi, 

SAHA (Saleh et al., 2011). Both PKC agonists and mitogens upregulate the 

downstream signalling of the protein kinase, which is one of the major pathways in T 

cell activation, and proliferation. The lack of response to SAHA in this models, 

suggests that inducing viral expression from chemokine-treated latently infected 

CD4+ T cells requires T cell activation signals, which can act to remove post-entry 

and integration barriers to HIV production (Bukrinsky et al., 1991, Unutmaz et al., 

1999). In a similar study, there was the viral expression from latently infected in the 

syngeneic DC-T cell co-cultures using the combination of TCR stimulation with IL-7 

(50ng/ml), (Evans et al., 2013, Kumar et al., 2015). This observation could suggest 

that reversing latency in DC-T cell co-culture could also be driven via cytokine 

stimulation. Cytokine-driven stimulation has been shown to purge HIV from latently 

infected T cells in HIV infected individuals on therapy (Chun et al., 1998, Wang et al., 

2005).   
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In contrast, in an in vitro model of post-activation latency, co-culturing latently 

infected cells with IL-7 alone or in combination with IL-2 was less efficient in inducing 

the expression from latently infected cells compared to TCR signals (Bosque et al., 

2011). 

These studies suggest that the establishment of latency could generate different 

populations of latent proviruses, with different requirements for viral reactivation. 

Thus, to be able to take a more effective approach for latency reversal in patients on 

therapy, it is critical to consider the contribution of these pathways in vivo.  

1.12 T cell activation and viral expression 

Only a small proportion (<1%) of integrated HIV proviruses are purged following 

TCR-driven stimulation (Ho et al., 2013).  

There is a large population of replication-competent non-inducible proviruses (11.7%) 

(Ho et al., 2013), of which, 92.9% were found in transcriptionally active genes. These 

proviruses had an intact genome with an un-methylated promoter, and the ability to 

express infectious virus following T cell activation. Subsequent studies, using the 

same stimulation, resulted in the induction of only 1.5% of latent proviruses, while 

98.5% of the latent proviruses remained non-responsive to the T cell activation 

signals (Cillo et al., 2014).  

As a result, it is hypothesized that the number of latently infected cells with 

replication-competent provirus has been underestimated in the past and could be up 

to 10-fold higher (Ho et al., 2013). These findings emphasize that activation via TCR 

stimulation can only induce viral expression from a subset of latently infected T cells 

in HIV infected patients on therapy. Furthermore, it is still unclear whether viral 

rebound following treatment interruption is a consequence of latency reversal or due 

to residual ongoing viral replication in the tissues that are impenetrable to 

antiretrovirals (Martinez-Picado et al., 2016).   
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Evidence suggests residual viral replication in the absence of viral rebound during 

ART (Pasternak et al., 2009, Pasternak et al., 2012). These observations might imply 

that viral expression can be induced spontaneously or via a natural mechanism such 

as cell-to-cell contact or via production of inflammatory cytokines.  

Taken together, reversing latency might not be linked to T cell activation, which 

suggests an alternative signalling pathway may be needed to successfully activate 

latent proviruses. 

1.13 Antigen Presenting Cells (APC); key players of T cell 

activation 

The role of APCs in T cell development has been very well studied (Banchereau and 

Steinman, 1998, Sallusto et al., 1999). APCs are the initiators and the modulators of 

the adaptive immune response. They could present antigens to T cells via major 

histocompatibility complexes (MHC) on their surface (Sallusto et al., 1999) leading to 

the development and activation of antigen-specific T cells. T cell activation via APCs 

is a complex, multistep and integrated process between MHCs/APCs and T cell 

receptor i.e. TCR on the T cell surface.  

One of the key structures facilitating activation signals in T cells is the formation of a 

specialized zone between T cells and APCs termed the immunological synapse. The 

synapse is defined as a specific pattern of receptor segregation with a cluster of 

TCRs in the center surrounded by a ring of adhesion molecules from the integrin 

family (Catron et al., 2004, Dustin et al., 2006). TCR is a polymorphic antigen 

receptor, which is physically associated with the complex of non-polymorphic 

proteins, CD3. The interaction between TCR and CD3 is the main transducer of the 

activation signals from the T cell surface to the cytoplasm (Bierer et al., 1989). This 

interaction initiates the tyrosine phosphorylation cascade resulting in the activation of 

multiple signalling pathways in T cells.   
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The specificity of the immunological response is governed by three fundamental 

signals: i) signal I, which is induced via TCR/MHC interaction; signal II, which is the 

outcome of the interaction between accessory molecules on APCs and their 

corresponding ligands on T cells; and signal III, which is controlled by APC-derived 

cytokines (Catron et al., 2004, Dustin et al., 2006, MacLeod et al., 2010, Bakdash et 

al., 2013). An additional signal designated signal 0, has been described as the initial 

signal preceding signal 1 that represents the signal from cell death, tissue damage or 

microbial products that activates DCs to begin the process of triggering an immune 

response (reviewed in (Yatim et al., 2017)).   

1.13.1 APCs and the immune response 

The potency of an immune response is governed by the interaction between MHC on 

APC and the TCR. The engagement of the accessory molecules presented on APCs 

can facilitate this interaction and establishs an immune response (Mak et al., 2003, 

MacLeod et al., 2010) towards a specific antigen. 

Dendritic cells, monocytes, monocyte-differentiated dendritic cells (MDDC) and 

macrophages are critical cells for a wide range of both innate and adaptive immune 

responses (Chougnet et al., 2002).  

1.13.1.1 Accessory molecules 

The accessory molecules are mainly members of the immunoglobulin-like super 

family (IgSF) or tumor necrosis factor superfamily (TNFSF) (Arase et al., 2005, Croft, 

2009), which allow efficient APC/T cell interactions.  

The efficiency of the interaction is likely due to the increase in the duration and the 

level of TCR signals (Dustin et al., 2006). For example, naïve T cells are only 

responsive to the antigen when it is presented by professional APCs i.e. dendritic 

cells or activated B cells, and not by macrophages or resting B cells (Evans et al., 
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2000). This is attributed to the strength of the signals transduced between accessory 

molecules on the professional APCs and the counter-receptors on T cells (Jaiswal et 

al., 1996). Accessory molecules can also be adhesion molecules and allow efficient 

interaction between APCs and T cells (Saito et al., 2010, Yao et al., 2011). These 

interactions can increase the stability and the potency of the induced activation 

signals (Dustin et al., 2006). 

The second role of accessory molecules is to generate co-stimulatory signals that 

promote T cell proliferation or co-inhibitory signals, which reduce the T cell response. 

These signals, which are called signal II, define the fate of T cell response (Yao et 

al., 2011, Chen and Flies, 2013). Accessory molecules like ICAM (1,2,3) or VCAM-1 

or B7 can provide adhesion and co-stimulatory interactions between T cells and 

APCs simultaneously (Chakrabarty et al., 2011). 

1.13.1.2 Co-stimulatory molecules 

The most characterized co-stimulatory pathways are B7:CD28 and CD40: CD40L, of 

which both CD40 and B7 are members of the B7 family i.e. B7.1 (CD80) B7.2 (CD86) 

expressed on professional APCs, and their expression is enhanced following antigen 

recognition (Daoussis et al., 2004). B7 on professional APCs are recognized by 

CD28, which is constitutively expressed on most T cells.  

The interaction between B7:CD28 enhances antigen-stimulated cytokine expression 

and differentiation of effector T cells. Similarly, CD40 is constitutively expressed on 

APCs like monocytes, myeloid DCs and B cells (Daoussis et al., 2004).  

The CD40 ligand (CD40L), however, is expressed on less than 10% of circulating 

memory T cells. The early expression of the ligand is highly dependent on a cell-to-

cell interaction with myeloid DC or CD14highCD16neg monocytes (Chakrabarty et al., 

2011).   
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This interaction was found to be more efficient in inducing the expression of the 

ligand on activated T cells at early time points post interaction, compared to ICAM-1, 

LFA-3 or CD80:CD86 (Chakrabarty et al., 2011). The CD40/CD40L pathway 

enhances T cell polarization by the production of IL-12 resulting in Th1 differentiation 

and cytokine-mediated T cell response (Howland et al., 2000). 

A similar effect has been suggested for circulating mDCs (Gonzalez-Carmona et al., 

2008), while pDCs, CD14loCD16+ monocytes, B-cell lymphoma cell line and Epstein-

Barr virus-immortalized primary B cells lack the capacity to upregulate CD40L 

expression and induce subsequent T cell activation (Chakrabarty et al., 2011).  

1.13.1.3 Co-inhibitory molecules 

The accessory molecules do not necessarily provide stimulatory signals; they may 

also provide co-inhibitory signals regulating T cell immune responses. 

The concept of co-inhibitory signals has been very well studied in chronic infection, 

cancer and inflammation where there are high levels of exhausted T cells (Mueller 

and Ahmed, 2009, Blackburn et al., 2009, Yi et al., 2010). The exhausted T cells fail 

to eliminate antigens due to impaired expression of effector cytokines like interferon-

gamma (IFN-γ), TNF-ɑ and IL-2 (Yi et al., 2010) compared to functional effector T 

cells and memory T cells. Taken together, signals generated through interaction 

between T cells and accessory molecules on APCs could promote differentiation of T 

cells into more professional T cells with effector functions. 

1.14 APCs and HIV  

Of the APCs, the role of DCs in the induction of HIV infection in T cells has been well 

characterized. DCs are critical for the generation of an effective immune response 

against HIV through both innate and adaptive immunity.   
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However, DCs are also permissive to HIV infection and are considered key players in 

the infection of T cells (Cameron et al., 1992, Cameron et al., 1994). HIV can directly 

infect DCs, called a cis-infection, but with lower efficiency compared to the ability of 

HIV to infect activated T cells during interaction with DC (Cameron et al., 1992, 

Cameron et al., 1994). This DC-T cell transfer of HIV represents a trans-infection 

pathway (Fahrbach et al., 2007, Mazurek et al., 2012, Reyes-Rodriguez et al., 2016).  

The interaction between accessory and adhesion molecules during DC-T cell contact 

has been shown to increase the efficiency of HIV infection by T cells. The 

intracellular adhesion molecule-1 (ICAM-1) (Groot et al., 2006), but not ICAM-2 or 

ICAM-3 (Wang et al., 2009b), on DCs with leukocyte function associated molecule 1 

(LFA-1) on T cells facilitates DC-induced HIV infection of T cells.  

A similar role has been proposed for DC-SIGN (DC-specific intracellular adhesion 

molecule 3-grabbing non-integrin); a C-type lectin expressed on DCs (Geijtenbeek et 

al., 2000). The DC expressing DC-SIGN can capture and internalize HIV at mucosal 

surfaces and efficiently transmits the virus to T cells in lymph nodes (Geijtenbeek et 

al., 2000). These observations emphasize the role of DCs in the establishment of 

infection in CD4+ T cells (Coleman and Wu, 2009). 

1.14.1 Induction of latency 

Although in vivo studies are lacking to support the hypothesis that DCs could induce 

latency in CD4+ T cells, use of in vitro models has convincingly shown that close 

contact with myeloid DCs and CD4+ T cells promotes the establishment of latency 

(Evans et al., 2013).  

Co-culturing CD4+ T cells with myeloid dendritic cells in syngeneic culture induced 

HIV latency in non-proliferating memory CD4+ T cells in vitro (Evans et al., 2013).  
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Subsequent microarray analysis of the genes expressed in DC-T cell co-cultures 

showed a down-regulation of NFκB related genes compared to uninfected cultures 

(Evans et al., 2013).  

Further analysis showed a down-regulation in cell cycle associated genes i.e. E2F2, 

CDCA5, CDC2 and CDC20 (Evans et al., 2013). The modulation of the genes 

associated with cell cycle has been shown following in vitro infection of PBMC with 

R5 tropic virus (Cicala et al., 2006). The down-regulation of the cell cycle associated 

genes might suggest a mechanism for the establishment of latency in DC-T cell co-

cultures. However, further studies are required to clarify the role of DCs in the 

induction of latency in HIV infected patients in vivo. 

The contribution of APCs other than DCs in the induction of latency in resting CD4+ 

T cells has been proposed. In vitro, co-culturing of resting CD4+ T cells in a 

syngeneic culture with a subset of APCs, including monocytes (CD14hi, CD16hi), and 

myeloid DCs (CD1c+, CD141+ and SLAN+) resulted in the induction of pre- and 

post-integrated latency in resting CD4+ T cells in vitro (Kumar et al., 2015). The only 

APC in the panel that couldn’t induce latent infection in resting CD4+ T cells was 

plasmacytoid DCs (pDCs) (Kumar et al., 2015).  

A comparative gene analysis of APC induced latency identified an array of genes 

that may be critical for induction of latency by APCs, including; i) immune check-

points, such as transmembrane protein 89 (TMEM89), TIM- 3, leukocyte 

immunoglobulin-like receptor member 6 (LILR6), CD101, CD52; ii) antigen 

presentation, such as pathogen recognition proteins C-type lectin 7A (Clec 7A); and 

iii) signal regulatory protein beta (SIRPβ) 1, G protein-coupled bile acid receptor 

(GPBAR) 1, immunoglobulin-associated beta (CD79β) (Kumar et al., 2015).  
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Although more work needs to be done to evaluate the relationship between 

candidate genes and the establishment of latency in resting CD4+ T, this data has 

suggested a potential role for APCs to induce latency in vitro. 

1.14.2 Induction of viral expression from latency 

Different approaches have been employed to purge viral expression from latent 

proviruses mostly through signalling pathways either targeting transcription factors 

(NFB, NFAT) or protein kinase C (PKC) or through TCR mediated signalling 

pathways such as mitogen and aCD3/CD28 antibodies. 

These stimuli drive T cell proliferation and activate multiple signalling pathways such 

as MEK-ERK, PKC, IκK, PI3K-Akt (reviewed in (Smith-Garvin et al., 2009)). 

DCs are potent stimuli for T cell activation because of their antigen presentation 

ability, which could induce T cell receptor activation of the antigenic specific T cells. It 

is, therefore, reasonable to consider that DCs might be able to induce expression 

from latently infected cells.  

Recent studies have aimed to use this concept and activate viral expression from 

latency. Co-culturing monocyte-derived DC (MDDCs) with T cells in vitro was also 

able to induce viral production (van der Sluis et al., 2013). 

A 3-fold increase in the expression of cell-associated p24 (CA-p24 ) was observed 

from the infected T cells co-cultured with MDDCs, indicating viral expression from the 

infected T cells. Subsequently, blocking the interaction between the adhesion 

molecules, ICAM-1 on the MDDCs, and the T cells resulted in the reduction of viral 

expression up to 2-fold. Further analysis showed that blocking ICAM-2 or ICAM-3 

had no effect on induction of viral expression from infected T cells (van der Sluis et 

al., 2013). 
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These observations suggest that MDDC mediated viral expression from activated T 

cell was dependent on cell- to- cell contact between T cells and MDDCs. However, 

the study does not clearly define latently infected cells in this co-culture, specifically it 

is unclear whether the increase in viral expression is a result of latency reactivation, 

or expansion of the productively infected cells in response to DC induced signals 

(van der Sluis et al., 2013).  

In a similar study, a group of APCs, including blood-derived myeloid DCs (i.e. CD1+c 

and CD141+), gut-derived DCs (CD103+) and mature myeloid DCs, were screened 

for their ability to induce viral expression in effector T cells (van der Sluis et al., 

2015). Co-culturing effector T cells with LPS activated CD1+c and CD141+ cells 

could significantly induce viral expression compared to immature or Poly 1:C (TLR3 

agonist) activated cells.  

Further analysis showed type I interferon (IFNα and IFNβ), induced by Poly 1:C 

activated myeloid DCs could reduce viral expression from latently infected T cells in 

vitro (van der Sluis et al., 2015).  

These observations suggest that DC induced HIV expression from latency is 

dependent on the type of DC.  

1.15 Aims and Hypothesis 

Now the questions are, whether reversing latency is: a) influenced by the 

mechanisms in which latency is established; b) influenced by the potency and the 

efficacy of the activation stimulus; and/or c) influenced by the epigenetic modifiers at 

the site of viral integration? 
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Hypotheses 

Latency established through pre- and post-activation pathways could generate 

different populations of latently infected cells, leading to the differences in proviral 

integration sites and response to latency reversing agents.  

Physiological interactions between APCs and T cells provide strong activation 

signals, allowing for efficient viral expression from latency.  

Specific aims: 

1- Determine the kinetics of HIV infection and integration in a pre-activation latency 

model in vitro 

2- Compare the effects of latency reversing agents, including T-cell and APC-

mediated stimulation using in vitro models of both pre- and post-activation latency 

3- Determine the integration site differences between TCR induced and TCR non-

induced HIV latent provirus in pre- and post-activation latency models 

Significance 

One of the major barriers to an HIV cure is the persistence of latently infected resting 

CD4+ T cells. Latent virus can spontaneously activate in a subset of cells and when 

ART is stopped leads to viral rebound.  

Our study has systematically compared the establishment of pre- and post-activation 

latency using in vitro T cell models of HIV latency. By identifying new molecular and 

cellular factors important in activating latently infected cells in vitro, this study may 

help the development of future strategies aimed to reverse both pre- and post-

activation latency, thereby facilitating an HIV cure.   
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Chapter 2 Establishment of latency beyond chemokine 

signalling  
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2.1 Introduction 

Studies of HIV latency using HIV-infected patient-derived samples are complicated 

by the low frequency of latently infected cells in vivo. Animal models, use of cell lines 

or in vitro primary cells have provided useful tools to study HIV pathogenesis and the 

HIV life cycle. However, in general, latently infected cell lines are clonal which might 

bias the research findings due to the lack of differences in integration sites (Jordan et 

al., 2003, Symons et al., 2017). Primary T cell models provide a better alternative to 

study the HIV life cycle and pathogenesis in vitro since they are heterogeneous with 

respect to T cell populations and HIV integration sites (Sherrill-Mix et al., 2013).  

Establishment of HIV latency via direct infection of resting CD4+ T cells in vivo 

remains controversial. Due to the blocks in viral revesre transcription (Bukrinsky et 

al., 1991, Zack et al., 1992) the proviral DNA remains unintegrated (Bukrinsky et al., 

1991) or in a pre-integration latent form (Zack et al., 1990). However, T cell activation 

is able to alter the blocks to proviral integration and subsequent viral expression in 

CD4+ T cells (Chun et al., 1997, Chun et al., 2003). In two very similar studies, direct 

infection of highly purified resting CD4+ T cells in vitro resulted in the establishment 

of infection without viral transcription (Spina et al., 1995, Tang et al., 1995). However, 

virus production was only detected following incubating the infected cells with 

mitogens. The lack of viral reverse transcription in quiescent T cells was suggested 

as a mechanism blocking the HIV expression (Spina et al., 1995, Tang et al., 1995). 

Follow-up studies showed T cell activation via TCR stimulation and cytokine 

signalling could remove the block, allowing for efficient transcription and translation 

of the proviral DNA (Unutmaz et al., 1999). This further suggests a mechanism for 

infection and latency following direct infection of T cells in vitro.  

Both quiescent and activated T cells can establish infection in vitro with the different 

frequency (O’Doherty et al., 2000, Swiggard et al., 2005).   
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Using spinoculation and Nef-competent EGFP reporter virus, there was a 5-fold 

lower integrated DNA in resting cells compared to activated cells (Swiggard et al., 

2005). Co-culturing CD4+ T cells with cytokines IL-15 or IL-7 or with aCD3/CD28 

antibodies induced intracellular HIV gag expression from infected cells and provides 

strong evidence that direct infection of resting CD4+ T cells could result in the 

establishment of latency in this population. However, the frequency of latent and 

induced proviruses was lower in resting compared to the activated T cell (Swiggard 

et al., 2005). 

Our laboratory has shown that pre-treatment of resting CD4+ T cells with 

chemokines increases the efficiency of HIV integration in resting CD4+ T cells in vitro 

(Saleh et al., 2007). The chemokines CCL19 and CCL21 are abundant in lymphoid 

organs and regulate the homing of naïve and central memory T cells to lymph nodes 

following binding to the CCR7 ligand (Damås et al., 2009, Comerford et al., 2013). 

Our studies have shown that addition of chemokine CCL19 had no effect on cellular 

activation (Cameron et al., 2010) and similar to spinoculation (Swiggard et al., 2004) 

co-culturing resting CD4+ T cells with the chemokine induces cytoskeletal 

rearrangements (Cameron et al., 2010) resulting in enhanced nuclear entry of the 

proviral DNA (Anderson et al., 2014). 

In the subsequent studies, we have looked at the viral integration sites in resting and 

activated T cells (Saleh et al., 2016). The HIV integration site in CCL19-treated CD4+ 

T cells followed a different pattern compared to the untreated and activated cells 

(Saleh et al., 2016). Moreover, the establishment of latency required activation of 

NFκB signalling in this in vitro primary T cell model (Saleh et al., 2016). The low 

levels of signalling via NFκB have been suggested as one of the determining factors 

promoting HIV latency (Duverger et al., 2013, Dahabieh et al., 2014).  
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Thus, our studies have introduced a novel mechanism for efficient integration of HIV 

in resting CD4+ T cells in which signalling through CCR7 ligand CCL19 could bypass 

the blocks in the establishment of infection in T cells (reviewed in (Evans et al., 

2012)).  

Although we have provided concrete evidence for ways in which the barriers of viral 

infection in T cells could be removed by chemokine signalling studies also 

demonstrated that the blocks could be overcome by the virus itself (reviewed in (Pan 

et al., 2013)). The procedure of spinoculation can enhance the binding of the viral 

particles to CD4+ T cells (O’Doherty et al., 2000), and high cell densities could 

facilitate cell-to-cell transmission of HIV in T cells (Sourisseau et al., 2007) resulting 

in the establishment of infection and integration in resting, quiescent T cells (Pace et 

al., 2012) without a need for signalling through chemokines.  

Indeed, a study in our lab has recently shown that the response to chemokine 

signalling could be donor-dependent (Anderson et al., 2016) and the virus itself could 

trigger the entry to T cells similar to chemokine signalling (Anderson et al., 2016) in 

which the high viral inoculate could be the contributing factor (Saez-Cirion et al., 

2011).  

Therefore, we hypothesized that viral infection can occur following direct interaction 

of HIV with resting CD4+ T cells in vitro. The entry to CD4+ T cells can be controlled 

by the virus input and culture conditions. The aim of this study was to determine the 

kinetics of viral entry and expression in T cells with and without CCL19 treatment. 

Since an EGFP reporter HIV construct could provide a system to measure the 

differences in expression at single cell levels, we employed a Nef-competent EGFP 

virus of which EGFP expression was the measure of viral entry and expression in 

this study.  
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Using a Nef-competent EGFP reporter virus, we found the establishment of infection 

in both CCL19-treated and resting untreated CD4+ T cells. EGFP expression was 

dependent on viral integration, and only small proportion of EGFP expression came 

from unintegrated HIV DNA. The levels of EGFP expression from unintegrated HIV 

DNA was 4 times higher in resting untreated CD4+ T cells compared to the matched 

CCL19-treated cells.  

Measuring the kinetics of integration in the two conditions, we further demonstrated 

the complete blockage of viral integration in CCL19-treated CD4+ T cells, providing 

further evidence that CD4+ T cells favors nuclear localization and viral integration 

following incubation with CCL19 as shown previously (Cameron et al., 2010). 

Further analysis showed that resting untreated and CCL19-treated T cells differ in 

response to IL-7. There was a high level of spontaneous EGFP expression with low 

levels of inducible expression in resting untreated T cell cultures treated with IL-7 

prior to infection. In contrast, in chemokine-treated CD4+ T cells incubated with IL-7 

prior to infection there was a significant increase in the level of inducible latently 

infected cells with low levels of spontaneous EGFP expression. This suggests that in 

the CCL19-treated CD4+ T cells the chemokine signalling could synergize with IL-7 

promoting integration, in one hand, and latency on the other hand in this culture, 

emphasizing the role of chemokine in the establishment of latency following direct 

infection of CD4+ T cells in vitro.  

Since both naïve and memory CD4+ T cells express CCR7 as the receptor for 

CCL19, our observation suggests that in a lymphatic environment where CCL19 is 

constitutively expressed, the presence of IL-7 signalling could facilitate the infection 

and the establishment of latency.  
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It is reasonable to hypothesize that although HIV interaction with CD4+ T cells could 

promote entry to T cells bypassing the signalling effect via CCL19, in physiologically 

defined environment where there are the high levels of CCL19 and IL-7, the entry 

and the establishment of infection and latency is driven by chemokine and cytokines 

signalling. 
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2.2 Materials and Methods 

2.2.1 Isolating primary cells 

Peripheral blood mononuclear cells (PBMC) were isolated from buffy coats obtained 

from healthy volunteers (Australian Red Cross Blood Service, Southbank, AU), via 

Ficoll-Paque density centrifugation. Resting CD4+ (rCD4+) T cells were stained with 

a cocktail of antibodies to CD8 (OKT-8 hybridoma, ATCC); CD19 (FMC-63 

hybridoma, Heddy Zola, Flinders Medical Centre, Adelaide, AU); CD11b (OKM-1 

hybridoma, ATCC); CD14 (FMC-17 hybridoma, Heddy Zola), CD16 (3G8 hybridoma, 

ATCC); HLA-DR (2.06 hybridoma, kindly supplied Tony D’Apice, St Vincent Hospital, 

Melbourne); ATCD69 (Cat# 347820, BD Biosciences,) as previously described 

(Saleh et al., 2007). Cells were coated with goat anti-mouse IgG micro beads (Cat# 

335796, Miltenyi Biotec, Cologne, Germany) and isolated via negative selection on a 

magnetic- activated cell sorting (MACS, Miltenyi Biotec). The purity of the isolated 

rCD4+ T cells was always ≥95% as assessed by flow cytometry (FCM).  

2.2.2 Preparing HIV infectious particles 

In vitro infection was performed using a Nef-competent HIV NL4.3 virus with 

enhanced green fluorescent protein (EGFP) inserted at the positions of 8787-9506bp 

between Env and Nef region, kindly provided by Yasuko Tsunestsugu-Yokota 

(National Institute of Infectious Diseases, Tokyo, Japan) (Yamamoto et al., 2009). 

Virus stock was generated using FuGene 6 (Promega, Madison, WI) transfection of 

HEK293T cells as previously described (Cameron et al., 2010). Briefly, the HEK293T 

was transfected with 16μg of plasmid (NL4.3 (X4) EGFP) per T752cm flask of 

HEK293T cells according to the manufacturer’s protocol. Virus-containing culture 

supernatants were collected 48h post transfection and filtered through 0.45µM pore- 

size filters.   
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The supernatants were further concentrated by ultra-centrifugation over a 20% 

sucrose cushion and virus pellet stored at -80˚C prior-to use. The multiplicity of 

infection (MOI) was determined by end-point dilution assay in activated PBMC. 

Briefly, PBMC were cultured in the presence of phytohaemagglutinin (PHA, 10μg/mL) 

(Thermo Fisher Scientific, Waltham, MA) and 10U/mL interleukin-2 (IL-2) (Roche, 

Indianapolis, IN) and infected with a serial dilution of virus generated as described in 

the section above. The 50% tissue culture infectious dose (TCID50) was calculated as 

previously described (Reed and Muench, 1938).  

2.2.3  Establishing chemokine-induced HIV infection in CD4+ T cells in 

vitro 

The chemokine CCL19 (rhCCL19/MIP-3β, Cat# 000-02754) (R&D, Minneapolis, MN) 

was reconstituted in 0.1% BSA (Cat# A4919, Sigma-Aldrich, St Louis, MO) to 

100μg/mL and used fresh or from a single used aliquot stored at -80˚C.  

Resting CD4+ T cells were either cultured in the media alone or treated with CCL19 

at the final concentration of 30nM unless stated otherwise in the text. CCL19 was 

added 24h prior-to infection (Figure 2.1A). The activity of CCL19 was determined by 

changes in T cell polarization at 30- and 120-mins following the addition of CCL19. 

To generate activated T cells, PBMC were activated by culturing with 10μg/ml PHA 

and 10U/mL IL-2 for 48h. Cells were infected with Nef-competent EGFP or NL4.3 at 

MOI 0.1. After 2h incubation at 37˚C, cells were washed, and unbound viral particles 

were removed. Cells resuspended in the media containing 10U/mL IL-2 and cultured 

for 5 days at 1million/mL ratio. In some experiments as indicated in the text, infected 

CD4+ T cells were activated with mitogen; phorbol 12-myristate 13-acetate (PMA, 50 

ng/mL, Sigma- Aldrich) combined with PHA (10μg/mL) for 3 days. Cultures were 

maintained in 10U/mL IL-2 for the duration of the activation.   
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In some experiments resting CD4+ T cells were cultured with IL-7 (5ng/mL, Sigma-

Aldrich) or integrase inhibitor, raltegravir (1μM, Ral) (AIDS reagent program; National 

Institute of Health, Germantown, MD) following isolation. 

2.2.4 Measuring HIV infection and HIV reverse transcriptase (RT) 

Infection in cell cultures was monitored by EGFP expression using FCM. FCM was 

performed on a FACSCalibur (BD Biosciences, San Jose, CA). CellQuestTM version 

3.0 (Becton, Dickinson, BD) was used for acquisition and further analysis was 

performed using Weasel software version 3.3. Routinely a total of 50,000-100,000 

events were collected per samples. Live gating was based on forward versus side 

scatter. Virus production was measured using a radioactive assay as described 

previously (Anderson et al., 2016). Briefly, the culture supernatant was collected at 

day 5 post infection and HIV RT was quantified using a radioactive assay for intra-

virion RT enzyme modified to use MgCl2 for HIV RT in place of MnCl2 which was 

originally used to determine RT activity for Moloney Murine Leukaemia Virus (MLV) 

(Felsenstein and Goff, 1992). A 2-fold dilution series of the viral stock was used to 

measure RT activity. The results were reported when the quantities of RT were 

detected in the linear range of the assay and reported as Count Per Minutes (CPM) 

per microliter of the culture.  

2.2.5 Quantifying number of integrated and total HIV DNA provirus 

The number of total HIV DNA and HIV integrated DNA was quantified using 

quantitative PCR as described previously (Zack et al., 1990, Zack et al., 1992, Ellery 

et al., 2007). The total HIV DNA and integrated DNA were amplified in 50ul of 

reaction mix. Data were collected on the Stratagene MX3005 pro Real-time PCR 

(Agilent Technologies). Primers specific for the human CCR5 genes were used to 

quantify the number of cells per reaction tube.   
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The copy number of integrated HIV DNA was quantified using a 10-fold serial dilution 

of a chronically infected HIV cell line, ACH2, ranging from 20 to 24 copies of HIV DNA 

and reported per million T cells (measured by CCR5 copies). The lower limit of 

detection for integrated DNA assuming the input DNA of 100,000 cell equivalents 

and the limit of detection of 20 HIV integrated copies/ PCR, was calculated as 200 

copies/ million cells (Lewin et al., 2008).  

2.2.6 Kinetics of early HIV gene expression 

Kinetics of entry and expression in CD4+ T cells was measured following infection of 

CD4+ T cells with Nef-competent EGFP reporter virus. Resting CD4+ T cells were 

isolated and treated with CCL19 (30nM, final concentration) or left untreated. Total of 

2x105 CD4+ T cells was infected with the virus at MOI of 0.1. At day 1, 3 and 5 post 

infection cultures were divided into two in which the infected cells were stimulated 

with PMA (50ng/mL)/PHA (10μg/mL) or remained unstimulated (Figure 2.4A).  

PHA/IL-2 activated PBMC was used as a positive control to monitor the efficiency of 

the viral infection. The kinetics of entry and expression in resting CD4+ cultures were 

measured in both cultures at different time points. In some experiments indicated in 

the text, resting CD4+ T cells were isolated and stored at 4˚C (24h) prior to infection. 

The kinetics of entry and expression was compared to the matched cultures in which 

cells were incubated at 37˚C (24h) prior-to infection.  

2.2.7 Sorting and re-activation of latent HIV  

To quantify the number of latently infected T cells in the chemokine model in some 

experiments EGFP- cells were sorted at day 5 post infection using MoFlo® AstriosTM 

(Beckman Coulter, CA) cell sorter (Figure 2.6A).  
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The sorted EGFP-negative cells were co-cultured in 96well plate format coated with 

soluble anti-CD3 (20ug/mL, anti- human CD3ε, Clone UCHT1, BD Biosciences) and 

soluble anti-CD28 (3.6ug/mL, Clone L293, BD Biosciences) as well as PMA (50 

ng/mL) combined with PHA (10μg/mL). 

To isolate monocytes, PBMC were stained with mouse anti-human CD14 antibody 

(FMC-17, hybridoma) and goat anti-mouse IgG microbeads (Miltenyi Biotec), then 

isolated via positive selection using MACS (Miltenyi Biotec) as described previously 

(Kumar et al., 2015). The purity of the isolated monocytes was always ≥95% as 

assessed by FCM. To block pre-integrated latency, all the re-activation experiments 

were carried on in the presence of antivirals, raltegravir (1uM, final concentration). 

2.2.8 Measuring intracellular HIV RNA expression 

The level of intracellular HIV RNA expression was measured by flow cytometry using 

ViewRNA; a modified microscopy-based analysis of in situ hybridization (QuantiGene 

®, Thermo Fisher) optimized by Dr. Hao Lu (The Peter Doherty Institute, University 

of Melbourne, Australia). Briefly, 5 million HIV-infected resting CD4+ T cells were 

fixed in 4% formaldehyde (Sigma-Aldrich) for 1 hour at room temperature. Cells were 

then plated by centrifugation at 500 x g, 2 minutes, 21°C on a 96-well U-bottom plate 

pre-coated with 100μl of foetal bovine serum (FBS) (Interpath, Melbourne, VIC). 

Media was removed, and cells were lysed in 100μl/ well ViewRNA Detergent Solution 

QC (QuantiGene) for 4 minutes at 22-25°C. Cells were resuspended in cold PBS at 

500x g, 2 minutes. Media was removed, and cells were permeabilized for 2 minutes 

at 22-25°C using a 1:16000 dilution of ViewRNA Protease QS in PBS (QuantiGene).  

The cells were pelleted by centrifugation and washed 2X with a similar condition to 

remove excess enzyme. The hybridization process was carried out at 40°C ± 1°C in 

a hybridization oven.   
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Cells were mixed with HIV gag-pol- conjugated Cyanine (Cy)-3 (target sequences; 

1077-4530) and HIV env-nef-Cy5 (target sequences; 7661-8739) probes (both from 

QuantiGene) then incubated for 2h in the hybridization oven. To increase the 

efficiency of the binding cells were mixed by pipetting every 45 minutes.  

After incubation, cells were resuspended in 100μl of the ViewRNA Wash Buffer 

containing 50% FBS and pelleted by centrifugation. The excess buffer was removed, 

and cells were sequentially incubated with a 1:50 dilution of Pre-Amplifier, Amplifier 

and Label Probe Mix solution (QuantiGene). Incubation was performed at 40°C ± 1°C 

for 30 minutes per each reagent. After incubation, cells were washed twice as 

described above and stored at 4°C in PBS containing 1% formaldehyde until 

analysis. Data were recorded on Fortessa-LSRII (BD Biosciences) instrument and 

were analysed on Weasel v3.3. 

2.2.9 Statistical analysis 

All the statistical analysis was performed using Graph Pad Prism v 6.0 and 7.0 

(GraphPad Software, La Jolla, CA). The Wilcoxon matched- pairs signed rank test 

was used for all the paired analysis between samples. The Spearman’s test was 

used to determine correlations on log-ransformed data.  
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2.3 Results 

2.3.1 Establishment of infection in chemokine treated CD4+ T cells 

using Nef-competent EGFP reporter virus 

Using wild-type NL4.3, we have previously shown that co-culturing CD4+ T cells with 

the CCR7 ligand, CCL19, can induce viral integration and latency in resting CD4+ T 

cells in vitro (Saleh et al., 2007). In this study, we used Nef-competent NL4.3 with 

enhanced green fluorescent protein (EGFP) reporter protein to establish infection in 

CCL19-treated CD4+ T cells. The use of a Nef-competent EGFP reporter virus 

allows for monitoring the frequency of infection and subsequent activation of HIV 

infected cells in vitro. The activity of CCL19 was confirmed by changes in T cell 

polarization at 30- and 120-mins post addition of CCL19 as described previously 

(Saleh et al., 2007, Cameron et al., 2010). 

We first looked at the levels of integrated HIV and total HIV DNA in the CCL19-

treated and untreated CD4+ T cells at day 5 post infection (Figure 2.1B). We found 

similar numbers of total HIV DNA copies in CCL19-treated (i.e. mean of 65433 

copies/ million copies of CCR5) or untreated-CD4+ T cells (i.e. mean of 53040 

copies/ million copies of CCR5) (Figure 2.1B). The differences in HIV DNA copies 

were not statistically significant (Figure 2.1B). We then compared the level of 

integrated HIV DNA in both cultures. The numbers of integrated HIV DNA copies in 

CCL19-treated (i.e. mean of 4169 copies/ million copies of CCR5) and untreated 

CD4+ T (mean of 12167 copies/ million copies of CCR5) cells were similar. There 

was no significant difference in the number of integrated HIV DNA between CCL19-

treated and untreated resting CD4 cultures (Figure 2.1B). However, total HIV DNA 

(i.e. mean of 195932 copies) and integrated HIV DNA (mean of 41465 copies/ million 

copies of CCR5) was significantly higher in PHA/IL-2 activated PBMC compared to 

resting CCL19-treated and untreated cultures (n=4, p=0.03, Figure 2.1B).   
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These data suggest that infection with a Nef-competent EGFP reporter virus results 

in proviral integration in CD4+ T cells (with and without CCL19), however with 

significantly lower frequency compared to the activated PBMC.  

Our lab has previously shown that in chemokine-induced latency model there is a 

lack of virus production from infected CD4+ T cells without stimulation (Cameron et 

al., 2010). These cells were defined as latent cells and the levels of expression from 

latency were determined by the increase in the activity of the HIV reverse 

transcriptase (RT) enzyme in the culture supernatant following stimulation. To verify 

whether, with an EGFP reporter system the integration of HIV DNA results in the 

virus production, we measured RT activity in the culture supernatant prior- to (day 5) 

and post stimulation (day 8) with PMA/PHA (Figure 2.1C). We compared the RT 

activity of the Nef-competent EGFP reporter virus to NL4.3 wild-type. The levels of 

RT activity from infected activated PBMC at day 5 and day 8 post infection, was used 

as a positive control. Supernatant from T cells cultured in media only was used to 

determine the background level of the assay.  

In agreement with what we have shown previously (Cameron et al., 2010, Anderson 

et al., 2016), there was negligible RT activity without stimulation in CCL19-treated 

and untreated CD4+ T cell cultures infected with wild type or reporter virus (Figure 

2.1C). The levels of RT activity were similar to the background levels measured from 

uninfected cells (i.e. mean of 50 CPM/μl). As was expected, RT activity in CD4+ T 

cells (with and without CCL19) was significantly lower compared to PHA/IL-2 

activated PBMC (mean of 686 CPM/μl and mean of 645 CPM/μl, from NL4.3 or 

NL4.3EGFP, respectively) (n=4, p=0.004, paired Student T-test) (Figure 2.1C). 

These data suggest that the infection of resting CD4+ T cells has resulted in proviral 

integration with low levels of virus production.  
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To determine whether there is any latent infection in resting CD4+ T cells (with and 

without CCL19), we then stimulated the infected cells with PMA/PHA at day 5 and 

measured the RT activity 3 days post stimulation (Figure 2.1A). The differences 

between the levels of RT activity with and without stimulation could determine the 

levels of viral expression above the background expression detected by spontaneous 

expression of the infected cells. PHA/IL-2 activated PBMC were used as a control to 

monitor the frequency of infection, thus, it was excluded from the stimulation step.  

As was expected the addition of PMA/PHA resulted in a significant increase in RT 

activity of both NL4.3 wild-type and EGFP reporter in CCL19-treated (i.e. mean of 

173 CPM and 253 CPM/μl, NL4.3 and NL4.3EGFP respectively) and untreated CD4+ 

T cells (mean of 192 CPM and 241 CPM/μl, NL4.3 and NL4.3EGFP respectively) 

(n=4, p=0.004, paired Student T-test) (Figure 2.1C). The levels of RT activity were 

significantly lower than unstimulated-PHA/IL-2 activated PBMC (mean of 946 CPM 

and 948 CPM/μl, NL4.3 and NL4.3EGFP respectively) (n=4, p=0.004, paired Student 

T test) (Figure 2.1C). The significant increase in the levels of RT activity following 

PMA/PHA stimulation in CD4+ T cells (with or without CCL19) confirmed that the 

infection with Nef-competent EGFP reporter virus was able to establish latently-

infected cells in this model. 

As the levels of EGFP expression post stimulation could determine the levels of 

induced viral expression following stimulation, we then looked at the levels of EGFP 

expression in T cell cultures prior-to and post stimulation. Similar levels of EGFP 

expression were detected in CD4+ T cells (with and without CCL19) prior to (at day 

5) (mean of 238 and 259 EGFP+/10000 live cells respectively) and following 

stimulation (at day 8) (mean of 179 EGFP+ and 261 EGFP+/ 10000 live cells, 

respectively) (Figure 2.1D).  
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Figure 2-1 Establishment of infection and latency in resting CD4+ T cells in vitro 

A) Schematic of the experimental protocol used for isolation and infection of resting CD4+ T cells in 

vitro. Resting CD4+ T cells isolated from PBMC were cultured with or without CCL19 prior-to infection. 

Cells were infected with NL4.3EGFP and NL4.3 (wild type) as per the protocol described in the Method 

section. B) HIV integrated (open bar) and total DNA (closed bar) was quantified at day 5 post infection 

using real-time PCR on cell lysates (see Section2.2.5, Method). The lower limit of detection is shown by 

the dotted line. C) HIV RT activity was quantified in the culture supernatants of NL4.3 or NL4.3EGFP at 

day 5 (open bar) and day 8 (closed bar) following infection and stimulation. PHA/IL-2 stimulated PBMC 

was used as a positive control; however, RT activity was measured in this culture without stimulation at 

day 5 (open bar) and day 8 (closed bar). Error bars represent median and range. Each dot represents 

the individual donor. p*<0.05, p**<0.01 were determined by Student T-test on paired samples. D) The 

levels of EGFP expression were measured in resting CD4+ T cells at day 5 (open bar) and post 

stimulation at day8 (closed bar). The level of EGFP in PHA/IL-2 PBMC was measured at day 5 and day 

8 without stimulation. Error bars represent median and range. Each dot represents the individual donor. 

Differences between each group were determined by Kruskal Wallis comparison.  
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We observed a similar pattern of EGFP expression in PHA/IL-2 activated PBMC in 

day 5 (i.e. mean of 356 EGFP+) and day 8 (mean of 470 EGFP+/ 10000 live cells) 

(Figure 2.1D). There was no statistically significant difference between the levels of 

EGFP expression across all T cell cultures using multivariant analysis (Figure 2.1D).  

Similar levels of EGFP expression in CD4+ T cells with and without stimulation when 

there is a difference in the levels of RT activity at these two time points could suggest 

that a] in EGFP reporter system the EGFP expression does not necessarily correlate 

with virus production b] there is expression from unintegrated proviruses c] there is a 

lack of latency following infection with the Nef-competent EGFP reporter virus 

compared to the wild-type.  

Taken together, the increase in the RT activity following stimulation suggests that the 

infected cells in the resting CD4+ T cells (with or without CCL19) are responsive to 

the mitogen stimulation. Consistent with the literature, our data also showed that the 

levels of infection and integration is different in the resting CD4+ T cells and activated 

PBMC (T cells) in which activated PBMC are more permissive to the HIV infection 

and integration (Vandegraaff et al., 2001, Vatakis et al., 2007, Agosto et al., 2007, 

Chavez et al., 2015).  

2.3.2 Different levels of EGFP expression from unintegrated provirus in 

resting-untreated and CCL19-treated CD4+ T cells 

Measuring viral expression using in vitro models and EGFP reporter system might be 

biased by the levels of expression from unintegrated proviruses (Bonczkowski et al., 

2016). To determine whether the EGFP expression detected in our system using 

Nef-competent EGFP reporter virus is dependent on the integration of the proviral 

DNA, we measured the levels of EGFP expression following treatment with an 

integrase inhibitor, raltegravir (Ral) prior to infection.   
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Figure 2-2 EGFP expression is dependent on integration  

A) Gating strategy to measure EGFP expression following HIV infection in activated PBMC and CCL19 

treated CD4+ T cells. Live cells were defined using forward versus side scatter plots. The EGFP 

expression was measured against PE channel used as the negative channel with no EGFP signal. Data 

show the percentage of EGFP expression in the EGFP gate. The flow cytometry plots are 

representative of EGFP expression in mock (uninfected), infected without the addition of antiviral 

raltegravir (-Ral) or infected following 2h incubation with Raltegravir (+Ral). Plots represent CCL19-

treated and activated PBMC (grey shaded area) of one donor. B) The number of EGFP expressed cells 

in the absence (opened circles) and in the presence of raltegravir (closed circles). p**<0.01, p***<0.001, 

p****<0.0001 was determined by Wilcoxon matched- signed rank test. Medians are shown by the solid 

bar. The lower limit of detection is shown by dotted lines and calculated as 1 EGFP+ cells/ 100/000 live 

events recorded via flow cytometry. 

The levels of EGFP expression in cultures without the addition of the drug (i.e. -Ral) 

were used as the comparator. We detected low levels of EGFP expression across all 

three populations where Ral was added prior-to infection compared to no drug 

conditions (Figure 2.2A, B).   
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There was a reduction in the levels of EGFP expression following addition of Ral in 

CCL19-treated (mean of 3.62 EGFP+ vs 67.46 EGFP+/ 104 live cells, -Ral, +Ral, 

respectively), untreated CD4+ T cells (mean of 6.18 EGFP+ vs 55.91 EGFP+/104 live 

cells, -Ral, +Ral, respectively) and activated PBMC (mean of 0.78 EGFP+ vs 197.4 

EGFP+/104 live cells, -Ral, +Ral respectively) (Figure2.2B).  

The differences in the levels of EGFP expression with and without Ral were 

statistically significant in CCL19-treated (n=13, p=0.0001), untreated CD4+ T cells 

(n=11, p=0.01) and PHA/IL-2 activated PBMC (n=14, p=<0.0001) compared to no 

drug conditions (Wilcoxon matched sign-rank test) (Figure 2.2B). These data 

confirmed that EGFP expression is dependent on HIV integration.  

However, EGFP could also be expressed from the unintegrated virus (Bonczkowski 

et al., 2016). Indeed, in our culture system, there were a fraction of infected cells that 

expressed EGFP in the presense of the raltegravir (Figure 2.2A). Interestingly, the 

highest level of expression from the unintegrated HIV DNA was found in the 

untreated CD4+ T cells (i.e. mean of 8.55 EGFP+ cell (+Ral) /67.11 EGFP+ cells (-

Ral), 12.7%) compared to the CCL19-treated cells (i.e. mean of 4.7 EGFP+ (+Ral) 

/76.64 EGFP+ (-Ral), 4.4%).  

As was expected the lowest level of expressed EGFP from the unintegrated virus 

was detected in the infected activated PBMC (i.e. mean of 2.2 EGFP+ cell (+Ral)/ 

186 EGFP+ (-Ral), 1.1%). Our data showed 98.9-87.3% of the EGFP expression is 

representative of the expression of integrated HIV DNA and only a fraction of the 

EGFP is expressed from the unintegrated DNA. This fraction is varied with the 

highest in the untreated resting CD4+ T cells and the lowest in the activated PBMC.  
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Although it is worth pursuing the observed differences between T cell conditions 

using an integrase defective (integrase minus) virus the differences between the 

levels of EGFP expression from the unintegrated HIV DNA in the CCL19-treated and 

resting untreated CD4+ T cells strongly suggest that co-culturing with CCL19 favors 

viral integration in T cells. Thus, despite the similar level of viral infection, the level of 

integration could be different in the CCL19-treated CD4+ T cells and untreated 

condition. 

2.3.3 Direct relationship between viral input and infection in CD4+ T 

cells  

We have shown previously that viral inoculum is important in determining the levels 

of integration and infection in the resting CD4+ T cells (Anderson et al., 2016) in vitro.  

Using NL4.3 wild-type and R5-tropic virus, the viral integration was detected when 

the CD4+ T cells were infected with a MOI of 0.5 (Anderson et al., 2016).  

Given that in my studies described above, I found the similar levels of infection in the 

CCL19-treated and untreated CD4+ T cells, we then sought to determine whether 

this observation was related to the MOI of the infecting virus. To answer this 

question, the resting CD4+ T cells (with and without CCL19) were infected with a 5-

fold serial dilution of the Nef-competent EGFP reporter virus. The levels of EGFP 

expression were measured prior to and post stimulation with PMA/PHA to determine 

the levels of inducible expression. The PHA/IL-2 activated PBMC were used to 

monitor the efficiency of the infection (Figure 2.3). 

We found a ~ 2-fold increase in the levels of EGFP expression in the CCL19- treated 

and the untreated CD4+ T cells prior to and post stimulation following infection with 

the increasing viral inoculum (Figure 2.3A). The lowest levels of EGFP expression 

were detected in both the CCL19-treated and the untreated T cell cultures at a MOI 

of 0.005 (Figure 2.3A).   
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Figure 2-3 The relationship between viral input and the levels of infection in CCL19- 
treated and untreated CD4+ T cells 

A) The levels of EGFP expression in CD4+ T cells following infection with increasing MOIs. Resting 

CD4+ T cells were isolated and cultured with (open circles) and without (closed circles) CCL19 prior-to 

infection (See Method). Cells were infected with increasing levels of NL4.3EGFP ranging from MOI of 

0.005 to 0.5. Cells were stimulated (as shown in Figure 1A) at day 5 post infection and the level of 

EGFP expression was measured with and without stimulation B) Relationship between the level of 

expression in two CD4+ T cell cultures was determined by Spearman’s correlation on log-transformed 

data at day 5; without stimulation (open circles) and at day 8; following stimulation (closed circles). C). 

Level of EGFP expression in activated PBMC was measured in day 5 and in day 8 without stimulation. 

Each dot presents the individual donor. Median and range are shown by the error bar. Since the 

differences between data were not normally distributed, the statistical analysis was performed on log- 

transformed data, p**<0.01 was determined by Student T-test on paired samples.  

The levels of EGFP expression increased with the increasing MOI, where the highest 

levels of EGFP expression were found when T cells were infected with the MOI of 

0.5 (Figure 2.3A).  
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The levels of EGFP expression at MOI of 0.5 were 16-fold higher in the CCL19-

treated and 20-fold in the untreated T cells (Figure 2.3A). As was expected the level 

of EGFP expression was increased following stimulation (i.e. at day 8 post infection) 

(Figure 2.3A).  

The differences between the levels of EGFP expression in the paired CCL19-treated 

CD4+ and untreated condition did not reach statistical significance with or without 

stimulation (Figure 2.3A). However, the frequency of the EGFP expression correlated 

with the titre of the viral input. The levels of EGFP expression were significantly 

higher at the MOI of 0.5 compared to the MOI of 0.005 in both conditions (n=4, 

p=0.001, Paired Student T-test) (with and without stimulation) (Figure 2.3A).  

We then looked at the EGFP expression with and without stimulation following 

infection with the different MOI. Since the levels of EGFP expression were consistent 

in the CCL19-treated and the untreated cultures, the relationship between the EGFP 

expressions was determined in the pooled data from the T cell cultures (Figure 2.3B). 

We found a significant correlation between the levels of EGFP expression with and 

without stimulation in the CD4+ T cells. These data suggest that in the chemokine-

treated CD4+ T cells there is a linear relationship between the amount of virus input 

(MOI) and the frequency of infection. 

However, in the PHA/IL-2 activated PBMC, there was no change in the EGFP 

expression following infection with the different MOI (Figure 2.3C). The level of EGFP 

expression was similar between the lowest and the highest viral inoculum (i.e. MOI of 

0.005 and 0.5, respectively) (n=4) in this culture (Figure 2.3C). These data suggest 

that as opposed to the resting CD4+ T cells, productive infection in the activated 

cultures does not follow a linear relationship with viral input and that there might be 

spreading infection in these cultures.   
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Of note, it is worth acknowledging that in the conditions when PBMC have been 

activated and then infected with the increasing titre of the virus, it is very likely that 

the EGFP expression has been detected during the peak of infection in which there 

are multiple rounds of viral entry and expression. Culturing these cells with the 

increasing titre of the virus for a shorter period following infection in which there is a 

close relationship between viral entry and expression would allow for better 

understanding the effect of MOI on viral infection in activated T cells. 

2.3.4 Kinetics of early viral gene expression in activated and 

chemokine-treated CD4+ T cells 

The proposed underlying mechanism to facilitate the establishment of latency in the 

chemokine-treated CD4+ T cells in vitro is the signalling through the CCR7 ligand 

CCL19, which is able to promote nuclear localization of the HIV pre-integrated 

complex following changes in the actin cytoskeleton (Yoder et al., 2008, Cameron et 

al., 2010). 

In this regard, using the EGFP reporter virus and imaging system the HIV-EGFP 

complexes were detected in the cytoplasm of the CCL19-treated CD4+ T cells 

compared to the matched untreated conditions (Anderson et al., 2014). Although this 

study did not clearly demonstrate the kinetics of the proviral integration in the two T 

cell conditions, it supports the idea that in the chemokine-treated CD4+ T cells the 

kinetics of the entry is different compared to the untreated counterpart.  

Therefore, we aimed to determine the kinetics of the entry and the expression in the 

resting and CCL19-treated CD4+ T cell with the EGFP reporter virus. We used 

activated PBMC as a comparator in which both entry and the expression occur in a 

more efficient way and in a shorter time frame (Vandegraaff et al., 2001).  
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Figure 2-4 Similar kinetics of HIV early gene expression in CD4+ T cell cultures 

A) Schematic of the experimental protocol used to measure kinetics of early replication and expression 

in resting CD4+ T cells. Resting and activated PBMC were infected as described in the method section. 

The levels of EGFP expression in CCL19-treated (blue circle), untreated (grey circle) and PHA/IL-2 

activated PBMC (red circle) were measured at different time points with stimulation (solid line) (B) and 

without (C) (see Section 2.2.6, Method). Error bars represent median and range. D) The levels of EGFP 

expression following infection of CD4+ T cells and (E) unsorted PBMC incubated at 37˚C (purple circle) 

or incubated at 4˚C (blue circle) prior to infection. The levels of EGFP expression were measured at 

different time points with stimulation (solid line) and without (dash line). p*<0.05, was determined by 

paired Student T-test, Dotted lines show the lower limit of the detection. Data are representative of 4 

different experiments (n=4).  
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The early viral expression assay was established as described in the method section 

(Figure 2.4A). We anticipated that, if the kinetics of early expression was different 

between CCL19- treated and untreated CD4+ T cells, we would expect the viral 

replication happens in a shorter period (within 24h) in the CCL19-treated CD4+ T 

cells compared to the matched untreated conditions. We detected a similar 

frequency of EGFP expression at day 3, 5 and 7 in the CCL19-treated and untreated 

CD4+ T cells (Table 2.1) (Figure 2.4B&C). Similar levels of EGFP expression were 

detected in both T cell cultures following stimulation i.e. day 3, 5 and 7 (Table 2.1) 

(Figure 2.4B&C). The differences in the EGFP expression were not statistically 

significant (n=4) (Table 2.1, Figure 2.4B&C).  

Table 2:1 Levels of EGFP expression in CD4+ T cells at different time points post 
infection with and without stimulation 

EGFP 
expression

¥
 

CCL19 Untreated Act.PBMC 

-Stim +Stim
£
 -Stim +Stim -Stim +Stim 

Day 1 <1
§
 NA* <1 NA 

116.8 
(76.9) NA 

Day 3 
106.8 

(118) ** 
250 

(283.5) 
87.5 

(99.86) 
205 

(232.6) 
423 

(265.9) 
328 

(298.3) 

Day 5 
65.5 

(73.67) 
60.75 

(66.84) 
85.7 

(94.44) 
118 

(156.3) 
267 

(159) 
479.3 

(315.2) 

Day 7 
47.3 

(50.4) 
17.5 

(17.2) 
71.5 

(75.5) 
32.5 

(34.72) 
254.5 
(134) 

324 
(276.9) 

¥: the EGFP expression is reported as the mean of EGFP+ cells/ 10000 live cells, n=4 §: the limit of 

detection of EGFP expression was denoted as 1 EGFP+/ 100,000 live events recorded by FCM, *: not 

available **: the values in the parenthesis represent standard deviation £: PMA/PHA stimulation  

 

In contrast to resting CD4+ T cells, EGFP expression was detected in the PHA/IL-2 

activated PBMC at day 1 post infection (Table 2.1, Figure 2.4B&C). The levels of 

EGFP expression were 100-times higher in the activated PBMC compared to the 

resting CD4+ cultures (with or without CCL19) (Table 2.1) (Figure 2.4B&C) (n=4, 

p=0.01, Paired Student T-test).   
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The levels of EGFP expression in the activated PBMC remained 3-4 times higher 

than CD4+ T cells at day 3, 5 and 7 with and without stimulation (Table 2.1, Figure 

2.4B&C). However, the differences in the expression at those time points between 

these cultures did not reach statistical significance (n=4) (Figure 2.4B &C).  

2.3.5 Culture conditions and HIV entry to T cells in vitro 

We next asked whether the culture conditions could change the status of the T cells 

affecting viral entry independent of the addition of chemokine, CCL19. To answer this 

question, resting CD4+ T cells were isolated and cultured at 37˚C or 4˚C, 24h prior-to 

infection (Figure 2.4A).  

We used PBMC without any activation or sorting via antibody staining as a 

comparator condition (Figure 2.4E). The rationale to use the unsorted PBMC was 

because the resting CD4+ T cells were enriched via magnetic bead sorting, using 

unsorted PBMC could provide a second comparator to determine whether the sorting 

process could facilitate activation of the T cells during isolation and thus change the 

resting status of the T cells during co-cultures. 

In addition, we also increased the viral inoculum to the MOI of 0.5 to be able to 

detect the differences in the frequency of the latency between the two CD4+ cultures 

as previously shown (Anderson et al., 2016).  

Similar to the previous observation (Table 2.1), there was no difference between the 

kinetics of EGFP expression in the CCL19-treated and untreated CD4+ T cells pre-

incubated in 37˚C or 4˚C prior to infection (Figure 2.4D). The high levels of EGFP 

expression were observed at day 5 post infection in the CCL19-treated and untreated 

CD4+ T cells. As was expected the levels of expression were 4-5-fold higher in both 

T cell conditions pre-incubated at 37˚C compared to the T cells that pre-incubated at 

4˚C (CCL19- and untreated T cells, 37˚C vs 4˚C) (n=4) (Figure 2.4D).   
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But the differences in the levels of EGFP expression did not reach statistical 

significance (n=4) (Figure 2.4D). This pattern was also similar when we compared 

the levels of inducible EGFP expression (Figure 2.4D). The differences in the levels 

of EGFP expression following stimulation in the T cell cultures at day 3, 5 and 7 were 

not statistically significant (CCL19-treated and untreated T cells, 37˚C vs 4˚C) (n=4) 

(Figure 2.4D). 

Interestingly, we found a different kinetics of the EGFP expression in the unsorted 

PBMC pre-incubated at 4°C prior to infection compared to 37°C (Figure 2.4E). The 

levels of EGFP expression in the unsorted PBMC increased from day 1 and reached 

to the maximum at day 7 post infection (Table 2.1) (Figure 2.4E). The difference in 

the levels of EGFP expression between the two cultures was statistically significant 

(n=4) (p=0.01, Student T test) (Figure 2.4E). This observation clearly suggests that 

the frequency of the infection in the unsorted PBMC cultures is higher when the cells 

are cultured at 37°C prior to infection compared to the pre-incubation at 4°C.  

One possible explanation for our observation could be the fact that compared to the 

enriched CD4+ T cells, there is an interaction between T cells and accessory cells 

like monocytes and DCs in PBMC cultures. We have previously shown that both 

monocytes and DCs facilitate viral infection when they are co-cultured with T cells in 

vitro. Thus, highlighting a role for T cell-APC interaction in the induction of viral 

infection in CD4+ T cells in vitro (Evans et al., 2013, Kumar et al., 2015).  

2.3.6 Kinetics of integration in CCL19-treated and untreated CD4+ T 

cells 

I have demonstrated that there is a residual EGFP expression from unintegrated HIV 

DNA (Section 2.3.2; Figure 2.2 A).  
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The levels of EGFP expression from the unintegrated DNA were 4-fold lower in the 

CCL19-treated CD4+ T cells compared to the matched untreated conditions 

suggesting that incubation of resting CD4+ T cells with CCL19 indeed favors the 

nuclear localization (Cameron et al., 2010) of the pre-integration complex and 

reducing the expression from the unintegrated virus.  

To demonstrate the effect of CCL19 in viral integration, we looked at the levels of 

EGFP expression following incubation with the integrase inhibitor, raltegravior (+Ral), 

at different timepoints. We measured EGFP expression when the CCL19-treated T 

cells incubated with raltegravir at 2 h prior to infection (-2), at time of infection (0), 

and at different timepoints following infection (i.e. 2, 4, 48, 96 h). We used untreated 

condition and the activated PBMC as a comparator (Figure 2.5A). Cells were 

activated with PMA/PHA at 48 h post infection and EGFP expression was measured 

at 96 h post infection with and without stimulation (Figure 2.5A). To determine the 

frequency of the EGFP expression, we included the matched cultures without 

addition of Ral i.e. (-Ral). 

We first looked at the levels of EGFP expression in no drug condition, -Ral, with and 

without stimulation (Figure 2.5B). The EGFP expression was detected in the CCL19-

treated (mean of 43.2 EGFP+/ 10000 live cells) and untreated CD4+ T cells (mean of 

53 EGFP+/ 10000 live cells) as well as the PHA/IL-2 activated PBMC (mean of 

241EGFP+/ 10000 live cells) post infection (Figure 2.5B). 

As was expected, the levels of EGFP expression increased following stimulation with 

PMA/PHA in the CCL19-treated (mean of 187 EGFP+/ 10000 live cells) and 

untreated CD4+ T cells (mean of 211 EGFP+/ 10000 live cells), but not in the 

PHA/IL-2 activated PBMC (mean of 169 EGFP+/ 10000 live cells) (Figure 2.5B). The 

differences between the levels of EGFP expression with and without stimulation did 

not reach statistical significance (Figure 2.5B).  
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Figure 2-5 Levels of integration is different in CCL19-treated T cells 

A) Schematic of the experimental protocol used to measure response to integrase inhibitor in CCL19 

treated CD4+ T cells. Resting CD4+ T cells were isolated and cultured with and without CCL19 prior to 

infection. Total PBMC was activated with PHA/IL2 48h prior to infection. Cells were infected with the 

EGFP reporter at the MOI of 0.1 and integrase inhibitor, raltegravir (1uM, final concentration) was added 

at different time points prior to infection (-2h), at time of infection (0h) and following infection (2, 4, 24 

and 48h). B) The level of EGFP expression in T cell cultures without raltegravir with stimulation (blue 

bar) and without stimulation (grey bar) measured at 96h post infection C& D) EGFP expression at 

different time points post addition of raltegravir in CCL19-treated (open circle), untreated (closed circle), 

and in the PHA/IL-2 activated PBMC (open square) without (solid line) and with stimulation (dash line). 

The shaded area shows EGFP expression in no drug conditions. Stars show the statistical difference 

p<0.05 between the levels of EGFP expression following addition of the raltegravir only in the activated 

PBMC cultures. Error bars represent median and range. n= single values in 4 different experiments.   
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We then looked at the levels of EGFP expression following addition of Ral at different 

time points in all three conditions (Figure 2.5C&D). We compared the levels of 

infection and expression following antiretroviral treatment to the no drug condition 

(Figure 2.5C&D).  

The addition of Ral significantly reduced the levels of EGFP expression compared to 

the no drug condition in T cell cultures, however with a different frequency (Figure 

2.5C). There was no to low levels of EGFP expression following addition of the 

raltegravir at -2 to 24 h in the CCL19-treated CD4+ T cells (Figure 2.5C), suggesting 

that viral integration had been blocked. We confirmed our observation by stimulating 

the CCL19-treated T cells with PMA/PHA. EGFP expression was induced following 

the stimulation supporting our observation that the addition of raltegravir in the 

presence of CCL19 had efficiently blocked the integration in this culture (Figure 

2.5D). 

As was expected, in the resting untreated CD4+ T cells, however, there was a 

consistent level of EGFP expression across different time points in which the 

raltegravir was added (i.e. -2 to 24h) (Figure 2.5C). A similar pattern of EGFP 

expression was detected from the resting untreated CD4+ T cells following 

stimulation with the PMA/PHA (Figure 2.5D). This observation was consistent with 

our previous observations, suggesting different kinetics of integration in the CCL19- 

treated CD4+ T cells compared to the resting untreated conditions. 

In the activated PBMC, the levels of EGFP expression was maintained up to 4h post 

addition of the raltegravir and started to increase from 4h to 48h post infection 

(Figure 2.5A&C). Due to the low sample size, the effect of raltegravir in blocking the 

integration only reached statistical significance in the activated PBMC culture (n=4, 

p=0.01, Student T test, + Ral vs no drug) (Figure 2.5C).  
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It is worth acknowledging that the use of raltegravir in our system blocks expression 

of unintegrated virus and EGFP expression becomes dependent on viral integration. 

Thus, measuring EGFP expression is an assay that measures expression from latent 

integrated provirus. Therefore, this assay is an estimation of induced viral expression 

and is a surrogate of latent integrated provirus. The level of viral integration might be 

underestimated because of the presence of non-inducible integrated virus. A more 

accurate assessment of integrated virus and validity of EGFP expression in our in 

vitro culture system, would require verification of the results with Alu-PCR.  

Overall, this data suggests that the addition of raltegravir up to 4h post infection can 

block the integration and the subsequent expression of EGFP in the activated PBMC 

cultures. This is in agreement with the literature in which the viral integration can be 

detected in resting CD4+ T cells 30h following infection compared to the aCD3/CD28 

activated T cells when the viral integration is detected at 2-4h post activation (Vatakis 

et al., 2009).  

Taken together, my observations suggest that the proviral integration could be 

blocked up to 4h post infection in the activated T cells, however, this process could 

be delayed up to 24h in the CCL19-treated and untreated CD4+ T cells. 

The underlying mechanism by which the kinetics of viral integration is different in the 

CCL19-treated CD4+ T cells compared to the matched untreated condition can be 

explained by a] incubation with CCL19 induces T cell polarizations and the changes 

in the nuclear localization which would favor viral integration (Cameron et al., 2010, 

Anderson et al., 2014) and b] there might be differences in the way that raltegravir is 

metabolized in CCL19-treated CD4+ T cells compared to the untreated condition.  
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In vitro studies on the pharmacodynamics of the raltegravir have shown a significant 

reduction in the intracellular levels of the drug in CD4+ T cells expressing high levels 

of P-glycoprotein, the main efflux pumps of the ATP-binding cassettes (ABC) 

superfamily of transporters (Minuesa et al., 2016). 

There is 5-10% expression of P-glycoproteins in CD4+ T cells and its expression 

increases following T cell activation (reviewed in (Michaud et al., 2012)). It would be 

off interest to investigate whether the addition of CCL19 changes the expression of 

the P-glycoprotein and metabolisem of the raltegravir in these cells. Therefore, to be 

able to provide a conclusive evidence for either mechanism, more experiments need 

to be done with a larger sample size.  

2.3.7 Spontaneous EGFP expression and inducible latency in CCL19-

treated and untreated CD4+ T cells 

My data showed that the infected CD4+ T cells have a detectable EGFP expression 

without measurable virus production using HIV RT activity in the culture supernatant 

as a marker (Figure 2.1B&C). The levels of EGFP expression without virus 

production suggested to us that there might be spontaneous expression from resting 

CD4+ T cells, which has been previously shown by others (Pace et al., 2012). To 

further determine whether there is spontaneous expression from CD4+ T cells, we 

used fluorescence-activated cell sorting as described previously (Evans et al., 2013, 

Kumar et al., 2015) to deplete EGFP+ cells from the cultures (Figure 2.6A).  

The EGFP positive cells represent CD4+ T cells that are expressing viral proteins. 

Thus, the level of post-integration latency was determined by the induction of viral 

expression following co-culturing the sorted EGFP negative cells with stimuli. The 

EGFP negative cells that proceed to viral expression following stimulation were 

considered latently infected cells. Therefore, EGFP expression following stimulation 

was used as a marker for latency (Figure 2.6A).   
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Figure 2-6 Co-culturing CD4+ T cells with IL-7 increases latency in CCL19-treated 
CD4+ T cells 

A) Schemata of the experimental protocol used to measure the effect of IL-7 on latency. Resting CD4+ 

T cells were isolated and co-cultured with and without CCL19. Media was supplemented with IL-7 

(5ng/mL) or IL-2 (10U/mL). Cells were infected with the Nef-competent EGFP reporter virus at the MOI 

of 0.5. Further rounds of infection were blocked by the addition of raltegravir (Ral, 1uM) at 48h post 

infection. The EGFP+ cells were removed by cell sorting at day 5 post infection and EGFP- cells were 

co-cultured with different stimuli. B) The levels of EGFP expression in CCL19-treated (red circles) and 

untreated (blue circles) CD4+ T cells in IL-2 (closed circles) or in IL-7 (open circles) cultures at day 5 

post infection. Each dot represents a single donor in 3 different experiments, the boxplots show 25 and 

75 percentiles, median and range. C) Correlation between the levels of EGFP expression in the 

unstimulated cultures when T cells co-cultured with IL- 2 or IL-7 prior to infection. The relationship was 

determined by Spearman’s correlation. Each dot represents the individual donor in 3 different 

experiments. Error bars show median and range. p*<0.5 was determined by the Wilcoxon matched-sign 

rank test. Dotted lines present the linear relationship between the EGFP expressions in IL-2 vs the IL-7 

culture. D) Non-EGFP expressing cells were sorted and stimulated. The levels of EGFP expression 

were measured at 72h post activation in IL-2 (closed circles) and the IL-7 (open circle) cultures in 

CCL19-treated (red circles) and untreated T cells (blue circles). IL-7 treated cultures are showen by the 

shading area. E) The paired analysis of the levels of induced EGFP expression between the CCL19-

treated (red circles) and untreated (blue circles) co-cultured with IL-2 (closed circles) of IL-7 (open 

circles). Each dot represents single assay per donor in 3 different experiments. Error bars show median 

and range. p*<0.05, was determined by the Wilcoxon matched-sign rank test. F) Correlation between 

the levels of induced EGFP expression following stimulation when T cells were co-cultured with the IL-2 

and the IL-7 cultures. The relationship was determined by Spearman’s correlation. Each dot represents 

single assay per donor in 3 different experiments. Error bars show median and range. p*<0.5 was 

determined by the Wilcoxon matched-sign rank test. Dotted lines present the linear relationship between 

the EGFP expressions in the IL-2 vs the IL-7 culture.  
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To block continued rounds of infection, we added antiretrovirals at day 2 post 

infection (Figure 2.6A). To detect expression from post-integration latency, Ral and 

the fusion inhibitor; T20 were maintained during the re-activation step (Figure 2.6A). 

This would allow for accurate measurement of inducible latency following stimulation. 

To measure the background expression or the spontaneous viral expression we used 

the levels of EGFP expression without addition of exogenous stimuli as a marker of 

spontaneous viral expression in our culture system. The levels of EGFP expression 

without stimulation (Unstim) would represent the levels of background EGFP 

expression from sorted latently infected cells (Figure 2.6D). We used the differences 

between the levels of background EGFP expression and the expression following 

stimulation to determine the levels of induced EGFP expression from latency (Figure 

2.6 D&E).  

Since, resting CD4+ T cells do not express Bcl-XL, which is a requirement for T cell 

survival (Rogers et al., 2001), their survival is poor in the absence of additional 

stimuli. The gamma (γ) - cytokine IL-7 has been shown to increase T cells survival by 

upregulation of Bcl-XL (Bai et al., 2012) without inducing T cell differentiation. 

Addition of IL-7 would specifically increase the longevity of memory CD4+ T cells in 

vitro (Marini et al., 2008, Coiras et al., 2016). Since memory CD4+ T cells express 

CCR7 ligand (Comerford et al., 2013), they are the most predominant T cell subset 

that respond to CCL19 in the chemokine model. Therefore, the addition of IL-7 in our 

latency model could increase the longevity of the memory CD4+ T cells in this co-

culture system. Thus, resting CD4+ T cells were incubated with IL-7 following 

isolation and the level of latency was compared to T cells cultured in IL-2 (Figure 

2.6A).  

Consistent with my previous observations, we detected the same levels of EGFP 

expression at day 5 in the CCL19-treated and untreated CD4+ T cells incubated with 

IL-2 or IL-7 (Figure 2.6B).   
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The differences between the levels of EGFP expression in IL-2 cultures (CCL19-

treated, mean of 32.03 EGFP+, untreated, mean of 32.9 EGFP+/ 10000 live cells) or 

IL-7 cultures (CCL19-treated, mean 56.33 EGFP+, untreated, mean of 45.58 EGFP+/ 

10000 live cells) did not reach statistical significance (n=6) (Figure 2.6B).  

However, when we performed the analysis between the paired samples cultured with 

two different conditions, the differences between the levels of EGFP expression were 

small but statistically significant (Figure 2.6B). There were higher levels of EGFP 

expression in the IL-7 cultures compared to the matched cultures of IL-2 in both the 

CCL19-treated (mean of 3.75 EGFP+ vs. 1.84 EGFP+/ 10000 live cells, IL-7 vs IL-2, 

respectively) and untreated CD4+ T cells (mean of 3.35 EGFP+ vs 1.79 

EGFP+/10000 live cells, IL-7 vs IL-2, respectively) (n=6) (Figure 2.6B).  

We then looked at the levels of spontaneous expression between the two different T 

cell cultures. We detected a significant correlation between the levels of spontaneous 

expression from CD4+ T cells cultured with IL-7 and the IL-2 (Figure 2.6C). Although 

there was a significant correlation in the level of spontaneous expression across both 

cultures, there was a slight increase in EGFP expression in T cells that were 

incubated with IL-7. Taken together, these data suggest that the addition of IL-7 

might have increased the levels of infection or viral transcription in the memory CD4+ 

T cells.  

2.3.8 Effect of IL-7 in induction of latency in CD4+ T cells in vitro  

In our study, the differences between the levels of spontaneous expression and the 

expression following stimulation define the levels of induced viral expression from the 

latently infected cells. To determine the levels of induced expression, we then looked 

at the EGFP expression following stimulation in each culture condition. We used the 

antibody against CD3 and CD28 as representative of TCR stimulation and PMA/PHA 

as mitogens.   
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We included allogeneic monocytes as antigen presenting cells (APCs) (Figure 2.6C). 

Direct interaction between APC and T cell has shown to induce viral expression from 

infected cells in vitro (van der Sluis et al., 2013).  

In the IL-2-treated cultures, there was a significant increase in EGFP expression 

above the background expression in response to monocyte/aCD3 and aCD3/CD28 in 

CCL19-treated and untreated CD4+ T cells (p=0.03, n=6, Wilcoxon matched sign-

rank test) (Figure 2.6D). However, incubating T cells with IL-7 significantly increased 

the levels of EGFP expression only in the CCL19-treated T cells (Figure 2.6D). There 

were high levels of EGFP expression following stimulation with monocytes/ aCD3, 

aCD3/CD28 and following stimulation with PMA/PHA (n=6) (p=0.03, Wilcoxon 

matched sign-rank test) (Figure 2.6D). The levels of EGFP expression following 

stimulation did not reach statistical significance in the untreated CD4+ T cells (Figure 

2.6D). This observation could suggest that in CD4+ T cells treated with CCL19 and 

incubated with IL-7 there is a high level of latency.  

To further verify the effect of IL-7 on the induction of latency, we then looked at the 

levels of EGFP expression in the matched CCL19-treated and untreated CD4+ T 

cells incubated with IL-2 or IL-7 (Figure 2.6E). Interestingly, there was a same level 

of spontaneous expression in the CCL19-treated CD4+ T cells incubated with either 

IL-7 or IL-2. This strongly suggested that the addition of IL-7 did not increase the 

levels of spontaneous expression in the CCL19-treated CD4+ T cells (Figure 2.6E)  

Most importantly, the paired analysis of the levels of EGFP expression following 

stimulation showed a significant increase in the levels of induced EGFP expression 

in the matched CCL19-treated CD4+ T cells incubated with IL-7 compared to the IL-

2. The levels of induced EGFP expression were significantly detected in response to 

monocyte/aCD3, aCD3/CD28 and PMA/PHA cultures (p=0.03, Wilcoxon matched 

sign-rank test) (Figure 2.6E).   
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These data provided evidence that addition of IL-7 could have increased the levels of 

latency specifically in the CCL19-treated CD4+ T cells compared to the matched 

untreated T cells.  

As was expected, the induced EGFP expression did not reached statistical 

significance in the resting untreated CD4+ T cells co-cultured with either IL-7 or IL-2 

(Figure 2.6E). There was a significant increase in the levels of spontaneous 

expression from the untreated CD4+ T cells indubated with IL-7 compared to the IL-2 

(Figure 2.6E). 

We further looked at the correlation between the levels of latent infection between 

CD4+ T cells in IL-2 versus IL-7 conditions (Figure 2.6F). As was expected there was 

a significant correlation between the levels of latent infection in the CD4+ T cells 

incubated with IL-2 and IL-7. There was a positive trend toward latent infection in the 

CD4+ T cells incubated with IL-7, suggesting that IL-7 induces latency in CD4+ T 

cells.  

Taken together, my data provide evidence that a] co-culturing IL-7 with CCL19 

induces the latency in the chemokine model, b] addition of IL-7 reduces or maintains 

the spontaneous expression in the presence of CCL19 and c] significant increase of 

spontaneous expression lead to reduce levels of inducible EGFP expression in the 

untreated CD4+ T cells.  

2.3.9 HIV Gag and Env in the non-EGFP experessing cells in vitro  

My data so far have shown that the CD4+ T cells that do not express EGFP (EGFP 

negative) at day 5 post infection could proceed to viral expression without 

stimulation. Others have shown that the latently infected cells could express HIV gag 

without spreading viral infection (Pace et al., 2012).   
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To determine whether, in our system, the latently infected cells or cells that do not 

express EGFP (EGFP negative) prior to stimulation have intracellular HIV RNA 

expression, we employed a modified microscopy-based analysis of the viral RNA 

using in situ hybridization, termed ViewRNA; developed in our lab by Dr. Hao K. Lu 

(The Peter Doherty Institute, University of Melbourne, Australia). This modified 

microscopy-based assay uses HIV probes targeting both the gag-pol and the env-nef 

regions of the provirus.  

We measured HIV RNA expression in CCL19-treated and untreated CD4+ T cells 

and used the activated PBMC as a comparator. The level of EGFP expression was 

measured at day 5 post infection (Figure 2.7). We specifically asked whether the 

EGFP-negative cells express HIV RNAs without stimulation or without the detection 

of viral proteins i.e. EGFP. We compared the data to the viral RNA expression 

detected from EGFP+ cells (Figure 2.7A).  

We first looked at the levels of HIV RNA expression in the EGFP+ cells. The CCL19-

treated and untreated CD4+ T cells had similar frequency of HIV Gag and Env RNA 

in the EGFP positive cells (Figure 2.7B). 

The frequency of the HIV Gag RNA (mean of 4.36%) in the CCL19-treated, or 

untreated CD4+ T cells (mean of 3.31%) and the HIV Env RNA (mean of 4.27%) in 

the CCL19-treated and untreated CD4+ T cells (mean of 3.33%) were similar in the 

EGFP+ cells (Figure 2.7A&B).  

As was expected, the levels of HIV RNA were higher in the PHA/IL-2 activated 

PBMC (mean of 6.61% and 6.77%, HIV Gag and Env, respectively) (n=2) compared 

to the CCL19-treated and untreated CD4+ T cells (Figure 2.7A, B). The high level of 

viral RNA expression in the activated T cells was expected as we have demonstrated 

above; that the activated T cells are more prone to viral infection and integration 

(Figures 2.4 & 2.5).   
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Figure 2-7 Resting CD4+ T cells express HIV mRNA without expressing EGFP in vitro 

A) Gating strategy to measure the HIV Gag and Env expression in the infected CD4+ T cells in vitro. 

Resting CD4+ T cells were infected with the Nef-competent EGFP reporter virus at the MOI of 0.5. At 

day 5 post infection cells were fixed, and the levels of viral RNA were measured using ViewRNA and 

flow cytometry (as described in the Method section). Activated CD4+ T cells were used as a positive 

control. The live gate was defined on the forward and side scatter. Data shows as the percentage of 

EGFP expression in a positive population on the x-axis in each plot against Env RNA (left columns, y-

axis) and Gag RNA (right columns, y-axis). Percentage of the EGFP negative cells are shown in the 

bottom left of each quadrant and percentage of the viral Gag and viral Env RNA in the EGFP negative 

population are shown on the top left of the quadrant in each plot. Data represent one donor tested in this 

experiment B) Percentage of the HIV Env and Gag in the EGFP+ cells (green bar) and the EGFP- cells 

(grey bar) in T cell cultures at day 5 post infection. 

The EGFP negative cells also expressed HIV Gag and Env RNA (Figure 2.7A&B). 

The levels of HIV RNA in the EGFP negative cells were similar in the CCL19-treated 

(mean of 8.8%, mean of 9.92%, HIV Gag and HIV Env, respectively) (n=2), untreated 

CD4+ T cells (mean of 6.9%, mean of 8%, HIV Gag, and Env, respectively) (n=2) 

and the activated PBMC (mean of 28.35%, mean of 28.45%, HIV Gag and Env, 

respectively) (n=2).  
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Consistent with the literature, the EGFP negative cells were expressed viral RNA 

without expressing the detectable EGFP expression in both resting CD4+ (with and 

without CCL19) and the activated PBMC albeit at different frequency (Pace et al., 

2012, Chavez et al., 2015, DeMaster et al., 2016).  

The detection of HIV RNA in the EGFP positive cells suggests that the EGFP+ cells 

in our system are representative of productively infected cells justifying the use of 

EGFP system to indicate productive infection in our in vitro model. 

2.4 Discussion 

Amongst primary T cell models used to study HIV latency, the direct infection of 

resting CD4+ T cells following treatment with the chemokine ligand, CCL19 has 

demonstrated an increase in the efficiency of the HIV integration in vitro (Saleh et al., 

2007). 

In the current study, we used a Nef-competent EGFP report virus and in agreement 

with what we have shown previously (Anderson et al., 2016) the frequency of the 

infection correlates with viral input in CCL19-treated and untreated resting CD4+ T 

cells. Addition of integrase inhibitor reduces the levels of EGFP expression in CD4+ 

T cells, suggesting that in our system, EGFP expression is largely dependent on viral 

integration. To demonstrate whether a] EGFP negative cells express HIV proteins 

and b] is there any correlation between EGFP expression and expression of HIV Env 

or Gag we used ViewRNA and our data showed that there is expression of HIV Gag 

and Env RNA without EGFP expression and EGFP expressing cells have both HIV 

Gag and Env expression. This observation clearly justified the use of EGFP marker 

for detection of HIV infection and expression in our culture system.  

We further showed that in CCL19-treated and untreated CD4+ T cells there is a 

residual EGFP expression from unintegrated HIV DNA.   
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However, the level of EGFP expression from unintegrated provirus was 4-fold lower 

in CCL19- treated CD4+ T cells compared to the matched untreated conditions, 

providing further evidence that incubating CD4+ T cells with CCL19 induces the 

nuclear localization of the viral preintegration complex (Cameron et al., 2010) 

resulting in the more efficient integration in T cells as we have shown previously 

(Saleh et al., 2007, Saleh et al., 2011). Thus treatment with CCL19 favors viral 

integration. 

Moreover, incubating CD4+ T cells with IL-7 induced the level of infection in CCL19-

treated and in untreated CD4+ T cells with a similar frequency. However, there was a 

high level of spontaneous expression in the resting untreated CD4+ T cells with low 

levels of inducible latently infected cells in response to stimulation. In contrast, the 

addition of IL-7 significantly increased the level of latency and inducible EGFP 

expression from latently infected cells in response to activation in the CCL19-treated 

CD4+ T cells. The observed differences between the levels of latency and integration 

in CCL19-treated CD4+ T cells and resting untreated condition may be explained as 

the following sections.  

2.4.1 Incubation with CCL19 induces a detectable NFκB signalling in 

CD4+ T cells  

Viral infection without T cell activation is inefficient in the resting non-dividing CD4+ T 

cells. This is mostly due to the lack of efficient reverse transcription and viral 

integration (Pierson et al., 2002, Zhou et al., 2005, Vatakis et al., 2007, Vatakis et al., 

2009).  

T cell activation is required for the efficient viral infection in the resting CD4+ T cells 

(Rato et al., 2017). One study has proposed that the levels of NFκB signalling could 

control the levels of infection and latency in T cell (Duverger et al., 2009).   
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Recent studies in our lab have found increased phosphorylated NFκB in the nucleus 

of resting CD4+ T cells following short pulse with CCL19 (100nM) (Saleh et al., 

2016).  

Pulsing CD4+ T cells with CCL19 induces T cell polarisation, in which up to 80% of 

the T cells are polarised at 30 minutes following exposure to the chemokine (Lee, 

Cameron et al., unpublished data).  

Polarization refers to morphological changes in T cells following interaction with 

chemokines (Diao et al., 2017, Moschovakis et al., 2018). In this regard, the CCR7 

ligand CCL19 induces multiple signalling pathways (reviewed in (Evans et al., 2012)) 

resulting in T cell polarisations, including phosphoinositide 3-kinase (PI3K); one of 

the main pathways upstream NFκB and NFAT signalling which are the main 

transcription factors for T cells survival, proliferation and activation (reviewed in 

(Hauser and Legler, 2016)). Although the effect of CCL19 in T cell polariszation is 

transient, providing the basal induction of transcription factor NFκB signalling (Saleh 

et al., 2016) which might be efficient for viral entry and infection.  

This effect might induce transcriptional memory; a concept that has been introduced 

recently (Marangoni et al., 2013). It was clearly shown that disengagement of T cell 

from antigen presenting cells could reduce NFAT signalling, but there is a delay in 

the reduced nuclear localization of the transcription factors in T cells (Marangoni et 

al., 2013). 

It is reasonable to suggest that in CD4+ T cells pulsed with the chemokine, even 

though if the physical interaction between the chemokine and its ligand is withdrawn 

but there is a delay in intracellular signalling pathways which would provide sufficient 

signalling required for fully integration of the proviral DNA in a short period of time 

following polarization.   
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To clearly determine whether the establishment of infection in resting untreated 

CD4+ T cells also require transcriptional changes in T cell, it is worth delineating the 

levels and the kinetics of both NFκB and the NFAT signalling in this population.  

2.4.2 IL-7 increases inducible latency in CCL19-treated T cells 

Despite similar levels of infection, my data clearly showed a different frequency of 

EGFP expression between CCL19-treated and untreated T cells incubated with IL-7 

compared to IL-2 cultures. In CCL19-treated CD4+ T cells, there was significantly 

higher level of EGFP expression following stimulation compared to the background 

expression detected in unstimulated cultures.  

In contrast, in the resting untreated CD4+ T cells, there was significantly higher levels 

of EGFP expression from unstimulated cultures, and the levels of EGFP expression 

following stimulation did not reach statistical significance. This data provided more 

evidence that CCL19-treated CD4+ T cells are more enriched in the latently infected 

cells in the presence of IL-7 compared to resting untreated counterparts. 

Both IL-2 and the IL-7 can induce phosphorylation of SAMHD1 (SAM And HD 

Domain Containing Deoxynucleoside Triphosphate triphosphohydrolase 1) in CD4+ 

T cells (Coiras et al., 2016). SAMHD1 is a restriction factor, that blocks viral infection 

by reducing dNTP pool in CD4+ T cells (Descours et al., 2012, Baldauf et al., 2012). 

This results in the reduction of viral reverse transcription and prevents HIV cDNA 

synthesis (Bermejo et al., 2016). We have already shown that chemokine signalling 

does not induce T cell activation but there is a residual NFκB signalling which 

facilitates viral integration in T cells (Saleh et al., 2016). This suggests that the basal 

levels of NFκB signalling in CCL19-treated T cells might overcome the effect of 

SAMHD1 in blocking viral infection in this culture.  
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Both IL-2 and IL-7 are able to induce phosphorylation of SAMHD1 by increasing the 

cytoplasmic tryosine kinases including Janus kinase 1 and 3 (JAK1/JAK3) resulting 

in STAT transcriptional activation (Bermejo et al., 2016, Manganaro et al., 2018). It is 

likely that the addition of CCL19 in combination with IL-7 could abrogate the effect of 

SAMHD1, therefore, inducing viral infection and integration in this culture. 

Despite the establishment of infection in the resting untreated CD4+ T cells, we 

found low levels of inducible latency in response to stimulation when T cells were 

incubated with IL-7. However, there was a significant level of EGFP expression 

above the background in this population. The high levels of spontaneous expression 

in resting untreated CD4+ T cell could suggest that a] there is a low level of inducible 

latency which is masked by the higher levels of spontaneous expression b] 

incubation with IL-7 reduces the antiviral activity of the SAMHD1 resulting in the 

subsequent increase of viral infection. This, in turn, would result in the reduction of 

NFκB signalling that requires for the establishment of latency in CD4+ T cells (Saleh 

et al., 2016). Either way, my data suggest that the establishment of latency is 

different in the resting untreated CD4+ T cells compared to the CCL19-treated cells 

in response to the IL-7 signalling. 

It would be of interest to define the expression or the activity of the SAMHD1 in the 

CCL19-treated and resting untreated CD4+ to determine the mechanism(s) that 

could establish infection or induce the latency in the resting untreated CD4+ T cells in 

vitro. 

2.4.3 HIV infection in T cells is increased with high viral inoculum 

The entry to T cells can be induced by high titer of the virus or viral env (Yoder et al., 

2008). The mechanism by which direct infection could result in the establishment of 

infection and latency in T cells is unclear.   
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Studies in our lab have shown that, similar to co-culturing CD4+ T cells with CCL19, 

T cell polarization could be induced following addition of virus (Pittman, Cameron et 

al., unpublished data), suggesting that the virus itself could trigger the entry to CD4+ 

T cells (Wu et al., 2008, Lucera et al., 2017). 

The interaction between viral gp120 and co-receptors in T cells could change 

multiple cellular signalling pathways (Konig et al., 2008, Ran et al., 2017), including; 

actin cytoskeletal organization (Jimenez-Baranda et al., 2007) which could induce 

signalling pathway similar to CCR7 (reviewed in (Evans et al., 2012)). 

Therefore, high titre of free virions, even defective virions in virus preparations might 

be able to induce the signalling pathways required to increase the entry into T cells 

and the establishment of infection. This could potentially explain the viral entry and 

integration in resting untreated CD4+ T cells in our in vitro culture system. The effect 

of virus preparation in the induction of infection in CD4+ T cells has been shown 

previously (Pace et al., 2011, Ran et al., 2017). 

2.4.4 Permissiveness to HIV infection in T cells can be induced by 

cytokines  

Several components of the extracellular matrix could facilitate HIV infection in CD4+ 

T cells (Tellier et al., 2000). This effect was particularly seen in the lymphoid organs 

where the key components of the extracellular environment are the expression of 

cytokines (Graziosi et al., 1996) or chemokines (Kinter et al., 2003).  

In my study, isolated T cells were incubated in 10U/mL of IL-2 and maintained until 

the experiment was terminated. IL-2 expression is strongly induced by T cells 

following activation (Rato et al., 2017). Exogenous IL-2 acts predominantly on the 

memory CD4+ T cells expressing the high-affinity dimeric IL-2R, which is almost 

undetectable on naïve CD4+ T cells (Boyman et al., 2006).   
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The interaction between IL-2 and IL-2R can induce downstream signalling of JAK-

STAT pathway, PI3K-AKT pathway, and mitogen-activated protein kinase (MAPK) 

pathway (reviewed in (Waldmann, 2015)), which lead to upregulation of both NFAT 

and NFκB signalling and their corresponding genes.  

The effects of these pathways in T cell proliferation and T cell survival have been 

very well demonstrated in the literature (reviewed at (Daniel et al., 2014)). Therefore, 

co-culturing T cells post isolation in the media supplemented with 10U IL-2 could 

induce a basal level of signalling require for T cell survival. This could provide 

enough signalling to bypass the requirement for signalling induced by CCL19 

allowing for establishment of viral infection in resting untreated T cells independent of 

chemokine signalling.  

It is worth highlighting that in my study we had demonstrated the different levels of 

infection and viral gene expression in CD4+ T cells when the cells were incubated on 

ice prior to infection. This experimental approach would maintain a basal level of 

metabolic activity in T cells prior to infection.  

Therefore, it is critical to emphasize that the establishment of infection in the resting 

CD4+ T cells could be influenced by the culture conditions and the environmental 

changes in which T cells are isolated or maintained. To reduce the effect of culture 

conditions in the kinetics of infection and integration in T cells, it might worth to carry 

out the infection directly after T cell isolation with a minimum (if any) addition of IL-2.  

2.4.5 Limitations 

My study has several limitations that need to be acknowledged. We detected a high 

level of viral RNA (Gag and Env) from EGFP negative cells in our latency model.  

One explanation for detection of viral RNA in non-EGFP expressed cells might be, 

the detection limit of the EGFP signal by flowcytometry.   
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The lack of EGFP expression in T cells that are expressing HIV RNA (both Env and 

Gag) suggests that in our system there is a threshold for the detection of EGFP 

expression. This threshold might require the accumulation of viral RNA to reach a 

certain level for the EGFP to be expressed and to be detected. Therefore, during the 

enrichment of EGFP negative cells following FACS sorting, the EGFP- RNA+ cells 

would be defined as latently infected cells and subsequently would be cultured either 

alone or with stimulation.  

Co-culturing EGFP-RNA+ cells for 3 days (the duration in which the levels of 

inducible latency are detected in our culture system), would allow for full expression 

of the EGFP-RNA+ cells resulting in the detection of EGFP+RNA+ cells without 

stimulation.  

These observations would suggest that a better marker is required to clearly define 

latent population in this model. Based on the sequence of the RNA probes, we 

believe that the EGFP reporter in the Nef open reading frame (ORF) would be 

expressed as an early event following infection, and not directly correlate with the 

expression of the structural proteins from latently infected cells.  

Therefore, the use of a HIV reporter virus in which the EGFP genes is apart from the 

Nef ORF would distinguish the expression from early and late infection in latently as 

well as productively infected cells which are reproducibly detected at early time point 

post infection in our culture system. 

Recent in vitro studies using a HIV reporter virus labeled with two different 

fluorescent markers have been able to demonstrate a significant difference in the 

levels of latency in the CCL19-treated T cells compared to the resting untreated 

conditions (Chavez et al., 2015, Battivelli et al., 2018).  
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The use of a dual reporter virus would allow for clear identification and isolation of 

the productively (spontaneous) expressing cells versus latently infected cells in vitro. 

This would then provide a more accurate measure of the latently infected cells using 

flow cytometry.  

Of note, the levels of latency reported using dual reporter viruses might suffer from 

transcriptional fluctuation caused by the stochastic activation of the constitutive 

promoter used to define latent infection (Chavez et al., 2015), which needs to be 

taken into account in designing a method to measure the frequency of latent infection 

in vitro. 

Lastly, resting CD4+ T cells were isolated and maintained in 10U/mL of IL-2 for 48h 

before infection. Incubation of T cells with 10U/mL IL-2 might partially induce T cell 

activation and increases T cell permissiveness to viral infection independent of 

CCL19 signalling. Use of low levels of IL-2 and reducing the duration of the culture 

from 48h to 10-24h prior to infection might be able to reduce the residual T cell 

stimulation, thus, reducing the levels of productive infection in CD4+ T cells. 

2.5 Conclusion 

Using a Nef-competent EGFP reporter virus, we established infection of both resting 

and the CCL19-treated CD4+ T cells in vitro.  

In the chemokine-treated CD4+ T cells, there was a 4-fold reduction in the levels of 

EGFP expression from unintegrated DNA providing evidence that addition of CCL19 

favors viral integration in CD4+ T cells. In addition, there was a significant increase in 

the level of inducible latently infected cells following incubation with IL-7. This was 

consistent with the low levels of spontaneous expression from the latently infected 

cells.  
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In contrast, there was 4-fold higher levels of EGFP expression from unintegrated 

DNA in resting untreated CD4+ T cells compared to CCL19 treated cells. Incubation 

with IL-7 resulted in high levels of spontaneous expression and low levels of 

response to stimulation. My data showed that infection and latency are different in 

the chemokine-treated CD4+ T cells compared to the matched resting untreated 

counterpart.  

The differences between CCL19-treated and resting untreated CD4+ T cells are 

summarised in table 2.2. 

Table 2:2 Summary of the differences between the levels of infection and latency in 
CD4+ T cells using Nef-competent EGFP reporter virus in vitro 

  
CCL19-treated 
CD4+ T cells 

 
Resting untreated 

CD4+ T cells 

Permissive to infection Yes     Yes 

Expression from unintegrated 
HIV DNA 

Low High 

Response to IL-7 Yes No 

Spontaneous HIV expression No Yes 

Latent infection Yes No 

Response to stimulation Yes No 

 

Taken together, my data clearly showed that HIV can infect both resting untreated 

and CCL19-treated T cells. However, treatment of CD4+ T cells with CCL19 can 

induce viral integration and latency. This effect is increased by co-stimulation with IL-

7. It is important to note that both memory and naïve T cells express CCR7. 

Therefore, in the lymphatic environment when CCL19 is constitutively expressed the 

interaction between IL-7 and CCL19 could facilitate efficient HIV integration in the 

memory T cells resulting in the population of latently infected cells that can undergo 

HIV reactivation.   



 

127 
 

It is reasonable to hypothesise that although HIV itself could promote entry to T cell 

bypassing the signalling via CCL19, however, in the physiologically defined 

environment where there is a high level of CCL19 and IL-7, entry and establishment 

of infection and latency is driven by the chemokine and cytokine’s signalling. Further 

investigation is required to prove this hypothesis. 
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Chapter 3 The pathways to establishing latency is critical to how latency is 

maintained and reversed 
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Chapter 4 HIV integration site and maintenance of the viral 

reservoir in T cells 
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4.1 Introduction 

Finding a cure for HIV is the focus of extensive multi-national collaborations (reviewed 

in (Lederman et al., 2016)). Inducing viral expression from latently infected cells with 

latency reversing agents (LRAs) during antiviral therapy (ART) has been investigated 

as a first step to eradicate the HIV reservoir (reviewed in (Deeks et al., 2012)). This has 

provided a platform for work toward reversing latency in very well-suppressed HIV 

infected individuals on ART. However, a large pool of latently infected cells remains 

non-responsive to T cell activation using T cell receptor stimulation (TCR) (Ho et al., 

2013, Cillo et al., 2014) or HDAC inhibitors (Elliott et al., 2014, Archin et al., 2014). 

There is an inducible reservoir with activatable latent provirus following stimulation, and 

non-inducible reservoir in which proviruses cannot be activated (Abbas and Herbein, 

2013). Using viral outgrowth assay, the gold standard for measuring the size of the viral 

reservoir, it is estimated that up to ~12% of the non-induced proviruses are replication-

competent (Ho et al., 2013). 

The reason why a replication-competent provirus remains non-responsive to activation 

signals is unclear. However, using two biologically different in vitro latency models, we 

have recently shown that how the reservoir is established is a critical contributor to the 

responsiveness of the latently infected cells to activation signals by APCs or via TCR 

stimulation (Rezaei et al., 2018).  

In addition, the HIV reservoir exists in different T cell subsets (Chomont et al., 2009, 

Wightman et al., 2010, Bai et al., 2012, Alvarez et al., 2013, Buzon et al., 2014, Khoury 

et al., 2016), which has suggested that the response to LRAs might be different in 

latently infected cells in different T cell subsets (Chomont et al., 2009).  

HIV integration into the genome of CD4+ T cells is one of the main steps in viral life 

cycle and required to establish latency (reviewed in (Rezaei and Cameron, 2015)) in 

which the integrated viral DNA can reside in T cells for indefinite time.  
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The mechanism of HIV integration in host genome has been extensively studied in T 

cells (reviewed in (Ciuffi and Bushman, 2006)). Evidence in the literature has supported 

preferential integration of HIV DNA in the euchromatin regions which are enriched in 

active genes, and cis-regulatory elements including enhancers and promoters (Sowd et 

al., 2016, Lucic et al., 2018). A recent study has found enrichment of HIV integration 

sites (IS) near transcriptional start site (TSS) and body of the genes (-2000-2000 Kbp), 

the regions that are consistently enriched in the active enhancers and histone marks 

(Lucic et al., 2018). In this regard, enhancers play a pivotal role in cell-type specific 

gene expression activating transcription of target genes across chromosomal regions 

(Hakim et al., 2011, Chen et al., 2018, Quinodoz et al., 2018).  

In addition, viral integration sites have also been found in heterochromatin regions with 

a low frequency (Lewinski et al., 2005, Cohn et al., 2015). Unlike euchromatin, the 

heterochromatin regions contain silent genes or genes with low level of activation, and 

the cis-regulatory elements are enriched in silencers and insulators (reviewed in 

(Tsompana and Buck, 2014)). The lack of active genes and enhancers or promoters 

around HIV integration sites suggests a possible mechanism for maintenance of 

latency, highlighting a role for chromatin environment around the HIV integration site to 

modulate viral transcription (Hashemi et al.,2016, Battivelli et al., 2018).  

In addition, in primary CD4+ T cells in vitro, the levels of viral protein expression are 

significantly different in EGFP+ and EGFP- cells following aCD3/CD28 activation (Pace 

et al., 2012). The integration sites in EGFP- cells are mapped away from enhancer 

regions in Jurkat cells (Chen et al., 2017) suggesting that the site of integration might 

promote entry of proviral DNA into the latent state and maintain transcriptionally-

competent, but, silent provirus.  

In this chapter, we have examined the effect of HIV integration sites on viral expression 

using in vitro latency model of pre- and post-activation.   



 

160 
 

We used aCD3/CD28 to induce viral expression from latency and determined the 

integration sites using next-generation sequencing (Symons et al., 2017). The HIV 

integration sites were predominantly found in genic and intronic regions. In the pre-

activation latency model there was significant enrichment of the HIV integration sites in 

introns and in sense orientation. In contrast, there was a positive trend toward insertion 

sites in exons in the post-activation latency models, suggesting differences in viral 

integration in both latency models in vitro.  

Using RNA-sequencing and profiling RNA expression of the genes corresponding with 

HIV integration sites with public data on GEO revealed a subset of genes with no to low 

levels of RNA expression across all T cell subsets. My data suggest that HIV might 

integrate in genes with low levels of chromatin accessibility. 

The low levels of euchromatin could affect viral integration (Sowd et al., 2016), 

establishment of infection and most probably maintain the latent reservoir (Lewinski et 

al., 2005) in response to T cell activation. It is therefore reasonable to propose that the 

establishment of latency is regulated by epigenetic changes around the site of 

integration and the status of the chromatin allows for the establishment of latency and 

maintains the latent provirus in which the integrated provirus could remain latent.  
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4.2 Materials and Method 

4.2.1 Isolating primary cells 

Viral infection and latency were established in pre- and post-activation latency model in 

vitro as described previously (Rezaei et al., 2018). Briefly, peripheral blood 

mononuclear cells (PBMC) were isolated from buffy coats obtained from healthy 

volunteers (Australian Red Cross Blood Service, Southbank, AU), via Ficoll-Paque 

density centrifugation. Resting CD4+ (rCD4+) T cells were stained with a cocktail of 

antibodies to CD8 (OKT-8 hybridoma, ATCC); CD19 (FMC-63 hybridoma, Heddy Zola, 

Flinders Medical Centre, Adelaide, AU); CD11b (OKM-1 hybridoma, ATCC); CD14 

(FMC-17 hybridoma, Heddy Zola), CD16 (3G8 hybridoma, ATCC); HLA-DR (2.06 

hybridoma, kindly supplied Tony D’Apice, St Vincent Hospital, Melbourne); CD69 (Cat# 

347820, BD Biosciences,) as previously described (Saleh et al., 2007). Cells were 

coated with goat anti-mouse IgG micro beads (Cat# 335796, Miltenyi Biotec, Cologne, 

Germany) and isolated via negative selection on a magnetic- activated cell sorting 

(MACS, Miltenyi Biotec). Naïve T cells were isolated as described previously (Rezaei et 

al., 2018). Briefly, naïve T cells were negatively selected from resting CD4+ T cells 

using CD45RO beads (BD Biosciences) on a magnetic activated cell sorter (MACS, 

Miltenyi Biotec). The purity of the isolated rCD4+ T cells was always ≥95% as 

assessed by flow cytometry (FCM).  

4.2.2 Virus preparation, plasmid clean up and plasmid free viral out 

growth in CEM cells 

To be able to establish HIV infection and integration in the in vitro model, we used HIV 

construct with a flanking cellular sequence (Figure A-1) (Adachi et al., 1986). The 

presence of the plasmid-derived proviral DNA means that there would be the genomic 

integration sites in any contaminating plasmid.   
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The location of the flanking sequence is critical as it is located in chromosome 17 of the 

human genome (Figure A.1 (A)) and can a] mistakenly interpret as host/viral junction b] 

reduce the frequency of true HIV integration sites. Therefore, to accurately determine 

the number of integration sites in our in vitro latency model it was critical to reduce/ 

remove plasmid contamination from viral inoculum. To reduce the plasmid 

contamination of the HEK293 grown virus, we passaged the viral supernatant in CEM 

cell line (Figure A-1B). Please see Supplamentary Mathods in Appendix A Section A 

1.1 and Section A 1.8 for details. 

4.2.3 Establishing pre- and post-activation latency model 

The chemokine CCL19 (rhCCL19/MIP-3β, Cat# 000-02754) (R&D, Minneapolis, MN) 

was reconstituted in 0.1% BSA (Cat# A4919, Sigma-Aldrich, St Louis, MO) to 25ug/mL 

(2840uM) and used fresh or from a single used aliquot stored at -80’C.  

Resting CD4+ T cells were treated with CCL19 at the final concentration of 100nM 24h 

prior-to infection (Figure 4.1A).  

To generate activated naïve cells, T cells were activated with aCD3/CD28 beads (1:1, 

Dynal®, Invitrogen). To generate a homogenous population of central memory T cells 

(TCM) activated cells were incubated in media containing TGFβ, 200U/mL IL-2 and 

antibody against IL-12 and IL-4 as described previously (Bosque and Planelles, 2009). 

To expand TCM cells ,the beads were removed at day 3 post activation and T cells were 

cultured in 30U/mL IL-2 at 1x10^6 cells/ ml for extra 4 days.  

CCL19-treated and TCM cells were infected with Nef-competent EGFP reporter virus as 

described in Appendix A (Figure 4.1A) at the MOI of 1. Integrase inhibitor, raltegravir 

(1μM, Ral) and fusion inhibitor T20 (0.1 ug/mL, AIDS reagent program; National 

Institute of Health, Germantown, MD) were added at 48h post infection to block further 

rounds of infection and maintained for the duration of the experiment (Figure 4.1A). 
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4.2.4 Generating productively expressed, TCR induced and non-induced 

latently infected cells 

To determine the integration site differences in pre- and the post-activation latency 

models, EGFP positive cells were depleted at day 5 in pre- and day 7 in the post-

activation using flowcytometry (MoFlo®AstriosTM Beckman Coulter, Brea, CA) as 

described previously (Rezaei et al., 2018).  

Cell pellets were stored at -80˚C for DNA extraction (Figure 4.1A). The DNA extraction 

of the EGFP positive depleted cells was used to determine viral integration sites in 

productively expressed cells.  

The EGFP negative cells were sorted and activated with aCD3/CD28 beads (1:1, 

Dynal®, Invitrogen); a representative of physiological activation of T cell receptor 

signalling (TCR) in vitro, in the presence of raltegravir and T20. 72 h post activation 

with aCD3/CD28, EGFP positive (TCR- induced) and EGFP negative (TCR non-

induced) cells were sorted for DNA extraction using FACS. 

4.2.5 DNA extraction and analysis of HIV integration sites  

The high molecular weight DNA was extracted using Blood and Cell culture DNA mini 

kit (Cat# 13323, QIAGEN) using the manufacturer protocol with some modifications as 

the following; a] the number of cells was kept at 5x105 per extraction by adding fresh 

uninfected PBMC to each condition at time of collection b] the lysis steps were reduced 

to one step using only the digestion buffer G2, c] twice the standard amount of 

proteinase k was used to increase the efficiency of the digestion, d] cells were lysed 

over 2 h incubation on a heat block (56˚C) while vigorously shaking every 30 minutes, 

e] elution buffer was incubated at 56˚C on a heat block to increase the efficiency of the 

elution process, f] to visualize the DNA pellet, Glycoblue (Cat# AM9515, Life 

Technologies) was used as a co-precipitant at 15µg/mL of the elution buffer.  
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Following extraction, the genomic DNA was quantified using Nanodrop ND-1000 

Spectrophotometer V3.7.1 (Thermo Scientific) and 2µg of the high molecular DNA 

containing HIV infected cells was used for detection of HIV integration sites in 

productively expressed, TCR induced and TCR non-induced population.  

The HIV integration sites were detected by linker- mediated linear amplification of HIV 

3’LTR and enrichment of 50-300 bp end-sequencing on Illumina MiSeq as we have 

shown previously (Symons et al., 2017). The MiSeq sequences were then screened 

and selectively filtered for LTR- tagged sequences.  

The LTR- tagged sequences were analysed by BLAT (BLAST-Like Alignment Tool) for 

their corresponding chromosomal regions. The sequencing alignment results were 

visualized in University of California Santa Cruz (UCSC) genome browser using hg38 

annotation of the human genome (Casper et al., 2018). 

The HIV integration sites were defined if there was ≥ 3 reads of the viral sequence 

(Symons et al., 2017). Clonally expanded sites were identified if the differences 

between the read sequences were ≥ 2 bp with ≥ 3 length polymorphisms as previously 

described (Symons et al., 2017). 

4.2.6 Distribution of HIV integration sites in intron and exon 

The Insertion sites were classified according to their overlap with genes defined in the 

Bioconductor-TxDb. Hsapiens. UCSC. hg38.knownGene package. Classification 

included genic: overlaps any transcripts regardless of strand, intronic: overlaps any 

intron of any transcripts regardless of strand, exonic: overlaps any intron of any 

transcripts regardless of strand, coding sequence (CDS): overlaps any CDSs 

regardless of strand. 
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None of these definitions are mutually exclusive and an insertion site was classified as 

both intronic and exonic if there was i] overlapping genes and ii] or alternate transcripts. 

Relative enrichment of the pre- and post-activation was calculated by performing a 

fisher’s exact test of the integration sites counts for all the events, and events matching 

the given classification using the R fisher.test () function. P values were adjusted using 

the R p.adjust () function using the default Holm adjustment.  

4.2.7 Distribution of viral integration sites in different epigenetic marks 

The effect of epigenetic markers on levels of EGFP expression was assessed using the 

15 state model of epigenetic profiles 

(https://egg2.wustl.edu/roadmap/web_portal/chr_state_learning.html) (Kundaje et al., 

2015). The frequency of the insertion close to the transcription start sequence (TSS) 

was assessed by measuring the distance from the insertion site to the TSS for the 

genic insertion sites. The analysis was then performed for the exonic compared to the 

intronic IS sequences. Relative enrichment of the pre- and the post-activation was 

calculated by performing a fisher’s exact test of the integration sites counts for all the 

events, and P values adjusted as above.  

4.2.8 Distribution of cancer-related genes using published data 

The cancer-related genes were collected from publically available dataset including 

Catalogue Of Somatic Mutations in Cancer, COSMIC, 

(https://cancer.sanger.ac.uk/cosmic), as well as published studies on HIV integration 

sites (Ikeda et al., 2007, Wagner et al., 2014, Marini et al., 2015). COSMIC is the world 

largest curated dataset collected from the literature of which genes are mutated and 

have a causal relationship in cancer development (Bamford et al., 2004, Futreal et al., 

2004). The cancer-related genes in COSMIC are regularly updated. The genes with 

HIV integration were indexed against the corresponding genes in COSMIC and 

published data.   

https://egg2.wustl.edu/roadmap/web_portal/chr_state_learning.html
https://cancer.sanger.ac.uk/cosmic
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4.2.9 Expression levels of corresponding genes with HIV integration 

sites, using RNA- Sequencing (RNA-Seq) data 

The relationship between HIV integration sites and gene expression was determined 

using RNA-Sequencing data available in the Gene Expression Omnibus (GEO) dataset 

(https://www.ncbi.nlm.nih.gov/gds). The expression levels of the corresponding genes 

with HIV integration sites were obtained from GEO datasets. The RNA expression was 

from naïve T cells (CD45RA+) prior-to activation (day 0) or following kinetic of TCR 

stimulation at day 1, 5 and 14 (GSE73213) (LaMere et al., 2016). 

The RNA expression of the genes following TCR activation was used to look at the 

levels of RNA expression in the corresponding genes in which HIV integration sites 

were identified in our in vitro models. A random gene set of 3000 genes was selected 

using MS excel software from the dataset (GSE59846) containing matched memory 

resting and activated T cells. We combined the RPKM (Read per Kilobase of transcript 

per Million mapped read) values for 3-4 donors in each data set and calculated the 

average of RPKM reads for each gene in each data set.  

The genes with RPKM> 0 was collected at T0, and indexed to the match genes at T48, 

and all the gene with no RNA expression was excluded from both resting and activated 

T cells. This gene set was used to determine the correlation between the RNA 

expressions in resting and matched activated T cells, for the corresponding genes with 

HIV integration sites. The second gene set was selected to determine the correlation 

between the RNA expressions of the corresponding genes with HIV integration sites 

during TCR stimulation. This gene set contained kinetics of RNA expression during 

aCD3/CD28 activation (GSE73123) in naïve and memory CD4+ T cell.  

  

https://www.ncbi.nlm.nih.gov/gds
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4.2.10 Heat map analysis and distribution of HIV integration sites in genes 

across CD4+ T cell subsets   

The R heatmap3 package was used to generate a heatmap from the dataset 

(GSE103844) restricted by genes containing HIV-IS found in this study. To define HIV 

integration sites in corresponding genes with low levels of RNA expression across 

different studies, the RNA-Seq data were selected from CD4+ T cells across 15 

different studies in which the levels of RNA expression was measured either kinetically 

or at a single time point (Supplementary Table 4.2). RNA-Seq data were collected in 

different T cell subsets or in bulk T cells (Supplementary Table 4.2).  

To determine the levels of expression of the same gene across different GEO datasets 

the RNA expression was ranked from none or low to high expression across multiple 

studies and data were presented as a heat map.  

4.2.11 Statistical analysis 

A one-tailed Student’s t-test was used to compare the differences between 

experimental conditions. All the statistical analysis was performed using Graphpad 

Prism version 7.0, R version 3.4.3 and Bioconductor version 3.6.  
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4.3 Results 

4.3.1 Distribution of HIV integration sites (HIV-IS) using in vitro latency 

model 

Studies on HIV integration sites in vitro models and ex vivo have suggested non-

randomness of HIV integration in CD4+ T cells (reviewed in (Rezaei and Cameron, 

2015)). Therefore, we aimed to determine the association of HIV-IS and chromosomal 

regions in the latently infected cells in vitro (Figure 4.1A).  

We first looked at the frequency of HIV-IS in chromosomes (Figure 4.2A). Total of 1162 

integration sites were detected (Supplementary Table 1) in which 14.62% (i.e. 

170/1162) had no association with genes and were found in the non-genic regions 

(Figure 4.2A). 66% (992/1162) were detected in genes, 11.29% (i.e.112/992) were in 

cancer-related genes, 2.7% (i.e. 27/992) were clonal integration, 4.0% (i.e. 40/992) in 

exonic regions and 2.58% (i.e.30/992) were found in recurrent integration genes 

(RIGs), which are the genes containing integration sites in multiple studies.  

4.3.2 HIV integration sites in genes, introns and in sense orientation in 

pre-activation latency model 

Following analysis showed that the enrichment of HIV-IS in genic and intronic regions 

and in both forward and reverse orientation with no significant difference in the 

frequency in either direction (Figure 4.2B&C). We then looked at the distribution and 

probability of HIV-IS in genomic sites using UCSC, GRCh 38/hg38. The HIV-IS 

detected in vitro were assigned to the locations in sense (forward) and anti-sense 

(reverse) direction, within genes (i.e. coding sequence (CDS), in exon and intron) 

overlapping any transcripts regardless of strand.  
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Figure 4-1 Establishment of infection and latency and detection of HIV-IS in pre-and 
post-activation latency models in vitro 

A) Generation of TCR responsive and non-responsive EGFP (latency) in vitro: Pre-activation latency 

model was established as described in Method section). At day 5 post infection (in pre-activation model) 

and at day 7 (in the post-activation model) productive EGFP expressing cells and non-expressing cells 

were sorted and collected. Cells not expressing EGFP were stimulated with aCD3/CD28 (1:1 ratio) for 3 

days. At day 3 post activation, EGFP positive cells representing TCR induced cells and EGFP negative 

cells representing TCR non-induced cells were sorted and collected. High molecular weight DNA was 

isolated from sorted EGFP+ and EGFP negative cells for integration site analysis. B) High throughput HIV 

integration site (IS) analysis: High molecular weight genomic DNA was digested and prepared as 

described previously (Symons et al., 2017). The HIV-1 integration sites were detected by linker- mediated 

amplification of HIV-1 3’LTR and enrichment of 300 bp end-sequencing on Illumina MiSeq. The MiSeq 

sequences were then screened and selectively purified for LTR- tagged sequences. The LTR- tagged 

sequences were analyzed by BLAST-Like Alignment Tool (BLAT) and assigned to their chromosomal 

location. The sequencing results were visualized in University of California, Santa Cruz (UCSC) genome 

browser version 38 (BLAT-UCSC hg38). The HIV-1 site of integration was defined if there were ≥ 3 reads 

of the same sequence. The frequency of clonality in the detected sites was determined if the differences 

between the read sequences were ≥ 2 bp. 
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The sites in which there were no mappable integration sites in the UCSC, GRCH 

38/hg38 were denoted as unannotated (outside of the genes) (Figure 4.3A).  

The HIV-IS was more likely in gene coding regions (in_CDS), in genic regions 

(in_genes), in introns (in_introns) and in exons (in_exon). None of these definitions are 

mutually exclusive. Therefore, an integration site was classified as both intronic and 

exonic if there was a] overlapping genes and b] or alternative transcripts.  

Transcript length refers to the size of the genes. In our study we have looked at the 

frequency of HIV-IS relative to TSS. The insertion sites close to TSS are in the genes 

with small transcripts length or size and the integration sites away from TSS are found 

in the genes that have larger transcripts or larger size. Therefore, the frequency of the 

integration sites relative to the size of the genes or transcripts was determined relative 

to the size of the genes (transcript length) toward TSS. 

The HIV-IS was found infrequently in unannotated regions (Figure 4.3A). The 

prediction model used was based on insertion only on the proportion of the genome 

falling into each of these categories. There was no difference in the frequency of 

insertion in exons and introns when corrected for proportion of the genome represented 

by these features. After adjusting for the size of the genome the likelihood ratio was 

significantly higher than expected in gene related areas and likelihood was low in 

unannotated sites. When the HIV-IS was examined by strand (i.e. in_sense or 

in_antisense), there was a similar number in each strand except for CDS where there 

was a higher estimate for anti-sense (Figure 4.3A).  

We then analyzed the relative enrichment of the HIV integration sites in those regions 

in pre-activation latency with the sites in the post-activation latency model (Figure 4.3B) 

(also see Figure 4.4A&B).  

  



 

171 
 

 

Figure 4-2 Frequency of HIV-IS in vitro in genomic regions 

HIV integration sites were determined using high throughput sequencing as described previously (Symons 

et al., 2017). Distributions of the HIV integration sites in genomic regions were determined on UCSC 

(Human GRCh38/hy38) genome annotation using the UCSC genome browser. A) Bar charts show the 

frequency of integration sites detected in different chromosomal features. Numbers of events are indicated 

on top of each bar. RIGs: recurrent integration genes B) Number of HIV integration sites in genic (blue 

bar), intergenic (red bar), exonic (grey bar) and intronic (purple bar) C) forward (white bar) and reverse 

(black bar) orientation toward the genes. 

The number of integration sites was limited in the pre-activation latency model (222 out 

of 1162) (see Supplementary Table 4.3 for actual numbers of integration sites in pre- 

and post-activation latency models) (Figure 4.4A).   
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Figure 4-3 Probability of HIV-IS in genic regions following in vitro infection 

(A) The integration sites determined for in vitro latency models were assigned to the locations in sense or 

anti-sense direction within coding sequence (CDS grey bars), exon (open bars), genes (blue bars), introns 

(red bars) and outside genes (unannotated, salmon bar) using annotated human genome hg38. The 

prediction model used was based on the frequency of insertion in each category relative to the proportion 

of the genome occupied by each of these features B) Relative enrichment of the insertion site distribution 

in pre-activation versus post-activation latency.*p≤0.05,**p≤ 0.01, ****p≤ 0.0001 P values were adjusted 

using the R p.adjust () function using the default Holm adjustment. 

This represented 19% of total integration events detected using high through put 

sequencing described previously (Symons et al., 2017).   
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However, there was a significant enrichment of the genic, insertion sites in the introns 

and in_sense orientation in the pre-activation latency model compared to the post-

activation sites (Figure 4.3B). 

In contrast there was a trend toward insertion in exons and coding sequence in the 

HIV-IS in the post-activation latency models (Figure 4.3B). The relative enrichment of 

the sites in these locations did not reach statistical significance.  

This suggests that pre- and post-activation latency models are different in the rate of 

insertion in genes compared to non-genic. This may be due to the differences in the 

amount of open chromatin in the post- compared to pre- activation latency and the 

distribution of the open chromatin across genes in the post- compared to the per-

activation latency. It suggests that there are more widely distributed insertion sites for 

the post-activation latency model compared to the pre-activation model. 

4.3.3 HIV integration sites in cancer-related genes and clonal sites in pre-

activation latency model 

HIV integration sites have been associated with integration in cancer-related genes 

(Wagner et al., 2014) and there are identical integration sites in clonally expanded 

cells, in patient-derived CD4+ T cells (Wagner et al., 2014, Maldarelli et al., 2014, Cohn 

et al., 2015), which suggest expansion of the viral reservoir during ART.  

In addition, studies on HIV integration sites using primary cell models have proposed a 

set of genes with recurrent integration genes (RIGs) in activated CD4+ T cells in vitro 

(Marini et al., 2015). Excellent work by Marini et al., suggests that HIV specifically 

targets genes that are located near the nuclear pore in the nuclear envelope of the 

activated T cells. These recurrent integration genes have high levels of activation at 

time of integration suggesting a mechanism for integration site selection during viral 

infection in T cells (Marini et al., 2015).   
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Figure 4-4 Distribution of HIV-IS in latency models in vitro 

The distribution of HIV integration sites detected in A) pre-activation B) post-activation latency models. 

Each bar chart presents the integration sites in different chromosomal features. The number of the HIV-IS 

is indicated above each bar. The percentage of the sites as a proportion of all the integration sites is 

shown. RIGs: recurrent integration genes. C) Distribution of the HIV-IS in clonally expanded sites (in 

aqua), RIGs (in blue) and cancer-related sites (in grey) in productively expressed EGFP+ cells, EGFP 

expressed cells following aCD3/CD28 activation (TCR induced) and non-EGFP expressed cells (TCR non-

induced) in latency models.  

However, none of these studies have looked at the frequency of clonally expanded 

sites, cancer-related genes or RIGs in latently infected CD4+ T cells. We, therefore, 

aimed to look at the frequency of HIV-IS relative to these genes in our in vitro latency 

models.  
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To determine the association between cancer-related genes and HIV-IS found in our 

study, we used publically available data on cancer-related genes i.e. COSMIC, 

(https://cancer.sanger.ac.uk/cosmic).  

As was expected the number of integration sites was ~5-fold higher in the post-

activation compared to the pre-activation latency model (i.e. 940 vs 222 sites, 

respectively) (Figure 4.4 A&B). We have already shown that activated T cells are more 

efficient in HIV infection and integration compared to the resting CD4+ T cells (See 

Chapter 2, Chapter 3 and Appendix A), which might explain the differences in the 

number HIV-IS seen between the two T cell models. 

We then looked at the number of clonal sites, RIGs, and sites in the cancer-related 

genes in productive expressed, TCR induced and TCR non-induced CD4+ T cells in 

our culture system (see Method, Section 4.2.3 for details). In both latency models, 

there was a high frequency of the clonal sites, RIGs and the sites in cancer-related 

genes in productively expressed cells compared to the TCR non-induced latently 

infected cells (Figure 4.4C).  

Interestingly, our data showed a higher number of HIV-IS in the clonal sites and sites in 

the cancer-related genes in pre-activation compared to the post-activation latency 

model. The difference in the HIV-IS across the two latency models was predominantly 

seen in the productively expressed cells (see Method, Section 4.2.3 for details). 

In pre-activation there were 6.3% (i.e.19/222) HIV-IS in cancer-related genes 

compared to 6.9% (i.e. 93/940) in the post activation. Clonal sites were 5.8% 

(i.e.13/222) in pre-activation compared to 0.7% (i.e. 7/ 940) sites in the post-activation 

latency (Chi-square≤0.05) (Figure 4.4C). Thus, our data showed significant enrichment 

of the clonal sites in the pre-activation compared to the post activation latency. Due to 

the low frequency of the integration sites in TCR induced latency we were unable to 

perform the similar analysis (Figure 4.4C).   

https://cancer.sanger.ac.uk/cosmic
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Thus, the sites in these populations were analyzed in combination with TCR non-

induced latent cells in the pre-activation latency model.  

We then looked at the distribution of both clonal sites and the sites in cancer-related 

genes in TCR non-induced population that is representative of the latently infected cells 

in our culture system. The number of integration sites in the TCR non-induced latency 

was ~11 times higher in the post-activation compared to the pre-activation latency 

model, however, there was no statistical enrichment of the sites in the cancer-related 

genes or clonal sites between TCR non-induced latent population across the two 

latency models. 

We looked at the distribution of the HIV-IS in recurrent integration genes (RIGs). The 

number of HIV-IS was similar in the pre- and post-activation latency models (2.25% 

and 2.66%, respectively) (Figure 4.4A&B). The differences between the numbers of 

integration sites in RIGs across the two latency models did not reach statistical 

significance (Figure 4.4C).  

Overall, the numbers of integration sites are different in pre- and post-activation latency 

models. However, there is an enrichment of the HIV integration in clonal sites in the 

pre-activation latency model suggesting the clonal expansion of resting CD4+ T cells at 

early timepoints post infection.  

4.3.4 Similar distribution of HIV-IS in different chromosomes 

Studies in HIV integration sites have suggested that viral integration sites are not 

random. HIV integration sites are found in different chromosomes in the human 

genome including chromosome 19, 6, 7 (Marini et al., 2015) and 17, 16 (Chen et al., 

2017). In the study by Chen et al, viral integration sites were mapped away from 

enhancer regions suggesting a link between the HIV-IS and maintenance of the latently 

infected cells in response to T cell activation (Chen et al., 2017).  
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Figure 4-5 Genome map of HIV-IS in vitro 

(A) Circus plot shows distribution of HIV-IS in CD4+ T cells in vitro, bars represent human genes. Red bars 

show integration in productively expressed and blue bars show integration sites in TCR non-induced 

latency. The bright blue tick shows the position of the centromeres. The plot shows the integration 

frequency on a logarithmic scale (i.e. 0,10
0
, 10

1
, 10

2
). Each integration site is shown as per 10

6
 bases. In 

each chromosomal map the sites are shown in 50x10
6
 bins and are accumulated per mega base per 

chromosome. B) The number of mapped insertion sites per megabase is presented as a bar graph for 

productively expressed (red bar) and TCR non-induced HIV-IS in different chromosomes.   
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To determine whether, in our in vitro culture system, there is a preferential distribution 

of the HIV-IS in different chromosomes, we then looked at the distribution of the HIV-IS 

across human chromosomes (Figure 4.5).  

Due to the low frequency of the HIV-IS in the pre-activation model, the analysis was 

performed on the total HIV-IS in productively expressed and TCR non-induced latency 

irrespective of the pathway in which the latency was established (Figure 4.5A).  

There was a preference for the genic regions, but no insertion bias in respect to 

particular chromosomes between productively expressed and TCR non-induced 

latently infected cells (Figure 4.5A). HIV integration sites were mapped across all 

human chromosomes except for the Y chromosome (Figure 4.5B). Thus, in our in vitro 

culture system we did not find any preferential genomic targeting of HIV-IS between the 

productively expressed and latently infected cells.  

4.3.5 Similar distribution of HIV-IS in genes in resting and activated T 

cells  

It has been proposed that HIV proviral DNA preferentially integrates in active genes 

(Marini et al., 2015). These genes are commonly associated with the open chromatin 

(Shan et al., 2011), which could provide a better environment for the HIV DNA to be 

incorporated into the host genome. However, integration sites have also been detected 

in low gene density regions where accessibility to the host chromatin is limited 

(Lewinski et al., 2005, Pace et al., 2012). Thus, we determined the distribution of the 

HIV-IS in genes that are preferentially expressed in resting or activated T cells.  

Unlike microarray, RNA sequencing (RNA-Seq) technology enables a direct 

measurement of RNA reads without hybridization (Marioni et al., 2008, Mortazavi et al., 

2008). Thus, to perform the analysis, we used RNA-sequencing data on CD4+ T cells 

available in the GEO dataset (Supplementary Table 4.2).   
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Figure 4-6 Expression of corresponding genes with identified HIV-IS found in resting 
and activated T cells in GEO dataset 

The gene list was constructed from identified genic integration sites in vitro. RNA expression of the 

corresponding genes with integration sites was determined using GEO dataset GSE59846 (see method 

section). To indicate the genes with zero reads, the RNA expression was assigned to the lowest RPKM 

value (0 = -10 (log 2)) for graphical purpose A) Differences between the RNA expressions of the HIV-IS 

with corresponding genes in resting and activated T cells using GEO dataset. The differences were 

determined by Wilcoxon matched pairs-signed rank test. The line shows the median. The dotted line 

indicates zero reads. B) Correlation between the gene expression in resting and activated CD4+ T cells. 

Spearman’s rank test on log transformed data. C) A list of 3000 genes was selected by combining the 

RPKM (Read per Kilobase of transcript per Million mapped read) values for 3-4 donors. The average 

RPKM was calculated for each gene in resting memory (T0). The gene with RPKM >0 was indexed against 

the matched genes in the activated T cells (T48). The line shows the median. The grey shading area 

shows control gene set, p****≤0.001 was determined by Wilcoxon matched pairs-signed rank test D) 

Correlation between RNA expression in resting and activated memory T cells in control genes. 

Spearman’s rank test on log- transformed data E) RNA expression in corresponding genes with HIV 

integration (red color) in resting CD4 (open circles) and activated (closed circles) and in control genes 

(grey color) in resting (open circles) and activated (closed circles). p****≤0.0001 was determined by Mann-

Witney. The line shows the median. The dotted line indicates the genes with zero reads. RPKM; Reads 

Per Kilobase of transcript per Million mapped read  
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We specifically looked at the expression of the genes prior to activation i.e. time 0 (T0), 

when the status of the T cells is defined as resting, and 48h post activation with aCD3/ 

CD28 i.e. time 48 (T48), when the status of the T cells is defined as activated (Komori 

et al., 2015). To determine whether HIV specifically targets the genes in activated or 

resting cells, only sites with the approved gene symbols were selected. The integration 

sites with no identified gene symbols and pseudogenes were excluded from this 

analysis (Supplementary Table 4.3).  

We combined the results of pre- and post-activation latency models and identified 758 

genes with integration sites in our culture system using UCSC GRCh38/hg38. We then 

looked at the levels of RNA expression of the corresponding genes with HIV-IS in the 

activated or resting CD4+ T cells found in the GEO dataset (GSE 59846) (Komori et 

al.,2015). The data suggested a similar frequency of the transcripts in the 

corresponding genes with HIV-IS in resting and activated T cells (Figure 4.6A). Here, 

frequency refers to the number of transcripts for gene in activated and resting CD4+ T 

cells in this study. There was a significant correlation between the RNA expression of 

the corresponding genes with HIV-IS in resting and activated CD4+ T cells (Figure 

4.6B). This data suggests that in our in vitro system, HIV-IS is targeting the genes 

expressed in both activated and resting CD4+ T cells with a similar frequency.  

We next asked whether the levels of RNA expression in genes with HIV integration 

sites are different from a set of random gene. We generated a random gene set using 

excel and collected the data from memory CD4+ T cells (CD45RO+) at time zero (T0) 

with no TCR stimulation and 48h post activation at time 48 (T48). This generated a 

subset of matched resting and activated memory CD4+ T cells found in the same GEO 

dataset (GSE 59846). We first looked at the RNA expression in the matched random 

genes (Figure 4.6C). There was no significant increase in the level of RNA expression 

in genes in the activated compared to the matched genes in the resting memory CD4+ 

T cells in the random gene set (Figure 4.6C).  
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Not surprisingly, there was a significant correlation between the RNA expression of the 

genes in resting and the matched genes in the activated memory T cells (Figure 4.6D). 

This suggested that changing the status of the T cells from resting to the activated 

correlates with the increase in the levels of RNA expression.  

We then used the random gene set and compared the corresponding genes with HIV 

integration sites found in our in vitro system with the random gene set (Figure 4.6E). 

There was a significant increase in the RNA expression in the corresponding genes 

with HIV-IS compared to the random genes in the resting CD4+ or activated 

(p****≤0.001, Mann- Whitney Test) (Figure 4.6E). These data suggest that although 

RNA expression in random genes might increase following T cell activation, the levels 

of expression is higher in the corresponding genes with the HIV integration sites.  

Taken together, our data showed that the genes with HIV-IS are expressed at similar 

levels in the resting and activated T cells. However, the level of RNA expression in the 

genes with HIV-IS was significantly higher compared to the random genes in the 

control dataset. It is worth pursuing this further to determine whether the increase in the 

RNA expression observed between corresponding genes with HIV-IS and the control 

genes are a result of viral infection in T cells.  

4.3.6 Distribution of HIV-IS relative to transcription start sites (TSS)  

The differences between the levels of expression of the genes with corresponding HIV-

IS and control genes raised the question whether there was a specific location within 

the gene that controlled the expression of HIV and the development of latency. We 

initially looked at the overall HIV integration sites relative to the transcriptional start 

sites (TSS) (Figure 4.7A).  

The relative frequency of the integration sites to TSS was assessed by defining the 

location of the HIV-IS within the gene and compared those locations to TSS.  
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Figure 4-7 Distribution of genic states relative to TSS 

The frequency of integration sites into TSS was assessed by measuring the distance of the genes with 

HIV-IS distance from TSS in A) overall integration sites B) integration sites in sense orientation. The 

distance to TSS relative to the length of the transcripts (genes) is shown in the y-axis and the length of the 

genes i.e. transcripts are shown by x-axis. The integration into the genes close to the TSS is shown in the 

left and integration in genes distant from TSS is shown in the right side of the plots. Red lines show the 

expected distribution of the integration sites relative to TSS C) HIV integration sites relative to TSS in pre-

activation (light-blue symbol) and post-activation (light-pink symbol) or D) in productively expressed (light-

pink symbol), TCR induced (blue symbols), and the TCR non-induced (light-blue symbol). The distance to 

TSS shown in y-axis and the length of the genes i.e. transcripts is shown by x-axis. The integration into the 

genes close to TSS is shown in the left and integration in genes distant from TSS is shown in the right side 

of the plots. The 95% confidence interval shows the expected distribution of the integration sites relative to 

TSS.  

This enabled us to assess the frequeny of HIV-IS relative to the gene size (transcripts 

length) (Figure 4.7A). The frequency of the integration sites was determined relative to 

the distance of the genes and TSS. We found a bias toward TSS in the total integration 

sites within the genes. HIV integration sites were found in small genes and closer to 

TSS. The differences did not reach statistical significance (Figure 4.7A).  
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This was similar when we limited our analysis to integration sites in the sense 

orientation (Figure 4.7B), in which the high frequency of the integration sites was 

detected in our study (see Figure 4.3). The HIV integration sites in the sense 

orientation were enriched in the genes close to TSS, but it did not reach statistical 

significance. These observations suggested that the specificity of the integration sites 

toward TSS is most likely defined by the size of the transcript. Thus, there might be 

some size effects driving the integration sites toward TSS. 

To answer whether the distance to TSS affects the establishment of infection or 

latency, we employed the same analysis and looked at the distribution of HIV-IS 

relative to TSS in the genes in the pre- and post-activation latency models (Figure 

4.7C) and in productively expressed, TCR induced and TCR non-induced latency 

(Figure 4.7D).  

Distribution of HIV-IS toward TSS in the genic regions was similar in the pre- and post-

activation latency (Figure 4.7C). In productively expressed, TCR induced and TCR 

non-induced latency there was a trend to a greater distance from TSS in TCR induced 

for small genes. However, the lack of differences might be due to the limited number of 

integration sites in the pre-activation compared to the post-activation latency.  

4.3.7 Negative likelihood of HIV integration sites in heterochromatin  

We next looked at the chromatin state and the effect of epigenetic markers on the 

levels of EGFP expression using 15 state models of epigenetic profiles 

(https://egg2.wustl.edu/roadmap/web_portal/chr_state_learning.html) (Kundaje et al., 

2015). The number of the events across multiple categories limited the power of the 

analysis when individual marks are used to classify the chromatin status.  

  

https://egg2.wustl.edu/roadmap/web_portal/chr_state_learning.html
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Thus, we used the 15 state models to reduce the categories of the epigenetic states to 

increase the statistical power of the comparison between HIV integration sites and the 

establishment of infection and latency in our system. The states are summarized in the 

table below (Table 4.1)  

Table 4:1 Chromatin states in 15 state models 

State number Mnemonic Genic IS 

1 TssA Active Transcriptional Start Site 

2  TssAFInk Flanking Active TSS 

3 TxFInk Transcription at gene 5’ and 3’ 

4 Tx Strong Transcription 

5 TxWk Weak Transcription 

6 EnhG Genic Enhancers 

7  Enh Enhancers 

8 ZNF/Rpts ZNF genes & repeats 

9 Het Heterochromatin 

10 TssBiv Bivalent/Poised Tss 

11 BivFInk Flanking Bivalent Tss/ Enhancer 

12 EnhBiv Bivalent Enhancers 

13 ReprPC Repressed PolyComb 

14 ReprPCWk Weak Repressed Poly Comb 

15 Quies Quiescent/ Low 

 

We found a strong likelihood of HIV integration sites in Tx (Strong Transcription), Enh 

(Enhancer), EnhG (Genic Enhancer), and negative likelihood with Het 

(Heterochromatin), ReprPCWk (Weak Repressed PolyComb), and Quies (Quiescent, 

Low) chromatin state between productively expressed and TCR non-induced latently 

infected cells (Figure 4.8).  

The similar patterns were found with TCR induced cells, but there were a limited 

number of HIV integration sites for the analysis in this category (see Supplementary 

Figure 4.5). 
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Figure 4-8 Distribution of epigenetic state by EGFP expression 

The chromatin states determined in the epigenomic roadmap for T cells 

(https://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmModels/coreMarks/joint

Model/final/annotationEnrichment_RoadmapEp_coreMarks_15State.png) were used to determine the 

likelihood of chromatin states with HIV integration sites in productively expressed cells and TCR induced 

and TCR non-induced latent cells irrespective of the pathway by which latency has established. There was 

strong likelihood between integration sites in productively expressed cells and TCR non-induced in Tx, 

Enh, EnhG, and negative likelihood between the sites in Quies, ReprPCWk, Het. The definition of each 

epigenetic mark can be found in table 4.1.   

https://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmModels/coreMarks/jointModel/final/annotationEnrichment_RoadmapEp_coreMarks_15State.png
https://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmModels/coreMarks/jointModel/final/annotationEnrichment_RoadmapEp_coreMarks_15State.png
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The comparison between these states and the individual marks that define the state 

are shown; 

(https://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmMo

dels/coreMarks/jointModel/final/annotationEnrichment_RoadmapEp_coreMarks_15Stat

e.png). 

Overall, comparing activated and resting chromatin state across productive and TCR 

non-induced latently infected cells, we did not find any statistically significant 

differences between the two populations. The number of integration sites was 

insufficient to reach statistical analysis on the effect of chromatin state in TCR induced 

latently infected cells. 

Increasing the sample size would enable to determine the differences in the resting and 

activated chromatin states in this population. The contributions of these marks in the 

establishment of infection and latency in pre- and post-activation latency model 

remained to be elucidated.  

4.3.8 HIV integration sites in genes with no RNA expression 

Using RNA-sequencing data from GEO dataset (GSE 59846), 91.77% (i.e.658/717) of 

integration sites were found in the matched genes in resting and activated T cells with 

detectable RNA expression i.e. RPKM >0 (Reads Per Kilobase of transcript per Million 

mapped read) (Figure 4.6A).  

However, 8.2% (i.e.59/717) of the integration sites were found in the genes with no 

RNA expression (RPKM=0), including 4.7% (i.e.34/717) that were matched for no 

expression in resting and activated T cells, 2.5% (i.e.18/715) for which there was no 

expression only in activated and 0.9% (i.e.7/717) of the sites were found in genes with 

RPKM=0 in resting CD4+ T cells only (Figure 4.6A).   

https://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmModels/coreMarks/jointModel/final/annotationEnrichment_RoadmapEp_coreMarks_15State.png
https://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmModels/coreMarks/jointModel/final/annotationEnrichment_RoadmapEp_coreMarks_15State.png
https://egg2.wustl.edu/roadmap/data/byFileType/chromhmmSegmentations/ChmmModels/coreMarks/jointModel/final/annotationEnrichment_RoadmapEp_coreMarks_15State.png
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Figure 4-9  HIV integrated genes in T cells with no RNA expression  

(A) The pie chart shows corresponding genes with HIV integration sites in matched activated and resting 

CD4+ T cells with detectable RNA expression (RPKM>0) (grey chart), in the genes with no detectable 

RNA expression (RPKM=0) in matched activated and resting (purple chart), only in resting (blue chart) and 

only in the activated T cells (red chart). To indicate the genes with zero reads, they were assigned to the 

lowest RPKM value (0=-10 (log 2)) for the graphical purpose. RNA expression of the control genes (B) and 

the corresponding genes with HIV-IS (C) are shown across different time points following TCR stimulation. 

RNA expressions of 1000 random genes were collected from the GEO dataset GSE73213 (LaMere et al., 

2016). Data were plotted against time after addition of aCD3/CD28. Arrow indicates the time of the 

addition of the aCD3/CD28 stimulation. Kinetics of TCR stimulation in corresponding genes with HIV-IS 

shown in the grey shading. Dotted lines indicate the genes with no reads. To indicate the genes with zero 

reads, they were assigned to the lowest RPKM value (0=-10 (log 2)) for the graphical purpose. RPKM; 

Reads Per Kilobase of transcript per Million mapped read. 
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There was an average of 42.8% of the genes that were RPKM=0 in 3000 random 

genes from GSE59846 dataset. This suggests that there is not a random integration 

into the non-expressing genes, that this subset of genes may be expressed in some T 

cells, perhaps in a stochastic manner.  

Since, gene regulation is a stochastic process (Dar et al., 2016) with transcriptional 

cycling in which genes are switched on and off between active and inactive states 

(Fukaya et al., 2016) (reviewed in (Raj and van Oudenaarden, 2008)), we hypothesized 

that the low levels of RNA expression in the corresponding genes with HIV integration 

site could be due to the changes in the activation of the genes following TCR 

stimulation (LaMere et al., 2016). To explore this idea, we looked at the kinetics of RNA 

expression of the corresponding genes with HIV integration sites following aCD3/CD28 

activation using GEO dataset (GSE73123) (LaMere et al., 2016).  

We specifically selected the genes with undetectable RNA expression prior to TCR 

stimulation (LaMere et al., 2016). In this way, we would be able to monitor the changes 

(if any) in RNA expression during TCR activation. The comparison between the 

changes in the levels of RNA expression during TCR stimulation in the randomly 

selected genes would enable us to indirectly monitor the changes in the corresponding 

genes with HIV-IS found in our culture system (Figure 4.6A). Therefore, we 

characterized the changes in 604 genes found with undetectable RNA expression prior 

to TCR stimulation found in GEO dataset GSE73123 (LaMere et al., 2016).  

Amongst the 604 genes in naïve T cells (LaMere et al., 2016), 54.9% (332/604) of the 

genes had an increase in the levels of RNA expression following TCR stimulation at 

D0.  
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The levels of RNA expression were sustained over the period of 14 days (Figure 4.6B). 

42.71% (258/604) showed response to stimulation at D1, and 37.2% (225/604) of the 

genes responded at D5 post stimulation and had a sustainable RNA expression during 

the period of 14 days from the initiation of the signal (LaMere et al., 2016). 

Interestingly 26.15% (158/604) of the genes showed no response to the TCR 

stimulation and no detectable RNA expression over the period of 14 days (Figure 

4.6B). This suggested that the levels of gene expression in response to TCR activation 

in naïve T cells are varied and there are sets of genes that would not response to TCR 

stimulation over this period. 

We did the same analysis and looked at the corresponding genes with HIV-IS with no 

detectable RNA expression (Figure 4.6C). We specifically looked at the time point in 

which viral infection and latency are established in our in vitro latency models (i.e. day 

D5). The response to TCR stimulation in corresponding genes with HIV-IS (Figure 

4.6C) followed a similar pattern to the random genes (Figure 4.6B).  

A total of 11 corresponding genes with HIV-IS had the exact pattern to the activated 

naive T cells in the random control. There was no detectable RNA expression at day 0 

post activation with aCD3/CD28 (Figure 4.6C). These genes remained non-responsive 

to TCR signalling during the period of 14 days (Figure 4.6C).  

Amongst the 11 genes in this category, 63.6% (7/11) were found in productively 

expressed, and 36.3% (4/11) found in TCR non-induced latent cells. Our observations 

suggested that viral integration does not necessarily require activated genes and 

integration could occur in the genes with low levels of RNA expression. 
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4.3.9 Corresponding genes with no RNA expression during T activation 

across different T cell subsets 

The analysis of HIV integration sites in genes with no RNA expression during TCR 

stimulation prompted us to further verify whether this observation was only related to 

the naïve T cells (CD45RA+) or it could be found across different T cell population.The 

RNA expression of T cells in different RNA-Seq studies available in GEO dataset was 

collected (Supplementary Table 4.3) and the expression levels of the corresponding 

genes with HIV integration sites were indexed across those genes in all T cells and T 

cell subsets including Th17 (GSE103844), Treg (GSE70620), TH2 (GSE75011),TfH 

(GSE78276), TCM,TEM and TEMRA (GSE97861) published in GEO dataset.  

We first identified the corresponding genes with the HIV-IS that have low levels of RNA 

expression in the largest dataset of 178 different T cell phenotypes started from naïve 

to Th17 (GSE103844) (Figure 4.7). The rationale for specifically looking at HIV-IS with 

low levels of RNA expression in naïve and Th17 population was because naïve T cells 

are less permissive to HIV infection (Wightman et al., 2010) and Th17 population are 

the most prominent cells found in the mucosa (Stieh et al., 2016). Therefore, our 

observation might suggest that a] genes with low levels of RNA expression are 

distributed in T cells irrespective of their phenotypes and b] both naïve and Th17 T 

cells are permissive to HIV infection or latency. 

We detected 21 genes in which the RNA expression was undetectable (i.e. RPKM=0) 

prior-to T cell activation in this large dataset. Interestingly, 16 of these genes had no 

RNA expression during activation of T cells (Figure 4.7). There were 39 genes with 

corresponding HIV-IS that had low or no RNA expression (RPKM=0) in this cluster 

analysis during stimulation and during modulation of differentiation by siRNA and the 

inhibitors of RORγT (Figure 4.8).  
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Figure 4-10 Clustering of RNA expression in T cells from the GES103844 dataset 

Heatmap of RNA expression in 178 conditions for T cell differentiation analysed in GSE103844 using 

RNA-Seq. The genes with high levels of RNA expression shown in blue and genes with the low levels of 

RNA expression are shown in red. Genes with no RNA expression (RPKM=0) are clustered and shown 

with dark red color in the middle of the cluster.   
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Figure 4-11  Clustering of genes with low RNA expression during T cell activation 

Cluster of genes with low expression taken from the heatmap shown in figure 4.10. The gene list was 

restricted for genes identified in the HIV-IS list from the in vitro infection. Undetectable RNA expression 

(RPKM=0) is shown in red. Data from GSE103844 dataset identified genes expressed during 

differentiation from naïve to Th17 T cells.  
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Figure 4-12  Clustering of the genes ranked from high to no RNA expression  

Heatmap of the RNA expression of the genes detected across multiple CD4+ T cells archived in GEO 

dataset. The dataset was restricted to the genes identified in our HIV-IS list. Data in each dataset was 

assigned a rank for RNA expression from high to low or negative expression. The GSE identifiers for the 

dataset are indicated on the X axis and listed in supplementary table 4.3. The blue cluster shows genes 

with highest levels of RNA expression and genes with low RNA expressions are shown in red. Low level 

expression across the datasets and clustered toward the bottom of the heatmap.  



 

195 
 

We then looked at the changes in RNA expression of the genes in all CD4+ T cell 

subsets available in GEO dataset (Supplementary Table 4.3). Due to inconsistency in 

the methods by which RNA sequencing were performed, to identify the genes with low 

levels of expression across multiple studies, the levels of RNA expression were ranked 

from high to low and mapped to the corresponding genes with HIV integration sites 

(Figure 4.9). 

The ranking of the genes across different RNA-Seq studies in CD4+ T cells identified 

the sets of genes in which the levels of RNA expression was low in all CD4+ T cell 

population (Figure 4.9). This analysis confirmed our initial observation that there are 

the sets of genes in CD4+ T cells that seem never to express during activation of the T 

cells but are permissive to HIV integration. 

4.3.10 Contribution of the genes with HIV-IS in metabolism and signalling  

To further determine the functional activity of the genes with no RNA expression found 

in the HIV infected cells in our culture system, we looked at the canonical pathway 

mapping of these genes using DAVID (Database for Annotation Visualization and 

Integrated Discovery) (https://david.ncifcrf.gov/tools.jsp).  

With one exception (i.e. SH1SA6), the corresponding genes with HIV-IS were mapped 

to the pathways in signalling and T cells metabolism (Table 4.1). Interestingly, the 

interaction between the HIV Env, Nef and Tat with BMPR1B (Dalvi et al., 2013), gp120 

with GULP1 (Chen et al., 2005), HIV Tat with PRKG1(Krogh et al., 2014) and viral Env 

and gp120 with TUSC3 (Luo et al., 2016) have been shown to down regulate the 

expression of these genes in vitro.  

The contributions of these genes in the metabolism and signalling would suggest that 

there might be a mechanism in T cells that could facilitate the establishment of infection 

in the genes with no to low levels of RNA expression.   

https://david.ncifcrf.gov/tools.jsp
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It would be of interest to characterize the chromatin status of these genes and 

epigenetic factors around the site of integration. This would provide a clue on how viral 

integration could occur in genes with low to no levels of RNA expression. 

Table 4:2 Biological pathways of corresponding genes with HIV-IS with no detectable 
RNA expression 

Genes 
Symbol 

 
Description 

 
Function 

 
References 

BMPR1B Bone Morphogenetic Protein Receptor Type 1B AKT Signalling (Dalvi et al., 2013) 

HS6ST3 
Heparan Sulfate 6-O-Sulfotransferase 3 Metabolism  (Iravani et al., 2017) 

KCNE4 Potassium Voltage-Gated Channel Superfamily 
E Member 4 

Metabolism (Abbott, 2016) 

LSAMP 
Limbic System-Associated Membrane Protein 2 Metabolism  (Petrovics et al., 2015) 

PRKG1 Protein Kinase/cGMP Dependent Type 1 Signalling (Krogh et al., 2014) 

TUSC3 
Tumor Suppressor Candidate 3 Metabolism (Luo et al., 2016) 

USH1C 
Protein Component Harmonin 

Binding protein-
cell membrane 

(Bahloul et al., 2017) 

CYP4F11 
Cytochrome p450 Family 4 Subfamily 11 Metabolism (Yi et al., 2017) 

GULP1 
Engulfment adaptor PTB domain containing 1 

Protein-protein 
interaction 

(Chen et al., 2005) 

SH1SA6 Shisa Family member 6 House keeping  (Verhoeven et al., 2013) 

4.4 Discussion  

The pool of replication-competent latent provirus that remains non-responsive to the 

cellular activation following LRA treatment is the major challenge to eradicate the viral 

reservoir in individuals living with HIV.  

Latently infected cells have shown an incomplete response to the activation signals (Ho 

et al., 2013, Eriksson et al., 2013, Cillo et al., 2014, Bui et al., 2016, Painter et al., 

2017), suggesting the mechanisms maintaining the viral reservoir during T cell 

activation.  
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The establishment of latency is still unclear, however, proviral integration site and the 

surrounding environments have received extensive interest in recent years (Matsuda et 

al., 2015, Saleh et al., 2016, Rato et al., 2017, Battivelli et al., 2018, Golumbeanu et al., 

2018).  

In this study, I used next-generation sequencing method developed in our laboratory 

(Symons et al., 2017) and looked at HIV integration sites in latently infected cells 

established in vitro.  

Profiling the genes with HIV integration sites with the genes available in GEO datasets, 

I showed a similar frequency of HIV integration sites in the genes expressed in the 

activated and resting T cells. Subsequently using RNA-Seq analysis data available in 

GEO dataset, I looked at the changes in the RNA expression during TCR activation by 

indexing the genes with HIV integration sites across different CD4+ T cells available in 

GEO dataset. There were 11 genes with HIV integration sites in which the levels of 

RNA expression were undetectable or low. Amongst these genes, 63.6% were found in 

productively expressed and 36.3% were found in the TCR non-induced latently infected 

cells. I provided evidence that there is a set of genes with HIV integration sites that 

have no measurable RNA expression. 

The changes in the RNA expression were minimal following T cell activation, 

suggesting a correlation between the complete or near compete silencing of these 

genes and the corresponding genes with HIV integration sites.  

The consistent observation across different CD4+ T cell subsets suggest a common 

mechanism for the establishment and the maintenance of latent reservoir in CD4+ T 

cells. Our study suggests that viral entry and infection could occur in the genes with low 

to no levels of RNA expression in T cells. These low expressed genes with HIV 

integration could possibly maintain the latency during TCR activation.   
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4.4.1 HIV integration is more frequent in intron and in sense orientation 

Using UCSC/hg38 genome annotation and the UCSC gene browser, we found HIV 

integration sites in genomic regions more frequently in the introns, but there is no 

selection when the insertion frequency is corrected for the size of the introns and exons 

(Figure 4.2, Figure 4.3, Figure 4.7). These observations suggest that HIV integration 

occur mostly in the genic locations without a preference for intron or exon in our in vitro 

system.  

The reason why HIV integration sites could target a gene might be related to the 

chromatin status of the gene (Ernst and Kellis, 2010) as well as the distribution and the 

size of the introns versus exons (Sakharkar et al., 2004). The average numbers of exon 

per human genome are estimated at around 8-10 exons /gene (Sakharkar et al., 2004) 

and the estimated average size of ~ 170 bp. This shows that 80-85% of the exons are 

<200 bp in length. In comparison, introns are much larger with ~5419 bp per each 

chromosome (range from 4741.54-23527.35) (Sakharkar et al., 2004). Compared to 

the exon, there is only <0.01% of introns are < 20 bp in length / each chromosome.  

The large sized introns i.e. > 200,000 bp are the small part (5.4%) of the genome, and 

<10% of introns are distributed by 11000 bp per each chromosome (Sakharkar et al., 

2004) . The size differences between the exons and the introns in the human genome 

would suggest that exons are less distributed across the chromosomes compared to 

the introns.  

Based on this distribution HIV DNA will be statistically more likely to target the introns 

compared to the exons. This would suggest that the size of the introns is a critical 

factor in which providing more materials for viral integration in specific locations.  
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4.4.2 HIV-IS in clonally expanded cells or cancer-related genes in 

productively expressed T cells in vitro  

One aspect of viral reservoir is the expansion of the infected cells during ART. These 

cells are not affected by antiretroviral therapy, which might allow proliferation of the 

infected cells in response to antigenic stimulation (Simonetti et al., 2016), and 

homeostatic signals (Chomont et al., 2009).  

There is a preferential integration of proviral DNA in cancer-related genes (Wagner et 

al., 2014) in which genes with HIV integration sites were 12.5% more frequent 

compared to the 5.9% found in human genome (Wagner et al., 2014). These 

observations suggested a link between HIV integration sites and the survival and the 

expansion of the cells with the cancer-related genes during ART (reviewed in (Hughes 

and Coffin, 2016)).  

In agreement with the literature (Ikeda et al., 2007, Maldarelli et al., 2014, Imamichi et 

al., 2014, Cohn et al., 2015, Simonetti et al., 2016), we found the enrichment of the 

HIV-IS in the clonally expanded cells in the infected CD4+ T cells. However, there was 

a high frequency of clonally expanded site in the pre-activation latency model 

compared to the post-activation cells. This is a surprising observation since these are 

resting non-proliferating cells with low levels of expansion compared to the activated T 

cells in the post-activation model. Therefore, this observation requires further 

investigation.  

The enrichment of the HIV integration sites in the cancer-related genes or clonally 

expanded cells was found in the productively expressed CD4+ T cells in vitro. We did 

not find the enrichment of the HIV integration in clonally expanded sites or in cancer-

related sites in the latently infected T cells (Figure 4.4).  
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However, the establishment of infection and latency in vitro is a very defined system 

(Rezaei et al., 2018). We have already shown that there is a significant difference in 

the levels of infection and latency depending on how latency is established (Chapter 3, 

Figure 4 &5). 

Therefore, due to the differences in the establishment of latency and infection in our 

culture system and the HIV integration sites found in the virally suppressed HIV 

infected individuals on therapy, it might not be feasible to make a direct link between 

our observation and the published studies. 

4.4.3 Similar frequency of the HIV integration sites in resting and 

activated T cells 

Previous studies have provided supportive evidence that HIV preferentially integrates 

into the active genes (Lewinski et al., 2006, Pace et al., 2012, Saleh et al., 2016, Chen 

et al., 2017). Recent studies by Marini et al., using VSV-G reporter system and a model 

of post-activation latency have shown recurrent HIV integration sites in the genes 

located at the nuclear envelope (Marini et al., 2015). The location of the genes in the 

activated T cells is determined by the activation signals. The observation by the 

Marini’s group shows that the specificity of the genes targeted by the HIV is determined 

by the activity of the genes and the location of the genes at time of infection. 

The topology-based model proposed by the Marini’s group (Marini et al., 2015) 

suggested to us that the status of the T cells at time of infection could preferentially 

shift the integration of the proviral DNA from the genes in resting toward the genes 

expressed in the activated cells. We were prompted to use the RNA-Sequencing data 

available in the GEO dataset for the differences in the RNA expression in the activated 

and resting CD4 T cells of the genes corresponding to the HIV integration sites. 
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My data showed a significant correlation between the RNA expression in the resting 

and activated T cells in the corresponding genes with the HIV integration sites. This 

observation suggests that viral integration at specific sites could occur in the activated 

or resting genes.  

The epigenetic markers of the gene including DNA methylation (Fialkova et al., 2017, 

Tsou et al., 2018) or modifications of the histones are consistently associated with the 

promoter activity and the regulation of the gene expression in T cells (Kumar et al., 

2016, Lev et al., 2017, Penke et al., 2018).  

It is of interest to look at the epigenetic factors in the corresponding genes with HIV 

integration sites in resting and activated T cells to determine the level of transcriptional 

modifications, if any, in those genes. Understanding the effect of HIV integration sites 

in the maintenance or modification of these genes might be critical to define factors 

affecting HIV latency. 

4.4.4 HIV integration can happen in transcriptionally silent genes in CD4+ 

T cells  

Evidence in the literature has suggested that changes in the gene activity can result in 

up to 1000-fold differences in the HIV expression (Singh et al., 2010, Dar et al., 2016, 

Hashemi et al., 2016). In addition, the current paradigms in the field strongly favor a 

relationship between the status of the chromatin and HIV integration sites (reviewed in 

(Craigie and Bushman, 2014)).  

It is believed that the HIV integration into the genome of the CD4+ T cells requires 

some levels of open chromatin (Sherrill-Mix et al., 2013, Lelek et al., 2015, Marini et al., 

2015). Therefore, proviral integration occurs in a] active genes and b] genes with the 

open chromatin.  
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Interestingly, in our study, 4.74% of the sites were found in the genes with no RNA 

expression (RPKM=0). These genes were found in both the productively expressed 

EGFP+ and the TCR non-induced latent cells, with no preferences to the genes in 

RIGs, cancer-related or clonally expanded cells.  

The corresponding genes with no RNA expression were consistently found in multiple 

T cell and T cell subsets including Th17, which have been shown to be first in line of 

contact with HIV in the mucosal sites (Stieh et al., 2016), or T follicular helper cells in 

lymph nodes (Banga et al., 2016). Interestingly the level of RNA expression in these 

genes was sustained during T cell activation. These data suggest there is a set of 

genes in T cells which have low transcriptional activity and possibly have the low levels 

of open chromatin.  

Since in our in vitro culture system, the establishment of infection and latency occur in 

a homogenous T cells population, our observation cannot be attributed to the 

contamination with non-CD4+ T cells including monocytes or dendritic cells in our 

system. Therefore, our finding suggests that there is a common mechanism in T cells, 

which might maintain the low transcriptional activity of these genes during T cell 

activation across different T cell subsets. Most importantly the viral integration can 

occur in some genes largely independent of the transcriptional activity of the genes and 

probably in the genes with low levels of open chromatin at the time of infection.  

The effect of transcription factors and DNA methylation, histone and chromatin 

regulations are well studied in T cells (Barski et al., 2007, Meyer-Rath et al., 2013, 

Russ et al., 2014). Excellent studies provided by LaMere et al., have specifically looked 

at the changes in the histone modifications during TCR stimulation in naïve T cells.  
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There were three distinct patterns of methylation changes in the activation-induced 

gene expression in the naïve or memory T cells following TCR activation; a] genes with 

increase in H3K4me3 from day 0 to day 5 possess low levels of RNA expression at all 

time, b] the genes in which the levels of H3K4me3 increase at day 5 and remain 

sustained for two weeks, and c] the genes with increase in H3K4me3 at day 1 till day 5 

then return to resting state at day 14 post TCR activation.  

This data suggests a relationship between the RNA expression and the methylation 

status of the genes during TCR activation. 

To verify whether histones marks play a similar role in the HIV infected cells in our 

study, defining the relationship between the RNA expression and the methylation 

status of the histones in the genes with HIV integration sites is necessary.  

Apart from the histones, the level of RNA polymerase (RNA Pol) II has been 

consistently correlated with high levels of RNA expression during T cell activation (Lim 

et al., 2009). In mitogen-stimulated CD4+ T cells there is an association between the 

status of the genes and the occupancy of the RNA PolII (Lim et al., 2009). 

Genes are classified as; a] repressed genes; lack of PolII at the promoter sites, b] 

inducible genes; possessing the PolII at both 3’ and 5’ promoters with the higher 

occupancies at 3’, or c] active genes; PolII is detected at the promoters but not in the 

body of the genes (Lim et al., 2009). Moreover, the expression of the proviral DNA is 

influenced by the proximity of the integration sites to the promoters in vitro (Han et al., 

2008, Chen et al., 2017).  

Understanding the status of the chromatin, the occupancy of the RNA PolII and the 

histone markers in which the HIV integration sites with no detectable RNA expression 

have been found would provide insight in the effect of these regions in the 

establishment of infection and the maintenance of latency.   
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4.4.5 Limitations  

There are some limitations to my study. First: we only analysed the integration sites 

found in the genes identified in the UCSC, genome browser hg38. The integration sites 

found in non-genic regions or ambiguous sites were excluded from our analysis. 

Detection of the ambiguous sites might be due to the small size of the amplicon that 

was sequenced.  

In addition, the low frequency of the integration sites has also limited our analysis to 

determine the relationship between viral expression (using EGFP reporter virus) and 

latency using published data on resting and activated chromatin state in T cell 

subpupulations.  

The effect of the establishment of latency and the relative enrichment of the chromatin 

state of the T cells were also remained inconclusive most probably due to the low 

sample size. We have specifically sequenced 50-300 bp integration sites junction 

between HIV 3’ LTR and the host genome. Sequencing HIV integration sites of a 50- 

300 bp would suggest that we have probably detected a small fraction of the integrated 

proviruses that may be in genic regions. Increasing the size of the amplicon to 600 bp 

might be able to increase the detection of the genic integration sites.  

Second, we have performed the integration site analysis in the bulk T cells. Thus, we 

were unable to measure the number of integrated provirus per infected cells. 

Therefore, we cannot distinguish whether the EGFP expression following the 

stimulation was a result of the expression from a specific integration site found per cell.  

To define the frequency of the latent HIV integration sites that is responsive to T cell 

activation or remains non-induced, a single-cell sequencing strategy based on the HIV 

expression is strongly recommended (Rato et al., 2017, Golumbeanu et al., 2018).  
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Third, the integration sites analysis would not provide information on the status of the 

chromatin around the site of integration.  

Thus, we were not able to answer the question whether genes with the low RNA 

expression possess a closed chromatin structure. Therefore, it remains to determine 

the chromatin status of these genes at the time of infection.  

4.5 Conclusion 

Integration of HIV proviral DNA into the host genome has been described as a non-

random process targeting actively transcribed genes (reviewed at (Rezaei and 

Cameron, 2015)), suggesting activation status of the T cells at the time of infection is a 

mechanism facilitating proviral integration into the specific sites. However, the 

contribution of the integration sites in viral expression and latency is still unclear. 

In this study, using next-generation sequencing and the correlation with RNA-Seq 

analysis available in GEO datasets, I showed that HIV integration sites are apparently 

independent of the gene expression in at least some T cells and could target the genes 

that can be expressed by both resting and activated T cells even at very low level. I 

further showed that viral integration could occur in the genes that remain quiescence 

during TCR activation.  

How the integrated proviral DNA remains transcriptionally silent following T cell 

activation is a critical question. My data suggests that there is a set of genes in CD4+ T 

cells that may never express during T cell activation. These low expressed genes were 

found in most the T cell subsets suggesting that the viral infection could occur in low 

expressed genes across all T cells rather than in some subset of T cells.  
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Further studies are required to directly determine the chromatin status of these genes 

to answer the question whether there is any relationship between the viral entry and 

infection in the genes in T cells that have low to no levels of RNA expression at the 

time of infection.  

This would provide a clue as to whether the establishment and maintenance of the 

latency are controlled by the transcriptional activity of the genes in T cell. The nature of 

this relationship has been and still is part of an ongoing investigation to better 

understand HIV pathogenesis, latency and latency reversal.  
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4.6 Supplementary Tables 

Table 4:3 Number of HIV integration sites in different in vitro latency models using high 
throughput sequencing  

In vitro latency 

models 
Total 
IS* 

Genic 
IS 

Genic  
IS (%)£ 
 

Clonal   
IS 

Recurrent 
IS 

Exonic 
IS 

Cancer-
related 
IS 

Pre-activation        

Productive 
expression 

182 170 93.4 13 4 11 14 

TCR responsive 14 13 92.8 1 0 1 2 

TCR non-responsive 26 21 80.7 0 1 1 3 

Total 222 204 92.8  14 5 13 19 

Post-activation        

Productive 
expression 

596 504 84.5 6 14 0 65 

TCR responsive 9 9 100 0 0 1 3 

TCR non- responsive 335 275 79 7 11 26 25 

Total 940 788 84.5 13 25 27 93 

*IS: integration site, £: Median  

Table 4:4 List of gene expression in human CD4+ T cells using RNA-Seq data available 
in GEO dataset 

GEO numbers Method Cells RNA-Seq analysis References 

GSE39537 RNA-Seq CD4  RPKM
ζ
 (Abraham et al., 

2013) 
GSE58596 RNA-Seq Naïve RPKM   (Weinstein et al., 

2014) 
GSE59846 RNA-Seq Naïve RPKM (Komori et al., 

2015) 
GSE65515 RNA-Seq CD4  Raw counts (Zhao et al., 

2016) 
GSE70620 RNA-Seq Treg

&
 FPKM (Ghosh et al., 

2016) 
GSE73213 RNA-Seq CD4 naive memory  FPKM (LaMere et al., 

2016) 
GSE75011 RNA-Seq TH2

ϑ
 Raw counts (Seumois et al., 

2016) 
GSE78276 RNA-Seq Naive → TfH

ε
 RPKM (Locci et al., 

2016) 
GSE94396 RNA-Seq iTreg Normalized count (Schmidt et al., 

2018) 
GSE95297 RNA-Seq CD4  Raw counts (Mohammadi et 

al., 2014) 
GSE96538 RNA-Seq Treg differentiation  RPKM (Schmidt et al., 

2018) 
GSE97861 RNA-Seq Naive TCM

Υ
 TEM

σ 
TEMRA

φ
 TPM

θ
 (Tian et al., 

2017) 
GSE97862 RNA-Seq Controls N, TCM TEM TEMRA TPM (Tian et al., 

2017) 
GSE103844 RNA-Seq CD4 → TH17

Ω
 Raw counts (Castro et al., 

2017) 
GSE112706 RNA-Seq Naive CD4 Raw counts   

ζ; Read per kilobase million, &; T regulatory T cell, ϑ; T helper type 2, ε; T follicular helper cells, ϒ;T central 

memory, σ; T effector memory, ϕ; T effector memory RA, θ; Transcripts per kilobase million  
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Table 4:5 Comparison of chromatin state with productive, induced and non-induced 
latent infected cells using 15 states chromatin model 

 

  

δ: Definition of each chromatin state can be found in table 4.1 
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Table 4:6 HIV integration sites in ambiguous genes found in vitro  

Ambiguous genes with HIV integration sites 
In

 v
it
ro

 l
a

te
n
c
y
 m

o
d

e
ls

 

AC004980.7, AC005339.1, AC005339.2, AC006195.2, AC008074.3, AC008074.5, AC009133.17, 
AC008103.3, AC062032.1, AC024560.3 AC009065.4, AC096559.1, AC006129.2 AC010184.1, 
AC010287.1, AC010761.14, AC010761.6, AC046143.3, AC067945.3, AC073215.1, AC083884.8, 
AC091633.3, AC092574.2, AC096559.1, AC097713.5, AC104534.3 AL022578.1, AL606500.1, 
AL845259.1, AP001171.1, AP001615.9, CH17-258A22.4, CH17-118O6.2, CH17-189H20.1, 
CH17-472G23.2, CTB-111H14.1 , CTB-31O20.2, CTB-31O20.9, CTB-52I2.4, CTC-479C5.10, 
CTC-422A18.1, CTC-436K13.2 , CTC-459M5.2 , CTC-523E23.11, CTC-559E9.4 , CTD-
2020K17.1, CTD-2020K17.3, CTD-2218K11.3 , CTD-2288O8.1, CTD-2517M22.16, , CTD-
2288O8.1, CTD-2583A14.10, CTD-3107M8.1 CTD-3148I10.15, CTD-3149D2.4, LINC00371, 
LINC01138, LINC00869,LINC01489, LINC-PINT, LINC01138, LINC01296, RP1-232P20.1, RP1-
267D11.1, RP1-45I4.2, RP1-67K17.4, RP1-41C23.1, RP1-253P7.4, RP4-583P15.15, RP4-
591N18.2, RP4-736L20.3, RP4-797C5.2, RP5-1077H22.2, RP5-988G15.1, RP11-147C23.1, 
RP11-154D6.1, RP11-158G18.1, RP11-196B3.1, RP11-206L10.8, RP11-231G15.2, RP11-
23D24.2, RP11-23E10.5, RP11-274B21.13, RP11-282M16.1, RP11-290C10.1, RP11-305D15.8, 
RP11-327F22.6, RP11-349G13.1, RP11-355B11.2, RP11-376O6.2, RP11-403I13.8, RP11-
429J17.2, RP11-430L17.1, RP11-43F13.1, RP11-44F14.7, RP11-472E5.3, RP11-473M20.9, 
RP11-495P10.10, RP11-506H20.1, RP11-51J9.4, RP11-541M12.6, RP11-563P16.1, RP11-
59H7.1, RP11-60E8.4, RP11-67A1.2, RP11-712B9.2, RP11-774D14.1, RP11-793H13.10, RP11-
85L21.4, RP11-883G10.1, RP11-968A15.2, RP11-403I13.8, RP11-407N17.3, RP11-705C15.3, 
RP11-12J10.3, RP11-178C3.1, RP11-184A2.3, RP11-20I23.3, RP11-289H16.1, RP11-304M2.3, 
RP11-362A1.1, RP11-395L14.11, RP11-403I13.8, RP11-423H2.1, RP11-425L10.1, RP11-
444A22.1, RP11-445F6.2, RP11-465B22.3, RP11-466A19.3, RP11-486A14.2, RP11-613M10.9, 
RP11-793H13.10, RP13-143G15.4 
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5.1 Introduction  

Major strategies to achieving a cure for HIV are focused on the pharmacological 

treatment of latently infected cells using latency reversing agents (LRAs) with the 

hopes of virus-mediated cytolysis or the immune-mediated clearance of the infected 

cells (reviewed in (Sengupta and Siliciano, 2018)). However, there is a diversity of 

response to the same LRAs across different in vitro latency models (Bosque and 

Planelles, 2009, Sherrill-Mix et al., 2013, Spina et al., 2013, Rezaei et al., 2018), as 

well as patient-derived latently infected cells (Cillo et al., 2014, Bullen et al., 2014).  

In HIV-infected individuals on ART, there is ~12% potentially replication-competent 

intact provirus (Ho et al., 2013). T cell receptor (TCR)-driven stimulation, the gold 

standard of T cell activation, is able to induce only a small proportion of the infected 

cells and 98.5% of the intact proviruses remain non-responsive to T cell activation 

(Cillo et al., 2014). This has suggested to us that the activation of the intact provirus 

might require an alternative signalling pathway. Differences in response to the same 

stimulation across in vitro and ex vivo studies suggested that the pathways establishing 

latency and HIV integration sites might contribute to the induction of viral expression 

from latently infected cells.  

5.1.1 Scope and objectives of the present study  

In this thesis, to elucidate the factors that might influence reversing latency, we have 

looked at a] the mechanism by which latency is established, b] the potency of the 

stimulus that could induce expression from latency, and c] the possible role of HIV 

integration sites in the maintenance of the latent provirus in response to T cell 

activation using two biologically different in vitro latency models. 
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5.2 Establishment of latency and response to alternative 

signalling  

We have systematically looked at the relationship between establishment of latency 

and the response to stimulation using LRAs and TCR-driven signalling. We have 

successfully demonstrated that the pathways by which latency is established could 

control the response to the reactivation signals (See Chapter 3).  

5.2.1 LRA response in resting and activated T cells 

There is a wide range of LRAs that could induce viral expression from latent cells using 

different mechanisms (reviewed in (Kim et al., 2018)). However, clinical trials of the 

individual LRAs have been inconsistent in inducing viral expression or reducing the 

size of the viral reservoir. In addition, response to the same LRAs across different 

studies has been varied (reviewed in (Darcis et al., 2018)). The lack of efficacy of the 

LRAs needs to be understood to improve the effect of latency reversing agents used in 

clinical trials. It this thesis we have demonstrated that response to LRAs might be 

dependent on the establishment of latency in resting and activated T cells (Chapter 3) 

(Rezaei et al., 2018).  

Using the most studied LRAs in clinical trials including HDACi panobinostat 

(Rasmussen et al., 2014, Tsai et al., 2016) and romidepsin (Winckelmann et al., 2017), 

a significant increase in viral expression was detected in latently infected cells in the 

pre-activation latency in which viral infection and integration is established by direct 

infection of CCL19-treated CD4+ T cells in vitro. The effect of these LRAs was none or 

minimal at inducing the expression from latently infected cells in the post-activation 

latency model when permissiveness to the HIV integration and infection is prominent. 
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It is believed that the establishment of latency is a complex and dynamic process that 

operates at transcriptional level (reviewed in (Khoury et al., 2018)). The epigenetic 

modifications of the histone tails at HIV promoter could establish latency or reverse the 

latency. By modifying chromatin condensation and accessibility of the HIV promoter to 

transcription factors (Colin and Van Lint, 2009); the balance between the induction of 

latency and inducing the expression from latency could change (Razooky et al., 2015). 

Our study suggests that the epigenetic control of HIV LTR could be different in 

activated and resting CD4+ T cells in response to LRAs. To improve the efficacy of the 

current latency reversing agents understanding the differences in the epigenetic 

controllers of the resting and activated T cells is critical.  

5.2.2 Monocytes alone or in combination with aCD3 in two paths 

The differences in the response to LRAs could also suggest that purging viral reservoir 

might require a different approach. In this regard, viral expression from latency has 

been minimal using TCR stimulation (Bullen et al., 2014, Cillo et al., 2014).  

T cell activation via TCR-driven signalling is governed by interaction between antigen 

presenting cells (APCs) and T cell receptor in which APCs provide major 

histocomplatibility complex-II (MHC-II) to T cell receptor while costimulatory molecules 

on T cells interact with their ligands on APCs (Dustin et al., 2006). This interaction 

induces three fundamental sigalling pathways cascading from TCR/MHC interaction 

(signal I), co-stimulatory signals by APC accessory molecules (signal II) and APC-

derived cytokines (signal III) (reviewed in (Kallikourdis et al., 2015)). DCs, monocytes, 

monocytes-derived dendritic cells (MDDC) and macrophages are critical in both the 

innate and adaptive immune response (reviewed in (Harman et al., 2013)).  
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The interaction between immature monocyte-derived DCs and blood-derived myeloid 

DCs has been able to induce virus expression in activated T cells in vitro (van der Sluis 

et al., 2013, van der Sluis et al., 2015).  

In this thesis, we have demonstrated that the direct contact with monocytes alone or in 

combination with the soluble antibody against CD3 in a syngeneic culture induces viral 

expression from latency above T cell activation with TCR/CD28. However, the potency 

of the response was also different in the resting and activated T cells.  

Direct interaction between monocytes/anti-CD3 with latently infected cells increased T 

cell proliferation and subsequent viral expression from latently infected cells in the pre-

activation latency model. The same approach resulted in generation of the highly 

proliferative T cells with a minimal viral expression in the post-activation latency model.  

Monocytes can provide both TCR signalling and monocyte-derived co-stimulation and 

soluble factors. In vitro proliferation signals in T cells can be induced by crosslinking of 

CD3 by FC receptor bearing accessory cells including monocytes (Li and Kurlander, 

2010). Antibody against CD3 on T cell surface could induce T cell proliferation (Doh 

and Irvine, 2006). The interaction between soluble antibody against CD3 and the 

accessory cells in some respects could mimic the physiological antigen presentation by 

APCs (Guilliams et al., 2014). Thus, monocytes interaction with the soluble anti-CD3 

could provide not only the CD28 ligand but also CD80 and CD86 ligands in T cells 

(Fuse et al., 2011, Charron et al., 2015). It remains to be determined, the crosslinking 

between monocytes and the soluble anti-CD3 in our culture system.  

However, It is very likely that the interaction between monocytes and anti-CD3 will 

have induced the expression of the additional co-stimulatory molecules or cytokines. 
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This interaction might generate a more complex co-stimulatory environment than the 

conventional TCR stimulation leading to the induction of expression from latency in 

resting CD4+ T cells.  

The effect of monocyte/anti-CD3 on viral activation might be reversed in activated T 

cells. This interaction could increase intracellular concentration of the free calcium 

inducing calcium-dependent physiological response (Matic et al., 2013) by anti-CD3 

and initiates the negative-feedback loop of the calcium-calcineurin pathway (Marangoni 

et al., 2013). This then results in the reduction of virus expression from latency in 

activated T cells. Thus, the response by monocyte/anti-CD3 induces proliferation 

signals but might reduce or maintain the activation signals necessary to induce the 

expression of HIV from latency in activated T cells.  

Therefore, the effect of monocytes in response to viral expression from latency could 

suggest that depending on how latency is established monocytes could have a dual 

effect in shaping the latency. The direct interaction with resting CD4+ T cells induces 

viral expression while the expression is reduced in the matched activated T cells. It is 

necessary to emphasize that T cells and APC interaction might govern the effect of an 

alternative signalling in the viral expression. The relationship between T cells and APC 

is the hallmark of immune response, thus, understanding this relationship would 

provide insight on how latency is maintained.  

5.3 Immune Check point Markers (ICM) and APC 

The more profound effect of monocytes in reducing the expression in activated T cells 

might also suggest a role for immune checkpoint markers (ICM). In antigen-stimulated 

T cells there is a high level of intracellular signalling via TCR-MHC as well as the 

immune checkpoints expression (Shankar et al., 2011). One of the aspects of the 

chronic infection including HIV is the exhaustion of T cells (Day et al., 2006, Kaufmann 

et al., 2007, D'Souza et al., 2007).   
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This would lead to the expression of multiple inhibitory receptors including PD-1, LAG-

3, TIM-3, CD160, TIGIT, as well as CTLA-4. As a result T cells become 

immunologically dysfunctional losing their ability to respond to the antigens (reviewed 

in (Pauken and Wherry, 2015)).  

PD-1 is one of the most studied ICM in exhausted T cells. It is expressed following 

TCR engagement, thus, it is a TCR mediated regulatory receptor (Rota et al., 2018). 

Proposed mechanisms for how PD-1 expression could induce T cell exhaustion are 

attributed to the effect of PD-1 in antagonizing TCR signalling including a] inhibition of 

CD28-induced activation of PI3K, b] reducing phosphorylation of ZAP70 c] reducing 

Ras pathway signalling as well as d] reducing T cell-APC interaction (reviewed in (Minn 

and Wherry, 2016)). In addition, the immune checkpoints can reduce the signalling 

cascade of their ligands in T cells such as PD-1/PDL-1 and CTLA4/CD28 (Pauken and 

Wherry, 2015, Xia et al., 2016). The reduction in APC-T cell interaction might suggest 

that the ICM induced CD4+ T cells has less ability to fully engage with APCs, thus, 

interaction with APCs like monocytes might be less efficient to induce the activation 

signals required to reverse latency in activated T cells in our system.  

5.3.1 ICM; inducing latency or maintaining latency 

The induction of ICM might also facilitate the establishment of latency or maintain the 

latency in HIV infected cell. Supportive evidence is provided by the enrichment of viral 

reservoir in T cells with high levels of ICM (Noto et al., 2018, Evans et al., 2018, Martin 

et al., 2018). The up-regulation of these markers could generate a dysfunctional subset 

of memory CD4+ T cells due to the high levels of multiple ICM which have been 

detected in the chronically infected but suppressed HIV-infected individuals (Fromentin 

et al., 2016, Banga et al., 2016, Hosmane et al., 2017).  
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Amongst different T cells subsets, effector memory CD4+ T cells have been enriched 

in the integrated provirus in two separate studies (Henrich et al., 2017, Grau-Exposito 

et al., 2017). Effector memory T cells are differentiated T cells that express ICM. 

Conceptually, if these cells are infected as a central memory or naïve T cells during the 

acute phase of HIV infection and have retained different phenotypic characteristics due 

to antigenic response, the enrichment of the latent reservoir in these population would 

suggest that the ICM expressed T cell could survive and contribute to the persistence 

of the viral reservoir over time. Therefore, it indicates a mechanism for the ICM 

expressed cells to maintain the latent reservoir.  

Although in this thesis we did not answer whether CD4+ T cells express ICM in our 

culture system, recent studies by our group have shown high levels of PD-1 in 

proliferating T cells in APC-T cell co-cultures in vitro (Evans et al., 2018). While further 

work is required to determine the effect of ICM in the establishment of the viral 

reservoir, we hypothesize that the interaction with APCs during T cell activation could 

maintain the latent proviruses in response to the activation signals. Therefore, in 

differentiated T cells expressing ICM this interaction results in expansion and 

maintenance of latent reservoir in this subset.  

5.4 Spontaneous expression from latency and response to 

stimulation 

There is a low level of viral expression (Bui et al., 2016, Simonetti et al., 2016, Cillo et 

al., 2018) as well as cell-associated unspliced RNA (Hermankova et al., 2003, 

Pasternak et al., 2009, Schmid et al., 2010) from virally suppressed HIV-infected 

individuals on ART. We and the others have shown spontaneous viral expression 

without stimulation in the latently infected T cells in vitro (Pace et al., 2012, Kumar et 

al., 2018, Rezaei et al., 2018).   
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These observations suggest spontaneous reactivation of the latently infected cells to 

produce mRNA without spreading infection. This introduces a unique feature of the HIV 

viral reservoir.  

What might drive the spontaneous viral expression during ART still unclear. However, it 

is believed that HIV transcription is inherently stochastic with strong fluctuation in the 

viral gene expression (Weinberger et al., 2005, Singh et al., 2010, Dar et al., 2012). 

Thus, the stochastic variability of the gene expression is proposed as the source of the 

spontaneous expression (Rouzine et al., 2014, Razooky et al., 2015, Pinkevych et al., 

2015, Hansen et al., 2018) from HIV infected cells. 

In this thesis, we have demonstrated spontaneous expression in the latently infected 

cells in two different latency models albeit with different frequency. The spontaneous 

expression was consistently detected in latent cells prior to stimulation with LRAs or 

TCR signalling (Chapter 3 Figure 5) (Rezaei et al., 2018).   

5.4.1 Spontaneous expression in activated and resting T cells  

The difference in the levels of spontaneous expression observed across the two 

different T cell models might be due to the different rates of transcriptional bursting in 

resting and activated T cells. Transcriptional bursting; is mediated by the changes in 

gene expression between active and inactive states (Deng et al., 2014), and most 

probably is mediated by the auto-regulatory mechanism of HIV accessory genes like 

Rev and Tat (Hansen et al., 2018). This interaction could result in more frequent 

initiation of HIV Tat positive feedback loop (Razooky et al., 2015), and Tat-mediated 

transcriptional noise (Hansen et al., 2018). 

Compared to resting T cells, promoter regions of the genes in activated cells are more 

subject to the bimodal fluctuations from an activated to the repressed promoter 

(Weinberger et al., 2005).   
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Therefore, the differences in the frequency of the spontaneous expression observed 

between the two latency models in our study could be explained by the burst frequency 

of the LTR-driven gene expression in these latency models. 

Interestingly, the direct interaction with monocytes during establishment of latency 

reduced the spontaneous expression from activated T cells. The levels of spontaneous 

expression were maintained in latently infected cells following activation with 

monocytes/ anti-CD3. It is very likely that the direct interaction with monocytes during 

establishment of the infection has reduced or has maintained the burst frequency of the 

HIV expression in these cells.  

It is reasonable to suggest that this phenomenon might not be limited to the monocytes 

and the direct interaction with DCs and DCs subsets might also result in the reduction 

or maintenance of the burst frequency of the HIV expression in activated T cells. 

Dendritic cells are able to induce viral infection in T cells (Cameron et al., 1992, 

Cameron et al., 1994) and they come in contact with HIV particularly in the mucosal 

tissue (Pena-Cruz et al., 2018) (reviewed in (Harman et al., 2013)), which is the 

prominent site for viral infection (Stieh et al., 2016). Therefore, our study is of interest 

on the effect of DC-T cell interaction during HIV infection. 

5.4.2 NFkB signalling might hold the clue in viral bursting  

In addition, resting and activated T cells are different in the levels of transcription 

factors. The LTR-driven gene expression is predominantly controlled by the host 

transcription factors including NFkB (Dahabieh et al., 2015, Chavez et al., 2015) which 

itself acts in the stochastic fashion.  

In a basal condition the NFkB is preferentially located in the cytoplasm and upon 

activation, moves to the nucleus to facilitate the gene transcription (reviewed in 

(Hayden and Ghosh, 2012)).   
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The shuttling of NFκB from cytoplasm to the nucleus and vice versa could be varied 

across different cell populations resulting in cell-to cell variability of the expression of 

the corresponding genes (Wang et al., 2018, Wong et al., 2018).  

In the chemokine-treated CD4+ T cells, there is a residual activation of the NFκB 

signalling (Saleh et al., 2016), while this path is fully activated in the antigen-specific T 

cells in activated cells (Bosque and Planelles, 2009). This would result in the diversity 

of the response to the activation signals and could explain the differences observed in 

the response to the same stimulation across different latently infected cells in our 

culture system.  

Understanding the transcriptional bursting and its molecular mechanism might be of 

interest to efficiently purge the viral reservoir from latently infected cells using LRAs.  

5.5 HIV integration sites and the effect on viral reactivation  

Characteristics of the latent reservoir suggest a genetically diverse integrated provirus 

in a range of different genomic locations (Cohn et al., 2018, Golumbeanu et al., 2018, 

Roychoudhury et al., 2018).  

In the only comprehensive HIV integration site analysis across different cohorts (Cohn 

et al., 2015), the integration sites were detected in intergenic regions and in silent 

genes in the very well-suppressed individuals on ART. However, this study did not look 

at the relation between the HIV integration sites and the expression from latency in 

response to T cell activation or LRAs. We attempted to answer this question by looking 

at integration sites in the spontaneously expressed and non-induced latently infected 

cells in both in vitro generated HIV infected CD4+ T cells. 
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5.5.1 Integration in sense versus antisense orientation in resting and 

activated T cells  

In our study, HIV integrations sites were more frequent in the introns. There was a 

relative enrichment of the sites in the genes in sense orientation in the latently infected 

cells in pre-activation compared to the post-activation latency models. This suggests 

that viral integration in resting CD4+ T cells might be preferentially targeted toward the 

sense orientation of the genes compared to the integration in the activated T cells.  

Although, the low numbers of integration sites had limited our analysis to specifically 

define the relative contribution of the sense orientation in the spontaneously expressed 

or TCR non-induced latency. It is reasonable to suggest that the integrated provirus in 

the introns with the same orientation toward the nearest gene is more likely to express.  

The effects of the orientation on viral expression in response to the stimuli have been 

shown previously (Chen et al., 2017). Proviruses with the same orientation toward the 

nearest genes are more responsive to the stimuli compared to the ones that are 

integrated in the opposite direction in vitro (Chen et al., 2017). The effects of the 

transcriptional interference on viral expression have been proposed (Han et al., 2008) 

and the expression following read-through transcription even with low frequency 

(Pasternak et al., 2016) has been demonstrated in very well-suppressed individuals on 

ART.  

5.5.2 Entry into transcriptionally active sites and expression from latency 

In addition to the location of the integrated provirus, there is a link between activation 

levels of the genes and expression of the integrated provirus (Jordan et al., 2001, 

Jordan et al., 2003).  
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Marini et al., have demonstrated that the transcriptional signals of a gene can be 

divided into three zones in which the levels of transcriptional activities decrease from 

nuclear envelope (zone 1) toward the inner zones (Zone 3) (Marini et al., 2015). This 

would then introduce a gradient shift from the highly active genes in zone 1 to the 

repressed genes in zone 3 in the nuclear periphery (Marini et al., 2015). With this 

topology-based model, 44-45% of the recurrent integrated genes (RIGs) have been 

found in the nuclear envelope or the middle zone. These genes are marked with active 

transcription i.e. H3K9ac, H3K36me3, H3K4me3, H4K16ac, H4K20me, while the 

markers of the suppressive genes i.e. H3K9me3 and H3K27me3 are enriched in the 

repressed genes (Su et al., 2004, Barski et al., 2007).  

Assessing the chromatin states of HIV integration sites in our study we have found a 

positive association with TSS, open chromatin (activated chromatin state) and the 

enhancer in both resting and activated T cells. This might suggest a preferential 

integration in these locations. We have previously shown a significant enrichment of 

the HIV integration sites in the genes with the marker of active transcription in the 

CCL19-treated CD4+ T cells compared to the patient-derived latent cells (Saleh et al., 

2016).  

Our analysis is highly skewed by the low frequency of the sites in the TCR non-induced 

compared to the sites in the productively expressed population. Therefore, the 

association between the chromatin state and the expression from latency in our study 

remained inconclusive. Further works are required to critically look at the relationship 

between the expression from latency and chromatin states of the proviral integration 

sites. Increasing the samples size and the use of single-cell analysis might be a better 

approach to determine this relationship. 
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5.5.3 Integration in genes with low expression  

A few studies have suggested HIV integration in genes with low expression (Lewinski 

et al., 2005, Shan et al., 2011). These genes are in the lamina-associated domains 

(LADs) and are highly enriched in the repressive chromatin (Cuddapah et al., 2009).  

In addition, the LADs are marked with the low gene expression including features like 

CTC, CpG islands, low occupancy of the promoters and low levels of repetitive Alu 

(Naetar et al., 2017) (reviewed in (Milon et al., 2014)). Both RNA PolII and H3K4me2 

actively separate the LAD from neighboring regions and around 80% of the inactive 

genes fell inside of the LAD (Schones et al., 2008, Cuddapah et al., 2009). However, 

>90% of the HIV integrations sites have targeted the genes that fell into the regions 

outside of the LAD (Marini et al., 2015).  

Thus, the central dogma on how HIV enters T cells and establishes integration favors 

regions in the chromatin that are transcriptionally active (Schroder et al., 2002, Han et 

al., 2004, Lewinski et al., 2006, Lenasi et al., 2008). 

In this thesis, we indexed the mappable HIV genic integration sites with the expression 

data from the genes found in the GEO datasets. We specifically profiled the HIV 

integration sites by indexing against the expression in the corresponding genes in the 

GEO dataset. Interestingly, a subset of the infected cells shared the same 

transcriptional profile to CD4+T cells transitioning from naïve to memory following TCR 

activation (Chapter 4, Figure 4.9-11).  

These genes were transcriptionally silent and remained silent during T cell activation. 

Analysis across multiple CD4+ T cells confirmed set of common genes in CD4+ 

population that remain transcriptionally silent during T cell activation (Chapter 4, Figure 

4.9) including Th17 cells (Stieh et al., 2016) which is the most predominant target for 

HIV infection in the mucosal sites.  
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Therefore, our data suggests that the entry to  unexpressed genes is not specific to the 

certain T cell subsets and is probably driven via a common mechanism in T cells. We 

have speculated that the viral integration could be established in the unexpressed 

genes and the lack of expression following T cell activation could maintain the latent 

status of the integrated provirus.  

It is of importance to determine the chromatin status of these genes and the epigenetic 

marks around the genomic regions for better understanding of the role of T cells in the 

establishment of infection and maintenance of the viral reservoir. 

5.6 Diversity of the reservoir and response to reactivation 

In a very well-suppressed patient on therapy, the viral reservoir is defined as T cells 

that maintain the persistence of the integrated provirus during ART and latency is 

defined as the reversibly non-productive state of the HIV infection (reviewed in 

(Siliciano and Greene, 2011)). However, full-length genome sequencing analyses have 

revealed a large population of defective provirus (Cohn et al., 2018, Golumbeanu et al., 

2018, Roychoudhury et al., 2018) and expansion of the defective proviruses due to 

cellular proliferation has also been detected in HIV-suppressed patients on ART (Ho et 

al., 2013, Simonetti et al., 2016, Hiener et al., 2017, Pollack et al., 2017, Hosmane et 

al., 2017, Salantes et al., 2018).  

These studies could challenge the current definition of the viral reservoir and suggest 

that response to reactivation might have been masked by the diversity of the latent 

proviruses (Baxter et al., 2016, Banga et al., 2016, Martin et al., 2018, Noto et al., 

2018) in the viral reservoir.  

5.6.1 Defective; replication-incompetent reservoir  

There is a high frequency of replication-incompetent and defective proviruses with a 

large number of mutation and internal deletion (Ho et al., 2013, Hiener et al., 2017). 
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Evidence suggests spontaneous viral expression from defective proviruses (Imamichi 

et al., 2016, Pollack et al., 2017). In addition, there is an expansion of the infected cells 

containing the defective proviruses (Bruner et al., 2016, Lee et al., 2017) and there are 

high levels of mRNA expression following LRA treatment (Barton et al., 2016). 

Therefore, the cellular HIV reservoir contains defective proviruses. 

5.6.2 Replication-competent/intact reservoir 

In addition, there is a diversity of response to stimulation across replication-competent 

proviruses. Not all the replication-competent proviruses respond to stimulation with the 

same frequency; some could remain transcriptionally silent and some could proceed to 

translation (reviewed in (Baxter et al., 2018)) following stimulation.  

There is only a small proportion of the replication-competent provirus that responds to 

the reactivation, and 98.5% of the replication-competent provirus remains non-

responsive to stimulation (Cillo et al., 2014). These proviruses are often called 

replication-competent non-induced provirus and could also persist as latent reservoir.  

5.6.3 Latent proviruses and the size of the viral reservoir  

Apart from the diversity of the response to stimulation, measuring the frequency of the 

replication-competent proviruses has also been challenging. The quantitative viral 

outgrowth assay (QVOA) has been the gold standard of measuring the viral reservoir 

(Siliciano and Siliciano, 2005) to determine the replication-competent provirus. The 

QVOA could characterise the competent provirus based on the in vitro reactivation of 

the patient-derived CD4+ T cells. However, this assay is labour-intensive and requires 

high cell numbers.  
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Moreover, there is inconsistency in the frequency of the replication-competent intact 

provirus using the QVOA. The estimated number of replication-competent provirus is at 

least 1 in a million resting CD4+ T cells (Laird et al., 2016).  

This estimation has shown to underestimate the number of replication-competent virus 

(Ho et al., 2013). Two separate studies have suggested that the frequency of the 

replication-competent provirus is 10-times higher than what has been reported 

originally (Eriksson et al., 2013, Crooks et al., 2015).  

Using a PCR-based assay detecting total or integrated HIV DNA (O’Doherty et al., 

2002, Chomont et al., 2009, Yukl et al., 2010, Vandergeeten et al., 2014) has been 

shown to overestimate the number of latent proviruses by measuring the defective non-

intact proviruses (Palmer et al., 2003). 

These studies demonstrated that the frequency of the latent replication-competent virus 

in a very well-suppressed patient on therapy is still unclear. Thus, it is inconclusive to 

suggest whether the current strategies using LRAs are effective to eliminate the latent 

reservoir.  

5.7 Concluding remarks 

Activating latent infection using a pharmacological approach has been widely evaluated 

to finding a cure for HIV. This approach is based on the induction of viral expression 

from latently infected cells with the aim that this will enhance the recognition of the 

infected cell, targeting by the host immune system would eliminate these cells 

indefinitely. This approach is thought to be safe and feasible because the induction of 

the viral protein occurs in the presence of antiretroviral. Thus, the generation of any 

newly infected cells is blocked.  
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However, the efficacy of this pharmacological approach can be masked by any 

diversity of the latent reservoir, which we have shown can occur based on how latency 

was established. Our systematic comparison between two different in vitro latency 

models in our study strongly suggests that the establishment of latency could affect the 

response to reactivation. Therefore, different strategies would be required to activate 

the latent provirus. 

The detection of HIV integration sites in genes that were not highly expressed suggests 

HIV may have an advantage in persisting in regions of low levels of chromatin 

accessibility. The existence of HIV integration in these genes across different T cell 

subsets suggest a common mechanism in T cells allowing for the establishment of 

infection and maintenance of latency. This mechanism could be driven by 

transcriptional landscape of T cells. Alternatively, this might reflect the differentiation of 

an infected cell. 

Understanding the mechanism governing viral expression from latency following T cell 

activation would significantly change the approach we take to manage HIV eradication. 

How integrated provirus remains transcriptionally silent following T cell activation is a 

critical question. It is still unclear the scale of T cell contribution in the maintenance of 

latency following activation. The nature of HIV-T cell interaction has been and still is 

part of ongoing investigation to better understand HIV pathogenesis, latency and 

latency reversal. Whether latency is part of HIV life cycle or it is due to the changes in 

the environment around the integration sites by T cells needs to be determined. 

However, in this study, we have provided evidence that suggests there are integration 

sites in the genes that are not activatable by current LRA and TCR stimulation.  
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Appendix A  

A.1.1 Supplementary Methods 

A.1.2 Transfection of 293T cells with X4EGFP 

The HIV viral stock was made by transfection of 293T cells according to the 

manufacturer’s protocols (FuGene; Promega, Madison, WI) with pNL4.3 (X4 tropic) 

containing enhanced green fluorescent protein (EGFP) reporter and internal ribosomal 

entry site (IRES) inserted between EGFP and Nef region at the position of 9532-10,106 

base pairs (bp). Culture supernatants were collected and filtered through 0.45µM pore-

size filters, concentrated by ultra-centrifugation over a 20% sucrose gradient and 

stored at -80ºC prior to use. The 50% tissue culture infective dose (TCID50) of the 

virus stock was calculated by end-point dilution assay in PBMC activated for 3 days 

with PHA (Thermo Fisher Scientific, Waltham, MA) and endpoint determined as 

previously described (Reed and Muench, 1938). 

A.1.3 Plasmid clean up and viral passaging  

To remove plasmid contamination, viral stock was passaged in CEM cells (kindly 

supplied by the laboratory of A/Prof Anthony Jaworowski, The Burnet Institute, 

Melbourne, Australia) (Figure 1A). Total of 1x 106 cells were infected with the viral stock 

at multiplicity of infection (MOI) of 0.01 and cultured in the standard tissue culture 

media containing RPMI-1640 supplemented with 10% foetal bovine serum (FBS) 

(Lonza, Walkersville, MD), 100 units/mL penicillin, 100ug/mL streptomycin and 0.29 

mg/mL glutamine (all from Invitrogen, Carlsbad, CA). Half media change was 

performed every 3days, and new batches of CEM cells were infected every 7 days. 

The MOI and the cell density of CEM infected cells was maintained at 1x106 cells / mL 

during passage.  
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To minimize plasmid carryover, culture supernatant was DNase treated using RQ1 

RNase-free DNase (Cat# M6101, Promega, Mannheim, Germany) following 

recommended protocol. Briefly, viral supernatant was treated with 20units/mL of the 

RQ1 RNase-free DNase I enzyme (stock concentartion1000 units/mL) for 60 minutes 

at room temperature. To increase the activity of the enzyme, MgCl2 was added at final 

concentration of 10mM (Cat# 041M8603V, Sigma-Aldrich). The DNase treated viral 

supernatant was then used to infect next passage of CEM cells. Viral supernatant was 

passaged three times. 

A.1.4 Plasmid quantification using real-time PCR 

In- house semi-quantitative PCR assay targeting 189 bp of the ampicillin (Amp) and 

replication origin (Ori) regions of the plasmid were employed to monitor changes in the 

plasmid content of the viral stock during passaging in CEM cells. This assay was 

developed and performed by Dr G. Khoury, Purcell Laboratory, Peter Doherty Institute, 

University of Melbourne.  

Culture supernatant was collected at the end of each passage and DNA was extracted 

using DNeasy Mini Spin Column (Cat# 69504, QIAGEN, Germany) following the 

manufacturer’s protocols. The DNA concentration was quantified at 260 nm using a 

Nanodrop ND-1000 Spectrophotometer V3.7.1 (Thermo Scientific, Wilmington, DE). 

Primers used were ODP3374; ATAATACCGCGCACATAGC and ODP 3375; 

TTTGCCTTCCTGTTTTTGCT targeting Amp region (final concentration of each 

250nM) obtained from Applied Biosystems (Carlsbad, CA). Each sample was assayed 

out in triplicate and the association curves were recorded after each run. Total of 200ng 

of extracted DNA was added to the PCR master mix containing 25ul of Phusion master 

mix (Cat# F5485, Thermo Fisher Scientific), Amp primers were added at the final 

concentration of 5 µM per reaction in a total of 50µl of reaction mix.  
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The no template control or NTC was used as a negative control to monitor 

contamination caused by the reagents and the materials used in the assay. 

A total of 200ng of pNL4.3 Nef competent EGFP (plasmid) was used as a positive 

control to assess the efficiency of the PCR assay. Amplification was performed on a 

real time PCR cycler Stratagene Mx3000P (Agilent Technologies) with the following 

cycling conditions; 98˚C 5 min, 45 cycles of 98˚C 30 sec; 60˚C 30 sec; 72˚C 30 sec and 

72˚C for 10 min. Standard curve was generated by 10-fold serial dilution of pNL4.3 Nef 

competent EGFP plasmid ranging from 101-108 copies and used to quantify the plasmid 

copy numbers.  

A.1.5 Monitoring viral outgrowth and infection in CEM cells 

In house p24GA-ELISA assay was employed to measure the kinetics of viral outgrowth 

in CEM infected cells during passaging. Total of 300µl of the culture supernatant was 

collected every 3 days. The supernatant was filtered using 0.45 µM pore-sized filter, 

inactivated with Triton 0.1% final (Cat# SLBJO812, Triton® X-100, Sigma-Aldrich, St 

Louis, MO) and stored at -80ºC till p24GA-ELISA was performed. For the assay Nunc 

MaxiSorp flat-bottom 96 well format (Thermo Scientific) were pre-coated with an anti-

p24 sheep antibody D7320 (300ng/well, Aalto Bio Reagents, in 20 mM Tris-HCl, 

100mM NaCl) overnight at 4˚C. Following 1h blockage with 5% skim milk/PBS, 100ul of 

pre-diluted culture supernatant in a sample diluent buffer (1%HI-FBS, 0.1% Triton X-

100 in PBS) was incubated for 3h at room temperature to allow p24 capture. All 

samples were tested in duplicate, in parallel with 2-fold serials dilution of p24 standard 

(AG6054, Aalto Bio Reagents; 8,000-19.5 pg/mL). The samples were then detected by 

incubation for 2hr with anti-p24 mouse antibody BC1071 (EH12E1 clone, 1:2000) in 

PBS supplemented with 5% skim milk. After several washes with PBS 1x, HPR-goat 

conjugated anti-mouse IgG (H+L) antibody (Invitrogen Cat #656520, 1:3000 in PBS 
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supplemented with 1% sheep serum, 5% skim milk, Tween20 0.05%) was added for 

1h.  

Following 4 washes with PBS-Tween 0.1% then PBS, 100μl of TMB supernatant 

(Sigma-Aldrich) was added to the wells and incubated for 30 min at room temperature. 

The colorimetric reaction was stopped by the addition of 50μl of 1M H2SO4, and the 

optimal density read at 450 nm using an ELISA plate reader. The assay lower limit of 

detection was determined as 25 pg/mL. The kinetic of infection was also monitored 

during passage by measuring EGFP expression using flow cytometry. Data were 

recorded using a FACSCalibur™ (BD Biosciences, San Jose, CA). Analysis was 

performed using Weasel software v3.3. Live and dead gateing was determined based 

on forward and side scatter. Total of 50,000-100,000 live events were recorded 

routinely and used to perform the analysis.  

A.1.6 Establishing in vitro latency models using primary cells  

The infection, establishment and re-activation of latency in two different in vitro models 

were performed as per protocol described (Rezaei et al., 2018). 

A.1.7 Measuring spontaneous, induced and non-induced HIV DNA using 

in vitro models  

Viral infection was established in resting and activated T cells as described previously 

(Rezaei et al., 2018). The frequency of EGFP+ cells was measured using flow 

cytometry at day 5 post infection and after co-culturing sorted EGFP negative cells with 

specific stimuli. A semi-nested PCR assay described previously (Lewin et al., 2008) 

was used to measure the integrated HIV DNA copy numbers at day 5 in total culture 

without sorting or in sorted EGFP negative cells. HIV integrated DNA and chemokine 

(C-C motif) receptor 5 were quantified using real-time PCR. The lower limit of detection 
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assuming the input DNA of 100,000 cell equivalents and the limit of detection of 20 HIV 

integrated copies/ PCR, was calculated as 200 copies/ million cells (Lewin et al., 2008).  

The number of productively expressed, inducible and non-inducible HIV integrated 

copies in in vitro latency models were quantified as a fraction of integrated HIV DNA, 

detected in the total culture.  

First, I measured the copy number of integrated DNA in the total culture. This 

represents the total number of HIV integrated DNA in the latency model as a pool. I 

used the EGFP expression detected at day 5 to determine the number of HIV 

integrated copies in total culture. This represents the number of productively expressed 

or spontaneously expressed (see Chapter 3) integrated HIV copies. I then used the 

frequency of EGFP expression detected following stimulation in sorted latently infected 

cells as a marker of inducible latency. The number of inducible integrated copies was 

detected as a fraction of the total HIV DNA in which the EGFP expression was 

detected following stimulation.  

Lastly, to measure the number of non-induced integrated DNA, I subtracted the copy 

number of the inducible latent HIV integration copies from the total integrated HIV DNA 

copies. This represents the number of non-induced integration copies in each latency 

model. 
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A.1.8 Supplementary Figures and Results  

A.1.9 EGFP expression correlates with p24 expression in CEM cells 

To be able to establish HIV infection and integration in the in vitro model, we used HIV 

construct with a flanking cellular sequence (Figure A-1(A)) (Adachi et al., 1986). The 

presence of the plasmid-derived proviral DNA means that there would be some 

genomic integration sites in any contaminating plasmid. The location of the flanking 

sequence is critical as it is located between the HIV integration sites and human 

genome (Figure A.1 (A)) and can a] mistakenly interpret as host/viral junction b] reduce 

the frequency of true HIV integration sites. Therefore, to accurately determine the 

number of integration sites in our in vitro latency model it was critical to reduce/ remove 

plasmid contamination from viral inoculum. To reduce the plasmid contamination of the 

HEK293 grown virus, we passaged the viral supernatant in CEM cell line (Figure A-1B).  

It was critical to determine the time point when the cultures could be harvested, and the 

infectious particles could be collected. We have previously shown that in our in vitro 

models EGFP expression is dependent on the proviral integration (Chapter 2, Figure 

2.2). Thus, we used the kinetics of the EGFP expression as a marker to monitor the 

kinetics of infection in the CEM cells (Figure A-1B).  

Our data showed a consistent pattern between the detection of EGFP expression and 

p24 production following infection of CEM cells (Figure A-1C). The number of cells 

expressing EGFP was increased from D0 (i.e. mean of 0.1 EGFP+ cells/ 104 live cells) 

and reached a peak at D9 (i.e. mean of 1058 EGFP+ cells/ 104 live cells) post infection 

in 3 out of 3 infected cultures (Figure A-1C). This was followed by an increase in the 

p24 production from D3 (i.e. mean of 114 pg/mL) to D12 (i.e. mean of 7503 pg/mL) 

(Figure A-1C). Both the EGFP expression and p24 production decreased with a similar 

pattern from D12 to D15 post infection. We found a significant correlation between 

virus production and viral protein expression (Figure A-1D).   
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Figure A-1  Kinetics of EGFP expression correlated with virus production in CEM 
cells 

A) Schematic representative of the HIV molecular clone pNL4.3. Red arrows indicate HIV structural genes. 

Regions encoding HIV structural (red), regulatory (grey) genes, HIV proteins (grey arrows) and. the HIV 

LTR regions (yellow arrows) are shown in the figure. The black lines represent the two cellular flanking 

regions representative of patient derived molecular. The region of ampicillin gene of the plasmid is shown 

by purple arrow. Numbers inside the figure represents the size of each location. The figure is modified 

from the original figure at (https://www.aidsreagent.org/pdf_images/pNL4_3map.pdf). B) Expected model 

of viral outgrowth in CEM cell line: total of 1x10
6
 CEM cells were infected with DNase I treated 

pNL4.3EGFP at the MOI of 0.01. The kinetics of infection was monitored during passaging by measuring 

the production of viral p24 using ELISA and measuring the plasmid content with qPCR assay. PI= post 

infection, FCM= flow cytometry C) kinetics of EGFP expression and p24 production following infection of 

CEM cells with pNL4.3EGFP: total of 1x10
6
 cells were infected with pNL4.3-EFGP at the MOI of 0.01. The 

levels of EGFP expression (green line) was measured at time of infection (D0) and every 3 days up to day 

15 post infection using FCM. Virus production was assessed by measuring production of p24 (blue line) in 

the culture supernatant at time of infection (D0) and every 3 days up to day 15 post infection using p24 

ELISA assay. Left axis represents number of EGFP positive cells per 10
4
 live cells and the right axis 

represents p24 production as pg/mL of the culture supernatant. The data represents 3 cultures. The dotted 

lines show the lower limit of detection D) Relationship between viral protein expression and virus 

production in in vitro infected CEM cell line. The levels of EGFP expression at each time point were plotted 

against the level of p24 production. The relationship was defined using Spearman’s rank test. 

  

https://www.aidsreagent.org/pdf_images/pNL4_3map.pdf
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This data showed that in our system the kinetics of EGFP expression could be used to 

determine the time point in which the infectious particles could be collected for the 

subsequent experiments.  

A.1.10  Passaging virus in CEM cells reduces plasmid carryover in viral 

prep 

Next, we asked whether passaging the virus in CEM cells could reduce the plasmid 

content of the viral supernatant. To answer this question, we employed an in-house 

real-time PCR assay developed by Dr Georges Khoury at Purcell lab (Department of 

Microbiology and Immunology, Peter Doherty Institute). 

This assay was designed to detect 493bp of the ampicillin gene (Amp) of the pNL4.3 in 

the viral sup (Figure A-1A). Total DNA was extracted from the culture sup that was 

sampled during the passaging. We used the extracted DNA from the HEK293 grown 

virus culture sup prior to harvest (viral sup), post harvesting and following concentration 

(neat), and the concentrated (neat) DNase I treated (+DNaseI) treated culture to 

measure the plasmid content at T0 prior to passaging. The copy number of the plasmid 

during passaging (P0-P3) was measured and compared to the copy number of the 

plasmid at T0 cultures (Figure A-2A).  

Our data showed a clear reduction in the plasmid copy numbers following DNase I 

treatment compared to the neat untreated condition (i.e. mean of 3545 vs mean of 

244500 copies/ mL of culture, respectively) (Figure A-2A). Similarly, there was a 2-log 

reduction in the plasmid copy number of the sup from P0 to P3 (i.e. mean of 10575 vs 

mean of 625 copies/ mL of the culture, respectively) (Figure A-2B).  
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Figure A-2  Reduction of plasmid carryover in viral supernatant through passaging 

A) The plasmid copy number in HEK293 cells and CEM cells; DNA was extracted from culture supernatant 

of HEK293 prior to viral harvest (viral sup), after concentration without DNase I treatment (Neat) and with 

DNase I treatment (+DNaseI) and culture supernatant of CEM grown virus from passage 0 (P0) to 

passage 3 (P3). The copy number of the plasmid was measured in 5ul of the DNA using an in-house real-

time PCR assay targeting ampicillin (Amp) region in the pNL4.3 molecular clone. The copy number is 

reported per milliliter (mL) of the culture. The dotted line represents the detection limit of the assay. B) the 

ratio of plasmid per infectious particles; the ratio of the plasmid per infection particles was determined by 

dividing the to the plasmd copy numbers in CEM grown virus to the total number of plasmid detected in 

HEK293 grown virus. LOD: lower limit of detection, IP: infectious particle. Data represent a single 

experiment.  

This data clearly showed that passaging viral sup through CEM cells could reduce the 

plasmid content in the viral supernatant.  

A.1.11  DNase I treatment has no effect on viral infectivity  

Virus production could induce cell death and increase the cellular debris during long-

term culture. Thus, we determined the genomic DNA contamination of the viral 

supernatant by measuring the copy number of CCR5 genes in the viral supernatant. 

The CCR5 copy number was quantified in the viral supernatant using SYBR-SAFE 

PCR assay. The cellular debris in the CEM grown virus was 3 times higher than the 

virus grown in HEK293 cells (i.e. 15,318 copies vs 5,300 copies/ mL of the culture, 

respectively) (Figure A-3A).   
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Figure A-3   DNase I treatment has no effect on viral infectivity 

A) Copy numbers of CCR5 in the viral supernatant with and without DNase I treatment; DNA was extracted 

from 200ul of the culture supernatant of the HEK293 (open bars) and CEM grown virus (closed bar). The 

number of CCR5 copies were determined by SYBR-SAFE PCR assay in the culture sup with and without 

DNase I treatment. LOD: lower limit of detection is shown by the dotted line. B) Experimental schemata of 

establishing infection in the resting and activated CD4+ T cells using CEM grown virus; T cells were 

isolated and stained with proliferation dye prior to infection. Cells were treated with CCL19 or activated 

with aCD3/CD28 (beads, 1:1 ratio) for 48h. T cells were infected with CEM grown virus (with/ without) 

DNase I treatment. Further rounds of infection were blocked by the antiretrovirals. The frequency of the 

infection and T cell proliferation was measured using flow cytometry. C) The levels of EGFP expressing 

cells per 10
4
 live cells, D) the levels of proliferation (eFluor

lo 
cells). The grey bars represent the untreated 

and the blue bars represent the DNase I treated virus. Data represents a single experiment. FCM: flow 

cytometry. 

This suggested that the CEM grown virus contained high levels of cellular debris that 

could promote activation of resting CD4+ in our in vitro model. Since DNase I enzyme 

could break the DNA, we then measured the cellular debris following DNase I 

treatment.  
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We showed a dramatic reduction in the copy number of CCR5 post DNase I treatment. 

The number of CCR5 copies reduced below the detection limit of the assay (i.e. 2000 

copies /mL) (Figure A-3A) in both HEK293 and CEM grown virus (i.e. 800 copies and 

500 copies, respectively) (the copy number in the figure is been adjusted to 2000 

copies to plot the data). This data showed that using the DNase I enzyme could 

eliminate the cellular debris in CEM grown virus.  

Since, we were using plasmid free CEM grown virus to establish the infection and 

latency in vitro, we asked does DNase I treatment affect the infectivity of the virus? To 

answer this question, we measured EGFP expression following infection of the plasmid 

free virus with and without DNase I treatment (Figure A-3B). The CCL19-treated CD4+ 

T cells were infected with the virus (with and without DNase I) and cultured for 5 days. 

Antiretrovirals were added to block the further rounds of infection. T cells were stained 

with the proliferation dye (eFluor 670) to monitor the effect of the virus on T cell 

proliferation (Figure A-3B). Both, the level of EGFP positive cells and the proliferation in 

CCL19-treated T cells were compared to the aCD3/CD28 activated CD4 + T cells. 

We did not find any changes in the frequency of the infection or T cell proliferation in 

both resting and activated CD4+ T cells infected with the DNase I treated CEM grown 

virus compared to the untreated counterpart. The levels of EGFP positive cells in the 

resting CCL19-treated CD4+ T cells remained unchanged in DNase I treated (i.e. 5.2 

EGFP+ cells) and the untreated virus (i.e.4.9 EGFP+ cells/ 104 viable cells) (Figure A-

3C). Similarly, the levels of EGFP positive cells remained unchanged in the activated T 

cells (i.e. 111 vs 130 EGFP+ cells/ 104 viable cells, respectively) (Figure A-3C). 

Subsequently we did not find any changes in the T cell proliferation following the 

infection with CEM grown virus with and without DNase I treatment.  
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The level of cellular proliferation remained unchanged in the CCL19-treated T cells 

infected with the DNase I treated virus (i.e. 1.34% eFluor670lo cells) compared to the 

untreated virus (1.2% eFluor670lo cells) and the activated T cells (i.e. 96.87% eFluor 

670lo in DNase I treated virus vs 97.47% eFluor670lo in untreated virus) (Figure A-3D). 

Taken together this data suggests that the DNase I treatment in the presence of MgCl2 

has no effect on the levels of infection and T cell proliferation. 

A.1.12  Frequency of integration and infection is different in pre- and post-

activation latency model 

We have shown that the infection with Nef-competent EGFP reporter (hereon EGFP 

reporter) virus can establish latency in the pre- and post-activation models in vitro 

(Chapter 2). Although both T cells are permissive to the infection and latency, there 

was a significant difference in the frequency of the HIV expression with and without 

TCR stimulation (Chapter 3, Figure 2). One explanation for this observation could be 

the levels of viral integration. We therefore measured and compared the number of 

integrated proviruses in three different T cell populations.  

In the pre-activation model, the infected cells can proceed to EGFP expression without 

detection of virus production in the supernatant (Cameron et al., 2010, Saleh et al., 

2011) (also See Chapter 2, Figure 2.1). We have defined this population as 

spontaneously expressed or productively expressed EGFP (Rezaei et al., 2018). These 

cells are collected and removed by FACS sorting (Rezaei et al., 2018) also see 

Chapter 2, Figure 2.6).  

The second T cell population in which we measured the number of integrated 

proviruses was the sorted EGFP negative cells. These cells were cultured with stimuli 

and maintained in antiretrovirals for 72 h post sorting. We have defined a fraction of 
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these cells that proceed to EGFP expression following TCR stimulation, as the latently 

induced cells or TCR induced EGFP. 

The remaining EGFP negative cells that had no EGFP expression following stimulation 

were defined as the TCR non-induced latent cells. To perform the analysis, we used 

the infection in resting CD4+ T cells to model the pre-activation latency (Saleh et al., 

2007, Cameron et al., 2010) and the aCD3/CD28 activated T cells as a model for post-

activation latency . Using EGFP reporter virus there were similar levels of the EGFP 

expression and integration between the resting CCL19-treated and untreated CD4+ T 

cells in vitro (See Chapter 2, Figures 2.1). Therefore, we performed the analysis on the 

combined CD4+ T cell cultures.  

We first looked at the numbers of integrated copies priorto stimulation and in the total 

culture without sorting (Figure A-4A). We found a significantly lower number of 

integrated proviral DNA in the total culture of pre-activation (i.e. mean 4380 integrated 

copies) compared to the post-activation model (i.e. mean of 9655 integrated copies/ 

million cells) (p=0.03, paired Student T-test) (Figure A-4A). These data showed that 

there is a difference between the number of integrated HIV copies in the pre- and post-

activation latency models in vitro.  

We then looked at the differences in the levels of viral protein expression (measuring 

EGFP) (Figure A-4B). As was expected the frequency of the productively expressed 

EGFP+ cells were different in the latency models. The frequency of EGFP expressed 

cells was higher in the post-activation compared to the pre-activation latency model 

(i.e. mean of 4.8% vs 2.3% EGFP expressed cells, respectively) (n=4 in post-

activation, n=8 in the pre-activation model) (p=0.0004, Student T-test) (Figure A-4B).  
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Figure A-4  Levels of infection, integration and inducible latency in vitro. 

A) The total number of HIV integrated DNA in T cell cultures: The resting CD4+ T cells were isolated and 

co-cultured with CCL19 (100nM). To measure the infection and integration in the post-activation latency 

model, CD4+ T cells were activated with aCD3/CD28 beads (1:1 ratio) for 72h. Cells were infected with the 

Nef-competent EGFP reporter virus at the MOI of 1, and total integrated DNA was measured at day 5 post 

infection in total culture. The number of integrated DNA copies was normalized to the total number of cells 

using CCR5. Each symbol represents a single donor. p*≤0.05, was determined by Student T-test. Dash 

line represents the lower limit of detection. B) Levels of EGFP expressing cells in the pre- and post-

activation latency: The frequency of the EGFP+ cells were measured at day 5 post infection. The non-

EGFP expressing cells were sorted and co-cultured with different stimuli for 3 days. Number of EGFP 

expressed cells was measured by flow cytometry. Each symbol represents a single donor. p***≤ 0.001, 

p****≤ 0.0001, were determined by Student T-test. The boxplots show 25 and 75 percentiles, median and 

range. C) The number of integrated HIV DNA in different T cell condition; Total number of integrated DNA 

in the productively expressed cells was calculated based on the frequency of the EGFP expressing cells at 

day 5 post infection. The number of inducible EGFP (latency) was calculated based the frequency of the 

EGFP expressing cells following co-culturing with the activation stimuli for 72h. Total number of non-

inducible EGFP (latency) was quantified by subtracting the number of inducible latency from the total 

integrated proviruses at the time of sort. The values for CCL19 and untreated CD4+ T cells were combined 

and used as the representative culture of pre-activation latency model (open circle). Closed circle 

represents the values from the aCD3/CD28 activated CD4+ T cells, used as a post-activation latency 

model. n=2 (experiments), p*≤0. 05, p*** ≤0.001, as determined by Student T-test. The solid line shows 

mean.   
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Next, to determine whether the pre- and post-activation models are different in the 

levels of HIV integration copies, we measured the copy number of the integrated 

provirus in productively expressed, inducible and non-induced latent infection. Since in 

our system EGFP expression is dependent on the proviral integration (See Chapter 2, 

Figure 2.2B), we used the frequency of the EGFP expression as a determinant of the 

number of integrated provirus (See Method on this section). 

As was expected, the copy number of the integrated provirus in productively expressed 

cells was significantly higher in the post-activation compared to the pre-activation 

model (i.e. mean of 2172 copies vs 229 copies/million cells, respectively) (n=4 in post-

activation, n=8 in the pre-activation, p=0.01, Student t-test) (Figure A-4C). Similarly, the 

copy number of the integrated provirus expressed following stimulation (inducible) was 

significantly higher in the post-activation compared to the pre-activation model (i.e. 

mean of 115 copies vs 38 copies/million cells, respectively) (n=16 in post-activation, 

n=32 in the pre-activation, p=<0.001, Student T-test) (Figure A-4C).  

We calculated the copy number of the non-inducible integrated provirus by subtracting 

the copy number of the inducible integration from the total number of HIV integration 

(See the Method in this section). As was expected, latently infected cells in the post-

activation model were significantly enriched in the non-inducible integrated provirus 

compared to the pre-activation model (i.e. mean of 33156 copies vs 3517 copies/ 

million cells, respectively) (n=16 in post-activation, n=32 in the pre-activation, 

p=<0.001, Student T-test) (Figure A-4C).  

Taken together, these analyses showed that the frequency of the infection and 

integration is different between the two T cell models and significantly higher in the in 

vitro model of post-activation compared to the pre-activation latency.  
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