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Abstract 

The persistence of a replication-competent HIV reservoir necessitates life-long 

antiretroviral adherence and precludes the possibility of a HIV cure via conventional 

therapy alone. Furthermore, recent clinical studies have made it increasingly clear that 

the predominant strategy for reservoir elimination, enforced transcriptional 

reactivation, does not diminish the size of the latent reservoir or reduce the time to 

viral rebound following treatment interruption. 

A novel approach seeks to purge the HIV reservoir by activating apoptotic 

pathways in latently infected cells and shifting the balance away from survival and 

towards cell death. Several lines of evidence implicate Bcl-2 family proteins in the 

long-term survival of memory CD4+ T cells – the major reservoir for HIV. Bcl-2 

antagonism thus represents a viable strategy for sensitizing latent cells to death and 

delaying viral rebound. The development and clinical progression of BH3-mimetics, 

which induce apoptosis by binding pro-survival Bcl-2 homologs, has resulted in a well-

characterised class of inhibitors with relatively few unknowns regarding toxicity, side 

effects and dosage. 

In this thesis, I hypothesise that there are apoptotic blocks in place, specifically 

a greater dependence on pro-survival Bcl-2 proteins, which prevent a minority of 

infected CD4+ T cells from dying during active infection. I hypothesise that latently 

infected cells are distinct from other infected or healthy cells, and that this pro-survival 

phenotype allows them to persist in such a way that renders them susceptible to pro-

apoptotic therapeutics which target the intrinsic pathway, such as BH3-mimetics.  

In Chapter 3, I infect primary human CD4+ T cells with HIV in vitro to assess 

the ability of BH3-mimetics to kill actively infected cells. I demonstrate that ABT-737 

and Venetoclax, but not the Mcl-1 inhibitor S63845, preferentially kill activated, HIV 
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infected CD4+ T cells in the setting of productive viral replication. These results shed 

light on the pro-survival role of Bcl-2 proteins during active HIV infection, and inform 

our progression into a preclinical model of HIV latency.  

Chapter 4 uses a humanized mouse model of HIV latency to further interrogate 

the importance of Bcl-2 pro-survival proteins in reservoir survival. I investigate the 

ability of Venetoclax, a clinically-approved Bcl-2 antagonist, as well as S63845, a 

preclinical Mcl-1 inhibitor, to delay viral rebound following analytical treatment 

interruption. This work provides the first compelling evidence that BH3-mimetics, 

either as monotherapy or in combination, can eliminate latently infected cells in vivo.  

 In Chapter 5 I perform a tat/rev Induced Limiting Dilution Assay (TILDA) on 

CD4+ T cells from latently infected mice in order to quantify the impact of Venetoclax 

on the magnitude of the latent HIV reservoir. I confirm the existence of an inducible 

reservoir in our mouse latency model, although I do not observe a significant effect of 

Venetoclax treatment as measured by TILDA. I also use single-cell RNA sequencing 

to characterize peripheral CD4+ T cells from ART-suppressed human donors following 

Venetoclax treatment ex vivo, arriving at the suggestion that Venetoclax may target 

CD4+ T cells that are enriched for a gene signature associated with activation and cell 

metabolism. This work lays the foundation for furthering our understanding of which 

cells may contribute to HIV persistence and which may be susceptible to death-

inducing compounds. 

Overall, this thesis represents a comprehensive assessment of the ability of 

BH3-mimetics to kill HIV active and latently infected cells, offering a strong justification 

for the translation of pro-apoptotic therapeutics such as Venetoclax into a clinical 

setting where reservoir eradication is the goal. 
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Infectious diseases represent an evolving global health challenge (1). 

Socioeconomic disadvantage exacerbates morbidity and mortality associated 

with these diseases, while in high-income countries, where lifestyle and age-

related diseases are current major healthcare burdens, antimicrobial resistance, 

pandemic respiratory or zoonotic infection represent important future concerns 

(1, 2). Chronic viral infections are a disease burden of global significance, with 

pathogens such as hepatitis B virus (HBV), hepatitis C virus (HCV), and human 

immunodeficiency virus type-1 (HIV) totalling more than 400 million cases 

worldwide (1, 3). Our co-existence since antiquity with the intracellular bacteria 

Mycobacterium tuberculosis (Mtb) has resulted in more deaths than any other 

single infection, and a major paradigm shift in the management of this infection 

is needed to deliver a strategy that will align with the World Health Organization 

(WHO) “End TB” goals (1, 4). In contrast to acute infections, where pathogen 

loads are immunologically constrained, chronic overwhelming infections are 

characterised by persistent microbial turnover and an inability to eliminate micro-

organisms. The accompanying protracted, low grade pathogen-mediated 

immune activation and inflammation leads to secondary disease pathology, 

including premature cardiovascular disease (5). Additionally, the chronic 

stimulation causes attrition of T lymphocytes possessing the highest avidity for 

the pathogen and therefore having the greatest capacity to fight the infection. The 

residual persisting pool of T cells are inherently less responsive to the pathogen 

and have reduced proliferative capacity, as well as reduced effector functions, 

compared to the deleted T cell clones. This dysfunctional T cell state, known as 

“exhaustion”, was first reported in mice chronically infected with lymphocytic 

choriomeningitis virus (LCMV) (6, 7).  
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Current therapies for chronic viral infections, such as HIV and HBV, are 

effective at suppressing pathogen replication; however, these intracellular 

pathogens can integrate into host chromosomes without killing the cell. This 

creates a reservoir of infection that can reactive and re-expand when treatment 

is interrupted. In this context, conventional treatments are only successful insofar 

as they are able to enforce disease-free progression, and life-long drug 

adherence is necessary to prevent symptomatic relapse. Both at a population 

level and within individuals the residual integrated pathogen reservoir, also 

referred to as the latent reservoir, constitutes one of the major hurdles in 

eliminating infections (1).  HIV and HBV DNA persist in the nucleus of infected 

cells and these cannot be eliminated with conventional antivirals (1). In the case 

of HIV, the integrated viral DNA is thought to be transcriptional silenced but is 

reactivated under suitable conditions. Mtb latency, which affects two billion 

people globally, represents a fragile equilibrium between host immune control 

and bacterial turnover. Although the majority of infected people never develop 

disease, the 10-15% who develop active disease are sufficient to drive antibiotic 

resistance (1, 8). New strategies are required to circumvent both the inherent 

resistance of latency and the acquired resistance of active infection to 

conventional therapies. I speculated that cells which persist following pathogen 

integration, and which constitute the latent reservoir of infection, must have 

mechanisms that promote their survival and make them refractory to the 

processes that govern turnover and death of abnormal cells.   

Apoptosis is a highly regulated form of cell death that is crucial for normal 

development and homeostatic maintenance of bodily systems. In the context of 

innate and adaptive immunity, apoptotic mechanisms play a role in facilitating 
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antigen presentation and mitigating autoimmunity through the elimination of 

activated T cells (9). Given that programmed cell death represents a major 

weapon in the fight against infection, it is unsurprising that many pathogens have 

evolved strategies to subvert cellular machinery aimed at sensing infection and 

activating apoptotic pathways (10). 

Apoptosis is broadly categorised into intrinsic or extrinsic categories, 

although there is considerable crosstalk between the two pathways. Intrinsic 

apoptosis represents a dynamic interplay between the pro-apoptotic and pro-

survival members of the B-cell lymphoma-2 (Bcl-2) protein family, and is initiated 

in response to cytotoxic stress such as DNA damage or cytokine withdrawal. 

Conversely, the extrinsic pathway relies on the tumour necrosis factor (TNF) 

superfamily of death receptors and their cognate ligands, and is underscored by 

the formation of complex, multiprotein structures which transduce the apoptotic 

signal from the plasma membrane to the cytosol (11). In both cases, cell death is 

mediated by a “caspase cascade” beginning with the cleavage and activation of 

initiator caspase and culminating with the effector, or executioner, caspase-3, -6 

and -7. Furthermore, both apoptotic pathways contribute to the homeostatic 

development and efficacy of the immune response, and the manipulation of cell 

death machinery during infection is a key determinant of immune control and 

pathogen clearance (12). 

 

1.1 Intrinsic (mitochondrial) apoptosis 

The intrinsic apoptotic pathway (Fig 1.1), or mitochondrial pathway, begins 

when intracellular sensors detect overwhelming cellular insult. Potential sources 

of stress include reactive oxygen species (ROS) formation, DNA damage, the 
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unfolded protein response (ER stress), or growth factor starvation (13). The 

intrinsic pathway is mediated by the Bcl-2 family proteins which, on the basis of 

their four conserved BCL-2 homology (BH1-4) domains, can be distinguished into 

three structurally related subgroups: the pro-survival, multi-BH domain Bcl-2-like 

proteins, the pro-apoptotic, multi-BH domain effectors BAK, BAX and BOK, and 

the pro-apoptotic BH3-only proteins (14, 15). In response to cytotoxic insult, the 

integrity of the mitochondrial outer membrane is compromised and the membrane 

potential is decreased. The subsequent state of mitochondrial outer membrane 

permeabilization (MOMP) results in the release of apoptogenic factors, including 

cytochrome c and second mitochondrial activator of caspase (SMAC, also known 

as Diablo) (16), from within the mitochondrial intermembrane space and into the 

cytosol (17). Upon release, cytochrome c associates with monomers of Apoptosis 

protease activating factor-1 (Apaf-1) and causes their oligomerisation into a 

heptameric, wheel-like signalling platform, known as the apoptosome (18, 19). 

The apoptosome binds multiple copies of procaspase-9, resulting in autocatalytic 

cleavage and activation of the initiator caspase-9, which subsequently activates 

the executioner caspase-3 and -7 and leads to apoptosis (20, 21). Furthermore, 

SMAC/Diablo, which is released alongside cytochrome c during MOMP, 

promotes the full activation of executioner caspases by neutralising inhibitor of 

apoptosis proteins (IAPs) (22). For example, X-linked inhibitor of apoptosis 

protein (XIAP) inhibits the processed caspase-3 and -7 but is antagonised when 

the N-terminal motif of SMAC binds the baculoviral IAP repeat (BIR) domain of 

IAPs (23). 

The effectors of the mitochondrial response are the Bcl-2-associated X 

(BAX), Bcl-2 antagonist or killer (BAK) and Bcl-2 ovarian killer (BOK) proteins. 
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The mechanistic activation and oligomerization of BAK and BAX has been 

extensively reviewed (see (15)) and is beyond the scope of this thesis. Briefly, in 

healthy cells BAX cycles between the cytosol and mitochondrial outer membrane 

while BAK is exclusively localised to the mitochondrial membrane. Upon 

activation, BAX is freed to enrich at the mitochondrial outer membrane where, as 

a symmetric dimer with activated BAK, it forms homo-oligomeric complexes that 

cause membrane permeabilisation and initiation of the apoptotic cascade. The 

molecular structures responsible for pore formation and membrane disruption 

remain the subject of ongoing research and debate. 

The death-inducing events of BAK/BAX oligomerization and MOMP are 

tightly regulated by the dynamic interplay between pro-survival and pro-apoptosis 

Bcl-2 family members. Cell survival is maintained by the Bcl-2-like proteins Bcl-

2, Bcl-xL, Bcl-W, Mcl-1, and A1, which bind to and sequester BAK/BAX from the 

mitochondria and prevent oligomerisation and MOMP (24). Conversely, BH3-only 

proteins, such as Bim, Bid, Bad, PUMA and NOXA, activate apoptosis by 

competing with pro-survival counterparts at the BAK/BAX binding groove, 

liberating the effector proteins and allowing them to accumulate at the 

mitochondrial outer membrane. A further dimension is added by the ability of 

some BH3-only proteins, such as truncated Bid (tBid), Bim and PUMA, to directly 

activate BAK/BAX (25, 26). This occurs when the BH3 domain binds to the 

surface groove of BAK or BAX, leading to major structural transitions such as the 

destabilization of their own BH3 domain, which can then engage the groove of 

another BAK or BAX molecule to form the homodimers that constitute the central 

unit of MOMP-inducing oligomers (27-29). The affinity of BH3-only domains for 

the surface groove of their multi-domain relatives represents a central interaction 
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within the intrinsic pathway, allowing pro-survival members to mediate apoptosis 

by sequestering direct BH3-only activators as well as the effector BAK/BAX 

proteins themselves (15, 24, 26). Importantly, the interaction between BH3-only 

and pro-survival proteins is selective. For example, Bim and PUMA bind all five 

Bcl-2-like family members (14); Bad is highly specific for Bcl-2, Bcl-XL and Bcl-

W; and Mcl-1 and A1 are preferentially targeted by NOXA (30). The activity and 

expression of BH3-only proteins is regulated at both the transcriptional and post-

translational level, and this is often dependent on the nature of the cellular stress 

stimulus. For example, PUMA and NOXA are p53-inducible genes involved in 

mediating the DNA damage response (31), while ER stress results in 

transcriptional upregulation of Bim together with its stabilisation through post-

translational dephosphorylation (32, 33). In some cell types, death receptor 

signalling is amplified by the caspase-8-mediated cleavage of Bid into its 

truncated active form (tBid), which engages and directly activates BAX/BAK (29, 

34). Importantly, this feedback mechanism exemplifies the crosstalk between the 

intrinsic and extrinsic apoptotic pathways. Finally, while the pro-death function of 

BAK and BAX has been described in some detail, the intracellular localization 

and pathophysiological mechanisms of Bcl-2 ovarian killer (BOK) remains a topic 

of investigation and debate, the details of which are beyond the scope of this 

work.  

The role of intrinsic apoptosis in the homeostasis of immune cell subsets 

has been well documented over many years. For example, Bcl-2 deficient mice 

have reduced numbers of mature resting T and B lymphocytes (35), while B cell 

progenitors and immature double-positive thymocytes depend on Bcl-XL for their 

survival (36, 37). Whole body deletion of Mcl-1 is embryonic lethal in mice (38). 
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However, conditional knockout models have revealed the importance of this pro-

survival protein in diverse haematopoietic compartments, including 

haematopoietic stem cells (39), immature and mature T and B lymphoid cells 

(40), germinal centre B cells (41) and natural killer cells (42), among others. 

Furthermore, pro-apoptotic Bcl-2 proteins are critical in dampening the antigen-

specific effector response following acute infection. Experiments using a herpes 

simplex virus (HSV-1) infection model showed that Bim-deficient mice were 

unable to delete CD8+ antigen-specific T cells after viral clearance (43). 

Furthermore, this study concluded that death receptor (extrinsic) signalling plays 

no independent role in the contraction of the adaptive immune response. These 

findings were reinforced by additional experiments in which the expansion and 

deletion of effector T cells was monitored in vivo following activation with 

staphylococcal enterotoxin B (SEB) superantigen (44). In response to SEB 

exposure, only mice overexpressing Bcl-2 or lacking Bim were unable to clear 

SEB-specific T cells (44). 

The tripartite binding dynamic of the Bcl-2 protein family, coupled with their 

differential regulation in response to various cytotoxic insults, including chronic 

and acute infection, means that the intrinsic apoptotic pathway represents an 

attractive target for host-directed therapies aiming to manipulate cell death and 

survival. 

 

 

 

 

 



   9 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 



   10 

 
 
 
 
 
 
 
 
 
 
Figure 1.1 | The intrinsic (mitochondrial) pathway to apoptosis. The intrinsic 

pathway begins when intracellular sensors detect overwhelming cellular insult, 

such as ROS formation, DNA damage, or ER stress. Intrinsic apoptosis is 

mediated by the Bcl-2 protein family. The effectors of cell death are the family 

members BAK/BAX, which form oligomeric complexes at the mitochondria and 

cause outer membrane permeabilization (MOMP). The release of cytochrome c 

and other apoptogenic factors into the cytoplasm activates a heptameric, wheel-

like signalling platform, known as the apoptosome. The apoptosome binds and 

activates the initiator caspase-9, which subsequently activates the executioner 

caspase-3, -6, and -7, leading to the dismantling of cellular structures and 

apoptosis. BAK/BAX oligomerization is tightly regulated by the dynamic interplay 

between pro-survival and pro-apoptosis Bcl-2 family members. Cell survival is 

mediated by the Bcl-2-like proteins (e.g. Bcl-2, Mcl-1, Bcl-XL), which bind to and 

sequester BAK/BAX from the mitochondria and prevent membrane 

permeabilization. Conversely, BH3-only proteins (e.g. Bim, PUMA, Bad) activate 

apoptosis by competing with pro-survival counterparts at the BAK/BAX binding 

groove, liberating the effector proteins and allowing them to accumulate at the 

mitochondrial outer membrane. BH3-only proteins may also directly activate 

BAK/BAX, and may be sequestered by pro-survival counterparts.  
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1.2 BH3-only mimetic drugs  

The characterisation of the Bcl-2 apoptosis pathway, including insights into 

the structural interactions between pro- and anti-apoptotic family members, 

facilitated the development of a novel class of small molecule therapeutics that 

can kill cancer cells by mimicking the function of the BH3-only proteins. Termed 

BH3-mimetics, these compounds bind with high affinity to the hydrophobic 

grooves that underpin the selective interaction between pro-survival Bcl-2 

proteins and the BH3 domain of their pro-death relatives (Fig 1.2). As their name 

suggests, BH3-mimetics sensitize cells to apoptosis by competitively binding Bcl-

2 family members and releasing the effectors BAK/BAX to initiate mitochondrial 

permeabilization and the caspase cascade (45).  

Resistance to apoptosis is one hallmark of cancer, and this knowledge has 

stimulated the search for compounds aimed at promoting malignant cell death 

while sparing normal tissue (46). The therapeutic potential of BH3-mimetics in 

haematological and solid tumours was informed by preclinical studies in murine 

models. For example, several cancers express abnormally high levels of Bcl-2, 

such as follicular lymphomas (47) and chronic lymphocytic leukemia (CLL) (48), 

rendering them susceptible to Bcl-2 inhibition. Similarly, gene deletion studies in 

mice have demonstrated that Mcl-1 is essential for the sustained expansion of 

acute myeloid leukemia (AML) (49), T and B cell lymphomas (50, 51), and 

multiple myeloma (MM) (52). In fact, analysis of cancer genomes has revealed 

that the region containing Mcl-1 is amplified in approximately 10% of cancers 

(53), and the evidence that many cancers depend on Mcl-1 for their sustained 

growth has fueled efforts to develop Mcl-1-specific BH3-mimetics.  
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The first validated BH3-mimetic, ABT-737, was developed by Abbott 

Laboratories (now AbbVie) in partnership with Idun Pharmaceutials (54). ABT-

737 and its orally bioavailable counterpart, navitoclax, antagonises the pro-

survival proteins Bcl-2, Bcl-XL, and Bcl-w and, as predicted, was active against 

several cancer subtypes both in vitro and in xenografts in vivo (54, 55). However, 

despite promising anti-tumour activity in several blood and solid cancers, phase 

I trials of navitoclax encountered dose-limiting thrombocytopenia which limited 

any further clinical progression of this compound (56-58).  

To circumvent these on-target toxicities, researchers re-engineered 

navitoclax into a novel BH3-mimetic, Venetoclax, which was highly specific for 

Bcl-2 alone and which spared platelets (59-61). First tested clinically in patients 

with chemotherapy-refractory CLL, Venetoclax achieved deep reductions in 

tumour burden in the blood, lymph nodes and bone marrow, and complete 

remission was observed in 20% of patients (62). Compared with standard-of-care 

therapies, Venetoclax has a manageable safety profile with relatively minor side-

effects and adverse events (62, 63). 

As previously described, Mcl-1 is a key pro-survival factor contributing to 

the sustained growth of various haematological malignancies. This knowledge 

fuelled efforts to develop S63845, the first Mcl-1-specific BH3-mimetic to be 

tested in pre-clinical cancer models (64). As a single agent, S63845 potently 

killed Mcl-1-dependent cancer cell lines and showed potent anti-tumour activity 

in vivo against various xenograft models. Importantly, S63845 was well-tolerated 

at therapeutically efficacious doses, only causing minor reductions in certain 

leukocyte subsets and no significant side effects or toxicities in mouse organs 

(64, 65).  
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Several decades of basic research have culminated in a class of pro-

apoptotic compounds with major clinical significance, and compared to Bcl-2 

gene deletion studies, which often result in detrimental outcomes for many cell 

types (39, 66), BH3-mimetics have demonstrated remarkable safety and 

tolerability profiles at both the preclinical and clinical stages of assessment (62). 

These outcomes offer a valuable justification for the redeployment of BH3-

mimetics as potential host-directed therapies in the fight against chronic 

infections.  
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Figure 1.2 | BH3-mimetics are small-molecule therapeutics which induce 
intrinsic apoptotic signalling. BH3-mimetics sensitize cells to apoptosis by 

competitively binding pro-survival Bcl-2 proteins and releasing the effectors 

BAK/BAX to initiate mitochondrial membrane permeabilization and the caspase 

cascade. ABT-737 was the first validated BH3-mimetic and targets the pro-

survival proteins Bcl-2, Bcl-XL and Bcl-w. However, clinical progression of ABT-

737 was halted due to dose-limiting thrombocytopenia. Subsequently, many 

BH3-mimetics have been developed and tested experimentally. Venetoclax and 

S63845 are highly specific for Bcl-2 and Mcl-1, respectively. Venetoclax is 

clinically approved for treating chemotherapy-refractory CLL and, in comparison 

to standard-of-care therapies, displays a manageable safety profile with relatively 

minor side-effects. 
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1.3 Extrinsic apoptosis 

 The extrinsic apoptotic pathway is triggered when extracellular death 

ligands bind to their respective transmembrane receptors. The best characterised 

death receptors and cognate ligands encompass members of the tumour 

necrosis factor (TNF) superfamily, such as TNF receptor 1 (TNFR1)/TNF-a, 

Fas/Fas ligand (FasL), and TNF-related apoptosis-inducing ligand receptor 1 

(TRAIL-R1)/TRAIL. The signalling mediators of extrinsic apoptosis are defined by 

numerous scaffold proteins, kinases and ubiquitin/de-ubiquitin ligases. For 

example, ligation of the death receptors Fas and TRAIL-R1/2 results in the 

formation of the death-induced signalling complex (DISC), a membrane-bound 

multiprotein assembly characterised by oligomerised receptors, the adaptor 

molecule Fas-associated death domain (FADD), procaspase-8 and -10, as well 

as cellular FLICE-inhibitory protein (cFLIP) (67). The first step in the formation of 

the DISC is the homotypic interaction of the death-domains (DD) on the receptors 

with the DD of FADD. The death effector domain (DED) of FADD then recruits 

procaspase-8 to form a homodimer, leading to autocatalytic cleavage, 

stabilization of the active protease conformation, and the release of activated 

caspase-8 into the cytoplasm where the apoptotic cascade is propagated (68, 

69). 

 In contrast to Fas-mediated apoptosis, TNF-induced TNFR1 signalling 

activates the transcription factor NFkB, supporting the production of pro-

inflammatory mediators and enhancing cell survival through the upregulation of 

anti-apoptotic proteins such as Bcl-2 and cFLIP. However, TNFR1 is also a death 

receptor and, depending on the intracellular milieu, can promote extrinsic 

apoptosis. Binding of TNF to TNFR1 results in the formation of a membrane-
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bound signalling core known as Complex I, which consists of TNFR1, TRNFR1-

associated death domain protein (TRADD), receptor-interacting protein kinase 1 

(RIPK1), procaspase-8, TNFR-associated factor 2 (TRAF2), and the E3 ubiquitin 

ligases cellular inhibitor of apoptosis protein 1 or 2 (cIAP1/cIAP2) (68). An 

important regulatory mechanism that determines whether TNFR1 signalling 

contributes to cell survival or apoptosis is the ubiquitylation of RIPK1. This 

process is mediated by cIAPs, which generate ubiquitin chains attached to 

components of Complex I, including RIPK1. The polyubiquitylation of RIPK1 

bound to TRADD results in a cascade of phosphorylation events which end with 

the liberation and activation of NFkB and the induction of cell survival 

mechanisms (68). However, when RIPK1 is not ubiquitylated, such as during 

SMAC-mediated degradation of cIAPs (70, 71), TNF signalling is redirected 

toward an apoptotic phenotype. Non-ubiquitylated RIPK1 dissociates from 

membrane-bound Complex I and assembles with procaspase-8, TRADD, and 

FADD to form Complex II in the cytosol (72-74). Here, unless inhibited by 

sufficient concentrations of cFLIP, Complex II promotes autocatalytic cleavage of 

caspase-8 and initiates caspase-dependent apoptosis. 

The aforementioned programmed cell death pathways, extrinsic and 

intrinsic apoptosis, are compromised in abnormal cells such as cancer, leading 

to their persistence. A corollary may exist with another set of abnormal cells, 

namely those which are latently infected. If this is the case then pro-apoptotic 

drugs may facilitate the elimination of a reservoir of persistently infected cells. 
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1.4 HIV and antiretroviral therapy 

HIV first caught the world’s attention at the beginning of the 1980s, when 

men who have sex with men (MSM) in urban centres began presenting with 

advanced and unexplained immunodeficiency coupled with infectious or 

oncological complications (75). Within 2 years of initial reports, the causative 

agent of what is now known as acquired immunodeficiency syndrome (AIDS) was 

discovered to be a 9.7kb retrovirus known as HIV (76, 77). The HIV particle 

consists of a relatively small selection of viral proteins and, as a retrovirus, only 

carries single-strand RNA (Fig 1.3). After gaining entry into a host cell, HIV RNA 

is reverse transcribed into HIV DNA, which is then integrated into the host 

genome. Here, the virus takes advantage of host machinery in order to transcribe 

HIV DNA, produce and cleave HIV proteins, and release mature virions for 

propagation. The primary surface receptor for HIV entry is CD4, which is 

expressed on T lymphocytes as well as subsets of monocytes and macrophages. 

Additionally, HIV requires the chemokine receptors CCR5 or CXCR4 as co-

receptors for host cell entry (78). The vast majority of infected CD4+ T cells are 

killed during the viral lifecycle, and over the course of several years this causes 

progressive T lymphocyte depletion as well as a host of immunological 

abnormalities, including CD8+ T cell exhaustion and a persistent inflammatory 

milieu (79). Chronic, untreated HIV infection culminates in profound 

immunodeficiency, with individuals typically succumbing to AIDS-related 

complications within 10 years of infection (78, 80). Since records began, there 

have been more than 35 million AIDS-related deaths, while a further 37 million 

people are estimated to be living with HIV across the globe today (1, 81). On top 

of this, HIV infection typically occurs in adults who are in the prime of their 
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economic productivity, and the subsequent loss of disability adjusted life years 

has caused incalculable economic disruption in smaller, developing countries.  

The widescale implementation of antiretroviral therapy (ART) at the dawn 

of the new millennium has contributed to dramatic improvements in morbidity, 

mortality and the rate of new infections (1, 81), with fewer than 1 million people 

dying in 2017 and the number of new infections having dropped to approximately 

1.8 million annually. Daily ART blocks disease progression by abrogating 

sequential steps in the viral lifecycle, thereby suppressing viremia to below the 

limit of detection, preventing further CD4+ T cell loss, and halting progression to 

AIDS (1, 82-84). Nevertheless, new research as well as challenges surrounding 

drug adherence (85), toxicity (86) and potency have spurred noteworthy 

advancements in ART guidelines over the past decade (1). 

 Recently, the chronic inflammation and immune activation associated with 

early, untreated viral replication has been implicated in significant long-term 

morbidity (1, 87, 88). In turn, data from the TEMPRANO(89) and INSIGHT 

START(90) studies have highlighted the importance of earlier ART intervention 

as a means of improving clinical outcomes, with the benefits of immediate ART 

(same day as diagnosis – known as “rapid ART”) reinforced by separate clinical 

trials in South Africa (91), Lesotho (92), Haiti (1, 93). Furthermore, the early 

initiation of ART has now been linked to HIV prevention itself, with clinical work 

by the HPTN 052 study team demonstrating a significantly decreased risk of HIV 

transmission to sexual partners when ART was initiated early, and zero 

transmissions if viral replication was completely suppressed (94, 95). Of course, 

rapid ART administration is limited by access to resources which are unavailable 
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in some settings, while also requiring strong coordination between testing and 

treatment facilities (96, 97). 

 The second mainstay of modern HIV prevention and management is pre-

exposure prophylaxis (PrEP). The past decade of research has generated a 

wealth of clinical data confirming the efficacy of antiretrovirals in preventing HIV 

acquisition from sexual exposures (1). Daily oral dosing with TDF-emtricitabine 

(98)) provides significant protection for diverse populations at risk of HIV, 

including men and transgender women who have sex with men (99, 100), 

injecting drug users (101), and heterosexual men and women (102, 103). 

Importantly, alternatives to daily pill use represent the next generation of 

prophylactic innovation (104, 105). The French IPERGAY study, for instance, 

showed that “on-demand” PrEP is effective at HIV prevention among MSM, and 

represents an alternative strategy to continuous dosing (106). Meanwhile, novel 

modes of ART delivery, such as vaginal rings (107), long-acting injectables (108, 

109) and nanostructured systems (110, 111) are being developed and tested, 

with the possibility that different approaches may offer advantages for specific 

subsets of individuals (1). 

 Finally, modern antiretroviral therapy is defined by an evolving 

pharmacological landscape aimed at ameliorating toxicity and improving potency. 

This includes novel integrase strand transfer inhibitors (InSTI), such as 

dolutegravir (112, 113), which demonstrate superior suppression, safety and 

resistance profiles compared to traditional first-line drugs (114-116). Additionally, 

first-line therapy has been strengthened by the development and rollout of novel 

tenofovir prodrugs, such as tenofovir alafenamide (TAF), (117) as well as 

reduced-dose efavirenz, which is non-inferior and results in fewer adverse events 
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compared to the traditional dose (118). Although advancements in ART design 

and administration have slowed the progress of the AIDS epidemic, conventional 

therapy is only effective at suppressing active infection for the duration of drug 

adherence. Currently, therefore, HIV/AIDS remains an incurable disease which 

encompasses a lifetime sentence of careful and, in some countries, financially 

costly drug diligence.  
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Figure 1.3 | HIV predominantly infects activated CD4+ T lymphocytes. The 

HIV particle is a retrovirus carrying with it a relatively small set of viral proteins 

and a single-stranded RNA genetic template. The primary surface receptor for 

HIV entry is CD4, which is expressed on T lymphocytes as well as subsets of 

monocytes and macrophages. The predominate target cells for infection are 

activated CD4+ T cells. HIV also requires the chemokine receptors CCR5 or 

CXCR4 as co-receptors for host cell entry. After gaining entry into a host cell, the 

viral reverse transcriptase converts HIV RNA into DNA, which is then integrated 

into the host genome with the help of viral integrase. Here, the virus takes 

advantage of host machinery in order to transcribe HIV DNA, produce and cleave 

HIV proteins, and release mature virions for propagation. The vast majority of 

infected CD4+ T cells are killed during the viral lifecycle, and over the course of 

several years this causes progressive T lymphocyte depletion as well as a host 

of immunological abnormalities. 
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1.5 The latent HIV reservoir 

Over the course of productive infection, HIV preferentially targets activated 

CD4+ T lymphocytes due to their high expression of the CD4 receptor as well as 

increased nucleotide pool and transcription factor levels compared to resting 

cells. The vast majority of infected cells are killed due to the direct or indirect 

cytopathic effects of the virus (119-121), lysis by HIV-specific cytotoxic T 

lymphocytes (CTLs), or the short-lived nature of activated T cells (122, 123). 

However, a small proportion of these cells survive the viral encounter and revert 

to a resting memory state in which integrated proviral DNA persists and no further 

virus is produced without an activating stimulus (124). The establishment of a 

transcriptionally inactive yet replication-competent viral reservoir in long-lived, 

resting memory CD4+ T cells is the major barrier to HIV eradication (125-127). 

Understanding the physiological conditions responsible for reservoir formation 

and persistence will be crucial to future cure attempts.  

During productive infection, HIV replicates in activated CD4+ T cells while 

evading the adaptive immune response via mutations in antibody and CTL 

epitopes (123, 128). Conversely, resting CD4+ T cells are refractory to infection, 

lacking sufficient expression of the CCR5 co-receptor as well as reduced dNTP 

concentrations required for viral reverse transcription (129, 130). Although it 

remains unclear why HIV latency is established in resting memory CD4+ T cells, 

the most likely explanation is a rare alignment of timing and biological processes. 

While activated CD4+ T cells are readily infected by HIV, and the majority of these 

cells die, it is possible that infection of cells which are reverting to a resting 

memory state or undergoing effector-to-memory transition (EMT) presents the 

ideal conditions for seeding the viral reservoir. These cellular states are 
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characterized by high CCR5 expression as well as adequate dNTP pools for 

reverse transcription, allowing viral attachment, entry and integration. However, 

activation-dependent host transcription factors which are crucial for viral gene 

expression, such as NFkB and NFAT, are sequestered to the cytoplasm and 

therefore proviral transcription and translation is minimized (131). 

The proviral reservoir, as measured in the periphery, is exceedingly rare. 

As determined by the limiting-dilution viral outgrowth assay (VOA), the frequency 

of latently infected cells in people living with HIV (PLWH) on ART is between 1 – 

100 infectious units per million resting CD4+ T cells (132, 133). This rarity 

underscores the unique physiological circumstances that are required for the 

establishment of latency: few CD4+ T cells escape viral cytopathic effects or 

immune targeting during productive infection; fewer still survive the contraction of 

the immune response and progress to a memory phenotype; and, finally, only the 

rare infection of EMT cells provides the unique conditions necessary for proviral 

latency. On top of this, the past several years of viral full genome sequencing 

(FGS) have revealed that greater than 97% of latent proviruses in PLWH on ART 

are replication-defective, containing mostly splicing defects, deletions, and 

hypermutations in the 5’ or 3’ half of the viral genome (132, 134, 135). The 

majority of defects are generated during the process of reverse transcription and 

are mediated by host restriction factors such as the cytidine deaminases 

APOBEC3F and APOBEC3G (134, 136). These defects accumulate rapidly 

during acute infection and preclude expression of viral genes, preventing further 

infectious cycles. Interestingly, some defective proviruses can be transcribed into 

RNA which may then be spliced and translated, resulting in HIV-specific CTL 

recognition and targeting of specific species of defective provirus (137). In turn, 
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preferential CD8+ T cell responses to these epitopes may negatively impact the 

HIV immune response by acting as “cold target” decoys or inducing excessive 

immune activation and T cell exhaustion (137-139). 

 A hallmark of HIV latency is the transcriptional silencing of the integrated 

proviral genome (140). The cytopathic effect of viral gene products is responsible 

for the short half-life of productively infected cells (141), and therefore the 

repression of these gene products is a defining factor of latent cell survival. While 

the mechanisms of viral latency are not fully elucidated, several factors have been 

shown to limit gene expression and contribute to transcriptional silencing. 

 An apparent paradox surrounding viral latency stems from the high levels 

of repressive heterochromatin in resting CD4+ T cells (142) and early suggestions 

that viral integration into these sites may be responsible for HIV gene silencing 

(143). Surprisingly, subsequent in vitro studies revealed that the vast majority of 

proviral integration sites are found within actively transcribed host genes (144), 

and this phenomenon was confirmed in vivo by analysing resting CD4+ T cells 

from PLWH on ART (145, 146). Crucially, this finding suggested that HIV 

silencing occurs at the level of cis- and trans-acting elements which override the 

active chromatin state, and the relative presence or absence of these factors in 

resting memory CD4+ T cells restricts the initiation and elongation steps of viral 

transcription. This concept was recently advanced by analysis of patient CD4+ T 

cells demonstrating that viral latency may be enforced by blocks to HIV proximal 

elongation, polyadenylation (completion) and splicing (147).  

 HIV transcriptional initiation occurs in two distinct phases: a Tat-

independent and Tat-dependent phase. The former stage begins shortly after 

proviral integration, whereby host transcription factors associated with T cell 
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activation, including NFkB, NFAT and AP-1, interact with the HIV LTR and 

enhancer region, recruit RNA Pol II and transcriptional co-activators, and allow 

low-level transcription to proceed (148, 149). This early transcriptional stimulation 

results in viral tat expression and the binding of protein Tat to the 5’ end of 

nascent viral mRNA, beginning a vigorous positive-feedback loop which strongly 

favours elongation. During this Tat-dependent phase, the eponymous protein 

relieves promotor proximal pausing following initiation by binding to the trans-

activation response (TAR) structure encoded by the 5’ LTR and, as a Tat-TAR 

complex, recruiting positive transcription elongation factor b (P-TEFb) (150-153). 

A complex of cyclin T1 and CDK9, P-TEFb releases the transcriptional machinery 

by phosphorylating RNA Pol II and also clearing negative regulatory proteins from 

the viral LTR (154-156). This results in further Tat generation and the 

establishment of a positive-feedback loop, ensuring productive viral gene 

expression. In the context of latency, the relative absence of key host 

transcription factors in resting T cells, together with low levels of Tat and P-TEFb, 

represents a major block to HIV gene expression at both the initiation and 

elongation stage (157-159). 

  Despite euchromatic integration sites, viral latency may also be enforced 

through repressive epigenetic elements such as nuc-0 and nuc-1 nucleosome 

formation within the viral 5’ LTR (160). Additionally, preferential integration into 

actively transcribed host genes may subject proviral DNA to “transcriptional 

interference”. Under this scenario, latency is maintained when key transcription 

factors are displaced by RNA Pol II activity upstream of the viral LTR or, if HIV is 

oriented in the opposite direction relative to the host gene, when opposing RNA 

polymerase complexes interfere with each other (161, 162). Importantly, HIV 
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latency is unlikely to be the result of any single mechanism, but rather the net 

effect of multiple mechanisms working in concert to limit viral gene expression 

and prevent run-away replication. Removing any one of the multiple restrictions 

on HIV gene expression may lead to Tat expression and the subsequent feed-

forward loop, resulting in viral reactivation from latency (163). Lastly, there is also 

a level of stochasticity to HIV transcription and silencing. This may be explained 

by individual differences between target cells, including metabolic or activation 

state, stages in the cell cycle, antigen receptor stimulation, and levels of key host 

factors, such as P-TEFb (164). Indeed, the stochastic daily activation of a small 

pool of latently infected cells may account for the very low level of residual viremia 

(about one copy per millilitre of plasma) detected in most ART suppressed 

individuals (165). Furthermore, it has become evident that not all proviruses in 

the latent reservoir are induced upon one round of maximal T cell activation (135, 

166), and the stochasticity of HIV transcription and reactivation may partly explain 

this phenomenon (167). 

The natural longevity of resting memory CD4+ T cells hinted early on that 

the latent reservoir was stable over time. While estimates varied, initial reports 

suggested a relatively short half-life no greater than 7 months, leading to 

speculation that with continuous therapy the inducible reservoir could be 

eliminated in some patients within 8 years (168, 169). However, recent 

longitudinal studies in PLWH on ART have replicated earlier estimates of a much 

longer half-life of approximately 3.7 years (133, 170), indicating a lifetime of 

treatment before natural decay might eliminate the reservoir completely. These 

results are consistent with the longevity of human memory T cells, which are 

maintained for decades through homeostatic and antigen-driven proliferation 
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(171). Paradoxically, however, the stimuli that drive clonal proliferation may also 

induce HIV gene expression and viral cytopathic effects, and so it remained 

unclear whether latently infected memory CD4+ T cells could persist via this 

mechanism. 

Early indirect evidence of clonal expansion was observed in PLWH on 

ART displaying residual, low-level viremia. Sequence analysis of circulating HIV 

RNA revealed the presence of identical plasma clones which persisted for 

months to years without sequence evolution (172). However, determining the 

source of these predominant plasma clones remained challenging due to 

technological limitations, and the data were considered consistent with alternative 

hypotheses such as separate infection events of a dominant viral species. 

Direct evidence for latent cell proliferation was first revealed through 

proviral integration site analysis. As previously described, HIV integrates non-

specifically into actively expressed regions of the host genome (144, 173), 

allowing independent infection events to be mapped within a single patient. Using 

integration site analysis, multiple studies of ART-suppressed individuals 

demonstrated that a significant fraction of infected CD4+ T cells harbour identical 

proviral integrate at the same chromosomal regions (174-177). The very low 

likelihood that 50-60% of integrates occur within the same genomic fragment and, 

in many cases, in the same orientation, provided the first conclusive indication of 

latent cell proliferation. Unsurprisingly, early research also showed that many 

expanded clones originate from cells harbouring defective provirus, as these are 

less likely to generate viral proteins with cytopathic effects or immunogenic 

potential (176). Additional evidence for clonal expansion was generated using ex 

vivo viral outgrowth systems combined with full-length proviral sequencing (166, 
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177-179). Importantly, these studies demonstrated that infected clones carrying 

intact, replication-competent provirus could proliferate and expand without 

activating cytotoxic HIV gene expression. Indeed, it is now clear that a single 

round of maximal T cell activation does not induce HIV expression in every cell 

carrying intact provirus (135, 166), suggesting that unique environmental and 

physiological parameters of individual CD4+ T cells, such as chromatin 

remodelling or metabolic state, could negatively regulate virus inducibility and 

thus perpetuate latent cell proliferation. 

Three broad mechanisms of T cell proliferation are hypothesised to drive 

reservoir maintenance. First, viral integration into developmental, cell cycle or 

cancer-related genes, such as MKL2 and BACH2, may promote the survival, 

selection and expansion of infected cells (174, 175). Second, low level 

homeostatic proliferation, in response to interleukin-2 (IL-2) and interleukin-7 (IL-

7) signalling, plays a significant role in the persistence of genetically stable 

reservoirs (180). Finally, infected clones may respond to tumour antigen (177) or 

chronic viral epitopes (181), leading to antigen-driven proliferation of specific 

latently infected T cell subsets (182). 

In addition to clonal expansion, the ongoing low-level viremia observed 

during ART has also been implicated in viral persistence. First described more 

than two decades ago, and known as viral “blips”, these transient increases in 

plasma HIV RNA are postulated to originate in “sanctuary sites” such as lymph 

nodes, where suboptimal drug concentrations allow viral replication and reservoir 

replenishment (183-185). However, this hypothesis has been challenged on 

several fronts, most notably the finding that sequence diversity of integrated 

provirus and plasma HIV RNA does not evolve over time in PLWH on ART (180, 
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186-189). Evolution of sequence diversity or resistance mutations would be an 

expected outcome in the case of residual viral replication. Furthermore, it was 

hypothesized that treatment intensification would lower or even eliminate this 

persistent viremia; however, comparisons of triple and quad ART regimens have 

failed to demonstrate a decrease in residual viral load (190-192). Consequently, 

the exact role of viral replication in driving reservoir persistence under ART 

continues to be a topic of controversy and debate (193). 

 

1.6 Eliminating the latent reservoir 

Strategies for eliminating HIV are guided by two potential curative 

outcomes. A “sterilizing cure” describes the complete elimination of the HIV 

reservoir within a patient’s body. Currently, this remains a challenging ambition. 

The second and perhaps more feasible aim is known as a “functional cure”, 

whereby the viral reservoir may persist but the host immune system successfully 

controls viral replication and disease progression in the absence of ART. This 

latter scenario is naturally represented by a rare group of HIV+ individuals known 

as “elite controllers” (EC), who control viremia to clinically undetectable levels 

without treatment intervention (194, 195). Although the exact mechanisms of 

control remain unclear, it is generally accepted that superior HIV-specific CD8+ T 

cell responses play a significant role in limiting the seeding of the reservoir and 

clearing infected populations (196-198). In the context of HIV cure research, the 

lessons from elite controllers suggest that enhancing immune recognition of HIV-

infected cells will be a vital strategy on top of reservoir elimination.  

Although the latent reservoir represents a significant hurdle for HIV 

eradication, several case studies can help us understand the scope of the 
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challenge as well as the prospects for a cure. Early studies, for example, hinted 

at improved viremic control if ART was initiated during acute infection (199, 200). 

Subsequently, Sáez-Cirión et al. characterised the VISCONTI cohort, a group of 

HIV+ adults who initiated suppressive ART during the very early primary stage of 

infection (201). Upon ART interruption these individuals controlled viremia for 

several years before rebounding, suggesting that limiting the pool of infected cells 

during early infection may help control viremia in the absence of therapy in some 

patients (201). Further support for the benefits of early ART was found in the 

“Mississippi Baby”, a perinatally infected child who initiated therapy soon after 

birth. At 18 months of age ART was discontinued and the child resisted rebound 

for more than 2 years before succumbing to viral relapse (202, 203). Taken 

together, these examples highlight the need to combine ART with alternative 

therapeutic strategies that specifically target and eliminate latently infected cells 

or enhance the HIV-specific immune response. 

The most prominent clinical example of an HIV cure is Timothy Ray Brown 

– also known as “The Berlin Patient”. Living with HIV and undergoing suppressive 

ART, Brown was diagnosed with acute myeloid leukemia (AML) in 2007 before 

undergoing allogeneic hematopoietic stem cell transplantation (HSCT) in the 

wake of leukemic relapse (204). Importantly, the donor cells they received were 

homozygous for the CCR5 Δ32 deletion, a mutation which confers resistance to 

the CCR5-tropic HIV strain. Following transplant, ART was interrupted and, more 

than a decade later, the Berlin Patient is yet to display viral rebound or any 

evidence of residual viremia (204, 205). It is hypothesized that reservoir 

elimination was driven by an aggressive myeloablative regimen as well as 

elements of graft-vs-host disease (GVHD), the result of which was complete 
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replacement of host immune cells with donor cells. Follow-up VOA assays 

confirmed a multi-log reduction in the proviral reservoir which, together with the 

resistance of donor cells to new infections, represents the most likely explanation 

for continued ART-free remission (205). 

Similar attempts at reservoir elimination in cancer patients undergoing 

HSCT failed to delay viral rebound beyond 8 months post ART interruption, 

although these cases used susceptible donor cells rather than CCR5Δ32 

knockouts (206). As a result, the Berlin Patient remained the only confirmed HIV 

cure case for nearly a decade. Recently, however, Gupta et al. have published 

the results of a second apparent cure case – known as the “London patient” – 

who has been aviremic for 18 months post HSCT and ART interruption (207). 

Similar to the Berlin patient, the London case underwent HSCT using donor cells 

with the CCR5Δ32 homozygous mutation, experienced mild GVHD, and 

achieved full donor chimerism shortly after transplant. In contrast, however, the 

London patient was subject to a reduced intensity conditioning regimen and did 

not undergo full-body irradiation prior to transplantation (207). Although it is too 

early to proclaim a bona fide cure, these results demonstrate that the Berlin 

patient was not an anomaly, and that HIV remission can be achieved with 

reduced conditioning intensity and without total body irradiation. Importantly, 

these two case studies reveal that a multi-log reduction in the haematopoietic 

reservoir is a crucial element of the HIV eradication strategy. 

 

1.7 “Kick and Kill” – reversing HIV latency 

The latent reservoir decays slowly and prolonged ART cannot eradicate 

these cells within the patient’s lifetime (1, 133, 170). Therapy interruption leads 
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to virologic rebound within weeks, therefore keeping the virus at bay represents 

a lifelong ART sentence (208, 209). On top of this, research using reporter virus 

suggests that HIV latency can be established early in both resting and activated 

CD4+ T cells (210). Due to transcriptional silencing, however, latently infected 

cells are unaffected by ART and protected from immune attack. The challenge to 

identify viral reservoirs is compounded by a lack of cellular biomarkers as well as 

the diverse anatomical locations that harbour latently infected cells, including the 

gut-associated lymphoid tissue, adipose tissue and central nervous system (211-

213). Finally, the pitfalls of ART, such as inaccessibility in resource-poor areas 

and the consequences of non-adherence, means that solutions to eliminating the 

viral reservoir are urgently needed (1). A number of strategies are being 

developed and trialled in the pursuit of a cure, with the focus now shifted toward 

host-directed therapies which either directly target latently infected cells or which 

activate the virus-specific immune response (1). The latter strategy is 

characterized by vaccines (214-216), broadly neutralizing antibodies (217-219), 

and immunotherapy techniques (139, 220-222), although these have found 

limited success in clinical settings. The progress and limitations of immune 

therapy has been extensively reviewed elsewhere (see 164); however, it remains 

likely that curative success will require both a latency-reversing arm together with 

strategies to enhance host immunity.  

Current tactics for targeting and eliminating the viral reservoir are 

predicated on the “kick and kill” hypothesis (Fig 1.4). The primary objective of this 

strategy is to forcibly reactivate viral transcription in resting memory cells (“kick”). 

This posits that subsequent viral cytopathic effects or immune-mediated 

clearance will purge the latent reservoir (“kill”). Meanwhile, a concurrent ART 
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regime would prevent new rounds of infection until reservoir elimination is fully 

achieved (sterilizing cure) or host immunity can control viremia without therapy 

(functional cure).    

Therapeutic attempts to reactivate viral latency began with CD3+ T cell 

receptor agonists and IL-2 infusions designed to induce global immune activation 

(223, 224). However, this shotgun approach not only failed to delay viral rebound 

but also proved toxic for patients. As a result, latency reversing agents (LRAs) 

which do not induce global T cell activation have become key targets of research.  

To date, a number of LRAs have been developed and clinically tested, 

often seeking to target epigenetic mechanisms of latency. Prominent examples 

include histone deacetylase (HDAC) inhibitors (225-227), which focus on 

chromatin remodelling, and bromodomain and extraterminal domain (BET) 

inhibitors, which help sequester transcriptional activators to the viral LTR (228, 

229). While some clinical studies have demonstrated that these compounds 

disrupt HIV latency in the form of increased cell-associated HIV RNA, they do not 

diminish the size of the reservoir or improve time to viral rebound (227, 229-232). 

Another approach has investigated protein kinase C (PKC) agonists, such as 

prostratin and bryostatin-1, which induce HIV gene expression by activating the 

critical transcription factor NFkB (233). However, similar to other LRA classes, 

PKC activators have failed to reduce the viral reservoir in vivo while also raising 

toxicity concerns (234). 

It is important to consider why LRAs alone are unable to clear latently 

infected cells. One possibility is that HDAC inhibitors may perturb CTL and natural 

killer (NK) cell effector functions (235-237), although this phenomenon has 

largely been described in vitro and appears less evident during clinical studies 
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(227, 231). Interestingly, combination therapy with two different PKC agonists 

was shown to reduce CTL activity more than either agonist alone, suggesting that 

the potency of combination LRAs may require balancing against the negative 

effects on HIV-specific CTL responses (238). On top of this, CTL-mediated 

clearance following reactivation may be handicapped by persisting immune 

exhaustion as well as immune escape mutations accumulated during chronic 

infection (239-241). In a similar vein, the transcriptional reactivation of defective 

provirus may induce preferential CTL responses to these epitopes, acting as 

“cold target” decoys and negatively impacting the HIV immune response (137-

139). Lastly, in vitro as well as clinical evidence suggests that transcriptional 

reactivation alone may not induce HIV-mediated cell death, leaving reservoir size 

unaffected (220, 230, 232) and indicating that additional strategies are necessary 

to kill latently infected cells. 
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Figure 1.4 | The “kick and kill” strategy for HIV reservoir elimination. Current 

attempts to target and eliminate the HIV reservoir are predicated on the “kick and 

kill” hypothesis. The primary objective of this strategy is to forcibly reactivate viral 

transcription in resting memory cells (“kick”), thereby kickstarting viral protein 

production and active infection. It is postulated that subsequent viral cytopathic 

effects or immune-mediated clearance will purge the latent reservoir (“kill”). 

Concurrent ART administration would prevent new rounds of infection until the 

reservoir is eliminated or host immunity can control viremia without therapy. Drug 

compounds which seek to reactivate viral transcription are known as latency 

reversing agents (LRAs). A number of LRAs have been developed and clinically 

tested, including HDAC inhibitors, which focus on chromatin remodelling, and 

BET inhibitors, which help sequester transcriptional activators to the viral LTR. 

 

 

 

 

 

 

 

 

 



   39 

1.8 Apoptosis in immunity and HIV latency 

Apoptosis is critical for immune homeostasis, but is also a key pathway 

influencing microbial replication and dissemination. Indeed, the nature and origin 

of the apoptotic response can determine clinical progression and disease 

severity. For example, apoptosis of infected cells is a critical host defence 

mechanism which can restrict the replicative niche of intracellular microbes while 

providing an important bridge to adaptive immunity (1). As a result, many 

pathogens have evolved strategies to combat host cell apoptosis. For example, 

a growing body of literature suggests that virulent strains of Mtb may abrogate 

macrophage apoptosis in order to promote bacterial survival (1, 242, 243). Arnett 

and colleagues conducted gene expression analysis to identify Mcl-1 as a critical 

pro-survival protein responsible for limiting macrophage apoptosis during Mtb 

infection (1, 243). These findings align with earlier studies using a preclinical 

model of pneumococcal infection in which Mcl-1 transgenic C57BL/6 mice 

cleared bacteria from the lung less efficiently than controls (244). 

Viruses also manipulate host cell apoptosis in order to promote replication 

and survival. Many species, for example, generate viral proteins that interfere 

with host caspase activity. This includes the human herpesvirus 8 and the 

poxvirus molluscum contagiosum, both of which encode members of the viral 

FLICE-inhibitory protein (vFLIP) family (245, 246). As the name suggests, these 

proteins are analogous to their cellular counterpart, cFLIP, and inhibit Fas-

induced apoptosis by blocking caspase-8 processing at the DISC (247). Other 

virus-encoded caspase inhibitors are the cowpox virus pseudosubstrate cytokine 

response modifier A (CrmA) (248), which inhibits caspase-8 and -1, as well as 

the baculoviral homologs of human XIAP (249, 250). Lastly, pathogens may 
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generate toxins and virulence factors which activate host apoptotic pathways in 

order to eliminate key players in immunity and amplify disease pathogenesis 

(251, 252). Thus, the battle for control over the host’s apoptotic machinery is a 

key strategy for microbial persistence, geared towards evading the immune 

system and preserving a replicative milieu. 

The pernicious loss of CD4+ T cells over time is a hallmark of HIV/AIDS, 

and various viral factors are responsible for activating, inhibiting or delaying cell 

death in order to promote infection. Anti-apoptotic HIV proteins such as Nef, Tat 

and Vpr can enforce infected cell survival early in the viral lifecycle, denying host 

cells the protective effects of apoptosis. For example, Tat inhibits apoptosis 

during early infection by upregulating pro-survival proteins such as Bcl-2, cFLIP 

and cIAP2 (253-256). Later in the lifecycle, as viral transcription and translation 

begins in earnest, increased concentrations of HIV accessory proteins facilitate 

host cell apoptosis in order to promote viral dissemination. HIV Env glycoprotein 

gp120 is a well-characterized virulence factor that induces apoptosis of both 

infected and bystander cells through several mechanisms, including the 

upregulation of death ligands such as FasL and TNF-a (257, 258), increasing 

expression of pro-apoptotic Bim (259), and activating mTOR and p53 signalling 

(260). Ultimately, the balance of pro-survival and pro-death viral and cellular 

factors determines the fate of infected cells and disease progression. 

Latently infected cells subvert traditional expectations of HIV-induced 

cytolysis, and the circumstances of their longevity and apoptotic resistance may 

offer insights into which cellular pathways could be targeted for eradication 

strategies. As previously discussed, the latent reservoir is maintained through 

clonal expansion of cells harbouring both defective and intact, replication-
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competent provirus. It is possible, for instance, that HIV DNA insertions into 

MKL1/2 and BACH2 genes, which are implicated in cell growth and development, 

as well as some human cancers, may contribute to the survival and persistence 

of host cells (174, 261-264). On top of this, cytolytic viral gene products, such as 

gp120, HIV protease and Tat, are transcriptionally repressed in latently infected 

cells, and defective integrates may further limit the expression and pro-apoptotic 

activity of these viral factors.  

Latently infected cells distinguish themselves from naïve cells by having 

escaped the highly pro-apoptotic milieu of active infection. The mechanisms of 

persistence during the generation of latency may result in a unique and long-term 

dependence on pro-survival factors, offering an opportunity to antagonise these 

pathways in order to promote reservoir clearance while sparing uninfected cells. 

In order to preserve their replicative niche or enforce latency, viruses such 

as Epstein-Barr virus (EBV) and cytomegalovirus (CMV) have been 

demonstrated to upregulate the pro-survival protein Bcl-2 (265, 266). Similarly, 

the role of Bcl-2 in the persistence of the HIV reservoir has been the subject of 

investigation. For example, interleukin-7, a nonredundant cytokine, regulates the 

long-term maintenance of memory CD4+ T lymphocytes partially through the 

upregulation of Bcl-2 expression (267, 268). As previously discussed, IL-7 is also 

responsible for the persistence of HIV latently infected cells by promoting 

homeostatic proliferation, suggesting a role for Bcl-2 overexpression in reservoir 

survival (180). Early work has also shown that memory CD4+ T cells from ART-

suppressed patients express higher Bcl-2 levels compared to untreated viraemic 

controls (269). More recently, gene expression analysis from PLWH on ART 

suggests that Bcl-2 RNA is overexpressed in central memory CD4+ T cells, the 
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predominant reservoir for latency, compared to their effector memory 

counterparts (270). Although further research is warranted, the persistence of 

latently infected cells represents a complex interplay between pro- and anti-

apoptotic proteins of both viral and host cell origin, and manipulation of these 

pathways may purge the latent reservoir while sparing uninfected cells.  

 

1.9 Summary and project aims 

With more than 37 million people currently living with HIV, and nearly 1 

million deaths each year, the HIV/AIDS epidemic continues to pose a major global 

health challenge (81). Although modern ART is highly successful at controlling 

active infection, the establishment of a long-lived latent viral reservoir 

necessitates lifelong drug adherence and precludes the possibility of a cure via 

conventional therapy alone. 

 The vast majority of infected CD4+ T lymphocytes are killed during the 

course of productive infection due to viral cytopathic effects or immune-mediated 

clearance. However, a rare subset of CD4+ T cells survive the infectious process, 

are not cleared by the immune system, and go on to form the replication-

competent, transcriptionally silent HIV reservoir (164). To date, the predominant 

strategy for eliminating this reservoir has focused on “latency reversing agents”, 

which forcibly reactivate viral transcription in the hope that virulence factors 

associated with active infection will promote some combination of cell death and 

immune recognition, resulting in reservoir clearance and cure. However, 

preclinical and clinical studies have demonstrated repeatedly that transcriptional 

reactivation alone does not diminish the size of the latent reservoir, nor does LRA 
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treatment reduce the time to viral rebound – the most accurate indicator of 

reservoir size (230, 231).  

HIV manipulates host apoptotic pathways throughout the viral lifecycle, 

advancing or delaying cell death at various stages in order to facilitate replication 

and immune evasion. Furthermore, the circumstances of viral latency, in which a 

small subset of CD4+ T cells survive the trauma of infection and revert to a resting 

memory phenotype while harbouring HIV provirus, suggests that an anti-

apoptotic milieu prevents cell death during active infection and promotes 

reservoir persistence. 

A novel approach seeks to purge the HIV reservoir by activating apoptotic 

pathways in latently infected cells and shifting the balance away from survival 

and towards cell death (271). As previously discussed, several lines of evidence 

implicate Bcl-2 family proteins in the long-term survival of memory CD4+ T cells 

– the major reservoir for HIV. Bcl-2 antagonism thus represents a viable strategy 

for sensitizing latent cells to death and delaying viral rebound. The development 

and clinical progression of BH3-mimetics, which induce apoptosis by binding pro-

survival Bcl-2 homologs, has resulted in a well-characterised class of inhibitors 

with relatively few unknowns regarding toxicity, side effects and dosage. 

Furthermore, BH3-mimetics are naturally favourable options for investigating our 

ability to target apoptotic pathways and eliminate infected cells, as they offer more 

streamlined translational capacity should preclinical analysis prove fruitful.  

In the following work, I hypothesise that there are apoptotic blocks in place, 

specifically a greater dependence on pro-survival Bcl-2 proteins, which prevent a 

minority of infected CD4+ T cells from dying during active infection. I hypothesize 

that latently infected cells are distinct from other infected or healthy cells, and that 
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this pro-survival phenotype allows them to persist in such a way that renders 

them susceptible to pro-apoptotic therapeutics which target the intrinsic pathway, 

such as BH3-mimetics.  

In Results Chapter 3, I infect primary human CD4+ T cells in vitro to assess 

the ability of different BH3-mimetics to kill actively HIV infected cells over and 

above their uninfected counterparts. Results Chapter 4 uses a preclinical 

humanized mouse model of HIV latency to further interrogate the importance of 

Bcl-2 pro-survival proteins in reservoir survival. I investigate the ability of 

Venetoclax, a clinically-approved Bcl-2 antagonist, as well as S63845, a 

preclinical Mcl-1 inhibitor, to delay viral rebound following analytical treatment 

interruption. In Chapter 5 I perform a tat/rev Induced Limiting Dilution Assay 

(TILDA) on CD4+ T cells from latently infected mice in order to quantify the impact 

of Venetoclax on the magnitude of the latent HIV reservoir. Finally, I use single-

cell RNA sequencing to characterize peripheral CD4+ T cells from ART-

suppressed human donors following Venetoclax treatment ex vivo, furthering our 

understanding of which cells may contribute to HIV persistence and which may 

be susceptible to death-inducing compounds. Altogether, this thesis represents 

a comprehensive assessment of the ability of BH3-mimetics to kill HIV active and 

latently infected cells, offering a strong justification for the translation of pro-

apoptotic therapeutics such as Venetoclax into a clinical setting where reservoir 

eradication is the goal. 
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2.1 Mouse Strains 

2.1.1 NOD.Cg-Prkdcscid Il2rgtm1Wjl/Sz Mice 

NOD.Cg-Prkdcscid Il2rgtm1Wjl/Sz mice (NSG; The Jackson Laboratory) were 

ordered from the Clive and Vera Ramaciotti Laboratory (Melbourne, Australia) of 

the Walter and Eliza Hall Institute of Medical Research. 

 

2.2 Mammalian cell culture 
2.2.1 Cell lines 
HEK-293T cells were cultured in Dulbecco’s Modified Eagles Medium (DMEM) 

supplemented with 10% fetal calf serum (FCS) (ThermoFisher Scientific) and 1´ 

penicillin-streptomycin (“DMEM10”). 

 

2.2.2 Primary cells 
Unless otherwise stated, human CD4+ T lymphocytes were cultured in RPMI-

1640 plus GlutaMAX™ medium (ThermoFisher Scientific) supplemented with 

10% fetal calf serum (ThermoFisher Scientific) and 1´ penicillin/streptomycin 

(ThermoFisher Scientific) (“complete RPMI”). 

 

2.3 HIV Viral Propagation and Concentration 
2.3.1 Preparation of the HIV encoding vector 

2.3.1.1 Transformation of chemically competent E. coli 
HIV plasmid DNA (HIVJR-CSF and HIVNL4.3-GFP) was generously provided by the 

Lewin Lab (Peter Doherty Institute for Infection and Immunity, Australia). 10 ng 

of plasmid DNA was added to 50 µL of One Shot™ Stbl3™ chemically competent 

E. coli (ThermoFisher Scientific) and incubated for 30 mins on ice. Bacteria were 

heat-shocked for 90 seconds at 42°C, placed on ice for a further 2 mins, before 
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the addition of 500 µL of S.O.C Medium (ThermoFisher Scientific) followed by 

incubation at 37°C for 30 mins under shaking. The sample was spun at 2000 ´g 

for 2 mins and all but 200 µL of supernatant was removed. The remaining 

supernatant was used to resuspend the bacterial pellet before 100 µL of culture 

was plated onto Lysogeny Broth (LB) agar plates containing carbenicillin (1 L LB 

broth – 10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g agar in 1 L deionized 

H2O, supplemented with 100 µg/mL carbenicillin, pH 7.0) and incubated overnight 

at 37°C.  

 

2.3.1.2 Large-scale plasmid production 

HIV plasmid DNA was amplified in 300 mL LB broth overnight at 37°C in a 

shaking incubator. The following day, DNA was extracted using an endotoxin-

free EndoFree Plasmid Maxi kit (Qiagen), following manufacturer’s protocol. 

Purified plasmid DNA was resuspended in TE buffer at 1 µg/µL and stored at -

20°C until needed. 

 

2.3.2 Transfection of HEK-293T cells 
HEK-293T cells were seeded into 12x T150 tissue culture flasks under the 

following conditions per flask: 5´106 cells per 36 mL Dulbecco’s Modified Eagle 

Medium (ThermoFisher Scientific) supplemented with 10% fetal calf serum 

(ThermoFisher Scientific), 1´ penicillin/streptomycin (herein described as 

DMEM10). Cells were allowed to adhere for 24 hours before undergoing 

transfection the following afternoon. Stock HIV plasmid DNA was diluted 1:100 in 

50mL room temperature (RT) serum-free OptiMEM (ThermoFisher Scientific) to 

make a final concentration of 10 µg/mL. X-tremeGene DNA Transfection Mix 
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(Merck) was warmed to room temperature before 750 µL was added dropwise to 

the plasmid/OptiMEM solution (this represents a ratio of 1 µg DNA:1.5 µL X-

tremeGene). The transfection mix was inverted gently before incubating at RT for 

15 mins. In the PC3 Facility, 4 mL of DNA/X-tremeGene transfection mix was 

added dropwise to each flask containing HEK293T cells, giving a final volume of 

40 mL per flask. Cells were incubated at 37°C, 5% CO2 for 36 hours. Supernatant 

was harvested and filtered through 0.22 µm Nalgene vacuum filters, before 

proceeding to viral concentration. 

 

2.3.3 Centrifugation and concentration of HIV 
Filtered, virus-infected media was transferred to ultracentrifuge tubes (Nalgene 

PPCO with sealing closure; 24 mL per tube) before being underlaid with a 6 mL 

cushion of 20% sucrose (in PBS) using a serological pipette. A fine-balance scale 

was used to determine weights of each centrifuge tube and bring all tubes to the 

same weight before centrifuging at 40,000 ́ g for 1-2 hours at 4°C (Sigma 3-30KS 

high-speed centrifuge) to concentrate virus. HIV will pellet during centrifugation. 

Supernatant was carefully decanted into a waste receptacle before the viral pellet 

was resuspended in a 100-200´ volume of complete RPMI or sterile PBS. Viral 

aliquots were stored at -80°C.  

 

2.3.4 Quantifying HIV viral stocks 

2.3.4.1 Limiting-dilution co-culture assay (TCID50) 
Human CD4+ T cells were isolated from healthy peripheral blood and activated 

as described in section 2.6.1. To titrate viral stocks, 100 µL complete RPMI 

medium, supplemented with 10 U/mL recombinant human IL-2 (“rhIL-2”; 
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PeproTech), was added to all wells of columns 1-11 of a 96-well U-bottom plate. 

HIV stock aliquots were diluted 1/5 in complete RPMI before 25 µL virus was 

transferred to the first 4 wells of a dilution series (column 1, rows A-D), mixed, 

and serial 5-fold dilutions performed (i.e. transferring 25 µL each time, for a total 

of 11 dilutions). Activated CD4+ T cells were resuspended at 5 ´ 106 cells/mL and 

100 µL (5 ´ 105 cells) was added to each well. The TCID50 plate was incubated 

overnight at 37°C, 5% CO2 and the following day the virus inoculum was removed 

by aspirating approximately 190 µL of culture supernatant from all wells. This was 

replaced with fresh culture media (complete RPMI + rhIL-2, as above) and 

returned to the incubator. Medium was changed again on days 5 and 9 of 

incubation. On day 11, 25 µL of culture supernatant was transferred to the 

corresponding wells of a fresh 96-well flat-bottom plate. 225 µL of 0.5% Triton X-

100 in ddH2O was added to the wells containing the harvested culture 

supernatants, and the plate was stored at +4°C (short-term) or -80°C (long-term).  

 

2.3.4.2 HIV p24 ELISA 
Quantification of frozen HIV aliquots was achieved using an HIV p24 ELISA kit 

(XB-1000, Jomar Life Research), according to the manufacturer’s protocol. 

 

2.4 Immunofluorescent staining and flow cytometry 
Single-cell suspensions were prepared in ice cold PBS supplemented with 2% 

fetal calf serum (ThermoFisher Scientific) (“FACS Buffer”). All centrifuge spins 

were performed at 450 ́ g for 5 mins at 4°C. Where necessary, erythrocytes were 

removed by resuspending cells in cold ACK Red Cell Lysis buffer (155 mM 

NH4Cl, 10 mM KHCO3 and 100 µM EDTA, pH 7.3) for 1 min on ice. No fewer than 
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1 ´ 106 cells were stained with relevant surface antibodies at a concentration no 

greater than 5 ́  107 cells/mL for 1 hour at 4°C, followed by three washes in FACS 

Buffer. If intracellular staining was required, cells were fixed with 2% 

paraformaldehyde diluted in PBS (“2% PFA”) for 10 mins at room temp and 

protected from light, before being resuspended and washed three times in the 

relevant permeabilization/wash buffer. Cells were stained with intracellular 

antibodies for 45 mins at 4°C before being washed twice in BD Perm/Wash buffer 

(BD Biosciences) and resuspended in FACS Buffer. For blood, 5 ´ 103 

CountBright™ absolute counting beads (ThermoFisher Scientific) were added to 

each sample prior to transfer into FACS cluster tubes (Corning) for analysis. 

Samples were analysed using a LSRFortessa X20 (BD Biosciences) or sorted 

using a FACSAria Fusion (BD Biosciences). Data was analysed using FlowJo™ 

software (FlowJo, LLC). 

 

2.5 Humanised Mouse Model of HIV Latency and Rebound 
2.5.1 Generation of Human Immune System (HIS) Mice 

NSG neonates were sub-lethally irradiated (100 cGy) 24-48 hours after birth. 

Human cord blood CD34+ haematopoietic progenitors (Lonza) were thawed, 

counted and cultured according to manufacturer’s protocols. Neonate irradiation 

was immediately followed by intra-facial injection of between 0.5-1´105 CD34+ 

haematopoietic progenitors. Mandibular bleeds were performed at sixteen weeks 

of age to assess degree and quality of reconstitution via flow cytometry. A sample 

size analysis was performed to determine animal numbers based on 80% power, 

a two-sided confidence level of 95%, and assuming 90% of control animals 

rebound in 1 week and that interventions would reduce this to 10%. All animal 
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experiments performed were approved by Walter and Eliza Hall Institute Animal 

Ethics Committee and Human Research and Ethics Committee. 

2.5.2 Infection of HIS mice with HIV 
HIS mice with comparable levels of human hematopoietic reconstitution were 

anaesthetized with methoxyflurane (CH2) before being injected intraperitoneally 

with HIV JR-CSF at a dose of 200 ng p24 equivalent in PBS per mouse. Three 

weeks after injection (viral setpoint), comparable levels of HIV viremia were 

confirmed by performing retro-orbital bleeds and screening plasma for HIV Gag 

RNA via quantitative RT-PCR. Mice with viral loads > 103 copies/mL were used 

for experiments. 

 

2.5.3 Plasma harvest 
Mice were bled retro-orbitally or via post-mortem cardiac puncture and blood 

transferred into EDTA-coated tubes (Eppendorf). Samples were centrifuged at 

500 ´g to separate serum from blood cells. This was repeated to ensure cell-free 

plasma, with subsequent storage at -80°C until needed. 

 

2.5.4 RNA extraction and Quantitative Reverse-Transcriptase PCR 
Viral RNA was purified from plasma using the Invisorb Virus RNA HTS 96 Kit/C 

(Stratec) according to manufacturer’s protocols, and eluted RNA was prepared 

for qRT-PCR using the Power SYBR™ Green RNA-to-CT™ 1-Step Kit 

(ThermoFisher Scientific). The following Gag-specific primers were used: 

Forward 5’-AAC ACC ATG CTA AAC ACA GTG G-3’; Reverse 5’-GCT TCC TCA 

TTG ATG GTC TCT T-3’ (Integrated DNA Technologies). The PCR program was 
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performed on a LightCycler96 Real-Time PCR System (Roche). The lower limit 

of detection was 2.3 log10 HIV-1 RNA copies/mL blood. 

 

 

2.5.5 Viral suppression 
Viral setpoint was followed by administration of suppressive antiretroviral therapy 

(ART). Drugs were allometrically scaled to account for murine body weight. The 

following antiretrovirals were used: tenofovir disoproxil fumarate (TDF; 90 mg/kg), 

emtricitabine (FTC; 60 mg/kg), rilpivirine (7 mg/kg), and raltegravir (80 mg/kg). 

TDF, emtricitabine and rilpivirine were obtained under the commercial formulation 

“Eviplera” (Gilead), while raltegravir was purchased as “Isentress” (Merck). 

Tablets were crushed into powder using a mortar and pestle before the 

appropriate mass was delivered to mice via their daily mash feed. ART was 

administered daily for five weeks before mice were bled and analysed for viral 

suppression via qRT-PCR (section 2.5.3 and 2.5.4). Suppression was confirmed 

with a second bleed at seven weeks post-ART initiation.  

 

2.5.6 BH3-mimetic treatment 
After confirmation of viral suppression, mice were administered BH3-mimetics in 

conjunction with continued ART. Venetoclax (Active Biochem) was delivered on 

weekdays by oral gavage (100 mg/kg) in a formulation of 60% Phosal50PG 

(Lipoid), 30% poly(ethylene) glycol 400 (Sigma-Aldrich), and 10% ethanol 

(Chem-Supply). The Mcl-1 inhibitor S63845.3TFA.4H2O (SYNthesis Med Chem) 

was formulated in a vehicle of 2% Vitamin E-TPGS (Sigma-Aldrich) dissolved in 

normal saline, and was injected intravenously into the tail vein (30 mg/kg) twice 
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weekly. BH3-mimetic treatment was repeated in cycles according to experimental 

design. 

 

2.5.7 Analytical Treatment Interruption 
At the conclusion of a given dosing regimen, virally suppressed HIS mice were 

subjected to analytical treatment interruption. This involved the cessation of all 

antiretroviral and BH3-mimetic therapy and a return to normal pelleted feed. Mice 

were bled once a week post-interruption to assess for viral rebound via qRT-PCR. 

Rebound was defined as plasma HIV Gag RNA above the 2.3 log10 HIV-1 RNA 

copies/mL blood limit of detection. 

 

2.5.8 Immunophenotyping 
Flow cytometry was used to immunophenotype humanised mice. Briefly, mice 

were bled and 30-50 µL of blood was transferred into a 96-well U/V-bottom plate. 

Erythrocytes were removed by resuspending cells in ice cold ACK Red Cell Lysis 

buffer (155 mM NH4Cl, 10 mM KHCO3 and 100 µM EDTA, pH 7.3) for 1 min. All 

centrifuge spins were performed at 450 ´g for 5 mins at 4°C. ACK lysis was 

repeated twice before cells were washed once with FACS Buffer and stained with 

extracellular antibodies. The following antibodies were used for 

immunophenotyping: anti-mouse CD45.1-PE (BD Pharmingen), and anti-human 

CD45-BV786 (BD Horizon), CD4-APC-H7 (BD Pharmingen), CD8-PerCP-Cy5.5 

(BD Pharmingen), CD19-BV510 (BD Horizon) and CD3-PE-Cy7 (BD 

Pharmingen). All stains were performed for 1 hr at 4°C. After staining, cells were 

washed with FACS Buffer before being fixed with 2% paraformaldehyde diluted 

in PBS for 10 mins at room temp. To determine absolute cell numbers in blood, 
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5 ´ 103 CountBright™ absolute counting beads (ThermoFisher Scientific) were 

added to each sample prior to transfer into FACS cluster tubes (Corning) for 

analysis. Samples were analysed using a LSRFortessa X20 (BD Biosciences) 

and data was analysed using FlowJo™ v10 software (FlowJo, LLC). 

 

2.6 Primary CD4+ T cell infection with HIV in vitro 
2.6.1 Human CD4+ T cell isolation and activation 
Healthy human “Buffy Pack” peripheral blood was ordered from the Red Cross 

Blood Service (VIC, Australia). Peripheral blood mononuclear cells (PBMCs) 

were separated from blood via density-gradient centrifugation. Briefly, whole 

blood was overlaid onto a Ficoll-Paque Plus (GE Healthcare) cushion followed 

by centrifugation without brakes at 400 ´g, 30 mins. The cream-colored disc of 

PBMCs was removed and washed 3-4 times with ice-cold PBS. Concurrently, 

approximately 30-40 mL of autologous plasma was collected and heat-

inactivated in a 60°C water bath for 30 mins to create “autologous human serum” 

(AHS). Human PBMCs were counted and resuspended at 5-10 ´106 cells/mL in 

RPMI 1640 plus GlutaMAX™ media (ThermoFisher Scientific) supplemented with 

1´ penicillin/streptomycin and 7.5% (v/v) AHS. PBMCs were seeded into tissue-

culture flasks and incubated for 1.5 hours at 37°C, 5% CO2 in order to remove 

monocytic cells. Following incubation, the culture media, containing un-adhered 

lymphocytes, was removed and cells were resuspended in ice-cold AutoMACS 

Running Buffer (Miltenyi Biotec) before counting. Magnetic CD8+ T cell depletion 

was performed on a LS Column using CD8 Microbeads (human) (Miltenyi Biotec) 

according to manufacturer’s instructions. Flowthrough contains the unlabeled 

CD4+ T cell fraction. After purification, CD4+ T cells were activated with anti-CD2, 
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anti-CD3 and anti-CD28 microbeads using T cell Activation/Expansion Kit 

(human) (Miltenyi Biotec) and following the manufacturer’s protocol. Cells were 

cultured at 2.5 ´106 cells/mL in RPMI 1640 plus GlutaMAX™ media 

(ThermoFisher Scientific) supplemented with 1´ penicillin/streptomycin, 7.5% 

(v/v) AHS and 10 U/mL rhIL-2 for 3 days at 37°C, 5% CO2. 

 

2.6.2 Infection with HIV NL4.3-GFP 
Activated human CD4+ T cells were counted before being pelleted and 

resuspended in NL4.3-GFP viral stock solution at a multiplicity of infection (MOI) 

of 0.1. The final volume did not exceed 1mL of viral working solution, ensuring a 

concentrated mixture of cells and viral particles. The cell-virus mix was incubated 

for 2 hours at 37°C, 5% CO2, with thorough agitation halfway. Following this, cells 

were washed once with pre-warmed complete RPMI before being resuspended 

at 2.5 ´ 106 cells/mL and cultured for 3 days at 37°C, 5% CO2 in complete RPMI 

supplemented with 10 U/mL rhIL-2. 

 

2.6.3 Sorting NL4.3-GFP infected CD4+ T cells for Western Blot 
Activated human CD4+ T cells were infected with NL4.3-GFP as described in 

section 2.4.2. On the third day of infection, cells were washed with FACS Buffer, 

counted, and stained with relevant surface markers for 1hr in the fridge. The 

following surface antibodies were used: anti-human CD3-PE-Cy7 (BD 

Pharmingen), anti-human CD8-PerCP-Cy5.5 (BD Pharmingen), and anti-human 

CD19-BV510 (BD Horizon). Excess antibody was washed away and infected 

cells were resuspended at a concentration of no greater than 3 ´ 107 cells/mL. 

CD4+ T cells were analysed for GFP expression and GFP+ CD3+ CD19- CD8- cells 
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were sorted by 2-way purity through a 70 µm nozzle on a BD FACSAria Fusion 

(BD Biosciences). Sorted cells were immediately resuspended in Protein Lysis 

Buffer (PLB) for future protein quantification (section 2.9). 

 

2.7 Activated CD4+ T Cell Death Assay 
HIV-NL4.3 infected human CD4+ T cells were counted and resuspended at 2.5 ´ 

106 cells/mL in complete RPMI medium supplemented with 10 U/mL rhIL-2. No 

fewer than 106 cells/well were transferred into a 48-well flat bottom tissue culture 

plate for treatment (Sigma-Aldrich). BH3-mimetic stocks were serially diluted in 

sterile PBS, ensuring a final DMSO concentration £ 1% before addition to cells. 

Inhibitory concentrations were between 10-0.001 µM. CD4+ T cells were 

incubated overnight at 37°C, 5% CO2 before being harvested and stained for the 

following surface markers: anti-human CD3-PE-Cy7 (BD Pharmingen), anti-

human CD8-PerCP-Cy5.5 (BD Pharmingen), and anti-human CD19-BV510 (BD 

Horizon). Cells were fixed with 2% PFA and permeabilized with Perm/Wash 

Buffer (BD Biosciences), followed by intracellular staining with anti-human active 

caspase-3-AF647 (BD Pharmingen) and analysis by flow cytometry. Preferential 

apoptosis of infected cells was measured by a decrease in the proportion of alive 

(caspase-3-) HIV-NL4.3 infected (GFP+) cells relative to uninfected cells in the 

same well. This was further expressed relative to untreated cells. 

 

2.8 Tat/Rev Induced Limiting Dilution Assay (TILDA) 
2.8.1 Isolating human CD4+ T cells from HIS mice  
At the conclusion of Venetoclax dosing, spleen and peripheral lymph nodes 

(cervical, axillary, brachial, mesenteric) were harvested and pooled for each 
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mouse. Spleen and lymph nodes were processed into single-cell suspension by 

mashing through 40µm strainer and into 7 mL FACS Buffer. Cells were 

transferred into Falcon tubes and resuspended in 1 mL ACK Red Cell Lysis Buffer 

for no more than 10-15 seconds before quenching with FACS Buffer. PBMCs 

were counted using a hemocytometer before staining for sort. The following 

antibodies were used for surface staining: anti-mouse CD45.1-PE (BD 

Pharmingen), anti-mouse LY6C+LY6G (Gr-1)-PE (BD Pharmingen), anti-human 

CD45-PeCy5 (BD Pharmingen), anti-human CD14-BV421 (BD Horizon), anti-

human CD8-APC (BD Pharmingen), and anti-human CD19-BV510 (BD Horizon). 

All stains were performed for 1 hr at 4°C, using approx. 100-300 µL stain solution 

per sample and a staining concentration no greater than 5-6 x107 cells/mL. Cells 

were washed once with FACS Buffer and prepared for sorting by resuspension 

in 500 µL FACS Buffer. Immediately before sorting, cells were transferred through 

a strainer cap and into FACS tubes. Human CD4+ T cells (hCD45+ hCD19- hCD8- 

hCD14-) were subjected to 2-way purity sorting through a 70 µm nozzle on a BD 

FACSAria Fusion (BD Biosciences). Sorted cells were immediately placed on ice 

for storage if further samples required processing.  

 

2.8.2 CD4+ T cell overnight stimulation 
After sorting, purified CD4+ T cells were divided into “Stimulated” and 

“Unstimulated” conditions. Each sample was centrifuged at 300´g for 5 min, 4ºC, 

before resuspension at a density of 2.5 ´ 106 cells/mL using the respective 

“Stimulated” or “Unstimulated” culture media. “Stimulated” culture media 

consisted of complete RMPI supplemented with 1X antiretroviral (ARV) cocktail 

(180 nM Zidovudine, 300 nM Efavirenz, 200 nM Raltegravir), 100 ng/mL Phorbol 
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12 myristate 13 acetate (PMA; Sigma), and 1 µg/mL Ionomycin (Sigma). All ARVs 

are available through the NIH AIDS reagent program 

(https://www.aidsreagent.org/index.cfm). The “Unstimulated” culture media was 

the same as the “Stimulated” media except without PMA or Ionomycin. Following 

resuspension into “Stimulated” or “Unstimulated” media, cells were transferred to 

appropriate tissue culture plates. Cells were incubated for 18 hours at 37°C, 5% 

CO2.  

 

2.8.3 TILDA plate setup 
Following overnight stimulation, CD4+ T cells were observed for homotypic 

aggregates under a light microscope to confirm activation. Cells from “Stimulated” 

and “Unstimulated” conditions were harvested and resuspended in 300-500 µL 

complete RPMI. Total recovered CD4+ T cells were counted using a 

hemocytometer and Trypan Blue exclusion. Cells were centrifuged at 300´g for 

5 mins, 4°C, and supernatant was discarded. This step was repeated to remove 

as much supernatant as possible. Cells were resuspended in 10% FCS/PBS to 

9,000 live cells/µL. Using 1´ 96-well PCR plate (ThermoFisher Scientific) per 

“mouse”, the “Unstimulated” and “Stimulated” cells were serially diluted into the 

same plate according to the following directions: Load 1 µL of cells (condition 

9,000 cells) into each replicate well. Check the remaining volume, and make the 

second dilution (1.5X) by adding the appropriate volume of 10% FCS/PBS. Load 

1 µL of the diluted cells (condition 6,000) in each replicate well. Check the 

remaining volume, and make the 3rd dilution (2X) by adding the adequate volume, 

and so on. See Table 2.5 for TILDA plate layout. After loading cells, 5 µL of 2X 

Reaction Mix from the SuperScript III Platinum Taq One-Step RT-PCR System 
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(ThermoFisher Scientific) was added to each well. The RNA control was made of 

extracted RNA from ACH-2 cells (1µl contains the RNA extracted from 10,000 

ACH-2 cells). The loaded PCR plate was centrifuged at 1,000´g for 1min and 

stored at -80°C.  

 

2.8.4 TILDA RT-PCR 

2.8.4.1 Reverse transcription (RT) and pre-amplification 
TILDA plate was removed from -80°C storage and 5 µL of RT/pre-amplification 

PCR mix (Table 2.1) was added to each well. The following primers were used: 

tat1.4 (sense#1) 5’-TGG CAG GAA GAA GCG GAG A-3’; Rev (rev#1 #2) 5’-

GGA TCT GTC TCT GTC TCT CTC TCC ACC-3’. Plates were covered with PCR 

plate sealer and spun at 1,000´g for 1min. RT/pre-amplification step was run 

according to the protocol in Table 2.2.  

 

Table 2.1 Reverse transcription (RT) and pre-amplification PCR 
mix  Vol. (µL) 
 dH2O 2.25 
 TE buffer (ThermoFisher 
Scientific) 

2.2 
 tat1.4 primer (20µM) 0.125 
 Rev primer (20µM) 0.125 
 SUPERase-In RNase Inhibitor 
(ThermoFisher Scientific) 0.1 

 Superscript PlatinumIII/Taq 
(ThermoFisher Scientific) 0.2 

 

 

Table 2.2 Cycling protocol for TILDA RT/pre-amplification 
step RT  50° 15min 
Denaturation  95° 2min 
Cycling 
(24 cycles) 

 95° 
 60°    

15sec  
4min  

Hold  12° 
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2.8.4.2 TILDA qPCR and analysis 
Following RT/pre-amplification step, 19 µL of TILDA qPCR mix (Table 2.3) was 

added to each well of a new 96-well PCR plate. The following primers and probes 

were used: tat2 (sense#2) 5’-ACA GTC AGA CTC ATC AAG TTT CTC TAT CAA 

AGC A-3’; Rev (rev#1 #2) 5’-GGA TCT GTC TCT GTC TCT CTC TCC ACC-3’; 

MS-HIV-FAMZEN 5’-/56-FAM/TTC CTT CGG /ZEN/GCC TGT CGG GTC 

CC/3IABkFQ/-3’. Next, 1 µL of RT/pre-amplified sample was transferred to the 

qPCR plate containing qPCR mix. Plates were covered with PCR plate sealer 

and spun at 1,000´g for 1min. qPCR was run according to the protocol in Table 

2.4. Based on the limiting dilution, the frequency of cells expressing HIV msRNA 

per million CD4+ T cells was calculated using the following tool: 

http://bioinf.wehi.edu.au/software/elda/.  

 

Table 2.3 TILDA qPCR mix 
 Vol. (µL) 
 TaqMan Fast Advanced Master Mix 
(ThermoFisher Scientific) 10 

 dH2O 7.8 
 tat2 primer (20µM) 0.4 
 Rev primer (20µM) 0.4 
 Probe MS-HIV FamZen (5µM) 0.4 

 

 

Table 2.4 Cycling protocol for TILDA qPCR step 
Pre-incubation  95° 20 sec 
Cycling 
(45 cycles) 
 

 95° 
 60°    

1 sec 
20 sec 
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Table 2.5 TILDA 96-well PCR plate layout for huCD4+ T cells purified from HIS 
mice 

 

2.9 Western blotting 
Cells were resuspended in 30-50 µL Protein Lysis Buffer (PLB: 20 mM Tris-HCl 

pH 7.5, 135 mM NaCl, 1.5 mM Mg2Cl, 1 mM EGTA, 1% Triton X-100 (Sigma-

Aldrich), 10% glycerol (Ajax Finechem), PhosSTOP phosphatase inhibitor 

cocktail tablets (1 tablet/10 mL; Roche), cOmplete Mini EDTA-free protease 

inhibitor cocktail tablets (1 tablet/10 mL; Roche). Lysate was vortexed briefly 

before incubating on ice for 20 mins, and samples were stored at -20°C until 

needed. Upon thawing, supernatant was cleared by centrifugation at 6,000 ´g 

and pellet discarded. Total protein concentration was determined using a 1:4 

dilution of Quick Start™ Bradford Dye Reagent (Bio-Rad Laboratories, Inc.). 

Absorbance was read at 595 nm. 30-50 µg of protein was mixed with 1 µL 2-

mercaptoethanol (Sigma-Aldrich), 6 µL NuPAGE™ LDS Sample Buffer (4´) 

(ThermoFisher Scientific) and made up to 24 µL with distilled H2O. Samples were 

incubated for 5 mins on a 95°C heat-block before being resolved by 

electrophoresis on a NuPAGE™ 4-12% Bis-Tris polyacrylamide gel 

(ThermoFisher Scientific). Protein bands were transferred onto a nitrocellulose 

membrane using iBlot® Gel Transfer Stacks Nitrocellulose (ThermoFisher 

 
 
 
 
 

 

 Unstimulated Stimulated 
 1 2 3 4 5 6 7 8 9 10 11 12 Controls 

9,000 
cells/well 

            ACH2 
1:100             

6,000 
cells/well 

            ACH2 
1:1000             

3,000 
cells/well 

            ACH2 
1:10,000             

1,000 
cells/well 

            Blank 
(H2O)             
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Scientific) together with an iBlot electroblotter. Membranes were blocked for 1hr 

at RT in PBS 0.1% Tween20 (Sigma-Aldrich) supplemented with 5% skim milk, 

before being probed for relevant primary antibodies overnight at 4°C. Membranes 

were washed in PBS 0.1% Tween20 before secondary antibodies were incubated 

for 1 hour at RT. The wash step was repeated and HRP was detected using 

SuperSignal™ West Pico PLUS Chemiluminescent Substrate (ThermoFisher 

Scientific) on a ChemiDoc™ Imaging System (Bio-Rad Laboratories, Inc.). 

Standard densitometric analysis was performed using BioRad ImageLab 

software, wherein protein bands were quantified relative to mock-infected 

samples and adjusted for β-actin loading. 

 

2.10 Human CD4+ T cell ex vivo drug studies 
2.10.1 Human CD4+ T cell isolation from PLWH and uninfected donors 
Large numbers of PBMCs were collected by leukapheresis from people living with 

HIV (PLWH) on suppressive ART for at least 3 years, or healthy human Red 

Cross Blood Bank donors, with approval from the relevant Institutional Review 

Boards (Alfred Hospital, Melbourne, Australia, HREC 214/15 & 48/16; The 

Avenue Hospital, Windsor, Australia, HREC 00242, protocol 202; The University 

of Melbourne, Australia, HREC 15452271 & 1443071). PBMCs were isolated 

using Ficoll Histopaque-1077 (Sigma-Aldrich). CD4+ T cells were isolated from 

PBMCs by magnetic negative selection. Total CD4+ T cells from PLWH were 

isolated using a Human CD4+ T Cell Isolation Kit (Miltenyi Biotech) according to 

manufacturer’s instructions. Resting CD4+ T cells from healthy donors were 

isolated using an EasySep Human Resting CD4+ T Cell Isolation Kit (Stem Cell 

Technologies) according to manufacturer instructions. Isolated CD4+ T cells were 
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cultured at 37oC, 5% CO2 in complete RPMI plus 1 U/ml rhIL-2 and 1 µM 

raltegravir (Selleck Chemicals). 

 

2.10.2 Human CD4+ T cell ex vivo treatment assays: PLWH on ART 
Total CD4+ T cells from PLWH on ART were cultured overnight in complete RPMI 

plus 1 U/ml IL-2 and 1 µM raltegravir. Following overnight rest, up to 3 ´ 106 cells 

were treated with 0.005 or 1 µM Venetoclax (Selleck Chemicals) or a matched 

percentage of DMSO diluent for 4 days (96 hrs). At the end of treatment, cell 

aliquots were harvested for downstream analysis. 

 

2.10.3 Human CD4+ T cell ex vivo treatment assays: uninfected donors 
For studies using resting CD4+ T cells from uninfected Red Cross Blood Bank 

donors, 0.3 ´ 106 cell aliquots in complete RPMI plus 1 U/ml IL-2 and 1 µM 

raltegravir were treated with different Venetoclax concentrations (Selleck 

Chemicals) or a matched percentage of DMSO diluent for 24, 48 or 72 hours. For 

some studies, cells were stained with Live/Dead Fixable Near-infrared (NIR) 

Dead Cell stain (ThermoFisher Scientific) according to manufacturer instructions. 

Cells were analysed by flow cytometry on a BD LSR Fortessa (BD Biosciences) 

followed by FlowJo™ v10 software (FlowJo, LLC) for the percentage of NIR- live 

cells. For other studies, cells were cultured overnight to rest, pre-treated with 30 

nM recombinant human CCL19 chemokine (R&D Systems) for 1 day to 

recapitulate a primary T cell latency model method before subsequent treatment 

with different venetoclax concentrations or a matched percentage of DMSO 

diluent. Cells were analysed for viability using a CellTitre 96 AQueous One Reagent 

MTS assay (Promega) according to manufacturer instructions. Assays were read 
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after 6 hours on a FLUOstar Omega microplate reader (BMG Labtech) at 490 nm 

(MTS) and 690 nm (to remove non-specific background). Background signal from 

media (no cells) was subtracted from all samples and the percentage of 

background subtracted MTS in samples versus DMSO calculated to determine 

changes in cell viability in drug-treated samples versus DMSO control.  

 

2.11 Single-cell RNA sequencing and bioinformatic analysis 
Single-cell RNA Sequencing (scRNA-Seq) was performed on total human CD4+ 

T cells from PLWH on ART following ex vivo treatment with Venetoclax or DMSO 

(section 2.10.2). Prior to single-cell processing, CD4+ T cells from each treatment 

condition were labelled with an antibody pre-conjugated to a Feature Barcode 

hashtag oligonucleotide (HTO; BioLegend), according to manufacturer’s protocol 

(10X Genomics). DMSO-treated cells were labelled with HTO-1, while 

Venetoclax treated cells were labelled with HTO-2. Next, cells were resuspended 

in ice-cold 0.5% bovine serum albumin (BSA) in PBS and processed through the 

Chromium Single Cell 3′ v3 Reagent Kit (10X Genomics), according to the 

manufacturer’s protocol. We chose to multiplex all our conditions into a single 

capture, running a total of three captures in order to maximise coverage. Briefly, 

each channel was loaded with approximately 30,000 total cells, yielding 3,750 

single cells for analysis per condition. The cells were then partitioned into gel 

beads in emulsion in the microfluidics instrument, where cell lysis and barcoded 

reverse transcription of RNA occurred, followed by amplification, shearing, and 

5′-adapter and sample index attachment. Libraries were sequenced on an 

Illumina NextSeq platform. 
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Reads from each sample were processed separately using 10X Genomics 

Cell Ranger software (version 3.1.0). Cellranger mkfastq was used to demultiplex 

the Illumina sequencer’s base for each flowcell directory into FASTQ files. Next, 

‘cellranger count’ was used to generate single-cell gene-count matrices against 

the 10X Genomics pre-built GRCh38 reference genome and transcriptome 

(version 3.0.0). All subsequent analysis was performed in R (version 4.0.3) (R 

Development Core Team. R: A Language and Environment for Statistical 

Computing (R Foundation for Statistical Computing, 2018)), Bioconductor 

(version 3.12) (272) and adapted from the Orchestrating Single-Cell Analysis with 

Bioconductor online book (273, 274). Due to differences in quality control (QC) 

metrics by sample, outlier thresholds were calculated per sample. Cells were 

removed from further analysis if they failed to achieve QC cutoffs for percentage 

of reads from mitochondrial genes. Overall, 32,376 droplets were retained for 

downstream analysis. All genes detected in at least 1 sample were retained for 

downstream analysis (23,197 genes). Size factors were estimated using the 

normalization by deconvolution method (275), as implemented in the scran 

package (v1.18.2), and used to compute log-transformed normalized expression 

values (logcounts). We estimated the per-gene 'biological' variation as the total 

variation minus an estimate of the 'technical' variation (estimated by fitting a 

donor-specific, mean-dependent trend to the variance under the assumption of 

Poisson variation for the UMI counts). All genes with positive 'biological' variation 

were declared as highly variable genes (HVGs). We further excluded any HVGs 

that were mitochondrial or ribosomal protein genes, leaving us with 18,752 HVGs. 

We then performed principal component analysis (PCA) of the logcounts of the 

HVGs, retaining 9 PCs for downstream analysis. In order to exclude stripped 
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nuclei, doublets and singlets for which we couldn’t assign the donor (based on 

genetics) or treatment (based on hashtags), we performed several rounds of 

analysis. With each round, we re-processed the remaining droplets to identify the 

relevant HVGs, perform PCA, and cluster the droplets to identify and exclude the 

relevant droplets. At the end of this process remained our set of labelled singlet 

cells (those droplets we are confident are single cells and that we can assign to 

a single donor and treatment). Next, we corrected the PCs for donor-specific 

technical differences using the mutual nearest neighbours (MNN) method as 

implemented in the batchelor package (v1.6.0) (276). For the purposes of 

visualization, we performed further dimensionality reduction of the MNN-

corrected PCs using the uniform manifold approximation and projection (UMAP) 

method (277). The MNN-corrected PCs were used to build a shared nearest 

neighbour graph that was itself used as input to the Louvain algorithm, as 

implemented in the igraph package (v1.2.6) (278), to identify clusters of similar 

cells. We clustered the cells at several resolutions and labelled these clusters by 

annotating against the Database of Immune Cell Expression (DICE) using the 

SingleR package (version 1.4.0) (279, 280). We performed multiple rounds of 

sub-clustering and annotation to arrive at our final set of cell labels. We identified 

top-ranking marker genes for each cluster/label by performing pairwise 

differential gene expression analysis for each cluster against all other clusters 

using a Binomial test to identify genes expressed more frequently in a given 

cluster. Differential abundance analysis was performed to test for significant 

changes in per-label cell abundance across conditions using quasi-likelihood 

methods in the edgeR package (version 3.32.0) (281). To perform differential 

expression analyses between Venetoclax and Control samples, we first created 
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pseudobulk samples by summing the single-cell counts from the same sample 

and, optionally, cluster (282, 283). These pseudobulk samples were used as 

input for differential expression analyses using the ‘voom with quality weights’ 

method from the limma package (version 3.46.0) (284). Gene Ontology (GO) 

term and KEGG pathway analysis were performed using 'goana' and 'kegga' 

functions from the limma package (v3.46.0) (285). 

2.12 Integrated HIV DNA Alu PCR 
Total CD4+ T cells from PLWH on ART were cultured overnight in complete 

RMPI-1640 plus 1 U/ml IL-2 and 1 µM raltegravir. Following overnight rest, up to 

3 ´ 106 cells were treated with 0.005 or 1 µM Venetoclax (Selleck Chemicals) or 

a matched percentage of DMSO diluent for 4 days (96 hrs). An aliquot of cells 

was harvested for integrated HIV DNA Alu PCR, which was performed according 

to published protocols by Vangerdeeten et al. and Rasmussen et al. (230, 286).  

 

2.13 Statistical analyses 
Analysis of data was performed using GraphPad Prism v8.3 (GraphPad 

Software). Kaplan-Maier curves showing viral rebound were analysed using a 

log-rank Mantel-Cox test. Humanised mouse peripheral CD4+ T cell counts were 

analysed with an unpaired t test corrected for multiple comparisons with Holm-

Sidak method. Human resting CD4+ T cell venetoclax toxicity data were analysed 

with two-sided Student’s paired t test. For scRNA-Seq, to identify cluster-specific 

marker genes, we performed Welch’s t-tests on the log-expression values for 

every gene and between every pair of clusters. 
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2.14 Antibodies 
Table 2.6 Surface antibody details for flow cytometry 
 
Antigen/Name Conjugate Clone Reactivity Isotype Source 

CD45 BV786 HI30 Human Mouse IgG1, k BD Horizon 
CD45 PE-Cy5 HI30 Human Mouse IgG1, k BD 

Pharmingen 
Active 

Caspase-3 
AF647 C92-

605 
Human Rabbit IgG BD 

Pharmingen 
CD3 PE-Cy7 SK7 Human Mouse IgG1, k BD 

Pharmingen 
CD4 APC-H7 RPA-T4 Human Mouse IgG1, k BD 

Pharmingen 
CD8 PerCP-

Cy5.5 
RPA-T8 Human Mouse IgG1, k BD 

Pharmingen 
CD8 APC RPA-T8 Human Mouse IgG1, k BD 

Pharmingen 
CD19 BV510 SJ2-

5C1 
Human Mouse IgG1, k BD Horizon 

CD14 BV421 M5E2 Human Mouse IgG2a, k BD Horizon 
CD45.1 PE A20 Mouse Mouse A.SW 

Mouse IgG2a, k 
BD 

Pharmingen 
Ly-6G and Ly-

6C (Gr-1) 
PE RB6-

8C5 
Mouse Rat IgG2a, k BD 

Pharmingen 
 
 

Table 2.7 Antibody details for Western Blot 
 
Antigen/Name Clone Reactivity Host Species Source Dilution 

Bcl-2 Bcl-2-
100 

Human Mouse Strasser Lab, 
WEHI 

1:1000 

Mcl-1 9C4-15-
1 

Human Rat Strasser Lab, 
WEHI 

1:2000 

Bim 3C5 Human Rat Strasser Lab, 
WEHI 

1:1000 

NOXA Polyclon
al 

Human, 
Mouse, 

Rat 

Rabbit ProSci 1:1000 

b-Actin-HRP 13E5 Human, 
Mouse 

Rabbit Cell Signaling 1:3000 
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Chapter Three  
Killing HIV actively infected cells in vitro 
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The HIV lifecycle is governed by an evolving apoptotic landscape in which host 

and viral proteins interact to determine the fate of infected cells. A defining feature 

of productive HIV infection, the death of host CD4+ T lymphocytes is driven in 

part by the cytopathic effect of viral structural and accessory proteins which 

interfere with host survival pathways when expressed at higher concentrations 

late in the viral lifecycle. However, HIV also modulates apoptotic pathways in 

order to ensure host cell survival long enough for reverse transcription and 

genomic integration to succeed. This includes subverting molecular sensors 

which detect foreign RNA and activate innate antiviral immunity, such as the 

pattern recognition receptor (PRR) retinoic acid-inducible gene I (RIG-I), which 

senses full-length HIV RNA but may be sequestered and degraded by HIV 

protease during active infection (287-289). Importantly, soluble viral factors can 

also enforce cell survival by directly manipulating intrinsic apoptotic pathways. 

For example, HIV Nef can prevent p53-induced expression of PUMA, a pro-

apoptotic BH3-only protein which inhibits Bcl-2 homologs (290). HIV Tat may also 

delay apoptosis by upregulating the pro-survival protein Bcl-2, thus facilitating 

viral persistence within infected cells (253, 255, 256). Similarly, early work using 

transfected T cell clones suggested that HIV Vpr increases Bcl-2 expression and 

inhibits the apoptotic effector BAK (291). These examples reveal an intrinsic 

apoptotic network which is dysregulated by HIV proteins during productive 

infection, thus abrogating host cell suicide and favouring viral persistence. 

Additionally, recent sequencing data suggests that cells actively infected with HIV 

during the time of ART initiation are more likely to contribute to the long-lived, 

replication-competent reservoir compared to cells infected at earlier time points 



   73 

(292). Therapeutic avenues which sensitize infected host cells to intrinsic 

apoptosis during this critical period of transition may help limit reservoir formation.  

 We hypothesized that BH3-mimetics, which antagonise Bcl-2 pro-survival 

homologs, could be used to preferentially kill HIV actively infected CD4+ T cells 

over and above uninfected counterparts. To test this, we established an in vitro 

model of productive HIV infection using primary human CD4+ T cells and a GFP-

reporter HIVNL4.3 strain. We used Western blot analysis to show that actively 

infected CD4+ T cells express the relevant Bcl-2 target proteins. Furthermore, we 

performed an in vitro cell death assay to demonstrate that ABT-737 and 

Venetoclax, but not the Mcl-1 inhibitor S63845, preferentially kill activated, HIV 

infected CD4+ T cells in the setting of productive viral replication. These results 

shed further light on the pro-survival role of Bcl-2 proteins during active HIV 

infection, demonstrating that BH3-mimetic treatment represents a viable strategy 

for killing infected cells and potentially limiting latent reservoir formation. 

 

3.1 Results 

3.1.1 HIVNL4.3 infected primary human CD4+ T cells express pro-survival 

and pro-apoptotic Bcl-2 family homologs 

 To determine the expression of Bcl-2 pro-survival and pro-apoptotic 

proteins in HIV infected cells, we isolated and activated CD4+ T lymphocytes from 

healthy human donors before infecting them with HIVNL4.3 carrying a GFP 

reporter. Mock infected, uninfected (GFP-negative) and infected (GFP-positive) 

CD4+ T cells were then sorted and lysed for protein expression analysis by 

Western blot. HIVNL4.3-GFP actively infected cells expressed comparable levels 

of the pro-survival protein Bcl-2 compared to mock infected and uninfected 
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counterparts (relative expression intensity (REI) = 0.94), while pro-survival Mcl-1 

expression was decreased by 30% (REI = 0.71) (Fig 3.1). Similarly, the pro-

apoptotic proteins NOXA and Bim were reduced by approximately 50% in 

HIVNL4.3 infected cells compared to controls (REI = 0.5 and REI = 0.56, 

respectively) (Fig 3.1). These findings suggest that key members of the intrinsic 

apoptotic Bcl-2 family are expressed and dysregulated in HIV-infected human 

CD4+ T cells, suggesting a potential therapeutic window exists to kill these cells 

via pharmacological modulation of BH3-only proteins. 

 

3.1.2 BH3-mimetics ABT-737 and Venetoclax preferentially kill HIVNL4.3 

infected primary human CD4+ T cells in vitro 

 We used an in vitro cell death assay to investigate whether BH3-mimetics 

can kill HIV actively infected CD4+ T lymphocytes derived from healthy human 

donors. Purified CD4+ T cells were activated with CD2, CD3 and CD28 receptor 

agonists before being infected over 3 days with HIVNL4.3-GFP. Cells were treated 

overnight with the BH3-mimetic inhibitors ABT-737, Venetoclax or S63845, and 

active caspase-3 expression was used to determine the proportion of apoptotic 

cell death via flow cytometry. ABT-737 antagonizes the function of pro-survival 

Bcl-2, Bcl-xL and Bcl-w, venetoclax is highly specific for Bcl-2, and S63845 

targets only Mcl-1. The mean frequency of infection (%CD3+CD8-GFP+) in 

untreated cells was 11.3% (Fig 3.2a). Both ABT-737 and Venetoclax 

preferentially induced apoptosis of alive, infected cells in a dose-dependent 

manner compared with DMSO controls (Fig 3.2b-c). Conversely, the Mcl-1 

inhibitor S63845 did not reduce the proportion of infected cells over and above 

control (Fig 3.2c). These results demonstrate that HIV actively infected cells are 
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sensitive to Bcl-2 antagonism, and that BH3-mimetics ABT-737 and Venetoclax 

can preferentially kill infected CD4+ T cells at physiologically relevant doses in 

vitro.  
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Figure 3.1.1 | HIVNL4.3-GFP actively infected primary human CD4+ T cells 
express pro-survival Bcl-2 and pro-apoptotic BH3-only proteins. Western 

blot analysis of Bcl-2 proteins in activated, primary human CD4+ T cells infected 

with HIVNL4.3-GFP for 72hrs. Representative of 2-4 independent experiments. 

Protein levels relative to mock infected samples (adjusted for b-actin loading) 

were quantitated by densitometry (relative expression intensity (REI)), and 

appear below the panel to which they relate. Numbers to the right of the panels 

represent protein size markers (in kDa).  
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Figure 3.1.2 | BH3-mimetics promote death of HIVNL4.3-GFP actively infected 
primary human CD4+ T lymphocytes in vitro. Primary human CD4+ T cells 

were activated with anti-CD2, anti-CD3 and anti-CD28 antibodies and infected in 

vitro for 72hrs with HIVNL4.3-GFP. Infected cells were co-cultured overnight with 

DMSO or increasing concentrations of the BH3-mimetics ABT-737, venetoclax, 
or S63845. Cell viability was determined by an absence of cleaved caspase-3 

expression. (a) Representative flow cytometry plots after overnight treatment with 

DMSO or BH3-mimetics. (b-d) The proportion of viable, productively infected 

(GFP+ Active Caspase-3-) CD4+ T cells after overnight treatment with ABT-737, 

venetoclax or S63845, relative to uninfected cells in the same condition. Viability 

is further normalized to the DMSO-treated group. n = 6-7 independent 

experiments from different donors. p values calculated using Student’s unpaired 

t test. Error bars are mean ± S.E.M. 
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3.2 Discussion 

 Many viruses modulate host cell apoptosis in order to perpetuate the viral 

lifecycle and preserve their replicative niche. Unlike some other viral species, HIV 

itself does not encode apoptosis inhibitory proteins such as vFLIP or the 

adenoviral Bcl-2 homolog E1B 19K (245, 246, 293). Instead, the protective 

effects of host cell intrinsic apoptosis are counteracted by HIV viral factors such 

as Tat, Nef and Vpr which regulate the expression of endogenous pro-survival 

proteins or their pro-apoptotic counterparts. In this chapter I have shown that HIV 

productively infected human CD4+ T cells express the pro-survival protein Bcl-2 

at levels comparable to uninfected cells within the same culture as well as mock 

infected controls. The other pro-survival protein analysed, Mcl-1, was 

downregulated in infected cells relative to controls by a more modest 30%, 

although the ability to discern differences in expression may be confounded by 

the high turnover rate of this protein compared to other Bcl-2 family members 

(294). The expression of Bcl-2 and Mcl-1 was paired with substantial 

downregulation of pro-apoptotic proteins NOXA and Bim, which antagonise the 

pro-survival proteins Mcl-1 and A1, and Bcl-2, Bcl-XL, Bcl-W, Mcl-1, and A1, 

respectively. The downregulation of pro-apoptotic family members and the 

expression of Bcl-2 suggests an intracellular dynamic in which therapeutic 

intervention with BH3-mimetics could prime HIV infected cells to die by 

neutralizing Bcl-2 activity and lowering the apoptotic threshold. Previous research 

has attempted to clarify the link between specific HIV proteins and Bcl-2 

expression. For example, Tat overexpression or treatment with exogenous Tat 

increases Bcl-2 expression in CD4+ Jurkat cell lines as well as primary human 

PBMCs, decreasing their susceptibility to cell death induced through serum 
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starvation (255, 256). Similarly, overexpression of Vpr can upregulate Bcl-2 and 

decrease expression of the apoptotic effector Bax, thereby acting as a negative 

regulator of cell death in response to various apoptotic stimuli (291). These anti-

apoptotic HIV proteins enforce infected cell survival early in the viral lifecycle, 

denying host cells the protective effects of apoptosis and preserving the cellular 

machinery required for viral replication. Ultimately, the balance of pro-survival 

and pro-death viral and cellular factors determines the fate of infected cells and 

disease progression. 

 In this chapter I demonstrated that the BH3-mimetics ABT-737 and 

venetoclax preferentially killed HIV productively infected CD4+ T cells in vitro. 

This data is consistent with early reports showing accelerated viral kinetics and 

cytopathic effects when apoptosis is abrogated through Bcl-2 overexpression 

(295, 296). Similarly, T leukemia cells and PBMCs exposed to HIV and treated 

with the cell death inhibitor z-VAD-fmk respond with enhanced viral replication, 

demonstrating that programmed cell death limits HIV spread (297). My in vitro 

cell death experiments sought to exploit the mechanisms of programmed cell 

death by targeting the intrinsic apoptotic pathway using BH3-mimetics specific for 

different Bcl-2 family members. The first BH3-mimetic to be developed and 

validated, ABT-737 antagonises the pro-survival proteins Bcl-2, Bcl-XL and Bcl-

w. My results demonstrated a profound reduction in alive, infected CD4+ T cells 

following ABT-737 treatment, suggesting a contributary role for each of these 

three proteins in maintaining infected cell survival. However, the dose-limiting 

toxicity of ABT-737 in vivo represents a significant clinical vulnerability which 

handicaps further progression of this compound. To circumvent this concern, I 

also tested Venetoclax: a clinically-approved Bcl-2-specific inhibitor with a 
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manageable safety profile in humans. Similar to ABT-737, Venetoclax 

significantly and preferentially killed HIV actively infected CD4+ T cells compared 

to uninfected controls. These results further dissect the role of Bcl-2 family 

proteins in maintaining HIV infected cell survive during acute viral replication, 

underscoring a key role for Bcl-2 in this capacity. The positive signal generated 

in the cell death assay, together with its clinical viability and excellent safety 

profile, makes Venetoclax a preferable candidate for further investigation using 

our in vivo humanized mouse model of latent HIV infection. 

As previously discussed, Mcl-1 is a key pro-survival factor contributing to 

the sustained growth of various haematological malignancies. This knowledge 

fuelled the development of S63845, the first Mcl-1-specific BH3-mimetic to be 

tested in pre-clinical cancer models (64). Under the conditions of our in vitro cell 

death assay, Mcl-1 inhibition with S63845 did not preferentially kill HIV actively 

infected CD4+ T cells. Importantly, S63845 is well-tolerated at therapeutically 

efficacious doses, only causing minor reductions in certain leukocyte subsets and 

no significant side effects or toxicities in mouse organs (64, 65). This provides a 

valuable opportunity to assess the efficacy of this compound in the setting of 

latent HIV infection in vivo, either as a single agent or in combination with other 

BH3-mimetics. 

The results in this chapter contribute to the recent literature surrounding 

Venetoclax and its potential to kill HIV infected cells. For example, Cummins and 

colleagues have postulated that Bcl-2 antagonism may liberate the BH3-like 

peptide Casp8p41 to preferentially induce apoptosis in activated, HIV infected 

cells. To this end, Cummins et al. demonstrated that Venetoclax pre-treatment of 
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CD4+ T cells from individuals on suppressive ART, together with subsequent 

latency reactivation using anti-CD3 and anti-CD28 microbeads, reduced the 

frequency of cell-associated HIV DNA in 8 of 11 patient samples, while 

reactivation alone did not (270). Interestingly, additional experiments by 

Cummins et al. reinforced our finding that Venetoclax treatment alone selectively 

kills HIV infected primary CD4+ T cells during productive infection in vitro (298). 

This aligns with a recently proposed strategy seeking to limit reservoir formation 

by sensitising HIV infected cells to death during the critical period of ART initiation 

(292).  

Overall, this chapter reports on a clinically-approved compound redirected 

towards eliminating HIV infected cells, offering insight into the Bcl-2 proteins 

which contribute to the persistence of this population. Ultimately, these results 

inform our progression into a preclinical model of HIV latency and allow us to 

further investigate whether BH3-mimetics, such as Venetoclax, can eliminate the 

proviral reservoir and delay viral rebound. 
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Chapter Four 
Delaying viral rebound in a preclinical model 
of HIV latency 
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The vast majority of infected CD4+ T lymphocytes are killed during the course of 

productive HIV infection due to viral cytopathic effects or immune-mediated 

clearance. However, a rare subset of cells survive the infection process and 

persist as memory CD4+ T cells, forming a replication-competent but 

transcriptionally silent HIV reservoir (164). The predominant strategy for 

eliminating this reservoir has focused on “latency reversing agents”, which 

forcibly reactivate viral transcription in the hope that virulence factors associated 

with active infection will promote some combination of cell death and immune 

recognition, resulting in reservoir clearance and cure. However, clinical studies 

have demonstrated repeatedly that transcriptional reactivation alone does not 

diminish the size of the latent reservoir, nor does LRA treatment reduce the time 

to viral rebound (230-232, 299).  

HIV manipulates host apoptotic pathways throughout the viral lifecycle, 

advancing or delaying cell death at various stages in order to facilitate replication 

and immune evasion. Furthermore, the circumstances of viral latency, in which a 

small subset of CD4+ T cells survive the trauma of infection and revert to a resting 

memory phenotype while harbouring HIV provirus, suggests that an anti-

apoptotic milieu prevents cell death during active infection and promotes 

reservoir persistence. 

As discussed in Chapter 1, several lines of evidence implicate Bcl-2 family 

proteins in the long-term survival of latently infected CD4+ T cells (180, 267, 268, 

270). Seeking to exploit this characteristic, novel strategies are being developed 

which aim to purge the HIV reservoir by activating pro-apoptotic Bcl-2 pathways 

in latently infected cells and shifting the intrinsic balance away from survival and 

towards cell death (271). Myself and other groups have employed in vitro and ex 
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vivo infection models in order to investigate the potential of the BH3-mimetic 

Venetoclax to kill HIV infected cells (270, 300). These efforts have established a 

role for Venetoclax in sensitizing infected cells to death, although thus far efficacy 

has been limited to active infection or only when used in combination with strong 

LRAs (270) or HIV-specific cytotoxic T lymphocytes (300). To date, there has 

been limited study into whether BH3-mimetics can deplete the HIV reservoir in 

vivo under the cover of suppressive ART, and more specifically whether viral 

rebound can be delayed under these conditions. 

The human tropism of HIV has represented a significant challenge for 

biomedical researchers seeking to develop adequate animal models of HIV 

infection and persistence. While non-human primates such as chimpanzees and 

macaques can be productively infected with HIV or simian-HIV (SHIV) chimeras 

respectively, such non-conventional animal models are financially expensive, 

resource intensive and time-consuming. As a result, the study of HIV/AIDS has 

benefited extensively from the development of novel humanized mouse models 

that recapitulate key aspects of human disease (Reviewed in (301)). Although 

different variants exist, the basic premise for generating humanized mice involves 

the transplantation of human CD34+ haematopoietic stem cells and/or 

implantation of human tissue into immunocompromised mouse strains. The final 

result is the systemic or local reconstitution of the human haematopoietic 

compartment, and depending on the mouse strain this can include key immune 

subsets such as T cells, B cells, myeloid cells, and dendritic cells (301). 

Importantly, humanized mice offer a viable alternative for the study of HIV/AIDS 

biology, as the availability of circulating human CD4+ T cells allows researchers 

to model the relevant aspects of HIV replication, prevention, latency, rebound and 
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therapy (302, 303). Indeed, numerous groups have employed humanized mice 

to test novel treatment or eradication strategies, including broadly neutralizating 

antibodies (217, 218, 304), latency reversing agents (305, 306), boosting CTL 

responses (239), small molecule inhibitors (307), and, more recently, CRISPR 

gene therapy (308).  

The development and clinical progression of BH3-mimetics, which induce 

apoptosis by antagonising pro-survival Bcl-2 homologs, has resulted in a well-

characterised class of pro-death therapeutics with relatively few unknowns 

regarding toxicity, side effects and dosage. While many preclinical studies 

continue to focus on indirect methods of reservoir eradication, such as the “kick 

and kill” approach of latency reversing agents or the antibody-mediated 

engagement of host immune effector pathways, a thus far overlooked avenue of 

investigation involves the potential of pro-apoptotic compounds to directly kill 

latently infected cells in vivo. Additionally, few humanized mouse studies take 

advantage of analytical treatment interruption as a direct measure of the 

replication-competent proviral reservoir. The original research article enclosed in 

this Chapter describes a humanized mouse model of HIV latency which is 

deployed to test whether BH3-mimetics alone or in combination with one another 

can eliminate HIV latently infected cells and delay time to viral rebound.  
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Abstract: The latent HIV-1 reservoir harbours transcriptionally silent provirus 

which is the source of viral recrudescence when antiretroviral therapy (ART) is 

interrupted. Chemically-induced reactivation of latently infected cells has been 

unsuccessful in purging the reservoir.  We employed CD4+ T cells from people 

living with HIV (PLWH) on ART ex vivo and a humanized mouse model of HIV-1 
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infection to investigate whether directly targeting host apoptotic pathways can 

preferentially prime latent cells to die and induce clearance of the latent reservoir. 

We found that venetoclax, a pro-apoptotic inhibitor of Bcl-2, depleted infected 

CD4+ T cells from people living with HIV (PLWH) on ART ex vivo and significantly 

delayed viral rebound in a humanized mouse model of HIV-1 infection. 

Furthermore, the combination of venetoclax with the Mcl-1 inhibitor S63845 

achieved a longer delay in viral rebound within a shorter therapeutic window. 

These results demonstrate that the selective inhibition of pro-survival proteins 

can induce death of HIV-1 latently infected cells and extend time to viral rebound 

in a pre-clinical model. 

 

One sentence summary: Venetoclax, a clinically-approved cancer therapeutic, 

combines with other pro-death compounds to purge the latent HIV-1 reservoir. 

 

Main text: (1701 words) 

Although antiretroviral therapy (ART) suppresses HIV-1 replication, a 

transcriptionally silent reservoir persists in CD4+ T cells and is the likely source of 

rapid viral rebound when ART is interrupted(125, 126, 208). This latent reservoir 

necessitates lifelong treatment and represents the key obstacle to a cure for HIV-

1. Despite early optimism, it is apparent that transcriptional reactivation of latently 

infected cells is not sufficient to induce cell death and delay viral rebound(227, 

230, 232, 299), suggesting that anti-apoptotic mechanisms are in place which 

maintain survival of latently infected cells. BH3-mimetics are small-molecule 

therapeutics which lower the threshold for induction of intrinsic apoptosis by 

antagonising the function of Bcl-2 family pro-survival proteins(24, 309). 
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Venetoclax is a BH3-mimetic which specifically antagonizes Bcl-2(59, 310) and 

is approved for the treatment of chemotherapy-refractory chronic lymphocytic 

leukemia (CLL)(62, 63). The ability of venetoclax to kill latent and productively 

infected cells in vitro has been explored by others (311, 312). We tested the 

impact of venetoclax ex vivo on CD4+ T cells collected from PLWH on 

suppressive ART (Supplementary Table 1), by quantifying HIV-1 integrated DNA 

as previously described(230, 286). Both 5 nM and 1 µM venetoclax resulted in a 

decline in integrated HIV-1 DNA in most donors with a mean decrease of 18.8% 

and 34.4% respectively compared to the DMSO control (Fig. 1). Of note, in resting 

CD4+ T cells from uninfected healthy donors there was concentration dependent 

cytotoxicity as measured by either a near-infrared live/dead stain or MTS cell 

viability assay (Extended Data Fig. 1). The decrease in the ratio of integrated 

HIV-1 DNA per million cells, even in the background of increased cell death, is 

consistent with preferential depletion of infected cells. 

Given that venetoclax depleted infected CD4+ T cells from PLWH on ART 

ex vivo (Fig. 1), we examined the efficacy of venetoclax in a physiologically 

relevant pre-clinical model of HIV-1 latency. We generated humanized mice (hu-

mice) by reconstituting immunodeficient NOD-scid IL2Rγnull (NSG) neonates with 

human umbilical cord-derived CD34+ haematopoietic stem cells. At 16 weeks of 

age, humanized mice were infected intraperitoneally with CCR5-tropic HIV-1JR-

CSF. A stable viral load was established in animals 3 weeks post-infection and was 

associated with reductions in peripheral CD4+ T cells (Extended Data Fig. 2b, d). 

Following the establishment of viral setpoint, hu-mice received daily antiretroviral 

treatment (ART) in food which reliably suppressed viremia within 7 to 8 weeks 

(Extended Data Fig. 2a, b). To investigate the importance of Bcl-2 in latent cell 
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survival in vivo, virally suppressed mice were dosed orally with venetoclax every 

weekday for 3 weeks. At the end of treatment, ART was interrupted and animals 

were bled intermittently to assess viral load (Extended Data Fig. 2a). The time 

between ART interruption and plasma viral RNA detection, known as time to viral 

rebound, is currently considered a useful surrogate marker for the replication-

competent reservoir(215, 219). Following this 3-week regimen, both control and 

venetoclax treated mice rebounded within 2 weeks of ART interruption (Extended 

Data Fig. 2b; median time-to-rebound: 1 week controls vs 1 week venetoclax). 

Overall, there was no difference in time to viral rebound between the two groups 

(Extended Data Fig. 2c). There was also no difference in CD4+ T cells in blood 

between treatment and control groups at any time post ART interruption 

(Extended Data Fig. 2d; p>0.05 corrected for multiple comparisons), suggesting 

that venetoclax was not causing non-specific collateral lymphopenia in our model. 

Short courses of an intervention may only elicit small reductions in the size 

of the replication-competent latent reservoir. Our ability to detect such small 

differences may be compromised by heterogeneity in the frequency of and 

response to a latency activating stimulus across the pool of latently infected 

cells(132, 166, 209). Detecting such small differences would require daily 

bleeding and large numbers of animals. We speculated that an extended 

intervention would eliminate a greater proportion and diversity of latently infected 

cells within the reservoir, revealing measurable differences in rebound kinetics. 

To test this hypothesis, hu-mice were infected with HIV-1JR-CSF and treated with 

ART before receiving venetoclax every weekday for 6 weeks (Fig. 2a). Similar to 

3 weeks’ treatment, there was no statistically significant difference in overall 

numbers of peripheral CD4+ T cells in venetoclax-treated mice compared to 
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controls (Fig. 2d; p>0.05 corrected for multiple comparisons). All vehicle controls 

rebounded within 1 week of ART interruption. However, after 6 weeks of 

venetoclax, 5 of 8 (62.5%) treated mice did not rebound until 2 weeks post ART 

interruption, while the remaining 2 of 8 animals (25%) did not rebound until 3 

weeks post ART (Fig. 2b; median time-to-rebound: 1 week controls vs 2 weeks 

venetoclax). No mice remained aviraemic by 4 weeks post ART discontinuation. 

Overall, venetoclax significantly delayed viral rebound in this pre-clinical model 

of HIV-1 latency (Fig. 2c; log-rank Mantel-Cox test p=0.0018). These results 

highlight the pro-survival role of Bcl-2 in a proportion of HIV-1 infected cells that 

persist on ART and support Bcl-2 antagonism as a strategy to preferentially 

eliminate the viral reservoir.  

The eventual relapse of mice treated with venetoclax suggested that not 

all infected cells that persist on ART are sensitive to killing through Bcl-2 inhibition 

over the 6-week course of treatment. Together with our 3-week treatment data, 

we speculated that latently infected cells vary in their sensitivity to apoptosis over 

time, reflecting a heterogeneity in the latent reservoir. This could be examined by 

extending the duration of venetoclax to determine if longer courses progressively 

kill more latently infected cells. However, such an analysis is precluded in our 

model as HIV-1 infected hu-mice eventually develop bone marrow failure(313). 

Instead of lengthening treatment courses of venetoclax alone, we sought to 

cause a more profound reduction in the apoptotic threshold by combining 

complementary BH3 mimetics. As a first step, we investigated whether additional 

Bcl-2 family members are important in survival of infected cells on ART, and 

employed a novel BH3-mimetic designed to specifically inhibit the pro-survival 

protein Mcl-1(64). A critical regulator of T cell development and survival(40, 314, 
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315), Mcl-1 represents an additional target for priming latently infected cells to 

die and delaying viral rebound. Hu-mice undergoing suppressive ART were 

administered the Mcl-1 inhibitor S63845 intravenously twice weekly for 3 weeks 

(Fig. 3a). Treatment with S63845 alone did not significantly delay viral rebound 

compared with vehicle controls (Fig. 3b,c; median time-to-rebound: 1 week 

controls vs 1 week S63845). Control mice developed viral rebound within 1 week 

of ART interruption, as did 6 of 8 mice (75%) treated with S63845. However, 2 of 

8 (25%) mice treated with S63845 did not rebound until 2 weeks post ART 

interruption (Fig. 3c). Similar to 3 weeks of venetoclax, no difference in blood 

CD4+ T cells was observed between inhibitor treated mice and vehicle controls 

(Fig. 3d; p>0.05 corrected for multiple comparisons). 

We next examined if the combination of a Bcl-2 and Mcl-1 inhibitor over a 

short period could effectively sensitize latently infected cells to apoptosis and 

delay time to viral rebound post cessation of ART. Hu-mice were treated with 

ART before undergoing 3 weeks of combined venetoclax (anti-Bcl-2) and S63845 

(anti-Mcl-1) treatment (Fig. 4a). There was no statistically significant difference in 

overall numbers of peripheral CD4+ T cells in combination treated mice compared 

to controls (Fig. 4d; p>0.05 corrected for multiple comparisons).  Similar to 

previous experiments, the majority of vehicle treated control mice rebounded 

within 1 week of ART interruption (5 of 7 mice; 71%) (Fig. 4b). Of those receiving 

combination therapy, 2 of 4 mice (50%) rebounded 2 weeks post ART 

discontinuation, while a further 2 mice did not rebound until 4 weeks post ART 

(Fig. 4b, c). Following a 3-week therapeutic cycle, the combination of venetoclax 

and S63845 significantly delayed time to rebound in our hu-mouse model of HIV-

1 latency (Fig. 4c; log-rank Mantel-Cox test p=0.0255; median time-to-rebound: 
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1 week controls vs. 3 weeks combination therapy). Therefore, combined 

antagonism of Bcl-2 and Mcl-1 sensitizes infected cells to die in a short time 

period resulting in a longer time to viral rebound, which was not seen with either 

venetoclax or S63845 alone. 

Using a pre-clinical model of HIV-1 latency, our work provides in vivo 

evidence that Bcl-2 inhibition depletes latently infected cells. The hu-mouse 

model recapitulates key aspects of viral rebound following ART mediated 

suppression to support the translational merit of our data(316, 317). Furthermore, 

it is possible that we underestimated efficacy in our model as hu-mice are unable 

to generate an HIV-1-specific immune response. While innate and adaptive 

immune responses are ineffective in clearing HIV-infected cells that persist on 

ART, HIV-1 specific T cells enhance clearance of latently infected cells ex 

vivo(239), their frequency is inversely related to the size of the reservoir in PLWH 

on ART(137, 318) and HIV-1 specific T cells could potentially augment sensitivity 

to pro-apoptotic therapies. Furthermore, we do not believe that the efficacy we 

described is due to apoptosis of productively infected cells or residual virus 

replication that persists on ART. If this were the case then we would expect pro-

apoptotic therapies to delay rebound even with very short courses of treatment. 

Instead, we found that pro-apoptotic therapies needed a longer therapeutic 

interval for efficacy to manifest, perhaps reflecting variable sensitivity of the latent 

reservoir over time. Our models are unable to distinguish between latently 

infected cells that are transcriptionally silent or active, which can both persist on 

ART(147, 319), and it is conceivable that some expression of HIV-1 protein may 

also enhance the pro-apoptotic activity of the drugs tested. Spatiotemporal, 

extrinsic and intrinsic physiological perturbations, including T cell activation, may 
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variably sensitize latently infected cells over time making them susceptible to pro-

apoptotic drugs(320).  

Our data showed that venetoclax depleted HIV-infected cells in blood from 

PLWH on ART ex vivo and prolongs time to viral rebound following cessation of 

ART in HIV-1 infected humanized mice. We did not observe a significant loss of 

peripheral CD4+ T cells in venetoclax treated hu-mice, consistent with clinical 

experience(62) and supporting the evaluation of venetoclax in future clinical trials. 

The optimal strategy for eliminating the HIV-1 reservoir remains unclear, and may 

well require a combinatorial regimen involving transcriptional reactivators(216), 

death sensitizers(312, 321) or neutralizing antibodies(322). Importantly, our 

results demonstrate that BH3-mimetics alone induce a significant delay in viral 

rebound post cessation of ART and are a potentially feasible and effective clinical 

approach towards achieving a functional cure for HIV-1.  
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Figure 1 | Venetoclax reduces levels of HIV-1 integrated DNA in total CD4+ 
T cells from people living with HIV (PLWH) on ART ex vivo. Total CD4+ T 

cells isolated from peripheral blood mononuclear cells from PLWH on 

suppressive ART were rested in media containing 1 µM raltegravir and 1 U/ml IL-

2 overnight. Venetoclax or DMSO drug diluent control were added and cells 

cultured a further 4 days. Cells were directly lysed and HIV-1 integrated DNA and 

CCR5 quantified by qPCR. HIV-1 integrated DNA per 106 CD4+ T cells was 

calculated and the average fold change relative to DMSO control is shown for 

n=5-6 donors (assuming 2 copies of CCR5 and a single HIV copy per cell). The 

mean is shown as a column and each symbol represents a different donor. 
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Figure 2 | Viral rebound was delayed after a six week course of venetoclax. 
a, Schematic timeline depicting HIV-1 infection, suppressive ART period and the 

beginning of each venetoclax treatment cycle (red arrows; administered every 

weekday). b, Plasma viral loads of individual hu-mice over the course of the 

experiment (n = 6-8 mice per group). Limit of detection (L.O.D) is indicated with 

a dotted horizontal line (2.3 log10 RNA copies mL-1). c, Kaplan-Maier curve 

representing the time to viral rebound following ART interruption. d, Peripheral 

CD4+ T cell counts over the course of the experiment. p value for Kaplan-Maier 

curve (c) was calculated using a log-rank Mantel-Cox test.  
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Figure 3 | A delay in viral rebound was not detected after three weeks of 
S63845 treatment. a, Schematic timeline depicting HIV-1 infection, suppressive 

ART period and the dosing regimen of S63845 (blue arrows; twice weekly). b, 
Plasma viral loads of individual hu-mice over the course of the experiment (n = 8 

mice per group). Limit of detection (L.O.D) is indicated with a dotted horizontal 

line (2.3 log10 RNA copies mL-1). c, Kaplan-Maier curve representing the time to 

viral rebound following ART interruption. d, Peripheral CD4+ T cell counts over 

the course of the experiment.  
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Figure 4 | Viral rebound was delayed after a three week combined course 
of venetoclax and S63845. a, Schematic timeline depicting HIV-1 infection, 

suppressive ART and the dosing regimen of venetoclax (red arrows; 

administered every weekday) and S63845 (blue arrows; twice weekly). b, Plasma 

viral loads of individual hu-mice over the course of the experiment (n = 4-7 mice 

per group). Limit of detection (L.O.D) is indicated with a dotted horizontal line (2.3 

log10 RNA copies mL-1). c, Kaplan-Maier curve representing the time to viral 

rebound following ART interruption. d, Peripheral CD4+ T cell counts over the 
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course of the experiment. p value for Kaplan-Maier curve (c) was calculated using 

a log-rank Mantel-Cox test.  

 

 

Extended Data Figure 1 | High concentrations of venetoclax increase total 
cell death in uninfected primary resting CD4+ T cells in vitro. Primary resting 

CD4+ T cells from healthy human donors were isolated and cultured with 

increasing concentrations of venetoclax. a, Cells treated with venetoclax for 24 

hours (solid bars) or washed out at 24 hours and cultured a further 24 hours (48 

hours total, hatched bars) were stained with Live/Dead Fixable Near-Infrared 

Dead Cell stain and analysed by flow cytometry. The percentage of NIR- live cells 

(left panel) or NIR- live cells relative to the DMSO control (right panel) is shown 

(n=3 donors). b, Cells continuously treated with venetoclax for 48 or 72 hours 

were analysed for viability using a CellTitre96 AQueous One colourimetric MTS 

assay. Viable cells (left panel) or viable cells expressed as a percentage of the 

DMSO-treated group (right panel) are shown (n=2-4 donors per condition). 

p values < 0.05 are shown as asterisks (* p<0.05, ** p<0.01, 

*** p<0.001, **** p<0.0001). Error bars show mean ± S.E.M. 
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Extended Data Figure 2 | A delay in viral rebound was not detected after 
three weeks of venetoclax treatment. a, Schematic timeline depicting HIV-1 

infection, suppressive ART period and the beginning of each venetoclax 

treatment cycle (red arrows; administered every weekday). b, Plasma viral loads 

of individual hu-mice over the course of the experiment (n = 7-8 mice per group). 

Limit of detection (L.O.D) is indicated with a dotted horizontal line (2.3 log10 RNA 

copies mL-1). c, Kaplan-Maier curve representing the time to viral rebound 

following ART interruption. d, Peripheral CD4+ T cell counts over the course of 

the experiment. 
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METHODS 

Human CD4+ T cell isolation. Large numbers of peripheral blood mononuclear 

cells (PBMCs) were collected from PLWH on suppressive ART for at least 3 years 

by leukapheresis with approval from the relevant Institutional Review Boards 

(Alfred Hospital, Melbourne, Australia, HREC 214/15 & 48/16; The Avenue 

Hospital, Windsor, Australia, HREC 00242, protocol 202; The University of 

Melbourne, Australia, HREC 15452271 & 1443071). PBMCs were isolated using 

Ficoll Histopaque-1077 (Sigma-Aldrich). CD4+ T cells were isolated from PBMCs 

by magnetic negative selection. Total CD4+ T cells from PLWH were isolated 

using a Human CD4+ T Cell Isolation Kit (Miltenyi Biotech). Resting CD4+ T cells 

from healthy donors were isolated using an EasySep Human Resting CD4+ T Cell 

Isolation Kit (Stem Cell Technologies) according to manufacturer instructions. 

Isolated CD4+ T cells were cultured at 37oC, 5% CO2 in RF10 (RPMI-1640 

supplemented with 10% FBS, 100 U/ml penicillin, 100 µg/ml streptomycin and 

29.2 mg/ml L-glutamine) plus 1 U/ml IL-2 and 1 µM raltegravir (Selleck 

Chemicals). 

Human CD4+ T cell drug studies. Total CD4+ T cells from PLWH were cultured 

overnight in RF10 plus 1 U/ml IL-2 and 1 µM raltegravir to rest, and 3x106 cell 

aliquots treated with 0.005 or 1 µM venetoclax (Selleck Chemicals) or a matched 

percentage of DMSO diluent for 4 days. Integrated HIV DNA and CCR5 copies 

were quantified as previously described(230, 286). For studies using resting 

CD4+ T cells from uninfected Red Cross Blood Bank donors, 0.3x106 cell aliquots 

in RF10 plus 1 U/ml IL-2 and 1 µM raltegravir were treated with different 

venetoclax concentrations (Selleck Chemicals) or a matched percentage of 
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DMSO diluent for 24, 48 or 72 hours. For some studies, cells were stained with 

Live/Dead Fixable Near-infrared (NIR) Dead Cell stain (ThermoFisher Scientific) 

according to manufacturer instructions. Cells were analysed by flow cytometry on 

a BD LSR Fortessa (BD Biosciences) followed by FlowJo™ v10 software 

(FlowJo, LLC) for the percentage of NIR- live cells. For other studies, cells were 

cultured overnight to rest, pre-treated with 30 nM recombinant human CCL19 

chemokine (R&D Systems) for 1 day to recapitulate a primary T cell latency model 

method before subsequent treatment with different venetoclax concentrations or 

a matched percentage of DMSO diluent. Cells were analysed for viability using a 

CellTitre 96 AQueous One Reagent MTS assay (Promega) according to 

manufacturer instructions. Assays were read after 6 hours on a FLUOstar Omega 

microplate reader (BMG Labtech) at 490 nm (MTS) and 690 nm (to remove non-

specific background). Background signal from media (no cells) was subtracted 

from all samples and the percentage of background subtracted MTS in samples 

versus DMSO calculated to determine changes in cell viability in drug-treated 

samples versus DMSO control.  

Mice. Human cord blood CD34+ haematopoietic stem cells (HSC) (Lonza) were 

thawed, counted and resuspended according to manufacturer’s protocols. 

NOD.Cg-Prkdcscid Il2rgtm1Wjl/Sz mice (NSG; The Jackson Laboratory) were 

sub-lethally irradiated (100 cGy) 24-48 hours after birth. Irradiation was 

immediately followed by intravenous injection of 0.5 – 1 ´105 CD34+ HSCs into 

the retro-orbital vein. Mandibular bleeds were performed at sixteen weeks of age 

to assess haematopoietic reconstitution by flow cytometry. Mice with comparable 

levels of human hematopoietic reconstitution were injected intraperitoneally with 

HIV-1JR-CSF (200ng p24 equivalent). Plasma viral load was determined three 
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weeks post-infection and mice with viral loads > 103 copies ml-1 were used for 

experiments. A sample size analysis was performed to determine animal 

numbers based on 80% power, a two-sided confidence level of 95%, and 

assuming 90% of control animals rebound in 1 week and that interventions would 

reduce this to 10%. All animal experiments performed were approved by Walter 

and Eliza Hall Institute Animal Ethics Committee and Human Research and 

Ethics Committee. 

Transformation of bacteria with HIV-1JR-CSF. 10 ng of HIV-1JR-CSF plasmid DNA 

was added to 50 µL of One Shot™ Stbl3™ chemically competent E. coli 

(ThermoFisher Scientific) and incubated for 30 mins on ice. Bacteria were heat-

shocked for 90 seconds at 42°C, placed on ice for a further 2 mins, before the 

addition of 500 µL of S.O.C Medium (ThermoFisher Scientific) followed by 

incubation at 37°C for 30 mins under shaking. The sample was spun at 2000 ´g 

for 2 mins and all but 200 µL of supernatant was removed. The remaining 

supernatant was used to resuspend the bacterial pellet before 100 µL of culture 

was plated onto Lysogeny Broth (LB) agar plates containing carbenicillin (1 L LB 

broth – 10 g tryptone, 5 g yeast extract, 10 g NaCl, 15 g agar in 1 L deionized 

H2O, supplemented with 100 µg/mL carbenicillin, pH 7.0) and incubated overnight 

at 37°C. The next day, HIV-1 plasmid DNA was amplified in 300 mL LB broth 

overnight at 37°C in a shaking incubator. DNA was extracted using an endotoxin-

free EndoFree Plasmid Maxi kit (Qiagen), following manufacturer’s protocol. 

Purified plasmid DNA was resuspended in TE buffer at 1 µg/µL and stored at -

20°C until needed. 

Transfection of HEK293T cells. HEK293T cells were seeded into 12x T150 

tissue culture flasks under the following conditions per flask: 5´106 cells per 36 
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mL Dulbecco’s Modified Eagle Medium (Life Technologies) supplemented with 

10% FCS (Life Technologies), 1´ penicillin/streptomycin. Cells were allowed to 

adhere for 24 hours before undergoing transfection the following afternoon. Stock 

HIV-1 plasmid DNA was diluted 1:100 in 50mL room temperature (RT) serum-

free OptiMEM (ThermoFisher Scientific) to make a final concentration of 10 

µg/mL. X-tremeGene DNA Transfection Mix (Merck) was warmed to room 

temperature before 750 µL was added dropwise to the plasmid/OptiMEM solution 

(this represents a ratio of 1 µg DNA:1.5 µL X-tremeGene). The transfection mix 

was inverted gently before incubating at RT for 15 mins. Next, 4 mL of DNA/X-

tremeGene transfection mix was added dropwise to each flask containing 

HEK293T cells, giving a final volume of 40 mL per flask. Cells were incubated at 

37°C, 5% CO2 for 36 hours. Supernatant was harvested and filtered through 0.22 

µm Nalgene vacuum filters before proceeding to viral concentration. 

Centrifugation and concentration of HIV-1JR-CSF. Filtered, virus-infected media 

was transferred to ultracentrifuge tubes (Nalgene PPCO with sealing closure; 24 

mL per tube) before being underlaid with a 6 mL cushion of 20% sucrose (in PBS) 

using a serological pipette. Virus was concentrated by centrifuging the tubes at 

40,000 ´g for 1-2 hours at 4°C (Sigma 3-30KS high-speed centrifuge) to pellet 

the virus. Supernatant was carefully decanted before the viral pellet was 

resuspended in a 100-200´ volume of sterile PBS. Viral aliquots were stored at -

80°C. 

Quantifying HIV-1 viral stocks. Quantification of frozen HIV-1JR-CSF aliquots was 

performed using an HIV-1 p24 ELISA kit (XB-1000, Jomar Life Research), 

according to the manufacturer’s protocol. 
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Measuring HIV-1 viral load. Total viral RNA was extracted from plasma-EDTA 

using Invisorb Virus RNA HTS 96 Kit/C (Stratec), and samples were analysed for 

HIV-1 RNA by qRT-PCR. The following forward and reverse Gag-specific primers 

were used: 5’-AAC ACC ATG CTA AAC ACA GTG G-3’ and 5’-GCT TCC TCA 

TTG ATG GTC TCT T-3’, respectively (Integrated DNA Technologies). The 

reaction mix was prepared using the Power SYBR™ Green RNA-to-CT™ 1-Step 

Kit (ThermoFisher Scientific). Cycle threshold (CT) values were correlated to 

standard samples of known HIV-1 RNA copy number. The lower limit of detection 

was 2.3 log10 HIV-1 RNA copies ml-1 blood.  

Viral suppression. Three weeks post-infection, mice were administered a 

cocktail of four antiretroviral drugs: tenofovir disoproxil fumarate (TDF; 90 mg/kg), 

emtricitabine (FTC; 60 mg/kg), rilpivirine (7 mg/kg), and raltegravir (80 mg/kg). 

TDF, emtricitabine and rilpivirine were obtained under the commercial formulation 

“Eviplera” (Gilead), while raltegravir was purchased as “Isentress” (Merck). 

Tablets were crushed into powder and delivered to mice in mash. Pelleted feed 

was removed during this period. ART mash was administered daily for seven 

weeks before mice were analysed for viral suppression. 

BH3-mimetic treatment. Venetoclax (Active Biochem) was delivered on 

weekdays by oral gavage (100 mg/kg) in a formulation of 60% Phosal50PG 

(Lipoid), 30% PEG400 (Sigma-Aldrich), and 10% ethanol (Chem-Supply). The 

Mcl-1 inhibitor S63845.3TFA.4H2O (“S63845”; SYNthesis Med Chem) was 

formulated in a vehicle of 2% Vitamin E-TPGS (Sigma-Aldrich) in normal saline, 

and was injected intravenously into the tail vein (30 mg/kg) twice weekly.  
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Analytical treatment interruption. Mice were returned to standard, ART-free 

pelleted feed at the conclusion of a given dosing regimen. Bleeds were taken 

once a week post ART discontinuation to assess for viral rebound. 

Immunophenotyping. Flow cytometry was used to immunophenotype 

humanised mice. Briefly, mice were bled and 30-50 µL of blood was transferred 

into a 96-well U-bottom plate. Erythrocytes were removed by resuspending cells 

in ice cold ACK Red Cell Lysis buffer (155 mM NH4Cl, 10 mM KHCO3 and 100 

µM EDTA, pH 7.3) for 1 min. All centrifuge spins were performed at 450 ´g for 5 

mins at 4°C. ACK lysis was repeated twice before cells were washed once and 

stained with extracellular antibodies. The following antibodies were used for 

immunophenotyping: anti-mouse CD45.1-PE (BD Pharmingen), and anti-human 

CD45-BV786 (BD Horizon), CD4-APC-H7 (BD Pharmingen), CD8-PerCP-Cy5.5 

(BD Pharmingen), CD19-BV510 (BD Horizon) and CD3-PeCy7 (BD 

Pharmingen). All stains were performed for 1 hr at 4°C. After staining, cells were 

washed before being fixed with 2% paraformaldehyde diluted in PBS for 10 mins 

at room temp. To determine absolute cell numbers in blood, 5 ´ 103 

CountBright™ absolute counting beads (Life Technologies) were added to each 

sample prior to transfer into FACS cluster tubes (Corning) for analysis. Samples 

were analysed using a LSRFortessa X20 (BD Biosciences) and data was 

analysed using FlowJo™ v10 software (FlowJo, LLC). 

Statistical analyses. Analysis of data was performed using GraphPad Prism 

v8.1 (GraphPad Software). Kaplan-Maier curves showing viral rebound were 

analysed using a log-rank Mantel-Cox test. Humanised mouse peripheral CD4+ 

T cell counts were analysed with an unpaired t test corrected for multiple 
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comparisons with Holm-Sidak method. Human resting CD4+ T cell venetoclax 

toxicity data were analysed with two-sided Student’s paired t test. 
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Chapter Five 
Characterizing the impact of Venetoclax on 
the latent HIV reservoir  
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During productive HIV infection, a small proportion of CD4+ T cells survive their 

viral encounter and revert to a resting memory state in which integrated proviral 

DNA persists and no further virus is produced without an activating stimulus 

(124). The establishment of a transcriptionally inactive yet replication-competent 

proviral reservoir in long-lived, resting memory CD4+ T cells is the major barrier 

to HIV cure (125-127). The magnitude of the latent reservoir in PLWH on ART is 

highly variable and is influenced by a variety of factors, including the CD4+ T cell 

nadir before ART (323), the CD4/CD8 ratio, and time between infection and ART 

initiation (186, 226, 324). Interventions which target the latent reservoir are 

beginning to enter clinical trials, and although analytical treatment interruption 

(ATI) is the gold standard for measuring reservoir size and treatment efficacy, 

this strategy demands intensive patient monitoring while carrying potential risks 

associated with viral rebound and acute infection (325). As such, high-throughput 

assays which accurately quantify the replication-competent latent reservoir are a 

vital tool for evaluating the effectiveness of new interventions.  

 Several in vitro assays have been developed to measure viral persistence 

in people living with HIV on ART. Currently, the quantitative viral outgrowth assay 

(Q-VOA), performed on purified resting CD4+ T cells, is the gold-standard for 

measuring the minimum frequency of inducible, replication-competent reservoir 

(326, 327). However, this assay is time consuming, labour intensive, and requires 

large quantities of patient PBMCs. Additionally, it has become evident that not all 

proviruses in the latent reservoir are induced upon one round of maximal T cell 

activation (135, 166), suggesting that Q-VOAs underestimate the size of the true 

human reservoir. 
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 Alternative assays include PCR-based technologies which measure the 

frequency of cells harbouring either total or integrated HIV DNA. Although these 

methods are relatively scalable and more easily translated into larger studies, the 

vast majority of integrated provirus is replication-defective. Consequently, 

infected cell frequencies measured through HIV DNA tend to greatly overestimate 

the size of the inducible reservoir, and indeed PCR-based data correlate poorly 

with and are two to three orders of magnitudes greater than Q-VOA results (327, 

328). An ideal assay would measure the frequency of intact, replication-

competent provirus following maximal stimulation of CD4+ T cells, without the 

need to amplify viral replication over an extended culture period. Some groups 

have incorporated PCR technology into the original VOA design in order to 

reduce the time taken to identify positive viral outgrowth; however, these 

improvements still require at least a week of cell culture as well as viral RNA 

extraction steps not suited for scalable clinical trials (327, 329). 

The complexity and heterogeneity of the HIV reservoir remains a 

significant challenge for current research, with a diverse combination of 

phenotypic, transcriptional and epigenetic factors contributing to proviral 

persistence. For example, HIV DNA insertions into cancer-related genes may 

advance the survival of host cells (174), while the relative absence of key 

transcription factors in resting T cells represents a major block to HIV gene 

expression at both the initiation and elongation stage (157, 158). This complexity 

is compounded by variables such as infected cell subtype as well as the 

stochastic fluctuations in viral transcription driven by individual differences 

between host cells, including activation state or antigen receptor stimulation 

(164). This milieu of diverse variables plays an important role in the establishment 
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or reversal of latency, and better characterizing the conditions of reservoir 

formation and persistence may offer a valuable guide for nominating testable 

therapeutic targets.  

The need for greater resolution when studying the HIV reservoir has 

culminated in the application of methods that permit the analysis of individual 

cells and thus allow more detailed study of the heterogenous pool of infected host 

cells. Specifically, recent advances in single-cell technologies, including single-

cell RNA sequencing (scRNA-Seq), have contributed to breakthroughs in 

capturing latently infected populations and profiling the associated host 

transcriptional environment. To overcome the rarity of the HIV reservoir and the 

absence of identifying surface markers in PLWH on ART, some groups have 

developed in vitro latency models using primary CD4+ T cells which are then 

analysed via single-cell technologies. Using a HIV-eGFP latency model, Bradley 

et al. analysed more than 4,000 latent CD4+ T cells from three donors and found 

that latent, GFPlow cells were enriched in markers for a naïve and central memory 

transcriptional signature (330). Deploying similar in vitro models, other groups 

have used latency-reversing agents to characterise differing degrees of resting 

depth, wherein single-cell clusters representing the HIV-inducible reservoir were 

found to express genes consistent with a metabolic state prone to activation 

(331).  

Although in vitro studies shed light on the transcriptional heterogeneity 

between latently-infected CD4+ T cells, the artificial infection model undermines 

the clinical relevance of such work and limits insight into the heterogeneity 

associated between different individuals. Studying cells from PLWH on ART 
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offers the most clinically relevant opportunity to understand the transcriptional 

signatures governing HIV persistence. To this end, a number of advancements 

in single-cell methods have allowed researchers to capture and profile latent cells 

derived from ART-suppressed individuals. Neidleman and colleagues combined 

high-dimensional mass cytometry (CyTOF) with novel computational analysis to 

predict the phenotypes of individual latent cells in their unstimulated state (332). 

Building on previous studies which describe the enrichment of exhaustion and 

activation markers on HIV-infected cells (333-337), they identified similar 

signatures consistently expressed at higher levels on latent, memory CD4+ T cells 

(332). Because latently infected cells lack unique cellular surface markers, many 

teams rely on ex vivo restimulation in order to induce HIV RNA or protein 

expression before “capturing” these reactivated cells and characterising their 

transcriptional signature. For example, latent cell capture (LURE) uses a 

combination of bNAb staining, magnetic enrichment and flow cytometry to enrich 

and isolate reactivated Env+ latent cells (337). Using LURE, Cohn et al. 

performed scRNA-Seq on Env+Gag+ single cells and discovered a number of 

genes highly differentially expressed in the isolated latent cells, including the late 

activation markers TIGIT and HLA-DR as well as repressors of viral latency such 

as PRDM1 and MiR-155 (337). More recent work has used fluorescent in-situ 

hybridization (FISH)-based technology to stain HIV RNA and analyse infected 

cells within 24hrs of latency reversal. Known as HIV SortSeq, Liu and colleagues 

deployed this technology to examine the cellular environment supporting HIV 

transcription during early reactivation (338). Interestingly, HIV-host RNA 

landscape analysis revealed HIV-induced aberrant transcription of cancer-related 

host genes, driven by HIV promotor dominance and suggesting an integration 
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site mechanism for reservoir persistence (338). Overall, the use of single-cell 

RNA sequencing has sought to identify a unique transcriptional profile which is 

enriched for latently infected cells, furthering our understanding of host cell 

survival and aiding the development of more effective therapeutics.  

Our findings in Chapter 4 demonstrated that six treatment cycles of 

Venetoclax significantly delays viral rebound in a humanized mouse model of HIV 

latency. In light of this, we hypothesized that we could quantify a reduction in the 

magnitude of the viral reservoir following extended Venetoclax treatment. In this 

chapter we deploy an ex vivo assay, the Tat/Rev Induced Limiting Dilution Assay 

(TILDA), to measure the magnitude of the viral reservoir in our humanized mouse 

model of latent HIV infection and treatment. To further characterise the latent 

reservoir beyond our murine model, I performed single-cell RNA sequencing on 

CD4+ T cells isolated from ART-suppressed human patients and treated ex vivo 

with Venetoclax. This chapter aims to define a transcriptional profile, enriched for 

latently infected cells, which will elucidate the mechanisms of persistence that are 

subverted by Venetoclax in vivo. Ultimately, herein I describe powerful tools for 

dissecting complex cellular parameters associated with HIV latency. 

5.1 Results 

5.1.1 The inducible HIV reservoir, as quantified by TILDA, is not depleted 

upon extended Venetoclax treatment in vivo 

In order to quantify the magnitude of the inducible reservoir in our murine model 

of HIV latency, and to quantify the effect of Venetoclax on this reservoir, we 

employed an ex vivo Tat/Rev Induced Limiting Dilution Assay (TILDA), as 

described by the Chomont group (329). TILDA uses ultrasensitive nested RT-



   123 

qPCR and a limiting-dilution format to measure the frequency of cells harbouring 

viral genomes that produce tat/rev multiply-spliced HIV RNA (msRNA) upon 

maximal stimulation. Briefly, humanized mice were infected with HIV-1JR-CSF and 

treated with suppressive ART before receiving Venetoclax or control every 

weekday for 6 weeks. At the end of treatment, spleen and peripheral lymph nodes 

were harvested for processing. Total mononuclear cells were pooled from each 

organ before sorting for CD4+ T cells to analyse via TILDA (Fig 5.1.1a). 

Spontaneous (baseline) production of msRNA as well as production of msRNA 

upon stimulation was detected in every sample except one control, which did not 

detect spontaneous, unstimulated msRNA (Fig 5.1.1b). For both treatment and 

control groups, and across all samples, the frequency of CD4+ T cells 

spontaneously producing tat/rev msRNA was lower than the frequency of CD4+ 

T cells producing msRNA upon maximal PMA/Ionomycin stimulation (Fig 5.1.1b; 

median UnstimControl = 53.5, median StimControl = 166; median UnstimVNX = 69.5, 

median StimVNX = 224.5). The median fold increase in the frequency of CD4+ T 

cells expressing msRNA after stimulation was 2.9 in the control group and 2.04 

in the Venetoclax-treated group (Fig 5.1.1c; mean fold increaseControl = 39.32, 

mean fold increaseVNX = 8.94). Regardless of treatment, the frequency of CD4+ 

T cells expressing HIV msRNA was significantly greater under stimulating 

conditions, suggesting the presence of an inducible HIV reservoir in at least the 

peripheral lymph nodes and spleen of our humanized mice (pcontrol = 0.0156; pVNX 

= 0.0312). Additionally, there was no significant difference in either unstimulated 

baseline or stimulated inducible HIV msRNA frequency when comparing these 

data between control and Venetoclax conditions (Fig 5.1.1b). Similarly, there was 

no significant difference between the treatment groups in msRNA fold change 
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post-stimulation (Fig 5.1.1c). The TILDA data presented here suggests that the 

inducible proviral reservoir is not depleted following 6 weeks of Venetoclax 

treatment in our humanized mouse model of HIV latency.  
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Figure 5.1.1 | TILDA reveals an inducible proviral reservoir in ART-
suppressed humanized mice, but this TILDA reservoir is not depleted by 
extended Venetoclax treatment in vivo. Humanized mice were infected with 

HIV-1JR-CSF and treated with suppressive ART, before receiving Venetoclax or 

control every weekday for 6 weeks. Total mononuclear cells were pooled from 

spleen and pLN, and CD4+ T cells were sorted via flow cytometry for TILDA 

analysis (a) Schematic depicting TILDA assay. (b) Frequency of CD4+ T cells 

expressing HIV msRNA under unstimulated, baseline conditions (black; active 

replication) and following maximal stimulation with PMA/Ionomycin (red; latent 

inducible). All data points represent one individual mouse, except for grey circles 

which, due to limited cell yield, represent the pooled CD4+ T cells from 2 animals. 

(c) Fold change in frequency of CD4+ T cells expressing HIV msRNA after 

maximal stimulation. b and c, n = 2 independent experiments. p values calculated 

using Wilcoxon matched-pairs signed rank test. c, Lines reflect the median value. 
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5.1.2 Demultiplexing of single cell RNA-Seq data demonstrates good 

capture efficiency and consistent quality control metrics across donors 

Single-cell RNA sequencing technology has allowed researchers to 

capture and profile the cellular transcriptional environment at unparalleled 

resolution. Our previous findings demonstrated that extended Venetoclax 

treatment delays viral rebound in a humanized mouse model of HIV latency 

(Chapter 4). Here, we aimed to investigate the transcriptional phenotype which 

governs susceptibility to Venetoclax treatment in vivo. Specifically, we sought to 

identify whether a transcriptional signature is lost or down-regulated upon 

Venetoclax intervention, thus offering a clue as to which cellular phenotype 

enriches for the latent HIV reservoir. In order to establish a clinically-relevant 

understanding of the impact of Venetoclax on the human HIV reservoir, we 

obtained leukapheresed PBMCs from six HIV-infected, virologically suppressed 

donors (Chapter 4, Supplementary Table 1). Total CD4+ T cells were 

magnetically isolated, rested overnight in the presence of raltegravir, and 

subsequently treated with either DMSO or 5 nM Venetoclax for 96 hrs (Fig 

5.1.2a). We did not observe a significant decrease in the percentage of live cells 

in Venetoclax treated cells relative to DMSO controls (Fig 5.1.2b). Cells from each 

treatment were barcoded using hashtag oligonucleotides (HTO), pooled and 

encapsulated for cDNA synthesis using the 10x Genomics Chromium Single Cell 

3’ system, followed by library construction and sequencing (Fig 5.1.2a). Although 

we initially treated six patient samples, only four satisfied the cell viability criteria 
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for proceeding with single cell partitioning using the 10X Genomics microfluidics 

system (for a total of 8 conditions: 4x DMSO, 4x Venetoclax).  

 The experimental design was orchestrated to capture cells from 8 

conditions in a single “capture”, resulting in a target of 3,750 cells per sample, or 

15,000 cells per HTO (treatment condition). Demultiplexing the sequencing data 

revealed that we largely achieved this target, capturing 15,563 HTO-1 (DMSO) 

labelled cells (45.6%), and 14,379 HTO-2 (Venetoclax) labelled cells (42.1%) (Fig 

5.1.2c). We used cellSNP (v0.1.7) to genotype each droplet at common SNPs, 

allowing us to assign droplets to the 4 different donors in the pool (donor0, 

donor1, donor2, donor3). We hoped to capture approximately 7,500 cells per 

donor, with the expectation that half of the droplets are HTO-1 and the other half 

HTO-2. Indeed, for donor0 and donor2 roughly half of the droplets were HTO-1 

and half HTO-2, suggesting an even number of DMSO and Venetoclax treated 

cells (Fig 5.1.2d). For donor1, we observed a smaller percentage of HTO-1 

(DMSO) droplets, while donor3 displayed a larger proportion of HTO-1 (DMSO) 

and an observably smaller fraction of HTO-2 (Venetoclax) droplets (Fig 5.1.2d). 

Overall, we captured fewer cells from donor3, and to a lesser extent from donor2, 

compared to donor1 and donor0, which did contain the expected number of 

approximately 7,500 cells (Fig 5.1.2e). Next, low quality cells were removed to 

ensure that technical artefacts do not distort downstream analysis. Several 

quality control (QC) metrics were used to measure the quality of the cells and 

remove outliers, including library size, number of expressed features (genes with 

non-zero counts) per cell, and mitochondrial RNA. The majority of samples 

expressed similar distributions for each QC metric across all four donors and the 

two HTOs. As expected for appropriate quality data, library sizes were in the 
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thousands, one to two thousand expressed genes were observed per cell, and 

there were moderate mitochondrial percentages for the majority of cells (Fig 

5.1.3a-c). Although the broad QC metrics were favourable and did not preclude 

further analysis, additional examination of gene-level metrics revealed that the 

most highly expressed genes overall, together with the most highly variable 

genes (HVG) in this dataset, are enriched for ribosomal protein genes (n = 99) 

and mitochondrial genes (n = 13) (Fig 5.1.4a, b). Approximately 80% of the top-

100 HVGs are ribosomal protein genes or mitochondrial genes. This was true 

across control and treatment conditions, and such high contributions to the total 

gene expression from ribosomal and mitochondrial sources may indicate 

underlying cell stress. Quality control retained 32,251 droplets and 23,196 genes 

for downstream analysis, and was followed by normalization to remove cell-

specific biases in capture efficiency and sequencing depth. These results indicate 

that for 3 out of 4 donors we largely achieved our targeted capture efficiency, with 

the exception of donor3, and pre-processing analysis revealed suitable QC 

metrics such that we could proceed with downstream clustering. 
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Figure 5.1.2 | Demultiplexing illustrates a relatively even droplet capture 
efficiency across donor and HTO for donor0, donor1 and donor2, but not 
donor3. Leukapheresed PBMCs were collected from HIV-infected, virologically 

suppressed donors. Total CD4+ T cells were magnetically isolated, rested 

overnight, and treated with either DMSO (HTO-1) or 5 nM Venetoclax (HTO-2) 

for 96 hrs. For quantification, a sample of cells from each condition was mixed 

with trypan blue exclusion dye and counted on a haemocytometer. For scRNA-

Seq, cells from each treatment were barcoded using HTOs, pooled and 

encapsulated for cDNA synthesis using the 10x Genomics Chromium Single Cell 

3’ system, followed by library construction and sequencing. (a) Schematic 

depicting scRNA-Seq experimental workflow. (b) Proportion of live CD4+ T cells 

relative to DMSO following 96 hrs Venetoclax culture. (c). Demultiplexing results 

broken down by HTO (i.e. treatment), quantifying the number of captured 

droplets. (d, e). Demultiplexing results broken down by donor, quantifying d) the 

frequency of each HTO-labelled droplet, and e) the number of droplets captured 

for each donor. For (c-e), n = 4 donors. For (b), each symbol represents a 

different donor, n = 5 donors. p values calculated using Student’s unpaired t test. 

Error bars are mean ± S.E.M. 
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Figure 5.1.3 | Broad quality control (QC) metrics are evenly distributed 
across donors and hashtags, revealing good quality data for downstream 
analysis. After the demultiplexing step, key QC metrics were used to assess the 

quality of the cells and remove outliers. (a) Library size per cell (sum). (b) Number 

of expressed genes per cell (detected). (c) Proportion of reads mapped to 

mitochondrial RNA (subsets_Mito_percent). HTO-1 = Control. HTO-2 = 

Venetoclax. 
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Figure 5.1.4 | A high proportion of the most expressed genes and highly-
variable genes (HVGs) are ribosomal protein and mitochondrial genes. (a) 
Percentage of total counts assigned to the top 50 most highly-abundant features 

(genes) in the dataset. (b) Percentage of top-k HVGs that are mitochondrial or 

ribosomal protein genes. For each feature in (a), each bar represents the 

percentage assigned to that feature for a single cell, while the white circle 

represents the average across all cells. Orange asterisk = ribosomal protein 

gene; blue asterisk = mitochondrial gene. 
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5.1.3 Hierarchical sub-clustering identifies 7 labelled clusters of CD4+ T 

cells 

We performed dimensionality reduction through principal component 

analysis (PCA) and used the uniform manifold approximation and projection 

(UMAP) method to further visualize cells and clusters. The exclusion of unwanted 

populations, such as doublets and stripped nuclei, further identified droplets 

containing biologically-relevant cells, specifically selecting for labelled singlets. 

This reduced our population of interest to 25,311 droplets and allowed us to build 

a shared nearest neighbour graph to identify clusters. Because our analysis 

sought to identify a subtle signal (the absence of a transcriptional population in 

the Venetoclax-treated samples) we performed multiple rounds of sub-clustering, 

a strategy that improves resolution by repeating the feature selection and 

clustering process within a cluster or label, thus avoiding noise from unnecessary 

features. This hierarchical approach culminated in 7 clusters distinguished by the 

following cell labels: Naïve CD4+ T cells, NK cells, CD4+ memory TREG cells, and 

CD4+ T cell subsets such as T follicular helper cells (TFH), Th1, Th2 and Th17 

cells (Fig 5.1.5). Overall, the sub-clustering results presented here offer a high-

resolution overview which facilitates interpretation of differential abundance (DA) 

and differential expression (DE) analysis. 
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Figure 5.1.5 | Hierarchical sub-clustering reveals distinct cluster labels of 
CD4+ T cells. Dimensionality reduction of the scRNA-Seq dataset was achieved 

by principal component analysis, followed by the generation of UMAP plot for 

cluster vizualisation and analysis. Multiple rounds of sub-clustering were 

performed in order to improve label resolution and arrive at a final set of 7 

clusters.  
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5.1.4 Differential gene expression analysis reveals a number of down-

regulated transcripts in ex vivo Venetoclax-treated patient CD4+ T cells 

 Differential analysis of scRNA-Seq experiments can be split into two broad 

categories: differential abundance (DA) and differential expression (DE). The 

former tests for changes in the composition of cell types or states between 

conditions (effectively treating scRNA-Seq as a “super-FACS” technology for 

defining relevant subpopulations), while the latter tests for changes in gene 

expression between the same cell type under different conditions. First, we 

performed DA analysis to assess which cell types are depleted or enriched upon 

ex vivo Venetoclax treatment. Using the edgeR package and a false discovery 

rate (FDR) of 5%, we found 0 labels with significant changes in abundance 

among Venetoclax-treated cells compared to controls (Table 5.1). We then 

performed DE analysis to identify cell-type specific transcriptional changes. This 

testing was performed on “pseudo-bulk” expression profiles (339), an approach 

which leverages the resolution of single-cell technology to define the cluster 

labels and combines this with the statistical rigor of existing analysis methods 

involving a small sample size. An MDS plot of the pseudo-bulk data revealed that 

the greatest source of variation in the gene expression data was the donor ID, 

demonstrating that the samples cluster by donor rather than by treatment (Fig 

5.1.6a). With the exception of donor3, there is a small difference between 

Venetoclax and Control samples within donors. This data underscores the 

necessity of sample-specific quality weighting to better account for the inter-donor 

variability of pseudo-bulk profile. Among 23,196 total genes detected in all 

samples, we identified 57 down-regulated and 27 up-regulated total transcripts 

when comparing Venetoclax and Control treated cells from PLWH on ART (Table 
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5.2). The highest number of down-regulated genes were found in the resting 

“naïve” CD4+ T cell (36) and “TFH” cell clusters (19), while the highest number of 

up-regulated genes (14) were in the “TFH” cluster (Fig 5.1.6b, c). Gene ontology 

analysis revealed several down-regulated transcripts associated with T cell 

activation, immune homeostasis, and general metabolic processes across both 

the resting naïve and TFH labels. These include the positive cell-cycle regulator 

and proto-oncogene JUN (p=0.025; logFC = -0.49), the late pro-inflammatory 

cytokine CCL5 (p=0.049; logFC = -0.52), the marker of antigen-activated T cells 

CD52 (p=0.03; logFC = -0.26), the b2 integrin ITGB2 (p=0.049; logFC = -0.42), 

the regulatory guanine nucleotide exchange factor (GEF) DOCK2 (p=0.0001; 

logFC = -0.84) and the TNF-receptor associated factor (Traf) CD27 (p=0.04; 

logFC = -0.49) (Fig 5.1.6b, c). These results suggest that after 96 hrs of ex vivo 

Venetoclax treatment we observe a number of down-regulated transcripts 

associated with immune activation and metabolic homeostasis. 
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Figure 5.1.6 | Gene transcripts associated with immune activation and cell 
metabolism are down-regulated following Venetoclax treatment ex vivo. DE 

analysis was used to identify cell-type specific transcriptional changes between 

conditions. Testing was performed on “pseudo-bulk” expression profiles. (a) MDS 

plot of pseudo-bulk data demonstrating that sample variation clusters by donor 

(b, c) Pseudo-bulk trancriptional profile of b) naïve and c) TFH labelled CD4+ T 

cell clusters following 96 hrs Venetoclax treatment ex vivo. Heat maps display 

significantly differentially expressed genes, where DEGs are defined as those 

with non-zero log-fold changes at a false discovery rate of 5%. Heat map 

expression profiles are structured according to treatment, donor ID, and sample 

weighting. 

 

 

 

 

 

 

 

 

 

 

 



   144 

5.1.5 Venetoclax reduces levels of integrated HIV DNA in total peripheral 

CD4+ T cells from people living with HIV on ART ex vivo 

In parallel with scRNA-Seq analysis, we also performed ultrasensitive Alu qPCR 

to quantify the frequency of integrated HIV DNA in the same Venetoclax-treated 

donor samples (230, 286). Similar to our previous ex vivo experiment (Chapter 

4), 5 nM Venetoclax resulted in a decline in integrated HIV DNA in most donors 

after 96 hrs, with a median decrease of 32% compared to the DMSO control (Fig 

5.1.7). Of note, 3 out of 4 donor samples subjected to scRNA-Seq analysis also 

responded with 1.47´ - 3.3´ fold decreases in intHIV DNA following Venetoclax 

treatment. These findings demonstrate a strong Venetoclax response in ART-

suppressed patient CD4+ T cells, as measured by integrated HIV DNA. However, 

the data also reflect a substantial degree of donor variability in the magnitude of 

this response. 
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Figure 5.1.7 | Venetoclax treatment ex vivo depletes integrated HIV DNA in 

peripheral CD4+ T cells from ART-suppressed donors. Following Venetoclax 

treatment, donor CD4+ T cells not used for scRNA-Seq analysis were lysed and 

intHIV DNA was quantified by ultrasensitive Alu qPCR, as previously described 

(230, 286). HIV integrated DNA per 106 CD4+ T cells was calculated and the fold 

change relative to DMSO control is shown for 5 donors (assuming 2 copies of 

CCR5 and a single HIV copy per cell). The median is shown as a line and each 

symbol represents a different donor. 
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5.2 Discussion 

 The HIV latent reservoir represents a unique challenge for infectious 

disease researchers: it is rare, heterogenous and indistinguishably camouflaged 

amongst the totality of the human CD4+ T cell repertoire. As such, novel and 

creative methodologies are needed to rapidly and inexpensively quantify and 

characterise latently infected cells, without resorting to the intense patient 

monitoring of analytical treatment interruption (ATI) or time-consuming viral 

outgrowth assays. Although humanized mice offer the opportunity to easily 

measure viral rebound following ART interruption - an indispensable indicator of 

reservoir size and treatment efficacy - it is also critical to assess the merit of 

quantification technology which commonly finds use in human clinical trials as a 

proxy for invasive ATI. This chapter aimed to demonstrate the utility of the tat/rev 

Induced Limiting Dilution Assay (TILDA) as a tool to directly measure inducible, 

latently infected cells in our in vivo infection model, both in the presence and 

absence of Venetoclax intervention. In CD4+ T cells pooled from peripheral LNs 

and spleen, I showed that the frequency of cells expressing HIV multiply-spliced 

RNA was significantly greater under maximal stimulating conditions. These 

results confirm the presence of an inducible HIV reservoir within these 

compartments of our virologically-suppressed humanized mice.  

One alternative explanation for the delay in viral rebound observed in 

Venetoclax treated animals (Chapter 4) is that Venetoclax therapy preferentially 

kills actively infected cells as opposed to those enriched for the latent viral 

reservoir. Indeed, our data does appear to suggest that some active replication 

persists in the peripheral LN and spleen of our humanized mice, although 

whether this represents residual active infection or sporadic latency reversal 
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remains unanswered. It is important to note, however, that the phenomenon of 

residual active replication, when measured by TILDA as well as other PCR-based 

methods, is also observed in both ART-suppressed human patients and non-

human primate models of HIV latency, albeit to differing degrees of magnitude 

(329, 340). Importantly, I did not observe a decrease in spontaneous 

(unstimulated) HIV msRNA expression following 6 weeks of Venetoclax 

treatment in vivo, a finding which challenges the hypothesis that this therapeutic 

strategy delays viral rebound by eliminating actively infected cells. 

A key aim of our TILDA study was to quantify the depletion of the functional 

HIV reservoir following Venetoclax treatment in vivo. Previous work by Procopio 

et al. has demonstrated that the TILDA generates estimates of the viral reservoir 

somewhere between the underestimates of the Q-VOA and the overestimates of 

cell-associated DNA or un-spliced RNA PCR methods (329). Importantly, the 

decision to amplify tat/rev msRNA reduces the likelihood of measuring proviruses 

with large internal deletions, as many defective genomes have deletions that 

encompass the tat and rev genes (135). After 6 cycles of Venetoclax therapy, 

total CD4+ T cells were sorted from the pooled mononuclear population of 

peripheral LNs and spleen, before overnight stimulation with PMA/Ionomycin and 

limiting dilution setup. Final TILDA analysis did not reveal a statistically significant 

difference between control and Venetoclax treated samples. Specifically, I did not 

observe a decrease in the frequency of stimulated CD4+ T cells expressing HIV 

msRNA following 6 cycles of in vivo Venetoclax therapy.  

These results suggest that in the context of our humanized mouse model, 

and when using the TILDA as a method of quantification, Venetoclax does not 

measurably deplete the inducible HIV reservoir. However, there are a number of 
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caveats to this conclusion. First, and similar to the rationale behind doubling the 

number of Venetoclax treatment cycles in order to observe delays in viral 

rebound, it is possible that 6 cycles of Venetoclax therapy is insufficient to 

generate detectable changes in the inducible HIV reservoir as measured by 

TILDA. Indeed, the use of a murine model of HIV infection may represent an 

inherent limitation to the accuracy and reliability of TILDA. Notably, the TILDA 

assay was modified to account for the low yield of sorted CD4+ T cells in both 

control and treated animals. For example, a typical human TILDA protocol 

suggests using a minimum of 7.5 x 105 total CD4+ T cells per condition, spread 

across 22 technical replicates per dilution. Conversely, we adapted our assay 

based on a far lower recovery of between 1.5 – 2.5 x 105 total CD4+ T cells, 

spread across a mere 8 or fewer technical replicates per dilution. As a result, the 

TILDA as it was adopted for the assessment of the HIV latent reservoir in 

humanized mice may be compromised in its sensitivity and accuracy. Second, 

we cannot exclude the possibility that some cells which generate a positive signal 

in TILDA are not producing virions. Tat/rev transcripts are not sufficient for 

functional virus production, and it is not unlikely that the TILDA falls into the trap 

of overestimating the size of the replication-competent HIV reservoir. Finally, the 

ability of TILDA to predict viral rebound following ART interruption has yet to be 

fully assessed in human trials, and therefore one must exercise caution when 

casting inferences about the correlation between TILDA frequency and HIV 

rebound.  

The latent HIV reservoir lacks distinct surface markers that might allow 

researchers to identify and characterise the transcriptional microenvironment 

responsible for enforcing latency or promoting reservoir persistence. Some 
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groups address this problem by stimulating resting CD4+ T cells from virally 

suppressed donors ex vivo, thus reactivating proviral transcription in an otherwise 

quiescent population and isolating these cells for further single-cell analysis (337, 

338). One major caveat with these studies is that the single-cell transcriptional or 

proteomic landscape is only indicative of cells which have undergone artificial 

maximal stimulation, and does not offer insight into the pre-activation quiescent 

reservoir which persists throughout an individual’s lifetime. Using unstimulated 

CD4+ T cells from ART suppressed donors, I wanted to determine whether single-

cell RNA sequencing could detect a transcriptional profile which is lost or reduced 

upon ex vivo Venetoclax treatment and which is enriched for the latent HIV 

reservoir. Following standard data processing steps such as demultiplexing, 

quality control, and dimensionality reduction to generate a UMAP plot, we 

performed differential analysis using two broad testing approaches – differential 

abundance (DA) and differential expression (DE). Overall, differential abundance 

analysis did not reveal a significant difference in the composition of cell types (or 

states) between Venetoclax and control treated conditions. However, given that 

I was anticipating a potentially subtle transcriptional change, it remained possible 

that testing for changes in expression between the same cell type across 

conditions (DE analysis) would prove more constructive. We detected a total of 

57 down-regulated transcripts when comparing Venetoclax and control treated 

cells, with the vast majority (55/57) of these differentially expressed transcripts 

being detected in the naïve and TFH CD4+ T cell clusters. The observation of 

transcriptional changes in a naïve cell cluster is consistent with descriptions of a 

small but resilient pool of latently infected naïve CD4+ T cells (341, 342). Similarly, 

Banga et al. have described T follicular helper cells as a major source of 
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replication-competent HIV compared to other blood or LN memory CD4+ 

populations, and it is tempting to speculate that Venetoclax may be preferentially 

impacting these naïve and TFH latent subsets (335). However, pathway analysis 

revealed that, for the most part, our labelled clusters represented a continuous 

spectrum of T cell gene expression rather than distinct clusters of cell subsets, 

as other groups have also observed (330). This was particularly evident when 

attempting to distinguish the TFH, Th1, Th2 and Th17 labelled clusters, which 

presented a significant challenge with regard to identifiable marker genes and 

which could readily have been analysed as a single “non-naïve” aggregated 

cluster. Nevertheless, some of these clusters exhibited significant differences in 

gene expression between treatment conditions, including the down-regulation of 

several genes associated with T cell activation and cell metabolism in the 

Venetoclax group. These findings align with recent studies which have described 

both actively infected cells as well as the inducible reservoir as enriched for 

transcripts involved in signalling, activation, gene expression and glycolytic 

metabolism (331, 343, 344). Specifically, latently infected cells which are more 

responsive to stimulation and reactivation are hypothesized to be so due to 

increased potential of the cellular machinery (331). As such, the down-regulation 

of pro-activation markers in our treated population may suggest that Venetoclax 

targets CD4+ T cells that are enriched for a gene signature associated with the 

inducible HIV reservoir.  

Across our data set, the observed changes in gene expression were 

relatively subtle and were driven significantly by differences in donor rather than 

treatment condition. This was unlikely to be a batch-specific phenomenon, as the 

donor samples were cultured and processed for sequencing at the same time, 
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and may reflect true biological differences. Indeed, when comparing donors, the 

most significant outlier in terms of captured droplets was donor3, which showed 

a substantially greater proportion of control droplets compared to Venetoclax. 

Although this unbalanced representation of treatment conditions does not affect 

the analysis per se, it raises potential flags surrounding technical issues during 

culture or single-cell processing. These concerns are reinforced by overall 

analysis of gene-level metrics which demonstrated that approximately 80% of the 

top-100 highly-variable genes are ribosomal protein genes or mitochondrial 

genes, suggesting significant underlying cell stress across both conditions. 

Interestingly, I did not observe a significant decrease in the percentage of live 

cells following 96 hrs of Venetoclax culture, although this was quantified by trypan 

blue exclusion and therefore could have benefited from a more sensitive flow 

cytometry-based approach to analysing cell viability.  

The scRNA-Seq results described in this Chapter lay the groundwork for 

future work aiming to identify transcriptional signatures that are responsive to 

Venetoclax. For example, bulk RNA-Seq could be used to further clarify the 

differential gene expression observed following ex vivo treatment and scRNA-

Seq analysis, with the added advantage of greatly reduced cost. Additionally, this 

would offer an opportunity to greatly increase the number of donors tested, thus 

improving the experimental power and the chance of detecting a subtle 

transcriptional signature. Finally, it is possible that the extended 96 hr culture 

cycle employed above fails to capture the window of maximum Venetoclax 

efficacy in the hours following treatment initiation, and therefore the sensitivity of 

future studies could be improved by harvesting cells for sequencing analysis at 

earlier timepoints. 
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I performed ultrasensitive Alu qPCR on the same scRNA-Seq donor 

samples in order to assess the Venetoclax-mediated response as measured by 

levels of integrated HIV DNA. I found that 3 out of 4 donors harboured decreased 

integrated HIV DNA following Venetoclax treatment. Unfortunately, the nature of 

our scRNA-Seq multiplexing approach precluded the possibility of immediately 

identifying which integrated DNA data corresponded to which single-cell donor 

profile. Future experiments should aim to perform a genotyping array on the 

remaining stored donor samples in order to identify whether an integrated HIV 

DNA response correlates to changes in gene expression or droplet frequency. 

Overall, this chapter offers a more detailed characterization of the HIV 

proviral reservoir as it relates to two distinct treatment models. The TILDA results 

presented here confirm the presence of an inducible reservoir in our humanized 

mouse model of HIV latency, while the human sequencing data offers insight into 

the transcriptional changes associated with Venetoclax treatment of ART-

suppressed CD4+ T cells ex vivo. Ultimately, these findings may form the basis 

for future work geared towards identifying the population of latently-infected cells 

which are eliminated by Venetoclax in vivo in order to delay HIV viral rebound.  
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Chapter Six 
Conclusion and Future Perspectives 
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Antiretroviral therapy is effective at suppressing viral replication but is unable to 

prevent HIV from entering an asymptomatic, latent state during which is refractory 

to drug- or immune-mediated clearance. Conventional treatment is only 

successful insofar as it is able to enforce disease-free progression, and life-long 

drug adherence is necessary to prevent viremic relapse. Coupled with the 

absence of a vaccine, the proviral reservoir represents the final hurdle preventing 

HIV elimination both at a population level and within individuals (1). Accurately 

quantifying and targeting this reservoir for elimination is an important and ongoing 

goal for HIV cure research. 

Programmed cell death is a key weapon in the body’s fight against 

disease, so it is unsurprising that many pathogens have evolved strategies to 

subvert host cell mechanisms which sense infection and regulate apoptosis (10). 

AIDS is characterized by widespread death of host CD4+ T cells; however, the 

persistence of proviral HIV DNA in the setting of antiretroviral therapy reflects a 

paradoxical resistance to apoptosis, culminating in the long-term survival of 

latently infected cells. HIV manipulates cell death and survival pathways 

throughout the viral lifecycle, but the circumstances of viral latency, in which a 

small subset of CD4+ T cells survive the stress of infection and differentiate into 

a resting memory phenotype, suggests that an anti-apoptotic milieu prevents cell 

death during active infection and promotes reservoir formation.  

As discussed throughout this thesis, the current evidence suggests that 

transcriptional reactivation alone does not kill latently infected cells (227, 229-

232). Novel approaches aim to purge the HIV reservoir by activating apoptotic 

pathways in latently infected cells and shifting the balance away from survival 

and towards cell death (271). Previous work by our lab has revealed that the 
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inflammatory milieu of HBV-infected hepatocytes sensitizes them to 

pharmacologically-induced cell death via the extrinsic apoptotic pathway (345, 

346). With regards to HIV elimination, some groups have tested small-molecule 

therapeutics to engage apoptotic pathways in latently infected cells, often in 

combination with LRAs or host immune modulators to promote reservoir 

clearance. For example, Campbell and colleagues used ex vivo patient samples 

to show that, in addition to viral reactivation, SMAC mimetics trigger autophagy-

induction pathways which selectively kill HIV-infected resting memory CD4+ T 

cells (321). Others have investigated pharmacological enhancement of RIG-I 

activity or the deployment of broadly neutralizing antibodies against reactivated 

T cells as potential tools for promoting anti-viral immunity and preferential 

apoptosis of the latent reservoir (287, 322, 347). This thesis expands the scope 

of HIV cure research by highlighting for the first time the ex vivo and in vivo 

efficacy and specificity of host-directed clinical therapeutics which target the host 

intrinsic apoptotic pathway. I hypothesized that there are apoptotic blocks in 

place, specifically a greater dependence on pro-survival Bcl-2 proteins, which 

prevent a minority of CD4+ T cells from dying during active HIV infection and 

which result in an apoptosis-resistant proviral reservoir. These latently infected 

cells are distinct from other infected or healthy cells, reflecting a pro-survival 

intracellular milieu which promotes persistence but also renders them susceptible 

to interventions, such as BH3-mimetics, designed to disrupt the dynamic balance 

of Bcl-2 family proteins. 

Previous studies have revealed that HIV proteins dysregulate the intrinsic 

apoptotic network during productive infection, promoting or abrogating host cell 

suicide in order to facilitate viral replication. Pharmacological interventions which 
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manipulate the Bcl-2 profile of infected cells, sensitizing them to intrinsic 

apoptosis, may represent an attractive avenue for therapeutic investigation. We 

hypothesized that BH3-mimetics, which antagonise pro-survival Bcl-2 homologs, 

could be used to preferentially kill HIV actively infected CD4+ T cells over and 

above uninfected counterparts. To test this, we established an ex vivo model of 

productive HIV infection using primary human CD4+ T cells and a GFP-reporter 

HIV strain. We used a cell death assay to demonstrate that ABT-737 and 

Venetoclax, but not the Mcl-1 inhibitor S63845, preferentially kill activated, HIV 

infected CD4+ T cells in the setting of productive viral replication. These findings 

recapitulate the pro-survival role of Bcl-2 during ex vivo active HIV infection, 

emphasizing BH3-mimetic treatment as a viable strategy for killing infected cells 

and potentially limiting latent reservoir formation. Importantly, the positive signal 

generated by Venetoclax, an established clinical compound with a detailed safety 

and pharmacokinetic profile, informed our progression into a preclinical 

humanized mouse model of HIV latency.  

The formation, maintenance and reactivation of the latent HIV reservoir 

represents a complex interplay of spatiotemporal, extrinsic and intrinsic 

physiological circumstances. Although latently infected cell lines have contributed 

to significant conceptual progress in this field, a comparative analysis by Spina 

et al. reaffirmed that no in vitro cell model alone is able to accurately capture the 

ex vivo or in vivo response characteristics of latently infected T cells (348). 

Indeed, the authors concluded that sensitivity to HIV reactivation was skewed 

toward or against specific drug classes depending on the models used (348). 

This is especially pertinent to the study of Bcl-2 antagonists such as Venetoclax, 

the efficacy of which may be confounded by the use of immortalized, Jurkat-
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derived cell clones (“J-Lat”) or other models of expanded, transduced T cells 

involving constitutive Bcl-2 expression (349, 350). In order to capture the in vivo 

dynamics of HIV latency, I used a humanized mouse model featuring key clinical 

parameters of infection, including acute viral replication, ART suppression, 

reservoir formation and persistence, and virologic rebound following treatment 

interruption. I demonstrated that a 6-week Venetoclax regimen significantly 

delayed viral rebound by up to 3 weeks post ATI. This highlighted the pro-survival 

role of Bcl-2 in a proportion of HIV latently infected cells and supported Bcl-2 

antagonism as a strategy to preferentially eliminate the proviral reservoir. On top 

of this, combined antagonism of Bcl-2 and Mcl-1 sensitized infected cells to die 

within a shorter therapeutic window, resulting in a median time-to-rebound 

greater than Venetoclax or S63845 monotherapy. Much like the in vitro active 

infection model, we did not see an effect when treating mice with S63845 alone, 

and it would be interesting to interrogate the synergism of combined Bcl-2 and 

Mcl-1 inhibition in vitro in order to determine if this observation is peculiar to the 

latent reservoir compared to productively infected cells. By testing BH3-mimetics 

within a pre-clinical model of HIV latency, my work provides the first in vivo 

evidence that Bcl-2 inhibition depletes latently infected cells and prolongs time to 

viral rebound.  

Unlike Bcl-2 gene deletion studies, which are typically detrimental across 

multiple cell types (39, 66), BH3-mimetics have demonstrated remarkable safety 

and tolerability profiles at both the preclinical and clinical stages of assessment. 

This contrast could be due to the incomplete and intermittent inhibition of pro-

survival proteins achieved pharmacologically (compared to irreversible loss 

during knockout experiments) as well as a therapeutic window in which target cell 
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populations are disproportionately dependent on Bcl-2 for survival. Additionally, 

Bcl-2-like proteins may have roles independent of apoptotic regulation which may 

be revealed during gene knockout but are not impacted through chemical 

inhibition (351, 352).  

First tested clinically in patients with chemotherapy-refractory CLL, 

Venetoclax achieved deep reductions in tumour burden in the blood, lymph nodes 

and bone marrow, and complete remission was observed in 20% of patients (62). 

Compared with standard-of-care therapies, and in line with preclinical analysis, 

Venetoclax has a manageable safety profile with relatively minor side-effects 

such as neutropenia, nausea and mild diarrhea (62, 63). In 2016, the US Food 

and Drug Administration approved Venetoclax for chemotherapy-refractory CLL, 

followed closely by other international regulatory bodies. Consistent with clinical 

experience, our study did not observe a significant loss of peripheral CD4+ T cells 

in Venetoclax-treated mice, further supporting the evaluation of Venetoclax in 

future HIV cure trials. 

Quantifying and characterising the proviral reservoir is a key challenge for 

any in vivo or in vitro system purporting to harbour latently infected cells. 

Originally designed for human tissue and recently tested in non-human primates 

(340), I adapted a Tat/Rev Induced Limiting Dilution Assay (TILDA) in order to 

directly quantify the proviral reservoir in our humanized mouse model of HIV 

latency. Although I confirmed the presence of an inducible reservoir within this 

system, I did not detect a decrease in reactivated latently infected CD4+ T cells 

following 6 cycles of Venetoclax treatment. It is possible, however, that TILDA 

lacks sensitivity at the murine scale, and an important future experiment could 

address whether combined Bcl-2 and Mcl-1 antagonism, which I have shown 
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improves time to viral rebound, might also generate a detectable signal with 

TILDA. 

The past several years has seen single-cell methods offer powerful new 

insights into the heterogeneity of biological systems. This has been no different 

in HIV latency research, where single-cell RNA sequencing has formed the basis 

of recent attempts to define the host transcriptional environment of reactivated 

latent cells (330, 331, 337). The immune subsets which harbour the HIV reservoir 

are heterogeneous not only in terms of cell type but also cell cycle and activation 

status, encompassing populations of CD4+ T cells such as effector memory, 

central memory and follicular helper cells (333, 335). Taking advantage of the 

single-cell resolution offered by scRNA-Seq, I wanted to assess the impact of 

Venetoclax treatment on unstimulated CD4+ T cells from ART suppressed 

donors. In clusters associated with naïve and TFH cell labels, I revealed the 

down-regulation of several genes associated with T cell activation and cell 

metabolism in the Venetoclax condition. These findings align with recent studies 

describing the inducible reservoir as enriched for transcripts involved in 

signalling, activation, gene expression and glycolytic metabolism (331, 343, 344). 

The down-regulation of pro-activation markers in CD4+ T cell subsets known to 

enrich for replication-competent HIV may suggest that Venetoclax targets a gene 

signature associated with the inducible proviral reservoir. In general, however, 

the labelled clusters represented a continuous spectrum of T cell gene 

expression rather than distinct clusters of cell subsets, while the observed 

transcriptional changes were relatively subtle and possibly driven by differences 

in donor rather than treatment condition. These caveats are joined by indicators 

of cell stress such as high expression of ribosomal protein and mitochondrial 
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genes, suggesting a compromised sample quality. Overall, the findings presented 

in Chapter 5 provide an exciting but preliminary insight into the transcriptional 

changes associated with Venetoclax treatment ex vivo. However, future studies 

must address and rectify the limitations described above in order to develop a 

more complete understanding of how Venetoclax delays viral rebound in vivo.   

The research described herein has culminated in a class of pro-apoptotic 

compounds with significant potential for clinical translation; however, several 

challenges remain to be addressed. First, reservoir elimination will require 

strategies which boost killing efficacy and capture cells with differential 

sensitivities to apoptosis or a given BH3-mimetic. Spatiotemporal, extrinsic and 

intrinsic physiological changes, including T cell activation and homing, may 

variably sensitize latently infected cells over time, changing their Bcl-2 expression 

profile and thus their susceptibility to pro-apoptotic compounds. As I have shown, 

combining two or more BH3-mimetics to inhibit more than one Bcl-2 protein may 

represent a viable solution to single-agent resistance, although careful dosing 

and timing of drug administration may be necessary to avoid unacceptable side 

effects of this combination approach in humans (353, 354).  

Second, it is important to ensure minimal depletion of healthy, uninfected 

cells. Preliminary data from our in vivo latency model did not demonstrate 

significant reductions in bystander lymphocyte populations in the spleen, lymph 

nodes and bone marrow of mice treated with Venetoclax. However, these 

preliminary experiments did not have the statistical power to achieve significance, 

and further research is required to evaluate the impact of Venetoclax and other 

BH3-mimetics on diverse cell types and immunological tissue sites in the context 

of HIV infection. Nonspecific killing may also be mitigated if latently infected cells 
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are sensitized to the effects of apoptosis-inducing compounds even further, 

thereby augmenting the specificity of treatment. This could be achieved by co-

administering LRAs which reactivate latent cells and drive expression of pro-

apoptotic viral products, such as HIV RNA or protease. Sensitizing the cell toward 

an apoptotic state followed by pharmacological Bcl-2 antagonism could tip the 

balance toward reservoir elimination while minimising collateral cell damage. 

Questions surrounding efficacy, synergy and toxicity, as well as the sequence of 

drug administration, will require further pre-clinical assessment. It is also possible 

that the proviral reservoir cannot be eliminated by a single round of treatment, 

either due to toxicity concerns or lack of potency. Instead, multiple cycles of 

Venetoclax, perhaps supported by other BH3-mimetics or LRAs, may be 

necessary over a sustained therapeutic window in order to gradually deplete the 

viral reservoir and achieve virologic remission.  

The design and implementation of HIV clinical trials geared towards 

remission or cure raises challenging ethical considerations. Conventional ART is 

safe, affordable and highly effective at suppressing viremia, resulting in a normal 

life expectancy for most patients (355). On top of this, the ideal clinical strategy 

for measuring the impact of cure interventions on the size of the latent reservoir 

(analytic treatment interruption) carries potential risks and inconveniences 

associated with viral rebound and acute infection (325). As a result, novel 

interventions designed to purge the proviral reservoir must have acceptable 

toxicity and be justified through strong preclinical evidence before proceeding into 

early phase clinical trials. As an FDA-approved clinical compound with a strong 

safety profile, and supported by the compelling in vitro and in vivo data outlined 
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in this thesis, Venetoclax represents an ideal candidate for accelerated 

progression into early human testing. 
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