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Abstract 
 

HIV remains an incurable viral infection and a significant global health 

concern. Despite the advent of antiretroviral therapy, there are 36.9 million recorded 

cases of HIV worldwide, with an additional 1.8 million new infections recorded in 

2017 alone. An HIV cure is therefore one of several priorities within the field, and will 

require HIV “reservoir” cells—comprised of latently-HIV infected CD4+ T cells and 

productively-infected, tissue resident macrophages—to be selectively killed in vivo.  

HIV reservoir cells are rarely found within the peripheral circulation, residing 

instead within inaccessible tissue sanctuaries. Consequently, their characterization 

has been limited to in vitro laboratory models. To complicate matters further, a 

definitive cellular surface marker of HIV infected cells has yet to be identified. 

Impairment of the type I interferon (IFN1) response has been observed during HIV 

infection, however, making it a unique intracellular maker of HIV-infected cells. The 

recent development of oncolytic viruses (OV) designed to selectively kill IFN1-

defective cancer cells also suggests that these IFN1 defects possess therapeutic 

value. 

It was therefore hypothesized that the impairment of the IFN1 response in 

HIV-infected CD4+ cells and macrophages could serve as a target for oncolytic 

virus-mediated killing. The induction of several antiviral IFN-stimulated proteins, 

including PKR and ISG15, was inhibited in HIV-infected monocyte-derived 

macrophages (MDM) following stimulation with IFNa or a synthetic RNA. 

Consequently, HIV-infected MDM were more susceptible to infection and killing by 

the oncolytic Maraba virus, MG1. Importantly, MG1-mediated killing required the 
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presence of replication-competent OV, and could not be potentiated by UV-

inactivated MG1 or supernatants from MG1-infected cells. The ability of MG1 to 

target the HIV reservoir was further confirmed using alveolar macrophages collected 

from the lungs of cART-suppressed individuals living with HIV.  

These findings indicate that IFN1 defects are a feature of HIV infected cells, 

which can be exploited for selective killing by OV. This project is therefore unique in 

that it demonstrates that HIV reservoir cells can be eradicated in a targeted manner 

by exploiting an intracellular marker of HIV infection. As MG1-based cancer 

therapies are currently being explored in Phase I/II clinical trials, there is potential for 

this approach to be adapted for use within the HIV cure field. 
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Chapter 1: Introduction 

1.1 A brief history  

 In the time since the etiological agent of Acquired Immunodeficiency 

Syndrome (AIDS) was described, scientists, clinicians, and the general public have 

dedicated considerable effort to the development of a cure. That this effort would be 

sustained more than 35 years later was likely not a consideration when Barré-

Sinoussi et al. and Gallo et al. independently reported and characterized a unique 

human T-lymphotrophic retrovirus isolated from AIDS patients in 1983 (1,2).  

 This story begins two years prior in the summer of 1981, when a report 

detailing the diagnosis of Pneumocystis pneumonia in five previously healthy men 

was published by the Centers for Disease Control (3,4). By December of that year, 

multiple reports had surfaced describing the development of similar opportunistic 

infections, as well as Kaposi’s Sarcoma, in men who have sex with men (MSM) and 

injection drug users (IDU) (5-8). In response, the Center for Disease Control 

released an update detailing the alarming rise in the clinical diagnosis of AIDS 

among these aforementioned groups, as well as individuals of Haitian origin, and 

individuals diagnosed with hemophilia A (9).  

 Although the name “Human Immunodeficiency Virus” (HIV) was not coined 

until 1986 (10), the confirmation of a viral etiology for AIDS (11,12) sparked a 

thorough investigation into the potential routes of transmission (13-17), the 

identification of viral receptor(s) on target cells (18), and potential therapeutic 

strategies targeting the viral reverse transcriptase (19). Subsequently, 

implementation of the thymine analogue, 3'-Azido-3'-deoxythymidine (AZT), as a 
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potent inhibitor of HIV reverse transcriptase (20) led to its approval as the first 

antiretroviral drug in 1987 (21). The development of numerous antiretrovirals quickly 

followed, including inhibitors of viral fusion, reverse transcription, integration, and 

protease activity. Combination antiretroviral therapy (cART) has since become 

integral in controlling viral load and reducing AIDS-related mortality in people living 

with HIV (PLWHIV) (22,23). Strict adherence to cART is necessary, however, as 

treatment interruption has been associated with a rebound of plasma viremia and 

subsequent immune dysfunction (24). 

1.8 million new HIV infections were recorded globally in 2017—the majority of 

which were caused by HIV-1, subgroup M (which encompasses 11 known 

subtypes). Although global rates of HIV-1/2 infection have continued to drop steadily 

since their peak in 1996, this number remains a far cry from the goal of <500,000 

infections in 2020 set forth by the Joint United Nations Programme on HIV/AIDS 

(25). With the appropriate allocation of resources and personnel, and the 

implementation of culturally-sensitive education programs, a significant reduction in 

new infections is not out of the question. Even more reassuringly, it is estimated that 

~21.7 million out of the total 36.9 million PLWHIV worldwide are receiving treatment 

(25); a number that continues to increase annually.  

Still, the search for an HIV cure continues. Many PLWHIV experience barriers 

to accessing cART, such as socioeconomic status and the stigmatization of HIV 

infection (26,27), which has influenced current perceptions of HIV cure research. In 

several recent surveys of PLWHIV in the United States of America, Australia, and 

China, for example, HIV cure research was viewed positively, with many participants 

citing preference for a “sterilizing” approach (in which all infectious virus is removed 



 
 

 3 

from the body), over the likely more attainable “functional” approach (in which a 

person’s viral load is maintained below detectable levels without cART) (28-30). The 

need for novel therapeutic strategies intended to eradicate the HIV reservoir is 

therefore clear, from both the social and clinical perspective.  

 

1.2 HIV infection and pathogenesis  

1.2.1 Viral characteristics and lifecycle  

 HIV is a Baltimore Class VI virus of the family Retroviridae, genus Lentivirus, 

which can be further genetically classified into HIV types 1 and 2. For the purposes 

of this thesis, HIV-1 will be considered exclusively and referenced as “HIV.” The viral 

envelope of HIV contains a conical nucleocapsid, which harbours two copies of a 

9.2kbp, single-stranded (ss), positive-sense (+) RNA genome encoding 16 viral 

proteins. Each serves a unique role in viral replication, evasion of the cellular 

antiviral machinery, and subsequent release of viral progeny. These include the 

capsid (CA), matrix (MA), nucleoprotein (NP), p6, protease (PR), reverse 

transcriptase (RT), RNaseH, integrase (INT), and gp120/gp41 proteins, as well as 

six regulatory proteins: Tat, Rev, Nef, Vif, Vpr, and Vpu (31). 

 Transmission of HIV occurs when infectious viral particles enter the 

susceptible host and infect CD4-expressing target cells, either via direct entry into 

the peripheral circulation or across a mucosal membrane (Figure 1). During sexual 

transmission, for example, HIV may enter the mucosal tissue via microtears within 

the stratified squamous epithelium of the reproductive tract. Free viral particles are 

endocytosed by epidermal Langerhans cells, which facilitate the cell-to-cell transfer 
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of HIV to resident CD4+ T cells, macrophages, and blood-derived dendritic cells (DC) 

(32,33).  

Vaginal Langerhans cells may also contribute to viral persistence within these 

tissues by supporting productive HIV infection (34), while blood-derived DC can 

subsequently disseminate surface-bound HIV from the site of infection to lymphoid 

tissues (35,36). Transcytosis of viral particles across the intestinal epithelium can 

also aid in the dissemination of HIV to tissue-resident macrophages and CD4+ T 

cells (37-39). Productive infection of target cells is initiated when the HIV envelope 

protein, gp120, interacts with the cellular CD4 glycoprotein. This is followed by a 

series of conformational changes that expose the co-receptor binding site of gp120 

as well as the transmembrane gp41. The variable loop 3 (V3) within the co-receptor 

binding site of gp120 dictates viral tropism, allowing gp120 to interact with the C-C 

chemokine receptor type 5 (CCR5), C-X-C chemokine receptor type 4 (CXCR4), or 

both (40). This interaction subsequently facilitates gp41-mediated fusion of the 

cellular and viral membranes, which releases of the viral nucleocapsid into the 

cytosol (41).  
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Figure 1: Mechanisms of HIV transmission. a. Microtears facilitate sexual 
transmission of free and cell-associated (not depicted) HIV through the mucosal 
epithelium. Here, epidermal Langerhans cells play a key role in facilitating HIV 
infection of susceptible intra-epithelial CD4+ T cells, macrophages, and DC via cell-
to-cell transmission of endocytosed viral particles, or the release of infectious viral 
progeny following productive infection. Infected cells, or DC carrying surface-bound 
HIV, can then home to nearby lymphoid tissues by way of the circulatory system, 
spreading infectious HIV throughout the body. b. Similar events follow HIV 
transmission at the intestinal epithelium, which is facilitated by the transcytosis of 
viral particles across columnar epithelial cells and the subsequent infection of tissue-
resident macrophages and CD4+ T cells. Importantly, tissue resident macrophages 
(of both the reproductive and gastrointestinal tracts) maintain the viral reservoir 
within these tissues by phagocytosing HIV-infected CD4+ T cells, harbouring 
productive HIV infection, and facilitating cell-to-cell transmission of infectious viral 
progeny to surrounding immune cells. c. Finally, HIV transmission may occur via 
direct inoculation into the peripheral circulation (via a contaminated needle, for 
example), where CD4+ T cells are the primary target of HIV infection.  
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 The steps that follow in the production of the HIV cDNA are highly regulated 

and begin with the controlled degradation of the viral nucleocapsid, followed by the 

initiation of reverse transcription and synthesis of viral cDNA in a step-wise fashion 

(42). The final double stranded DNA molecule is comprised of a protein-encoding 

region, flanked by two long-terminal repeats (LTR) at each of the 5’ and 3’ ends. 

Following import at the nuclear envelope, these LTR regions are utilized by HIV 

integrase as it catalyzes cDNA integration within the cellular genome via sequential 

exonuclease, endonuclease, and ligation processes (43).  

The integrated HIV provirus is highly stable and acts as a blueprint for multi-

spliced, single-spliced, and full length ss(+)RNA. The production of single and 

unspliced RNA molecules is dependent on HIV Tat and Rev expression, which 

initiate viral transcription from the proviral trans-activation response (TAR) element 

(reviewed in (44)) and mediate the export of viral RNA to the cytosol (reviewed in 

(45)), respectfully. To complete its lifecycle, HIV structural proteins and two copies of 

the ss(+)RNA genome assemble into progeny virions at specific micro-domains 

within the cellular lipid bilayer. Protein translocation and virion assembly are 

mediated predominantly by cellular proteins, while the association of the viral RNA 

(in dimer form) with the Gag polypeptide is necessary for its eventual incorporation 

(46). Once assembled, HIV virions rely on the endosomal sorting complexes 

required for transport (ESCRT) machinery of the host cell to bud from the cellular 

membrane and be released into the cellular milieu (47). As a final step in virion 

maturation, HIV PR mediates the cleavage of Gag and Gag-Pro-Pol polypeptides, 

yielding an infectious viral particle that is capable of secondary rounds of viral 

infection (46,48).  
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1.2.2 Clinical characteristics of HIV infection 

 HIV infection begins with a short eclipse period of approximately 11 days, 

during which viral RNA remains undetectable (49). This is followed by Fiebig stages 

I-V of acute HIV infection; initiated when HIV RNA becomes detectable within the 

peripheral blood and subsequently defined based on the presence (and amount) of 

viral proteins and HIV-specific IgM (50). Plasma viral load typically peaks at 106-107 

copies of RNA/ml of blood during stage II, 15-20 days post-infection (50,51). This is 

accompanied by seroconversion at around 3 weeks post infection within Fiebig 

stage III, along with the typical development of clinical symptoms such as fever, 

malaise, fatigue, and swollen lymph nodes, and a substantial drop in CD4+ T cell 

counts (50,52) 

 The immune system subsequently controls viral replication, leading to a 

reduction in viral load and the rebound of CD4+ T cell counts to near-normal levels. 

So begins the chronic phase of HIV infection, which may last anywhere from 3 to 10 

years (although substantially shorter or longer durations have been recorded) 

(53,54). While this period is typically asymptomatic, immune activation and 

inflammation persist due to ongoing viral replication and can contribute to damage to 

the vasculature and increased risk of cardiac arrest (55-57). Still, the immune 

system is unable to control viral replication indefinitely. This third and final stage of 

HIV infection¾clinically diagnosed as AIDS¾is characterized by a CD4+ T cell 

count of <200 cells/mm3, the development of opportunistic infections and/or cancers, 

and if left untreated, death (58).  
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1.2.3 Immune dysregulation by HIV 

 Immune dysregulation is a well-known consequence of HIV infection. At the 

macroscopic level, this manifests as structural changes within lymphoid tissues. The 

death of CD4+ T cells within the gut-associated lymphoid tissue (GALT), for 

example, triggers a positive feedback loop of tissue inflammation exacerbated by 

damage to the intestinal mucosa and exposure of immune cells to pro-inflammatory 

bacterial signatures (59). Drastic alterations to lymph node architecture (60,61), 

including fibrosis (62,63) and syncytia formation (64), have also been observed in 

vivo and again may contribute to inappropriate inflammatory signalling and the 

disruption of T cell homeostasis (65).  

On the microscopic level, killing and/or functional inhibition of key immune 

cells further contributes to immune dysregulation. The main cellular target of HIV is 

the CD4+ T cell, which both orchestrates and regulates adaptive immune signalling 

in response to foreign antigen. CD4-expressing myeloid cells, such as tissue 

resident macrophages, are also infected and consequently are unable to fulfill their 

role in bridging the innate and adaptive arms of the immune system. The 

mechanisms by which HIV mediates the massive loss of CD4+ T cell populations 

and subsequent immunopathogenesis are further described below.  

First and foremost is the killing of CD4+ T cells during productive HIV 

infection. In this context, target cells rapidly succumb to HIV-mediated 

cytopathogenicity within 1-2 days post-infection (66), due to ionic imbalances, 

increased cytosolic volume, and ultimately lysis caused by viral fusion and budding 

events at the cellular membrane (67). Infected cells also undergo cytolytic killing 

(68,69), natural killer (NK) cell-mediated antibody-dependent cellular cytotoxicity 
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(ADCC) (70,71), and, during the later stages of chronic infection, the induction of 

apoptosis following gp41-mediated syncytia formation (72). Finally, unintegrated 

viral cDNA or RNA products can trigger programmed cell death pathways via the 

activation of intracellular pattern recognition receptors (PRR). As shown by Dotish et 

al., the induction of caspase-1-dependent pyroptosis following abortive HIV infection 

was the predominant mechanism of cell death observed using an ex vivo human 

lymphoid aggregate culture system (73). Still, productively HIV-infected CD4+ T cells 

are a minority within the total CD4+ T cell pool. Additional investigation has therefore 

focused on understanding and characterizing the massive bystander death of 

uninfected cells that occurs in vivo.  

 As reviewed by Alimonte et al., bystander killing during HIV infection is likely 

to occur via activation-induced cell death (AIDC) in combination with the release of 

apoptosis-inducing viral proteins from productively infected cells (74). In otherwise 

healthy individuals, AIDC is an important process that mediates immune tolerance, 

homeostasis, and clonal contraction of peripheral T cells. Repeated engagement of 

the T cell receptor (TCR) upregulates the nuclear-factor of activated T cells (NFAT)-

dependent expression of Fas(CD95) and Fas-ligand (FasL) (75-78). The interaction 

of Fas(CD95) and FasL on neighbouring cells promotes the recruitment of FADD 

(Fas-associated protein with death domain), c-FLIP, and pro-caspase 8 to the 

intracellular domain of Fas, the proteolytic cleavage of caspase 8, and ultimately 

apoptosis of the Fas-expressing cell (79-81).  

CD4+ T cells isolated from the peripheral blood of PLWHIV have been found 

to undergo AICD following in vitro stimulation (82,83). In vivo, the cross-linking of 

CD4 by gp120, in the absence of appropriate TCR engagement, is believed to 
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induce AIDC within uninfected CD4+ T cell populations (84-87). Finally, the 

endocytosis of HIV Tat may also stimulate AICD via upregulation of pro-apoptotic 

proteins FasL, caspase 8, and Bax, and downregulation of the anti-apoptotic protein 

Bcl-2 (88-91). Aside from this, gp120-mediated ADCC (92) as well as Nef- or Vpr-

induced apoptosis of uninfected CD4+ T cells have been observed in vitro (93-95).  

Unlike CD4+ T cells, HIV-infected macrophages do not readily succumb to 

virus-mediated cytopathogenicty. The induction of the anti-apoptotic protein Bcl-xL 

by HIV Nef (96), Bcl-1 and Mcl-1 by HIV Env (97), and Bcl-2 by HIV Tat (98) have all 

been demonstrated in vitro to subvert the induction of apoptosis in myeloid cells. 

Nonetheless, HIV-infected macrophages display functional impairments that limit 

their ability to orchestrate innate immune signalling within various tissues. HIV-

infected alveolar macrophages, for example, display limited phagocytic capacity and 

ability to process internalized pathogens (99-101). A similar observation within gut-

associated macrophages has recently been shown to contribute to disease 

progression within a non-human primate (NHP) model of SIV infection (102). The 

ability of tissue-resident macrophages to harbour persistent HIV infection, which 

subsequently impairs the innate immune function of these cells, makes HIV-infected 

macrophages a particularly relevant cellular reservoir from an HIV cure standpoint.  

 

1.3 Mechanisms of HIV persistence  

Replication competent HIV persists within cellular and tissue reservoirs, as 

evidenced by the isolation of resting CD4+ T cells from the peripheral blood of cART-

treated PLWHIV and the subsequent reactivation of these cells to produce infectious 
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viral progeny ex vivo (103,104). The establishment of the viral reservoir itself is 

believed to be a highly dynamic process, occurring in the early stages of acute HIV 

infection (104). Recently, Whitney et al. demonstrated the true rapidity of this 

process after reporting that rhesus macaques treated as early as 3 days post-SIV 

infection experienced viral rebound following cART-cessation (105). This 

observation has also been confirmed in humans. As shown by Henrich et al., 

treatment at approximately 10 days post-infection resulted in prolonged, cART-free 

remission that eventually cumulated in viral rebound (106). Tissue-resident 

macrophages may also contribute to ongoing viral replication within the lung, lymph 

nodes, central nervous system, and reproductive tract (107,108). This is aided by 

the immune privileged nature of certain tissues such as the testes (109) or lymphoid 

follicles (110), which facilitate ongoing viral replication without immune clearance.  

From an HIV cure standpoint, viral eradication will require all cells containing 

replication-competent provirus to be killed in a highly targeted manner. Not only this, 

but reservoir-targeting therapies will be required to penetrate relevant tissues at 

therapeutically useful concentrations. The identification and characterization of the 

HIV reservoir, which is primarily comprised of latently-HIV infected CD4+ T cells and 

productively-infected, tissue resident macrophages, is therefore of particular 

relevance to the HIV cure field.  

 

1.3.1 HIV Latency within CD4+ T cells  

HIV latency is predominantly observed in resting memory CD4+ T cells, and is 

defined as the presence of a stably integrated HIV provirus without productive viral 

replication (103,111-113). Latent HIV infection is reversible, and the reactivation of 
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cells is sufficient to produce infectious viral progeny and viral rebound following 

cART cessation (111). In the absence of in vivo stimulation, however, this cell 

population is incredibly stable, possessing an estimated half-life of approximately 44 

months (114). Attempts to quantify the latent HIV reservoir have revealed that, 

during cART-treated infection, latently HIV-infected CD4+ T cells are quite rare. 

Assuming that latently infected cells possess a single copy of integrated HIV 

provirus (115), recent estimates suggest that the frequency of latent infection is 

fewer than one copy per million CD4+ T cells (116-118). Presently, the inability to 

enrich latently infected cells from ex vivo samples, due to a lack of phenotypic 

markers, as well as overall rarity, has hindered our understanding of HIV latency as 

a whole (119,120). A number of in vitro models utilizing primary cells have 

consequently been established to better understand the cellular and viral 

characteristics of the latent HIV reservoir (121-124).  

 The cellular and viral mechanisms involved in latency establishment have 

been the subject of intense study, but are not yet well-understood. Direct infection of 

resting CD4+ T cells has been suggested, but remains a highly inefficient process 

due to the absence of cellular factors and nucleotides required for reverse 

transcription and nuclear import of viral cDNA (125,126). Alternatively, HIV latency 

may be established in productively-infected, activated CD4+ T cells, which then 

revert to a resting state following proviral integration (112,121). In either case, the 

cellular and viral processes involved in maintaining the HIV provirus in a latent state 

are similarly complex and several mechanisms have been proposed. These include 

the limited expression of cellular factors involved in the initiation of viral transcription 

from the LTR, including NFkB, CDK9, and cyclin T1 (127,128), as well as epigenetic 
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modifications such as histone deacetylation and nucleosome methylation (127,129). 

Transcriptional interference due to proximal host gene promoters or convergent 

transcription has also been observed (130-132). 

  

1.3.2 The establishment and maintenance of HIV infection within macrophages 

In studying the kinetics of viral decay following the initiation of cART, 

Perelson et al. observed a multi-phasic decay curve that suggested the existence of 

not one, but several independent HIV reservoirs (22,111). The first phase of decay—

represented as an initial, rapid drop in peripheral blood viremia—could be explained 

by the clearance of productively infected CD4+ T lymphocytes, while the infection of 

long-lived, myeloid lineage cells (macrophages in particular) was found to be 

responsible for the second (22). Further extrapolation of this data allowed the 

authors of this study to propose that tissue-resident, HIV-infected macrophages 

possess a half-life of approximately 2-4 weeks (22). 

Igarashi et al. have since investigated the long-lived status of the 

macrophage HIV reservoir using rhesus macaques infected with a simian 

immunodeficiency virus/HIV type 1 (SHIV) chimeric virus SHIV(DH12R) (107). In this 

model, the half-life of macrophages within the spleen, lymph nodes, and 

gastrointestinal tract were found to contribute to HIV RNA production for an 

additional 2-5 months following CD4+ T cell depletion. The rate of turnover of 

productively HIV infected macrophages remains up for debate, however, as two 

recent studies have shown the half-life of the macrophage HIV reservoir to be closer 

to that of productively HIV-infected CD4+ T cells. In CD4+ T cell-depleted NHP (133) 

and humanized myeloid-only mice (MoM) (108), the half-life of productively infected 
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macrophages within relevant lymphoid tissues was calculated to be within the range 

of 1-2 days. It is important to note that these recent studies employed animal models 

which have either been depleted of CD4+ T cells prior to infection (133), or 

biologically do not support human T cell development (108). The complete absence 

of CD4+ T cells may therefore contribute to the observed differences in reservoir 

half-life. Regardless, HIV infected macrophages possess unique cellular 

characteristics that contribute to their role in HIV persistence in vivo.  

Unlike CD4+ T cells, latent HIV infection is not believed to be the primary 

mechanism by which tissue-resident macrophages act as an HIV reservoir. Proviral 

integration following HIV infection of macrophages is localized to transcriptionally-

active regions of the genome (134,135). Moreover, the use of a green fluorescent 

protein (GFP) expressing virus to establish latent HIV infection in vitro showed that 

fewer than 1% macrophages carrying non-replicating HIV provirus could be 

reactivated (136). HIV-infected macrophages are therefore more likely to support 

non-latent infection, established following the differentiation of HIV-infected 

monocytes to macrophages following extravasation (137), phagocytosis of HIV-

infected CD4+ T cells (138,139), or direct infection within mucosal tissues (140).  

One of the more notable features of the macrophage reservoir is the ability of 

these cells to support productive HIV infection, while resisting virus-mediated 

cytopathogenicity. Swingler et al., have shown that the induction of macrophage 

colony stimulating factor (M-CSF) by HIV Env protects infected macrophages from 

TRAIL-mediated apoptosis (97). Additionally, mature monocyte-derived 

macrophages (MDM) have been found to resist the induction of apoptosis by HIV 

Vpr by maintaining the expression of anti-apoptotic proteins Bcl-xL and Mcl-1 (141). 
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The cytolytic eradication of HIV-infected macrophages by CD8+ T cells has also 

been found to be less efficient than that of infected CD4+ T cells (142). While this 

study highlighted the ability of macrophages to resist cytolytic killing in a virus-

independent manner, the downregulation of MHC I by HIV Nef has been observed 

and may further contribute the evasion of the cytotoxic T cell response by both HIV-

infected macrophages and CD4+ T cells (143,144).  

Furthermore, macrophages can house infectious viral particles within 

cytoplasmic vesicles and facilitate the cell-to-cell transmission of HIV (145,146). This 

is particularly prevalent within tissues like the genital mucosa and GALT, in which 

immune cells capable of supporting HIV infection are maintained within close 

contact. Here, HIV infected macrophages recruit susceptible CD4+ T cells by 

releasing chemotactic soluble factors (147). Subsequent TCR/MHC II engagement 

maintains close cellular contact, during which infectious viral particles are 

transferred via virological synapse from one cell to another (148,149). Intercellular 

HIV transmission is therefore a mechanism of infection that allows the virus to 

escape immune sensing and neutralization, as well as facilitate viral spread during 

cART-treated infection (150-152). It is therefore clear that tissue-resident 

macrophages form a distinct cellular reservoir of HIV, which can facilitate viral 

persistence during well-treated HIV infection.  
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1.4 HIV cure strategies: Past and present 

 Presently, several strategies have been proposed to either control or 

completely eradicate the HIV reservoir. These are summarized in brief below, as 

well as in Figure 2.  
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Figure 2: Strategies used to control or eradicate the HIV reservoir. a. The 
combination of cART and IL-2 or IFNa was previously proposed as a strategy by 
which to retain immune control over viral replication during structured treatment 
interruption. This strategy was intended to control, rather than eradicate the HIV 
reservoir. Unfortunately, the existence of infectious HIV within immune privileged 
tissues has rendered this strategy ineffective. b. Latency reversal is a component of 
the “Shock and Kill” strategy of HIV reservoir eradication. Several LRAs have been 
tested in the clinical setting, including HDACi (e.g. SAHA), PKC agonists (e.g. 
Bryostatin-1), BAF inhibitors (e.g. Pyrimethamine), and BET inhibitors (e.g. JQ1). 
Although latency reversal has been readily observed, this strategy currently lacks a 
reliable “kill” stimuli that can eradicate HIV-infected cells following reactivation. c. 
Immunotherapy, which includes therapeutic vaccination (intended to enhance T cell 
responses against conserved viral epitopes) and passive immunization with broadly 
neutralizing antibodies is largely intended to achieve cART-free immune control over 
HIV infection. It is also hoped that this strategy will reduce the size of the HIV 
reservoir by preventing the ongoing infection of HIV reservoir cells within lymphoid 
and non-lymphoid tissues, as well as promoting the immune-mediated killing of 
these cells. Although cART-free viremic control has been observed in individuals 
receiving either broadly neutralizing antibodies or therapeutic vaccination, no 
change in HIV reservoir size was recorded. The combination of HIV immunotherapy 
with additional strategies that specifically target HIV reservoir cells may therefore be 
required. d. Gene therapy as an HIV cure strategy has been largely influenced by 
the Berlin Patient. Presently, genetic editing (rather than stem cell transplant) to 
achieve an HIV-resistant, CCR5Δ32 homozygous phenotype is being investigated. 
The use of novel gene editing technologies like CRISPR/Cas9 is also being 
considered as a means by which to permanently silence proviral HIV DNA, thereby 
achieving a functional HIV cure.  
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1.4.1 Antiretroviral therapy  

 Used alone, cART is (in most instances) sufficient to maintain the viral load of 

a PLWHIV within the undetectable range. Nonetheless, mathematical modeling has 

revealed that a lifetime of cART would be required to substantially reduce the size of 

the latent HIV reservoir, let alone eradicate it (153,154).  

 The possibility of augmenting cART with immune stimulation was therefore 

proposed as a means by which to achieve full immune control of HIV infection 

without antiretroviral therapy. Interleukin 2 (IL-2) (155) and pegylated IFNa2b (156) 

have both been tested in this context, albeit with the disappointing recurrence of 

detectable virus during structured treatment interruption. The presence of HIV 

reservoirs that reside in immune privileged sites and thereby evade immune 

surveillance has been proposed as an explanation for these findings, as well as 

those of others who have attempted structured treatment interruption without 

additional intervention (157,158).  

 

1.4.2 Latency Reversal 

 The “Shock and Kill” approach to HIV reservoir eradication has been a long-

standing goal of the HIV cure field. Cells are first stimulated to reactivate latent 

provirus (“shock”) using a latency reversal agent (LRA). Subsequently, productively 

infected cells are eradicated either by virus-induced apoptosis or immune-mediated 

killing. Initial attempts utilized anti-CD3 monoclonal antibodies in combination with 

IL-2 to induce non-specific T cell activation and HIV RNA production, but were 

hindered by toxicity (159,160). Non-T cell activating strategies were therefore 
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sought, leading to the identification of several small-molecule compounds that could 

achieve latency reversal (161-163). Among these was the anticonvulsant and 

histone deacetylase inhibitor (HDACi), valproic acid, which stimulated low-level 

production of HIV RNA in vivo, but did not appreciably reduce the size of the latent 

reservoir in vivo (164,165).  

  This led to the investigation of the Class I HDACi, suberoylanilide 

hydroxamic acid (SAHA; Vorinostat) as an LRA. As demonstrated by Archin et al., 

SAHA potently induced latency reversal in vitro and ex vivo by facilitating chromatin 

acetylation and preventing the recruitment of HDAC1 to the HIV LTR region (166). 

The capacity of SAHA to reactivate latent HIV within resting CD4+ T cells, as well as 

its overall safety profile, was further confirmed in vivo (167). Additional attempts to 

use SAHA in vivo did not demonstrate sufficient latency reversal (168,169), 

however, and additional ex vivo investigation revealed that SAHA was only capable 

of reactivating a small fraction of provirus-containing CD4+ T cells (170). 

Furthermore, SAHA treatment was not associated with an appreciable decrease in 

latent reservoir size (171).  

 Other LRAs are presently under investigation. Like SAHA, these have been 

found to induce latency reversal in vivo without an appreciable decrease in HIV 

reservoir size. These include other HDACi, such as Romidepsin (172-174) and 

Panibinostat (175-177), the aldehyde dehydrogenase inhibitor Disulfiram (178), 

protein kinase C (PKC) agonists (e.g. Bryostatin-1) (179,180), small molecule 

inhibitors of the BAF chromatin remodeling complex (e.g. Pyrimethamine) (181), and 

inhibitors of bromodomain and extraterminal (BET) proteins (e.g. JQ1 or OTX015) 

(182,183). Other non-HDACi LRAs, like the retinoic acid derivative acitretin, have 
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been studied in vitro with varying success. Although previously shown to reactivate 

latent provirus and subsequently induce the apoptotic killing of HIV infected CD4+ T 

cells (184), the efficacy of acitretin as an LRA has since been refuted (185). LRAs 

may therefore be a useful future component of HIV cure strategies, but will require 

additional immune-activating or cytotoxic therapies to mediate the selective killing of 

reactivated HIV reservoir cells. It is also unknown whether these strategies will 

efficiently target the non-latent reservoir, such as that established in tissue-resident 

macrophages. 

 

1.4.3 Immunotherapy 

 The intended outcome of HIV immunotherapy is to achieve immune control 

over viral replication, as well as reduce the overall size of the HIV reservoir 

(reviewed in (186,187)). Passive immunization with broadly neutralizing antibodies 

(e.g. VRC01 or 3BNC117) has been found to significantly reduce plasma viral load 

in PLWHIV (188,189). These antibodies, which specifically block the CD4 binding 

site of gp120, can also reduce the cell-to-cell transmission of HIV (190,191). The 

combination of passive immunization with latency reversal strategies may therefore 

be a useful approach to prevent the re-seeding of the HIV reservoir.  

 Several therapeutic HIV vaccines have also been investigated, with 

immunization against HIV Tat showing particular promise. In two Phase II clinical 

trials, HIV Tat immunization was sufficient to restore immune cell subsets (in 

particular CD4+ and CD8+ T cells, as well as NK cells), control HIV viremia, and 

reduce proviral HIV DNA in peripheral CD4+ T cells (192-194). mRNA-based 

therapeutic vaccines have also been investigated as a strategy to induce DC-
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mediated T cell responses against conserved regions of HIV Gag, Pol, Vif and Nef 

(195,196). In a recent Phase I clinical trial, the administration of a similar mRNA-

based therapeutic vaccine induced T cell responses against conserved regions 

within HIV Gag, Pol, RT, INT, Vif, and Nef, but had no effect on HIV reservoir size 

(197). The combination of a therapeutic HIV vaccine with additional HIV reservoir 

targeting strategies may be a necessary consideration to achieve long-term control 

of HIV viral load, while reducing the size of the viral reservoir itself. 

 

1.4.4 Gene Therapy  

 Gene therapy as an HIV cure strategy has gained popularity in recent years, 

primarily due to a ground-breaking study published in 2009 by Hütter et al. In this 

study the authors describe an HIV-positive man (referred to as the “Berlin Patient”) 

who, after undergoing myeloablative chemotherapy, total body irradiation, and two 

allogenic bone marrow transplants from a homozygous CCR5D32-donor for the 

treatment of acute myeloid leukaemia, remained in HIV remission in the absence of 

cART (198-200). This has inspired several additional attempts to clear the HIV 

reservoir via allogenic bone marrow transplant. Several of these have resulted in 

prolonged HIV remission without cART, although viral rebound ultimately did occur 

(201,202). Concerns regarding patient safety and the development of graft-versus-

host disease following transplant remain an additional consideration (203).  

 With the advancement of genetic editing techniques, several alternatives to 

allogenic stem-cell transplantation have been proposed. Early work by Sanhadji et 

al. found that the engineering of cells to express a Tat-inducible IFNb prevented 



 
 

 24 

their infection by HIV in vitro, as well as within an in vivo murine model (204). Since 

then, genetic editing of the ccr5 locus has been attempted using Zinc Finger 

Nucleases (ZFN), Transcription Activator–like effector nucleases (TALENs), or 

Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)/Cas9 

(reviewed in (205)). CRISPR/Cas9 technology has also been used to prevent the 

expression of HIV Tat and Rev in vitro (206), as well as excise large sections of viral 

DNA yielding a replication incompetent provirus (207). While this latter study 

represents a significant step forward for gene editing strategies within the HIV cure 

field, CRISPR/Cas9 technology was not able to completely eradicate replication-

competent virus from the tissues of mice engrafted with PBMC from HIV-positive 

individuals (207). The combination of gene editing with current reservoir targeting 

strategies will therefore be required if such an approach is to be used as a viable 

HIV cure strategy. 

 

1.5 Alternative strategies to eradicate the HIV reservoir: Exploiting type I 

interferon response defects within HIV infected cells  

Plasmacytoid dendritic cells (pDC) are the primary producers of type I IFN 

(IFN1) during viral infection (208,209), and are capable of producing 100-1000 times 

more IFNa/b than other immune cells following stimulation (210). This remains true 

in the context of HIV, as increasing levels of IFNa/b (52,211-213) and antiviral IFN-

stimulated genes (ISG) (214) have both been observed in PLWHIV. Despite this, the 

IFN1 response is ineffective in blocking HIV replication and spread in vivo. Extensive 

in vitro characterization has revealed that HIV is capable of blocking the IFN1 
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response at several levels, including the sensing of viral genomic material, the 

transcriptional upregulation of ISG expression, and the antiviral activity of several 

ISG themselves. These studies have relied heavily on cell line models of HIV 

infection. Still, similar IFN1 signalling defects have been observed in primary cell 

models of productive HIV infection, including peripheral blood mononuclear cells 

(PBMC), CD4+ T cells, and MDM (Figure 3). The multi-level impairment of IFN1 

signalling is therefore a defining feature of HIV infection and can be used to 

differentiate HIV infected cells at the functional level from their uninfected 

counterparts. Conversely, the characterization of IFN1 signalling defects in latently 

HIV-infected primary CD4+ T cells has been precluded by the inability to identify 

these cells ex vivo, as well as within in vitro models of latency. Thus, little is known 

regarding the status of the IFN1 response within these cells, aside from what has 

been demonstrated using cell line models of latency (215) 
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Figure 3: Impairment of the type I IFN response during HIV infection. Type I IFN 
defects during HIV-1 infection are extensive, affecting viral sensing, downstream 
signalling cascades, and antiviral ISG expression and activity. Following HIV 
infection, sensing of viral PAMPS by cellular PRR and activation of various 
intracellular signalling proteins and transcription factors is required for the induction 
of IFNa/b expression (Left). Secreted IFNa/b may then signal through the IFNAR1/2 
heterodimer, triggering ISG induction through binding of the ISGF3 complex to the 
upstream IFN-stimulated response element (ISRE) (Centre). As a result, ISG 
expression contributes to an intracellular antiviral environment, and thus prevents 
viral spread (Right). Various points of HIV-mediated antagonism of the type I IFN 
response have been observed using in vitro or ex vivo models of HIV infection. 
Reported defects range from direct interaction with viral proteins (depicted in yellow; 
e.g. protease-mediated degradation of RIG-I), indirect upregulation of inhibitory 
cellular factors (e.g. impairment of PKR by protein complex containing ADAR1, 
PACT, and TRBP), or transcriptional control. Downregulated mRNA/protein 
expression is represented using red arrows, whereas upregulated protein 
expression is represented using green arrows. Additional symbols include 
phosphorylation (circled “P”) and ubiquitination (circled “Ub”); dNTPs, 
deoxynucleotide triphosphates; dsDNA, double stranded DNA; IRFBS, IRF binding 
site; ssRNA, single stranded RNA. Figure and caption reprinted with permission 
from Elsevier Publishers Ltd.: Sandstrom TS, Ranganath N, Angel JB. Impairment of 
the type I interferon response by HIV-1: Potential targets for HIV eradication. 
Cytokine Growth Factor Rev. 2017 Apr 24;37:1-16. (Figure 3). Copyright 2017.  
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1.5.1 Impairment of cytoplasmic virus-sensing machinery during HIV infection 

It is the sensing of pathogen-associated molecular patterns (PAMPs) by 

cellular PRR that initiates IFN1 production during viral infection. These PRR can be 

grouped into four broad categories—Toll-like receptors (TLRs), retinoic acid 

inducible gene I (RIG-I)-like receptors (RLRs), nucleotide-binding oligomerization 

domain (NOD)-like receptors (NLRs), and C-type lectin receptors (CLRs). Several 

DNA-specific PRR are also involved, including cyclic guanosine monophosphate–

adenosine monophosphate synthase (cGAS) and IFN-g-inducible protein 16 (IFI16) 

(reviewed in (216)). Given that these proteins are key for the timely induction of the 

IFN1 response during HIV infection, HIV has evolved several ways to avoid 

recognition by TLRs, RLRs, cGAS, and IFI16.  

 

1.5.1.1 Involvement and inhibition of Toll-like receptor signalling 

Expressed within the cellular endosomal compartment, TLRs 3, 7, 8, and 9 

play an important role in the context of viral infection. TLR engagement results in the 

activation of IFN regulatory factor (IRF) 3 and 7 and subsequent IFN1 production 

(217,218). The recognition of dsRNA (TLR3) (219), ssRNA (TLR7/8) (220), or 

unmethylated CpG DNA (TLR9) (221) is therefore an important step in preventing 

viral spread to neighbouring cells. HIV gp120 has been shown to block TLR9-

mediated IFN1 production by pDC via the cross-linking of blood dendritic cell antigen 

2 (BDCA-2) and activation of spleen tyrosine kinase (SYK) (222,223). pDC isolated 

from PLWHIV also produce lower levels of IFNa/b in response to TLR7 or TLR7/8 
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agonists than pDC from uninfected individuals, although the exact mechanism by 

which this impairment occurs is unknown (224-226) 

 

1.5.1.2 Involvement and inhibition of RIG-like receptor signalling 

Three RLR family members have been identified to date, including the 

hallmark protein, RIG-I, and melanoma differentiation-associated gene 5 (MDA5). 

RIG-I and MDA5 recognize non-self dsRNA in a size-dependent manner—MDA5 

binds to long dsRNAs, while RIG-I recognizes both the short regions of dsRNA and 

5’-triphosphates on uncapped viral RNAs (227,228). In the context of HIV infection, 

RIG-I is capable of binding to secondary RNA structures found within the HIV 

genome (such as the TAR element) and inducing the production of IFNa by PBMC 

and MDM (229). This requires the recruitment of the adaptor protein, interferon-a 

promoter stimulator 1 (IPS-1, also referred to as MAVS, VISA, or CARDIF) and 

subsequent activation of IRF3 and 7 (230-232). The third RLR family member, 

laboratory of genetics and physiology 2 (LGP2), is believed to function as a positive 

regulator of the innate immune response by enhancing the recognition of dsRNA 

ligands by MDA5 and RIG-I (233).  

Despite the evident antiviral role of MDA5 and LGP2, only RIG-I signalling, as 

well as subsequent IFN1 induction and ISG expression, has been found to be 

impaired during HIV infection. As revealed by Solis et al., HIV protease targets RIG-I 

for lysosomal degradation in productively HIV-infected MDM, preventing further 

activation of the IFN1 signalling cascade in response to viral RNA (234). This 
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mechanism of inhibition appeared to be RIG-I-specific, as MDA5 was not targeted 

by HIV protease in this model (234). 

 

1.5.1.3 Involvement and inhibition of cytoplasmic DNA-sensing proteins 

Both cGAS and IFI16 are upregulated during untreated HIV infection (235), 

and may therefore play a role in the recognition of cytoplasmic viral cDNA, ssDNA, 

and RNA:DNA hybrids (reviewed in (236)). Similar to the induction of IFN1 following 

RNA sensing by TLR or RLR, the production of IFN1 following the sensing of viral 

DNA by cGAS or IFI16 depends on the activation of a cytoplasmic signalling 

cascade, which is initiated following the recruitment of stimulator of IFN genes 

(STING) and TANK-binding kinase 1 (TBK1) and cumulates in IRF3 and NFkB 

activation (237).  

Despite their important role in the antiviral innate immune responses, the 

direct impairment of cGAS or IFI16 has not been observed within HIV-infected 

primary cells. Evasion may occur indirectly, however, as the HIV capsid has been 

found to prevent the recognition of HIV cDNA by cGAS during reverse transcription 

(238). The degradation of HIV DNA by the cytosolic 3’-5’ DNase, three-prime repair 

exonuclease 1 (TREX1), may similarly prevent innate immune sensing of viral DNA, 

and has been shown to do so in primary MDM, CD4+ T cells, and cervicovaginal 

tissue explants (239,240). Finally, the inhibition of NFkB activation by HIV Vpu has 

been shown to block the antiviral function of cGAS in primary CD4+ T cells (241). 

HIV therefore employs several indirect mechanisms by which to prevent IFN1 

signalling in response to viral cDNA produced during reverse transcription.  
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1.5.2 Impairment of the type I IFN signalling cascade  

A large network of signal transduction pathways is activated following viral 

infection, allowing both the rapid induction of and response to IFN1. This section will 

therefore provide a brief review of the various adaptor proteins, cellular kinases, and 

transcription factors that are involved in inducing the IFN1-mediated antiviral 

response, and how these proteins are impaired during HIV infection.  

 

1.5.2.1 Involvement and inhibition of adaptor proteins 

The multi-domain adaptor proteins of the IFN1 response are critical in linking 

PRR-dependent recognition of viral signatures to the downstream induction of 

IFNa/b and ISG. RIG-I, for example, relies on IPS-1 to activate downstream cellular 

kinases responsible for the phosphorylation and nuclear translocation of IRF3 

(242,243). During HIV infection, IPS-1 is targeted by Vpu and Nef, preventing the 

induction of IFN1 by HIV-infected CD4+ T cells (244). Transcriptional downregulation 

of IPS-1 may also contribute to defective RIG-I signalling in HIV-infected MDM 

(245). In this study, Sirois et al. also observed transcriptional downregulation of TNF 

receptor associated factor 6 (TRAF6) (245). As TRAF6 is indispensable for the 

activation of IRF7 and induction of IFN1 downstream of TLR7 and 9 (246,247), it is 

possible that MDM also possess impaired TLR signalling during HIV infection.  

 

1.5.2.2 Involvement and inhibition of cytosolic protein kinases 

In addition to adaptor proteins, the dysregulation of cytosolic protein kinases 

can block PRR-mediated signalling during HIV infection. This includes the inhibition 
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of TBK1 phosphorylation by HIV Vif and Vpr (248), which prevents cGAS and TLR3 

mediated signalling (249-251). The downregulation of Interleukin-1 receptor-

associated kinase 4 (IRAK4) expression (252) has also been observed in HIV-

infected MDM, preventing MyD88-dependent signalling downstream of TLRs 7, 8, 

and 9 (253-255). At present, the impairment of other cellular kinases and the 

mechanism of impairment itself have not been characterized using primary cell 

models of HIV infection. Nonetheless, HIV Tat-mediated promoter occlusion is 

believed to block IRAK1 expression in HIV-infected CEM CD4+ T cells, suggesting 

that a similar mechanism of impairment may occur within primary CD4+ T cells or 

MDM (256).  

 

1.5.2.3 Involvement and Inhibition of transcription factors  

The transcription factors IRF3 and 7 are indispensable for the induction of 

IFN1 expression downstream of PRR engagement (217,218). With the exception of 

pDC, the cellular IFN1 response is initiated following IRF3 activation and low levels 

of IFNb production (257,258). This is followed by autocrine IFN1 signalling, IRF7 

induction, and a strong, secondary wave of IFNa/b production (231). Conversely, 

constitutive expression of IRF7 in pDCs allows the immediate and robust production 

of IFNa/b during viral infection (259-261).  

Reduced IRF7 expression has been observed within pDC isolated from 

PLWHIV and may contribute to the sub-optimal IFN1 induction observed following 

TLR stimulation (225,262,263). Similarly, IRF3 expression (264) and 

phosphorylation (265) is believed to be impaired during HIV infection. Degradation of 
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IRF3 by HIV Vpu has been suggested (266), although these findings have been 

refuted by others who have suggested that the weak induction of IFN1 by HIV-

infected primary cells is due to Vpu-mediated impairment of NFkB activation 

(267,268).  

 

1.5.3 Impairment of IFN-stimulated gene expression and function during HIV 

infection 

Although HIV can circumvent innate PRR sensing, elevated IFNa/b and 

immune activation during acute infection indicate that this process is not fully 

efficient (211,213). HIV must therefore employ additional strategies to block 

downstream IFN1 signalling and ISG induction, including antagonism of the IFN1 

signalling cascade itself, transcriptional and post-translational regulation of ISG 

expression, and functional inhibition of key antiviral ISG.  

 

1.5.3.1 Inhibition of the IFNa/b receptor and downstream signalling 

 Downregulation of subunit 1 of the IFNa/b receptor (IFNAR1) from the cell 

surface has been observed during HIV infection (269). Binding of IFNa/b to IFNAR1 

and subsequent heterodimerization with IFNAR2 is necessary for ISG induction, 

which is preceded by the phosphorylation of signal transducers and activators of 

transcription (STAT) 1 and 2, recruitment of IRF9, and assembly of IFN-stimulated 

gene factor 3 (ISGF3) (235-237). Cells on which IFNAR1 expression is reduced, 

such as monocytes and monocyte-derived dendritic cells (MDDC) isolated from 
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PLWHIV, therefore possess an IFN1-insensitive phenotype and do not upregulate 

ISG expression in response to exogenous IFNa/b stimulation (270).  

 Aside from this, negative regulation of the cellular IFN1 response has been 

observed within the downstream IFNAR1/2 signalling cascade. HIV Tat-dependent 

upregulation of suppressors of cytokine signalling (SOCS) 1 and 3 has been 

observed in HIV-infected CD4+ T cells and MDM (271,272), preventing STAT1/2 

phosphorylation and subsequent ISG induction (273).  

 

1.5.3.2 Transcriptional impairment of IFN-stimulated genes 

Transcriptional downregulation has been observed for several ISG during HIV 

infection. Apolipoprotein B mRNA editing enzyme, catalytic polypeptide-like 3 

(APOBEC3), for example, is subject to transcriptional downregulation in PBMCs 

isolated from HIV-infected individuals (274). Similarly, IFNa-induced expression of 

2’5’ oligoadenylate synthetase 1 (OAS1), IFN-stimulated gene 15 (ISG15), IFI44, 

and IFI44L was found to be impaired in HIV-infected MDM (275). While the 

mechanism of transcriptional inhibition was not explored in either study, others have 

proposed a role for HIV Tat or Vpu in mediating this process. The association of Tat 

with host transcriptional activators has been found to block promoter engagement 

and repress host gene expression (276,277), including that of major 

histocompatibility complex I (MHC I) (278,279). Additionally, the inhibition of NFkB 

activation by HIV Vpu has been found to inhibit the transcription of MHC I, bone 

marrow stromal cell antigen 2 (BST-2), and interferon-induced protein 44-like 

(IFI44L) in HIV-infected PBMC (280). 
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1.5.3.3 Functional inhibition of antiviral IFN-stimulated proteins 

Hundreds of antiviral ISGs have been identified and are induced in response 

to HIV. A small number have been investigated using primary cell models of HIV 

infection, revealing various mechanisms of functional inhibition that may contribute 

to viral evasion of the innate IFN1 response.  

Most commonly, ISG inhibition occurs following interaction with viral proteins. 

Polyubiquitination of APOBEC3 by HIV Vif, for example, has been observed in CD4+ 

T cells (281,282), MDM (283), and MDDC (284), resulting in proteosomal 

degradation (285-287). Similarly, HIV Vpu has been shown to facilitate virion release 

from infected PBMC by targeting BST-2 (a negative regulator of HIV budding and 

release) to the lysosomal compartment (256-258). Inhibition of BST-2 by Vpu may 

also facilitate the cell-to-cell transfer of HIV from MDM to autologous CD4+ T cells, 

allowing viral spread despite the upregulation of IFN1 signalling during acute HIV 

infection (288). Moreover, both HIV Vpu and Nef have been shown to redirect MHC I 

from the surface of HIV-infected CD4+ T cells (289), allowing these cells to evade 

cytolytic killing. Finally, HIV Tat facilitates the translation of viral proteins by binding 

to and blocking the autophosphorylation of the dsRNA-binding protein (290-292). 

Protein kinase R (PKR) activation and signalling are also inhibited during HIV 

infection, suggesting that the virus is well-suited to evade translational interference. 

In addition to the inhibitory function of HIV Tat, elevated levels of viral RNA can also 

prevent PKR dimerization, autophosphorylation, and activation of the alpha subunit 

of the eukaryotic translation initiation factor 2a (EIF2a) (293,294). Several cellular 

dsRNA-binding proteins have also been implicated in PKR inhibition during HIV 
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infection of primary CD4+ T cells or PBMC. Presently, adenosine deaminase acting 

on RNA 1 (ADAR1), TAR RNA binding protein (TRBP), and the PKR activator 

(PACT), have been shown to complex with PKR preventing it’s activation in 

response to viral RNA (295,296).  

Additional mechanisms of ISG evasion may result from cell-mediated post-

translational modification, as is the case for SAMHD1. Phosphorylation of this 

protein at Thr592 occurs in activated CD4+ T cells, MDM, and to a certain extent 

MDDC, and has been found to prevent SAMHD1-mediated HIV restriction in these 

cell types (297,298). Alternatively, genetic polymorphisms may allow HIV to evade 

restriction in vivo. While myxovirus resistance protein B (MxB) can bind to the HIV 

capsid and prevent viral uncoating following infection (299), naturally-occurring 

capsid variants have been shown to evade MxB restriction in HIV-infected MDM 

(300).  

 

1.6 Oncolytic viruses: a cancer therapeutic with HIV cure potential 

 Although impairment of the IFN1 response is commonly observed in the 

context of viral infection, it has also been noted in several other settings. For 

example, IFN1 signalling defects are characteristic of certain cancers and, as such, 

have been exploited as a therapeutic target in cancer research. This has 

subsequently led to the development of genetically engineered oncolytic viruses 

(OV) that selectively infect and kill IFN1-defective tumor cells (301). The history of 

the OV field, as well as the development of the IFN1-sensitive OV in this thesis, are 

discussed below.  
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1.6.1 A brief history of oncolytic virus research 

Reports of cancer regression following natural viral infection have been made 

since the beginning of the 20th century (302,303). The use of viruses as a novel 

therapeutic strategy was not the subject to clinical investigation until much later, 

when Moore et al. demonstrated notable tumor regression in mice infected with Far-

Eastern tick-borne encephalitis virus (304-306). As reviewed extensively by Kelly et 

al., the use of “cancer-killing,” oncolytic viruses subsequently gained momentum in 

the 1950s when several clinical trials began to study the effect of viral infection on 

both solid and non-solid tumors (307). These studies, which independently 

employed Hepatitis B virus (308), West Nile virus (referred to as “Egypt 101 virus”) 

(309), Adenovirus (310), or Mumps virus (311) did demonstrate notable 

tumor/disease regression in a subset of patients. This was at a cost, however, with 

numerous cases of encephalitis (309), tissue necrosis and hemorrhage (310), and 

even death (308) reported.  

The abandonment (albeit temporary) of OV for therapeutic use was not 

entirely due to these dissuading findings, however. Rather, it was due to the fallout 

from an ethically-questionable study published in 1957 (312,313). Under the 

direction of a prominent name in the field, Chester Southam, healthy volunteers (as 

well as cancer patients) were implanted with cancerous cell lines in an apparent 

attempt to investigate the efficacy of viral infection on reducing tumor size in vivo 

(314). Ethical ambiguity aside, subsequent clinical attempts to replicate results 

obtained in murine models were found to be ineffective or were marred by severe 

side-effects caused by virulence in immunocompromised patients (307). Thus, OV 
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research retreated from bedside to bench in an effort to ensure the safety of future 

study participants, as well as the efficacy of the intervention itself.  

It was not until the 1990’s that OV were revisited in the clinical setting. With 

the improvement of gene editing technology, viruses could now be manipulated in 

order to ensure patient safety (via attenuation), as well as increase specificity for 

malignant cells. An attenuated Herpes Simplex Virus (HSV1716) was the first OV to 

return to the clinical trial stage—proving to be both safe and effective against human 

malignant glioma in a 1995 proof-of-principle clinical trial (315,316). This was 

followed by the 2006 approval of the genetically modified adenovirus, H101, by the 

Chinese State Food and Drug Administration (SFDA) for the treatment of head and 

neck cancers (317,318), and the 2015 approval of the genetically engineered HSV-

1, T-VEC, by the US FDA for the treatment of melanoma (319). Present estimates 

by Lawler et al. indicated that there are approximately 40 ongoing clinical trials to 

assess the safety and efficacy of OV-based therapies (320). The field of OV 

research is therefore a growing one, with significant translational potential.  

 

1.6.2 Type I interferon defects in cancer 

In addition to mediating the innate antiviral response, IFN1 possess potent 

anti-proliferative and pro-apoptotic function (321,322). Impairment of the IFN1 

response in malignant cells therefore holds biological significance and is readily 

selected for in vivo, as it permits rapid cellular proliferation and survival (323). In 

cutaneous T cell lymphoma, melanoma, and primary leukemia, for example, STAT1 

expression is impaired, rendering these cells unresponsive to exogenous IFN1 

(324). Transitional cell carcinoma is similarly unresponsive to exogenous IFN1 due 
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to downregulation of IRF9 expression (325,326), whereas downregulation of the 

IFNa/b receptor sensitizes bladder cancer cells to oncolytic virus killing (327). 

Impaired expression of key transcription factors, such as IRF7 in fibrosarcoma and 

lung cancer cells due to promoter methylation (328,329), may also cause IFN1-

insensitivity. 

IFN1 signalling defects in cancer cells may occur as a result of genetic 

mutation, leading to the under-expression or altered function of key ISG. Early 

analysis of primary malignant cells from patients diagnosed with acute lymphoblastic 

leukemia revealed the presence of homozygous deletions within the ifna and ifnb1 

genes (330). Germline mutations of the antiviral and pro-apoptotic 2'-5'-

oligoadenylate(2-5A)-dependent RNase L have also been identified in prostate 

cancers, leading to reduced protein expression (331).  

The aforementioned defects are not an exhaustive list of all the IFN1 

response impairments that have been observed in the context of cancer to date. 

They do, however, demonstrate that dysregulation of the IFN1 response is a 

common feature of cancer that can be exploited for therapeutic purposes. 

 

1.6.3 The development of interferon-sensitive oncolytic rhabdoviruses  

 Several important considerations must be made when developing an OV for 

therapeutic purposes. First, the virus must not cause severe illness or disease in the 

patient. Second, pre-existing humoral immunity against the OV has the potential to 

substantially decrease therapeutic efficacy. Finally, as has been shown for 

Adenovirus-derived OV, intratumoral injection to avoid neutralization by the host 
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immune response (332), or immune suppression (333,334), may be required to 

maintain the oncolytic capabilities of the virus.  

To this point, two viruses of the Rhabdoviridae family, vesicular stomatitis 

virus (VSV) and Maraba virus, have recently been found to meet the above criteria, 

and therefore possess immense therapeutic potential. As a zoonotic virus, VSV 

infection is typically associated with outbreaks among livestock or laboratory-

acquired infection, and is otherwise rare (335,336). Similarly, Maraba virus is 

predominantly found in Brazilian phlembotomine sand flies (Lutzomyia spp.) and 

human seroconversion has only been recorded on one occasion (337). Potential 

recipients of a VSV- or Maraba-based oncolytic therapy are therefore unlikely to 

possess pre-existing immunity to either virus. Human VSV infection is also mild in 

nature and subject to rapid clinical recovery, supporting the safety profile of these 

viruses (335,336). Conversely, due to limited data surrounding Maraba virus 

infection in humans, the pathogenicity of this virus remains unknown. Finally, given 

that these viruses possess a ssRNA genome, they are limited to cytoplasmic 

replication and are unlikely to cause genotoxicity in vivo. 

The use of VSV as an oncolytic agent was first proposed by Stojdl et al. in an 

attempt to exploit the observed IFN1 defects in malignant cells for therapeutic 

purposes (338). As hypothesized, intratumoral injection of VSV resulted in notable 

tumor regression in mice bearing human melanoma xenografts (338), indicating the 

potential of VSV to act as a potent oncolytic agent in IFN-defective cancer cells. 

These findings were supported by those of Balachandran et al., who also 

demonstrated VSV-mediated cytolysis malignant cells in vivo (339). 
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VSV-inoculated mice rapidly succumbed to viral infection, however, 

suggesting that wild-type VSV was capable of off-target infection of healthy cells 

(338). It is known that wild-type VSV can block the cellular IFN1 response via its 

matrix (M) protein (340), which interacts with the nucleoporin Nup98 at the nuclear 

envelope to prevent cellular mRNA export (341,342). Consequently, mutation of the 

M protein increases the sensitivity of VSV to IFN1 (343,344). Additional investigation 

by Stojdl et al. therefore focused on enhancing the selectivity of VSV for IFN1 

defective tumors by utilizing VSV variants possessing M protein mutations (301). 

These studies lead to the identification of VSVD51—a VSV variant that, due to the 

deletion of methionine-51 from the VSV M protein, was attenuated within healthy 

tissue but remained infectious within IFN1-defective tumor cells (301,345). 

More recently, a recombinant Maraba virus possessing two amino acid 

substitution mutations within the glycoprotein (G) (Q242R) and M (L123W) proteins 

was identified (346). This virus, referred to as MG1, maintained a similar IFN1-

sensitive phenotype as VSVD51 but demonstrated enhanced oncolytic potential in 

vivo (346). MG1 has now progressed to Phase I/II clinical trials intended to assess 

patient safety as well as efficacy in patients diagnosed with non-small cell lung 

cancer (ClinicalTrials.gov Identifier: NCT02879760) or advanced/metastatic MAGE-

A3-expressing solid tumours (ClinicalTrials.gov Identifier: NCT02285816). 

Reassuringly, few side-effects have been observed following the administration of 

MG1 to healthy cynomolgous macaques (347).  
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1.7 Rational 

CD4+ T cells and macrophages form unique cellular reservoirs for HIV and 

must be selectively eradicated to achieve a complete HIV cure. Reliable cellular 

surface markers of latent and persistent infection have not been identified. Instead, 

intracellular markers unique to HIV-infected cells—such as type I IFN response 

defects—may serve as a target for eradication. As summarized in Figure 4, this 

project intends to use IFN-sensitive oncolytic viruses to eradicate HIV-infected cells, 

while leaving uninfected cells untouched. 
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Figure 4: Cells possessing type I IFN defects are selectively killed by oncolytic 
viruses. Oncolytic virus therapy has been shown to reduce tumor size in vivo (left) 
by selectively infecting and killing malignant cells. The replication of OV within 
malignant cells facilitates the spread of OV within cancerous tissues. Conversely, 
non-cancerous cells are capable of producing IFNα/β (orange circles) in response to 
OV infection, which prevents the spread of OV within healthy tissues. The 
preferential killing of HIV-infected CD4+ T cells by the OV, MG1, has also been 
demonstrated in vitro (right). It is hypothesized that, like non-cancerous tissues, the 
induction of a type I IFN response protects HIV-uninfected bystander cells from off-
target OV infection and killing.  
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1.8 Hypothesis 

 It is hypothesized that the type I IFN response is impaired within cells 

constituting the HIV reservoir, rendering these cells susceptible to oncolytic virus 

infection and killing.  

 

1.9 Project aims 

 The aims of this are as follows: 1. Further our understanding of intracellular 

signalling defects (particularly those relating to the type I IFN response) that arise 

within primary, human CD4+ T cells and monocyte-derived macrophages following 

HIV infection; 2. Investigate the ability of the IFN1-sensitive oncolytic viruses, MG1 

and VSVD51, to kill HIV-infected cells. Overall, this project will help to inform our 

current understanding of the HIV reservoir, while providing a framework for the 

implementation of oncolytic virus-based therapies for non-cancer-related clinical 

uses. The experimental objectives associated with each chapter are noted below. 

 

Chapter 3: Characterize type I IFN response defects using an in vitro, primary CD4+ 

T cell model of HIV latency. 

 

Chapter 4: Characterize type I IFN response defects using an in vitro, primary 

monocyte-derived macrophage model of HIV persistence. 

 

Chapter 5: Assess the ability of the oncolytic rhabdoviruses, MG1 and VSVD51, to 

target and eradicate HIV-infected monocyte-derived macrophages. 
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Chapter 6: Assess the ex vivo eradication of HIV-infected alveolar macrophages 

collected from HIV-infected individuals by the oncolytic rhabdovirus, MG1. 

 

Chapter 7: Modulate the ability of MG1 to infect and kill HIV-infected monocyte-

derived macrophages. 
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Chapter 2: Methodology 

2.1 Reagents  

2.1.1 Media  

Gibco® Roswell Park Memorial Institute 1640 medium (RPMI-1640) with and 

without phenol red indicator, Gibco® Dulbecco’s Modified Eagle’s medium (DMEM), 

and Gibco® PBS, pH 7.4 were purchased from Life Technologies (Carlsbad, CA). 

Reagents for supplementation of media included heat-inactivated fetal bovine serum 

(FBS), penicillin (100units(U)/mL) and streptomycin (100µg/mL) (PenStrep), and L-

glutamine (all from Life Technologies), and heat-inactivated human AB serum 

(Valley Biomedical, Winchester, Virginia). 

 

2.1.2 Cell Stimulation 

Universal type I interferon-a (IFNa) was purchased from PBL Assay Science 

(Piscataway, NJ). Low molecular weight polyinosinic-polycytidylic acid (LMW-

poly(I:C)), 5’ triphosphate double stranded RNA (5’ ppp-dsRNA), and 5’ppp-free 

dsRNA negative control were purchased from InvivoGen. Recombinant human 

Chemokine (C-C motif) ligand 19 (CCL19) was obtained from R&D Systems 

(Minneapolis, MN) and recombinant human M-CSF (carrier-free) was purchased 

from Biolegend (Cat # 574802). Raltegravir and Maraviroc (Cat #11580) were 

obtained from Santa Cruz Biotechnology (Dallas, TX) and the NIH AIDS Reagent 

Program, Division of AIDS, NIAID, NIH, respectively. Cell activation employed 

phytohaemagglutinin (PHA) (Sigma-Aldrich) and recombinant human Interleukin-2 

(IL-2) (Cell Sciences, Canton, MA).  
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2.1.3 Transfection 

Lipofectamine® 2000 Transfection Reagent was purchased from Invitrogen 

(Burlington, ON). Gibco™ Opti-MEM™ Reduced Serum Media was purchased from 

ThermoFisher Scientific. Cells were transfected with increasing concentrations of 

poly(I:C) or 5’ppp according to the manufacturer’s protocol. 

 

2.2 Ethics statement 

Experiments relying on the participation of healthy volunteers were approved 

by The Ottawa Health Science Network Research Ethics Board. Healthy volunteers 

provided written informed consent to partake in the study. The collection and 

laboratory use of alveolar macrophages from PLWHIV was approved by the 

Institutional Review Boards of the MUHC (#15-031), Université du Québec à 

Montréal (#602) and CHUM-Research Centre (#15-180). All study participants 

signed a written informed consent. 

 

2.3 Cell culture 

2.3.1 Cell Lines  

Vero (CCL-81TM) and HEK293T cells (CRL-3216TM) were obtained through 

American Type Culture Collection (ATCC, Manassas, VA). ACH-2 cells were 

obtained through the NIH AIDS Reagent Program, Division of AIDS, NIAID, NIH 

from Dr. Thomas Folks (348,349). Vero and 293T cells were cultured in DMEM with 

10% FCS and PenStrep in T75 cell culture flasks (FalconTM, Fisher Scientific), and 

routinely split every 2-3 days to maintain the cell monolayer. Upon reaching 80-85% 
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confluency, cells were detached using TrypLE (GibcoTM, ThermoFisher Scientific) 

and re-seeded at a concentration of 0.1-0.2x106 cells/ml, in a total volume of 10ml 

per T75 flask. ACH-2 cells were cultured in RPMI-1640 medium, supplemented with 

10% FCS, PenStrep, and L-Glutamine (2mM), in T75 flasks. Cells were maintained 

at 0.2x105 to 1x106cells/ml by passaging every 2-3 days  

  

2.3.2 Isolation of peripheral blood mononuclear cells  

Peripheral blood was drawn from healthy donors in sterile 60ml syringes, 

containing 100U/ml filter-sterilized Heparine Sodium (LEO Pharma Inc., Thornhill, 

ON). Following collection, 30ml of whole blood was layered over 15ml of 

LymphoprepTM density gradient medium (Stemcell Technologies, Vancouver, BC) 

and centrifuged at 470 x g for 30 minutes (Megafuge 1.0, Heraeus Instruments, 

Germany) without braking. Buffy coats from individual donors were then collected 

into 50ml falcon tubes containing 10ml of room-temperature Gibco® 1x Hank’s 

Balanced Salt Solution (HBSS) (Life Technologies) and cells were pelleted by 

centrifugation (300 x g for 20min). Cell pellets from individual donors were then 

pooled in one 50ml Falcon Tube, and cells were washed twice more with HBSS (470 

x g for 10min). Following the final wash, peripheral blood mononuclear cells (PBMC) 

were counted by trypan blue exclusion and resuspended at a concentration 

appropriate for intended isolation protocol, as outlined below.  

 

2.3.3 Isolation of resting CD4+ T cells 

Prior to separation, PMBC were resuspended at 5x107 cells/ml in the 

manufacturer’s recommended sorting buffer (phosphate buffered saline (PBS), 0.5% 
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FBS, and 2mM ethylenediaminetetraacetic acid (EDTA, pH 8; Sigma Aldrich). 

Resting CD4+ T cells were then isolated from PBMC by negative selection using the 

EasySepTM Human CD4+ T cell Enrichment Kit (StemCell Technologies, Vancouver, 

BC), in accordance with the manufacturer’s protocol. The negative fraction was then 

counted, and resuspended in sorting buffer at 1x108 cells/ml for the negative 

selection of resting CD4+ T cells using the EasySepTM Human “Do-It-Yourself” Kit 

(StemCell Technologies). Selection used the following antibodies: mouse IgG1 

monoclonal anti-CD69 (clone FN50; BD Pharmingen, San Jose, CA) and anti-HLA-

DR (Clone L203; R&D Systems). After sorting, cells were counted, resuspended at 

2x106 cells/ml in RPMI-1640 medium supplemented with 10% FBS, PenStrep, and 

L-glutamine (2mM) (RP10 medium) and incubated overnight at 37°C with 5% CO2. 

Purity was routinely assessed by flow cytometry immediately post-sort using 

antibodies against CD4 (clone SK3; BioLegend, San Diego, CA), CD69 (clone 

298614; R&D Systems), and HLA-DR (clone L243; BioLegend). The staining 

protocol for assessing CD4+ T cell purity is described in section 2.7.1.  

 

2.3.4 Isolation of CD8+ T cells 

PBMC were resuspended at 1x108 cells/ml in sorting buffer, and CD8+ T cells 

were isolated in accordance with the manufacturers protocol using the EasySep™ 

Human CD8 Positive Selection Kit (StemCell Technologies). After sorting, the 

negative fraction, containing CD8-depleted PBMC, was resuspended at 2x106 

cells/ml in RP10 media.  
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2.3.5 in vitro generation of monocyte-derived macrophages  

Monocytes were first separated from healthy donor PBMC by plate 

adherence. Following isolation, PBMC were resuspended at 6.25x106/ml in warm, 

serum-free RMPI-1640 with PenStrep. 1.25x108 PBMC were then plated in 150cm2 

polystyrene tissue culture dishes (Sarstedt, Nümbrecht, Germany), and left to 

adhere for 2 hours at 37°C. Plates were washed 3 times with endotoxin-free PBS 

(pH 7.4, GibcoTM) to remove non-adherent lymphocytes, and 20ml of of warmed 

RPMI-1640, supplemented with PenStrep and 10% heat-inactivated human AB 

serum (Mf media), and M-CSF (25u/ml) was added to the plate. Adherent cells were 

incubated at 37°C with 5% CO2 for 7 days. At 3 days post-plating, cells were washed 

twice with warmed endotoxin-free PBS, and 20ml of Mf media was added to the 

plate. On day 8, adherent MDM were washed twice with endotoxin-free PBS, 

detached using accutase (Millipore-Sigma) and gentle scraping with a Sarstedt cell 

scraper, and counted by trypan blue exclusion. MDM were then pelleted by 

centrifugation (300 x g for 10min), resuspended at 2.5x105 cells/ml in Mf media, and 

plated in the appropriate well or dish for further experiments.  

 

2.3.6 Collection of alveolar macrophages from bronchoalveolar lavage fluid 

Alveolar macrophages (AM) were isolated from bronchoalveolar lavage (BAL) 

fluid by plate adherence, as described by Costiniuk et al. (350). Briefly, participants 

recruited at the McGill University Health Centre (MUHC, Montreal, Canada) were 

cART-treated PLWHIV, with suppressed plasma viral load for ≥3 years and without 

respiratory symptoms or active infections. A total of 50-100ml of BAL fluid was 
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collected during bronchoscopies. BAL cells were pelleted and washed at 180 x g for 

10min, then counted by Trypan Blue exclusion. Cells were resuspended in serum-

free RPMI 1640 at 5x105 cells/ml and plated in 24 well plates at 2.5x105 cells/well for 

2hrs at 37°C. Non-adherent cells were removed by rinsing wells with endotoxin-free 

PBS, and adherent AM were covered with 500µl of Mf media. AM were detached at 

37°C for 30min using CellStripper Dissociation Reagent (CorningTM, Fisher 

Scientific), followed by gentle pipetting. 

 

2.3.7 Synthetic RNA Transfection 

CD4+ T cells were transfected with 0.5, 1, and 5µg/ml of LMW-poly(I:C) using 

Lipofectamine® 2000 Transfection Reagent, according to the manufacturer’s 

protocol. MDM were transfected with 1µg/ml 5’ppp-dsRNA or the 5’triphosphate-free 

dsRNA negative control using Lipofectamine® 2000 Transfection Reagent, 

according to the manufacturer’s protocol. For CD4+ T cells, culture volume was 

maintained at 1ml using RP10 media plus 10µM Raltegravir and 30U/ml IL-2. For 

MDM cultures, well volume was maintained at 1ml using Mf media for the duration 

of the transfection.  

 
2.3.8 IFNa stimulation  

CD4+ T cells or MDM were stimulated with increasing doses of IFNa at 3 and 

6 days post-HIV infection, respectively. For CD4+ T cell cultures, cells were 

resuspended at 2x106 cells/ml in 500µM RP10 media plus 10µM Raltegravir and 

30U/ml IL-2 prior to IFNa stimulation. IFNa was serially diluted in RP10 media and 
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added directly to wells. The cell suspension was mixed thoroughly by pipetting to 

ensure an equal distribution of IFNa within the well. For MDM cultures, adherent 

cells were rinsed with 0.5ml of endotoxin-free PBS, after which total well volume was 

increased to 1ml using Mf media. IFNa was serially diluted in Mf media and added 

directly to the wells. Culture media was mixed by tilting the plate, ensuring an equal 

distribution of IFNa within the well. Both CD4+ T cells and MDM were incubated at 

37°C for 16 hours prior to mRNA isolation or 24 hours prior to flow cytometry 

analysis. 

 

2.4 Production of virus stocks 

2.4.1 HIV Amplification 

The HIV NL4.3 plasmid (351) encoding the CXCR4-tropic (X4-tropic) virus 

was obtained from Dr. Malcolm Martin through the NIH AIDS Reagent Program, 

Division of AIDS, NIAID, NIH. The HIV NL4.3 BAL-IRES-HSA plasmid, encoding the 

CCR5-tropic (R5-tropic) virus, was obtained from Dr. Michel J. Tremblay at 

Université Laval. Both viruses were amplified on HEK293T cells, as follows. Cells 

were seeded at 2x106 cells/T75 flask and transfected with 20µg of purified plasmid 

using LipofectamineTM 2000 and OptiMEMTM I Reduced Serum media, according to 

the manufacturer’s protocol. Mock-infected stocks were made in parallel; instead of 

plasmid, an equivalent volume of PBS was added to the 

LipofectamineTM/OptiMEMTM mixture prior to transfection. Transfected cells were 

incubated at 37°C for 48 hours, after which culture media was collected, centrifuged 

(460 x g, for 10min), and filtered sequentially through 0.45µm and 0.22µm 
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polyvinylidene fluoride (PVDF) filters (UltiDent Scientific, St. Laurent, QC). Virus 

stocks were aliquoted and stored at -80 °C. HIV p24 antigen concentration was 

measured after one freeze/thaw cycle using the HIV-1 p24 Antigen Capture Kit 

(Frederick National Laboratory for Cancer Research, Frederick, MD; NIH AIDS 

Reagent Program), as per manufacturer protocol. 

HEK293T-amplified HIV NL4.3 virus was subsequently propagated on CD8-

depleted PMBCs. PBMC were first collected from peripheral blood of HIV-uninfected 

donors, after which CD8+ cells were removed via positive selection (described in 

detail in section 2.3.4). CD8-depleted PBMC were then resuspended at 2x106 

cells/ml in RP10 media, and cultured for 3 days in the presence of PHA (5μg/mL) 

and IL- 2 (30U/mL). On day 3 of stimulation, 20x106 CD8-depleted PBMC blasts 

were centrifuged and resuspended in 1ml of RP10 medium (mock infection) or HIV 

NL4.3 virus stock. Cells were incubated in this volume for 2 hours at 37°C, after 

which the cell concentration was brought to 2x106 cells/ml using RP10 media. On 

days 4, 7, and 11 post-infection, 20x106 fresh, activated CD8-depleted PBMC were 

added as “feeder” cells at a concentration of 2x106 cells/mL in RP10 medium with 

IL-2 (30U/mL). After 14 days of virus amplification, stocks were harvested as 

described above.  

 

2.4.2 Oncolytic Virus Amplification 

The GFP-expressing recombinant oncolytic viruses, VSVD51 and MG1, were 

obtained from Drs. John Bell and David Stojdl and propagated on Vero cells, as 

previously described (301,346). Briefly, 2x106 Vero cells were seeded in T75 tissue 
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culture flasks and grown to confluence at 37°C. Cells were then infected at MOI 0.01 

with VSVD51 or MG1 in 1ml of serum-free DMEM (with PenStrep) at 37°C for 1hr; 

mock stocks were created using an equivalent volume of PBS as virus stock. 

Subsequently, the culture volume was increased to 10ml with DMEM containing 

PenStrep and 2% FBS, and cells were incubated at 37°C for 24 hours. To harvest 

the virus, culture supernatants were collected, clarified by centrifugation (300 x g for 

10 minutes) and filtered through a 0.2μm pore Nalgene filter (Nalgene Nunc, 

Rochester, NY). Filtered supernatants were then centrifuged at 30000 x g (Optima 

L-100 XP, Beckman Coulter, Brea, CA) for 1.5 hours at 4°C, after which the viral 

pellet was resuspended in PBS, aliquoted, and stored at -80°C.  

 

2.4.3 VSVD51 and MG1 titration by standard plaque assay 

The titre of VSVD51 and MG1 stocks was determined by standard plaque 

assay on Vero cells with 1% Agarose in DMEM supplemented with PenStrep and 

10% FBS (338,352). Mock, VSVD51, and MG1 stocks were titred in duplicate by 10-

fold serial dilution, starting at a dilution factor of 1x107 and ending at a dilution factor 

of 0.5x109. At 24 hours post-infection, plaques were visualized by crystal violet 

staining.  

 

2.4.4 Ultraviolet inactivation of VSVD51 and MG1 

Ultraviolet-inactivation of oncolytic virus stocks was performed as previously 

described (353,354). Briefly, virus stocks were diluted to a concentration of 1x109 

PFU/mL using endotoxin-free PBS and were UV irradiated at 120mJ/cm2 for 2 
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minutes using the Spectrolinker XL-1000 UV crosslinker (Spectronics, Westbury, 

NY). Virus inactivation was confirmed on Vero cells by flow cytometry at 72 hours 

post-infection.  

 

2.5 In vitro HIV infection  

2.5.1 In vitro model of latency in resting CD4+ T cells 

HIV latency was established as previously described (122,355). Briefly, 

resting CD4+ T cells were pelleted (470 x g, 5min), resuspended in RP10 media with 

100nM CCL19 at 4x106 cells/ml, and incubated at 37°C for 2hr. Next, CD4+ T cells 

were pelleted (470 x g, 5min) and resuspended in RP10 media at 1x107 in 

preparation for HIV NL4.3 infection. CD4+ T cells were infected by spinoculation 

(1200xg for 2 hours) at a ratio of 100ng of p24 per 1x106 cells. Following 

spinoculation, cells were washed 3 times with PBS and resuspended at 2x106 

cells/ml in RP10 media with 25nM CCL19 and 30U/ml IL-2. To allow for sufficient 

integration of the HIV provirus, CD4+ T cells were incubated at 37°C with 5% CO2 for 

3 days. Infection was confirmed by qPCR (356), as well as p24 ELISA following 

reactivation.  

 

2.5.2 Confirmation of HIV latency through viral reactivation 

To confirm the establishment of HIV latency, in vitro infected CD4+ T cells 

were plated in RP10 media at 1x106 cells/ml and either reactivated with 5µg/ml PHA 

and 30U/ml IL-2, in the presence of 10µM Raltegravir, or left unstimulated (30U/ml 

IL-2; 10µM Raltegravir, without PHA). CD4+ T cells were then plated in triplicate in a 



 
 

 57 

96 well plate (2x105 cells/well), and well contents were collected at 2, 4, and 6 days 

following reactivation. Cells and supernatants were lysed with TritonX (1% final 

concentration) at 37°C for 1 hour, after which p24 was quantified by ELISA (Section 

2.4.2).  

 

2.5.3 HIV infection of MDM 

Prior to HIV infection, MDM were washed once with endotoxin-free PBS. HIV 

NL4.3 BAL-IRES-HSA was added to cells at a ratio of 100ng of p24 per 1x106 MDM, 

and Mf media was added at a volume sufficient to completely cover the cell 

monolayer. Following an overnight incubation at 37°C with 5% CO2, the total volume 

of the well or dish was doubled using Mf media. Cells were then incubated for 6 

days at 37°C with 5% CO2, with a 1/2 media change performed at 3dpi. At 6dpi, HIV 

infection was confirmed by qPCR (356), p24 ELISA, and surface expression of the 

HIV-encoded murine heat stable antigen (HSA) by flow cytometry (357).  

 

2.5.4 Enrichment of HSA+ MDM 

HSA-expressing MDM were isolated by positive selection using Miltenyi LS 

columns in combination with the MidiMACSTM magnet (purchased from Miltenyi 

Biotech). The HSA sorting protocol was previously optimized by the Lab of Dr. 

Michel Tremblay, as described (357,358). Briefly, HIV NL4.3 BAL-IRES-HSA 

infected MDM were detached with PBS-5mM EDTA plus 1% BSA (MBS buffer) for 1 

hour at 4°C on ice, followed by gentle scraping. Cells were then counted by Trypan 

Blue exclusion and washed with MBS buffer (300 x g for 5min). MDM were 
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resuspended in 500µl of cold MBS buffer supplemented with 10% human AB serum 

and 20% FCS (blocking buffer) to block surface Fc receptors, and incubated at 4°C 

for 20min. Next, the biotin-conjugated, anti-HSA antibody (eBioscience; clone: 

M1/69) was added to the cell suspension at 3µg/ml final concentration, and cells 

were incubated at 4°C for an additional 15min. MDM were then washed twice with 

MBS buffer (400 x g for 5min) and re-suspended in 500µl blocking buffer. Anti-biotin 

microbeads (Miltenyi Biotech) were added at a volume of 10µl for every 100µl of cell 

suspension and cells plus microbeads were then incubated at 4°C for 15min. Cells 

were washed once with MBS buffer and resuspended in a total volume of 1ml for 

sorting.  

Immediately prior to sorting, cells were washed once and filtered through 

40µM cell strainers (Falcon®, Corning). Bulk cells were passed once through a 

Miltenyi MS column (as per the manufacturer’s protocol); the positive fraction was 

passed through a second column to increase the enrichment of HSA+ cells. Purity of 

the HSA+ and HSA- fractions were assessed by flow cytometry, as described in 

section 2.7.1. 

 

2.6 Oncolytic virus infection  

2.6.1 in vitro infection 

MDM and alveolar macrophages were left uninfected, infected with UV-

inactivated MG1 at MOI 10 (calculated based on PFU/ml of infectious stock), or 

infected with MG1 at 10-fold serial dilutions (MOI 0.1-10) in Mf media with 10µM 

Maraviroc. HIV-infected MDM cultures were infected with VSVD51 in a similar 
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manner. For cells plated in 12 well plates, infections were performed in an initial 

volume of 0.5ml (volumes were scaled accordingly for larger or smaller well sizes). 

Following incubation for 2 hours at 37°C, the total well volume was brought up to 

1ml using supplemented RMPI 1640. For infections performed in smaller wells, total 

volumes were scaled down accordingly. At 48hpi, MDM and alveolar macrophages 

were detached with accutase or CellStripper, respectively, pelleted, and stored at -

80°C for quantification of HIV DNA. MG1 infection, frequency of HSA expressing 

cells, and cell viability were assessed in monocyte-derived macrophage cultures by 

flow cytometry or MTT assay. In some experiments, MG1 infection was allowed to 

proceed over 6 days, with cell-free supernatants collected every second day for 

quantification of HIV p24 antigen release by ELISA. 

 

2.6.2 Supernatant transfer  

For supernatant transfer experiments, HIV-uninfected MDM were left 

uninfected, infected with UV-inactivated OV at MOI 10, or infected with OV MOI 10. 

In parallel, MDM from the same donor (cultured in 12 well plates) were infected with 

HIV NL4.3 BAL-IRES-HSA, as described above. At 48hpi, supernatants from OV-

infected cells were collected, filtered with Amicon Ultra centrifugal filter units (MWCO 

100 kDa) purchased from Millipore Sigma, and stored at -80°C. Removal of 

infectious OV particles was confirmed on Vero cells by flow cytometry. At 7 days 

post-HIV infection, filtered supernatants were thawed and added to HIV-infected 

MDM cultures (1 ml total volume). HIV-infected MDM were infected with OV in 

parallel (as described in section 2.6.1), to serve as a positive experimental control. 
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In both cases, Maraviroc was added to a final concentration of 10µM. Both sets of 

cells were then incubated at 37°C for 2 hours, after which the total well volume was 

brought up to 2ml using Mf media with 10µM Maraviroc. Cells were incubated for an 

additional 6 days, and cell-free supernatants were collected on days 0, 2, 4, and 6 

for quantification of HIV-1 p24 antigen release by ELISA. MDM were pelleted at 6dpi 

and stored at -80°C for quantification of proviral DNA. 

 

2.7 Flow cytometry 

All flow cytometric analysis was performed using the FC500 Beckman Coulter 

Flow Cytometer (Beckman Coulter) and FCS Express Research Edition 4.0 (De 

Novo Software, Los Angeles, CA). Prior to staining, MDM were detached using 

accutase (60min incubation at 37°C) and gentle pipetting. For the assessment of 

surface and intracellular markers, detached MDM and CD4+ T cells were aliquoted 

into polypropylene tubes (1x105 cells/tube) and washed with PBS 1% BSA (460 x g 

for 5min). All antibodies used in the below experiments are listed in Table 1. All 

antibodies were titered prior to use in order to identify the optimal volume per test. 
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Table 1: Antibodies used for flow cytometry 

 
Abbreviations: APC: Allophycocyanin; CD: cluster of differentiation; Cy5: Cyanine5; Cy7: Cyanine7; 
HLA: human leukocyte antigen; IFNAR: IFNα/β receptor; ISG: interferon stimulated gene; LDLR: low 
density lipoprotein receptor. PE: Phycoerythrin; PKR: protein kinase R. 
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2.7.1 Surface markers  

To evaluate the HSA expression on HIV-infected MDM, 1x105 cells were 

washed with PBS 1% BSA (460 x g for 5min), and re-suspended in 100µl of cold 

blocking buffer. Cells were incubated at 4°C for 20min, after which the anti-HSA 

antibody (clone M1/69; BioLegend) or HSA isotype control antibody (Rat IgG2b κ 

Isotype clone RTK4530; BioLegend) was added at 3µg/ml. Cells were mixed by 

vortexing, and incubated at 4°C for 15min. Following staining, cells were washed 

twice and prepared for further staining for either surface or intracellular protein 

targets, or sorting (as described in section 2.5.4). If no further staining was 

necessary, cells were fixed in 400µl of pre-warmed 1% paraformaldehyde (PFA; 

Millipore-Sigma) for 15min at room temperature prior to analysis. 

For analysis of surface markers, including the IFNa/b receptor subunit 1 

(R&D Systems, clone # 85228), the IFNa/b receptor subunit 2 (Miltenyi, clone 

REA124), the LDL receptor (LDLR) (R&D Systems, clone # 472413), and MHC I 

(eBioscience, clone # W6 is/32), 1x105 cells were first resuspended in 100ul of PBS 

1% BSA with 10µl of FcR blocking reagent (Miltenyi Biotec) and incubated at 4°C for 

15min. Cells were then washed once and resuspended in 100µl PBS 1% BSA. 10µl 

of the antibody of interest was added, and the cell suspension was incubated at 4°C 

for 30min. Prior to analysis, cells were washed once with 1ml of PBS 1% BSA, then 

fixed in 1% PFA.  

Resting CD4+ T cell purity was assessed post-sort using antibodies directed 

against CD4 (clone SK3; BioLegend), CD69 (clone 298614; R&D Systems), and 

HLA-DR (clone L243; BioLegend). Briefly, cells were pelleted in polypropylene tubes 
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and resuspended in 100µl PBS 1%BSA. Cells were then stained with the PE/Cy7-

conjugated anti-CD4 (5µl), the PE-conjugated anti-CD69 (1µl), and the APC-

conjugated anti-HLA-DR (5µl) for 30min at room temperature, protected from light. 

Prior to analysis, cells were washed with 1ml of PBS 1% BSA, then fixed in 1% PFA.  

Annexin-V staining was performed using the eBioscienceTM PE/Cy7 Annexin-

V Detection Kit (ThermoFisher Scientific), according to the manufacturer’s protocol. 

Cells were stained with 5µl of Annexin-V for 15min at 4°C, washed twice with 1x 

Annexin-V binding buffer (ThermoFisher Scientific) then fixed using 1% PFA, as 

described above. 

 

2.7.2 Intracellular markers 

For the analysis of intracellular PKR or ISG15 expression, 1x105 cells were 

fixed in 100µl of pre-warmed 4% PFA for 15min, then washed to remove residual 

PFA. Intracellular ISG15 expression was evaluated by staining cells with 5μl of the 

Alexa Fluor®488-conjugated anti-human ISG15 (R&D Systems, Clone # 851701) or 

5μl of the isotype-matched control antibody (R&D Systems, Clone # 54447) in 100μl 

of 0.5% Saponin with 10% NGS for 30 minutes at 4°C. Cells were then washed and 

resuspended in 400µl of PBS 1% BSA for analysis. In parallel, intracellular PKR 

expression was evaluated by adding 1μl unconjugated mouse anti-human PKR 

antibody (Abcam, clone 6H3A10) to cells in 100μl of 0.5% Saponin for 30 minutes at 

4°C. Cells were then washed and stained with 4μl of the APC-conjugated goat anti-

mouse IgG (Abcam) or 2μl isotype-matched control antibody (1mg/ml; Abcam, clone 
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1F8) in 100μl of 0.5% Saponin for 30 minutes at 4°C. Cells were washed three times 

and resuspended in 400ul of PBS 1% BSA for analysis.  

Caspase 3/7 activation was assessed using the FLICA™ 660 Caspase-3/7 

Kit (BioRad), according to the manufacturer’s protocol. Briefly, cells were detached 

using accutase, pelleted, and 1x105 cells per condition were resuspended in 200ul of 

RMPI 1640 with 10% human AB serum. FLICATM 660 working solution was added to 

a final dilution of 1:60 and cells were incubated at in the dark at 37°C for 60min, with 

gentle vortexing every 15min. Following incubation, cells were washed twice with 1x 

apoptosis buffer (BioRad), then fixed, as described above.  

 

2.8 Colourimetric assays 

2.8.1 MTT assay 

Cell viability following MG1 infection was assessed by Vybrant® MTT Cell 

Proliferation Assay kit (Invitrogen). The MTT ((3-(4,5-dimethylthiazol-2-yl)-2,5-

diphenyltetrazolium bromide)) stock solution was prepared at a final concentration of 

12mM, as per the manufacturer’s instructions. At 2 days post-MG1 infection, MDM 

plated in 12 well plates were rinsed with PBS, and 450µl of MTT diluted 1:15 with 

RPMI without phenol red indicator and supplemented with PenStrep and 10% FCS 

was added. Cells were incubated for 2 hours at 37°C, at which point the MTT 

reaction was stopped and viral particles were lysed using a 10% sodium dodecyl 

sulfate (SDS; Fisher Scientific) solution containing 0.01M HCl (Fisher Scientific). 

Following lysis, plates were incubated for an additional hour at 37°C. Prior to 

reading, samples were mixed well by pipetting, and 100µl was aliquoted in 
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quadruplicate into a 96 well plate. Absorbance was read at 570nm using the 

Multiskan Ascent 96 Plate Reader (MTX Lab Systems Inc., Bradenton, FL). 

 

2.9 ELISA 

2.9.1 p24 ELISA 

HIV p24 antigen concentration was measured by ELISA after one freeze/thaw 

cycle. Cell-free supernatants were lysed for 1 hour at 37°C with 1% Triton-X and 

p24 antigen expression was quantified by HIV-1 p24 Antigen Capture Kit (Frederick 

National Laboratory for Cancer Research, Frederick, MD; NIH AIDS Reagent 

Program) following the manufacturer’s protocol. Absorbance was read at 450nm 

wavelength with a reference wavelength of 540nm using the Multiskan Ascent 96 

Plate Reader. 

  

2.9.2 IFNa ELISA  

HIV infected and uninfected MDM were transfected with 5’ppp-dsRNA, as 

described in section 2.3.7. At 24 hours post-transfection, cell culture media was 

collected and total IFNa was measured using the VeriKine human IFNa ELISA kit 

(PBL Assay Science, Piscataway, NJ) as per the manufacturer’s instructions. 

Absorbance was read at 450nm wavelength with a reference wavelength of 540nm 

using the Multiskan Ascent 96 Plate Reader.  
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2.10 Molecular biology  

Primers and probes used in the below experiments are listed in Table 2. This 

excludes the BioRad PrimePCRTM reagents, as this information is proprietary. 

 

2.10.1 RNA and DNA Extraction  

Cell associated-RNA was extracted using the Illustra RNAspin mini kit (GE 

Healthcare Life Sciences, Mississauga, ON) as per the manufacturer’s instructions. 

RNA integrity was monitored by agarose gel electrophoresis and concentrations 

were measured using ND-1000 Spectrophotometer (NanoDrop, Wilmington, DE). 

Genomic DNA extraction for the quantification of HIV proviral DNA was performed 

via overnight cell lysis, as described by Vandergeeten et al. (356). Briefly, cell pellets 

were first washed twice with PBS, then resuspended thoroughly in lysis buffer 

(10mM Tris-HCl, pH 8.0, 50nM KCl, 400ug/mL Proteinase K; Invitrogen) at a 

concentration of 7500 cells/µl. Tubes were incubated for 16 hours at 55oC in a 

heating shaker; gentle vortexing was performed every 15min for the first hour of 

incubation to ensure thorough lysis. If not used immediately, cell pellets were stored 

at -80oC. All samples were divided into single-use aliquots and stored at -80oC until 

further use.  

 

2.10.2 Integrated HIV DNA PCR  

Two-step nested PCR targeting CD3 and integrated HIV DNA was performed 

with previously described primer-probe sets (356). In the initial pre-amplification step 

(Step 1), proviral HIV DNA and CD3 were amplified in triplicate in a 25µl reaction 
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mix containing 7.5µl of cell lysate, 12.5µl of iQTM Supermix (BioRad), 0.75µl of the 

HCD3OUT3’, HCD3OUT5’, ALU1, and ALU2 primers (300nM each), 0.375µl of the 

ULF1 primer (150nM), and 1.625µl DNase-free/RNase-free H2O (Sigma-Aldrich). A 

10-fold dilution standard curve using ACH-2 cell lysates (ranging from 300,000 cells 

to 3 cells) was run in parallel to allow for quantification of proviral copy number. To 

maintain amplification in an exponential phase, 12-cycle first-round amplification was 

carried out as described (356) using a T100TM Thermal Cycler (BioRad).  

Step 1 PCR products were then prepared for Step 2. In experiments involving 

in vitro HIV-infected MDM, this second amplification was run by qPCR. Step 1 PCR 

products were first diluted 1:10 using DNase-free/RNase-free water (Sigma-Aldrich). 

Next, proviral HIV DNA and CD3 were amplified separately in a 20µl reaction mix 

containing 6.4µl of the diluted Step 1 PCR products, 10µl of SsoAdvancedTM 

Universal Probes Supermix (BioRad), 3.6µl DNase-free/RNase-free H2O, and either: 

0.25µl of HCD3IN5’ and HCD3IN3’ (1250nM each) and 0.5µl of CD3 FamZen Probe 

(200nM) for the CD3 reaction; or, 0.25µl of LambdaT and UR2 (1250nM each) and 

UHIV FamZen Probe (200nM) for the HIV DNA reaction. The RT-qPCR reaction was 

then carried out using the CFX ConnectTM Real-Time PCR Detection System 

(BioRad) using the following amplification steps for all reactions: a denaturation step 

(95oC for 4 minutes), followed by 40 cycles of amplification (95oC for 3s, 60oC for 

10s). The inclusion of an ACH-2 standard curve permitted quantification of proviral 

HIV DNA using CFX Manager 3.1 software (BioRad) and Microsoft Excel.  

In experiments using AM, the second amplification step was performed using 

digital droplet PCR (ddPCRTM), as described in (354). Briefly, Step 1 PCR products 
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were diluted 1:10 (for the measurement of proviral HIV DNA) or 1:1000 (for the 

measurement of CD3 DNA). Second step reactions were prepared as stated above, 

except that ddPCRTM Supermix for Probes (No dUTP) (BioRad) was used instead of 

SsoAdvancedTM Universal Probes Supermix. Using the manufacturer’s protocol, the 

QX200 Droplet Generator (BioRad) was used to aerosolize the reaction mix. Oil 

droplets were then transferred to a 96-well PCR plate (Eppendorf) and the Step 2 

PCR reaction was performed using the C1000 Touch Thermal Cycler (BioRad), as 

follows: denaturation (95oC for 10min); 50 cycles of amplification (95oC for 30s, 57oC 

for 1min); droplet stabilization (4oC for 5min and 90oC for 5min). Absolute 

quantification of proviral HIV DNA and CD3 DNA was performed using the QX200 

Droplet Reader (BioRad) and QuantaSoftTM software, version 1.7 (BioRad).  

 

2.10.3 IFN-stimulated gene induction  

RNA was converted to cDNA using iScript™ Reverse Transcription Supermix 

for RT-qPCR (BioRad) and the T100TM Thermal Cycler (BioRad). ISG15, PKR, HLA-

B, and GAPDH cDNA was then detected using BioRad’s PrimePCR™ SYBR® 

Green Assay (ISG15 assay ID: qHsaCED0001967; PKR assay ID: 

qHsaCED0042156; HLA-B assay ID: qHsaCED0037470; GAPDH assay ID: 

qHsaCED0038674), using the CFX ConnectTM Real-Time PCR Detection System 

(BioRad). All PrimePCR regents (efficiency and melt peak) were validated using 

pooled cDNA from IFNa stimulated, human MDM, serially diluted 1:10. Amplicon 

purity was confirmed using a 10% agarose gel. If not used immediately, RNA and 

cDNA were stored at -80°C in single-use aliquots.  
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Table 2: Primers and probes used for PCR 

 
 

Abbreviations: FAM: 6-carboxyfluorescein group reporter; Q: 6-carboxytetramethylrhodamine group 
quencher; ZEN: ZEN™ internal quencher; 3IABkFQ: 3’-Iowa Black® FQ 
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2.11 Artwork 

Figures 1, 2, 4, 41, and 42 were created using Smart Servier Medical Art 

image sets (available from https://smart.servier.com/). Servier Medical Art by Servier 

is licensed under a Creative Commons Attribution 3.0 Unported License. 

 
2.12 Statistics  

Statistics were performed using GraphPad Prism 5.0 software (San Diego, 

CA), and P values ≤0.05 were considered significant. As determined a priori, 

statistical analyses used included paired t-test, 2way ANOVA with Bonferroni’s 

multiple comparison test, or 1way ANOVA with Bonferroni’s multiple comparison 

test. 
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Chapter 3: Type I IFN signalling in an in vitro, primary CD4+ T cell model of HIV 

latency  

3.1 Introduction 

3.1.1 Rational 

The establishment of latent HIV infection in resting memory CD4+ T cells—a 

process in which viral cDNA is integrated into the genome of the infected cell without 

subsequent production of infectious viral progeny—is a significant barrier impeding 

current HIV cure strategies (359). Understanding how this latent reservoir is 

maintained, as well as identifying specific markers or characteristics unique to these 

cells, is necessary for the development of novel reservoir-clearance strategies. Still, 

our knowledge of these processes is inadequate and is often based off of similar 

processes occurring within productively HIV-infected cells.  

For example, HIV is known to interfere with the activity of various antiviral 

proteins, leading to the impairment of the IFN1 response during productive infection 

(reviewed in (360)). Similar defects have been reported in latently HIV-infected cell 

line models (215), but have not yet been described in vitro using primary cells. The 

work within this chapter was therefore intended to characterize IFN1 defects within 

an in vitro, primary CD4+ T cell model of HIV latency. The objective of these 

experiments was to identify a unique intracellular characteristic that could be used to 

distinguish latently infected cells from their uninfected counterparts.  
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3.1.2 Memory CD4+ T cells are an important HIV reservoir in vivo 

The latent HIV reservoir is comprised primarily of resting memory CD4+ T 

cells (103,120,359). Although the frequency of these cells in vivo is quite low (361), 

latently HIV-infected CD4+ T cells are incredibly stable, with half-life of ~44 months 

(114,154), can self-renew via homeostatic proliferation (359,362), and can act as a 

source of productive viremia during cART interruption (111). Thus, the field of HIV 

cure research has dedicated substantial effort to understanding how this latent 

reservoir is established and how it can be eradicated.  

 Latent infection was previously believed to be a state of complete viral 

quiescence, in which suppression of the HIV LTR (363,364), activation of cellular 

transcriptional repressors (365), or epigenetic modifications (366,367) prevented the 

expression viral transcripts, proteins, and other viral signatures from the stably-

integrated HIV provirus (368). Accumulating evidence has suggested that this 

definition of latency is not entirely correct. Although the majority of latently infected 

cells are transcriptionally silent, HIV latency may also be maintained as unintegrated 

cDNA (369,370) or transcriptionally-active provirus (371,372). In alignment with this, 

viral transcripts have been detected in CD4+ T cells from cART-treated individuals 

(371,373). Thus, HIV latency is now defined as the presence of a replication-

competent provirus (in most cases, a single copy (115)) that is not producing 

infectious viral progeny, but can be stimulated to do so. 

 When and how HIV latency is established are additional, pertinent questions 

when considering the viral reservoir. Studies in non-human primates have shown 

that the initiation of cART at 3 days post-infection is not sufficient to block reservoir 

establishment (374). Similarly, the prompt treatment (30 hours following delivery) of 
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an HIV-exposed infant was not sufficient to prevent eventual viral rebound following 

the cessation of cART (375,376). While certainly effective in reducing the number 

and distribution of latently-infected cells, it is now understood that the rapid initiation 

of cART does not prevent seeding and maintenance of the viral reservoir (376,377). 

The establishment of HIV latency is therefore a dynamic process occurring in the 

early stages of infection.  

 Interestingly, the cells that typically harbour latent HIV provirus would not 

indicate a process that is dynamic or rapid. True to their name, resting memory 

CD4+ are not replicating, and are less susceptible to HIV infection, reverse 

transcription, and integration (378-381). Nonetheless, the establishment of HIV 

latency in resting memory CD4+ T cells has been demonstrated in vitro (382,383). 

Treatment with cytokines involved in T cell migration has also been shown to 

enhance nuclear import of viral cDNA, thereby priming resting CD4+ T cells for latent 

HIV infection (384). Infection of activated CD4+ T cells that are in the process of 

reverting to a resting state has also been proposed as means by which HIV latency 

is established within the resting memory CD4+ T cell population (385). It is highly 

likely that both processes contribute to the establishment of the latent HIV reservoir 

in vivo. 

In order to more thoroughly understand the latent HIV reservoir, a number of 

groups have attempted to define cell surface proteins as unique markers of latently 

HIV-infected cells (386,387). Unfortunately, these efforts have not yet lead to a 

reliable means by which to isolate and culture latently HIV-infected cells ex vivo. The 

isolation of cell populations known to be enriched for latent provirus, including those 

expressing select immune checkpoint molecules, like programmed cell death protein 
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1 (PD-1), TIGIT (T Cell Immunoreceptor With Ig And ITIM Domains), and 

Lymphocyte-activation gene 3 (LAG-3) (388), or receptors involved in mucosal 

homing, like CCR6 (389), may prove more reliable. Still, the relative rarity of these 

cells in vivo (120,390) and their localization to lymphoid tissues in cART-treated 

individuals (391-395) has necessitated the development of latently HIV-infected cell 

lines and in vitro primary cell models of latency for the ongoing study of the HIV 

reservoir. The latter, although more time consuming to establish and optimize, are 

generally preferred given their biological similarity to latently HIV-infected CD4+ T 

cells found in vivo.  

 

3.1.3 In vitro models of HIV latency using primary CD4+ T cells  

 Several primary cell models of HIV latency have been established and 

verified in vitro for various experimental purposes. For example, two separate 

latency models using a Denv virus have been developed (121,163), ensuring that 

viral progeny are limited to a single round of infection. These two models are also 

similar in that resting CD4+ T cells are polarized to a memory phenotype via TCR 

stimulation prior to HIV infection, after which they are returned to a resting state. 

Replication-competent Dnef reporter viruses have also been used (123) to facilitate 

the detection of infected cells post-stimulation. Due to the use of a modified virus for 

latency establishment and other cellular manipulations, these models are better 

suited for the study of latency reversal agents rather than the investigation of 

defining characteristics of latently HIV-infected cells. 
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  Other models involve the co-culture of resting CD4+ T cells with activated, 

productively infected autologous CD4+ T cells (124). As a plus, the resulting 

population of latently HIV-infected cells is quite large in comparison to that 

generated with other models of latency. As well, the co-culture of cells to induce 

latency is likely analogous to events in vivo (396). Quiescent cells must, however, be 

isolated from the co-culture after the fact, increasing the risk of contaminating the 

latent population with productively infected cells. 

 Finally, certain models focus on the establishment of latency within resting 

cells using a full-length, replication-competent virus. Although the dynamics of HIV 

infection within resting CD4+ T cells has been argued, Swiggard et al. have 

successfully demonstrated the establishment of a small population of latently 

infected resting CD4+ T cells via spinoculation (382,383). Alternatively, latency can 

be established in resting CD4+ T cells that have been stimulated with cytokines 

responsible for cytoskeletal remodeling, motility, and tissue-homing (384). In order to 

recapitulate tissue microenvironments known to harbour latently HIV-infected cells, 

Saleh et al. established a latency model in which resting CD4+ T cells were 

stimulated with the CCR7 ligand, CCL19, prior to infection (122,355). Although the 

total number of latently infected cells generated in this manner (~29,000 copies of 

proviral DNA/106 cells, or ~2-3%) was less than that observed in the models 

mentioned above, reactivation of latent provirus could be readily detected. 

Moreover, proviral reactivation within this latency model was quite similar to that 

observed within CD4+ T cells from PLWHIV following stimulation via PKC agonists, 

TCR engagement, transcriptional activators, or HDACi (124).  
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The Lewin latency model was selected for the experiments addressed within 

this chapter as it utilizes a full-length virus for the infection of primary cells that have 

been stimulated in a physiologically-relevant manner. Moreover, the cells used in 

this model require little manipulation following in vitro infection, and exhibit a similar 

capacity for viral reactivation as that observed in CD4+ T cells isolated from 

PLWHIV. Thus, this latency model appears to be the best option at present to study 

the unique characteristics of the latent HIV reservoir. Importantly, these in vitro 

latency models may also be useful to assess similarities between latent and 

productive HIV infection. In either case, a comprehensive understanding of the latent 

viral reservoir will be important for the development of reservoir eradication 

strategies, and ultimately the development of an HIV cure.  

 

3.1.4 Type I IFN signalling defects in HIV-infected CD4+ T cells 

 As previously discussed in Chapter 1.5, HIV has developed several 

mechanisms by which to impair the IFN1 response. Many of these depend on the 

inhibitory characteristics of viral proteins, such as HIV Protease, which targets RIG-I 

to the lysosomal compartment for degradation (234) or Vpu, which is believed to 

target IRF3 for caspase-mediated degradation (14). Doehl et al. have demonstrated 

that IRF3 degradation in HIV-1 infected PBMCs prevented induction of ISG15 (264), 

a cytoplasmic protein known to inhibit viral budding and release from infected cells 

(397). Thus, the HIV-1-mediated blockade of antiviral signaling pathways may occur 

in both a direct and indirect manner.  

 The assessment of IFN1 signalling in primary CD4+ T cells has been limited 

to the study of productively infected cells. Not only does this yield a larger population 
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of infected cells with which to work, but ongoing HIV replication ensures viral protein 

expression that can be used to differentiate infected and uninfected cells in vitro. In 

this context, HIV-mediated IFN1 response defects have been shown to occur at 

several points within the IFN1 signalling cascade. Degradation of viral DNA 

intermediates by TREX1 (239,240) or inhibition of NFkB by HIV Vpu (241,398) 

prevent the induction of IFNa/b via DNA-sensing proteins like cGAS or IFI16. 

Similarly, the disruption of key signalling proteins like IPS-1 (244) and STAT1/2 

(271), or the downregulation of transcription factors like IRF3 (264), has been found 

to disrupt cellular antiviral defenses during HIV infection. On top of this, certain ISG, 

including MHC I (143,289), APOBEC3 (281,282), and SAMHD1 (297,298), are 

degraded and/or inhibited by HIV accessory proteins, while others are inhibited by 

cellular proteins upregulated in response to HIV infection. For example, activation of 

the RNA-sensing protein, PKR is blocked by a complex of three cellular 

proteins¾ADAR1, TRBP, and PACT¾facilitating viral protein translation and 

replication (295,296).  

 Presently, similar IFN1 signalling defects have not been investigated in 

primary cell models of HIV latency. Despite an absence of viral replication, transient 

production of viral RNAs (371) suggest that latently HIV-infected cells may harbour 

similar IFN1 signalling defects as their productively infected counterparts. 

Characterization of IFN1 signalling in latently HIV-infected primary CD4+ T cells 

therefore has important implications for the identification of a definitive intracellular 

marker and/or target for reservoir clearance strategies.  
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3.2 Hypothesis 

 The type I IFN response is impaired in latently HIV-infected CD4+ T cells. 

 

3.3 Results 

3.3.1 Establishment of latently HIV-infected CD4+ T cells in vitro  

An in vitro model of HIV latency was established in resting CD4+ T cells, in 

adherence to the protocol outlined by Saleh et al. (122,355). The timeline for resting 

CD4+ T cell isolation, CCL19 stimulation, and HIV NL4.3 infection is outlined in 

Figure 5. The resting status and purity of enriched lymphocytes was confirmed by 

flow cytometry, as measured by CD69 and HLA-DR surface expression (Figure 

6a,b), the respective markers of early and late activation (399,400). CD69 and HLA-

DR antibodies were previously validated using PHA/IL-2 stimulated PBMC (data not 

shown). Purity of resting CD4+ T cells (CD4+/CD69-/HLA-DR-) was routinely >98%, 

as shown in Figure 6c. 

Latent HIV infection was confirmed at 3dpi (382,401) by the measurement of 

proviral HIV DNA and gag RNA by qPCR, as well as HIV p24 antigen within cell 

supernatants (354). As previously shown by Ranganath (402), HIV gag RNA and 

p24 was undetectable in unstimulated CD4+ T cells, but was elevated appreciably 

following reactivation via PHA/IL-2 stimulation. Importantly, PHA/IL-2 stimulation 

was performed in the presence of the integrase inhibitor, Raltegravir, ensuring that 

viral signatures were obtained from reactivated provirus rather than unintegrated 

HIV cDNA (pre-integration latency). Moreover, integrated HIV DNA could be reliably 

detected at 3dpi.  
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Figure 5: Timeline of resting CD4+ T cell isolation and establishment of 
latency. a. Timeline describing the enrichment of resting CD4+ T cells from healthy 
donor PBMCs. b. Timeline describing the establishment and verification of HIV 
latency in CCL19-stimulated, resting CD4+ T cells (purple boxes), as well as the 
induction of ISG expression in these cells using IFNα or poly(I:C) (green boxes). 
Note, purple and teal boxes represent separate culture conditions. 
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Figure 6: Resting CD4+ T cell purity following magnetic bead enrichment. 
Representative dot plot demonstrating the gating of intact cells, as well as 
representative histograms showing CD4+, CD69+, and HLA-DR+ cells (open, black), 
as well as unstained controls (filled, grey). b. Representative dot plot demonstrating 
the proportions CD69+ and HLA-DR+ cells within the CD4+ population. c. Cumulative 
percentages of CD4+CD69-HLA-DR- (98.16% ± 0.53), CD4+CD69+HLA-DR- (0.55% ± 
0.18), CD4+CD69-HLA-DR+ (1.14% ± 0.38), and CD4+CD69+HLA-DR+ cells (0.16% ± 
0.044) (n=10). Data represent mean ± SEM; n values represent separate biological 
replicates. 
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3.3.2 Stimulation with IFNa induces ISG expression in mock and latently HIV 

infected CD4+ T cells  

Surface expression of IFNAR1 was first measured by flow cytometry. Both 

IFNa and IFNb can trigger downstream ISG induction through the IFNAR1/2 

heterodimer. However, elevated levels of IFNAR1 are imperative for IFNa-mediated 

receptor dimerization and signalling due to the lower affinity of IFNa subtypes for the 

IFNAR1 subunit (relative to IFNb) (403,404). As an example of this, downregulation 

of IFNAR1 on monocytes from PLWHIV desensitized these cells to IFNa stimulation 

ex vivo (270). Latently HIV-infected cell lines, U1 and OM10.1, also express lower 

levels of IFNAR1 in comparison to their uninfected parental cells, and are similarly 

less responsive to IFNa stimulation (215). In contrast to these findings, IFNAR1 

expression could not be detected on mock or latently HIV infected CD4+ T cells 

(Figure 7), nor was its expression induced in following IFNa treatment (data not 

shown). Given that the antibody used in these experiments was previously validated 

by Ranganath et al. on cell lines (215), it is likely that low IFNAR1 expression is a 

feature of resting CD4+ T cells and is not a result of poor antibody binding efficiency. 

Despite undetectable levels of IFNAR1, the dose-dependent induction of 

three antiviral ISG; PKR (Figure 8), ISG15 (Figure 9), and MHC I (Figure 10), was 

observed at 24 hours post-IFNa stimulation in both mock and latently HIV-infected 

CD4+ T cell cultures.  
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Figure 7: Subunit 1 of the IFNα/β receptor (IFNAR1) cannot be detected on 
uninfected and latently HIV NL4.3-infected CD4+ T cells by flow cytometry. At 
3dpi, IFNAR1 surface expression was assessed on mock and latently HIV-NL4.3-
infected CD4+ T cells by flow cytometry. a. Representative dot plot demonstrating 
the gating of intact cells, as well as representative histograms showing IFNAR1 
expression on mock (black) and HIV-infected (red) cells in comparison to unstained 
control (grey, filled). b. Cumulative IFNAR1 expression as measured by mean 
fluorescent intensity (n=5). Data represent mean ± SEM; n values represent 
separate biological replicates. 
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Figure 8: PKR is induced in uninfected and latently HIV NL4.3-infected CD4+ T 
cells following treatment with human IFNa. At 3dpi, mock and latently HIV-NL4.3-
infected CD4+ T cells were treated with IFNα. At 24 hours post-treatment, 
intracellular PKR expression was assessed by flow cytometry. a. Representative dot 
plot demonstrating the gating of intact cells, as well as representative histograms 
showing PKR induction in mock (black) and HIV-infected (red) cells in comparison to 
PKR isotype control (grey, filled). b. Cumulative PKR induction, as measured by 
mean fluorescent intensity (n=5; p<0.0001 and p=0.0044 by 1way repeated 
measures ANOVA for uninfected and NL4.3-infected CD4+ T cells, respectively). c. 
PKR induction, relative to respective control (n=5; p=0.0001 and p=0.0051 by 1way 
repeated measures ANOVA for uninfected and NL4.3-infected CD4+ T cells, 
respectively). *p<0.05, **p<0.01, ***p<0.001 by Bonferroni posttest, compared to 
unstimulated cells. Data represent mean ± SEM; n values represent separate 
biological replicates. 
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Figure 9: ISG15 is induced in uninfected and latently HIV NL4.3-infected CD4+ 
T cells following treatment with human IFNa. At 3dpi, mock and latently HIV-
NL4.3-infected CD4+ T cells were treated with IFNα. At 24 hours post-treatment, 
intracellular ISG15 expression was assessed by flow cytometry. a. Representative 
dot plot demonstrating the gating of intact cells, as well as representative histograms 
showing ISG15 induction in mock (black) and HIV-infected (red) cells in comparison 
to ISG15 isotype control (grey, filled). b. Cumulative ISG15 induction, as measured 
by mean fluorescent intensity. c. ISG15 induction, relative to respective control. n=5; 
p<0.0001 by 1way repeated measures ANOVA, *p<0.05, **p<0.01, ***p<0.001 by 
with Bonferroni posttest, compared to unstimulated cells. Data represent mean ± 
SEM; n values represent separate biological replicates. 
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Figure 10: MHC I is induced on uninfected and latently HIV NL4.3-infected 
CD4+ T cells following treatment with human IFNa. At 3dpi, mock and latently 
HIV-NL4.3-infected CD4+ T cells were treated with IFNα. At 24 hours post-treatment, 
surface MHC I expression was assessed by flow cytometry. a. Representative dot 
plot demonstrating the gating of intact cells, as well as representative histograms 
showing MHC I induction on mock (black) and HIV-infected (red) cells in comparison 
to unstained control (grey, filled). b. Cumulative MHC I induction, as measured by 
mean fluorescent intensity (n=5; p=0.0076 and p=0.06 by 1way repeated measures 
ANOVA for uninfected and NL4.3-infected CD4+ T cells, respectively). c. MHC I 
induction, relative to respective control (n=5; p=0.013 and p=0.044 by 1way 
repeated measures ANOVA for uninfected and NL4.3-infected CD4+ T cells, 
respectively). *p<0.05 by Bonferroni posttest, compared to unstimulated cells. Data 
represent mean ± SEM; n values represent separate biological replicates. 
  



 
 

 92 

3.3.3 Transfection with the synthetic RNA, Poly(I:C), induces ISG expression in 

mock and latently HIV infected CD4+ T cells 

 Sensing of viral RNAs by cytoplasmic PRR leads to the induction of IFNa/b, 

as well as the IFN-independent ISG induction. The latter occurs via the 

phosphorylation of IRF3, which is translocated to the nucleus and interacts with the 

IFN-stimulated response element within the ISG promoter (230,232,257). Since 

resting CD4+ T cells did not produce IFNa following transfection with a synthetic 

dsRNA, low molecular weight (LMW)-poly(I:C) (data not shown), the ability of 

latently HIV-infected cells to sense and respond to foreign RNA was assessed via 

measurement of ISG induction. Mock and latently HIV-infected CD4+ T cells were 

transfected with LMW-poly(I:C), and the induction of PKR and ISG15 was measured 

by flow cytometry at 24 hours post-transfection. Similar to IFNa-induced ISG 

expression, the induction of PKR (Figure 11) and ISG15 (Figure 12) by LMW-

poly(I:C) did not differ between mock and latently HIV-infected CD4+ T cells. 
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Figure 11: PKR is induced in uninfected and latently HIV NL4.3-infected CD4+ T 
cells following transfection with poly(I:C). At 3dpi, mock and latently HIV-NL4.3-
infected CD4+ T cells were transfected with the synthetic RNA, poly(I:C). At 24 hours 
post-transfection, intracellular PKR expression was assessed by flow cytometry. a. 
Representative dot plot demonstrating the gating of intact cells, as well as 
representative histograms showing PKR induction in mock (black) and HIV-infected 
(red) cells in comparison to PKR isotype control (grey, filled). b. Cumulative PKR 
induction, as measured by mean fluorescent intensity (n=5; p<0.0001 and 0=0.012 
for uninfected and NL4.3-infected CD4+ T cells, respectively). c. PKR induction, 
relative to respective control (n=5; p<0.0001 and 0=0.0066 for uninfected and 
NL4.3-infected CD4+ T cells, respectively). *p<0.05, **p<0.01, ***p<0.001 by 
Bonferroni posttest, compared to unstimulated cells. Data represent mean ± SEM; n 
values represent separate biological replicates. 
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Figure 12: ISG15 is induced in uninfected and latently HIV NL4.3-infected CD4+ 
T cells following transfection with poly(I:C). At 3dpi, mock and latently HIV-
NL4.3-infected CD4+ T cells were transfected with the synthetic RNA, poly(I:C). At 
24 hours post-transfection, intracellular ISG15 expression was assessed by flow 
cytometry. a. Representative dot plot demonstrating the gating of intact cells, as well 
as representative histograms showing ISG15 induction in mock (black) and HIV-
infected (red) cells in comparison to ISG15 isotype control (grey, filled). b. 
Cumulative ISG15 induction, as measured by mean fluorescent intensity (n=5; 
p=0.030 and 0=0.034 for uninfected and NL4.3-infected CD4+ T cells, respectively).. 
c. ISG15 induction, relative to respective control (n=5; p=0.028 and 0=0.033 for 
uninfected and NL4.3-infected CD4+ T cells, respectively). *p<0.05 by Bonferroni 
posttest, compared to unstimulated cells. Data represent mean ± SEM; n values 
represent separate biological replicates. 
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3.4 Discussion 

 In summary, this chapter describes the assessment of antiviral ISG induction 

in an in vitro, primary CD4+ T cell model of HIV latency. The status of the IFN1 

response in latently HIV-infected cells has, to our knowledge, only been investigated 

in cell line models of infection (215). These findings therefore represent an 

interesting observation that holds significance for our understanding of the latent HIV 

reservoir. 

 

3.4.1 Characterizing IFN1 signalling in an in vitro model of HIV latency  

 As previously demonstrated by Hardy et al., the downregulation of IFNAR1 

expression on the surface of monocytes isolated from PLWHIV inhibited IFN1 

signalling in response to IFNa stimulation (270). In this study, IFNAR1 

downregulation was hypothesized to have occurred as a result of repeated exposure 

to infectious viral particles, as well as ongoing inflammatory responses. It was 

therefore somewhat surprising to see that, despite very low levels of IFNAR1 

surface expression, both uninfected and latently HIV-infected primary CD4+ T cells 

induced the expression of antiviral ISG in response to IFNa-stimulation. 

Furthermore, in vitro exposure to infectious viral particles does not appear to 

desensitize cells to exogenous IFNa stimulation. This observation could be 

explained by the low levels of viral infection following spinoculation and the short 

time-frame (3 days) for infection itself. It is also important to note that IFNAR2 

expression was not measured during these experiments. IFNAR1/IFNAR2 

heterodimerization is required for the cell to respond appropriately to IFNa, while 
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IFNb has been found to trigger IFN1 signalling via IFNAR2 homodimerization (405). 

Although not currently reported in literature, CD4+ T cells may be capable of 

upregulating IFNa-induced ISG expression in a similar manner. Alternatively, levels 

of IFNAR1 on the cell surface may simply be too low to be detected by flow 

cytometry. Nonetheless, it would appear that the bulk of HIV-exposed and latently 

HIV-infected cells maintain their ability to respond to exogenous IFNa.  

 Similarly, transfection with LMW-poly(I:C) induced PKR and ISG15 

expression in HIV-infected and uninfected CD4+ T cells. Induction was independent 

of autocrine and/or paracrine IFN1 signalling, since IFNa secretion was not detected 

following transfection. pDC are the primary producers of IFNa/b during viral infection 

in vivo (406,407). It is therefore not surprising that IFNa was not detected in cell 

supernatants. This finding supports previous literature suggesting that the sensing of 

foreign nucleic acids by cytoplasmic PRR can lead to the direct induction of antiviral 

ISG (230,232,408). Moreover, it would appear that these PRR and their downstream 

signalling pathways are intact in latently HIV-infected CD4+ T cell cultures. 

 Overall, differences in IFN1 signalling between uninfected and latently HIV-

infected CD4+ T cells could not be identified using an in vitro model of HIV latency. 

This sheds light on several important considerations and/or pitfalls of such models, 

including low rates of HIV infection and an inability to enrich HIV-infected cells from 

the bulk population. Unlike HIV infection of activated CD4+ T cells, primary cell 

models of latency generate only a small population of HIV-infected cells. In the 

model used here, for example, only ~0.5-1% of cells contained intact provirus. 

These numbers are similar to those previously reported by Saleh et al. (122,355), 



 
 

 99 

indicating that low rates of infection are representative of the model itself. When 

assessed as a bulk population (as was done by flow cytometry in the above 

experiments), the dominant population of uninfected bystander cells may mask 

potential IFN1 signalling defects within the much smaller population of latently HIV-

infected cells. Moreover, current models do not permit the enrichment of latently 

HIV-infected cells. Latency requires that the HIV provirus is maintained in a 

replication-silenced state, rendering the use of a reporter virus to differentiate 

latently-infected and uninfected cells largely ineffective. To address this, dual-

reporter viruses that express a fluorescent reporter molecule independent of the HIV 

promoter have been used to delineate HIV latency in macrophages (136) and CD4+ 

T cells (409), and may be of future consideration.  

 This also brings to question the ability of in vitro latency models to accurately 

represent the in vivo latent reservoir. Without a doubt, the ability to establish HIV 

latency in vitro, over a matter of days, affords a powerful model with which to study 

latency reversal agents or reservoir clearance strategies. In fact, the study of viral 

reactivation in common latency models revealed that several, including the model 

used here, had levels of HIV reactivation comparable to those observed in CD4+ T 

cells from HIV-positive individuals (124). Still, the use of a laboratory-adapted HIV 

strain¾in our case, HIV NL4.3¾may not truly recapitulate in vivo reservoir 

characteristics. Transmitted/founder viruses are particularly resistant to IFN1-

mediated restriction (410,411), suggesting that reservoirs established during early 

infection could maintain this IFN1-evasive phenotype. Given that clonal expansion is 

hypothesized to play an important role in the maintenance of the latent viral reservoir 
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over time (412,413), progeny cells may harbour a similarly IFN1-evasive latent 

provirus. Downregulation of IFN1 responses has also been demonstrated in clonally-

expanding CD4+ T cells (414), indicating that the cell itself may undergo periods of 

IFN1-insensitivity, independent of HIV infection. These characteristics cannot be 

easily mirrored using in vitro latency models. Thus, while primary cell models are an 

excellent tool for the study of LRAs, they demonstrate limited utility for studying 

molecular characteristics of the latent HIV reservoir.  

 

3.4.2 The relevance of IFN1 signalling defects for HIV reservoir eradication  

 A thorough understanding of the IFN1 response in latently infected cells has 

important implications for the development of novel reservoir clearance strategies. 

As demonstrated in Chapters 4 and 5 of this thesis, and by Ranganath et al. 

(354,402), IFN1 signalling defects facilitate the infection and killing of HIV-infected 

cells by the OV, MG1. Identifying the mechanism(s) by which these impairments 

occur will enable the engineering of OV to be highly specific for HIV-infected cells 

that harbour these impairments.  

  Conversely, an intact IFN1 response could be used to eradicate latently 

infected cells. Li et al. have demonstrated the reactivation and killing of latently HIV-

infected cells using the retinoic acid derivative, acitretin (184). In this model, HIV 

RNA was sensed by RIG-I, which triggered apoptosis in HIV+ cells (184). Although 

the utility of acitretin as an LRA has been refuted (185), the link between IFN1 

signalling and the induction of programmed cell death is well-established (415-418). 

Consequently, PRR with links to pro-apoptotic proteins may be an alternative target 

by which to eradicate LRA-treated HIV-infected cells.  
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3.5 Future directions 

 Characterization of the latent HIV reservoir will require the development of a 

reliable in vitro model, in which infected cells can be differentiated from their 

uninfected counterparts. Without this, the large population of bystander cells will 

overshadow changes in gene expression or protein induction within the small 

population of latently-infected cells. A dual-reporter virus has been developed for 

this purpose (409), and has been used to track latency establishment in primary 

CD4+ T cells (419). This virus, as well as a similar dual-reporter virus developed by 

Dahabieh et al. (420), lack nef and env, ensuring that infection is limited to a single 

round. It is therefore unlikely that models using these viral constructs will fully 

recapitulate latency in vivo¾an important consideration when attempting to 

characterize latently HIV-infected cells at the molecular level. Still, engineering of a 

full-length, dual-reporter virus is challenging. The use of single-round reporter 

viruses may therefore be a necessary interim step for the study of HIV latency. 

The identification of a cellular marker of latency is an equally important 

objective. This will facilitate the study of latently HIV-infected cells ex vivo, and 

ensure that up-and-coming eradication strategies are tested using an appropriate 

primary cell model. To date, several groups have sought to identify specific cellular 

biomarkers of HIV latency, such as CD32a and CD2 (386,387). The ability of CD32a 

to reliably identify latently HIV-infected cells has, however, been recently refuted 

(421-423). Noto et al. have also shown that lymph node CD4+ T cells expressing 

PD-1 and CD32 harbour persistent HIV transcription (424). This cellular phenotype 
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may therefore be more involved in maintaining persistent viral infection of lymphoid 

tissues than transcriptionally-silent HIV latency, as previously suggested (387). 

CD2 as a marker of latently HIV-infected CD4+ T cells has been similarly 

debated. Tomalka et al. have suggested that CD2 is a marker of activated T cells 

that are more susceptible to HIV infection, rather than a specific marker of latency 

(425). Regardless, this study demonstrated that the CD2+-targeting biotherapeutic, 

Alefacept, enhanced the ex vivo killing of HIV-infected CD4+ T cells by NK cells 

(425). While the search continues for a reliable marker of latently HIV-infected cells, 

CD2 may therefore remain a valuable target for reservoir clearance strategies.  

 

3.6 Conclusion 

In conclusion, ISG induction following IFNa or poly(I:C) stimulation was 

observed in both an in vitro, primary CD4+ T cell model of HIV latency, as well as 

uninfected cells. HIV-exposed CD4+ T cells therefore remain capable of responding 

to antiviral stimuli. Whether this is also true of latently HIV-infected CD4+ T cells 

remains unknown, since this small cell population lacks latency-specific surface 

markers that would facilitate its identification/enrichment in vitro. Still, this finding 

lends support to the use of an OV-based therapy to eradicate HIV reservoir cells, 

since an impaired IFN1 response in bystander CD4+ T cells would lead to off-target 

OV infection and cytopathogenicity. This is in agreement with recently published 

findings, which indicated that OV are capable of killing latently HIV-infected CD4+ T 

cells in a highly targeted manner (354).  
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Chapter 4: Type I IFN defects in HIV-infected monocyte-derived macrophages 

4.1 Introduction 

4.1.1 Rational 

To be of clinical use, HIV cure strategies must target all cell types involved in 

maintaining HIV persistence in vivo. This includes HIV-infected macrophages, which 

reside within various tissues and support ongoing viral replication (reviewed in 

(426,427)). Unfortunately, these reservoir cells are not yet identifiable via specific 

surface markers of either cellular or viral origin. Eradication may therefore require 

the identification of an intracellular pathway and/or protein unique to HIV-infected 

myeloid cells. This will also ensure that potential eradication strategies are selective 

for the HIV reservoir and minimize bystander cell death.  

In line with this, the activation of pro-apoptotic proteins has been shown to 

selectively kill both HIV-infected and SIV-infected macrophages (428). Other cellular 

signalling pathways known to be targeted by HIV have not yet been investigated in 

this context, however. The IFN1 response is one such example, which is impaired in 

HIV-infected myeloid cells (234,245,248,263) and has been exploited for therapeutic 

purposes in other diseases such as cancer (301,338). Findings within Chapter 4 of 

this thesis are intended to characterize HIV-mediated IFN1 signalling defects within 

MDM. Importantly, the model system employed here is novel in that it uses an HIV 

reporter virus, which facilitates the study of HIV-infected and HIV-uninfected 

bystander populations. The findings presented here further support the use of a 

novel oncolytic virus-based therapy for HIV reservoir clearance; the results of which 

are presented in Chapters 5-7.  
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4.1.2 Macrophages form an HIV reservoir 

Macrophages form a unique, multifaceted cellular reservoir for HIV. As these 

cells are inherently tissue-resident, HIV-infected macrophages quickly occupy the 

central nervous system, gastrointestinal and reproductive tracts, lung, and lymph 

nodes (107,108,429-431), where sub-optimal concentrations of cART permit 

ongoing viral replication (432-434). Macrophages are also hypothesized to support 

primarily productive, rather than latent, infection (108,136). Combined with their 

ability to secrete a number of cytokines involved in T cell and monocyte migration 

(142,147,435), this can lead to the infection of circulating target cells that have been 

recruited to lymphoid tissues (147,152,288,436). Here, direct cell-to-cell transfer of 

viral particles is the predominant mechanism of HIV infection¾a process which is 

ineffectively blocked by antiretroviral drugs (152). Finally, macrophages involved in 

tissue homeostasis and remodeling may become infected by phagocytosing dead or 

dying HIV-infected CD4+ T cells (139).  

Unlike CD4+ T lymphocytes, HIV-infected macrophages do not succumb to 

virus-mediated cytopathic effects. Early experiments attributed the survival of HIV-

infected macrophages to NFkB activation and the increased expression of several 

anti-apoptotic proteins (437,438). Resistance to TRAIL-mediated apoptosis is further 

conferred by the HIV Envelope protein (141). Similarly, HIV Nef orchestrates 

phosphorylation-mediated inhibition of the pro-apoptotic protein, Bad, by PI3K and 

PAK (439). Finally, Reynoso et al. showed that HIV infection of MDM protected 

these cells against oxidative stress via upregulation of cellular telomerase activity 

(440). The prolonged survival of HIV-infected macrophages within 
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tissues¾estimated to be within the span of several weeks by mathematical and 

animal models (107,441)¾can therefore be attributed to cellular as well as viral 

characteristics. Not only does this preclude the use of latency-reversal agents for the 

eradication of HIV (167), but productively infected macrophages may contribute to 

IFNg-driven inflammation within lymphoid tissues (142,435). The significant role of 

these cells in HIV persistence and immunopathogenesis is therefore clear.  

 

4.1.3 Impairment of the type I IFN response in HIV-infected macrophages  

HIV-mediated dysregulation of cellular processes is not limited to the 

induction of pro-survival signals. HIV-infected macrophages display reduced 

phagocytic capacity (442,443), as well as impaired cytokine production (444) and T 

cell stimulatory function (445,446). In addition, HIV can potently block innate antiviral 

signalling pathways involved in the IFN1 response. These impairments range from 

the degradation of key RNA-sensing proteins like RIG-I (234), to the impaired 

expression of key antiviral ISG, including OAS1, PKR, and ISG15 (272,275). The 

release of IFNa/b by HIV-infected macrophages is also reduced, likely due to the 

dysregulation of toll-like receptor (TLR) or RLR signalling (245,248,252).  

It is important to note that many of the above studies measure ISG mRNA, 

but do not consider antiviral protein expression. Nonetheless, the impairment of 

innate antiviral signalling appears to be characteristic of HIV-infected macrophages, 

and likely contributes to the inability of these cells to prevent subsequent rounds of 

viral infection in vivo.  
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4.2 Hypothesis 

 The type I IFN response is inhibited in monocyte-derived macrophages during 

HIV infection. 

 

4.3 Results  

4.3.1 An HIV reporter virus facilitates the detection and enrichment of HIV infected 

monocyte-derived macrophages 

IFN1 signalling pathways within HIV-infected, primary human MDM have 

been studied, revealing impaired pathogen recognition (234,239,240), IFN1 

induction (245,248,252), and the expression of key antiviral ISG (272,275). A pitfall 

of these studies, however, is that the experiments performed fail to differentiate 

between HIV-infected and HIV-uninfected MDM in culture. Instead, results are 

obtained using the bulk cell population, which consists primarily of HIV-uninfected 

cells. To address this, and to allow the description of potential IFN1 signalling 

differences in HIV-infected and HIV-uninfected MDM, the CCR5-tropic reporter virus 

was used. Developed in the lab of Dr. Michel Tremblay, HIV NL4.3 BAL-IRES-HSA 

is a full-length, replication competent virus clone which encodes the murine surface 

glycoprotein, heat-stable antigen (HSA; CD24) (357).  

The timeline of MDM infection and subsequent experiments is shown in 

(Figure 13). To establish in vitro HIV infection in MDM, cells were exposed to HIV 

NL4.3 BAL-IRES-HSA for 6 days, after which distinct HSA+ and HSA- populations 

could be observed by flow cytometry (Figure 14a). Similar to others (358), HSA+ 

MDM continued to release HIV-1 p24 antigen into culture supernatants following 
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enrichment via immunomagnetic bead separation, whereas HSA- cells did not 

(Figure 14b,c). HSA+ MDM were therefore defined as “HIV-infected,” and HSA- MDM 

were defined as “bystander” cells.  

An important characteristic of the HIV NL4.3 BAL-IRES-HSA virus is the 

insertion of an internal ribosome entry site (IRES) between HSA and nef. This allows 

for the expression of a functional Nef protein. As previously demonstrated by 

Deshiere et al., the expression of a functional Nef protein in MDM infected with HIV 

NL4.3 BAL-IRES-HSA reduces surface CD4 expression (358). This finding was 

confirmed by measuring MHC I expression on the surface of infected, HSA+ MDM, 

since Nef is known to impair the trafficking of HLA-A and B to the cell surface 

(143,447,448). In agreement with these previous studies, MHC I expression was 

significantly lower on HSA+ MDM than on HSA- MDM (Figure 15a,b). The insertion of 

the IRES-HSA construct therefore does not inhibit the expression of a functional HIV 

Nef following in vitro infection of human MDM. 
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Figure 13: Timeline of differentiation and HIV-infection of monocyte-derived 
macrophages from healthy donor PBMC. 
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Figure 14: Enrichment of HSA+ MDM. a. Representative histograms showing 
frequency of HSA+ MDM pre-sort (black), as well as within the HSA-negative (blue) 
and HSA-enriched (red) cell fraction. HSA isotype control is shown in 
grey. b. Cumulative purity of HSA-enriched MDM fraction post-sort (n=6). c. HIV p24 
antigen release by enriched HSA+ and HSA- MDM (n=4). Data represent mean ± 
SEM; n values represent separate biological replicates. 
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Figure 15: MHC I expression is reduced on HSA+ MDM in comparison to HSA- 
MDM. At 6dpi, MHC I expression was measured on HSA- and HSA+ MDM flow 
cytometry. a. Representative dot plots and histograms demonstrating the gating 
strategy employed during data analysis. Cellular debris were excluded (shown in 
black), after which HSA- (blue) and HSA+ (red) MDM were gated upon. Histogram 
peak counts (y-axis) for HSA- and HSA+ populations were normalized to that of the 
unstained control for visualization purposes. b. Cumulative MHC I expression on 
HSA- (blue) and HSA+ (red) MDM (n=6; p=0.03 by paired, one-tailed t-test). Data 
represent mean ± SEM; n values represent separate biological replicates. 
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4.3.2 HIV induces IFN-stimulated gene expression within HIV-infected, but not 

bystander, monocyte-derived macrophages 

 Next, MDM were assessed for the induction of an IFN1 response at 6 days 

post-HIV infection. Although no IFNa/b could be detected within cell culture 

supernatants at this timepoint, the expression of two antiviral ISG, PKR and ISG15, 

was significantly elevated within HSA+ MDM (Figure 16). This is in agreement with 

the findings of Nasr et al., who also observed the direct induction of ISG in HIV-

infected MDM without detectable IFNa/b production (449). Importantly, ISG 

expression did not significantly differ between bystander, HSA- MDM and control 

(uninfected) MDM that had not been exposed to HIV. ISG induction following HIV 

infection is therefore limited to productively infected cells, and is not observed in 

HSA- bystander cells. 
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Figure 16: ISG expression is elevated in HSA+ MDM at baseline, in comparison 
to HSA- and uninfected MDM. a. Representative dot plots demonstrating the gating 
strategy employed during data analysis. Cellular debris were excluded (shown in 
black), after which HSA- (blue) and HSA+ (red) MDM were gated upon. b. 
Representative histogram depicting PKR expression in unstimulated, uninfected 
(black), HSA- (blue), and HSA+ (red) MDM. c. Cumulative basal PKR expression in 
uninfected (black), HSA- (blue), and HSA+ (red) MDM (n=6; p=0.0013 by 1way 
repeated measures ANOVA). d. Representative histogram depicting ISG15 
expression in uninfected (black), HSA- (blue), and HSA+ (red) MDM. e. Cumulative 
basal ISG15 expression in uninfected (black), HSA- (blue), and HSA+ (red) MDM 
(n=7; p=0.0001 by 1way repeated measures ANOVA). Note: histogram peak counts 
(y-axis) for uninfected, HSA-, and HSA+ populations were normalized to that of the 
isotype control for visualization purposes. *p<0.01, **p<0.001 by Bonferroni multiple 
comparisons test. Data represent mean ± SEM; n values represent separate 
biological replicates. 
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4.3.3 HIV-infected monocyte-derived macrophages are less responsive to 

exogenous IFNa than bystander cells 

Next, the ability of MDM to respond to exogenous IFNa was assessed. Based 

on prior optimization, 24 hours was selected as the optimal time at which to measure 

IFNa-induced ISG expression. At this timepoint, cells were detached and the 

expression of PKR and ISG15 was assessed by flow cytometry. The gating strategy 

used to assess ISG induction in HSA+ and HSA- MDM populations is as shown in 

Figure 15a.  

Although PKR and ISG15 expression remained elevated in HSA+ MDM in 

comparison to HSA- MDM, the induction of both ISG relative to baseline values was 

significantly lower in HSA+ cells (Figure 17 and 18). Importantly, PKR induction was 

similar between HIV-unexposed MDM and HSA- MDM (Figure 19a), while ISG15 

induction was significantly higher in HIV-unexposed MDM (Figure 19b). Prior 

exposure to infectious HIV virions may therefore desensitize bystander MDM to 

IFNa stimulation. Productive HIV infection, however, appears to decrease the cell’s 

ability to induce ISG expression. A virus-specific mechanism may therefore be 

responsible for the observed differences in IFNa-mediated ISG induction between 

HSA- and HSA+ MDM.  
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Figure 17: IFNa-induced PKR expression is lower in HSA+ MDM relative to 
HSA- MDM. At 6dpi, HIV NL4.3 Bal-IRES-HSA-infected MDM were treated with 
IFNα. At 24 hours post-treatment, intracellular PKR expression was assessed by 
flow cytometry. a. Representative histograms depicting PKR expression with 
increasing doses of IFNα in HSA- (blue) and HSA+ (red) MDM. PKR isotype control 
is shown as a filled, grey histogram. Histogram peak counts (y-axis) for HSA- and 
HSA+ populations were normalized to that of the isotype control for visualization 
purposes. b. PKR induction in HSA- (blue) and HSA+ (red) MDM, as measured by 
mean fluorescent intensity (n=6; p=0.05 by 2way repeated measures ANOVA). c. 
PKR induction in HSA- (blue) and HSA+ (red) MDM, relative to respective 
unstimulated control (n=6; p=0023 by 2way repeated measures ANOVA). ns=not 
significant, *p<0.05, **p<0.001 by Bonferroni posttest. Data represent mean ± SEM; 
n values represent separate biological replicates.  
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Figure 18: IFNa-induced ISG15 expression is lower in HSA+ MDM relative to 
HSA- MDM. At 6dpi, HIV NL4.3 Bal-IRES-HSA-infected MDM were treated with 
IFNα. At 24 hours post-treatment, intracellular ISG15 expression was assessed by 
flow cytometry. a. Representative histograms depicting ISG15 expression with 
increasing doses of IFNα in HSA- (blue) and HSA+ (red) MDM. ISG15 isotype control 
is shown as a filled, grey histogram. Histogram peak counts (y-axis) for HSA- and 
HSA+ populations were normalized to that of the isotype control for visualization 
purposes. b. ISG15 induction in HSA- (blue) and HSA+ (red) MDM, as measured by 
mean fluorescent intensity (n=7; p<0.0001 by 2way repeated measures ANOVA). c. 
ISG15 induction in HSA- (blue) and HSA+ (red) MDM, relative to respective, 
unstimulated control (n=7; p<0.0001 by 2way repeated measures ANOVA). ns=not 
significant, *p<0.05, **p<0.001 by Bonferroni posttest. Data represent mean ± SEM; 
n values represent separate biological replicates. 
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Figure 19: IFNa-induced ISG induction is similar between uninfected and HSA- 
MDM. At 6dpi, uninfected and HIV NL4.3 Bal-IRES-HSA-infected MDM were treated 
with IFNa. At 24 hours post-treatment, intracellular PKR and ISG15 expression was 
assessed by flow cytometry. a. PKR expression in uninfected (white) and HSA- 
(blue) MDM, relative to respective, unstimulated controls (n=6). b. ISG15 expression 
in uninfected (white) and HSA- (blue) MDM, relative to respective, unstimulated 
controls (n=7; p<0.0001 by 2way repeated measures ANOVA, *p<0.05, **p<0.001 
by Bonferroni posttest). Data represent mean ± SEM; n values represent separate 
biological replicates. 
  



 
 

 124 

IFNAR1 downregulation has been observed during HIV infection, and 

desensitizes cells to exogenous IFN1 (215,269,270). The possibility that IFNAR1/2 

downregulation was responsible for the lower ISG induction observed in HSA+ MDM 

was therefore considered. To address this, surface expression of IFNAR1 and 

IFNAR2 was measured on HSA+ and HSA- MDM. No difference in IFNAR1/2 

expression could be observed between HIV-unexposed, HSA-, and HSA+ MDM 

(Figure 20a-d). Receptor downregulation therefore does not appear to be the 

mechanism by which HIV impairs ISG induction within HSA+ cells. 

Impairment of JAK/STAT signalling following IFNAR1/2 engagement may 

also occur during HIV infection. This impairment is likely mediated by suppressors of 

cytokine signalling 1 and 3 (SOCS1 and SOCS3), which are upregulated and impair 

STAT1/2 phosphorylation in HIV-infected CD4+ T cells, monocytes, and MDM (270-

273,450). As a result, the formation of ISGF3 by STAT1, STAT2, and IRF9 is 

prevented, and ISG transcription is downregulated (451,452). To assess whether 

transcriptional inhibition was responsible for the impaired ISG induction observed in 

HSA+ MDM, PKR and ISG15 mRNA was first measured in HIV-unexposed and HIV-

infected (comprised of HSA+ and HSA- populations) MDM. In agreement with Wie et 

al. (275), PKR and ISG15 mRNA was significantly lower in HIV-infected MDM at 16 

hours post-IFNa stimulation, in comparison to HIV-uninfected cells (Figure 21a,b). 

Next, PKR and ISG15 mRNA was measured within HSA+ and HSA- MDM that had 

been separated by immunomagnetic bead enrichment (as shown in Figure 14a,b) 

prior to IFNa stimulation. Relative induction of ISG mRNA did not differ between 

sorted HSA+ and HSA- MDM populations (Figure 22a,b).  
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Figure 20: IFNAR1/2 expression does not differ between uninfected, HSA-, and 
HSA+ MDM. a. Representative histograms depicting IFNAR1 expression on 
uninfected (black), HSA- (blue), and HSA+ (red) MDM. IFNAR1 unstained control is 
shown as a filled, grey histogram. b. Cumulative IFNAR1 expression on uninfected 
(white), HSA- (blue), and HSA+ (red) MDM, as measured by mean fluorescent 
intensity (n=7). c. Representative histograms depicting IFNAR2 expression on 
uninfected, HSA-, and HSA+ MDM. IFNAR2 unstained control is shown as a filled, 
grey histogram. d. Cumulative IFNAR2 expression on on uninfected, HSA-, and 
HSA+ MDM, as measured by mean fluorescent intensity (n=7). Note: histogram peak 
counts (y-axis) for uninfected, HSA-, and HSA+ populations were normalized to that 
of the unstained control for visualization purposes. Data represent mean ± SEM; n 
values represent separate biological replicates. 
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Figure 21: PKR and ISG15 expression is reduced at the mRNA level in IFNa-
stimulated, HIV-infected MDM. PKR mRNA (a) and ISG15 mRNA (b) was 
measured in HIV-infected and HIV-uninfected MDM at 16 hours post-stimulation with 
1000U/ml IFNa. ΔΔCts used to calculate fold change were calculated by normalizing 
Ct values to respective untreated control and GAPDH (n=5). p values were 
calculated by two-tailed, paired t-test. Data represent mean ± SEM; n values 
represent separate biological replicates. 
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Figure 22: ISG expression is induced at the mRNA level in HSA+ and HSA- 
MDM following IFNa stimulation. PKR mRNA (a) and ISG15 mRNA (b) was 
measured in HSA+ and HSA- MDM at 16 hours post-stimulation with 1000U/ml IFNa. 
ΔΔCts used to calculate fold change were calculated by normalizing Ct values to 
respective untreated control and GAPDH (n=4). Data represent mean ± SEM; n 
values represent separate biological replicates. 
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In summary, both HIV-exposed (bystander) and HIV-infected MDM 

populations were found to be less responsive to IFNa at the transcriptional level 

relative to HIV-unexposed MDM. While no difference in ISG mRNA was observed 

between HSA+ and HSA- MDM, the relative increase in PKR and ISG15 protein 

expression was lower in HSA+ MDM than HSA- MDM. Differences in ISG induction 

in HIV-infected MDM may therefore occur at the post-transcriptional level, rather 

than within the upstream IFN1 signalling cascade.  

 

4.3.4 HIV-infected monocyte-derived macrophages are less responsive to the RIG-I 

agonist, 5’ppp-dsRNA than bystander cells 

 To further examine the impairment of ISG15 and PKR expression in HSA+ 

MDM, a second pathway for ISG induction was investigated. Recognition of foreign 

RNA possessing a 5’-triphosphate (5’ppp) by RIG-I induces ISG expression, 

independent of IFNa/b production (227,232). RIG-I is targeted to the cellular 

lysosomal compartment by HIV protease, however, preventing HIV-infected MDM 

from eliciting an appropriate RNA-mediated antiviral response (234).  

To investigate whether RNA sensing via RIG-I is intact within HSA+ MDM, 

cells were transfected with 1µg/ml 5’ppp-dsRNA, after which PKR and ISG15 

expression was assessed by flow cytometry. Although HIV-infected and uninfected 

MDM produced low levels of IFNa/b following 5’ppp-dsRNA transfection (Figure 23), 

previous optimization experiments found that ISG mRNA and protein expression 

were induced at 16 hours and 24 hours post-IFNa stimulation, respectfully. Thus, it 

is unlikely that the induction of PKR and ISG15 expression observed at 24 hours 
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post- transfection was a result of IFNa/b production and autocrine IFN1 signalling. 

The use of an IFNAR1/2 blocking antibody to confirm the direct induction of ISG 

expression via RIG-I activation was not performed, but remains an important control 

that should be included in future experiments.  
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Figure 23: HIV-infected and uninfected MDM secrete IFNa into culture 
supernatants. At 6dpi, HIV-infected and uninfected MDM were transfected with 
5’ppp-dsRNA, 5’ppp-free dsRNA control, or cultured in the presence of lipofectamine 
with Opti-Mem reduced serum media (media control). IFNa was quantified by ELISA 
at 24 hours post-transfection. n=3, p<0.0001 by 2way ANOVA, ns=not significant by 
Bonferroni posttest. Data represent mean ± SEM; n values represent separate 
biological replicates. 
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Similar to that seen with IFNa stimulation, PKR and ISG15 expression was 

elevated in HSA+ MDM at baseline (Figure 24). While levels of both ISG were 

increased following 5’ppp-dsRNA transfection, the relative induction of PKR and 

ISG15 was lower in HSA+ MDM, in comparison to HSA- MDM (Figure 25 and 26). 

Importantly, transfection with a 5’ppp-free dsRNA control did not yield appreciable 

ISG induction, indicating that 5’ppp-dsRNA does not stimulate ISG expression via 

another RNA-sensing protein like MDA5 (453). As before, PKR induction was similar 

between HIV-uninfected and bystander cells (Figure 27a), while ISG15 induction 

was significantly elevated in HSA- MDM (Figure 27b). Like the results presented in 

section 4.3.3, productive HIV infection appears to cause differences in ISG induction 

between HSA+ and HSA- MDM following 5’ppp-dsRNA transfection.  
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Figure 24: ISG expression is elevated in HSA+ MDM at baseline, in comparison 
to HSA- and uninfected MDM. a. Representative histogram depicting PKR 
expression in unstimulated, uninfected (black), HSA- (blue), and HSA+ (red) MDM. b. 
Cumulative basal PKR expression in uninfected (black), HSA- (blue), and HSA+ (red) 
MDM (n=6). c. Representative histogram depicting ISG15 expression in uninfected 
(black), HSA- (blue), and HSA+ (red) MDM (n=6; p<0.0001 by 1way repeated 
measures ANOVA). d. Cumulative basal ISG15 expression in uninfected (black), 
HSA- (blue), and HSA+ (red) MDM (n=6; p=0.0007 by 1way repeated measures 
ANOVA). Note: histogram peak counts (y-axis) for uninfected, HSA-, and HSA+ 
populations were normalized to that of the isotype control for visualization purposes. 
ns=not significant, *p<0.01, **p<0.001 by Bonferroni multiple comparisons test. Data 
represent mean ± SEM; n values represent separate biological replicates. 
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Figure 25: PKR induction is lower in HSA+ MDM relative to HSA- MDM 
following 5’ppp-dsRNA transfection. At 6dpi, HIV NL4.3 Bal-IRES-HSA-infected 
MDM were transfected with 1μg/ml of the 5’ppp-free dsRNA control or 5’ppp-dsRNA, 
or cultured in the presence of lipofectamine with Opti-Mem reduced serum media 
(media control). At 24 hours post-transfection, intracellular PKR expression was 
assessed by flow cytometry. a. Representative histograms depicting PKR 
expression in HSA- (blue) and HSA+ (red) MDM. PKR isotype control is shown as a 
filled, grey histogram. Histogram peak counts (y-axis) for HSA- and HSA+ 
populations were normalized to that of the isotype control for visualization purposes. 
b. PKR expression in HSA- (blue) and HSA+ (red) MDM, as measured by mean 
fluorescent intensity (n=6; p=0.05 by 2way repeated measures ANOVA, *p<0.001, 
by Bonferroni posttest). c. PKR induction in HSA- (blue) and HSA+ (red) MDM, 
relative to respective media control (n=6; p value calculated by paired, two-tailed t-
test). Data represent mean ± SEM; n values represent separate biological replicates. 
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Figure 26: ISG15 induction is lower in HSA+ MDM relative to HSA- MDM 
following 5’ppp-dsRNA transfection. At 6dpi, HIV NL4.3 Bal-IRES-HSA-infected 
MDM were transfected with 1μg/ml of the 5’ppp-free dsRNA control or 5’ppp-dsRNA, 
or cultured in the presence of lipofectamine with Opti-Mem reduced serum media 
(media control). At 24 hours post-transfection, intracellular ISG15 expression was 
assessed by flow cytometry. a. Representative histograms depicting ISG15 
expression in HSA- (blue) and HSA+ (red) MDM. ISG15 isotype control is shown as 
a filled, grey histogram. Histogram peak counts (y-axis) for HSA- and HSA+ 
populations were normalized to that of the isotype control for visualization purposes. 
b. ISG15 expression in HSA- (blue) and HSA+ (red) MDM, as measured by mean 
fluorescent intensity (n=6; p=0.0046 by 2way repeated measures ANOVA, ns=not 
significant by Bonferroni posttest). c. ISG15 induction in HSA- (blue) and HSA+ (red) 
MDM, relative to respective media control (p value calculated by paired, two-tailed t-
test). Data represent mean ± SEM; n values represent separate biological replicates. 
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Figure 27: 5’ppp-dsRNA-induced ISG expression is similar between uninfected 
and HSA- MDM. At 6dpi, HIV NL4.3 Bal-IRES-HSA-infected MDM were transfected 
with 1μg/ml of the 5’ppp-free dsRNA control or 5’ppp-dsRNA, or cultured in the 
presence of lipofectamine with Opti-Mem reduced serum media (media control). At 
24 hours post-transfection, intracellular PKR and ISG15 expression was assessed 
by flow cytometry. a. PKR expression in uninfected (white) and HSA- (blue) MDM, 
relative to respective media controls (n=6; p=0.0036 by 2way repeated measures 
ANOVA). b. ISG15 expression in uninfected (white) and HSA- (blue) MDM, relative 
to respective, unstimulated controls (n=6; p=0.0017 by 2way repeated measures 
ANOVA, *p<0.01 by Bonferroni posttest). Data represent mean ± SEM; n values 
represent separate biological replicates. 
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4.4 Discussion 

To summarize, the fold induction of two antiviral proteins, PKR and ISG15, 

was found to be lower in HIV-infected, HSA+ MDM than bystander, HSA- MDM 

following IFNa stimulation or 5’ppp-dsRNA transfection. Although hundreds of ISG 

are expressed during the IFN1 response, PKR and ISG15 were chosen as 

archetypal markers of IFN1 signalling based on previous literature supporting their 

functionally different antiviral roles in the context of HIV infection. PKR is 

predominantly involved viral RNA sensing and the inhibition of viral protein 

translation (292,454), whereas ISG15 blocks HIV virion egress from infected cells 

(397,455,456). Moreover, inhibition of PKR activation (292,457) and transcriptional 

downregulation of ISG15 (275,458), have been observed in the context of HIV 

infection. HIV-mediated inhibition of IFN1 signalling therefore exists at the level of 

ISG expression, as well as antiviral function.  

While these findings represent the first attempt to measure ISG induction in 

human MDM infected with an established HIV reporter virus, others have previously 

demonstrated the downregulation of ISG mRNA expression in HIV-infected MDM 

(275). In agreement with this, HIV-infected MDM cultures (comprised of productively 

infected and bystander cells) were less responsive to IFNa than their HIV-

unexposed counterparts at the transcriptional level (Figure 21). The induction of 

PKR and ISG15 mRNA was not different in HSA+ and HSA- populations isolated via 

magnetic bead enrichment (Figure 22), however, suggesting that that differences in 

IFNa-induced ISG expression observed in HSA+ MDM are unlikely to result from 

upstream inhibition of the IFN1 response pathway. This is in contrast to previous 
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studies that have demonstrated the desensitization of peripheral blood mononuclear 

cells and primary monocytes isolated from PLWHIV to IFN1 following the 

downregulation of IFNAR1/2 expression (269,270). Alternatively, the impaired 

activation of key signalling proteins downstream of IFNAR1/2 has been shown to 

prevent ISG induction in cell line and primary MDM models of HIV infection (271-

273). The use of a full-length, replication-competent reporter virus will be an 

important addition to future experiments that will allow these IFN1 signalling 

impairments to be characterized within the HIV-infected MDM population, as well as 

within HIV-uninfected bystander cells.  

ISG induction was also measured following transfection of MDM with the RIG-

I-specific ligand, 5’ppp-dsRNA (227). RIG-I can sense highly-structured viral RNA 

during HIV infection, and is therefore a key component of the cellular IFN1 response 

(229). This PRR is targeted for degradation by HIV protease, blocking the induction 

of IFN1 and antiviral ISG within HIV-infected macrophages (234). In line with this, 

the relative induction of PKR and ISG15 from baseline levels was lower in HSA+ 

MDM following 5’ppp-dsRNA transfection, in comparison to that observed within 

HSA- MDM (Figures 25 and 26, respectfully). 

As shown by Yoneyama et al., cells that do not express functional RIG-I do 

not induce detectable ISG expression following viral infection (459). Given that PKR 

and ISG15 induction was detectable in HSA+ MDM, it is unlikely that functional RIG-I 

was completely ablated in these cells. Rather, impairment of the RIG-I signalling 

cascade by HIV may partially block or delay IFNa/b-independent ISG induction. 

Transcriptional downregulation of the RIG-I adaptor protein, mitochondrial IPS-1, 
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has been shown to block ISG induction in HIV-infected MDM (245). Similarly, the 

HIV accessory proteins Vif and Vpr can inhibit the phosphorylation of TBK1, 

preventing ISG expression downstream of RIG-I activation (248). As the expression 

and/or activation of RIG-I, IPS-1, and TBK1 were not assessed in this model, we 

cannot explicitly state at which point in the RIG-I signalling cascade this inhibition 

has occurred. Regardless, these results are consistent with those observed in HSA+ 

MDM following IFNa stimulation and confirm that differences in ISG induction exist 

between HSA+ and HSA- MDM. 

 

4.5 Future directions 

 Going forward, it will be important to identify the mechanism(s) by which ISG 

induction is downregulated in HIV-infected MDM. This will ideally employ an HSA+-

enriched population to ensure that HSA- bystander cells do not contaminate the 

measurement of mRNA and/or protein expression, activation, or interactions. 

Deshiere et al. recently employed this model to assess the macrophage 

transcriptome during HIV infection, identifying a number of ISG that were specifically 

downregulated in HSA+ MDM (358). Still, transcriptional differences may not fully 

correlate with protein expression. To this point, Tian et al. previously demonstrated 

that only 40% of perturbations at the protein level are captured using transcriptome 

analyses (460). The measurement of ISG using a quantitative proteomics approach 

will therefore allow specific protein-level differences to be identified between in HSA+ 

and HSA- MDM in future experiments. To date, proteomic analyses of HIV-infected 

CD4+ T cells and macrophages have identified differential expression of antiviral 
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ISG, RNA processing machinery, and transcriptional regulators (461,462). 

Uncovering additional differences may highlight points within the IFN1 signalling 

network that are inhibited during HIV infection. 

Inhibition of ISG induction within HIV-infected MDM can perhaps be explained 

through one of the following mechanisms. One possibility is the rapid degradation of 

ISG following translation, which has been observed for several key antiviral proteins, 

including RIG-I (234), IPS-1 (244), APOBEC3 (287), and possibly IRF3 (265). 

Although this has not been demonstrated in the context of HIV infection for PKR or 

ISG15, other viral pathogens such as foot-and-mouth disease virus (463), Rift Valley 

fever virus (464,465), and certain enteroviruses (466,467) are capable of degrading 

PKR so as to evade antiviral signalling. 

Alternatively, the translation of cellular mRNAs may be blocked during HIV 

infection. HIV protease, for example, has been shown to degrade EIF4G1 (468,469), 

while HIV Vpr inhibits the ribosome-directing activity of EIF4E (470). Kleinman et al. 

have also reported impaired ribosomal RNA (rRNA) transcription and processing, 

leading to an overall impairment of ribosome biogenesis in HIV-infected CD4+ T cells 

(471). Finally, the conjugation of ISG15 to PKR in a process similar to ubiquitination 

can lead to PKR, and ultimately EIF2a, phosphorylation, as well as the inhibition of 

cellular translation (472). In the above experiments, elevated basal levels of ISG15 

and PKR were consistently observed in unstimulated HSA+ MDM. Although this 

initial upregulation of these proteins likely occurred as a result of viral infection, the 

ISGylation of PKR by ISG15 may orchestrate the widespread inhibition of cellular 

translation at later time points.  
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Finally, PKR is capable of undergoing autophosphorylation following binding 

to double-stranded or hairpin RNAs. Subsequent phosphorylation of EIF2a is a well-

known mechanism by which cells halt translational processes during viral infection 

or other instances of cell stress (473,474). Several potential mechanisms therefore 

exist to explain the differences in ISG induction observed between HSA+ and HSA- 

MDM, which should be investigated in detail as we continue toward the development 

and testing of novel HIV cure strategies. 

 

4.6 Conclusion 

 In conclusion, HSA+ cells appeared to be less responsive to antiviral stimuli 

than their HSA- counterparts, suggesting that HIV-infected MDM possess 

differences in IFN1-mediated antiviral signalling that are not observed in uninfected 

bystander cells. We hypothesize that the observed differences in ISG induction are 

mediated by translational inhibition. In support of this hypothesis, HSA+ MDM 

expressed elevated levels of PKR at baseline¾a key antiviral ISG whose activation 

blocks subsequent translation of viral and cellular transcripts (473). Going forward, it 

will be necessary to identify what cellular processes involved in the IFN1 response 

are being targeted within HIV-infected MDM and which viral proteins (if any) are 

responsible. Given that aberrant IFN1 signalling forms a unique, intracellular 

characteristic by which to identify productively HIV-infected MDM, this may be of 

clinical use during the development of a novel HIV cure strategy.  
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Chapter 5: Oncolytic viruses target and eliminate HIV-infected monocyte-

derived macrophages  

5.1 Introduction 

5.1.1 Rational  

HIV is capable of blocking the antiviral IFN1 response within HIV infected 

cells, facilitating subsequent rounds of viral replication and persistence in vivo. This 

impairment occurs at several levels, including the desensitization of cells to 

circulating IFNa/b (270), as well as the transcriptional and translational inhibition of 

ISG expression (248,275).The functional inhibition of several antiviral proteins like 

PKR, whose activation is inhibited by cellular and viral proteins, and RIG-I, which is 

degraded in HIV-infected MDM has also been observed (234,295). Although these 

defects are clearly undesirable from an immunology standpoint, they are a unique 

feature of HIV-infected cells and may therefore be used as a therapeutic target.  

To this point, IFN1 signalling defects have already been exploited within the 

field of cancer immunotherapy. Oncolytic rhabdoviruses, engineered to selectively 

infect and kill IFN1-defective cancer cells have proven effective in eradicating 

tumour cell lines, as well as reducing tumour mass in vivo (301,346,475). Several of 

these, including the recombinant Maraba virus, MG1, and the related Rhabdovirus, 

VSV, have progressed to the clinical trial stage and are undergoing evaluation for 

safety and efficacy (347,476,477). MG1 was recently shown to selectively kill latently 

HIV-infected primary CD4+ T cells and myeloid cell lines (354), supporting the 

translation of OV to the HIV cure field. Chapter 5 of this thesis is therefore intended 
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to investigate the susceptibility of productively HIV-infected MDM to two IFN1-

sensitive OV, MG1 and VSVD51.  

 

5.1.2 The development and use of IFN-sensitive oncolytic rhabdoviruses, MG1 and 

VSVD51, for the treatment of cancer  

 Although numerous oncolytic viruses have been developed for the treatment 

of cancer (reviewed in (307)), the IFN1-sensitive Rhabdoviruses, VSVD51 and MG1, 

are unique. In contrast to other OV, which consist predominantly of human DNA 

viruses such as adenovirus (478,479) and herpes simplex virus (480), VSVD51 and 

MG1 are insect-born, single-stranded RNA viruses with zoonotic potential.  

VSV predominantly infects hoofed livestock, such as pigs, horses, or cows. It 

may also be transmitted in rare instances to those in close contact with the infected 

animal or to laboratory workers working with the virus. Although VSV infection is 

typically non-fatal, it causes the development of painful lesions on the feet and within 

the mouth and nose; symptoms that are indistinguishable from those caused by the 

more serious Foot and Mouth Disease virus. Rare instances of human illness are 

typically self-limiting and characterized by mild flu-like symptoms. The development 

of encephalitis following VSV infection has been reported, however, highlighting the 

inherent neurotropic nature of this virus (481).  

Closely related to VSV, Maraba virus was first isolated from Brazilian 

phlebotomine sandflies (specifically, Lutzomyia spp) in 1984 (337). Although the 

prevalence of Maraba infection in humans or livestock has not been readily 

assessed at present, Travassos da Rosa et al. recorded only one instance of 
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positive serology among the human sera tested (337). Given that human infection by 

either Maraba virus or VSV is a rare, the likelihood that an individual will possess 

pre-existing immunity to these viruses is quite low. Consequently, both VSV and 

Maraba virus are attractive candidates for future clinical use (345). 

 An additional attractive feature of Rhabdoviridae is their RNA genome, which 

in addition to restricting viral replication to the cytoplasm (avoiding potential off-

target genotoxicity), is easily manipulated. To date, several recombinant VSV strains 

have been developed that are engineered to express immunostimulatory cytokines, 

suicide genes, or even other viral proteins for the purpose of immune priming 

(reviewed in detail in (345)). Attenuation of viral variants is also possible—

specifically via the manipulation of the viral M protein, which facilitates the nuclear 

export of cellular mRNAs and the induction of an IFN1 response by the infected cell 

(343). Interestingly, while these attenuated VSV variants were unable to infect non-

malignant cell lines, cancer cells possessing IFN1 signalling defects were readily 

targeted and killed (301,338). In particular, the deletion of methionine-51 from the 

VSV M protein resulted in the enhanced killing of IFN-defective malignant cells and 

an improved therapeutic index relative to wild-type VSV (301,345). More recently, a 

recombinant Maraba virus possessing two amino acid substitution mutations within 

the G (Q242R) and M (L123W) proteins was generated and tested using a panel of 

malignant cell lines (346). These mutations were chosen specifically based on the 

work by Sanjuán et al., who previously demonstrated that analogous mutations 

within the VSV genome increased viral fitness via synergistic epistasis (482). In 

agreement with this, the recombinant Maraba virus (termed “MG1”) demonstrated 
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increased cytopathogenicity within IFN1-defective malignant cells, but was 

effectively blocked from infecting non-malignant cells (346). Finally, both MG1 and 

VSVD51 have been engineered to express green fluorescent protein (GFP), making 

them a useful tool with which to study OV cytopathogenicity in vitro. 

 VSVD51 and MG1 therefore represent two novel OV that infect and kill IFN1-

defective malignant cells, but are attenuated in healthy tissues. Although the clinical 

investigation of VSVD51 has been limited so far, an MG1-based vaccine strategy 

has recently undergone assessment in two first-in-human clinical trials in patients 

diagnosed with non-small cell lung cancer (ClinicalTrials.gov Identifier: 

NCT02879760) or advanced/metastatic MAGE-A3-expressing solid tumours 

(ClinicalTrials.gov Identifier: NCT02285816). The MAGE-A3-expressing MG1 (MG1-

MAGEA3) used in these trials is intended to elicit an immune response against 

MAGE-A3 and facilitate the immune-mediated clearance (rather than direct 

oncolysis) of MAGE-A3-expressing malignant cells. Although selective OV-mediated 

oncolysis is not the main objective of these clinical trials, they remain an important 

step in establishing the safety profile of MG1 in humans. The potential for MG1-

MAGEA3 to spread within non-malignant tissues was also investigated within 

healthy cynomolgous macaques (347). Reassuringly, these animals did not 

demonstrate adverse side effects, nor was replication competent virus detected in 

healthy tissues, feces, or urine (347). Off-target infection by MG1 therefore appears 

to be limited, supporting the continued investigation of this virus in the context of 

oncolytic virotherapy.  
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5.1.3 Using a virus-based therapeutic strategy to eradicate HIV-infected cells 

 Viruses, specifically VSV, have also been proposed for the eradication of HIV 

infected cells. In 1992, Schubert et al. engineered VSV to express a chimeric 

CD4/VSV G protein (483), creating a virus that could be targeted towards cells 

expressing the HIV envelope protein on their surface. These findings were quickly 

adapted by Schnell et al., who generated a VSV strain expressing CD4 and CXCR4 

(VSVDG-CC4) and tested its efficacy in targeting HIV-infected Jurkat cells (484). 

Indeed, VSVDG-CC4 superinfection lead to a potent reduction in both supernatant 

HIV and detectable HIV-infected cells. CD4 and CXCR4 could therefore be 

expressed from the VSV genome to generate a virus that effectively targeted cells 

expressing HIV gp120/gp41 (484). An opposite approach was attempted by Boritz et 

al., who successfully targeted VSV to CD4-expressing cells by engineering the virus 

to express a chimeric VSV G-HIV Env (485). More recently, Okuma et al. advanced 

this idea by generating a CD4/CCR5 expressing VSV strain (VSVDG-CC5) capable 

of preferentially infecting primary CD4+ T cells infected with an CCR5-tropic HIV 

(486). VSVDG-CC5 was also shown to be effective in vivo using a humanized 

mouse model of HIV infection, lending support to its future use in PLWHIV. An 

important consideration concerning the use of VSVDG-CC4 or VSVDG-CC5 is the 

requirement for HIV gp120/gp41 to be expressed at appreciable levels. Latently HIV-

infected cells, or cells in which the HIV envelope protein has been internalized (487), 

will not be targeted. For the purposes of eradicating HIV-infected cells using a virus-

based therapeutic strategy, it was therefore important to identify and target a unique 

characteristic of these cells that was not shared by uninfected cells.  
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 Like cancerous cells (discussed in Chapter 1.6.2), a spectrum of IFN1 

signalling defects have been observed in the context of HIV infection (discussed in 

Chapter 1.4). Conversely, uninfected cells remain responsive to both exogenous 

IFNa/b, as well as intracellular triggers of IFN1 signalling (such as foreign RNA). 

Given that both VSVD51 and MG1 infect and replicate within IFN1-defective 

malignant cells, it was hypothesized these OV could be used to target and kill HIV-

infected cells (488). Indeed, both reactivated and latently HIV-infected cell lines were 

highly susceptible to OV infection and killing, in comparison to uninfected parental 

cell lines (354,402,488). These findings were believed to be due to pre-existing IFN1 

signalling defects within latently HIV-infected cell lines, exemplified by the inability of 

these cells to induce ISG expression following IFNa or poly(I:C) stimulation (215). 

MG1-mediated killing of HIV-infected cells was also observed in an in vitro primary 

CD4+ T cell model of latency, as well as within resting memory CD4+ T cells from 

PLWHIV (354). In addition to preventing the release of HIV p24 antigen, OV 

infection reduced detectable HIV DNA, signifying the preferential killing of cells 

containing HIV provirus (354). Targeting a known intracellular characteristic of HIV-

infected cells using OV has therefore formed the foundation on which the work 

within this chapter is based.  

 

5.2 Hypothesis 

 HIV-infected MDM are preferentially infected and killed by the oncolytic 

viruses, MG1 and VSVD51.  
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5.3 Results 

5.3.1 HIV-infected macrophages are preferentially infected by OV 

To assess whether productively HIV-infected macrophages are preferentially 

targeted by IFN-sensitive OV, rates of OV infection in HSA+ and HSA- MDM were 

measured by flow cytometry. At 48 hours post-MG1 infection, HSA+ MDM were 

found to contain a larger percentage of GFP+ cells compared to HSA- cells (Figure 

28a,b). A similar result was observed at 48 hours post-VSVD51 infection (Figure 

28c), despite VSVD51 being less infectious than MG1, overall.  

Aside from IFN1 signalling defects, preferential OV infection of HSA+ MDM 

could result from the elevated surface expression of low-density lipoprotein receptor 

(LDLR), the cellular receptor employed by MG1 and VSVD51 to gain entry to target 

cells (489-491). To assess whether preferential infection was in fact receptor-

mediated, surface expression of LDLR was measured by flow cytometry. 

Interestingly, LDLR expression was elevated on HSA+ cells in comparison to the 

HSA- population (Figure 29a,b). It is therefore possible that the elevated expression 

of LDLR on HSA+ MDM facilitates, in part, preferential OV infection.  
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Figure 28: HSA+ MDM are preferentially infected by OV at 48hpi. At 6 days post-
HIV infection, MDM cultures were infected with MG1 or VSVΔ51 (MOI 1 or MOI 10), 
or left uninfected. UV-inactivated MG1 or VSVΔ51 was included as an additional 
negative control (denoted as “UV Ctrl” above). UV-inactivated viral particles were 
added to MDM cultures in a ratio of 10:1, as calculated from pre-UV inactivation 
virus titers. At 48 hours post-OV infection, frequencies of HSA+ and GFP+ MDM 
were measured by flow cytometry. a. Example of gating strategy employed during 
data analysis. Cellular debris was excluded (black gate), after which HSA- (blue 
gate) and HSA+ (red gate) MDM were gated upon. %GFP+ cells were then 
measured within HSA+ and HSA- populations, as shown using representative 
histograms. b. Frequencies of GFP+ cells within HSA+ and HSA- MDM populations 
at 48 hours post-MG1 infection (n=7). c. Frequencies of GFP+ cells within HSA+ and 
HSA- MDM populations at 48 hours post-VSVΔ51 infection (n=5). p<0.0001 by 2way 
repeated measures ANOVA, *p<0.001 by Bonferroni posttest. Data represent mean 
± SEM; n values represent separate biological replicates.  
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Figure 29: Surface expression of the MG1/VSVΔ51 receptor, LDLR, is elevated 
on HSA+ MDM. At 6 days post-HIV infection, LDLR expression was measured on 
the surface of HSA- and HSA+ MDM by flow cytometry. a. Representative 
histograms depicting LDLR expression on HSA- (blue) and HSA+ (red) MDM. LDLR 
unstained control is shown as a filled, grey histogram. Histogram peak counts (y-
axis) for HSA- and HSA+ populations were normalized to that of the unstained 
control for visualization purposes. b. Cumulative LDLR expression on HSA- (blue) 
and HSA+ (red) MDM (n=7; p=0.029 by paired, two-tailed t-test). Data represent 
mean ± SEM; n values represent separate biological replicates. 
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5.3.2 HIV-infected macrophages are preferentially killed by MG1, but not VSVD51 

For OV to be of therapeutic value, they must kill HIV-infected MDM, while 

leaving HIV-uninfected cells untouched. The observed frequency of HSA+ MDM 

decreased in an MOI-dependent manner at 48 hours post-MG1 infection (Figure 

30a,b), as did the accumulation of HIV p24 antigen in cell supernatants (Figure 30c). 

This was accompanied by an MOI-dependent decrease in proviral HIV DNA (Figure 

30d), indicating that HIV-infected MDM were being killed in vitro. Importantly, these 

findings required replication competent MG1, as UV-inactivated virus had no effect 

on measures of proviral HIV DNA, frequency of HSA+ MDM, or p24 antigen release. 

MG1 infection of HSA+ MDM could be partially inhibited by pre-treating cells 

with increasing doses of IFNa (Figure 31a). Infection was completely blocked after 

pre-treatment with 100U/ml and 1000U/ml IFNa (346). Interestingly, preferential 

infection of HSA+ MDM, relative to HSA- MDM, was maintained following pre-

treatment with 10U/ml IFNa. A significant decrease in proviral HIV DNA was also 

observed in cells pre-treated with 0 or 10U/ml IFNa, but not with 100 and 1000U/ml 

IFNa (Figure 31b). IFNa is therefore effective in blocking the infection and killing of 

HIV-infected MDM when used at doses of 100U/ml and higher.  

Unlike MG1, VSVD51 infection did not result in an MOI-dependent decrease 

in the frequency of HSA+ MDM or proviral HIV DNA (Figure 32a,b,d). HIV p24 

release into culture supernatants was potently blocked following VSVD51 infection 

but not following exposure to UV-inactivated virus (Figure 32c). The ability of MG1 to 

selectively kill HIV-infected MDM therefore appears to be characteristic of this 

specific virus, rather than a quality shared by all IFN-sensitive OV.  
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Figure 30: MG1 selectively kills HIV-infected MDM. At 6 days post-HIV infection, 
MDM cultures were infected with MG1 (MOI 1 or MOI 10), left uninfected, or treated 
with UV-inactivated MG1 (UV Ctrl). UV-inactivated viral particles were added to 
MDM cultures in a ratio of 10:1, as calculated from pre-UV inactivation virus titers. 
Cells and supernatants were collected for further analysis at 48 hours post-MG1 
infection, which included the measurement of HSA+ MDM by flow cytometry, HIV 
p24 release by ELISA, and proviral HIV DNA by qPCR. In certain donors, cells were 
left for 6 days post-MG1 infection in order to measure HIV p24 release over this time 
period. a. Example of gating strategy employed during data analysis. Cellular debris 
were excluded (black gate) after which %HSA+ MDM were measured, as shown 
using representative histograms. b. Proportions of HSA+ MDM, relative to uninfected 
control, at 48 hours post-MG1 infection (n=7; p=0.012 by 1way ANOVA, ns=not 
significant, *p<0.01 by Bonferroni posttest; †p=0.004 by unpaired, two-tailed t-test). 
c. HIV p24 accumulation in MDM culture media at 0, 2, 4, and 6 days post-MG1 
infection (n=9 for uninfected and MOI 1, n=6 for MOI 0.1, and n=4 for UV Ctrl; 
p<0.0001 by 2way ANOVA, **p<0.05, *p<0.01, ***p<0.001 by Bonferroni posttest; 
ns=non-significant by unpaired, two-tailed t-test). d. Proviral HIV, as quantified by 
qPCR, at 48 hours post-MG1 infection (n=10; p=0.0073 by 1way repeated-measure 
ANOVA, *p<0.01 by Bonferroni posttest; ns=not significant, ‡p=0.005 by paired, two-
tailed t-test) Data represent mean ± SEM; n values represent separate biological 
replicates. 
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Figure 31: IFNa pre-treatment protects HIV-infected MDM from MG1 infection 
and killing. At 6dpi, HIV-infected MDM cultures were treated with increasing doses 
of IFNα for 24 hours. Subsequently, MDM were infected with MG1 (MOI 1 and 10), 
or left uninfected, for 48 hours. To assess infection, %GFP+ MDM were measured 
by flow cytometry. Proviral HIV DNA, as measured by qPCR, was used to assess 
MG1-mediated killing of HIV-infected MDM. a. %GFP+ MDM within HSA- (blue) and 
HSA+ (red) populations at 48 hours post MG1 infection (n=6; p<0.0001 by 2way 
repeated measures ANOVA, *p<0.05, **p<0.01 by Bonferroni posttest). b. Proviral 
HIV DNA, relative to respective MG1-uninfected control, at 48 hours post-MG1 
infection (n=7; p=0.018 and p=0.028 by 1way ANOVA for 0U/ml and 10U/ml IFNα, 
respectfully, not significant by 1way ANOVA for 100U/ml and 1000U/ml IFNα, 
*p<0.05 by Bonferroni posttest). Data represent mean ± SEM; n values represent 
separate biological replicates.  
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Figure 32: VSVD51 prevents the release of HIV p24 antigen, but does not kill 
HIV-infected MDM. At 6 days post-HIV infection, MDM cultures were infected with 
VSVD51 (MOI 1 or MOI 10), left uninfected, or treated with UV-inactivated VSVD51 
(UV Ctrl). UV-inactivated viral particles were added to MDM cultures in a ratio of 
10:1, as calculated from pre-UV inactivation virus titers. Cells and supernatants were 
collected for (further) analysis at 48 hours post-VSVD51 infection, which included the 
measurement of HSA+ MDM by flow cytometry, HIV p24 release by ELISA, and 
proviral HIV DNA by qPCR. In certain donors, cells were left for 6 days post-MG1 
infection in order to measure HIV p24 release over this time period. a. Example of 
gating strategy employed during data analysis. Cellular debris were excluded (black 
gate) after which %HSA+ MDM were measured, as shown using representative 
histograms. b. Proportions of HSA+ MDM, relative to uninfected control, at 48 hours 
post-VSVD51 infection (n=6). c. HIV p24 accumulation in MDM culture media at 0, 2, 
4, and 6 days post-VSVD51 infection (n=9 for uninfected and MOI 1, n=6 for MOI 
0.1, and n=4 for UV Ctrl; p<0.0001 by 2way ANOVA, **p<0.01, ***p<0.001 by 
Bonferroni posttest; ns=non-significant, *p<0.05 by unpaired, two-tailed t-test). d. 
Proviral HIV, as quantified by qPCR, at 48 hours post- VSVD51 infection (n=5). Data 
represent mean ± SEM; n values represent separate biological replicates. 
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5.3.3 MG1-mediated killing of HIV-infected MDM does not depend on apoptotic 

and/or necroptotic pathways 

Given that killing of HIV-infected MDM was observed with MG1, but not 

VSVD51, additional characterization of MG1-mediated killing was warranted. 

Oncolytic rhabdoviruses, including MG1, have been found to induce apoptosis in a 

variety of cancerous cell lines and solid tumors (492-496). To investigate whether 

the same was true for HIV-infected MDM, markers of apoptosis were measured in 

HSA+ and HSA- MDM populations at 8 and 24 hours post-MG1 infection. At both 

time points, MG1-infected (GFP+), HSA+ cells contained a significantly higher 

percentage of AnnexinV+ cells than the GFP+/HSA- population (Figure 33a-c). A 

greater percentage of caspase 3/7+ cells was also observed within the HSA+/GFP+ 

MDM population (Figure 34a-c). MG1 infection therefore induces markers of 

apoptosis in HIV-infected, but not bystander, MDM.  

Notably, GFP-/HSA+ MDM were also found to have elevated levels of 

AnnexinV+ staining and caspase 3/7 activation (Figures 33a and 34a). It is unclear 

whether these cells had succumbed to indirect bystander killing or had initiated 

apoptotic cell death in response to MG1 infection, prior to GFP expression. This 

population was therefore excluded from the aforementioned analysis. Nonetheless, 

when both GFP+ and GFP- populations were considered, HSA+ MDM had higher 

frequencies of AnnexinV+ and caspase 3/7+ cells at 24 hours post-MG1 infection 

than HSA- MDM (measured relative to respective uninfected controls), confirming 

that MG1-mediated killing occurs preferentially within HIV-infected MDM (Figure 35). 
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Figure 33: HSA+ MDM are AnnexinV-positive at 8 and 24 hours post-MG1 
infection. At 6dpi, HIV-infected MDM cultures were infected with MG1 (MOI 1 or 
MOI 10) or left uninfected. Adherent cells were collected at 8 and 24 hours post-
MG1 infection, after which frequencies of AnnexinV+ cells within HSA- and HSA+ 

MDM populations was assessed by flow cytometry. a. Example of gating strategy 
employed during data analysis. Cellular debris were excluded (black gate), after 
which HSA- (blue gate) and HSA+ (red gate) MDM were gated upon. Next, a gate 
was set on %GFP+ cells (green) within both the HSA- and the HSA+ MDM 
populations, and frequencies of AnnexinV+/GFP+/HSA- or AnnexinV+/GFP+/HSA+ 

MDM were measured (purple). b. Frequency of AnnexinV+/GFP+/HSA- (blue) or 
AnnexinV+/GFP+/HSA+ (red) MDM at 8 hours post-MG1 infection (n=5; p=0.0005 by 
2way repeated measures ANOVA, *p<0.001 by Bonferroni posttest). c. Frequency 
of AnnexinV+/GFP+/HSA- (blue) or AnnexinV+/GFP+/HSA+ (red) MDM at 24 hours 
post-MG1 infection (n=5; p=0.0037 by 2way repeated measures ANOVA, **p<0.01 
by Bonferroni posttest). Data represent mean ± SEM; n values represent separate 
biological replicates. 
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Figure 34: HSA+ MDM are caspase3/7-positive at 8 and 24 hours post-MG1 
infection. At 6dpi, HIV-infected MDM cultures were infected with MG1 (MOI 1 or 
MOI 10) or left uninfected. Adherent cells were collected at 8 and 24 hours post-
MG1 infection, after which frequencies of caspase3/7+ cells within HSA- and HSA+ 

MDM populations was assessed by flow cytometry. a. Example of gating strategy 
employed during data analysis. Cellular debris were excluded (black gate), after 
which HSA- (blue gate) and HSA+ (red gate) MDM were gated upon. Next, a gate 
was set on %GFP+ cells (green) within both the HSA- and the HSA+ MDM 
populations, and frequencies of caspase3/7+/GFP+/HSA- or caspase3/7+/GFP+/HSA+ 

MDM were measured (purple). b. Frequency of caspase3/7+/GFP+/HSA- (blue) or 
caspase3/7+/GFP+/HSA+ (red) MDM at 8 hours post-MG1 infection (n=5; p=0.0035 
by 2way repeated measures ANOVA, *p<0.05, **p<0.01 by Bonferroni posttest). c. 
Frequency of caspase3/7+/GFP+/HSA- (blue) or caspase3/7+/GFP+/HSA+ (red) MDM 
at 24 hours post-MG1 infection (n=5; p=0.014 by 2way repeated measures ANOVA, 
*p<0.05, **p<0.01 by Bonferroni posttest). Data represent mean ± SEM; n values 
represent separate biological replicates.  
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Figure 35: HSA+ MDM contain higher frequencies of AnnexinV- and caspase 
3/7-positive cells than HSA- MDM at 24 hours post-MG1 infection. At 6dpi, HIV-
infected MDM cultures were infected with MG1 (MOI 1 or MOI 10) or left uninfected, 
after which AnnexinV and caspase 3/7 staining was assessed by flow cytometry. a. 
Increase in % AnnexinV+ MDM in HSA- (blue) or HSA+ (red) cell populations at 24 
hours post-MG1 infection (n=5; p=0.013 by 2way repeated measures ANOVA, 
*p<0.05 by Bonferroni posttest). b. Increase in % caspase 3/7+ MDM in HSA- (blue) 
or HSA+ (red) cell populations at 24 hours post-MG1 infection (n=5; not significant by 
2way repeated measures ANOVA). Data represent mean ± SEM; n values represent 
separate biological replicates.  
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Next, the dependence of MG1-mediated killing on caspase activation was 

investigated using the pan-caspase inhibitor, ZVAD-FMK. ZVAD-FMK dose was 

previously optimized using healthy MDM, which were exposed to increasing 

concentrations of ZVAD-FMK prior to a 2 hour treatment with 10µM camptothecin 

(data not shown). Unexpectedly, pre-treatment with ZVAD-FMK did not block MG1-

mediated killing of HIV-infected MDM. AnnexinV staining on ZVAD-FMK-treated 

GFP+/HSA+ MDM remained elevated relative to that on GFP+/ HSA- cells at 24 hours 

post-MG1 infection (Figure 36a). Moreover, an MG1 MOI-depended reduction in 

proviral HIV DNA was observed in both ZVAD-FMK-treated and untreated MDM 

(Figure 36b). ZVAD-FMK has previously been shown to trigger necroptosis in 

myeloid-lineage cells by permitting the activation of receptor interacting protein 1 

(RIPK1) (497-499). In comparison to cells pre-treated with only ZVAD-FMK, the 

addition of a specific RIPK1 inhibitor, Necrostatin-1 (500), reduced AnnexinV 

staining on both GFP+/HSA+ and GFP+/HSA- MDM (Figure 34a). Nonetheless, a 

significant, MG1-mediated decrease in proviral HIV DNA was observed in cells that 

had been pre-treated with Necrostatin-1, or combination of Necrostatin-1 and Z-

VAD-FMK (Figure 36b). MG1-mediated killing of HIV-infected MDM, therefore, does 

not appear to depend solely on the induction of programmed cell death pathways 

such as apoptosis or necroptosis.  
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Figure 36: Inhibitors of caspases or RIPK1 do not prevent MG1-mediated 
killing of HIV-infected MDM. At 6dpi, HIV-infected MDM cultures were pre-treated 
with 50µM ZVAD-FMK, 50µM Necrostatin-1, or 50µM of both for 1 hour. An 
equivalent volume of DMSO was used for the untreated control. Without changing 
the cell culture media, MDM were infected with MG1 (MOI 1 or MOI 10) or left 
uninfected. Adherent cells were collected at 24 hours and 48 hours post-MG1 
infection for the measurement of AnnexinV+ cells by flow cytometry or proviral HIV 
DNA by qPCR, respectfully. The gating strategy used to assess AnnexinV+ MDM is 
as shown in Figure 6a. a. AnnexinV+/GFP+/HSA- and AnnexinV+/GFP+/HSA+ MDM 
at 24 hours post-MG1 infection. b. Proviral HIV DNA at 48 hours post-MG1 infection, 
relative to MG1-uninfected control. (n=5; p=0.016, p=0.041, p=0.0003, and 
p=0.0089 by 1way ANOVA for untreated, ZVAD-FMK only, Necrostatin-1 only, and 
ZVAD-FMK/Necrostatin-1 treated cells, respectfully,*p<0.05, **p<0.01, ***p<0.001 
by Bonferroni posttest). Data represent mean ± SEM; n values represent separate 
biological replicates.  
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5.3.3 MG1-mediated killing of HIV-infected macrophages requires the presence of 

infectious virus 

Finally, the possibility that MG1 infection could trigger indirect, cytokine-

mediated eradication of HIV-infected cells was considered. To address this question, 

supernatants from MG1-infected, HIV-uninfected MDM were collected and clarified 

via filtration at 48 hours post-MG1 infection. These virus-free, conditioned 

supernatants were then added to autologous, HIV-infected MDM (in a 1:2 ratio with 

fresh media) at 6 days post-HIV infection, with MG1 infection performed in parallel 

as a positive control. Cells that received conditioned supernatants from MG1-

infected MDM showed a small, but significant drop in viability (Figure 37a). As 

expected, MG1 infection prevented the accumulation of HIV p24 antigen in culture 

supernatants (Figure 37b) and reduced proviral HIV DNA relative to uninfected 

control wells (Figure 37c), whereas UV-inactivated MG1 had no effect on HIV p24 

release or proviral HIV DNA. The exposure of HIV-infected MDM to filtered 

supernatants also inhibited p24 antigen release, but no change in proviral HIV DNA 

was observed relative to untreated control cells (Figure 37b,c). Soluble factors 

released following MG1 infection are therefore partially responsible for preventing 

p24 release by HIV-infected cells. The eradication of HIV-infected MDM, conversely, 

requires the presence of infectious MG1.  
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Figure 37: Conditioned supernatants from MG1-infected, HIV-negative MDM 
block p24 release without the preferential killing of HIV-infected MDM. At 6dpi, 
HIV-infected MDM cultures were infected with MG1 MOI 10, left uninfected, or 
treated with UV-inactivated MG1 (UV Ctrl). UV-inactivated viral particles were added 
to MDM cultures in a ratio of 10:1, as calculated from pre-UV inactivation virus titers. 
In duplicate, HIV-infected MDM were treated with filtered supernatants collected 
from autologous HIV-uninfected MDM that had been infected with MG1 MOI 10, left 
uninfected, or treated with UV-inactivated MG1. At 48 hours post-MG1 infection, cell 
viability was assessed by MTT or proviral HIV DNA was measured by qPCR. In 
certain donors, cell supernatants were collected at 0, 2, 4, and 6 days post-MG1 
infection for the measurement of HIV p24 release by ELISA. a. MDM viability, as 
measured by MTT assay relative to respective uninfected control, at 48 hours post-
MG1 infection or supernatant transfer (n=6; p=0.041 and p=0.0005 by 1way ANOVA 
for cells treated with conditioned supernatants and MG1 infected cells, respectfully, 
*p<0.05, **p<0.01, ***p<0.001 by Bonferroni posttest). b. HIV p24 antigen in culture 
supernatants, relative to MG1-uninfected control, at 6 days post-MG1 infection or 
supernatant transfer (n=6; p=0.0006 and p<0.0001 by 1way ANOVA for cells treated 
with conditioned supernatants and MG1 infected cells, respectfully, **p<0.01, 
***p<0.001 by Bonferroni posttest). c. Proviral HIV DNA, measured relative to 
respective uninfected control, at 48 hours post-MG1 infection or supernatant transfer 
(n=6; p=0.0012 by 1way ANOVA, **p<0.01 by Bonferroni posttest). Data represent 
mean ± SEM; n values represent separate biological replicates. 
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5.4 Discussion 

 As demonstrated above, HIV-infected MDM showed increased susceptibility 

to a known OV, MG1, relative to their HIV-uninfected counterparts. We have 

previously shown HSA+ MDM to be defective in their ability to upregulate antiviral 

ISG in response to a synthetic viral RNA mimetic, 5’ppp-dsRNA. HIV-mediated 

inhibition of the IFN1 response, combined with the higher overall expression of 

LDLR observed on HSA+ MDM, may enable their preferential infection by both MG1 

and VSVD51. Interestingly, only MG1 was capable of mediating preferential killing of 

HSA+ MDM¾a process that was independent of caspase or RIPK1 activation, but 

dependent on the presence of infectious viral particles. Although MG1 and VSVD51 

are both of the Rhabdoviridae family, differences in how these viruses were 

engineered may explain the increased infectivity and cytopathogenicity of MG1. 

Given that MG1 is currently in clinical trials for the treatment of non-small cell lung 

cancer and advanced/metastatic solid tumors, expanding its use to PLWHIV may be 

a feasible future direction.  

  

5.4.1 Different oncolytic viruses vary in their ability to eliminate HIV-infected 

monocyte-derived macrophages 

 Consistent with the observations made by Brun et al., MG1 infected and killed 

target cells with greater efficacy than VSVD51 (346). This finding also mirrored that 

of Ranganath et al., who found that MG1, but not VSVD51, was capable of killing 

latently HIV-infected CD4+ T cells (354,402). Overall, MG1 was more infectious than 

VSVD51 in both HSA- and HSA+ MDM (as measured by %GFP+ cells), which may 
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partially explain this finding. The ability of MG1 to effectively kill HIV-infected MDM 

may also be explained by the engineering of the virus itself. While VSVD51 and MG1 

are highly sensitive to IFN1 due to a single point mutation within the M protein (301), 

an additional amino acid substitution (Q242R) within the G protein of MG1 enhances 

its infectivity in tumor cell lines relative to that of the wild-type Maraba virus (346).  

 How this G protein mutation enhances MG1 infection of malignant cells, and 

in our case HIV-infected MDM, is currently unknown. Still, it is not surprising that G 

protein mutagenesis can enhance (501) or attenuate (502) virus infectivity since this 

protein directly mediates Rhabdoviridae tropism, entry, and spread. Mutagenesis of 

both the M and G proteins of MG1 may therefore work in concert to ensure 

selectivity for IFN1-deficient cells. For this example, let us assume that the Q242R 

amino acid substitution within the MG1 G protein enhances viral entry. Regardless 

of the rate of viral entry, MG1 infection of healthy cells will still elicit an IFN1 

response and render these cells refractory to MG1-mediated killing. In IFN1-

defective cells, however, enhanced rates of viral entry could outpace residual 

antiviral defense mechanisms and allow MG1 to establish a productive infection 

before additional ISG induction occurs. Similar examples of synergistic epistasis 

have been observed using VSV, with certain pairs of amino acid substitutions 

increasing viral fitness relative to single mutant or wild-type virus (482). It therefore 

likely that a similar synergistic relationship between L123W and Q242R has 

occurred in MG1.  

Regardless of the exact synergistic mechanism (if any) underlying the results 

shown above, MG1 was able to kill HIV-infected MDM while VSVD51 was not. This 
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implies that the killing of HIV-infected cells can be attributed to the unique viral 

characteristics of MG1, rather than a non-specific cellular response to a second viral 

infection. Going forward, it will be possible to further engineer MG1 to increase its 

potency and selectivity for HIV-infected cells in vivo, making it an attractive 

therapeutic option for targeting the HIV reservoir in PLWHIV.  

 

5.4.2 Killing of HIV-infected monocyte-derived macrophages by MG1 occurs 

independently of programmed cell death pathways 

 Oncolytic rhabdoviruses MG1 and VSVD51 have previously been shown to 

induce apoptosis in malignant cells (492-496). While caspase activation and 

increased expression of phosphatidylserine on the outer cell membrane leaflet were 

elevated on HSA+ relative to HSA- MDM (Figures 33-35), the addition of a known 

pan-caspase inhibitor, ZVAD-FMK, did not block MG1-mediated killing of HIV-

infected cells (Figure 36). It therefore appears that the induction of apoptosis is not 

the primary mechanism of killing following MG1 infection. 

 Understanding the mechanism behind MG1-induced killing is relevant to its 

future clinical development. Thus, additional programmed cell death pathways were 

investigated. Balachandran et al. previously found that the use of ZVAD-FMK could 

not completely block VSV-mediated killing of the C6 glioblastoma cell line (503). 

Several cell death pathways may therefore be activated in response to viral 

infection. Since the activation of caspase 8 has been shown to cleave a key 

mediator of necroptosis, RIPK1 (498,504), we hypothesized that ZVAD-FMK alone 

may prime MDM for necroptotic cell death following MG1 infection. Inhibition of 
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RIPK1 by necrostatin-1 similarly failed to block MG1-mediated killing of HSA+ MDM, 

indicating that MG1-mediated cytopathogenicity of HIV-infected cells occurs 

independently of programmed cell death pathways. The decrease in proviral HIV 

DNA observed following MG1 infection also occurred in necrostatin-1-treated cells, 

indicating that HIV-infected MDM continued to succumb to MG1-mediated killing in 

this experimental condition, whereas bystander MDM remained viable (Figure 36b).  

 A key difference separating the killing of malignant cells by MG1 from the 

killing of HIV-infected cells by MG1 is the fact that latter have already sustained one 

viral infection. Ongoing HIV replication may inhibit the cell’s ability to mount an 

appropriate antiviral response, facilitating selective infection by MG1. Although HIV 

possesses several means by which to limit homologous superinfection, these 

barriers typically involve the downregulation of HIV-specific cell surface receptors 

(487) and would therefore not impact Rhabdoviridae infection. Interestingly, HIV is 

capable of blocking pro-apoptotic pathways within target cells in order to facilitate its 

own persistence in vivo (505). In combination with the results obtained following 

treatment of HIV-infected MDM with ZVAD-FMK, this suggests that cell death 

following MG1 superinfection is not dependent on apoptosis. Similarly, HIV protease 

is capable of degrading RIPK1 leading to the hypothesized suppression of 

necroptosis in HIV-infected cells (506).  

The potential role of other cell death pathways, such are autophagic cell 

death (507), must therefore be considered. Two proteins involved in mediating cell 

stress responses, PKR and GCN2, are implicated in this process (508). We have 

previously shown HIV-infected MDM to possess elevated levels of PKR at baseline 

(Chapter 4, Figures 16 & 24), suggesting that the activation of this protein in 
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combination with the metabolic stress placed on the cell due to ongoing viral 

replication may trigger autophagic cell death. The HIV accessory protein Nef has, 

however, been found to block the late-stage maturation of the autophagosome and 

prevent autophagic death of infected cells (509). Alternatively, caspase 1-mediated 

pyroptosis has been demonstrated in HIV-infected CD4+ T cells (73), and in 

melanoma cells infected by the oncolytic HSV-2 mutant, DeltaPK (510). Cells 

undergoing pyroptosis sustain cell membrane damage, leading to the release of 

danger-associated molecular patterns (DAMPs) and the expression of “eat me” 

signals required for clearance by phagocytic cells such as macrophages (511,512). 

Thus, MG1 infection may potentiate this process in HIV-infected MDM, leading to 

their elimination.  

At present, the exact mechanism by which MG1 mediates the killing of HIV-

infected MDM remains uncharacterized. Understanding the cellular pathways 

involved in potentiating or inhibiting MG1-mediating killing in HIV-infected cells will 

certainly form an important future direction with direct relevance to the clinical 

development of OV-based therapies. Nonetheless, we can be confident that the 

presence of replication competent MG1 and the expression of viral proteins are key 

to this process. 

 

5.4.3 Killing of HIV-infected monocyte-derived macrophages and inhibition of HIV 

replication occur by different pathways following MG1 infection  

The field of oncolytic virotherapy has explored several additional strategies to 

achieve targeted killing of cancer cells while maintaining patient safety. UV-

inactivated viral particles, for instance, effectively eradicate acute myeloid leukemia 
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cells (513). As discussed above and shown in Figure 29, UV-inactivated MG1 did 

not kill HIV-infected MDM, nor did it have any impact on HIV p24 release.  

The induction of a pro-inflammatory cytokine response following OV infection 

may also facilitate the indirect eradication of malignant cells. VSV infection of 

primary PBMC and glial cells, for example, has been shown to induce the secretion 

of TNFa, IL-6, IFNg, and IFNa/b, (514,515). It is believed that the release of these 

cytokines in tumour-bearing mice infected by VSV results in the recruitment of 

neutrophils to the tumor bed, which is followed by a loss of blood flow to the tumour, 

acute ischemia, and the apoptosis of malignant cells (516). TNFa and IFNg have 

also been shown to induce cell death in HIV infected cell lines (517), as well as 

block viral replication within HIV-infected macrophages (283,518). The induction of a 

similar pro-inflammatory cytokine response by MG1-infected MDM was therefore 

considered as a possible mechanism of MG1-mediated killing. While IFNa/b could 

not be detected in cell supernatants following MG1 infection of MDM, both 

conditioned media (following filtration to remove infectious viral particles) and MG1 

infection significantly reduced HIV p24 antigen release from HIV-infected cells. 

Moreover, no difference in proviral HIV DNA was observed following supernatant 

transfer (despite a small but significant decrease in cell viability). Soluble factors 

released following MG1 infection therefore appear to block HIV replication without 

selectively killing HIV-infected cells. The characterization of the soluble factors 

released following MG1 infection may be an important consideration, since several 

pro-inflammatory cytokines (including IFNa, IFNg, and TNFa) have been found to 

block HIV replication at the pre- or post-integration stage (283,518-520). MG1-



 
 

 186 

mediated killing of HIV-infected MDM may therefore elicit a pro-inflammatory 

response that can prevent subsequent rounds of HIV replication and re-seeding of 

the HIV reservoir.  

 

5.5 Future directions 

As noted by Batenchuk et al., the treatment of immunocompromised patients 

with a replication-competent oncolytic virus is concerning from a patient safety 

standpoint (513). Similar to the use of OV for cancer therapy, this concern may be 

avoided in the context of HIV infection by using a recombinant OV that is unable to 

infect healthy cells. Fortunately, potential neurotoxicity by VSV (521,522) or MG1 

(346,347) is ameliorated via mutation of the viral M protein. These attenuated 

viruses are therefore only capable of establishing productive infection within cells 

that lack a robust IFN1 response (301,346). Given that low concentrations of IFNa 

were sufficient to protect IFN1-sensitive, HIV-uninfected MDM but not HIV-infected 

MDM it may be possible to further limit MG1-mediated killing of HIV-uninfected cells 

by engineering the virus to express IFNa. Westcott et al. have previously shown that 

an IFNa2-expressing VSV displayed enhanced selectivity for head and neck 

squamous cell carcinoma (HNSCC) cells over non-cancerous cells (523). VSV 

expressing IFNb (VSV-IFNb) has also been tested in murine models of metastatic 

lung disease, non-small cell lung cancer, and mesothelioma with positive results 

(476,524,525). Consequently, VSV-IFNb is currently under investigation in several 

Phase I clinical trials (reviewed in detail in (526)). Alternatively, elevated levels of 

IFN1 within tissues harbouring HIV reservoir cells may prevent effective MG1-
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mediated killing, as was observed in Figure 31 when doses of 100U/ml and 

1000U/ml IFNa were used. Still, it is difficult to accurately quantify tissue IFNa/b 

levels ex vivo. The limitations that persistent IFN1 signalling may pose for the use of 

therapeutic OV in PLWHIV are therefore an important consideration that will be 

better assessed in vivo. 

Limiting cytotoxicity to HIV-infected cells may also be achieved via direct 

modification of the MG1 genome. As previously suggested by Ranganath (402) 

insertion of a HIV protease cleavage site in between the G and L genes of MG1 will 

result in a viral variant that requires the presence of HIV protease to complete its 

replication cycle and generate infectious viral progeny. This strategy, however, 

necessitates productive HIV replication and appropriate expression of HIV protease. 

Alternatively, re-targeting VSV for CD4-expressing cells can be achieved by 

engineering the virus to express a chimeric VSV G-HIV gp160 (gp160G) (485). This 

approach has since been investigated as means by which to treat adult T cell 

leukemia, with notable success (and safety) in animal models of the disease (527). 

A similar strategy may allow CD4-expressing, HIV-infected target cells to killed by 

MG1 in a highly specific manner. In this scenario, HIV-uninfected CD4+ cells may 

still be infected, but will be capable of preventing productive MG1 infection via 

upregulation of IFN1. The development of an MG1 variant engineered to target HIV-

infected cells specifically therefore remains an important future direction, which is 

currently under investigation by our group. Going forward, MG1 will be investigated 

as an HIV-reservoir targeting therapy using humanized mouse models, as well as 
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within a proof-of-concept clinical trial in PLWHIV. The translation of an MG1-based 

HIV cure strategy to in vivo study is discussed further within Chapter 8.4. 

 

5.6 Conclusion 

 In conclusion, HIV-infected MDM were found to be selectively infected and 

killed by the IFN1-sensitive oncolytic Rhabdovirus, MG1. Pre-treatment with low 

doses of IFNa failed to prevent MG1-mediated killing, highlighting the role of 

defective IFN1 signalling pathways in facilitating the eradication of HIV-infected 

cells. Moreover, this process required the presence of infectious MG1 and was not 

mediated solely by a proinflammatory cytokine response or programmed cell death 

pathways such as apoptosis or necroptosis. It will be necessary to characterize the 

mechanism of MG1-mediated killing, especially since a related, IFN1-sensitive OV, 

VSVD51, was not found to selectively kill HIV-infected MDM. This knowledge will 

inform our in vivo use of MG1¾for example, in humanized mouse models of HIV 

infection¾and provide further opportunity to modify MG1 to be better able to target 

and eradicate HIV-infected reservoir cells. Given that MG1 is now in clinical trials for 

the treatment of metastatic solid tumors and non-small cell lung cancer 

(ClinicalTrials.gov Identifier: NCT02285816 and NCT02879760), a proof of concept 

clinical trial in PLWHIV may also be warranted. 
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Chapter 6: Assessing MG1-mediated killing of HIV-infected alveolar 

macrophages 

6.1 Introduction 

6.1.1 Rational 

MG1-mediated killing of HIV-infected cells has been shown using promyeloid 

cell line models of latent HIV infection (354) and in vitro HIV-infected MDM (Chapter 

5.3.2). Primary macrophages isolated from PLWHIV form an additional tool with 

which to investigate the capacity for MG1 to eradicate the myeloid HIV reservoir. 

Unlike CD4+ T cells, however, the isolation, culture, and study of these cells is 

technically challenging. HIV-infected macrophages do not circulate within the 

peripheral blood, residing instead within tissues such as the gastrointestinal tract 

(528,529), brain (429,530,531), and spleen (108). Isolation of these cells relies on 

tissue collection via biopsy, which is invasive and yields very few cells with which to 

perform downstream ex vivo studies. Furthermore, MDM from PLWHIV is not a 

reliable model as circulating monocytes are resistant to HIV infection in vivo (532-

534). A unique solution to this problem is the use of alveolar macrophages (AM), 

which are reservoirs for HIV during well-treated infection and can be easily isolated 

via BAL. We therefore chose to use AM for the ex vivo study of MG1 infection and 

killing of HIV-infected cells, since AM form a rare source of primary HIV-infected 

macrophages that can be isolated from PLWHIV. 

  



 
 

 190 

6.1.2 Role of alveolar macrophages in vivo 

 AM form the first line of defense within the lung and play a key role in the 

removal of bacteria, viruses, and cellular debris. Proximal to alveolar epithelial cells 

within the alveolar lumen, AM possess immense phagocytic capacity that limits 

dendritic cell activation and lung inflammation following exposure to inhaled 

pathogens (535). Release of immunosuppressive factors like transforming growth 

factor beta (TGF-b) and interleukin-10 (IL-10) by AM further promotes immune 

tolerance in infiltrating CD4+ T cells (536-538). Together, this maintains airway 

structure and prevents respiratory failure and mortality during lung infection (539).  

 Given their important role in tissue homeostasis and protection, AM comprise 

the largest population of immune cells within the lung (>90%) (539,540). Like other 

tissue resident macrophage subsets, AM are derived predominantly from embryonic 

yolk sac erythro-myeloid progenitors, and are believed to undergo active replication 

to maintain their presence within the lung (541,542). Evidence of this has been 

shown in lung transplant recipients¾donor AM are maintained within the recipient 

rather than being replaced by recipient-derived cells (543,544). Other precursor cells 

can further contribute to the AM population over time, including fetal liver and bone 

marrow-derived monocytes (542,545). The latter play a particularly important role in 

re-establishing the AM population and tissue homeostasis following lung 

inflammation or infection (542,546).  
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6.1.3 Alveolar macrophages as a target for HIV infection and persistence  

 The ability of HIV to infiltrate the lung was first described in 1986 (547,548). 

Ex vivo culture of alveolar macrophages from PLWHIV resulted in the production of 

infectious viral particles by these cells (548). Analysis of lung biopsy tissue further 

revealed that cells possessing both lymphoid and myeloid phenotypes contained 

HIV RNA (547). Given that pulmonary infections were (and remain) quite common in 

PLWHIV (reviewed in (549)), the impairment of AM function following HIV infection 

was suspected. Indeed, subsequent studies demonstrated that HIV-infected AM 

possessed a reduced phagocytic capacity for certain bacterial pathogens (99,443); 

an effect which can be exacerbated by smoking (550).  

 AM possess a half-life of approximately 30 days (551,552) and do not 

succumb to HIV-mediated cytopathogenicity (548). The role of these cells as a 

significant tissue-resident reservoir for HIV has therefore been recently proposed 

(reviewed in (553)). The detection of proviral DNA in the lungs of cART-controlled 

individuals (443,554,555) and non-human primates (556) lends further support to 

this hypothesis, as does evidence supporting the maintenance of AM populations via 

a combination of local proliferation and monocyte infiltration (542,545,546). The 

latter provide a continuously renewing source of target cells to support subsequent 

rounds of viral replication. HIV-infected CD4+ T cells are also present in appreciable 

numbers within the lung (350,554), and may be phagocytosed by AM resulting in 

their infection (139,557). AM therefore comprise an important viral reservoir in vivo, 

which is relevant to HIV cure research and form a valuable ex vivo model of HIV-

infection in primary macrophages.  
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6.2 Hypothesis 

 HIV-infected alveolar macrophages isolated from PLWHIV will be eradicated 

by the oncolytic rhabdovirus, MG1. 

 

6.3 Results 

6.3.1 The oncolytic rhabdovirus, MG1, kills HIV-infected alveolar macrophages  

AM were collected by BAL from HIV-positive donors on suppressive cART for 

≥3 years at the time of collection. Relevant patient details are described in Table 3. 

Adherent BAL cells were infected at MOI 1 or 10 with MG1, and at 48 hours post-

MG1 infection, proviral HIV DNA was measured by digital droplet PCR. As expected 

(553), copies of proviral HIV DNA were variable between donors at baseline. No 

difference in proviral DNA was observed at MG1 MOI 1, although infection at MOI 

10 resulted in a slight decrease in proviral HIV DNA within the AM of most 

individuals (Figure 38). In fact, a decrease in proviral HIV DNA, relative to baseline 

levels, was observed in 7 out of 10 AM cultures following infection with MG1 MOI 10 

(Figure 39a). Conversely, infection at MG1 MOI 10 did not reduce proviral HIV DNA 

in AM isolated from the remaining 3 donors (Figure 39b). Exact proviral DNA copy 

numbers for all donors are found in Table 4.  
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Table 3: Patient clinical characteristics  

 
Abbreviations: MJ = marijuana; M = male; F = female; ARV = antiretroviral therapy; bronch. = 
bronchoscopy; PBVL = peripheral blood viral load  
* Marijuana use in the last 6 months 
  

Pt 
Code Age

Tobacco  
(Ever; 

Current)
MJ* Sex ARVs at time 

of bronch.
CD4 

(cells/µl)

Time from 
sero-

conversion
(years)

Duration of
suppressed 

PBVL
(years)

Pt34 52 No; No No F
Truvada;

Atazanavir;
Ritonavir 

621 19 7

Pt35 62 No; No Yes M Triumeq 899 28 9

Pt37 58 No; No No M Truvada;
Isentress 537 22 10

Pt38 57 Yes; Yes Yes M Atripla 396 32 10

Pt39 58 Yes; No Yes M Stribild 269 20 8

Pt40 54 Yes; Yes Yes F
Reyataz; 
Complera;
Raltegravir

360 24 6

Pt41 58 Yes; No Yes M

Raltegravir;
Etravirine;
Ritonavir;
Darunavir

412 31 11

Pt42 51 No; No No M Atripla 541 18 8

Pt43 52 No; No No M Stribild 448 10 10

Pt44 58 Yes; Yes Yes M

Darunavir;
Ritonavir;
Abacavir/

Lamivudine

1135 22 10

Pt45 57 No; No No M

Ritonavir;
Darunavir;
Maraviroc;
Abacavir

1007 8 7

Pt46 59 No; No No M Triumeq 580 13 12
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Figure 38: MG1-mediated killing of HIV-infected alveolar macrophages is 
enhanced at MG1 MOI 10. Following collection by BAL, AM were allowed to adhere 
for 2 hours at 37°C. Subsequently, non-adherent cells were removed by washing, 
and remaining AM were infected with MG1. Cell pellets were collected at 48 hours 
post-infection, and proviral HIV DNA was measured by ddPCR. a. Total copies of 
proviral HIV DNA following infection with MG1 MOI 1 and 10 at 48 hours post-MG1 
infection. b. Proviral HIV DNA, relative to respective uninfected controls, at 48 hours 
post-MG1 infection. Samples in which proviral HIV DNA was below 1 copy per well 
were excluded. (n=9; p values calculated by two-tailed, paired t-test). Data represent 
mean ± SEM; n values represent separate biological replicates.  
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Figure 39: Patient alveolar macrophages can be grouped into “responder” and 
“non-responder” populations based on the relative change in proviral HIV 
DNA levels observed following MG1 infection. a. In responder AM, a substantial 
decrease in proviral HIV DNA (relative to respective uninfected control), was 
observed at 48 hours post-MG1 MOI 10 infection (n=7). a. In non-responder AM, no 
decrease in proviral HIV DNA (relative to respective uninfected control), was 
observed at 48 hours post-MG1 MOI 10 infection (n=3). Experiments in which 
proviral HIV DNA was found to be <1 copy in the control well were excluded. 
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Table 4: Total copies of proviral HIV DNA 

 
Abbreviations: ND = not detectable; NA = not available 
* Patient values excluded from overall analysis  
  

Copies per 106 alveolar macrophages
Pt Code Uninf. MOI 1 MOI 10
Pt34* 1.35 1.65 9.02
Pt35 781.28 2159.72 371.79
Pt37 54.9 ND ND
Pt38* ND ND ND
Pt39 20.88 29.12 ND
Pt40 20.15 7507.14 7.87
Pt41 3.8 12.09 13.19
Pt42 399.37 11.43 916.93
Pt43 163.18 511.45 22.65
Pt44 547.2 720.76 85.47
Pt45 95.41 2975.91 177.12
Pt46 10.49 NA 6.03
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6.4 Discussion 

AM are an accessible source of tissue-resident macrophages that harbour 

replication competent HIV and act as a viral reservoir in cART-treated individuals 

(443,554,558). We have shown here that the IFN1-sensitive oncolytic virus, MG1, is 

capable of killing HIV-infected alveolar macrophages isolated from cART-treated 

individuals, as measured by a decrease in copies of proviral DNA per 106 cells at 

MG1 MOI 10. Low cell numbers were typically obtained from the BAL fluid, 

prohibiting further experiments to directly measure cell death and frequency of MG1 

infection. Still, the measurement of proviral DNA following pharmacological 

intervention is frequently used as a reliable indication that HIV-infected cells are 

being killed (175,559,560). We are therefore confident that the decrease in proviral 

DNA observed represents the MG1-mediated killing of HIV infected AM.  

It is also important to note the inter-donor variability in MG1-mediated killing 

(as shown in Figure 39). There are several possible explanations for this, which 

although not investigated here, remain important considerations for the use of MG1 

as a reservoir-clearance strategy. First are the culture conditions employed during 

AM isolation from BAL fluid. Transient activation of AM has been observed 

immediately post-isolation by plate adherence, characterized by the release of 

TNFa, CXCL8, and IL-6 (561,562). Typically associated with classical macrophage 

activation and polarization to an M1 state (563,564), these cytokines and 

chemokines may induce an infection-resistant phenotype, as has been observed 

using human cytomegalovirus (565) and influenza virus (566,567). The AM used in 
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the above experiments may therefore have been less susceptible to MG1 infection, 

which was performed immediately following the 2 hours adherence step.  

Polarization of AM to an M1 phenotype as a result of bacterial infection of the 

lung (563,568) or smoking (569) has also been observed. Although efforts were 

made to recruit otherwise healthy patients without a history smoking (tobacco or 

cannabis), this does not fully ensure that AM obtained via BAL were not polarized 

from an M0 state prior to subsequent experiments. Still, no correlation between 

patient clinical characteristics (such as smoking) and the selective eradication of 

HIV-infected AM by MG1 was observed. In vivo polarization of certain donor AM is 

therefore more likely to have resulted in a reduced susceptibility of these cells to 

MG1 infection and killing.  

Similarly, the status of IFN1 signalling within HIV-infected AM is likely to affect 

the cytopathogenicity of MG1 infection. Rather than pDC, AM are the primary IFNa 

producers within the lung (570). The upregulation of type I IFN and numerous ISG 

has also been observed within the lungs of SIV-infected macaques (571,572). 

Although the ability of HIV to impair IFN1 signalling within infected AM remains 

unknown, the production of IFNa/b by HIV-uninfected AM following MG1 infection 

may protect HIV-infected AM from MG1-mediated killing ex vivo. MG1 MOI 1 had 

little to no effect on proviral HIV DNA, suggesting that the induction of type I IFN 

signalling at this MOI could be sufficient to block MG1 infection and killing. 

Regardless of individual patient considerations, the eradication of HIV using 

MG1 will require the oncolytic virus to effectively infiltrate affected tissues and/or 

organs in vivo. In support of this, MG1 genomes have been detected in the spleen 
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and lymph nodes of rhesus macaques following intravenous viral challenge (347). 

Although the presence of MG1 in the lungs of these animals was not assessed, VSV 

infection within the lungs of intranasally-challenge mice has also been observed, 

and was enhanced in PKR-/- animals (573). MG1 genomes have also been detected 

within the lungs of cats following intramuscular injection (574). The detection of 

replication-competent MG1 within the lungs of HIV-infected humanized mice will 

form an important future direction, as discussed in Chapter 8.4.  

 

6.5 Future directions 

 Given that AM form an invaluable source of primary, tissue-resident 

macrophages, it will be necessary to further study the cellular characteristics that 

could influence MG1 infection. As discussed above, AM polarization to an M1 state 

is observed following bacterial or viral infection, as well as in the lungs of individuals 

who smoke (564,569). This reduces the susceptibility of these cells to subsequent 

viral infections, including HIV (518,519), and triggers a pro-inflammatory immune 

response within the tissue. This observation is relevant for the therapeutic 

implementation of OV-based therapies, since M1-like tumor-associated 

macrophages were found to impair the killing of breast cancer cells by VSV through 

the activation of JAK/STAT signalling and ISG expression (575,576). M1 

macrophages may also be more resistant to apoptotic cell death following viral 

infection (566). Describing the status of AM polarization within the HIV-infected lung 

will therefore inform the clinical use of oncolytic viruses¾allowing this therapeutic 

approach to be tailored to the individual patient. Additionally, assessing how 
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polarization affects MG1 infection and/or killing of HIV-infected AM will form an 

important research question with implications in both HIV cure research and the 

ongoing evaluation of MG1 for the treatment of non-small cell lung cancer (347). 

 

6.6 Conclusion 

This finding has important implications in the search for an HIV cure, since it 

is the first evidence that an oncolytic virus, MG1, can effectively kill HIV-infected, 

tissue-resident macrophages ex vivo. Prior to this, investigation of MG1-mediated 

eradication of HIV-infected myeloid cells had been limited to cell line models of HIV 

latency (354) or primary, in vitro HIV-infected MDM; neither of which truly 

recapitulates the in vivo macrophage reservoir. The ability to use primary, tissue-

resident macrophages in this context, as well as for HIV cure research as a whole, is 

therefore of great benefit. 2 Further experiments will be required to assess the effect 

of AM polarization on MG1 infection and killing, as well as measure the capacity for 

MG1 to eradicate the lung HIV reservoir in vivo. The latter will necessitate the use of 

relevant animal models, such as humanized mice or non-human primates, or the 

establishment of a proof of concept clinical trial in PLWHIV. These future directions 

are discussed further in Chapter 8.4. If successful, additional engineering of MG1 to 

enhance tissue localization and specificity for HIV-infected cells will likely be 

required.  
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Chapter 7: Modulating infection and killing of HIV-infected monocyte-derived 

macrophages by MG1 

7.1 Introduction 

7.1.1 Rational 

 It is unlikely that the use of OV as a monotherapy for the cure of HIV will be 

entirely effective. Tissues such as the lymph nodes, central nervous system (CNS), 

and reproductive tract are often inaccessible from a therapeutic standpoint, and 

harbour both latently and productively HIV-infected cells of diverse phenotypes 

(reviewed in (577)). Ensuring that OV are able to reach relevant target tissues at 

appropriate concentrations will therefore require a method of administration that 

avoids OV neutralization. In addition, devising potential combination therapies that 

will enhance OV infection and/or killing of HIV-infected cells will be desirable. As 

reviewed by Martin and Bell, combination therapies using anti-PD-1 antibodies, 

HDACi, and second mitochondrial activator of caspase (Smac)-mimetic compounds 

have shown promise in the context of cancer treatment (578). The data within 

Chapter 7 therefore represents a preliminary investigation of the class I HDACi, 

SAHA as an experimental combination strategy intended to increase MG1-mediated 

killing of HIV-infected macrophages.  

The specific PKR inhibitor, C16, was also investigated as a means by which 

to modulate the effects of MG1 on HIV-infected MDM. Although not currently under 

investigation in the context of HIV infection or cancer therapy, PKR plays a key 

protective role against Rhabdoviridae infection and is induced as part of the IFN1 

response (573). PKR induction was shown to be inhibited in HSA+ MDM in Chapter 
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4 of this thesis, suggesting that additional functional impairment of PKR may prime 

HIV-infected MDM for MG1 infection and killing. 

 

7.1.2 Combination strategies used to enhance oncolytic virus efficacy in cancer 

research 

Enhancing the oncolytic nature of MG1 by pharmacological means has yet to 

be attempted in the clinical setting. Nonetheless, other combination strategies are 

currently under investigation in the form of two Phase I/II clinical trials. The first 

(ClinicalTrials.gov Identifier: NCT02285816) is intended for the treatment of MAGE-

A3-expressing solid tumors using a replication-deficient MAGE-A3 expressing 

Adenovirus (prime) followed by a MG1-MAGE-A3 boost. This prime-boost strategy is 

intended to increase immune cell homing to the tumor site, as well as generate a 

humoral immune response against the specific tumor-associated antigen (347). The 

use of MG1-MAGEA3 in combination with the immune checkpoint inhibitor, 

pembrolizumab, is also being investigated for the treatment of metastatic melanoma 

or cutaneous squamous cell skin carcinoma (ClinicalTrials.gov Identifier: 

NCT02879760). In this case, pembrolizumab binds to PD-1 on CD8+ T cells, 

preventing immune exhaustion and facilitating the lysis of malignant cells (579).  

Pharmacological agents for the enhancement of MG1 infection and killing 

remain attractive from a therapeutic standpoint. In a recent screen of over 12 

thousand small molecules, Diallo et al. identified a panel of fifteen candidate 

molecules that appreciably sensitized cancerous cells to VSVΔ51 infection and 

killing. One molecule in particular, 3,4-dichloro-5-phenyl-2,5-dihydrofuran-2-one 

(VSe1), proved particularly potent and effectively synergized with VSVΔ51 in vivo, 
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as well as in human tumor explants (580). Interestingly, VSe1 inhibited the induction 

of antiviral ISG following OV infection; a mechanism of oncolytic synergy that has 

previously been shown using two HDACi, SAHA and trichostatin A (580,581).  

Finally, Smac-mimetics have been recently investigated as a means by which 

to potentiate OV-mediated killing. These molecules bind to and inhibit cellular 

inhibitors of apoptosis (IAPs), thereby facilitating apoptotic cell death in treated cells 

(582,583). Importantly, several Smac-mimetics are currently under clinical 

investigation for cancer therapy given their ability to induce selective killing of 

malignant cells (Clinical trial identifiers NCT02890069 and NCT02587962). Using 

mice bearing tumors derived from the mammary carcinoma cell line, EMT6, Beug et 

al. demonstrated that Smac-mimetics enhanced bystander killing of tumor cells by 

VSVΔ51 (495). This response was predominantly mediated by inflammatory 

cytokines (including IFNα/β) produced by macrophages in response to OV infection. 

The combination of Smac-mimetics with a TNF-a-expressing VSVΔ51 further 

potentiated tumor regression (584). Smac-mimetics have also been shown to 

promote the polarization of tumor-associated macrophages to a proinflammatory M1 

phenotype, leading to the accumulation of CD8+ T cells within murine EMT6 tumors 

and subsequent tumor regression (585).  

 

7.1.3 Translation of cancer therapies to the field of HIV research 

 Cancer and HIV infection share several notable similarities. Both are 

characterized by immune dysfunction, exhaustion, and the persistence of 

functionally-altered cells that can evade treatment and cause subsequent pathology 
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in the affected individual (586,587). Co-opting cancer therapies for the treatment of 

HIV is therefore a common occurrence that has led to notable breakthroughs in the 

field of HIV research.  

 For example, PD-1 expression on HIV-specific CD8+ T cells prevents the 

eradication of infected cells and is correlated with disease progression (588-590). 

PD-1 expression is lower on CD8+ T cells from long-term non-progressors than 

normal progressors, indicating that a functional CD8+ T cell response is key for 

immune control in HIV infection. As such, PD-1 and other immune checkpoint 

inhibitors such as T cell immunoreceptor with immunoglobulin and ITIM domains 

(TIGIT) (591), are attractive therapeutic targets. The anti-PD-1 antibody 

Pebrolizumab has undergone evaluation in PLWHIV who have been diagnosed with 

non-small cell lung cancer (592), Kaposi’s Sarcoma (593), as well as a number of 

other relapsed or refractory neoplasms (ClinicalTrials.gov Identifier: NCT02595866). 

Currently, pembrolizumab is being investigated as a mechanism by which to restore 

immune function in cART-treated PLWHIV who, despite controlled viremia, maintain 

low CD4+ T cell counts (ClinicalTrials.gov Identifier: NCT03367754).  

 Aside from restoring immune function, several groups have sought to identify 

a therapeutic strategy that is effective in eradicating HIV reservoir cells. These 

approaches have focused predominantly on the “shock and kill’ strategy, in which 

latently HIV-infected cells are reactivated and subsequently eliminated via the host 

immune system (594). In particular, Archin et al. have pioneered the use of SAHA as 

a novel LRA (166,167), given its ability to selectively inhibit a number of class I 

HDACs that normally repress HIV transcription from the latent provirus (595). 

Although SAHA alone has not proven effective in reducing the size of the HIV 
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reservoir in vivo (167,168), it and other LRAs remain clinically relevant. Notably, 

recent work by Cummins et al. showed that priming CD4+ T cells isolated from 

PLWHIV with a BCL-2 antagonist enhanced the killing of HIV-infected cells following 

subsequent latency reversal (596). Additionally, Hattori et al. successfully 

demonstrated the apoptotic killing of HIV-infected cell lines and CD4+ T cells isolated 

from PLWHIV using various LRAs (including SAHA and the PKC activator, PEP005) 

in combination with the Smac-mimetic, birinapant (597). Similar combination 

strategies using SAHA may therefore be feasible in the context of an OV-based 

therapeutic approach. In fact, the ability of SAHA to synergize with MG1 and 

enhance OV-mediated killing latently HIV-infected, promyeloid cell lines, U1 and 

OM10.1, has previously been demonstrated by Ranganath (402). 

 

7.2 Hypothesis 

 Enhancement of MG1 infection via therapeutic means will lead to better killing 

of HIV-infected monocyte-derived macrophages in vitro.  

 

7.3 Results 

7.3.1 The histone deacetylase inhibitor, suberanilohydroxamic acid, maintains 

selective killing of HIV-infected cells without altering IFN responsiveness or 

enhancing rates of MG1 infection 

 SAHA has been demonstrated to enhance viral infection of healthy cells by 

inhibiting ISG induction at the transcriptional level (581). As such, SAHA and other 

HDACi have been suggested as a means by which to supplement OV-based cancer 
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therapy (598). To assess whether treatment with SAHA prevented ISG induction in 

primary MDM, cells were cultured overnight in the presence of 2.5μM SAHA 

followed by stimulation with 1000U/ml IFNα. At 16 hours post-stimulation, PKR, 

ISG15, and HLA-B mRNA were measured by qPCR. Contrary to prior findings, 

however, SAHA pre-stimulation did not alter IFNa-induced ISG expression within 

healthy MDM (Figure 40).  

 SAHA pre-stimulation has been shown to enhance infection and killing of 

HIV-infected pro-myeloid cell lines by VSVΔ51 and MG1 (402). To assess whether 

this was also true of HIV-infected MDM, cells were stimulated overnight with 2.5µM 

SAHA then infected with MG1 at MOI 1 and 10. SAHA did not significantly enhance 

MG1 infection in either HSA- or HSA+ MDM at 24 hours post-infection (Figure 41a), 

nor did it enhance preferential MG1-mediated killing of HIV-infected MDM relative to 

unstimulated control wells (Figure 41b). The HDACi SAHA was therefore ineffective 

in further sensitizing HIV-infected MDM to MG1-mediated killing. Although it is 

possible that higher doses of SAHA could enhance MG1 infection and killing, 

stimulation with concentrations greater than 2.5µM resulted in a notable decrease in 

cell viability during optimization experiments. For this reason, higher concentrations 

were not investigated in this context.  
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Figure 40: SAHA does not impair IFNa-induced ISG expression in healthy, 
SAHA-treated MDM. HIV-uninfected MDM were cultured overnight in media 
containing 2.5µM SAHA, or left untreated. Without changing the cell culture media, 
MDM were then left unstimulated or stimulated with 1000U/ml IFNα for 16 hours. To 
assess whether SAHA pre-treatment affected IFNα responsiveness, mRNA levels of 
PKR (a), ISG15 (b), and HLA-B (c) were measured by qPCR. ΔΔCts used to 
calculate fold change were calculated by normalizing Ct values to respective 
untreated control and GAPDH (n=2); n values represent separate biological 
replicates. 
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Figure 41: The HDACi, SAHA, does not enhance MG1-mediated killing of HIV-
infected MDM. At 6 days post-HIV infection, MDM cultures were cultured overnight 
in media containing 2.5µM SAHA, left untreated. Without changing the cell culture 
media, MDM were then infected with MG1 (MOI 1 and 10), or left uninfected, for 48 
hours. To assess infection, %GFP+ MDM were measured by flow cytometry. Proviral 
HIV DNA, as measured by qPCR, was used to assess MG1-mediated killing of HIV-
infected MDM. a. %GFP+ MDM within HSA- (blue) and HSA+ (red) populations at 48 
hours post MG1 infection (n=7; p=0.0006 by 2way repeated measures ANOVA, 
*p<0.05, **p<0.01 by Bonferroni posttest). b. Proviral HIV DNA, relative to respective 
MG1-uninfected control, at 48 hours post-MG1 infection (n=6; p=0.03 and p<0.0001 
by 1way ANOVA for No SAHA and 2.5μM SAHA, respectfully, *p<0.05, ***p<0.0001 
by Bonferroni posttest). Data represent mean ± SEM; n values represent separate 
biological replicates.  
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7.3.2 The PKR inhibitor, C16, enhances both infection and killing of HIV-infected 

cells by MG1  

 Inhibition of the RNA-sensing, antiviral protein, PKR, was next assessed in 

the context of MG1 infection. PKR-deficient mice are highly susceptible to VSV 

infection (573), suggesting that specific PKR inhibition may enhance MG1-mediated 

killing of HIV-infected MDM. In order to block the kinase activity of PKR (thereby 

preventing a downstream, antiviral translational blockade), cells were treated for 1 

hour prior to MG1 infection with 2.5µM of the specific PKR inhibitor, C16 (599).  

 At 48 hours post-MG1 infection, %GFP+ MDM and proviral HIV DNA were 

measured by flow cytometry and qPCR, respectively. As shown in Figure 42a, the 

selective infection of HSA+ MDM (relative to HSA- MDM) was maintained following 

C16 treatment. C16 also significantly enhanced MG1 infection of both HSA+ and 

HSA- MDM, relative to unstimulated cells. MG1-mediated killing of HIV infected cells 

was also maintained following C16 pre-treatment, although killing was not 

significantly greater than that observed within unstimulated cells (Figure 42b). Given 

that enhanced rates of infection, without notable differences in the killing of HIV-

infected cells were observed, it is likely that C16 pre-treatment lead to the off-target 

killing of HIV-uninfected cells. This is not unexpected, considering the important role 

played by PKR in the context of viral infection, and highlights the importance of 

maintaining an intact IFN1 response in bystander cells when attempting to enhance 

the OV-mediated killing of the HIV reservoir.  
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Figure 42: MG1 infection and, but not killing, of HIV-infected MDM is increased 
by the specific PKR inhibitor, C16. At 6 days post-HIV infection, MDM cultures 
were treated with 2.5µM C16 for 1 hour or left untreated. Without changing the cell 
culture media, MDM were then infected with MG1 (MOI 1 and 10), or left uninfected, 
for 48 hours. To assess infection, %GFP+ MDM were measured by flow cytometry. 
Proviral HIV DNA, as measured by qPCR, was used to assess MG1-mediated killing 
of HIV-infected MDM. a. %GFP+ MDM within HSA- (blue) and HSA+ (red) 
populations at 48 hours post MG1 infection (n=6; p<0.0001 by 2way repeated 
measures ANOVA, *p<0.05, **p<0.001 by Bonferroni posttest). b. Proviral HIV DNA, 
relative to respective MG1-uninfected control, at 48 hours post-MG1 infection (n=6; 
p=0.0012 and p=0.0013 by 1way ANOVA for No C16 and 2.5μM C16, respectfully, 
*p<0.05, ***p<0.01 by Bonferroni posttest). Data represent mean ± SEM; n values 
represent separate biological replicates.  
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7.4 Discussion 

 Therapeutic strategies intended to reactivate latent HIV infection or induce an 

HIV-specific immune response will likely accompany MG1 for the treatment and 

eradication of the HIV reservoir. Combination therapy to enhance OV-mediated 

killing of malignant cells are currently under investigation for the treatment of cancer. 

Experiments within Chapter 7 of this thesis were therefore intended to first 

investigate the use of one such strategy—the class I HDACi, SAHA—to enhance 

MG1-mediated killing of HIV-infected MDM. A small molecule inhibitor of PKR was 

subsequently investigated as a means to enhance MG1-infection in vitro. The 

implications of these observations are further discussed below.  

 

7.4.1 Enhancing the rates of MG1 infection in primary cells is not sufficient to 

enhance selective killing of HIV-infected monocyte-derived macrophage  

 Previous members of the lab have shown that SAHA pre-treatment 

reactivated latent provirus and enhanced MG1 infection of latently HIV-infected, but 

not uninfected, pro-myeloid cell lines (402). Given that this work was not conducted 

in a primary cell model of HIV infection, we were curious as to whether SAHA could 

similarly increase rates of MG1 infection in productively HIV-infected MDM.  

HDACi are currently under investigation as a combination approach to 

enhance the efficacy of OV-based therapies for the treatment of cancer. It is 

hypothesized that impairment of ISG expression is responsible for this enhancement 

(600). Unlike these previous reports, pre-treatment with 2.5μM SAHA did not 

prevent IFNa-induced PKR, ISG15, and HLA-B expression. It is important to note 
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that ISG induction was measured following IFNa stimulation, but not MG1 infection, 

or transfection with a synthetic RNA (e.g. 5’ppp-dsRNA). SAHA pre-treatment also 

did not enhance rates of MG1 infection in HSA- or HSA+ MDM, or the selective killing 

of HIV-infected MDM. Although Shulak et al. have shown that treatment with SAHA 

prior to VSV infection inhibited ISG induction while stimulating NF-κB activation and 

programmed cell death in prostate cancer cell lines (601), this mechanism does not 

appear to apply to HIV-infected MDM. These results indicate that SAHA pre-

treatment is not sufficient to enhance MG1-mediated eradication of productively HIV-

infected macrophages. Alternative combination strategies should therefore be 

investigated.  

  

7.4.2 Inhibition of the cytoplasmic RNA sensing protein, PKR, enhances selective 

MG1 infection, but not killing, of HIV-infected MDM 

 The RNA-sensing protein, PKR, plays an important role in innate antiviral 

immunity. Upon binding to regions of double-stranded RNA, PKR undergoes 

dimerization and autophosphorylation (293,473). Subsequently, PKR initiates a 

potent block of cellular and viral translation by phosphorylating EIF2a. In the context 

of HIV infection, PKR activation is inhibited by both viral (290,602,603) and cellular 

(295,296) proteins, facilitating viral replication and spread. PKR also plays an 

important antiviral role against other RNA viruses, including those of the 

Rhabdoviridae family. Mice deficient in PKR rapidly succumbed to VSV following 

intranasal inoculation (573). Despite this established antiviral role, the over-
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expression of PKR has also been shown to trigger apoptosis in VSV-infected cells 

(415,604), which could be reversed via the functional inhibition (604).  

 In agreement with Stojdl et al. (573), treatment with the Imidazolo-oxindole 

PKR inhibitor, C16, increased rates of MG1 infection in both HSA- and HSA+ MDM. It 

would therefore appear that the inhibition of PKR primed HSA+ and HSA- MDM for 

MG1 infection by inhibiting a key antiviral signalling pathway. RNA-sensing 

pathways, such as that mediated by RIG-I, have already been shown to be impaired 

HIV-infected cells (234,605-607). It is therefore not surprising that the further 

inhibition of cellular RNA-response pathways using C16 increased the sensitivity of 

HSA+ MDM to MG1 infection. Despite this, C16 pre-treatment did not enhance MG1-

mediated killing of HIV-infected MDM relative to the untreated control wells. This is 

likely because the inhibition of PKR by C16 was not limited to HIV-infected MDM, 

resulting in the off-target killing of HSA- bystander MDM. Although additional 

investigation will be required to understand the implications of these findings, prior 

experiments demonstrated that HSA- MDM were better able to induce ISG 

expression following transfection with a synthetic dsRNA (Chapter 4.3.4). Devising a 

means by which to selectively increase the expression and activation of other 

antiviral ISG in HIV-uninfected bystander cells may therefore be a useful strategy to 

compensate for PKR inhibition and enhance the preferential killing of HIV-infected 

MDM by MG1 following C16 pre-treatment.  

C16 has been found to possess anti-inflammatory and neuroprotective 

properties in vivo, highlighting its therapeutic potential (608-610). While its use in the 

field of OV therapy has not yet been investigated in detail, the inhibition of PKR 

using a non-specific inhibitor, sunitinib, enhanced VSV infection and killing of tumor 
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cells in vitro (611). Co-administration of sunitinib and VSV also resulted in notable 

tumor regression and increased survival in tumor-bearing mice (611). Thus, the 

targeted inhibition of antiviral PRR in HIV-infected cells may be a relevant future 

direction in the development of an OV-based combination therapy.  

 

7.5 Future directions 

 Although the results presented within this chapter suggest that MG1 infection 

can be modulated via additional therapeutic intervention, neither SAHA nor C16 

appreciably enhanced MG1-mediated killing of HIV-infected MDM. The identification 

of a reliable combination therapy that facilitates the eradication of HIV-infected MDM 

while leaving uninfected cells untouched therefore remains a pertinent future 

direction. Therapeutic strategies like SAHA, which have been used to enhance OV 

infection and killing (601), have also been investigated in vitro for the eradication of 

latently HIV-infected CD4+ T cells (167,597,612). Additional strategies, including the 

retinoic acid derivative acitretin (184), the BCL2 antagonist venetoclax (613), and a 

competitive inhibitor of glycolysis, 2-deoxy glucose (2-DG) (614) have also been 

found to potentiate the killing of latently HIV-infected CD4+ T cells in vitro. Still, these 

studies have neglected to test these strategies other relevant HIV reservoir cells, 

including HIV-infected macrophages. Compounds such as Smac mimetics, which 

have been investigated in the context of both HIV infection and oncolytic virotherapy, 

may therefore be a promising lead.  

 As discussed above, Smac mimetics have been investigated as a potential 

strategy by which to enhanced the tumor-killing capabilities of OV in vivo 
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(495,584,585). Similarly, several IAP antagonists have been shown to act as a 

reliable “kill” strategy following HIV reactivation from latency (597). For example, the 

Smac mimetics GDC-0152, embelin, and birinapant have been shown to potentiate 

the killing of HIV-infected CD4+ T cells by degrading the anti-apoptotic proteins X-

linked inhibitor of apoptosis (XIAP), and baculoviral IAP repeat containing 2 (BIRC2) 

(615). BIRC2 is similarly involved in the survival of HIV-infected macrophages, and 

can be targeted by the Smac mimetic, AEG40730, to facilitate the eradication of 

these cells (141). Assessing whether Smac mimetics can enhance killing of HIV-

infected MDM by MG1, without off-target killing of uninfected cells, will therefore be 

an interesting future direction with direct clinical applications.  

 

7.6 Conclusion 

 In conclusion, two pharmacological agents known to inhibit the IFN1 

response demonstrated varying abilities to potentiate MG1-mediated infection and 

killing of HIV-infected MDM. Contrary to previous findings in malignant or HIV-

infected cell lines (402,601), SAHA pre-treatment did not enhance MG1 infection or 

killing of HIV-infected MDM. Although suggested to inhibit the IFN1 response in 

malignant cells (600), healthy MDM remained responsive to IFNa in the presence of 

SAHA. It is therefore unlikely that the IFN1 response within HIV-infected MDM is 

further inhibited by SAHA pre-treatment, preventing the enhanced killing of these 

cells by MG1. Conversely, treatment of MDM with the PKR inhibitor C16 increased 

rates of MG1 infection in both HSA- and HSA+ MD, without significantly reducing 

proviral HIV DNA relative to untreated, MG1-infected MDM. Increasing the overall 
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frequency of MG1 infection by specifically inhibiting an antiviral, RNA-sensing 

protein is therefore not sufficient to increase preferential OV-mediated killing of HIV-

infected cells¾likely due to increased bystander killing of bystander MDM. The 

identification of additional pharmacological agents capable of exploiting pre-existing 

IFN1 defects unique to HIV infected cells will form an important future direction of 

this work. Additionally, the investigation of Smac mimetics and their ability to 

synergize with MG1 for the eradication of HV infected cells is an important future 

direction that will allow both the latent HIV reservoir (597,615), and productively HIV 

infected cells (141), to be targeted appropriately in vivo.  
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Chapter 8: Discussion and Future Directions  

8.1 Type I interferon defects in HIV-infected macrophages facilitate oncolytic 

virus infection and killing 

 Based on the previous work of C. Costiniuk (488) and N. Ranganath (402), it 

was hypothesized that cells that comprise the HIV reservoir could be selectively 

infected and killed by the IFN-sensitive oncolytic Rhabdoviruses, MG1 and VSVD51. 

The purpose of this thesis was therefore twofold¾to identify and characterize 

defects within the IFN1 response in primary, HIV-infected cells, and to assess the 

ability of OV to selectively eradicate HIV-infected MDM in vitro.  

The status of the IFN1 response during HIV infection was first investigated 

using a primary CD4+ T cell model of HIV latency. In Chapter 3 of this thesis, it was 

shown that these cells were capable of inducing the expression of PKR, ISG15, and 

MHC I following stimulation with IFNa or transfection with a LMW-poly(I:C). The 

magnitude of this induction was similar to that of uninfected CD4+ T cells, suggesting 

that IFN signalling defects do not persist during latent HIV infection. Still, to correctly 

interpret this result one must consider the relative number of latently infected cells 

generated in this manner. Similar to Saleh et al., we found that latently infected cells 

(defined as CD4+ T cells containing an intact provirus) comprised only ~0.5-1% of 

the total cell population (122,355,402). Given that upwards of 99% of CD4+ T cells 

used in this model were uninfected, it is likely that the ISG induction observed could 

be attributed to this population, and not the small proportion of HIV-infected cells. 

To reliably investigate the IFN1 response during HIV latency, it will be 

necessary to physically enrich this small population of CD4+ T cells (for example, via 
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magnetic bead sorting). Unfortunately, the identification of a cellular marker of HIV 

latency remains elusive (387,422). Still, in vitro models of HIV latency are useful in 

the context of HIV eradication strategies¾including OV. As evidence of this, 

Ranganath et al. recently showed that latently HIV-infected CD4+ T cells could be 

selectively killed by MG1 (354). Given the selectivity of MG1 for IFN1-defective cells 

(346), it can be postulated that latently HIV-infected CD4+ T cells are impaired in 

their ability to elicit an appropriate IFN1 response during OV infection. For this 

reason, future models of latent HIV infection utilizing a known reporter virus, such as 

the HSA-expressing HIV NL4.3 BAL-IRES-HSA (357), or dual-reporter viruses that 

facilitate differentiation between productive and latent infection (409,419,420) will be 

paramount for the successful study of this viral reservoir. 

Unlike CD4+ T cells, HIV-infected macrophages support ongoing viral 

replication and consequently, have been found to possess IFN1 response 

impairments at various levels (234,245,272,275). To investigate whether these 

impairments were truly characteristic of HIV-infected MDM, the HSA-expressing HIV 

NL4.3 BAL-IRES-HSA was used to establish an in vitro model of HIV-infected MDM. 

Chapter 4 of this thesis was therefore dedicated to the measurement of IFNa- or 

5’ppp-dsRNA-induced ISG expression within HIV-infected (HSA+) and bystander 

(HSA-) MDM.  

Although ISG expression was upregulated within HSA+ MDM at baseline, the 

relative induction of PKR and ISG15 was lower in HSA+ MDM than in HSA- MDM 

following IFNa stimulation or 5’ppp-dsRNA transfection. This was not a result of 

impaired IFNAR1/2 expression, nor was it due to impairment of ISG transcription. 
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Rather, these results suggest post-transcriptional inhibition, leading to differences in 

ISG protein levels. This hypothesis is supported by previous studies citing HIV-

mediated inhibition of cellular translational machinery (468-471), but has not yet 

been studied in this exact model of HIV infection. Similarly, potential functional 

impairment of key ISG, such as PKR (295,616), was not investigated in this context. 

Investigation of whether ISG expressed within HIV-infected MDM retain their 

antiviral role remains an important future objective that necessitates further 

refinement of the HSA-enrichment protocol employed. 

The fact that 5’ppp-dsRNA-induced ISG expression was lower in magnitude 

within HSA+ MDM suggested that HIV-infected MDM were less capable of eliciting 

an antiviral response following a secondary viral infection. The data presented in 

Chapter 5 supports this hypothesis, showing that HIV-infected MDM are 

preferentially infected by the IFN1-sensitive OV, MG1 and VSVD51. Preferential 

killing of HIV-infected MDM was, however, only observed in the context of MG1 

infection indicating that these related OV possess different cytopathic potential. The 

killing of HIV-infected MDM was not observed when UV-inactivated OV or clarified 

supernatants from MG1-infected MDM were applied to the cells, demonstrating that 

MG1-mediated eradication of the HIV reservoir will require the delivery of replication 

competent OV. These results are visually summarized in Figure 43. 
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Figure 43: MG1 infects and kills HIV-infected cells that possess IFN1 signalling 
defects. HIV-uninfected bystander cells (blue; left-hand side) induce IFN1 
production and ISG expression in response to MG1 infection, which blocks further 
MG1 replication and cytopathogenicity. Conversely, HIV-infected MDM (red; right-
hand side) are impaired in their ability to induce ISG expression in response to 
foreign RNA, facilitating MG1 replication and cell death. 
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Next, the experiments within Chapter 6 of this thesis sought to assess MG1-

mediated killing in primary, tissue-resident macrophages. Specifically, AM from 

PLWHIV were collected by BAL and infected with MG1 ex vivo, after which proviral 

HIV DNA was measured. Although the killing of HIV-infected AM by MG1 was 

observed in the majority of individuals, the HIV-infected AM of a small number of 

participants remained refractory to MG1-mediated killing. The polarization of AM to a 

pro-inflammatory, infection-resistant phenotype has been associated with certain 

patient clinical characteristics, such as smoking (569), or ex vivo manipulation 

(561,562). Experiments investigating AM phenotype and/or baseline IFN1 response 

pathways were precluded by the small numbers of cells obtained via BAL. Still, this 

information may be useful in determining what characteristics will facilitate the 

effective treatment of PLWHIV using an OV-based therapy.  

The therapeutic enhancement of OV for the treatment of cancer is currently 

under investigation, and includes the use of HDACi (580,581) and Smac-mimetics 

(495,584). The use of the HDACi, SAHA, and the PKR-inhibitor, C16, to enhance 

MG1-mediated killing of HIV-infected MDM was therefore investigated within 

Chapter 7. Contrary to the findings of N. Ranganath, who found that the treatment of 

HIV-infected pro-myeloid cell lines enhanced MG1 killing (402), SAHA pre-treatment 

did not significantly enhance the cytopathic effects of MG1 in HIV-infected primary 

MDM. Conversely, the PKR inhibitor, C16, significantly enhanced MG1-mediated 

infection of both bystander and HIV-infected cells (although preferential infection of 

HSA+ cells was maintained). This is not surprising, considering that PKR is a key 

RNA-sensing protein shown to be required for the induction of an antiviral response 

during VSV infection (573). What is interesting, however, is that these findings 
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suggest that the activation of PKR by viral RNA is not completely inhibited in HIV-

infected MDM. If PKR activation was, in fact, completely blocked by HIV infection, 

we would expect to see no difference in MG1 infection in cells pre-treated with C16. 

Previously published data demonstrating the inhibition of PKR phosphorylation by 

HIV Tat or cellular factors may reveal a mechanism of IFN1 signalling impairment 

that is specific to the cell line or virus strain used (295,602,603,616). Still, we cannot 

rule out the possibility that PKR is subject to incomplete inhibition in HIV-infected 

macrophages. This would explain both the preferential infection of HSA+ MDM at 

baseline, and the substantial increase in GFP+HSA+ MDM in C16 treated cells. 

Although increasing MG1 infection of C16-treated, HSA+ MDM should also increase 

MG1-mediated killing of these cells, no significant difference in proviral HIV DNA 

was observed between C16-treated and untreated conditions. This suggests that off-

target MG1-mediated killing of HIV-uninfected bystander cells is also enhanced by 

C16 pre-treatment—a hypothesis that is supported by the significant increase in 

MG1 infection observed within C16-treated HSA- cells. 

 

8.2 Ex vivo study of the HIV reservoir: relevance for HIV cure research 

The ability to accurately locate and monitor HIV reservoir cells within the body 

has become an increasingly pertinent goal in the field of HIV cure research. Tissues 

from SIV or SHIV-infected NHP have allowed the viral reservoir to be studied during 

various stages of infection (374,434,617,618). Still, NHP models are not a complete 

substitute for the study of HIV infection in humans due to notable differences in both 

viral pathogenesis and host immune function. It is therefore important to consider 
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new methods by which to access and study various anatomical HIV reservoirs, as 

well as the HIV-infected cells contained within.  

 

8.2.1 Novel strategies for characterizing the HIV reservoir in humans 

Measurement of HIV reservoir size has, to date, relied on substitute 

measures such as proviral HIV copy number within the peripheral blood. Although 

tissues such as cerebrospinal fluid (619), lymphoid tissues, adipose tissue, and 

lower gastrointestinal tract (via biopsy) (389,395,620), and lungs (via 

bronchoalveolar lavage) (553), remain accessible for additional study, patients may 

view the procedures required to access these tissues to be invasive or 

uncomfortable. Moreover, deep-tissue HIV reservoirs like the brain, reproductive 

tract, spleen, and GALT (434) are largely neglected due to the obvious risks 

associated with tissue collection. 

To address this, post-mortem tissue collection from consenting PLWHIV has 

been proposed (555,621). This has led to the establishment several biorepositories 

in the United States, including The National NeuroAIDS Tissue Consortium (622), 

the National Neurological AIDS Bank program (623,624), and the AIDS and Cancer 

Specimen Resource (625), which have facilitated the sampling of diverse anatomical 

sites and HIV reservoir characterization within cART-treated individuals. Still, there 

are certain pitfalls that are associated with post-mortem tissue collection and 

storage. Ante-mortem clinical information, such as cART adherence, CD4+ T cell 

count, and viral load, is often unavailable for the donors of these tissues, which can 

complicate estimates of HIV reservoir size and distribution (577,624). Concurrent 

illnesses, particularly those contributing to the cause of death, could also have an 
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unforeseen impact on qualitative and quantitative aspects of the HIV reservoir. 

Finally, delays in tissue collection due to the unexpected death of a participant, or 

other external factors, are problematic when measuring viral RNA or DNA (555).  

These pitfalls in post-mortem tissue collection have led to the recent proposal 

of the “Last Gift” model by Gianella et al. at the University of California, San Diego 

(624). This model seeks to recruit PLWHIV who have been diagnosed with non-

AIDS related advanced illnesses, collect (while alive) clinically relevant samples 

such as blood, stool, or biopsies, record additional clinical information, including 

current cART, and finally, collect and store relevant tissues upon death. This 

initiative takes advantage of California’s End of Life Option Act law, which permits 

medical assistance in death (MAiD) for terminally ill individuals with a prognosis of 

<6 months. The use of post-mortem tissues in HIV research has in fact been 

recently explored by our group at the Ottawa Hospital Research Institute, as well as 

collaborators in Montreal and Edmonton (626). The recent legalization of MAiD in 

Canada suggests that a similar model of post-mortem tissue collection could be 

implemented locally. This would allow the autopsy to be coordinated in a manner 

that is sensitive to the participant’s chosen time of death, while avoiding delays that 

could compromise the quality of the tissue itself.  

 

8.2.2 Strategies for the ex vivo study of HIV reservoir cells 

 The ability to study HIV-infected CD4+ T cells and tissue-resident 

macrophages ex vivo is required for assessing the efficacy of any HIV cure strategy. 

As outlined in Chapter 3, the identification of cell surface molecules for the isolation 

of latently HIV-infected cells has proven to be a challenge. Immune checkpoint 
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molecules, like PD-1, TIGIT, and LAG-3 (388), receptors involved in mucosal 

homing (e.g. CCR6) (389), surface adhesion molecules (e.g. CD2) (386), and most 

recently, the Fc receptor CD32a (386,387) have been suggested to act as markers 

of HIV latency. Additional studies have revealed that these markers enrich for, but 

do not exclusively identify, latently HIV-infected CD4+ T cells (29-33). Latently HIV-

infected cells are also located predominantly within the lymphoid tissues of cART-

treated individuals and, as such, are rarely found within the peripheral circulation 

(391-395). The search for a reliable surface marker of latently HIV-infected cells that 

can be used to enrich small proportions of cells from the peripheral blood of 

PLWHIV is therefore ongoing.  

 The study of the macrophage HIV reservoir requires additional consideration, 

in that tissue-resident macrophages are typically long-lived populations originating 

from the fetal yolk sac (as opposed to bone marrow-derived monocytes) 

(541,627,628). A notable exception to this are the macrophages found surrounding 

the GI tract, whose homeostasis is believed to maintained predominantly by 

infiltrating bone marrow-derived monocytes (629-632). Circulating monocytes may 

also contribute to tissue resident macrophage populations following inflammation or 

with age (542,633,634), but the half-life of these cells remains relatively short 

(632,635,636). Due to these attributes, it is highly likely that fetal macrophage 

populations facilitate HIV persistence within the myeloid cell compartment in vivo, as 

opposed to infiltrating monocyte-derived macrophages.  

 Tissue-resident macrophages are adherent in nature and are therefore 

difficult to isolated from tissue sections. This has limited the ex vivo study of tissue 

resident macrophages to AM within the lung, since these cells can be collected by 
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BAL with relative ease. Additional strategies to work with these cells ex vivo must 

therefore be explored. One such option is the collection and culture of macrophages 

isolated from semen (seminal macrophages; SM). Ganor et al. previously identified 

urethral macrophages as a primary target for HIV transmission using a human tissue 

explant model (140,637). Subsequently, Matusali et al. demonstrated that 

macrophages containing SIV RNA and DNA could persist within the urethral tissue 

of cART-treated macaques (638). This, combined with the detection of HIV genomic 

material within SM collected from PLWHIV (639,640), the observation of HIV-

infected macrophages within the stroma and lumen of the seminal vesicles (640), 

and most recently, the identification of viral signatures within several other male 

reproductive organs (including the testes, epididymis, and vas deferens of SIV-

infected macaques) (641) implicate macrophages within the male reproductive tract 

as HIV reservoir cells. Although the number of SM that can be isolated from semen 

are limited (430,639), these cells form an invaluable source of primary, tissue-

resident macrophages that can be accessed in a non-invasive manner.  

 In addition to the isolation of viable, tissue-resident macrophages from BAL 

fluid or semen, in situ hybridization techniques like RNAscope can facilitate the 

detection and phenotypic analysis of HIV RNA+ and HIV DNA+ cells within fixed 

tissue sections (642). This approach allows for the frequency of HIV-infected cells to 

be accurately quantified, and has been used to provide estimates of reservoir size 

within human lymph node and rectum biopsies (434). RNAscope has recently been 

employed by the Canadian HIV Cure Enterprise Team for the identification of HIV 

infected macrophages within organs/tissues collected following MAiD (626). This 



 
 

 233 

technology will be integral to future experiments that intend to estimate the HIV 

reservoir size and location without relying on single cell isolation and culture ex vivo.  

 

8.3 Further development of oncolytic viruses for the treatment of HIV 

 The thorough identification and characterization of cells comprising the HIV 

reservoir is necessary for the continuing development of an OV-based HIV cure 

strategy. As discussed within Chapter 5.5 of this thesis, several strategies to 

enhance the specificity of OV for cells that make up the HIV reservoir have been 

considered. These are primarily focused on viral engineering, and include: the 

expression of IFNa or IFNb by OV, which will limit viral infection and killing to IFN1-

defective cells; the engineering of OV to express a chimeric VSV G-HIV Env protein, 

which will limit MG1 infection to CD4-expressing cells; and the insertion of an HIV 

protease cleavage site between the G and L genes of MG1, which will limit MG1 

infection to productively HIV-infected cells that contain a functional HIV protease. On 

top of this, it will be necessary to ensure that MG1 is capable of reaching lymphoid 

and non-lymphoid tissue reservoirs. As has been shown in cancer research, 

neutralization by complement or the humoral immune response may reduce the 

systemic delivery of OV (643,644). By extension, similar immune responses are 

likely to impair HIV reservoir eradication by OV, indicating that the development of a 

delivery system capable of circumventing humoral neutralization will be a necessary 

future direction. The delivery of MG1 to the brain, which remains separate from the 

circulation via the blood-brain barrier, will also necessitate specific consideration.  
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8.3.1 Building a “Trojan Horse” 

 Several groups have independently proposed the “Trojan Horse” approach as 

a means by which to avoid OV neutralization and enhance systemic delivery. This 

technique relies on carrier cells, which are loaded with virus ex vivo and re-

administered to the tumor-bearing animal. OV carrier cells, used alone or in 

combination with adoptive T cell therapy, can facilitate tumor clearance by VSVD51 

in murine models (644,645). Importantly, tumor regression was also observed in pre-

immunized mice, indicating protection from humoral neutralization (644).  

This technique has been further developed by Roy et al., who demonstrated 

the successful delivery of VSVD51 to murine tumors (and subsequent tumor 

regression) using Drosophila S2 cells (646). These cells support persistent VSVD51 

infection, display low immunogenicity in vivo, and successfully deliver infectious viral 

particles to the tumour bed while avoiding virus neutralization. Systemic delivery of 

virus to the lungs, spleen, and liver was also observed (646). Although this off-target 

delivery may be undesirable for the treatment of cancer, the ability to target OV to 

various HIV reservoir tissues will be highly beneficial should this technique be 

employed in the context of an HIV cure. Finally, Drosophila S2 cells supported the 

expression of transgenes that aided in VSVD51-mediated killing of tumor cells (646). 

The ability to engineer these cells to express certain tissue-homing markers, such as 

a4b7 involved in lymphocyte homing to the gut (647,648), may facilitate their 

targeted delivery to HIV reservoir sites in vivo.  
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8.3.2 Special considerations for the HIV reservoir within the brain  

HIV is believed to enter the brain via CD14+CD16+ monocytes, which 

differentiate into macrophages once across the blood-brain barrier (137,649). Viral 

replication within perivascular macrophages, microglia, and (to a certain extent) 

astrocytes contributes to the development of HIV-associated neurodegenerative 

disorder (HAND), which remains a common concern among cART-suppressed 

PLWHIV (530,650-652). A system by which to achieve targeted delivery of OV to the 

brain is therefore required.  

Given the inherent neurotropism of VSV, avoiding neurotoxicity associated 

with the therapeutic use of this virus has been a significant focus of the OV field. 

Conversely, the neurotropism of Maraba virus is not well-established in humans. In 

mice, the M and G protein mutations of MG1 prevented significant neurotoxicity at 

therapeutic doses (346). Still, elevated viral titers were discovered in the brains of 

mice receiving high doses of MG1, indicating that this virus retains some neurotropic 

potential (346). Several other groups have attempted to exploit the neurotropic 

nature of certain OV for the treatment of brain tumors. For example, Dey et al. found 

that CXCR4-expressing neuronal stem cells loaded with an oncolytic adenovirus 

successfully treated brain tumors in a murine model of glioma (653). Wollmann et al. 

have also demonstrated the impressive tumor-targeting capabilities of a Lassa-

Vesicular stomatitis chimeric virus, which could successfully cross the blood brain 

barrier and reduce tumor size in mice, without causing neurotoxicity (654).  

Similar strategies may be adopted for the targeted delivery of OV to the brain 

in the context of HIV infection. In humans, HIV infection of the brain results in the 

upregulation of chemoattractant molecules, such as CCL2, which subsequently 
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recruit immune cells to the brain (655-658). This includes HIV-infected monocytes, 

whose diapedesis across the blood-brain barrier in response to CCL2 is mediated by 

the expression of ALCAM, JAM-A, CD99, and PECAM-1 on the cell surface (658). 

As discussed in section 8.3.1, Drosophila S2 cells can express various surface 

markers, and can be loaded with OV to achieve targeted delivery to certain tissues. 

The engineering of these cells to express ALCAM, JAM-A, CD99, and PECAM-1, as 

well as the CCL2 receptor, CCR2, may facilitate the homing of MG1-loaded S2 cells 

to the blood-brain barrier. Elevated levels of CCL2 have also been shown to 

increase the overall permeability of the blood-brain barrier (659,660), which would 

further promote the migration of cell-associated or free MG1 into the brain.  

The potential inflammatory response caused by MG1 infection and killing of 

HIV-infected cells within the brain remains an important consideration. While MG1-

associated neurotoxicity has not been observed within healthy NHP (347), pre-

existing inflammation within the brains and CNS of SIV-infected rhesus macaques 

may increase the risk for adverse neuroinflammatory events following the 

therapeutic administration of MG1 (661,662). The pre-clinical assessment of MG1 in 

HIV-infected humanized mice or SIV-infected NHP should therefore include 

measurements of neurotoxicity and inflammation associated with MG1 replication 

within neuronal tissues. Similarly, potential neurotoxicity should also be closely 

monitored when assessing MG1 as an HIV cure strategy during future proof-of-

principle clinical trials in PLWHIV (discussed further in section 8.4.3).  
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8.4 Translating oncolytic viruses from bench to bedside 

 In addition to the thorough assessment of patient safety, it will be important to 

consider the potential environmental risk posed by MG1 in the event that it returns to 

its natural arthropod host. Since the environment impact of such an event remains 

unknown at present, Koppers-Lalic et al. consider the environmental risk of MG1 to 

be high (663). Still, an IFNβ-expressing VSV was recently found to be non-

pathogenic in pigs (a common livestock reservoir of VSV), indicating that the 

modification of these viruses to enhance selectivity for tumour cells may not cause 

significant environmental impact (664). This, combined with the relatively innocuous 

nature of VSV and MG1 infection observed within NHP models (347,665,666), have 

supported the recent translation of MG1 to Phase I/II clinical trials for the treatment 

of cancer. Nonetheless, the impact of MG1 on HIV reservoir size must also be 

assessed using appropriate pre-clinical models before it is evaluated in a proof-of-

principle clinical trial in humans. The pros and cons of humanized mice and NHP for 

the study of HIV cure strategies have been reviewed in (667), and are listed in 

Figure 44. 
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Figure 44: Comparison between murine and non-human primate models for 
HIV cure research. While humanized mice permit the study of HIV pathogenesis 
using a human immune system, their small size, as well as the time and materials 
required for establishment, remain significant drawbacks. Conversely, NHP support 
the study of SIV or SHIV infection in a physiologically-similar, but non-human, 
model. While these differences remain a pitfall in the use of NHP for the study of HIV 
cure strategies, disease progression and reservoir establishment in NHP is similar to 
that in humans. Moreover, their large size facilitates repeated sampling and the 
collection of tissue post-mortem. The above is a graphical depiction of Table 1 found 
in: Policicchio BB, Pandrea I,Apetrei C. Animal Models for HIV Cure Research. Front 
Immunol.2016 Jan 28;7:12.  
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8.4.1 Humanized mice 

 Mice possessing a human immune system are a likely first step in the 

preclinical investigation of the reservoir-targeting abilities of MG1. As a more cost- 

and space-efficient option than NHP, several humanized mouse models have been 

developed for the study of HIV cure strategies. For our purposes, humanized bone 

marrow-liver-thymus (Hu-BLT) mice will be considered. In this model, fetal thymus 

sections are engrafted under the renal capsule of NOD-SCID-IL2Rgnull (NSG) mice 

following sub-lethal irradiation, resulting in the establishment of a surrogate thymic 

organ. Human CD34+ hematopoietic stem cells (HSC) isolated from the fetal liver 

are injected in parallel, and migrate to the bone marrow to promote the 

establishment of human hematopoietic lineages. The reconstitution of human 

immune cells within lymphoid and mucosal tissues, as well as the ability of these 

cells to elicit an adaptive immune response to foreign antigen make Hu-BLT mice a 

viable option for the study of HIV pathogenesis in a small animal model (668-670).  

Latently HIV-infected CD4+ T cells and HIV-infected tissue resident 

macrophages have been detected in Hu-BLT mice following HIV infection, indicating 

that relevant viral reservoirs are established and maintained (669). This has allowed 

for several HIV cure strategies to be assessed, including the “Shock and Kill” 

approach using LRAs (671). An alternative therapeutic approach, in which latent 

provirus is transcriptionally silenced via inhibition of HIV Tat (referred to as the 

“Block and Lock” approach), has also been investigated (672). In these studies, 

therapeutic efficacy was assessed by measurements of peripheral viral load, as well 

as the detection and quantification of tissue HIV DNA and RNA. For our purposes, 
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similar measures of HIV reservoir size will be feasible following the administration of 

MG1 to HIV-infected, cART-treated Hu-BLT mice. It will also be possible to measure 

peripheral viral load via repeated blood collection, allowing viral rebound (or lack 

thereof) to be assessed following cART cessation. 

The establishment of Hu-BLT mice can also be tailored to allow for specific 

viral reservoirs to be studied separately. Hu-BLT mice that explicitly express human 

T cells (T cell-only mice; ToM) or human myeloid cells (MoM) are two such 

examples, which have been developed to assess the individual contribution of T 

cells and myeloid cells to HIV persistence in vivo (108,673). Similar models may 

prove useful for the therapeutic evaluation of MG1, since it is unknown whether this 

OV will preferentially target one cellular HIV reservoir over another.  

 

8.4.2 Non-human primates 

 NHP, such as rhesus (Indian or Chinese subspecies), cynomologus, and 

pigtail macaques are widely used in HIV research. In addition to their physiological 

and anatomical similarities to humans, the immune response and fluctuation in viral 

load observed following SIV/SHIV infection closely matches that of human HIV 

infection (674). In comparison, the humoral immune response observed in HIV-

infected humanized mice occurs over several months (675). Reservoir 

establishment in lymphoid tissues is also observed in SIV-infected macaques which, 

similar to humans, contributes to viral rebound following the cessation of cART 

(374).  

 For these reasons, SIV-infected NHP models have been immensely 

beneficial for our understanding of HIV transmission and pathogenesis (reviewed in 
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(676)), as well as the ongoing development of an HIV vaccine (677,678). NHP have 

also been of use within the field of oncolytic virotherapy. The safety profile of VSV-

rIFNb and MG1-MAGEA3 have been assessed in healthy macaques; data which 

has been used to establish the safe starting dose for both OV in clinical trials 

(347,679). Using a SIV-infected NHP model, it will be possible to accurately 

measure changes in HIV reservoir size following the therapeutic administration of 

MG1, as well as gain clinically-relevant insight into the potential toxicity associated 

with an OV-based HIV cure strategy.  

 

8.4.3 Proof-of-principle clinical trial 

 Ultimately, the ability of MG1 to reduce the size of the viral reservoir must be 

assessed in PLWHIV. This will likely take the form of a proof-of-principle clinical trial, 

in which both the safety profile and pharmacokinetics of MG1 will be assessed in 

cART-treated individuals. Importantly, the safety data acquired from one Phase I 

study of MG1-MAGEA3 (NCT02285816) has revealed the development of clinical 

symptoms (e.g. nausea, fatigue, headache) in several participants (680). These 

findings will be considered when establishing the safe starting dose of MG1 in future 

clinical assessment. Proxy measures of HIV reservoir size prior to and following 

treatment of MG1, such as the frequency of peripheral CD4+ T cells containing HIV 

provirus, may lend additional support for the bench-to-bedside translation of MG1. 
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8.5 Conclusion 

 The data contained within this thesis has been generated in order to address 

the hypothesis that impairment of the IFN1 response within HIV reservoir cells 

serves as an intracellular target for infection and killing by IFN-sensitive oncolytic 

viruses. The characterization of the HIV reservoir—specifically that within latently 

HIV-infected CD4+ T cells and persistently HIV-infected tissue resident 

macrophages—is a highly relevant topic of study within the HIV cure field. Not only 

will this inform our understanding of HIV reservoir establishment and persistence, 

but it will allow for the development of targeted therapeutic strategies intended for 

reservoir clearance.  

Using a reporter HIV strain, it was found that ISG induction was impaired at 

the post-transcriptional level in HIV-infected MDM. HIV-infected MDM were also 

more susceptible to infection and killing by the IFN1-sensitive OV, MG1, indicating a 

role for these defects in facilitating the selective killing of HIV-infected MDM in vitro. 

Similar observations of selective MG1-mediated killing of HIV-infected cells were 

observed ex vivo using AM from PLWHIV. Although additional models by which to 

assess the eradication of HIV infected primary macrophages by MG1 are required 

(for example, human SM), these results remain promising. Investigation of MG1 

within a humanized mouse model of HIV infection may provide additional insight with 

regard to the capability of OV to infiltrate both lymphoid and non-lymphoid tissues, 

and subsequently eradicate the HIV reservoir. This, combined with the recent 

investigation of MG1 dissemination within healthy NHP (347), and the translation of 

MG1 to clinical trials support the investigation of this OV in a proof-of-principle 

clinical trial intended to assess safety and impact on reservoir size.  
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Oncolytic virotherapy has the potential to influence a new direction for HIV 

cure research that exploits intracellular, rather than extracellular, signatures of HIV 

infection. For this reason, we are optimistic that this project not only represents a 

collaborative opportunity between the fields of HIV and cancer research, but may 

lead to the development of a unique and versatile strategy for an HIV cure.  
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