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Abstract 

 

The main challenge in finding an HIV cure is the targeting and elimination of the HIV 

reservoir of latently infected CD4+ T-cells and persistently infected macrophages. While these 

cells are phenotypically indistinguishable from their healthy counterparts, they display 

impairments in their interferon (IFN) signaling. This makes them susceptible to killing by the 

interferon sensitive oncolytic rhabdovirus virus MG1. Although MG1 has affinity for 

latently/persistently HIV-infected cells, its effectiveness and selectivity can be enhanced.  

To enhance killing, MG1 was combined with the pro-apoptotic molecules, second 

mitochondria derived activator of caspases (SMAC) mimetic (AEG 40730, LCL-161, birinapant) 

to kill the latently HIV-infected lymphocytic cell line J1.1 and myelocytic cell line OM10.1. In 

HIV-infected cell lines, it was shown that the order of administration of MG1 and SMAC mimetics 

is important to optimize killing. Moreover, increased caspase-3/7 and caspase-1 expression 

followed cell death, and cell death could not be blocked by the pan-caspase inhibitor ZVAD-fmk 

or the necroptosis inhibitor necrostatin1-s, alone or in combination, indicating that cell death does 

not occur via a single pathway. SMAC mimetics have shown to activate the non-canonical NFκB 

pathway and cause TNFα-dependent or independent death in different models of HIV-infected 

cells. Here, it was also shown that although there was increased activation of the non-canonical 

NFκB pathway, this did not result in TNFα production, and no straightforward relationship could 

be found between TNFα and cell death. 

 In HIV-infected monocyte derived macrophages, there was a significant increase in cell 

death when MG1 was combined with SMAC mimetics compared to either treatment alone. This 

increase in cell death was also accompanied by a decrease in proviral HIV DNA. MG1 infection 

or combination treatment with MG1 and SMAC mimetics resulted in TNFα production, which 
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may be one of the contributors of increased cell death. It was previously shown that VSVΔ51 does 

not kill latently HIV-infected cells. To see if combination treatment would sensitize cells to 

VSVΔ51 mediated cell death, OM10.1 cells and HIV-infected macrophages were treated with the 

combination of VSVΔ51 and SMAC mimetics. This resulted in significantly increased cell death 

compared to either treatment alone, and was accompanied by a decrease in proviral HIV DNA. 

To increase MG1’s specificity to target cells of HIV, MG1 plasmids containing full length 

or modified versions of HIV envelope gp160 were produced. These pseudotyped viral constructs 

would have restricted tropism and would only be expected to infect the target cells of HIV. 

Unfortunately, these viral constructs were unable to be rescued and the clones require further 

optimization. 

This is the first study to employ combination therapy with oncolytic virus and SMAC 

mimetics with the goal of eliminating latently HIV-infected cells. These findings that SMAC 

mimetic treatment and MG1 infection might synergize to specifically kill HIV-infected cells 

highlights the significant potential of this therapy as an innovative cure approach.  

 

 

 

 

 

 

 



v 
 

Dedication 

 

This thesis is dedicated to my amazing husband, Dr. Gökalp Yıldırır, my source of strength, 

my beacon of hope, and my partner in all things. Watch out world, Dr.Dr.Bengalp is here!  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



vi 
 

Acknowledgements 

 

I would like to thank my supervisor, Dr. Jonathan B. Angel, who believed in me and pushed 

me to be a better scientist in every step of the way. His mentorship has been invaluable throughout 

this journey. I would also like to thank all the past and present members of the Angel lab. They 

were always there for me with advice, jokes, and understanding. Thank you to Ana Vera-Cruz, 

Megan Magro, and Brittany Haas for all the vent and brainstorming sessions. Without them, I 

would not have been able to push through graduate school. A special thanks to Stephanie Burke-

Schinkel, who was there for me from day one, when I was just a young undergraduate student 

volunteering in the lab.  

Thank you to my thesis advisory committee members, Dr. Marceline Côté, Dr. Tommy 

Alain, and Dr. Robin Parks for their guidance, thoughtful discussions, and their belief in me. 

I would like to thank my parents, for showing me the value of higher education and never 

doubting me. I would like to especially thank my mom, Filiz Molyer, who has always been there 

for me, laughed and cried with me, always listened to the latest updates on my project even though 

at times what I am talking about must have sounded like gibberish. We did it mom! Thank you to 

my husband, who sang musical songs with me, read my favorite books, discussed science with me, 

and held my hand and did not think I was super weird when I cried at the My Chemical Romance 

concert. Thank you to my wonderful cat Yoshi, who is always the best dressed and smells like 

warm dust. 

Finally, I would like to thank the Clinical Investigative Unit nurses and volunteers who 

have helped me get the necessary samples for my project. Without them, this work would not have 

been possible. 



vii 
 

Table of Contents 

Abstract .......................................................................................................................................... iii 

Dedication ....................................................................................................................................... v 

Acknowledgements ........................................................................................................................ vi 

Chapter 1: Introduction ................................................................................................................... 1 

1.1 HIV infection and pathogenesis ............................................................................................ 2 

1.2 HIV treatment .......................................................................................................................11 

1.3 HIV cure strategies .............................................................................................................. 12 

1.4 Oncolytic viruses and their potential as an HIV therapy .................................................... 15 

1.5 Cell death pathways and their role in viral infection .......................................................... 23 

1.6 Enhancing MG1-mediated killing – using SMAC mimetics as viral sensitizers ................ 29 

1.7 Enhancing the selectivity of MG1-mediated killing - pseudotyping MG1 with HIV 

envelope protein ........................................................................................................................ 36 

1.8 Rationale.............................................................................................................................. 39 

1.9 Hypothesis ........................................................................................................................... 39 

1.10 Project Aims ...................................................................................................................... 39 

Chapter 2 ....................................................................................................................................... 40 

Methodology ................................................................................................................................. 40 

2.1 Reagents .............................................................................................................................. 41 

2.1.1 Media ............................................................................................................................ 41 

2.1.2 Cloning Reagents .......................................................................................................... 41 

2.1.3 Transfection Reagents................................................................................................... 41 

2.1.4 Cell stimulation and SMAC mimetics .......................................................................... 42 

2.2 Ethics statement................................................................................................................... 42 

2.3 Cell culture .......................................................................................................................... 42 

2.3.1 Cell lines ....................................................................................................................... 42 



viii 
 

2.3.2 Isolation of peripheral blood mononuclear cells (PBMC) ............................................ 43 

2.3.3 in vitro generation of monocyte-derived macrophages ................................................ 44 

2.4 Production of virus stocks ................................................................................................... 44 

2.4.1 HIV Amplification ........................................................................................................ 44 

2.4.2 Oncolytic Virus Amplification ...................................................................................... 45 

2.4.3 MG1 titration by standard plaque assay ....................................................................... 45 

2.4.4 Rescue of wildtype MG1 and MG1 clones .................................................................. 46 

2.5 Molecular biology ............................................................................................................... 46 

2.5.1 Cloning ......................................................................................................................... 46 

2.5.2 Integrated HIV DNA PCR ............................................................................................ 47 

2.5.3 RNA isolation and RNA sequencing ............................................................................ 51 

2.6 SMAC mimetic treatment ................................................................................................... 51 

2.7 Viral infection ...................................................................................................................... 52 

2.7.1 in vitro HIV infection of monocyte derived macrophages ........................................... 52 

2.7.2 MG1 infection............................................................................................................... 52 

2.8 Combination treatment with MG1 and SMAC mimetics ................................................... 53 

2.8.1 MG1 infection and concurrent SMAC mimetic treatment ........................................... 53 

2.8.2 MG1 infection followed by SMAC mimetic treatment ................................................ 53 

2.8.3 SMAC mimetic treatment followed by MG1 infection ................................................ 53 

2.8.4 Concurrent TNFα and SMAC mimetic treatment ........................................................ 54 

2.9 Cell death inhibitor treatment .............................................................................................. 54 

2.10 Flow cytometry ................................................................................................................. 54 

2.11 ELISA and cytokine analysis ............................................................................................ 56 

2.11.1 p24 ELISA .................................................................................................................. 56 

2.11.2 TNFα and IFNα measurement .................................................................................... 56 



ix 
 

2.11.3 Non-canonical NFkB activation assay ........................................................................ 56 

Chapter 3 ....................................................................................................................................... 58 

SMAC mimetics sensitize HIV-infected cell lines to MG1-mediated death ................................ 58 

3.1 Introduction and Rationale .................................................................................................. 59 

3.2 Results ................................................................................................................................. 60 

3.2.1 Combination treatment of MG1 and SMAC mimetics kill latently HIV-infected cells, 

depending on treatment administration order ........................................................................ 60 

3.2.2 Caspase-3/7 and caspase-1 get activated following combination therapy, but cell death 

cannot be blocked by caspase or RIPK1 necroptosis inhibitors ............................................ 66 

3.2.3 MG1 infection percentage does not correlate with increased cell death of HIV-infected 

cells ........................................................................................................................................ 72 

3.2.4 Cell surface receptor expression following SMAC mimetic treatment of HIV-infected 

cell lines ................................................................................................................................. 78 

3.2.5 RNAseq analysis of J1.1 cells following combination treatment ................................. 83 

3.2.6 Cytokine production following SMAC mimetic treatment of HIV-infected cell lines 87 

Chapter 4 ....................................................................................................................................... 94 

SMAC mimetics sensitize HIV-infected monocyte derived macrophages to MG1-mediated death

....................................................................................................................................................... 94 

4.1 Introduction and rationale ................................................................................................... 95 

4.2 Results ................................................................................................................................. 96 

4.2.1 Combination treatment of MG1 and SMAC mimetics kill ex vivo HIV-infected 

monocyte derived macrophages ............................................................................................ 96 

4.2.2 Cell surface receptor expression and cytokine production following SMAC mimetic 

treatment and MG1 infection of HIV-infected MDM ......................................................... 107 

4.2.3 VSVΔ51-GFP infection and killing of HIV-infected cell lines and HIV-infected MDM 

in combination with SMAC mimetics ..................................................................................117 



x 
 

4.2.4 Cytokine production following SMAC mimetic treatment and VSV51 infection of 

HIV-infected MDM ............................................................................................................. 127 

Chapter 5 ..................................................................................................................................... 130 

Pseudotyping MG1 with HIV envelope protein to enhance its ability to selectively kill HIV-

infected cells. .............................................................................................................................. 130 

5.1 Introduction and Rationale ................................................................................................ 131 

5.2 Results ............................................................................................................................... 131 

5.2.2 MG1 clone generation ................................................................................................ 131 

5.2.3 Viral rescue for MG1 pseudotyped with HIV envelope ............................................. 135 

Chapter 6 ..................................................................................................................................... 138 

Discussion ................................................................................................................................... 138 

6.1 Summary ........................................................................................................................... 139 

6.2 SMAC mimetics sensitize HIV-infected cell lines to MG1-mediated death ..................... 139 

6.2.1 Importance of the treatment order of MG1 and SMAC mimetics .............................. 140 

6.2.2 MG1 and cell death pathways .................................................................................... 141 

6.2.3 Viral sensitizers to increase MG1 infection and killing in HIV-infected cells ........... 143 

6.2.5 RNAseq analysis of J1.1 cells treated with SMAC mimetics and infected with MG1

 ............................................................................................................................................. 145 

6.2.6 NFκB signaling following SMAC mimetic treatment ................................................ 146 

6.3 SMAC mimetics sensitize HIV-infected monocyte derived macrophages to MG1-mediated 

death ........................................................................................................................................ 146 

6.3.1 SMAC mimetics can kill macrophages in different disease models .......................... 147 

6.3.2 Oncolytic viruses and macrophages in different disease models ............................... 148 

6.3.3 Combination treatment with SMAC mimetics and MG1 ........................................... 150 

6.3.4 Combination treatment with SMAC mimetics and VSVΔ51 ..................................... 152 

6.4. Pseudotyping MG1 with HIV envelope protein ............................................................... 154 



xi 
 

6.4.1 An ideal world – would MG1 pseudotyped with HIV envelope be able to kill latently 

HIV-infected cells? .............................................................................................................. 160 

6.5 Future directions ................................................................................................................ 161 

6.5.1 Increasing the specificity of MG1 .............................................................................. 161 

6.5.2 Testing combination therapy with MG1 and SMAC mimetics in other HIV infection 

models .................................................................................................................................. 162 

6.5.3 Testing MG1 in animal models for HIV study ........................................................... 163 

6.6 Conclusion ......................................................................................................................... 165 

References ................................................................................................................................... 166 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xii 
 

List of Abbreviations 

AIDS Acquired Immunodeficiency Syndrome 

AM Alveolar Macrophage 

Apaf1 apoptotic protease-activating factor 1  

APC Allophycocyanin 

APOBEC3 Apolipoprotein B mRNA Editing Enzyme, Catalytic Polypeptidelike 3 

AZT 3'-Azido-3'-deoxythymidine 

BAF BRG1- or HBRM-Associated Factors 

BAL Bronchoalveolar Lavage 

BCL2 B-cell lymphoma protein 2 

BET Bromodomain and Extraterminal (proteins) 

BIRC2 Baculoviral IAP Repeat Containing 2 

BLT Bone Marrow, Liver, and Thymus 

BSA Bovine Serum Albumin 

CA HIV Capsid Protein 

cART Combination Antiretroviral Therapy 

CCL19 Chemokine (C-C Motif) Ligand 19 

CCR5 CC-Chemokine Receptor Type 5 

CD Cluster of Differentiation 

cDNA Complementary DNA 

cFLIP CASP8 and FADD-like Apoptosis Regulator 

cIAP Cellular Inhibitor of Apoptosis 

CNS Central Nervous System 



xiii 
 

CRISPR Clustered Regularly Interspaced Short Palindromic Repeats 

CXCR4 CXC-chemokine receptor type 4 

DAMPs Danger Associated Molecular Patterns 

DC Dendritic Cell  

dCA didehydro-cortistatin A  

ddPCR Digital Droplet PCR 

DISC Death Inducing Signaling Complex 

DMEM Dulbecco’s Modified Eagle’s medium 

dNTP Deoxynucleotide Triphosphate 

DR4 TRAIL receptor 1 

DR5 TRAIL receptor 2 

dsRNA Double-Stranded RNA 

EDTA Ethylenediaminetetraacetic Acid 

EIF4E Eukaryotic Initiation Factor 4E 

ELISA Enzyme-Linked Immunosorbent Assay 

Env HIV Envelope Protein 

ER Endoplasmic Reticulum 

FADD Fas-Associated Protein with Death Domain 

FasL Fas Ligand 

FBS Fetal Bovine Serum 

FLICA Fluorochrome Inhibitor of Caspases 

FLICE FADD-like ICE 

G Rhabdoviridae Glycoprotein 



xiv 
 

GALT Gut Associated Lymphoid Tissue 

GFP Green Fluorescent Protein 

GO Gene Ontology 

GSDMD GasderminD 

HAND HIV-Associated Neurodegenerative Disorder 

HDAC Histone Deacetylase 

HDACi Histone Deacetylase Inhibitor 

HEK Cells Human Embryonic Kidney Cells 

HIV Human Immunodeficiency Virus 

HLA Human Leukocyte Antigen 

HSA Heat Stable Antigen 

HSV Herpes Simplex Virus 

IAPs Inhibitors of Apoptosis 

IFN Interferon 

IFN1 Type I Interferon 

IFNAR IFNα/β receptor 

IFNAR1 IFNα/β receptor subunit 1 

IL Interleukin 

INT HIV Integrase 

IP intraperitoneal 

IRES Internal Ribosome Entry Site 

ISG IFN-stimulated Gene 

ISG15 Interferon-stimulated Gene 15 



xv 
 

ISRE Interferon Response Element 

IV intravenous 

JAK Janus Kinase 

LDL-R Low Density Lipoprotein Receptor 

LMW-Poly(I:C) Low Molecular Weight Polyinosinic-Polycytidylic Acid 

LRA Latency Reversal Agent 

LTR Long Terminal Repeat 

LUBAC Linear Ubiquitin Chain Assembly Complex 

M Rhabdoviridae Matrix Protein 

mCMV Murine Cytomegalovirus 

MCSF Macrophage Colony Stimulating Factor 

MA HIV Matrix Protein 

MDM Monocyte Derived Macrophage 

MG1 Recombinant Maraba Virus 

MHC I Major Histocompatibility Complex I 

MLKL Mixed Lineage Kinase Domain Like Pseudokinase 

MOI Multiplicity of Infection 

NFkB Nuclear Factor Kappa-light-chain-enhancer of Activated B Cells 

NGS Normal Goat Serum 

NHP Non-Human Primate\ 

NIK NFκB Inducing Kinase 

NK Cell Natural Killer Cell 

NKG2D Natural Killer Group 2D 



xvi 
 

NLR Nucleotide-binding Oligomerization Domain-like Receptor 

NOD-SCID-IL2Rgnull NSG 

NP HIV Nucleoprotein 

OV Oncolytic Virus 

PAMP Pathogen Associated Molecular Pattern 

PBMC Peripheral Blood Mononuclear Cells 

PBS Phosphate Buffered Saline 

PCR Polymerase Chain Reaction 

PD-1 Programmed Cell Death Protein 1 

PD-L1 Programmed Cell Death Protein 1 

PE Phycoerythrin 

Pen/Strep Penicillin, streptomycin 

PFA Paraformaldehyde 

PKC Protein Kinase C 

PKR Protein Kinase R 

PLHIV Person(s) Living with HIV 

PR HIV Protease 

PRR Pattern Recognition Receptor 

PVDF Polyvinylidene Fluoride 

qPCR Quantitative PCR 

R5-tropic CCR5 Tropic 

RhIV rhabdo immunodeficiency virus 

RIG-I Retinoic Acid Inducible Gene I 



xvii 
 

RIPK1 Receptor-Interacting Serine/Threonine-Protein Kinase 1 

RIPK3 Receptor-Interacting Serine/Threonine-Protein Kinase 3 

RPMI-1640 Roswell Park Memorial Institute 1640 medium 

RT HIV Reverse Transcriptase 

SAHA Suberoylanilide Hydroxamic Acid 

SAMHD1 Sterile Alpha Motif Domain and HD Domain-containing Protein 1 

SDS Sodium Dodecyl Sulfate 

SHIV SIV/HIV Chimeric Virus 

SIV Simian Immunodeficiency Virus 

SMAC Second Mitochondrial Activator of Caspase 

ss Single Stranded 

ssRNA Single-Stranded RNA 

STAT Signal Transducer and Activator of Transcription 

TGFβ Transforming Growth Factor Beta 

TLR Toll-Like Receptor 

TRADD Tumor Necrosis Factor Receptor Type 1-associated DEATH Domain Protein 

TRAIL TNF-Related Apoptosis-Inducing Ligand 

TNFα tumor necrosis factor α 

TNFR1 tumor necrosis factor receptor-1 

UPR Unfolded Protein Response 

UV Ultra-Violet 

VSV Vesicular Stomatitis Virus 

VSVΔ51 Recombinant Vesicular Stomatitis Virus 



xviii 
 

VV Vaccinia Virus 

WPH weeks post humanization 

WT Wildt Type 

X4-tropic CXCR4 Tropic 

XIAP X-linked Inhibitor of Apoptosis 

ZBP1 Z-DNA Binding Protein 1 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xix 
 

List of Figures 

Figure 1, Fiebig stages in HIV infection.. ....................................................................................... 7 

Figure 2, Effect of SMAC mimetics on latently HIV-infected cells. ............................................ 32 

Figure 3, MG1 pseudotpyed with HIV envelope .......................................................................... 38 

Figure 4, cell viability of J1.1 cells after combination treatment with MG1 and SMAC mimetics

....................................................................................................................................................... 62 

Figure 5,  cell viability of OM10.1 cells after combination treatment with MG1 and SMAC 

mimetics ........................................................................................................................................ 65 

Figure 6, Caspase3/7 and caspase 1 activation of J1.1 cells concurrently treated with MG1 and 

SMAC mimetics............................................................................................................................ 68 

Figure 7,  cell viability of J1.1 cells pre-treated with cell death inhibitors ZVAD-fmk and 

necrostatin 1-s prior to MG1 and/or SMAC mimetic treatment. .................................................. 71 

Figure 8, infection% of J1.1 and OM10.1 cells following combination treatment with MG1 and 

SMAC mimetics............................................................................................................................ 74 

Figure 9, plaque assay performed with supernatants from MG1 infected or MG1 infected and 

birinapant treated J1.1 cells. .......................................................................................................... 77 

Figure 10, LDL-R and PD-L1 receptor expression of J1.1 cells treated with SMAC mimetics. . 80 

Figure 11, LDL-R and PD-L1 receptor expression of OM1.1cells treated with SMAC mimetics

....................................................................................................................................................... 82 

Figure 12, showing volcano plot and gene ontology analyses of SMAC + MG1 treatment compared 

to MG1 infection. .......................................................................................................................... 85 

Figure 13, non-canonical NFκB activity of A) J1.1 and B) OM10.1 cells treated with SMAC 

mimetics. ....................................................................................................................................... 89 



xx 
 

Figure 14, p24 production in J1.1 and OM10.1 cells following 24h treatment with AEG 40730 and 

LCL-161 treatment........................................................................................................................ 91 

Figure 15, TNFα in the supernatants of OM10.1 cells infected with MG1 or treated with SMAC 

mimetics. ....................................................................................................................................... 93 

Figure 16, experimental design for the generation of monocyte derived macrophages. .............. 98 

Figure 17, gating strategy. ........................................................................................................... 100 

Figure 18, cell viability of HIV-infected monocyte derived macrophages after combination 

treatment with MG1 and LCL-161. ............................................................................................ 102 

Figure 19, cell viability of HIV-infected monocyte derived macrophages after combination 

treatment with MG1 birinapant. .................................................................................................. 104 

Figure 20, proviral HIV DNA relative to HIV-infected untreated cells. ..................................... 106 

Figure 21,  LDL-R expression on HIV-infected SMAC mimetic treated cells following 48h of 

treatment. .................................................................................................................................... 109 

Figure 22, PD-L1 expression on HIV-infected SMAC mimetic treated cells following 48h of 

treatment.. .................................................................................................................................... 111 

Figure 23, TNFα in the supernatants HIV+MDM treated with MG1 and SMAC mimetics. ......114 

Figure 24, Exogenous TNFα treatment in combination with birinapant.116 

Figure 25, Cell viability of OM10.1 cells after combination treatment with VSVΔ51 and SMAC 

mimetics .......................................................................................................................................119 

Figure 26, Cell viability of HIV-infected monocyte derived macrophages after combination 

treatment with VSVΔ51 and SMAC mimetics ........................................................................... 122 

Figure 27, Cell viability of HIV-infected monocyte derived macrophages after combination 

treatment with VSVΔ51 and SMAC mimetics  .......................................................................... 124 



xxi 
 

Figure 28, Proviral HIV DNA relative to HIV-infected untreated cells. .................................... 126 

Figure 29, TNFα and IFNα in the supernatants HIV+ MDM treated with VSVΔ51 and SMAC 

mimetics.. .................................................................................................................................... 129 

Figure 30, MG1, MG1 G-less Mgp160, Mct and MTM_4aa plasmids. ..................................... 134 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



xxii 
 

List of Tables 

Table 1, currently approved oncolytic virus therapies. ................................................................. 17 

Table 2, primer and probe sequences used in PCR and cloning reactions. ................................... 50 

Table 3, antibodies used in flow cytometry analysis .................................................................... 55 

Table 4, Optimization strategies to rescue MG1 clones.............................................................. 137 



1 
 

 

Chapter 1: Introduction 
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1.1 HIV infection and pathogenesis 

 

In 1981, several research groups published articles describing unusual cases of patients who 

presented with rare infections and cancers, such as Pneumocytists cariini pneumonia, a lung 

infection, and Kaposi’s sarcoma, an aggressive cancer, accompanied by other opportunistic 

infections1. A year later, the term Acquired Immunodeficiency Syndrome (AIDS) was used for the 

first time, to  describe the illness these heavily immunocompromised patients have2.  The 

etiological agent for AIDS, human immunodeficiency virus (HIV) is discovered in 1983, by two 

independent research groups3,4, and the development of antiretroviral agents to treat HIV infection 

began. As of 2022, 39 million people live with HIV, and there are 630,000 annual deaths from 

HIV-related causes5.  

HIV belongs in the genus Lentivurus and in the Retroviridae family6. It can further be classified 

as HIV-1, which evolved from non-human primate immunodeficiency virus from Central African 

Chimpanzees7, and HIV-2, which evolved from West African sooty mangabeys8. HIV-1 can be 

further classified into distinct lineages, M, N, O and P, where M is the most prevalent and has 

infected millions of people worldwide6, and P, which is the least prevalent and has only been 

detected in a single person from Cameroon9. For the purpose of this thesis, whenever HIV is 

mentioned, it refers to HIV-1 unless otherwise stated.  

 

• Viral characteristics and replication cycle 

HIV contains two copies of single stranded positive sense RNA per virion. The RNA codes for 

16 viral proteins:  
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• Group-specific antigen (gag), which consists of the structural proteins p24 (capsid), p6, p7 

(nucleocapsid protein which bind RNA to protect it from degradation), and p17 (matrix 

protein),  

• Polymerase (Pol), which consists of protease (PR, cleaves gag and pol to their functional 

proteins), reverse transcriptase (RT, transcribes RNA into DNA) and integrase (IN, integrates 

the double stranded DNA transcribed by the reverse transcriptase into host genome),  

• Envelope (env) gp160, which is cleaved to gp120 and gp41 in mature virions,  

• Vif, which counters the cellular restriction factor Apolipoprotein B Editing Complex 3G 

(APOBEC3G), 

• Vpr, which induces cell cycle arrest, 

• Vpu, which reduces cell surface expression of CD4 and inhibits NFκB activation, and 

overcomes the inhibition of viral release mediated by tetherin, 

• Nef, which reduces cell surface expression of CD4, and major histocompatibility complex 

(MHC) class 1,  

• Rev, which exports viral RNAs into the cytoplasm, 

• Tat, which recruits viral transcription factors to the promoter10–12.  

The viral lifecycle begins by HIV attaching itself to a susceptible host cell, such as CD4+ T-

cells, macrophages, or dendritic cells. Upon binding of gp120 to the main receptor CD4, 

conformational changes occur, which result in HIV binding to a co-receptor, either CCR5 or 

CXCR4. Binding to the co-receptor results in another conformational change, which allows the N 

terminal of gp41to insert itself into the cell membrane, and the fusion of the viral envelope and 

host membrane. This triggers the release of the viral nucleocapsid into the host cell, where in the 

cytoplasm, the error-prone RT starts transcribing RNA into double stranded cDNA with flanking 



4 
 

long terminal repeats (LTR) at its 5’ and 3’ sites, called the proviral DNA. The intact capsid 

containing the viral DNA enters the nucleus, where transcription is completed, and uncoating 

occurs. The proviral DNA forms a pre-integration complex with integrase and other host proteins 

and is then inserted into the host genome13. The embedded proviral DNA then serves as a template 

for the viral mRNA, producing the viral HIV proteins and the full length viral RNA. Upon 

assembly of the immature virion on the plasma membrane, the Gag-Pol protein is cleaved to its  

mature form by the HIV protease, resulting in the formation of mature HIV virion, ready for 

another round of the infection cycle14.  

 

• Pathogenesis and disease progression 

HIV is transmitted through viral exposure at mucosal surfaces such as the anogenital 

mucosa via sexual contact, percutaneous inoculation, or from mother to infant15. Primary infection 

occurs in monocytes/macrophages, dendritic cells and CD4+ T-cells which results in the primary 

amplification of the virus. These cells or cell-free virions migrate via the bloodstream to 

gastrointestinal tract, bone marrow, spleen, and lymph nodes, where the secondary amplification 

takes place. This results in massive depletion of CD4+ T-cells, particularly in the gut associated 

lymphoid tissue (GALT)16, where up to 80% of CD4+ T-cells die17. Within two weeks after 

infection, HIV can be detected throughout the body10.  

The HIV infection stages can be separated into 3: The acute phase, the chronic phase, and 

AIDS. The acute phase begins with the eclipse period, which is the first two weeks of infection 

where HIV RNA remains undetectable. The following stages in the acute phase can be further 

divided into Fiebig stages I-V,  which describe what diagnostic tests can be used in the detection 

of HIV (Figure 1). In the acute phase, HIV infection starts to present as flu-like symptoms such as 
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fatigue, fever, headache, weight loss, nausea and diarrhea18. Peak viremia, e.g. 106/107 copies of 

HIV RNA per mL in the peripheral blood, is reached in the acute phase14 and is correlated with the 

severity of disease symptoms19. In the absence of treatment, 12-20 weeks after peak viremia, viral 

load decreases steadily to reach a set point, due to the host immune response consisting of high 

levels of IFNα and soluble IL-2R20, HIV specific adaptive immune responses such as CD8+ T-cells 

that kill HIV-infected cells21,22 and broadly neutralizing antibodies23,24. This attempt at controlling 

the infection results in the appearance of mutations in the virus due to selective pressure25. 

Mutations also occur due to the error-prone nature of HIV reverse transcriptase26. The viral load 

at set-point stays stable for years and is accompanied by transient and spontaneous restoration of 

CD4+ T-cell counts27.  Importantly, the viral set point correlates with disease outcome, where 

individuals with higher viral set points progress faster to AIDS compared to those with lower viral 

set points. Furthermore, a subset of people called ‘elite controllers’ are able to keep the set point 

below 50 copies/mL in the blood and do not progress to AIDS even with no treatment28. Following 

the viral set point HIV infection moves to its chronic phase, which can last 10 years or more. 

Although viral replication and the effort to control said replication continues, this stage is mostly 

asymptomatic29. Ultimately, the immune system becomes unable to control the infection, and the 

disease progresses to AIDS, where  CD4+ T-cell counts fall below 200 cells/mm3 of blood30. 
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Figure 1, phases of HIV infection. Figure adapted from McMichael et al., (2010)31, reprinted 

from Nature Reviews Immunology, McMichael, A. J., Borrow, P., Tomaras, G. D., Goonetilleke, 

N. & Haynes, B. F. The immune response during acute HIV-1 infection: clues for vaccine 

development. Nat. Rev. Immunol. 10, 11–23 (2010), copyright 2024 with permission from 

Springer Nature. 
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• HIV latency and viral reservoirs 

In the field of HIV research, latency is defined as a nonproductive state of infection, where 

cells harboring proviral HIV DNA are transcriptionally silent in making infectious virions, but can 

be stimulated to do so32.  However, most latently infected cells carry defective HIV proviruses that 

are replication defective32,33. On the other hand, viral reservoir is defined as cell types or 

anatomical sites which are permissive to HIV replication and accumulation despite effective cART, 

such as the brain, GALT, and lymph nodes34.  

 

a) CD4+ T-cells 

CD4+ T-cells make up the best characterized viral reservoirs for HIV. Although activated CD4+ 

T-cells are the main target of HIV, they quickly succumb to the cytopathic effects of the infection, 

or are killed by other immune cells35. However, some of these infected cells go back to a resting 

state and differentiate into memory CD4+ T-cells, harboring proviral HIV DNA. The central (TCM), 

transitional (TTM) and effector memory (TEM) T-cells are the main reservoir for HIV but each are 

affected to a different extent36. The sequestration of transcription factors, chromatin modifications, 

and DNA methylation prevent transcription of HIV32. The persistence of the viral reservoir in the 

memory CD4+ T-cells is driven by homeostatic proliferation37, as evidenced by the specific HIV 

integration sites being linked to clonal expansion38,39. Although the frequency of  memory CD4+ 

T-cells carrying HIV provirus is estimated to be 300/106 , only a small ratio are thought to be able 

to produce infectious virions33,40.  
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b) Macrophages 

Even though once controversial and overlooked, it has been established that myeloid lineage 

cells, particularly macrophages can be persistently infected and can serve as reservoirs for HIV. 

Although monocytes, the progenitors for macrophages are highly resistant to HIV infection with 

a recent study finding less than 6.6 copies per million monocytes intact HIV proviral DNA in 

virologically suppressed PLHIV41–43, macrophages are one of the main targets of HIV. HIV DNA 

found in macrophages in the lamina propria of vaginal, penile urethral, and intestinal mucosa are 

some of the suggestions that macrophages play a role in early HIV  infection44–47. Unlike CD4+ T-

cells, macrophages are more resistant to the cytopathic effects of HIV48,49, and in some cases HIV 

proteins have been shown to protect macrophages from apoptosis50,51. Macrophages can harbor 

infectious viral particles in cytoplasmic vesicles and thus they aid in spreading of HIV into other 

tissues such as brain52, gut53,54, gut-associated lymphoid tissues55,56, and semen57,58. They are long-

lived, with HIV-infected macrophages having a half-life of 2-4 weeks59,60, and can reside in tissues 

where there is low penetration of cART which supports viral persistence61,62. HIV has been found 

in tissue resident macrophages such as Kupffer cells63, microglial cells and perivascular 

macrophages in the brain64–66, and alveolar macrophages, even during effective cART67,68. 

  

c) Viral reservoirs in the body 

Viral reservoirs are established in the body, particularly where there is poor cART penetration. 

GALT contains the most latently infected cells69,70, followed by lymph nodes.  However lymph 

nodes appear to have the greatest contribution to viral rebound upon cART cessation where GALT 

and blood follow as second and third71. The central nervous system (CNS) is another HIV 

reservoir, where microglia are the main contributors. Furthermore, HIV compartmentalization can 
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be seen in the brain, which could result in drug resistance mutations72. Other tissues that carry HIV 

proviral DNA include but are not limited to the lung, bone marrow, genital tract, kidney, and the 

liver73.  

 

• Mechanisms of HIV latency 

Mechanisms of HIV latency can be broadly divided into pre-integration latency and post-

integration latency. Pre-integration latency refers to the state when viral replication cycle is 

interrupted or fully blocked before viral DNA can integrate into the host cell genome. This type of 

latency can be seen in both CD4+ T-cells and macrophages and primarily occurs when the infected 

cells return to quiescent state prior to viral integration74. The pre-integration complex (PIC) can 

stay stable for several weeks in the cytoplasm of the host cell, and still holds the capacity to 

integrate upon cell activation75. In macrophages, host restriction factors contribute to pre-

integration latency. These include APOBEC3G and APOBEC3A, which introduces G to A 

hypermutation in the viral genome76–78, sterile α-motif/histidine-aspartate domain-containing 

protein 1 (SAMHD1) which reduces the dNTP pool in the cytoplasm by hydrolyzing dNTPS which 

in turn limits the reverse transcriptase activity of HIV79, RNA polymerase II-associated factor 1 

(PAF1) family members which interact with the viral RNA and interferes with its stability80, and 

Myxovirus-resistance protein 2 (MX2), which suppresses nuclear accumulation of viral DNA81. 

Post-integration latency is a more stable form of latency. The bulk of the latently infected 

memory CD4+ T-cell population display post-integration latency, where HIV transcription is 

silenced. The reasons for post-integration latency include HIV integration into transcriptionally 

silenced heterochromatin, not having reached the Tat protein threshold for viral transcription, 
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mutations that prevent the formation of replication-competent virion, and reduced host 

transcription factors74,82 

 

1.2 HIV treatment  

 

Combination antiretroviral therapy (cART), is the current gold standard for treatment of HIV.  

The first drug approved to combat HIV infection, a nucleoside analogue called 3′-azido-3′-

deoxythymidine (AZT), which inhibited reverse transcription of HIV, came out in 198783,84. 

However, it soon became apparent that despite early promising results, drug resistance developed 

after continued usage85. In 1996, highly active antiretroviral therapy (HAART, also known as 

combination antiretroviral therapy cART) was introduced which consisted of two nucleoside 

reverse transcriptase inhibitors (NRTI) along with a protease inhibitor or non-nucleoside reverse 

transcriptase inhibitor (NNRTI)86,87. Soon, cART evolved to include other classes of drugs, such 

as integrase inhibitors, CCR5 agonists, and fusion inhibitors, attachment inhibitors, reviewed in 

detail by Menéndez-Arias et al88. The complex scheduling of drugs, toxicity and quickly 

developing drug resistance made adhering to the treatment difficult with the first generation of 

cART. Today, a daily fixed dose combination of 3 different drugs against two different targets is 

the standard of care89. However, advances are continuously being made to lower the burden of 

pills, such as with long-acting therapies90. 

With treatment adherence, cART is able to lower the viral levels in the blood to 

undetectable  (20–50 copies HIV-1 RNA/mL), turning HIV infection to be a chronic illness and 

allowing persons living with HIV (PLHIV) to have near normal life expectancy91.  Furthermore, 

it has been shown that people who do not have detectable viral loads are unable to sexually transmit 
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HIV to their HIV negative partners92,93.  This finding, popularized as Undetectable = 

Untransmittable (U=U) has helped immensely in fighting the stigma against HIV infection94. 

Although cART is excellent at suppressing viremia, it has its limitations. It needs to be a 

lifelong therapy, as treatment interruption results in  plasma viral rebound which occurs after 2-3 

weeks due to the latent HIV reservoirs established early on in the infection95,96. Mathematical 

modelling as well as long-term follow-up studies have shown that due to the long half-life of the 

reservoir, under best circumstances, eradication would take at least 60 years, which makes it highly 

unlikely97,98. Moreover, there are other issues to address such as access to treatment, long-term 

side effects, poor drug penetration, and viral persistence99 resulting in the need to find better 

treatment options or an HIV cure. 

 

1.3 HIV cure strategies 

 

Unfortunately, cART is not a cure. Currently, there are only five patients who have been cured 

of HIV. 4 of them have received allogeneic  CCR5Δ32/Δ32 hematopoietic stem cell transplantation 

(HSCT) and one of them has received allogeneic haplo-cord CCR5Δ32/Δ32 stem cell 

transplantation100. However, this approach is not feasible for the broader population. Thus, the 

search for an HIV cure is ongoing. Current strategies to cure HIV include shock and kill, block 

and lock, therapeutic vaccines, gene editing, and novel strategies such as oncolytic virus therapy. 

 

• Shock and kill 

This strategy aims to activate and hence “shock” the virus in the latently infected cells, and 

then eradicate the virus via immune clearance or drug therapy, thus the “kill”. To achieve this, a 

class of drugs called latency reversal agents (LRAs) to activate the latent virus have been tested 
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extensively. The first clinical trial was with IL-2 and antibodies against CD3, the T-cell receptor 

which not only did not result in a decrease in latently infected CD4+ T-cells, but also caused severe 

side-effects, such as patients developing a cytokine storm condition101,102. Today, LRAs can be 

broadly classified in 5 categories: 

1. Histone post-translational modification modulators: These class of drugs modulate the 

tails of the histone proteins, thus conferring chromatin a more open conformation. Main 

examples are histone methyltransferases (HMTi) such as chaetocin103 and histone 

deacetylation inhibitors (HDACi) such as vorinostat104,105 and romidepsin106. 

2. Non-histone chromatin modulators: These drugs affect other elements in the chromatin 

that modulate transcription, such as transcription factors, interactions of DNA with RNA 

pol II, and DNA methylation. Notable examples include the BET bromodomain inhibitor 

JQ1107 . HODHBt108, and (BRG-/BRM-associated factor) BAF inhibitors109. 

3. NFκB stimulators: These drugs lead to the activation of NFκB, one of the main 

transcription factors for HIV. Examples are protein kinase C (PKC) agonists110 and 

phorbol myristate acetate (PMA)111. 

4. TLR agonists: Engaging the toll like receptors (TLRs) that recognize double stranded 

RNA, or guanosine or uridine rich viral RNAs, these drugs include CL413, GS-986, GS-

9840, and are reviewed in detail by Rozman and colleagues112. 

5. Extracellular stimulators: These drugs engage extracellular receptors on the cells, 

resulting in downstream signaling which ends in transcription of HIV. Most common 

examples include TNFα113 and phytohemagglutinin (PHA)114. 
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Due to their inability to activate all of the HIV reservoir and their reported toxicities, LRA use 

alone will most likely be not enough to cure  HIV. Therefore, other approaches such as using more 

than one LRA or combining LRAs with other cytotoxic agents will almost certainly be required 

for this strategy to advance into the clinic115. 

 Getting the “kill” part in “shock and kill” can potentially be achieved via immune cell 

clearance, using pro-apoptotic compounds such as Bcl-2 antagonists, PI3K/Akt inhibitors, RIG-I 

inducers, and SMAC mimetics116.  or therapeutic vaccination. 

Therapeutic HIV vaccines aim to enhance the acquired immune response against HIV and 

thereby prevent or significantly diminish viral rebound upon cART cessation.. Such vaccines 

include those based on HIV protein targets such as Gag117 or Tat118 to elicit a cytotoxic T-cell 

response, dendritic cell (DC) based vaccines in which DCs primed with inactivated HIV or that 

produce viral proteins are used to stimulate T cell responses119,120, or those that are designed to 

induce broadly neutralizing antibodies against HIV121. However, currently these vaccines have 

resulted in limited success.  

 

•  Block and lock 

Instead of activating latent HIV and then the eradication of the virus, the block and lock 

strategy aims to keep latent HIV in a transcriptionally silent form by reinforcing latency. Latency 

promoting agents (LPAs) include but are not limited to didehydro-cortistatin A (dCA) which 

inhibits HIV Tat122, LEDGINs which inhibit HIV integrase activity and result in HIV provirus  

with an affinity to integrate to transcriptionally silent sites123 and siRNAs for epigenetic 

silencing124. 
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• Gene editing 

The gene editing tool CRISPR/Cas9, can be used to alter the proviral HIV DNA embedded 

into latently infected cells or to generate cells that lack the co-receptor for HIV that are later used 

in adoptive transfer., Studies that have used gene editing to alter proviral HIV DNA show that 

CRISPR/Cas9 was able to successfully target the 3’ LTR region and silence HIV transcription in 

latently infected promonocytes, microglial cells and T-cells125. In vivo studies in mice also showed 

reduction in of gag and env RNA126, and successful proviral DNA excision127. Furthermore, in an 

simian immunodeficiency (SIV) infected non-human primate model, CRISPR/Cas9 editing was 

able to reduce the proviral DNA in blood and tissues such as the lung and lymph nodes128. The 

limitations for gene editing latently HIV-infected cells include delivery, cost of generating vectors 

if a technique such as zinc-finger nucleases are used, possible off-target effects, and the mutation 

rate of HIV. 

CRISPR/Cas9 has also be used to generate CCR5 knockout hematopoietic stem cells (HSPC) 

from a donor and then adoptively transfer them to a patient that suffered from HIV infection and 

acute lymphoblastic leukemia. The CCR5 ablated cells lasted more than 19 months in the 

peripheral blood with no negative side effects from gene editing (NCT03164135)129. Other studies 

are trying to improve this approach by combining the CCR5 knockout with cell membrane 

anchored HIV fusion inhibitor to prevent re-infection by both CCR5 and CXCR4 tropic viruses130.  

 

1.4 Oncolytic viruses and their potential as an HIV therapy 

 

• Oncolytic viruses and cancer 

Oncolytic viruses (OVs) are viruses that have innate selectivity or have been engineered to 

have selectivity to kill cancer cells. OVs can kill cancer cells by inducing direct oncolysis of the 
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tumor cells. In some cases, due to the release of antigens131 and virus-specific pathogen-associated 

molecular patterns (PAMPs)132,133 from the dying cells, immunogenic cell death (ICD) can occur. 

This type of cell death stimulates immune responses and can turn previously “cold” tumors to 

“hot”134. Moreover, cell killing by OVs can result in collapse of the tumor vasculature, which 

transiently shuts down the blood flow to the tumors, depriving them of oxygen and nutrients135. 

Lastly, OVs can be engineered to deliver other therapeutic agents to the tumor, such as cytokines, 

microRNAs, suicide genes, and antibody-based therapies136.  

The first approved OV therapy in the United States is called T-VEC, a GM-CSF expressing 

HSV-1 virus against metastatic stage III-IV melanoma. T-VEC selectively replicates in tumor 

tissue and kills tumor cells, while the secretion of GM-CSF aids in the recruitment of dendritic 

cells, which is key to start an anti-tumor immune response. T-VEC is delivered via intralesional 

injection137. When used as a monotherapy in phase II clinical trials, it was able to significantly 

decrease tumor burden which was maintained for 3 years, and increased overall survival by 52% 

at 24 months. In line with this, in the OPTIM study, a phase III clinical trial with T-VEC, it was 

found that among patients with complete response, 5 year survival rate was 88.5%, with minor 

adverse effects such as flu-like symptoms, chills, fatigue, and pyrexia138. Currently, the oncolytic 

viruses approved for therapy can be seen in the following table (Table 1). 
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Commercial name Virus Approved for Location and date 

H101 Adenovirus Nasopharyngeal 

carcinoma 

China – 2005 

T-VEC HSV-1 Metastatic stage III-IV 

melanoma 

USA – 2015 

Europe – 2015 

Australia – 2016 

Israel - 2017 

ECHO-7a Echovirus Stage I-II melanoma Latvia – 2004 

Georgia – 2015 

Armenia - 2016 

 

Teserpaturev HSV-1 Residual or recurrent 

gliblastoma following 

radiotherapy and 

chemotherapy 

Japan - 2021 

Nadofaragene firadenovec Adenovirus Bacillus Calmette-Guerin 

(BCG) unresponsive 

invasive bladder cancer 

USA - 2022 

 

Table 1, currently approved oncolytic virus therapies in the world. Adapted from Shalhout et al., 

2023139. 
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Oncolytic viruses that are not approved for the clinic yet but are being actively researched 

include vaccinia virus (VV)140, reovirus141, measles virus142, vesicular stomatitis virus (VSV)143, 

and Maraba virus144. 

 

• Interferon sensitive oncolytic viruses VSV and MG1 

VSV and Maraba are two closely related viruses, classified in the Rhabdoviridae family, 

genus Vesiculovirus. They are similar in gene structure, tropism, and lifecycle. They are both 

enveloped, non-segmented negative strand RNA viruses, containing five genes in their genome: 3’ 

nucleocapsid protein N, phosphoprotein P, matrix protein M, glycoprotein G, and RNA-dependent-

RNA-polymerase (RdRp) L 5’. Both have wide tropism as they mainly use the low density 

lipoprotein receptor (LDL-R)145,146 as their cellular receptor, which is expressed in many tissues147. 

Their lifecycle entirely takes place in the cytoplasm. Infection begins by the attachment of G 

glycoprotein to the LDL receptor,  and the virus is endocytosed via actin and clathrin mediated 

endocytosis145. Upon entry, the acidification of the endosome results in the viral membrane fusing 

with the endosome membrane (which is mediated by the glycoprotein G), and the release of the 

ribonucleoprotein (RNP) into the cytoplasm. In the cytoplasm, a complex composed of the N, P, 

and L proteins start to transcribe the viral genome into positive sense RNA, from 3’ to 5’. The 

negative sense RNA genome is used as a template to produce mRNA for the N, P, M, G, and L, 

along with the full-length viral genome. The transcription of mRNA transcripts occurs via 

“stuttering” meaning the RdRp pauses at each intergenic region. This results in a gradient in viral 

transcription accumulation, where N>P>M>G>L. For VSV, replication is quick and assembly of 

progeny virion can be seen 2-3 hours post infection. The M protein of both viruses can impair host 
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nuclear mRNA export via interacting with the Rae1 and Nup98 proteins148. This interference also 

impairs the interferon response of the host cell against the infection. 

Both VSV and Maraba virus have been attenuated via genetic engineering. For VSV, a 

deletion was made in the 51st amino acid of the M protein resulting in VSVΔM51, which inhibits 

the WT M protein’s function of blocking nuclear transport. For Maraba, mutations identified in 

VSV that enhanced viral replication and reduced toxicity were mapped, and two amino acids, 

L123W in the M gene and Q242R in the G gene were mutated resulting in the attenuated Maraba 

virus, MG1146. The modifications to VSV and Maraba make them highly sensitive to IFN1. 

 Both VSV and MG1 have been  popular oncolytic viruses to be used in cancer 

studies143,144,149–152. Their small genome, ease of engineering, quick replication cycle, and wide 

tissue tropism make them attractive candidates for oncolytic virus based therapies. 

 

• Pre-clinical and clinical studies with MG1 

 MG1 has been shown to be safely delivered intravenously to immunocompetent mice in 

doses up to 109 pfu. In disease models of mice bearing syngeneic subcutaneous CT26, a colon 

cancer cell line, MG1 infection resulted in complete tumor regression when delivered 

intravenously146. MG1 has also been used as a vaccine vector alongside replication incompetent 

adenovirus (Ad prime: MG1 boost strategy) to deliver tumor antigens. In a study done in cats, the 

Ad:MG1 strategy was used to deliver the human placenta-specific 1 (hPLAC1) antigen. Twenty-

one days following the Ad:hPLAC1 delivery, the cats were immunized with MG1-hPLAC1 at 

2.5x1011 pfu. No shedding of the virus nor viremia could be detected, but the MG1 genome could 

be detected in plasma, urine, and fecal samples a week after inoculation. Post-mortem analysis 

also showed the presence of MG1 genomes in the spleen, heart, and lungs with the absence of 
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replicative virus. These results confirm that systemic delivery of MG1 can result in  MG1 being 

dispersed in various anatomical sites153. In another study done in cynomolgus macaques, the 

Ad:MG1 strategy was used to deliver the MAGE-A3 cancer antigen expressed in melanoma. After 

priming with ad-MAGE-A3, the MG1-MAGE-A3 infusion was done twice with three days in 

between at the dose 1x1011 pfu. MG1 genomes were detected in the blood, urine, feces, spleen, 

and lymph nodes. No replicative particles were obtained. 

 In a phase I/II clinical trial using Ad:MG1-MAGEA3 in patients with MAGE-A3 positive 

solid tumors (NCT02285816) patients were treated with two infusions of MG1-MAGE-A3 at 

1x1011 pfu, a single dose of intramuscular Ad-MAGE-A3 or intramuscular Ad-AMGE-A3 

followed by systemic delivery of MG1-MAGE-A3. Pro-inflammatory cytokines such as IL-6 and 

TNFα were found to be upregulated whereas the immunosuppressive TGFβ was downregulated. 

Furthermore, over 1% of CD8+ T-cells were shown to be specific for MAGE-A3 in one patient154. 

In another phase 1b clinical trial (NCT03773744), the safety and tolerability of intravenous and 

intratumoral injection of Ad:MG1-MAGE-A3 with pembrolizumab is being evaluated in patients 

with metastatic melanoma or previously treated cutaneous squamous cell carcinoma with results 

to come. 

 These pre-clinical and clinical studies confirm that MG1 is well tolerated, dispersed in 

anatomically distinct sites, can be used to induce  an antibody response against a specific antigen 

when systemically delivered in humans, making it a good candidate to study as a potential HIV 

therapy. 
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• Oncolytic viruses as a potential HIV treatment 

Disruption of type I IFN signaling in chronic HIV infection, such as impairment of pattern 

recognition receptors (PRR) signaling, impairment of innate viral sensing, and defects in IFN  

mediated antiviral responses are well documented and reviewed in detail by Sandstrom et al155. 

Our research group has shown that some of these defects persist in latently HIV-infected cells, and 

can be used to distinguish them from their uninfected counterparts. Ranganath et al., has shown 

that baseline expression of interferon α/β receptor subunit 1 (IFNAR1) and major 

histocompatibility complex-I (MHC-I) are lower in latently HIV-infected monocytic U1 cells and 

myelocytic OM10.1 cells, compared to their uninfected parental cells, U937 cells and HL-60 cells. 

Furthermore, this impairment is also observed in the induction of  interferon stimulated gene (ISG). 

When the latently HIV-infected cell lines and their uninfected counterparts were treated with 

exogenous IFNα, the upregulation of MHC-I, protein kinase R (PKR), and ISG15 in latently 

infected cells were significantly lower than the uninfected cells. Response to Poly(I:C) as 

measured by IFNα/β secretion was significantly lower in U1 cells compared to U937 cells as 

well156.  

 In light of these defects, our research group hypothesized that latently infected cells would 

be more permissible to interferon sensitive oncolytic virus infection, namely MG1 and VSVΔ51. 

When HIV-infected cell lines U1 and OM10.1 were infected with MG1, a significantly higher 

proportion of cells were infected as measured by GFP expression, and killed as compared to the 

uninfected parental cells. This observation also held true for latently infected CD4+ T-cells that 

have been infected with HIV ex vivo, as demonstrated by a significant decrease in proviral HIV 

DNA as measured by qPCR and p24 as measured by ELISA.  
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 MG1 killing and infection was measured in persistently HIV-infected monocyte derived 

macrophages as well. Since the infection rates are usually very low in in vitro infection models of 

macrophages 157,158, a reporter CCR5 tropic HIV, namely HIV NL4.3 BAL-IRES-HSA was used. 

In this model, cells that are persistently infected with HIV express mouse heat stable antigen (HSA) 

on their cell surface, allowing the differentiation of HIV-infected cells (HSA+) from bystander 

cells (HSA-)158. Using this model, our group was able to show that MG1 has a higher infection 

rate in HSA+ cells compared to HSA- cells. Moreover, upon MG1 infection, there was more cell 

death in the HSA+ fraction, indicating that MG1 preferentially infects and kills HIV-infected 

MDM. Similar to what was done in latently infected CD4+ T-cells, this was further confirmed by 

measuring proviral HIV DNA and the p24 capsid protein, where the qPCR assay and ELISA 

showed a significant decrease in both. It was also confirmed that an infectious MG1 virus is 

necessary to achieve killing, as UV inactivated MG1 or supernatants taken from infected cells 

where MG1 was filtered out were not able to induce killing of either latently infected CD4+ T-cells 

or persistently infected MDM159–162. 

To assess MG1’s possible clinical applications, alveolar macrophages (AM) obtained from 

bronchoalveolar lavage of PLHIV on cART were infected with MG1 and proviral HIV DNA was 

measured with digital droplet PCR (ddPCR). It was seen that there is a significant reduction of 

proviral HIV DNA 48h post MG1 infection, providing us insights about the clinical relevance  of 

MG1 as a potential  HIV therapeutic. 

In contrast to what was seen with MG1, VSVΔ51 was unable to induce significant killing 

of HIV-infected cell lines or primary HIV infection models159–162. 

To increase the efficiency of MG1 therapy, killing by MG1 and selectivity of MG1 can be 

enhanced. To do this, this project aims to use pro-apoptotic small molecules called second 
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mitochondria derived activators of caspases (SMAC) mimetics as viral sensitizers, and 

pseudotyping MG1 with HIV envelope protein gp160 to optimize MG1-mediated killing. 

 

1.5 Cell death pathways and their role in viral infection 

 

Cell death can be broadly categorized into two: programmed cell death and necrosis. Necrosis 

occurs due to irreversible trauma, where the cell goes through an unprogrammed explosion163. 

Programmed cell death can be further divided into caspase dependent (e.g. apoptosis, pyroptosis), 

and caspase independent (e.g. necroptosis). In the following sections, three programmed cell death 

mechanisms that pertain to this project will be discussed. 

 

• Pyroptosis 

Pyroptosis or “fiery cell death” is an inflammatory form of cell death. It can be initiated 

canonically and non-canonically. In the canonical pathway, PAMPs and DAMPs are recognized 

via PRRs such as TLRs or NOD-like receptors (NLRs). PRRs then assemble with Inflammasome 

Adaptor Protein Apoptosis-Associated Speck-Like Protein Containing CARD (ASC) and pro-

caspase-1, forming the inflammasome. Depending on what PRR is associated with the 

inflammasome, the inflammasome can have different names such as NLRP3 inflammasome or 

NRLC4 inflammasome. The caspase-recruitment domain (CARD) of ASC interacts with pro-

caspase-1 to initiate its processing and activation164. Caspase-1 then cleaves Gasdermin D 

(GSDMD) into two, which then opens pores on the cell membrane, causing cell swelling and death. 

Furthermore, caspase-1 also cleaves IL-1β and IL-18 to their mature forms, which get released 

from the pores opened by GSDMD, causing inflammation165. In the non-canonical pathway, 

caspase-1 is bypassed and instead caspase-4/5/11 are activated in response to LPS stimulation. 
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GSDMD is cleaved by caspase-4/5, but IL-1β and IL-18 still need to be cleaved by caspase-1166. 

Chemical inhibitors of pyroptosis include but are not limited to the pan-caspase inhibitor ZVAD-

fmk, and inflammasome inhibitors C172, glyburide, dapagliflozin166. 

 

• Apoptosis 

Apoptosis is a tightly regulated, non-inflammatory form of cell death that not only occurs 

because of external stress factors or damage, but also naturally during development167. Apoptosis 

can happen through two main mechanisms: Intrinsic and extrinsic. Extrinsic apoptosis pathway 

requires engagement of death receptors with their respective death signal ligands. These receptors 

usually involve tumor necrosis factor (TNF) receptor superfamily. The best characterized 

ligand/receptor pairs are TNFα/ tumor necrosis factor receptor-1(TNFR1), Fas ligand (FasL)/Fas 

receptor (FasR), tumor necrosis factor-related apoptosis-inducing ligand (TRAIL)/TRAIL 

Receptor-1 (DR4) and TRAIL Receptor-2 (DR5)168. Upon the interaction of TNFα with its 

receptor, a complex containing TNF, TNFR-1, TNF Receptor-Associated Death Domain 

(TRADD), receptor-interacting serine/threonine-protein kinase 1 (RIPK1), TNF receptor 

associated factor 2 (TRAF2), and Fas-associated protein with death domain (FADD) forms and is 

called complex 2a. This complex aids in the maturation of caspase-8, which in turn activates 

caspases-3/7169,170. Signaling through FasL/FasR or TRAIL/DR4-5 results in recruitment of Fas-

associated protein with death domain (FADD), and the cellular FLICE inhibitory proteins (c-

FLIPs), and the formation of death-inducing signaling complex (DISC). This complex, similar to 

complex 2a, cleaves pro-caspase 8/10 into their active forms which then cleave caspase-3/7171–173.  

 Intrinsic apoptosis pathway, also called the mitochondrial death pathway, is triggered 

when the cell is subjected to cytotoxic drugs, irradiation, and oxidative stress and is not receptor 
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mediated. These factors affect the mitochondrial membrane and result in the opening of 

mitochondrial permeability transition pores, where pro-apoptotic proteins are released into the 

cytosol174. The first proteins released are cytochrome c, SMAC and HtrA2/Omi175,176. Cytochrome 

c then binds apoptotic protease-activating factor 1 (Apaf1) and pro-caspase-9, forming the 

apoptosome. This complex formation triggers the cleavage of caspase-9, which in turn cleaves pro-

caspase-3 and -7 to their mature forms, resulting in apoptosis177. Apoptosis can be inhibited by 

using pan-caspase inhibitors such as ZVAD-fmk, but this inhibition may switch cell death signaling 

to necroptosis178. 

    Important protein families in the apoptosis pathway include Bcl-2 family proteins, 

inhibitors of apoptosis (IAP) proteins and SMAC. Bcl-2 family proteins contain both pro- (Bax, 

Bak, and Bid) and anti-apoptotic (Bcl-2, Bcl-XL, and Mcl-1) members. Extrinsic apoptosis 

pathway can converge with the intrinsic pathway when Bid is cleaved by caspase-8 to form tBid, 

which subsequently locates to the mitochondrial membrane to kickstart the downstream events179. 

The anti-apoptotic IAPs are characterized by having a Baculovirus IAP repeat (BIR) 

domain in their N-terminus180. Currently, there are 8 identified IAP family members: cellular 

inhibitor of apoptosis protein-1 (cIAP1), cellular inhibitor of apoptosis protein-2 (cIAP2), X-linked 

inhibitor of apoptosis protein (XIAP,) neuronal apoptosis inhibitory protein (NAIP),  survivin, 

Apollon, Livin, and inhibitor of apoptosis protein-related-like protein-2 (ILP-2)181. The best 

characterized of these proteins are cIAP1. cIAP2, and. XIAP. All three of these proteins contain a 

really interesting gene (RING) domain, which contributes to their ubiquitin (E3) ligase activity 

and Ub-associated domain (UBA). cIAP1 and cIAP2 also contain a caspase-recruitment domain 

(CARD)182,183. XIAP can bind to pro-caspase-9 with its BIR3 domain or to caspase-3/7 with its 

BIR2 domain, effectively preventing them from dimerization and subsequent activation184,185. On 
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the other hand, cIAP1 and cIAP2 can bind to TRAF2 with their BIR1 domain, and using their 

ubiquitin ligase activity, block the formation of complex 2a, and switch death ligand/death receptor 

signaling to the canonical NFκB pathway186. Moreover, cIAP1 and cIAP2 negatively regulate the 

non-canonical NFκB pathway by ubiquitinating and therefore causing the degradation of NF-κB-

inducing kinase (NIK)168. 

SMAC are the best characterized inhibitors of the IAP family. The N-terminus of SMAC 

get cleaved upon their exit from the mitochondria, revealing an Ala-Val-Pro-Ile (AVPI) motif, 

which allows SMAC to bind to BIR3 domain of cIAP1, cIAP2, resulting in their autoubiquitination 

and degradation, and to the BIR 2 and BIR 3 domains of XIAP, preventing XIAP’s interaction with 

caspase-9187,188.  

 

• Necroptosis 

Necroptosis can be induced due to extracellular stress such as death ligand/death receptor, 

interferon gamma (IFN-γ)/IFNAR, dsRNA/Toll-like receptor-3 (TLR3) and dsDNA/Z-DNA 

binding protein-1 (ZBP1) signaling, and osmotic stress189. Necroptosis initiated through all these 

different signaling pathways converge at the point where Receptor Interacting Protein Kinases 1 

(RIPK1) and  Receptor Interacting Protein Kinases 3 (RIPK3) are recruited to the signaling 

cascade. When the signaling is initiated through TNFα/TNFR1, complex 1 consisting of TNFα, 

TNFR1, TRADD, TNFR-associated factor 2 (TRAF2), RIPK1, cIAP1and cIAP2, and linear 

ubiquitin chain assembly complex (LUBAC) forms on the cell membrane190. From here, the cell 

can undergo cell death via apoptosis or necroptosis depending on the presence of caspase-8191, or 

persist to activate cell survival mechanisms. If the cell commits to the necroptosis pathway, 

downstream of the formation of complex 1, RIPK1/3 and mixed-lineage kinase domain–like 
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(MLKL) form the necrosome where RIPK3 mediated the phosphorylation of MLKL which results 

in MLKL oligomerization. Following this, MLKL translocates to the plasma membrane, where it 

binds to phosphatidylinositol phosphates, resulting in membrane pore opening and calcium 

efflux192 which ends in the death of the cell. Unlike apoptosis, necroptosis is an inflammatory type 

of cell death, as DAMPs are released from the cell upon death193. Necroptosis can be blocked by 

the inhibition of RIPK1 via necrostatin-1194. 

 

• An intricate game of cell death 

Most programmed cell death pathways are somewhat interconnected. As described 

previously, apoptosis can switch to necroptosis depending on the availability of caspase-8, FADD 

and caspase-8 can contribute to the activation of caspase-1 and IL-1β maturation195, Influenza A 

virus (IAV) can induce RIPK3/caspase-8/NLRP3 dependent cell death196, chemotherapy drugs can 

cause caspase-8 to cleave GSDMD, causing pyroptosis in breast cancer cells197, caspase 1 can 

cleave pro-caspase-3 to initiate apoptosis in the absence of GSDMD198, and in macrophages, 

independent of caspase-8, absent in melanoma-2 (AIM2) inflammasome can result in the cleavage 

of caspase-3 and therefore apoptosis199. All of this to say, in this intricate game of death, cell death 

mechanisms can be difficult to untangle from each other and that scientific discoveries can change 

our perspective on the exact way a cell undergoes death.   

 

• HIV and cell death pathways 

While cell death during HIV infection occurs mainly through apoptosis200, both necroptosis 

and pyroptosis can occur in HIV-infected CD4+ T-cells, when apoptosis is blocked201,202. 
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Interestingly, most HIV proteins act as a double-edged sword, with most of them carrying both 

pro- and anti-apoptotic properties.   

 HIV Tat has been shown to upregulate caspase-8, FADD-like ICE (FLICE) 203, and 

CD178204  in HIV-infected CD4+ T-cell cultures. Moreover, Tat can cause bystander cell death, as 

monocytes treated with exogenous Tat have been shown to secrete the death ligand TRAIL, 

activating apoptosis pathways in bystander CD4+ T-cells205, and that internalization of the secreted 

Tat via vacuole can activate the pro-apoptotic protein Bim, triggering the intrinsic apoptosis 

pathway206. Conversely, anti-apoptotic effects of Tat include CD4+ T-cells transfected with Tat 

upregulating anti-apoptotic proteins such as cFLIP and Bcl-2 and downregulating caspase-10 and 

being more resistant to FasL mediated apoptosis207. 

 Vpr accumulation during HIV infection results in G2 phase cell cycle arrest and 

apoptosis208. Vpr can also upregulate the stress ligand natural killer group 2D (NKG2D) on CD4+ 

T-cells, triggering natural killer (NK) cell mediated apoptosis209. Conversely, in early HIV 

infection, low concentrations of Vpr upregulates Bcl-2 and downregulates Bax, favoring anti-

apoptotic pathways210. Moreover, Vpr has also been shown to upregulate survivin, an anti-

apoptotic factor that increases the stability of XIAP211. 

 Membrane bound and soluble versions of gp120, the HIV envelope glycoprotein, have been 

shown to bind to CD4 receptor, resulting in the death of HIV-infected and bystander cells212,213. 

Conversely, gp120 has been shown to upregulate cIAP1, cIAP2, and XIAP in HIV-infected 

macrophages50. 
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1.6 Enhancing MG1-mediated killing – using SMAC mimetics as viral sensitizers 

 

• Oncolytic viruses and viral sensitizers in cancer  

Combining oncolytic viruses with small molecules to enhance their effectiveness has been 

of increasing interest in the cancer field. These small molecules aim to inhibit antiviral signaling 

pathways thereby increasing viral propagation and/or infection and activate pro-apoptotic 

pathways of the host cell to enhance the efficiency of killing target cells. Viral sensitizers such as 

ruxolitinib214 and vorinostat215 target JAK/STAT signaling, bortezomib216 and sunitinib217 target 

the NFκB pathway, and rapamycin218 and torin1219 target the PI3K/Akt/mTOR pathway to dampen 

IFN 1 response and thus increase oncolytic virus infection. Other viral sensitizers can target the 

apoptosis pathway to increase cell death, such as SMAC mimetics. 

 

• SMAC mimetics 

SMAC mimetics are small pro-apoptotic molecules that mimic NH2-AVPI binding motif of 

endogenous SMAC proteins. Similar to SMAC proteins, SMAC mimetics can efficiently bind to 

the BIR domains of cIAP1, cIAP2 and XIAP proteins to antagonize them by either (1) preventing 

their binding to caspases or (2) activating their E3 ligase activity, resulting in their subsequent 

degradation168,220. Due to the roles of cIAP1, cIAP2 and XIAP proteins, SMAC mimetics can 

promote TNFα dependent or independent apoptosis221–223, or TNFα dependent necroptosis224. 

SMAC mimetics can be broadly classified as monovalent, i.e. having one -AVPI binding motif 

such as LCL-161 (Novartis) and Debio-1143 (Ascenta Therapeutics) or bivalent, i.e. having two -

AVPI binding motifs such as AEG-40730 (Aegara Therapeutics) and birinapant (Tetralogic 

Pharmaceuticals). 
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• Cancer and SMAC mimetics 

As evasion of apoptosis is one of the hallmarks of cancer, using SMAC mimetics are an 

attractive candidate for cancer therapy225. Different SMAC mimetics have been used in a variety 

of cancer cell lines to induce cell death, as several cancers such as liver and pancreatic cancer have 

upregulated expression of IAPs170,226,227. Currently, there are 6 completed clinical trials with 

SMAC mimetics, 3 of them with the monovalent SMAC mimetic LCL-161 against relapsed or 

refractory myeloma (Phase II, NCT01955434), primary myelofibrosis (Phase II, NCT02098161), 

and multiple myeloma (Phase I/II, NCT03111992), 3 of them with the monovalent SMAC mimetic 

Debio 1143 for tolerability (Phase I, NCT01078649,Phase Ib/II, NCT04122625,) and against 

advanced solid malignancies (Phase Ib,NCT03270176). Both LCL-161 and Debio 1143 have 

shown good tolerability and improved control of the disease. 

 

• HIV and SMAC mimetics 

SMAC mimetics are explored as a potential therapeutic agent in HIV due to the dysregulation 

of apoptosis pathways in HIV-infected cells. In HIV-infected cells, SMAC mimetics can either a) 

reverse latency via the activation of non-canonical NFκB pathway or b) kill HIV-infected cells 

(Figure 2). 
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Figure 2, Effect of SMAC mimetics on latently HIV-infected cells. Upon SMAC mimetic 

treatment, latently HIV-infected cells have been shown to undergo A) Latency reversal due to 

degradation of cIAP1 and cIAP2 via SMAC mimetics and subsequent activation of the non-

canonical NFκB pathway. Or B) Cell death that utilizes apoptosis and autophagy machinery. 

Adapted from Molyer et al., 2021 
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a) SMAC mimetics as latency reversal agents 

The SMAC mimetic SBI-0637142 has been used in the latently infected cell line J-lat 10.6 and 

increased HIV expression as measured by GFP expression following treatment was observed. This 

effect was increased when SBI-0637142 was used in combination with the HDACi panobinostat. 

Furthermore, when resting CD4+ T-cells isolated from PLHIV were treated with SBI-0637142, 

latency reversal comparable to the degree of stimulation with CD3 and CD28 was observed228. 

Furthermore, Ciapavir, the second generation design of the SMAC mimetic SBI-0637142 with 

increased potency,  proved more potent than SBI-0637142 in reversing latency both in the J-lat 

2D10 cells as measured by GFP expression, and humanized HIV-infected  bone-liver-thymus 

(BLT) mouse model as measured by HIV gag mRNA expression, without causing significant 

toxicity or activation of T-cells.229 

The bivalent SMAC mimetic AZD5582 has also shown to induce HIV replication in resting 

CD4+ T-cells from PLHIV on cART, and was able to increase SIV production to more than 60 

copies/mL in cART suppressed SIV infected rhesus macaques, without inducing global T-cell 

activation230. AZD5582 has also been used in combination with dual affinity targeting (DART) 

with bispecific CD3 and HIV envelope targeting. The aim of this study was to reverse latency with 

the AZD5582, and then target CD8+ T-cells to HIV envelope expressing cells (achieved by latency 

reversal) in simian/human immunodeficiency virus (SHIV) infected, cART treated rhesus 

macaques. However, no significant increase in SHIV RNA was observed, and the DART targeting 

did not result in a significant decrease in SHIV DNA in the CD4+ T-cells of the peripheral blood, 

lymph node, or bone marrow231. 

 

 



34 
 

b) SMAC mimetics to kill latently infected cells 

The bivalent SMAC mimetic birinapant has been shown to kill latently HIV-infected 

promonocytic cell line U1 and lymphocytic cell line ACH2. A stronger killing affect was observed 

when birinapant was combined with PKC activator PEP0005 due to the increased production of 

TNFα upon PEP0005 treatment, resulting in TNFα-dependent apoptosis232. 

HIV infection upregulates cIAP1 and XIAP in in vitro infected central memory CD4+ T-cells 

(TCM)233,234. The SMAC mimetics birinapant and GDC-1052 was able to successfully degrade 

these IAPs and cause TNFα independent death of HIV-infected TCM via a mixture of autophagy 

and apoptosis pathways. The proposed mechanism of this cell death pathway is autophagy 

machinery serving as a scaffold on which DISC can form to induce cell death234 (Figure 2, B).  

 Similar to HIV-infected TCM, XIAP and cIAP1 expression is significantly higher in in vitro 

HIV-infected MDM223. The SMAC mimetics birinapant, LCL-161, and Debio 1143 were each able 

to induce killing in a TNFα dependent manner, again with a mixture of autophagy and apoptosis223. 

In another study, LCL-161 and the bivalent SMAC mimetic AEG-40730 was able to kill the HIV-

infected cell line U1 significantly greater than its uninfected parental cell U937, and specifically 

kill persistently HIV-infected MDM while leaving bystander cells relatively unharmed (as 

measured by cell death in HSA+ and HSA- populations), possibly through a RIPK1 mediated 

mechanism. This killing was TNFα dependent in U1 cells but TNFα independent in HIV-infected 

macrophages. Cell death of HIV-infected macrophages was increased when LCL-161 was 

combined with the RIPK1 inhibitor necrostatin-1, showing that RIPK1 may also be a key mediator 

in cell death of HIV-infected MDM235. 

 Taken together, of these results show that the effect of SMAC mimetics on HIV-infected 

cells depend heavily on the SMAC mimetic and cell line/HIV infection model used. 
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• Combination treatment with SMAC mimetics and oncolytic viruses 

As can be seen in the examples in the previous section, the effect of SMAC mimetics can 

enhance the activity of a number of other agents. Especially in the cancer field, SMAC mimetics 

have been used with oncolytic viruses to enhance the effect of OV therapy. LCL-161 has been used 

with the oncolytic alphavirus M1 on refractory hepatocellular and colorectal cancer cell lines to 

induce ER stress mediated apoptosis. The usage of LCL-161 increased bystander killing affect and 

increased replication of M1 virus236. When EMT6, a syngeneic breast carcinoma tumor, bearing 

mice were treated with a combination of LCL-161 and VSVΔ51, there was significant increase in 

mouse survival and slowed tumor growth rate. Treatment with TNFα blocking antibodies 

abrogated this affect, showing TNFα dependency237. In another study, combination of LCL-161 

and VSVΔ51 in EMT6 tumor bearing mice, promoted CD8+ T-cell accumulation in the tumor, 

polarized tumor-associated macrophages into M1 state, and worked as a nonspecific adjuvant to 

increase tumor cell killing. Interestingly, this study has pointed out that the administration order of 

SMAC mimetic and oncolytic virus is of importance, as in this model pre-treatment with LCL-161 

demonstrated no therapeutic synergy238. In other studies, LCL-161 combination with VSVΔ51 

armed with TNFα in EMT6 tumor bearing mice have led to vascular shutdown, tumor cell death, 

and durable cures239. Furthermore, in a study that directly armed VSV with a SMAC mimetic 

called VSV-S showed that VSV-S induces apoptosis in breast cancer cells via the intrinsic 

apoptosis pathway, and that when mice bearing the highly aggressive 4TI breast cancer tumors 

were treated VSV-S, a decrease in tumor weight and tumor volume could be observed240. 

Considering the individual effects of the oncolytic virus MG1 and SMAC mimetics on HIV-

infected cells, these studies suggest combining SMAC mimetics with MG1 may increase MG1-

mediated killing of HIV-infected cells. 
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1.7 Enhancing the selectivity of MG1-mediated killing - pseudotyping MG1 with HIV 

envelope protein  

 

Pseudotyping viruses refers to partially or completely changing the native glycoprotein of 

a virus to that of another. This strategy can be employed to study viral entry mechanisms of high 

containment level viruses in biosafety level 2 conditions such as for Ebola Virus241 and 

coronavirus242,243, for vaccine development244,245, study of neutralizing antibodies246,247, or to limit 

or change tropism of virus248. Pseudotyping can be transient, i.e. limited to one cycle of replication 

or permanent, i.e. permanently changing the viral glycoprotein. 

Although no work has been done with pseudotyping Maraba virus yet, there are many 

studies that have employed VSV to pseudotype it with the HIV envelope protein. These approaches 

range from using the full length HIV envelope gp160249, to using truncated versions of gp160250, 

to fusing HIV gp120 with the CT-tail of the VSV-G glycoprotein245,251. All of these approaches 

have succeeded in limiting the tropism of VSV to cells that express the receptor/co-receptors for 

HIV which resulted in the specific infection of target cells of HIV 

Given the success with VSV, pseudotyping MG1 with HIV envelope protein can also be 

successful in limiting MG1’s tropism to CD4 and CCR5 expressing cells, effectively limiting 

MG1’s tropism to target cells of HIV, and thus enhancing the specificity of MG1 (Figure 3).  
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Figure 3, MG1 pseudotpyed with HIV envelope would have limited tropism, only being able to 

infect cells that express CD4 and CCR5, the receptor and co-receptor for HIV. Made with 

BioRender. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



39 
 

1.8 Rationale  

 

MG1 has been shown to selectively target and kill cell lines latently infected with HIV, 

CD4+ T-cell latent HIV infection models, ex vivo infected persistently infected monocyte derived 

macrophage models and alveolar macrophages obtained from people living with HIV. For MG1 to 

be used in the clinic, its killing and specificity can be enhanced. To enhance MG1-mediated killing, 

small pro-apoptotic molecules called SMAC mimetics can potentially be used. SMAC mimetics 

have been shown to selectively kill HIV-infected cells, and have been shown to sensitize cancer 

cells to oncolytic virus mediated death. To increase the specificity of MG1, MG1 can be 

pseudotyped with HIV envelope protein gp160, to limit its targets to that of HIV. 

 

1.9 Hypothesis 

` 

  It is hypothesized that combination of MG1and modified versions of MG1 with SMAC 

mimetics (AEG 40730, LCL 161 and birinapant) can be used to enhance MG1 infection and killing          

 

1.10 Project Aims 

 

The first aim of this project is to determine if SMAC mimetics sensitize HIV-infected cell lines 

and ex vivo HIV-infected monocyte derived macrophages to MG1-mediated death. The second aim 

of this project is to pseudotype MG1 with HIV envelope protein gp160 to reduce MG1’s tropism 

and increase its specificity to target cells of HIV.  

Overall, this project aims to enhance the killing and specificity of MG1 to HIV-infected cells.  
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Chapter 2 

Methodology 
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2.1 Reagents 

 

2.1.1 Media 

 

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

indicator, Gibco® Dulbecco’s Modified Eagle’s medium (DMEM), and Gibco® phosphate 

buffered saline (PBS) powder, ands OPTI-MEM were purchased from Thermosphere Scientific 

(Ottawa, ON). Endotoxin-free Dulbecco’s PBS, pH 7.4 was purchased from Millipore-Sigma. 

Reagents to supplement the media are heat-inactivated fetal bovine serum (FBS), penicillin 

(100units(U)/mL) and streptomycin (10 go/mL) (PenStrep), puromycin (1ug/mL), zeocin, 

plasticising and L-glutamine (ThermoFisher Scientific), heat-inactivated human AB serum (Valley 

Biomedical, Winchester, Virginia).  

2.1.2 Cloning Reagents 

 

The restriction enzyme Acc651 (Cat# R0599), T4 DNA ligase (Cat# M020), Q5 site 

directed mutagenesis kit (Cat# E0554S), Gibson Assembly® Cloning Kit (Cat# E5510S), and 

NEB® 10-beta Competent E. coli (High Efficiency) (Cat# C3019H) were obtained from New 

England Biolabs (Whitby, ON). FastAP dephosphorylase (Cat# EF0651) was obtained from 

ThermoFisher Scientific. 

2.1.3 Transfection Reagents 

 

Lipofectamine® 2000 Transfection Reagent was purchased from Invitrogen (Burlington, 

ON). Gibco™ Opti-MEM™ Reduced Serum Media was purchased from ThermoFisher Scientific. 

FuGENE® HD Transfection Reagent (Cat# E2311) and FuGENE® 4K Transfection Reagent 

(Cat# E5911) was purchased from Promega. GeneJuice® Transfection Reagent (Cat# 70967-5) 

was purchased from Millipore Sigma.  



42 
 

2.1.4 Cell stimulation and SMAC mimetics 

 

Recombinant human M-CSF (carrier-free) (Cat # 574802) was purchased from Biolegend. 

Human TNF-alpha recombinant protein (Cat# PHC3015) was purchased from ThermoFisher 

Scientific. Low molecular weight Poly(I:C) (Cat# TLRL-PICW) was purchased from Cederlane. 

Cell activation cocktail (without Brefeldin A) (Cat# 89CHF) was purchased from Biolegend, The 

SMAC mimetic AEG-40730 (Cat# 5330) was purchased rom Tocris Bioscience, LCL-161 (Cat# 

S7009) and birinapant (Cat# S7015) and camptothecin solution (Cat#S1288)  were purchased from 

Selleck chemicals  (Burlington, ON). Staurosporine solution (Cat# S6942) was purchased from 

Millipore. Pan-caspase inhibitor Z-VAD-FMK (Cat#2163) was purchased from Biotechne and 

Necrostatin1-s (Cat#17802) was purchased from Cell Signaling Technology. 

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. 

2.3 Cell culture 

 

2.3.1 Cell lines 

 

Vero (CCL-81), Jurkat, and HEK-293T (CRL-3216) cells were obtained from (American 

Type Culture Collection (ATCC, Manassas, VA). TREx ™-293 cells expressing VSV G were a 

gift from Dr. Carolina Ilkow. GHOST (ARP-3944)  cells were obtained through the NIH HIV 

Reagent Program, Division of AIDS, NIAID, NIH contributed by Dr. Vineet N. Kewal Ramani 

and Dr. Dan R. Littman. J1.1 (ARP-1340) cells were obtained through the NIH HIV Reagent 

Program, Division of AIDS, NIAID, NIH contributed by Dr. Thomas Folks252, OM10.1 (ARP-
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1319)  cells were obtained through the NIH HIV Reagent Program, Division of AIDS, NIAID, 

NIH contributed by Dr. Salvatore Butera253. 

Vero and 293T cells were cultured in DMEM with 10% FBS and PenStrep in T75 cell 

culture flasks (FalconTM, Fisher Scientific), GHOST cells were cultured in DMEM with 10% 

FBS, 1 ug/mL puromycin and PenStrep in T75 culture  flasks and TRex-293 cells were cultured 

in DMEM with 10% FBS and PenStrep in T75 cell culture flasks with the addition of blasticidin 

(300 µg/mL) and zeocin (5 µg/mL) every other day. Cells were routinely split every 2-3 days to 

maintain the cell monolayer by detachment via TrypLE (GibcoTM, ThermoFisher Scientific) in a 

total volume of 10 mL. J1.1 and OM10.1 cells were cultured in RPMI-1640 medium, 

supplemented with 10% FBS, PenStrep, and L-Glutamine (2mM), in T75 flasks. Cells were 

maintained at 0.2x105 to 1x106 cells/ml by passaging every 2-3 days. 

2.3.2 Isolation of peripheral blood mononuclear cells (PBMC) 

 

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

100U/ml filter-sterilized Heparin Sodium (LEO Pharma Inc., Thornhill, ON). Following 

collection, 30 ml of whole blood was layered over 15 ml of LymphoprepTM density gradient 

medium (Stemcell Technologies, Vancouver, BC) and centrifuged at 400 x g for 30 minutes 

(Megafuge 1.0, Heraeus Instruments, Germany) without braking. The buffy coats from individual 

donors were then collected into 50 ml Falcon tubes and topped up with PBS to 50 ml. Cells were 

pelleted by centrifugation at 300 x g for 20 minutes. Cell pellets from individual donors were then 

pooled in one 50ml Falcon tube, and cells were washed twice with PBS at 400 x g for 10 minutes. 

Following the final wash, peripheral blood mononuclear cells (PBMC) were counted by trypan 

blue exclusion and resuspended at an appropriate concentration and plated on an appropriate dish 

for further experiments.  
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2.3.3 in vitro generation of monocyte-derived macrophages 

 

Following PBMC isolation, cells were resuspended at 6.25x106/ml in warm, serum-free 

RMPI-1640 supplemented with PenStrep in 100 cm2 untreated round culture plates (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 10ml of 

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

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

37°C with 5% CO2 for a total of 7 days. At 3 days post-plating, cells were washed twice with 

warmed endotoxin-free PBS, and 20ml of MDM media was added to the plate. On day 8, adherent 

MDM were washed twice with endotoxin-free PBS, detached using 5 mL prewarmed accutase 

(Millipore-Sigma) and gentle pipetting, and counted by trypan blue exclusion. MDM were then 

pelleted by centrifugation (300 x g for 10min), resuspended at 2.5x105 cells/ml in MDM media, 

and plated in 24 well non-treated culture plates (Sarstedt, Nümbrecht, Germany) for further 

experiments.  

2.4 Production of virus stocks 

 

2.4.1 HIV Amplification 

 

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, and was amplified  on HEK-293T 

cells, as follows. Cells were seeded at 2x106 cells/T75 flask and grown until confluent. Once 

confluent, the cells were transfected with 20 μg of purified plasmid using LipofectamineTM 2000 

and Opti-MEMTM Reduced Serum media, according to the manufacturer’s protocol. Mock-

infected stocks were made in parallel where an equivalent volume of PBS was added to the 
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LipofectamineTM/Opti-MEMTM instead of the HIV plasmid. 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 polyvinylidene fluoride (PVDF) filters (UltiDent 

Scientific, St. Laurent, QC) suing 50 mL syringes. Virus stocks were aliquoted at 1 mL 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. 

2.4.2 Oncolytic Virus Amplification 

 

MG1- eGFP recombinant oncolytic virus was obtained from Dr. John and propagated on 

Vero cells. Briefly, Vero cells were grown to confluence in T75 tissue culture flasks 37°C. Cells 

were then infected at MOI 0.01with MG1 in 1ml of serum-free DMEM (containing PenStrep) at 

37°C for 1hr. Following the incubation, 9 mL DMEM containing PenStrep and 2% FBS were 

added per flask, and the cells were incubated at 37°C for 24 hours. After the incubation, culture 

supernatants were collected and spun down at 300 x g for 10 minutes and filtered through a 0.2μm 

pore Nalgene bottle top filter (Nalgene Nunc, Rochester, NY). The filtered supernatants were then 

centrifuged at 22000 x g (Avanti JXN-26, 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 MG1 titration by standard plaque assay 

 

The MG1 stocks were titered in duplicate by 10-fold serial dilution, starting at a dilution 

factor of 1x107 and ending at a dilution factor of 0.5x109. Briefly, Vero cells were infected with 

100 ul of appropriate dilution of MG1 stock at 37ºC for 1h, after which the cells were overlaid 

with a mixture of 1:1 1% agarose in ddH2O and 2X DMEM. At 24 hours post-infection, plaques 

were visualized by crystal violet staining and viral titer was determined by counting the plaques. 
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For viral titering of MG1 from MG1 and birinapant treated cells, J1.1 cells were infected 

with MG1 and concurrently treated with birinapant as explained below. 48hpi, supernatant was 

collected and centrifuged to get rid of dead cells. Following this, Vero cells were infected with the 

supernatant that was diluted 10 fold as described above. 48hpi, plaques were visualized by crystal 

violet staining. 

2.4.4 Rescue of wildtype MG1 and MG1 clones 

 

A VSV rescue protocol was used to rescue WT MG1 and the MG1 clones. Briefly, Vero cells 

were infected with T7 polymerase expressing Vaccinia virus (T7 VV, gifted by Dr. Carolina Ilkow) 

at MOI 1. After infection, the cells were transfected with MG1 single gene plasmids containing 

MG1 N (1 µg), MG1 P (1.25 µg) MG1 L (0.25 µg) and MG1 backbone (2 µg) using Lipofectamine 

2000. After 48h post incubation, VV was filtered out using 0.22 µm filter, and the remaining 

supernatant was used to amplify the rescued virus. The optimizations made to this protocol are 

discussed in detail in chapter 5. 

2.5 Molecular biology 

 

2.5.1 Cloning 

 

Full length HIV envelope gp160 insert was generated from C clade p96zm651 HIV 

envelope expression vector (ARP-8662 obtained through the NIH HIV Reagent Program, Division 

of AIDS, NIAID, NIH, contributed by Drs. Yingying Li, Feng Gao and Beatrice H. Hahn) by 

adding the cut-sites of the Acc651 restriction enzyme and artificial start and stop codons by PCR. 

Both the insert and the backbone vector were cut by Acc65, and the backbone was 

dephosphorylated using FastAP dephosphorylase. The insert was ligated between the M and eGFP 

genes in the MG1 G-less backbone (gifted by Dr. Carolina Ilkow) using T4 ligase, and the ligation 
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mixture was transformed into E.coli NEB beta-10. The transformed bacteria were screened for the 

insert with colony PCR, using directional primers. 

The modified MG1 clone containing a truncated version of gp160 (MTM_4aa), was 

generated by truncating the HIV envelope until 4 amino acids after the transmembrane region. 

Following this, MG1 G-less backbone was linearized by inverse PCR, and overlapping regions 

were added to both the insert and the backbone. The truncated clone was generated by Gibson 

Assembly.  

The truncated insert used to generate MTM_4aa was cloned into the MG1 backbone, 

between the M and the CT region of MG1 G glycoprotein using Gibson Assembly to generate the 

MCT clone. 

Maraba virus specific start/stop signal (5’ TGTATGAAAAAAACTCATCAACAGCCATC 

3’)254 was later added between gp160 and eGFP using Q5 site directed mutagenesis kit. Briefly, 

two back-to-back primers, each containing half of the start/stop signal were designed. Inverse PCR 

was done using these primers on the MGp160 clone plasmid, and the PCR product was ligated 

back together using the Kinase-Ligase-Dpn1 enzyme mix. This mixture was then transformed into 

E.coli NEB beta-10.  

 All of the clones were confirmed by full plasmid sequencing done by Plasmidsaurus. 

2.5.2 Integrated HIV DNA PCR 

 

Prior to the PCR, cells were lysed in appropriate volume of lysis buffer containing 0.1M 

Tris-HCl (pH: 8) (final concentration 10 mM), 0.5M KCl (final concentration 50 nM), 10mg/mL 

Proteinase K (final concentration 400 µg/mL), and incubated overnight in a heated shaker at 55ºC. 
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The following morning, the proteinase K was inactivated at 95ºC for 5 minutes, and the lysed cells 

were directly used for PCR. 

Two-step nested PCR targeting CD3 and integrated HIV DNA was performed with 

previously described primer-probe sets. In step 1 preamplification, both CD3 and HIV proviral 

DNA was amplified in triplicate with 7.5 µl of 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 standard curve of 

10 fold diluted ACH-2 cells (30000 to 3 cells) was run in parallel to quantify HIV proviral DNA 

copy number. The amplification conditions were as follows: 95ºC, 3 minutes for denaturation, 95 

ºC for 1 minute, 55ºC for 1 minute, 72ºC for 10 minutes (for 12 cycles) and 72 ºC for 15 minutes 

for elongation. 

Step 1 PCR products were diluted 1:5 in ddH2O to be run in Step 2. In Step 2, 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 proviral HIV DNA reaction. The 

amplification conditions were as follows: 95ºC, 4 minutes for denaturation, 95ºC, 3 seconds, 60ºC 

for 10 seconds (single acquisition for FAM) (for 40 cycles). All PCRs were run using the CFX 

ConnectTM Real-Time PCR Detection System (BioRad).   

Primer and probe sequences used in cloning and PCR can be found in Table 2. 
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Target Primer or probe 

name 

Sequence (5’ to 3’) 

 

 

 

CD3 

HCD3OUT5 ACT GAC ATG GAA CAG GGG AAG 

HCD3OUT3 CCA GCT CTG AAG TAG GGA ACA TAT 

HCD3IN5 GGC TAT CAT TCT TCT TCA AGG T 

HCD3IN3 CCT CTC TTC AGC CAT TTA AGT A 

CD3 FAMZEN probe 56-FAM/AG CAG AGA A/ZEN/C AGT TAA GAG CCT CCA 

T/3IABkFQ 

 

 

 

HIV 

ULF1 ATG CCA CGT AAG CGA AAC TCT GGG TCT CTC TDG 

TTA GAC 

 
 

ALU1 TCC CAG CTA CTG GGG AGG CTG AGG 

 

ALU2 GCC TCC CAA AGT GCT GGG ATT ACA G 

LambdaT TG CCA CGT AAG CGA AAC T 

UR2 CTG AGG GAT CTC TAG TTA CC- 

UHIV FAMZEN probe /56-FAM/CA CTC AAG G/ZEN/C AAG CTT TAT TGA GGC 

/3IABkFQ/ 

gp160 insert 

generation 

gp160_F TAT GGT ACC ATG CGC GTG CGC GAG AT 

gp160_R AAA GGT ACC TTA CAG CAG GGC GGT CTC GA 

 

 

generation of 

MTM_4aa 

Vector_f TCG TGA ACC GCG TGC GCT AAG GTA CCC AGT TAT ATT 

TGT TAC AAC AAT GG 

Vector_R AGG ATC TCG CGC ACG CGC ATT TAG TTT TTT TCA TAG 

TCT GCC CAT CAC C 

Fragment_F CAG ACT ATG AAA AAA ACT AAA TGC GCG TGC GCG 

Fragment_R AAC AAA TAT AAC TGG GTA CCT TAG CGC ACG CGG TTC 

AC 

 vector_CT tail_F GCA TCG TGA ACC GCG TGC GCG TTG CGA TTC GCT ATA 

AAT ACA AGG G 
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Generation of 

Mct 

vector_CT tail_R AGG ATC TCG CGC ACG CGC ATT GTT GTA ACA AAT ATA 

ACT GGG TAC CTC GA 

fragment_CT tail_F CAG TTA TAT TTG TTA CAA CAA TGC GCG TGC GCG AG 

fragment_CT tail_R TAT TTA TAG CGA ATC GCA ACG CGC ACG CGG TTC ACG 

insertion of 

conserved 

VSV sequence 

in Mgp160 

KLD_F CAT CAA CAG CCA TCA CCC AGT TAT ATT TGT TAC AAC 

AAT GGT G 

KLD_R AGT TTT TTT CAT ACA CCT TAC AGC AGG GCG GTC 

 

Table 2, primer and probe sequences used in PCR and cloning reactions. 
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2.5.3 RNA isolation and RNA sequencing 

 

J1.1 cells were either left untreated, infected with MG1 MOI 1x10-3, treated with 1 µM 

birinapant or concurrently treated with MG1 and birinapant for 48 hours. RNA was extracted using 

Qiagen RNeasy Mini Kit (Cat# 74104). 

RNA sample quality assessment was performed with the Fragment Analyzer (Agilent) and 

concentration measured with the Qubit 3.0 (Thermo). NGS libraries were prepared with the 

Stranded mRNA library prep kit (Illumina) using 500 ng of RNA input. Sequencing was performed 

with the Nextseq 2000 P3 100 cycle flow cell (Illumina). We would like to acknowledge the 

assistance of StemCore Laboratories Genomics Core Facility (OHRI, uOttawa), 

RRID:SCR_012601. 

Analysis was performed using GENCODE255  v46 annotations and the GRCh38 genome assembly. 

The nf-core/rnaseq256 version 3.14.0 was used to generate the quality assessment and read 

pseudocounts table.  Fold change analysis was performed using the R bioconductor library 

DESeq2257 with fold change shrinkage performed using the apeglm library258 Enrichment analysis 

on the above generated fold change tables was performed using g:Profiler with GO biological term 

database with term size between 2-500. We would like to acknowledge the assistance of the Ottawa 

Bioinformatics Core Facility (uOttawa/OHRI), RRID:SCR_022466. 

2.6 SMAC mimetic treatment 

 

J1.1 cells and OM10,1 cells were plated at 1x106 cells/mL in 500 µl in 24 well plates. Cells 

were then treated with different doses of SMAC mimetics AEG-40730 (Tocris Bioscience) (2µM 

– 6µM), LCL-161(Selleckchem) (2µM – 20µM) or birinapant (Selleckchem) (1µM – 2µM) in a 

total volume of 1 mL in R10 media. Cell viability and surface receptor expression was measured 

https://nf-co.re/rnaseq
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48h post treatment by flow cytometry. Cell-free supernatants were collected to asses p24 and 

cytokine production. 

HIV-infected MDM were plated at 2x105 cells/mL in untreated 24 well plates, and treated 

with the SMAC mimetics AEG-40730, LCL-161 or birinapant with doses 2µM – 8µM in a total 

volume of 1 mL in MDM media. Frequency of HSA expressing cells, cell surface marker 

expression and cell viability were determined by flow cytometry. 

2.7 Viral infection 

 

2.7.1 in vitro HIV infection of monocyte derived macrophages 

 

 On day 9 of generation, MDM were washed once with prewarmed endotoxin-free PBS. 

HIV- NL4.3 BAL-IRES-HSA was added to cells at a ratio of 100ng of p24 per 1x106 MDM in 500 

µl. After an overnight incubation at 37°C with 5% CO2, the cell media volume was doubled to 1 

mL using MDM 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, cells were prepared for other experiments. 

2.7.2 MG1 infection 

 

J1.1 and OM1.1 cells were plated at 1x106 cells/mL in 200 µl. In 24 well plates, and 

infected with MG1 doses MOI 1- 1x10-5 in 300 µl R10 media for 2 hours after which the media 

was topped up to 1 mL/well. Cell viability was assessed using flow cytometry via PI staining.  

HIV-infected MDM were infected with MOI 1 of MG1 in 250 µl for 2 hours after which 

the media was topped up to 1 mL/well with MDM media. Frequency of HSA expressing cells and 

cell viability were determined by flow cytometry.  
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2.8 Combination treatment with MG1 and SMAC mimetics  

 

2.8.1 MG1 infection and concurrent SMAC mimetic treatment 

 

J1.1 cells and OM10.1 cells were plated  at 1x106 cells/mL and were infected with MG1 

(MOI 1x10-1 to 1x10-4) for two hours in 300 µl in R10 media. Following the infection, cells were 

topped up to 1 mL/well with appropriate concentration of each SMAC mimetic (AEG 40730, LCL 

161 or birinapant at a concentration range 1µM – 20 µM). At 24h and 48h post infection, cell 

death, infection and casp3/7 activation were measured by flow cytometry.  

HIV-infected MDM were infected at MG1 MOI 1 in 250 µl for 2 hours in MDM media. . 

Following the infection, cells were topped up to 1 mL/well with appropriate concentration of each 

SMAC mimetic (LCL 161 or birinapant at concentrations 2µM – 4µM). At 48h post infection, 

HSA frequency, cell death infection was measured via flow cytometry.  

2.8.2 MG1 infection followed by SMAC mimetic treatment 

  

J1.1 and OM10.1 cells were plated  at 1x106 cells/mL and were infected with MG1 (MOI 

1x10-1 to 1x10-4) for two hours in 300 µl in R10 media. Following the infection, cells were topped 

up to 900 µL/well and 24h later appropriate concentration of each SMAC mimetic (AEG 40730, 

LCL 161, or birinapant at a concentration range  1µM – 20 µM) was added to the wells. At 48h 

post infection, cell death, casp3/7 activation and infection was measured by flow cytometry. 

2.8.3 SMAC mimetic treatment followed by MG1 infection  

 

J1.1 and OM10.1 cells were plated  at 1x106 cells/mL in 500 µl and treated with the 

appropriate concentration of  SMAC mimetic (AEG-40730 or LCL-161, at 2µM - 10µM) for 24h. 

Following treatment, cells were spun down and re-plated, then infected with MG1 (MOI 1x10-1 to 
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1x10-4) for two hours in 300 µl in R10 media for 2 hours. After the 2 hours, the cells were topped 

up to 1 mL with the appropriate SMAC mimetic containing supernatant. At 24h post infection, cell 

death, caspase 3/7 activation and infection as measured by a flow cytometry. 

2.8.4 Concurrent TNFα and SMAC mimetic treatment  

 

J1.1 cells were plated  at 1x106 cells/mL and were treated with 10 ng TNFα for two hours 

in 300 µl in R10 media. Following the treatment, cells were topped up to 1 mL/well with 1µM 

birinapant. 48h post treatment, cell death was measured by flow cytometry.  

2.9 Cell death inhibitor treatment 

 

J1.1 cells were plated  at 1x106 cells/mL and were treated with 50 µM ZVAD-fmk, 50 µM 

necrostatin-1s,  a combination or 50 µM ZVAD-fmk and 50 µM necrostatin-1s, or left untreated 

in 200 µL for 1 hour at 37ºC. Following this, the cells were infected with MG1 (MOI 1x10-3) for 

two hours in 300 µl in R10 media. Following the infection, cells were topped up to 1 mL/well with 

1 µM birinapant. 48h post infection, cell death was measured by flow cytometry.  

 

2.10 Flow cytometry 

 

All flow cytometric analysis was performed using the CytoFLEX Beckman Coulter Flow 

Cytometer (Beckman Coulter) FlowJo  (BD Biosicences). Prior to staining, MDM were detached 

using accutase (60 min incubation at 37°C) and gentle pipetting. For the assessment of surface and 

intracellular markers, detached MDM were washed with PBS 1% BSA (460 x g for 5min). All 

antibodies used in the below experiments are listed in Table 3 
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Target Reactivity Host 

Species 

Product 

number 

Company Clone Conjugate  µg/test 

CD24 

(HSA) 

Mouse Rat 138505 Biolegend 30-F1 APC 0.4ug 

CD24 

(HSA) 

 

Mouse Rat 138503 Biolegend 30-F1 PE 0.6 ug 

LDL-R Human Mouse FAB2148P 

 

R&D Systems 

 

472413 PE 0.4 µg 

PD-L1 Human Mouse  393610 BioLegend 

 

MIH2 APC 0.4 µg 

AnnexinV Human, 

mouse, rat 

Escherichia 

coli 

640908 Biolegend N/A PE 0.006µg  

PI Human N/A 421301 Biolegend 

 

N/A Read on 

ECD 

0.05µg 

Caspase-

3/7 

Human N/A 9125 Immunochemistry 

technologies 

 

N/A APC Conc. 

Unavailable, 

1:60 

dilution 

Caspase 1 Human N/A 9122 

 

Immunochemistry 

technologies 

 

N/A APC Conc. 

Unavailable, 

1:60 

dilution 

 

Table 3, antibodies used in flow cytometry analysis 
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2.11 ELISA and cytokine analysis 

 

2.11.1 p24 ELISA 

 

HIV p24 antigen concentration for SMAC mimetic treated cell lines 24h post treatment 

and 48h post treatment for MG1 and SMAC mimetic treated HIV-infected MDM. p24 ELISA was 

also used to measure the concentration of HIV stocks after one freeze/thaw cycle. Briefly, 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 650 nm using the Multiskan Ascent 

Plate Reader. 

2.11.2 TNFα and IFNα measurement  

 

TNFα and IFNα from J1.1, OM10.1, HIV-infected MDMsupernatants were measured using 

TNF alpha Human ELISA kit (Cat# KHC3011, ThermoFisher Scientific). Cell activation cocktail 

stimulated  (2 µl/mL for 48h) cells was used as a positive control. IFNα from HIV-infected MDM 

supernatants was measured by VeriKine Human Interferon Alpha ELISA Kit (Cat# 411100-1) from 

Cederlane. Poly(I:C) transfected cells (10µg/ 48h) was used as a positive control. All kits were 

used following the manufacturer’s protocol.  

2.11.3 Non-canonical NFkB activation assay 

 

Prior to Non-canonical NFκB activation assay, nuclear extraction of cells were performed 

using nuclear extraction kit (Cat#0010, Active Motif) and the non-canonical NFκB activation was 
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measured by TransAM NFκB p52 Activation Assay (cat#48196 Active Motif). All kits were used 

following the manufacturer’s protocol 
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Chapter 3 

SMAC mimetics sensitize HIV-infected cell lines to MG1-mediated death 
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3.1 Introduction and Rationale 

 

MG1 has been shown to induce greater killing in latently HIV-infected cell lines compared 

to their uninfected counterparts159,160. Pro-apoptotic small molecules SMAC mimetics have also 

been shown to selectively kill HIV-infected cells, in part due to the upregulation of anti-apoptotic 

proteins caused by HIV infection232,235,259. Cell death induced by MG1 of HIV-infected cells have 

been shown to be not fully dependent on apoptosis or necroptosis161, while cell death induced by 

SMAC mimetic treatment of HIV-infected cells was shown to be via a mixture of apoptosis and 

autophagy, and that it could be TNFα-dependent or -independent223,234. 

 Studies in the field of cancer has shown that SMAC mimetics enhance oncolytic virus-

mediated killing, which may in part be because of the TNFα feedback loop due to the inflammation 

caused by the oncolytic virus237–239.  

The objective of this chapter was to investigate the effect of combination treatment of MG1 

and SMAC mimetics (AEG 40730, LCL-161 and birinapant) on the latently HIV-infected 

lymphocytic cell line J1.1 and myelocytic cell line OM10.1 to see if a greater killing effect is 

induced compared to either treatment alone. Furthermore, the cell death pathways induced upon 

combination treatment, and infection, cytokine production and cell surface receptor expression 

following SMAC mimetic treatment was assessed. 
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3.2 Results 

 

3.2.1 Combination treatment of MG1 and SMAC mimetics kill latently HIV-infected cells, 

depending on treatment administration order 

 

The latently infected J1. cells were treated with a combination of SMAC mimetics and 

MG1. J1.1 cells were either (a) concurrently treated with MG1 and SMAC mimetics, (b) were 

infected with MG1 and treated with SMAC mimetics 24h post infection and (c) were treated with 

SMAC mimetics and infected with MG1 24h after treatment as previous studies in cancer has 

shown treatment order may abrogate the effect of oncolytic virus infection238. Three different 

SMAC mimetic combinations with MG1 were tested: MG1 with the bivalent SMAC mimetic AEG 

40730, with the monovalent SMAC mimetic LCL-161 or with the bivalent SMAC mimetic 

birinapant. Cell death was measured by propidium iodide (PI) staining via flow cytometry, and cell 

viability was defined as %PI negative 48h following initial treatment.  

 There was a significant increase in cell death with increasing SMAC mimetic dose in 

concurrent treatment for all three SMAC mimetics. Similarly, in the conditions were J1.1 cells are 

infected with MG1 first and treated with AEG 40730 after, and where the cells are pre-treated with 

AEG 40730 and LCL 161, an increase in cell death was observed (Figure 4). 
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Figure 4, combination treatment with MG1 and SMAC mimetics increase cell death in J1.1 

cells depending on administration order J1.1 cells were infected with MG1 MOI range 1x10-3 - 

1x10-4 and treated with SMAC mimetics AEG 40730 (2 µM, and 4 µM.), LCL 161 (2 µM and   10 

µM) and birinapant (1 µM). Cell death was measured by flow cytometry via PI staining. A) Gating 

strategy used to determine cell viability following PI staining Row B) Cell viability of J1.1 cells 

following 48hpi concurrent treatment Row C) Cell viability of J1.1 cells 48hpi that were infected 

with MG1 first and treated with SMAC mimetics 24h after  and Row D) Cell viability of J1.1 cells 

24hpi that were pre-treated with SMAC mimetics and then infected with MG1 24h after.  (**P < 

.01, ***P<.001, ****P<.0001, by 2-way analysis of variance with the Dunnet post hoc test for 

multiple comparisons between different SMAC mimetic doses. Data represent mean values ± 

standard deviation of the mean; n values represent separate biological replicates.) 
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Next, similar to J1.1 cells, latently infected OM10.1 cells treated with a combination of 

SMAC mimetics and MG1. J1.1 cells were either (a) concurrently treated with MG1 and SMAC 

mimetics, (b) were infected with MG1 and treated with SMAC mimetics 24h post infection and 

(c) were treated with SMAC mimetics and infected with MG1 24h after treatment. Only AEG 

40730 pre-treatment following MG1 infection significantly increased cell death, whereas other 

SMAC mimetics and treatment orders did not have a specific effect. These findings were consistent 

with the studies of SMAC mimetic killing of HIV-infected cells, showing that the effect of the 

SMAC mimetic is cell line and SMAC mimetic-dependent. Furthermore, these results confirmed 

the administration order of MG1 and SMAC mimetic is indeed important, as different 

administration orders resulted in different outcomes in terms of cell death (Figure 5). 
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Figure 5,  combination therapy with MG1 and SMAC mimetics increase cell death in OM10.1 

cells only when SMAC mimetics are administered prior to MG1 infection, OM10.1 cells were 

infected with MG1 MOI range 1x10-2 - 1x10-1 and treated with SMAC mimetics AEG 40730 (2 

µM, and 6 µM.), LCL 161 (10 µM and   20 µM) and birinapant (2 µM). Cell death was measured 

by flow cytometry via PI staining. Row A) Cell viability of OM10.1 cells following 48hpi 

concurrent treatment Row B) Cell viability of OM10.1 cells 48hpi that were infected with MG1 

first and treated with SMAC mimetics 24h after  and Row C) Cell viability of OM10.1 cells 24hpi 

that were pre-treated with SMAC mimetics and then infected with MG1 24h after.  (**P < .01, 

****P<.0001, by 2-way analysis of variance with the Dunnet post hoc test for multiple 

comparisons between different SMAC mimetic doses. Data represent mean values ± standard 

deviation of the mean; n values represent separate biological replicates.) 
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3.2.2 Caspase-3/7 and caspase-1 get activated following combination therapy, but cell death 

cannot be blocked by caspase or RIPK1 necroptosis inhibitors 

 

 Although the cell death mechanism by which MG1 kills HIV-infected cells is not fully 

elucidated161,260, studies done on VSV show that apoptosis, pyroptosis, and necroptosis pathways 

must be inhibited to block cell death261,262. Hence, concurrently MG1 and SMAC mimetic treated 

J1.1 cells were stained with caspase 3/7 and caspase 1 FLICA 660 stain 48h post infection and 

caspase activation was measured by flow cytometry (Figure 6). Increase in both caspase-3/7 and 

caspase-1 was observed with the increase in cell death, confirming that more than one cell death 

pathway gets activated following treatment with SMAC mimetics and MG1. 
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Figure 6, Caspase -3/7 and caspase-1 activation follows the increase in cell death in J1.1 cells 

after concurrent treatment with MG1 and SMAC mimetics. J1.1 cells were infected with MG1 

MOI range 1x10-3 - 1x10-4 and treated with SMAC mimetics AEG 40730 (2 µM, and 4 µM.), LCL 

161 (2 µM and 10 µM) and birinapant (1 µM). Caspase activity was measured by FLICA 660 

staining  flow cytometry Row A) Gating strategy employed to measure caspase 3/7 activity. Row 

B) Caspase 3/7 activity in of J1.1 cells following 48hpi concurrent treatment with MG1 and SMAC 

mimetics Row C) Caspase 1 activity in of J1.1 cells following 48hpi concurrent treatment with 

MG1 and SMAC mimetics (*P<.05 **P < .01, ***P<.001, ****P<.0001, by 2-way analysis of 

variance with the Dunnet post hoc test for multiple comparisons between different SMAC mimetic 

doses. Data represent mean values ± standard deviation of the mean; n values represent separate 

biological replicates.) 
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Next, J1.1 cells were pre-treated with 50 uM ZVAD-fmk, 50 uM necrostatin 1-s or a 

combination of both for 1 hour after which the cells underwent combination treatment with MG1 

and the bivalent SMAC mimetic birinapant to investigate if cell death can be blocked via the use 

of caspase and necroptosis inhibitors. Cells were stained with PI 48h post treatment and cell death 

was determined via flow cytometry. Neither ZVAD-fmk or necrostatin 1-s alone were able to fully 

mitigate cell death induced by birinapant or MG1. However, combination of ZVAD-fmk and 

necrostatin 1-s pre-treatment successfully blocked cell death in birinapant treated cells, but cell 

death was still observed in MG1 infected or MG1 infected and birinapant treated cells, suggesting 

that MG1 killing of HIV-infected cells does not fully depend on caspases or RIPK-1 (Figure 7). 
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Figure 7,  cell death of J1.1 cells is not completely blocked following pre-treatment with cell 

with cell death inhibitors ZVAD-fmk and necrostatin 1-s prior to MG1 and/or SMAC 

mimetic treatment. J1.1 cells were left untreated or pre-treated with 50 µM ZVAD-fmk, 50 µM 

necrostatin 1-s or with both 1h prior to MG1 infection, birinapant (1 µM) treatment or a 

combination of both.. Cell death was measured by flow cytometry via PI staining. (****P<.0001, 

by 2-way analysis of variance with the Dunnet post hoc test for multiple comparisons between 

different SMAC mimetic doses. Data represent mean values ± standard deviation of the mean; n 

values represent separate biological replicates.) 
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3.2.3 MG1 infection percentage does not correlate with increased cell death of HIV-infected cells 

 

 MG1 used in this project is a GFP reporter virus, making it possible to see the percentage 

of infected cells via flow cytometry. In this context, infected cells were defined as PI negative, 

GFP positive cells (Figure 3.7, gating strategy). In J1.1 cells, an increase in GFP% did not follow 

the increase in cell death. An increase in GFP could only be seen in OM10.1 cells pre-treated with 

AEG 40730 (Figure 8). 

 

 

 

 

 

 

 

 

 

 

 

 

 



73 
 

 

 

 

A 

B

 
 

A 

C

 
 

A 



74 
 

Figure 8, an increase in infection% of J1.1 cells is not observed following combination 

treatment with MG1 and SMAC mimetics while an increase in infection% of OM10.1 cells 

accompanies decreased cell viability. A) Gating strategy used to determine GFP percentage Row 

B) J1.1 cells were infected with MG1 MOI range 1x10-3 - 1x10-4 and concurrently treated with 

SMAC mimetics AEG 40730 (2 µM, and 4 µM.), LCL 161 (2 µM and   10 µM) and birinapant (1 

µM). Infection was measured 48hpi by flow cytometry via GFP expression. C) OM10.1 cells were 

pre-treated with AEG 40730 ( 2 µM, and 6 µM)  infected with MG1 MOI range 1x10-2 - 1x10-1 

24h after. Infection was measured 24hpi by flow cytometry via GFP expression. (*P<.05, 

***P<.001, ****P<.0001, by 2-way analysis of variance with the Dunnet post hoc test for multiple 

comparisons between different SMAC mimetic doses. Data represent mean values ± standard 

deviation of the mean; n values represent separate biological replicates.) 
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To further validate there is no increase in MG1 infection, viral production following 

combination treatment with MG1 and SMAC mimetics was measured by plaque assays. 

Supernatants from MG1 infected or MG1infected and birinapant treated J1.1 cells were collected, 

and used to infect Vero cells to perform a plaque assay. There were less plaques in wells which 

were infected with supernatant collected from J1.1 cells which underwent combination treatment 

compared to the wells infected with supernatant collected from J1.1 which were infected with 

MG1. These results show that at the time when the supernatants are collected to perform the plaque 

assay, there is more virus in the supernatants collected from J1.1 cells which were only infected 

with MG1 compared to cells that underwent combination therapy with MG1 and birinapant. 

(Figure 9). 
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Figure 9, combination treatment with MG1 and birinapant does not result in an increase in 

viral production. Supernatants from MG1 infected or MG1 infected and concurrently birinapant 

treated J1.1 cells were collected 48h post infection. The supernatants were used to infect Vero cells 

and perform a plaque assays. Plaques were fixed and stained 48h post infection. Experiment done 

n=3, above picture is a representative. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



78 
 

3.2.4 Cell surface receptor expression following SMAC mimetic treatment of HIV-infected cell 

lines 

 

  The expression of LDL-R, the cell surface receptors that MG1 uses for viral entry145,162, 

and PD-L1, a receptor that has been shown to aid in VSV infection263, was investigated following 

48h SMAC mimetic treatment. Both J1.1 and OM10.1 cells were treated with SMAC mimetics for 

48h, and then stained for LDL-R and PD-L1 receptors. In J1.1 cells there was significant increase 

in the cell surface expression of LDL-R, with no change in the cell surface receptor expression of 

PD-L1 (Figure10). Increased expression of LDL-R might correlate with increased cell death of 

J1.1 cells, however this does not reflect on infection percentage. Conversely, no significant 

changes in  LDL-R or PD-L1 expression  was observed in OM10.1 cells. (Figure 11). 
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Figure 10, a slight increase in LDL-R expression is observed while PD-L1 receptor expression 

remains unchanged in J1.1 cells treated with SMAC mimetics. Row A) J1.1 cells were treated 

with SMAC mimetics AEG 40730 (2 µM, and 4 µM.), LCL 161 (2 µM and   10 µM) and birinapant 

(1 µM). LDL-R expression was measured 48hp treatment via flow cytometry. Row B) J1.1 cells 

were treated with SMAC mimetics AEG 40730 (2 µM, and 4 µM.), LCL 161 (2 µM and   10 µM) 

and birinapant (1 µM). PD-L1 expression was measured 48hp treatment via flow cytometry. 

(*P<.05, **P<.01, by 2-way analysis of variance with the Dunnet post hoc test for multiple 

comparisons between different SMAC mimetic doses. Data represent mean values ± standard 

deviation of the mean; n values represent separate biological replicates.) 
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Figure 11, no change in LDL-R and PD-L1 receptor expression is observed in OM1.1cells 

treated with SMAC mimetics. Row A) OM10.1 cells were treated with SMAC mimetics AEG 

40730 (2 µM, and 6 µM.), LCL 161 (10 µM and   20 µM) and birinapant (2 µM). LDL-R 

expression was measured 48hp treatment via flow cytometry. Row B) OM01.1 cells were treated 

with SMAC mimetics AEG 40730 (2 µM, and 6 µM.), LCL 161 (10 µM and   20 µM) and 

birinapant (2 µM). PD-L1 expression was measured 48hp treatment via flow cytometry.  
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3.2.5 RNAseq analysis of J1.1 cells following combination treatment 

 

J1.1 cells were infected with MG1 or treated with a combination of MG1 and birinapant, 

to identify potential changes induced by SMAC mimetic treatment that could sensitize cells to 

MG1-mediated death. Interestingly, gene ontology (GO) analysis for using the biological processes 

GO database demonstrated that in the presence of MG1, SMAC mimetics caused an upregulation 

in genes that play a role in sterol biosynthesis pathway while causing downregulation in genes that 

play a role in immune response regulating signaling pathway (including TNFα signaling PRR 

signaling, and TLR signaling), canonical NFκB transduction pathway, and lipid storage. There 

results suggest that SMAC mimetics may downregulate the immune response against MG1 

infection, and thus sensitizing cells to MG1-mediated death (Figure 12). 
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Figure 12, genes in the immune system regulating pathway are upregulated after 

combination treatment with MG1 and SMAC mimetics compared to MG1 infection. Top 4 

significantly enriched GO terms (out of 27 terms total) are shown in both A) Volcano plot, B) Gene 

ontology biological process analysis and C) Heat map of the genes upregulated in the immune 

system regulating pathway. 
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3.2.6 Cytokine production following SMAC mimetic treatment of HIV-infected cell lines 

  

SMAC mimetics can cause the degradation of cIAP1 and cIAP2 in the cytoplasm, resulting 

in the activation of the non-canonical NFκB pathway168. In both J1.1 and OM10.1 cells, there was 

a dose-dependent increase in non-canonical NFκB signaling as measured by the absorbance (OD) 

values from DNA based non-canonical NFκB ELISA measured 48h after SMAC mimetic 

treatment (Figure 13). Since NFκB signaling can result in production of HIV virions in latently 

infected cells, p24 capsid protein of HIV was measured in supernatants of cells treated with the 

SMAC mimetics AEG 40730 and LCL 161 for 24h. A significant increase in p24 production was 

not detected. (Figure 14) 

A downstream effect of NFκB signaling is the production of TNFα. Hence, the amount of 

TNFα in the supernatants of SMAC mimetic treated or MG1 infected J1.1 and OM10.1 cells was 

measured via U-PLEX MSD kit and confirmed by TNFα ELISA 48h post treatment. TNFα was 

only detectable in the supernatants of AEG 40730 treated OM10.1 cells (Figure 15). This suggests 

that TNFα may not be a major player in the cell death of J1.1 treated with MG1 and SMAC 

mimetics, but more experiments in the future were TNFα is blocked with antibodies or TNFR1 is 

silenced via siRNA will give us more insight regarding the involvement of TNFα. 
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Figure 13, non-canonical NFκB activity is increased in A) J1.1 and B) OM10.1 cells treated 

with SMAC mimetics. J1.1 and OM10.1 cells were treated with SMAC mimetics for 48h and 

their non-canonical NFκB activity was measured via TransAM® NFκB Activation Assay, a DNA 

based ELISA. Increase in transcription factor activity is represented by increase in absorbance 

(OD) values. 
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Figure 14, p24 production does not increase in J1.1 and OM10.1 cells following 24h treatment 

with AEG 40730 and LCL-161 treatment. A) p24 detected in the supernatants of J1.1 cells 

treated with SMAC mimetics for 24h. B) p24 detected in the supernatants of OM10.1 cells treated 

with SMAC mimetics for 24h. (***P<.001, ****P<.0001, by 1-way analysis of variance with the 

Dunnet post hoc test for multiple comparisons between different SMAC mimetic doses. Data 

represent mean values ± standard deviation of the mean; n values represent separate biological 

replicates.) 
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Figure 15, TNFα is detected in the supernatants of OM10.1 cells infected with MG1 or treated 

with SMAC mimetics OM10.1 cells were treated with SMAC mimetics for 48h and TNFα was 

measured in their supernatant via MSD uPLEX technology. 
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Chapter 4 

SMAC mimetics sensitize HIV-infected monocyte derived macrophages to MG1-mediated 

death 
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4.1 Introduction and rationale 

 

MG1 has been shown to selectively infect and kill HIV-infected monocyte-derived 

macrophages because of the inherent IFN signaling defects in HIV-infected MDM155,161,162. SMAC 

mimetics have also been shown to kill HIV-infected MDM both in a TNFα dependent and 

independent manner223,235. Furthermore oncolytic virus mediated killing has been shown to be 

enhanced via the usage of SMAC mimetics in the cancer field186,238,239. 

Since macrophages are more resistant to HIV infection compared to CD4+ T-cells and that 

in culture, HIV infection results in a mixed population of persistently HIV-infected and bystander 

cells, making the interpretation of data more difficult. Hence, a reporter HIV called HIV NL4.3 

BAL-IRES-HSA158 was used to differentiate persistently HIV-infected macrophages (HSA+) from 

bystander cells (HSA-). In this infection model, 2-8% of cells are HSA+. 

Although in previous studies MG1 was shown to be able to selectively infect and kill HIV-

infected cells, the same was not true for VSVΔ51, an oncolytic virus closely related to MG1159,161. 

Since SMAC mimetics have been shown to sensitize refractory cancer cells to VSVΔ51 mediated 

death239,240, this may also hold true for HIV-infected cells. 

The objective of this chapter is to investigate the effect of combination treatment of MG1 

and SMAC mimetics (LCL-161 and birinapant) on ex vivo HIV-infected monocyte derived 

macrophages. Moreover, cytokine production and cell surface receptor expression following 

SMAC mimetic treatment was assessed. Lastly, the effect of the SMAC mimetic birinapant in 

sensitizing HIV-infected cells to VSVΔ51 was investigated.  
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4.2 Results 

 

4.2.1 Combination treatment of MG1 and SMAC mimetics kill ex vivo HIV-infected monocyte 

derived macrophages 

 

 Monocyte-derived macrophages were generated from fresh PBMC using plate adherence 

and M-CSF treatment. 7 days post plating, MDM were infected with the reporter virus HIV-NL4.3-

BAL-IRES-HSA. 6 days post infection, HIV-infected MDM were treated with MG1 and SMAC 

mimetics (LCL-161 or birinapant) concurrently. 48h post infection, cells were assessed for their 

HIV infection status (bystander cells: HSA – and persistently infected cells: HSA+) and cell death 

by AnnexinV staining via flow cytometry (Figure 16). Cell death was assessed in both bulk 

macrophage populations and HSA- and HSA+ fractions. Gating strategy can be seen in Figure 17. 

 In bulk MDM, a slight increase in cell death with combination treatment with MG1 and 

LCL-161 was observed. Moreover, there was significant increase in cell death in the HIV-infected 

HSA+ population with the combination treatment when compared to either treatment alone. 

(Figure 18).  In cells treated with MG1 and birinapant, a significant increase in cell death can be 

observed both in the bulk population and HSA- and HSA+ fractions. (Figure 19).  

The decrease in HIV-infected cells was measured by proviral HIV DNA qPCR for SMAC 

only, MG1 only, and combination treatment conditions. Although there is a decreasing trend for 

proviral DNA, the comparison between fold change of the combination treated to MG1 infection 

only is not significant (Figure 20).  
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Figure 16, experimental design for the generation of monocyte-derived macrophages, subsequent 

HIV infection and MG1 and SMAC mimetic treatment. 
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*HSA+ cells are usually around 2-7% 

of the whole cell population 
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Figure 17, gating strategy employed on monocyte derived macrophages to determine cell viability 

as determined by AnnexinV staining and HIV infection status as determined by determined by the 

presence of HSA on the cell surface. 
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Figure 18, cell viability of HIV-infected monocyte derived macrophages decreases after 

combination treatment with MG1 and LCL-161. HIV-infected MDM were infected with MG1 

MOI 1 and treated with the SMAC mimetic LCL 161 (4 µM). Cell death was measured by 

AnnexinV staining and HIV infection status was determined by HSA staining via flow cytometry. 

A) Cell viability of bulk MDM following 48hpi concurrent treatment. . (*P<.05, ****P < .0001, 

by 2-way analysis of variance with the Dunnet post hoc test for multiple comparisons between 

different treatment conditions. Data represent mean values ± standard deviation of the mean; n 

values represent separate biological replicates.) B) Breakdown of  cell viability of HSA- 

(bystander) and HSA+ (HIV-infected) MDM (*P < .05, 1-way analysis of variance was performed 

within each group with Tukey’s multiple comparison’s post-test for multiple comparisons. Data 

represent mean values ± standard deviation of the mean; n values represent separate biological 

replicates.) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



103 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



104 
 

Figure 19, cell viability of HIV-infected monocyte derived macrophages decreases after 

combination treatment with MG1 and birinapant. HIV-infected MDM were infected with MG1 

MOI 1 and treated with the SMAC mimetic birinapant (2 µM). Cell death was measured by 

AnnexinV staining and HIV infection status was determined by HSA staining via flow cytometry. 

A) Cell viability of bulk MDM following 48hpi concurrent treatment. (*P<.05, ****P < .0001, by 

2-way analysis of variance with the Dunnet post hoc test for multiple comparisons between 

different treatment conditions. Data represent mean values ± standard deviation of the mean; n 

values represent separate biological replicates.) B) Breakdown of  cell viability of HSA- 

(bystander) and HSA+ (HIV-infected) MDM (*P <.05, **P < .01, ****P<.0001 1-way analysis of 

variance was performed within each group with the Tukey’s multiple comparison’s post-test for 

multiple comparisons. Data represent mean values ± standard deviation of the mean; n values 

represent separate biological replicates.) 
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Figure 20, although not significant, a decrease in proviral HIV DNA following combination 

treatment with MG1 relative to HIV-infected untreated cells can be seen. HIV-infected MDM 

were infected with MG1 MOI 1 and treated with the SMAC mimetic A) LCL 161 (4µM) or B) 

birinapant (2 µM). (n=4, p=0.0351 by Sidak’s posttest) Data represent mean ± SEM; n values 

represent separate biological replicates. 
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4.2.2 Cell surface receptor expression and cytokine production following SMAC mimetic 

treatment and MG1 infection of HIV-infected MDM 

 

LDL-R and PD-L1 expression on HIV-infected MDM was measured 48h post SMAC 

mimetic treatment in bulk and HSA-/HSA+ populations via flow cytometry. However, there was 

not a statistically significant difference between the basal level expressions, or expressions post-

SMAC mimetic treatment of the two receptors in either bulk or HSA-/HSA+ fractions (Figure 21 

and Figure 22). 
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Figure 21,  LDL-R expression remains unchanged on HIV-infected SMAC mimetic treated 

MDM following 48h of treatment. Row A) LDL-R expression on LCL 161 treated HIV+ MDM 

in bulk and HSA- (bystander) and HSA+ (HIV-infected) populations. Cell viability of bulk MDM 

following 48hpi concurrent treatment. Row B) LDL-R expression on birinapant treated HIV+ 

MDM in bulk and HSA- (bystander) and HSA+ (HIV-infected) populations. 
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Figure 22, PD-L1 expression remains unchanged on HIV-infected SMAC mimetic treated 

MDM following 48h of treatment. Row A) PD-L1 expression on LCL 161 treated HIV+ MDM 

in bulk and HSA- (bystander) and HSA+ (HIV-infected) populations. Cell viability of bulk MDM 

following 48hpi concurrent treatment. Row B) PD-L1 expression on birinapant treated HIV+ 

MDM in bulk and HSA- (bystander) and HSA+ (HIV-infected) populations. 
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Next, TNFα was measured in the supernatants of MG1 and SMAC mimetic treated HIV-

infected MDM via ELISA. There was a significant production of TNFα in cells treated with MG1 

or MG1 and SMAC mimetics (Figure 23). To investigate if cell death is dependent on TNFα, HIV-

infected MDM were treated with exogenous TNFα, or TNFα and birinapant to see if exogenous 

TNFα can replace the effect of MG1 infection. However, no increased cell death could be seen 

compared to control with the combination treatment, implying that although TNFα production may 

be important in cell death, it is not solely dependent on it (Figure 24).  

IFNα production following MG1 infection and SMAC mimetic treatment was measured 

via ELISA, but was not detectable (not shown). 
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Figure 23, TNFα is detected in the supernatants HIV+MDM treated with MG1  or MG1 and 

SMAC mimetics. HIV-infected MDM were infected with MG1 MOI 1 and treated with the SMAC 

mimetic LCL 161 (4 µM) or birinapant (2 µM). TNFα was measured 48h post treatment via TNFα 

ELISA.  
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Figure 24, Exogenous TNFα treatment in combination with birinapant does not result in an 

increase in cell death. HIV-infected MDM were either left untreated, treated with 2µM birinapant, 

treated with 10 µg TNFα, or treated with a combination of birinapant and TNFα. Cell death was 

measured 48h post treatment via AnnexinV staining in bulk macrophage population by flow 

cytometry.  
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4.2.3 VSVΔ51-GFP infection and killing of HIV-infected cell lines and HIV-infected MDM in 

combination with SMAC mimetics 

 

 VSVΔ51 has been previously demonstrated to be not effective in killing HIV-infected cell 

lines or HIV-infected MDM159,161. Hence, the effect of SMAC mimetics to sensitize HIV-infected 

cells to VSVΔ51 mediated death was evaluated. Firstly, latently infected OM10.1 cells were 

concurrently treated with VSVΔ51 and SMAC mimetics AEG 40730, LCL-161 and birinapant for 

48h. Following this, cell death was measured by PI staining and infection was measured by GFP 

via flow cytometry. Interestingly, LCL-161 and birinapant did not result in increased cell death of 

OM10.1 when combined with VSVΔ51 infection, even though this effect could not be seen with 

MG1. A slight but insignificant increase in GFP% also accompanied the increase in cell death 

(Figure 25). 
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Figure 25, cell viability of OM10.1 cells decreases after combination treatment with VSVΔ51 

and SMAC mimetics but infection% remains unchanged. OM10.1 cells were infected with 

VSVΔ51 MOI 1 and treated with SMAC mimetics AEG 40730 (6 µM.), LCL 161 (20 µM) and 

birinapant (2 µM). Cell death was measured by flow cytometry via PI staining. Row A) Cell 

viability of OM10.1 cells following 48hpi concurrent treatment  Row B)  GFP% following 48h of 

concurrent treatment. (*P<.05, **P < .01, by 2-way analysis of variance with the Dunnet post hoc 

test for multiple comparisons between different SMAC mimetic doses. Data represent mean values 

± standard deviation of the mean; n values represent separate biological replicates.) 
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Next, HIV-infected MDM were concurrently treated with VSVΔ51 and either LCL 161 or 

birinapant. 48h post infection cells cell death was (AnnexinV) measured in both bulk macrophages 

and the HSA-/HSA+ population via flow cytometry. Although VSVΔ51 alone does not kill in 

either bulk MDM or HSA-/+ populations, there is a significant increase in death when it is used in 

combination with either LCL 161 or birinapant (Figure 26 and Figure 27). Interestingly, the 

amount of cell death was higher compared to combination treatment with MG1 and SMAC 

mimetics. Furthermore, even though not significant, a decrease in proviral HIV DNA can be 

observed (Figure 28). 
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Figure 26, cell viability of HIV-infected monocyte-derived macrophages decreases after 

combination treatment with VSVΔ51 and LCL-161. HIV-infected MDM were infected with 

VSVΔ51  MOI 1 and treated with the SMAC mimetic LCL 161 (4 µM). Cell death was measured 

by AnnexinV staining and HIV infection status was determined by HSA staining via flow 

cytometry. A) Cell viability of bulk MDM following 48hpi concurrent treatment. (****P<.0001, 

by 2-way analysis of variance with the Dunnet post hoc test for multiple comparisons between 

different SMAC mimetic doses. Data represent mean values ± standard deviation of the mean; n 

values represent separate biological replicates.) B) Breakdown of  cell viability of HSA- 

(bystander) and HSA+ (HIV-infected) MDM. (**P<.01, 1-way analysis of variance was performed 

within each group with Tukey’s multiple comparison’s post-test for multiple comparisons. Data 

represent mean values ± standard deviation of the mean; n values represent separate biological 

replicates.) 
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Figure 27, cell viability of HIV-infected monocyte derived macrophages decreases after 

combination treatment with VSVΔ51 and birinapant. HIV-infected MDM were infected with 

VSVΔ51 MOI 1 and treated with the SMAC mimetic birinapant (2 µM). Cell death was measured 

by AnnexinV staining and HIV infection status was determined by HSA staining via flow 

cytometry. A) Cell viability of bulk MDM following 48hpi concurrent treatment. (****P<.0001, 

by 2-way analysis of variance with the Dunnet post hoc test for multiple comparisons between 

different SMAC mimetic doses. Data represent mean values ± standard deviation of the mean; n 

values represent separate biological replicates.) B) Breakdown of  cell viability of HSA- 

(bystander) and HSA+ (HIV-infected) MDM. (****P<.0001, 1-way analysis of variance was 

performed within each group with Tukey’s multiple comparison’s post-test for multiple 

comparisons. Data represent mean values ± standard deviation of the mean; n values represent 

separate biological replicates.) 
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Figure 28 although not significant, a decrease in proviral HIV DNA following combination 

treatment with VSVΔ51 relative to HIV-infected untreated cells can be seen HIV-infected 

MDM were infected with VSVΔ51 MOI 1 and treated with the SMAC mimetic A) LCL 161 (4µM) 

or B) birinapant (2 µM). Proviral HIV DNA was measured by qPCR. n=4 
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4.2.4 Cytokine production following SMAC mimetic treatment and VSV51 infection of HIV-

infected MDM 

 

As cell death with combination treatment of VSVΔ51 and SMAC mimetics are higher than 

that of combination treatment with MG1 and SMAC mimetics, it was hypothesized that one of the 

reasons for this may be the VSVΔ51 infection resulting in a more pro-inflammatory compared to 

MG1 infection in terms of TNFα production. Thus, TNFα was measured in the supernatants of 

VSVΔ51 and SMAC mimetic treated HIV-infected MDM via ELISA. There was a significant 

production of TNFα in cells treated with VSVΔ51 or VSVΔ51 and SMAC mimetics (Figure 29A). 

The amount of TNFα produced is higher compared to TNFα produced due to MG1 infection, which 

may be one of the reasons why combination treatment with VSVΔ51 and SMAC mimetics result 

in higher percentage of cell death. 

 Next the production of IFNα following VSVΔ51infection and SMAC mimetic treatment 

was measured via ELISA. Interestingly, although not significant, there was a decrease in IFNα 

when VSVΔ51 was combined with SMAC mimetics (Figure 29B). One of the reasons why 

VSVΔ51 by itself does not kill but kills when combined with SMAC mimetics could be due to the 

decreased production of IFNα. 
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Figure 29, TNFα and IFNα is detected in the supernatants HIV+ MDM treated with VSVΔ51 

and SMAC mimetics. HIV-infected MDM were infected with VSVΔ51 MOI 1 and treated with 

the SMAC mimetic LCL 161 (4 µM) or birinapant (2 µM). A) TNFα was measured 48h post 

treatment via TNFα ELISA.B) IFNα was measured 48h post treatment via IFNα ELISA. 
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Chapter 5 

 Pseudotyping MG1 with HIV envelope protein to enhance its ability to selectively kill HIV-

infected cells. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



131 
 

5.1 Introduction and Rationale 

 

MG1 is an oncolytic virus that mainly uses the LDL receptor for viral entry, granting it 

broad tropism146. Although this is beneficial for the usage of MG1 in treating different types of 

cancer in different tissues150–152,154, it is important to increase MG1’s inherent selectivity for 

latently HIV-infected cells if it is to be used in the clinic as a potential treatment for HIV infection. 

Enhancing MG1’s selectivity can be achieved by pseudotyping MG1 with HIV envelope protein 

gp160, thereby effectively narrowing its tropism to cells that express the receptors required for 

viral entry of HIV, in this case, CD4 and CCR5.  

Although pseudotyping of MG1 or Maraba virus has not been done yet, there are many 

studies in which VSV has been pseudotyped with HIV envelope245,249–251,264. The main challenge 

in pseudotyping with HIV gp160 is the incorporation of a functional HIV envelope protein in the 

VSV envelope. Studies have shown that a signal present at gp41 may prevent correct insertion into 

the VSV envelope, and that truncations to the CT-tail of HIV envelope, along with fusing gp120 

to the CT-tail of VSV G, can increase incorporation efficiency along with viral titer upon viral 

rescue250,251. Therefore, as a proof of concept, MG1 clones containing full length HIV envelope, 

truncated HIV envelope, and truncated HIV envelope fused to MG1 G were developed. 

 

5.2 Results 

 

5.2.2 MG1 clone generation 

 

Three versions of MG1 containing HIV envelope were made. 

• Mgp160: Full length CCR5 tropic HIV envelope from p96ZM651 expression plasmid was 

cloned into MG1-Gless backbone via restriction enzyme cloning. Then the conserved 
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VSV/MG1 start stop sequence (5’ TGTATGAAAAAAACTCATCAACAGCCATC 3’)254 

was added by Q5 site directed mutagenesis kit. 

• MTM_4aa: Truncated HIV envelope cut to 4 amino acids after the transmembrane region was 

cloned into MG1 G-less backbone via Gibson assembly. the conserved VSV/MG1 start stop 

sequence (5’ TGTATGAAAAAAACTCATCAACAGCCATC 3’)254 was added by Q5 site 

directed mutagenesis kit. 

• Mct: The truncated insert used to generate MTM_4aa was cloned into the MG1 backbone fused 

to the CT region of MG1 G glycoprotein using Gibson Assembly 

All clones were verified using full length plasmid sequencing by Plasmidsaurus. The clone 

plasmids can be seen in Figure 30. 
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Figure 30, MG1, MG1 G-less Mgp160, Mct and MTM_4aa plasmids. Agarose gel 

electrophoresis image where lanes 2 contains MG1 eGFP plasmid (14,023 bp), lane 3 contains 

MG1 G-less plasmid (12,440 bp), lane 4 contains Mgp160 plasmid which has full length gp160 

insert (15,536 bp), and lane 5 contains Mct plasmid which has gp160 insert fused to MG1 G 

glycoprotein (14,686 bp) and lane 6 contains MTM_4aa plasmid which has a truncated gp160 

insert (14,407 bp). The DNA ladder used is Gene Ruler 1 Kb plus (Thermoscientific). All clones 

were verified by full length plasmid sequencing. 
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5.2.3 Viral rescue for MG1 pseudotyped with HIV envelope 

 

A modified VSV rescue protocol265 where single gene expressing plasmids, N, P, and L were 

switched to MG1 gene single gene plasmids, was used initially to rescue MG1 and MG1 clones. 

Briefly, the cells are infected with T7 polymerase expressing Vaccinia virus (T7 VV). After 

infection, the cells are transfected with MG1 single gene plasmids containing MG1 N, MG1 P, 

MG1 L and MG1 backbone using Lipofectamine 2000. As all plasmids are under the control of T7 

promoter, transcription occurs from the plasmids due to the Vaccinia virus infection, after 24-48h 

incubation, VV is filtered out using 0.22 µm filter, and the remaining supernatant is used to amplify 

the rescued virus. Although the rescue of “WT” MG1 was successful, the clones were unable to 

be rescued by using this protocol. Hence, optimizations were made to be able to rescue the MG1 

clones. These optimizations include but are not limited to: 

• Using different cell lines for the rescue: Vero, GHOST, HEK 293T, TREx ™-293 cells 

expressing VSV G 

• MOI of T7 vaccinia: MOI1, MOI 3, MOI 5 

• Using extra plasmids: VSV G, HIV envelope expression plasmid p96zm651 

• Increasing or decreasing the amount of time cells are infected with T7 Vaccinia 

• Increasing total run time of experiment up to 3 weeks 

• Using different transfection reagents: Lipofectamine 2000. Fugene, Fugene 4K, GeneJuice 

A more detailed version of optimizations made can be found in Table 4. Although transfection 

was successful in most of the conditions, as verified by GFP expression under confocal 

microscopy, no infectious viral particles were obtained. The results of each optimization trial is 

discussed in detail in Chapter 6. 
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Cell line T7 MOI T7 incubation 

time 

Plasmids Transfection 

Reagent 

Rescue total 

time 

Vero 5/3/1 48h standard Lipofectamine 

2000 

7 days 

Ghost 5/3/1 48h standard Lipofectamine 

2000 

7 days 

Ghost 1 24h standard Lipofectamine 

2000 

7 days 

Ghost 1 24h increased 

concentration of  

N plasmid 

Lipofectamine 

2000 

7 days 

Ghost 1 24h +HIV envelope 

expression 

plasmid 

Lipofectamine 

2000 

7 days 

Ghost 1 24h Increased 

concentration of  

N plasmid and 

extra HIV 

envelope 

expression 

plasmid 

Lipofectamine 

2000 

7 days 

HEK 293T 1 24h standard Lipofectamine 

2000 

7 days 
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Table 4, Optimization strategies to rescue MG1 clones. Standard plasmids refer to MG1 N, 

MG1 P, and MG1 L. 

 

 

 

 

 

 

HEKTrex 1 48h standard - 

doxycycline 

induction to 

express VSV G 

Lipofectamine 

2000 

7 days 

HEKTrex 1 24h standard - 

doxycycline 

induction to 

express VSV G 

Lipofectamine 

2000 

7 days 

HEKTrex 1 48h standard - 

doxycycline 

induction to 

express VSV G 

Lipofectamine 

2000 

14 days 

HEK 293T 1 24h standard Fugene 7/14/21 days 

HEK 293T 1 24h standard Fugene 4K 7/14/21 days 

HEK 293T 1 24h standard GeneJuice 7/14/21 days 
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Chapter 6 

 Discussion 
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6.1 Summary 

 

The oncolytic virus MG1 has been shown to kill latently HIV-infected cell lines, latently 

HIV-infected CD4+ T-cells and persistently HIV-infected monocyte derived macrophages159,161. 

We have shown that pro-apoptotic SMAC mimetics can sensitize HIV-infected cells to oncolytic 

rhabdovirus mediated death. It is shown in Chapter 3 of this thesis that combination therapy with 

MG1 and SMAC mimetics result in a greater killing of the latently HIV-infected cell lines J1.1 

and OM10.1 than with either treatment alone, and this depends on the order of treatment 

administration. It is shown in Chapter 4 of this thesis that combination therapy with MG1 and the 

SMAC mimetics LCL-161 and birinapant result in increased killing of HIV-infected monocyte 

derived macrophages and bystander cells. Furthermore, it is shown that although VSVΔ51 

infection by itself is not able to kill the latently infected OM10.1 cells or persistently HIV-infected 

monocyte derived macrophages, combination therapy with LCL-161 or birinapant significantly 

increases cell death. Lastly, it is shown in Chapter 5 that while pseudotyping MG1 with HIV 

envelope protein gp160 might be an option to increase the specificity of MG1 to target cells of 

HIV, but the rescue of the pseudotyped MG1 was not successful.  

 

6.2 SMAC mimetics sensitize HIV-infected cell lines to MG1-mediated death 

 

As demonstrated in Chapter 3, combination therapy with MG1 and SMAC mimetics AEG 

40730, LCL-161, and birinapant kill HIV-infected cell lines. Cell death was evaluated by PI 

staining via flow cytometry. It was shown that treatment order regarding MG1 and SMAC 

mimetics administration is important in the increase in cell death. Although cell death was 

accompanied by an increase in caspase-3/7 and caspase-1 activity, the pan-caspase blocker ZVAD-

fmk and RIPK-1 inhibitor necrostatin-1s failed to increase cell viability when cells underwent 
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combination treatment, suggesting that more than one programmed cell death may be in play. 

Furthermore, SMAC mimetic treatment resulted in an increase in LDL-R expression on J1.1 cells, 

but this increase did not correlate with an increase in infection as measured by GFP or viral 

production as measured by plaque assay, indicating the relevance of this observation remains 

unknown. There was also no increase in the level of cell surface expression of PD-L1 following 

SMAC mimetic treatment. Lastly, the non-canonical NFκB pathway was activated upon SMAC 

mimetic treatment, but it did not necessarily result in production of TNFα, confirming that in HIV-

infected cell lines, the role of TNFα in cell death is unclear.  

 

6.2.1 Importance of the treatment order of MG1 and SMAC mimetics 

 

 As explained in the Introduction, Kim et al., has shown that in EMT6 tumor bearing mice, 

treatment intravenous injection of VSVΔ51 followed by LCL-161 treatment 6 hours after injection 

resulted in increased survival, LCL-161treatment prior to infection with VSVΔ51 resulted in a 

complete loss of OV infection238. Other studies have shown that LCL-161 treatment itself does not 

affect the growth kinetics of VSVΔ51237, leading to Kim and colleagues hypothesizing that perhaps 

in their in vivo model, LCL-161 pre-treatment results in secretion of anti-viral cytokines. 

 Using the above studies as a guide, three different orders of treatment administration were 

tested in HIV-infected cell lines; (1) concurrent treatment with MG1 and SMAC mimetics, (2) 

MG1 infection followed by SMAC mimetics treatment, and (3) SMAC mimetics treatment 

followed by MG1 infection. The results show that administration order is indeed important, though 

this depended on the cell line model. In J1.1 cells, cell death generally increased in all three 

situations. However, in OM10.1 cells, only AEG 40730 pre-treatment followed by MG1 infection 

resulted in increased cell death. Interestingly, AEG 40730 treatment is the only condition in which 
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OM10.1 cells have detectable TNFα secretion, suggesting there might be a causal relationship with 

cell death and TNFα in the specific case of pre-treatment of OM10.1 cells with AEG 40730, but 

more research is required to confirm this potential relationship.  

 These results confirm the importance of treatment administration order, and that this should 

be one of the considerations when combination treatment moves on to animal models. 

 

6.2.2 MG1 and cell death pathways 

 

How MG1 kills cells, particularly cells latently infected with HIV, is still a point of ongoing 

research. VSV was shown to kill cancer cells via a ‘combination of apoptosis, necroptosis, and 

pyroptosis, a newly identified molecular pathway called PANoptosis266. By using VSV cell death 

pathways as a guide, our group has shown that MG1 may favor different killing mechanisms of 

latently HIV-infected cells than their uninfected counterparts. Cell death induced by MG1 could 

be significantly reduced when HIV uninfected cells Jurkat and HL-60 were treated with the pan-

caspase inhibitor ZVAD-fmk or the caspase-3/7 inhibitor ZDEVD-fmk, whereas both inhibitors 

failed to reduce cell death in latently HIV-infected cell lines J1.1 and OM10.1260. Similarly, in 

MDM infected ex vivo with HIV, cell death by MG1 was unable to be blocked by the ZVAD-fmk 

or the necroptosis inhibitor necrostatin-1. 

In this study, it was shown that an increase in caspase-3/7 and caspase-1 accompanies cell 

death. These caspases are active in apoptosis and pyroptosis respectively. However, although cell 

death induced by SMAC mimetics could almost completely be inhibited by the combination of 

ZVAD-fmk and necrostatin-1s, cell death following MG1 infection was not blocked. These results 

indicate that although caspases responsible for programmed cell death pathways get activated 

following MG1 infection, the cells might be switching to other cell death mechanisms and 
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continuing to die. One of the players in MG1 induced cell death might be ER stress induced 

unfolded protein response pathway (UPR) due to the accumulation of unfolded or misfolded 

proteins in the cytoplasm). UPR results in regulation of gene expression, inhibition of protein 

synthesis, and in some cases, cell death267,268.  

Interestingly, in experiments done in U2OS sarcoma line, MG1 infection caused an increase in 

the expression of the anti-apoptotic protein Bcl-XL at the translational level, and a significant 

increase in XIAP mRNA at 12h post infection, eliciting a somewhat anti-apoptotic response. 

However, in U343 glioblastoma cells, it was shown that the expression of pro-apoptotic genes in 

the ER stress pathway such as CHOP and GADD34 were increased, confirming that depending on 

the cell line, MG1 may result in the UPR pathway getting activated269.  

Surprisingly, this is not the only case where the combination of SMAC mimetics and oncolytic 

viruses resulted in ER stress. The SMAC mimetics LCL-161 and birinapant have been shown to 

increase the replication of the oncolytic alphavirus M1 and cause ER-stress mediated cell death in 

refractory hepatocellular and colorectal cell lines, and ex vivo tumor models established by using 

the hepatocellular cancer cell lines. The increased protein translation as a result of increased M1 

virus replication has been shown to cause ER stress, which results in UPR and ultimately cell 

death236. 

Considering that cell death caused by MG1 could not be inhibited by apoptosis or necroptosis 

inhibitors, it is most likely that more than one cell death pathway gets activated during MG1 

infection of HIV-infected cells. Since this is the case, one of the pathways to be investigated 

moving forward should be ER stress and UPR. 
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6.2.3 Viral sensitizers to increase MG1 infection and killing in HIV-infected cells 

 

As it is unlikely MG1 will be used as a monotherapy in HIV infection, we have proposed 

to use SMAC mimetics as a way to enhance MG1-mediated killing. Interestingly, although cell 

death with combination treatment increased significantly, such an increase was not reflected in the 

proportion of infected cells as measured by GFP expression. Furthermore, although there was 

increased expression of LDL-R in J1.1 cells following SMAC mimetic treatment, this did not 

translate to increased infection. Thus, the physiological relevance of increased LDL-R expression 

is not clear. 

Since rhabdovirus infection can block cellular transcription by modulating eukaryotic 

transcription initiation factors269 and thus possibly affect the transcription of GFP,  viral output  as 

an indication of MG1 production was measured via plaque assay. It was found that there was 

significantly less virus in supernatant from combination treated cells compared to cells only 

infected with MG1. One of the reasons for the lack of increased infection observed with SMAC 

mimetics treatment may be due to the greater level of cytotoxicity that occurs during combination 

treatment, and  the resulting decrease in target cells for MG1 infection. Another reason might be 

that MG1 and SMAC mimetics work through different pathways to kill the cells that do not 

necessarily interact. As shown in the cell death inhibitor treatment experiments, ZVAD-fmk and 

necrostatin-1s can almost completely block cell death in SMAC mimetic treated cells whereas they 

do not affect the cell viability in cells infected with MG1. Thus, it may be that the cytotoxicity 

effect of combination treatment is additive rather than synergistic. 

Drugs such as the HDACi SAHA and the PKR inhibitor C16 have been used in 

combination with MG1 to kill HIV-infected cells. SAHA has been previously shown to enhance 

the spread of VSV and dampen the type 1 interferon responses and refractory cancer cell lines, 
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primary tissue explants and animal models270. In latently HIV-infected cells OM10.1 and U1, 

SAHA was able to increase infection of VSVΔ51 but not cell death. However, SAHA pre-treatment 

was shown to increase both the percentage of cells infected by MG1 and cell death in these cell 

lines. The effect of SAHA stimulation was shown to be specific to HIV-infected cell lines, as the 

SAHA and MG1 combination treatment of uninfected parental cell lines HL60 and U937 did not 

result in increased infection or cell death. It was hypothesized that the reason behind this effect 

could be due to increased dampening of the type 1 interferon responses of HIV-infected cell 

lines159. Interestingly, SAHA pre-treatment was unable to increase infection or cell death caused 

by either VSVΔ51 or MG1 in HIV-infected MDM161.  

 The effect of C16, a PKR inhibitor was also investigated in combination with MG1 

infection in other studies. PKR is an RNA sensing antiviral protein and can induce antiviral 

apoptosis271. When HIV-infected MDM were pre-treated with C16 and then infected with MG1, 

it was seen that the percentage of infected cells increased significantly in both in HSA- and HSA+ 

fractions, but the overall reduction of HIV as measured by qPCR was not altered by C16, implying 

that increased infection does not necessarily result in increased cell death. These results suggest 

that C16 is most likely inhibiting the activity of PKR in both HSA- and HSA+ fractions, rendering 

them both more permissive to MG1 infection161. Going forward, it might be worthwhile to devise 

a way to deliver C16 directly to persistently HIV-infected cells, or to upregulate the ISG production 

in bystander cells to protect them against the activities of C16. 
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6.2.5 RNAseq analysis of J1.1 cells treated with SMAC mimetics and infected with MG1 

 

 To better understand the changes that occur in the cell with the addition of SMAC mimetics 

to MG1 infection, the cell transcriptome of cells treated with MG1 and SMAC mimetics was 

compared to cells infected with MG1. The genes that were upregulated were shown to mainly 

belong to immune response pathways and the genes that were downregulated belong to the sterol 

biosynthesis pathway. Although it has been previously shown that HIV infection is capable of 

upregulating the expression of genes that play a role in the cholesterol synthesis pathway272, the 

effect of oncolytic virus infection and SMAC mimetics on cholesterol biosynthesis has on latently 

HIV-infected cells have not been yet shown. Interestingly, in a murine cytomegalovirus (mCMV) 

infection model, it has been shown that there is crosstalk between host defense mechanisms and 

metabolic pathways. Specifically, it was shown that IFNβ and IFNγ produced in response to viral 

infection results in transcriptional downregulation of the sterol biosynthesis pathway273. In our 

model, the downregulation of sterol biosynthesis pathway (and the consequent upregulation of 

lipid storage) may be partly explained as a consequence of the ongoing viral infection.  

When the immune response regulated pathway is examined closely, it can be seen that genes that 

increase permissiveness to RNA viruses (CD24)274, and genes that restrict viral replication 

(ZC3H12A)275,276 are upregulated, showing that the effect that SMAC mimetics have on HIV 

infected cells that have been infected with MG1 and treated with SMAC mimetics is not 

straightforward. Going forward, more in depth analysis, including the validation of mRNA targets 

in the protein level will be necessary to fully elucidate the changes caused by SMAC mimetic 

treatment in the context of MG1 infection. 
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6.2.6 NFκB signaling following SMAC mimetic treatment 

 

SMAC mimetics have been shown to activate non-canonical NFκB signaling as they result 

in the degradation of cIAP proteins in the cytoplasm, therefore freeing NIK, and starting the non-

canonical NFκB signaling cascade277. It was seen that all three SMAC mimetics tested in HIV-

infected cell lines resulted in an increase in non-canonical NFκB activation. Other studies in the 

HIV field have shown that this non-canonical NFκB activation can result in latency reversal and 

production of active virions228,229. Therefore, SMAC mimetics can be used as latency reversal 

agents for the ‘shock and kill’ approach. However, increased p24 production did not occur in 

SMAC mimetic treated J1.1 cells or OM10.1 cells, implying that SMAC mimetics did not increase 

HIV protein production and hence did not reverse HIV latency. These results confirm that the effect 

of the SMAC mimetics on latently HIV-infected cells are heavily dependent on the SMAC mimetic 

and the HIV infection model used. Lastly, the increase in non-canonical NFκB signaling did not 

necessarily translate to an increase in TNFα production with the exception of in OM10.1 cells 

treated with a high dose of AEG 40730. The role TNFα may have in combination treatment with 

SMAC mimetics and MG1 is further discussed below in detail in the HIV-infected macrophages 

section. 

  

6.3 SMAC mimetics sensitize HIV-infected monocyte derived macrophages to MG1-

mediated death 

 

As demonstrated in Chapter 4, the SMAC mimetics LCL-161 and birinapant sensitize HIV-

infected MDM to MG1-mediated death. MDM were infected with the reporter virus HIV-NL4.3-

BAL-IRES-HSA to be able to differentiate between actively infected and bystander cells, 
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determined by the presence of mouse HSA (CD24) on the cell surface. Cell death was assessed 

both in bulk populations and HSA-/+ populations via AnnexinV staining. 

6.3.1 SMAC mimetics can kill macrophages in different disease models 

 

With  inflammatory and anti-inflammatory properties, macrophages play a role in different 

diseases such as cancer278, and tuberculosis279, leprosy280, and multiple sclerosis281.Therefore, 

studying the effect of SMAC mimetics in killing macrophages is important in finding new 

treatment options. Hamza et al., has shown that although unpolarized M0 and anti-inflammatory 

M2 macrophages are resistant to SMAC mimetic mediated death, the inflammatory M1 

macrophages are highly susceptible. Interestingly, in this model, SMAC mimetic induced death 

was not shown to depend on the level of expression of inhibitors apoptosis proteins, which suggest 

that other pathways may be important when determining the sensitivity to SMAC mimetic 

treatment282. 

SMAC mimetics have been used to modulate macrophage activity in disease models such 

as IGROV-1 human ovarian carcinoma cells and sarcoma tumor bearing mice. SMAC mimetic  

SM83 was able to revert the phenotype of tumor associated macrophages from M2 to M1 state, 

and also resulted in neutrophil recruitment, which aided in tumor clearance.  In another study, 

Stutz et al., show that Mycobacterium tuberculosis infected macrophages can be killed by using 

the SMAC mimetics LCL-161 and birinapant, and that in mouse infection models, this results in 

reduction in bacterial burden in both pulmonary and extra-pulmanory sites283. 

In HIV research, previous studies have shown that treatment with the SMAC mimetic AEG 

40730 of MDM infected with HIV-BAL-HSA reporter virus, results in a significant increase in 

cell death in the HSA+ fraction compared to HSA- cells. A similar but not significant increase was 

also observed in LCL-161 treated HIV-infected MDM235. In another study, where MDM were 
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infected with two different non-reporter HIV strains, HIVBa-L and HIV93IN905, treatment with LCL-

161, AT-406, or birinapant resulted in significant decreases of the inhibitors of apoptosis proteins 

cIAP1 and XIAP, accompanied by cell death223. However, it is important to consider that in that 

study, the percentage of MDM persistently infected with HIV was measured by p17 (HIV matrix) 

protein expression, and reported to be 80%, which is most likely an overestimation as (1) 

macrophages may be infected with HIV but might not be able to form infectious virions due to 

abortive replication and (2) macrophages can engulf p17 and stain positive without being infected 

by HIV. Thus, it is most likely that the amount of persistently infected cells is lower than what is 

reported. Regardless, these studies done by Caballero et al235., and Campbell et al223., suggest that 

there is preferential killing of HIV-infected MDM when treated with SMAC mimetics. In this 

thesis, it was shown that there is no increase in cell death in the bulk population of MDM treated 

with LCL-161 or birinapant but in the HSA- and HSA+ fractions, there was a slight but 

insignificant increase in SMAC mimetic treatment only condition. These results imply that SMAC 

mimetics may indeed selectively kill HIV-infected MDM, but demonstration of how much the 

population dies relies heavily on the HIV infection model used.  

 

6.3.2 Oncolytic viruses and macrophages in different disease models 

 

 Oncolytic virus therapy in cancer can be categorized to have two main outcomes; the 

establishment of OV infection and direct killing of the tumor cells, or OV infection activating the 

other immune cells and thus aiding in the immune response against the tumor. In cancer models, 

OV infection polarizes macrophages to the pro-inflammatory M1 phenotype, and the infection of 

the tumor results in the infiltration of the macrophages in the tumor microenvironment284,285.  
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 In the field of HIV, MG1 has been shown to specifically infect and kill persistently HIV-

infected macrophages (HSA+). Persistently HIV-infected macrophages have defects in their 

interferon signalling, presenting as lower expression of MHC-1 on HSA+ cells compared to HSA- 

cells, and HSA+ cells being less responsive to IFNα stimulation compared to HSA- cells as 

measured by PKR and ISG15 expression. These defects make HIV-infected macrophages more 

susceptible to infection by the OV MG1. It was shown that the presence of infectious virus is 

necessary for the killing, as conditioned media or UV inactivated MG1 failed to produce any 

effect161. It was also shown that even though MG1 infected macrophages have increased caspase 

3/7 activity, inhibition by the pan-caspase inhibitor ZVAD-fmk or RIPK1 inhibitor necrostatin-1 

failed to prevent MG1-mediated death. This finding is also presented in this thesis in HIV-infected 

cell line models, showing cell death induced by MG1 most likely occurs via more than one cell 

death pathway161.  

 In a more physiologically relevant model, alveolar macrophages collected from people 

living with HIV via bronchoalveolar lavage have been shown to be somewhat permissive to MG1 

infection. The patients had inter-donor variability and could be broadly categorized as ‘responders’ 

and ‘non-responders’, where responders showed decrease in integrated proviral HIV DNA 

following MG1 infection161. 

 Lastly, it was shown that different oncolytic viruses differ in their abilities to infect and kill 

HIV-infected macrophages. VSVΔ51 was unable to show a dose dependent decrease in proviral 

HIV DNA, or an increase in cell death of HSA+ MDM161,162.  
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6.3.3 Combination treatment with SMAC mimetics and MG1 

 

To enhance the activity of MG1 killing, combination therapy with MG1 and SMAC 

mimetics was evaluated on HIV-infected monocyte derived macrophages. With the combination 

of SMAC mimetics LCL 161 or birinapant, it was shown that while either treatment alone does 

not increase cell death in bulk cell population, addition of SMAC mimetics resulted in a dramatic 

increase in cell death caused by MG1. When the population is broken down into HSA- and HSA+, 

there is significant increase in cell death in both populations, implying that combination therapy 

might not be as selective as monotherapies in specifically killing HIV-infected cells. However, it 

must also be taken into consideration that not just infection itself, but other soluble factors released 

upon treatment might be playing a role in the death of bystander cells.   

To further confirm cell death of HIV-infected cells, a decrease in the size of the HIV-

infected cell population was determined by the amount of proviral HIV DNA. SMAC mimetic 

treatment alone did slightly increase cell death as measured by AnnexinV expression, but it did 

not consistently result in a decrease in proviral HIV DNA. Moreover, while combination treatment 

slightly decreased proviral HIV DNA compared to single treatment alone, this decrease was not 

significant. This can potentially be explained by donor variability and the limited amount of 

biological replicates.. As the qPCR done on these samples measures the integrated amount of 

proviral HIV DNA, and does not measure amount of HIV transcripts, the proviral DNA measured 

may not directly correlate with the amount of cells that can produce infectious particles of HIV. 

This might explain the gap between the flow cytometry results where cell death is measured in 

cells that are actively producing HIV related proteins versus the decrease in integrated proviral 

HIV DNA which can be used as a substitute for the cell death in the HIV-infected population.  
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Next, the cell surface receptor expression of LDL-R or PD-L1 after SMAC mimetic 

treatment was evaluated to see if their expression levels might be playing a role in the increase in 

killing. LDL-R, the main receptor MG1 uses for viral entry, has been shown to have an elevated 

expression on HSA+ macrophages161,162. However, neither LCL-161 or birinapant treatment 

showed an increased expression of LDL-R. There was a slight but insignificant increase in the 

expression of PD-L1 in LCL-161 treated macrophages both in the bulk and HSA+ and HSA – 

fractions. Engagement of PD-L1 in cancer cells has been shown to increase glycolysis and thus 

increase lactate production. This in turn inhibits type 1 IFN responses, which results in enhanced 

activity of the OV VSVΔ51 in killing cancer cells263,286. In HIV, the PD-1 PD-L1 axis has been 

mainly studied in T-cells and focuses on antibody blocking of PD-L1. PD-L1 blocking has been 

shown to enhance proliferation of SIV specific CD4+ T-cells and addition of CD28 stimulation has 

been shown to increase the number of  HIV specific CD4+ T-cells287,288. Moreover, blocking PD-

L1 resulted in reinvigoration of exhausted T-cells and improved viral control in SIV infection in 

NHP289,290. PD-L1 levels have been shown to be increased on dendritic cells, monocytes, and B 

cells in PLHIV compared to HIV negative controls, and this directly correlated with increase in 

viral load and decrease in CD4+ T-cell counts291,292. Moreover, PD-L1 induction on HIV-infected 

PBMC requires type 1 IFNs, suggesting that in PD-L1 and type 1 IFN responses may be 

interconnected in HIV-infected cells as well293. To see if this is the case in this infection model, 

IFNα levels were measured in the supernatants of HIV-infected MDM via ELISA following MG1 

infection, SMAC mimetic treatment, or combination treatment. Under none of these conditions 

was there detectable amounts of IFNα. Thus, we were unable show a relationship between the PD-

L1 expression levels and IFNα production, but this pathway can be further explored in the future. 
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Next, the role of TNFα was investigated in MG1 infected, SMAC mimetic treated, or 

combination treated HIV-infected MDM. It was found that while SMAC mimetic treatment alone 

does not result in TNFα production, MG1 infection or MG1 infection with SMAC mimetic 

treatment does. MG1 infection has been previously shown to result in TNFα production in HIV 

uninfected MDM162. Moreover, in another study SMAC mimetic treatment did not induce TNFα 

production in HIV-infected MDM and that treating HIV-infected MDM with exogenous TNFα 

instead of SMAC mimetics did not result in cell death235. Interestingly, in another HIV infection 

model, blocking TNFα in SMAC mimetic treated HIV-infected MDM resulted in the ablation of 

cell death223.  To further investigate the role of TNFα, HIV-infected MDM were treated with 

SMAC mimetics alone, with exogenous TNFα alone or with a combination of the two. 

Interestingly, there was no increased cell death under any of these conditions, suggesting that the 

presence of exogenous TNFα cannot replace the effect produced by MG1 infection. These results 

imply that even though TNFα may be important in cell death of HIV-infected macrophages, its 

role is not straight-forward and that it is not the only driver of cell death. 

 

6.3.4 Combination treatment with SMAC mimetics and VSVΔ51 

 

Although VSVΔ51 and MG1 are genetically very similar viruses, their killing effect on 

HIV-infected cells are markedly different. VSVΔ51 has been shown to be able to infect latently 

HIV-infected cell lines, latently infected CD4+ T-cell models and persistently infected 

macrophages. However, cell death following infection was significantly less compared to MG1 

induced killing159,161. Hence, evaluating whether SMAC mimetics can enhance VSVΔ51 induced 

killing was one of the objectives of this thesis. It was seen that in the latently HIV-infected cell 

line OM10.1, while VSVΔ51 alone was unable to induce killing, using the SMAC mimetics LCL-
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161 or birinapant alongside VSVΔ51 significantly increased cell death. This effect was not seen 

when VSVΔ51 was combined with AEG 40730. Differences in the outcome of combination 

treatment with VSVΔ51 and SMAC mimetics may be attributed to the different structures of the 

SMAC mimetics and their binding efficiencies to their target IAP proteins. The increase in cell 

death was not accompanied with an increase in infection. 

Following the data from cell lines, HIV-infected MDM were treated with the combination 

of VSVΔ51 and the SMAC mimetics LCL-161 or birinapant. Interestingly, in the bulk cell 

population, and the HSA+ and HSA- fractions, while there was no cell death in VSVΔ51 infected 

cells, there was a significant increase in cell death when VSVΔ51 was combined with either SMAC 

mimetic. The percent cell death was higher than that of combination with MG1 and SMAC 

mimetics as well (in the case of LCL + MG1 mean cell death in the HSA+ fraction, is around 40% 

whereas for LCL+VSVΔ51 this was around 60%). This increase in cell death was accompanied 

by a trend in decrease of proviral HIV DNA. These results show that while VSVΔM51 and SMAC 

mimetics were unable to kill cells on their own, SMAC mimetics can be used as viral sensitizers 

to enhance VSVΔM51 mediated cell death. 

Next, the role of TNFα was once again investigated. It was seen that VSVΔ51 infected 

cells or cells treated with VSVΔ51 in combination with SMAC mimetics produced TNFα at much 

higher levels compared to that of infection with MG1. Hence, the higher amount of TNFα present 

in the cell culture when cells are treated with SMAC mimetics plus VSVΔ51 may be one of the 

contributing factors of higher amounts of cell death compared to SMAC mimetics plus MG1. Still, 

the exact role of TNFα remains to be elucidated. 

Lastly, the role of IFNα in combination treatment with VSVΔ51 and SMAC mimetics was 

evaluated. Interestingly, there was a slight but not statistically significant decrease in the amount 
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of IFNα produced when VSVΔ51 was used in combination with either LCL-161 or birinapant. 

Hence, it could be that the decrease in IFNα upon combination treatment may be one of the reasons 

why cell killing is not observed when cells are only infected by VSVΔ51, but is observed in 

combination treatment.  

Overall, it was shown that SMAC mimetics can increase MG1 and VSVΔ51 mediated cell 

death in HIV-infected MDM. Oncolytic virus infection and combination treatment results in the 

production of TNFα, which is one of the drivers of cell death but is not the only mediator. 

Furthermore, SMAC mimetic treatment slightly dampens the IFNα production induced by 

VSVΔ51 infection, which may be one of the reasons why VSVΔ51 mediated killing is increased 

in combination treatment. These results show that using SMAC mimetics alongside oncolytic 

viruses to kill HIV-infected MDM is a viable option to enhance oncolytic virus mediated killing. 

 

6.4. Pseudotyping MG1 with HIV envelope protein 

 

 MG1 mainly uses the LDL receptor for viral entry, granting it broad tropism145. This is a 

useful trait from a cancer perspective as this means MG1 can be used to target many different types 

of cancer150,152,294. Since engineering oncolytic viruses such as VSVΔ51 and MG1 are relatively 

straightforward and have been done extensively to change their tropism250,251, vaccine 

development, and delivering agents such as cytokines and chemokines to their targets149,239,240, it 

was hypothesized that the tropism of MG1 can be changed via pseudotyping it with the HIV 

envelope protein gp160 and modified versions of gp160. 

Studies on VSV has shown that there is a signal at the gp41 portion of gp160 which 

prevents incorporation of gp160 to VSV virions250 implying that this portion needs to be removed 

or replaced for the pseudotyping to work successfully. This finding is confirmed in another study 
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where VSV pseudotyped with a fusion protein composed of gp120 with the CT tail of VSV G 

glycoprotein to generate rhabdo-immunodeficiency virus (RhIV) has been shown to infect human 

osteosarcoma cells that display CD4 and CCR5 receptors, and transgenic mice that express human 

CD4 and CCR5 in mouse CD4+ T-cells295. RhIV was also able to result in a significant decrease 

in CD4+ T-cells 4 days post infection when transgenic mice that express human CD4 and CCR5 

receptors and lack the IFNAR receptor were infected via intraperitoneal injection295. In the same 

study, immunocompetent transgenic mice were also able to be infected with RhIV with varying 

degrees.  

The classical VSV rescue protocol requires infection of cells with T7 polymerase 

expressing vaccinia virus, then subsequent transfection of cells with VSV N. P, L single gene 

plasmids along with full length VSV plasmid. All of the transfected plasmids are under the control 

of T7 promoter, thus the vaccinia infection is required to drive the transcription of VSV 

plasmids265. Although other protocols have been established  which do not require infection with 

T7 expressing vaccinia virus, but do require cells that have been transfected to express T7 

polymerase296,297, these protocols have not been used in this work. Following transfection, cells 

are incubated for 48h, until cell death can be seen, the supernatants are collected and vaccinia virus 

filtered out via the use of a 0.22µM syringe filter, and the supernatant is used to further infect cells 

and thus amplify the newly rescued virus. 

Clones of MG1 containing full length gp160, truncated gp160, and gp120 fused to MG1 G 

CT tail were generated by either restriction enzyme cloning or the PCR based cloning technique 

Gibson assembly. The HIV envelope chosen was from the p96zm651 envelope expression 

plasmid, yielding a CCR5 tropic HIV envelope. Following the generation of clones, the plasmids 

were sent to full length plasmid sequencing, and the plasmids were verified to not contain any 
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insertions, deletions, or other mutations that might cause a frameshift in the reading frame, early 

termination or amino acid sequence change. To rescue the pseudotyped MG1 clones, the classical 

VSV reverse genetics rescue system was employed. Vero cells were infected with T7 vaccinia, 

and transfected with MG1 single gene plasmids along with the modified MG1 backbone. After 

48h, the supernatant was collected and filtered, and passed on to GHOST cells that express CD4 

and CCR5. Unfortunately, the rescue using this protocol was unsuccessful.  

Next, each step of the VSV rescue protocol was changed to see if the changes would result 

in a pseudotyped MG1 virus. The first step that was changed was the MOI of vaccinia virus. 

Studies by Yang et al., show that MOI of vaccinia virus used in VSV rescues determine the 

efficiency of the rescue, and that MOI 5 of vaccinia virus was the most efficient in their rescue of 

mCherry expressing VSV vector, as measured by the detection of mCherry when using the BSR-

T7 cell line298. However, in the MG1 rescue protocol, it was observed that MOI 5 of vaccinia virus 

infection was killing the cells before they had a chance to produce the virus, as Vero cells used in 

the MG1 rescue protocol do not produce type 1 interferons and therefore are very permissive to 

most viral infections299. Experiments using WT MG1 showed that using a lower MOI such as MOI 

1 results in viral production whereas higher MOIs do not. Unfortunately, changing the vaccinia 

virus MOI did not result in production of psedutoyped MG1. 

Following this, GHOST cells were used for the viral rescues instead of Vero cells, as it was 

hypothesized that perhaps the pseudotyped MG1 virions are being produced but the lack of CD4 

and CCR5 receptors on Vero cells block re-infection and result in the death of any produced virion. 

For this protocol, MOI 1 was chosen along with 24h incubation time following transfection, as this 

combination proved to work for the rescue of WT MG1. When this did not work, extra single gene 

plasmids were added to the transfection mix rather than the standard N, P, and L. The first thing 
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that was considered was the total size of the MG1 clone constructs. It was hypothesized that since 

N nucleoprotein wrapping the genome of VSV is required for the binding of RdRp to start 

transcription300, and that MG1 containing HIV envelope has a larger genome size than WT MG1, 

more N protein may be required to kick-start the transcription. Hence, the amount of N single gene 

plasmid was increased in the transfection but this change did not result in production of infectious 

virions. Next, extra HIV envelope expression plasmid was added to the rescue with the intent of 

increasing incorporation efficiency of HIV envelope into the virion, along with adding in extra 

HIV envelope expression plasmid with extra N single gene plasmid, which where again 

unsuccessful. 

The next thing hypothesized was to see if increasing transfection efficiency could help in 

viral production. To do this, HEK 293T cells were used for transfection. Along with this, different 

transfection reagents such as Fugene, Fugene 4K, and GeneJuice, were used to transfect cells. 

Although transfection was verified by the presence of GFP under confocal microscopy, when the 

supernatant was transferred to GHOST cells to amplify the virus, no infectious virions could be 

obtained. 

Lasty, a HEKTrex cell system that produces VSV G upon stimulation with doxycycline 

was used for the rescue to aid budding off viruses with the presence of VSV G. This cell rescue 

system has been shown to work in rescuing G-less MG1 virus301. However, similar to previous 

optimizations, no infectious virions were obtained. 

In all these trials, although transfection could be confirmed via the presence of GFP, 

infectious virions did not form. This suggests that the problem steps are most likely: 

1. Transcription and translation of HIV envelope protein 

2. Accurate processing of HIV envelope protein 
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3. Budding and subsequent infection  

 

• Transcription and translation of HIV envelope protein 

Although appropriate start/stop codons were added and rhabdovirus specific start stop 

sequences were present in each intergenic region, it might be that the Maraba virus transcription 

machinery is not equipped to efficiently handle the transcription of HIV envelope protein inserts. 

The full length, truncated, or fused to MG1 G CT tail (869 amino acids (aa), 715 aa and 742 aa 

respectively) are significantly longer than the native MG1 G glycoprotein at 513 amino acids. 

Moreover, it has been shown that using synonymous codons to disrupt homopolymeric sequences 

greater than 4 nucleotides has significantly improved the genetic stability of VSV-env245, which 

was not done in this study. Although there must be some translation of the HIV env since GFP was 

detected at the transfected cells, which lies downstream of the HIV envelope, the amount produced 

may not be enough for sufficient incorporation and budding. 

 

• Accurate processing of HIV envelope protein 

Upon being translated, HIV env gp160 is targeted to go to the rough endoplasmic reticulum 

surface by a signal in its N terminal domain. A ‘stop-transfer’ signal present in the CT tail of the 

gp41 portion of env prevents gp160 to be fully internalized into the ER lumen, which situates the 

gp120 portion to be inside the ER to get glycosylated with N- and O-linked oligosaccharide chains, 

whereas a portion of gp41 stays in the cytoplasm. Inside the ER, gp160 oligomerizes into trimers, 

which triggers gp160 to be trafficked to the Golgi complex302. Here, gp160 gets cleaved into its 

mature form via furin and furin-like proteases at highly conserved K/R-X-K/R-R motif303. This 

cleavage results in gp120, the surface portion of the glycoprotein and gp41, the transmembrane 
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portion of the glycoprotein. Following this step, gp120 and gp41 remain bound via non-covalent 

interactions, forming the heterotrimeric mature HIV envelope. Env is rapidly recycled after its 

arrival to the cellular membrane by endocytosis, and some gp120 is shed. This results in about 10 

envelope particles getting incorporated per virion304.  

Since the MG1 clone containing the full length HIV envelope does have gp41, its targeting to 

the ER lumen might not have caused an issue. However, VSV and MG1 replication cycle is much 

faster than that of HIV, which means that the error prone RdRp might introduce errors to env, 

resulting in inaccurate targeting295. In case of the truncated clone and the env-MG1 G fusion clone, 

neither have the ‘stop-tranfer’ signal present in the CT tail of gp41, which might have caused the 

glycoprotein to fully enter the ER, preventing it from getting further processed or incorporated in 

to the virions. 

According to The Human Protein Atlas,  HEK293T cells and derivates, and GHOST cells 

do express furin305. Similarly, Vero cells express furin as well, as studies show that Vero cells can 

be used for a SARS-CoV-2 model, where the S protein gets cleaved into S1 and S2 subunits via 

furin306. Studies that have pseudotpyed VSV with env show that transferring the supernatant 

following transfection into HEK cells that overexpress furin yields higher titers of the pseudotyped 

VSV, and the resulting env trimers can elicit an antibody response251. This suggests that if env was 

properly targeted to the Golgi apparatus to get cleaved, the cell lines used to transfect and amplify 

the virus are appropriate choices as they all express furin. However, using  a cell line that 

overexpresses furin might have helped in processing of env.  

 

• Budding and subsequent infection  
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Although all research regarding pseudotyping has been done with VSV and not Maraba virus, 

the two are genetically similar146, allowing us to extrapolate the information from VSV to be used 

to study Maraba virus. G-less rhabdoviruses can still bud off from cell, but the presence of G 

glycoprotein CT tail results in more efficient budding307. Studies using pseudotpyed VSV with env 

show that VSV G tail is required for incorporation of HIV env. The reason for this might be that 

the cytoplasmic domain of env might be too long to incorporated into the VSV virion or that there 

is a signal at the tail of env that directs its localization away from sites of VSV budding. It was 

also shown that the incorporation of env is much lower compared to VSV G to the virions which 

might be due to gp160 targeting to the cell surface (detected at 8h post infection)  being slower 

than VSV G (detected at 4 hours post infection). Lastly, viral titer of pseudotyped VSV has been 

shown to be 10-fold lower than wildtype249.  

Taken together, these studies suggest even if HIV envelope or envelope-G fusion were 

properly processed, they might have localized at sites different than were MG1 would bud off, the 

glycoprotein might have been too long to be incorporated into MG1, and even if the virus assembly 

was properly achieved, it might have resulted in a lower titer of virus. Since the cell type used to 

amplify the virus does have intact interferon signaling, the cells might have mounted an interferon 

response, resulting in the eradication of pseudotyped virus. 

 

6.4.1 An ideal world – would MG1 pseudotyped with HIV envelope be able to kill latently HIV-

infected cells? 

 

 To date, MG1 has never been pseudotyped with another viral protein, so concerns raised 

here will be based on experiments done with VSV. VSV pseudotyped with HIV envelope has been 

shown to successfully target CD4+ T-cells249,295. In the case of clones produced in this work, a 

CCR5 tropic HIV envelope was chosen to pseudotype MG1. Since HIV can use CCR5 and CXCR4 
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co-receptors and these co-receptors are differentially expressed on the target cells of HIV308, to 

fully infect all cells that harbor HIV, pseudotyped viruses with different tropisms might have to be 

made.  

Although it is hard to say what the viral production rate would be for MG1 pseudotyped 

with env, if it follows the same pattern as VSV and the titer is lower compared to WT, viral 

sensitizers that boost the viral production and aid in MG1 killing might need to be used. As shown 

in previous chapters in this thesis, SMAC mimetics might be a good candidate to use alongside to 

increase killing.  

Studies done with VSV-env showed that when humanized mice wereinfected with the 

virus, clearance of the infection conferred protection against re-infection and even though high 

titers of HIV env binding antibodies were found, a B-cell response was not required for 

protection295. In another study, VSV pseudotyped with env was able to stimulate potent protective 

antibody responses against HIV env, including neutralizing antibodies245. These studies suggest 

that if MG1 pseudotyped with HIV env is used to kill HIV-infected cells rather than a vaccine 

agent, a neutralizing antibody response might be generated, decreasing the effectiveness of the 

virus.  

 

6.5 Future directions 

 

6.5.1 Increasing the specificity of MG1 

 

 Although pseudotyping a virus is one way to change its specificity, it is not the only way. 

MG1 can be genetically engineered to selectively replicate in cells that contain HIV proteins. For 

example, HIV protease cleavage site can be inserted to the intergenic or intragenic regions of the 

MG1 genome. Heilmann et al., have successfully introduced autocatalytically active cleavage sites 
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to the P gene or between the GFP and L genes of allowing the virus to have an ON/OFF switch 

for VSV replication. As such, virus replication can be enabled or inhibited using protease inhibitor 

depending on the viral construct. In the ON construct, the P gene autocatalytically gets cleaved 

without the protease inhibitor, and VSV cannot replicate. This construct was evaluated in vivo 

using mice with U87 tumor xenografts. When mice were injected with VSV-Pprot-GFP along with 

the protease inhibitors amprenavir (APV) and ritonavir (RTV) a decrease in tumor size and 

increased survival was observed. In another construct, the protease dimer was inserted between 

the reporter GFP and L, effectively fusing these genes together. With the addition of protease 

inhibitor, the fused GFP and L genes cannot separate and become functionally inactive, and the 

virus cannot replicate. In NOD-SCID mice with subcutaneous G62 glioblastoma xenografts, Prot-

OFF viral injections resulted in neurotoxicity 15 days post injection. However, this neurotoxicity 

was less compared to mice injected with WT VSV. The addition of protease inhibitor successfully 

stopped viral replication, resulting in no neurotoxicity but loss of tumor control309.  

As evidenced by this study, using MG1 engineered to have autocatalytic cleavage sites 

may work to control its replication in tissues that carry the target cells of HIV. Using an engineered 

MG1 virus that could be switched on/off or that has specific tropism for certain cells along with 

SMAC mimetics would enhance the combination therapies effectiveness and specificity, therefore 

allowing for an easier transition to the clinic. 

 

6.5.2 Testing combination therapy with MG1 and SMAC mimetics in other HIV infection 

models 

 

Another important cell model that can be used to expand upon the work of this thesis is 

latently infected CD4+ T-cells. Our research group has previously utilized the CCL19 latent 

infection model, where resting CD4+ T-cells from healthy donors are treated with CCL19 to 
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enhance nuclear localization and integration of HIV,  and then spinoculated with HIV159,310. It was 

shown that there was a significant decrease in integrated proviral HIV DNA upon treatment with 

MG1. Furthermore, the capacity of MG1 to eradicate latently infected CD4+ T-cells from PLHIV 

on cART was demonstrated via a decrease in viral outgrowth and HIV gag RNA following MG1 

infection of isolated CD4+ T-cells.  

SMAC mimetics have also been shown to selectively kill HIV-infected CD4+ T-cells in 

several different studies232,311. Hence, combining SMAC mimetics with MG1 to kill latently 

infected CD4+ T-cells would be the best next move to evaluate the effects of combination therapy 

in all relevant latently HIV-infected cell types.  

  

6.5.3 Testing MG1 in animal models for HIV study 

 

 In order to translate combination therapy with MG1 from the laboratory to the clinic, its 

effect on in vivo HIV infection models must be evaluated. The two main animal models used to 

study HIV are humanized mice and non-human primates. Humanized mice are generally the first 

choice to move studies in vivo. Even though NHP models have a more similar physiology to 

humans, there are several barriers in using them such as cost, ethics, and restriction factors312. 

 Humanized mice usually come from an immunocompromised background and are 

engrafted with human cells or tissues to form a human-like immune system. Currently, our 

research group is testing MG1 therapy in humanized cord blood cardiac surgery thymus (CCST) 

mice. This is a NOD/SCID/IL2rγnull background mouse model, meaning its non-obese diabetic, 

lacks mature B and T cells and does not have NK cell activity, that is engrafted with cord blood 

derived CD34+ cells and allogeneic pediatric thymus tissue. CCST mice have been shown to have 

60% hCD45+ reconstitution in the blood at 5 weeks post humanization (wph). Furthermore, hCD3+ 
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cells could be detected after 2 wph at around 3.6%, which then gradually increased. The T-cell 

function of CCST mice were verified with allogeneic human tumor challenge and ex vivo PHA-

dependent stimulation assay. Most importantly, CCST mice were able to support HIV infection 

and generate HIV-specific T-cell responses. The infection was able to be controlled with cART 

treatment, and upon treatment cessation, virus could be detected in the blood, showing that CCST 

mouse model can be used as a model for HIV persistence. 

 Our research group has assessed the tolerability of MG1 in HIV uninfected CCST mice. 

Although MG1 can be tolerated in healthy mice144 at doses up to 1x108, it is important for the 

safety of MG1 to be evaluated in this immunocompromised mouse model. Unfortunately, MG1 

that was administered via IV at 1x106 pfu showed systemic infection and poor tolerability. Hence, 

the intraperitoneal (IP) administration route was investigated. MG1 administered at doses 1x106 

pfu and 1x108 pfu showed improved survival rates compared to the IV administration, with 4/6 

mice reaching endpoint. The two mice that did not reach endpoint were older than their cohorts, 

implying that age of the CCST mice is an important factor in determining their tolerability to MG1 

treatment (unpublished). Currently, the safety of multiple doses of MG1 in HIV uninfected CCST 

mice, as well as the effect of MG1 on HIV-infected and cART treated CCST mice are undergoing 

investigation. The results of this study will give us insight on MG1’s distribution in the CCST 

mice model following infection, its tolerability in HIV-infected and cART treated CCST mice, and 

its ability as a potential therapy to eradicate latently HIV-infected cells, allowing us to better 

modify MG1 to be used in the clinic.  

Combination therapy with the  OV VSVΔ51 and SMAC mimetics have been shown to 

increase survivability and decrease tumor size in many different cancer mouse models237–239.  
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Hence, the efficacy of combination therapy with MG1 and SMAC mimetics in eradicating latently 

HIV-infected cells in CCST mice can also be evaluated. 

 MG1 has already been tested in NHP models as a booster vaccine in the Ad:MG1 strategy 

for the MAGEA3 antigen along and has shown to be well tolerated and systemically distributed313.  

Furthermore, NHP models are already being widely used in HIV vaccine development, 

antiretroviral drug development, and microbicide development314. Moving forward, evaluating 

HIV reservoir size in SIV or SHIV-infected NHP models after MG1 treatment will give valuable 

insights with regards to MG1-based HIV cure strategy.  

 

6.6 Conclusion 

  

 The objective of this thesis was to determine whether combination therapy with MG1 and 

SMAC mimetics can kill HIV-infected cells. As there is no cure for HIV , it is of utmost importance 

to investigate possible therapies that can eradicate the latently/persistently infected cell 

populations. It was shown that combination treatment with MG1 and SMAC mimetics result in 

enhanced killing of HIV-infected cell lines and monocyte derived macrophages. It was also shown 

that SMAC mimetics can be used to enhance VSVΔ51 mediated killing, which was previously 

shown to be unable to induce killing in HIV-infected cells. This study opens up the way to show 

how OV mediated killing of HIV-infected cells can be enhanced and lays the groundwork to use 

combination treatment in humanized mice models to increase the efficacy of MG1-mediated 

killing. Using SMAC mimetics to sensitize HIV-infected cells to MG1-mediated killing, provides 

us with another useful tool in our arsenal to fight HIV infection and hopefully will bring us one 

step closer to a cure for HIV. 
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