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Abstract

Since the start of the HIV/AIDS epidemic in 1981, 75.7 million people have become
infected with HIV, and 32.7 million have died as a result. Fortunately, life-saving treatment
regimens have been developed. Combination antiretroviral therapy (cART) is effective at
reducing viral load to an undetectable range, thus preventing transmission of HIV. However,
cART is not a cure. Latent and persistent viral reservoirs persist in vivo, and act as pools of
infectious virus capable of re-activation if cART is abrogated. In the present work, we
investigate the use of an oncolytic virus called MG1, which is capable of targeting and killing HIV
infected CD4+ T cells and macrophages in vitro. We sought to determine the mechanism of cell
death induced by MG1 to kill HIV infected cells. Our results indicate that MG1-induced cell
death of HIV infected cell lines, is independent of caspases, and that caspase 3 and 7 activity is
downregulated in HIV infected cell lines. We also determined that HIV infected primary
monocyte-derived macrophages are preferentially killed by MG1 over the uninfected bystander
cells. Ultimately, these results provide important insight towards how MG1 kills HIV infected
cells in vitro, and together with future work, we hope to become one step closer to a potential

cure for HIV.
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Chapter 1: Introduction

1.1 History of HIV-1 and AIDS

The story of HIV/AIDS begins as early as the 1930’s?, however, it wasn’t until the 1980’s
when physicians and scientists in the United States first became aware of the disease now
known as HIV/AIDS?. In the summer of 1981, physicians in California saw an emergence of
Pneumocystis pneumonia as well as a rare type of cancer called Kaposi’s sarcoma in young gay
men3*. For some time, the condition was referred to as “the gay cancer” until the Centers for
Disease Control (CDC) ultimately coined the condition as GRID (Gay — Related Immune
Deficiency), resulting in a high degree of stigma towards the gay community.

As cases began to rise among men who have sex with men (MSM), it became apparent
that the condition was also identified in injection drug users (IDU), haemophiliacs, persons of
Haitian origin, and heterosexuals®, proving the disease to infect many different types of people.
By 1982, the CDC had used the term AIDS (Acquired Immune Deficiency Syndrome) to describe
the disease for the first time®.

By 1983, 35 countries around the world had confirmed cases of AIDS, and in the same
year, a human T-lymphotrophic retrovirus (HTLV) believed to cause AIDS was isolated®. By the
following year, an alarming 3,500 deaths from HIV/AIDS was reported in the USA. The year
1986 brought emergence of the new name for the virus; Human Immunodeficiency Virus (HIV)’.

The year 1987 finally brought the first Food and Drug Administration (FDA) approved

drug to treat HIV infection — the thymine analog, Azidothymine, or AZT. AZT acts as a potent



inhibitor of HIV reverse transcriptase, a crucial enzyme involved in the viral life cycle®. Since the
approval of AZT, many other antiretrovirals were introduced, including HIV protease inhibitors

(PI’s), integrase inhibitors, and attachment/entry inhibitors®. Today, combination antiretroviral
therapy (cART) is the gold standard for the treatment of HIV infection, and HIV/AIDS treatment
has come a long way since 1987.

Despite improvements in HIV treatment throughout the years, and an excellent 52%
reduction in global HIV infections since the peak in 1997, 1.5 million people were newly
infected in 2020%°. In 2014, the United Nations Programme on HIV/AIDS (UNAIDS) set out the
90-90-90 goal, with hopes that by 2020, 90% of people living with HIV (PLWHIV) will know their
status, 90% of those who know their status will be accessing treatment, and 90% of those
accessing treatment will be virally supressed®'. Unfortunately, in 2022, we have not yet
attained this goal.

Key populations of those at highest risk for HIV currently include (1) sex workers, (2) gay
men and other MSM, (3) people who inject drugs, (4) women and girls, (5) transgender people,
and (6) people in the prison system!?. Many PLWHIV face challenges accessing treatment due
to poverty, limited access to medical care, stigma, and gender inequalities to name a few.

Although we have come a long way since the 1980s, the global HIV/AIDS epidemic
remains ongoing, and although excellent treatment such as cART does exist, the search for an
HIV cure continues, and the importance of developing novel therapeutic strategies to eradicate

HIV, is critical.

1.2 HIV-1 Viral Pathogenesis and Infection



1.2.1 Viral Life Cycle

HIV-1 is classified under the Baltimore classification as a class VI (+) sense single —
stranded RNA virus. It belongs to the family Retroviridae and the genus Lentivirus. HIV-1 is an
enveloped virus that houses a 9.75 kb genome encoding 9 viral genes, that translate into 16
viral proteins2. HIV Gag is an essential gene encoding structural proteins including the capsid
(CA), matrix (MA), nucleocapsid (NC) and p6. HIV Pol encodes proteins essential in reverse
transcription, a process unique to retroviruses whereby the RNA genome is reverse transcribed
into DNA for it to be integrated into the host genome. HIV Pol encodes four proteins: reverse
transcriptase (RT), protease (PR), RNaseH, and integrase (INT). The HIV Env gene encodes the
viral envelope glycoproteins gp120 and gp41. Six regulatory genes are also encoding by the HIV-
1 genome; Tat, Rev, Vpr, Vpu, Nef, and Vif. HIV can be divided into HIV Type 1 (HIV-1) and HIV
Type 2 (HIV-2)!2. Since this project focuses only on HIV type 1, it will be referred to hereafter as
“HIV”.

HIV transmission occurs through contact with infected blood, semen, or vaginal fluid,
primarily through sexual contact or intra-venous (IV) drug usage with an infected individual®3.
Vertical transmission can also occur from mother to child through pregnancy, vaginal delivery,
or breastfeeding®. The HIV lifecycle begins when the virus binds to the CD4 surface receptor of
a CD4-expressing immune cell, most notably CD4+ T cells, macrophages, and dendritic cells
(DC’s)*. HIV gp120 binds to CD4, triggering a conformational change in the glycoprotein,
allowing it to bind the co-receptor; CCR5 or CXCR41®. After binding to the co-receptor,
membrane fusion occurs, allowing entry of HIV into the host cell via clathrin-mediated

endocytosis’.



The nucleocapsid undergoes partial uncoating, leaving reverse transcription to begin in
the cytoplasm?2. After RT reverse transcribes the viral ssRNA into dsDNA, HIV integrase
facilitates integration of the dsDNA into the host DNA within the nucleus, forming a provirus.
Proviral DNA may then be transcribed by the host RNA polymerase Il resulting in unspliced
RNA. The first round of splicing results in the Tat, Nef, and Rev genes. After protein synthesis,
Rev can facilitate nuclear export of the remaining mRNA transcripts by binding the Rev
Response Element (RRE), a hairpin loop located near the 3’ LTR region of the viral RNA'®. With
all required mRNA transcripts now exported from the nucleus, synthesis of HIV structural
proteins can be completed by host ribosomes in the cytoplasm.

Assembly of the viral genome and nucleocapsid occurs via the accumulation of matrix
(MA) proteins at the cell membrane and the recruitment of Env to form the viral envelope®.
When the capsid structure is complete, the virus buds off with the help of Vpu which cleaves
the host protein; tetherin??.

The final step of the HIV life cycle is maturation. HIV protease (PR) cleaves the poly-
proteins — Gag, Gag-Pol, and Env, finalizing the maturation of the virus and resulting in a mature
virion, capable of future rounds of replication?. After release of the infectious progeny, new
virions can infect CD4-expressing tissue resident immune cells and travel within the blood

stream to other areas of the body, thereby spreading the infection systemically?>23.

1.2.2 HIV infection and the immune system

1.2.2.1 CD4+ T cells



Since HIV targets cells of the immune system, immune dysfunction is inevitably
associated with HIV infection, both at the innate and adaptive arms of the immune system.
Since the primary cellular target of HIV is CD4+ T lymphocytes, one of the most notable features
of HIV infection is the profound decrease in the number and function of these cells?*. In the
early stages of HIV infection, intestinal CD4+ T cells undergo rapid depletion, and thymocyte
development is impaired, making it difficult to produce new cells?>26, CD4+ T lymphocyte
abnormalities also include decreased proliferation and production of IL-2%7, downregulation of
the activation ligand CD40?8, increased expression of apoptotic markers, and increase in the
number of T cells undergoing apoptotic cell death?®. Productively infected CD4+ T cells
represent a small portion of the CD4+ T cell population, and bystander cell death accounts for a
large portion of T cell death during HIV infection, thus contributing to the high degree of

immune dysregulation3%31,

1.2.2.2 Bystander cell death during HIV infection

Bystander cell death can occur through either (1) activation-induced cell death (AICD),
(2) the effects of viral proteins released from infected cells acting on nearby cells, or (3) a
combination of the two. For example, HIV gp120 has been shown to induce cell death of
bystander cells via binding to the CD4 receptor32.HIV Tat can also cause bystander cell death via
uptake of Tat by neighboring cells, resulting in upregulation of caspase 833 and FasL3*. HIV Nef
has also been shown to induce bystander cell apoptosis via inserting into the plasma membrane
(PM) of neighboring T cells and disrupting membrane homeostasis®. Furthermore, AICD can

occur in HIV infection via HIV gp120 engagement with CD4, leading to upregulation of Fas and



FasL on the surface of the cell and thus, Fas/FasL induced apoptosis can occur3®37, HIV Tat has

also been shown to increase FasL expression, resulting in AICD via FasL induced apoptosis®.

1.2.2.3 CD8+ T cells

Studies using Simian Immunodeficiency Virus (SIV) infected macaques have
demonstrated the importance of cytotoxic CD8+ T cells in the control of HIV infection (reviewed
in 39). Similar to CD4+ T cells, CD8+ T lymphocytes of PLWHIV also harbour functional
abnormalities. CD8+ T cells have been found to have increased expression of the inhibitory
marker PD-1%°, and low levels of perforin*! suggesting T cell exhaustion, therefore making it
difficult to fight off infection(s). As CD8+ T cells become exhausted, they begin to lose
proliferative capacity, cytotoxic potential, and restrict the production of IL-242. As CD8+ T cells
become chronically exposed to viral antigen, they begin to have difficulty producing IFN-y along
with other cytokines*® and show increased susceptibility to apoptosis primarily through
decreased expression of the anti-apoptotic protein; Bcl-244. T regulatory cells (Tregs) can also
contribute to T cell exhaustion through the production of IL-10, which inhibits T cell

proliferation (reviewed in %°)

1.2.2.4 Macrophages

Unlike T lymphocytes, HIV infected macrophages harbour resistance to viral cytopathic
effects*®*’, however, they do still have functional abnormalities. HIV has evolved mechanisms
to prevent cell death of infected macrophages. For example, HIV Env can stimulate macrophage

— colony stimulating factor (M-CSF) to downregulate tumor necrosis factor related-apoptosis



reducing ligand (TRAIL) and upregulate anti-apoptotic proteins Mcl-1 and Bcl-1, thus keeping
the infected macrophage alive®®. HIV Tat has also been shown to induce expression of Bcl-2 in
vitro®. Due to their ability to resist cell death while maintaining viral infection, HIV infected
macrophages serve to spread HIV throughout the body, and persist as a viral reservoir, making

them a key target as a potential approach to an HIV cure.

1.3 HIV Cellular Reservoirs

1.3.1 The latent reservoir in CD4+ T cells

The term latency was first used in the clinical sense to describe the long asymptomatic
period between the onset of HIV infection and the development of AIDS. It was later
determined that HIV actively replicates throughout the entire course of infection, including the
asymptomatic period®°. Nevertheless, HIV can establish a state of latency, whereby the term
“latency” refers to a state of dormancy, characterized by the absence of viral replication and
production of virions>°2, Latently infected cells are present during treatment with cART, and
they will “hide” from the immune system and escape immune or cART-mediated clearance.

Although cART is capable of reducing viral load to an undetectable range, the latent
reservoir persists, most often in resting memory CD4+ T cells®3. As HIV infected resting cells
become activated in response to antigen, they undergo clonal expansion and a burst in cellular
proliferation giving rise to effector cells. Most of these effector cells die, however a small
number persist as memory cells. Latent provirus can then persist within these memory cells and

escape cART-mediated clearance (reviewed in >%). Alternatively, HIV latency can also be



established in activated CD4+ T cells, as cells become infected, most will succumb to cytopathic
effects and die, however, some cells will survive long enough to revert to a memory state and
establish latency®>.

Latency can be classified as pre-integration or post-integration latency, with the latter
being the most common>?. In post-integration latency, HIV DNA is first integrated into the host
genome, forming a provirus. Once integration has occurred, a latent state of infection is then
established. HIV latency is reversible, and in vivo, T cell activation is sufficient to induce latency
reversal and the production of viral progeny following the cessation of cART?®.

Latently infected CD4+ T cells are quite rare in cART treated individuals, with an
estimated one copy of latent provirus per 1 million CD4+ T cells®”°8, Studies have also
attempted to identify phenotypic markers of latency. One study by Descours and colleagues in
2017 identified CD32a as a marker of the latent reservoir, however that study was later
disputed by Garcia and colleagues in 2018%°. Thus, no markers have been successfully identified
to date. These challenges have made it difficult to enrich the latent reservoir ex vivo, making it
difficult to study. Researchers have since relied on cell line, and primary cell models of HIV
latency to study the reservoir®13,

As mentioned, HIV latency is often established in activated CD4+ T cells as they revert to
a memory state, however, there is still debate on how this state of latency is maintained within
the cell. Chromatin remodelling has been proposed as a possible mechanism, whereby HIV-1
provirus is located within condensed heterochromatic regions of the DNA, something that was

observed in the latently infected Jurkat derived cell line — J-Lat%¢. However, in vivo studies of



HIV integration sites later revealed that most of the HIV DNA was integrated within actively
transcribed regions of the host genome®>.

DNA methylation has also been proposed as the HIV transcription start site is flanked by
two CpG islands, which are methylated in both J-Lat cells, and an in vitro CD4+ T cell model of
latency®®®’. A few other proposed mechanisms are histone deacetylation, transcriptional
interference, changes in expression of transcription factors, inhibition of RNA polymerase Il

elongation, and RNA splicing/export (reviewed in >%).

1.3.2 HIV Persistence in Macrophages

In addition to the latent reservoir in CD4+ T cells, there also exists a persistent viral
reservoir in vivo. HIV infected macrophages can harbour a persistent infection, characterized by
ongoing low levels of viral replication with resistance to cytopathic effects®®.

In a 2000 study by Chun and colleagues, it was found that CD4+ T cells are not the only
cell reservoir contributing to plasma viremia rebound following the cessation of HAART®®. These
results revealed that there must be existence of another HIV reservoir that can contribute to
viral rebound after cessation of HAART.

A subsequent study by Aquaro et al. in 2002 examining the long-term replication and
expression of HIV in macrophages in vitro found that macrophages survive initial infection with
HIV and continue to produce virus throughout the course of infection®. This study ultimately
concluded that CD4+ T cells represent the latent reservoir, whereby these cells can evade

immune and drug-mediated clearance while no viral replication is occuring, and macrophages



represent the persistent reservoir, where they escape cell death and viral cytopathogenicities,
allowing continued low levels of viral replication.

A much later 2017 study by Honeycutt et al. provided further evidence of the
establishment of a persistent HIV reservoir in macrophages, in vivo’®. Using humanized
myeloid-only mice (MoM), the authors found that 33% of MoM had viral rebound following 7
weeks post anti-retroviral therapy (ART) cessation’®, suggesting the presence of a persistent
infection in tissue-resident macrophages, and the ability of this reservoir to contribute to viral
rebound if ART is interrupted.

One of the most notable features of persistently infected macrophages is their ability to
resist viral cytopathic effects and cell death. This resistance to apoptosis is commonly
associated with changes in expression levels of anti and pro-apoptotic proteins. Members of
the B cell lymphoma 2 (BCL-2) family of proteins have been identified as key players in
conferring apoptosis resistance, thus allowing HIV infected macrophages to persist within the
body’!. BCL-2 family proteins can be classified as anti-apoptotic or pro-apoptotic. A few
common anti-apoptotic BCL-2 family proteins include BCL-2, BCL-XL, and MCL-1. Common pro-
apoptotic proteins in this family include BAX, BAK, BAD, and BID (reviewed in 7%).

HIV replication within macrophages has been found to induce BCL-2 transcription, thus
allowing cell survival’?. Furthermore, HIV infected macrophages have been found to harbour
increased expression of BCL-2 and BCL-XL, accompanied by downregulation of the pro-
apoptotic proteins BAD and BAX’3. HIV proteins Tat and gp120 have also been shown to induce
expression of triggering receptor expressed on myeloid cells 1 (TREM-1) on macrophages.

When TREM-1 is stimulated, this induces expression of BCL-2, leading to macrophage survival“®.
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Several other proteins are also involved in HIV infected macrophage survival.
Expression of cellular IAP1 (clAP1) and clAP2 has been found to offer protection from HIV Vpr
induced apoptosis in infected monocyte-derived macrophages (MDM) and phorbol-12-
myristate-13-acetate (PMA) treated THP1 cells’4. HIV Vpr has been showed to upregulate the
anti-apoptotic protein survivin, which is responsible for protecting x-linked inhibitor of
apoptosis (XIAP) from proteasomal degradation, thus protecting the cell from intrinsic
apoptosis’®. Figure 1 depicts examples of cellular proteins either upregulated or downregulated
in HIV infected macrophages, thus favouring their survival.

Aside from escape from cell death, HIV persistently infected macrophages can reside in
immune privileged tissues such as the brain and the genital tract and possess very long half
lives ranging from ~ 2 months for alveolar macrophages’®, up to decades old in microglia””.
Furthermore, persistently infected macrophages can also spread virus throughout the body?2.
HIV infected macrophages can recruit CD4+ T cells via release of chemotactic factors’®. A
virological synapse is then formed between MHCII and TCR, allowing the transfer of virus from
one cell to another®. This mechanism allows transfer of viral particles and spread of the
infection while evading immune or drug-mediated clearance during cART.

It is clear from the topics discussed in section 1.3, that both the latent HIV reservoir in
CD4+ T cells, and the persistent HIV reservoir in macrophages serve as two distinct pools of
virus within the body and can both contribute to viral rebound following cessation of cART. To
elaborate, cART is not capable of eradicating the latent, or persistent reservoir, thus these

reservoir cells are an obvious obstacle in complete elimination of HIV from the body.
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Figure 1. Expression levels of proteins involved in apoptosis are altered in HIV infected

macrophages, favouring their survival. Schematic made on Biorender.com
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1.4 Current HIV-1 cure strategies

1.4.1 Latency Reversal

One of the most highly investigated approaches to an HIV cure is the “shock and kill”
strategy. Latently infected cells are first “shocked” using a latency reversal agent (LRA) to
reactivate latent provirus. Activated cells are then killed via the immune response or through
viral-induced apoptosis®?. A few common LRA’s that have been identified include histone
deacetylase inhibitors (HDACI), bromodomain (BRD4) inhibitors, protein kinase C (PKC) agonists,
toll-like receptor (TLR) agonists, and extracellular receptor stimulants (reviewed in ).

Histone deacetylation causes the constriction of DNA, thus restricting gene expression
and contributing to viral latency. HDACi’s inhibit histone deacetylation, thus allowing viral genes
to be expressed, and latency reversal®2. One of the most researched HDACi is Vorinostat (also
known as SAHA). In 2012, Archin et al. demonstrated the ability of SAHA to reactivate latent
provirus ex vivo. Resting CD4+ T cells were isolated from 8 patients on HAART and treated with
SAHA, resulting in a 4.8-fold increase in HIV RNA, leading to the conclusion that SAHA can
reactivate latent provirus®. However, it was later identified that although SAHA is capable of
viral reactivation, it does not reduce the size of the HIV reservoir®, providing insight to the fact
that a sufficient “kill” approach is still needed.

BRD4 inhibitors have been evaluated as LRA’s since BRD4 has been identified as a
negative regulator of HIV replication. BRD4 is a host co-factor that competes with HIV Tat to
bind positive transcription elongation factor (P-TEFb), leading to increased RNA polymerase ||

(RNAPII) processing®L. The inhibition of BRD4 by LRA’s such as JQ1, allows Tat to bind P-TEFb,

14



leading to expression of HIV genes and latency reversal, which has been observed in both cell
lines® and primary CD4+ T cells®®.

Notable other LRA’s currently under investigation include PKC agonists such as
Bryostatin-1, and Prostatin®”-28, TLR agonists such as Resiquimod?®® and Lefitolimod, the latter
being currently under phase 2a clinical trials as an LRA (NCT02443935)%°, and extracellular
receptor stimulants such as the CCR5 antagonist Maraviroc®?.

LRA’s are notably useful for the reactivation of the latent reservoir, however, to develop
LRA’s as a potential HIV cure strategy, more research must be conducted to identify additional
compounds for total eradication of the reservoir. Although many LRA’s have been identified,
effective “kill” agents are required to complete the “shock and kill” therapy. One such strategy
is the use of therapeutic vaccines to eradicate the reservoir following reactivation. Two
potential therapeutic vaccines include DC-HIV and ALVAC-HIV®2. DC-HIV is made using dendritic
cells stimulated with heat-inactivated HIV®3, while ALVAC-HIV is a canarypox vector comprising
of Env, Gag, Pol, and Nef**®>, In a 2011 study, the DC-HIV vaccine elicited a broad T cell
response against Gag, Nef, and Env and DC-HIV vaccine recipients demonstrated a decrease in
viral load compared to control recipients®3. In 2005 and 2006, ALVAC-HIV vaccine recipients
showed increased CD4 and CD8 T cell responses and increase virologic control in two separate
randomized control trials®*°>. A few other possible therapeutics to eliminate the HIV reservoir
include apoptosis inducers such as BcL-2 antagonists, PI3K/Akt inhibitors, and SMAC mimetics
(currently under investigation by our group), as well as RIG-I inducers which activated RIG-|

receptors to sense viral RNA%®,
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1.4.2 Genetic Alterations

In 2009, a paper published in the New England Journal of Medicine (NEJM) by Hutter et
al. gained quick popularity as it described a 40-year-old HIV+ man undergoing treatment for
acute myeloid leukemia, who achieved complete viral remission in the absence of cART
following a stem cell transplant from a donor who had a mutation in the CCR5 receptor®’.
Homozygosity for a 32-bp deletion in the CCR5 allele (CCR5A32), results in an inactive CCR5
gene. Since HIV uses CCR5 as a coreceptor for viral entry, genetic defects in CCR5 confer
resistance to HIV®8. This result was an important steppingstone in the development of using
genetic alterations/gene therapy as an HIV cure strategy, however, less invasive strategies that
focus on patient safety must be developed.

Further methods using genetic editing of HIV co-receptors (CCR5 and CXCR4) have been
examined. Most commonly, techniques such as (1) Zinc Finger Nucleases (ZFN), (2)
Transcription Activator-like effector nucleases (TALEN’s), and (3) Clustered Regulatory
Interspaced Short Palindromic Repeats (CRISPR/Cas9) are gaining popularity (reviewed in °°).

ZFN’s can target specific genomic sites!®, thus making them useful for the genetic
editing of CCR5. A 2008 study by Perez et al. used an Adenovirus transduction method to
induce ZFN-mediated modification to the CCR5 alleles of CD4+ T cells isolated from HIV-infected

donors!o?

. Mice engrafted with the modified cells, showed a significant reduction in viral load,
compared to mice engrafted with unmodified cells®. A similar study conducted by Holt et al.
examined the use of ZFN’s in human CD34 HSPC cells, followed by transplantation of these cells

in mice%2. In this study, 17% of CCR5 alleles from HSPC’s were modified, and mice transplanted

with modified cells showed a significant reduction in viremia°2.
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TALEN’s are another gene editing technology similar to ZFN’s, although some studies
have shown that TALEN’s are less cytotoxic than ZFN’s'9%1%4 |n 2018, engineered TALEN’s were
used to generate the CCR5A32 mutation in an in vitro model, using CD4+ U87 cells'®. However,
CRSIPR/Cas9 gene editing technology has been shown even more effective than ZFN’s or
TALEN’s103,

When TALEN’s were compared with CRISPR technology, it was found that CRISPR was
more than twice as effective at generating the CCR5A32 mutation in induced pluripotent stem
cells (iPSC’s) than TALEN’s%. Furthermore, CRISPR/Cas9 technology was capable of excising
pro-viral DNA from patient immune cell engrafts in humanized mice!®”. CRISPR is certainly a
current leader in gene editing technology, with a very recent study (April 2022) identifying host
genes that alter HIV infection (including Vif and Tat binding factors), with the goal of examining
the effects of CRISPR/Cas9 knock-out of these genes and their implications as a possible HIV

cure strategy?®.

1.4.3 Block and Lock

Due to the many challenges in attaining an HIV cure via full elimination of HIV from the
body, the block and lock strategy has been investigated as a functional cure for HIV, whereby
transcription of latently infected cells is silenced, and reactivation is prevented.

Various potential block and lock strategies have been investigated, most of them targeting
proteins involved in viral transcription. One of the most studied block/lock strategies is the use
of Didehydro-Cortistatin A (dCA) as an HIV Tat inhibitor®. Since HIV Tat is responsible for

transcription elongation, it is a suitable target for inhibition!°. dCA has been shown to block
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HIV transcription and reactivation in cell lines, primary CD4+ T cells, and humanised bone

1117113 'nroving to be a promising candidate to employ the

marrow/liver/thymus (BLT) mice
block and lock strategy.

Another potential candidate is a class of integrase inhibitors called LEDGINs. LEDGINSs inhibit
HIV integration into the host DNA and enhance integrase oligomerization resulting in defective
viral progeny**-116_Although still in the early stages, in 2018 Debyser and colleagues postulated
based on previous data that LEDGINs can inhibit viral integration and target residual proviruses
to sites that are less susceptible to reactivation!’. Although a potential pitfall in the use of
LEDGINs may be that they must be administered immediately following acute infection with
HIV in order to affect reservoir formation, and it is currently unknown whether they would have
an effect in patients chronically infected.

Short hairpin RNA (shRNA) has also been investigated as a block/lock strategy. Two shRNA's
called 143 and Prom A were investigated by Kelleher, Suzuki, and colleagues, both of which
target transcription factor binding sites in the long terminal repeat (LTR) promotor region!&113,
These shRNA act to silence HIV transcription via recruiting histone modifiers which promote
chromatin remodeling resulting in heterochromatin®®. Both 143 and Prom A have been
successful at reducing reactivation when treated with LRA’s in the latently infected Jurkat cell

line, J-Lat!°.

1.5 Oncolytic Viruses — a potential HIV cure strategy

1.5.1 Introduction to oncolytic viruses — the cancer field
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Oncolytic viruses (OV’s) have recently emerged as an immunotherapeutic agent for the
treatment of various cancers. OV’s are viruses that can target and kill tumor cells, while sparing

the healthy cells'?°

. Most often, OV’s are genetically modified versions of a naturally occurring
virus to enhance the oncolytic effects, improve selectivity for tumor cells, or attenuate the virus
in healthy cells. To date, many OV’s have been tested in vitro and in clinical trials, with four
OV’s currently approved globally (reviewed in 1%%).

In 2004, the first OV - a Picornavirus called Rigvir was approved for the treatment of
Melanoma, however, it never achieved widespread use'?2. The following year, a genetically
modified Adenovirus called Oncorine (H101) was approved in China for the treatment of head
and neck cancers??3. To follow suit was T-VEC and DELYTACT, both genetically modified herpes
simplex viruses (HSV-1) used to treat metastatic melanoma, and primary brain cancers,
respectfully'?412>,

Both DNA and RNA viruses are being investigated as potential OV’s. DNA viruses have
the advantage of high genomic stability, while RNA viruses are often highly immunogenic?6-128,
Oncolytic DNA viruses include Adenovirus, Herpes simplex virus 1 and 2 (HSV-1, HSV-2),
Parvovirus, and Poxvirus. Oncolytic RNA viruses include a wider range of candidates, including
Semiliki forest virus (SFV), Sindbis virus (SV), Zika virus, Newcastle disease virus (NDV), Measles
virus, Coxsackie virus, Poliovirus, Seneca valley virus, Vesicular Stomatitis virus (VSV), and
Maraba virus (reviewed in 12%).

OV’s exploit cancer cell specific characteristics in order to target and infect tumour cells.

For example, cancerous cells often overexpress certain cell surface receptors such as CD46,

CD155, or integrin a231 - which serve as attachment/entry receptors for measles virus,
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129-131 3llowing OV’s engineered from these viruses to

poliovirus, and echovirus, respectfully
primarily infect cancer cells. HSV derived OV’s rely on the overexpression of herpesvirus entry
mediator (HVEM) on cancer cells for viral entry!32.

OV’s can also exploit intracellular signalling defects to preferentially infect tumour cells.
Cancer cells often have defects in anti-viral signalling, particularly, type | and Il interferons

(IFN)*33. Some examples of OV’s known to exploit these defects in IFN signhalling are Measles

virus (MeV)34, VSV135 and Maraba virus*3®.

1.5.2 The genetically engineered Maraba virus — MG1

Maraba virus is a (-)ssRNA virus belonging to the family Rhabdoviridae3’. As mentioned
in section 1.5.1, Maraba virus is an oncolytic virus capable of targeting cancer cells due to

136, Maraba virus exploits these defects to kill

impairment in the antiviral IFN signalling cascade
tumour cells, while leaving the healthy cells untouched.

VSV, a close relative of Maraba virus, has also been identified as an oncolytic virus that
exploits IFN signalling defects in cancer cells3813%, VSV has been genetically edited (removal of
Methionine-51 from the M protein) to harbor increased sensitivity to IFN-defective tumours,
leading to the VSV variant VSVA51'3>. To follow suit, J. Brun and colleagues introduced a series
of genetic edits in Maraba virus and screened its oncolytic potential against a series of tumour
cell lines. A double mutant Maraba virus containing amino acid substitutions in the M protein
(L123W), and G protein (Q242R) was a potent oncolytic virus, demonstrating enhanced

oncolytic potential in tumour cells, and greater attenuation in healthy cells compared to its

cousin, VSVA5113¢, This Maraba virus mutant was termed MG1.
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These genetic mutations aid to (1) attenuate MG1 in healthy cells, and (2) further
prevent MG1 from antagonizing the host IFN response®'#. The matrix (M) protein mutation
contributes to MG1 attenuation in healthy cells and prevents the virus from interfering with
host IFN production, as PC3 tumour cells continued to produce IFN when infected with the M
mutant virus (L123W), and double mutant (MG1) as observed by J. Brun and colleagues!!*. The
glycoprotein (G) mutation also contributes to attenuation of MG1 in an in vivo xenograft
tumour model in mice?4.

Since the original identification of MG1 as a potent oncolytic virus in 2010, many studies
have followed with the goal of developing MG1 for clinical use as an oncolytic virotherapy. M.J
Atherton and colleagues investigated an MG1 based vaccine for the treatment of Human
Papilloma Virus (HPV)-associated cancers (MG1-E6E7) in mice and found that vaccination with
MG1-E6E7 cleared large tumours in a CD8+ - dependent manner?®, MG1 in combination with
Paclitaxel has also been identified as a successful treatment for breast cancer in mice*!.

MG1 safety has also been investigated in cats, with limited side effects observed!*?, and
a prime:boost vaccination strategy using an Adenoviral vaccine aimed at priming the immune
system against a tumour-associated antigen (TAA), followed by an MG1 based vaccine targeting
the same TAA was examined in non-human primates (NHP’s). This vaccine termed Ad:MG1
expresses the melanoma-associated antigen A3 (MAGE-A3) and was found to have no adverse

effects in NHP’s. It has since entered clinical trials for the treatment of solid tumours

(NCT02285816, NCT02879760)2.

1.5.3 MG1 and HIV infection
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Like tumour cells, HIV infected cells including latently infected CD4+ T cells and
persistently infected macrophages harbour impaired IFN signalling, including inhibition of

144 oroteasomal degradation of retinoic acid inducible

interferon response factor 3 (IRF3) by Vpr
gene-l (RIG-1) by HIV protease'*®, impairment of protein kinase RNA - activated (PKR) by Tat'?®,
and downregulation of major histocompatibility complex 1 (MHC-1) by Nef!4’,

Due to the presence of IFN signalling defects in HIV infected cells, we have identified
that, like in cancer studies, MG1 can target and kill HIV infected cells while sparing the healthy
bystanders. Our group has verified the ability of MG1 to target/kill HIV infected cells in a wide
range of in vitro models, including HIV latently infected cell lines - U1 and OM10.1%*8, an in vitro

125 alveolar macrophages derived from bronchiolar

model of latency using primary CD4+ T cells
fluid®?®, and a monocyte-derived macrophage model**°.

Very recently, our group has also begun studies of MG1 in vivo using a humanised
mouse model (in progress). This work has kickstarted the development of MG1 as a potential
curative therapy for HIV infection. However, more research is needed before MG1 can possibly
be used in a clinical setting. Although we have identified an ability of MG1 to kill HIV infected

cells, the mechanism by which MG1 induces cell death is yet to be elucidated. This knowledge is

crucial information to provide insight on the development of MG1 for clinical use.

1.6 Programmed cell death (PCD)

Programmed cell death (PCD), particularly apoptosis was first discovered in 1972 by Kerr
and colleagues®®. Since then, there have been many advances in the field of cell death.

Currently, numerous cell death pathways exist, including caspase-dependent, and caspase-
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independent pathways. Caspases are a group of endoproteases, responsible for carrying out
many cell death pathways once they are cleaved into their active form*!. Some caspase-
dependent pathways include apoptosis, and pyroptosis, and caspase-independent PCD includes

necroptosis.

1.6.1 Caspase — dependent cell death

1.6.1.1 Apoptosis

Many viruses have been shown to induce programmed cell death pathways in their
infected cells to propagate/release infectious viral particles, allowing for viral egress and
disease progression. Apoptosis is the most widely known mechanism of programmed cell
death, whereby “programmed” refers to an active process that relies on a change in gene
expression®®°, Programmed cell death differs from necrotic cell death, as necrosis is a passive
process occurring due to cell damage®*°.

Two primary apoptotic pathways exist; extrinsic and intrinsic. Both pathways rely on the
activation of caspase proteins, a large family of cysteine proteases that act in cascades>?. The
extrinsic pathway involves binding of a ligand to a death receptor such as TNF/TNFR, FAS/FASL,
or TRAIL/TRAILR. Upon ligand binding, clustering of the cytoplasmic domains of the receptor
occurs, and adaptor proteins such as fas-associated death domain (FADD) or TNF-receptor
associated death domain (TRADD) are recruited. Formation of the death-induced signalling
complex (DISC) occurs via the association of FADD/TRADD with pro-caspase 8, after which auto-

catalytic activation of pro-caspase 8 into caspase 8 is carried out. Caspase 8 is released into the
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cytosol to activate the executioner caspase 3 (reviewed in **3). One common example of
extrinsic apoptosis is perforin/granzyme - mediated killing by cytotoxic T lymphocytes (CTL’s)*>*.
Intrinsic apoptosis is mitochondrial- dependent and is triggered via cell stress such as
hypoxia, toxins, or radiation'>3. It involves the release of cytochrome C from the mitochondria
due to the activation of pro-apoptotic proteins of the Bcl-2 family (ex: Bax and Bad).
Cytochrome C binds to and induces a conformational change in apoptotic protease activating
factor-1 (Apaf-1) which induces the formation of the apoptosome. The apoptosome recruits
and activates pro-caspase 9 and pro-caspase 3 into their active forms, whereby caspase-9
activates downstream effector caspases and caspase 3 cleaves inhibitor of caspase-activating
DNase (iCAD) into CAD. CAD then causes DNA fragmentation and advanced chromatin
condensation leading to cell death'>. Ebola virus has been shown to induce extrinsic apoptosis,

while Influenza A virus and HIV have been shown to demonstrate intrinsic apoptosis 1°61%8,

1.6.1.2 Pyroptosis

Another widely studied mechanism of programmed cell death is pyroptosis. Pyroptosis
is a pro-inflammatory process characterized by excessive inflammation and occasional
development of cytokine storms and inflammatory tissue damage in vivo (reviewed in 1>°).

Pyroptotic cell death involves the activation of inflammasomes by pathogen and/or
danger associated molecular patterns (PAMP’s/DAMP’s). Inflammasomes — such as NLR pyrin
family domain containing 3 (NLRP3), are multi-protein complexes that mediate the activation of
pro- caspase 1 into its active form*®. Inflammasomes sense PAMP’s/DAMP’s released from

dying cells, which in turn allows for the cleavage of pro-caspase 1 into caspase -1 via the
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association of apoptosis-associated speck like protein (ASC) to the inflammasome complex*6?.
Caspase-1 cleaves pro-IL-13 and pro-IL-18 into their active forms (IL-1p and IL-18), as well as
cleaves a pore forming protein called gasdermin D. Active gasdermin D travels to the plasma
membrane where it forms a pore, allowing for the release of IL-13 and IL-18, loss of cell
membrane integrity and homeostasis, ultimately resulting in cell death and a pro-inflammatory
statel®2,

Many RNA viruses have been shown to activate pyroptosis, including Rabies virus,

Hepatitis C virus, and Influenza virus'®3-165,

1.6.2 Caspase —independent cell death

1.6.2.1 Necroptosis

Necroptosis is one of the most studied caspase-independent cell death processes. It is a
type of programmed cell death that is mediated by receptor interacting protein kinases 1 and 3
(RIPK1/3) and mixed lineage kinase domain-like protein (MLKL)%%67, Typically, necroptosis
requires the inhibition of caspases, particularly caspase 86816 Caspase 8 generally inhibits
RIPK1, thus allowing the cell to undergo apoptosis. However, if caspase 8 is absent or inhibited -
such as through the action of viral proteins, RIPK1 becomes activated, and the cell undergoes
necroptosis’?. Caspase 8 can thus be seen as a molecular switch, dictating whether the cell will
undergo apoptosis or necroptosis.

Like apoptosis, necroptosis is initiated through binding of a ligand to a death receptor

such as TNF/TNFR, TRAIL/TRAILR, or FAS/FASL’°. This binding recruits RIPK1/3 to the
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cytoplasmic domain of TNFR, forming a complex called the necrosome!’?. Activated RIPK3
phosphorylates MLKL, allowing MLKL to translocate to the plasma membrane and disrupt
membrane integrity, leading to death of the cell!’2. Necroptosis is a pro-inflammatory process
that involves the release of DAMPs from the cell, unlike apoptosis which is anti-inflammatory.
Noteworthy viruses that are known to induce necroptosis are HIV'’3 and vaccinia virus’4.

A visual comparison of the mechanisms of apoptosis, necroptosis, and pyroptosis can be

seen in Figure 2.
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Figure 2. Comparison of the molecular mechanisms of extrinsic apoptosis, necroptosis, and

pyroptosis. Schematic made on Biorender.com
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1.7 Project Rationale/Significance

HIV treatment and cure research has made tremendous advancements since the start of the
HIV epidemic in the 1980s. cART is the gold standard in the treatment of HIV infection, and it
effectively reduces viral load to levels that are undetectable. However, cART is a lifelong
treatment and not a cure. HIV latently infected CD4+ T cells and persistently infected
macrophages serve as reservoirs of infectious virus, resulting in viral rebound if cART is
interrupted. HIV cure research is highly focused on the complete eradication of these
reservoirs, and oncolytic virotherapy is certainly a candidate to achieve this goal.

We have shown that the OV MG1 can target and kill HIV infected CD4+ T cells and
macrophages in vitro. However, the mechanism of cell death induced by MG1 is yet to be
elucidated. This project examines programmed cell death pathways during MG1 infection, with
the hope of gaining insight towards how MG1 is capable of killing HIV infected cells, in order to

apply this knowledge to the development of MG1 for clinical use.

1.8 Hypothesis

The hypothesis of this work is that MG1 employs a programmed cell death pathway(s) to
initiate the killing of (1) HIV latently infected CD4+ T cells, and (2) HIV persistently infected

macrophages.

1.9 Project Aims
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This project has two aims, which are listed below.
Investigate programmed cell death pathways as possible mechanisms for MG1 — mediated
killing of;
1. HIVinfected cell lines
1.1 Myelocytic cell lines
1.2 Lymphocytic cell lines

2. HIVinfected primary monocyte-derived macrophages (MDM)

Chapter 2: Materials and Methods

2.1 Tissue culture of cell lines

Jurkat (ATCC #: TIB- 152), HL60 (ATCC #: CCL - 240), Vero (ATCC #: CCL - 81), and
HEK293T (ATCC # CRL - 3216) cell lines were obtained from American Type Culture Collection
(ATCC, Manassas VA). J1.1 (NIH # ARP — 1340) and OM10.1 (NIH # ARP — 1319) cell lines were
obtained through the NIH AIDS Reagents Program, OM10.1 cells courtesy of Dr. Salvatore
Buteral’> and J1.1 cells from Dr. Thomas Folks.'’® Vero and HEK293T cells were cultured in
Gibco® Dulbecco’s Modified Eagle medium (DMEM), and HL60 were cultured in Gibco®
Iscove’s Modified Dulbecco’s medium (IMDM). DMEM was supplemented with 10% fetal bovine
serum (FBS), and IMDM was supplemented with 20% FBS. Both media stocks were
supplemented with 100 units(U)/ml penicillin/streptomycin (PenStrep, ThermoFisher Scientific),
and 2mM L — Glutamine (ThermoFisher Scientific). Cells were grown in T75 flask (Falcon™,

Thermo Fisher Scientific) and routinely split every 2 days to maintain the monolayer. TryplLe
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(Gibco®, ThermoFisher # 12604013) was used to detach and re — seed adherent cell lines (Vero,
HEK293T) at approximately 2x10° cells/ml in a total volume of 10ml. Jurkat, J1.1, and OM10.1
cells were cultured in Gibco® Roswell Park Memorial Institute 1640 medium (RPMI-1640,
ThermoFisher) supplemented with 10% FBS, 100U/ml PenSrep, and 2mM L-Glutamine. Cells
were maintained at 0.5-1 x10° cells/ml with routine splitting. Healthy pro-monocytic U937 and
HIV infected U1 cells were used for supplementary experiments (Supplementary figures 3, 4,
and 5). Both cell lines were maintained in RPMI-1640 with 10% FBS, 100U/ml PenStrep, and

2mM L-Glutamine.

2.2 Amplification of oncolytic virus

The eGFP-expressing recombinant oncolytic virus MG1 was obtained from Dr. John Bell
at the Ottawa Hospital Research Institute and propagated as previously described*36138, Briefly,
approximately 10 x 108 Vero cells were plated in 3 T75 flasks in DMEM supplemented with 10%
FBS, 100units(U)/ml PenStrep, and L-Glutamine. Cells were incubated overnight (O/N) at 37° C
with 5% CO;. The next day, MG1 was diluted in serum (FBS)-free DMEM to obtain an MOI of
0.05. Media was removed from each flask, and 1ml of virus/media mixture was added dropwise
to the cell monolayer. Cells were incubated at 37° C with 5% CO; for 45 minutes, turning the
plate every 15 minutes for optimal virus spreading. After incubation, media was topped up to
10ml with DMEM + 2% FBS and cells were incubated for 24 hours.

The following day, cell supernatants were harvested and centrifuged at 1400 rpm for 10

minutes to pellet any debris (Hereaus Instruments, Megafuge 1.0). The supernatants were
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filtered through a 0.2um bottle top filter (Nalgene®, Millipore-Sigma #7358223) and virus was
pelleted at 14,000 rpm for 90 minutes at 4° C (Beckman Coulter, Avanti JXN-26). The virus pellet
was resuspended in Phosphate Buffered Saline (PBS) and aliquoted into 10ul aliquots and

stored at -80° C.

2.2.1 Titer by plague assay

MG1 titer was determined through standard plague assay. Vero cells were seeded in a
6-well plate (Corning®) at 1x108 cells per well in DMEM supplemented with 10% FBS, PenStrep,
and L-Glutamine and left to incubate O/N at 37° C with 5% CO,. After 24 hours, media was
removed from the wells and replaced with serial dilutions of MG1/media starting at a dilution
of 1x107 and ending with a dilution of 0.5x10°. Two wells with PBS instead of virus were also
included (mock). The plates were incubated for 45 minutes, after which a 1:1 mixture of 1%
agarose (Sigma-Aldrich #A5093) + 2x DMEM was added to the wells and allowed to solidify at
room temperature (RT). Following a 24-hour incubation at 37° C, plagues were visualized and
counted using crystal violet staining. MOI was calculated by averaging the number of plaques

per well and multiplying with the dilution factor then dividing by volume.

2.3 OV infection

For MG1 dose-response experiments, Jurkat/J1.1 and HL60/OM10.1 cells were infected
with MG1 at MOI 10 to MOI 1. Briefly, cells were plated in 12 well plates (Corning®) at 5x10°

cells/ml in RPMI media (except for HL60 which were plated in IMDM) with supplements listed in
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section 2.1. 10-fold serial dilutions of MG1 were prepared in media to obtain the desired MOI
for infection, and infection was performed by adding 100ul of virus to each well, excluding the
mock. Infected cells were incubated for 24 hours at 37° C with 5% CO,. At 24hpi, cells were
prepared for staining and infection/cell death was analyzed using flow cytometry. Experiments
were also performed on healthy pro-monocytic U937 vs. HIV infected U1 cells (Supplementary

figure 3). The gating strategy used is shown in supplementary figure 2.

2.4 Treatment with caspase inhibitors and cell death inducers

For cell death experiments, two caspase inhibitors were used, (1) the pan-caspase
inhibitor Z-VAD-FMK (R&D Systems, FMKO001) and (2) the caspase 3 inhibitor Z-DEVD-FMK (R&D
Systems, FMKO0O04). Both caspase inhibitors were optimised in all cell lines prior to experiments
(Supplementary figures 6, 7, and 8) and inhibitors were proven to be non-cytotoxic
(Supplementary figure 10). Jurkat, J1.1, and OM10.1 cells were plated in a 12 well plate at
5x10° cells/ml in RPMI-1640 media. Cells were pre-treated for 1 hour with 50uM of either Z-
VAD-FMK or Z-DEVD-FMK at 37° C. After the 1-hour pre-incubation, cells were infected with
MG1 at MOI 10, 103, 102, or left uninfected. The MOI to use for infection was optimised by
performing MG1 dose response experiments (Figures 4, 5 and supplementary figure 3).
Infection was performed by adding 100ul of virus/media mixture to the well, as described in
section 2.3. As positive controls, three wells were treated with the following: well 1; the
chemical cell death inducer Staurosporine (Jurkat, J1.1, Sigma-Aldrich # S6942) or Camptothecin
(OM10.1, Sigma-Aldrich # PHL89593), well 2; either cell death inducer + Z-VAD-FMK, or well 3;

either cell death inducer + Z-DEVD-FMK. The concentration of chemical cell death inducer to
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use was optimized on each cell line (Supplementary figure 9). A DMSO (Sigma-Aldrich #
472301) vehicle control was also included as both caspase inhibitors are dissolved in DMSO.
Plates were incubated for 24 hours at 37° C with 5% CO,, after which cells were stained with
two cell death stains (described in section 2.5) and analyzed using flow cytometry. Gating
strategy is shown in supplementary figure 1. Experiments were also performed on healthy
U937 cells (Supplementary figure 4). Schematic representation of this methodology is shown in

figure 3.
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Figure 3. Methodology used for cell death experiments involving treatment with caspase

inhibitors during MG1 infection. Schematic made on Biorender.com
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2.5 Flow cytometry of cell lines

2.5.1 eGFP and cell death staining

For MG1 dose response experiments, Propidium lodide (P, Biolegend # 421301) staining
was used. Pl binds cellular DNA present after cell death, thus cells that are Pl+ are considered
dead cells. 2.5x10° cells were collected into 5ml polypropylene tubes (Falcon™, ThermoFisher
Scientific) and pelleted via centrifugation by spinning at 1600 rpm for 5 minutes. Cells were
washed once with PBS and spun again at 1600 rpm for 5 minutes. Pl stain was mixed with PBS
at a ratio of 0.1ul Pl : 300ul PBS, and cells were resuspended in 300ul of the PI:PBS mixture and
left to incubate for 5 minutes at RT in the dark. Cells were then fixed with 100ul cold 4%
paraformaldehyde (PFA) for 15 minutes in the dark at RT. Cell death and infection (based on
eGFP expression) was analyzed using the Beckman Coulter CytoFLEX flow cytometer, reading on
FITC and ECD channels. Since MG1 — infected cells producing eGFP protein upon infection with
the recombinant virus, infection can be analyzed using eGFP expression.

For cell death experiments using caspase inhibitors, AnnexinV/PI staining kit (Abcam #
ab214484) was used. 1x10° cells were collected into 5ml polypropylene tubes (Falcon™) and
washed twice with PBS by centrifuging at 1600 rpm for 5 minutes. Cells were then resuspended
in 100ul of AnnexinV binding buffer (Abcam, # ab14084), and 5ul of AnnexinV stain and/or 5ul
of Pl stain was added to each tube (excluding the unstained control). Tubes were incubated for
15 minutes at RT in the dark and then subsequently fixed in 4% cold PFA. Cell death was once
again analyzed on the Beckman Coulter CytoFLEX flow cytometer, reading for AnnexinV (APC),

PI (ECD), and eGFP (FITC). Gating strategy for data analysis is shown in supplementary figure 1.
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2.5.2 Caspase 3 and 7 staining

To examine caspase activity during MG1 infection, a caspase 3/7 stain for flow
cytometry called FLICA 660 (Immunochemistry Technologies, #9125) was used. FLICA 660
fluorescently labels active caspase 3 and 7 in living cells via labelling the aspartate-glutamate-
valine-aspartate (DEVD) sequence in caspases. Jurkat, J1.1, and OM10.1 cells were plated at
5x10° cells/ml in 12 well plates and infected with MG1 at MOI 107, as previously described.
Cells were left to incubate O/N at 37° C with 5% CO,. The next day, 295ul of cells/media was
added to 5ml polypropylene tubes. FLICA 660 stain was diluted 1:5 in PBS and 5ul of stain was
added to each tube (1:60). Tubes were then incubated at 37° C for 1 hour. After the incubation,
cells were washed 3 times in 1x apoptosis buffer (Immunochemistry Technologies, # 635) by
centrifuging at 1600 rpm for 5 minutes. After the third wash, cells were resuspended in 300ul
PBS and fixed with 100ul of 4% PFA (incubated for 15 minutes at RT in the dark). Cells were
analyzed on flow cytometry. Experiments were also repeated on the healthy pro-monocytic

U937 cells (Supplementary figure 5).

2.6 Production of HIV-1 stocks

The HIV NL4.3 BAL IRES HSA plasmid encoding the CCR5 (R5) tropic virus was obtained
from Dr. Michel ] Tremblay at the Université de Laval. The virus was amplified on HEK293T cells
as follows. 2x108 cells/T75 flask were seeded and incubated overnight to allow the monolayer
to form. Transfection was performed using Lipofectamine™ 2000 (ThermoFisher™) and

OptiMEM™ | reduced serum media (Gibco® from ThermoFisher™) with 20ug of plasmid per
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flask. Mock infected controls were also transfected with an equivalent volume of PBS in replace
of plasmid. 1.5ml of Lipofectamine™/OptiMEM™ and plasmid or PBS mixture was added to the
cell monolayer, and fresh DMEM was added to top up the total volume to 10ml. Cells were
incubated for 48 hours at 37° C with 5% CO,, after which the supernatants were collected and
centrifuged at 1600 rpm for 5 minutes. Supernatants were collected and filtered twice, firstly
through 0.45um polyvinylidene (PVDF) filters and secondly through 0.22um PVDF filters

(CellTreat Scientific Products). Virus stocks were aliquoted into cryovials and frozen at -80° C.

HIV titer was determined by p24 ELISA Antigen Capture Kit (Frederick National
Laboratory for Cancer Research, Frederick MD, NIH AIDS Reagents Program), following the
manufacturer’s instructions. Briefly, the virus stock was serial diluted in sample diluent and ran
in duplicate in a 96 well plate simultaneously to 8 serial dilutions of HIV-1 p24 standard (HPLC
purified-HIV-1 CL.4/H9 p24 from AIDS Reagents) also run-in duplicate to create a standard
curve. The plate was coated with murine purified IgG antibody (AIDS Reagents, Lot: PP292-3)
before the addition of standards and virus sample. Primary antibody used was Rabbit anti-HIV
p24 (AIDS Reagents, Lot: SP2143A), secondary antibody was the HRP conjugated goat anti-
rabbit IgG (AIDS Reagents, Lot: 074-1516). Standard curve was made using Graph Pad Prism
software. Unknowns were extrapolated from the standard curve and multiplied by the dilution

factor to obtain the concentration of p24.
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2.7 Isolation of peripheral blood mononuclear cells (PBMC)

Experiments relying on the participation of healthy volunteers were approved by The
Ottawa Health Science Network Research Ethics Board. Healthy volunteers provided written

consent to partake in the study.

PBMC were isolated from whole blood of healthy donors via density gradient
separation. Blood was first collected by venipuncture in 60ml heparin (LEO Pharma Inc.
Thornhill ON) containing syringes using venipuncture, after which 30ml of blood was overlay
onto 20ml of Lymphoprep (StemCell Technologies, Vancouver, British Colombia Canada) and
centrifuged at 1600 rpm for 30 minutes with no brake (Heraeus Instruments Megafuge 1.0).
The buffy coat was collected and added to fresh 50ml conical tubes (Falcon™, Thermo Fisher
Scientific) and cells were centrifuged at 1200 rpm for 20 minutes with the centrifuge brake in
the on position. Cells were washed twice in PBS, and then resuspended in 10ml PBS/syringe of
blood for cell counting using a hemocytometer. Cells were centrifuged once more at 1600 rpm

for 10 minutes and resuspended in serum-free RPMI-1640 to proceed to monocyte isolation.

2.8 Generation of monocyte-derived macrophages (MDM)

Monocytes were separated from healthy donor PBMC via plate adherence. PBMC were
resuspended in warm serum-free RPMI-1640 supplemented with PenStrep and L-Glutamine.
PBMC were seeded at 3x10° cells/ml in 12 well tissue culture plates (Corning®) and left to
adhere for 2 hours at 37° C. After the 2-hour incubation, non-adherent cells were removed by

washing the plates with warm endotoxin-free PBS (Sigma-Aldrich), after which 1ml/well of
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warm RPMI-1640 supplemented with 10% heat inactivated human AB serum, PenStrep, L-
Glutamine (M¢ media) and 25ng/ml of macrophage-colony stimulating factor (M-CSF,
BioLegend # 574802) was added. Cells were incubated at 37° C for 7 days with a wash and a M¢
media replacement at day 4. On day 7, macrophages were washed with warm endotoxin-free

PBS and were ready for HIV infection.

2.9 HIV Infection of MDM

At 7 days post PBMC isolation, MDM were washed with warm endotoxin-free PBS and
cells were infected with 100ng of HIV in 500ul of M media. Cells were incubated for 24 hours,
and media was topped up to 1ml the following day. Cells were infected for 6 days at 37° C with

a wash in PBS and media replacement on day 3.

2.10 MG1 infection of MDM

At 6 days post infection (d.p.i), MDM were infected with MG1 at MOI 1, 5, or 10. Serial
dilutions (2x) of MG1 were made in M$ media and 100ul of each dilution was added to the

appropriate well. Infected MDM were then incubated at 37 ° C for 24 hours.

2.11 Flow cytometry of MDM

At 24 h.p.i with MG1, HIV infected MDM were prepared for staining by detaching the
cells with warm Accutase (Millipore-Sigma) for 30 minutes at 37° C and vigorous pipetting

followed by aliquoting cells into 5ml polypropylene tubes (5x10° cells per tube). MDM were
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then stained with AnnexinV (Biolegend, cat #: 640907) and APC-conjugated anti-heat stable
antigen (HSA) antibody (Biolegend, cat #: 101813) as previously described'*. Since HIV BAL IRES
HSA encodes murine HSA, HIV infected cells will express HSA as a surface marker allowing the
HIV infected cells to be labelled as HSA+ and the HIV uninfected cells as HSA-. This method
allows us to distinguish between the HIV+ (l.e HSA+) and HIV- (HSA-) populations. To analyze
cell death, flow cytometry was performed analyzing eGFP expression, HSA expression, and

AnnexinV. Gating strategy is shown in Figure 11A.

2.12 p24 ELISA

HIV p24 antigen concentration was measured on cell lines and primary MDM using the
p24 Antigen Capture Kit (Frederick National Laboratory for Cancer Research, Frederick, MD. NIH
AIDS Reagents Program) according to the manufacturer’s protocol and as previously described
in Section 2.6. On MDM, HIV p24 antigen concentration was measured 6 d.p.i with HIV in order
to optimise how much HIV to use for infection (Supplementary figure 11). On J1.1 and OM10.1
cell lines, p24 antigen concentration was measured following re-activation with TNF-a. in order
to confirm latency (Supplementary figure 12). Cell-free supernatants were lysed for 1 hour at
37° C using 1% Triton-X and absorbance was read at 450nm and 650nm using the Multiskan
Ascent 96 plate Reader. Standard curves were made using GraphPad Prism 9.2.0 software and

p24 antigen concentration (ng/ml) was interpolated from the standard curve.
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2.13 Analysis, Statistics, and Artwork

All flow cytometry data was analyzed using FlowJo™v10.0 software. All graphs and
statistics were calculated using Graph Pad Prism 9.2.0 software. Where necessary, the following
statistics were run, a two-way ANOVA with multiple comparisons, paired student’s T tests, one-
way ANOVA, or linear regression analysis. In each case, p-values < 0.05 were considered
significant (*). ** = p-value < 0.01, *** = p-value < 0.001, and **** = p-value < 0.0001. Unless

otherwise cited, all schematics were made using BioRender.com.
Chapter 3: Results

3.1 HIV infected and uninfected cell lines are permissible to MG1 infection and undergo cell
death during infection

To verify that MG1 preferentially infects and kills HIV infected cell lines, two pairs of HIV
uninfected parental cell lines and their HIV infected counterpart were used. HL60 (parent) and
OM10.1 (HIV infected) cells were used as a myelocytic model, and Jurkat (parent) and J1.1 (HIV
infected) cells were used as the lymphocytic model. All cell lines were infected with MG1 at
MOI 10 to MOI 1 for 24 hours, after which cell death was measured using P! (Figures 4B, 5B)
staining and level of infection was determined by eGFP expression using flow cytometry
(Figures 4A, 5A).

3.1.1 Myelocytic cells

As anticipated, HIV infected OM10.1 cells were far more permissive to MG1 infection
and killing than the healthy HL60 cells (Figure 4A and B), clearly demonstrating the ability of
MG1 to selectively target HIV infected cells. eGFP expression increased in a dose-dependent
manner starting at MOI 102 and then peaked at ~¥80% at MOI 10! and MOI 1 indicating high

levels of infection at these MOI (Figure 4A). Cell death of OM10.1 cells followed a dose-

43



dependent response, peaking at ~ 80% of cells being Pl+ at MOI 1. Both eGFP and cell death
results reflecting previous work in our lab'*®.The parental uninfected myelocytic cell line HL60
was not permissive to MG1 infection, with no cells eGFP+ at 24 h.p.i (Figure 4A). Cell death of
HL60 cells remained comparable to the uninfected, at ~10% background cell death occurring at
each MOI (Figure 4B). This is consistent with the likelihood that since HL6Q’s are not HIV
infected, they possess intact IFN signalling, thus making them refractory to MG1 killing.
3.1.2 Lymphocytic cells

Both Jurkat and J1.1 cells were highly permissible to infection with MG1 starting at MOI
10 with ~80% eGFP+ cells and eGFP levels remaining consistently high in both cell lines until
MOI 1 (Figure 5A). Cell death was high beginning at MOI 10 for both cell lines with ~60% of

cells PI+ and increasing steadily until MOI 1 (Figure 5B).

44



% GFP +

% Pl+

e HL60

e OM10.1
ns ns ns ns ns skkskk kxkokk
100 .—1[.
80 oy
60—
40—
20— L
0 T T Te%e |E T T éI
uninfected 105 104 103 102 10" 1
[ [o]]
ns ns ns ns ns E skkk * HL6O
100 1 [ [ [ [ I 1 e OM10.1
L]
80—
60— hd
40—
"ha dh ma A A
0 ﬁ|';‘ T |a T ﬁ| ﬁ| T
uninfected 105 10+ 103 102 10! 1

MOl

45



Figure 4. HIV infected OM10.1 cells are preferentially infected and killed by MG1 over their
uninfected parental cell line. Both OM10.1 and HI60 cells were infected with MG1 at MOI 10~
to MOI 1 or left uninfected for 24 hours in a 12 well plate. At 24 h.p.i, cells were stained with
Propidium lodide (PI) and analyzed on flow cytometry. eGFP+ cells (A) represent live cells
infected with virus, while Pl+ cells (B) represent dead cells. Two-way ANOVA with multiple
comparisons test performed. ns = not significant, * = p-value < 0.05, *** = p-value < 0.001, ****

= p-value < 0.0001. Data representing mean +/- SE (n = 3).
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Figure 5. Both Jurkat and J1.1 cell lines are permissible to infection with MG1 and cell death.
Cells were infected with MG1 at MOI 10™ to MOI 1 or left uninfected for 24 hours in a 12 well
plate. At 24 h.p.i, cells were stained with Propidium lodide (Pl) and analyzed on flow cytometry.
eGFP+ cells (A) represent live cells infected with virus, while Pl+ cells (B) represent dead cells.
Two-way ANOVA with multiple comparisons test performed. Data representing mean +/-

standard error (SE), (n = 3).
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3.2 MG1 induced cell death of HIV infected and uninfected cell lines

The following experiments were conducted to evaluate programmed cell death (PCD)
processes in MG1 infected, HIV infected and uninfected cell lines. Furthermore, we also sought
to determine if cell death mechanisms differ between HIV infected and uninfected cells. As
HL60 cells were not permissible to MG1 infection, the Jurkat/J1.1 cell line pair was used as the

primary model. OM10.1 cells were also evaluated on their own.

3.2.1 Uninfected (healthy) cells

Uninfected Jurkat cells were pre - treated with caspase inhibitors and infected with MG1
to evaluate whether caspases are involved in MG1-induced cell death of this cell line. The
gating strategy for data analysis is shown in supplementary figure 1, and caspase inhibitors
were optimized on all cell lines prior to experiments (Supplementary figures 6, 7, and 8).

Cells that were not MG1 infected but treated with the chemical inducer of apoptosis
Staurosporine (STS), resulted in ~ 80% cell death as defined by % AnnexinV/Pl+ (Figures 6A and
C). In the presence of 50uM of either caspase inhibitor Z-VAD-FMK (Figure 6A) or Z-DEVD-FMK
(Figure 6C), STS induced cell death was significantly decreased, confirming that these inhibitors
are capable of partially abrogating cell death in this cell line.

In Jurkat cells treated with either Z-VAD-FMK or Z-DEVD-FMK and infected with MG1 at
MOI 104 and MOI 107, cell death decreased in comparison to cells infected with virus alone,
indicating that MG1 induces caspase dependent cell death in Jurkat cells (Figure 6). From this,

we conclude that caspases are involved in MG1 induced killing of Jurkat cells.
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3.2.2 HIV infected cells

In HIV infected J1.1 cells, very minimal cell death was observed when cells were infected
with MG1 at MOI 104, and subsequently no changes in cell death could be detected in the
presence of either Z-VAD-FMK (Figure 7A) or Z-DEVD-FMK (Figure 7C). At MOI 107, cell death
with virus alone was ~ 60% - however in the presence of caspase inhibitors cell death did not
decrease as it did in Jurkat cells. Treatment with the pan-caspase inhibitor Z-VAD-FMK resulted
in no change in cell death (Figure 7A), and treatment with the caspase 3 inhibitor Z-DEVD-FMK
resulted in very minimal decreases in cell death (Figure 7C) however this did not reach
statistical significance. When analyzed as relative change to control, J1.1 cells infected with
MG1 at MOI 102 and treated with both caspase inhibitors showed no significant decreases in
cell death (Figures 7B and D), thus leading to the conclusion that caspases are not involved in
MG1-mediated killing of J1.1 cells.

Myelocytic OM10.1 cells, the HIV infected daughter cell line of HL60, treated with the
chemical apoptosis inducer Camptothecin, underwent ~ 50-60% cell death, which decreased in
the presence of Z-VAD-FMK (Figure 8A) and Z-DEVD-FMK (Figure 8C), confirming that the
inhibitors can abrogate caspase activity and reduce cell death in this cell line. When MG1 MOI
102 was used to induce cell death, the presence of either Z-VAD-FMK (Figure 8A) or Z-DEVD-
FMK (Figure 8C) had no significant impact on the proportion of cells that were AnnexinV/Pl+.
Relative to the control, changes in cell death were not statistically significant in the presence of
either inhibitor (Figures 8B and D). These findings are consistent with results from the J1.1 cell

line, whereby caspases are not involved in MG1 induced cell death of myelocytic OM10.1 cells,
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further suggesting that caspases are not involved in MG1 mediated cell death of HIV infected

cell lines.
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Figure 6. Jurkat cells undergo caspase-dependent cell death during MG1 infection. Jurkat cells
were pre-treated for 1 hour with 50uM of Z-VAD-FMK (A) or Z-DEVD-FMK (C), after which they
were infected with MG1 at MOI 104, 1072, or left uninfected. As a positive control, some cells
were treated with 2uM of the chemical apoptosis inducer Staurosporine. At 24 h.p.i, cells were
stained with AnnexinV/PI stain and cell death was analyzed using flow cytometry. Data also
shown relative to the control (B, D). Student’s T test analysis performed whereby ns = not

significant, * = p-value < 0.05, ** = p-value < 0.01, and **** = p-value < 0.0001 (n = 5).
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Figure 7. Caspases are not involved in MG1-induced cell death of HIV infected J1.1 cells. J1.1
cells were pre-treated for 1 hour with 50uM of Z-VAD-FMK (A) or Z-DEVD-FMK (C), after which
they were infected with MG1 at MOI 10, 10, or left uninfected. As a positive control, some
cells were treated with 10uM of the chemical apoptosis inducer Staurosporine. At 24 h.p.i, cells
were stained with AnnexinV/PI stain and cell death was analyzed using flow cytometry. Data
also shown relative to the control (B, D). Student’s T test analysis performed whereby ns = not

significant, * = p-value < 0.05, and ** = p-value < 0.01 (n = 4).
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Figure 8. Caspases are not involved in MG1-induced cell death of HIV infected OM10.1 cells.

OM10.1 cells were pre-treated for 1 hour with 50uM of Z-VAD-FMK (A) or Z-DEVD-FMK (C),
after which they were infected with MG1 at MOI 107 or left uninfected. As a positive control,
some cells were treated with 0.2uM of the chemical apoptosis inducer Camptothecin. At 24
h.p.i, cells were stained with AnnexinV/PI stain and cell death was analyzed using flow
cytometry. Data also shown relative to the control (B, D). Student’s T test analysis performed

whereby ns = not significant, * = p-value < 0.05, and ** = p-value < 0.01 (n = 4).
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3.3 HIV infected cell lines have decreased caspase 3 and 7 expression

Given the results presented in section 3.2, it appears that MG1 induces caspase-
dependent cell death in Jurkat cells, however caspases are not involved in MG1- mediated cell
death of the HIV infected cell lines, concluding that PCD mechanisms are different in HIV
infected cells. We thus sought to investigate caspase 3 and 7 activity during MG1 infection in
Jurkat vs J1.1’s, and OM10.1 cells to see if caspase levels could further explain our findings.

All cell lines were infected with MG1 at MOI 107 for 24 hrs, after which caspase 3/7
activity was measured using the FLICA 660 stain for flow cytometry. It is first important to note
that uninfected cells did not demonstrate any caspase activity. When Jurkat and J1.1 cells were
infected with MG1, we observed a significant difference in caspase activity in Jurkat cells
compared to their HIV infected counterpart —J1.1 cells. 90-95% of Jurkat cells had active
caspase 3/7, whereas J1.1 cells had approximately 30% of cells caspase 3/7 + (Figure 9B). 80%
of eGFP+ Jurkat cells (i.e MG1 infected) had caspase 3/7 activity and only ~ 3% of J1.1 did so,
indicating a highly significant difference between the two cell lines (Figure 9D).

In OM10.1 cells, we again observe no caspase activity in the unstimulated condition.
When these cells were infected with MG1, very low levels of caspase activity was observed,
with ~ 5% of the population expressing caspase 3/7 (Figure 10B) and approximately the same
levels seen when gated on the eGFP+ (MG1 infected) population (Figure 10D). Given that both
HIV infected cell lines express such little caspase activity during infection with MG1, it is not
surprising that the results in section 3.2 indicate caspase-independent cell death occurring

during MG1 infection, adding to our conclusion that MG1 induced cell death is different
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between HIV infected and uninfected cells, and offer a possible explanation as to why these cell

lines appear to undergo PCD independent of caspases.
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Figure 9. J1.1 cells have lower caspase 3/7 expression compared to the healthy Jurkat cells

during MG1 infection. Jurkat and J1.1 cells were plated and infected with MG1 at MOI 1072, left

uninfected, or treated with 2uM (Jurkat) or 10uM (J1.1) of Staurosporine (STS). At 24 h.p.i, cells

were collected for flow cytometry. Cells were stained using the FLICA 660 caspase 3/7 staining

kit. Gating strategy for measuring bulk caspase 3/7 expression in all cells (A), caspase

expression in bulk cell population (B), gating strategy for measuring caspase expression in the
eGFP+ cell population (C), and caspase expression of the MG1 infected eGFP+ population (D).
Two-way ANOVA with multiple comparisons performed whereby ns = not significant, *** = p-

value < 0.001, **** = p-value < 0.0001. Data shown as mean +/- SE (n = 3).
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Figure 10. HIV infected OM10.1 cells have decreased caspase 3/7 expression during MG1
infection. OM10.1 cells were plated and infected with MG1 at MOI 107, left uninfected, or
treated with 0.2uM Camptothecin (CPT). At 24 h.p.i, cells were collected for flow cytometry.
Cells were stained using the FLICA 660 caspase 3/7 staining kit. Gating strategy for measuring
bulk caspase 3/7 expression in all cells (A), caspase expression in bulk cell population (B), gating
strategy for measuring caspase expression in the eGFP+ cell population (C), and caspase
expression of the MG1 infected eGFP+ population (D). Paired student’s T test performed

whereby ** = p-value > 0.01. Data shown as mean +/- SE (n = 3).
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3.4 HIV infected MDM are preferentially killed by MG1

Next, we sought to examine MG1 induced killing in a primary cell model. We used
monocyte-derived macrophages (MDM) isolated from PBMC via plate adherence and infected
them with an R5 tropic HSA expressing virus HIV BAL IRES HSA. This strain of HIV gains entry
into the cell using the CCR5 co-receptor and infected cells express the murine heat stable
antigen (HSA) on their cell surface. Since the true pool of cells infected with HIV in vitro is quite
small, using this strain allows us the classify cells as HSA+ being HIV infected and HSA- being HIV
uninfected — thus we can exclude the bystander cells and analyze only those truly infected with
HIV.

At 7 days post monocyte isolation, macrophages were infected with 100ng of HIV for 6
days or an equivalent volume of PBS was added to the uninfected control. At 6 d.p.i, cells were
infected with MG1 for 24 hours at MOI 1, 5, 10 or left uninfected. Cells were stained with anti-
HSA and AnnexinV and flow cytometry was performed. The gating strategy is depicted in Figure
11A.

When MDM were infected with MG1, both HSA+ and HSA- populations were permissive
to MG1 infection, with eGFP levels ranging from 20-30% for both populations. A dose-
dependent increase in eGFP expression is also noted (Figure 11B). Although the HSA-
population expressed higher levels of eGFP than the HSA+, these numbers are small and
statistically not significant (Figure 11B).

Although both populations appear to be equally permissive to MG1 infection, the HSA+
population undergoes more cell death during infection with QV, as evident by higher levels of

AnnexinV in the HSA+ population than the HSA-counterparts (Figure 11C), suggesting that HSA+
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cells are preferentially killed by MG1 over the uninfected bystander cells — a finding that

corroborates previous work by our group#°.
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Figure 11. Both HIV infected (HSA+) and uninfected (HSA-) populations are permissive to MG1
infection, and HIV infected cells are preferentially killed by MG1. Primary MDM were isolated
from whole blood via plate adherence and infected with 100ng of HIV for 6 days or left
uninfected. At 6 d.p.i, cells were infected with MG1 for 24 hours at MOI 1, 5, 10 or left
uninfected. Cells were stained with AnnexinV and anti-HSA. HSA+ cells are considered HIV
infected, and HSA- cells are HIV uninfected. eGFP (B) and AnnexinV (C) expression was analyzed
using flow cytometry. Gating strategy depicted in (A). Paired student’s T test performed
between HSA+/HSA- populations. * = p-value < 0.05, ** = p-value < 0.01. Data shown as mean

+SE (n =3).
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Chapter 4: Discussion

The results herein indicate that MG1 is capable of preferential infection and killing of
HIV infected cell lines, with OM10.1’s infected and killed to a much higher degree than their
uninfected counterpart, and both Jurkat and J1.1’s being highly permissive to MG1 infection
and killing. Furthermore, HIV infected MDM are preferentially killed by MG1 over the
uninfected bystander cells in vitro. When examining cell death during MG1 infection of cell
lines, caspase inhibitors were used to determine if MG1-induced cell death is caspase-
dependent. The results indicate that MG1 induces a caspase-dependent cell death pathway in
Jurkat cells, however caspases do not seem to be involved in cell death of HIV infected cells,
concluding that PCD mechanisms differ in the presence of HIV. We next investigated caspase 3
and 7 expression levels in cell lines during MG1 infection. Interestingly, HIV infected J1.1 and
OM10.1 cells had lower levels of caspase 3 and 7 than the uninfected Jurkat cells, suggesting a
possible explanation as to why MG1 does not induce caspase-dependent cell death in these cell
lines. Further investigation into different types of cell death in both HIV infected cell lines and

primary cells is required in order to fully elucidate the mechanism of MG1-mediated killing.

4.1 MG1 preferentially infects HIV infected cell lines, and preferentially kills both HIV infected

cell lines and primary MDM

4.1.1 Cell Lines
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As mentioned previously, it is known that MG1 targets and kills cells with defects in the
antiviral IFN signalling cascade. Thus, it is expected that MG1 will preferentially infect and kill
HIV infected cells over their uninfected counterparts due to IFN signalling impairments in HIV
infected cells. In this work, MG1 preferentially infected both HIV- infected OM10.1 cells and
J1.1 cells (Figures 4 and 5), a result that has been previously demonstrated in our lab (**® and
Ranganath, N. unpublished). Jurkat cells were also highly permissive to MG1 infection and killing
(Figure 5). Since Jurkat cells are an immortalised cancer cell line, it is highly likely they possess
IFN signalling impairments, rendering them permissive to MG1 infection. For example, reduced
expression of interferon -y receptor 2 (IFN-yR2) has been identified in Jurkat cells”’.

It was also noted that HL60 cells were not permissible to MG1 infection. Previously, our
lab investigated IFN signalling in HL60 cells and found that baseline levels of IFNAR1, ISG15, and
MHC-1 are much higher than in OM10.1 cells, indicating that HL60 cells do not appear to

178

possess IFN signalling impairments'’®. It is likely that HL60 cells were not permissible to MG1

infection due to the presence of intact IFN signalling, thus attenuating OV infection.

4.1.2 Primary MDM

In primary macrophages, our results indicate that although both HSA+ and HSA- cells are
infected with MG1 to a similar degree, HIV infected cells (HSA+) are preferentially killed by MG1
over the uninfected bystander cells (Figure 11C), demonstrating the ability of MG1 to target HIV
infected primary cells in vitro while sparing the bystanders — a result that has also been

replicated in previous work from our group#°.
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HIV infected macrophages have been found to possess IFN signalling impairments,
making them a target for MG1 induced cell death and elimination. Our group has demonstrated
downregulation of two interferon stimulated genes (ISG’s), PKR and ISG15 in HIV infected MDM
(HSA+) when compared to HSA- cells'*®. Furthermore, Harman and colleagues demonstrated
that HIV infected macrophages fail to express type | and type Il ISG’s in vitro, and that HIV
accessory proteins Vpr and Vif bind to and inhibit TANK binding kinase 1 (TBK1), thus
perturbating the release of IFN'’°. Others have also reported downregulation of IFN-o./f3
receptor in vivo'®%, and impaired STAT1/2 activation via HIV Tat8,

Our group has also demonstrated the ability of MG1 to eliminate HIV infected
macrophages ex vivo using alveolar macrophages (AM) from cART treated PLWHIV#°, Both in
vitro findings such as those presented herein and ex vivo findings are necessary towards

developing MG1 for clinical use as an HIV cure.

4.2 MG1 —induced cell death of cell lines differs between HIV infected and uninfected cells

Our results indicate that cell death of MG1 infected Jurkat cells decreases upon pre-
incubation with caspase inhibitors (Figure 6). However, the same result was not seen in the HIV
infected J1.1 or OM10.1 cells (Figures 7 and 8), suggesting that cell death during MG1 infection
is different in the presence of HIV infection.

Viruses can induce different cell death pathways upon changes in protein expression.
The most common example is virus induced inhibition of caspase-8. When caspase-8 is
inhibited, it no longer supresses RIPK1/3, thus leading to the activation of RIPK1/3 and initiation

of necroptosis. Viruses such as cytomegalovirus (CMV), bovine herpesvirus-4 (BHV-4),
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adenovirus, and HSV- 1/2 have all been shown to inhibit caspase-8 activity, thus preventing
apoptosis (reviewed in *2). It is possible that HIV viral proteins interfere with cell death
proteins, thus forcing the HIV infected cells to undergo cell death through caspase-independent
mechanisms. Since treatment with caspase inhibitors did not reduce cell death in HIV infected
J1.1 or OM10.1 cells during MG1 infection, it is presumed that caspase-independent
mechanisms of cell death occur.

Viruses can also induce different means of cell death in different cell types. For example,
Influenza A virus (IAV) is known to induce apoptosis, necroptosis, and pyroptosis'®3-187, AV has
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been shown to induce apoptosis in airway epithelial cells®, macrophages*®, and

189 whereas it can induce necroptosis in dendritic cells (DC’s)*®>. SARS-CoV-2 virus

monocytes
has recently been shown to induce apoptosis of pulmonary epithelial cells in human and non-
human primate (NHP) lungs as well as induce pyroptosis in haematopoietic stem cells**%1%1 ySv
— an oncolytic virus in the same family as MG1 has been shown to induce both apoptosis and

192 3s well as induce NL3P3 inflammasome activation (a

necroptosis in esophageal cancer cells
characteristic of pyroptosis) in murine bone marrow derived macrophages (BMDM)®3. Given
the many genetic and structural similarities between VSV and MG1, it is likely that MG1 can
also induce multiple cell death pathways.

Our results closely resemble those of Bolton et al. where the caspase inhibitors Z-VAD-
FMK and BocD-FMK failed to abolish cell death of HIV NL4.3 HSA infected Jurkat cells, leading
the authors to conclude that cell death of HIV infected CD4+ T cell lines is independent of

caspases or apoptosis'®®. Given the similarities between these results and ours, we speculated

that the same is occurring during MG1 infection and perhaps caspase activity in our HIV
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infected cell lines may be different than healthy cells. This hypothesis drove us to investigate

caspase 3 and 7 activity levels in cell lines during MG1 infection.

4.3 MG1 induced cell death of HIV infected cell lines is independent of caspase activity

We have demonstrated that in HIV infected cell lines, caspase activity during infection
with MG1 is significantly lower than that observed in HIV-uninfected cells, possibly explaining
why HIV infected cell lines appear to undergo caspase independent cell death during MG1
infection. Consistent with this, the 2002 study by Bolton and colleagues demonstrated
decreased caspase activity in HIV infected HIT cells when treated with Staurosporine when
compared to uninfected staturosporine treated H9 T cells'®*. It is also known that several
viruses have evolved mechanisms to block cellular apoptosis to keep the cell alive, hence
supporting viral survival (reviewed in 1°°).

Viral proteins can interact with caspases - for example, CrmA is a protein encoded by
poxviruses and is one of the most studied viral caspase inhibitors, abrogating apoptosis by
inhibition of caspase-8 or sometimes caspase-1°°. The baculovirus encoded protein p35 can
inhibit mammalian caspases 1, 3, 6, 7, 8, and 10*7 and has been shown to render murine
thymocytes resistant to apoptosis — inducing agents®®. Furthermore, Herpes-simplex virus 1
(HSV - 1) has been shown to block caspase-3 and caspase-dependent cell death in infected cell

lines!®®

, murine cytomegalovirus (MCMV) M36 protein has been shown to inhibit caspase-8
activation in murine cell lines?®, and Vaccinia virus B13R protein is known to target caspases?°?.

HIV interference with caspase activity could explain the decreased caspase activity recorded

here (Figures 9 and 10).
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Like other viral infections, caspase activity can be downregulated in HIV infection. For
example, Cai. and colleagues determined that caspase-1 activity is downregulated in CD4+ T
cells from PLWHIV and undergoing cART?%2. Furthermore, Pan. and colleagues demonstrated
cell death via necroptosis in HIV infected primary CD4+ T cells and HIV infected Jurkat cells?®. In
2021, Terahara. and colleagues found that necroptosis is induced in HIV infected CD4+ T cells in
a humanized mouse model??*. Since necroptosis most commonly requires caspase-8 inhibition
to proceed, one can hypothesize that caspase-8 is downregulated in this model, however the
authors of the above studies did not report this. In a 2008 study by Fernandez Larrosa. and
colleagues, caspase 3 activity in HIV infected J1.1 cells very closely resembled our results in that
caspase activity in Jurkat cells was 3-fold higher than J1.1 cells (Figure 9). The authors of the
above study reported ~ 1% of J1.1 cells with active caspase-3 upon cell death induced with
Staurosporine — compared to 30% of Jurkat cells having active caspase-32%.

We reported decreased caspase 3 and 7 expression in HIV infected cell lines, a result
similar to Tanaka. and colleagues?°®. The authors found decreased caspase 3 expression in TNF-
a and Camptothecin treated HIV infected 26L cells (a subclone of pro — monocytic U937 cell
line). Furthermore, the cells appeared to undergo caspase-3 independent cell death?°®. This
further corroborates our findings that HIV infection interferes with caspases, thus making cells
resistant to caspase-dependent cell death.

To conclude, MG1 induced cell death differs between HIV-infected and uninfected cells.
HIV infected cell lines undergo caspase-independent cell death during viral infection with MG1,

whereas Jurkat cells undergo caspase-dependent cell death. Furthermore, caspase 3 and 7
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activity is downregulated in HIV infected cell lines, a factor likely contributing to the observed

caspase-independent cell death.

4.4 Limitations and Future Directions

One of the primary limitations of this study is the use of immortalised cell lines. As
briefly mentioned, cancer cell lines contain genetic mutations which may impact cellular
processes. For example, mutations in the CTLA-4 and SYK genes have been identified in Jurkat

207 3nd conferring resistance to apoptosis?®. The

cells, causing irregularities in TCR signalling
precise differences between cell death mechanisms in our cell lines versus primary cells are
unclear, however using a primary cell model of CD4+ T lymphocytes and expanding on our
monocyte-derived macrophage work would certainly be a necessary future step for this work.

The use of chemical caspase inhibitors is a limitation of this study. Although our
inhibitors did successfully abrogate caspase activity to a certain extent, they did not fully block
caspases (Supplementary figures 6C and D, 7C and D, and 8C and D). To achieve full inhibition
of caspase activity, genetic knockout studies would be necessary and would likely add
additional confidence to the results.

Another caveat of the cell line work is that MG1 is an oncolytic virus, thus it can
effectively infect and kill cancer cells. Given this, MG1 can infect and kill even our “healthy”
Jurkat cells. To truly distinguish the ability of MG1 to target HIV infected cells over the

bystanders, using our HSA sorted MDM model is necessary. Future experiments will include

examining MG1 induced cell death using caspase inhibitors on MDM, something that has been
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briefly examined in our lab. Previously, we have measured apoptosis in HIV infected MDM in
the presence of Z-VAD-FMK and a chemical inhibitor of necroptosis,Necrostatin-1. These
results, albeit preliminary, show no differences in cell death between HIV infected MDM
treated with chemical cell death inhibitors as compared to untreated cells. Future work will
include expanding on these experiments by using additional inhibitors such as Caspase-1 and
Caspase-3 specific inhibitors (ex: Z-DEVD-FMK)?%. This method will allow us to distinguish
between the HIV infected and uninfected populations and provide needed insight towards MG1
induced PCD mechanisms in HIV infected primary cells.

Another primary cell model that would expand on this work is the use of a T cell model,
which has been used in our lab previously'#®. Primary CD4+ T cells are isolated from PBMC,
after which cells can be infected with MG1, and cell death can be analyzed. Similar to the use of
MDM, this model serves more physiological relevance.

To further expand on the results of this work, future experiments should be performed
to examine different cell death pathways in more detail. For example, we concluded that HIV
infected cells undergo caspase-independent cell death during MG1 infection, however the
guestion that remains is — what type of cell death is this? Further experiments examining
necroptosis using RIPK1/2 inhibitors or autophagy would be necessary to reach a more precise
conclusion. Furthermore, although we did conclude that Jurkat cells undergo caspase-
dependent cell death, it would be interesting to determine the exact mechanism(s) thereof.
Caspase-dependent cell death could be apoptotic, or pyroptotic — each with different outcomes
on a physiological scale (ex: pro vs. anti-inflammatory). Further experiments into the role of

caspases would be necessary.
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4.5 Summary and Significance

To summarize, our findings indicate that MG1 can selectively target and kill HIV infected
cell lines over the healthy parent cell lines, and preferentially kill HIV infected primary MDM
over the bystander cells. We also conclude that MG1 induced cell death differs between HIV
infected and uninfected cells, with HIV uninfected cells undergoing caspase-dependent cell
death, and HIV infected cells undergoing caspase-independent cell death. Furthermore, caspase
activity is significantly decreased in HIV infected cell lines, thus identifying that the mechanism
of PCD is caspase independent.

This work has many implications towards an HIV cure. The use of MG1 as an oncolytic
virotherapy is currently undergoing clinical trials for the treatment of various cancers
(NCT02285816). We wish to follow suit and develop MG1 for use as a potential HIV cure and
have just begun work testing the safety of MG1 on humanised mice (Aloufi, N. not yet
published). Determining the mechanism of cell death induced by MG1 is of key importance
required to push this development further as different cell death pathways induce various
physiological responses in vivo (ex: inflammation, cytokine release, etc). For example,
pyroptosis is pro-inflammatory and involves the release of danger associated molecular

159 which could result in immune activation, whereas apoptosis

patterns (DAMP’s) and cytokines
is anti-inflammatory - both PCD pathways having different outcomes in vivo. With the
examination of programmed cell death pathways, we hope to gain insight towards how MG1

can eradicate the latent and persistent HIV reservoirs, and hopefully become one step closer to

a cure for HIV.
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Appendix A

Supplementary Data
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Supplementary Figure 1. Gating strategy for cell death experiments using caspase inhibitors.
A bulk cell gate is placed to exclude debris while still incorporating dead cells. Single cells are
gated to exclude duplets, and APC (AnnexinV) vs. Pl (ECD) graphs are generated, gating on the

double positive population to include apoptotic cells.
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Supplementary Figure 2. Gating strategy for MG1 dose response experiments. A bulk cell gate

is placed to include dead cells, followed by a single cell gate to exclude duplets. The Pl negative

(PI-) population is gated on to include the live cells, followed by a gate for eGFP. An infected

cells is described as a live cell (i.e PI-) expressing eGFP.
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Supplementary Figure 3. MG1 dose response on healthy U937 cells and HIV infected U1 cells.
Cells were infected with MG1 at MOI 10 to MOI 1 for 24 hours and flow cytometry was
performed, reading eGFP (A) and PI (B). Two — way ANOVA with multiple comparisons test (n =
3). ** = p—value < 0.01, *** = p—value < 0.001, and **** = p — value < 0.0001.
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Supplementary Figure 4. MG1 infection of healthy U937 cells in the presence of the caspase
inhibitors Z-VAD-FMK (A) and Z-DEVD-FMK (C). Cells were pre — treated for 1 hour with 50uM
of either caspase inhibitor, after which they were infected with MG1 at MOI 103 or MOI 1072
After 24 hours, cell death was analyzed using flow cytometry, staining for AnnexinV and PI.
Camptothecin (10uM) was used a positive control for cell death. Data in comparison to the

control is depicted in B and D. Students T test performed (n = 4).
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Supplementary Figure 5. Caspase activity during MG1 infection of healthy U937 cells. Cells
were infected with MG1 at MOI 107 for 24 hours. FLICA 660 caspase 3/7 staining was
performed, and cells were analyzed using flow cytometry. Camptothecin (10uM) was used as a
positive control for caspase activity. Bulk caspase activity (A) and caspase activity during MG1

infection (B) is shown. Gating strategy is described in Figures 10A, C and 11A, C.
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Supplementary Figure 6. Z- VAD-FMK and Z-DEVD-FMK optimizations on Jurkat cells. Cells
were pre — treated for 1 hour with 10, 20, 50uM of either inhibitor, or left unstimulated. DMSO
was used as a vehicle control. After 1 hour, 2uM Staurosporine was added to induce apoptosis.
Following a 24-hour incubation, cells were stained with either PI (A, B), FLICA 660 caspase 3/7
stain (C), or an anti — active caspase 3 APC conjugated antibody (BD Biosciences # 560626, D).

Cell death or caspase activity was analyzed using flow cytometry. No statistics performed (n =

1).
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Supplementary Figure 7. Z- VAD-FMK and Z-DEVD-FMK optimizations on J1.1 cells. Cells were
pre — treated for 1 hour with 10, 20, 50uM of either inhibitor, or left unstimulated. DMSO was
used as a vehicle control. After 1 hour, 10uM Staurosporine was added to induce apoptosis.
Following a 24-hour incubation, cells were stained with either PI (A, B), FLICA 660 caspase 3/7
stain (C), or an anti — active caspase 3 APC conjugated antibody (BD Biosciences # 560626, D).
Cell death or caspase activity was analyzed using flow cytometry. No statistics performed (n =

1).
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Supplementary Figure 8. Z- VAD-FMK and Z-DEVD-FMK optimizations on OM10.1 cells. Cells
were pre — treated for 1 hour with 10, 20, 50uM of either inhibitor, or left unstimulated. DMSO
was used as a vehicle control. After 1 hour, 0.2uM Camptothecin was added to induce
apoptosis. Following a 24-hour incubation, cells were stained with either PI (A, B), FLICA 660
caspase 3/7 stain (C), or an anti — active caspase 3 APC conjugated antibody (BD Biosciences #
560626, D). Cell death or caspase activity was analyzed using flow cytometry. No statistics

performed (n = 1).
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Supplementary Figure 9. Camptothecin/Staurosporine optimizations on Jurkat (A), J1.1 (B),

U937 (C), and OM10.1 (D). Cells were treated with dose response concentrations of either

Staurosporine or Camptothecin, left untreated, or treated with a DMSO vehicle control for 24

hours. Potency of each chemical cell death inducer was analyzed using flow cytometry staining

for PI (i.e cell death). No statistics performed (n = 1).
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Supplementary Figure 10. Both Z-VAD-FMK and Z-DEVD-FMK are not cytotoxic and do not
induce cell death in Jurkat (A) or U937 (B) cells. The effects of both caspase inhibitors on their
own was investigated (i.e no cell death inducer present). Cells treated with 10 — 100uM of
either inhibitor maintained similar levels of cell death to the unstimulated control, thus
inhibitors do not cause any cytotoxicity’s. Camptothecin was used as a positive control for

apoptosis. Cells were treated for 24 hours, and cell death was analyzed on flow cytometry using

Pi staining. No statistics performed (n = 1).
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Supplementary figure 11. HIV p24 ELISA on MDM. MDM were infected with 25-200ng of HIV
for 6 days. At 6.d.p.i, cell-free supernatants were lysed using Triton-X and p24 ELISA was
performed. Concentration (ng/ml) of p24 was extrapolated from the standard curve (A), 100ng

of HIV was chosen for future MDM infection experiments (B). Statistics not performed (n = 1).
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Supplementary Figure 12. HIV re — activation p24 ELISA on J1.1 (A) and OM10.1 (B) cells to
confirm HIV latency. Cells were treated for 24 hours with 1 or 10ng or TNF-a. to reactivate the
latent reservoir. J1.1 cells (A) harbour slightly less of a true “latent” reservoir than OM10.1 cells,

due to the production of HIV p24 capsid protein in the untreated control.
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Other author contributions

Figure 4: One individual biological replicate on the OM10.1 cell line was completed by Angel lab
PhD student Bengisu Moyler

Figure 5: Two individual biological replicates on the J1.1 cell line were completed by Angel lab
PhD student Bengisu Moyler
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