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Abstract

Human Immunodeficiency Virus 1 (HIV-1) is a lentivirus that forms persistent latently
infected reservoirs that are the remaining major hurdle for current HIV-1 treatments.
APOBEC3 (A3) proteins are intrinsic retroviral restriction factors that introduce G2>A
mutations during reverse transcription, while Reverse Transcriptase (RT) introduces on
average 2-3 mutations every reverse transcription cycle due to a lack of proofreading ability.
The goal of this research is to characterize the infectivity and activation of mutated HIV-1
viruses that display reduced transcription upon infection, viruses that we term latency prone
viruses (LPVs). We hypothesize that G>A transition mutations in the HIV-1 Long Terminal
Repeat (LTR) region of the LPVs introduced through Reverse Transcriptase and low levels of
A3 protein activity can create HIV-1 sequences that display a reversible, latency-like
phenotype. Variable levels of transcription and promoter activation were seen among the
LPVs when tested against four classes of Latency Reversing Agents (LRAs). Subsequently,
three tested LPVs demonstrated an initial latency-like phenotype before rebounding in
infectivity. This project demonstrates for the first time that HIV-1 latency is not simply a
byproduct of the infection timing and cellular conditions, but that replication-competent
HIV-1 latent viruses can also be created through sublethal mutagenesis of their viral
promoter sequence introduced through A3 and RT exposure. The characterization of the
complete mechanism of HIV-1 latency induction, maintenance, and reversal is critical in the

development of sterilizing and functional cures for HIV-1 infection.
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Introduction
Discovery of HIV-1

Acquired Immunodeficiency Syndrome (AIDS) was first identified as a novel disease in 1981
when increasing numbers of men in the gay community began dying from opportunistic
infections (1). Human Immunodeficiency Virus-1 (HIV-1) was identified two years later as the
causative pathogen behind this quickly spreading disease (2). HIV-1 spread through sexual,
perinatal, or percutaneous routes, however 80% of new infections were through mucosal
surfaces and thus HIV-1 was subsequently classified as primarily a sexual disease (3, 4). Since
the original isolation of HIV-1, four groups have since been identified: M, N, O, and P. M is
the ‘major’ pandemic viral group, responsible for more than 75 million infections and 32

million deaths since the beginning of the pandemic (4, 5).
HIV-1: The Physical Virus
Structure of Virus

Genome
HIV-1 is a 9.7 kilobase long, positive sense, single-stranded RNA (+ssRNA) virus of the
Retroviridae family and Lentivirus genus (6, 7). HIV-1 consists of a nucleocapsid (NC)
containing two identical copies of its viral genome which code for nine genes, surrounded by
a bullet-shaped capsid core, and finally a spherical bilipid envelope containing viral envelope

(Env) proteins (8, 9).



Protein Encoding

HIV-1 Genome (9.7 kb)
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Figure 1. Schematic of the HIV-1 Genome. Figure reproduced from (10) through Open Access.

Although the genome of HIV-1 contains nine open reading frames, the virus actually codes
for 15 proteins due to polyprotein splicing and alternative splicing of RNAs (11, 12). The three
open reading frames of group-specific antigen (Gag), polymerase (Pol), and Envelope (Env),
code for polyproteins which are proteolyzed into nine individual proteins (12—-15). Of the
remaining six proteins, only Vif, Vpr, and Nef are found within the viral particle. Tat and Rev
play intracellular roles in regulating gene expression during viral transcription and
replication, while Vpu aids in viral release and avoiding co-infection in a single cell (12, 16,
17).
HIV-1LTR
Location, Duplicity, Equality and Length

Although the genome of HIV-1 encodes for 15 proteins, the most often-transcribed regions
of the viral genome are the long terminal repeat (LTR) regions. The HIV-1 LTRs are identical

634 base pair segments that flank both the 5" and 3’ ends of the virus, with the 5’ LTR



conventionally being designated as the promoter of the virus and the 3’ LTR as most
important for polyadenylation of mRNA transcripts. Only the 5" LTR acts as an initiator for
transcription as multidirectional transcription would lead to interference in the 3’ LTR R/U5
junction between the 3’ LTR U3 region newly forming transcripts and the termination of the
RNA synthesises from the 5’ LTR direction (18, 19). Both are also heavily involved in viral
reverse transcription, integration, and replication. The LTR can be subdivided into three

sections: the U3, R, and U5 regions (20, 21).

Sections = U3, R and U5

L u3 R Us

E Modulatory JE] Basal |

-454 1 +60

u NF-kB r’ Start

Figure 2 Schematic of the HIV-1 Long Terminal Repeat Region and Major Protein Binding Locations. The HIV-
1 LTRis divided into three regions: U3, R, and U5. All three regions contain multiple transcription factor binding
protein sites, with U3 containing the most. The U3 region is further subdivided into the upstream modulatory
region, enhancer, and basal promoter. Figure reproduced from (22) with permission from Springer Nature
Publishing.

U3 Region
U3 Roles
The U3 region of the LTR accounts for the first 453 bases and acts as the majority of the viral

promoter (20). The U3 is most important for initiating viral transcription because it contains

fffff ool V™ ™ L™ ™ Ll
+

+180



the viral TATA box, core promoter, enhancer region, modulatory regions, and numerous

upstream binding sites for transcription factor binding proteins (20).

U3 Binding Proteins
The most important sites within the upstream modulatory regions of the U3 that regulate
transcription of the virus are the cis-acting binding sites for the regulatory transcriptional
proteins such as AP-1, NFAT, and STAT5 (23-27). These proteins act as positive regulators of
viral transcription (28). This is followed downstream by the enhancer region which contains
an NF-xB binding site where inducible NF-kB p65-p50 heterodimers bind in an Sp1+TATA
dependent manner to enhance transcription upon cellular activation (29). NFAT and NF-xB
are also critical in the recruitment of chromatin remodeling factors such as histone
acetyltransferases (HATSs) to the viral promoter (28, 30). This is followed by three Sp1 sites
and the conserved TATA box which form the bulk of the core promoter. Efficient Sp1 binding
is required for both basal and Tat-mediated transcription of HIV-1 while the TATA box is the
location of binding for TFIID, the first protein complex to bind the viral DNA in the eventual
recruitment of RNA polymerase Il (RNA Pol 1l) (20, 31).
R Region

The transition from the U3 into the R region is delineated by the viral transcriptional start
site (TSS) (27). However, arguably the most important location in R is the trans-activation
response (TAR) element. The TAR element forms an RNA stem-loop structure that directly
binds to the viral protein Tat. Very early on in viral transcription, when Tat is not yet present
in the cell, low levels of basal viral transcription are possible. However, RNA Pol Il, in the

absence of Tat bound to TAR, will often prematurely abort transcription or accumulate in



downstream regions surrounding TAR. This creates a rate limiting step for transcription (28,
32). Upon the synthesis of a few productive mRNA sequences that result in the early
production of Tat protein in the cell, synthesized Tat proteins are able to re-enter the nucleus
and bind to the TAR element. Once bound, further recruitment of cellular transcriptional
elongation factors occurs, forming a much more efficient transcriptional complex (33, 34).
U5 Region

The final 84 bases of the LTRs make up the U5 region. This region contains the fewest
transcriptional protein binding sites, with the most important being one more NFAT and two
additional AP-1 sites (20). These sites of activation are downstream sequence elements that
have been shown to promote induction of the HIV-1 LTR by both Protein Kinase A (PKA) and

Protein Kinase C (PKC) activation signals via binding of cAMP response elements (35).
Treatments for HIV-1

History of cART
Initial drug therapies for treating those infected with HIV-1 focused on targeting specific
stages in the viral infection cycle. These included drugs that targeted viral attachment to its
CDA4 receptor and/or CCR5 or CXCR4 coreceptors, envelope fusion inhibitors, nucleoside and
non-nucleoside inhibitors of reverse transcription, viral integrase inhibitors, and protease
inhibitors that targeted the virus post-release (36). The combination of multiple drugs into a
cocktail therapy that targets different stages of the infection cycle was first developed in
1997 and is still referred to as combinatorial anti-retroviral therapy (cART). Current versions
of cART are capable of suppressing HIV-1 replication to undetectable levels, reducing the risk

of viral transmission and prolonging patients’ prognoses. This is demonstrated by the



increase in the proportion of HIV-1 positive individuals who are dying from non-AIDS related

causes since the development of cART (37, 38).
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Figure 3 Targets of Anti-Retroviral Therapies cARTs are capable of targeting multiple stages of the viral
infection cycle, both outside and within its target cell. cART reduces viral transcription and spread within a
patient. Figure reproduced from (39) with permission from Elsevier.

Drawbacks of Current cART
Although current cARTs are able to effectively suppress HIV-1 replication to undetectable

levels, current therapies are unable to completely eradicate all infected cells. Individuals on



CART are required to take these drugs for their entire lives (40—43), with any interruption in
CART leading to a rebound in viremia within 2-8 weeks (44, 45). Even for those who receive
treatment extremely early on in their infection or have low viral reservoir sizes rebounds may
occur (45). This need for lifelong treatment creates issues involving drug costs; adherence;
and side effects such as fatigue, nausea, insomnia, and in extreme cases long term organ
damage for some patients (46, 47). Nor has the presence of cART for HIV-1 infections
managed to reduce the levels of new infections, with approximately 1.7 million new
infections globally in 2019 holding as the steady state (5).
HIV-1 Latency
Definition of HIV-1 Latency

Current cART therapies do not completely eradicate HIV-1 within an infected individual due
to the presence of the HIV-1 latent reservoir. Latently infected cells are defined as cells
containing an integrated HIV-1 DNA genome that is replication-competent but
transcriptionally silent (28, 48-51). The total HIV-1 latent reservoir is the accumulation of
cells and anatomical sites in which replication-competent HIV-1 can accumulate and persist
(52). Because there is little to no expression of viral proteins, latently infected cells are able
to avoid immune detection and subsequent clearance (43). Upon cessation of cART, latent
reservoirs are the primary drivers behind the dissemination of viral infection and the increase

in post-treatment viremia.



Size of Latent Reservoir
Total Size Estimate
As of 2016, the estimated size of the latent cell population within an individual living with
HIV-1 was 108 cells (53), with approximately 10% of all integrated, latent proviruses being
replication competent (54, 55). It is further estimated that 10> — 10’ of this population are
established in the first weeks of infection (56). The half-life of the total reservoir under cART
is approximately 44 months (57), meaning that it would take at least 60 years of treatment
to clear the known reservoir (58).
Reservoir Cell Types
Non-Lymphocytes

While the majority of research on the HIV-1 latent reservoir has thus far been performed on
CD4+ T lymphocytes, the presence of latently infected macrophages, monocytes, and
dendritic cells have also been shown to exist (59-62). Monocytes make up a small fraction of
the overall latent reservoir (<0.1%) likely due to extremely low levels of CCR5 expression,
with CD16+ and intermediate monocytes demonstrating the greatest HIV-1 susceptibility
among monocytes due to higher levels of CCR5 (59, 63, 64). Reservoirs of resident
macrophages within the mucosal surfaces are established within the first few days of an
infection and are key contributors to the recruitment of CD4+ T lymphocytes to the sites of
infection through the upregulation of cytokine production (65). Not only does this increase
the number of target lymphocytes for extracellular HIV-1 virions to infect, macrophages are
also capable of directly transmitting virions through cell-to-cell contact with CD4+ T

lymphocytes during antigen presentation (66—68). Because of monocyte-derived



macrophages’ added ability to migrate into tissues upon differentiation, they have also
become candidates for spreading latent viruses into locations that are anatomically difficult
for immune system recognition and clearance. This allows for further spreading of the virus
into locations such as the lungs, gut-associated-lymphoid tissues, testes, brain, liver, and
lymph nodes among others (59, 69—74). Dendritic cells display a much lower infection rate in
vivo as compared to CD4+ T lymphocytes, and may play a role in spreading HIV-1 infection
through the presentation of sequestered, intact virions to T cells (75). Follicular dendritic cells
are thought to increase the latent reservoir through capturing/binding intact virions on their
surface without being infected themselves (76).
Lymphocytes

CD4+ T lymphocytes represent the most well-characterized cell population within the viral
latent reservoir. CD4+ T cells can be categorized by their effector functions upon stimulation
as well as by their memory status (77). When analyzing by memory status, the frequency of
lymphocytes that contain latent provirus is much higher in memory CD4+ T cells compared
to naive and recent thymic emigrant CD4+ cells (78). CD4+ stem cell memory (Tscm), central
memory (Tcm), transitional memory (Ttvm), and effector memory (Tem) cells are the four
subtypes of CD4+ memory T cells that harbour the highest levels of replication-competent
HIV-1 DNA within patients undergoing cART (77, 79, 80). Tcm cells primarily localize in lymph
nodes until an activation event which stimulates their conversion into Tem cells that are
capable of moving into tissues and exerting cytotoxic responses (81). Trm cells show an

intermediate phenotype between central and effector memory cells (82).
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Temand Trw cells make up the majority of the latent HIV-1 cellular reservoir within memory
cells, with Tem cells displaying the highest levels of replication-competent HIV-1 DNA (83).
The Tem and Trm reservoirs are also maintained by two different mechanisms of action. In
patients undergoing cART who have seen a recovery of CD4+ T cell counts or who have
experienced only a slight decrease in CD4+ T cell counts due to early cART initiation, Tcm cells
are more often seen as the primary HIV-1 latent reservoir likely through maintained T cell
survival and low-level HIV-1 antigen-driven proliferation. In patients who have experienced

a large decrease in their CD4+ T cell counts prior to cART initiation, Ttm cells play a larger role
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within the latent reservoir likely through IL-7 mediated homeostatic proliferation and by
detecting proviral DNA (79). Tscm cells are the longest lasting and most capable of self-
renewing CD4+ memory T cells, and these cells play an increasing role within the latent
reservoir as Tcm, Ttm, and Tem cells are slowly lost by apoptosis throughout an infection (80).
When analyzing CD4+ T lymphocytes by effector status, the variable levels of chemokine
receptors, cytokine secretion, and concentration of transcription factor binding proteins all
influence the ability for each effector T cell subset to act as a cellular reservoir for latent HIV-
1(77, 84). Although activated, effector CD4+ T cells are the preferential target for productive
HIV-1 infection, they do not make up the majority of the latent reservoir because of their
short life spans due to a contraction phase following the effector response and HIV-induced
cytopathic effects (85, 86). When looking specifically at the HIV-1 latent reservoir, Th17 cells,
CD4+ regulatory T (Treg) cells, and follicular T helper (Ts) cells all demonstrate high levels of
integrated, latent proviruses within patients undergoing cART (87, 88). Th17 cells that
demonstrate high levels of CCR6, a marker for gut-directed homing, are highly susceptible to
HIV-1 infection and thought to be a major factor in the establishment and maintenance of

the latent reservoir within the gut associated lymphoid tissue (89).

Timing of Latency Creation in Infection Cycle
The majority of the latent reservoir within CD4+ T lymphocytes is established very early in
the infection process due to the molecular environment within the T cells during early HIV-1
infection (90). HIV-1 first primarily targets effector CD4+ T cells during acute infection
because of their high external CCR5 expression and high internal dNTP concentrations (which

HIV-1 requires for reverse transcription) (91). The majority of these effector CD4+ T cells that
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HIV-1 infects will die off after the initial acute infection period due to HIV-1 induced apoptosis
or immunological contraction, leading to a decrease in overall CD4+ T cell levels. However, a
subset of the infected cells will remain and transition into the aforementioned memory CD4+
T cells which help to establish immunological memory against HIV-1 protein epitopes, as
happens for all foreign pathogens that the human immune system contacts (92, 93). These
transitioning cells dramatically shut down their transcriptional machinery and enter a resting
memory T cell state (93). The establishment of immunological memory, which in this case so
happens to contain cells with integrated latent proviruses within their genomes, is
considered outside of the effects of cART, and rather due to the natural mechanisms that the
human immune system follows in responding to foreign pathogens and subsequently

establishing immunological memory (28, 94).
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Figure 5 Factors of HIV-1 Latency Establishment, Maintenance and Reversal. HIV-1 latency is a complex and
multi-factorial process that is established early in an infection. The latent cellular reservoir is a diverse cell
population which is maintained through factors associated with the host environment, infection timing, viral
protein expression as well as therapeutics given to patients.

Upon completion of the effector-to-memory CD4+ T cell transition, integrated proviruses
may maintain a latent phenotype in CD4+ memory cells due to multiple environmental
factors within the host memory cell. First, the presence or absence of key HIV-1 transcription
factors can affect HIV-1 latency. Transcription of viral genes requires the presence of the two
key initiation transcription factors NF-kB and NFAT. However, in memory cells NF-kB and
NFAT are sequestered in the cytoplasm of the cell, thereby decreasing their ability to increase

viral transcription (23, 24, 28, 95, 96).
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Secondly, low levels of CyclinT1 (CycT1) in the nucleus of resting memory cells are critical for
establishing and maintaining viral latency. When an effector CD4+ T lymphocyte is activated
during the initial HIV-1 infection, CycT1 will bind to CDK9 to form P-TEFb, a cyclin dependent
kinase that has three critical roles for transcription initiation: the phosphorylation of the
negative elongation factors NELF and DSIF, the recruitment of RNA Pol Il, and the recognition
and binding of Tat (which leads to a conformational change in Tat and its binding with TAR).
However, once the effector CD4+ T cell transitions into a resting memory cell, CycT1 becomes
degraded before it may bind with CDK9. This decreases the ability for the virus to transcribe
its genes and thus allows for maintaining a latent phenotype (27, 28, 97-102).

Thirdly, viral latency is maintained by the biochemical nature of the histones where the virus
integrates. It has been shown that the LTRs of latent proviruses are known to accumulate
histone deacetylases (HDACs) and histone methyltransferases (HMTs), leading to deacylated
and methylated histones that are less accessible to transcriptional proteins and thus aid in
protecting the virus from spontaneous latency reversal (103—105). HIV-1 has also been
shown to integrate into areas of heavy heterochromatin where viral reactivation and
detection is more difficult due to the compact and inaccessible nature of the chromatin (28,
106). Finally, when HIV-1 does integrate into an area that is actively expressing proteins, in
vivo studies of CD4+ T cells have shown that 93% of integration events occur in the introns
of actively transcribing genes, meaning that no HIV-1 proteins become expressed by the cell
and latency may be maintained (107).

So what happens when viral transcripts do start to become transcribed and expressed in

latently infected memory cells? Two interesting mechanisms exist that demonstrate the ties
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between natural host functions and latency maintenance. The first involves viral RNA
retention in the nucleus. It was found in individuals on cART that there was an increase of
polypyrimidine tract binding protein (PTB) in the nucleus of resting CD4+ T cells. PTB binds
the mRNA for the viral proteins Tat and Rev, thus affecting their splicing and keeping them
from leaving the nucleus. This lead to a decrease in multiple viral positive feedback loops that
Tat and Rev are responsible for creating, and thereby allowed for the cell to prolong latent
proviruses (108).

The second interaction comes through the cellular apoptotic pathway. When the infected
cells begin to detect viral proteins, they can enter into apoptosis. However, the virus can
counter this during early infection by expressing Nef, Tat, and Vpr which all lead to increases
in anti-apoptotic proteins, allowing for the cells to survive longer than they want to. During
late infection after latency is reversed and the virions wish to lyse the cells the reverse occurs
and Env and Vpu expression lead to increases in apoptotic regulators. By affecting levels of
apoptotic regulators, whether by upregulating or downregulating certain checkpoints, HIV-1
can affect the length of time that the cell survives and thus gives itself a better chance at

maintaining a latently infected, resting phenotype (43, 109).
What does Latency do to the Creation of HIV-1?
How can Latency be Reversed in a Cell?

Cellular Changes Leading to Viral Activation
A variety of interactions between viral and cellular factors have been shown to promote not
only the initiation but also the maintaining of HIV-1 latency. However, the cellular

environment is dynamic and there are also specific conditions which can reverse latency,

15



leading to the upregulation of viral transcription and protein presentation. The foremost
change that can occur is the activation of an infected CD4+ T cell which leads to an increase
in NFAT and/or NF-kB levels in the cell. In CD4+ T cells, NFAT seems to be the dominant
protein in reactivating latent virus compared to NF-kB, with both NFATc1 and NFATc2
activating HIV-1 transcription (23). NF-xB, in the absence of stimulation, is bound to the
inhibitory molecule I-xB. In in vitro experiments, when stimulation by mitogens, cytokines,
oxygen radicals or other T cell stimulatory agents results in I-kB phosphorylation and
disassociation from NF-xB. I-kB is then degraded and NF-xB is allowed to travel to the
nucleus to upregulate transcription (110, 111). Upregulating the host transcription factors of
NF-kB and NFAT leads directly to HIV-1 gene expression upregulation (24, 112).
Latency can also be naturally reversed in a cell through the recruitment of host HDAC
inhibitors and HMTs (113). This will lead to histones that are less compact and biochemically
more available for transcriptional binding protein access.
These processes can occur naturally as an infected cell receives different stimuli from the
body and responds accordingly. However, a reversion from latency to viral expression can
also be induced through a targeted stimulation of the aforementioned signalling pathways
with exogenous reagents. Molecules that specifically stimulate a reversion in HIV-1 latency

for therapeutic and research purposes are classified as Latency Reversing Agents (LRASs).
Improving cART Through Targeting the Latent Reservoir

Shock and Kill
The ‘Shock and Kill’ strategy for identifying and clearing latently infected cells is based on the

premise of using LRAs to upregulate latent proviral transcription, which would then lead to
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the cells being recognized and subsequently cleared through an immune response (43).
Because HIV-1 transcription is closely linked to cell signaling pathways that also govern T cell
receptor (TCR) engagement and T cell activation, a delicate balance between using LRAs to
activate viral transcription and not inducing a global T cell activation must be reached to
avoid potential toxic ‘cytokine storms’ (114-116). Preliminary ‘Shock and Kill’ studies have
demonstrated that a significant hurdle to the success of this technique is their inability to
completely reactivate the full complement of latent proviruses. The majority of HIV-1
proviruses integrate into transcriptionally active regions of the genome, and thus are heavily
influenced by the chromosomal structure and epigenetic status of these regions (117).
Studies that have used single molecules to induce host cell transcription through T cell
signalling pathways (PMA+l, IL-2, IL-7 etc), through increasing Protein Kinase signalling
pathways (PKC agonists), or through chromatin remodeling (HDAC or HMT inhibitors) have
all found that only a small subset of proviruses are reactivated to transcribe (115, 118).
Because of this, combinations of various LRAs that will target integrated HIV-1 through
various pathways are now being combined in an attempt to create an optimal viral ‘shock’

(119).

17



Bromodomain

Methyl- Inhibitors P-TEFb
tran§ferase Activators
Inhibitors
Methylation
Inhibitors
Histone
Deacetylase
Inhibitors

o Latency Reversing

- Prostratin/ Agents

(@) Bryostatin
> g LRAs
O
=)
> 75 Ingenol B/
< % PEPOOS

()]
® -
(%)
S
o)
2 0
&
v

(/@

PI3K7AKE pathwaY
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Kill’ technique, leading to a detectable increase in viral expression within latently infected cells. Figure
reproduced from (43) with permission from Elsevier.

Clinical trials to date have demonstrated that although in vivo LRA activation of the latent
reservoir does lead to a small increase in transcription of HIV-1, and that latently infected
CD4+ T cells treated with LRAs do allow for an increase in susceptibility to antigen-specific
CD8+ T cells (91, 120), ‘Shock and Kill’ efforts do not lead to clearance of latently infected
cells by CD8+ T cells (121-125). It has been shown that combinations of LRAs used to
reactivate latent HIV-1 can affect HIV-1 antigen processing within the CD4+ T cells as well as

alter the CD3 and CD4 expression levels within CD8+ T cells (126, 127). HIV-1-specific CD8+ T
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cells also need to overcome the accumulation of escape mutations in dominant epitopes of
HIV-1, a physical exclusion from the lymph node follicles where infected CD4+ T cells are
abundant, and an enduring epigenetic dysregulation carried over from their previous
exhausted state during the acute infection stage (128-131). Because CD8+ T cells do not
seem to be capable of clearing reactivated latent cells on their own, methods to improve the
‘kill" have also been developed. These include inhibiting anti-apoptotic activity of the viral
proteins Tat, Nef, and Vpr (109); inhibiting viral budding causing cellular apoptosis in
response to a virion build up (132); and inhibiting the p38/JNK pathway leading to increased
cell death upon reactivation (133).
To be considered a successful ‘Shock and Kill’ technique, four tenants must be achieved:

1. All replication-competent proviruses must be reactivated

2. Adecrease in the overall number of infected cells must be demonstrated

3. It cannot cause an increase in viremia leading to an increase in newly infected cells

4. It must avoid a global T cell reactivation that can be toxic to the patient when

maintained for a prolonged period of time (55, 134, 135)
Latency Reversing Agents
Four classes of LRAs were used in this thesis: HDAC inhibitors, Protein Kinase C (PKC) agonists,
aldehyde dehydrogenase inhibitors, and retinoids.
HDAC Inhibitors

Included in this study are the HDAC inhibitors Panobinostat, Romidepsin, Valproic Acid, and
Vorinostat. HDAC inhibitors are robust agents that reverse the acetylation of histones,

leading to DNA that is less compact and more available to activators, transcription factors,
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and RNA pol Il (136, 137). HDAC inhibitors have been shown to reactivate latent HIV-1
proviruses to varying degrees in vitro and in CD4+ T lymphocytes (121, 124, 144, 145, 125,
137-143).
Alcohol Dehydrogenase Inhibitors

Disulfiram is an alcohol dehydrogenase inhibitor that is included in this study. Disulfiram was
originally marketed for treating alcoholism through the inhibition of acetaldehyde
dehydrogenase, however it has since been shown to reactivate latent HIV-1 expression in the
U1 primary cell line and some primary CD4+ T lymphocyte models (122, 146—148). Disulfiram
activates latent HIV-1 proviruses by inhibiting the copper-containing enzyme dopamine B-
hydroxylase, as well as by depleting intracellular levels of PTEN, leading to an increase in NF-

kB dependent proviral transcription (146, 147).

Protein Kinase C (PKC) Agonists
Bryostatin-1, a macrocyclic lactone, and phorbol 12-myristate 13-acetate (PMA), a phorbol
ester and the gold standard in reactivation studies when given in conjunction with
lonomycin, are both included in this study. Increases in PKC levels lead to increases in NF-xB
and AP-1 signalling cascades, two critical transcription factors for HIV-1 as shown above
(149). Bryostatin-1 and PMA+| have both been shown to reactivate latent proviruses in in
vitro T cell lines and in ex vivo CD4+ T lymphocytes (127, 148-152). The efficacy of either to
induce transcription of latent provirus in vivo has yet to be proven (123).

Retinoids
Included in this study is the first-generation retinoid All Trans Retinoic Acid (ATRA). ATRA

causes an upregulation in cell differentiation and proliferation through a still unknown
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mechanism. ATRA has been shown to increase HIV-1 reactivation in CCR6+CD4+ T
lymphocytes (153, 154).
Block and Lock

In direct comparison to ‘Shock and Kill’ strategies are ‘Block and Lock’ methods which seek
to use therapeutic interventions that ‘lock’ the virus inside the cell by ‘blocking’ any further
viral transcription, thereby aiming to allow for patients to discontinue cART without a
subsequent viral rebound. Methods thus far have included using small molecule protein
repressors, chromatin remodeling, small interfering RNAs (siRNAs), and genome editing
techniques (115). Major current hurdles for ‘Block and Lock’ therapy development include
delivery of the transcriptional repressors, identifying cells containing latent HIV-1, and

avoiding non-specific targeting of uninfected cells (115).

Proteins and Signalling Repression
The HIV-1 LTR uses many transcription factor binding proteins to regulate its viral
transcription. Because of this variety, small molecules that target for repression only one
transcription factor binding protein are typically not highly effective in locking down the full
HIV-1 latent reservoir (115). A more effective strategy is through complete histone
remodeling, but opposite to which it is used by LRAs in ‘Shock and Kill’. In ‘Block and Lock’,
histones containing integrated proviruses are targeted for repression, meaning that HDACs,
HMTs, and DNA methyltransferases are all upregulated directly or through repression of their

inhibitors (115, 155).
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RNA and Signalling Repression
Double stranded siRNAs that target the enhancer region of the HIV-1 5’ LTR have been shown
to increase repression of the viral LTR in a reversible manner (156). RNAs against highly
conserved regions of the viral genome have also been used in combination with recombinant
fusion proteins designed to inhibit the transcription of HIV-1 (157). Finally, RNAs have been
used to target the Tat-TAR interaction of HIV-1 transcription, specifically by interfering with
TAR RNA folding, by binding and sequestering TAT-pTEFb, and by interfering with Tat binding
(115, 158-160).
Genome Editing
Afinal method to target the HIV-1 genomes of latent proviruses for transcriptional repression
is through genome editing. Both CRISPR/Cas9 and TALEN-mediated endonucleases have
been developed and evaluated against highly conserved sequences within the HIV-1 5’ LTR
(115, 161, 162). Preliminary efforts to suppress HIV-1 transcription through genome editing
have been fairly successful in vitro as well as in mouse and rat in vivo models (163, 164).
Similar to aforementioned ‘Block and Lock’ strategies, identification of cellular reservoirs and
delivery of necessary reagents to those sites remain the primary hurdles for testing genome
editing in cART patients (115).
Latency Determined by Viral Sequence

As of yet, ‘Shock and Kill’ and ‘Block and Lock’ remain unachievable until the complete
mechanisms of HIV-1 latency induction, maintenance, and reversal are fully understood. Only
then can we achieve an HIV-1 sterilizing cure, the complete eradication of all replication

competent viruses in an individual as demonstrated in “Shock and Kill”, or a functional cure,
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the control of infection spread without persistent cART use as proposed through “Block and
Lock” (36). The sequence of the latent HIV-1 5’ LTRs is very important for identifying the best
molecules/proteins to use for latency reversal under ‘Shock and Kill’ and is also critical when
designing LTR sequence-specific transcriptional repressors under ‘Block and Lock’. Therefore,
we began to question whether the sequence of the infecting virus could play a role in HIV-1
latency creation, maintenance, and reversal along with what is already known about the role
of the cellular environment. What if the availability of transcription factor binding proteins
that seem so key in establishing, maintaining and reversing viral latency were not only being
affected by the cellular signalling pathways, but also by changes in the sequences in the viral
genome where they were trying to bind? Specifically, what if sequence mutations in the viral
LTR/promoter could affect viral latency induction and reversion in a manner consistent to
what is typically accepted as being dependent only on the molecular environment of the cell?
To ask these questions we first must look at ways that the viral LTR sequence can become
mutated.
APOBEC3 Proteins
An Overview
Definition

Apolipoprotein B mRNA editing enzyme, catalytic protein-like 3 (APOBEC3 or A3) proteins
are a set of innate, antiretroviral proteins encoded by 7 clustered APOBEC3 genes that are
located on chromosome 22 in humans (165). APOBEC3 proteins are expressed in almost all

human cells, however are found at much higher expression levels in immune cells (166).
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Certain A3 proteins are also highly inducible, particularly A3G and A3F in CD4+ T cells,

macrophages, and dendritic cells (166).

Differences Between Mammals
The human genome encodes for 7 APOBEC3 genes clustered on chromosome 22 (A3A, A3B,
A3C, A3DE, A3F, A3G, and A3H) (165). A3 proteins are not solely a protein expressed in
humans. A3 proteins are found in all mammals with different isoforms expressed between
species. For example, chimpanzees have 7 APOBEC3 genes, while horses have 6, mice 5, cats
4, cows and sheep 3, and pigs 2 (165, 167).

APOBEC3 Targets?
APOBEC3 proteins are polynucleotide cytidine deaminases that are effective at inhibiting the
replication of viruses that use reverse transcriptase (RT) during their infection cycle such as
HIV-1 and other lentiviruses; other viruses such as Hepatitis B Virus; as well as retroelements
in the cell such as LINES, SINES, and long terminal repeat (LTR) regions (168). Certain A3
subsets also are capable of deaminating free floating dsDNA in the cytoplasm (one of the

ancestral roles for the proteins) and targeting these dsDNAs for degradation (169).

Which APOBECs Are Effective Against HIV-1?
The two A3 proteins that show the highest restriction capability of HIV-1 are A3G and A3F.
A3G is highly effective against HIV-1 and prefers to mutate GG locations in the viral genome
(170) while A3F has been shown to have activity similar to that of A3G, but prefers to mutate
AG locations (171). In addition, A3DE and A3H haplotype Il have been shown to restrict HIV-
1in a Vif-dependent manner, A3B to a lesser extent in a Vif-independent manner, while A3A

and A3C have not been shown to restrict HIV-1 in T cells (172—174). There have been some
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suggestions that A3A may have anti-HIV-1 activity in monocytes where protein translation
begins at residue 13 instead of the methionine at residue 1, but this has not been conclusively
proven (175).
Anti-HIV-1 Mechanism of Action

During viral nucleocapsid formation in HIV-1 producer cells, A3 proteins are expressed by the
host cell and become co-packaged within the virus inside the nucleocapsid, allowing for
transportation of A3 proteins inside the virus to cells that the virions will infect downstream
(176). Upon the initiation of reverse transcription by the virus once inside a downstream cell,
A3 proteins are able to restrict RT activity through two mechanisms: a deamination

dependent mechanism and a deamination independent mechanism.
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A3 proteins can also be sequestered in the primary cell by Vif and targeted for degradation. Figure reproduced
from (173) with permission from Elsevier.
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Deamination independent
A3 proteins have been shown to be effective against reverse transcription in a deaminase-
independent manner. This means that during reverse transcription of the virus, the mere
presence of the bulky A3 proteins within the nucleocapsid physically blocks multiple aspects
of the viral reverse transcription process. This leads to increased RT mutations, lack of
efficient full strand reverse transcriptase synthesis and abortions of synthesis. Specifically
this can include physically blocking the binding of tRNAys3 to its primer binding site during

the initiation of reverse transcription, the transfer of DNA strands, and altering the
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integration of the virus (177-179). It is estimated that for A3G, 0.7% of anti-viral activity is
deaminase-independent, while 30.2% of A3F is deaminase-independent (180).

Deamination Dependent

Mechanism
The majority of APOBEC3 restriction of HIV-1 comes through its deamination dependent
pathway. A3 enzymes are cytidine deaminases, meaning that they convert cytidine bases to
uracil bases (C>U) in the newly synthesized -ssDNA strand of reverse transcribing
retroviruses (168). These C>U mutations in the minus strand of the virus are then copied
from guanine into adenine mutations (G=2A) in the subsequently synthesized positive DNA
strand of the incorporating virus (170). Due to both the overall number of A3-induced
mutations as well as the potential placement of the mutations in locations of high importance
to viral fitness, a decrease in the number of integrated, replication-competent, proviral
sequences occurs (166).
GG and GA Locations

A3G preferentially deaminates the 3'C of 5’CC in the -ssDNA sequence of reverse transcribing
HIV-1, resulting in GG GA mutation profiles (181, 182) while A3DE, A3F and A3H all prefer
to deaminate the 3’C of 5'TC motifs, which results in GA>AA mutation profiles (171, 183,
184). High levels of A3-induced hypermutation profiles, foremost among them being A3G-

induced patterns, have been shown in integrated proviruses (54).
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Vif
Protein Creation and Genomic Location
Although APOBEC3 proteins are highly efficient at mutating and limiting the replication
efficiency of HIV-1 in early infection, they are not capable of sustaining this activity
throughout the infection process due to the presence of Viral Infectivity Factor (Vif). Vif is a
non-structural HIV-1 viral protein that binds A3 proteins in HIV-1 producer cells and recruits
the E3 ubiquitin ligase complex Cullin5-ElonginB/C to target A3 proteins for
polyubiquitination (185—-188). Polyubiquitination of A3s results in their degradation by the
26S ribosome prior to co-packaging in viral nucleocapsids in the producer cell, negating any
potential effects of A3s on downstream HIV-1 infected cells. In the early stages of an infection
within a host cell, levels of Vif produced by the virus are extremely low, allowing for the
successful packaging of A3 in early budding virions and high levels of mutagenesis within
reverse transcribing downstream virions (189). However, as the levels of viral Tat increase in
the primary cell, an increase in viral protein expression occurs leading to an abundance of
synthesized Vif proteins which are capable of fully inhibiting A3 copackaging, leading to the
degradation of A3 and the rapid spread of virus uninhibited by A3 (185, 186).
Commonality of A3 vs RT Errors

APOBEC3 proteins are not the only proteins that can introduce mutations within the viral
genome during the replication process. Viral RT is also capable of HIV-1 mutagenesis because
of its lack of intrinsic 3’-5’ proofreading activity (190-192). HIV-1 RT has an error rate of
approximately 2-3 x 10®° mutations per nucleotide per cycle, resulting in 2-3 mutations

introduced into the viral genome every replication cycle (190-192). HIV-1 overall has an
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estimated 1.2 x 10° - 3.4 x 10> mutations per nucleotide per cycle (192, 193). It is estimated
that 98% of mutations within integrated HIV-1 DNA (replicative and non-replicative) in an
individual are associated to A3 cytidine deamination while 2% to RT. However in circulating
plasma where replication competent and transcriptionally active viruses are present, levels
of A3-induced and RT-induced mutations are almost equal (190).

It was subsequently found that mutations accumulated from RT and A3 induction can
contribute to viral subpopulations that contain weakly mutated viral-genomes, which can
influence infectivity and disease pathogenesis (190). Taken together, it can be seen that
although Vif is capable of eliminating the mutagenesis of A3 proteins on HIV-1 during late
infection in one particular cell, there remains a window during the ‘middle infection’ of a cell
where Vif proteins are beginning to accumulate and only a few A3 proteins are being
incorporated into budding virions. The HIV-1 genomes of these ‘middle’ viruses accumulate
low levels of mutations from both the few copackaged A3 proteins and also RT. Because only
low levels of mutations accumulate, these sub-lethally mutated HIV-1 viruses remain
replication and transcriptionally competent as seen through their presence in plasma
samples. If this was not the case, then there would be no evidence of A3 or RT mutation

patterns in the replicating pool of virus.
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Rationale
It has become quite apparent that there are multiple factors affecting viral latency, and that
the traditional model of latency being solely influenced by the transcriptional environment
within the cell is an incomplete picture of HIV-1 latency. For example, all attempts by ‘Shock
and Kill" techniques at reversing the full complement of replication-competent, latent
proviruses have thus far failed. We therefore asked the question whether the specific
sequence of HIV-1 prior to integration may play a role in the virus’ ability to both create and
maintain a state of viral latency. Specifically, we asked whether low to moderate levels of
G—>A transition mutations accumulating in the viral LTR (promoter) region acquired through
exposure to APOBEC3 and RT could cause a change in sequence great enough to create a

latency-like phenotype.
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Hypothesis
We hypothesize that G2>A transition mutations in the HIV-1 5’ LTR region introduced
through RT and low levels of A3 protein activity can create HIV-1 sequences that display a

reversible, latency-like phenotype.
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Implications
The ability for sequence changes in the DNA of HIV-1 to create sequences that portray a
latency-like phenotype would give rise to a completely new mechanism of HIV-1 latency.
Previously, we have primarily looked at latency as being dependent on the environment in
which the HIV-1 proviral genomes are within, however this research will show that HIV-1
latency may also be dependent on the molecular sequence of the virus itself. Secondly, this
work may help to shed light on why certain LRAs are less effective than others at activating
the full spectrum of replication competent, latent proviruses. If viruses have mutations that
lend themselves less susceptible to activation by specific transcriptional proteins, then LRAs
that target these proteins for reactivating HIV-1 during ‘Shock and Kill’ should not be
considered for whole reservoir reactivation. Finally, this work will continue to develop the
understanding of the relationship between the A3 family of proteins and HIV-1. A3 proteins
are traditionally seen as proteins that act effectively in limiting HIV-1 spread early on during
infection and are not effective in later infection once Vif levels rise. This picture is very much
a binary On-Off switch. This work will continue to show that the effect of A3 proteins on HIV-
1 is very much a sliding scale of effect, with a middle window where A3 proteins can still

package into HIV-1 virions at low levels, allowing for sub-lethal mutagenesis of the virus.
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Outline of Approach
In order to answer the question as to whether G2>A transition mutations in the HIV-1 5’ LTR
affect viral latency, our lab first created a library of HIV-1 viruses that contained transition
G—2>A mutations in their 5’ LTR region through exposure from co-packaged A3F or A3G
proteins. These viruses were identical to the wild-type HIV-1 virus except in their LTR, in
which they contained mutations in various numbers and locations. We termed these viruses
latency prone viruses (LPVs). It is with a subset of this LPV library on which my role in the

project began.
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Objectives
My thesis revolves around three central objectives:

1. Objective #1 is to take a subset of LPVs and to compare the transfection, infection,
and activation levels of the viruses when exposed to various LRAs. This will determine
if differences in mutation patterns may lead to viruses that are more likely to
reactivate to specific LRAs. This objective is first to be completed in an in vitro setting,
followed by repeating the infections and activations within ex vivo CD4+ T
lymphocytes.

2. Objective #2 is to determine if the LPVs integrate to similar levels. This is important
because the LTR regions are critical in reverse transcription and integration. This will
tell us if differences in infection and activation among LPVs are due to differences in
integration/infection or due to transcription.

3. Objective #3 is to determine if our LPVs are capable of evolving from a state of latency
back to a near-wild type phenotype. This is vital for establishing that transition
mutations found in the LTR do not simply create reduced, dead end-infections, rather

proviral genomes that are capable of reseeding viremia post rebound.
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Materials and Methods

Tissue Culture Cell Propagation
Human Embryonic Kidney Epithelium 293T cells (HEK 293T) (ATCC # CRL-3216) were cultured
in Dulbecco’s Modification Eagle’s Medium (DMEM) containing 584 mg/L L-glutamine,
110mg/L sodium pyruvate and 4.5g/L glucose (Wisent, #319-005-CL, St Bruno, QC, Canada)
supplemented with 10% v/v Fetal Bovine Serum (FBS) (Corning 35-015-CV), 100U/mL
penicillin and 100ug/mL streptomycin (P/S) (both GE Healthcare, Chicago, IL, USA), herein
referred to as complete DMEM. HEK 293T cells were passaged to a density of 2.0 x 10°
cells/mL every 48 hours.
U87 CD4+ CXCR4+ cells (NIH AIDS #4036) (herein referred to as U87 cells) were cultured in
complete DMEM supplemented with 1ug/mL puromycin, and 300ug/mL G418. U87 cells
were passaged to a density of 2.0 x 10° cells/mL every 72-96 hours.
Ghost CD4+ CXCR4+ CCR5+ cells (NIH AIDS #3942) (herein referred to as Ghost cells) were
cultured in complete DMEM, supplemented with 1ug/mL puromycin, 500ug/mL G418, and
100ug/mL hygromycin. Ghost cells were passaged to a density of 2.0 x 10° cells/mL every 48
hours.
Jurkat cells (ATCC #TIB-152) were cultured in RPMI 1640 (Wisent, St. Bruno, QC, Canada)
supplemented with 10% v/v Fetal Bovine Serum (FBS) (Corning 35-015-CV), 100U/mL
penicillin and 100ug/mL streptomycin (P/S) (both GE Healthcare, Chicago, IL, USA), herein
referred to as complete RPMI. Cells were passaged to a density of 2.0 x 10° cells/mL every 48

hours.
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All cell lines were propagated in a 37°C + 5% CO; incubator (Forma Series Il Water Jacket CO;

Incubator) (Thermo Scientific Inc., Burlington, Ontario, Canada).

Latency Prone Virus Plasmid Creation
Non-replicative pNL4.3-Aenv-Avif plasmids carrying distinct LTR transition mutation patterns
were previously created in lab by Cindy Lam. For complete details on LPV synthesis see
Appendix 3. For the mutation profiles of each LPV, see Table 1 located in Results section.

Plasmid Stock Propagation
For the propagation of LPV plasmid stocks to be used, along with a vesicular stomatitis virus
glycoprotein (VSVG) plasmid (Addgene, Cambridge, Massachusetts, USA), 50ng of plasmid
was introduced into 50uL of Stbl-2 E. coli cells and incubated on ice for 30 minutes. Tubes
were mixing by gentle tapping and heat shocked in a 42°C water bath for 90 seconds,
followed by 2 minutes onice. ImL of 2XTY broth (16g bacto tryptone, 10g bacto yeast extract,
10g NaCl, 1L ddH20, pH 7.2) was added to each transformation, followed by a 90 minute
incubation at 30°C with shaking at 600rpm. 200ulL of bacterial broth was spread onto a 30°C
prewarmed LB + Amp plate (20g LB powder, 17g bacto agar, 1L ddH.0, 100mg ampicillin).
Plates were kept in a 30°C incubator overnight for 20-24h. One colony per transformation
was then picked with a 200uL pipette tip and placed in a 250ulL Erlenmeyer flask containing
100uL of LB medium (10g NaCl, 10g bactotryptone, 5g yeast extract, 1L ddH,0) and ampicillin
at a concentration of 1:500. Flasks were placed in a 30°C shaker at 225rpm for 20-24h.
Midipreps of each plasmid were then prepared using an E.Z.N.A Plasmid DNA Midi Kit

(Omega Biotek Inc. #D6904-04, Norcross, GA, USA) with a final resuspension in 1mL of sterile
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RNAse-free water. Plasmid stocks were kept at -20°C with working solutions of each plasmid

at 100ng/ulL in sterile RNAse-free water at 4°C.

Viral Transfections

24 hours prior to transfection, HEK 293T cells were passaged, centrifuged at 500g for 5
minutes at 24°C, and resuspended in complete DMEM. Cells were counted using a
hemocytometer and plated in 6 well tissue culture plates (VWR International #10062-892,
Mississauga, ON, Canada) at 625,000 cells per well with a final volume of 2mL complete
DMEM.

At the time of transfection, 1.7mL eppendorf tubes were used to set up each transfection.
375ng of VSVG plasmid, 1125ng of LPV plasmid, and 200uL non-serum DMEM (Wisent #319-
005-CL, St Bruno, QC, Canada) were added to each appropriate tube and mixed together by
vortexing. 4.5ul of 1ug/ulL polyethylenimine (PEI) (Wisent, St Bruno, QC, Canada) was added
to each tube for a final concentration of 3ug PEI/1ug DNA, mixed through lightly tapping
tubes 8 times on a constantly running vortex, and incubated at room temperature for 30
minutes. During the 30 minute incubation, 24hr-old DMEM media was aspirated carefully
out of each well and replaced with 1.8mL of fresh, complete DMEM. After 30 minutes, the
tubes were inverted 3 times to mix, and each transfection solution was added to the
appropriate well through dropwise addition. Plates were mixed in the hood through light
biaxial mixing and placed in a 37°C + 5% CO; viral incubator for 72hr.

After 72 hours, supernatant containing virus was collected from each well, centrifuged at
500g for 5 minutes and 0.45um filtered (VWR #CA28143-312, Canada) to remove cellular

debris. Supernatants were then stored at 4°C. Cells were picked up using 500ulL of 1X PBS+
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5mM EDTA. Cells were centrifuged at 500g for 5 minutes and resuspended in 1mL of 1X PBS
to wash. Cells were centrifuged again at 500g x 5 min and then resuspended in 600uL basic
sort buffer (1X PBS, 5mM EDTA, 25mM Hepes, 1% globulin free bovine serum albumin, pH
7.2-7.4, 0.2um filtered) and fixed with the addition of 600uL 4% paraformaldehyde (PFA).
Fixed cell solutions were then 40um filtered (Bio Basic Inc #SP104151, Markham, ON,
Canada) into 5mL Falcon polystyrene round bottom FACS tubes (Corning #352054,
Tewksbury, Massachusetts, USA) for flow cytometry analysis. Cells were analyzed on a BD
FACSCelesta or BD LSRFortessa using BD FACSDiva v8.0.1 (BD Biosciences, Mississauga, ON,
Canada). FITC channel (488nm laser, 530/30) was used to measure eGFP fluorescence. Post-
acquisition analysis was performed on a separate computer using FlowJo (software v10.4.2).
ELISA p24 (gag) Quantification

Anti-p24 antibodies 183-H12-5C and (biotinylated) 31-90-25 were both previously prepared
in the lab by senior lab members. See Appendix 4 for full methods on antibody production
and conjugation.

A p24 sandwich ELISA was necessary to quantify the amount of virus from each viral
transfection. High binding 96 well ELISA plates (Santa Cruz Biotechnology #204463, Dallas,
TX, USA) were coated with 100uL anti-p24 183-H12-5C at a final concentration of 2.5ug/mL
diluted in 0.1M sodium bicarbonate buffer (8.4g NaHCOs in 1L sterile Mili-Q water, pH 9.5).
Plates were placed on a slow rotator at 4°C for at least 24h (often approximately 48 hours).
Plates were washed 3 times with 200uL ELISA wash buffer (1X PBS + 0.05% Tween-20) per
well and blocked with 200uL of ELISA blocking buffer (1X PBS + 0.05% Tween-20, 5% milk,

2.5% globulin free bovine serum albumin) for 2 hours at room temperature on a slow rotator.
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A recombinant HIV-1 p24 standard (Abcam #ab43037, Cambridge, MA, USA) was diluted
using DMSO into aliquots of 200ug/mL, then 100ug/mL, and finally 10ug/mL. 10ug/mL
aliquots were used for each round of ELISAs. Standard p24 was diluted from 10ug/mL to
100ng/mL using ELISA blocking buffer (10uL of 10ug/mL p24 + 990uL ELISA blocking buffer),
followed by 7 1:2 serial dilutions down to 0.78125ng/mL. Virus supernatants were warmed
in 37 °C incubator for 10 min, then diluted initially 1:100 in ELISA blocking buffer (10uL
supernatant + 990ul ELISA blocking buffer), followed by 1:2 serial dilutions down to 1:200,
1:400 and 1:800. Samples were mixed by vortexing at each step in the dilution process. After
each sample was adjusted to a final volume of 500ulL, 125ulL of ELISA lysis solution (1X PBS +
0.05% Tween-20, 2.5% Triton X-100, 0.02% Thimerosal) was added to each sample, mixed by
8 inversions, and incubated at 37°C for 30 minutes. After 30 minutes tubes were inverted 3
times, and 125ul of each dilution was added in triplicate to the ELISA plates which were
washed 3 times with 200uL ELISA wash buffer just prior to the addition of sample. Plates
were placed on a rotator overnight (approximately 16 hours) at 4°C.

Plates were washed 3 times with 200uL ELISA wash buffer and then placed on a room
temperature rotator with 100ul of biotinylated p24 antibody 31-90-25 diluted to 840ng/mL
in ELISA blocking buffer for 2 hours. Plates were washed 3 times with 200uL ELISA wash buffer
followed by a 1 hour incubation on a room temperature rotator with 100ulL of Streptavidin-
HRP (ThermoFisher Scientific #5911, Waltham, MA, USA) diluted 1:10000 in ELISA blocking
buffer. Plates were washed 3 times with ELISA wash buffer followed by the final addition of
100uL per well of 37°C pre-warmed Super Aqua Blue ELISA substrate (ThermoFisher Scientific

Invitrogen #00-4203-58, Waltham, MA, USA). Plates were wrapped in foil to shield from light,
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and after approximately 45 minutes were optical densities were quantified at 405nm and
600nm wavelength filters using a BioTek ELISA plate reader. Using Microsoft Excel 2016, the
concentration (ng/mL) of each LPV supernatant was calculated by placing a regression line
comparing quantified optical density to known concentration of the standard curve. The
equation of each regression line was then used in the quantification of all samples on the
plate, with normalized infection volumes being calculated from the estimated

concentrations. Regression lines that provided an R? values above 0.9 were accepted.

293T Activation Assays

24 hours prior to infection, HEK 293T cells were passaged, counted, and plated at 125,000
cells per well in 12 well tissue culture plates (VWR International #10062-894, Mississauga,
ON, Canada) in a final volume of 1mL complete DMEM. At the time of infection, viral
supernatants were centrifuged at 900g for 10 min at 25°C. Each infection well had the volume
of virus to be added removed and polybrene (Sigma-Aldrich, Oakville, Ontario, Canada)
added to a final concentration of 8ug/mL. Plates were gently mixed through biaxial shaking
in the hood before 10 minutes in a 37°C + 5% incubator. 345ng of each LPV supernatant was
added to each appropriate well and gentle biaxial shaking again briefly mixed plates. A 1-
hour spinoculation at 900g and 25°C occurred before plates were placed in a 37°C + 5% CO;
incubator.

24 hours post-infection, medium was removed from each well by careful aspiration and
replaced with 1mL of complete DMEM containing the appropriate latency reversing agent
diluted to the correct concentration or a DMSO control that matched in volume to PMA+I.

Plates were then placed back in the 37°C + 5% CO; incubator.
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24 hours post-activation, medium was removed by aspiration, and cells were detached from
the plates using 500uL 1X PBS + 5mM EDTA. Cells were centrifuged at 1000g for 10 minutes,
washed with 1ml 1X PBS before being resuspended in 300ulL of basic sort buffer with a
pipette, and finally fixed with the addition of 300uL 4% PFA and gentle vortexing (for a final
concentration of 2% PFA).

200ul of each fixed cell suspension was 40um filtered into a 96 well U-bottom plate (VWR
International #10062-902, Mississauga, ON, Canada) and analyzed on a BD FACSCelesta using
BD FACSDiva (Software v8.0.1). FITC channel (488nm laser, 530/30) was used to measure
eGFP fluorescence. Post-acquisition analysis was performed on a separate computer using

FlowlJo (software v10.4.2).

Jurkat Activation Assays
24 hours prior to infection, Jurkat cells were passaged, counted, and plated at a
concentration of 250,000 cells per well in 12 well plates (VWR International #10062-894,
Mississauga, ON, Canada) in 500ulL of complete RPMI.
Just prior to infection, complete RPMI was added to each appropriate well according to the
following equation:
Volume to be added = 1mL final volume - 500ul previous media — volume of virus to be added
for 345ng (as determined by ELISA results)
1ul of polybrene was added to each well for a final concentration of 8ug/mL before plates
were mixed through gentle biaxial shaking and placed in the 37°C + 5% CO; incubator for 10
minutes. During this incubation, viral supernatants were centrifuged at 900g and 25 °C for 10

minutes. 345ng of each LPV was added to each appropriate well, plates were again lightly

41



mixed, followed by a 1-hour spinoculation at 900g and 25°C. Plates were then placed in a
37°C + 5% CO; incubator.
24 hours post-infection, LRAs were diluted in complete RPMI to a concentration of 2X. 500uL
of old media from each well was carefully removed by pipette without disturbing the
suspension of Jurkat cells followed by the addition of 500uL of the complete RPMI + 2X LRA
solution. Plates were then returned to the 37°C + 5% CO; incubator.
24 hours post-activation, cells in suspension were collected by pipette from wells and
centrifuged at 1000g for 10 minutes. Cells were washed with 1mL of 1X PBS before being
resuspended in 300ul basic sort buffer by pipette and fixed with the addition of 300ulL 4%
PFA and gentle vortexing. 200uL of each fixed cell suspension was transferred into a 96 well
U-bottom plate (VWR International #10062-902, Mississauga, ON, Canada) and analyzed on
a BD FACSCelesta using BD FACSDiva (software v8.0.1). FITC channel (488nm laser, 530/30)
was used to measure eGFP fluorescence. Post-acquisition analysis was performed on a
separate computer using FlowJo (software v10.4.2).

293T Infections at 1X, 5X and 10X
The infectivity and activation of some low-infecting LPVs was tested in HEK 293T cells at
greater p24 concentrations. This included the LPVs D9, ES8, E9, G9, H7, H9, along with the wild
type pNL4.3-Aenv-Avif as a control. 24 hours prior to transfection, HEK 293T cells were plated
in 10cm? dishes at a concentration of 3 million cells/dish in 10mL complete DMEM. At the
time of transfection, 7500ug of LPV plasmid, 2500ug of VSVG plasmid, and 500uL of non-
serum DMEM was combined in a 1.7mL Eppendorf tube and mixed through vortexing. 30uL

of 1ug/ulL PEI was added to each tube for a final concentration of 3ug PEI/1ug DNA, mixed
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through lightly tapping 8 times on a constantly running vortex, and incubated at room
temperature for 30 minutes. Old media in dishes was removed and replaced with 9.6mL of
complete DMEM. After 30 minutes tubes were inverted 3 times and added dropwise to each
appropriate dish. Dishes were mixed gently and placed in a 37°C + 5% CO; incubator.

48 hours post-transfection, supernatant containing virus was collected, while cells were
collected and fixed for flow analysis as described previously.

To achieve useful infection volumes, supernatants were then concentrated. One 24mL
ultracentrifuge tube was prepared for each LPV transfection supernatant. Supernatant was
centrifuged at 900g for 8 minutes and then 0.45um filtered into each appropriate ultra-
centrifuge tube. 10mL of 20% sucrose in 1X PBS was added to the bottom of each tube,
followed by the remaining approximate 4mL being filled with non-serum DMEM. Tubes were
then ultra-centrifuged at 100,000G, 4°C, acceleration 5 and deceleration 5 for 3 hours using
a 70-Ti rotor (Beckman Coulter #337922, Mississauga, ON, Canada) in an L-100XP
ultracentrifuge (Beckman Coulter #969347, Mississauga, ON, Canada). Supernatant was
removed by aspiration and viral pellet resuspended in 500ulL of complete DMEM. The above
protocol for p24 ELISA to determine p24 concentration was followed with dilutions of
supernatant changed to 1:500, 1:1000 and 1:2000. The above protocol for HEK 293T
infection, activation and fixations was then followed, with infections being performed with

345ng, 1715ng, and 3435ng of p24.

Integration
To determine the levels of integration among each of the LPVs in the pNL4.3-Aenv-Avif

backbone, the above Jurkat Activation assays were repeated with the following three
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activation conditions: No LRA activation (DMSO mock activation), 10ng/mL PMA + 1uM
lonomycin, or 50nM Panobinostat. 24 hours post-activation, cells were collected with 1X PBS
+ 5mM EDTA and centrifuged at 500g x 5min. Cells were then resuspended in 1mL 1X PBS
and split by volume with 1/3 going towards flow cytometry fixation as previously described
and the remaining 2/3 going towards gDNA extraction. The 2/3 for gDNA extraction were
centrifuged at 17,000g for 1min and 1X PBS aspirated off. gDNA of cells was extracted using
Wizard gDNA Purification Kit (Promega #A1120). gDNA was resuspended in 100uL of gDNA
rehydration buffer and rehydrated overnight at room temperature.

gDNA samples were primarily diluted in RNAse/DNAse sterile water to 10ng/mL aliquots. A
two stage Alu-gPCR reaction was performed to assess levels of integrated HIV-1. The first
stage was an Alu PCR between the Alu regions of the cellular genome and the U5 region of
the HIV-1 LTR. The following were the conditions for this first stage PCR reaction: 50ng gDNA,
2uL Primestar GXL, 10uL 5X Primestar GXL Buffer, 4uL dNTPs, 26ulL sterile water, 0.2uM Alul
primer, 0.2uM Alu2 primer and 0.2uM Lambda R U5 Rev 1 primer (see Table 2 in Appendix 1
for primer sequences). Reactions were placed in a semi-skirted qPCR 96 well plate and
centrifuged at 900g x 2min to bring liquid down to bottom of well. PCRs were run in an
Eppendorf Vapo.Protect Pro S Mastercycler. Alu PCR settings were as followed: 94 °C for
1min; followed by 30 cycles of 98 °C for 10sec, 55 °C for 15 sec and 68 °C for 10min; followed
by a final 68 °C for 10min and 10°C hold.

Alu PCR amplified results were diluted 1/10 in DNAse/RNAse free sterile water. The second
round was an LTR or Actin gPCR. LTR qPCRs were performed by taking 5ul of 1/10 diluted

first round product, 10uL of 2X PowerUp SYBR Green Master Mix (Thermo Fischer Sci. Ref#
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A25742), 0.2uM lambda R Rev 2 primer, 0.2uM late U3 Fwd primer, 50nM LTR Probe and
3.75ulL sterile water. Actin gPCRs were performed by taking 5ul of 1/10 diluted first round
product, 10ul of 2X PowerUp SYBR Green Master Mix, 0.2uM Actin 1 primer, 0.2uM Actin 2
primer, 50nM Actin Probe and 3.75ul sterile water Reactions were added to a 96 well plate
and centrifuged at 900g for 2min. LTR gPCR reactions were performed at the following
protocol: 95 °C for 3min; 60 cycles of 95 °C for 15sec, 60 °C for 30sec and 72 °C for 30sec;
followed by a melt curve of 95 °C for 15sec, 60 °C for 1min and 95 °C for 15 sec. Results were
first normalized by actin results which controlled for loading volumes. Secondly, the
integration levels of all LPVs were compared to the wild-type, unactivated control that was
present on every plate run. Finally, the mean integration of the unactivated LPVs was set to

1.0, with all other samples normalized by this value.

CXCR4 and CCR5 LPV Cloning

In order to move into a system that allows for multiple rounds of infections, our mutated
LTRs needed to be cloned out of a non-replicative pNL4.3-Aenv-Avif plasmid and into a fully
replicative pNL4 CXCR4-tropic or pNL4 CCR5-tropic plasmid. A CXCR4 plasmid backbone was
chosen as the first option for cloning because the majority of the viral infection cycle takes
place in a CXCR4-tropic configuration where infectivity levels and disease progression
markers are very high (194-196). We also saw higher preliminary levels of infection by the
CXCR4-tropic pNL4 compared to our CCR5-tropic virus.

To accomplish this transition, we used a simple cut and paste cloning strategy using a Ncol
cut site downstream of the 3’ end of the 3’ LTR and an Xhol cut site upstream of the 5’ end

of the 3’ LTR (within Nef). Mutated 3’ LTRs were cut out of pNL4.3-Aenv-Avif plasmids with
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20U of Ncol-HF and 20U of Xhol. Products were electrophoresed on a 0.6% agarose gel and
gel purified using the E.Z.N.A. Gel Extraction Kit (Omega BioTek D2500-02). Purified inserts
were cloned into a pNL4.3 CXCR4-tropic digested backbone at a 5:1 ratio using T4 DNA Ligase
(NEB #M0202S) at 16 °C overnight. Transformations of products were performed in Stbl-2 E-
coli cells using LB-Ampicillin plates. Colonies were picked and viral miniprep stocks generated

as stated above under “latency prone virus plasmid creation”.
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Figure 8 Cloning of LTRs into Replicative HIV-1 Backbone. LTRs of LPVs were cloned from a non-replicate pNL4-
Aenv-Avif plasmid into a fully replicative, CXCR4-tropic or CCR5-tropic NL4 plasmid. Xhol in the Nef and Ncol in
the plasmid were used in the excision and ligation. See ‘CXCR4 and CCR5 LPV Cloning’ in Materials and Methods
for full details.

Evolution Experiment-Constant Conditions
The previously stated viral transfection protocol was used to generate replicative, latency
prone viral supernatants. The above ELISA p24 quantification protocol was used to determine

the concentration of virus in the transfection supernatant.
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6 hours prior to infection, 100,000 U87 cells were plated in 500uL of complete DMEM
(without antibiotics) in a 12 well. At the time of infection, wells were topped up with
complete DMEM by the following equation:

Media to be added = 1mL final volume - 500ul plated - volume of virus equal to 25ng p24
1uL of 1000X Polybrene was added to each well. Cells were biaxially mixed for 30 seconds
and placed at 37 °C for 10min. During this 10 min incubation viral transfection supernatants
were also warmed at 37 °C. 25ng of p24 of each LPV supernatant was then added dropwise
to each appropriate well (in duplicates), followed by gentle biaxial shaking. Plates were
spinoculated at 900g for 1hr at 24 °C. Plates were then placed in 37°C +5% CO; incubator.
24 hours post-infection, all media was removed from each well. ImL of 1X PBS was gently
placed in each well to help remove residual media/virus, then also removed by pipette. One
duplicate well for each LPV was then given 1.5mL complete DMEM + 5ng/mL PMA + 0.5uM
lonomycin. The second duplicate well of each LPV was given 1.5mL complete DMEM
containing DMSO controlled to the volume of PMAI added.

18 hours post-activation with PMA+I, media containing PMAI was removed followed by a
1mL 1X PBS wash. 1X PBS was removed and 1.5mL complete DMEM added to each well and
placed back into incubator.

7 days post-infection, 6 days post-activation, media from wells was collected and centrifuged
at 500g x 5min. Media was then filtered through 0.45um filter into a new tube to remove
cellular debris and kept at 4°C overnight. 1.5mL of complete DMEM without any LRAs added

to each well and plates returned to 37 °C incubator for another 7 days. On the same day
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12,500 Ghost cells were plated in 500uL complete DMEM without antibiotics in a 24 well
plate.

24 hours post-Ghost plating, 0.75uL 1000X polybrene was added to each well, gently biaxially
shaken, and placed in 37 °C incubator for 10 min. During this 10 min period, filtered day 7
supernatants were warmed in 37 °C incubator also. After 10 min, 250ulL of LPV supernatant
added to each Ghost well, plates were biaxially shaken and spinoculated at 900g for 1 hr at
24 °C. Infection plates were then placed in 37 °C incubator for 72 hours. The remainder of
filtered supernatants were then placed at -20 °C until RNA isolation was ready to be
performed.

72 hours post Ghost infection, infected Ghost cells were picked up using 500uL 1X PBS +5mM
EDTA and centrifuged at 500g for 5 min. Cells were washed with 1mL of 1X PBS and
centrifuged again. Cells were then fixed with 200ulL of basic sort buffer and 200uL 4% PFA.
Cells were analyzed on a BD FACSCelesta using BD FACSDiva (software v8.0.1). FITC channel
(488nm laser, 530/30) was used to measure eGFP fluorescence from the Ghost cells. Post-
acquisition analysis was then performed on a separate computer using Flowlo (spftware
v10.4.2). The number of Ghost cells that had become infected with virus released from U87
cells was calculated as a percentage out of 100.

Supernatant was removed and replaced from the U87 primary infected cells on a weekly
basis according to the above protocol. The process was continued for 4-5 weeks. Ghost cells

were continually used as above for measuring viral output.
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Evolution- Biweekly Transferring
The previously stated viral transfection protocol was used to generate supernatant
containing replicative LPVs. The above ELISA p24 quantification protocol was used to
determine the concentration of virus in the supernatant for tittering purposes.
100,000 U87 cells were plated in 500ulL of complete DMEM (without antibiotics) in a 12 well,
6 hours prior to infection. At the time of infection, wells were topped up with complete
DMEM by the following equation:
Media to be added = 1mL final volume - 500ul plated - volume of virus equal to 25ng p24
1uL of 1000X Polybrene was added to each well. Cells were biaxially mixed for 30 seconds
and placed at 37 °C for 10min. During this 10 min incubation viral transfection supernatants
were also warmed at 37 °C. 25ng of p24 of each LPV supernatant was then added dropwise
to each appropriate well (in duplicates), followed by gentle biaxial shaking. Plates were
spinoculated at 900g for 1hr at 24 °C. Plates were then placed in 37°C +5% CO; incubator.
24 hours post-infection, all media was removed from each well. ImL of 1X PBS was gently
placed in each well to help remove residual media/virus, then also removed by pipette. One
duplicate well for each LPV was then given 1.5mL complete DMEM + 5ng/mL PMA + 0.5uM
lonomycin. The second duplicate well of each LPV was given 1.5mL complete DMEM
containing DMSO controlled to the volume of PMAI added.
18 hours post-activation with PMA+I, media containing PMAI or DMSO was removed
followed by a 1mL 1X PBS wash. 1X PBS was removed and 1.5mL complete DMEM added to

each well and placed back into incubator.
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7 days post-infection, 6 days post-activation, media from wells was removed from cells and
centrifuged at 500g x 5min. Media was then filtered through 0.45um filter into a new tube
and kept at 4 °C overnight. 1.5mL of complete DMEM without any LRAs added to each well
and plates returned to 37 °C incubator for another 7 days. On the same day 12,500 Ghost
cells were plated in 500uL complete DMEM without antibiotics in a 24 well plate.

24 hours post Ghost plating, 0.75uL 1000X polybrene added to each well, gently biaxially
shaken, and placed in 37 °C incubator for 10min. During this 10 min period, filtered day 7
supernatants were warmed in 37 °C incubator also. After 10 min 250uL of LPV supernatant
was added to each Ghost well, plates were biaxially shaken and spinoculated at 900g for 1 hr
at 24 °C. Infection plates were then placed in 37 °C incubator for 72 hours. The remainder of
filtered supernatants were then placed at -20 °C until RNA isolation was ready to be
performed.

72 hours post Ghost infection, infected Ghost cells were picked up using 500uL 1X PBS +5mM
EDTA and centrifuged at 500g for 5 min. Cells were washed with 1mL of 1X PBS and
centrifuged again. Cells were then fixed with 200uL of basic sort buffer and 200uL 4% PFA.
Cells were analyzed on a BD FACSCelesta using BD FACSDiva (software v8.0.1). FITC channel
(488nm laser, 530/30) was used to measure eGFP fluorescence from the Ghost cells. Post-
acquisition analysis was then performed on a separate computer using FlowJo (software
v10.4.2). The number of Ghosts cells that had become infected by virus produced from the
U87-primary infected cells was calculated as a percentage out of 100.

14 days post initial U87 infection, 100,000 U87 cells were plated in 500uL complete DMEM

in a 12 well plate. 6 hours after U87 plating, viral supernatants were removed and filtered as
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previously described for day 7, with 14 day old U87 cells safely discarded. 1uL of 1000X
Polybrene was added to each newly plated U87 well and incubated for 10 min at 37°C. 500uL
of day 14 supernatant containing released LPVs was then added dropwise to new U87 cells
and biaxially mixed. Plates were centrifuged at 900g for 1hr at 24 °C, then placed in 37 °C
incubator. 12,500 Ghost cells plated in 500uL complete DMEM in a 24 well as before.
24 hours post U87 supernatant transfer (day 15), media containing mix of new and old media
containing virus was removed, followed by a 1mL 1X PBS wash. 1.5mL of complete DMEM
without any LRA or antibiotics was replaced into each well and cells not touched for another
6 days until day 21. 250ul of day 14 supernatant was used to infect Ghost cells as previously
described for 72 hours, with remaining viral supernatant placed at -20°C.
This protocol was repeated on a 2 week rotation for 4-5 weeks (2+ transfers) with
supernatants being collected from infected U87 cells every 7 days and collected supernatant
being transferred to new U87 cells every 14 days. Ghost cells were continued to be used as
above for measuring viral output.

Viral RNA Isolation
U87 supernatants containing released virus from evolution experiments was kept at -20°C
between the time point of the experiment and the time for RNA extraction. Samples were
thawed and centrifuged at 1000g for 5 min. 134uL of U87 supernatant sample was then
added to 15ulL of 10X DNAse (RNAse free) buffer and 1uL of DNAse for a final volume of
150uL in 1.5mL Eppendorf tubes. Tubes were mixed by tapping 10 times and then placed in

a 37°Cincubator for 1 hr.
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After 1 hr, DNAse-treated samples were cooled to room temperature and 140ulL of sample
processed through the QlAamp viral RNA mini kit (Qiagen #52909) to isolate RNA. RNA was
resuspended in 60uL AVE elution buffer and stored at -20 °C. RNA will be sent for RNA
sequencing to determine if there are any sequential changes to the genetic sequence of each

LPV at specific time points throughout the experiments.
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Results
LTR Mutations

A subset of 12 LPVs were selected which contained a broad range and localization of G2>A
mutations within their 5’LTRs. To confirm the locations of the LTR mutations within the
subset of LPVs that | would be testing, LTRs were sequenced with primers NL4 Pre/Post Xhol
For and NL4 3LTR Rev (see Table 2 in Appendix 1). Plasmids underwent Sanger sequencing at
Genome Quebec and resulting sequences were aligned and analyzed using Sequencer 4.10.1
software (Gene Codes Corp., Ann Arbor, Michigan, USA).

Mutations in the viral LTR were defined as G>A transition mutations that had been
introduced through A3G or A3F exposure as described in Appendix #3 protocols. Table 1 and
Figure 9 highlight the overall number, dispersion and specific location of the introduced G2>A
mutations within the LPV subset. LPVs displayed varying levels of overall mutation counts, as
well as different mutation locations and patterns. All LPVs, with the exception of B7 and C6B,
had at least one mutation in each of the three sub-regions of the LTR, with the U3 subregion

containing the most mutations for all LPVs.
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Table 1 Location of LTR Mutations Within Each Latency Prone Virus.
- refers to mutations located in the U3 of the 3’ LTR, - for mutations in the R region of the 3’ LTR and
yellow for mutations in the U5 region of the 3’ LTR. Numbering begins at the 5’end of LTR.

Mutation Locations

583, 591, 620, 621

621

620

620, 621

583, 620, 621

LPV Total # of LTR Mutations
B7 5
B10 9
ceB 7
Cc9 17
D3 7
D9 21
E8 38
E9 19
F8 10
G9 9
H7 18
H9 18
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Mutation Distribution Bl # of U3 Mutations

# of R Mutations
# of U5 Mutations

# LTR Mutations

LPV

Figure 9 Distribution of G —A Mutations Within the LTR Subregions. 5°LTRs of each LPV were sequenced in
both the forward and reverse direction through Sanger Sequencing by Genome Quebec. Mutations were
classified by the conversion of a guanine base into an adenine base within the 5’ Long Terminal Repeat region
of each virus. . region represents bases 1-453, I represents bases 454-549 and U5 represents bases 550-634.
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Flow Cytometry vs ELISA p24 Quantification of Transfections

Propagation of virions was achieved by the co-transfection of pNL4.3-Aenv-Avif plasmids,
containing unique LTR mutation patterns, with VSVG plasmid at a 3:1 ratio in HEK 293T cells.
An eGFP reporter gene inserted inside the truncated envelope glycoprotein expressed within
transfected cells allowed for the number of cells expressing viral proteins to be calculated by
flow cytometry, quantifying the number of eGFP+ cells. Transcription levels were then
normalized to the wild type pNL4.3-Aenv-Avif (herein referred to as pNL4) as 100 (Figure 10).
Due to the different levels of virus being produced from each LPV transfection, subsequent
infections performed using LPV transfection supernatants necessitated normalization by viral
quantity.

Viral titres were estimated using a p24 sandwich ELISA with two different in-house antibodies
for p24: clone 183-H12-5C for plate coating/viral capture and biotinylated clone 31-90-25.
Detection of btn-31-90-25 was enabled with a streptavidin-HRP followed by Super Aqua Blue
ELISA detection substrate. The functionality of both antibodies and successful biotinylation
of 31-90-25 had previously been confirmed in the lab via western blotting (not shown). p24
concentrations were calculated for each LPV supernatant using a known p24 standard and
used to normalize infections to 345ng of p24. The ELISA was successful in determining the
concentration of virus released form each LPV transfection, and ELISA concentrations
matched very similarly to eGFP expression levels post transfection when both were
normalized. No significant difference was observed between ELISA quantification of p24 in
viral supernatants and cellular transfection levels post normalization to 100 (Figure 10). No

correlation was found between the number of LTR mutations within each LPV and their
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relative transfection outputs measured through either the ELISA or flow cytometry (Figure

24).
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Figure 10 Normalized Viral Supernatant Concentrations & Internal Viral Transcription vs LTR Mutation
Counts. HEK 293T cells were co-transfected by 1125ng LPV plasmid and 375ng VSVG for 72 hours at 37°C +5%
CO;. Cells were collected, fixed and analyzed by flow cytometry to determine the % of eGFP+ cells. Viral
supernatant was collected and LPV concentrations (ng/mL) were measured by a p24 sandwich ELISA using a p24
standard curve. All values were normalized to pNL4 values = 100. Mutation numbers were previously determined
intra-lab by sequencing of plasmids. N=6 for transfection and ELISA. Student’s T test performed comparing the
normalized ELISA and transfection means within each individual LPV. No significant difference found for any LPV
( p>0.05 for all LPVs).
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In Vitro Infections
Infections were performed using 345ng of p24 of each LPV and pNL4 in both the HEK 293T
and Jurkat cell lines. Infections proceeded for 24 hours before infected cell populations were
activated for a subsequent 24 hour period with various LRAs or DMSO as an unactivated
control. Activation levels were determined via flow cytometry by measuring eGFP expression
levels. Mean fluorescence intensity was also collected on eGFP+ cells to measure the
intensity of the protein expression post-activation. Percent activations for both Mean Fl and
eGFP+ levels were calculated for every condition by the following equation:
% Activation = (Activated — Unactivated) / Unactivated x 100% (Figures 13 and 15).
Activations using each LRA were performed in triplicates for both cell lines.
All LPVs demonstrated significantly lower baseline levels of eGFP expression compared to
the wild-type control pNL4 (Figure 11) in both HEK 293T and Jurkat cells. In both HEK 293T
and Jurkat cells, LPV unactivated infection levels were moderately inversely correlated to the
number of LTR mutations in an exponential manner. This inverse correlation provided an R2
value of 0.7614 in HEK 293T cells and 0.7609 in Jurkat cells (Figures 11 and 25).
After an activation of 24 hours with PMA+I, the subset of LPVs demonstrated various levels
of expression, as well as percent increases, of eGFP expression (Figure 12). This result was
seen in both HEK 293T and Jurkat cells, with Jurkat cells seeing a greater percent increase in
viral protein expression likely due to their lower starting infection levels (Figure 13). Most
importantly, the response of each individual LPV to PMA+I did not follow on any trend as it
related to the overall number of promoter mutations. Although LPVs with more promoter

mutations could not match the LPVs with fewer mutations when it came to the overall
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number of cells expressing eGFP, LPVs with higher number of mutations often providing
greater percent activation responses. This suggests that the different mutation profiles in the
viral LTR were having an effect on the ability for each individual promoter to respond to the
PMA+| that was dependent on the location and number of mutations.

Figure 14 demonstrates the response of each LPV within Jurkat cells to the eight tested LRAs
as it pertains to both the overall number of cells expressing eGFP post-activation, as well as
the levels of viral protein expression on a per cell basis as measured by the eGFP mean
fluorescence intensity (MFI). The greater the intensity of the eGFP MFI, the greater the
amount of viral protein transcripts that are being transcribed and translated as both are
under the control of the LPV promoter. See Table #3 in Appendix 3 for all LRA concentrations
used.

For all LPVs, PMA+| induced the greatest levels of viral activation among all LRAs tested for
percentage of cells expressing eGFP as well as for MFI. The HDAC inhibitors Panobinostat,
Vorinostat and Romidepsin were the only LRAs capable of matching PMA+I, with B10 being
the only LPV that responded better to the HDAC inhibitors than to PMA+I (Figure 14). ATRA
and Valproic Acid failed to demonstrate noticeable levels of activation while Bryostatin-1 and
Disulfiram demonstrating moderate activation levels. There were no major patterns of
activation that linked a mutation pattern to only responding to one class of LRA.

When comparing the activation of the wild type pNL4 within the HEK 293T and Jurkat cells,
HEK 293T cells demonstrated greater percent activation than Jurkat cells in responses to all
LRAs except for Bryostatin-1 (Figure 15). Statistical comparisons were not performed

between HEK 293T and Jurkat cells as it related to the baseline levels of infection nor percent
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activation of wild-type pNL4 as the two cell lines underwent differing infection protocols and

p24:cells ratios (Figure 15).
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Figure 11 Comparison of Latency Prone Viral Mutation Counts to Baseline Infection Levels within HEK 293T
and Jurkat Cells HEK 293T or Jurkat cells were infected with 345ng of p24 from all LPVs. Spinoculation was
performed at 900g and 25°C for 1hr. 48hr post infection cells were fixed with 2% PFA and number of eGFP+ cells
determined by flow cytometry. The number of LPV mutations was previously determined by LPV sequencing.
N=3. Student’s T test performed between the levels of eGFP post pNL4 wild type infection and that of each
individual LPV. All LPVs demonstrated a significantly different infection level when compared directly to pNL4.
p < 0.05.
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Figure 12 Activation of Latency Prone Viruses within HEK 293T and Jurkat Cells by PMA+l. HEK293T or Jurkat
cells were infected with 345ng of p24 from all LPVs. Spinoculation was performed at 900g and 25°C for 1hr. 24
hours post infection, 10ng/mL PMA + 1uM lonomycin was diluted and added for a 24 hour activation. Cells were
fixed with 2% PFA and number of eGFP+ cells determined by flow cytometry. N=3. Student’s T tests performed
for every LPV individually between the unactivated and PMA+I-activated conditions. No significant difference
found in the HEK 293T activations when p > 0.05. However in the Jurkat cells five LPVs showed statistical
significant differences. * = p < 0.05.
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Figure 13 Percent Increase in Number of Cells Expressing eGFP Post Activation by PMA+l. HEK 293T and Jurkat
Cells were infected with 345ng of p24 from all LPVs. Spinoculation was performed at 900g and 25°C for 1hr. 24
hours post infection, PMA+I was diluted to 10ng/mL PMA + 1uM lonomycin for a 24hr activation. Cells were
fixed with 2% PFA and number of eGFP+ cells determined by flow cytometry. % Increase was determined by
comparison of the percentage of cells expressing eGFP after PMA+I activation of infected cells vs percentage of
cells expressing eGFP post DMSO mock activation. Number of LPV mutations was previously determined intra-
lab. N=3. Student’s T test performed between pNL4% increase and each LPV’s % increase individually. * = p <
0.05.
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Figure 14. Comparison of Latency Prone Virus Activation by 8 Latency Reversing Agents in Jurkat Cells. Jurkat
cells were infected with 345ng of p24 from all LPVs. Spinoculation was performed at 900g and 25°C for 1hr. 24
hours post infection, cells were exposed to LRAs for 24hr activation. Cells were fixed with 2% PFA and number
of eGFP-expressing cells and the eGFP mean fluorescence intensity was determined by flow cytometry. N=3.
Circle shading represents the number of cells expressing eGFP post-activation by an LRA, while square shading
represents the intensity of viral protein expression post-activation.
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Figure 15 Comparing the Response of Wild Type HIV-1 to 8 Latency Reversing Agents In HEK 293T and Jurkat
Cells. HEK 293T and Jurkat cells were infected with 345ng of p24 from all LPVs. Spinoculation was performed at
900g and 25°C for 1hr. 24 hours post infection, cells were exposed to LRAs for 24hr activation. Cells were fixed
with 2% PFA and A) % of cells expressing eGFP was determined by flow cytometry. B) % Increase in cells
expressing eGFP was determined by the comparison of the percentage of cells expressing eGFP after LRA
activation vs the percentage of cells expressing eGFP post DMSO mock activation (unactivated). N=3.
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Increasing Infection and Activation
Some of the LPVs demonstrated extremely low levels of infection and activation when
infections were performed at 345ng of p24. To determine if these LPVs would show
larger/detectable infection and activation at higher concentrations of virus, infection and
PMA+| activation assays were repeated in HEK 293T cells with increasing amounts of virus.
This included the LPVs D9, E8, E9, G9, H7, and H9. Bulk transfections were performed for
each LPV followed by concentration of viral supernatants using an ultra-centrifuge. Infections
were performed for each LPV with 345ng of p24 (1X), 1725ng (5X), and 3450ng (10X) (10X E9
sample was excluded due to lack of virus). Activation with PMA+| was performed as usual for
24 hours (Figure 16). Each LPV successfully activated viral transcription as observed by the
increase in the number of eGFP+ cells post activation. Secondly, as the amount of virus used
to infect with increased, no infection plateau was reached in any case. Therefore, all six of
the low-expressing LPVs were still transcriptionally competent and able to respond to PMA+,
however more virus was needed within this smaller LPV subset to obtain readily-detectable

levels of eGFP+ cells post infection and activation.
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Figure 16 Activation of Low-Transcribing Latency Prone Viruses by PMA+l at Increasing p24 Quantities. HEK
293T cells were infected with concentrated 345ng, 1725ng, or 3450ng of p24 from 6 LPVs that had shown
previous low levels of infectivity. Spinoculation was performed at 900g and 25°C for 1 hr. 24 hours post infection,
PMA+I was diluted and added for a 24 hour activation. Cells were fixed with 2% PFA and number of eGFP+ cells

determined by flow cytometry. N=1
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Viral Integration

To determine if the variances in viral activation were due to a difference in response to the
LRAs or due to a difference in preliminary viral integration, a two-step Alu-gPCR was
performed. Jurkat cells were infected with each LPV or pNL4 as previously described, and
activated by 50nM Panobinostat, 10ng/mL PMA + 1uM lonomycin, or DMSO as a negative
control. 24 hours post activation, 1/3 of each cell population was analyzed by flow cytometry
to confirm activation profiles, while the remaining 2/3 of cells had their gDNA isolated. A
preliminary Alu-LTR PCR was performed on normalized samples, followed by an internal
gPCR on amplified stage 1 product. Therefore, integrated virus would make up the vast
majority of amplified final viral product. Relative levels of integrated virus were calculated by
first considering Actin amplification to normalize for initial DNA loading volumes. Secondly,
samples were collected and compared between multiple trials by using an unactivated wild-
type pNL4 sample that was on each plate. Finally, the mean of the LPVs under the DMSO
‘mock’ activation condition was set to 1.0, and all samples were normalized to this value
(Figure 17).

In summary, firstly there was no significant difference between the mean integration of all
LPVs when comparing between activation conditions (Figure 17). Secondly, there was no
significant difference between LPVs within each activation condition (Figure 17). Therefore,
it was determined that neither the LPV mutations nor the presence of LRAs post infection
had a significant impact on the integration of the viruses, and therefore differences seen
between LPV infection and activation percentages must be due to differences in viral

transcription and not integration.
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Figure 17 Comparison of Latency Prone Viral Integration Under Latency Reversing Agent Exposure. Levels of
viral integration were determined for each LPV. Jurkat cells were infected with 345ng of p24, and activations
performed with 10ng/mL PMA + 1uM I, 50nM Panobinostat or DMSO. Cellular gDNA was isolated 24 hours post
activation. Integrated viral LTRs were amplified using a two stage Alu-gPCR. Levels of integration were
normalized to actin amplification, followed by a normalization between plates by a constant DMSO pNL4
sample, and finally by setting the mean LPV DMSO integration value to 1.0. Each symbol represents the mean
of 3 repeats for one LPV activated by one LRA. N=3. One way ANOVA performed between the three activation
groups. No significant difference between the LPV mean integrations when comparing by activation condition.
p < 0.05 for analysis.
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Evolution of Latency Prone Viruses

Now that we had established that the mutations in the LTR of the LPVs were affecting the
viruses’ baseline infection levels and activation potentials, we next asked whether these LPVs
were capable of viral rebound. That is to say, whether viruses that initially appeared as latent
due to lower levels of viral expression could rebound over time and show higher levels of
viral expression and spread within a cell population.

Mutated LTRs were first cloned out of the non-replicative pNL4.3-Aenv-Avif plasmid and into
a fully replicative pNL4.3 CXCR4-tropic plasmid. These viruses were now capable of multiple
rounds of infection.

Next, populations of U87 CD4+ CXCR4+ cells were infected with a low p24 mass (25ng) of
each replicative latency prone viral supernatant. These viruses were pseudotyped with VSV-
G to allow for efficient preliminary entry into the U87 cells that would act as a viral reservaoir.
Initial transfected virus was removed, and cells were activated with either PMA+| or DMSO
for 24 hours. Weekly, the supernatants of these cell cultures were collected and the quantity
of released replication-competent virus within those supernatants was measured through an
infection assay on Ghost cells. In the first 14 days of all trials, no LPV population was capable
of producing a detectable secondary infection as measured through the expression of eGFP
by the Ghost reporter cells. However, in the first trial performed, both the B7 and D3 LPVs
rebounded to show detectable, infectious virus output between day 14 and day 21 as
measured through the detection of infected Ghost cells that were now expressing eGFP. In
subsequent experiments only the LPV C6B showed detectable, infectious viral rebound

anywhere between day 14 and day 27. C6B rebounded both in the presence and absence of
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PMA+I. In some cases the levels of LPV rebound matched that of the wild type output (D3 in
Figure 18), in others the virus rebounded but could not match wild type levels within the
experimental window of time (C6B in Figure 20), and in some cases the LPV disappeared
again after a brief rebound (B7 in Figure 18). B7, D3, and C6B are the LPVs that contain the
lowest number of total LTR mutations, and all demonstrated that at least some of the LPVs

are in fact replication competent and able to reseed an infection when given enough time.
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Figure 18 Infectivity of Latency Prone Viral Supernatant from U87 Cells on Ghost Cells - Trial 1. 100,000 U87
cells were infected with 25ng of p24 or B7, D3 or CXCR4-tropic pNL4 in 2mL total volume. Every week 250ul of
supernatant was placed on a Ghost cell reporter population. A) Constant: Virus was grown in the same U87 cells
from the beginning of the experiment to the end. B) Biweekly Transfer: U87 supernatants containing virus were
transferred onto new 100,000 U87 cell every two weeks (* represents the date of supernatant transfer). N=1.
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Figure 19 Infectivity of Latency Prone Viral Supernatant from U87 Cells on Ghost Cells - Trial 2 - No PMA+I
Exposure. 100,000 U87 cells were infected with 25ng of p24 of an LPV or CXCR4-tropic pNL4 in 2mL total volume.
Every week 250ul of supernatant was placed on a Ghost cell reporter population. A) Constant: Virus was grown
in the same U87 cells from the beginning of the experiment to the end. B) Biweekly Transfer: U87 supernatants
containing virus were transferred every two weeks onto new 100,000 U87 cells every two weeks (* represents
the day of supernatant transfer). N=1.
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Figure 20 Infectivity of Latency Prone Viral Supernatant from U87 Cells on Ghost Cells - Trial 3 - PMA+I.
100,000 U87 cells were infected with 25ng of p24 of an LPV or CXCR4-tropic pNL4 in 2mL total volume. 24 hours
post infection, U87 cells were exposed to 24 hours of 5ng/mL PMA +0.5uM lonomycin. Every week 250uL of
supernatant was placed on a Ghost cell reporter population. A) Constant: Virus was grown in the same U87 cells
from the beginning of the experiment to the end. B) Biweekly Transfer: U87 supernatants containing virus were
transferred onto new 100,000 U87 cell every two weeks (* represents the day of supernatant transfer). N=1.
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Discussion

The presence of latent reservoirs in those living with HIV-1 remains the foremost hurdle in
developing a curative treatment for HIV-1 (56, 197, 198). Latent reservoirs are established
early in the infection process, primarily through the infection of effector CD4+ T cells that are
in the process of transitioning to memory T cells, with the presence of latently infected
macrophages, monocytes, and dendritic cells now also being recognized as important for the
establishment of latent reservoirs throughout various tissues and anatomical locations (60,
92, 93). Combinatorial anti-retroviral therapy regimes are capable of limiting the spread of
HIV-1 in vivo, however the presence of the latent reservoir necessitates life-long cART
treatment (40—43). ‘Shock and Kill’ and ‘Block and Lock’ are attempts at improving cART by
targeting latent virus for reactivation and subsequent clearance (43). Thus far all attempts in
vivo have proven ineffective at targeting the full complement of latent viruses (43, 199).
Latent infections are characterized by integrated viruses that are replication-competent but
currently transcriptionally inactive (28, 48-51). Traditionally the establishment and
persistence of viral latency is thought to be primarily mediated by the transcriptional
environment within the host cell. However, thus far this reasoning has failed to explain why
‘Shock and Kill” and ‘Block and Lock’ are not capable of targeting all latent viruses.

We propose that not only can the transcriptional environment within the cell affect the
ability for HIV-1 to establish and persist within a latency-like phenotype, but also that the
sequence of the integrated viral promoter can affect the transcription, or lack thereof, of
certain HIV-1 proviruses. Specifically, we hypothesize that G=> A transition mutations within

the LTR region of HIV-1, whether induced through APOBEC3 sublethal mutagenesis or by RT
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error, affect the reactivation of proviruses in a location and quantitative-dependent manner.
Our lab has developed a library of sublethally mutated HIV-1 LTRs that contain different
frequencies and locations of G2>A transition mutations. A subset of these LTRs were
preliminarily cloned into a non-replicative HIV-1 backbone to begin to test our hypothesis,

viruses that we referred to as latency prone viruses.

Measurement of Viral Output by Flow Cytometry and ELISA

All of the LPVs tested in this study, with the exception of D3, demonstrated lower levels of
viral protein expression post-transfection than that of the wild-type, positive control pNL4
(Figure 10). The number of cells internally expressing viral proteins post-transfection was
calculated by flow cytometry based on the expression of an eGFP reporter gene inserted into
the Env of the virus. The concentration of extracellular viral protein in culture (whether that
be associated with intact virions or free capsid) was estimated by a p24 ELISA. A potential
explanation as to why the majority of LPVs displayed lower viral expression is that the G2>A
transition mutations are originally placed within the 3’ LTR of the LPV plasmids, with the
majority being found in the U3 region of the 3’ LTR (Figure 9). During the first round of viral
reverse transcription, the virus uses the 3’ LTR as a template in synthesizing its 5’ LTR.
Therefore, to achieve G—2>A transition mutations that are within the 5’ LTR preliminary
integrating virus, they must be first placed in the 3’ LTR of the plasmid.

The 3’ LTR U3 region is also the location within the viral genome of the viral-polyadenylation
site for the first round of plasmid-based viral transcription, as well as the location of other
sites which influence the termination of transcription by RNA polymerase Il. The poly-A tail

sequence and surrounding area is important for the virus in terminating transcription, mRNA
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stability, allowing nuclear export of the +ssRNA/mRNA, and alternative splicing (200). By
affecting the 3’ end during the first round of viral transcription, this can potentially affect the
expression of viral proteins, the early expression of non-structural proteins, and transcription
of complete viral genomes. Because a similar decrease compared to the wild type pNL4
control was seen among the LPVs in both their internal viral protein expression as well as in
their release into the supernatant (Figure 10), this would indicate that the problem for the
LPVs is occurring in the transcription and translation of viral proteins, and likely not in the
release of virus from the cell. If it was a problem with packaging and release of the LPVs, we
would expect to see similar transfection levels of eGFP inside the cell among the LPVs but
dissimilar levels of virus being released into the extracellular supernatant. This aligns with
the aforementioned theory that the stability of +ssRNA/mRNA transcripts is affecting the
overall levels of viral proteins being produced.

To normalize the number of viral particles in supernatant for all downstream infections, viral
concentrations were estimated using a p24 sandwich ELISA. p24 is the main component of
the viral capsid and is the common target of diagnostic immunoassays for detecting HIV-1 in
serum (201-203). The quantification of p24 was calculated by extrapolating optical density
values of LPV supernatants in the ELISA to a curve of known p24 concentration. Only the
linear region of the curve was used in the analysis, with a line of best fit being drawn through
the linear region comparing optical density values to known p24 concentration. The equation
of this line was then used to estimate the unknown p24 concentrations in the p24
transfection supernatants. When comparing normalized ELISA and flow cytometry results by

a Student’s T test, there was not a statistical difference between the number of cells
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expressing eGFP+ and the calculated supernatant p24 concentrations for the LPVs when each
were normalized to the pNL4 wild type control (Figure 10). Therefore, the concentration of
p24, as determined by our in-house p24 ELISA, was deemed a suitable method for
normalizing downstream infection volumes between each of our LPVs.

We decided to sort all the LPVs by their overall number of mutations to see if there was a
noticeable trend between the number of LTR mutations and viral output post-transfection
(Figure 10). There was no statistical correlation between a decreasing viral output as the
number of LTR mutations increased (Figure 24), therefore the effect of the G>A mutations
within the 3’ LTR of our plasmids seems to be dependent on the specific locations and
combination of mutations, and not singularly dependent on the overall quantity of
mutations.

PMA+I Activation Assays

Normalized volumes of LPV supernatants were used to infect the HEK 293T and Jurkat cell
lines. Jurkat cells were chosen as the first non-293T cell line to infect because they are a T-
lymphocyte cell line that is highly susceptible to HIV-1 infection due to high levels of IL-2
production (204). Preliminary infections were performed without any exposure to LRAs to
determine the baseline infection levels of each LPV. All infection assays were performed
within a non-replicative HIV-1 plasmid that was missing its Env and Vif genes. This meant that
to allow for an initial entry into a cell, we needed to pseudotype all infections with Vesicular
Stomatitis Virus G protein (VSV-G), the protein of VSV responsible for entry of the virus via

endocytosis into the cells (205). Because the VSV-G was co-transfected with the non-
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replicative viruses it would only allow for one round of infection, with all secondary virions
lacking the VSV-G envelope glycoprotein.

Using flow cytometry, the ability of each virus to produce viral proteins post integration was
measured through the presence or absence of eGFP, a protein that was only found in the
viral genome. Levels of eGFP mean fluorescence intensity (MFI) were also measured to
determine the relative levels of viral protein expression of each LPV within a given cell. The
first finding was that all LPVs demonstrated significantly lower levels of eGFP expression
when compared to the wild type, pNL4 positive control (Figure 11). Secondly, there also was
a moderate correlation between the number of overall mutations that each virus contained
in its promoter and the baseline levels of infection that each LPV displayed as measured
through number of cells expressing eGFP (Figure 25). This moderate correlation was deemed
to follow an exponential pattern rather than a linear pattern, with an exponential line of best
fit R? value of 0.7614 in HEK 293T cells and 0.7609 in Jurkat cells. The LPVs with the highest
number of mutations generally showed the lowest levels of eGFP expression in infected cells.
This is likely due to the fact that the more mutations an LPV promoter has the greater the
number of transcription factor protein binding sites that are affected. A decrease in
transcription factor binding then leads to a reduction in efficient viral transcription post-
integration (206, 207).

We then wanted to know how each of our mutated viruses would respond to a simulated
latency reversal event. To accomplish this, we added a 24-hour activation step of the cells
with PMA+I, which is the gold standard in activating cells to increase their transcription

levels. PMA+| exposure would simulate a situation where a cell has been infected with an
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HIV-1 virus that is not currently transcribing high levels of virus, but an environmental change
has “shocked” the cell into an increase in transcription that could potentially lead to an a
reversion from viral latency to viral expression. The combination of PMA+| broadly stimulates
transcription of the cell, particularly through activation of the PKC pathway. PKC then can
lead to the recruitment of multiple downstream viral transcription factors to the nucleus and
viral promoter that may have previously either been present at low concentrations in the
nuclei or bound inefficiently to their mutated binding sites, thus helping to boost viral
transcription (127, 148-152).

When exposed to PMA+|, we saw that all LPVs, except for E8, were not only able to increase
viral protein expression as measured through the MFI of each cell’s eGFP expression, but also
that cells that had previously not been expressing any virus began to express viral proteins,
as seen by the increase in the overall number of cells expressing eGFP (Figure 12). E9, H7,
and H9 all showed <2% infection percentages prior to PMA+| activation in both 293T and
Jurkat cells, however increased to 10-20% infection levels after activation. E8 demonstrated
no viral expression before or after PMA+| exposure as measured through the absence of
eGFP expression in infected cells and was thus classified as our “dead clone”, later being used
as a negative control for activation. This indicated that all the LPVs, with the exception of ES,
were capable of infecting the cells as well as contained promoters that were still capable of
increasing their viral transcription levels when stimulated. Most importantly we also
observed a difference between the percentages of activation post PMA+I for each LPV (Figure
13). Subsequently, there was also no pattern between the number of LTR G>A mutations

and the percentage of LPV promoter activation (Figure 13). This means that how our LPVs
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responded to PMA+| activation was more so dependent on the pattern and location of their
promoter mutations and not in the overall number that each contained. However, there does
seem to be a threshold where the overall number of mutations becomes too much for a virus
to handle and no transcription is possible under a normal level of infectious virus, whether
they be un-activated or activated. In our case, we observed this between 21 mutations (D9)
where minimal levels of activation were observed and 38 mutations (E8), where no activation
was observed.

We were able to overcome this lack of activation of E8 when we repeated the infection and
activation assays with supernatants containing 5X and 10X total virus (Figure 16). All 6 of our
lowest expressing LPVs were able to reactivate at 5X and 10X the original p24 amount, with
no infection plateaus being reached. Even E8, which we had previously designated as our
dead control, demonstrated for the first time a slight ability to reactivate. This is likely
explained by the overwhelming number of proviral integrations per cell that would have
occurred at such high concentrations of virus. When infecting with a large surplus of virus, it
is possible that a few proviruses integrate into areas of high host-associated transcriptional
activity. When this happens RNA polymerases that are reading upstream of integrated virus
within the host gene that the virus integrated into may also continue transcribing through
the integrated provirus, thus creating the potential for viral transcripts that originate from
integrated proviruses that would have otherwise had difficulty recruiting RNA polymerase I
to their promoter due to their high levels of LTR mutations (208).

Seeing our LPVs with the highest levels of mutations struggle to transcribe post-integration

follows what is known about the relationship of HIV-1, APOBEC3, and Vif. Early in the
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infection process, A3 proteins are able to completely inactivate an HIV-1 genome through
high levels of mutagenesis, however as Vif levels increase A3 becomes further sequestered
and degraded, leading to lower levels of mutations and eventually no mutagenesis (185—
188). The LPVs which contain high levels of mutations which limit their transcriptional
capability represent viruses that would have high exposure to A3 proteins early in a cellular
infection. We are adding to this picture with this work by saying there is also a time period
where viruses can accumulate low levels of mutations, as demonstrated by our LPVs with
fewer mutations. These mutations, when found in the promoter region of the virus, lead to
an overall decrease in viral transcription levels as compared to a wild type, non-mutated virus
(Figure 10). However, these viruses are still capable of activating upon LRA exposure and the
activation of viral transcription seems to be dependent on the locations of G>A mutations
within the promoter (Figures 12 and 13).

So why would the locations matter so much on the activation of our viruses? As discussed in
the introduction, the LTR of HIV-1 is divided into the U3, R and U5 regions, with the U3 being
important for the initiation of transcription through a plethora of transcription factor binding
sites and the R region being important for elongation of transcription (Figure 2) (206). The
U3 region, where the majority of our mutations are found, can be further subdivided into the
upstream modulatory region, the core enhancer, and the core promoter. All three of the U3,
R, and U5 contain transcription factor binding sites that are critical for promoting
transcription of the virus, or in some cases through the removal of a transcriptional

antagonist (like NELF) (23-28, 30).
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Within our subset of tested LPVs, we have mutations that reside in the binding sites of NF-
KB, NFAT, all three critical Sp-1 sites, COUP, AP-1, and more. Therefore, we believe that the
G—2>A transition mutations within the binding site sequences of these transcriptional
regulatory proteins affects the ability for each of our LPVs to efficiently recruit the proteins
required for optimal initiation of transcription similar to the wild-type control HIV-1. Not all
transcription factors are required for viral basal transcription (20, 28, 206), therefore we also
believe that certain mutations that alter the binding of complementary and enhancer
transcription factor binding proteins are likely somewhat less important to the virus’
transcriptional capacity when compared to proteins that are necessary for transcriptional
initiation such as NF-xB and NFAT (28, 30). The LPVs that contain a greater overall number
of mutations tend to have mutations that hit more transcription factor binding sites and thus
demonstrate lower baseline transcription levels as more transcription factors have difficulty
adhering to the proviral promoter. The specific sites of mutation seem to become more
important than just the overall number of mutations when analyzing the virus’ percent
activation to PMA+I as seen through the variation in activations not being solely dependent
on overall number of mutations (Figure 12).

Because we had LPVs that reacted differently to PMA+I activation, we next decided to test
the activation potentials of each of our viruses against a variety of LRAs. We chose eight LRAs
that spanned four drug categories, each category affecting transcription factor binding
proteins differently. The HDAC inhibitors Panobinostat, Vorinostat, Romidepsin, and Valproic
Acid increase acetylation levels of lysine residues on histones, allowing for histones that are

more available for transcriptional binding protein access (137-145). The PKC agonists PMA+I
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and Bryostatin-1 increase levels of NF-kB and AP-1 signalling in the cell which leads to
increases in genomic transcription levels (149). The aldehyde dehydrogenase inhibitor
Disulfiram works by increasing PKB levels while increasing pTEFb binding of the promoter
(146, 209). Finally, the retinoid All Trans Retinoic Acid (ATRA) causes an upregulation in
multiple cell proliferation pathways. All have previously been used in HIV-1 activation studies
(153, 154).

We found that PMA+| was the most potent latency reversing agent among the LPVs and wild
type control (Figures 12 and 13). PMA+| was closely followed by the three HDAC Inhibitors
Panobinostat, Vorinostat, and Romidepsin as it relates to the levels of eGFP activation of
each virus. Bryostatin-1 provided moderate activation while Valproic Acid, Disulfiram and
ATRA demonstrated the lowest abilities to activate viral transcription. Figure 14 summarizes
the relative increases in the percentage of cells expressing eGFP as well as their mean
fluorescence intensity after activation by the eight LRAs. The fact that HDAC inhibitors are
excellent LRAs is likely due to the fact that they function by opening up the histones as a
whole for all transcription factor binding proteins (210). This allows for greater access to the
integrated viral promoter for every viral transcription factor. Opening up the entire histone
also leads to a greater chance of viral transcription via readthrough from other genes now
being transcribed at greater frequencies. In comparison, Bryostatin-1 for example works
more so only on increasing the availability of the NF-xB and AP-1 transcription factors, and
thus would be more limited in the scale that it could act on increasing viral transcription, no
matter how important these two proteins are for transcriptional initiation. The difference

between the two PKC activators PMA+| and Bryostain-1 was quite large, and this can be
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partially explained by the presence of lonomycin. lonomycin leads to an increase in cellular
proliferation, cytokine release, and most importantly PKC activation by phosphorylation
(211). lonomycin works in conjunction with PMA to increase PKC levels within the cell, which
in turn leads to high levels of NF-xB within the nucleus of the cell (149). NF-kB is one of the
most important factors in initiating viral transcription, which is why PMA is often the most
potent activator within our system.

We were hoping to find that certain LPVs would react much better to some LRAs while not
responding well to others. The rationale behind this thinking was that if we had an LPV that
had a mutation in transcription factor binding site X, and if we exposed the virus separately
to multiple LRAs, that it might reactivate better to an LRA that specifically increased the
availability of transcription factor X. There were a few small examples of LPVs acting
differently to an LRA such as H7 seeming to be most activated by Romidepsin, B10 responded
quite well to Panobinostat and Vorinostat, and the most heavily mutated LPVs only
responding to PMA+| and a selection of the HDAC Inhibitors (Figure 14). Overall we were
unable to identify among the LPVs specific connections between a category of LRA and an
activation pattern. Because we were dealing with viruses that contained mutations in
multiple binding domains, drugs such as the HDAC Inhibitors worked the best as they were
able to upregulate transcription of the virus in a protein factor-independent manner. In order
to reach the levels of activation of PMA+I, Panobinostat, or Vorinostat, the lesser effective
LRAs which only target specific proteins would likely need to be used in a combinatorial
manner to upregulate the availability and binding of as many transcription factors as

possible. This coincides with current ‘Shock and Kill' field theories that a combinatorial
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approach that targets multiple transcription factors is necessary to activate the full
complement of integrated, latent proviruses (43). The ability to link viral reactivation to
specific mutation sites in the viral promoter region would be a major step forward in the
design of future LRAs, along with the novel design of combinatorial approached that would

target all mutation preferences.

Latency Prone Viral Integration

We next wanted to ask the question if the differences that we saw in the infection and
activation profiles among each LPV were not due to differences in transcriptional response,
but rather due to a difference in the integration levels of each virus. Specifically, we asked
whether there were differences among the LPVs in their ability to integrate into the cells, as
well as if the presence of LRAs given post infection might be affecting integration. The LTRs
of HIV-1 are important in the integration process of the virus, meaning adding mutations
within them may have an effect on integration (212).

To answer these two questions, we first repeated in vitro infections in Jurkat cells followed
by a 24-hour activation with PMA+|, Panobinostat, or DMSO as a negative control. We then
split the cellular populations, with 33% of the cells being analyzed by flow cytometry to
determine the percentage of activation and MFI increase. The remaining 66% was used to
extract cellular genomic DNA which would contain the integrated proviruses. A two stage
Alu-gPCR was performed on all conditions. Alu elements are 300 base pair long, transposable
elements that integrate throughout the genome (213). By placing one end of the first round
PCR on the Alu element, this allowed for the amplification of only viruses that had integrated

into the cellular DNA genome. Actin was used as a control across all conditions for
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normalizing loading volumes. Samples between gPCR plates were next compared to each
other by using a wild-type pNL4 DMSO control sample that was present on every plate run.
Finally, the mean integration of all DMSO activated LPVs was determined and set to 1.0, with
all samples being normalized around this.

We found that when comparing the mean normalized integration levels of all LPVs across the
three activation conditions, there was not a significant difference among activation groups
(Figure 17). There was also not a significant difference between the integration levels of each
LPV when looking at one activation group at a time. Therefore, the variable increases in eGFP
expression among LPVs when exposed to the LRAs were likely due to differences in the
individual promoter responses to the drugs, and not due to any differences in LPV integration

efficiency caused through internal sequence mutations or drug presence.

Evolution of Latency Prone Viruses

Throughout the normalized infection assays all LPVs displayed reduced viral protein
expression levels as compared to the non-mutated wild type virus caused by G2>A transition
promoter mutations accumulated through exposure to RT and low levels of APOBEC3. This
difference spurred on the question if further changes in the viral sequence through
continued A3 and RT exposure might allow for a reversion back in infection levels.

To perform infection assays which would last for multiple rounds of infection allowing for
multiple rounds of exposure to APOBEC3 and RT, we first had to clone our latency prone viral
LTRs out of the non-replicative plasmid and into a fully replicative HIV-1 plasmid. This was
performed by cutting out the 3’ mutated LTRs from the non-replicative pNL4 plasmid with

the surrounding restriction cut sites Xhol and Ncol (Figure 8). Gel purified LTRs were then
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inserted into either CXCR4-tropic or CCR5-tropic, replicative NL4 plasmids that had been
likewise digested.

To test the infectivity of the LPVs over multiple rounds of infectivity, cultures of U87 cells
were infected with very low levels of an LPV and allowed to grow out. Every week U87
supernatants containing released viruses were tested on Ghost reporter cells to determine
if viruses that originally showed limited infection levels were increasing their infectivity over
time. These ghost cells were highly susceptible to viral infection due to the addition of the
CD4, CCR5, and CXCR4 receptors on their surface. They were also good candidates for
probing for the presence of HIV-1 as they also contain a tat-dependent HIV-2 LTR-eGFP
construct (214). That meant that the Ghost cells could express eGFP in two different ways,
either by the detection of Tat or through the expression of eGFP coming from integrated and
transcribing LPVs. Over the first 14 days of all infection conditions no LPV reached a viral
supernatant concentration capable of infecting more than 1% of secondary Ghost cells.
However, between days 14 and 21 we observed viral rebounds from the LPVs B7, D3, and
C6B, as evidenced by their ability to produce a detectable, secondary infection in Ghost cells.
B7 and D3 both rebounded once without any exposure to LRAs (Figure 18) while C6B
rebounded twice, once after 14 days under PMA+| activation (Figure 20) and once after 21
days without PMA+I activation (Figure 19). B7, D3, and C6B contain the fewest LTR mutations
out of the subset of LPVs tested so it is not surprising that these are the three LPVs that were
capable of rebounding in infectivity the earliest. B7 and C6B are also the only two LPVs of the
library tested that do not contain a mutation in their TAR region, a region that forms a stem-

loop structure that Tat critically recognizes and binds to Tat to initiate enhanced levels of
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transcription. Without Tat binding to TAR, efficient, high levels of HIV-1 transcription are
almost impossible (215, 216). Previous viral evolution work has also shown that HIV-1 can
evolve with a combination of mutations in its viral enhancer, core promoter, and NF-kB /Sp1
binding sites, similar to our LPVs, with no mutations being found in the TAR region (217).
Mutations in TAR have also been shown previously to be highly detrimental to viral trans-
activation and translation (215). The fact that B7 and C6B rebounded the most frequently
among all LPVs seems to indicate G2 A transition mutations throughout the entirety of the
viral LTR are all capable of affecting viral transfection, infection, and activation with
mutations found specifically in TAR being the most difficult to overcome for viral
transcription.

Experiments were generally stopped after 4-5 weeks because of the high rate of cell death
within the constant wells due to over-confluence. By four weeks the biweekly transfer
conditions had also undergone two supernatant transfers and the likelihood of having
infection-competent virus passed on to a new, third culture of cells was very low. Genomic
sequencing of viral RNA sequences isolated from supernatants at each time point should
allow for the indication as to what viral sequence mutations/changes resulted in the viruses
overcoming the effects of their latency-prone promoters.

It is highly unlikely that the LPVs evolved into a viremia-inducing version due to a straight
reversion back in the specific G2 A transition mutations that were originally introduced. This
would not be possible through further APOBEC3 exposure as A3 proteins solely create G2>A
transition mutations in the +ssDNA strand, and not A>G. For a perfect reversion to occur

through RT error, one would have to consider the very low odds of having the 2-3 new RT
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mutations per round hitting exactly the previously mutated bases, the odds that the
subsequent new mutations are in fact adenine substitutions, and the odds that no further
deleterious mutations were introduced outside of these specific promoter locations.

It is more likely that an evolution occurred through the accumulation of subsequent
mutations outside of the mutated LTRs. It is well characterized that HIV-1 evades immune
recognition through the accumulation of mutations within its target epitopes which help to
disrupt viral protein processing, HLA presentation, and TCR recognition (218, 219). Mutations
in the viral capsid are commonly introduced for immune evasion, however these mutations
often lower viral replication rates and thus are accompanied by compensatory, pro-
replication mutations elsewhere in the viral Gag, Pol, and Nef proteins (218, 220). Low levels
of APOBEC3-mediated mutations within the viral Env protein have also been shown to lead
to a positive reversion in HIV-1 replication fitness. These Env mutations allowed the virus to
decrease its fusogenicity while packaging higher levels of Gag-Pol within virions, which in
turn allowed for faster viral replication and protection from A3G-mediated hypermutation
(189). This information, when combined with the fact that the addition of PMA+| on the U87
cells did not boost the number of viruses that rebounded in fitness, leads me to believe that
the LPVs that showed a reversion in viral infectivity did so thanks to secondary mutations,
introduced outside of their primary promoter region, that helped to overcome the
replication hurdle that the LTR-based mutations induced.

A second possibility is that cellular and molecular signalling changes occurred due to the
stress of the confluent environment which may have allowed for greater binding of Tat and

transcription factor binding proteins. Multiple rounds of infection within the same cellular
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subculture would have allowed the virus to experience continued exposure to environmental
changes within the cell, A3 mutagenesis, RT-induced errors, and possibly even crossing
over/copackaging events between multiple viral genomes in the potential cases of co-
infection.

The ability for our LPVs to show a reversion in viral infectivity is very important because it
demonstrates that the LPVs we have used are not all viruses one step away from a dead-end
infection. To be given the term latent, they must prove that they are both activatable and
able to reseed an infection. During the preliminary activation assays we demonstrated that
the LPVs increased viral transcription upon LRA exposure (Figures 12-14). In the evolution
experiments we showed that the LPVs are capable of reseeding an infection when given
enough time and allowance to continue to experience environmental and sequential changes
(Figures 18-20). In two cases the viral rebound demonstrated a concentration of viral output
that did not match the wild type control, once when it almost matched before disappearing

again, and once when it was able to exceed wild type output (Figures 12-14).
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Conclusions
Until now the reasons for which HIV-1 may become latent have primarily encompassed the
timing of infection as well as the state of the reservoir cell as it relates to histone availability,
dNTP levels, and integration location (28, 221). The path to latency and back rarely has been
thought to involve the sequence of the viral promoter itself. We demonstrate in this work
however, that G>A sequence mutations are capable of being introduced into the HIV-1
promoter region through exposure to APOBEC3-mediated sublethal mutagenesis, and that
these mutations can accumulate within transcription factor binding sites (Figure X). We next
showed that different mutation patterns created viruses that showed variable levels of
transcription post-transfection, as well as variable levels of viral protein expression post-
infection (Figures 10-11). Most importantly, although the sub-lethally mutated viruses
experienced an early reduction in infection and variation in subsequent activation to LRAs
(Figures 12-16), they did not always stay dormant and a few were capable of reseeding an
infection (Figures 18-20). This work demonstrates a new pathway for establishing latent HIV-
1 proviruses, and future attempts at activating or blocking the full latent reservoir should
consider the potential sublethal mutagenesis of the HIV-1 promoter sequence in therapy

design.
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