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ABSTRACT

Background:

Herpes simplex virus type 2 (HSV-2), the primary cause of genital herpes, is one of the most
widespread, lifelong sexually transmitted infections (STIs). Incidence is disproportionately higher
in women compared to men, so a better understanding of vaginal transmission, the primary mode
for HSV-2 infection in women, is crucial for developing preventative strategies. Female sex
hormone, estrogen (E2), has been shown to play a protective role against sexually transmitted viral
infections and previous studies have shown that vaginal epithelial cells treated with E2 are
protected against HSV-2 infection; however, the underlying mechanism of E2 protection remains

unclear, so a transcriptome analysis followed by functional studies was performed.

Method of Study:

In this study, VK2/EGE7 (vaginal epithelial) cells were used to study HSV-2 entry, infection and
replication. VK2s were grown in Air-Liquid-Interface (ALI) cultures, allowing for their
proliferation and stratified layer formation in transwells; closely mimicking physiological
conditions. Media was supplemented with no hormone (NH) or physiological concentrations of
E2, P4 and MPA for 7 days. After 24 hours of HSV-2 infection in these cultures, VK2 cells were
lysed and processed for RNA isolation. We performed a comprehensive genome-wide microarray
to profile gene expression of VK2 cells pre-treated with and without E2, prior to, and following
HSV-2 infection. For data analysis, “R” software was used to perform all pre-processing steps and
normalization. Gene Set Enrichment Analysis (GSEA) was performed to identify potential cellular
pathways regulated by E2 after infection using the Hallmark database, relative to NH conditions.
Immunofluorescence staining was used for functional analysis to confirm transcriptomic data.



After selecting a pathway for investigation, small-molecule inhibitors and activators of this
pathway were used in combination with NH or E2. Vero plaque assay and HSV-2-GFP infection
were used to identify examine the protective effects of E2 and the selected pathway. In addition,
we also used siRNA to specifically knockdown proteins part of the pathway and investigate the

specific effects on protection against HSV-2.

Results:

Microarray analysis indicated that exposure to HSV-2 in the presence of E2 resulted in differential
transcriptional profile compared to NH and P4. GSEA assigned one of the highest enrichment
scores to the p53 pathway compared to other pathways under the influence of E2 compared to NH,
following HSV-2 infection. Studies to correlate bioinformatic results with functional analysis
showed significant increase in p53 protein expression after E2 treatment compared to NH. Vero
plaque assay demonstrated 10-fold decrease in viral replication following E2 treatment as well as
by direct activation of p53 in absence of E2. In contrast, p53 inhibition even in the presence of E2
resulted in 100-fold increased viral replication compared to E2 alone, suggesting that the p53 is
involved in E2-mediated protection. We deduced that E2 particularly affects HSV-2 replication
and not entry into VK2 cells. We also found that BST2 is strongly regulated by E2-mediated p53
and also contributes to protection against HSV-2. Lastly, we demonstrated that E2 demonstrates

anti-inflammatory effects that correlate with its increase in barrier integrity seen with VK2s.

Conclusions:
With bioinformatic and functional analysis, we found that E2 provides protection through the p53

pathway, as well as through downstream BST2. Our data provides the first comprehensive



overview of host cellular responses to HSV-2 and female sex hormones at a transcriptional level
and highlights the protective role of E2-mediated p53 pathway. This study is the first to deduce

the antiviral mechanism of E2 against HSV-2 infection in human vaginal epithelial cells.
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CHAPTER 1: INTRODUCTION

1.1 Herpes Simplex Virus Type 2 (HSV-2)

1.1.1 Epidemiology and Clinical Manifestation of HSV-2

Sexually transmitted infections (STIs) account for a significant global health burden since
they are responsible for high morbidity and mortality, particularly among women, in marginalized
communities and those who engage in high-risk sexual behaviour. Herpes simplex virus type 2
(HSV-2), the virus that causes genital herpes, is a global health concern because it is one of the
most prevalent STIs.! According to the World Health Organization, around 417 million people
between the ages of 15 and 49 years are infected with HSV-2, with roughly 23 million new cases
occurring each year.! In addition, around 65% of globally infected individuals are women.! The
most serious burden of the disease is in Africa although places in South-East Asia and Western
Pacific, despite their lower prevalence, contribute significantly.! HSV-2 increases risk of Human
Immunodeficiency Virus (HIV) acquisition, especially in those recently infected with HSV-2.1:2
Increased HSV-2 seroprevalence is also associated with increased age and the number of sexual
partners over one’s lifetime, with sexual exposure as the predominant risk factor.®

The disease compromises the natural barrier of the skin by manifesting painful lesions in
the genital area.* Dysuria, inflammation of the genital lymph nodes, cervicitis, and bilateral genital
ulcers are some of the local genital symptoms that patients may suffer.2 Following infection, HSV-
2 establishes latency in neural tissue, expressing specific latent-associated transcripts, especially
in the dorsal root and trigeminal ganglia.® The virus avoids immune detection during latency by
keeping viral protein production at a minimum.®> HSV-2 can be reactivated for lytic replication by
being transported from sensory nerves to the genital mucosa or epithelial cells, resulting in genital
ulcer disease.® Viral reactivation then leads to active induction of host immune responses or

1



M.Sc. Thesis — T. Dhawan McMaster University — Medical Sciences

internal cell signals that kill the infected cell.® Environmental stressors such as emotional stress,
ultraviolet exposure, fever, and hormonal changes can trigger reactivation of the virus, although it
is unclear whether these have direct or indirect effects on the neuron.® Currently available
treatment options such as Acyclovir, Valacyclovir and Famcyclovir reduce viral replication and
consequent symptom longevity and severity by inhibiting DNA polymerase; nonetheless, HSV-2
remains a lifelong condition with no known cure. To limit viral transmission, preventative
strategies such as the use of condoms and avoidance of sexual activity are useful.® More therapeutic

strategies to target different stages of the viral lifecycle are now being researched.’®

1.1.2 HSV-2 structure, genome, and pathogenesis

Herpes simplex viruses (HSV) are members of the Herpesviridae family of viruses which
includes viruses with double-stranded DNA genomes. Herpesviruses come in various forms,
however, currently eight are known to cause disease in humans, particularly in those who are
immunocompromised.® Herpesviruses can be further categorized into subfamilies (alpha, beta or
gamma) based on their biological properties and sequence similarities.'® HSV-2 is classified to be
part of the alphaherpesvirus subfamily, with homology of up to 83% of its DNA with HSV-1.1
This subfamily of viruses has a short replication cycle, infects a broad range of hosts, and is known
to be neurotropic.?

HSV-2 virions are composed of a large DNA genome encased in the core of an icosahedral
capsid, which is coated with the tegument (layer of proteins between envelope and capsid) and a
lipid bilayer envelope composed of various viral membrane proteins and glycoproteins.*? 3 Of the
dozens of glycoproteins on the viral membrane, gB, gC, gD, gH and gL are most essential for the

entry of the herpesvirus into the host; however, additional receptor-binding glycoproteins may also
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play a role.'® Each glycoprotein has a unique role that contributes to the attachment and fusion of
the virus into host cells. The complete enveloped HSV-2 virion is 250nm in diameter and carries
a linear double-stranded DNA genome approximately 155 kbp in length.** The viral genome is
encased inside a 162-capsomer icosahedral capsid.’* The viral genome is composed of two
covalently linked sequences denoted L (long) and S (short), each with unique sequences designated
UL and Us respectively.’® Inverted repeats flank these areas, allowing for four distinct isomeric
configurations of the viral genome.*

The HSV-2 lifecycle begins with attachment of glycoproteins, specifically gC and gD,
binding to cellular receptors, followed by gB-mediated fusion of the viral envelope with the plasma
membrane of the host cells such as epithelial cells. Viral gB is responsible for the virus’s initial
binding to the heparan sulfate proteoglycan (HSPG) on the surface cell.* > 1* Upon attachment of
the virus to the cell, gD binds to any one of the three classes of HSV entry receptors: herpesvirus
entry mediator (HVEM), a member of the tumor necrosis factor (TNF) receptor family; nectin-1
and/or nectin-2, members of the immunoglobulin superfamily; and specific sites in HSPG
generated by isoforms of 3-O-sulfotransferases (3-O-S).12 This interaction between gD and entry
receptors mediates viral entry and results in a conformational change of gD itself, allowing for the
interaction with gB or gH-gL to activate fusogenic activity between the virion envelope and cell
membrane. 1% 13

Following fusion, the tegument proteins and viral capsid are released into the cytoplasm
and trafficked to the nucleus via microtubule transport.'® This process is mediated by microtubule
associated motor proteins such as dynein, an ATP-driven microtubule motor. While the most
common mechanism of viral entry into the host cell is through membrane fusion, endocytosis is

also an existent form of entry, as explained in section 1.1.3. *6 Once the virus docks to the nuclear



M.Sc. Thesis — T. Dhawan McMaster University — Medical Sciences

pores, viral DNA is released into the nucleus for subsequent transcription, genome replication and
capsid assembly. Viral gene expression occurs in a sequential cascade: 1) immediate-early (IE)
genes, which encode for regulatory proteins; 2) early (E) genes, which encode for enzymes
involved in viral DNA replication; and 3) late (L) genes, which code for structural proteins.
Immediate-early genes, also known as alpha genes, can be transcribed by host-encoded
factors once in the cell. Some IE-expressed viral proteins include infected cell proteins (ICPs) 0,
4, 22, 24 and 47, each with unique roles. For example, ICPO is an IE gene encoded by the RL2
gene and is most extensively studied in HSV-2. ICPO is a protein required for efficient viral
propagation and functions as an E3 ubiquitin ligase, degrading cellular proteins involved in
antiviral responses, allowing evasion of cellular antiviral defences. Recent literature suggests that
ICPO of HSV-1 targets IRF7 to limit induction of type | interferons that are key components of
antiviral immune responses.!” ICPO has also been found to polyubiquitinate cellular proteins that
are not well-known to have antiviral roles, such as p53, targeting them for proteasome-dependent
degradation.'® Some proteins derived from other IE genes will consequently induce expression of
other viral genes in two sequential waves: the first being responsible for expression of early viral
genes, or beta genes, followed by a wave of late viral genes, also known as gamma genes.® IE
gene expression is known to peak between 2 and 4 hours after infection, whereas early genes reach
peak rates of synthesis between 6 and 12 hours post infection (Figure 1). Early genes such as ICP6,
ICP8 and UL30/UL42 are mainly responsible in supporting viral genome replication.” ?° For
example, recent literature suggests that HSV-1 ICP8 mutant lacks annealing activity which results

in the virus being deficient in viral DNA replication.?
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Figure 1: HSV-2 replication follows a typical pattern of expressing a set of genes in a time
dependent manner. Gene expression kinetic analysis of immediate early (IE) (red), early (E)
(green) and late (L) (blue) HSV genes. Solid lines represent characteristic expression patterns of
HSV genes, whereas the dashed line indicated expression of genes that do not produce patterns
typical of IE, E and L genes and continue to increase post infection. Figure extracted form Ibafiez
etal.’

Viral DNA replication is mediated by the DNA polymerase complex in a unique process,
with the linear genome circularized, where rolling circle motion synthesizes new DNA.?
Following DNA replication, late genes begin to be transcribed and reach their peak expression
between approximately 16 and 24 hours.*® % These genes mainly encode for structural proteins
and ultimately lead to viral assembly and packaging.?* The newly synthesized circular genome is
continuously cleaved into pieces as it unravels, and then packaged into capsids.?? Various proteins

communicate with each other to package the genome into capsids prior to the transport of

nucleocapsids into the cytoplasm.?? After virion assembly in the nucleus, the nucleocapsid coupled
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with a matrix of tegument proteins is transported through the double membraned nuclear envelope
into the cytoplasm by a mechanism called nuclear egress.'® The virion envelope is thought to be
acquired after being encased in a secondary vesicle through the trans-golgi network.® Tegument
proteins then recruit molecular motor protein dystonin to mediate the transport of the virion to the
cell surface, where either the progeny virions are released from the infected cell by lysis or the
vesicle subsequently fuses with the plasma membrane of the cell, to thereby allow exocytosis of
the virus.1® 1625 The released viral progenies are then able to subsequently infect surrounding cells

in the environment.

1.1.3 The role of the endocytic pathway in HSV-2 infection

It has recently been found that HSV viruses use endocytic machinery of epithelial cells for viral
entry. Endocytosis is a cellular process by which molecules and substances are brought into cells.
Various pathogens utilize the endocytic pathway to prevent detection from immune cells, however,
some viruses such as HIV-1 enter cells through mechanisms such as membrane fusion. Entry
through endocytosis can occur with viruses with or without envelopes. Depending on the type of
virus, escape can occur from early endosomes, late endosomes, recycling endosomes or
lysosomes.?® Endocytic entry of viruses occurs by a stepwise process and starts by attachment of
virus to cell surface followed by clustering of receptors and activation of signaling pathways that
trigger the formation of endosomal vesicles for viral cargo to be delivered in. Fusion of mature
endosomes with lysosomes can also occur, and is a process which generates endolysosomes where
active degradation of endocytosed extracellular and intracellular components takes place.?” %8
There is existing evidence that HSV-1 virions enter through endocytosis in epithelial cells.?®

Furthermore, endocytosis of HSV-2 in DCs has also been previously reported by virion uptake
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into acidic endosomal compartments. Many pathogens hijack Rab protein function after invasion
of hosts since Rab proteins are involved in multiple steps of the viral replication cycle, such as
entry by endocytosis, viral glycoprotein trafficking, viral assembly and egress.*® One study
recently found that knocking down Rab9, which play roles in late endosomes, and knocking down
Rab11, which is associated with transport along the recycling endosome to the cell surface, result
in suppressed viral replication.3" 3 Moreover, HSV-2 requires an intracellularly low pH for a

successful endocytic infection.33 34

1.2 Human Female Reproductive Tract

1.2.1 Morphology and function of the Female Reproductive Tract

Although the human female reproductive tract (FRT) engages in specific physiological
events, such as menstruation, implantation, fertilization and pregnancy, it also plays a critical role
in protection against STIs.%® During heterosexual transmission, the FRT’s epithelial cells and
mucosal lining act as a physical barrier as the first line of defense against microbial, pathogenic
and sexually transmitted infections such as HSV-2.3 Epithelial cells and submucosal leukocytes,
such as DCs and CD8 T cells, are one of the most important cell types with immune functions in
the FRT. A dense stromal fibroblast layer provides structural tissue support underneath the
epithelium, which serves as a barrier between the lumen and the tissue beneath.*> 3 Although
stromal fibroblasts underlying the epithelial cells are mostly for structural support, they have been
shown to produce growth factors and cytokines which assist with innate immunity. Dynamic
populations of leukocyte subsets remain dispersed throughout the stroma, with preferential

distribution among different regions in the FRT.%
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The FRT is divided into three sections: the upper part, the transitional cervix and the lower
part, which are all lined with epithelial cells with different cellular morphologies.® The upper FRT
is lined with a monolayer of columnar epithelial cells along the endocervix, uterus and fallopian
tubes.®® These columnar epithelial cells are connected by tight junctions, which are specialized
intercellular connections between adjacent cells to restrict passage between apical (external
environment) and basolateral (submucosa) compartments, and are responsible for maintaining
mucosal barrier integrity.34° The transitional compartment is the area between the upper and
lower FRT where the columnar epithelium of the endocervix transition into a squamous epithelial
layer of the ectocervix.®® In contrast to the upper compartment, the vagina and ectocervix of the
lower compartment are both lined with multiple layers of weakly-connected and non-keratinized
stratified squamous epithelial cells, especially in superficial layers.® 37 41 These cells are
metabolically active and constantly proliferate, as opposed to the monolayer columnar cells in the
upper compartment, eventually leading to terminal differentiation into superficial cornified layers

of cells found in the squamous epithelium.*?

Furthermore, the FRT is covered by a thin layer of mucus covering all luminal surfaces. In
addition to the physically protective squamous epithelial cell layers lining the FRT, mucus
secretions serve as a physical barrier, a viral trap, and a medium to strategically distribute various
antimicrobial factors secreted by immune cells and epithelial cells.** Mucus is made up of mucins
(glycoproteins that form the gel-like barrier which prevents pathogens from accessing the
epithelium), electrolytes (nourish the environment) and proteins including lysozymes,
immunoglobulins and lactoferrins, all of which work through unigue mechanisms to defend against

pathogens.** Moreover, the foreign pathogens and particles that become trapped in the vaginal
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mucosa can also be ejected mechanically from the FRT by either renewal of mucosal layers or

elimination by release during menstruation.*

1.2.2 Innate Immune response against HSV-2 in the Female Reproductive Tract

Following invasion of the genital epithelium by HSV-2, the mucosal immune system acts
as the first line of defence where both the innate and adaptive immune system respond in the
tissue.*® The innate immune response is to limit viral spread and subsequently trigger the adaptive
immune system’s cellular and humoral-mediate immune response. Initial innate immune responses
to HSV-2 are modulated by epithelial cells of the FRT, using various non-specific defence
mechanisms, including release of chemokines and cytokines*” %8, as well as antimicrobial
secretions such as lysozymes and defensins.*® The innate immune system primarily relies on the
engagement of pathogen with pattern recognition receptors (PRRs) to trigger a cascade of signaling
pathways involved in antiviral immunity. This initial response can lead to inflammation and
cytokine production to recruit various innate immune cells, such as NK cells, DCs and
inflammatory monocytes, to the site of infection.*® PRRs recognize conserved pathogen-associated
molecular patterns (PAMPS) of HSV-2 on various immune/non-immune cells, including toll-like
receptors (TLRs), RIG-I-like receptors (RLRs), Nod-like receptors (NLRs) and DNA sensing
systems which activate interferon regulatory factors (IRFs).*¢: 50 A summary of viral genome
recognition, including that of DNA viruses such as HSV-2, and the trigger of general downstream

immune signaling pathways is shown in Figure 2.5



M.Sc. Thesis — T. Dhawan McMaster University — Medical Sciences

Endosome DNA Virus Retrovirus
Viral CpG DNA ‘ ﬁ
DO \ Vlral Genome
| DHX3% = E AT rich dsDNA 1 \
==& s
b G
I D] 5-ppp dsRNA Y A

| IKKa

|

Mitoct

e @
€ o Inflammasome
by @ Activation
| Kka | IKKp
| Text \ Pro-IL-18
‘o ony o
( PS50 | p6S “.@ Pro-IL-18 Mature IL-18
. &IL-18
Cytoplasm
E ‘] ¢ ) E ) C i € /] C ] @ 3
Nucleus
Type | IFNs Inflammatory Cytokines Type | IFNs

Figure 2: Innate immune signaling pathways induced by viral genome sensors. Recognition
of viral DNA by cGAS (cyclic GMP-AMP synthase) DNA sensor triggers a signaling cascade that
results in type I interferon production. Viral DNA can also be transcribed to 5’ triphosphate double-
stranded RNA, which induces NFkB (p65) phosphorylation and translocation to nucleus for the
induction of proinflammatory cytokines. Entry of virus into endosomes can induce endosomal
DNA sensors such as TLR9 to activate myD88 pathway and downstream type | interferon and
proinflammatory cytokines production. This figure is retrieved from Zahid et al.>*

More specifically, TLRs 2, 3 and 9 are known to recognize viral glycoproteins, double
stranded RNA and viral CpG DNA, respectively, and act as initial innate immune responders to
the virus.'% %6 One study found that the human female reproductive tract expresses various TLRs
such as TLR 1, 2, 3, 4, 5 and 6 among different regions.> Another study showed that HSV-2
infection in vaginal epithelial cells induces TLR4 expression, which is known to signal a cascade

of downstream immune signaling pathways that may influence resistance against pathogens.>® The

importance of TLR-mediated protection has been demonstrated with in vitro studies which show
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that following upregulation of TLR3, TLR5 and TLR9 via IFN-p, primary GECs inhibit replication
of HSV-2.%* Viral recognition by TLRs induces downstream intracellular pathways which lead to
the activation of interferon regulatory factor (IRF), activator protein 1 (AP1) and nuclear factor-
kB (NF-kB) transcription factors; subsequently leading to type I interferon (IFN) production and
induction of proinflammatory cytokines and chemokines (CXCL9, IL-8, TNF-a, and MCP-1) via
signal transducer and activator of transcription (STAT) factors.1% >

Furthermore, various molecular pathways also exist where HSV-2 has been known to bind
with cytosolic receptors, such as IFI16, and retinoic acid inducible gene I (RIG-1), by an RNA
polymerase l11-dependent manner.*® Cyclic-GMP-AMP synthase (CGAS) is an enzyme part of a
DNA sensing system that is characterized by binding of cytosolic DNA, subsequently triggering
activation of stimulator of interferon genes (STING) by the production of a secondary messenger
cGAMP.%6: %657 Regardless of which cytosolic mechanism is triggered, many of these pathways
converge towards the activation of Tank-binding Kinase 1 (TBK1), the mediator of IRF3
activation. TBK1 is known to phosphorylate and activate IRF3 and/or IRF7, resulting in type I
interferon transcription.>”%° To amplify type | IFN production, IFN-B generates positive feedback
loops by binding to the interferon-a/p receptor (IFNAR) through a paracrine and autocrine process.
Consequently, this leads to the activation of the JAK/STAT pathway, resulting in the induction of
various interferon-stimulated genes (ISGs) which initiate IFN-a transcription, thus amplifying type
| interferon expression.®® Type | interferons, and their downstream ISGs, also activate crucial
innate and adaptive immune system components, as well host resistance to viral infections. 56
For example, Type | IFN production triggers cells in the surrounding environment to enter an
antiviral state where antiviral molecules such as protein kinase R are upregulated, leading to the

reduction or blocking of viral infection.? 8061
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Apoptosis, as well as other cell-death mechanisms, are also processes the host uses to
induce cell death in response to viral infections, thus preventing further viral replication. Cellular
mechanisms through which transmission of pro-apoptotic signals that respond to viral infections
occurs includes protein kinase R, mitochondrial membrane potential and roles of various caspase

proteins.®2

1.2.3 Adaptive Immune response against HSV-2 in the Female Reproductive Tract

While the primary function of the innate immune system is to limit viral spread, it also
subsequently triggers the adaptive immune system and its cellular and humoral-mediate immune
responses which mediate clearance of infection. The adaptive immune system’s role in antiviral
defence against HSV-2 has been widely studied. Research has characterized the roles of both
antibody-mediated immunity and cellular immunity against HSV-2, with recent research focusing
more on the latter.

Cellular adaptive immune responses are mainly driven by T-cells, which constitute
approximately 40 — 50% of the leukocytes in the FRT and have been demonstrated to be critical
in the clearance of infections.®® 5% 3 Interestingly, abundance of both CD4* and CD8" T cells is
relatively similar in the lower FRT, whereas the CD8" T cells dominate the endometrium,
suggesting tissue-specific constitution of different T cells.®* One study reports that clusters of cells
containing memory CD4* or CD8" T cells, as well as B cells, DCs and macrophages, form in the
lower FRT in response to HSV-2 infection, and continue to persist up to years after viral
clearance.®® The formation of such cell clusters may be explained by a strategy for preserving T
cell repertoire to prevent loss of memory T cells from shedding of the endometrial lining during

menstruation. Earlier studies have shown that the HSV-2-specific CD8" cytotoxic T cells against

12
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a particular epitope play a protective role against HSV-2, where depletion of CD8" T cells resulted
in increased HSV-2 titres.®® It has been suggested that this occurs through the ability of tissue
resident CD8" T cells to produce IFN-y which subsequently blocks viral replication, however, total
clearance is only achieved through perforin or Fas-mediated cytolytic mechanisms that lead to
apoptosis of infected cells.” However, recent studies have demonstrated that mice with CD8"
knocked out continue to show protection after challenge with HSV-2, suggesting that CD8" T cells
alone are not sufficient in providing protection.®® Some studies indicate that mobilization of CD8*
T cells to the vaginal epithelium is dependent on presence of CD4* T cells and their production of
IFN-y and downstream chemokines.®® Interestingly, depletions in CD4* T cells have been reported

to be correlated with higher viral load in vaginal tissues as compared to CD8* depletion.®

Furthermore, it is the production of IFN-y by Th1 cells that is attributed to the protective effects

as mice with IFN-y deficiency do not show protection against HSV-2 despite the presence of CD4*

T cells.®5 68

CD4" helper T cells are also known to assist in humoral immunity by promoting maturation
of B cells to plasma cells for antibody secretion. Although B cells constitute a minor population in
the FRT, they make the reproductive tract unique in that both IgG- and IgA-producing plasma cells
can be found.” ™ It has been reported that HSV-2 infection in the genital tract of humans primarily
results in production HSV-2 specific immunoglobulin G (IgG) over IgA.”> More specifically, a
recent study with mice has found 1gG2b and 1gG2c as the primary isotypes secreted in response to
HSV-2 infection.” Studies have shown that immunized mice deficient in B-cells and subsequently
challenged with HSV-2 show higher levels of viral load in the vaginal epithelium and vaginal
secretions.” However, many studies have also found that resistance to challenge by HSV-2 in

immunized mice does not depend on presence of B-cells and their corresponding production of
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antibodies.®® ™ Overall, findings from literature regarding the role of B-cells needs further studies
to establish a clear role. Although humoral immunity may play a role in primary HSV-2 infection,
based on existing literature, it is mainly the cellular component that is required for its clearance

and long-term protection.

1.3 Female Sex Hormones

1.3.1 Menstrual cycle and presence of female sex hormones

An important biological factor which influences the physiology of the FRT is the influence
of female sex hormones, which vary with the phase of the menstrual cycle as shown in Figure 3.
Female sex hormones, such as estrogen (E2) and progesterone (P4), have been known to impose
effects on epithelial cells, fibroblasts and immune cells in the FRT to alter their functions and
therefore a person’s susceptibility to STIs through differential processes depending on the site of
the FRT. 6% Balance between female sex hormones is crucial in maintaining an equilibrium
between immune regulation against pathogens and tissue modeling for optimal conditions required
for fertilization and implantation.®® 3" In women of reproductive age, cyclic secretion of E2 and
P4 is regulated by the hypothalamic-pituitary axis via the ovary throughout the menstrual cycle
which is divided into four phases: i) menstrual phase; ii) proliferative phase; iii) mid-cycle phase;
and iv) secretory phase. The first phase, menstruation, is triggered by a drop of E2 and P4 levels.
The sharp reduction in these hormones causes the previous cycle’s endometrial lining to shed out
of the uterus, thus producing bleeding. During the initiation of the menstrual cycle, it is the follicle-
stimulating hormone (FSH) which stimulates granulosa cells (with help from thecal cells) in the
developing follicle in the ovary to produce E2. Under control of FSH and the luteinizing hormone
(LH), E2 levels continue to rise during the proliferative phase, inducing the proliferation of a new
endometrium, until they peak prior to ovulation.®® Following the peak of E2 levels in the blood,

14
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LH levels surge and are essential for ovulation, which occurs at the mid-cycle stage. This surge of
LH from the anterior pituitary causes remnants of the follicle to become the corpus luteum which
subsequently acts as the primary source of E2 and P4 during the secretory phase. Concentrations
of progesterone, and to a reduced extent, estrogen, rise and peak near the mid-secretory phase,
further increasing the development of the endometrium, including secretion of glycogen, lipids,
and other material.*® In absence of fertilization, degradation of the corpus luteum and a decline in

E2 and P4 secretion trigger the onset of menstruation once again.
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Figure 3: Cyclic female sex hormone levels throughout the 28-day menstrual cycle. The
ovarian cycle is divided into four stages 1) menstrual phase (menstruation); 2) proliferative phase
(follicular phase); 3) mid-cycle phase (ovulation); and 4) secretory phase (luteal phase). Graph
plots the level of female sex hormone concentration based on the day of the menstrual cycle for
up to 28 days. (FSH, follicular stimulating hormone; LH, luteinizing hormone; OE;, oestradiol,
P4, progesterone). Figure is retrieved from Wira et al.®
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1.3.2 Estrogen

There are three major types of physiological estrogens found in females: estrone (E1),
estradiol (E2, 17-p-estradiol), and estriol (E3). Each form of the estrogen is a different formulation
derived from cholesterol and differ from each other by one step in a series reaction of estrogen
biosynthesis. 17-p-estradiol, or E2, is the dominant estrogen found in women during the
premenopausal process, whereas E1 primarily exerts its role post-menopause.®® E3 is considered
the weakest estrogen, synthesized by a hydroxylation on E1. It’s found to have importance

particularly during pregnancy since the placenta produces larger quantities.

E2 is predominantly produced by granulosa cells of the ovaries, and plays a crucial role in
sexual development, reproductive functions, sexual behaviour and differentiation of certain
tissues. Estrogenic compounds exert their various complex physiological functions through
interactions with intracellular estrogen receptors. There are two known subtypes of estrogen
receptors: estrogen receptor alpha (ERa) and estrogen receptor beta (ER[B). Although these
proteins are dispersed throughout the cell, they exert their role particularly in the cell nucleus by
acting as transcription factors after binding to DNA regulatory sequences, thus regulating
transcription of specific downstream target genes. ERa is located primarily female reproductive
tract tissues, bone, liver, adipose tissue, testes, epididymis and stroma of the prostate, whereas ER3
is found mainly in the epithelium of prostate, bladder, granulosa cells of ovaries, colon and adipose
tissue (Figure 4).87-8 These receptors are commonly expressed in non-immune cells such as genital
epithelial cells, as well as by various immunocompetent cells such as T-lymphocytes,

macrophages, NK cells, neutrophils, B-lymphocytes and DCs.2°
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1.3.3 Effect of female sex hormones on female reproductive tract

As sex hormones are secreted in systemic circulation, their influence varies throughout
different compartments of the FRT. Epithelial cells that line the FRT not only respond to
pathogenic stimuli, but to hormones as well. It is well known that E2 induces epithelial cell
proliferation,®® % whereas elevated P4 concentrations are linked with thinning of the vaginal
epithelium in animal models.” % % This is important due to the absence of tight junctions in the
superficial epithelium of the lower FRT result in loosely connected cells that may allow pathogens
to penetrate and come in contact with immune cells in the basal epithelium and lamina propria.
Estrogen plays an important, yet controversial role in the regulation of proteins involved in
epithelium integrity. For example, one study showed the modulation of claudin and occludin
protein expression by E2 results in relaxation of tight junctions and increased flux across the
epithelium.% % However, researchers in a different in vitro study found that E2 treatment of
vaginal epithelial cells leads to more pronounced cytokeratin expression, a cytoplasmic epithelial
cell protein that interacts with desmosomes to assist in barrier integrity, relative to P4 conditions.”

Another physical component that is influenced by hormones is the mucus present in the
FRT. Mucin, a glycoprotein secreted by endocervical epithelial cells, is a major component of
mucus. Gene expression of mucin varies with the menstrual cycle, consequently causing variations
in the properties of the mucus.®® Water, being the major component of vaginal mucus, comprises
about 85-98% of the mucus. During the proliferative phase, estrogenic mucus is very watery with
a low viscosity and later becomes 95-98% water during peak E2 levels at ovulation. In contrast,
progestational mucus, is about 85%-92% water, making it thick and viscous.** °- % Estrogenic

mucus, present at ovulation, facilitates sperm movement into the FRT, whereas progestational
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mucus, present following ovulation and throughout the secretory phase, impedes the movement of
substances from the lower to the upper FRT.%’

Along with the unique immunomodulatory effects after PRR activation specific to different
pathogens, PRR expression also tends to change with hormone exposure throughout the menstrual
cycle.® In an in vitro study, it was found that E2 reduced expression of TLR2 and TLR6 in the
VK2 vaginal epithelial cell line.*® E2 has also been found to modulate signalling pathways
downstream to PRRs. Studies on uterine epithelial cells have shown that E2 inhibits secretion of
migration inhibitory factors (MIF), interleukin-6 (IL-6) and IL-8 by macrophages induced by
polyinosinic-polycytidylic acid (poly(l:C)) and lipopolysaccharide (LPS), and reverses
stimulatory effects of IL-1B on protein and mRNA expression of NF-kB, IL-8, human B-defensin
2, and tumour necrosis factor (TNF), suggesting that periods of high E2 levels in the menstrual
cycle results in an anti-inflammatory environment in response to pathogens.'® %% More
specifically, E2 has been reported to suppress the function of NF-xB through restricting NF-«xB-
inhibitor degradation, or inhibiting nuclear translocation of NF-«B, thus preventing downstream

pro-inflammatory expression.1?2 103

1.3.4 Role of sex hormones on susceptibility to sexually transmitted infections

E2 and P4 are produced endogenously by ovaries, but can also be released exogenously as
main components of various hormonal contraceptives.*® During menstruation, and in preparation
for fertilization and implantation, release of E2 and P4 regulate immunity in the FRT to
complement reproductive environments and processes.®® & In preparation for fertilization, the

body responds by suppressing innate and adaptive immune responses to prevent fetal rejection.®
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This results in the phenomenon known as the window of vulnerability which increases women’s
risk of acquiring ST1.36: 105

As discussed previously, hormones play an important role in the FRT and have various
well-known roles in biological pathways such as cholesterol synthesis, innate immunity, cytokine
signaling, cell division, cell cycle arrest, and many more. Viruses are intracellular obligate
parasites dependent on host cell machinery, and so, vary in their ability to function depending on
the presence of female sex hormones which alter many pathways required for their replication.
Hence, the presence of female sex hormones may alter susceptibility or immune responses that
play important roles against STIs.

Multiple studies in literature indicate that the window of vulnerability is applicable for
other STIs. For example, studies have demonstrated that the secretory phase, which is progesterone
dominant, is associated with higher HIV-1 transmission.® 1%-107 One of the studies collected
lavage samples characterized by follicular (proliferative) or luteal (secretory) phases and analyzed
them via mass spectrometry.® Since luteal phase is dominated by progesterone, and found to
enhance susceptibility to HIV when compared to the follicular phase, they investigated the genetic
profiles of both phases and discovered each phase up/downregulates unique immune pathways.%
Furthermore, in vitro studies have also shown that E2 treatment reduces HIV infection in
macrophages and CD4+ T cells. 82:1% Similarly, a study using the macaque animal model indicates
that vaginal transmission of Simian Immunodeficiency Virus (SIV) increases during the secretory
(luteal) phase of the menstrual cycle relative to the follicular phase.!®® Furthermore, estrogen
treatment of macaques has been reported to significantly protect macaques against SIV infection

with evidence of thickened and cornified vaginal epithelium.®* Contrastingly, a study using
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subcutaneous P4 implants to mimic hormone-based contraceptives demonstrated thinning of the
vaginal epithelium along with a significant increase SIV vaginal transmission.*?

For over a decade, our lab has been intensively studying effects of female sex hormones
on HSV-2 infection using in vivo and in vitro models. Our studies, along with experimental
evidence from others, has shown that E2 confers greater protection against STIs with no pathology,
whereas P4 provides protection, but with increased immunopathology and inflammation.’® 77
Interestingly, earlier studies in our lab also demonstrated that treatment of mice with saline
suspension of progesterone or Depo, also known as medroxyprogesterone acetate (MPA),
increased susceptibility to intravaginal HSV-2 infection by up to 10-fold and 100-fold,
respectively.® %2 In the same way, our previous immunization studies have shown, using an
ovariectomized model where endogenous source of hormones were removed and exogenous
estradiol or progesterone were delivered in mice, that E2 treated mice confer protection from HSV-
2 infection along with better outcomes on viral shedding and vaginal immunopathology. However,
P4 treatment results in mice showing higher susceptibility to HSV-2 infection, higher viral
shedding in vaginal secretions and chronic pathology.’® ”” Another study from our lab interestingly
shows that prolonged Depo exposure compromises immune responses against HSV-2 infection in
immunized mice.2® Furthermore, an in vitro study in our lab shows that VK2 cells grown under P4
treatment showed significantly higher HSV-2 infection and replication relative to E2 treatment.’®

Based on the evidence of multiple studies, estrogen seems to overall have protective effects
against various STIs, while progesterone appears to increase risk. It is important to consider that
studies which show different patters in hormonal influence on susceptibility to pathogens most
likely reflect variations among animal models, pathogen of interest and the consequent immune

response against each pathogen.®® Despite the fact that endocrine and hormonal conditions
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responsible for differences in infection vary with cell culture and animal models, the idea of the
window of vulnerability is an evidently useful concept which can be used to further examine how
reproductive health of women can be compromised.3® Moreover, due to the lack of understanding
of the cellular mechanisms of E2 and its antiviral effects, further research is warranted to address

this gap in understanding.

1.4 Vaginal Epithelial Cell Experimental Model

1.4.1 VK2/EBET cell line

Various in vitro studies that focus on vaginal physiology have previously utilized the
vaginal epithelial cell line (VK2/E6E7) to study pathogen interactions, genetic alterations, and
hormone influences.>® 78 110-112 The \VK2 cell line was established in the mid-90s by isolation from
fresh vaginal mucosal tissue obtained from a premenopausal women undergoing vaginal repair
surgery.’™® These cells were immortalized using a retroviral vector containing the human
papillomavirus (HPV) EBE7 antigen.''® VK2 cells have characteristics that are similar to normal
vaginal epithelial cells and are physiologically appropriate for studying the lower female genital
tract. For example, the selective expression of certain cytokeratins in VK2s is similar to what is
found in normal vaginal tissue.'*® The introduction of this cell line provides researchers with a
better alternative and stronger representation of the vaginal tract than HeLa cells, which have been
commonly used for vaginal studies in the past. However, most studies use liquid-liquid interface
systems to grow these cells in a monolayer, which is not an accurate representation of the
physiological conditions of the vaginal tract.?® 14 As mentioned previously, the vaginal epithelium

naturally exists with stratified layers of squamous epithelial cells. Therefore, our lab has recently
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developed and optimized a multilayer culture method using VK2 cells that resembles the FRT

more accurately.’®

1.4.2 In-vitro air-liquid interface culture model

Our lab recently established and characterized an Air-Liquid-Interface (ALI) culture
system which allows the vaginal epithelial cell line (VK2 cells) to proliferate in stratified layers in
transwells, a state that more closely mimics the in vivo natural environment of the lower vaginal
tract.®” ® This model allows us to study HSV-2 entry, infection and replication in a more realistic
environment, since HSV-2 first infects vaginal epithelial cells, as compared to the traditional
liquid-liquid interface (LLI) approach, as shown by a previous study in our lab by Lee et al.”®
Earlier culture models used the conventional LLI approach by providing growth medium to both
apical and basolateral sides of cultures, resulting in monolayer growth of squamous epithelium.
Instead, the vaginal epithelium absorbs nutrients from only its basolateral side while the apical
side is in contact with air and mucus. This novel ALI culture system, which is supplemented with

medium on only the basolateral side, better models the in vivo cells of the lower FRT (Figure 5).7
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Figure 5: Air-liquid interface culture promotes multiple layers of stratified squamous
epithelium mimicking physiological anatomy of lower female reproductive tract (A) Culture
design comparison between the conventional Liquid-Liquid Interface (LLI) to the novel Air-
Liquid Interface (ALI) VK2 culture systems. (B) Hematoxylin and eosin (H&E) staining LLI
compared to ALI cultures after 10 days of VK2 culture growth. This figure demonstrates and
highlights stratified squamous epithelial cell growth observed in ALI cultured VK2 cells, thus
more closely mimicking physiological conditions found in the vagina in the lower FRT. Figures
reproduced from Yung et al. 2016.7

1.5 The Role of p53 signaling pathway

1.5.1 The p53 Protein

The p53 pathway has previously been reported for its interactions with various viral
infections, the immune system and hormones. p53 is a tumor suppressor protein that causes cell-
cycle arrest and apoptosis when activated. Given its role, there have been multiple studies which
have investigated its contribution in regulation of cell fate and tumour suppression.'*® Studies show
that p53 prevents development of tumors by acting as a sensor for cellular stress and responding
to various signals such as DNA damage, deprivation of nutrients, hypoxia, expression of
oncogenes, and further limiting cell propagation under these unfavourable conditions.!*® As such,
it is clear that p53 is an essential component of a vast network of host regulatory processes and
factors that prevent tumor formation.

p53 functions as a transcription factor that accumulates in the nucleus to induce its
downstream genes. It has also been reported that translocation of p53 is tightly regulated by the
cell cycle: p53 has been found to accumulate in the cytoplasm during the G1 phase, enter the
nucleus during the G1/S phase transition and return back to the cytoplasm shortly after the S
phase.!’® The function of p53 protein is regulated post-translationally by interactions with
signaling proteins including ubiquitin-like modifying enzymes (ubiquitination), methyl-

transferases (methylation), acetyltransferases (acetylation) and protein kinases (phosphorylation),
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which can not only alter the function of p53, but also affect its translocation between various

compartments.t’

p53 can be phosphorylated at numerous sites in response to certain signals,
thereby altering its biochemical functions, such as sequence-specific DNA binding and protein-
protein interactions, required for increased activity as a transcription factor. Of the various
phosphorylation sites reported on p53, only three (Serl5, Thrl8, Ser20) are highly conserved.
Despite evidence of p53 phosphorylation at various sites, their consequences on p53 function are
poorly understood.

P53 employs its various effects through induction of key downstream regulatory factors
which altogether make up the p53 pathway. These factors contribute to various outcomes such as
growth arrest, apoptosis, DNA repair, senescence, autophagy, metabolism, and more.''® For
example, p21, the protein encoded by the cyclin-dependent kinase inhibitor 1A (CDKN1A), is
p53-response gene and important mediator of cellular senescence.'*® Cellular p53 protein levels
are under strict control of negative regulators such as MDMZ2, which in turn is a transcriptional
target of p53, thus forming an auto-regulatory feedback loop. MDMZ2, together with its homolog
MDM4, acts as an E3 ubiquitin ligase to ubiquitinate p53, resulting in its proteasomal
degradation.'?® Various cellular signals, such as DNA damage, viral infection, or oncogene
activation can induce p53 activation. DNA damage induces phosphorylation of p53, preventing its
binding with MDMZ2, whereas activated oncogenes activate the ARF protein to prevent MDM-2
mediated degradation of p53.1%° Thus, designing of various compounds that employ their effects

as inhibitors of the p53-MDM2 interaction is a favorable strategy for activating the p53 tumor-

suppressor activity in tumours.

26



M.Sc. Thesis — T. Dhawan McMaster University — Medical Sciences

1.5.2 p53 and viral infections

Recent studies suggest that p53 is also involved in the life cycle of multiple viruses,
including influenza virus, Zika virus, West Nile virus, Human Immunodeficiency Virus, HSV, and
more.*?! Viruses are intracellular obligate pathogens that are unable to reproduce on their own,
and thus require a host to use its signalling, metabolic and proteosynthetic pathways.'?2
Interestingly, various viruses have been shown to have unique interactions with p53, where some
activate p53 for sufficient viral replication, while others require inhibition of p53 activity.*?! For
example, p53 is activated in response to influenza A virus (IAV) infection to inhibit viral
replication.’?>1?5 As a transcription factor, p53 regulates expression of downstream responsive
immune-related genes involved in IFN signaling and cytokine/chemokine production, suggesting
a crucial role of p53 in regulation of inflammatory and antiviral responses against IAV.1% Recent
studies have also shown that p53 downregulates severe acute respiratory syndrome (SARS)
coronavirus replication.*?® 127 In the context of herpesviruses, literature shows that p53 has a dual
role in modulating HSV-1 replication depending on the stage of infection. While p53 increases
HSV-1 replication by activating ICP17, a viral protein essential for early stage HSV replication,
p53 also regulates the degradation of ICPO, a viral protein essential for replication of viral genome
and repression of host immunity, and thus attenuates the replication of HSV-1.12

Overall, p53 has been shown to be an important contributor to the protective response
against viruses, and its loss has been found to facilitate the ability of viruses to replicate. To
counteract this protective response of p53, various viruses have evolved molecular mechanisms
that hinder p53, often through viral proteins that can bind to and inhibit p53.

Multiple studies indicate that p53 has an important role in modulation of IFN-mediated

antiviral immunity.1?-131 One study identified that p53 is able to activate the IFN pathway via
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IRF9 activation, and subsequently, reduce viral replication early after infection.*?® On the other
hand, recent studies also demonstrate that p53 is instead targeted and activated by type I IFNs post-
infection.!3 Furthermore, studies show that various IFN-inducible genes such as IRF5, IRF9,
TLR3, and ISG15 are transcriptional targets of p53.1%

Overall, there seems to be a knowledge gap between p53 and HSV-2 with a paucity of
existing research. However, there are a few studies which have investigated p53 and its role in the
context of HSV-1, which is highly homologous with HSV-2. With p53 being highly expressed in
female tissues (Figure 6), along with its ability to induce various immune functions and its role in
interacting with various viruses, this makes it a potential candidate to further study its role against
STIs such as HSV-2. Although studies have shown the important interaction between p53 and
HSV-1 viral proteins,*? there is minimal data on whether the antiviral responses induced by p53

and whether they are sufficient for suppressing HSV-2 replication.
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Figure 6: P53 expression and localization is found in various parts of the human body. A)
Quantitative graph of RNA expression of p53 in fferent areas of the human body. B) Summary of
p53 RNA and protein production in various tissues and organs. Figures are extracted from The
Human Protein Atlas.1%2
1.5.3 Connection between p53 and estrogen signaling

Hormones and p53 have various interactions that lead to modulation of downstream
cellular pathways. Multiple studies have demonstrated that estrogen plays an important role in
altering p53 expression or its downstream targets.***3” One study found that treatment of T47D
estrogen receptor (ER)-positive breast cancel cell line with ICI 164384, an antiestrogen, reduced
cell count and p53 levels.?*® Conversely, when they cultured cells in hormone stripped medium,
exogenous E2 treatment increased p53 expression and cell proliferation. Some reports demonstrate
that estrogen can induce p53 gene transcription through multiple transcription factors such as
NF«B or ERa, that bind to elements located upstream of the p53 transcriptional start site: NFxB-
binding motifs or CCAAT-binding transcription factor 1,1 c-Myc response element,*® GC-rich
Sp1 site!® and estrogen response elements (EREs).}*! With the ER being heavily involved in
transcriptional regulation of estrogen gene targets, its important to note that of the various

functional domains located on ERa, a p53 binding region is located at domain D

(dimerization/hinge domain) and E (ligand binding domain/activation function).142

1.6 Transcriptional profiling and Bioinformatics

1.6.1 Transcriptional Profiling of Female Reproductive Tract Epithelial Cells

Our lab has extensively investigated transcriptional profiles of different combinations of
treatments, various epithelial cell types and viruses. We have published data that has exclusively
looked at the effect of sex hormones on upper and lower FRT epithelial cells. One of the first

transcriptional studies our lab looked at was the effect of MPA on human endometrial epithelial
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cells, compared to E2 and P4.1*® Although MPA is a progestin-based contraceptive, the gene
expression profile induced by it was distinct from P4. MPA resulted in the induction of a gene
expression signature related to inflammation and cholesterol synthesis which were linked to innate
immunity and HIV-1 susceptibility. Another study looked at comparing and characterizing the
transcriptional profile of primary endometrial GECs in E2 and P4 conditions following acute
exposure to HIV-1.14 The findings indicated that acute exposure of HIV-1 to primary endometrial
GECs results in various genes related to plasminogen activation, adhesion and diapedesis,
interferon response, and inflammation. Interestingly, exposure to HIV-1 in the presence of sex
hormones E2 and P4 resulted in unique gene signatures, suggesting that the response of the GECs
to HIV-1 is modulated by female sex hormones. A more recent study evaluated the transcriptional
response of ALI culture-grown vaginal epithelial cells to MPA treatment and compared it to E2
and P4.1% Not only were unique transcriptional profiles seen in all conditions, but MPA treatment
resulted in induction of genes related to cell-cell division and cell adhesion, results which were not
seen under E2 or P4. It was further found that the gene signature under MPA treatment is also
indicative of decreased barrier integrity, which was confirmed with functional analyses, and used
to help explain why women using MPA as a hormonal contraceptive are more susceptible to HIV-

1 infection.

1.6.2 Bioinformatic Analysis

Transcriptome analysis is a valuable tool as it provides a blueprint for the construction of gene
interaction networks, which is the basis for functional characterization and annotation of genes
and pathways.*® Thus, the information gained can be used to: correlate the cellular functions of

biological systems under specific conditions;'*’ develop molecular techniques to pinpoint potential
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148

targets for drug discovery and diagnostics of disease processes; *° as well as provide an interface

for studying the relationship between hosts and pathogens in order to develop novel prophylactic
or therapeutic interventions.'#°

Although transcriptome analysis has various applications, there is no specific analytical
method that can be optimally applied universally.'>® Usually when transcriptomic data is based on
human-based, heavily annotated genomes, the transcriptome analysis can be performed on either
existent annotated references or by identifying novel transcripts based on their differential
regulation.’® Both approaches can be helpful in answering hypotheses, and have unique
advantages; while using existent annotated references is an approach that is reliable since
information can be extracted from publication records, identifying novel transcripts with the
researcher’s retrieved transcriptomic logistics allows for reporting of novel data.

After hybridization of genetic material to the probes in the transcriptome array chip,
transcriptome analyses often start off by performing essential preprocessing steps such as
background correction and normalization.*>® The bias that results from non-specific RNA binding
to the probes, which can fluctuate between runs, along with uneven background fluorescence, is
removed by the process of background adjustment. Within a microarray chip, probes can also
target intronic regions or have no target at all. Anything that binds to such probes is found to create
background, along with the non-specific binding that occurs for targeted probes. Normalization is
also needed for correcting for systematic errors which lead to undesired biological effects.
Normalization allows for removal of technical noise caused by variances in the following factors:
amount of RNA, efficiency of RNA extraction, efficiency of reverse transcription, DNA quality
and the PCR yield associated with it, and many other factors. When performing experiments such

as gPCRs, normalization is done with the use of housekeeping genes, whose expression does not
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change by different conditions. With microarrays, methods such as introduction of spike-ins,
where introduction of markers whose relative intensities are controllable can be used to calibrate
intensities, can assist with normalization.®® Furthermore, normalization is also relevant to the
array type used and thus aims to eliminate variation across the chips.* 152 Methods such as scale
normalization can be performed to normalize intensities between different replicate chips of the
same treatments to reduce chip-to-chip variation, where intensities from one chip are multiplied
and compared to summaries of another chip. **3This allows exclusion of misinformation from the
downstream analyses, and provision of fair and accurate comparison of biological effects.
Subsequent steps in transcriptomic processing include the core analysis. This step is composed
of processes such as 1) transcriptome profiling, 2) differential gene expression and 3) functional
profiling.>® The mapping of data from these samples using microarrays as a convenient method
of visualization is what is referred to as transcriptional profiling. Differential gene expression
analysis allows for profiling of genes which visually show where differences occur, and the
differential expression provides quantitative data to explain to what extent it occurs. The last step
in transcriptome analyses includes functional profiling.*>® This includes analysis of single genes
of interest based on the total data generated; the most traditional approach and also the final stage
of most transcriptomic studies.*>* This is often supplemented by analyzing volcano plots or protein
networks which indicate various pathways, and is followed by various types of functional analyses
such as gPCRs, ELISAs, immunofluorescence staining and other methods to confirm functionally.
Limitations of selecting a single gene for further analysis is that there is no natural value for
thresholds, and so, different results are obtained with different cut-off values used, making the
metrics arbitrary. Alternatively, when analyzing genes with statistical significance, a unifying

theme isn’t obvious depending on the number of changes observed, leading to difficulties in
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interpretation of data depending on level of expertise in this field. Most importantly, analyzing
single genes is not practical and does not often provide obvious context to how they relate to
biological processes, hence why various bioinformaticians practice analysis of data networks and

pathway analyses.*4
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CHAPTER 2: RATIONALE. HYPOTHESIS AND OBJECTIVES

HSV-2 remains a global burden with incidence of infection disproportionately higher in
women compared to men. However, the disproportionality of HSV-2 infection between sexes
during heterosexual transmission is not well understood. Further investigation and a better
understanding of the FRT microenvironment is crucial for developing preventative strategies. The
FRT is significantly influenced by the presence of female sex hormones, such as estrogen and
progesterone, which vary across stages of the menstrual cycle.

Multiple studies, including those from our lab, have shown using both in vivo and in vitro
models, that P4 increases susceptibility to HSV-2, while E2 plays a protective role (Figure 7).758!
Since the mechanisms through which these phenomena occur are still unknown, studying the
protective effects of E2 on epithelial cells is an informative model since they primarily contact
with HSV-2. To examine the mechanisms underlying differential susceptibility in the context of
hormones at a cellular level, our lab recently established and characterized an Air-Liquid-Interface
(ALTI) culture system which allows the vaginal epithelial cell line (VK2 cells) to proliferate, and
form stratified layers in transwells, in a state that more closely mimics the natural environment of
the lower vaginal tract.”® This model allows us to study HSV-2 entry, infection and replication,
since HSV-2 first infects vaginal epithelial cells. In a study done using ALI cultures of VK2 cells,
we showed that VK2 cells grown in the presence of E2 displayed significantly lower infection and
viral replication of HSV-2 relative to NH conditions.”® However, the underlying mechanism of
how E2 modulates immunity and influence susceptibility to HSV-2 remains unclear.

Consequently, we are interested in studying genes and cellular pathways which are
differentially regulated by E2, to specifically understand how genes/pathways are modulated to
provide protection. In order to study the effects of hormones on modulation of differentially
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expressed genes (DEGSs), we recently performed a comprehensive genome-wide microarray to
profile gene expression of HSV-2-infected VK2 cells and compared how this profile is altered
based on the presence or absence of E2 and P4. Hormone treatments were conducted using
concentrations of 10° M of E2 and 107" M P4, since this represents the peak physiological serum
concentrations of these hormones found throughout the menstrual cycle.'> The microarray results
demonstrated that there is a distinct profile of host genes regulated by HSV-2 in the presence of
E2, P4 and no hormone (NH) conditions. Although we initially planned to investigate both E2 and
P4 effects on HSV-2-infected VK2 cells, we narrowed our focus to investigating the effect of E2
due to its the unique transcriptional profile it encompasses compared to NH.

Based on previous literature studies and the outcome of results from our transcriptome
studies, I hypothesized that E2 will modulate host cellular pathways in VK2 cells that contribute
to antiviral immunity, and thus are responsible for its protection compared to NH, against HSV-
2 infection and a systematic analysis will be able to identify unique pathways initiated by E2.
Furthermore, based on the subsequent transcriptome analysis, | also hypothesized that the E2-

mediated antiviral protection against HSV-2 in VK2 cells is mediated through the p53 pathway.

Part of this hypothesis was addressed by ensuring an efficient and accurate pathway
analysis where an accurate and non-redundant analytic approach of bioinformatics was determined
and utilized to identify signaling pathways differentially activated by E2, such as the p53 pathway.
As the next step, functional analysis was performed to link this finding of E2-induced p53 pathway

to antiviral effects and protection seen against HSV-2.
The hypothesis was addressed through the following objectives:

Objective 1: Conducting bioinformatic pathway analysis to identify the differentially regulated

genes and cellular pathways modulated in E2-treated HSV-2-infected VK2 cells
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Obijective 2: Conducting a functional analysis to determine whether
a) the p53 pathway is activated by E2 and b) if activation of p53 confers protection against HSV-

2 in vaginal epithelial cells

Obijective 3: Determining the mechanism of E2-mediated p53 protection against HSV-2 infection

in VK2s
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Figure 7: Female sex hormones and MPA influence HSV-2 infection and replication. (A)
HSV-2-GFP (green) infection in NH/E2/P4/MPA-treated VK2 cells. Nuclei (red) counter-stained
using propidium iodide. (B) Differences in HSV-2 viral shedding by VK2 cells treated exposed
to different zemale sex hormones and MPA in ALI cultures. Figures were reproduced from Yung
etal. 2016.’
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RESULTS

CHAPTER 3: BIOINFORMATIC ANALYSIS AND IDENTIFICATION OF GENES AND

PATHWAYS
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Objective 1: Conducting bioinformatic pathway analysis to identify the differentially

regulated genes and cellular pathways modulated in E2-treated HSV-2-infected VK2 cells

3.1 Performing bioinformatic analysis of differentially expressed genes from the

transcriptomic data at a single-gene level

In order to investigate the effects of female sex hormones on vaginal epithelial cells and
the response to HSV-2 infection, we isolated RNA from VK2 cells grown in various conditions.
The experimental design consisted of four treatment groups: VK2 cells in ALI cultures without
hormones or treated with E2 (10° M), P4 (10”7 M) or MPA (107" M) for 7 days followed by HSV-
2 infection at a multiplicity of infection (MOI) of one for 24 hours. Following RNA isolation, an
Affymetrix Human Genome 2.0 array was performed to obtain the transcriptome data. In addition
to the data from these treatments, we also have data based on similar hormone treatments without
HSV-2 infection (mock). Combination of these data has allowed us to generate many hypotheses.
For example, an ongoing study compares HSV-2-infected and uninfected NH-/E2-/P4-/MPA-
treated VK2 cells, allowing us to investigate the role of HSV-2 in modulating the transcriptional
profile under different hormonal conditions. (Dhawan, Zahoor et al., in progress). While the above
study focuses on the effect of virus on hormone-treated cells, the study outlined in this thesis,
focuses on the effects that hormones have on host cellular pathways against the virus, specifically
looking at how E2-/P4-/MPA-treatments modulate genes and pathways in response to HSV-2-
infection in VK2 cells compared to untreated HSV-2 infected cells. Previous studies in our lab
have also assessed the response of hormones against other viruses such as HIV-1, but in the context

of endometrial GECs.1*
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Prior to performing core analyses, it was essential to determine the question of interest. As
outlined previously, we planned to investigate the role of hormones in modulating the gene
expression profile of the lower FRT, using VK2 cells, in the context of HSV-2 infection. Since our
transcriptomic data was heavily annotated and contained large amounts of data, we decided to
briefly look into identify novel transcripts by comparing conditions of SE2 (estradiol-treated VK2
cells infected with HSV-2 for 24 hours) with SNH (untreated VK2s cells infected with HSV-2 for
24 hours), SP4 (progesterone-treated VK2 cells infected with HSV-2 for 24 hours) and SMPA
(MPA-treated VK2 cells infected with HSV-2 for 24 hours), as well as by comparing SP4 to SNH.
A heatmap of all genes of the transcriptome data under NH, E2 and P4 conditions after infection
with HSV-2 were plotted (Figure 8). This heatmap indicates a very quiet profile of E2, where most

genes show low intensity of gene expression while P4 shows higher intensity relatively.
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Figure 8: Vaginal epithelial cells infected with HSV-2 in presence of female sex hormones
show differential expression of genes (A) Hierarchal clustering of all genes from the
transcriptomic profile regulated by VK2 cells infected with HSV-2 are shown in the heatmap. The
intensity of red and green indicate the magnitude of upregulated and downregulated gene
expression, respectively, represented by the color key histogram. HSV-2-infected cells were grown
in the presence of E2, P4 or NH were compared to uninfected cells grown in the presence of E2,
P4, or NH, respectively.

To identify the differences and determine whether hormonal treatment results in a unique
transcriptional profile, gene expression patterns of differentially expressed genes (DEGs) between
HSV-2-infected VK2 cells grown under E2 vs P4 conditions were plotted with a heatmap using
hierarchal clustering, where treatments with similar expression patterns are grouped together and
connected by a series of branches (Figure 9A). First, a comparison of E2 vs P4 in the context of
HSV-2 was performed to identify only significant DEGs between the two conditions. Then, gene
expression values were plotted with a heatmap to visualize the expression patterns. The NH
condition was also included to examine which treatment it is more similar to. The results indicated
that the DEGs show similar expression patterns between P4 and NH treatments. Moreover, the
heatmap also shows that various clusters of genes on the coloured panel to the left of the heatmap
are clearly oppositely regulated by E2 compared to NH and P4. Overall, this suggests that E2 plays
a more unique role in altering the transcriptomic profile of HSV-2-infected VK2s, compared to
P4, hence we focused on investigating the E2 response in this project. With the hierarchal trees of
P4 and NH columns, it is clear that they show closer resemblance in gene expression; however,

some differences still exist and would be important to explore further.

After seeing distinct differences between all treatment groups, we performed differential
gene expression analysis to investigate key genes (p<0.05). The analysis is shown by a Venn
diagram (Figure 9B). Results indicate that E2 differentially regulates 624 unique genes (89% of

all genes regulated by E2), which is 7.6 times more significant DEGs (p<0.05) than P4 (82 genes;
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51.6% of all genes regulated by P4), when compared to NH conditions in the context of HSV-2
infection. The 77 that overlap between these conditions represent 9.83% of all significant DEGs
between E2 and P4. Investigation of the unique DEGs belonging to each treatment, however,
would be valuable in providing gene-specific roles of hormonal treatments. These results suggest
female sex hormones differentially impact gene expression in HSV-2 infected VK2 cells,

particularly under the influence of E2.
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Figure 9: Estrogen treatment induces a distinct transcriptional profile in VK2 cells infected
with HSV-2 (A) VK2 cells were grown in ALI cultures and treated with E2 (estrogen) (10° M),
P4 (progesterone) (10" M), or no hormone (NH) controls. Extracted RNA from each treatment of
each experiment (n=3) was analyzed, as indicated by three columns per treatment. Significantly
differentially expressed genes between SE2 and SP4 comparison were selected, and their gene
expression values plotted with a heatmap. No hormone (NH) condition was also included in
addition to E2 and P4 to examine which treatment it resembles. Each row represents a gene and
each column a treatment. The hierarchal tree of the columns (at the top) depicts the correlation of
treatments. The hierarchal tree of the rows (at the left) depicts the correlation of certain genes,
grouping them into clusters that distinguished by different colours with the bar on the left.
Treatments and genes with similar expression profiles are presented in proximity of each other and
connected by a series of branches. (B) Venn diagram showing significant differentially expressed
genes in E2 vs NH and P4 vs NH comparisons of VK2 cells infected with HSV-2 (p < 0.05).

Since our transcriptomic data was heavily annotated and contained a large amount of data,
we first decided to briefly look into identifying novel transcripts by investigating E2 vs NH, P4 vs
NH, E2 vs P4 and MPA vs P4 comparisons for any highly significantly upregulated or
downregulated genes. In order to further visualize differences of differentially expressed single
genes, volcano plots depicting log fold change (FC) of all genes comparing E2 vs NH, P4 vs NH,
E2 vs P4, and E2 vs MPA were generated (Figure 10). Results from the volcano plots indicate that
genes such as late cornified envelope 3D (LCE3D), C-X-C motif chemokine ligand 14 (CXCL14)
and cornified envelope protein cornefilin (CNFN) are affected by E2; not only do they show high
significance and high logFC (fold change) compared to SP4 (Figure 10B), but the differential
expression is also observed when compared to SNH (Figure 10A). Expression of these genes,
however, is not significantly altered by P4 (Figure 10C). This suggests that the increased
expression of these two genes is unique to E2-treated vaginal epithelial cells in the context of HSV-
2 infection. Since MPA is a progestin-based compound, we compared E2 to MPA as well, similar
as what was done with P4, to confirm the differences between estrogen and progestin compounds.
When comparing SE2 vs SMPA (Figure 10D), late cornified envelope genes such as LCE3E and

LCE1F, along with LCE3D, are significantly upregulated. Moreover, loricrin cornified envelope
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precursor protein (LOR), as well as Small Proline Rich Protein 2B (SPRR2B) which is involved
in Kkeratinization, are both upregulated in SE2 vs SMPA comparison as well (Figure 10D).
Therefore, the family of late cornified proteins is likely an important one regulated by E2 hormonal

response in VK2 cells, particularly in comparison to progesterone-based treatments (P4 and MPA).

Despite the provision of high-throughput data, single gene analyses have various
limitations as described before. Since looking at single genes is not as effective and does not
provide a broader view of how the host cells respond to treatments, we decided to investigate the

role of important contributing biological signaling pathways as well.
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Figure 10: Volcano plots of differentially expressed of genes after HSV-2 infection in vaginal
epithelial cells. HSV-2-infected cells grown in the absence or presence of E2, P4 or MPA were
compared to show upregulated (red) and downregulated (green) genes. Volcano plots depict the
computational fold change and p-values of DEGs between. (A) SE2 (HSV-2-infected VK2s treated
with estrogen) vs SNH (HSV-2-infected VK2s treated without no hormones), (B) SE2 vs SP4
(HSV-2-infected VK2s treated with progesterone), (C) SP4 vs SNH and (D) SE2 vs SMPA (HSV-
2-infected VK2s treated with MPA). Grey line represents p value cut-off of 0.05.
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3.2 Perform gene set enrichment analysis (GSEA) of transcriptome data and analysis of

corresponding differentially expressed genes

GSEA of transcriptomic data identifies pathways and determines their significance based
on the magnitude of transcripts, and identifies the direction of the effect as upregulated and
downregulated. A functional pathway is identified when it obtains enough enrichment of various
genes from the transcriptomic profile. They are subsequently scored with normalized enrichment
scores (NES), which indicates the abundance of genes enriched from the entire profile. GSEA
comparing NH vs E2, NH vs P4, E2 vs P4 and E2 vs MPA conditions was performed (Figure 11).
Comparison of E2 with progesterone-based treatments P4 and MPA helps highlight the difference
in induced pathways, since E2 has opposite effects on susceptibility to infection against pathogens
relative to P4 and MPA.’® 7" 8 Since the GSEA identified various pathways, we focused on

pathways with the lowest FDR values (FDR < 0.05) as they are more likely to be a true difference.

Enrichment analysis of DEGs between SE2 and SNH shows that genes altered by E2
treatment in HSV-2-infected VK2 cells fall into a total of 28 pathways (FDR < 0.25), of which 23
are upregulated and 5 are downregulated (Figure 11A). The top ten most significant and enriched
pathways from the GSEA comparing E2 vs NH are epithelial mesenchymal transition with a
normalized enrichment score (NES) of 2.03, myogenesis (2.01), hypoxia (1.99), coagulation
(1.99), mitotic spindle (-1.90), p53 pathway (1.78), cholesterol homeostasis (1.74), interferon
alpha response (-1.73), glycolysis (1.71) and apical junction (1.69) Enrichment analysis of DEGs
between SP4 and SNH shows that genes altered after P4 treatment in HSV-2-infected VK2 cells
fall into 15 pathways, all of which are upregulated (Figure 11B). The top ten most significant and
enriched pathways from the GSEA comparing P4 vs NH are epithelial mesenchymal transition

(2.99), hypoxia (1.93), cholesterol homeostasis (1.73), coagulation (1.74), myogenesis (1.59),
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apical junction (1.55), peroxisome (1.43), apoptosis (1.43), pancreas beta cells (1.38), and

angiogenesis (1.36).

Since E2 and P4 are both steroid hormones, it is expected that they may share some similar
effects on pathways. However, we were most interested in studying pathways which are
differentially affected to study the specific role of how E2 and P4 confer protection and
susceptibility towards HSV-2, respectively. While comparing the pathways between E2 vs NH
and P4 vs NH, the only pathways with an FDR < 0.05 which were unique to E2 were: p53 pathway,

xenobiotic metabolism, estrogen response early and estrogen response late.

We wanted to ensure that these pathways maintain their significance when GSEA is
performed on DEGs in E2 vs P4. As a result, we observed that in the context of HSV-2 infection,
E2 treatment upregulates 17 pathways compared to P4, whereas P4 upregulates only 2 pathways
relative to E2 (Figure 11C). The top ten most significant and enriched pathways from the GSEA
comparing E2 and P4 are Myc targets V1 (-2.02), KRAS signaling down (1.95), myogenesis
(1.89), mitotic spindle (-2.02), hypoxia (1.77), heme metabolism (1.67), coagulation (1.66), p53

pathway (1.63), xenobiotic metabolism (1.57) and estrogen response late (1.57).

We were interested in studying pathways which were upregulated in both SE2 vs SP4 and
SE2 vs SNH, since these would demonstrate that E2 modulates these pathways significantly when
compared to NH treatment as well as P4, thus potentially identifying unique pathways through
which E2 provides protection against HSV-2. The pathways KRAS signaling down, myogenesis,
hypoxia, and p53 pathway were all upregulated in both E2 vs P4 and E2 vs NH comparisons,
whilst maintaining an FDR < 0.05. KRAS signaling down, myogenesis and hypoxia pathways

appeared in P4 vs NH, thus indicating that they are not unique to the E2 response. P53 was the
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only pathway that appeared to unique to E2 vs P4 and not enriched under P4 vs NH, yet common
among both E2 vs NH and E2 vs P4. Therefore, we hypothesized that p53 may be an important

contributor to E2-mediated protection against HSV-2.

Since MPA is a progestin-based contraceptive, we performed an enrichment analysis of E2
vs MPA to validate whether E2-based pathways are regulated when compared to MPA conditions
as well (Figure 11D). Surprisingly, multiple pathways that were present in E2 vs P4 were more
significantly upregulated and enriched by E2 in the comparison of E2 vs MPA. The top ten most
significant and enriched pathways from the GSEA comparing E2 and MPA are hypoxia (2.92),
KRAS signaling down (2.22), interferon alpha response (-2.14), mitotic spindle (-1.93), TNFa
signaling via NFxB (1.85), G2M checkpoint (-1.84), Interferon gamma response (-1.84),
cholesterol homeostasis (-1.81), p53 pathway (1.76), Myc targets V1 (-1.78). The p53 pathway

was once again upregulated in E2 compared to MPA conditions.
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Figure 11: Gene set enrichment analysis (GSEA) with the Hallmark database. List of all
significantly upregulated and downregulated pathways when comparing (A) SE2 vs SNH; (B) SP4
vs SNH; (C) SE2 vs SP4; and (D) SE2 vs SMPA transcriptomic profiles. Pathways are sorted by
normalized enrichment score as well as false discovery rate values, as described in the legend.
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Since the p53 pathway was upregulated in HSV-2-infected VK2 cells treated with E2
specifically, compared to all other experimental treatments (NH, P4 and MPA), and has previously
been associated with innate immune functions, viral infection, and antiviral processes!?!: 125 128-131.
it was selected for further investigation. Figure 12 shows the distribution of genes from our dataset
that contributed to the p53 pathway identified by GSEA. Most p53 pathway genes were found to
be upregulated by E2 in comparison to NH and P4, demonstrated by the green peak towards the
positive (left) side of the graph, indicating that the p53 pathway is being upregulated under E2
conditions. Additionally, we also performed a second order protein-protein network analysis of
the genes under the E2 condition and found that the p53 pathway was a large contributor to this

response, as indicated by the multitude of interacting proteins (Figure 13).
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Figure 12: E2 treatment results in enrichment of p53 pathway genes in HSV-2 infected VK2
cells. GSEA enrichment plots of the p53 pathway genes identified using the Hallmark database
between (A) SE2 vs SNH and (B) SE2 vs SP4.
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Figure 13: Protein network analysis of differentially expressed genes in estrogen-treated
VK?2s infected with HSV-2 indicate p53 as a major protein node hub. Second-order protein
network showing differentially expressed genes (P < 0.05) in vaginal epithelial cells cultured in
E2 hormone and infected with HSV-2. The p53 protein hub is identified with a red circle along
with associated proteins linked to this hub.

Overall, our analysis suggested that p53 is a unique and potentially important contributor
to the E2 response. Literature analysis further validated that p53 is associated with estradiol
pathways, which may be the potential link E2’s regulation of viral infections.133-1% 138 After
gaining strong consensus between our GSEA analysis and literature review, we decided to move
forward with further investigating the p53 pathway and its contribution to E2-mediated protection

against HSV-2.
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CHAPTER 4: FUNCTIONAL ANALYSIS TO EXAMINE THE ROLE OF P53 IN E2

MEDIATED ANTI-VIRAL EFFECTS IN HUMAN VAGINAL EPITHELIAL CELLS
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Objective 2: Conducting a functional analysis to determine whether
a) the p53 pathway is activated by E2 and b) if activation of p53 confers protection against

HSV-2 in vaginal epithelial cells

4.1 Estrogen regulation of the p53 signaling pathway

4.1.1 Estrogen treatment induces expression of p53 in VK2 cells

As an initial step to connect the bioinformatics results with functional analysis, we
conducted in vitro assays to test the hypothesis that the p53 pathway would be modulated in VK2
cells treated with E2. Therefore, we performed immunofluorescent staining on VK2 cells grown
in E2 conditions to assess whether p53 is activated by E2. VK2 cells were grown in liquid-liquid
interface (LLI) cultures for 7 days with either NH or E2 (10° M). As controls, cells were treated
with Nutlin-3 (5 uM), an activator of the p53 pathway, and Pifithrin-o-HBr (PFT-a) (10 uM), an
inhibitor of the p53 pathway, based on various studies in literature.*>%-1%° More information about

these compounds can be found in section 7.2 of Material and Methods.

Effects of estradiol are exerted in cells through estrogen receptors (ERs). While there are
two forms of ERs, ERa and ERp, we analyzed the expression of ERa since it is the predominant
form found in female reproductive tract tissues. With the high prevalence of ERa known to be
present in female genital tissues,® it is expected that VK2 cells will be able to consequently express
high levels of this receptor as well. Treatment with E2 is expected to further increase ERa levels,
form a homodimer complex and induce downstream pathways of ER signaling by interacting with
estrogen response elements.’®? Moreover, some studies report that ERa interacts with p53 through
and that interaction at residues beyond amino acid 103 may be involved in this protein-protein

interaction.'®? Furthermore, one study shows that ER-positive MCF-7 breast cancer cells to
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respond to E2 by an increase in p53 levels.'®® Therefore, we performed examined the effect of
estradiol on ERa to confirm the effect of estradiol on VK2 cells, as well as p53 to examine its
association with E2, by performing immunofluorescent staining of ERa and p53 (Figure 14A).
VK2 cells were grown in LLI conditions under various treatments: no hormone (NH) treatment
served as background control to the effects of E2. Nutlin-3 (5 uM) was added to NH to examine
upregulation of p53 in absence of E2 and PFT-a (10 uM) was added alone or to E2-treated cells
to examine the effect of inhibition of p53. Immunofluorescence intensity of p53 was also
quantified in the respective conditions, as seen in Figure 14B. We observed a significant increase
in p53 protein expression after E2 treatment when compared to NH (p<0.001) (Fig 12 A and B).
The addition of Nutlin-3 in no hormone conditions resulted in significant upregulation of p53
immunofluorescence compared to NH alone (p<0.01), but not as potently as E2. Therefore, the
increase in p53 expression observed in the E2-treated group indicates that the p53 pathway is an
important contributor to E2 hormone response. In this experiment, we decided to add PFT-a after
E2 treatment and used this condition for multiple experiments later for two main reasons. First, it
should be noted that since the basal level of p53 is low in NH conditions, it can be difficult to
confirm whether PFT-a is functioning efficiently in these conditions. Thus, addition of the p53
inhibitor to E2 would better show whether the inhibitor is truly reducing p53 levels with a more
noticeable difference since E2 induces higher levels of p53 than what we see in NH. Second, it
can help distinguish E2-mediated results that are dependent on p53 activation, since PFT-a inhibits
p53 downstream of E2. We would therefore be able to deduce the importance of the p53 pathway

in contributing to E2-mediated protection that is observed against HSV-2 infection.
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Figure 14: Estrogen treatment induces expression of p53 in VK2 cells (A) VK2 cells grown
in LLI culture were treated with no hormone, E2, NH + PFT-a (10 puM), NH + Nultin-3 (5
UM) or E2 + PFT-a. (10 uM) and subsequently fixed and stained with DAPI (blue), p53 (green)
and ERa (red) using antigen-specific antibodies. Occasional yellow stain indicates
colocalization of p53 (green) and ERa. (red). Images were captured on confocal microscope at
x600 magnification. Representative images are shown. (B) Quantification of p53 fluorescent
intensity under respective conditions with ImageJ software with mean fluorescence
measurements presented. Data shown represents mean + SEM (n=3) with conditions done in
duplicates. Statistical significance: **p <0.01, ***p < 0.001, ****p < 0.0001.

We further investigated the modulation of p53 and ERa mRNA gene expression under

these treatments. VK2 cells were grown in ALI cultures treated with no hormone, E2, NH +

Nultin-3 (5 uM) or E2 + PFT-a (10 uM) up until day 7, as described in section 7.2 — 7.3 of

Materials and Methods. Cultures were then left uninfected or overlayed with HSV-2 on ice for 2

hours, washed and finally incubated for 2, 8 or 24 hours prior to RNA extraction. The extracted

RNA was used for cDNA synthesis and RT-gPCR of p53 and ERGa, as described in section 7.12

of Materials and Methods. Interestingly, we observed that p53 gene expression was significantly

increased by E2 treatment, compared to NH in uninfected mock conditions, as well as after

HSV-2 infection for 2 and 8 hours (Figure 15A). Gene expression of ERa, however, was not

significantly affected by E2, p53 activation or p53 inhibition at all time points before and after

HSV-2 infection (Figure 15B).

25+

Fold Change
[+
1

Mock

2h

8h

24h

N NH
Bl NH + Nutlin-3
E2
Bl E2 + Pifithrin-a-HBr

60

Fold Change

25+

20+

154

104

ERa

Mock 2h 8h 24h



M.Sc. Thesis — T. Dhawan McMaster University — Medical Sciences

Figure 15: E2 upregulates p53 mRNA expression in VK2 cells prior to and after HSV-2
infection. VK2 cells were grown in ALI cultures under various treatments up until 7 days: no
hormone, E2 (10° M), NH + Nultin-3 (5 uM) or E2 + PFT-a (10 uM) prior to being infected with
HSV-2 for 2, 8 or 24 hours or left uninfected. VK2s were subsequently lysed after each time point
for RNA collection. (A) p53 and (B) ERa mRNA eexpression was assessed in VK2s by RT-qgPCR
before and after 2, 8 and 24 hours of HSV-2 infection. Data shown represent mean + SEM (n=3)
with conditions done in duplicates. Data was analyzed using two-way ANOVA, with Bonferroni
test to correct for multiple comparisons. Statistical significance: *p<0.05, **p <0.01, ****p <
0.0001.

Nutlin-3 and PFT-a reagents failed to alter gene expression of p53. One limitation of using
PFT-a is that it is a reagent that may have other unreported off-target effects. Moreover, PFT-a is
known to inhibit p53 post-translationally through a mechanism that is still unknown. This may be
one of the reasons why differences in mMRNA expression of p53 are not seen after PFT-a treatment.
A recent study analyzing the specific effects of PFT-a on p53 modulation shows that PFT-a
treatment degrades p53 which has been phosphorylated at Serl5 and Ser33 sites, which are types

of post-translational modifications. %

To address whether PFT-a is behaving as it should with its post-translational effect on p53,
we performed immunofluorescent staining of Serl5 phosphorylated p53 (p-p53). VK2 cells were
grown in LLI cultures supplemented with no hormone or E2, in combination with either no
treatment, Nultin-3 (5 uM) or PFT-a (10 uM) as described in materials and methods. Cell cultures
were then fixed, stained for p-p53 and visualized with confocal microscopy (Figure 16A).
Fluorescent intensity of p-p53 was also quantified with ImageJ software (Figure 16B). Since p-
p53 results in nuclear translocation and subsequent activation, this experiment also addressed
whether E2 treatment plays a role in promoting p53 activation. Results showed that Nutlin-3
treatment showed similar pattern as E2, where p-p53 expression was significantly elevated relative
to NH conditions (Figure 16 A and B). Interestingly, NH treatment alone showed minimal p-p53

expression, hence why comparing NH + PFT-a to NH alone is not the best way to deduce PFT-a
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function. However, when E2 + PFT-a is compared to E2 alone, a significant reduction in p-p53 is
seen. Overall, results from this immunofluorescent staining indicate that PFT-a treatment is indeed
able to inhibit p53 post-translationally, thus confirming that the PFT-a. is functioning efficiently to
inhibit p53. These findings also indicate that E2 not only increases total p53 expression, but also

plays a role in promoting its activation.
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Figure 16: Estrogen treatment induces p-p53 in VK2 cells A) VK2 cells were grown in LLI
cultures under NH or E2 (10°° M) in combination with or without PFT-o. (10 uM) or Nutlin-3
(5 uM) and subsequently fixed and stained with DAPI (blue) and Ser 15 phosphorylated p53
(red). Images were captured on confocal microscope at x2400 magnification. Representative
images are shown. B) Quantification of p-p53 fluorescent intensity under respective conditions
with ImageJ software with mean fluorescence measurements presented. Data shown represents
mean £ SEM (n=2) with conditions done in duplicates. Statistical significance: *p < 0.05, **p
<0.01, ***p < 0.001.
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4.1.2 Nutlin-3 treatment upregulates p53 and Pifithrin treatment inhibits p53 in a dose
dependent manner

To confirm we are used optimal concentrations of p53 activator and inhibitor, we
performed a dose response curve analysis of both Nutlin-3 and PFT-a reagents in combination
with either NH or E2 treatment conditions. Since most studies that have used Nutlin-3 have
reported to use working concentrations ranging between 0.5 pM and 10 uM, we decided to
investigate this range.!°® 1% 165,166 Tq see whether higher doses would further activate p53, we
also decided to try 50 uM, a dose that is 10-fold and 100-fold higher than our selected 5 and 0.5
UM doses, respectively. To determine the optimal dose range of Nutlin-3 in VK2 cells, we first
experimented with these four different doses 0.5uM, 5 uM, 10 uM and 50uM, all provided for 48
hours of treatment. The effect of increasing doses of Nutlin-3 treatment on p53 expression in
presence of NH or in combination of E2 was examined (Figure 17). Nutlin-3 treatment at 5uM
and 10uM demonstrated the highest fluorescence of p53 protein in NH conditions (Figure 17A
and C). We also performed a similar dose response curve of Nutlin-3 with E2 conditions (Figure
17 B and D). However, results indicated that Nutlin-3 has no additional effect on the p53
expression with E2, suggesting two things: 1) Nutlin-3 may function through similar pathways as
E2; 2) E2 highly induces p53 expression to a level which Nutlin-3 cannot surpass. Surprisingly,
the highest dose of 50uM in addition to E2 treatment (Figure 17 B and D) significantly reduced
p53 fluorescence back to basal levels seen in NH conditions in Figure 17 A and C, and may also
be killing the cells based on minimal cell counts observed during confocal imaging. This may
indicate that Nutlin-3 may have an optimal curve in VK2s which peaks at approximately 10uM.
This observation is similar to how many drugs have been found to behave, where under high doses

the effect may no longer be discernible or may actually have opposite effects.*6’
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Figure 17: Nutlin-3 treatment upregulates p53 in a dose-dependent manner. VK2 cells were
grown in LLI cultures in NH or E2 (10° M) conditions, and either left untreated or treated with
various concentrations of Nutlin-3 (0.5 uM, 5 uM, 10 uM, 50 uM). Immunofluorescent staining
of p53 was performed to visualize the dose response of Nutlin-3 in (A) no hormone or (B) E2
conditions. Images were captured on confocal microscope (n=3) at x600 magnification.
Representative images are shown. Fluorescence intensity of p53 in VK2s was measured after
Nutlin-3 treatment in (C) No hormone and (D) E2 conditions using ImageJ software with mean
fluorescence presented. Data shown represents mean £ SEM (n=2) with conditions done in
duplicates. Statistical significance: *p<0.05, **p <0.01, ***p < 0.001, ****p < 0.0001.
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A similar process to assess the dose response curve of PFT-a was performed in VK2s. A
short literature review was conducted to identify that most studies that have used PFT-o have
reported to use working concentrations of 10 uM.®We decided to investigate this
concentration, as well as doses that are 10-fold lower since high levels of PFT-a can be toxic to
cells. Nevertheless, we decided to try 50 uM as well to see whether it can reduce the dose further.
Therefore, to determine the optimal dose range of PFT-a in VK2 cells, we first experimented with
four different doses 0.1 uM, 1 uM, 10 uM and 50uM, all provided for 1 hours of treatment. We
experimented with four different doses ranging from 0.1uM to 50uM, all provided for 1 hour of
treatment. VK2 cells were grown with or without hormones for 7 days of LLI culture as described
in material and methods, and the effect of increasing doses of PFT-a treatment on p53 expression
in the presence of NH or in combination with E2 was examined (Figure 18). LLI cultures were
fixed and stained for DAPI and p53, prior to visualization with confocal microscopy. PFT-a
treatment at in all doses demonstrated the significant reduction in p53 fluorescence in NH
conditions when compared to NH alone (Figure 18 A and C). We also performed a similar dose
response curve of PFT-a with E2 conditions. A similar effect in reduction of p53 was observed in
E2-treated cells, as observed in the NH condition (Figure 18B and D). Since our previous working
concentration of 10uM shows similar efficiency in reducing p53 expression as the highest dose of

50uM of PFT-a, we continued to work with 10 pM.

65



M.Sc. Thesis — T. Dhawan McMaster University — Medical Sciences

A B
Merge DAPI p53
) _. )
NH +
Pifithrin E2+
0.1uM Pifithrin
0.1M
NH +
Pifithrin ’E'2 +.
1 uM Pifithrin
H 1uM
NH + E2+
Pifithrin Pifithrin
10 uM 10 uM
NH + E2 +
Pifithrin Plflthrln
% %k %
% %k %
c D * % %k

o]

o

o
]

800+

600+
400+
200-

(o)}

o

o
1

% %

200

p53 Mean Fluoresence
N
o
o
1
p53 Mean Fluoresence

o
L

o
L

R o & & &2
& <& & & o4 <& & &
& L& &L & &g
X \2\ X X x o x X

Figure 18: PFT-a treatment inhibits expression of p53 in a dose-dependent manner. VK2
cells were grown in LLI cultures in NH or E2 (10° M) conditions, and either left untreated or
treated with various concentrations of PFT-a (0.1 puM, 1 puM, 10 uM, 50 uM). Immunofluorescent
staining of p53 was performed to visualize the dose response of PFT-a in A) no hormone or (B)

66



M.Sc. Thesis — T. Dhawan McMaster University — Medical Sciences

E2 conditions. prior to being fixed for immunofluorescent staining of p53. Images were captured
on confocal microscope (n=3) at x600 magnification. Representative images are shown.
Fluorescence intensity of p53 in VK2s was measured after PFT-a treatment in (C) No hormone
and (D) E2 conditions using ImageJ software with mean fluorescence presented. Data shown
represents mean + SEM (n=3) with conditions done in duplicates. Statistical significance: **p
<0.01, ***p < 0.001.

Moreover, previous studies have also established that the maximum non-toxic
concentration of PFT-a concentration is 10uM, while the maximum usable concentration is
30uM.1%8 However, this may differ with various variables such as the type of cell line used, the
duration that the reagent is provided, the media reagent is provided in, etc. Therefore, this led us
to investigate the effects of our reagents and their selected doses on survival of VK2 cells.

Once optimal concentrations were confirmed, we analyzed the cytotoxic effect on VK2
cells at these concentrations of activator and inhibitors to ensure that cell viability is not negatively
affected by these treatments. VK2 cells were seeded in ALI cultures with various experimental
conditions over 8 days. We decided to investigate this timeline because E2 treatment is given for
7 days, and it is vital to determine whether it has effects on cell viability over this time-period. The
eight day is essential since HSV-2 infection is performed during that day; it would be important
see whether any differences in cell viability occur during this day in with absence of virus. If
differences are seen, then this may be a factor which contributes to differences seen in HSV-2
infection/replication in experiments we execute later, since less cells would result in less viral
shedding. A trypan blue exclusion assay (Figure 19A) was first performed, where cells from each
condition were trypsinized, neutralized and collected for cell counting and cell viability every day
for 8 days to monitor the effect. No significant differences in cell viability were observed among
NH+ Nutlin-3, E2 or E2 + PFT-a when compared to NH alone. Similarly, cells were grown in ALI

cultures in similar conditions for 8 days, and media was added on the apical side for 1 hour each
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day, and subsequently collected, as described in material and methods. Using these supernatants,
Lactate Dehydrogenase (LDH) cell viability assay (Figure 19B) was performed to verify results of
the trypan blue exclusion assay. In this assay, lysis buffer was used to perform 100% lysis of one
transwell of VK2 ALI cell culture to serve as a positive control. The LDH activity of different
treatments resulted similar results and no differences in cell viability were seen by the various
treatments when compared to NH alone and were minimal compared to the positive control. This
confirmed that the selected concentrations for use in our experiments will not interfere with the

functional analysis we planned to conduct.
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Figure 19: Cell viability of VK2 cells is not affected by E2, Nutlin-3 or PFT-a treatments.
VK2 cells were grown under various treatments up until 7 days: no hormone, E2 (10° M), NH +
Nultin-3 (5 uM) or E2 + PFT-a (10 uM), and washed on the 7" day. (A) Trypan blue dye
exclusion test was used to quantify percent viable cells each day over a period of 8 days. (B)
Media was added on apical side of ALI culture for 1 hour and collected each day for 8 days, and
used for lactate dehydrogenase (LDH) assay. 100% lysis of one transwell of VK2 cells acted as
the positive control. Data are mean = SEM for (n = 3) with conditions done in triplicates
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4.2 Effects of E2 on the p53 signaling pathway in ectocervical and endometrial primary

epithelial cells

One limitation of using the VK2 cell line is that they are immortalized with the addition of
E6/E7 sequences from Human papillomavirus (HPV). The E6 protein has been known to associate
with p53 as a mechanism by which HPV induces tumors.®® The E6 protein also has been known
to target p53 for proteosome-dependent degradation, contributing to virus-induced cellular
transformation.®® To address this limitation and confirm whether the effects we see are not due to
E6/E7 interference, we performed immunofluorescent staining of p53 and ER-a in primary

epithelial cells, which are not under the influence of E6/E7 genes.

We investigated the effects of E2 and the p53 inhibitor and activator in primary ectocervical
cells, which are part of the lower FRT and form a stratified non-keratinizing squamous epithelium
similar to vaginal cells. Since primary vaginal cells are difficult to obtain, ectocervical cells are
the next best representation of how vaginal cells would behave due to their similarity in
morphology and growth. Ectocervical tissues were obtained surgically from women who were
undergoing hysterectomy, and subsequently digested with enzymes for ectocervical cell
extraction, as described in section 7.6 of Materials and Methods. Ectocervical cells were seeded
sparsely in LLI culture conditions for 7 days in various combinations of treatments similar to those
done in VK2s. No hormone (NH) treatment served as background control to the effects of E2.
Nutlin-3 (5 uM) was added to NH to examine upregulation of p53 in absence or presence of E2,
and PFT-a (10 uM) was added alone to E2-treated cells to examine the effect of inhibition of p53.
After completion of 7 days since initial seeding, cells were fixed and immunofluorescent staining
of p53 and ERa was performed (Figure 20A), as described in section 7.17 of Material and Methods.

Fluorescence intensity of p53 protein levels in the respective conditions was quantified, as seen in
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Figure 20B. Results were similar to those observed in VK2 cells. The addition of Nutlin-3 to NH,
E2 alone, and addition of Nutlin-3 to E2 all resulted in increased p53 fluorescence as compared to
NH alone. Addition of PFT-a to E2 resulted in reduction of p53 expression compared to E2 alone,

resulting in reduction to a similar level seen in NH.
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Figure 20: Estrogen treatment induces expression of p53 in primary ectocervical cells (A)
Primary ectocervical cells were isolated from human ectocervical tissues as described in
material and methods. Cells were plated and grown in LLI cultures and treated with either no
hormone or E2 (10° M), with addition of Nutlin-3 (5 uM), PFT-a (10 uM) or left untreated.
Cells were subsequently fixed and stained with DAPI (blue), p53 (green) and ERa (red).
Occasional colocalization stain (yellow) in nuclei indicates p53 and ERa are colocalized.
Images were captured on confocal microscope (n=2) at x600 magnification. Representative
images are shown. (B) Quantification of p53 fluorescent intensity under respective conditions
was performed with Image] software with mean fluorescence presented. Data shown
represents mean = SEM (n=2) with conditions done in duplicates. Statistical significance:
*p<0.05, **p <0.01, ****p < 0.0001.

We were also interested in investigating whether the upper and lower FRT respond
similarly or differently to E2 treatment. The endometrium is highly dynamic and its growth,
regeneration and differentiation in response to the menstrual cycle is highly and specifically
influenced by ovarian hormones. Similar to ectocervical tissues, endocervical tissues were
obtained surgically from uteruses of women who recently underwent hysterectomies, and
subsequently digested with enzymes for endocervical cell extraction, as described in materials and
methods. Endocervical cells were seeded sparsely in LLI culture conditions for 7 days in various

combinations of treatments, as described above. No hormone (NH) treatment served as
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background control to the effects of E2. Nutlin-3 (5 uM) was added to NH to examine upregulation
of p53 in absence of E2 and PFT-a (10 uM) was added to E2-treated cells to examine the effect of
inhibition of p53. After 7 days, cells were fixed and immunofluorescent staining of p53 and ERa
was performed (Figure 21A), as described in material and methods. Fluorescence intensity of p53
protein levels in the respective conditions was quantified, as seen in Figure 21B.
Immunofluorescent staining of primary endometrial cells showed similar results as those seen in
ectocervical cells and VK2 cells, where E2 alone or addition of Nutlin-3 to NH results in increased
p53 expression, compared to NH alone. Addition of PFT-a, however, suppresses expression of
p53 compared to E2, as well as compared to NH. Interestingly, significantly higher colocalization
of p53 and ERa is seen in endometrial cells treated with E2 or NH + Nutlin-3 (Figure 21A),

compared to similar conditions in ectocervical (Figure 20A) and VK2 (Figure 14A) cells.

Overall, results from these primary genital epithelial cells indicate that the E6/E7 genes do
not interfere as a variable in the modulation of p53 in response to E2 treatment, as well as p53
inhibitor and activator reagents. Moreover, we can also conclude that E2-mediated p53 induction

is not specific to just the lower FRT, but rather, similar in various cell types of the FRT.
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Figure 21: Estrogen treatment induces expression of p53 in primary endometrial cells
(A) Primary endometrial cells were treated with either no hormone, E2 (10° M), NH + Nultin-
3 (5 uM) or E2 + PFT-a (10 uM) and subsequently fixed and stained with DAPI (blue), p53
(green) and ERa (red). Occasional yellow fluorescence indicates p53 and ERa colocalization.
Images were captured on confocal microscope (n=2) at x1200 magnification. Representative
images are shown. (B) Quantification of p53 fluorescent intensity under respective conditions
was performed with Image] software with mean fluorescence presented. Data shown
represents mean = SEM (n=2) with conditions done in duplicates. Statistical significance:
*p<0.05, ***p < 0.001, ****p < 0.0001.
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4.3 E2 confers protection against HSV-2 through a p53-mediated mechanism

4.3.1 E2 exerts anti-viral effect through p53 mediated pathway

Since we were able to show that p53 pathway is upregulated by E2 treatment, we next
investigated the role of E2 and p53 in conferring protection against HSV-2. With strong existing
evidence of the p53 pathway and its role in attenuating the replication of viruses such as HSV-1
and influenza A virus (1AV),12125 we expect to see similar results in the context of HSV-2.
However, the link between E2 exerting anti-viral effect through p53 has not been reported before.
To investigate this phenomenon, we first assessed viral shedding, a measure of viral replication,
by quantifying plaques generated by a Vero plaque assay using supernatants collected from HSV-
2-infected VK2 cells. Cells were first grown in ALI cultures for 7 days in the presence of NH or
E2 alone. Nutlin-3 (5 uM) was added for 48 hours in NH-treated cells on day 5, allowing cells to
be ready for infection by day 7. PFT-a (10 uM) was added to cells with E2 pre-treatment one hour
prior to infection on day 7. On day 7, VK2 cells in ALI cultures were inoculated with HSV-2 at a
multiplicity of infection (MOI) of one, removed after 2 hours, and overlayed with media to allow
viral shedding, as described in material and methods. We decided to exclude the condition where
Nutlin-3 is added to E2 treatment, since we previously saw no significant difference compared to
E2 alone. We also did not investigate PFT-a treatment in NH-treated cells since addition of 10 uM
of PFT-a to E2 results in similar outcome of p53 expression as 10 uM of PFT-a to NH. Moreover,
we later address how suppression of p53 with either sSiRNA or PFT-a affects viral replication.
Therefore, we focused on only the four aforementioned conditions: NH, E2, NH + Nutlin-3 (5
UM), and E2 + PFT-a (10 puM). The supernatants were then collected on ice 24 hours after

inoculation and overlayed onto Vero cells for 48 hours to measure the viral titres that were present
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in the supernatants. The plaques that formed in Vero cells were later quantified to calculate viral

titres, as an indicator of viral replication.

We hypothesized that if the anti-viral effect of E2 was mediated through p53, then
suppressing the p53 pathway will make the cells more susceptible to HSV-2 infection in E2-treated
cells compared to NH alone, and result in greater HSV-2 infection and viral shedding.
Interestingly, the results aligned with our expectations: we saw a 10-fold decrease in viral titres
(PFU/mL) following E2 treatment as well as by direct activation of p53 (Nutlin-3) in absence of
E2 (Figure 22A). In contrast, p53 inhibition, even in the presence of E2, resulted in a 10-fold
increase in viral replication, suggesting that the p53 pathway is involved in E2-mediated anti-viral
protection. We also performed a 16-hour HSV-2-GFP infection experiment to confirm these
results. VK2s were grown in monolayers in 24 well plates treated with either NH or E2. Similar to
as mentioned previously, Nutlin-3 (5 pM) treatment was provided on the 5" day, while PFT-a (10
M) treatment was given 1 hour prior to infection. On day 7, VK2 cells were inoculated with HSV-
2-GFP for 2 hours, washed with PBS, and then overlayed with media, as explained in material and
methods. When VK2 cells were visualized under an EVOS microscope at the 16-hour time point,
which is the approximate peak of HSV-2 replication, we observed a similar pattern of results as
before: the E2-induced p53 pathway was able to protect cells from HSV-2 infection (Figure 22B).
These results confirm not only the ability of p53 to provide protection against HSV-2 infection,
but also that the E2 response in the absence of p53 signaling is unable to provide protection against
HSV-2, thus indicating that E2-mediated protection may be dependent on the induction of the p53

pathway.
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Figure 22: Estrogen treatment provides p53-mediated protection against HSV-2 infection
and replication in VK2 cells. (A) VK2 cells were grown in ALI cultures up until 7 days in NH,
E2 (10° M), NH + Nutlin-3 (5 uM) or E2 + PFT-a (10 uM) conditions. Cultures were inoculated
with HSV-2 strain 333 at a multiplicity of infection (MOI) of one on day 7 for 2 hours before being
washed with PBS and overlayed with media for 24 hours, as described in material and methods.
HSV-2 viral titrations were performed with supernatants collected 24 h post infection. Data is
shown as mean = SEM (n = 6) with conditions done in triplicates. Statistical significance: *p<0.05,
**p <0.01. (B) VK2s were grown in monolayers in 24 well plates treated with either NH, E2 (10°
® M), NH + Nutlin-3 (5 uM) or E2 + PFT-a. (10 pM) prior to infection. On day 7, VK2 cells were
inoculated with HSV-2-GFP at an MOI of one for 2 hours, washed, and incubated to allow viral
replication. Infected cells showing HSV-2-GFP expression were visualized using an EVOS
fluorescent microscope after 16 hours of infection under low magnification (10 x objective).
Experiment has been done three times with each condition done in duplicates. Representative
images are shown for each treatment. White line indicates 400 pum scale bar.
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4.3.2 Knockdown of p53 increases HSV-2 replication

To address the concern that the inhibitor used in previous experiments may have off-target
effects, we decided to confirm our results by specifically knocking down p53 with siRNA. We
decided to first optimize our siRNA doses prior to performing further experiments. VK2 cells were
grown in LLI cultures in transwells under NH conditions in the absence or presence of Nutlin-3 (5
puM) for 48 hours. Once confirming that cells are at approximately 30-60% confluence, cultures
were treated transfected with p53 siRNA or scrambled siRNA (negative control) at various doses
(1 nM, 10 nM, 30 nM and 50 nM). VK2 cells with NH alone or Nutlin-3 with NH were examined
without siRNA transfection to determine baseline levels of p53 expression. Effects of SIRNA doses
are shown in either NH (Figure 23A) or Nutlin-3 (Figure 23B) treatment conditions. Using Nutlin-
3 allowed us to visualize the true effects of the sSiRNA since basal levels of p53 in NH conditions
are quite low. We used two different siRNAs targeting different exon sequences of p53, to ensure

we were able to choose an siRNA which exerted maximum silencing effect on p53 gene.

Figure 23 shows that both siRNAs reduce p53 expression in a dose-dependent manner in
both NH and Nutlin-3-treated VK2 cells. However, siRNA 2 seemed to reduce p53 better at lower
concentrations than siRNA 1, so we decided to use siRNA 2 in subsequent experiments. Since
both 30 nM and 50 nM of siRNA provide equivalent knockdown of p53, we decided to use the

lower concentration of 30 nM as the optimal dose for future experiments.
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Figure 23: Knockdown of p53 with siRNA shows reduced p53 expression in VK2 cells in a
dose-dependent manner. VK2 cells were grown in LLI cultures in NH conditions alone or with
Nutlin-3 (5 uM) until 30 — 60 % confluency, and subsequently transfected with two p53 siRNAs
(SIRNAL and siRNAZ2) targeting different exons, or with scrambled siRNA as a negative control,
at various concentrations (1, 10, 30 and 50 nM). VK2 cells without transfection were used to see
baseline levels, as seen at the top of VK2s treated with (A) NH and (B) NH + Nutlin-3. Cells were
fixed, stained for p53 and visualized for immunofluorescent microscopy using a confocal
microscope at X600 magnification. Experiment has been done once with each condition done in
triplicates. Representative images are shown.
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After determination of the optimal concentration, VK2 cells were grown in monolayers in
24 well plates under NH, Nutlin-3 (5 uM) with NH or E2 alone for 7 days until 30-60% confluency.
Cultures were subsequently provided with no treatment, transfected with p53 siRNA for 24 hours,
trasnfected with scrambled siRNA (negative control) for 24 hours, or provided PFT-a treatment
for 1 hour. prior to inoculation with HSV-2-GFP, as described in material and methods. Cells were
washed after 2 hours and overlayed with media until visualization with the EVOS microscope at
the 16-hour timepoint. Results show that knockdown of p53 in either NH, NH + Nutlin-3 (5 uM),
or E2 (10° M) conditions resulted in increased HSV-2-GFP expression (Figure 24). However, p53
knockdown in E2 shows less HSV-2-GFP expression than NH and Nutlin-3 conditions. Addition
of PFT-a (10 uM) to NH, Nutlin-3, or E2-treated VK2s also results in increased HSV-2-GFP
expression compared to respective conditions with no treatment, however, not to the same extent
as p53 siRNA. Since knocking down p53 with the use of siRNA in E2-treated VK2 cells did not
restore HSV-2 infection levels comparable to NH condition, this indicates that there must be other
mechanisms that E2 is still able to provide its effects through. Treatment of VK2s with scrambled
RNA resulted in no differences in HSV-2-GFP expression when compared to respective conditions
with no treatment, indicating that transfection with RNA nucleotides induces no anti-viral
signaling pathways, and that effects seen with p53 siRNA are truly attributed to knockdown of
p53. Nevertheless, suppression of p53 with E2 still results in increased infection compared to E2

alone, indicating that p53 still has some protective role against HSV-2.
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Figure 24: Blocking expression of p53 enhances HSV-2-GFP infection confirming the role of
P53 in providing protection from HSV-2 infection. VK2 cells were grown in 24-well plates in
either NH, NH + Nutlin (5 pM) or E2 (10° M) conditions. Once 30 — 60 % confluent, they were
then transfected with 30 nM of p53 siRNA or 30 nM of scrambled siRNA as negative control.
After 24 hours of transfection, cell cultures were infected with HSV-2-GFP (MOI = 1) for 16
hours. Infected cells showing HSV-2-GFP expression were visualized using an EVOS fluorescent
microspore under low magnification (10 x objective). Experiment has been done once with each
condition done in triplicates. Representative images are shown for each treatment. While line
indicates 400 um scale bar.
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Objective 3: Determining the mechanism of E2-mediated p53 protection against HSV-2

infection in VK2s

In Objective 1, we examined the transcriptomic data with bioinformatic tools and based on
the analysis, hypothesized that the p53 pathway may be involved in antiviral protection exerted by
estradiol. In Objective 2, we conducted a functional analysis that demonstrated that E2 treatment
upregulates p53 expression in VK2 cells and found this was correlated with anti-viral protection
against HSV-2. In Objective 3, | summarize the experiments that were conducted to examine the
underlying mechanism by which p53 exerted its anti-viral effect under the influence of E2. In an
attempt to determine the mechanism through which E2 acts to provide its protective effects, we
decided to investigate various different pathways and protective factors, as well as our
bioinformatics data. We first examined how E2 mediates its protection through the p53 pathway
against HSV-2 infection, by investigating different steps of the viral cycle: virus entry and viral
replication. To examine which host cellular mechanisms are involved in protection, we first
resorted to our GSEA bioinformatic data by examining the leading genes from our transcriptomic
profile that contributed to the p53 pathway. We further examined other mechanisms such as
antiviral factors. This examination led us to further evaluate the ISG BST2, which we later
hypothesized to play an important role due to its significance from our data and known role in
literature. The mechanism of BST2 as an antiviral factor against HSV-2 was further investigated

to confirm whether it is mediated through p53, and whether it contributes to protection.
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4.4 Examination of viral uptake and replication under the influence of E2 and role of p53

We further investigated whether the differences seen in viral infection and viral shedding
are due to E2’s influence on the ability of HSV-2 to initially enter the cells or its ability to replicate.
Endosomal uptake is one of the mechanisms that various viruses have been shown to utilize for
viral entry. For example, HIV has been shown to utilize endocytosis as a method of crossing
epithelial cells, however, there is still a lack of understanding regarding its early transmission in
the lower FRT.2"® 17 There is also evidence that HSV-1 preferably enters through endocytosis in
epithelial cells; however, the signals and factors which determine the preference of herpesviruses
to use endocytic pathways for entry or membrane fusion remains to be elucidated.?® 33172 Previous
research in our lab has shown that lysosome-associated membrane glycoprotein 3 (LAMP3), a
gene induced by HSV-2 infection is involved in playing a role in mediating HSV-2 entry through
early endosomes (Chow et al, unpublished). To confirm that HSV-2 uses the endosomal pathway
for entry into VK2s, we also performed immunofluorescent staining of HSV-2 and early endosome
antigen 1 (EEA1L) in VK2 LLI cultures after infection for 1 hour (Figure 25A) and 3 hours (Figure
25B). Results show that there is indeed uptake of HSV-2 through the early endosome at both 1 and
3 hours, but more at 3 hours, as seen by the yellow color as an indicator of colocalization of HSV-

2 and EEAL.
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A B

Figure 25: HSV-2 endocytosis into vaginal epithelial cells occurs through early endosomes.
VK2 were grown in LLI cultures and infected with HSV-2 strain 333 (MOI=1) for (A) 1 hour or
(B) 3 hours and subsequently fixed and stained for HSV-2 (green) and early endosomal marker
EEA1 (red) using specific antibodies. The yellow colour is indicative of HSV-2 and EEAl
colocalization. Images were taken with a confocal microscope at x2400 magnification. Experiment
has been done twice with each condition done in triplicates. Representative images are shown.
Since we were able to observe the uptake of HSV-2 into VK2 cells through the early
endosome, we continued with our investigation of whether E2-mediated p53 signaling has an
effect on this HSV-2 uptake into early endosomes. We did this by performing immunofluorescence
staining of HSV-2 at 2 hours after infection (Figure 26A) as an indicator of viral entry, as well as
at 16 hours which is when HSV-2 is completing its replicative phase (Figure 26B). In case there
were differences seen in viral entry at 2 hours, we wanted to examine whether this could be

attributed to the modulation of endosomal pathways by E2 and p53. Thus, we also stained for

EEAL, a marker of the early endosome.
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We first grew VK2 cells for 7 days in LLI cultures under conditions with either NH,
NH+Nutlin-3 (5 uM), E2 (10° M) alone or E2 + PFT-a (10 pM), as described in section 7.2 — 7.3
of Materials and Methods, and overlayed with HSV-2 for 2 hours on ice. Addition of HSV-2 on
ice allows for the virions to settle down on the cells without being uptaken.®* This allows for
consistency of results among d