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Abstract

Zika virus (ZIKV) and severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)
are important emerging human pathogens that have disrupted global health. More therapeutic and
prophylactic treatments for the diseases caused by the emerging viruses are needed. Expansion of
our knowledge on the interplay between host cellular pathways and the viruses during infection
will provide insights on how these viruses cause diseases and potentially on the development of
antivirals. In this thesis, I used two different approaches to induce peroxisome proliferation in
cells and investigated the antiviral effects of peroxisome proliferation on the replication of

emerging viruses, including ZIKV and SARS-CoV-2.

A major finding was that both over-expression of PEX11B in cells and inhibition of Wnt/p3-
catenin signaling pathway suppress the replication of ZIKV and SARS-CoV-2. This is in large
part due to the enhanced induction of interferon (IFN) expression resulting from the expansion of
the abundance of peroxisomes. Specifically, pre-infection treatment with the ten Wnt/B-catenin
inhibitors reported in the thesis were shown to greatly reduce SARS-CoV-2 replication. Three of
these inhibitors also blocked viral replication when added post infection. Together, this thesis
work describes novel roles of Wnt/B-catenin signaling pathway inhibitors in peroxisome
biogenesis and provide new avenues for therapeutic and even non-vaccine prophylactic

development.
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Chapter 1

Introduction



1.1. Overview

An emerging disease is a disease that appears in a population for the first time, or one that
existed previously but is now rapidly increasing in incidence or geographical range. Over the years,
multiple novel pathogenic viruses continue to emerge in human and animal populations. Given
their high adaptability to current and new hosts and rapidly evolving strategies to escape antiviral

measures, emerging and re-emerging viruses will continue to pose a threat to public health.

Recent examples of emerging diseases include Zika virus (ZIKV) disease which rapidly
spread to more than 50 countries between 2014 and 2017 and COVID-19, caused by a novel
coronavirus, severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2), which became a
pandemic in 2020. Since then, COVID-19 has afflicted more than 500 million people resulting in
more than 6 million deaths. The rapid spread of COVID-19 caused unprecedented social,
economic, and healthcare disruption. Clearly, there is a pressing need to better understand re-
emerging and emerging viruses so that we may develop effective therapeutics in a more timely

manner.



1.2. Zika virus (ZIKV)

Flaviviruses are arboviruses belonging to the family Flaviviridae. The genus consists of
mosquito-transmitted viruses, including Zika virus (ZIKV), Dengue virus (DENV), and Japanese
encephalitis virus (JEV) and others which cause disease in humans through sporadic and epidemic
transmission. The following sections discuss the epidemiology and clinical importance of ZIKV
(section 1.2.1), ZIKV biology (section 1.2.2-1.2.3), pathogenesis of ZIKV disease (section 1.2.4)

as well as the development of ZIKV vaccines (section 1.2.5).

1.2.1. Epidemiology and clinical importance of ZIKV

ZIKV was discovered in 1947 by scientists conducting routine surveillance for yellow
fever in the Zika forest located in Uganda (Dick et al., 1952). They isolated ZIKV from samples
obtained from a captive sentinel rthesus monkey in the canopy of the forest and then again the
following year from a Aedes africanus mosquito caught on a tree platform in the Zika forest. In
less than a decade, the first human infections were reported in Uganda and the United Republic
of Tanzania in 1952 (Macnamara, 1954). The virus was also detected in mosquitos in countries in
Asia including India, Indonesia, Malaysia and Pakistan. No significant outbreaks had been
described until 2007 during which 49 human cases were reported on the Pacific Island of Yap
(Dufty et al., 2009). Between 2013 and 2014 the virus caused much larger outbreaks in other
Pacific Islands including French Polynesia (Cao-Lormeau et al., 2014). Shortly afterward, ZIKV
was detected in Brazil after which it spread rapidly to other countries in South and Central
America (Fauci and Morens, 2016). In early 2016, the World Health Organization declared the

ZIKV epidemic as a public health emergency of international concern. This was due to the large



number of human infections and the prevalence of congenital brain abnormalities, such as
microcephaly, in fetuses borne to women who contracted the virus during pregnancy (Parra et al.,
2016; Roos, 2016; Rubin et al., 2016). By 2017, there were more than 800,000 cases reported in
more than 50 countries (PAHO, 2018). ZIKV strains can be divided into the African and Asian
lineages (Haddow et al., 2012). The contemporary strains circulating in the Americas appear to

have evolved from the Asian lineage (Faria et al., 2016).

Modes of ZIKV transmission can be vector-borne and non-vector-borne. Aedes aegypti,
Aedes polynesiensis and Aedes albopictus mosquitoes are the major vectors responsible for ZIKV
transmission to humans. These mosquitoes are usually found in tropical and subtropical regions,
and as such, the spread of the virus is closely related to the prevalence of the vectors (Sikka et al.,
2016). In humans, transmission of ZIKV can also occur through sexual contact. A male American
scientist who was bitten often by wild Aedes spp. mosquitoes during his work in Senegal in 2008
contracted ZIKV (Foy et al., 2011). His wife who did not travel to Africa, developed similar
clinical symptoms days after having vaginal sexual intercourse and also tested positive for ZIKV.
The possibility of ZIKV sexual transmission was further supported by a report showing isolation
of ZIKV RNA from the semen of a patient during the ZIKV outbreak in French Polynesia in 2013
(Musso et al., 2015). Later, ZIKV was found to be able to cross the placenta barrier resulting in

maternal to fetal transmission and teratogenesis (Brasil et al., 2016; Calvet et al., 2016).

The incubation period of ZIKV disease is 2 -7 days but only 20% of infected patients are
symptomatic, exhibiting mild influenza-like illness including fever, headache, dizziness and
stomach ache (Saxena et al., 2016). ZIKV infection is rarely fatal in adults but development of
Guillain—Barré syndrome, which is an acute inflammatory immune-mediated polyneuropathy, has

been linked to this virus (Cao-Lormeau et al., 2016).



1.2.2. Genome and proteins of ZIKV

ZIKV is an enveloped virus which possesses a non-segmented positive-sense single-
stranded RNA genome of ~11kb. The genome encodes a single open reading frame (ORF) flanked
by two structured untranslated regions (UTRs) (reviewed in (Hasan et al., 2018)). The long ORF
encodes a single polyprotein: 5’-C-prM-E-NS1-NS2A-NS2BNS3-NS4A-NS4B-NS5- 3° which is
threaded back and forth through the ER membrane, exposing different viral proteins to either the
cytoplasm or ER lumen. The polyprotein is processed by host cell and viral proteases into three
structural proteins (capsid (C), precursor of membrane (prM) and envelope (E)) and seven non-
structural (NS) proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B and NS5). The three structural
proteins are responsible for the assembly of ZIKV virions, whereas the non-structural proteins
function in replication of viral RNA, viral polyprotein processing and modulation of the host

response (Figure 1.1)

ZIKV capsid protein (122 amino acid (aa) residues) is the first viral protein translated in
the viral polypeptide chain. It shares a similar tertiary structure with West Nile virus (WNV) and
Dengue virus (DENV) capsid proteins and forms a homodimer that has two distinct surfaces (Tan
et al., 2020). The hydrophobic side of the homodimer interacts with the viral envelope, whereas
the positively charged side binds the viral RNA to form the nucleocapsid core (Shang et al., 2018).
Formation of infectious mature flavivirus virions is promoted by the cleavage of the pr peptide
(~75 aa) from M protein by the host serine protease furin (Stadler et al., 1997). On the virion
surface, the E protein contains cellular receptor binding sites and a fusion peptide for mediating
membrane fusion during viral entry. NS3 is the second largest viral protein and contains protease
and helicase activities. The protease activity of NS3 requires interaction with NS2B to mediate

the cleavage of the capsid protein (Amberg and Rice, 1999).
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Figure 1.1. Schematic representation of ZIKV genome organization. The ZIKV genome,
which is ~11 kb in length, contains one open reading frame encoding three structural proteins
(capsid (C), precursor membrane (prM) and envelope (E)) and 7 non-structural proteins (NS1,
NS2A, NS2B, NS3, NS4A, NS4B and NS5). The predicted topologies of viral proteins with
respect to the ER membrane are presented. (Modified from (Pierson and Diamond, 2020)).



The NS3 helicase possesses intrinsic nucleoside triphosphatase (NTPase) activity, which
is modulated by the cofactor NS4 A that increases the rate of NTP hydrolysis (Kumar et al., 2020).
NS5 is the largest ZIKV protein (~900 aa) and is critical for RNA synthesis, and therefore viral
replication. The C-terminal 620 aa of NS5 form the RNA-dependent RNA polymerase (RdRp)
(Upadhyay et al., 2017). Viral RNA replication also requires helicase activity though. ZIKV NS5
interacts with NS3 to stimulate the helicase activity of NS3, a process that is for RNA unwinding

during RNA replication (Xu et al., 2019).

1.2.3. Replication cycle of ZIKV

The life cycle of ZIKV (Figure 1.2) involves multiple steps including viral attachment and
entry, viral genome translation and replication, virion assembly and egress. The multi-step process
requires the engagement of an array of host and viral proteins, and the steps usually happen

concurrently, suggesting that it is a highly coordinated process.
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Figure 1.2. The replication cycle of ZIKV. Virions attach to a host cell receptor and
subsequently enter the cell by receptor-mediated endocytosis (step 1). Acidification of the
endosomes triggers the release of nucleocapsid into the cytoplasm. The viral RNA is translated
into a single polyprotein on the rough endoplasmic reticulum (ER) (step 2). The viral proteins
induce the formation of replication complexes at the ER membrane where genomic replication
takes place (step 3). The virion is assembled on the surface of the ER and buds into the ER
lumen (step 4). Immature viral particles are transported through the Golgi and the trans-Golgi
network where the host protease furin cleaves the prM protein, promoting the maturation of
virions which are released by exocytosis (step 5). Created in BioRender.com



ZIKV infects a wide range of cell types, a process that requires interaction of virion
components with multiple host proteins on the plasma membrane. Examples include binding of
charged surfaces on the E protein to glycosaminoglycans (Chen et al., 1997) and interactions
between the viral lipid envelope and proteins of the T-cell immunoglobulin domain and mucin
domain (TIM) and Tyro3, Axl and Mertk (TAM) family (Meertens et al., 2012). After attachment,
ZIKV enters host cells through receptor-mediated clathrin-dependent endocytosis (Owczarek et
al., 2019). Fusion of the viral envelope and endosome membranes is triggered by a low pH-
induced conformational change in the E protein (Stiasny et al., 2011). The positive-sense RNA
genome is then released into the cytoplasm where it serves as an mRNA for translation of the viral

polyprotein ( reviewed in (Mazeaud et al., 2018)).

Like other flaviviruses, ZIKV replication occurs in association with membrane structures
formed by host and viral factors during infection. The ultrastructure of these replication complexes
as revealed by cryo-EM tomography show invaginations of the ER and the presence of viral
proteins NS1, NS2A, NS3, NS4A and NS5 (Aktepe and Mackenzie, 2018). This architecture
facilitates the replication of viral RNA while allowing exchange of the contents of the complexes
including viral RNA to take place between the invaginations and the sites of viral translation. The
replication of viral RNA begins with the de novo synthesis of negative-sense RNA by the viral
polymerase NS5 using the viral positive-sense RNA as a template. The negative-sense RNA then
serves as a template for the synthesis of positive-sense genomic RNA which is used as mRNA for
viral polyprotein synthesis or are packaged into immature virions (Lindenbach and Charles, 2007).
Finally, flavivirus replication complexes are thought to shield the viral RNA from cytosolic innate
immune sensors like RIG-I1 and MDAS to prevent the activation of antiviral signaling pathways

(Overby et al., 2010; Welsch et al., 2009)



E, prM, a host-derived lipid membrane and the nucleocapsid are the components of the
immature ZIKV particles in the ER. The immature particles are transported from the ER through
the trans-Golgi network to the cell surface, during which the E proteins undergo conformational
changes and the prM protein is cleaved by furin (Stadler et al., 1997), a process which results in
the generation of the mature virion-associated M protein (Yu et al., 2009) and shedding of the pr

fragment during release. Mature virions are released from the cell by exocytosis.

1.2.4. Pathogenesis of severe ZIKV disease

The majority of ZIKV infections in humans are asymptomatic or involve a mild flu-like
illness (Saxena ef al., 2016). In newborns who were infected in utero, ZIKV is associated with
congenital diseases including microcephaly and intracranial calcifications. The condition may
occur in combination with other abnormalities including intellectual and motor disabilities.
Investigation of fetal ZIKV infection has focused on the placenta which is the barrier between the
maternal decidua and the fetus during pregnancy (Calvet ef al., 2016; de Aratjo et al., 2016). The
interface consists of cytotrophoblasts derived from the fetus and terminally differentiated
syncytiotrophoblasts both of which are susceptible to ZIKV infection (Sheridan et al., 2017). In
addition, ZIKV was shown to infect primary human placental macrophages (Quicke et al., 2016)
and fetal endothelial cells (Richard et al., 2017), suggesting the possibility of an intra-uterine

transmission of ZIKV.
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1.2.5. Development of ZIKV vaccines

Research and development of therapeutics against ZIKV commenced soon after the recent
epidemics in the Americas. The main focus has been development of vaccines to protect against
congenital disease. Multiple vaccines platforms have been under investigation in preclinical and
clinical studies including DNA vaccines, mRNA vaccines, and inactivated vaccines. Examples of
ZIKV prM-E DNA vaccines candidates include VRC5283 which was shown to elicit neutralizing
antibodies in all subjects in a phase I study (Gaudinski et al., 2018). Phase II study was completed
(NCT number: NCT03110770), but the data including ZIKV-specific neutralizing antibody
activity is currently not available as the testing is anticipated to be completed in 2022. An mRNA
vaccine candidate expressing prM-E induced potent neutralizing antibodies in mice and non-
human primates, thereby protecting them against ZIKV challenge (Pardi et al., 2017). An
inactivated ZIKV vaccine by formalin-inactivation of a Puerto Rican (PR) ZIKV isolate induced
ZIKV-specific neutralizing antibodies and protected rhesus monkeys against the challenge of

ZIKV PR strain (Abbink et al., 2016).

1.3. Severe acute respiratory syndrome coronavirus 2 (SARS-CoV-2)

Coronaviruses are RNA viruses belonging to the family Coronaviridae which is
subdivided into four genera - Alphacoronavirus, Betacoronavirus, Gammacoronavirus and
Deltacoronavirus. The emergence of two highly pathogenic betacoronaviruses; severe acute
respiratory syndrome coronavirus (SARS-CoV) and Middle East respiratory syndrome
coronavirus (MERS-CoV) in 2002 and 2012 respectively highlighted the potential of these viruses

to cause large outbreaks of disease in humans. The following sections discuss the epidemiology
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and clinical importance of SARS-CoV-2 (section 1.3.1), SARS-CoV-2 biology (section 1.3.2-
1.3.3), pathogenesis of COVID-19 (section 1.3.4) as well as the development of COVID-19

vaccines and antivirals (section 1.3.5).

1.3.1. Epidemiology and clinical importance of SARS-CoV-2

In late December 2019, the capital city of Hubei province in central China, Wuhan,
reported patients exhibiting symptoms of viral pneumonia similar to those of SARS and MERS,
including fever, cough and chest discomfort (Gralinski and Menachery, 2020; Zhu et al., 2020).
Many of the first 27 hospitalized patients were linked to a wet market in the city that sold seafood
and live animals (Deng and Peng, 2020). In early January 2020, Chinese scientists identified the
causative agent of the emerging disease as a new betacoronavirus which was closely related to
SARS-CoV (Wu et al., 2020a; Zhu et al., 2020). Later, patients who were not exposed to the wet
market, also became infected with this new virus, indicating person-to-person transmission of this
pathogen (Chan et al., 2020; Deng and Peng, 2020). The spread of the virus was fuelled by the
social gathering during Chinese New Year, resulting in an exponential increase in the number of
confirmed cases in just a month. In early February 2020, The International Committee on
Taxonomy of Viruses named the novel coronavirus “SARS-CoV-2” (Viruses, 2020). The virus
continued to spread rapidly across countries in the rest of the world, leading to a sharp jump of
confirmed cases and number of deaths. The World Health Organization (WHO) officially declared
the global COVID-19 outbreak as a pandemic in March 2020 (WHO, 2020). As of April 13, 2022,

the virus has infected over 500 million people resulting in more than 6.1 million deaths.
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Understanding how and when infected people transmit the virus in different settings is
critical for developing prevention and control strategies to stop virus circulation. We now know
that SARS-CoV-2 can be transmitted by close contact with infected persons through saliva and
respiratory secretions or droplets (Chan ef al., 2020; Ghinai et al., 2020; Hamner et al., 2020),
which are between 5 and 10um in diameter (WHO, 2014). Most patients infected with SARS-
CoV-2 develop signs of disease 3-6 days after exposure (Cevik et al., 2020). Young adults and
children often exhibit mild symptoms including fever, fatigue, and dry cough whereas people who
are aged 65 or above are more likely to develop severe respiratory disease which may require

hospitalization.

1.3.2. Genome and proteins of SARS-CoV-2

SARS-CoV-2is an enveloped virus which possesses a positive-sense single-stranded RNA
genome of ~30kb (Zhu et al., 2020). The capped and polyadenylated genome contains 2 large
ORFs, ORF1la and ORFI1b, flanked by two structured UTRs. The translation of ORF1a produces
polyprotein 1a, and polyprotein 1b is produced by continuous translation of ORFla and ORF1b
through a programmed -1 ribosomal frameshift upstream of the ORFla termination codon
(Perlman and Netland, 2009). The polyproteins are processed by viral proteases that are encoded
by papain-like protease (PLP™) in nsp3 and the main protease (MP™) in nsp5, which yields the 16
non-structural protein (nsp) 1-16 that are involved in replication. Polyprotein la is cleaved into
nspl-11, and pplab is cleaved into nspl-10 and nsp12-16 (Zhou et al., 2020). In addition, the
genome also encodes structural proteins (spike (S), envelope (E), membrane (M) and nucleocapsid

(N)) and a set of accessory proteins (ORF3a, ORF3b, ORF6, ORF7a, ORF7b, ORF8 and ORF9b)
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from the sub-genomic (sg) mRNA (Zhou et al., 2020). Accessory proteins such as ORF6 and

ORF7 are involved in the antagonism of the interferon system to establish infection (Figure 1.3).
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Figure 1.3. Schematic representation of SARS-CoV-2 genome organization. The SARS-CoV-
2 genome, which is ~30 kb in length, contains multiple open reading frames (ORFs) encoding 16
non-structural proteins (nsp), 4 structural proteins and multiple accessory proteins. The 5° end of
the genome encodes the polyproteins ppla, which yields nspl-nspl1; and pplab, which yields
nspl-nspl6. The 3’s ends of the genome encode the structural proteins (S, E, M, and N) and the
accessory proteins. Structural and accessory proteins are expressed from a set of sub-genomic (sg)
mRNAs. Modified from (Malone et al., 2022).
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The structural proteins are responsible for the assembly of SARS-CoV-2 virions. S protein
mediates cell binding and entry by interacting with membrane-bound angiotensin-converting
enzyme 2 (ACE2) receptors (Jackson et al., 2022). M protein is present as a dimer in the virion
and interacts with S and N proteins. It adopts two conformations in the ER, long and compact
(MLONG and MCOMPACT), which together induce membrane curvature as revealed by cryo-
electron microscopy (Neuman et al., 2011). N protein possesses an RNA binding domain and
based on analogy with other coronaviruses it is involved in RNA packaging and virion assembly
(McBride et al., 2014). The non-structural proteins function in replication of viral RNA. Nspl
protein mediates host cell translational shut-off by targeting ribosomes (Thoms et al., 2020). Triple
transfection of transmembrane proteins nsp3, nsp4 and nsp6 induces formation of double-
membrane vesicles which are very similar to those observed in SARS-CoV-infected cells. In those
double-membrane vesicles, nsp3-containing pore complexes that span both membranes of the
vesicles and allow the export of RNA to the cytosol suggesting that these structures are the sites
for viral RNA replication (Angelini et al., 2013; Wolff et al., 2020). Viral RNA synthesis is
catalysed by nsp12, which has RNA-dependent RNA polymerase activity, with the support of
nsp7 and nsp8 (Wilamowski et al., 2021). Nsp14 possesses a unique RNA proofreading function

and is also involved in viral RNA synthesis (reviewed in (V'kovski et al., 2021)).

1.3.3. Replication cycle of SARS-CoV-2

During entry, SARS-CoV-2 S protein engages with the surface receptor ACE2 to mediate
binding and attachment of viral particles with host cells (Figure 1.4). Cell surface proteases such
as transmembrane serine protease 2 (TMPRSS2) promote the cleavage of S protein to trigger the

fusion with the host plasma membrane (Hoffmann et al., 2020).
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Figure 1.4. The replication cycle of SARS-CoV-2. SARS- CoV-2 S protein interacts with
the cellular surface protein ACE2 and is cleaved by the cellular protease TMPRSS?2 to activate
its membrane fusion activity. The genomic RNA (gRNA) is released from the viral particle
into the cytoplasm and is translated into two polyproteins, ppla and pplab. The non-structural
proteins induce the formation of replication complexes in which viral RNA synthesis occurs.
In the replication complexes, new gRNAs and a sub-genomic mRNAs (sg- mRNAs) which
encode the structural S, M, E and N proteins and some accessory proteins, are produced. Newly
made gRNAs can be translated to yield additional non-structural proteins, serve as a template
for further RNA synthesis or be packaged into new virions. Immature virion assembly starts
with binding gRNAs to N proteins and budding into the endoplasmic reticulum—Golgi
intermediate compartment (ERGIC), thereby associating with the viral S, M and E proteins.
Finally, enveloped progeny virions egress by exocytosis. Created in BioRender.com
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The positive-sense genomic RNA is then released from the viral particle and translated to
form two replicase polyproteins, ppla and pplab, which are cleaved by the protease activities of
nps3 and nsp5 into non-structural (ns) proteins 1-16. The ns proteins form replication—
transcription complexes associated with the ER to provide an optimal environment for viral RNA
replication (Hackstadt et al., 2021). In the replication complexes, the RNA-dependent RNA
polymerase complex formed by nsp12, nsp7 and nsp8 uses the positive-sense genomic RNA as a
template to generate a negative-strand genomic RNA that serves as a template for the synthesis of
more positive-strand RNA genomes as well as subgenomic mRNAs that encode structural and

accessory proteins (Hartenian et al., 2020; Wilamowski et al., 2021).

The genomic RNA interacts with N proteins to form nucleocapsids that bud into
endoplasmic reticulum—Golgi intermediate compartment (ERGIC) where it they associate with
structural proteins S, M and E to form new virions, which are thought to exit the infected cell by
exocytosis (Klein et al., 2020; Stertz et al., 2007). Recently, B-coronaviruses including mouse
hepatitis virus (MHV) and SARS-CoV-2 progeny virions were reported to traffic to lysosomes
and egress by lysosomal trafficking pathway (Ghosh et al., 2020). By treating the cells with a
Rab7 inhibitor which reduces lysosome numbers, the authors reported that the extracellular MHV
RNA was lower than that of the non-treated infected cells. However, many experiments described
in the study did not focus on SARS-CoV-2, and the effects of lysosome numbers on SARS-CoV-
2 egress was not investigated. Furthermore, the study does not explain how PB-coronaviruses

deacidify the lysosomes to exit the cells by lysosome trafficking pathway.
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1.3.4. Pathogenesis of COVID-19

Entry of SARS-CoV-2 is initiated by the binding of S protein with the host cell receptor
ACE2 which is present on epithelial and other cell types (Hoffmann et al., 2020). The expression
of ACE2 receptors in tissues may also explain the sites of SARS-CoV-2 replication and COVID-
19 symptoms. For example, ACE2 receptors are highly expressed in multi-ciliated epithelial cells
in the human respiratory tract (Lee et al., 2020), supporting the infection of SARS-CoV-2 in the
bronchial epithelial cells as well as capillary endothelial cells in alveoli. Furthermore, the high
ACE2 expression in epithelial cells of the nasal cavity supports the initial site of viral replication
(Hou et al., 2020). The most common symptoms of acute COVID-19 are fever, myalgia, headache,
and respiratory symptoms (Cevik et al., 2020). COVID-19 patients infected with early variants of
SARS-CoV-2 may also exhibit non-respiratory symptoms including taste or olfactory disorders
(Giacomelli et al., 2020; Sbrana et al., 2021). Some hospitalized patients with COIVD-19 may
demonstrate symptoms of pneumonia, the hypoxaemia which can worsen and progress to various
stages of the impairment of oxygenation. COVID-19 pneumonia in adults is characterised by
clinical signs including fever, cough, and a respiratory rate of more than 30 breaths per minute
(reviewed in (Osuchowski et al., 2021)). In addition to respiratory failure, hospitalized patients
may develop acute kidney injury and liver dysfunction (Chen et al., 2020; Mao et al., 2020). Data
also suggests an association between COVID-19 and myocarditis (Boehmer et al., 2021;
Daugherty et al., 2021; Rathore et al., 2021). Specifically, CDC analysed U.S. hospital-based
database of healthcare encounters from more than 900 hospitals and reported that patients with
COVID-19 during March 2020 to January 2021 had 15 times the risk for myocarditis compared

with those without COVID-19  (Boehmer ef al., 2021). Furthermore, the risk of thrombotic
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complications is higher in patients with COVID-19 admitted to intensive care (Helms et al., 2020;

Klok et al., 2020; Llitjos et al., 2020).

1.3.5. Development of COVID-19 vaccines and antivirals

The massive disruption of the global economy and healthcare systems caused by the rapid
spread of COIVD-19 spurred the development of vaccines and new antivirals at an unprecedented
rate. As of January 2022, at least 140 vaccine candidates based on different platforms were in
clinical trials, and 194 candidates were in preclinical testing (WHO, 2022b). RNA vaccines (e.g.
mRNA-1273 and BNT162b2) and vectored vaccines (e.g. ChAdOx1 nCoV-19 and Ad26.COV2.S)
depend on the expression of S protein in the host cells (reviewed in (Nagy and Alhatlani, 2021)).
However, the emerging SARS-CoV-2 variants of concern (VOC) including alpha (B.1.1.7), beta
(B.1.351), gamma (P.1), delta (B.1.617.2) and now omicron (B.1.1.529) have shown mutations in
the receptor binding domain of the S protein, which has raised concerns about the efficacy of the
vaccines (Dong et al., 2021). For example, the neutralizing antibody titers of the sera collected
from BNT162b2-vaccinated individuals against a gamma variant pseudovirus was reduced by 6.7-

fold in comparison to wild-type SARS-CoV-2 pseudovirus (Garcia-Beltran et al., 2021). .

Direct-acting antivirals against SARS-CoV-2 such as Merck’s molnupiravir (EIDD-2801)
and Pfizer’s PAXLOVID (PF-07321332) have recently been licensed for use in humans. EIDD-
2801 (B-d-N4-hydroxycytidine) is an inhibitor that is very similar in structure to the
ribonucleoside cytidine. It targets the viral RNA polymerase resulting in increased numbers of
mutations in the viral RNA following replication (Wahl et al., 2021). In turn, this leads results in
mutant viruses that do not replicate as well. PF-07321332 is a cysteine protease inhibitor that
blocks SARS-CoV-2 replication by targeting the viral chymotrypsin-like (CL) cysteine protease

(Owen et al., 2021). However, because hydroxycytidine is mutagenic to mammalian cells, there
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may be significant side effects for this medication (Zhou et al., 2021). As with many direct-acting
antivirals that target viral proteins such as proteases or RNA polymerases, emergence of drug-
resistant variants of SARS-CoV-2 is always a concern. Therefore, the development of new

antivirals that leverage the host-mediated immune response is a strategy that is worth exploring.

1.4 Interferon system

1.4.1 Types of Interferons

Interferons (IFNs) are class II cytokines that share a conserved a-helical pattern and their
receptors, known as class II cytokine receptors, also share sequence homologies in their
extracellular domains (reviewed in (Renauld, 2003)). Three types of IFNs have been identified:
Type-1, -1I, and -IIT IFNs. The type I IFN family includes 13 IFN- a subtypes and a single IFNp,
and several poorly defined single gene products (IFNg, IFNt, IFNk, IFN®, IFN& and IFN{). Type-
I IFNs are produced by a wide variety of cell types including immune cells, fibroblasts, endothelial
cells and epithelial cells and they influence the development of innate and adaptive immune
responses. Type I IFNs bind to their cognate receptors known as type I IFN receptor complexes
(Pestka et al., 2004). The type II IFN consists of a single gene product, IFNy, whose expression is
limited to a subset of immune cells including T lymphocytes, macrophages and nature killer cells
(Schoenborn and Wilson, 2007). It acts on cell types that express the IFNy receptor (IFNyR). IFNy
is an essential regulator of several immune process including macrophage activation, improving
antigen recognition in antigen presenting cells, and generating cytokines and inflammatory factors
to sustain inflammation (Green et al., 2017). The type III IFN family includes IFNA1, IFNA2 and

IFNA3, and the recently identified IFN2A4. Even though they have similar functions to the type I
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IFN family, they signal through type III IFN receptors (O'Brien et al., 2014; Prokunina-Olsson et

al., 2013).

1.4.2 Interferon response pathways

The IFN response consists of two phases: an induction phase in which detection of
pathogens leads to expression of IFNs that function in autocrine and paracrine manners; and a
signaling phase that is initiated by binding of IFNs to their cognate receptors followed by a
signaling cascade that leads to expression of interferon-stimulated genes (ISGs) promoting a

cellular antiviral state (Figure 1.5).
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Figure 1.5. IFN response pathway. The IFN induction phase begins with the detection of
viral ssSRNA or dsRNA. Cytoplasmic helicase receptors (RIG-I and MDAS) detect RNAs
while endosomal sensors TLR7 and TLR3 detect viral ssRNA and dsRNA respectively. Viral
dsRNA can also be detected by cGAS. Activated RIG-I and MDA-5 activate MAVS on the
mitochondria and peroxisomes. Activation of cGAS stimulates the formation of cGAMP and
promotes the oligomerization of STING. Activation of TLR3/7 results in the interaction with
the adaptor proteins TRIF and MYD8S respectively. The pathways converge on the activation
of kinase TBK 1 followed by subsequent phosphorylation of the transcription factors IRF-3/7.
Phosphorylated IRF-3/7 translocate into nucleus and initiate induction of IFNP and IFNA
expression. The IFN signaling pathway begins with the binding of IFNB and IFNA to their
receptors respectively, which triggers the phosphorylation of STAT1 and STAT2 which then
interact with IRF9 to form the IFN-stimulated gene factor. The activated complex translocates
to the nucleus where the complex binds to the IFN-stimulated response element (ISRE)
resulting in transcription of IFN-stimulated genes (ISGs). Created in BioRender.com.
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The induction phase of the IFN response begins with detection of pathogen-associated
molecular patterns (PAMPs) by pattern-recognition receptors (PRRs). Cytosolic RIG-I-like
receptors (RLRs) such as retinoic acid-inducible gene I (RIG-I) and melanoma differentiation-
associated gene 5 (MDAYS) are responsible for the recognition of RNAs (Goubau et al., 2013;
Hartmann, 2017). Double-stranded DNA (dsDNA) can also be detected by cyclic GMP-AMP
synthase (cGAS). The Toll-like receptor (TLR) family including TLR3 and TLR7, which reside
in endosomes, detect viral dSRNA and single-stranded RNA (ssRNA) respectively (reviewed in

(Kato et al., 2011)).

Activation of RIG-I is stimulated by RNAs with 5’ triphosphate (PPP) moieties which are
characteristic of genomic RNAs from many RNA viruses (Baum et al., 2010; Hornung et al.,
2006). This requirement for 5° PPP distinguishes host RNA transcripts from viral genomes and
replication intermediates because the 5’ phosphates on host mRNAs are either masked by a cap
structure or removed before the host RNA transcripts are exported from the nucleus (reviewed in
(Goubau et al., 2013)). Furthermore, dsSRNAs are also shown to bind with and activate RIG-I but
with lower affinities than 5’ PPP based-paired RNAs(Jiang et al., 2011). MDAS, which detects
both short and long dsRNAs, can also be activated by poly(I:C), a dSRNA mimic (Takeuchi and
Akira, 2010; Wu et al., 2013). The precise mechanism by which MDAS distinguishes host and
viral RNAs is not fully understood, but the 2’-O-methylation of the 5’cap structure, which is a
conserved feature of host RNA mRNA transcripts, is important in preventing the detection by
MDAS (Ziist et al., 2011). Activation of RIG-I and MDAS occurs following recognition of 5’PPP
by their C-terminal domains (CTDs), resulting in the exposure of N-terminal caspase recruitment
domains (CARDs) (Kawai et al., 2005; Seth et al., 2005; Xu et al., 2005), a process that is

promoted by the ubiquitylation activity of TRIM25.
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The exposed CARDs of activated RIG-I1 and MDAS5 bind to the CARDs of mitochondrial
adapter protein MAVS (mitochondrial antiviral signaling), which is also known as IPS-1 [IFN-f
promoter stimulator 1], CARDIF [CARD-adaptor-inducing IFN-b], or VISA [virus-induced
signaling adaptor]) (Kawai et al., 2005; Takeuchi and Akira, 2010; Xu et al., 2005). MAVS
contains a C-terminal transmembrane domain that anchors it to the mitochondrial outer membrane
(Seth et al., 2005). The CARD-CARD interaction between RIG-I/MDAS and MAVS induces a
conformational change in the MAVS CARD, which converts other MAVS on the mitochondrial
outer membrane into prion-like aggregates (Hou et al., 2011). IKK and TANK- binding kinase 1
(TBK1) phosphorylate the C-terminal serine rich region of MAVS at its consensus motif, pLxIS
(p, hydrophilic residue; x, any residue; S, phosphorylation site). As an adaptor protein, the C-
terminus of phosphorylated MAVS also interacts with the positively charged C-terminus of IFN
regulatory factor 3 (IRF3), which is then phosphorylated by TBK1 once they are in proximity.
IRF-7 is activated in a similar manner (Dalskov et al., 2020; Liu et al., 2015). Phosphorylation of
IRF-3 and IRF7 induces their dissociation from the adaptors and subsequent homodimerization,
which is then followed by translocation into the nucleus where phosphorylated IRF-3 and IRF7
binds to IFN-stimulated response elements and induces the transcription of type I and type III IFN

genes (Liu ef al., 2015; McNab et al., 2015).

Binding of dsDNA with the C-terminus of ¢cGAS results in the synthesis of 2’3" cyclic
GMP-AMP (cGAMP), which binds to stimulator of interferon genes (STING) dimers at the ER
membrane, a process that promotes the formation of STING tetramers. On the ERGIC, STING
tetramer recruits and promotes frans-autophosphorylation of TBKI1, which in turns,
phosphorylates STING, leading to the recruitment of IRF-3. The phosphorylation of IRF-3 by

TBKI1 enables IRF-3 dimerization and translocation to the nucleus to induce transcription of type
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I IFN genes (reviewed at (Decout et al., 2021)). In case of TLRs, the adaptors TRIF (TIR-domain-
containing adaptor inducing interferon) and MyD88 (myeloid differentiation factor 88) interact
with TLR3 and TLR7 respectively. This results in the activation of the kinases including TBKI,
which in turn causes phosphorylation of IRF-3/7 (reviewed in (Kawasaki and Kawai, 2014)).
The signaling phase of the IFN response is initiated by binding of type I and type III IFNs
with their cognate heterodimeric receptors at the cell surface. IFN-aR1 and IFN-aR2 form the
type I IFN receptor complex, and type III IFN receptor consists of two subunits, IFN-AR1 and IL-
10R2 (Lazear et al., 2019). After binding IFN, the receptor complexes activate Janus activated
kinase 1 (JAK1) and tyrosine kinase 2 (TYK2) which leads to recruitment of the transcription
factors of the signal transducer and activator of transcription (STAT) family. Phosphorylation of
tyrosine residues in STAT1 and STAT?2 induces their heterodimerization after which they interact
with another transcription factor, IRF9, to form the transcription complex known as IFN-
stimulated gene factor 3 (ISGF3). ISGF3 translocates into the nucleus where it binds to IFN-
specific response elements (ISRE) which are present in the promoter regions of IFN-stimulated
genes (ISGs) (reviewed in (Schneider et al., 2014) and (Lazear et al., 2019)). This leads to

transcription of ISGs whose gene products establish an antiviral state in the host cell.

A number of ISGs that specifically restrict replication of ZIKV and SARS-CoV-2 have
been reported. For example, viperin was shown to inhibit replication of multiple flaviviruses
including ZIKV, DENV, WNV and HCV in vitro (Helbig et al., 2013; Helbig et al., 2011;
Panayiotou et al., 2018; Szretter et al., 2011; Van der Hoek et al., 2017). Viperin may suppress
ZIKV infection by promoting proteasome-mediated degradation of ZIKV NS3 (Panayiotou ef al.,
2018; Van der Hoek et al., 2017). Mice lacking viperin are more susceptible to WNV-induced

pathogenesis as evidenced by increased lethality and viral load in central nervous system tissues
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(Szretter et al., 2011). C190rf66 also targets ZIKV NS3 to reduce viral titre and RNA replication,
possibly by inducing NS3 degradation via a lysosomal-dependent pathway (Wu et al., 2020b).
ZIKV titre was also negatively affected in the serum and spleen of mice when treated with
recombinant ISG20 (rISG20). This ISG also restricts ZIKV replication in the brains of the fetuses
born to IFNAR17/ pregnant mice, suggesting ISG20 may protect the fetuses from ZIKV infection
(Ding et al., 2021). Reduction in the expression of ISGs including MX1 and IFIT1 in primary
human Sertoli cells resulted in enhanced ZIKV titre and viral RNA levels, suggesting MX1 and

IFIT1 restrict ZIKV replication in the male reproductive tract (Strange et al., 2021).

SARS-CoV-2 replication is inhibited by several ISGs which block viral entry (Martin-
Sancho et al., 2021; Pfaender et al., 2020; Zang et al., 2020). Examples include IFN-inducible
lymphocyte antigen 6 complex, locus E (LY6E), which inhibits the replication of multiple
coronaviruses, including SARS-CoV, SARS-CoV-2, and MERS-CoV, by blocking fusion of viral
and cellular membranes. Twenty-five-hydroxycholesterol (25HC) also has antiviral effects
against SARS-CoV-2. It is generated from cholesterol by the ISG cholesterol 25-hydroxylase, and
blocks SARS-CoV-2 replication by restricting spike protein mediated membrane fusion (Zang et
al., 2020). A more comprehensive study on ISGs that affect SARS-CoV-2 replication was also
reported (Martin-Sancho et al., 2021). RNAseq revealed that 399 ISGs were up-regulated in
response to activation of type I IFN in human cells such as tracheobronchial epithelial cells and
A549 cells. Individual ectopic expression of each of the 399 ISGs showed that 65 of these genes
specifically inhibited SARS-CoV-2 replication in human cells at different steps. LY6E, CLEC4D,
UBD, ELFI, FAM46C, and RECS inhibited viral entry whereas three members of IFIT family,
IFIT1, IFIT3, and IFITS, were shown to inhibit viral RNA replication. In contrast, bone marrow

stromal antigen 2 (BST2) inhibited release of virions and silencing of BST2 resulted in increased
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SARS-CoV-2 titres. All these results further demonstrated that ISGs are crucial for restricting

replication of ZIKV and SARS-CoV-2.

1.4.3 Suppression of IFN system by ZIKV and SARS-CoV-2

In order to establish infection, viruses have evolved strategies to evade and antagonize the
host IFN system. ZIKV and SARS-CoV-2 are known to encode multiple proteins that affect [FN

production and signaling by targeting host proteins.

ZIKV NS4A interacts with the CARD-like domain of MAVS and reduces the binding
between RIG-I and MAVS, resulting in suppression of IFN expression (Hu et al., 2019). NS1 and
NS4B block TBK1 phosphorylation in response to Sendai virus infection, but the precise
mechanism is unknown (Wu et al., 2017). Both NS4A and NS5 bind to IRF-3 preventing its
phosphorylation and ability to stimulate IFN-B induction (Xia et al., 2018). NS5 protein also
interacts with the kinase IKKe to reduce the phosphorylation of IRF-3, resulting in lower
activation of the IFNA promoter (Lundberg et al., 2019). For SARS-CoV-2, M protein was shown
to inhibit the phosphorylation of IRF-3 in response to Sendai virus infection and poly(I:C)
induction, resulting in the inhibition of IFNf expression (Fu et al., 2021; Sui et al., 2021; Zheng
et al., 2020), but different mechanisms of M protein inhibiting IFN induction were described. M
protein was shown to induce the proteasomal degradation of TBK1, leading to the inhibition of
dimerization and phosphorylation of IRF-3 (Sui et al., 2021). However, reduction of TBK1 protein
level in M protein expressing cells was not demonstrated in other studies (Fu ef al., 2021; Zheng
et al., 2020). Instead, M protein was shown to interact with the transmembrane domain of MAVS

and inhibit its aggregation, disrupting the recruitment of downstream components TBK 1 and IRF3
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(Fu et al., 2021). However, the analysis of the cellular localization of M protein by confocal
microscopy showed that M protein resided on the ER, Golgi and MAVS but not on mitochondria
(Zheng et al., 2020). The non-puncta-like structures displayed in M protein expressing cells are
less likely to colocalize with the MAVS on peroxisomes. Even though all these studies revealed
that M protein impaired the activation of IRF-3, the precise mechanisms of the inhibition remain
to be elucidated. NSP-1 protein suppresses IFN induction largely by shutting down host
translational machinery and nuclear transport of IRF-3 (Kumar et al., 2021). ORF3 protein was
also shown to inhibit induction of IFNf by blocking the nuclear translocation of IRF-3. This viral
protein can also inhibit IFN-B promoter activity, even in the presence of a constitutively active
form of IRF-3, suggesting that it prevents IFN-B production downstream of IRF-3 activation

(Konno et al., 2020; Lei et al., 2020).

ZIKV and SARS-CoV-2 infection also inhibit the signaling phase of the IFN response.
Overexpression of ZIKV NS2B reduces levels of Jakl protein by inducing its proteasomal
degradation (Wu ef al., 2017). Similarly, ZIK'V NS5 binds to and induces degradation of STAT2
thereby blocking IFN signaling (Grant et al., 2016; Kumar et al., 2016). Over-expression of
SARS-CoV-2 NSP1 also appears to reduce STAT2 levels and consequently ISRE reporter activity
is reduced (Kumar et al., 2021). ORF6 protein of SARS-CoV-2 inhibits nuclear translocation of
STAT1 without affecting its phosphorylation, resulting in lower ISRE promoter activity and
reduced ISG expression (Lei ef al., 2020). Another study showed that SARS-CoV-2 ORF6 protein
directly binds the nuclear pore protein Nup98 and inhibits IFN signaling by preventing nuclear
translocation of STAT1 and STAT2 (Miorin et al., 2020). Type I IFN signaling is also antagonized
by SARS-CoV-2 N protein. The overexpression of this viral protein suppresses phosphorylation

and nuclear translocation of STAT1 and STAT?2 in response to Sendai virus infection or treatment
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with recombinant IFN-B (Lei et al., 2020; Mu et al., 2020). Finally, the papain-like protease
(PLpro) domain of NSP3 was shown to cleave the ubiquitin-like interferon-stimulated gene 15

protein (ISG15) to attenuate the IFN response (Shin et al., 2020).

The effects of ZIKV on the IFN system were also studied using samples obtained from
infected patients. Flow-cytometry analyses revealed that ZIKV infection was associated with
reduced IFN-y production by CD4 T-cells suggesting that the IFN system is likely impaired in

ZIKYV infected patients (Cimini et al., 2017).

Proof of SARS-CoV-2 restricting IFN system was also documented in clinical studies on
COVID-19 patients. Analyses of transcriptomes of SARS-CoV-2-infected bronchial epithelial
cells and lung tissues from patients with COVID-19 showed that SARS-CoV-2 infection reduces
type I and type III IFN levels and ISGs (Blanco-Melo et al., 2020). A more recent study that
examined immune cells from blood samples obtained from patients with COVID-19 also showed
that type I IFN production and ISGs induction were impaired in COVID-19 patients (Hadjad; et

al., 2020).

1.4.4 IFNs restrict ZIKV and SARS-CoV-2 replication and pathogenesis

Recombinant IFNs have been investigated as potential treatments for ZIKV and COVID-
19. The action of IFNs on restricting ZIKV and SARS-CoV-2 replication and pathogenesis is

discussed below.

1.4.4.1 IFNs restrict ZIKV replication and pathogenesis

Type I and type III IFNs have been shown to restrict ZIKV replication in various types of

human cells. Addition of IFN to A549 cells prior to infection inhibited replication of ZIKV
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strains from both African and Asian lineages by up to 400-fold (Gobillot et al., 2020). Inhibitory
effects of IFNs were also studied in human primary cells. Pre-infection administration of
recombinant IFNB and IFNA to human primary human vaginal epithelial cells (HVECs) and
primary human cervical epithelial cells (HCECs) inhibited replication of ZIKV by nearly 40-fold
in HVECs and 700-fold in HCECs (Caine et al., 2019). Transcriptional profiling of ZIKV-infected
HVECs revealed that IFNP and IFNA treatment resulted in differential up-regulation of ISGs.
These results indicate that type I and type III IFNs enhance the innate immune response in the
female reproductive tract which dramatically suppresses replication of ZIKV (Caine ef al., 2019).
Human placenta cells were also studied to investigate the importance of IFN in reducing ZIKV
replication. Primary human trophoblasts (PHTs), which are the barrier cells of the placenta,
constitutively produced IFNA to restrict the infection of ZIK'V, and furthermore, the media isolated
from PHT cells protected non-trophoblast cells from ZIKV infection, suggesting that IFNA
secreted from PHT cells is likely to protect other non-placental cells (Bayer et al., 2016).
Constitutive secretion of IFNA was also observed in human syncytiotrophoblasts, which are cells
that are in direct contact with maternal blood, and they were shown to be resistant to ZIKV
infection (Corry et al., 2017). These results suggest that ZIKV has to overcome the robust IFN

system in these cells in order to establish infection in fetuses.

The restriction of ZIKV replication by IFNs was also demonstrated in a human explant
model. Jagger et al. studied the restriction of IFNA signaling on ZIKV infection in explant models
of maternal and fetal tissues derived from healthy human samples (Jagger et al., 2017). Post-
infection treatment of IFNA and IFNP in fetal amniotic and chorionic membrane was found to

reduce ZIKV infection.
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Studies which investigated ZIKV disease in pregnant dams showed that pregnant dams
lacking a functional IFNA receptor were more susceptible to ZIKV infection, leading to
complications including reduced placental thickness, placental length and diameter. Their fetuses
with dysfunctional IFNA receptors showed demise and impaired head growth. (Jagger et al., 2017).
Lazear et al. reported that while adult immunocompetent WT mice are resistant to ZIKV infection,
mice lacking type I IFN receptors are more susceptible to ZIKV infection and developing
neurological disease and death (Lazear et al., 2016). These studies indicate the importance of the

IFN system in restricting ZIKV replication.

1.4.4.2 TFNs restrict SARS-CoV-2 replication and pathogenesis

Several in vitro studies have demonstrated that SARS-CoV-2 replication is limited by type
I and IIT IFNs (Busnadiego et al., 2020; Lokugamage et al., 2020; Mantlo et al., 2020; Stanifer et
al., 2020). Pre-infection treatment of IFN and IFNA resulted in dramatic reduction in SARS-
CoV-2 replication in primary human bronchial epithelial cells (Busnadiego ef al., 2020), and also
induced an efficient antiviral state in human intestinal epithelial cells (hIECs) to control the
infection of SARS-CoV-2 (Stanifer et al., 2020). Post-infection treatment of type-I IFN greatly
reduced SARS-CoV-2 titer in both Calu-3 cells and Vero cells (Lokugamage et al., 2020; Mantlo
et al., 2020), suggesting that Vero cells are able to mount IFN signaling in response to exogenous
IFN treatment even though they lack the capacity to produce type-I IFN (Desmyter et al., 1968).
The high sensitivity of SARS-CoV-2 to both type I and type III IFNs highlights the possible use

of IFNs in the treatment or prevention of COVID-19.
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In vivo studies were conducted to study the effects of IFNs on SARS-CoV-2 replication
(Hoagland et al., 2021; Humphries et al., 2021). Intranasal administration of IFNa greatly reduced
the viral load in hamsters challenged by SARS-CoV-2 by intranasal inoculation (Hoagland ef al.,
2021). Post-infection IFNo administration was also studied in hamsters to determine whether
intranasal IFNa could provide therapeutic benefits. Plaque assay and qRT-PCR analyses showed
no infectious virions in the lungs 6 days after infection and demonstrated reduced viral mRNA
levels respectively. These support the possibility of using intranasal administration of type I [FNs

for therapeutic use against COVID-19 (Hoagland ef al., 2021).

The diamidobenzimidazole compound, diABZI-4, which activates STING, was also found to
suppress SARS-CoV-2 replication in vitro and in vivo (Humphries et al., 2021). Pre-infection
treatment with diABZI-4 resulted in reduction in SARS-CoV-2 titers and replication in human
lung epithelial cells. Intranasal administration of diABZI-4 in ACE2-transgenic mice pre- and
post-infection protected the mice from severe respiratory disease induced by SARS-CoV-2
infection. Blocking IFN signaling with an anti-IFNAR neutralizing antibody partially inhibited
the protective effects of diABZI-4. Pre-infection treatment with diABZI-4 also reduced titres and
replication of influenza A virus (IAV) in the lung and protected mice from lethality. These results
suggest that diIAZBI-4 activates the host-directed immune response to restrict replication of

SARS-CoV-2 infection, and possibly other respiratory viruses.

1.4.5 The therapeutic use of IFN for COVID-19

Promising results from clinical trials which evaluated IFN as a single or combination therapy

in COVID-19 have been reported. These include a phase 2 clinical trial that compared
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subcutaneous injection of IFN in combination with an oral protease inhibitor (lopinavir-ritonavir)
and an oral nucleoside analogue (ribavirin) versus the control group which consisted of
lopinavir and ritonavir for COVID-19 patients. Results showed that the triple combination given
within 7 days of symptom onset is more effective in reducing the shedding of SARS-CoV-2 in a
nasopharyngeal swab compared with the treatment in the control group. In addition, only mild and
self-limiting side-effects were observed and there are also great reductions in hospital stay (Hung
et al., 2020). Another study of a phase 2 clinical trial reported the use of IFNP as a single therapy
in treating patients with COVID-19. Results demonstrated that daily administration of inhaled
nebulized IFNJ shortened the hospital stay of patients with COVID-19 admitted to the hospital.
Those patients also experienced more rapid recovery in comparison to those who received placebo.
The results of phase 2 clinical trials suggest high safety and efficacy of the use of IFNP as a single
or combination therapy in patients with COVID-19, and also provide strong rationales for more

advanced clinical trials (Monk et al., 2020).

1.4.6 The therapeutic use of IFNA for COVID-19

Even though type I and type III IFNs initiate similar signaling pathways, differential IFN
receptor expression in tissues can affect the antiviral response. IFNAR1 and IFNAR?2 are present
in all nucleated cells, whereas IFNLR1 is expressed preferentially on epithelial cells particularly
in the respiratory, intestinal and reproductive tracts (Kotenko and Durbin, 2017; Kotenko et al.,
2019). As such, type III IFN responsiveness at epithelial surfaces is associated with the relatively
high expression of IFNLR1 (Kotenko and Durbin, 2017; Lazear et al., 2015), and therefore,
respiratory epithelial cells respond to the stimulation by both type I and type III IFNs, possibly

leading to enhanced antiviral activities and restriction of viral replication. The responsiveness of

34



epithelial cells on the respiratory tract to type I and type III IFNs provides grounds to initiate

studies to explore the use of IFNA in limiting viral infections.

A phase 2 clinical study evaluated the efficacy of a single subcutaneous injection of peg-
IFNA versus placebo for treating outpatients with COIVD-19. Results showed that a greater
proportion of patients treated with peg-IFNA showed an undetectable viral load in nasal swab than
the placebo group at day 7 of symptom onset. In addition, peg-IFNA was safe and well tolerated
in outpatients with mild-to-moderate COVID-19 as they showed a similar side-effect profile to
those treated with placebo (Feld et al., 2021). As of February 5, 2022, a phase 3 clinical study is
still underway in Canada to evaluate the effects of peg-IFNA in patients with mild to moderate
COVID-19 (NCT number: NCT04967430). Together, the promising results of the advanced
clinical studies evaluating the efficacies of IFNf and IFNA for treating COVID-19 suggest that

antivirals boosting the host-mediated IFN response are worth investigating.

1.5. Peroxisomes

Peroxisomes have long been known for their critical roles in multiple metabolic pathways,
including B-oxidation of carboxylates and synthesis of ether-phospholipids (reviewed in (Van
Veldhoven, 2010)). Many of the pathways generate reactive oxygen or nitrogen species (ROS or
RNS) (Fransen et al., 2012) such as H>O., which is subsequently converted to H,O and O; by the
antioxidant enzyme catalase as a counteract measure to mediate the effects of the reactive species
(Bonekamp et al., 2009). Recent studies have shown that beyond their roles in cellular metabolism,

peroxisomes function in parallel with mitochondria as antiviral signaling platforms (Dixit et al.,
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2010). The following section reviews the important facets of peroxisome biogenesis and

pexophagy, and the interplay between peroxisomes and viruses.

1.5.1. Peroxisome biogenesis

1.5.1.1. Matrix protein import

Peroxisomes are membrane-bound organelles that employ ATP-dependent mechanisms
for import of matrix proteins and membrane proteins synthesized on free polyribosomes in the
cytosol (Lazarow and Fujiki, 1985). The import mechanisms of matrix proteins and membrane
proteins are different and will be discussed separately. For matrix proteins, the import process
consists of four steps: 1) recognition by the corresponding receptors, 2) docking of receptor-cargo
complex at the membrane of peroxisomes, 3) cargo translocation, and 4) recycling of receptors
(Kim and Hettema, 2015). Peroxisome matrix proteins are classified into two groups according to
their evolutionary conserved peroxisomal targeting signal (PTS). The carboxy-terminal PTS1s
conform to the consensus -(SAC)-(KHR)-(LM)- (Gould et al., 1989) and are recognized by the
receptor PEXS (Gatto et al., 2000). The amino-terminal PTS2s fit the consensus -R-(LIVQ)-X-X-
(LIVQH)-(LSGA)-X-(HQ)-(LA)- and they bind to the receptor PEX7 (Petriv et al., 2004). The
docking complex on the peroxisomal membranes, which consists of PEX13 and PEX14, interacts
with the PTS receptors during the import process (Lanyon-Hogg et al., 2010). Cargo-loaded PTS1
and PTS2 receptors interact with PEX14 and then PEX13 to facilitate docking, after which the
cargo is translocated across the membrane and released into the matrix of peroxisomes by a poorly
understood process that requires the monoubiquitylation of PTS1 and PTS2 receptors (Kim and

Hettema, 2015). The monoubiquitylation of PEXS5 and PEX7 not only promotes the release of
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cargo, but also facilitates their ATP-dependent recycling process to continue the recognition of

target protein in the cytosol (Grou et al., 2008; Rodrigues et al., 2014).

1.5.1.2. Membrane protein import

Similar to peroxisomal matrix proteins, peroxisome membrane proteins (PMPs) are also
synthesized on free polyribosomes before insertion into peroxisomal membranes (Fujiki et al.,
1984; Imanaka et al., 1996). There are two types of membrane PTSs (mPTS) on PMPs. Class |
PMPs possess mPTSs that are recognized by the chaperone and import receptor PEX19, while the

import of class II PMPs is independent of PEX19 (Jones et al., 2004).

Newly synthesized class I PMPs are recognized by PEX19 in the cytosol which then guides
the PMPs to peroxisomal membranes (Jones et al., 2004). Functional domains of PEX19 in PMP
insertion have been characterized. Its N-terminal docking domain interacts with the conserved
motif (NH2-YSTCMLVVLLRVQLNII-COOH) in the docking protein PEX3 (Fang et al., 2004),
and the C-terminal domain (amino acid residues 88—272) binds to the mPTS of PMPs (Fransen et
al., 2005). In addition, the amphipathic segment that lies between its N-terminal segment and C-
terminal domain was reported to be essential for PMP insertion (Chen et al., 2014). The docking
protein PEX3 also plays a role in PMP insertion. Its cytosolic domain is inserted with the lipid
bilayer, and the hydrophobicity of this domain likely allows the cargo to breach the hydrophilic
surface of the bilayer to facilitate PMP-membrane insertion. The import of class I PMPs by a

PEX19 independent pathway will be discussed in section 1.5.1.4.

37



1.5.1.3. Peroxisome biogenesis by growth and fission

Peroxisome growth and fission regulates the size and numbers of peroxisomes (Schrader
et al., 2012) and is regulated by PEX11 family, dynamin-like protein 1 (DLp1), and membrane
receptor proteins Mff and human Fisl (hFisl). There are three PEX11 isoforms in mammals:
PEX11a, PEX11p, and PEX11y (Abe and Fujiki, 1998; Tanaka et al., 2003). Results of the over-
expression of human PEX11p for 48 hours showed that the abundance of PMP70- and PEX14-
positive structures increased in human hepatoma cells and wild-type human skin fibroblasts
respectively. The results suggest that over-expression of PEXI11f induces peroxisome
proliferation in human cells (Li and Gould, 2002; Schrader et al., 1998b). Conversion of
peroxisome morphology was also observed in cells throughout the course of PEX11f over-
expression. At 6 hours after transfection, peroxisomes in the cells became elongated and tubular,
which were then gradually replaced by more numerous and smaller vesicles over the following 72
hours. Proteins involved in this multi-step process of PEX11p-mediated peroxisome proliferation
had not been known until Koch et al. reported the roles of mitochondrial fission factors Mff and
hFisl in peroxisomal division. They bind to peroxisomes and recruit another mitochondrial fission
factor DLPI to this organelle (Koch et al., 2005; Koch and Brocard, 2012). PEX11 interacts with
the proteins of fission machinery to form a complex and promote the formation of constriction
sites, resulting in increased peroxisome numbers (Delille et al., 2011; Kobayashi et al., 2007; Koch
and Brocard, 2012). The functions of DLP1 in peroxisomal fission not only include the binding
with the constriction sites, but also self-assembly on the membranes to stabilize the membrane
tubules before the final GTP hydrolysis dependent membrane scission (Kamerkar et al., 2018).

The functions of PEX11a and PEX11y in peroxisome growth and fission are still not clear, but it
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was shown that PEX11y is involved in both membrane elongation and interaction with PEX11[3

and hFisl.

1.5.1.4. De Novo synthesis of peroxisomes

Using live cell fluorescence microscopy, a new route of PMP insertion into pre-existing
peroxisomes was identified in which two PMPs, PEX3 and PMP34, were transported from the ER
to pre-existing peroxisomes by a process that is dependent on PEX16 (Aranovich et al., 2014;
Kim et al., 2006). Other PMPs are known to be recruited via the ER by PEX16, including PEX26,
PEX10, PEX11p and FIS1, a PMP that also localizes to mitochondria (Hua et al., 2015). The
functional domains of PEX16 in targeting PMP from the ER to peroxisomes are characterized:
ER targeting (transmembrane (TM) domain 1), PMP targeting (amino acid (aa) residues 66-103
and TM domain), and ER-to-peroxisome targeting (aa residues 71-81) (Hua ef al., 2015). However,
the precise mechanisms in which PEX16 recruits other PMPs to the ER in the absence of PEX19,
and how other PMPs target pre-existing peroxisomes from the ER are still unknown. Nonetheless,
these findings indicate that the ER and PEX16 are part of an PEX19-independent PMP import

pathway which may be important for maintenance of pre-existing peroxisomes.

Involvement of the ER in the biogenesis of peroxisomes has also been described in yeast
(Knoblach et al., 2013; Mast et al., 2016; Tam et al., 2005). For example, PEX3p was shown to
reside on both peroxisomes and the ER, and interact with the inheritance factor Inplp which
mediates a linkage of ER-bound PEX3p with peroxisomal PEX3p (Knoblach et al., 2013; Tam et
al., 2005). PEX29 and PEX30 reside on the ER and associate with other ER-resident proteins,
including Rtnl and Yopl, which play a role in ER membrane curvature (Mast ef al., 2016). A
model for peroxisome biogenesis was proposed in a study which reported the insertion of PMP

into the ER via the Sec61 translocon, and PMPs assemble into two types of sub-complexes on the
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ER membrane. Fusion of two classes of ER-derived pre-peroxisomal vesicles in the cytosol is

critical for the maturation of peroxisomes (van der Zand et al., 2012).

1.5.1.5. Peroxisome-ER tethering

Peroxisomes and ER form a close-knit network as they are in constant and essential
communication with other organelles. Peroxisomes rely on the ER for lipids and also receive
PMPs from this organelle ((Knoblach et al., 2013; Mast et al., 2016; Tam et al., 2005), and
reviewed in (van den Bosch et al., 1992)) Moreover, the synthesis of plasmalogens and cholesterol
initiated in peroxisomes is completed in the ER. The peroxisomal biogenesis factor PEX16 is
involved in the recruiting PMPs to the ER before targeting existing peroxisomes as discussed
above. However, other proteins involved in this process were not known until Hua et al. reported
that VAMP-associated proteins A and B (VAPA and VAPB) are responsible for peroxisomes
tethering to the ER through their interaction with the peroxisomal membrane acyl-CoA binding
domain containing 5 (ACBDS5) (Hua et al., 2017). Disrupting the VAP-ACBDS interaction
reduces the surface area of peroxisomes in cells as well as the plasmalogens and total cholesterol
levels, suggesting that the VAP-ACBDS interaction is required for growth of peroxisomes and

lipid synthesis.

1.5.1.6. Pexophagy

Peroxisome abundance in cells is regulated by de novo biosynthesis and/or fission and

growth as well as the turnover rate of this organelle. Similar to other organelles, peroxisomes are
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also subject to a selective quality control process known as autophagy, which involves a specific

receptor targeting the substrates to autophagosomes.

Attachment of a ubiquitin chain to PMP34 leads to a reduction of catalase-containing
structures, and those peroxisomes modified with ubiquitin showed colocalization with the
autophagosome maker protein LC3, suggesting the ubiquitinated peroxisomes became
sequestered in autophagosomes (Kim et al., 2008). The role of autophagy in depleting the number
of ubiquitinated peroxisomes in cells was further demonstrated through experiments which
showed that loss of peroxisomes was dependent on p62, an adaptor scaffold protein which binds
to polyubiquitinated proteins in aggregates and LC3. Reduction in peroxisome numbers could be
rescued by an autophagy inhibitor 3-MA, suggesting that autophagy was involved in the

degradation of ubiquitinated peroxisomes in cells.

The role of autophagy in depleting peroxisomes was further elaborated in a study of a specific
autophagy receptor that targets peroxisomes. Increased peroxisome aggregation and targeting to
lysosomes in cells over-expressing with NBR1 revealed that this protein does not only work
together with p62 in targeting polyubiquitylated protein aggregates to autophagosomes for
degradation (Deosaran et al., 2013), but also as an autophagy receptor for peroxisome degradation.
In addition, the ubiquitin domain of NBR1 was shown to be required for peroxisome degradation.
The results suggested that one or more ubiquitinated PMPs are likely to be targeted by p62 and

NBRI1 to initiate pexophagy.

The E3 ubiquitin ligase PEX2 is responsible for pexophagy (Sargent et al., 2016). PEX2 not
only causes ubiquitination of PEXS and PMP70, but overexpression of this protein significantly

reduces peroxisome density in NBR1 over-expressing cells during amino acid starvation
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conditions. Interestingly, only PEX2, but not the other peroxisomal E3 ubiquitin ligases PEX10
or PEX12, mediates ubiquitination of the PMPs PEX5 and PMP70 to recruit the autophagy

receptors NBR1 for pexohpagy.

1.5.2. Peroxisomes as antiviral signaling hubs

Several mitochondrial proteins including the outer membrane proteins Fisl and Mff are
found on peroxisomes (Gandre-Babbe and van der Bliek, 2008; Koch et al., 2005). They share
similar domain structures, which include an N-terminal effector domain and a C-terminal
localization motif that consists of a transmembrane domain and a short tail that anchors them to
the mitochondrial outer membrane. The observation that the antiviral protein MAVS resides on
peroxisomes as well as mitochondria suggested peroxisomes may also function in antiviral
signaling (Dixit et al., 2010). Indeed, MAVS signaling from peroxisomes, which can be triggered
by multiple viruses including Sendai virus and DENV, was found to induce production of type III
IFNs, creating a cellular antiviral state dependent on Jak-STAT-1 activities (Dixit et al., 2010;
Odendall et al., 2014). Furthermore, the MAVS-dependent induction of type I and type III IFN in
response to Sendai virus infection is similar in cells exclusively expressing MAVS on
peroxisomes only or mitochondria only suggesting that MAVS-induced IFN expression is not

dependent upon a single subcellular localization (Bender et al., 2015).

1.5.3. The interplay between peroxisomes and viruses during infection

Given their roles in antiviral defense, it is not unexpected to find that viruses have evolved
different strategies to counteract the IFN system by impairing peroxisome biosynthesis. Both

flaviviruses and coronaviruses encode proteins that impair peroxisome biogenesis through
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different mechanisms. The first study to document this phenomenon was done by the Hobman lab
who showed that in cells infected with DENV or WNV, peroxisome numbers were reduced by
more than 40% (You et al., 2015). Further analysis revealed that expression of flavivirus capsid
proteins reduced peroxisome numbers by targeting PEX19, which is essential for de novo
peroxisome biogenesis, for degradation. Later, it was shown that SARS-CoV-2 infection causes
the redistribution of peroxisomal matrix proteins to the cytosol and the formation of fragmented
peroxisomal membranes, suggesting a loss of integrity of the peroxisome compartment observed
during viral infection (Knoblach et al., 2021). Furthermore, SARS-CoV-2 ORF14 protein was
shown to interact with PEX14, suggesting the peroxisomal matrix protein import machinery is

likely to be disrupted.

Prior to the studies with SARS-CoV-2, the alphacoronavirus porcine diarrhea epidemic virus
(PEDV) was reported to reduce peroxisome numbers by more than 60% (Zhang et al., 2018).
Expression of the viral protein NSP1 was sufficient for this process as well as blocking nuclear
translocation of IRF1 and suppression of type III IFN. Even though the precise mechanisms were
not reported in the study, it is possible that PEDV NSP1 reduces peroxisome numebrs by
inhibiting the translation of mRNAs encoding peroxisomal proteins (Shen et al., 2018). Hepatitis
C virus (HCV) infection reduces expression of peroxisomal genes in Huh7.5.1 cells and liver
tissue of patients (Lupberger et al., 2019). In addition, peroxisomal MAVS is cleaved by the HCV
NS3/4A protease thereby inhibiting IFN induction (Ferreira et al., 2016). Human
immunodeficiency virus (HIV) impairs peroxisome biogenesis by 50% in part by upregulation of
multiple miRNAs (miR500a-5p, miR-34c-3p, miR-93-3p and miR-381-3p) that target the

peroxisome biogenesis factors PEX2, PEX7, PEX11B and PEX13 respectively (Xu et al., 2017).
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Intriguingly, some viruses have been shown to induce peroxisome proliferation during
infection and/or require peroxisomes for replication. Human cytomegalovirus (HCMV) and
herpes simplex virus type 1 (HSV-1) reportedly increase expression of peroxisome biogenesis
factors involved in peroxisome membrane assembly (PEX3 and PEX16) and those involved in
matrix protein import (PEX13 and PEX14) (Jean Beltran et al., 2018). Quantitative indirect
immunofluorescence revealed that infection of cells with HCMV or HSV-1 increased the
peroxisome pool by 3.6-fold. Conversely, replication of HCMV was reduced in cells that lack
peroxisomes due to knockout of genes encoding PEX3 or PEX19. It was suggested that HCMV
induces peroxisome proliferation in part to enhance synthesis of plasmalogens in order to facilitate
virus replication, as plasmalogens were shown to be enriched in HCMV viral membranes (Liu et
al., 2011). Latent infection of Kaposi’s Sarcoma associated Herpesvirus (KSHV) increases
expression of PEX3 and PEX19, resulting in ~50% increase in the peroxisome pool (Sychev et
al., 2017). Levels of the ATP Binding Cassette Subfamily D Member 3 (ABCD3) protein, a
peroxisome resident lipid transporter that transports very long chain fatty acids to peroxisomes

for oxidation, is also increased by KSHV infection.

1.6 Interplay between IFN system and Wnt/B-catenin signaling pathway

In the absence of Wnt ligands, B-catenin in the cytoplasm is processed by the ubiquitin-
proteasome system that involves a destruction complex containing glycogen synthase kinase
(GSK)-3a/B, casein kinase 1 (CK1), axin, adenomatous polyposis coli (APC), and the E3-
ubiquitin ligase beta-transducin repeats-containing proteins (B-TrCP). The engagement of Wnt
ligands to frizzled/LRP receptors results in the destabilization of the destruction complex, thus

allowing for the cytoplasmic B-catenin to translocate into the nucleus and bind to lymphoid

44



enhancer factor/T-cell factor (LEF/TCF) to induce the expression of Wnt target genes (reviewed

in (Kimelman and Xu, 2006)).

The IFN system has been reported to be negatively regulated by Wnt/B-catenin signaling
pathway ((Baril et al., 2013)). Baril M et al. reported that normal human brachial epithelial (NHBE)
cells transduced with lentiviruses encoding shRNA targeting B-catenin demonstrated upregulated
expression of IFNf in response to Sendai virus infection. Knockdown of 3-catenin by shRNA in
HEK 293T cells increased IFNf promoter-driven luciferase activity, as well as secretion of IFNf3
protein in response to Sendai virus infection. Moreover, HEK 293T cells transfected with siRNA
targeting -catenin not only showed higher IFIT1 and RIG-1 protein levels, but also exhibited
upregulated expression of IFNP and RIG-I mRNAs in response to Sendai virus infection.
Conversely, pharmacological inhibition of GSK3, which results in stabilization of [-catenin,
reduced the IFNPB promoter-driven luciferase activity in response to Sendai virus infection.
Together, these data suggest that Wnt/pB-catenin signaling acts as a negative regulator of IFN
induction and signaling in multiple human cell types. In contrast, other studies demonstrated an
antiviral role of -catenin in enhancing the expression of IFN ((Marcato et al., 2016; Wang et
al., 2008)). Marcato V ef al. showed that inhibition of GSK3 by LiCl not only increased -catenin
protein levels, but also increased in the interaction of B-catenin/TCF with the IFNJ promoter
region in mouse cells, consequently increasing IFN3 mRNA level. Another study reported that
siRNA mediated knockdown of GSK3p increased secretion of IFNf in LPS-stimulated mouse
macrophages. In addition, pharmacological inhibition of GSK33 by SB216763 increased c-jun

protein levels as well as secretion of IFNf in mouse macrophages in response to LPS stimulation
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((Wang et al., 2008)). These contrasting results may be in part to the fact that different cell types

were used in the studies.

1.7 Objectives of thesis

Peroxisomes are now known as signaling platforms that function in the IFN induction
pathway. Understanding the interplay between viruses and peroxisomes during infection will
provide novel insights into how viruses evade antiviral pathways and possibly reveal novel targets
for antiviral therapy. The main research aim is to investigate if and how peroxisome proliferation
enhances the IFN response and restricts replication of emerging pathogens such as ZIKV and
SARS-CoV-2. In Chapters 3 and 4, I focused on two approaches to manipulate peroxisome
abundance in cells. The focus of Chapter 3 was to understand if and how the over-expression of
PEXI11B boosts IFN response and consequently reduces ZIKV replication. In Chapter 4, I
investigated if Wnt/B-catenin pathway inhibitors can be used to pharmacologically modulate
peroxisome biogenesis; and determined if and how the inhibitors enhance IFN response and

consequently reduce replication of viruses including SARS-CoV-2 and ZIKV.
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Chapter 2

Materials and Methods
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2.1 Materials

2.1.1 Reagents

The following reagents were purchased from the indicated suppliers and utilized according

to the manufacturers’ recommendations unless otherwise stated.

Table 2.1 Commercial sources of materials, chemicals, and reagents

Name

1-Bromo 3-chloropropane

4’, 6-diamidino-2-phenylindole (DAPI)
Acetone (Certified ACS)
Acrylamide/Bis-acrylamide solution 40%
Adavivint (SM04690)

Agar

Agarose ultrapure electrophoresis grade
Ammonium acetate

Ammonium chloride

Ammonium persulphate (APS)
Ammonium sulfate

Ampicillin

BEGM TM Bronchial Epithelial Cell Growth
Medium

BEGM TM Bronchial Epithelial

Cell Growth Basal Medium

BEGM TM Bronchial Epithelial Cell
Growth Medium SingleQuots TM Supplements
and Growth Factors

Bovine serum albumin (BSA)
Bromophenol blue

CellMask Deep Red

Source

Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Bio-Rad

Selleckchem

Difco

Invitrogen

Invitrogen
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

Lonza

Lonza

Lonza

Sigma-Aldrich

Sigma-Aldrich

Invitrogen

48



Chloroform

Collagen I

Complete TM EDTA-free protease inhibitors
Crystal violet

Dimethyl sulphoxide (DMSO)
Dithiothreitol (DTT)

Dulbecco's modified Eagle's medium (DMEM)
E7449

ETC-159

Ethanol

Ethidium bromide solution
Ethylenediaminetetraacetic acid (EDTA)
Fetal bovine serum (FBS)
Formaldehyde 40% (v/v)

Glacial acetic acid

Glucose

Glycerol

Glycine

Glycylglycine

Guanidine hydrochloride

HCS CellMask™ Deep Red Stain
Hydrochloric acid

iCRT14

Isopropanol

Isopropanol molecular biology grade
IWP-O1

KYA1797K

LB agar

L-Glutamine

L-Histidine

L-Leucine

Thermo Fisher Scientific
Thermo Fisher Scientific
Roche

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Invitrogen

Selleckchem
Selleckchem
Commercial Alcohols
Sigma-Aldrich

EMD Chemicals
Invitrogen
Sigma-Aldrich

Thermo Fisher

Thermo Fisher Scientific
Thermo Fisher Scientific
EM Science

Sigma Aldrich

Thermo Fisher Scientific
Invitrogen

Thermo Fisher Scientific
Selleckchem
Commercial Alcohols
Sigma-Aldrich
Selleckchem
Selleckchem

Invitrogen

Invitrogen
Sigma-Aldrich
Sigma-Aldrich
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LGK-974

Lipofectamine 2000

Magnesium chloride (MgCl12)
Magnesium phosphate (MgSO4)
Methanol

Methylcellulose

Minimal essential media (MEM)
NCB-0846

N, N, N’ , N’-tetramethylenediamine (TEMED)
Non-essential amino acids (NEAA)
Nonidet P-40 (NP-40)/IGEPAL
Nuclease-free water

OptiMEM

Paraformaldehyde EM-grade (16%)
Penicillin-streptomycin solution (100X)
Polyinosinic-polycytidylic acid (poly(I:C))
Poly-L-lysine

pyrvinium

Halt phosphatase inhibitor cocktail (100x)
Potassium acetate

Potassium chloride (KCI)

Potassium phosphate (K2PO4)

ProLong Gold Antifade reagent without DAPI
Protein A-sepharose

Protein G-sepharose

Puromycin

Random oligonucleotide primers
RestoreTM Western Blot Stripping Buffer
Rutaecarpine

Sodium chloride (NaCl)

Sodium dodecyl sulphate (SDS)

Selleckchem
Invitrogen

EMD Chemicals
BDH Inc.
Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Selleckchem
Sigma-Aldrich
Gibco
Sigma-Aldrich
Thermo Fisher
Invitrogen
Electron microscopy sciences
Invitrogen

Sigma Aldrich
Sigma-Aldrich
Selleckchem
Thermofisher
Anachemia
Becton Dickinson & Company
BDH Inc.

Life Technologies
GE Healthcare
GE Healthcare
Sigma-Aldrich
Invitrogen

Pierce
Sigma-Aldrich
Sigma-Aldrich
Bio-Rad
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Sodium hydroxide
Sodium pyruvate
Sucrose

TPCK trypsin

Tris base

Triton X-100
Trypsin-EDTA (0.25%)
Tween 20 (polyoxyethylenesorbitan
monolaureate)

Wnt-C59

UltraPure distilled water

-Mercaptoethanol

Table 2.2 Molecular size standards

Marker
GeneRuler 1 kb DNA Ladder
PageRuler Pre-stained Protein Ladder (10-170 kDa)

Table 2.3 DNA/RNA modifying enzymes

Enzyme

Benzonase

Calf intestinal alkaline phosphatase
Restriction endonucleases

RNase A

T4 DNA ligase

Sigma-Aldrich
Gibco

EMD Chemicals
Sigma Aldrich
VWR
Invitrogen
Invitrogen

Thermo Fisher Scientific

Selleckchem.com
Invitrogen

Thermo Fisher Scientific

Source
Fermentas

Fermentas

Source

Millipore

Antarctica/ Invitrogen

New England BioLabs/ Invitrogen
Invitrogen

Invitrogen
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Table 2.4 Multi-component systems

System

CellTiter-Glo® Luminescent Cell Viability Assay
Improm-II Reverse Transcriptase system
Lipofectamine 2000 Transfection reagent
Lipofectamine RNAIMAX Transfection reagent
NucleoBond® Xtra Maxi

NucleoBond® Xtra Mini

NucleoSpin® RNA isolation kit

PerfeCTa SYBR Green SuperMix Low Rox
Platinum Taq PCR System

QIAEX II gel extraction kit

QIAGEN plasmid maxi kit

QIAprep spin miniprep kit

QIAquick PCR Purification kit

RNeasy mini kit

TransIT-LT1 Transfection reagent

Table 2.5 Detection systems

System

BIO-RAD C1000 Touch™ thermocycler
Molecular Imager GelDoc™ XR+ imaging system
NanoDrop ND-000 Spectrometer

IX-81 spinning-disk confocal microscope
Odyseey Infrared Imaging System

T100 Thermal cycler

PVDF membrane (0.45 uM)

Ultraviolet gel transilluminator

Source

Promega
Promega
Invitrogen
Invitrogen
Macherey-Nagel
Macherey-Nagel
Macherey-Nagel
Quanta Biosciences
Invitrogen
QIAGEN
QIAGEN
QIAGEN
QIAGEN
QIAGEN

Invitrogen

Source
BIO-RAD
BIO-RAD

Thermo Scientific
Olympus

LiCor

BIO-RAD
Millipore

Thermo Fisher Scientific
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2.1.2 Commonly used Buffers and Solutions

Table 2.6 Buffers and Solutions

Name

5x Protein sample buffer

6x DNA gel loading buffer

Alkaline lysis buffer

Bacteria resuspension buffer

HEPES-buffered saline (HEBS)

LB growth media

Neutralization buffer

NP-40 lysis buffer

Phosphate buffered saline (PBS)

PBS-T

RIPA buffer

SDS-PAGE resolving gel buffer

Ingredients

62.5mM Tris-HCI (pH 6.8), 2% (w/v) SDS, 25%
(v/v) glycerol, 0.01 % (w/v) bromophenol blue,
5% (v/v) B-mercaptoethanol

40% (w/v) sucrose, 0.25% (w/v) bromophenol
blue, 0.25% (w/v) xylene cyanol FF

200 mM NaOH, 1% (w/v) SDS

50 mM Tris-HCI (pH 8.0), 10 mM EDTA, 100
png/mL RNase A

137 mM NacCl, 5 mM KCI, 6 mM dextrose, 0.7
mM Na2HPO4, 20 mM Hepes pH 7.0

1% (w/v) Bacto-tryptone, 0.5% (w/v) Bacto-yeast
extract, 0.5% (w/v) NaCl, 0.1% (v/v) 1 M NaOH
3.0 M Potassium acetate (pH 5.5)

50 mM Tris-HCI (pH 7.2), 150 mM NaCl, 2 mM
EDTA, 1% (v/v) NP-40, 1 mM fresh DTT

137 mM NacCl, 2.7 mM KCI, 8 mM Na2HPO4
(pH 7.4)

137 mM NacCl, 2.7 mM KCI, 8 mM Na2HPO4
(pH 7.4), 0.05% (v/v) Tween-20

50 mM Tris-HCI (pH 7.5), 150 mM NacCl, 0.1%
(w/v) SDS, 1% (v/v) Triton X-100 1% (w/v)
sodium deoxycholate, 5 mM EDTA

0.1% SDS, 374 mM Tris-HCI (pH 8.8)
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SDS-PAGE running buffer
SDS-PAGE stacking gel buffer
TAE

Tris-buffered saline (TBS)

TBS-T

TE

Transfer buffer

2.1.3 Oligonucleotides

Table 2.7 Oligonucleotides

250 mM glycine, 0.1% SDS, 100 mM Tris Base

(pH 8.3)

0.1% SDS, 250 mM Tris-HCI (pH 6.8)

40 mM Tris acetate, | mM EDTA (pH 8.0)
137 mM NacCl, 2.7 mM KCl, 24 mM Tris-HCl

(pH 7.4)

137 mM NacCl, 2.7 mM KCI, 24 mM Tris-HCl

(pH 7.4), 0.05% (v/v) Tween-20

I mM EDTA, 10 mM Tris-HCI pH 7.5

200 mM glycine, 25 mM Tris base (pH 8.3), 20%

(v/v) methanol, 0.1% (w/v) SDS

Primer name Sequence (5°-3°) Engineered
sites*

PEX11B-myc TAGCACTAGTATG GGGAAACTG Sall

Forward

PEX11B-myc GTACGTCGACTTACAGATCCTCTTC  Spel

Reverse TGAGATGAGTTTTTGTTCGGGCTTG
AGTCG

IFIT1 Forward AGAAGCAGGCAATCACAGAAAA

IFIT1 Reverse CTGAAACCGACCATAGTGGAAAT

IFN-B Forward TAGCACTGGCTGGAATGAGA

IFN-B Reverse TCCTTGGCCTTCAGGTAATG

IFN-A2 Forward AGTTCCGGGCCTGTATCCAG

IFN-A2 Reverse GAACCGGTACAGCCAATGGT

Mayaro virus TTCCGAACCAAGTGGGATTC

Forward

Usage

Cloning

Cloning

qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
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Mayaro virus Reverse CACTTTACGTAYGGKGATGG gRT-PCR
MDAS Forward GAGCAACTTCTTTCAACCACAG qRT-PCR
MDAS Reverse CACTTCCTTCTGCCAAACTTG gRT-PCR
Mx2 Forward CAGCCACCACCAGGAAACA gqRT-PCR
Mx2 Reverse TTCTGCTCGTACTGGCTGTACAG qRT-PCR
RIG-I Froward AGTGAGCATGCACGAATGAA qRT-PCR
RIG-I Reverse GGGATCCCTGGAAACACTTT gqRT-PCR
SARS-CoV-2 CCTACTAAATTAAATGATCTCTGCT gRT-PCR
Forward TTACT
SARS-CoV-2 CAAGCTATAACGCAGCCTGTA qRT-PCR
Reverse
Viperin Forward CTTTTGCTGGGAAGCTCTTG qRT-PCR
Viperin Reverse CAGCTGCTGCTTTCTCCTCT
Zika virus Forward CCTTGGATTCTTGAACGAGGA qRT-PCR
Zika virus Reverse AGAGCTTCATTCTCCAGATCAA qRT-PCR
-actin Forward CCTGGCACCCAGCACAAT qRT-PCR
B-actin Reverse GCCGATCCACACGGAGTAC qRT-PCR
*Restriction sites in the sequences are underlined
Table 2.8 siRNA sequences
siRNA Strand Sequence (5’-3%) Source
Antisense  rArUrArCrGrCrGrUrArUrUrArUrArCrGrCrGrArUrUrArA IDT
rCrGrArC
siControl
Sense rCrGrUrUrArArUrCrGrCrGrUrArUrArArUrArCrGrCrGrU IDT
AT
Antisense  rCrArCrArArCrCrUrUrUrUrArUrUrArCrArUrCrArArGrA IDT
i-p AG
catenin  Sense rCrUrUrCrUrUrGrArUrGrUrArArUrArArArArGrGrUrUrG IDT

rUrGrGrA
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Table 2.9 Plasmid vectors

Plasmid Source

pCMV-VSV.G Charles Rice (Rockefeller University)
pGag-Pol Charles Rice (Rockefeller University)
pTRIP-IRES-AcGFP Constructed by M. Urbanowski
pTRIP-IRES-AcGFP- myc-PEX11B Constructed in this study

2.1.4 Antibodies

Table 2.10 Primary antibodies

Antibody Catalog Dilution Application Source
number

Goat anti-GFP ab5450 1: 2000 WB Abcam

Goat anti-ZIKV NS5 1:500 IF, WB ProSci Inc.

Mouse anti-FLAG epitope  F3165 1:1000 IF, WB Sigma Aldrich

(M2)

Mouse anti-MAVS Sc-166583  1:1000 WB Santa Cruz

Biotechnology

Mouse anti-myc (4A6) 05-724 1:1000, 1:1000 IF, WB Millipore

Mouse anti-PMP70 SAB42001 1:1000, 1:1000 WB, IF Sigma Aldrich
81

Mouse anti-SARS-CoV / GTX6326 1:1000 WB, IF GeneTex

SARS-CoV-2 (COVID-19) 04

spike antibody [1A9]

Mouse anti-f3-actin a3853 1:1000 WB Sigma Adrich

Rabbit anti-Catalase ab1877 1:1000 WB Abcam

Rabbit anti-PEX3 ab74505 1:1000 WB Abcam

Rabbit anti-PEX7 ab133754  1:500 WB Abcam

Rabbit anti-PEX11B ab74507 1:1000 WB Abcam
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Rabbit anti-PEX13
Rabbit anti-PEX14

Rabbit anti-PEX19

Rabbit anti-ZIKV capsid

Rabbit anti- 3 -catenin

ab190213
NBP-
71841
ab137072

GTX1333
17
ab32572

1: 500
1:300

1:1000, 1:5000
1:20

1:1000, 1:20

1:1000

WB
IF

WB, IF, IP

WB, IP

WB, IF

*WB: Western blot; IP: immunoprecipitation; IF: immunofluorescence

Table 2.11 Secondary

Antibody: Conjugate

Chicken anti-
goat::Alexa647
Donkey anti-
goat::Alexa680
Donkey anti-
mouse::Alexa488
Donkey anti-
mouse::Alexa680
Donkey anti-
rabbit::Alexa546
Donkey anti-
rabbit:: Alexa800
Goat anti-
rabbit::Alexa680
*WB: Western blot; IP

antibodies

Catalog

Number

A21469

A21084

A10038

A10038

A10040

926-32213

A21076

Dilution

1: 1000

1:10000

1: 1000

1:10000

1: 1000

1:10000

1:10000

Application*

IF

WB

IF

WB

IF

WB

WB

: immunoprecipitation; IF: immunofluorescence

Abcam
Novus
Biologicals
Abcam

Genetex

Abcam

Source

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Invitrogen

Li-COR

Invitrogen
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2.1.5 Cell lines and viruses

2.1.5.1 Cell lines

A549 (human alveolar basal epithelial), U251 (human glioblastoma), HEK293T (human
embryonic kidney), Vero cells (Green monkey kidney), Vero-E6 cells (a clone of Vero 76, which
is a derivative of Vero cells), Calu-3 cells (human bronchial epithelial), C6/36 (Aedes albopictus
clone) were purchased from the American Type Culture Collection (Manassas, VA). Primary
human fetal astrocytes (HFAs) were prepared as previously described from 15-19 week aborted
fetuses (Vivithanaporn et al., 2016) with written consent approved under the protocol 1420 by the
University of Alberta Human Research Ethics Board (Biomedical). Primary normal human
bronchial epithelial (NHBE) lung cells from lung brush samples were cultured in Collagen I
(Thermo Fisher, Catalog #: A1064401) coated flasks or dishes with commercial BEGMTM
Bronchial Epithelial Cell Growth Medium (Catalog #: CC-3170, LONZA, Walkersville MD).
Lung brushes were obtained from bronchoscopy patients with written consent approved under the
protocol 99685 by the University of Alberta Human Research Ethics Board (Biomedical). This
culture system consists of BEGMTM Bronchial Epithelial Cell Growth Basal Medium (Catalog
#: CC-3171), BEGMTM Bronchial Epithelial Cell Growth Medium SingleQuotsTMSupplements

and Growth Factors (Catalog #: CC-4175).

2.1.5.2 Viruses

DENV-2 (New Guinea strain) was provided by Dr. Mike Drebot (Public Health Agency
of Canada, Winnipeg, MB). PLCal and PRVABCS9 strains of Zika virus were kindly provided
by Dr. David Safronetz (Public Health Agency of Canada). The Zika virus (strain H/PF/2013,
French Polynesia) was kindly provided by Dr. Michael Diamond (Washington University School

of Medicine, St. Louis, MO, USA). The Zika virus (strain MR766) was generated from a
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molecular clone kindly provided by Dr. Matthew J. Evans (Icahn School of Medicine at Mount
Sinai, New York, NY, USA). DENV and ZIKV manipulations were performed under level-2
containment procedures. DENV-2 stock was generated using Vero cells while ZIKV stock was
generated using C6/36 cells. Zika virus and DENV-2 stocks were titered by plaque assay (as
described in Section 2.2.4.2). Sendai virus (SeV) Cantell strain was purchased from Charles River
Laboratories (Wilmington, MA). Virus manipulations were performed according to level-2
containment procedures. The CANADA/ON-VIDO-01/2020 isolate of SARS-CoV-2 was kindly
provided by Dr. Darryl Falzarano, Vaccine and Infectious Disease Organization, University of
Saskatchewan. Clinical isolates representing D614G (72B/CA/CALG), Alpha, Beta and Gamma,
Delta and Omicron variants of SARS-CoV-2 were kindly provided by Dr. Lorne Tyrrell
(University of Alberta). The alphavirus mayaro virus (MAYV) serotype D (strain 07-18066-99)
was kindly gifted by Brandy Russell at Centre for Disease Control and Prevention (Fort Collins,
CO, USA). SARS-CoV-2 infection studies were performed according to biosafety level 3

containment procedures.

2.2 Methods

2.2.1 Molecular Biology

2.2.1.1 Isolation of plasmid DNA from Eschericia coli (E.coli)

Small- and large-scale isolations of plasmid DNA were performed using QIAprep spin
miniprep and QIAGEN plasmid maxi or NucleoBond® Xtra Maxi kit respectively (Table 2.4).
The concentrations of plasmid DNAs were determined using a NanoDrop ND-1000

Spectrophotometer (Table 2.5). DNA samples were kept at -20 °C for long-term storage.

59



2.2.1.2 Polymerase chain reaction (PCR)

Platinum High fidelity Taq (Table 2.4) was used for amplification of DNA. A 50 uL
typical reaction contained 100 ng of DNA template, 200 nM of forward and reverse primers, 200
nM of each ANTP, 1 mM MgSO04, and 2.5-5 U of DNA polymerase. Reactions were performed

for 35 cycles in a T100 Thermal cycler (Bio-Rad; Table 2.5).

2.2.1.3 Restriction endonuclease digestion

DNA digestions were carried out in a reaction volume of 20 pL containing 2 pg of DNA
and 2-10 U of restriction endonuclease in the appropriate digestion buffer. Where indicated, vector
DNA was dephosphorylated using calf intestinal alkaline phosphatase (Table 2.3) according to

manufacturer’s recommendations.

2.2.1.4 Agarose gel electrophoresis

Electrophoresis grade agarose (0.8%-2.5% [w/v]) was dissolved in the TAE buffer by
heating (Table 2.6). Ethidium bromide (Table 2.6) was then added to the agarose solution at a
final concentration of 0.5 pg/mL. The agarose gels were kept at room temperature for
solidification, after which they were immersed in a TAE buffer. DNA samples were mixed with
6x DNA gel loading dye (Table 2.6), loaded into gels and which were then subjected to ~100 volts
(V). Images of DNA fragments were captured using a Molecular Imager GelDoc XR+ imaging
system (Table 2.5), the DNA fragments were visualized using an ultraviolet Transilluminator

(Table 2.5).

2.2.1.5 Purification of DNA fragments

PCR products were purified using QIAquick PCR purification kits (Table 2.4) prior to

restriction endonuclease digestion. Following endonuclease digestion, DNA fragments were
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separated by agarose gel electrophoresis. Bands of interest were excised with a clean razor blade.
DNA fragments were subsequently extracted from the gel using a QIAEX gel extraction kit (Table

2.4).

2.2.1.6 Ligation of DNA

Inserts and vectors were combined in molar ratios ranging from 3:1-6:1, using no more
than 150 ng of DNA in total with a minimum of 1-5 U of T4 DNA ligase (Table 2.3). Negative
controls containing only the vector, but no insert were also used. Reaction volumes were kept at
20 pL and ligations were performed overnight at 16 °C in a thermocycler. To reduce vector self-

ligation, vector DNA was dephosphorylated using calf intestinal alkaline phosphatase (Table 2.3).

2.2.1.7 Transformation of E. coli.

SubCloning Efficiency chemically-competent DHS5a E. coli (Invitrogen) and MAX
Efficiency DHS5a E. coli (Invitrogen) were used for plasmid DNA transformation. The cells were
thawed on ice, then ~40ng of plasmid was added to the thawed cells followed by a 30 min
incubation on ice. The bacterial cells were transformed by heat-shock at 42 °C for 45 sec and
cooled on ice for 2 min. Transformed cells were cultured in the appropriate antibiotics following
the manufacturer’s recommendations. Sixteen-hours later, individual colonies were selected and

cultured for plasmid isolation the next day.

2.2.2 Construction of AcGFP plus myc-tagged PEX11B expression

Oligonucleotide primers were designed to amplify the desired PEX11B sequence in the
pCMV3-PEX11B construct purchased from Sino Biological Inc, and to introduce a myc epitope
cassette into the 5’ end of the cDNA. To construct the lentiviral plasmid encoding myc-tagged

PEXI11B, a PCR generated myc-tagged PEX11B cDNA was subcloned into the Spel and Xhol
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sites of the plasmid pTRIP-MCS-IRES-AcGFP. The resulting plasmid pTRIP-MCS-IRES-
AcGFP-myc-PEX11B directs independent expression of AcGFP and myc-tagged PEX11B. All
primers used for construction of plasmids are listed in Table 2.7. The authenticity of each plasmid
construct was verified by DNA sequencing at The Applied Genomics Centre (University of

Alberta).

2.2.3 Cell culture and transfection

2.2.3.1 Cell culture maintenance

A549, HEK293T, U251, Vero and Vero E6 cells were cultured in Dulbecco’s modified
Eagle’s medium (DMEM; Table 2.1) containing 10% (v/v) heat-inactivated FBS (Table 2.1), 4.5
g/L D-glucose (Table 2.1), 2 mM glutamine (Table 2.1), 25 mM HEPES (pH 7.4; Table 2.1), 110
mg/L sodium pyruvate (Table 2.1), 100 units/mL penicillin and 100 ug/mL streptomycin (Table
2.1). HFAs were grown in Minimum Essential Media (Table 2.1) supplemented with 10% FBS,
L-glutamine, MEM non-essential amino acids (Table 2.1), sodium pyruvate (Table 2.1), and 1
g/mL glucose (Table 2.1). Calu-3 cells were cultured in Minimum Essential Media supplemented
with 100 U/mL penicillin and streptomycin, 1 mM HEPES, 20% heat-inactivated FBS, L-
glutamine, MEM non-essential amino acids, and sodium pyruvate. Cells were incubated at 37 °C
in a humidified atmosphere with 5% CO2. Primary normal human bronchial epithelial (NHBE)
lung cells were cultured in Collagen I (Table 2.1) coated flasks or dishes with commercial
BEGM™ Bronchial Epithelial Cell Growth Medium (Table 2.1). This culture system contains
BEGM™ Bronchial Epithelial Cell Growth Basal Medium (Table 2.1) and BEGM™ Bronchial

Epithelial Cell Growth Medium SingleQuots™ Supplements and Growth Factors (Table 2.1).
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2.2.3.2 Transient transfection of cell lines

HEK293T and U251 cells were transiently transfected with plasmids using Lipofectamine
2000 or TransIT-LT1 transfection reagent (Table 2.4). Twenty-four hours prior to transfection,
HEK293T (3x10° per well), were seeded into 12-well plates. Cells were then transfected with 1
pg of plasmid DNAs mixed with 2 pL of Lipofectamine 2000 in Opti-MEM media (Table 2.1).
Transfected cells were processed for experimental analysis 48-hr post-transfection as indicated.
For transfection of poly(I:C) (Table 2.1) into U251 cells, 1 ug of the dSRNA were mixed with 3
puL of TransIT-LT1 in OptiMEM media (Table 2.1). Transfected cells were processed for
experimental analysis 8- or 16-hr post-transfection as indicated. When other culture dish formats
were used, the number of cells, DNA plasmids and transfection reagents were scaled up or down

according to the surface area of the dish/well.

2.2.3.3 RNA interference

Small interfering RNAs (siRNAs) were used to transiently knockdown expression of p3-
catenin in transfected cells (Table 2.8). A549 cells (1x10° per well) were seeded into 12-well
plates 24 hr before transfection. Cells were then transfected with 30 pmol of non-targeting control
siRNA (siControl) or siRNAs specific for human B-catenin mRNA. The siRNAs (200 nM, final
concentration) were mixed with 4 pL of Lipofectamine RNAIMAX reagent (Table 2.4) in Opti-
MEM media prior to addition to cells according to manufacturer’s recommendations. Cells were

incubated at 37 °C for another 48 hr before processed for further analyses.
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2.2.4 Virology techniques

2.2.4.1 Virus infection

DENV-2, ZIKV and MAYYV infection: Experiments with DENV-2, ZIKV and MAYV
were conducted under CL-2 conditions. Virus stocks were diluted in DMEM lacking FBS and
antibiotics and then added to cells that had been washed with PBS. Cells were infected with
viruses at multiplicities of infection (MOIs) of 0.5-5, depending on the experimental objectives.
Cells were incubated with the virus for 2 hours at 37°C, after which the inoculum was replaced

with normal growth media. Infected cultures were kept at 37°C until experimental analyses.

Sendai virus infection: Experiments with Sendai virus were handled under CL-2
conditions. Cells were challenged with 100 HAU/ml of Sendai virus for 8 or 16 hours. Infected

cultures were kept at 37°C until experimental analyses.

2.2.4.2 DENV-2, ZIKV and MAYYV plaque assays

The day before infection, Vero cells (1.5 x10° per well) were seeded into 24-well plates.
Culture supernatants from DENV-2-, ZIKV-, or MAYV infected cells were 10-fold serially
diluted in serum-free DMEM. To each well, 100 uL of DMEM was added, after which 100 pL of
virus-containing dilution was added. Plates were placed in a 37°C with 5% CO> incubator for one
hour, after which 1 mL of DMEM containing 0.5% methylcellulose (Tale 2.1), and 100 units/mL
penicillin and 100 pg/mL streptomycin was added to each well. After 2, 4 and 6 days (for MAY'V,
ZIKV and DENV-2 respectively), cells were fixed with formaldehyde at a final concentration of
10% (v/v), and then stained with 1% (w/v) crystal violet in 20% (v/v) methanol (Table 2.1) for
one hour. After rinsing wells with water, the plates were dried and the numbers of plaques in each

well were counted.
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2.2.4.3 Production and use of recombinant lentiviruses

Lentiviruses encoding myc-tagged PEXI11B: To produce infectious lentiviral
pseudoparticles, HEK293T cells (3x10°) grown in 100 mm-diameter dishes were co-transfected
with 5.6 pg of pTRIP-IRES-AcGFP- myc-PEX11B or pTRIP-IRES-AcGFP (Urbanowski and
Hobman, 2013), 5.6 ug of pGag-Pol and 1.6 pg of pHCMV-VSV G using 48 pL of TransIT-LT1
transfection reagent. Transfection mixtures were added to cells with DMEM containing 3% (v/v)
FBS, 4 pg/mL polybrene (Table 2.1) and 20 mM HEPES (pH 7.4). and incubated for 48-hr.
Lentivirus-containing media were collected and centrifuged at 1000xg to remove cell debris,
passed through a 0.45uM filter and then aliquoted into cryo-vials and stored at -80 °C until

required.

To transduce U251 cells (4x10° per well), lentivirus stocks were diluted in DMEM
containing 3% (v/v) FBS, polybrene (4 ug/mL polybrene) and HEPES (20mM, pH 7.4) and then
spinoclulated for 1 hr at 37°C in an Eppendorf A-4-62 rotor. The lentivirus inoculum was replaced

with DMEM containing 10% FBS. Transduced cells were analyzed 48 hr post-transduction.

2.2.5 Microscopy

2.2.5.1 Indirect Immunofluorescence

A549 (1x10° per well), HFA (2x10° per well) and U251 (1x10° per well) cells were
cultured in 12-well plates with coverslips and then processed for indirect immunofluorescence
microscopy after 24-, 48-, or 72-hr post-infection, post-transfection, post-transduction or post-
treatment as indicated. Cells were washed with PBS three times and fixed with 4% (v/v) PFA for
10 min at room temperature. Fixed cells were washed three times with PBS before

permeabilization with Blocking Buffer containing 3% (w/v) BSA and 0.2% (v/v) Triton X-100
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(Table 2.1) for 1-hr at room temperature. Cover slips were incubated with primary antibodies (as
indicated in Table 2.9) diluted in the same Blocking Buffer, followed by incubation at 4 °C
overnight or 2-hr at room temperature. Following primary antibody incubation, coverslips were
washed three times with PBS for 15 min each wash. Coverslips were then incubated with
secondary antibodies (Table 2.10) and 1 ug/mL DAPI (Table 2.1) (as indicated in Table 2.9)
diluted in the same Blocking Buffer at room temperature for 1-hr, which was followed by three
PBS washes, for a total of 45-min. For experiments determining peroxisome density, coverslips
were incubated with CellMask Deep Red (diluted in PBS according to manufacturer’s
recommendations) (Table 2.1) at room temperature for 30 min, which was followed by PBS wash
for three times, 15 min each. Coverslips were mounted onto slides with Prolong Gold anti-fade
reagent without DAPI (Table 2.1). Images were acquired on an Olympus I X 81 spinning-disk
confocal microscope equipped with 60%/1.42 oil or 20%/0.85 -numerical-aperture oil PlanApo N
objectives (Table 2.5). All images were acquired and processed using Volocity 6.2.1 software

(PerkinElmer).

2.2.5.2 Quantification of peroxisomes and cell volume

Z-stack images acquired using a confocal microscope were exported from Volocity 6.2.1
as an OEML.tiff file. The exported images were then processed using Imaris 7.2.3 software
(Bitplane, Concord, MA, USA). Peroxisomes within polygonal areas that excluded the nucleus
were quantified (quality and voxel). Within the selected regions, the absolute intensity of the
peroxisomes was determined and then entered into a Microsoft Excel spreadsheet. The data were
then analyzed using the student's t-test. In each cell, peroxisomes were selected based on the
absolute pixel intensity in the corresponding channel, and their numbers were then determined.

Depending on the primary antibodies used, only those PEX14/PMP70/SKL-positive structures
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with volumes between 0.001 and 0.05 pm? were included for measurement. Cell volume was
determined by CellMask Deep Red staining and the values were then entered into a Microsoft
Excel spreadsheet. Peroxisome density was calculated by dividing the number of peroxisomes by

the cell volume.

2.2.6 Protein gel electrophoresis and detection

2.2.6.1 Preparation of protein samples

Cells were washed three times with cold PBS on ice, and then lysed in RIPA buffer (Table
2.6) containing a cocktail of protease inhibitors. Cell lysates were incubated on ice for 30 min and
then centrifuged at 12,000 x g for 15 min at 4°C after which the supernatants were collected. The
cells lysates were then mixed with a 5x Protein Sample Buffer (Table 2.6) containing 2-5% (v/v)
B-mercaptoethanol and 0.2 pL/sample Benzonase at a 1:5 ratio and then heated at 95 °C for 5 min.
Proteins were resolved by SDS-PAGE, transferred to immobilon-polyvinylidene fluoride (PVDF)

membranes (Table 2.5) and then detected by Western blotting as described below.

2.2.6.2 Sodium dodecyl-sulphate polyacrylamide gel electrophoresis (SDS-PAGE)

Proteins were separated by discontinuous gel electrophoresis (5% stacking gel and 10%
resolving gels). Stacking gels were prepared by adding 5% acrylamide/bis-acrylamide to Stacking
gel buffer (Table 2.6) with 0.1% (w/v) ammonium persulphate and 0.1% (v/v) TEMED. Resolving
gels were prepared by combining appropriate amounts of acrylamide/bisacrylamide with
Resolving gel buffer (Table 2.6), 0.1% (w/v) APS and 0.1% (v/v) TEMED. Protein samples were
mixed with a 5x protein sample buffer (Table 2.6) and denatured at 95°C for 10 minutes.

Electrophoresis was performed in a Bio-Rad Mini-Protean III system using SDS-PAGE running

67



buffer (Table 2.6) at 90 V. After electrophoresis, gels were processed for Western Blot analysis

as described below.

2.2.6.3 Western Blot analysis

Following SDS-PAGE, proteins were transferred from gels to 0.45 um PVDF membranes.
PVDF membranes were incubated with methanol for at least 20 min at room temperature for
activation and then incubated in Transfer Buffer (Table 2.6) for equilibration. Transfer was carried
out using Western Blot Transfer Buffer (Table 2.6) and a Mini Trans-Blot Electrophoresis transfer
cell apparatus (Bio-Rad) at a constant current of 320 mA for 2 hr in an ice-filled bucket. After the
completion of the transfer, the PVDF membranes were incubated with a Blocking Buffer
containing PBS-T or TBS-T (Table 2.6) with 5% (w/v) skim milk powder for at least 1 hr at room

temperature on a rocking device.

Membranes were incubated with primary antibodies diluted in PBS-T or TBS-T containing
5% (w/v) skim milk powder for 3 hr at room temperature or at 4 °C overnight on a rocking device.
After three washes (15 min each) with PBS-T or TBS-T at room temperature, membranes were
incubated with fluorophore-conjugated secondary antibodies diluted in PBS-T or TBS-T
containing 5% (w/v) skim milk powder for a minimum of 1 hr. Finally, membranes were washed
three times with PBS-T or TBS-T (15 min each) and processed for protein detection as described

below.

2.2.6.4 Detection of fluorophore-conjugated secondary antibodies

Membranes were washed with PBS (minimum of 5 min at room temperature) to remove
any residual Tween-20. They were placed face-down on the scanner bed of an Odyssey Infrared

Imaging system. The membranes were then scanned at 84-um resolution on a quality setting of
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“Medium” or “High”. Quantification of proteins was performed using Odyssey Image Studio Lite

software Version 5.2.

2.2.7 Biochemical analysis of protein-protein interactions

2.2.7.1 Co-immunoprecipitation

Co-immunoprecipitation of PEX19 and ZIKYV capsid protein: U251 cells (3x10°) were
seeded into p100 dishes one day before infection. The cells were infected with ZIKV (MOI=3)
for 48 hr. Cells were washed once with ice-cold PBS and then lysed with NP-40 Lysis Buffer
(Table 2.6) containing Complete protease inhibitors (Table 2.1) on ice for 30 min. The lysates
were clarified by centrifuging at 14,000 rpm in a microfuge for 10 min at 4 °C. Small aliquots
were kept for loading controls. The rest of the lysates were pre-cleared with protein G or protein
A Sepharose beads (Table 2.1) for 10 min at 4 °C with rotation, after which the lysates were
incubated with anti-PEX19 or anti-capsid antibodies for 3 hours at 4 °C with rotation. Twenty-
microliters of protein A-Sepharose or protein G-Sepharose beads (50% suspension) were added
to samples. Together, they were incubated for 2 hr at 4 °C with rotation. After centrifuging at
500xg for 15 seconds, the immunoprecipitants were washed three times with NP40 Lysis buffer,
and the bound proteins were eluted by heating at 95 °C for 10 min in Protein Sample Buffer.
Proteins were separated by SDS-PAGE and transferred to PVDF membranes for Western Blotting

analysis.
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2.2.8 RNA techniques

2.2.8.1 RNA isolation

Total RNA from cell lysates was isolated using RNeasy mini-Kits (QIAGEN) or
Nucleospin RNA isolation kit (Macherey-Nagel) (Table 2.4) and then stored at -80 °C until

required for use.

2.2.8.2 ¢cDNA synthesis

The Improm-II Reverse Transcriptase system (Promega) (Table 2.4) was used to reverse
transcribe isolated RNA into cDNAs. In a typical reaction (20 pL), 4 uL. of RNA and 2 pL of
random primers (200 ng/ uL) were added. cDNA synthesis reactions were carried out at 42 °C for
2 hr in a Bio-Rad T100 Thermal cycler. Reactions were terminated by incubation at 75 °C for 10
min after which the cDNAs were diluted (1:3) in nuclease-free water and then stored at -20 °C

until use.

2.2.8.3 Quantitative reverse-transcription PCR (qQRT-PCR)

QRT-PCR reactions were conducted using the PerfecTa SYBR Green Supermix low Rox
real-time PCR kit (Quanta Biosciences) (Table 2.4) in a BIO-RAD C1000 Touch™ thermocycler
(Table 2.5). Reactions (15 pL) were performed in duplicate and contained 3 pL. of cDNA and 100
nM of gene-specific primer sets (forward and reverse). The amplification program consisted of an
initial denaturing step at 94 °C for 2 min, followed by 40 cycles of 20 sec at 94 °C, 20 sec at 55
°C, and 20 sec at 68 °C. Fluorescence was read after the 55 °C annealing step in each cycle. To
obtain melting curves for analysis of gene product specificity, fluorescence was read after the
amplification step at 68 °C in the final cycle. The comparative CT (AACT) method (Livak and

Schmittgen, 2001) was used to quantify the relative levels of each RNA transcript. The ACT
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values were calculated using -actin mRNA or GAPDH (CT value) as the internal control. The
AACT values were determined using the appropriate control samples as the reference values.

Relative levels of mRNAs of the gene of interest were calculated using the formula 2(-AACT)

2.2.9 EC50 and CC50 determination

EC50 determination: The 50% effective concentrations of Wnt inhibitors (IWP-O1,
KYA1797K and Pyrvinium) against SARS-CoV-2 (EC50; the compound concentration that
reduces viral titers by 50%) were determined by using plaque assay. 5X10* Calu-3 cells were
seeded and were grown in a 96-well plate and were pre-treated with 10-fold serial dilutions of
compounds (0.01 nM to 1000 nM) or DMSO alone. After 24 hours, cells were infected with
SARS-CoV-2/CANADA/VIDO 01/2020 strain (MOI=0.5) and virus-containing media were
collected 24-hr later and then subjected to plaque assay. The number of plaques from each

concentration of the compound treatment was counted and the viral titers were calculated.

CC50 determination: To determine CC50 values (the compound concentration that
reduces the cell viability by 50%), Calu-3 cells were treated with the same concentration range of
Wnt/B-catenin as described above except that they were not infected. Seventy-two hours after drug
addition, cell viabilities were measured using a CellTiter-Glo® Luminescent Cell Viability Assay
kit (Promega; Madison, WI, USA). Briefly, cells grown in opaque-walled 96-well plates were
treated with DMSO or Wnt/B-catenin inhibitors for 72 hours. After removing culture media, 100ul
of CellTiter-Glo® Reagent and 100ul of PBS were added to each well after which the plate was
placed on an orbital shaker for 2 minutes to induce cell lysis. The plate was incubated at room
temperature for an additional 10 minutes after which luminescence was recorded at an integration
time of 1 second per well using Synergy HTX plate reader (Biotek; Winooski, VT, USA). EC50

and CC50 values were determined using logarithmic interpolation and data were then analyzed
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and graphed using GraphPad Prism software version 7.0 (GRAPH PAD software Inc, California,

USA). Selectivity Indexes were calculated by dividing CC50 by EC50.
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Chapter 3

Interplay between Zika Virus and Peroxisomes during Infection

A version of this chapter has been published in:

“Wong CP, Xu Z, Hou S, et al. Interplay between Zika Virus and Peroxisomes during Infection.
Cells. 2019;8(7):725. Published 2019 Jul 15. doi:10.3390/cells8070725”
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3.1 Rationale

Zika virus (ZIKV) infection most often causes a mild self-limiting illness in humans. It
started to raise public concerns over its association with neurological disorders after the outbreak
in French Polynesia between 2013 and 2014 (Cao-Lormeau et al., 2016). Since then, ZIKV has
been considered an important human pathogen that can cause congenital defects in the fetus
including microcephaly and neurological conditions in adults (e.g. Guillain-Barré syndrome).
Molecular and immunologic studies have demonstrated the presence of ZIKV RNA or viral
particles in the brains of fetuses diagnosed with microcephaly (Brasil et al., 2016; Calvet et al.,
2016; de Aratjo et al., 2016; Driggers et al., 2016; Oliveira Melo et al., 2016) suggesting that the
virus is to establish persistent infection in the fetal brain. Unfortunately, there are no specific
therapeutic antivirals available for ZIKV. Mouse models have provided important information
about ZIKV pathogenesis. For example, ZIKV infection of mice that are unable to mount an
interferon (IFN) response resulted in higher viral loads and more severe clinical disease (Aliota et
al., 2016; Lazear et al., 2016; Yockey et al., 2016). These observations highlight the critical role

of IFN in restricting replication of ZIKV.

In addition to localizing to mitochondria, a pool of the antiviral adaptor molecule MAVS
is present on peroxisomes which allows them to function as antiviral signaling hubs that elicit
type-I and type-III IFN signaling in response to viral infection (Dixit et al., 2010; Odendall et al.,
2014). To counteract the antiviral response initiated by peroxisomes, viruses have evolved
strategies to impair peroxisome biogenesis during infection, examples of which include depleting
important peroxisomal proteins and interfering with transcription of the genes encoding
peroxisomal proteins (reviewed in (Wong et al., 2018)). Our laboratory is one of the pioneers in

exploring the virus-peroxisome interactions. One study from the Hobman lab revealed that WNV
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and DENYV infection impairs peroxisome biogenesis to abrogate the innate immune response (You
et al., 2015). The study analyzed the functional consequences of the interaction between WNV
and DENV capsid proteins and PEX19, a peroxisomal protein which is crucial for de novo
biosynthesis of peroxisomes. It demonstrated that WNV and DENV infection induces loss of
PEX19 and reduction in peroxisome numbers. The role of peroxisomes as antiviral signaling hubs
was further validated in this study which showed that WNV and DENV suppressed induction of

type-III IFN, likely as a result of reducing PEX19 levels and consequently the peroxisome pool.

Growing evidence indicates that other viruses impair antiviral signaling by
downregulating peroxisome biogenesis or inhibiting functions of this organelle. HCV NS3
protease cleaves MAVS localized on peroxisomes to dampen the IFN induction (Bender ef al.,
2015; Ferreira et al., 2016). The alphacoronavirus porcine diarrhea epidemic virus NSP1 causes
reduction of peroxisome numbers and inhibits the induction of type III IFN expression (Zhang et
al., 2018). HIV infection reduces peroxisome number by upregulating miRNAs that target

peroxisome biogenesis factors (Xu et al., 2017).

Given that multiple flaviviruses impairing peroxisome biogenesis during infection, I
hypothesized that the recently emerged flavivirus ZIKV employs a similar strategy during
infection of fetal brain tissue. I investigated the interplay between ZIKV and peroxisomes during
infection of primary human fetal astrocytes (HFAs) and human astrocytoma U251 cells. ZIKV
infection resulted in significant downregulation of peroxisomes in these cell types, an effect that
appears to be mediated through the viral capsid protein, which binds PEX19. Conversely, we
observed that inducing peroxisome proliferation by over-expression of PEX11B resulted in

enhanced IFN production and reduced ZIKV replication.
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3.2 Results

3.2.1 ZIKY infection reduces number of peroxisomes in primary human fetal astrocytes

(HFAs) and U251 cells

Besides mediating innate immune responses, peroxisomes play critical roles in metabolism
of lipids that affect the central nervous system. We therefore investigated the consequences of
ZIKV infection on these organelles in astrocytes, which are the most abundant cell type in the
brain. Primary HFAs were infected with four different ZIKV strains including two pandemic
strains of Asian lineage; one isolated during the 2015/2016 outbreak in South America
(PRVABC59) and one isolated from an outbreak in French Polynesia in 2013 (H/PF/2013). The
other two strains included a third contemporary Asian strain (PLCal) isolated from a returning
Canadian traveler (Shepard et al., 2014) and the prototype African strain MR766. To investigate
the number of peroxisomes in ZIKV infected primary HFAs, cells were infected with ZIKV and
then processed for immunofluorescence and confocal microscopy analysis using antibodies to
pmp70 and ZIKV NS5. Data in Figure 3.1A show that infection of the cells with different strains
of ZIKV reduced the numbers of peroxisomes by more than 60%. To confirm the apparent loss of
peroxisomes was not simply depletion of pmp70 alone, we used Western blotting to examine the
abundance of multiple critical peroxisome biogenesis factors including PEX3, PEX7, PEX11B,

PEX13 and PEX19.

Consistent loss of peroxisomal proteins was observed in HFAs infected with ZIKV
between 24- and 48-hr. At the latter timepoint, there was a dramatic drop in the levels of PEX3,
PEX7, PEX11B, PEX13 and PEX19 (Figure 3.1B). Among these peroxisome biogenesis factors,
PEX19 was the most affected with levels being reduced by more than 80% in ZIKV-infected cells.

In contrast, levels of the peroxisomal matrix protein catalase were not affected by ZIKV infection
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(Figure 3.1B). This indicates that the effects of ZIKV infection on peroxisome-associated proteins
are highly specific. The greatest loss of peroxisomal protein levels was observed in HFAs infected
with PRVABC59 and PLCal strains, a phenomenon that correlates with their increased replication
in HFAs. In fact, the titers of PRVABCS59 and PLCal strains were consistently lower than the

other two strains of ZIKV (Figure 3.1C).
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Figure 3.1. Zika virus (ZIKYV) infection reduces number of peroxisomes in primary human
fetal astrocytes (HFAs). (A) HFAs were infected with ZIKV (PRVABCS59 (PR), H/PF/2013 (FP),
MR766 (MR) or PLCal (Cal) strains) (MOI = 3) for 48 h and then processed for confocal
microscopy. Peroxisomes were detected using a mouse monoclonal to PMP70 and infected cells
were detected using a goat polyclonal antibody to ZIKV NSS5. Primary antibodies were detected
by donkey anti-mouse IgG conjugated to Alexa Fluor 488 and chicken anti-goat IgG conjugated
to Alexa Fluor 647. Nuclei were stained with DAPI. Images were acquired using a spinning disc
confocal microscope. Quantification of peroxisome numbers in 90 cells from three independent
experiments were performed using Volocity image analysis software and the average number of
peroxisomes were plotted. The average number of peroxisomes in mock-treated cells was
normalized to 1.0. Bars represent standard error of the mean. *** p <0.001, * p <0.05. (B) HFAs
infected with ZIKV strains (MOI = 5) were harvested at 24 h and 48 h.p.i. after which levels of
catalase, PEX3, PEX7, PEX11B, PEX13, PEX19, ZIKV NS5 and actin were examined by
Western blotting using the appropriate antibodies. Levels of actin and ZIKV NS5 protein are
shown as loading and infection controls respectively. The relative levels of peroxisomal proteins
(compared to actin) from three independent experiments were averaged and plotted. The average
levels of peroxisomal proteins in mock-infected cells were normalized to 1.0. Error bars represent
standard error of the mean. * p < 0.05. (C) HFAs infected with ZIKV (MOI = 1) were harvested
at 24 h and 48 h.p.1 after which cell supernatants were collected and viral titres were determined
by plaque assay. The data are averaged from the results of three independent experiments. Bars

represent standard error of the mean.
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Given that primary HFAs have a finite lifespan and limited expansion capacity, we
assessed whether the human astrocytoma U251 cell line could be used to further examine the
interplay between ZIKV infection and peroxisome biogenesis. Similar to HFAs, infection of
PRVABCS59 and MR766 caused impaired peroxisome biogenesis in U251 cells. In comparison to
MR766, infection of PRVABCS59 caused greater reduction of peroxisome numbers and depletion

of peroxisomal protein levels in U251 cells (Figure 3.2A and Figure 3.2B).
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Figure 3.2. ZIKY infection reduces number of peroxisomes in U251 cells. (A) U251 cells were
infected with ZIKV PRVABC59 (PR) or MR766 (MR) at MOI = 3 for 48 h and then processed
for confocal microscopy. Peroxisomes were detected using a mouse monoclonal to PMP70 and
infected cells were detected using a goat polyclonal antibody to ZIKV NSS5. Primary antibodies
were detected by donkey anti-mouse IgG conjugated to Alexa Fluor 488 and chicken anti-goat
IgG conjugated to Alexa Fluor 647. Nuclei were stained with DAPI. Images were acquired using
a spinning disc confocal microscope. Quantification of peroxisome numbers in 90 cells from three
independent experiments were performed using Volocity image analysis software and the average
number of peroxisomes were plotted. The average number of peroxisomes in mock-treated cells
was normalized to 1.0. Bars represent standard error of the mean. ** p <0.01, * p < 0.05. (B)
U251 cells infected with ZIKV PRVABCS59 or MR766 (MOI = 5) were harvested at 24 hr or 48
h.p.i. after which levels PEX11B, PEX19, ZIKV NS5 and actin were examined by Western
blotting using the appropriate antibodies. Levels of actin and ZIKV NS5 protein are shown as
loading and infection controls respectively. The relative levels of PEX11B and PEX19 proteins
(compared to actin) from three independent experiments were averaged and plotted. The average
levels of peroxisomal proteins in mock-infected cells were normalized to 1.0. Error bars represent
standard error of the mean. * p < 0.05.
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3.2.2 ZIKYV capsid protein forms a stable complex with PEX19 and causes loss of

peroxisomes

The fact that the capsid proteins of the flaviviruses WNV and DENV bind to PEX19 during
infection, provided strong rationale to further investigate if the ZIKV capsid protein behaves
similarly in interacting with PEX19 during infection. To investigate this, U251 cells were infected
with ZIKV and then subjected to immunoprecipitation (IP) using antibodies to PEX19 and ZIKV
capsid protein. Data from co-IP in Figure 3.3A reveals that PEX19 forms a stable complex with

the capsid protein in ZIKV infected cells.

To analyze the functional consequences of the interaction between PEX19 and ZIKV
capsid protein, Western blotting was used to assess PEX19 protein level in cells transfected with
ZIKV capsid protein plasmid. In parallel, the numbers of peroxisomes were assessed in capsid-
expressing cells by indirect immunofluorescence microscopy using antibodies to FLAG and the
tripeptide Ser-Lys-Leu (SKL), a targeting motif found at the carboxyl termini of many
peroxisomal matrix proteins (Gould ef al., 1989). Western blotting results in Figure 3.3B show
that capsid expression reduced PEX19 protein levels by more than 50%. In Figure 3.3C, it can be
seen that the peroxisome pools are reduced by 30% in capsid-expressing cells. Together,
expression of ZIKV capsid protein in the absence of other viral proteins causes reduction of
PEX19 protein levels and consequent loss of peroxisomes. This suggests that the capsid protein
plays a pivotal role in disrupting peroxisome biogenesis during ZIKV infection. However, as the
effect of capsid expression in reducing peroxisome numbers is less than what is observed during
ZIKV infection, it is worth investigating if other viral proteins are involved in the downregulation

of peroxisome biogenesis.
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Figure 3.3. Expression of ZIKV capsid protein causes loss of peroxisomes. (A) U251 cells
infected with ZIKV PRVABC59 (MOI = 1) were harvested at 48 h.p.i., after which the cell lysates
were subjected to immunoprecipitation (IP) with rabbit anti-ZIKV capsid, rabbit anti-PEX19, or
rabbit IgG followed by SDS-PAGE and Western blotting (IB) with antibodies to PEX19 or ZIKV-
capsid. WCL, whole-cell lysate. Rabbit IgG was used as a control to evaluate non-specific binding.
(B) HEK293T cells transfected with a plasmid encoding FLAG-tagged ZIKV capsid or empty
vector (p)cDNA3.1) were harvested at 48 h post transfection after which levels of PEX19, ZIKV-
capsid and actin were examined by Western blotting using the appropriate antibodies. Levels of
actin are shown as a loading control. The relative levels of PEX19 (compared to actin) from three
independent experiments were averaged and plotted. The average level of PEX19 protein in cells
transfected with the empty vector were normalized to 1.0. Error bars represent standard error of
the mean.* p < 0.05. (C) U251 cells transfected with a plasmid encoding FLAG-tagged ZIKV
capsid or empty vector (pcDNA3.1) were processed for confocal microscopy at 48 h post
transfection. Peroxisomes were detected using a rabbit polyclonal antibody to the tri-peptide SKL,
and transfected cells expressing capsid were detected with a mouse anti-FLAG epitope antibody.
Primary antibodies were detected by donkey anti-rabbit IgG conjugated to Alexa Fluor 546 and
donkey anti-mouse IgG conjugated to Alexa Fluor 488. Nuclei were stained with DAPI. Images
were acquired using a spinning disc confocal microscope. Quantification of peroxisome numbers
(SKL-positive structures) in 90 cells from three independent experiments were performed using
Volocity image analysis software and the average number of peroxisomes were plotted. The
average number of peroxisomes in mock-treated cells was normalized to 1.0. Bars represent
standard error of the mean. ** p <0.01.
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3.2.3 Over-expression of PEX11B suppresses ZIKV replication

Given that multiple flaviviruses appear to weaken host innate immunity by depleting
peroxisomes, I next tested whether increasing the peroxisome pool would boost the innate immune
response and inhibit ZIK'V replication. PEX11B is a peroxisomal membrane protein that increases
peroxisome numbers by membrane remodeling, peroxisome elongation and division (Abe and
Fujiki, 1998; Tanaka et al., 2003). Lentiviruses encoding the reporter protein AcGFP alone as a
control or AcGFP plus myc-tagged PEX11B were used to transduce U251 and Vero cells.
Transduced cells were processed for indirect immunofluorescence using an antibody to the
tripeptide SKL to detect peroxisomes. Transduced cells were identified by detecting AcGFP
expression. Results of confocal microscopy and image analysis showed that 48-hr post-
transduction, over-expression of PEX11B resulted in a 20% increase in the number of
peroxisomes in both U251 cells and Vero cells (Figure 3.4A). Next, I quantified the effect of
PEX11B over-expression on ZIKV replication. U251, A549 or Vero transduced with lentiviruses
encoding the AcGFP alone or AcGFP plus myc-tagged PEX11B were infected with ZIKV after
which plaque assays and qRT-PCR were used to assess the viral titers and relative levels of viral
RNA. Results in Figure 3.4B and C show that over-expression of PEX11B significantly reduces
viral replication and production of infectious virions in U251 and A549 cells. Specifically, viral
titers were reduced by more than 80% and 60% respectively in U251 and A549 cells over-
expressing PEX11B. Similarly, viral RNA levels were reduced 60-70% in these cells. In contrast,
while over-expression of PEX11B increased the numbers of peroxisomes in Vero cells (Figure
3.4A), it had no effect on ZIKV replication or viral titers (Figure 3.4B and C). The inhibition of
ZIKV replication in U251 or A549 cells was not due to cytotoxicity from over-expression of

PEX11B (Figure 3.4D).
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Figure 3.4. Over-expression of PEX11B suppresses ZIKYV replication. (A) U251 or Vero cells
transduced with lentiviruses encoding AcGFP alone or AcGFP plus myc-tagged PEX11B were
processed for confocal microscopy at 48 h post transduction. Peroxisomes were detected using a
rabbit polyclonal antibody to the tripeptide SKL. Primary antibody was detected by donkey anti-
rabbit IgG conjugated to Alexa Fluor 546. Nuclei were stained using DAPI. Images were obtained
using spinning disc confocal microscopy. Quantification of peroxisome numbers (SKL-positive
structures) in 90 cells from three independent experiments were performed using Volocity image
analysis software and the average number of peroxisomes were plotted. The average number of
peroxisomes in mock-treated cells was normalized to 1.0. Bars represent standard error of the
mean. * p <0.05. (B) U251, A549 or Vero cells transduced with lentiviruses encoding the reporter
protein AcGFP alone as a control or AcGFP plus myc-tagged PEX11B proteins for 48 h were
infected with ZIKV PRVABCS59 (MOI = 1) for another 48 h. Cell supernatants were collected
and viral titers were determined by plaque assay. Cell lysates were also processed for RNA
extraction and subsequent qRT-PCR to determine viral RNA level. The viral RNA level was
normalized to ACT-B mRNA levels (C). U251 and Vero cell lysates were processed to determine
cell viability. (D). The data are averaged from the results of three independent experiments. Bars
represent standard error of the mean. *** p <(0.001, * p < 0.05. N.S. = not significant.
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3.2.4 Over-expression of PEX11B up-regulates the innate immune response

A possible reason for the impaired ZIKV replication in U251 and A549 cells over-
expressing PEX11B is an enhanced IFN response. IFN induction occurs following detection of
viral RNA by the pattern recognition receptors (PRRs) including RIG-I-like receptors (RLRs)
such as RIG-I and MDAS5 (Goubau et al., 2013; Hartmann, 2017). Activated RLRs interact with
the critical adapter molecule mitochondrial antiviral signaling (MAVS) to eventually induce IFN
expression (Hou et al., 2011; Liu ef al., 2015; Seth et al., 2005). As such, MAVS is targeted for
cleavage by multiple viruses including HCV and SARS-CoV-2 (Bender ef al., 2015; Ferreira et
al., 2016; Fu et al., 2021). Given the essential role of MAVS in eliciting the IFN response, we
questioned if expansion of the peroxisome pool was accompanied by increased expression of
MAYVS. U251 cells were transduced with lentiviruses encoding the reporter protein AcGFP alone
or AcGFP plus myc-tagged PEX11B. Data in Figure 3.5A show that levels of MAVS protein
were ~2-fold higher in cells over-expressing PEX11B. As expected, levels of the peroxisome
integral membrane protein PEX13 were also significantly increased in these cells as would be
expected with an expanded pool of peroxisomes. In addition, over-expression of PEX11B
potentiated the expression of IFNf3 and IFNA2 as well as multiple ISGs (Viperin, Mx2, IFITI,
RIG-I and MDAYS) in response to the dsSRNA mimic poly(I:C) (Figure 3.5B). These results

indicate that over-expression of PEX11B enhances the innate immune response.

While the over-expression of PEX11B increased the number of peroxisomes in Vero cells
by an average of 35% (Figure 3.4A), unlike in U251 or A549 cells, this peroxisome biogenesis
factor did not reduce ZIKV replication or viral titers (Figure 3.4B and C). The observation that

over-expression of PEX11B in [FN-deficient Vero cells did not inhibit ZIK'V replication, indicates
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that the enhanced antiviral response caused by peroxisome proliferation requires expression of

IFNs (Desmyter et al., 1968).
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Figure 3.5. Over-expression of PEX11B up-regulates the innate immune response. (A) U251
cells transduced with lentiviruses encoding AcGFP alone or AcGFP plus myc-tagged PEX11B
for 48 h were transfected with poly(I:C) (+) or an empty plasmid vector (—) for another 12 h, after
which levels of MAVS, PEX13, GFP, myc, and actin were examined by Western blotting using
the appropriate antibodies. Levels of actin are shown as a loading control. The relative levels of
MAYVS and PEX13 (compared to actin) from three independent experiments were averaged and
plotted. The average levels of proteins in cells transduced with AcGFP alone were normalized to
1.0. Error bars represent standard error of the mean. ** p <0.01, * p <0.05. (B) U251 cells were
transduced with lentiviruses encoding AcGFP alone or AcGFP plus myc-tagged PEX11B for 48
h and then transfected with poly(I:C) for 12 h. Cell lysates were processed for RNA extraction
and subsequent qRT-PCR. Fold induction of selected ISG transcripts in response to poly(I:C) was
determined. The mRNA levels of ISGs were normalized to ACT-B mRNA levels. The data
represent the average from the results of three independent experiments. Bars represent standard
error of the mean. * p <0.05.
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3.2.5 Summary

The results from experiments described in this chapter reveal that ZIKV infection results
in major disruption to the cellular peroxisome pool; likely by disrupting biogenesis of this
organelle. Conversely, increasing the peroxisome pool by over-expression of PEX11B, inhibits
ZIKYV replication, likely by enhancing the IFN response. Levels of the critical biogenesis factor
PEX19 were reduced by as much as 90% in HFAs and astrocytoma cells infected with ZIKV.
Because PEX19 is absolutely essential for peroxisome biogenesis, capsid-mediated sequestration
and ultimately degradation of PEX19 would be expected to impair de novo synthesis of
peroxisomes. As of yet, it is not clear how ZIKV capsid protein induces loss of PEX19 and

peroxisomes.

The antiviral effect of PEX11B over-expression is likely the result of increased MAVS
expression on an expanded peroxisome pool which enhances IFN and ISG induction following
detection of viral RNA. This scenario is supported by the observation that while over-expression
of PEX11B induced peroxisome proliferation in Vero cells, ZIKV replication was not affected in
this cell line which cannot produce type I IFN (Desmyter et al., 1968). Together, my findings
indicate that PEX11B is a restriction factor for ZIKV replication and further establishes the role
of peroxisomes as important IFN antiviral signaling hubs. It also supports the need to investigate
whether drugs that increase peroxisome proliferation and or function have antiviral activity and
indeed, this is the focus of Chapter 4 of this thesis. Also, studying the cellular pathways involved
in modulating peroxisome biogenesis is fundamental in identifying novel antiviral compounds.
Finally, it will be of interest to determine how flavivirus proteins, including capsid proteins and

possibly other viral proteins, result in loss of PEX19 protein.
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Chapter 4

Wnt/B-catenin signaling pathway inhibitors potently block SARS-
CoV-2 replication
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4.1 Rationale

The outbreak of coronavirus disease (COVID-19) caused by Severe Acute Respiratory
Syndrome Coronavirus 2 (SARS-CoV-2) has resulted in unprecedented disruptions on society and
public health. As of April 13, 2022, the virus has infected over 500 million people resulting in
more than 6.1 million deaths (WHO, 2022a). In response to the outbreaks, many countries granted
Emergency Use Authorization to antivirals for patients hospitalized with COVID-19. Examples
include direct-acting antiviral drugs that target the viral protease (e.g. PAXLOVID) or viral
polymerase (e.g. Molnupiravir) (Owen ef al., 2021; Wabhl et al., 2021). While these drugs appear
to be highly effective, it is possible and quite likely that variants will develop resistance to these
antivirals. There is also significant interest in developing antivirals that target host factors rather
than SARS-CoV-2 proteins. A purported advantage of host-directed antivirals is that the barrier

of resistance to these drugs should be much higher.

IFNs are an important part of the innate immune response against viral infections. They
have been shown to restrict the replication and pathogenesis of SARS-CoV-2 and other RNA
viruses (Bayer ef al., 2016; Caine et al., 2019; Gobillot et al., 2020; Hoagland et al., 2021;
Humphries ef al., 2021; Lazear et al., 2016; Mantlo ef al., 2020; Stanifer et al., 2020). Clinical
trials have evaluated the efficacies of IFNs in treating patients who were hospitalized with
COVID-19 (Feld et al., 2021; Hung et al., 2020; Monk ef al., 2020). Results revealed that patients
who were treated with IFNf or IFNA experienced shorter hospital stays and lower viral loads.
However, a major limitation of using IFN as an antiviral is that patients must be treated in a
hospital setting because it is administered through injection or inhalation. Conversely, drugs that
boost the IFN induction in response to viral infection may offer similar clinical benefits without

the need for obtaining treatment in hospitals.
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Both mitochondria and peroxisomes are antiviral signaling platforms that induce the IFN
response (Bender et al., 2015; Dixit et al., 2010; Odendall et al., 2014; Seth et al., 2005). 1
previously showed that expansion of the peroxisome pool by over-expressing PEX1 1B restricted
ZIKYV replication by enhancing the IFN response (Wong et al., 2019). We then wondered whether
pharmacological compounds that induce peroxisome proliferation would have antiviral activity.
Recently our laboratory reported that activation of the Wnt/B-catenin signaling pathway impairs
peroxisome biogenesis (Xu et al., 2020). This study opened the door to another possible approach
to modulate peroxisome biogenesis by inhibiting Wnt/B-catenin signaling. I therefore hypothesize
that Wnt/B-catenin signaling inhibitors promote peroxisome proliferation and consequently

enhance IFN induction.

In this chapter, I examined the antiviral effects of commercially available Wnt/B-catenin
inhibitors on SARS-CoV-2. Many of the Wnt/B-catenin inhibitors reported in this chapter are
already licensed for use in other indications or are at advanced clinical trials or pre-clinical
development. After screening more than three dozen Wnt/B-catenin inhibitors, I focused on 10

drugs that potently block replication of SARS-CoV-2, including the common variants of concern.

The 10 Wnt/B-catenin inhibitors reported in this study modulate critical steps of the Wnt/p-
catenin pathway which include 1) the secretion of Wnt ligands processed by the acyltransferase
porcupine, 2) translocation of the glycogen synthase kinase 3 (GSK3), casein kinase 1a (CKl1a),
adenomatous polyposis coli (APC) and Axin complex to plasma membrane, 3) B-catenin
stabilization and nuclear translocation, and 4) B-catenin binding with Lymphoid enhancer
factor/T-cell factor (LEF/TCF) family of transcription factors for transcriptional activation, a
process that is induced by the phosphorylation of Traf2 and Nck-interacting kinase (TNIK)

(reviewed in (Kimelman and Xu, 2006)). In addition, novel targets of Wnt pathway modulation
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have recently been discovered. For example, CDC-like kinase inhibitors have been shown to
reduce expression of Wnt signaling genes, possibly by inhibiting phosphorylation of serine and
arginine rich splicing factor (SRSF) and disruption of the splicing of Wnt pathway genes such as
LEFI] and TCF7 (Tam et al., 2020) . The actions of the 10 Wnt/B-catenin inhibitors are

summarized in Table 4.1.
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Table 4.1 A summary of the action of the 10 Wnt/B-catenin inhibitors reported in the study

Clinical Trials
Inhibitors Action / FDA Indications
approved
IWP-O1 NA.
Inhibiting porcupine Phase 11 Metastatic
LGK974 (Lee et al., 2013; Liu et al., 2013; Proffitt et completed colorectal
al.,2013; You et al., 2016) (NCT02278133) cancer
Wnt-C59 N.A.
Inhibiting TNIK
NCB-0846 (Mahmoudi et al., 2009; Masuda et al., 2016) N.A.
Activating axin to promote -catenin
KYA1797K degradation N.A.
(Chaetal., 2016)
ETC- Inhibiting porcupine Refc)?l?iirenlen ¢ Ad;i?ged
1922159 (Madan et al., 2016) (NCT0252184) fUMOES
Activating CK1a activity to reduce B-catenin
level, and to promote degradation of pygopus, .
.. . 5 Pinworm
Pyrvinium | a nucleus factor which controls nuclear import | FDA-approved . .
. . infection
or retention of B-catenin
(Thorne et al., 2010; Townsley et al., 2004)
Blocking B-catenin and TCF4 interaction; and
iCRT-14 blocking TCF binding to DNA N.A.
(Gonsalves et al., 2011)
Advanced
Blocking CDC-like kinase 2 (CLK2) and dual colorectal,
ificity tyrosine phosphorylation-regulated Phase I astric
SM04755 | Specticity tyrosine phosphory gl completed gastric,
kinase 1A (DYRKI1A). (NCT02191761) hepatic, or
(Deshmukh et al., 2020) pancreatic
cancer
Inhibiting tankyrase to stabilize axin, thereby Phase II .
. . s Solid
E7449 reducing B-catenin protein level completed tumors
(Huang et al., 2009; McGonigle et al., 2015) | (NCT01618136)
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4.2. Results

4.2.1. Wnt/B-catenin signaling inhibitors reduce SARS-CoV-2 titer and replication

Peroxisomes function to induce IFN expression, thereby restricting viral infections
(Bender et al., 2015; Dixit et al., 2010; Odendall et al., 2014). Induction of peroxisome
proliferation by over-expression of PEX11B resulted in a cellular antiviral state that blocks ZIKV
replication (Wong et al., 2019). In a recent study, our laboratory showed that activation of Wnt/j3-
catenin signaling pathway during HIV infection impaired peroxisome biogenesis (Xu et al., 2020).
To this end, I hypothesized that pharmacological compounds inhibiting Wnt/B-catenin signaling
pathway would induce peroxisome proliferation and enhance the IFN response.

Commercially available Wnt/B-catenin signaling pathway inhibitors were tested for
antiviral activity in Calu-3 cells infected with SARS-CoV-2. Calu-3 is an ACE2 expressing
human lung epithelial cell line that is susceptible to SARS-CoV-2 infection (Chu et al., 2020).
Cells were pre-treated with DMSO as a control or Wnt/B-catenin inhibitors (dissolved in DMSO)
for 24 hours prior to infection with SARS-CoV-2 (CANADA/ON-VIDO-01/2020 isolate). Cell
media as well as RNA and proteins extracted from cells were collected 24 hours post-infection
for analyses. Viral titers were determined by plaque assay and viral genomic RNA and viral spike
protein levels were assessed by qRT-PCR and Western blotting respectively. In parallel, infected
cells were fixed and processed for indirect immunofluorescence. Infection of SARS-CoV-2 was
assessed by confocal microscopy using an antibody to viral spike protein.

Figure 4.1A and 4.1B show that Wnt/B-catenin inhibitors block SARS-CoV-2 replication.
SARS-CoV-2 titers and viral RNA level were reduced by more than 80% and 50% respectively
as revealed by plaque assay and qRT-PCR analyses. Western blotting demonstrated that the

inhibitors remarkably reduced the levels of viral spike protein in infected cells (Figure 4.1C). In

100



addition, immunofluorescence analysis revealed that the percentage of SARS-CoV-2 infected

cells decreased in response to the treatment with Wnt/p-catenin inhibitors (Figure 4.1D).
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Figure 4.1. Wnt inhibitors significantly reduce SARS-CoV-2 infection in Calu3 cells.
Calu3 cells were pre-treated with DMSO as a control or the indicated Wnt inhibitors (1 pM)
or Pyrvinium (100 nM) for 24 hours and then infected with SARS-CoV-2
(CANADA/VIDOO01/2020 strain) at MOI of 0.5. Twenty-four hours later, media were
collected and subjected to plaque assay to determine viral titers (A). Data shown are
averaged from 3 independent experiments. Error bars represent standard error of the mean,
* p<0.05. (B). Total RNA extracted from infected cells at 24 hours post infection was
subjected to qRT-PCR analysis. The average levels of SARS-CoV-2 viral RNA relative to
actin mRNA from 3 independent experiments are shown. Error bars represent standard error
of the mean, * p<0.05. (C). Cell lysates harvested at 24 hours post-infection were processed
for Western blot analyses with antibodies to SARS-CoV-2 Spike protein and actin. Levels
of actin are shown as a loading control (D). Calu3 cells grown on coverslips were pre-treated
with DMSO as a control or Wnt inhibitors (1 uM) or Pyrvinium (100 nM) for 24-hours and
then infected with SARS-CoV-2 (CANADA/VIDOO01/2020 strain) at MOI of 0.5. Twenty-
four hours, cells were processed for indirect immunofluorescence and confocal microscopy
using a mouse monoclonal antibody to viral Spike protein and donkey anti-mouse IgG
conjugated to Alexa Fluor 488. Nuclei were stained using DAPI.
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Strong inhibitory effects on SARS-CoV-2 replication were observed in cells pre-treated
with Wnt/B-catenin inhibitors and we next investigated whether the drugs were effective when
added post-infection. Cells were infected with SARS-CoV-2, after which Wnt/B-catenin inhibitors
were added at 6- and 12-hours post-infection. Cell media and total cellular RNA were collected
at 24- and 48-hours after infection for plaque assay and qRT-PCR analyses respectively. Results
show that IWP-O1, KYA1797K and Pyrvinium reduced viral titers by more than 70% and viral
RNA levels by more than 60% when added post-infection (Figures 4.2 and 4.3).

To verify that Wnt/B-catenin inhibitors also block SARS-CoV-2 replication in
physiologically relevant primary human cells, normal human bronchial epithelial (NHBE) lung
cells obtained from bronchoscopy patients were treated with DMSO or Wnt/B-catenin inhibitors
for 24 hours, after which the cells were infected with SARS-CoV-2 for another 24 hours. Figure
4.4 shows that Wnt/B-catenin inhibitors had even more potent antiviral effects on SARS-CoV-2
in these primary lung epithelial cells. Viral titers were reduced by 80% or more by these drugs as
determined by plaque assay analyses. Remarkably, no infectious virus could be detected in the
media of cells treated with KYA1797K or Pyrvinium. The reduction in the viral titer in the drug-
treated cells was not due to the cytotoxicity of the Wnt/B-catenin inhibitors as the viabilities of
Calu-3 cells and NHBE cells were not adversely affected by concentrations of the inhibitors used
for the plaque assays (Figure 4.5).

The experiments described above were performed with an early isolate of SARS-CoV-2
(CANADA/ON-VIDO-01/2020) that preceded the emergence of D614G strains and variants of
concern. Next, we treated Calu-3 cells with Wnt/B-catenin inhibitors for 24 hours and infected
them with D614G, alpha, beta, gamma, delta or omicron variants of SARS-CoV-2 for another 24-
hours, after which the samples were collected for plaque assay analyses. In this experiment, we

focused on three Wnt/B-catenin inhibitors (IWP-O1, KYA1797K and Pyrvinium) because they
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showed the highest selectivity indexes (Figure 4.6 A). Data from plaque assays showed that IWP-
Ol (1 uM), KYA1797K (1 uM) and Pyrvinium (100 nM) reduced titers of D614G, alpha, beta,
gamma, delta, and omicron variants by more than 80%. Of note, no infectious virus was detected
in the media of cells treated with KYA1797K (10 uM) prior to infection with D614G, beta, gamma,

delta, or omicron variants (Figure 4.6 B-G).
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Figure 4.2. The Wnt/B-catenin inhibitors IWP-O1, KYA1797K and Pyrvinium
reduce SARS-CoV-2 replication when added 6-hours post-infection. Calu3 cells were
infected with SARS-CoV-2 (CANADA/VIDO01/2020 strain, MOI of 0.5) for 6-hours
after which IWP-O1 (1 uM), KYA1797K (1 uM) or Pyrvinium (100 nM) were added.
Twenty-four (A) and forty-eight (B) hours later, virus-containing media were subjected
to plaque assays (left panels) and total RNA extracted from cells was subjected to qRT-
PCR to determine relative levels of viral RNA (right panels). Average viral titers and
genomic RNA levels from drug-treated cells from 3 independent experiments are shown
(A and B, left panels). Error bars represent standard error of the mean, * p<0.05.
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Figure 4.3. The Wnt/B-catenin inhibitors IWP-O1, KYA1797K and Pyrvinium
reduce SARS-CoV-2 replication when added 12-hours post-infection. Calu3 cells
were infected with SARS-CoV-2 (CANADA/VIDO01/2020 strain, MOI of 0.5) for 12-
hours after which IWP-O1 (1 uM), KYA1797K (1 uM) or Pyrvinium (100 nM) were
added. Twenty-four (A) and forty-eight (B) hours later, virus-containing media were
subjected to plaque assays (left panels) and total RNA extracted from cells was subjected
to qRT-PCR to determine relative levels of viral RNA (right panels). Average viral titers
and genomic RNA levels from drug-treated cells from 3 independent experiments are
shown (A and B, left panels). Error bars represent standard error of the mean, * p<0.05.
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Figure 4.4. Wnt inhibitors significantly reduce SARS-CoV-2 virus titer in normal
human bronchial epithelial (NHBE) lung cells. NHBE cells were pre-treated with Wnt
inhibitors (1 uM) or IWP-O1 (100 nM) or NCB-0846 (100 nM) or Pyrvinium (100 nM)
or SMO04755 (100 nM) for 24 hours and then infected with SARS-CoV-2
(CANADA/VIDO01/2020 strain) using MOI of 0.5 for 24-hours. Cell media were then
subjected to plaque assay to determine viral titers. The average titers from 3 independent
experiments are shown. Note, in cells treated with KYA17997K or Pyrvinium, no
infectious virus was detected in the media. Error bars represent standard error of the
mean, * p<0.05.
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Figure 4.5. Effect of Wnt/pB-catenin inhibitors on cell viability. Calu-3 (A), NHBE (B)
and A549 (C) cells were treated with DMSO alone or Wnt/B-catenin inhibitors for 72-hours
after which the relative cell viabilities were determined using a CellTiter-Glo®
Luminescent Cell Viability Assay kit. Calu-3 cells were treated with the indicated Wnt/(3-
catenin inhibitors at 3 different concentrations (1 uM, 10 uM and 40 uM). NHBE cells
were treated with the indicated Wnt/B-catenin inhibitors at 4 different concentrations (10
nM, 100nM, 1 uM and 10 pM). A549 cells were treated with the indicated Wnt/B-catenin
inhibitors (10 pM) or IWP-O1 (1 uM) or LGK-974 (1 uM) or NCB-0846 (500 nM, 1 uM
and 10 uM) or iCRT-14 (1 uM) or SM04755 (100 nM and 1 uM) or E7449 (1 uM). The
relative average cell viabilities (normalized to DMSO) from 3 independent experiments
are shown. Error bars represent standard errors of the means. *, P <0.05; **, P <0.01; ***,
P <0.001
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Figure 4.6. Wnt inhibitors inhibit replication of SARS-CoV-2 variants of concern. Calu-
3 cells were pre-treated with the indicated concentrations of Wnt inhibitors IWP-O1,
KYA1797K and Pyrvinium (0.01 nM to 1 mM) for 24 hours and then infected with SARS-
CoV-2 (CANADA/VIDO01/2020 strain) using MOI of 0.5. Twenty-four hours later, cell
media and lysates were collected and subjected to plaque and cytotoxicity assays to determine
viral titers and cell viability respectively. A. Relative average viral titers obtained from 3
independent experiments are shown as are the relative cell viabilities of cells treated with Wnt
inhibitor for 48 hours in the absence of infection. ECso and CCso values were determined and
then used to calculate the selectivity indexes (CCso/ECso) for each drug. (B-E) Calu3 cells
were pre-treated with IWP-O1, KYA1797K and Pyrvinium for 24 hours and then infected
with SARS-CoV-2 variants ((B) D614G, (C) UK B.1.1.7 (Alpha), (D) SA B.1.351 (Beta), (E)
Brazil P.1 (Gamma), (F) India B.1.617.2 (Delta) and (G) B.1.1.529 (Omicron)) using MOI of
0.5. In (B-C) and (F-G), cells were pretreated with IWP-O1 and Pyrvinium at 3 different
concentrations (10 nM, 100 nM, and 1 uM), and KYA1797K at 4 different concentrations (10
nM, 100nM, 1 uM, and 10 uM). In (D-E), cells were pretreated with IWP-O1 and Pyrvinium
at 4 different concentrations (1 nM, 10 nM, 100 nM, and 1 pM) and KYA1797K at 5 different
concentrations (1 nM, 10 nM, 100nM, 1 uM, and 10 uM). Twenty-four hours later, cell media
were subjected to plaque assay. Viral titers from 3 independent experiments were determined
and averaged. Error bars represent standard error of the mean, * p<0.05.
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4.2.2. Wnt/B-catenin inhibitors increase peroxisome density and potentiate the interferon

response

I next investigated how Wnt/B-catenin inhibitors functioned to restrict SARS-CoV-2
replication. The fundamental hypothesis is that Wnt/B-catenin inhibitors promote peroxisome
proliferation and consequently enhance the IFN response. First, I determined if Wnt/B-catenin
inhibitors actually promoted peroxisome proliferation. Cells were treated with Wnt/B-catenin
inhibitors for 24 or 48 hours, after which they were processed for indirect immunofluorescence
and confocal microscopy. Peroxisomes were stained using an antibody to PEX14, a peroxisome
membrane protein which forms docking complexes for matrix protein import. In order to estimate
cell volume, prior to mounting, samples were also incubated with a fluorescent dye (CellMask)
that stains the entire cell. Peroxisome density was calculated by dividing the number of
peroxisomes by the cell volume. Figure 4.7 shows that peroxisome density was significantly
increased by drug treatment after 24 and 48 hours. Half of the inhibitors investigated (IWP-01,
NCB-0846, KYA1979K, iCRT-14, and SM04755) increased the peroxisome density by more than

50%.
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Figure 4.7. Inhibitors of the Wnt/B-catenin pathway increase peroxisome density in
human cells. A549 cells were treated with DMSO alone or 10 different commercially
available drugs (1 pM) or NCB-0846 (500 nM) or SM04755 (100 nM) that block Wnt/f-
catenin signaling for (A) 24 or (B) 48 hours before fixing and processing for indirect
immunofluorescence. Peroxisomes were detected with a rabbit polyclonal antibody to
PEX14 and donkey anti-rabbit IgG conjugated to Alexa Fluor 546. Prior to mounting,
samples were incubated with CellMask Deep Red to label the entire cell. Images were
obtained using a spinning-disc confocal microscope. (C) Box-and-whisker plot of the
peroxisomal density is shown. Peroxisomal density (#um®) was calculated by
quantifying the number of PEX14 puncta structures from Z-stack confocal images of the
entire cell and dividing by the cell volume. Boxes show the 25th, 50th, and 75th
percentiles. Points represent a minimum of 60 cells which were analyzed in three
independent experiments. *, P <0.05; ** P <(.01.
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Next, I investigated whether Wnt/B-catenin inhibitors enhanced the IFN response in
response to viral infection. Cells were treated with DMSO as a control or Wnt/p-catenin inhibitors
for 24-hours, after which the cells were mock infected or infected with Sendai virus, an RNA virus
that induces a robust IFN response (Cantell et al., 1981). At 8- and 16-hours post-infection, total
cellular RNA was collected and relative levels of IFN transcripts were determined by qRT-PCR.
Data in Figure 4.8 show that Sendai virus infected cells treated with Wnt/B-catenin inhibitors
exhibited higher IFN expression in comparison to Sendai virus infected DMSO-treated cells. At
8 hours post infection of Sendai virus, induction of /FNf was significantly enhanced in cells
treated with IWP-O1, LGK-974, Wnt-C59, NCB-0846, KYA1979K, and ETC1922159. At 16
hours post infection of Sendai virus, induction of /FNf was significantly enhanced in cells treated
with LGK-974, NCB-0846, KYA1979K, Pyrvinium, and SM04755. Nine out of the ten inhibitors
upregulated expression of /F'N/ at 8 hours post infection with Sendai virus. Induction of /FNA was
highest in cells treated with NCB-0846, Pyrvinium, iCRT-14 and SM04755 at 16 hours post
infection with Sendai virus. Of note, Wnt/B-catenin inhibitors did not up-regulate IFN response in

the absence of viral infection (Figure 4.9).

To determine how Wnt/B-catenin inhibitors boost IFN induction in response to viral
infection, I initially assessed whether these drugs affect MAVS protein levels. This antiviral
signaling protein is localized on both peroxisomes and mitochondria where it functions in IFN
induction (Bender ef al., 2015; Dixit et al., 2010; Odendall et al., 2014). I previously showed that
PEX11B-dependent induction of concomitantly increased MAVS protein levels (Wong et al.,
2019). Calu-3 cells were treated with DMSO as a control or Wnt/B-catenin inhibitors for 48-hours,

after which relative levels of MAVS protein were determined by Western blotting. Figure 4.10
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shows that MAVS protein levels did not increase in response to treatment with Wnt/p-catenin

inhibitors.
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Figure 4.8. Wnt/b-catenin pathway inhibitors enhance production of type I and III
interferons in response to viral infection. A549 cells were treated with DMSO alone or 10
different commercially available drugs (1 pM) or NCB-0846 (500 nM) or SM04755 (100
nM) that block Wnt/B-catenin signaling. Twenty-four hours later, cells were challenged with
100 HAU/ml of Sendai virus for 8- or 16-hours after which total cellular RNA was harvested
and subjected to qRT-PCR to determine relative levels mRNA encoding type I (IFNf) and
type III (IFNA2) interferons. Values averaged from three independent experiments are
shown. Error bars represent standard errors of the mean. *, P < 0.05; **, P < 0.01; ***,
P<0.001; N.S. (not significant)
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Figure 4.9. Wnt/B-catenin pathway inhibitors do not induce expression of interferon
in the absence of viral infection. A549 cells were treated Wnt/B-catenin inhibitors (1 pM)
or NCB-0846 (500 nM) or SM04755 (100 nM) or DMSO alone for 32- or 40-hours after
which total RNA was extracted from cells. Relative levels of IFNB and IFNA2 were
determined by RT-qPCR. The average levels of expression IFNP and IFNA2 transcripts
(normalized to actin mRNA) from 3 independent experiments are shown. Error bars
represent standard errors of the means. N.S. (not significant)
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Figure 4.10. Wnt inhibitors do not increase MAVS protein levels. Calu3 cells were
treated with DMSO as a control or the indicated Wnt inhibitors (1 uM) or Pyrvinium
(100 nM) for 48 hours after which levels of MAVS and actin were examined by Western
blotting using the appropriate antibodies. Levels of actin are shown as a loading control.
The relative levels of MAVS protein (compared to actin) from three independent
experiments were averaged and plotted. The average levels of proteins in cells treated
with DMSO were normalized to 1.0. Error bars represent standard error of the mean.
N.S. (not significant)
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Next, I investigated whether the intracellular distribution of MAVS changed in response
to treatment with Wnt/B-catenin inhibitors. Since these drugs did not increase levels of MAVS
proteins, I hypothesized that increased localization of MAVS to peroxisomes could account for
the enhanced IFN response. To test this theory, A549 cells were treated with DMSO alone or
IWP-O1 or iCRT-14 for 48 hours and then processed for indirect immunofluorescence and
confocal microscopy analyses. IWP-O1 or iCRT-14 were used for these experiments because they
increased peroxisome density more than the other 10 Wnt/B-catenin inhibitors tested (Figure
4.7C). Peroxisomes were stained using anti-PMP70 and association of MAVS with peroxisomes
was determined using Mander’s coefficient. Data in Figure 4.11 show that in drug-treated cells,

the proportion of MAVS associated with peroxisomes was increased by 30%.

The underlying hypothesis for investigations described in this chapter are that Wnt/p-
catenin inhibitors reduce replication of SARS-CoV-2 by enhancing IFN expression. If this is true,
these drugs will not exhibit antiviral activity in cells that cannot produce IFN, regardless of
whether peroxisome density increases or not. To test this, SARS-CoV-2 replication in the presence
and absence of Wnt/B-catenin inhibitors was assessed in Vero E6 cells which do not produce type
I IFN. First, I investigated whether Wnt/B-catenin inhibitors induced peroxisome proliferation in
Vero E6 cells. Data in Figure 4.12 show that peroxisome density increased by at least 25% in

drug-treated Vero E6 cells relative to those treated with DMSO alone.
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Figure 4.11. Wnt inhibitors increase the colocalization between MAVS and
peroxisomes. A549 cells were treated with DMSO alone or ImM IWP-O1 or iCRT-142
for 48 hours before fixing and processing for indirect immunofluorescence. MAVS was
detected by a rabbit polyclonal antibody to MAVS and donkey anti-rabbit IgG
conjugated to Alexa Fluor 546. Peroxisomes were detected with a mouse monoclonal
antibody to PMP70 and donkey anti-mouse IgG conjugated to Alexa Fluor 488. Images
were obtained using a spinning-disc confocal microscope. (A) Subcellular localization
of MAVS in A549 cells was determined by indirect immunofluorescence. White arrows
indicate co-localization of MAVS (red) with the peroxisomal marker PMP70 (green) in
the enlarged merged images. (B) Box-and-whisker plot of the quantification of
subcellular localization of MAVS on peroxisomes as determined with the Mander’s
coefficient. Boxes show the 25th, 50th, and 75th percentiles. Points represent a
minimum of 60 cells which were analyzed in three independent experiments. *, P <0.05.
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Figure 4.12. Inhibition of the Wnt/pB-catenin pathway increases peroxisome density in
Vero cells. Vero E6 cells were treated with 1 uM IWP-O1, KYA17978K, Pyrvinium (100
nM) or DMSO alone for 48 hours before processing for confocal microscopy. Peroxisomes
were detected with a rabbit polyclonal antibody to PEX14 and donkey anti-rabbit IgG
conjugated to Alexa Fluor 546. Prior to mounting, samples were incubated with CellMask
Deep Red. Images were obtained using a spinning-disc confocal microscope. Box-and-
whisker plot of the peroxisomal density in Vero cells are shown on the right. Peroxisomal
density was calculated by quantifying the number of PEX14 puncta structures from Z-stack
confocal images of the entire cell and dividing by the cell volume. Boxes show the 25th, 50th,
and 75th percentiles. Points represent a minimum of 60 cells which were analyzed in three
independent experiments. *, P < 0.05; ** P <0.01.
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Next, Vero E6 cells were treated with DMSO or Wnt/B-catenin inhibitors for 24-hours and
then infected with SARS-CoV-2. Total cellular RNA and media were collected 24-hours post-
infection for qRT-PCR analyses and plaque assay respectively. Data in Figure 4.13 show that
SARS-CoV-2 genomic RNA levels and titers were comparable between Vero cells treated with
DMSO and Wnt/B-catenin inhibitors. These results are consistent with our hypothesis that the

antiviral effects of Wnt/B-catenin inhibitors require expression of IFNs.

4.2.3. Reducing B-catenin levels induces peroxisome proliferation and reduces SARS-CoV-

2 infection

Activation of the Wnt/B-catenin pathway results in stabilization of B-catenin in the
cytoplasm followed by its translocation into the nucleus where it interacts with other
transcriptional factors to induce expression of Wnt target genes (reviewed in (MacDonald et al.,
2009)). To determine if reduction of B-catenin protein levels in cells would affect replication of
SARS-CoV-2 similar to Wnt/B-catenin inhibitors, Calu-3 cells were transfected with non-
targeting siRNA or B-catenin-specific siRNA for 48-hours. Western blotting confirmed that levels
of B-catenin protein were greatly reduced by -catenin-specific siRNA (Figure 4.14A). Next, cells
were transfected with non-targeting siRNA or B-catenin-specific siRNA for 24-hours and then
infected with SARS-CoV-2 for another 24-hours after which total cellular RNA and media were
subjected to qRT-PCR and plaque assays respectively. Results from these experiments showed
that siRNA-mediated knockdown of B-catenin reduced SARS-CoV-2 genomic RNA levels and

titers by 60% and 75% respectively (Figures 4.14B and C).
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Figure 4.13. Wnt/B-catenin inhibitors do not reduce SARS-CoV-2 replication in Vero
cells. Vero E6 cells were pre-treated with DMSO alone or Wnt inhibitors at specific
concentrations (IWP-O1 (1 uM and 10 uM), LGK-974 (1 uM and 10 uM), Wnt-C59 (10 uM),
NCB-0846 (1 pM and 10 uM), KYA1797K (1 uM and 10 puM), ETC-1922159 (10 uM),
Pyrvinium (10 nM and 100 nM), iCRT-14 (1 uM), SM04755 (1 uM), and E7449 (1 uM)) for
24 hours and then infected with SARS-CoV-2 (CANADA/VIDOO01/2020 strain, MOI of 0.5).
Twenty-four hours later, virus-containing media were subjected to plaque assays and total
RNA extracted from cells was subjected to qRT-PCR to determine relative levels of viral
RNA. Average viral titers (A) and genomic RNA levels (B) from drug-treated cells from 3
independent experiments are shown. Error bars represent standard error of the mean.
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Figure 4.14. Reducing B-catenin expression increases peroxisome density and inhibits
replication of SARS-CoV-2. Calu-3 cells were transfected with siRNA against -catenin or a
control non-targeting siRNA for 48 hours after which cell lysates were processed for Western
blot analyses with antibodies to B-catenin and actin (A) or qRT-PCR to determine levels of
viral genomic RNA relative to actin mRNA (B). Cell media were subjected to plaque assay to
determine viral titers (C). The average levels of expression (normalized to actin) from 3
independent experiments were determined. Error bars represent standard errors of the means.
D. A549 cells were transfected siRNA against B-catenin or a control non-targeting siRNA for
24 hours and then infected with SARS-CoV-2 (CANADA/VIDO01/2020 strain) at MOI of
0.5. At twenty-four hours post infection, cells were fixed and processed for indirect
immunofluorescence and confocal microscopy using a mouse monoclonal antibody to Spike
protein and donkey anti-mouse IgG conjugated to Alexa Fluor 488. B-catenin was detected by
a rabbit polyclonal antibody to B-catenin and donkey anti-rabbit IgG conjugated to Alexa Fluor
546. Nuclei were stained using DAPI. Images were obtained using a spinning-disc confocal
microscope. E. A549 cells were transfected siRNA against B-catenin or a control non-targeting
siRNA for 48 hours. Cells were then fixed and processed for indirect immunofluorescence and
confocal microscopy. Peroxisomes were detected with a mouse monoclonal antibody to
PMP70 and donkey anti-mouse IgG conjugated to Alexa Fluor 488. B-catenin was detected by
a rabbit polyclonal antibody to B-catenin and donkey anti-rabbit IgG conjugated to Alexa Fluor
546. Prior to mounting, samples were incubated with CellMask Deep Red. Images were
obtained using a spinning-disc confocal microscope. F. Box-and-whisker plot of the
peroxisomal density of cells. The peroxisomal densities were calculated by quantifying the
number of PEX14 puncta structures from Z-stack confocal images of the entire cell and
dividing by the cell volume. Boxes show the 25th, 50th, and 75th percentiles. Points represent
a minimum of 60 cells which were analyzed in three independent experiments. *, P <0.05. G.
A549 cells were transfected with non-targeting siRNAs as a control or si-RNA targeting [3-
catenin. Forty-eight hours later, cells were challenged with 100 HAU/ml of Sendai virus for
8- or 16-hours after which total cellular RNA was harvested and subjected to qRT-PCR to
determine relative levels mRNA encoding type I (IFNB) and type III (IFNA2) IFNs. Values
from three independent experiments are shown. Error bars represent standard errors of the
mean. *, P <0.05
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In addition to reducing virus replication and titers, si-RNA mediated knockdown of B-catenin

reduced the susceptibility of Calu-3 cells to SARS-CoV-2 infection (Figure 4.14D).

To determine if silencing B-catenin expression induced peroxisome proliferation and
enhanced IFN induction in response to Sendai virus infection, A549 cells were transfected with
non-targeting siRNA as a control or siRNA targeting B-catenin for 48-hours and then processed
for indirect immunofluorescence and confocal microscopy or qRT-PCR to assess IFN induction.
Data shown in Figures 4.14E and F revealed that peroxisome density increased by 43% in cells
transfected with siRNA targeting B-catenin compared to those transfected with non-targeting
siRNA. In addition, expression of IFNB and IFNA in response to Sendai virus infection was
significantly increased in cells transfected with siRNA targeting PB-catenin (Figure 4.14G).
Together, these results suggest that [B-catenin possibly exerts its pro-viral effects by

downregulating peroxisome biogenesis and IFN expression.

4.2.4. Wnt/B-catenin inhibitors have broad-spectrum antiviral activity

IFNs have been shown to restrict the replication of other human pathogenic viruses
including Zika virus (ZIKV) and Mayaro virus (MAYV) (Bayer ef al., 2016; Caine et al., 2019;
Corry et al., 2017; Figueiredo et al., 2019; Gobillot et al., 2020). Therefore, I next investigated
if/how Wnt/B-catenin inhibitors affected replication of ZIKV and MAY'V. In this experiment, I
focused on IWP-O1, KYA1797K and Pyrvinium because they showed the highest selectivity
indexes against SARS-CoV-2 in Calu-3 cells (Figure 4.6 A). A549 cells were treated with DMSO
as a control or Wnt/B-catenin inhibitors for 24-hours, after which the cells were infected with
ZIKV or MAYV for another 48- or 24-hours respectively after which cell media and total cellular
RNA were collected. Results from plaque assays and qRT-PCR analyses showed that Wnt/j3-

catenin inhibitors reduced the titers of ZIKV and MAYV by at least 50% and 70% respectively
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(Figure 4.15). Specifically, KYA1797K potently reduced the titers of ZIKV and MAYV by more
than 85% and 95% respectively. However, the antiviral effects of the inhibitors on the replication

of ZIKV and MAY'V are less potent in comparison to SARS-CoV-2.
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Figure 4.15. Wnt/B-catenin inhibitors reduce replication of other RNA viruses. A549
cells were treated with Wnt/B-catenin inhibitors IWP-O1 (1 uM), KYA1797K (1 uM),
Pyrvinium (100 nM), E7449 (1 uM)) or DMSO alone for 24 hours, after which the cells
were infected with 0.1 MOI of Zika virus (ZIKV) for another 48 hours or Mayaro virus
(MAYYV) for another 24 hours. Cell media were subjected to plaque assays and total RNA
extracted from cells was subjected to qRT-PCR to determine relative levels of viral RNA.
Average viral titers (A, C) and genomic RNA levels (B, D) from drug-treated cells from 3
independent experiments are shown. Error bars represent standard error of the mean. *, P <

0.05; ** P <0.01; N.S. (not significant).
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4.2.6. Summary

In this chapter, I investigated the antiviral effects of Wnt/B-catenin inhibitors on SARS-
CoV-2 as well as ZIKV and MAYV. My data show Wnt/B-catenin inhibitors that act at different
points in the signaling pathway (Table 4.1) potently inhibit replication of SARS-CoV-2 in Calu-
3 cells and primary NHBE cells. Among the 10 Wnt/B-catenin inhibitors tested, IWP-Ol1,
KYA1797K and Pyrvinium also showed strong antiviral effects on the viral replication when they
were added post-infection. These three inhibitors, which have high selectivity indexes, also

inhibited the replication of SARS-CoV-2 variants of concern.

Activation of Wnt/B-catenin signaling pathway was previously shown to impair
peroxisome biogenesis during viral infection (Xu et al., 2020). Here, I demonstrated that Wnt/p3-
catenin inhibitors increase peroxisome density in multiple cell types. Furthermore, the inhibitors
also enhanced IFN expression in response to Sendai virus infection, possibly by promoting the
localization of MAVS to peroxisomes. The strong inhibitory effects on SARS-CoV-2 replication
are likely the result of the increased peroxisome biogenesis which enhances IFN expression. This
is supported by the finding that Wnt/B-catenin inhibitors did not affect the replication of SARS-
CoV-2 in Vero cells which do not produce IFNs (Desmyter et al., 1968). In addition to SARS-
CoV-2, Wnt/B-catenin inhibitors also reduced replication of ZIKV and MAY'V. As such, the host-
directed immune response activated by Wnt/B-catenin inhibitors may have broad treatment
applications to other human pathogenic RNA viruses. Reducing B-catenin levels using siRNA also
had a potent antiviral effect on SARS-CoV-2 replication indicating that B-catenin is a host-
dependency factor for this virus. The knockdown of B-catenin also increased peroxisome density

and enhanced IFN induction in response to Sendai virus infection.
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Collectively, the findings in Chapter 4 highlight the potential use of Wnt/B-catenin
inhibitors as prophylactics and/or therapeutics for treating COVID-19 and potentially other viral
infection. Further investigation will focus on whether Wnt/B-catenin inhibitors can block SARS-
CoV-2 infection in vivo. In addition, it is also fundamental in elucidating how the inhibition of
Wnt/B-catenin signaling pathway induces peroxisome proliferation. Possible mechanisms will be

discussed in Chapter 5.
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Chapter 5

Discussion
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5.1 Synopsis

My thesis work focused on using two different approaches to induce peroxisome
proliferation and consequently enhance IFN response. In Chapter 3, I showed that peroxisomes
are depleted during ZIKV infection, and demonstrated that over-expression of PEX11B inhibits
ZIKV replication, likely by boosting IFN response which results from the increased peroxisome
proliferation. As such, I will begin this chapter by discussing the antiviral roles of peroxisomes

and how ZIKV causes depletion of these organelles during infection.

In Chapter 4, I showed that Wnt/B-catenin signaling pathway inhibitors potently block
SARS-CoV-2 replication. I further proposed plausible antiviral effects of the inhibitors by
presenting evidence that Wnt/B-catenin inhibitors potentiated the IFN response by inducing
peroxisome proliferation. As such, I will discuss the potential roles for IFNs and IFN agonists in
treating COVID-19. Moreover, I will discuss the various mechanisms that have been proposed for
inducing peroxisome proliferation. Finally, I will finish this section by discussing possible IFN-

independent antiviral effects of Wnt/B-catenin signaling pathway.

5.2 Peroxisomes are antiviral organelles

For more than a decade now, peroxisomes have been recognized as antiviral signaling
platforms that mediate IFN expression (Dixit et al., 2010; Odendall ef al., 2014). Subsequently, it
was shown that multiple viruses employ different strategies to deplete peroxisomes during
infection, likely as a means to suppress IFN induction (reviewed in (Wong et al., 2018). Examples
include flaviviruses like ZIKV, DENV, WNV and HCV as well as coronaviruses such as SARS-
CoV-2 and porcine epidemic diarrhea virus (PEDV) (Knoblach et al., 2021; Lupberger et al., 2019;

Wong et al., 2019; You et al., 2015; Zhang et al., 2018). Consistent with my data, a study by
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another laboratory reported loss of peroxisomes during ZIKV infection (Coyaud et al., 2018). This
included reduction in PMP70 protein levels and lower peroxisome density in ZIKV-infected cells.
In Chapter 3 and in Wong et al., 2019, I showed that over-expression of PEX11B induced
peroxisome proliferation which in turn enhanced the IFN response thus inhibiting ZIKV
replication. The data further consolidate the role of peroxisomes in restricting viral infections.

While much of the published data are consistent with respect to what happens to
peroxisomes during viral infection, two studies propose contrasting views on the roles of
peroxisomes during ZIKV infection (Coyaud ef al., 2018; Farelo et al., 2022), specifically that
ZIKV requires peroxisomes to establish infection. They show that the replication of ZIKV in
fibroblast lines derived from patients with peroxisomal biogenesis disorders is lower than in
fibroblasts from control patients. However, the effects of the genetic background of different host
donors on ZIKV replication were not taken into consideration. This is important as our lab showed
that the permissiveness of human fetal astrocytes to ZIKV varied significantly depending upon
the individual donor (Limonta et al., 2018) indicating that differences within the host genetic
background can affect viral infection. Furthermore, no significant differences in the production of
ZIKV between infected normal and peroxisome-deficient cells were observed until 96 h.p.i. and
even then, the differences in titers were only less than one log. (Coyaud et al., 2018). Therefore,
these data alone are not evidence to support the conclusion that ZIK'V depends on peroxisomes to
establish infection.

Instead of using cells derived from patients with peroxisome biogenesis disorders, we used
CRISPR to create a line of A549 cells devoid of peroxisomes due to a lack of PEX19, which is
essential for formation of peroxisomes (Appendix 1A). PEX19 knockout (KO) cells were infected
with ZIKV for 48 hours, and the media and cell lysates were collected for plaque assay and qRT-

PCR analyses receptively. Data in Appendix 1B show that replication of ZIKV was not affected
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in peroxisome-deficient cells, indicating the virus does not require peroxisomes to establish
infection. The similar viral titers and viral RNA levels between PEX19 KO cells and WT cells are
likely owing to the unaffected cellular antiviral immune response in the absence of peroxisomes,
as the expression of interferon signaling genes (ISGs), including /FFNf and IFNA, does not reduce
as reported in (Bender et al., 2015; Odendall et al., 2014). It is possible that the abundance of
MAVS is comparable in cells with or without peroxisomes and mitochondrial MAVS might
compensate for peroxisomal MAVS in cells lacking peroxisomes. In contrast to ZIKV, replication
of the herpesvirus family member HCMV was reduced by more than 50% in PEX19 KO
fibroblasts (Jean Beltran ef al., 2018). Moreover, peroxisome proliferation is promoted during
HCMYV infection, likely in order to increase synthesis of plasmalogen, which is enriched in the
viral membranes.

Similar to flaviviruses, infection with the alphacoronavirus PEDV and the betacoronavirus
SARS-CoV-2 result in loss of peroxisomes (Knoblach et al., 2021; Zhang et al., 2018). Expression
of PEDV NSP1 alone was shown to deplete peroxisomes, possibly by inhibiting the translation of
mRNAs encoding peroxisomal proteins (Shen et al., 2018). The reduction of peroxisome numbers
in NSP1 expressing cells is also consistent with the finding that NSP1 overexpression inhibits
induction of IFNA (Zhang et al., 2018). Interestingly, SARS-CoV-2 infection appears to affect the
integrity of peroxisomes (Farelo et al., 2022; Knoblach et al., 2021; Wong et al., 2019; You et al.,
2015). Specifically, peroxisomal matrix proteins are mislocalized to the cytosol, possibly as a
result of the interaction between the viral protein ORF14 and PEX14, a component of the docking
complex that is required for matrix protein import. The compromised integrity of peroxisomes
observed in SARS-CoV-2 infected cells may in turn impair the ability of these organelles to

support an antiviral defense against this virus, which is extremely sensitive to IFN.

144



5.3 Elimination of peroxisomes by ZIKV capsid protein

Coyaud et al. also attempted to determine the viral determinant(s) of ZIKV responsible for
the depletion of peroxisomes (Coyaud et al., 2018). They used a BiolD/IP-MS ZIKV-host
interactome to identify interactions between host and ZIKV proteins. More than 3,000 interactions
were identified, including showing that ZIKV NS2A binds to PEX3 as well as PEX19, both of
which are critical peroxisome biosynthesis factors. The authors suggested that ZIKV NS2A
interacts with PEX19 to impair peroxisome biogenesis but did not describe the possible
mechanisms. Furthermore, peroxisome density was only reduced by ~8% in cells over-expressing
ZIKV NS2A as revealed by confocal microscopy. No other approaches were used to validate
interactions between viral proteins and peroxisome proteins identified in the interactome screen.
For example, the interaction between ZIKV NS2A and PEX19 was not confirmed by co-
immunoprecipitation or another independent assay. The authors also reported that GFP-NS2A
localizes to peroxisomes as determined by colocalization with PMP70. In contrast, subsequent
studies showed that HA-NS2A and flag-NS2A localized to the ER but not to peroxisomes
(Alzhanova et al., 2021; Zhang et al., 2019). The discrepancy in the localization of ZIKV NS2A
may stem from the differences in the size of the tag proteins. The protein size of GFP is ~28kDa,
which is slightly larger than ZIKV NS2A and ~28 times larger than HA and flag proteins
(Einhauer and Jungbauer, 2001; Prasher et al., 1992; Wilson et al., 1984; Zhang et al., 2019). This

may in turn interfere with the folding of NS2A.

Consistent with my data, other studies have reported that flavivirus capsid proteins interact
with PEX19 (Farelo et al., 2022; Scaturro et al., 2018; You et al., 2015). The most recent study
by Farelo et al showed that lower numbers of peroxisomes were observed in ZIKV capsid-

expressing cells. Together, these results suggest that ZIKV capsid protein is a major viral
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determinant in reducing peroxisome numbers in cells, likely in large part by targeting PEX19 for
downregulation. Given that peroxisomes are important for the antiviral response (Dixit ez al., 2010;
Odendall et al., 2014), targeting of peroxisomes by flavivirus capsid proteins ZIKV infection is
yet another means by which these viruses impair the IFN pathway. Consistent with this notion,
gRT-PCR data show that expression of ZIKV capsid inhibits expression of IFN and IFNA in

response to poly(I:C) (Appendix 2).

Future experiments will focus on understanding the mechanisms by which flavivirus
capsid proteins reduce PEX19 protein levels. Results in Appendix 3 show that ZIKV infection
does not reduce PEX19 mRNA levels and because the capsid protein does not possess enzymatic
activity, it cannot directly degrade PEX19. Therefore, other cellular factors must be involved in
this process. Multiple flavivirus proteins are known to interact with host proteins in order to
antagonize IFN induction and signaling pathways. For example, DENV NS5 protein binds to the
E3 ubiquitin ligase UBR4 and promotes the interaction between UBR4 and STAT2 to mediate the
degradation of STAT2, thereby suppressing IFN signaling (Morrison et al., 2013). Possible host
proteins mediating the loss of PEX19 include E3 ubiquitin ligase HUWEI1, which was identified
as interacting ZIK'V capsid protein during an interactome analysis conducted by our collaborator,
Dr. Lori Frappier (U of Toronto). It is possible that ZIKV capsid protein interacts with the
ubiquitin ligase to target PEX19 for proteasomal degradation, resulting in impaired peroxisome
biogenesis during infection. To investigate if HUWEI mediates the loss of PEX19, cells were
transfected with siRNAs targeting HUWEI for 24 hours and then ZIKV infection for another 48
hours. Cell lysates were collected for Western blot analysis or RNA extraction for qRT-PCR
analysis. Results show that levels of ZIKV viral RNA were not affected in cells transfected with

HUWEI1-specific siRNAs (Appendix 4A) nor were PEX19 protein levels affected (Appendix
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4B). Unfortunately, knockdown of HUWEI RNA was not very efficient (Appendix 4C) and
therefore, optimizing the knockdown efficiency is needed to better examine the potential role of
HUWEI on capsid-dependent reduction of PEX19. Use of CRISPR/Cas9 to disrupt HUWE I may

be the best approach.

In addition to HUWEI1, ZIKV capsid was reported to interact with VAMP-associated
proteins VAPA and VAPB (Hua et al., 2017), which are ER-resident proteins that interact with
peroxisomal membrane protein acyl-CoA binding domain containing 5 (ACBDS). The VAP-
ACBDS interaction acts as a tether for peroxisomes to the ER. Loss of VAPA and VAPB by
siRNA-mediated knockdown results in the reduction of peroxisome surface area in cells (Hua et
al.,2017). It is possible that ZIK'V capsid protein interacts with VAPA and/or VAPB to cause loss
of peroxisomes, resulting in the reduction of peroxisomal protein levels including PEX19. To this
end, I transfected the cells with shRNA plasmid targeting VAPA for 24 hours, after which I
infected the cells with ZIKV for another 48 hours. Cell lysates were collected for Western blot
analysis or processed for RNA extraction for qRT-PCR analysis. Results show that transduction
of lentivirus expressing shRNA targeting VAPA did not reduce ZIKV viral RNA level (Appendix
5A). In addition, PEX19 protein levels in cells silencing with VAPA are comparable to the control
during ZIKV infection (Appendix 5B). Optimizing the knockdown efficiency is needed as the
qRT-PCR result shows that VAPA mRNA level unexpectedly increases in cells transduced with
lentiviruses expressing shRNA targeting VAPA (Appendix 5C). Finally, validation of the
interactions between capsid and host proteins which were identified in the interactome by assays
including co-immunoprecipitation is important for subsequent functional analyses of the capsid-

mediated loss of peroxisomes in cells.

147



5.4 Potentials use of Wnt/p-catenin inhibitors in treating COVID-19

IFNP and IFNA have been investigated for efficacy as treatments for hospitalized patients
with mild to moderate COVID-19 (Feld et al., 2021; Hung et al., 2020; Monk et al., 2020).
Patients who received IFNf or IFNA alone by injection or inhalation, or in combination with other
drugs showed lower viral load in comparison to patients who did not receive IFN. However, a
phase III study which evaluated the effect of Remdesiver alone or in combination with
subcutaneously administered IFNf in treating hospitalized patients with COVID-19 pneumonia
showed contrasting results (Kalil et al., 2021). Specifically, IFNf in combination with Remdesivir
was no more effective than Remdesivir alone in reducing duration of symptoms and time to
recovery. It is worth noting that the study focused on more severely ill patients with radiographic
infiltrates who required supplemental oxygen. Therefore, the potential benefits of IFNf or even

IFNA in patients with early-stage or mild COVID-19 was not clear.

Besides the administration of recombinant IFNs, host-directed antivirals which induce IFN
expression have also been explored to treat COVID-19. One study reported prophylactic and
therapeutic intranasal administration of a diamidobenzimidazole STING agonist, diABZI-4, in
SARS-CoV-2 infected transgenic mice expressing human ACE2 (hACE2) (Humphries et al.,
2021). Results of the study showed that the antiviral effects of diIABZI-4 were IFN-dependent,
indicating that the induction of IFN response restricts SARS-CoV-2 infection in mice. RNA
samples extracted from lungs of diABZI-4 treated hACE2 mice revealed that the drug up-
regulated expression of an array of inflammatory cytokines even in the absence of viral infection.
This is not surprising given that IFNs have been shown to induce an inflammatory response in

lung tissues without viral infections (reviewed in (Makris et al., 2017)). As such, it is possible that
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agents which directly stimulate IFN expression in the absence of viral infections may

constitutively induce or even exacerbate inflammation.

The antiviral effects of the Wnt/B-catenin inhibitors described in Chapter 4 are likely the
result of increased peroxisome proliferation and concomitant enhanced IFNf and IFNA expression.
Importantly, none of the inhibitors up-regulate IFN expression in the absence of viral infection,
suggesting that the pro-inflammatory side-effects of IFNs may be avoided when the drugs are
administered for prophylactic use to people such as the essential workers during future pandemics.
Among the 10 inhibitors reported, 3 of them also show strong antiviral activities when they were
added after infection was established suggesting that some Wnt/B-catenin inhibitors could also be
used as therapeutics for outpatients with mild COVID-19. Advantages of this type of host-directed
antivirals include reducing the reliance on injection or inhalation of recombinant IFNs and

increasing the genetic barrier of the virus to escape the immune response.

Future experiments include whether the Wnt/B-catenin inhibitors exhibit efficacy against
SARS-CoV-2 replication in vivo. Drugs which are efficacious in treating COVID-19 in the
animals may become potential candidates for possible clinical trials in the future, which will aim
at evaluating the efficacies of Wnt/B-catenin inhibitors in treating patients in early-stage COVID-
19. Outcomes of the clinical studies will provide insights into the possible adverse effects, the
appropriate dose and means of delivery for the use of the inhibitors as therapeutics in humans.
Prophylaxis trials on Wnt/B-catenin inhibitors are also worth exploring since the currently
authorized direct-acting antivirals for COVID-19 are therapeutics only. On the other hand, the
investigations on the potential complications of this peroxisome-based therapy on HCMV infected

patients are also needed as it was reported that HCMV infection induces peroxisome proliferation

149



in cells to increase plasmalogen levels for the synthesis of viral membrane (Jean Beltran ef al.,

2018).

5.5 Induction of peroxisome proliferation by inhibiting Wnt/B-catenin signaling pathway

HIV infection activates Wnt/B-catenin signaling pathway which results in the loss of
peroxisomes (Xu et al., 2020). Intriguingly, contrasting effects on this pathway and peroxisome
biogenesis are observed during HCMYV infection. It was reported that HCMV infection
downregulates Wnt/B-catenin signaling pathway by promoting loss of B-catenin protein
(Angelova et al., 2012), while inducing peroxisome proliferation to promote the synthesis of
plasmalogen, which is enriched in HCMV viral membranes (Jean Beltran ef al., 2018). In chapter
4, 1 further addressed the link between Wnt/B-catenin signaling pathway and peroxisome
biogenesis by discovering a previously unrecognized role of Wnt/B-catenin signaling pathway
inhibitors in inducing peroxisome proliferation. In this section, I will discuss the possible
underlying mechanisms by which Wnt/B-catenin signaling pathway stimulates peroxisome
proliferation.

Over-expression of PEX11B has been shown in multiple studies to induce peroxisome
proliferation in human cells (Odendall ef al., 2014; Schrader ef al., 1998b; Wong et al., 2019).
Peroxisome proliferation can also be stimulated by fatty acids and hypolipidemic fibrates, which
bind to the nuclear hormone receptor peroxisome proliferator-activated receptor alpha (PPARa).
Binding of agonists to PPARa and its partner retinoid X receptor (RXR) results in the formation
of PPAR/RXR heterodimers which then bind to peroxisome proliferator response elements
(PPREs) in peroxisomal genes to initiate gene expression and therefore drive peroxisome
proliferation (Forman et al., 1997; Krey et al., 1997). Multiple reports have documented crosstalk

between the Wnt/B-catenin signaling pathway and peroxisome proliferator-activated receptor
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gamma (PPARy) (reviewed in (Vallée et al.,, 2018)). Connections between Wnt/B-catenin
signaling pathway and PPARa agonists are reported in a human hepatocarcinoma cell line and a
human retinal pigment epithelial cell line (Mandala et al., 2020; Thomas et al., 2015). However,
the effects of the PPARa agonists on peroxisome biogenesis in the human cell lines were not
investigated in the studies.

Recently, a novel PPAR-independent pathway that induces peroxisome proliferation was
described. The study reported a small worm phenotype/Mothers Against Decapentaplegic
homolog 2/3 (SMAD?2/3) transcription factor binding site in the promoter region of PEX11B
(Azadi et al., 2020). Consistent with a previous study (Schrader et al., 1998a), Azadi et al
demonstrated induction of peroxisome proliferation by TGFf in a SMAD2/3 dependent manner
in a human hepatoblastoma cell line. Other peroxisome genes containing putative SMAD?2/3
binding sites include Fis, PEX13 and PEX14, further indicating a role for SMAD2/3 and possibly
TGFp signaling in peroxisome proliferation.

In contrast, there is evidence to suggest that SMADZ2/3 is an inducer of the Wnt/B-catenin
signaling pathway. It interacts with and stabilizes B-catenin resulting in expression of Wnt-target
genes when the pathway is stimulated by Wnt ligands (Zhang et al., 2010). This would seem to
be at odds with a report from the Hobman lab showing that activation of Wnt/B-catenin signaling
pathway impairs peroxisome biogenesis, including PEX11B protein expression (Xu ef al., 2020).
It is tempting to speculate that SMAD?2/3 interaction with B-catenin alters in response to Wnt/f-
catenin signaling. Upon the activation of the Wnt/B-catenin signaling pathway, SMAD2/3 may
preferentially bind with B-catenin, whereas it may interact with PEX11B promoter region when
Wnt/B-catenin signaling is inhibited. The elucidation on the promoter regions of important

biogenesis factors including PEX11B, and the possible interaction of Wnt/B-catenin signaling
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pathway with SMAD2/3 may reveal more potential pathways in inducing peroxisome
proliferation.

The Hobman lab previously reported that overexpression of HIV vpu protein causes loss
of peroxisomes by upregulating host miRNAs (miR-500a-5p, miR-34c-3p, and miR-381-3p)
which target peroxisome biogenesis factors (PEX2, PEX7, and PEX13), a process which is
dependent on the activated Wnt/B-catenin signaling pathway (Xu et al., 2020). The results indicate
that peroxisome gene expression is downregulated by enhancing the expression of a subset of host
miRNAs upon the activation of Wnt/B-catenin signaling pathway. Conversely, Wnt/p-catenin
inhibitors may reduce or block expression of miRNAs targeting peroxisome biogenesis factors,
and consequently drive peroxisome proliferation. Since the miRNA expression profile is cell-type
specific, examinations on the changes on the expression of host miRNAs in response to the
treatment of Wnt/B-catenin inhibitors in different cell types will shed more light on the roles of

Wnt/B-catenin signaling pathway in peroxisome biogenesis.

5.6 IFN-independent antiviral effects of Wnt/p-catenin signaling pathway inhibitors

Androgen signaling was recently reported to regulate ACE2 and TMPRSS2 levels in
human lung cells (Samuel et al., 2020). The study showed that drugs that inhibit androgen receptor
(AR) or RNAi-mediated knockdown of AR downregulated the expression of ACE2 and
TMPRSS2 in human primary lung epithelial cells. The antiandrogenic drugs not only reduced
ACE2 levels in human lung organoid cultures, but when added prior to infection with SARS-CoV-
2, reduced viral titers by 50% to 70%. The Wnt/B-catenin signaling pathway is known to intersect
with AR signaling. The Wnt/p-catenin pathway inhibitor iCRT-3 was shown to reduce interaction
of B-catenin with AR and inhibit AR target gene expression including AR and CDKI (Lee et al.,

2013). Another Wnt/B-catenin inhibitor CWP232291 was shown to downregulate AR and reduce
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TMPRSS2 RNA levels (Pak et al., 2019). In line with this, our qRT-PCR results in Appendix 6
also show that stimulation of Wnt agonists upregulates the expression of AR. Furthermore, SARS-
CoV-2 infection induces the expression of AR along with an array of Wnt target genes such as
TCF1, TCF4, and c-myc. It seems that SARS-CoV-2 infection activates Wnt/B-catenin signaling
pathway, which results in the up-regulation of Wnt target genes including AR, likely to induce the
expression of ACE2 and /or TMPRSS2 to promote viral entry.

Results described in Chapter 4 indicate that Wnt/B-catenin signaling pathway inhibitors
block the replication of SARS-CoV-2, largely in part by enhancing peroxisome proliferation and
consequently IFN induction. Wnt/B-catenin inhibitors may also limit SARS-CoV-2 infection by
downregulating expression of AR which in turn, results in lower levels of ACE2 and/or TMPRSS2.
This IFN-independent antiviral effects of Wnt/B-catenin inhibitors are not mutually exclusive to
the mechanism that I proposed in Chapter 4, but rather, may play a complementary role in limiting

SARS-CoV-2 infection: one blocking the viral entry while the other one boosts the IFN response.

5.7 Peroxisome-independent antiviral effects of Wnt/B-catenin signaling pathway
inhibitors

Consistent with my data in Chapter 4, a study reported that siRNA mediated knockdown
of B-catenin increased IFN expression in response to Sendai virus in human cells ((Baril ef al.,
2013)). In Chapter 4, I proposed plausible antiviral effects of the inhibitors by presenting evidence
that Wnt/B-catenin inhibitors potentiated the IFN response by inducing peroxisome proliferation.
Barli et al. elucidated the mechanisms in which Wnt/p-catenin signaling pathway impaired IFN
induction by showing that 3-catenin interacts with IRF3 in Sendai virus infected HEK 293T cells
((Baril et al., 2013)), suggesting a possible role of Wnt/B-catenin signaling pathway in the

inhibition of the antiviral innate immune response through regulation of IRF3. Conversely,
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inhibition of Wnt/B-catenin signaling pathway may result in the removal of the inhibitory effects
on IRF3, inducing the expression of IFN[. This possible antiviral effect of Wnt/pB-catenin
inhibitors does not exclude the possibility of the antiviral effects of peroxisome proliferation that
I proposed in Chapter 4. In fact, both mechanisms may play their roles in parallel in inducing IFN

response, which consequently result in the inhibition of viral replication.

5.8 Concluding remarks

In the past two decades, rapidly evolving emerging and re-emerging viruses have caused
diseases that disrupt society and the healthcare systems. It is important to better understand various
cellular pathways involved in the diseases. Peroxisomes are targeted by RNA viruses for
elimination because of their antiviral properties. Manipulation of cellular pathways to induce
peroxisome proliferation provides an approach to induce host immune response, and consequently
restrict viral infections. By inducing peroxisome proliferation, Wnt/B-catenin inhibitors can be
used as host-directed antivirals for COVID-19, and they provide treatments which do not require
injection or inhalation of IFNs, further reducing the burden of the healthcare systems around the
globe. Wnt/B-catenin inhibitors may be prospective candidates for delivering the peroxisome-
based therapy not only for COVID-19, but also possibly for respiratory diseases caused by newly
emerging coronaviruses in the future. The discovery of the role of Wnt/B-catenin signaling
pathways inhibitors in inducing peroxisome proliferation opens up a novel avenue for researchers

to repurpose existing drugs that modulate peroxisome biogenesis to inhibit viral replication.
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