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Abstract

Flaviviruses are important human pathogens that have an enormous impact on global health.
Examples that have been studied in my research include dengue virus (DENV), West Nile virus
(WNYV) and most recently, Zika virus (ZIKV). Currently, there are very few vaccines against or
therapeutic treatments for flavivirus infections, and our understanding of how these viruses causes
diseases is rather limited. Accumulating evidence from our laboratory and others has demonstrated
that flaviviruses target specific host cell proteins to counteract the innate immune systems during
infection. In this thesis, I investigated the mechanisms by which DENV, WNV and ZIKV interfere
with cellular antiviral pathways, including the peroxisome-mediated antiviral response, the Type-

I interferon response, and the host stress response.

A major finding was that flavivirus infection impairs biogenesis of peroxisomes, organelles
that are important signaling platforms for early antiviral response including interferon production.
This phenomenon is due in part to sequestration of the essential peroxisome biogenesis factor
PEX19 by the viral capsid proteins. Analyses of ZIKV-infected cells revealed that this emerging
pathogen interferes with the interferon production and signaling through multiple mechanisms.
Specifically, the viral non-structural proteins NS1, NS4A and NS5 were identified as suppressors
of interferon induction. NS5 was shown to target the antiviral transcription factor STAT2 for
proteasomal degradation. Lastly, ZIKV infection was shown to modulate the cellular stress
response and inhibit stress granule formation. The virus utilizes multiple viral components to

hijack key stress granule proteins likely to facilitate viral replication.

Together, this thesis work describes novel host-virus interactions that occur during flavivirus
infection and provides mechanistic insights into these processes, which in turn may provide new

avenues for therapeutic development.
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Chapter 1 Introduction



1.1 Flaviviruses

1.1.1 Overview

Flaviviruses are arboviruses belonging to the large RNA virus family Flaviviridae. Many
members of this group are significant human pathogens that impose an enormous impact on global
health. For example, the mosquito-borne flavivirus, Dengue virus (DENV) alone, is estimated to
cause almost 400 million infections per year in over 100 countries in the world (Bhatt et al., 2013).
Although vaccines are available for a few flaviviruses including yellow fever virus (YFV) and
Japanese encephalitis virus (JEV), therapeutic and prevention options for other members of the
family are limited. With rapid urbanization, climate change, increased international travelling and
unprecedented spread of vectors, the global burdens of flaviviruses continue to expand, putting
hundreds of millions of people at risk. To provide a general understanding of flaviviruses and the
associated diseases, this chapter discusses viral epidemiology and clinical significance (Section
1.1.3), viral pathogenesis (Section 1.1.4) as well as viral biology (Sections 1.1.5 and 1.1.6). Based
on the main research interest of this thesis work, the discussion will be focused on West Nile virus

(WNV), DENV and Zika virus (ZIKV).

1.1.2 Classification of flaviviruses

Flaviviridae is a large family of viruses with positive-sense, single-stranded RNA
(ssRNA) genomes. It is divided into three genera: Pestivirus, Hepacivirus and Flavivirus, with
Flavivirus being the largest genus (Gould and Solomon, 2008). Flavirirus is derived from the Latin
word “flavi”’, meaning “yellow”, due to the condition jaundice caused by YFV. The term
“flaviviruses” traditionally refers to members of the Flavivirus genus which can be further
categorized into subgenera based on their host ranges and transmissibility. Thus far, four subgenera

of flaviviruses have been identified: mosquito-borne, tick-borne, insect-specific, and those with



unknown vectors (Figure 1.1). Many of the medically important flaviviruses are mosquito-borne,
including JEV, YFV, WNV, DENV and ZIKV (reviewed in (Villordo et al., 2016)). These viruses
can be further classified into groups depending on their serocomplex specificity (Figure 1.1). For
example, the JEV group contains several encephalitic viruses including JEV, WNV, Murray
Valley encephalitis virus (MVEV) and St. Louis encephalitis virus. The DENV group includes
DENV serotypes 1, 2, 3 and 4. The YFV group is composed of YFV and Septik virus, while the

Spondweni virus group contains Spondweni virus and ZIKV (Gould and Solomon, 2008).
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Figure 1.1 The classification of Flavivirus subgenera. A phylogenetic tree
representing the evolutionary relationships among the 4 groups of flaviviruses based
on the viral genomic sequences (modified from Villordo, et al 2016).



1.1.3 Epidemiology and clinical importance

For the past few decades, notable advances have been achieved in the prevention and
control of several mosquito-borne flaviviruses. A good example is YFV, the causative agent of
yellow fever, a hemorrhagic illness that can develop in some patients infected with the virus. This
virus is thought to cause 30,000 deaths per year, primarily in Africa (Jentes et al., 2011). Since
2006, extensive vaccination campaigns led by the World Health Organization (WHO) have
significantly reduced YFV incidence (WHO, 2013). The yellow fever vaccine was shown to
induce long-lasting (up to 20 years) neutralizing antibodies in > 90% vaccine recipients (Gotuzzo
et al., 2013) and it remains to be one of the most successful vaccine developments for arboviruses.
Similarly, several safe and effective vaccines are now available for Japanese encephalitis
(reviewed in (Ishikawa et al., 2014)), a serious neurological illness caused by JEV. Although the
risk of outbreaks remains in endemic regions (Campbell et al., 2011; Jentes et al., 2011),
continuous reinforcement, evaluation and improvement of vaccination programs have helped
lessen the burden of disease caused by YFV and JEV. More importantly, valuable knowledge
derived from these prevention strategies will hopefully advance vaccine development and

deployment for other flaviviruses such as WNV and ZIKV.

1.1.3.1 WNV

WNV was first isolated in 1937 from the blood of a woman with febrile illness during
surveillance of YFV in the West Nile region of Uganda (Smithburn et al., 1940). In the late 1990s,
an outbreak of neuroinvasive disease was found associated with a WNV epidemic in Romania
(Tsai et al., 1998) and later in Russia as well as New York City of the U.S.A (Nash et al., 2001).
WNV is now endemic in many parts of the Americas, Asia, Africa and Europe, where it causes

illnesses in horses and in humans (as reviewed in (Troupin and Colpitts, 2016)). In 2012, a public



health emergency of WNV outbreak was declared in the Dallas county of Texas, U.S.A., where
~663 human cases and 18 deaths were reported in the region (CDC, 2016). This was marked as
one of the largest WNV outbreaks in the Americas since 2003. Currently, WNV remains as the

most common cause of mosquito-borne encephalitis in humans in North America.

WNV circulates in various bird species through Culex mosquitoes, although it can also be
transmitted through other routes among the avian hosts (Gyure, 2009). Depending on the virus and
host species, infection outcomes in birds can range from non-pathogenic to lethal. In the latter
case, reporting and testing of dead birds can be a useful means for surveillance of WNV (Public
Health Agency of Canada, 2015). Apart from birds, some studies suggest that alligators may also
serve as a natural reservoir for WNV, particularly in the southeastern U.S.A. (Jacobson et al., 2005;
Klenk et al., 2004). Although it can cause sickness in alligators, the epidemiological importance
of WNV infection in the reptile host remains unclear. Infection of WNV in mammals including
horses and humans is primarily through mosquito bites (Gyure, 2009). Due to the inability of the
virus to produce high titre in the circulation, most mammals are considered dead-end hosts, in
which the vector-mediated transmission cycle terminates. Although extremely rare, human-to-
human transmission has been reported through blood-transfusion (Mezochow et al., 2015; Betsem
etal., 2017), organ transplants (Iwamoto et al., 2003; Mezochow et al., 2015; Winston et al., 2014)

and from mother to baby during pregnancy, delivery, or breastfeeding (Ceccaldi et al., 2007).

Infection by WNV in adult humans is mostly asymptomatic (70-80%). About 20% of
patients develop a febrile syndrome characterized by fever, headache, vomiting and fatigue, but
most recover completely (as reviewed in (Hayes et al., 2005)). However, approximately 1% of
infected individuals develop severe neurological illnesses including acute flaccid paralysis,

meningitis and encephalitis. There is a greater risk associated with the elderly,



immunocompromised patients, individuals with other medical conditions (such as diabetes) and
certain genetic predispositions (reviewed in (Brinton, 2002) and (Suthar et al., 2013)). Recovery
in these patients usually takes longer (from weeks to months) and some of the neurological
conditions become permanent (Hayes et al., 2005). In less than 10% of those who develop serious
illnesses, mortality can ensue due to paralysis of respiratory muscles. At the moment, several
veterinary vaccines are available for horses (reviewed in (Ishikawa et al., 2014)), but no licensed
vaccine or specific treatments are available for humans. However, several WNV vaccine
candidates have showed promise in the developmental phases. For instance, the ChimeriVAX-
WNO2, a chimeric vaccine consisting of the WNV precursor membrane (prM) and envelope (E)
genes in the YFV vaccine 17D backbone, was shown to confer > 96% seroconversion rates in a
Phase-II clinical trial (Biedenbender et al., 2011). Currently, supportive care is the only treatment

for patients with severe WNV symptoms.

1.1.3.2 DENV

Due to uncontrolled urbanization, substandard water treatment systems, increased
international travelling, as well as increased vector spread (Guzman and Harris, 2015; Kraemer et
al., 2015), the global dengue burden has increased dramatically over the past 50 years, with the
affected regions having expanded from originally Latin America, South-East Asia, Western Pacific
and Africa, to more recently, the U.S.A. and several European nations (Guzman et al., 2010).
According to the most recent global estimate, ~390 million dengue infections occur annually,
affecting more than 100 countries, while causing ~96 million dengue clinical manifestations (Bhatt
et al., 2013). Today, severe dengue disease remains as a leading cause of hospitalization and death

among children in many Latin American and Asian countries.



In contrast to WNV, DENV is transmitted between humans and non-human primates
primarily through mosquito-bites. The vector for this virus belongs to the Aedes genus, with Ae.
aegypti as the principle and Ae. albopictus as the less common vector (Guzman et al., 2010).
Accordingly, the prevalence of DENV infection closely correlates with the presence of Aedes spp.
both geographically and seasonally. Although the primary transmission is mediated by mosquitoes,
incidences of DENV infection through blood transfusion and from mother to newborns have also

been documented (Janjindamai and Pruekprasert, 2003; Schmidt et al., 2014).

In healthy adults, DENV infection is often asymptomatic or limited to flu-like symptoms.
However, in ~20% of cases, individuals develop dengue fever (4-10 days after mosquito bite),
which is characterized by high fever, rash, severe pain behind the eyes, muscle and joint pain and
mild bleeding (e.g., nose or gums) (WHO, 2009). Dengue hemorrhagic fever (DHF) and dengue
shock syndrome (DSS) can also occur in a small proportion of patients (1-2%). In these cases,
symptoms include severe plasma leakage, organ impairment and bleeding (WHO, 2009). Without
prompt and proper medical care, death can ensue within 24-48 hours of this critical stage (WHO,
2009). Several factors have been implicated in severe dengue diseases, including secondary
infection with a different virus serotype, weakened immunity, age and certain clinical
predispositions (as reviewed in (Martina et al., 2009)). Unfortunately, no specific treatment is
available for severe dengue and prevention of disease progression relies on supportive medical

care.

Thus far, surveillance and control of mosquito vectors are the primary means to prevent
dengue infection. In late 2015 and early 2016, the first dengue vaccine, Dengvaxia® (CYD-TDV)
from Sanofi Pasteur, was licensed for use in several Asian and Latin American countries.

According to WHO guidelines, this vaccine is intended for individuals between 9 and 45 years-



old who are currently living in endemic areas (WHO, 2016). The CYD-TDV is a tetravalent live-
attenuated virus encoding the prM and E proteins from the 4 DENV serotypes using the YFV
vaccine strain 17D as backbone. Although results from the efficacy trials showed some promise in
protection against severe dengue diseases, the overall vaccine efficacy was suboptimal (~55-60%
in participants > 9 years-old), providing the least protection against DENV-2 (~40%) (Capeding
et al., 2014; Villar et al., 2015). It was also suggested to enhanced risk in seronegative children <
9 years of age (Hadinegoro et al., 2015). Clearly, there remains a pressing need to improve existing

vaccine candidates and develop successful therapeutic strategies for dengue.

1.1.3.3 ZIKV

Closely related to DENV, ZIKV has emerged/re-emerged as an important human pathogen
since the latest outbreak in Brazil in 2015. ZIKV was first isolated from an infected monkey in
Uganda in 1947 and later from Aedes mosquitoes in 1949 during a research designed for YFV
studies (Dick et al., 1952). Sporadic outbreaks of Zika occurred in several continents since its
discovery, where the virus caused mostly mild illnesses. The first large Zika outbreak occurred in
the Pacific Island of Yap in 2007, where 73% of Yap residents became infected; but no severe
cases of disease were reported (Duffy et al., 2009). The second large outbreak occurred in French
Polynesia in 2014, where the first evidence of ZIKV perinatal transmission was identified (Besnard
et al., 2014). The clinical significance of ZIKV was underappreciated until 2015, when the Zika
endemic in South America was linked to significant increases in Guillain-Barré syndrome (GBS)
and microcephaly (Araujo et al., 2016; Rubin et al., 2016). Thus far, ZIKV has spread across the
Americas and has reached as far North as Florida and potentially Texas in the U.S.A. (CDC, 2016).
According to the WHO Zika Situation Report, possible endemic transmissions of ZIKV have also

been reported in several Southeast Asian countries including Singapore, Thailand, Maldives,



Philippines and Vietnam (WHO, 2017). It is still unclear how the virus spread so rapidly during
the outbreaks in South America, but one theory is that a spontaneous mutation acquired in the viral
non-structural protein 1 (NS1) enhances its antigenemia in the mammalian hosts and therefore

promotes ZIKV infectivity and prevalence in mosquitoes (Y. Liu et al., 2017).

ZIKV shares the same mosquito host with DENV, species of the Aedes genus. Not
surprisingly, the spread of Zika also correlates strongly with the prevalence of vectors. Different
from DENV however, ZIKV can be transmitted across the placenta (Besnard et al., 2014; Calvet
et al., 2016; Driggers et al., 2016; Oliveira Melo et al., 2016) as well as through sex (Moreira et
al., 2017). Although potential Zika transmission through blood transfusion has been reported, these

cases are still under investigation.

The majority of ZIKV infections are asymptomatic, but ~25% of infected individuals
develop fever, headache, conjunctivitis, muscle and joint pain, rash, and vomiting. In some adults,
ZIKV infection may trigger GBS (Cao-Lormeau et al., 2016), a neurological condition that is
characterized by numbness in muscles and in more severe cases, paralysis (Goodfellow and
Willison, 2016). GBS can progress to near-total paralysis and death in some patients but
fortunately, this is relatively rare. Due to the ability of ZIKV to cross the placenta, it can also cause
congenital defects including microcephaly in newborns when infection occurs during pregnancy
(Brasil et al., 2016; Calvet et al., 2016; de Aratjo et al., 2016; Driggers et al., 2016; Oliveira Melo
et al., 2016). A recent report from Brazil suggests that ZIKV infection during the first, second and
third trimester can lead to adverse birth outcomes in ~55%, ~52% and ~29% cases respectively

(Brasil et al., 2016).
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Since its resurgence, increasing international effort has been made to understand ZIKV
pathogenesis and advance the development of vaccine and therapeutics. For example, several
vaccine strategies are now undergoing Phase-I clinical trials to evaluate their safety and
immunogenecity (as reviewed in (Barouch et al., 2017)). Until a vaccine is developed and
implemented, surveillance and control of mosquito vectors, practice of safe sex as well as thorough
medical monitoring of women and newborns prior, during and after pregnancy will remain as the

key methods to prevent and control Zika diseases.

1.1.3.4 Other pathogenic flaviviruses

Apart from the mosquito-borne viruses described above, other flavivirus members can also
cause serious disease in humans and animals (as reviewed in (Gould and Solomon, 2008)). For
instance, several mammalian tick-transmitted flaviviruses, such as tickborne encephalitis virus
(TBEV) and Omsk hemorrhagic fever virus (OHFV), can cause encephalitis and hemorrhagic
fever in humans. TBEV is most common in Central and Eastern Europe as well as Northern Asia;
while the Powassan virus strain of TBEV is also endemic in North America (as reviewed in
(Dobler et al., 2012)); while OHFV infections are confined mainly to Western Siberia (CDC,
2013). Both viruses circulate within specific tick populations but they can also infect humans
through tick-bites, consumption of raw milk from infected animals or contact with infected rodents
(in the case of OHFV) (Gould and Solomon, 2008). For TBEV, 20-30% of human infections can
lead to neurological disorders including meningitis, encephalitis and meningoencephalitis, while
1-20% of TBEV infections can be fatal in hospitalized patients (Hubalek and Rudolf, 2012). For
OHFYV infections, a subset of individuals develop high fever and encephalitis, but the fatality rate
is typically below 3% (CDC, 2013). A vaccine for TBEV is available in some endemic areas, but

prophylactic options do not currently exist for OHFV (as reviewed in (Ishikawa et al., 2014)).
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Similar to the WNV, DENV and ZIKV, supportive treatment is the only currently available option

for patients with severe illnesses.

In summary, although there has been notable success in limiting infection by some
flaviviruses, overall members of Flaviviridae remain a significant global concern due to the lack
of vaccines and therapeutics. As well as unexpected clinical manifestations, routes of transmission
and viral persistence (as demonstrated by ZIKV), better characterization of flavivirus biology is

still needed to lessen the impact of pathogenesis by these viruses.

1.1.4 Pathogenesis of severe flavivirus diseases

Given their impact on global health, a great deal of effort has focused on understanding
how flaviviruses cause disease. Data suggest that a combination of viral determinants and
dysregulated host immune responses both contribute to the development of severe clinical

outcomes associated with flavivirus infections.

1.1.4.1 WNYV neuroinvasive diseases: crossing the blood-brain barrier (BBB) and
neuropathogenesis

One of the most dangerous complications associated with WNV infection is severe
neuroinvasive diseases such as encephalitis. Studies in animal models (e.g., mice, hamsters and
monkeys) have revealed the importance of viral neuroinvasion and immunopathogenesis in
determining WNV disease development (as reviewed in (Lim et al., 2011)). Neuroinvasion of
WNV usually coincides with, or occurs shortly after, the peak of viremia, which follows
dissemination of the virus throughout the lymphatic system and into the peripheral tissues (Suthar
etal., 2013). Neuroinvasiveness of WNV is linked to its ability to enter the central nervous system

(CNS) and propagate efficiently in different brain cell types. For entry into the CNS, disruption of
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the BBB, either directly by the virus or by virus-induced inflammatory response, is proposed to be

a major factor in WNV neuroinvasion.

The BBB is mainly composed of endothelial cells that are bridged by tight junction
complexes. This highly selective barrier separates the circulating blood from the brain and
provides vital protection for the CNS (Goasdoué et al., 2016). Pathogenesis studies in mice
revealed that a key N-linked glycan on domain I of the envelope protein enhances WNV
neuroinvasiveness, possibly by allowing the virus to bind endothelial cells and therefore cross the
BBB (Chambers et al., 1998; Beasley et al., 2005). Moreover, following infection of endothelial
cells by WNYV, significant degradation of tight junction proteins occurs, a mechanism that could
contribute to breakdown of the BBB (Xu et al., 2012). WNV infection can also induce production
of vasoactive cytokines such as tumor necrosis factor o (TNF-a), which increases permeability of
the endothelial layer (Wang et al., 2004). Finally, WNV may breach the BBB by increasing the
levels of matrix metalloproteinases, which induce turnover of BBB basement membrane and
promote degradation of tight junction proteins (Wang et al., 2008; Verma et al., 2010; Roe et al.,
2012). Other modes of CNS entry have been proposed for WNV, including infecting immune cells
and hijacking them as “Trojan horses” to cross the BBB (Bai et al., 2010); infecting olfactory
neurons to enter the brain through the olfactory bulb (Getts et al., 2008; Yamada et al., 2009); and
infecting peripheral neurons to reach the CNS through axonal retrograde transport (Samuel et al.,

2007).

Once inside the CNS, WNV can replicate efficiently in astrocytes, microglia and neurons
(reviewed in (Lim et al., 2011)) and in doing so, inflict direct damage to the cells by inducing
production of reactive oxgen species and apoptosis of neurons, resulting in neurocytotoxicity

(Parquet et al., 2001; Raung et al., 2001; Samuel et al., 2007).
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Apart from virus-mediated cytopathology, immunopathogenesis also contributes to WNV
neurological disease. Studies in mouse models and ex vivo human brain cells showed that
inflammatory cytokines and chemokines such as TNF-a and IL-1p that are released from infected
neurons, enhance caspase-dependent apoptosis (Marle et al., 2007). As well as neurons, other cell
types also play a role in WNV-induced immunopathology. For instance, viral infection of the CNS
can lead to reactive gliosis, a condition that is characterized by activation of glia cells (e.g.,
astrocytes and microglia) and increased recruitment of leukocytes into the CNS (Ghoshal et al.,
2007; Marle et al., 2007). These processes are accompanied by augmented production of pro-
inflammatory molecules that contribute to neuroinflammation. Similarly, a report using
macrophages from young and elderly cohorts suggests that upregulation of pro-inflammatory
cytokines due to a dysregulated TLR3-signaling can lead to an exaggerated innate immune
response and thus virus-associated neuropathology (Kong et al., 2008). To what extent the immune
system contributes to WNV neuropathology is still being unravelled, but elucidating the role of
immunopathogenesis would allow us to better understand why certain individuals are more prone

to severe WNV disease.

1.1.4.2 Severe dengue: immunopathogenesis mediated by the adaptive immune system

The development of severe dengue disease, namely DHF and DSS, is influenced by viral
and host factors. For example, the secreted DENV NSI protein has been shown to increase
capillary permeability by inducing production of pro-inflammatory cytokines as well as by
destroying endothelial glycocalyx layer through direct binding (Beatty et al., 2015; Chen et al.,
2015; Modhiran et al., 2015). As for host factors, increasing evidence points to the involvement of

the adaptive immune system in severe dengue pathogenesis. Currently, two theories dominate the
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field of dengue immunopathogenesis: a) antibody-dependent enhancement (ADE) and b) skewed

T cell-mediated immune response.

ADE refers to antibody Fc receptor-mediated uptake of DENV particles during secondary
infection by a different DENV serotype (Halstead, 2007). The idea is that antibodies generated
from the previous infection, primarily those against the prM and E proteins, bind to the different
DENV serotype virions with low avidity and instead of neutralizing the virus, these cross-reactive
antibodies facilitate the entry of the virus into Fc receptor-bearing cells (e.g., dendritic cells,
monocytes and macrophages). Thus far, several lines of evidence from in vitro and in vivo studies
support the ADE theory (reviewed in (Diamond and Pierson, 2015)). For example, intravenous
administration of DENV-reactive antibodies increases viral burden in an immune-compromised
mouse model (Zellweger et al., 2010) as well as in non-human primates (Goncalvez et al., 2007).
This may explain why severe dengue disease usually occurs in patients during secondary infection
(Halstead, 2007). This is further supported by the observation that infants born to mothers
previously infected with DENV are at risk for increased disease severity during primary DENV
infection. This is likely due to ADE of DENV in infants mediated by the non-neutralizing
antibodies passively transferred from their mothers during pregnancy (Diamond and Pierson,
2015). While the validity of the ADE theory continues to be tested, it has provided a vital

perspective for designing effective DENV vaccines.

Besides the humoral response, the T cell-mediated immune response contributes to dengue
immunopathology. A skewed T-cell response is thought to drive disease development by
enhancing production of pro-inflammatory cytokines and through reduced clearance of pathogens
(Diamond and Pierson, 2015). Studies of T-cell responses in dengue cohorts suggest that during

secondary infection, there is an expansion of cross-reactive memory T cells that are specific for
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the primary-infection serotype but poorly recognize the secondary-infection serotype
(Mongkolsapaya et al., 2003, 2006). Consequently, clearance of the virus is impaired. Moreover,
these cross-reactive T cells display altered functionalities in that they fail to undergo normal
degranulation and eliminate infected cells. Instead, they increase release of pro-inflammatory
cytokines such as TNF-a and IFN-y that may contribute to the eventual cytokine storm and
vascular leak observed in DHF patients. Certainly, like ADE, skewed T-cell responses do not
explain how severe cases of dengue disease occur during primary infections. Despite the
immunopathology associated with severe dengue, the protective role of the adaptive immune
system is essential in controlling DENV infection as well as disease progression (reviewed in
(Diamond and Pierson, 2015)). Hopefully, recent successes in the development of severe dengue
animal models (Tang et al., 2015) will shed more light onto the immunopathogenesis of this

flavivirus.

1.1.4.3 Zika congenital disease: crossing the placental barrier and fetal neuropathogenesis
ZIKV is a recently emerged human pathogen. Unlike other flaviviruses, ZIKV is distinct
in that it can be transmitted sexually and cause congenital defects in newborns. Supported by
evidence from clinical and animal studies, ZIKV can replicate efficiently within immune-
privileged sites such as the eyes and testes (de Oliveira Dias et al., 2017; Govero et al., 2016;
Mansuy et al., 2016; Miner et al., 2016), suggesting that the virus has evolved ways to cross
different physical/anatomical barriers and replicate in diverse specialized cell types. Given the
significance of ZIKV-associated congenital syndromes, several mechanisms have been proposed

to explain how the virus crosses the placenta and impedes fetal neurodevelopment.

Initial evidence of ZIKV as a neuro-teratogenic agent stems from the fact that the virus was

isolated from brain tissue of an aborted fetus from a mother infected with ZIKV during pregnancy
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(Driggers et al., 2016). This suggests that the virus can cross the placental barrier and persist in the
fetal brain. The placenta is a highly complex organ that separates the maternal and fetal circulations
and provides protection and nutrients for the fetus (Goasdoué¢ et al., 2016). Upon conception, the
placenta undergoes dramatic changes through cell/tissue differentiation and proliferation; and due
to this changing nature, pathogens have to circumvent multiple cell/tissue layers in order to reach
the embryo/fetus (Kim and Shresta, 2016). Accordingly, the routes of viral crossing and its success
in breaching this barrier may vary depending on gestation periods. Consistent with this idea,
statistical analyses of Zika outbreaks in Brazil and French Polynesia suggest that exposure to ZIKV
early during pregnancy, especially in the first trimester, is associated with a greater risk of fetal
microcephaly (Cauchemez et al., 2016; de Araujo et al., 2016). Similarly, studies using placental
explants have demonstrated a stronger resistance to ZIKV infection nearer to term of pregnancy

(Bayer et al., 2016; Quicke et al., 2016).

Based on studies ex vivo, in vitro and in vivo, one major mechanism of ZIK'V transplacental
transmission is through direct infection of placental cells, which may serve as an initial platform
for viral amplification and dispersal (Kim and Shresta, 2016). Thus far, several placental cell types
have been shown to support ZIKV replication, including decidual fibroblasts, decidual
macrophages, umbilical cord fibroblasts, mesenchymal stem cells as well as Hofbauer cells,
although the level of viral production varies depending on the cell type and gestation period
(Bhatnagar et al., 2017; Costa et al., 2016; Miner et al., 2016; Noronha et al., 2016; Quicke et al.,
2016; Tabata et al., 2016). In addition, virus-induced damage to placental integrity was also
observed in some studies (Miner et al., 2016; Noronha et al., 2016), a phenomenon that may aid
in further spread of the virus. However, studies of other congenital viruses and a recent report of

ZIKV based on in vitro infection experiments suggest that trophoblasts are relatively resistant to
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ZIKV (Bayer et al., 2016; Kim and Shresta, 2016). This may indicate that the virus gains access

to the fetal compartment through alternative pathway(s) at least during late pregnancy.

The study of human cytomegalovirus (HCMV), a virus that causes congenital infections,
indicates that multiple modes of transplacental transmission are possible. For example, virus-
induced production of inflammatory cytokines or chemokines can promote disruption of the
trophoblast barrier thereby facilitating virus entry through the placenta (Kim and Shresta, 2016;
Quicke et al., 2016). Moreover, based on studies of HCMV (Maidji et al., 2006), it is possible that
ZIKV complexed to maternal immunoglobulins bind to the neonatal Fc receptors on trophoblasts
and cross this barrier via transcytosis. Similarly, given that DENV-specific antibodies can cross-
react with ZIKV and allow for ADE of ZIKV (Priyamvada et al., 2016), it is tempting to speculate
that pre-existing DENV antibodies in the maternal system may facilitate transcytosis (i.e., transport
of macromolecules across the interior of a cell) of ZIKV through the trophoblast layer, particularly

in patients that reside in areas endemic for both viruses.

Once inside the fetal circulation, ZIKV may cross the BBB and replicate in the fetal brain,
thereby causing neuropathology. The fetal BBB is still undergoing development particularly
during early gestation (Kim and Shresta, 2016). This means that there could be a window when
the BBB is somewhat leaky in which case the virus can gain access to the fetal brain relatively
easily. To the contrary, others argue that the BBB matures as early as 12-18 weeks post-conception
as evidenced by the appearance of hallmark tight junction proteins (Goasdoué et al., 2016),
inferring that ZIKV must disrupt this barrier in order to reach the fetal brain during pregnancy.
Possible mechanisms of breaching the BBB may involve pro-inflammatory cytokines and/or virus-

induced degradation of tight junction proteins (as discussed in Section 1.1.4.1).
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Once inside the fetal CNS, ZIKV can replicate efficiently in various brain cell types
including astrocytes, microglia, neuroprogenitor cells as well as neuroprogenitor-derived neurons
(Bayless et al., 2016; Hamel et al., 2017; Li et al., 2016; Nowakowski et al., 2016; Retallack et al.,
2016; Xu et al., 2016), some of which may support viral persistence as proposed by previous
animal and ex vivo studies (Bhatnagar et al., 2017; Hirsch et al., 2017). The eventual fetal
neuropathology is probably influenced by a combination of factors including virus-induced
apoptosis, dysregulation of cell-cycle pathways and prolonged activation of innate immune
responses (Bayless et al., 2016; Li et al., 2016; Miner et al., 2016; Noronha et al., 2016), all of

which could impede fetal development.

As depicted above, due to the unique tropism and pathogenesis of ZIKV, potential
prevention strategies must be proven effective for both mothers and fetuses (Pierson and Graham,
2016). Despite such challenges, the momentum of Zika vaccine development has been quite
impressive. Within the first two years upon recognition of Zika emergence, several Phase-I clinical
trials were already underway based on various vaccine platforms (reviewed in (Barouch et al.,
2017)). Hopefully, effective prevention and treatment strategies will become available in the near

future.

1.1.5 Flavivirus genome and proteins

Flaviviruses have a positive-sense RNA ([+]RNA) genome with an average size of 11 kb.
The viral RNA contains a type-I cap (7-methylguanylate cap; m’G) at its 5’ end but it lacks a poly-
adenylated tail (Wengler et al., 1978). As well as the protein-coding region, sequence elements
and secondary structures within the untranslated regions (UTRs) at both ends of the genomic RNA
play crucial roles in genome translation and replication (as reviewed in (Villordo et al., 2016)).

For instance, the Y shaped stem-loop A at the 5" UTR and the small hairpin stem-loop in the 3’
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UTR, the two most conserved RNA structures across flavivirus genomes, are required for synthesis
of viral RN As (Mohan and Padmanabhan, 1991; Filomatori et al., 2006). The genomic RNA which
encodes three structural and 7 non-structural proteins, is translated into a single polypeptide at the

ER membrane, (Figure 1.2). Most if not all of the viral proteins have multiple functions.
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Figure 1.2 Schematic representation of flavivirus genome organization and polyprotein
processing. The flavivirus genome which contains a 7-methylguanylate cap (m’G) at the
S'end, is ~11 kb in length and contains an 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 genome also contains 5* and
3" untranslated regions (UTR) that help regulate genome translation and replication. The
proposed topologies of viral proteins with respect to the ER membrane are presented. The host
and viral proteases involved in the polypeptide processing are also indicated (colored
triangles). Structural proteins are shown in yellow and non-structural proteins are shown in
green or blue. (Modified from Murray, et al 2008).

21



The structural components include the capsid, membrane (M) and envelope (E) protein,
which later become part of the virion. Capsid proteins are small proteins (~13 kDa) that associate
with the viral genome to form the nucleocapsid (Khromykh and Westaway, 1996). The M protein
(~26 kDa) and its precursor prM are glycoproteins that facilitate budding of immature virion as
well as maintain the proper folding and arrangement of E proteins prior to and during virion
maturation (Guirakhoo et al., 1991; Lorenz et al., 2002; Yu et al., 2009). Closely associated with
prM/M, the E protein (~53 kDa) is glycosylated and is an important surface component required
for virus attachment, entry and fusion of viral and cellular membranes during initiation of the viral
life cycle (Hung et al., 1999; Mandl et al., 2000; Allison et al., 2001). These structural proteins are
also involved in the modulation of host cell signaling processes (reviewed in (Urbanowski et al.,

2008); (Arjona et al., 2007)).

The non-structural proteins are not integrated into the virion but instead they participate in
viral replication, virion assembly, modulation of cellular pathways and evasion of immune
responses. Although discussed separately below, it is important to keep in mind that these viral
proteins interact and/or coordinate with each other to perform their diverse functions (Yon et al.,
2005; Roosendaal et al., 2006; Klema et al., 2015; Zou et al., 2015). NS3 and NS5 are both large
multifunctional proteins and the only two viral proteins with enzymatic activities. Using NS2B as
a cofactor, NS3 (~70 kDa) serves as a serine protease that cleaves specific junctions within the
viral polypeptide to produce mature structural and non-structural proteins (Chambers et al., 1990).
In addition, it contains nucleoside 5 -triphosphatase, RNA helicase, and 5° RNA triphosphatase
activities, which are important for ATP hydrolysis, RNA duplex unwinding and dephosphorylation
of the viral RNA prior to 5’-RNA cap addition respectively (Takegami et al., 1995; Yon et al.,

2005; Wang et al., 2009). In addition to genome synthesis, NS3 is thought to function in virion
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assembly (Patkar and Kuhn, 2008), further highlighting the significance of this viral protein in the
flavivirus life cycle. NS5 (~100 kDa) is the largest viral protein and is comprised of two enzymatic
domains: the RNA-dependent RNA polymerase (RARP) and the methyltransferase (MTase)
domain. While the RARP domain is required for viral RNA synthesis, the MTase domain enables
5’-RNA capping of nascent viral genomes (Ray et al., 2006; Steffens et al., 1999). Both NS3
(NS3/2B) and NS5 are also involved in antagonizing host innate immunity (see Sections 1.2.1.3
and 1.2.3.3 for more details). Due to their essential roles in viral replication, NS3 and NS5 are

popular targets for antiviral drug design.

NS1 (~50 kDa) is a glycoprotein that exists in multiple oligomeric forms. In the ER, it is
produced as a soluble monomer that dimerizes and becomes associated with the luminal face of
the ER to assist in replication complex formation (Winkler et al., 1989; Westaway et al., 1997;
Scaturro et al., 2015). In mammalian cells, NS1 can also be secreted as hexamers (Flamand et al.,
1999), which later associate with certain polysaccharides such as heparan sulfate on the host cell
surface (Alcon-LePoder et al., 2005; Avirutnan et al., 2007). Detection of circulating NS1 can be
used as a diagnostic marker for dengue infection (Young et al., 2000; Zainah et al., 2009). NS1 is
important for genome replication as well as evasion of complement-mediated immune response.
Exactly how NS1 facilitates viral RNA synthesis is unclear, but it may act as a scaffold that anchors
the replication machineries to the ER from the luminal side by interacting with other non-structural
proteins that are inserted at the ER membrane (Scaturro et al., 2015; Youn et al., 2012). To evade
the complement-based defense system, secreted NS1 binds multiple complement factors in the
circulation and interferes with complement-mediated neutralization of infected cells (Avirutnan et
al., 2010; 2011). In addition, NS1 is a pathogenic determinant that modulates cellular immune

systems such as the IFN and pro-inflammatory responses (further described in Section 1.2.1.3).
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Finally, increasing effort has been directed into developing NS1-based avenues for vaccines and

therapeutics.

The remaining four non-structural proteins, NS2A, NS2B, NS4A and NS4B, are relatively
small membrane proteins with no known enzymatic functions. Although little is known about their
precise modes of action, all of them are required for viral replication. NS2A is important for viral
genome synthesis and packaging (Kiimmerer and Rice, 2002; Xie et al., 2015), it may also
facilitate transport of genomic RNA to assembly sites thereby regulating the switch from genome
replication to packaging (Apte-Sengupta et al., 2014). NS2B, as mentioned earlier, is a cofactor
for the viral protease NS3; disruption of the NS2B-NS3 interaction destroys the proteolytic activity
of NS3 (Jan et al., 1995; Yusof et al., 2000). A recent report of JEV suggests that NS2B may also
influence viral RNA production and particle assembly through interaction with NS2A (Li et al.,
2016). NS4A and NS4B induce membrane rearrangements that are crucial for biogenesis of
replication complexes (Miller et al., 2007; Roosendaal et al., 2006), but their modes of action
remain unknown. Finally, mutagenesis studies of DENV and WNV implicate NS4B in cell culture
adaptation and pathogenicity in animal models (Zmurko et al., 2015), suggesting a more direct role
of this protein in viral replication. These non-structural proteins also interact with multiple cellular
factors to mediate evasion of innate immunity (as discussed in Sections 1.2.1.3, 1.2.2.4 and

1.2.3.3).

1.1.6 Flavivirus replication cycle

As with all viruses, flavivirus replication relies on host cell resources and machineries.
The flavivirus life cycle is composed of four stages: viral entry, genome translation and replication,
virion assembly and virus exit. Although categorized into “stages”, most of these phases overlap

significantly, making transitions between them rather indistinctive. For instance, viral genome
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replication and assembly are thought to occur as coupled events both spatially and temporally
(Khromykh et al., 2001; Apte-Sengupta et al., 2014). As such, isolation of replication and assembly
sites has been technically challenging. However, recent advances in 3D-electron tomography and
membrane protein crystallography have made it possible to visualize unique viral factories and

protein structures, which in turn have provided substantial insights into flavivirus biology.

The viral life cycle (Figure 1.3) starts when virions attach to the surface of a host cell and
enter it by receptor-mediated endocytosis (Gollins and Porterfield, 1985; Chu and Ng, 2004).
Several primary receptors have been identified that facilitate flavivirus entry into different types
of mammalian cells, including heparan sulfate (a type of glycoaminoglycan), DC-SIGN (dendritic-
cell-specific ICAM-grabbing non-integrin), Hsp70/90 (heat-shock protein 70/90), mannose 6-
phosphate receptors and members of the TIM (7-cell /mmunoglobulin and Mucin domain) and
TAM (TYRO3, AXL and MER) receptor families (reviewed in (Perera-Lecoin et al., 2013)). The
acidic endosomal environment triggers conformational changes in the virion, primarily the E
protein, leading to fusion between the viral and cellular membranes and release of nucleocapsid
into the cytoplasm (Gollins and Porterfield, 1986). How exactly capsids dissociate from the
genomic RNA is unclear, but several models have been proposed. For instance, as proposed for
certain alphaviruses, pH-dependent conformational changes in capsids within the late endosome
may drive nucleocapsid disassembly (Mauracher et al., 1991). Some studies also suggest that
elongating polysomes promote dissociation of capsids from the genomic RNA in the cytosol
(Garcia-Blanco et al., 2016). A recent study revealed a non-degradative ubiquitination step

required for genome uncoating in DENV-infected cells (Byk et al., 2016).
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Figure 1.3 The replication cycle of flaviviruses. The flavivirus replication cycle begins when
a virion attaches to a host cell receptor and subsequently enters the cell by receptor-mediated
endocytosis (step 1). Acidification of the endosomes triggers conformational changes in the
virion, resulting in fusion between the viral and the endosomal membranes and release of
nucleocapsid into the cytoplasm. The viral genomic RNA is targeted to the rough endoplasmic
reticulum (ER), where it is translated into a single polyprotein (step 2). Subsequently, the
polypeptide is processed by viral and host proteases, leading to generation of individual viral
proteins. Viral replication complexes are formed at the ER membrane where genome synthesis
takes place (step 3). The newly synthesized RNA is packaged into the nucleocapsid, and the
virion is assembled as the nucleocapsid buds into the ER lumen (step 4). This results in
production of non-infectious, immature viral particles that are transported through the Golgi to
the frans-Golgi network. Here, the host protease furin cleaves between pr and M proteins,
leaving the former associated with the virion until it exits the host cell (step 5). Release of pr in
the extracellular milieu allows the virion to become fully infectious, which is ready to initiate
anew round of infection in the neighbouring cells. (Modified from Pierson and Diamond, 2012)
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The uncoated 5'-capped (+)RNA genome is translated into a single polyprotein in a cap-
dependent manner (Holden and Harris, 2004; Ray et al., 2006); however, it can also occur through
a cap—independent pathway if cap-mediated translation is suppressed (Edgil et al., 2006). Genome
translation is closely associated with the ER and the resulting polyprotein is proposed to maintain
a unique topology across the ER membrane, likely due the presence of specific signal and
transmembrane sequences (Clum et al., 1997; Hsieh et al., 2010; Roosendaal et al., 2006). This
viral polyprotein is processed co- and post-translationally by viral and host proteases, resulting in

the production of structural and non-structural proteins.

The transition from genome translation to genome synthesis is not well understood, but
several mechanisms have been proposed. In one scenario, buildup of genome replication proteins
such as NS5 on genomic RNA blocks the access of cellular translation initiation factors and thus
promotes transition into RNA replication (Garcia-Blanco et al., 2016). Production of viral RNAs
occurs within an extensive ER-derived membranous network whose formation is mediated by the
non-structural proteins NS4A and NS4B (Roosendaal et al., 2006; Welsch et al., 2009; Gillespie
et al., 2010). Genome replication is composed of two steps: a) generation of (-)RNA templates and
b) synthesis of (+)RNA using the (-)RNA templates (as reviewed in (Lindenbach and Rice, 2003)).
In general, the production of (+)RNA is favored over (-)RNA (Khromykh et al., 2001; Filomatori
et al., 2006) and this process requires non-covalent circularization of the viral genome, likely
mediated by specific elements at both ends of the viral RNA (Alvarez et al., 2005). Genome
replication is also dependent on the functions of multiple viral proteins and secondary structures

within the viral RNAs.

Relatively little is known about the underlying mechanisms of flavivirus assembly. One

major puzzle is how specificity of genome packaging is maintained when there appears to be an
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absence of unique packaging sequences. Nevertheless, viral genomes are somehow packaged into
virions specifically, excluding cellular mRNAs. One model proposes that coordinated budding of
structural components (i.e., capsid, prM and E) and newly synthesized RNAs at the ER allows for
incorporation of a single viral genome into the maturing virion (Lobigs and Lee, 2004; Welsch et
al., 2009). Another puzzling aspect of the assembly process is the formation of subviral particles
(SVPs) that lack nucleocapsids. This phenomenon can be recapitulated by expression of prM and
E proteins in the absence of other viral proteins (Schalich et al., 1996) and therefore, it appears
that viral particle assembly, at least for SVPs, is independent of nucleocapsids. Tangible evidence
of capsid-prM/E protein interaction is still lacking and it remains unclear how nucleocapsid is
incorporated into the virion. Some studies suggest that temporal proteolytic processing of capsid
proteins as well as capsid-E protein interaction may mediate the integration of nucleocapsids into
the budding membranes containing prM and E (Lee et al., 2000; Lobigs and Lee, 2004; Blazevic

etal., 2016).

Nascent virus particles that have budded into the ER are non-infectious because they cannot
induce host-cell membrane fusion (Elshuber et al., 2003; Yu et al., 2008). These immature virions
are transported through Golgi apparatus after which the E protein undergoes acidic pH-induced
conformational rearrangement in the trans-Golgi network. In parallel, prM undergoes proteolytic
processing by the host protease furin in the same intracellular compartment after which mature

virions are released from the cell by exocytosis (Ishak et al., 1988; Stadler et al., 1997).

1.2 Interactions between flaviviruses and cellular antiviral systems
To control and defend against viruses, host cells are equipped with an elaborate network
of antiviral pathways. Not surprisingly, flaviviruses have evolved ways to evade and modulate

these cellular defenses. The following sections discuss three anti-flavivirus responses, the Type-I
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interferon (IFN) response (Section 1.2.1), the peroxisome-mediated antiviral response (Section
1.2.2) and the host stress response (Section 1.2.3). In addition, the molecular mechanisms by which

flaviviruses counteract these defense programs are reviewed.

1.2.1 The IFN system

The IFN system consists of a family of autocrine and paracrine proteins that stimulate a
network of signaling cascades that confer crucial protection for infected cells. Thus far, the
immunological functions of [FNs are not only implicated in regulation of innate antiviral defenses,
but also regulation of adaptive immunity as well as cancer progression (reviewed in (Borden et al.,

2007)).

1.2.1.1 Types of IFNs

Thus far, three types of IFNs have been identified: Type-I, -1I, and -III (Figure 1.4). In
humans, Type-I IFNs include IFN-a, -B, -¢, -k, and —®, which interact with IFN receptor 1
(IFNART) and IFNAR2; Type-II IFN only consists of IFN-y, which binds to IFN-y receptor 1 (I
FNGR1) and IFNGR2; and Type III IFNs are the four isoforms of IFN-A, whose cognate receptors

are IFN-A receptor 1 (IFNLR1) and interleukin 10 receptor 2 (IL10R2) (Borden et al., 2007).

Despite sharing similar signaling molecules, different IFNs play distinctive roles in
regulating resistance to infections. For instance, Type-I IFNs are produced by diverse cell types
including immune cells, fibroblasts, endothelial cells and epithelial cells and they are thought to
provide the first line of defense against a wide range of viral infections by activating the production
of antiviral molecules (Borden et al., 2007). In contrast, Type-II IFNs are secreted from a subset
of immune cells including T lymphocytes, macrophages and natural killer cells (Saha et al., 2010).

Their main function is to activate and recruit leukocytes to sites of infection and promote clearance
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of intracellular pathogens such as viruses (Saha et al., 2010). More recently, Type-III IFNs and
their cognate receptors were discovered. The receptors for Type-III IFNs are largely confined to
cells of the epithelial origin including respiratory, intestinal and reproductive tract epithelial cells
(Bayer et al., 2016; Sommereyns et al., 2008), suggesting that the Type-IIl IFN response is

important for limiting viral infections in anatomical compartments lined with mucosal barriers.
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Figure 1.4 The Type-I, -11, and —III interferon (IFN) signaling pathways. The IFN system
includes three types of IFN: Type-I (e.g., IFN-a and —), Type-II (IFN-y and —®) and Type-III
(IFN-A1, 2, 3 and 4) (in humans). IFN signaling is initiated upon binding of IFNs to their
cognate receptors. Specifically, Type-I IFNs bind to [FN-a receptor 1 (IFNAR1) and IFNAR2;
Type-II IFNs bind to IFN-y receptor 1 (I FNGR1) and IFNGR2; and Type III IFNs bind to IFN-
A receptor 1 (IFNLRI1) and interleukin 10 receptor 2 (IL10R2). This leads to activating
phosphorylation of the JAK kinase family (JAK1 and TYK?2), which phosphorylate the
downstream transcription factors STAT1 (signal transducer and activator of transcription
protein 1) and STAT2. During Type-I and —III IFN response, activated STAT1 and STAT2
dimerize and form a complex with the transcriptional activator IRF9 (IFN-regulatory factor 9),
with which they stimulate the expression of IFN-stimulated genes (ISGs) through the ISRE
(IFN-stimulated response element) promoter. During Type-II IFN response, phospho-STAT1
form a homodimer, which translocates into the nucleus to promote transcription of ISGs through
the GAS (IFN-gamma-activated sequence) promoter. Production of diverse ISGs confers
protection and resistance to viral infections through their specific functions in limiting viral
entry, replication as well as spread.
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1.2.1.2 IFN response pathways

The IFN response is composed of two phases: an initial induction stage where detection of
pathogens activates the expression and release of IFNs; and a downstream signaling stage where
binding of IFNs to their cognate receptors triggers the production of a wide range of antiviral
molecules (Figure 1.5). Consequently, through the release of IFNs, an infected cell can “signal”

its neighbours to generate an effective antiviral state against a wide range of pathogens.
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Figure 1.5 Induction of IFN response during flavivirus infection. During viral infection, the
endosomal RNA sensors Toll-like receptors (TLR) 3 and 7, as well as the cytoplasmic RNA
helicases RIG-I (retinoic-acid inducible gene) and MDAS (melanoma differentiation-antigen 5)
detect viral double-stranded RNA (dsRNA) and ssRNA. This leads to their activation and
subsequent recruitment of adaptor molecules. In case of TLRs, the adaptors TRIF (TIR domain-
containing adaptor protein inducing IFNB) and MyD88 (myeloid differentiation primary-
response gene 88) interact with TLR3 and TLR7 respectively, leading to the activation of two
kinase complexes. One kinase complex contains TAK1 (transforming growth factor-f-activated
kinase 1), TBK1 (TANK-binding kinase 1) and IKKeg (inhibitor of kB kinase epsilon), and the
other contains NEMO (NF-«kB essential modulator), IKKa and IKK . RIG-1 and MDAS interact
with the adaptor molecule MAVS (mitochondrial anti-viral signalling), which is localized to
mitochondria, peroxisomes as well as the mitochondrion-associated-endoplasmic reticulum
membranes (not shown). Interaction between the helicases and MAVS also activate similar
kinase complexes, which mediate signaling that eventually leads to the activation of the
interferon regulatory factors (IRF) 3 and 7 and the canonical nuclear factor-kB (NF-«xB),
respectively. These activated transcriptional factors translocate into the nucleus and induce the
expression of IFNs as well as pro-inflammatory chemokines and cytokines. Although not shown
in this diagram, viral dsSRNAs can also be detected by the dsSRNA-activated protein kinase PKR.
In addition, the IFN response can be triggered by the cytosolic DNA sensor cGAS (cyclic GMP-
AMP synthase).
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Several pathogen pattern recognition receptors (PRRs) have been identified in detecting
flavivirus-specific pathogen-associated molecular patterns (PAMPs), although their effectiveness
in inducing an antiviral response varies depending on the cell type and virus. Three types of RNA
sensors recognize distinct non-self RNA structures of flaviviruses: the Toll-like receptor (TLR)
family (TLR3 and TLR7), the retinoic acid inducible gene (RIG-I)-like receptor (RLR) family
(RIG-I and melanoma differentiation-antigen 5 (MDAYS)) and the dsSRNA-activated protein kinase
PKR (Diamond and Gale Jr., 2012; Ye et al., 2013). TLR3 and TLR7, which are present mainly in
endosomes, detect double-stranded (dsRNA) and single-stranded RNA (ssRNA) of viral origin
respectively (Kato et al., 2011). RIG-I and MDAS are cytosolic RNA helicases (Kato et al., 2011).
RIG-I recognizes structures within the 5’ triphosphate termini of dSRNA, as well as short dsSRNA
and uridine (U)- or adenosine (A)-rich viral RNA motifs (Anchisi et al., 2015; Kato et al., 2011;
Schuberth-Wagner et al., 2015). Similarly, MDAS binds long dsSRNA and AU-rich viral RNAs
(Kato et al., 2011; Runge et al., 2014). PKR is both a cytosolic PRR that detects viral dsSRNA and
an ISG capable of controlling viral replication by blocking translation of viral genome (Diamond
and Gale Jr., 2012). The PRR function of PKR is activated upon binding to viral dsSRNA, which
leads to its dimerization and subsequent authophosphrylation. Precisely how PKR mediates IFN
induction is unclear, but it has been proposed to facilitate activation of IRF3 by interacting and
possibly facilitating RLR-signaling (Pham et al., 2016). However, the role of PKR in IFN
induction during flavivirus infection remains controversial. While activation of this kinase induces
production of IFNs against WNV infection (Diamond and Gale Jr., 2012), studies of DENV
suggest that it is dispensable for IFN-mediated inhibition of viral replication (Diamond and Harris,

2001).
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Paradoxically, a cytoplasmic DNA sensor, cyclic GMP-AMP synthase (¢cGAS) (Cai et al.,
2014) has been reported to stimulate the IFN response during flavivirus infection (Schoggins et
al., 2014). How exactly cGAS senses RNA viruses is still unclear, but recent evidence suggests
that it detects PAMPs associated with these viruses through crosstalk with the RIG-I/MDAS
pathway (Zevini et al., 2017). Interestingly, binding of mitochondrial DNAs that are released due
to mitochondrial damage may also facilitate cGAS activation during flavivirus infection (Chatel-

Chaix et al., 2016).

Upon binding to viral RNAs, the RNA sensors undergo conformational changes, leading
to recruitment and activation of specific adaptor molecules that trigger downstream signaling
cascades. 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, leading to activation of the kinases TAK1 (transforming growth factor-p-activated
kinase 1), TBK1 (TANK-binding kinase 1) and IKK-¢ (inhibitor of kB kinase epsilon), which in
turn activate the transcriptional factors NF-xB and IRF-3 and/or IRF-7 respectively (Diamond and
Gale Jr., 2012). RIG-I and MDAS interact with the adaptor molecule MAVS, which is localized
on mitochondria, peroxisomes, and mitochondria-associated-endoplasmic reticulum membranes
(MAM) (Kawai et al., 2005; Seth et al., 2005; Dixit et al., 2010; Horner et al., 2011). Subsequent
oligomerization of MAVS triggers the activation of the kinase complexes TBK1/IKKe and NEMO
(NF-«B essential modulator) (Kawai et al., 2005; Seth et al., 2005; Tang and Wang, 2009; Hou et
al., 2011), leading to nuclear translocation of the IFN-regulatory factors (IRFs) (e.g., IRF3 and
IRF7) and NF-xB, respectively (as reviewed in (Belgnaoui et al., 2011)). Together, these
transcriptional activators promote expression of IFNs and pro-inflammatory chemokines such as

TNF-a and IL-6. During flavivirus infection, signal transduction from cGAS was shown to be
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dependent on the adaptor molecule STING, an ER transmembrane protein, which also induces

Type-I IFNs through the TBK1-IRF3 signaling axis (Zevini et al., 2017).

Secreted IFNs can act in autocrine or paracrine fashion through binding to cognate
receptors on the same or neighbouring cells respectively (Figure 1.4). Binding of IFNs to their
receptors leads to recruitment, activation and tyrosine phosphorylation of the JAK family kinases,
JAKI1 and TYK2, which then phosphorylate the downstream transcription factors STAT1 and
STAT2 (Borden et al., 2007). When activated, STAT1 and STAT2 dimerize and form a complex
with IRF9 in Type-I and —III IFN signaling pathways. In the Type-II IFN signaling pathway,
phospho-STAT]1 forms a homodimer. STATSs then translocate into the nucleus where they induce
transcription of many different and diverse IFN-stimulated genes (ISGs) through the ISRE (IFN-
stimulated response element) and GAS (IFN-gamma-activated sequence) promoter sequences
respectively. Thus far, in vitro and animal studies have revealed specific antiviral functions of
ISGs in limiting viral entry (e.g., IFITMs), replication (e.g., OAS, IFITs and RNAas L) as well as
pathogen recognition (e.g., RIG-I, MDAS and TLR3) (reviewed in (Schoggins et al., 2011, 2014;
Diamond and Gale Jr., 2012)). Other ISGs are implicated in immune-modulation and cell-death
promoting functions. Altogether, the collective activities of ISGs ensure effective elimination of

pathogens.

The IFN response must be tightly regulated, and over the past few decades a growing
spectrum of signaling mediators has been identified as integral regulators of this antiviral system.
Components of the ubiquitination machinery, the autophagy process and the MAP kinase signaling
networks have all been implicated in regulating IFN production and downstream signaling

(reviewed in (Chan and Gack, 2015; Ivashkiv and Donlin, 2014)).
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1.2.1.3 Antagonism of the IFN system by flaviviruses
Studies in knockout mice have established the importance of the IFN system in controlling
flavivirus replication and pathogenesis. Moreover, flaviviruses have evolved multiple mechanisms

to counteract both the induction as well as the downstream signaling in IFN pathways (Table 1.1).

To suppress induction of the IFN response, flaviviruses evade or delay detection by PRRs
(Table 1.1). For instance, as revealed by electron microscopy analyses, flavivirus genome
synthesis takes place within an almost completely enclosed membranous web (Overby et al., 2010;
Welsch et al., 2009). This membrane architecture is thought to provide spatial separation for
genome replication and virion assembly (Welsch et al., 2009), but it may also protect the viral
factories from detection by the cellular RNA sensors RLRs and PKR, thereby delaying activation
of the antiviral response (Boon and Ahlquist, 2010; Overby et al., 2010). In addition, as
demonstrated by WNYV, flavivirus NS5 methylates the viral genome 5’-cap at the ribose-2'-
O position, a conserved structure present in cellular mRNAs. This mimicry of host mRNA avoids
recognition by MDAS and therefore prevents the induction of MDAS-mediated antiviral signaling

(Szretter et al., 2012; Ziist et al., 2011).

Flaviviruses can also directly interfere with signal transduction initiated from PRRs to
suppress transcription of IFNs (Table 1.1). For example, WNV NS1 blocks TLR3-induced
transcription of IFN-f and IL-6 (Wilson et al., 2008) while expression of the viral protein NS2A
attenuates production of IFN-o/f through a yet unknown mechanism (Liu et al., 2004). NS4B of
both DENV and WNYV inhibits TBK1/IKKe-mediated activation of IRF3 and thereby reduces the
expression of [FN-f (Dalrymple et al., 2015). In human cells, the PRR-signaling adaptor molecule
STING is cleaved by DENV protease NS2B-3, thus disrupting IFN production in a species-specific

manner (Aguirre et al., 2012; Rodriguez-Madoz et al., 2010; Yu et al., 2012). In addition, DENV
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NS4A interacts with the RLR-signaling adaptor protein MAVS and prevents it from interacting
with RIG-I (He et al., 2016). Viral RNA can also antagonize IFN responses as well. Recently, the
subgenomic RNA (sfRNA) of DENV was shown to blunt RIG-I-mediated IFN induction by
binding to and destabilizing TRIM25 (Tripartite motif-containing protein 25), a positive regulator
of RIG-I (Manokaran et al., 2015). However, it remains uncertain whether sfRNA-mediated

targeting of TRIM25 is a common strategy deployed by other flaviviruses.

Apart from blocking the expression of IFNs, flaviviruses can also hinder the IFNR-initiated
signaling pathways (Table 1.1). For example, WNV infection results in depletion of IFARI1
through a non-canonical protein degradation pathway that may be mediated by viral non-structural
proteins (Evans et al., 2011). Since STAT1 and STAT?2 are essential for the production of ISGs, a
common scheme employed by flaviviruses is to interfere with their activation. For example, the
non-structural proteins have been shown to prevent phosphorylation of STAT1 and/or STAT2
during infection of WNV (Guo et al., 2005; Liu et al., 2005; Mufioz-Jordan et al., 2005), DENV
(Mufioz-Jordén et al., 2003), JEV (Lin et al., 2006), YFV (Mufioz-Jordén et al., 2005) and TBEV
(Best et al., 2005; Werme et al., 2008). In addition, DENV NS5 targets STAT2 for proteasomal
degradation by co-opting the ubiquitin E3 ligase UBR4 (Ashour et al., 2009; Morrison et al., 2013).
Although many of these findings require further validation in more physiologically relevant
systems (such as primary immune cells, the major sites for flavivirus replication), they have

revealed several attractive candidates for novel antiviral therapeutics.

Even when IFN-signaling occurs, flaviviruses can impair the functions of multiple
downstream ISGs (Table 1.1). For instance, NS5 of WNV modifies the viral 5'-cap with a 2'-O-
methylation, thus evading the restriction of viral replication imposed by IFIT1, a potent

executioner molecule strongly induced during flavivirus infections (Dong et al., 2012). How
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flaviviruses

interact with other ISGs

remains

largely unknown;

nonetheless, better

characterizations of the antiviral functions of ISGs will provide further mechanistic insights into

how flaviviruses counteract the IFN system.

Table 1.1 Viral antagonism of the IFN system by flaviviruses

Virus

Viral
determinant

Cellular
target

Mode of action

Reference

Antagonisms of IFN induction

DENV

DENV
DENV

DENV,
WNV

WNV and
other
members

WNV

WNV

WANV

WNV
WNV

NS4A

NS2B-3

NS2A,
NS4B and
NS4A (for
DENV-1)

NS3

NS5

NS4B

sfRNA

NS1
NS2A

MAVS

STING
TBK1

14-3-3¢

5'-cap
structure

RIP1

TBK1

unknown

unknown

unknown

Binds MAVS and prevents
its interaction with RIG-I

Cleaves human STING

Inhibits phosphorylation of
TBK1

Binds 14-3-3¢ and blocks
RIG-I translocation to
mitochondria

Modifies the viral RNA 5'-
cap with a 2’-O-methylation
and thus evades MDAS5
detection

Blocks dsRNA-induced poly-
ubiquitination activation of
RIP1 and thus Type-I IFN
induction

Inhibits phosphorylation of
TBK1

Suppresses IRF3/IRF7-
mediated Type-I IFN
production

Inhibits TLR3 signaling

Suppresses IFN-f promoter
activity

(He et al., 2016)

(Aguirre et al., 2012)
(Dalrymple et al., 2015)

(Chan and Gack, 2016)

(Dong et al., 2012; Ziist et
al., 2011)

(Arjona et al., 2007)

(Dalrymple et al., 2015)

(Schuessler et al., 2012)

(Wilson et al., 2008b)
(Liu et al., 2004)
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Table 1.1 (continued)

ZIKV NS1,NS4B  TBKl1

Binds TBK1 and inhibits its
phosphorylation

(Wuetal., 2017)

Antagonisms of IFN-signaling

DENV NS5 STAT2

DENV sfRNA G3BP1,
G3BP2,
Caprin-1

DEVN, NS5 STAT1/2

WNV,

JEV

TBEV NS5 hScrib

WNV NS4B JAK1,
TYK2

WNV unknown IFNAR1

WNV, unknown SOC1,

TBEV JAK1

WNV, NS4B (or STATI1

YFV, NS4A in

DENV DENYV)

ZIKV NS2B-3 JAK1

ZIKV NS5 STAT2

Directs human STAT?2 for
proteasomal degradation

Sequesters these cellular
factors to block ISG
translation

Blocks STAT1 and STAT2
phosphorylation

Binds hScribble and blocks
STAT1 phosphorylation
activation

Blocks JAK1 and TYK?2
phosphorylation

Infection induces IFNAR1
depletion

Infection upregulates SOCS1
which suppresses JAK1
activity

Blocks STAT1
phosphorylation activation

Targets JAK1 for
degradation

Targets STAT2 for
proteasomal degradation

(Agrawal et al., 2011;
Ashour et al., 2009;
Morrison et al., 2013)

(Bidet et al., 2014)

(Best et al., 2005; Laurent-
Rolle et al., 2010; Lin et al.,
2006; Liu et al., 2005)

(Werme et al., 2008)

(Evans and Seeger, 2007,
Guo et al., 2005)
(Evans et al., 2011)

(Mansfield et al., 2010)

(Muioz-Jordan et al., 2005)

(Wuet al., 2017)

(Grant et al., 2016; Kumar
et al., 2016)

Antagonisms of ISG functions
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Table 1.1 (continued)

WNV (and NS5 5'-cap Modifies the viral RNA 5'- (Dong et al., 2012; Szretter
other structure  cap with a 2’-O-methylation et al., 2012)
members) and thus evades IFIT1

detection

1.2.2 The peroxisome: a new antiviral signaling platform

Studies by Dixit and colleagues revealed the exciting but unexpected finding that
peroxisomes serve as important signaling platforms in the IFN system (Dixit et al., 2010; Odendall
et al., 2014). Since then, the role of peroxisomes during viral infections of mammalian cells has
been investigated by a number of groups revealing novel interactions between specific
peroxisomal factors and viral components. To provide a background context for my studies in this
area, the sections below review some of the key metabolic functions, biogenesis pathways and

documented interactions between viruses and peroxisomes.

1.2.2.1 Peroxisome metabolic functions

Peroxisomes are membrane bound organelles that are found in almost all eukaryotic cells
(reviewed in (Smith and Aitchison, 2013)). They are important for fatty acid catabolism,
biosynthesis of bile acids and ether phospholipids, as well as regulation of oxidative homeostasis
in mammalian cells (reviewed in (Waterham et al., 2016)). In humans, the significance of
peroxisomal metabolic functions is illustrated by the severe developmental disorder, Zellweger
syndrome. Patients with this disease have genetic mutations in one or more of the genes essential
for peroxisome biogenesis. Due to reduced or lack of peroxisomal functions, infants born with
Zellweger syndrome have severe developmental defects particularly in their CNS and other vital
organs such as kidneys and lungs (Wilson et al., 1986). Unfortunately, these patients usually do

not survive childhood. Over the past few decades, identification and characterization of different
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genetic peroxisomal disorders have revealed the underlying functions of peroxisomes in human

metabolism and health.

When peroxisomes were initially discovered, they were defined by their ability to produce
hydrogen peroxide (H20:) from organic substrates and to remove H>O by the hallmark
peroxisomal enzyme, catalase (Duve and Baudhuin, 1966). H>O> is a byproduct generated through
fatty acid B-oxidation, a major function of peroxisomes. Although they share some catalytic
reactions with mitochondria, human peroxisomes catalyze distinct substrate species using oxidase
enzymes. In general, the peroxisomal B-oxidation pathway uses very long chain fatty acids (C22
and higher), branched-chain fatty acids, bile acid intermediates, and long chain dicarboxylic acids
as substrates, whereas mitochondria oxidize long chain, medium chain, and short chain fatty acids
(C18 and shorter) (reviewed in (Waterham et al., 2016)). The resultant high energy-products are
transferred to mitochondria for cellular energy production. Genetic deficiencies in the peroxisomal
B-oxidation pathway are associated with a variety of metabolic diseases such as X-linked

adrenoleukodystrophy, acyl-coA oxidase deficiency and D-bifunctional protein deficiency.

Peroxisomes also produce ether phospholipids such as plasmalogens and bile acids. Both
membrane-associated and matrix enzymes are responsible for generation of plasmalogens, an
essential biomolecule with links to neurodegenerative disorders such as Alzheimer disease (Lizard
et al., 2012). Interestingly, the process of plasmalogen production is anti-oxidant in nature and is
important for maintaining redox balance in the host cell (Marmer et al., 1986). Synthesis of bile
acids from cholesterol is carried out by liver-specific peroxisomal enzymes. Genetic disorders such
as bile acid synthetic (BAAT) defects have been linked to mutations in the BAAT gene (Fujiki et

al., 2012).
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1.2.2.2 Peroxisome biogenesis

The origin of peroxisomes has been debated for many years. Currently, two models of
peroxisome biogenesis have been proposed based on studies from yeast and mammalian systems:
a) fission and division of pre-existing peroxisomes; and b) de novo biogenesis from the ER (Figure
1.6). Although these pathways are distinct, they are not mutually exclusive as they share common
molecular factors and may coordinate with each other to regulate peroxisome abundance
depending on the state of cell cycle and environmental cues (reviewed in (Titorenko and

Rachubinski, 2001; Smith and Aitchison, 2013)).
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Figure 1.6 Peroxisome biogenesis pathways in mammalian cells. Two predominant
mechanisms have been proposed to account for peroxisome formation: 1) de novo formation of
peroxisomes from the endoplasmic reticulum (ER) (top pane); and 2) peroxisome proliferation
through division and fission (bottom pane). During de novo formation, biogenesis factors such
as PEX16 are targeted to the ER in order to recruit cellular factors that can induce membrane
curvature. Subsequently, PEX16 recruits other peroxisomal membrane proteins (PMPs) such as
PEX3 and PEX11 to the ER membrane to promote formation of pre-peroxisomal vesicles. The
process of pre-peroxisomal vesicle budding is still unclear, but it may be mediated by PEX19.
Import of PMPs and matrix proteins is facilitated by the membrane import machinery and the
matrix protein importer, respectively. Consequently, immature peroxisomes acquire full
functionality. The division and fission pathway is dependent on pre-existing peroxisomes.
Initially, PEX118 induces peroxisome elongation. Interactions between PEX11 and the
membrane-anchored fission factors Fisl (fission protein 1) and Mff (mitochondrial fission
factor) coordinate the subsequent recruitment of dynamin-regulated proteins (DRPs) to the
elongated organelle. Lastly, DRPs facilitate the constriction and scission of peroxisomal
membranes and thus production of organelle progenies.
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Peroxisome division is a well-established, multi-step process similar to that of
mitochondria. The key players involved in this pathway belong to the PEX11 protein family and
the dynamin-related protein (DRP or DLP) family. In mammals, three isoforms of PEX11 have
been described, PEX11-a, -p and —y, with PEX11p as the best known inducer of peroxisome
proliferation when overexpressed (Li and Gould, 2002; Delille et al., 2010). DRPs are large
GTPases that possess mechanochemical properties to constrict and tubulate membranes, and their
role in mediating peroxisome fission was reported more than a decade ago (Koch et al., 2003). As
well as PEX11 and DRPs, mitochondrial fission factors Fisl and Mff are implicated in
proliferation and morphogenesis of peroxisomes (Gandre-Babbe and Bliek, 2008; Kobayashi et

al., 2007).

In general, nascent peroxisomes are derived from pre-existing peroxisomes and the
molecular mechanism is composed of two main steps (Figure 1.6). First, PEX11 induces
peroxisome elongation through the conserved amphipathic helix at its N-terminus (Li and Gould,
2002; Kobayashi et al., 2007; Opalinski et al., 2011). How exactly PEX11 becomes activated in
mammalian systems is still unclear, but in yeasts, phosphorylation events have been shown to be
important in regulating PEX11 functions (Joshi et al., 2012; Knoblach and Rachubinski, 2010).
Interactions between PEX11 and the membrane-anchored Fis1 and Mff coordinate the subsequent
recruitment of DRPs to the elongated organelle (Kobayashi et al., 2007; Li and Gould, 2002). Next,
DRPs are recruited through interaction with Fisl and Mff, and together they facilitate the
constriction and scission of peroxisomal membranes to form nascent peroxisomes (Kobayashi et
al., 2007; Koch et al., 2003). A recent study revealed that PEX11 also serves as a GTPase-
activating protein (GAP) of DRPs during peroxisome fission (Williams et al., 2015), further

highlighting the indispensable role of PEX11 in the peroxisome proliferation pathway.
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De novo formation of peroxisomes is dependent on the ER (Smith and Aitchison, 2013b).
In yeast, the pathway involves generation and fusion of distinct classes of ER-derived pre-
peroxisomal vesicles, resulting in formation of functionally mature peroxisomes (Titorenko et al.,
2000; van der Zand et al., 2012; Mast et al., 2016). More recently, the ER-dependent mode of
peroxisome biogenesis has also been observed in mammalian cells, where the roles of several
essential biogenesis factors including PEX16 and PEX3 are described (Jones et al., 2004; Kim et

al., 2006; Toro et al., 2009; Yonekawa et al., 2011; Aranovich et al., 2014; Hua et al., 2015).

In the proposed model (Figure 1.6), the initial assembly of pre-peroxisomal vesicles at the
ER requires recruitment of membrane modulating factors to induce membrane curvature (Hua and
Kim, 2016). PEX16 is proposed to be a plausible candidate to mediate this process as it has been
shown to be inserted co-translationally into the ER membrane and recruit other peroxisomal
membrane proteins (PMPs) such as PEX3 and PEX11 to the ER (Kim et al., 2006; Toro et al.,
2009; Agrawal et al., 2011; Aranovich et al., 2014; Hua et al., 2015). How precisely these
peroxisome precursors bud from the ER is unknown, but a study using complementation in PEX3-
null human fibroblasts indicates the importance of PEX3-PEX19 interaction in mediating this
budding process (Schmidt et al., 2012). Reports in yeasts also support an essential role of PEX19

in the formation of pre-peroxisomal vesicles (Agrawal et al., 2011; 2016).

1.2.2.3 Peroxisomal protein import

Following their release from the ER, maturation of the pre-peroxisomal vesicles requires
import of PMPs and matrix proteins, which allows the organelle to acquire full functionality
(Figure 1.7). Insertion of PMPs are dependent on PEX19, PEX3 and PEX16 (reviewed in (Hua
and Kim, 2016). PEX19 acts as a general cytosolic chaperone that binds newly synthesized PMPs,

while PEX3 and PEX16 form a docking complex that receives PEX19-cargos and facilitates PMP-
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membrane insertion (Jones et al., 2004; Matsuzaki and Fujiki, 2008; Fujiki et al., 2006; Schmidt
et al., 2012). Of note, integrations of many PMPs to the organelle membrane are shown to be
mediated through the ER route particularly in yeasts (Hoepfner et al., 2005; Kim et al., 2006; van
der Zand et al., 2010; Agrawal et al., 2016); however, to what extent the ER-dependent pathway

contributes to PMP-trafficking in mammalian cells remains to be elucidated.

Matrix protein import relies on four groups of biogenesis factors, which consists of the
soluble receptors (PEX5/PEX7), the docking complex (PEX13/PEX14), the RING-ubiquitination
complex (PEX2/PEX10/PEX12), and the AAA-type ATPase complex (PEX1/PEX6/PEX26)
(Figure 1.7). Cargo receptors bind to matrix proteins, many of which contain a peroxisomal
targeting signal (Gould et al., 1989; Petriv et al., 2004), and guide them to the docking complex at
the organelle membrane (Albertini et al., 1997; Elgersma et al., 1996; Nair et al., 2004; Stanley et
al., 2006). Subsequently, ubiquitination- and ATP-dependent extraction of receptors allows for
release of matrix cargo and their transport through the “transient translocation pore” into the
peroxisome lumen (Dammai and Subramani, 2001; Nair et al., 2004; Erdmann and Schliebs, 2005;
Meinecke et al., 2010). Ubiquitination and ATP-hydrolysis are mediated by the RING complex
and AAA-type ATPase complex respectively (Platta et al., 2005; El Magraoui et al., 2012).
Peroxisomal protein import is a highly regulated process that involves intricate signaling networks
in response to specific environmental cues. As such, studies on this dynamic process are important
for understanding the many functions of peroxisomes including its role in cellular defense

programs.
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Figure 1.7 Peroxisome biogenesis factors for membrane assembly, matrix protein import
and organelle division. In mammalian cells, peroxisome biogenesis involves three groups of
host factors: the membrane assembly complex (PEX19, PEX3 and PEX16; green), the matrix
protein importer (PEX13, PEX14 and PEXS5/7; blue) and the division and fission machinery
(PEX11, DRPs, Fisl and Mff; yellow). The import of peroxisomal membrane proteins (PMPs)
requires the cytoplasmic chaperone PEX19, which binds newly synthesized PMPs and
transports them to the organelle membrane. Subsequently, through interaction with the docking
complex PEX3 and PEX16, PMP cargoes are inserted into the peroxisomal membrane. PEX19
is then recycled to the cytosol to perform new rounds of chaperone function. For import of
matrix cargoes, the soluble receptors PEXS and PEX7 bind to matrix proteins and guide them
to the docking complex PEX13 and PEX14. Subsequently, ubiquitination and ATP-dependent
extraction of receptors allows for the release of matrix cargoes and their transport through the
docking complex channel into the peroxisomal lumen. Ubiquitination and ATP-hydrolysis are
mediated by the RING-ubiquitination complex (PEX2/PEX10/PEX12) and the AAA-type
ATPase complex (PEX1/PEX6/PEX26), respectively. The division and fission machinery is
comprised of PEX11 proteins (PEX11-a, -p and —Y’), dynamin-related proteins (DRPs) as well
as the fission protein 1 (Fisl) and mitochondria fission factor (Mff). While PEX11 induces
elongation of peroxisomes, DRPs, Fis1 and Mff coordinate membrane constriction and scission.
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1.2.2.4 Peroxisomes and viruses

As mentioned above, peroxisomes function as signaling platforms that regulate the innate
immune response against a diverse group of pathogens (Dixit et al., 2010; Odendall et al., 2014).
Dicxit et al reported that a pool of MAVS, a mitochondrial adaptor protein that mediates the RLR-
induced IFN production, is localized to peroxisomes. How MAVS is targeted to peroxisomes is
not clear, but it may require the PMP-import machinery composed of PEX19, PEX3 and PEX16.
Subsequent studies revealed that peroxisomal MAVS regulates both Type-I and —III IFN induction
(Bender et al., 2015; Odendall et al., 2014) but very little is known about the molecular players
and the signaling events involved. To this end, over-expression of PEX16 was shown to enhance
the transcription activity mediated by IRF1 and NF«B following treatment with IFN-A and Sendai

virus respectively (Zhou et al., 2015).

Given the multi-functionality of peroxisomes, it is not surprising that viruses target this
organelle for their benefit. Members of the plant virus family Tombusviridae remodel peroxisomal
membranes to facilitate viral RNA synthesis, a process that may be linked to an impaired
peroxisomal function in H>O» removal and thus pathologies observed in infected plant leaves
(Panavas et al., 2005; Rochon et al., 2014; Russo et al., 1983). The VP4 protein of rotavirus, a
virus that infects mammalian cells, is targeted to peroxisomes, but the significance of this
phenomenon is unclear (Mohan et al., 2002). It has been speculated that the virus may exploit the
activities of specific peroxisomal enzymes to alter host lipid metabolism and/or modify VP4 itself

for virion assembly (Lazarow, 2011).

One of the earliest clues that implicated peroxisomes in viral biology came from the
observation that the NS1 protein of influenza virus forms a complex with the peroxisomal enzyme

17-B hydroxysteroid dehydrogenase (17B8-HSD) (Wolff et al., 1996). The role of 173-HSD in the
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virus life cycle is not known, but based on the observation that over-expression of 17B-HSD
reduces production of viral proteins, influenza virus may modulate this cellular enzyme to benefit
viral replication. Around the same time, another virus-peroxisome interaction was identified. In
this case, the Nef protein of human immunodeficiency virus 1 (HIV-1) was shown to bind
peroxisomal acyl-CoA thioesterase. The resulting augmented lipid metabolic activity was
postulated to facilitate Nef-mediated down-regulation of the essential T-cell signaling receptor

CD4 (Cohen et al., 2000; Liu et al., 1997; Watanabe et al., 1997).

Recent studies have provided more evidence that peroxisomes perform important antiviral
functions. The vMIA of HCMV was shown to bind PEX19 and hijack the PMP-importer complex
for its peroxisomal trafficking (Magalhaes et al., 2016). Notably, this process is linked to the ability
of vVMIA to subvert peroxisome-mediated antiviral signaling, implying that vMIA-peroxisomal
targeting is a novel countermeasure deployed by HCMV. Similarly, the NS3-4A protease of HCV
cleaves both mitochondrial and peroxisomal forms of MAVS, leading to release of this adaptor
molecule into the cytosol and thereby blocking the RLR-induced IFN expression (Bender et al.,
2015; Ferreira et al., 2016). Although the contribution of peroxisomes in the IFN system is still
unclear, these virus-peroxisome interactions, in association with the altered antiviral response,

posit a more general role of this organelle in regulating innate immune defenses.

1.2.3 The cellular stress response

The cellular stress response is an indispensable defense mechanism against viral
infections. A hallmark of the stress response is global translation arrest as well as formation of
stress granules (SGs), both of which regulate cell survival and homeostasis during stress
conditions. To favor viral production, viruses including flaviviruses have evolved ways to

modulate stress response pathways.
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1.2.3.1 Induction of the stress response

During flavivirus infection, the stress response can be triggered through activation of PKR
as well as through the unfolded protein response (UPR). PKR is a cytosolic PRR and an ISG,
which recognizes viral genome replication intermediate dsRNA and activates itself through
dimerization and subsequent auto-phosphorylation (Dey et al., 2005). Besides promoting RLR-
mediated induction of IFNs (Pham et al., 2016), PKR is one of the key cellular kinases that target
the essential translation initiation factor e[F2a and induce translation arrest. Infection of cells with
flaviviruses such as JEV, WNV and DENV induces phosphorylation of PKR (Gilfoy and Mason,
2007; Roth et al., 2017; Tu et al., 2012) and its downstream target e[F2a (Umareddy et al., 2007;
Tu et al., 2012). However, PRK-mediated phosphorylation of elF2a appears to be cell type-
dependent, as some reports indicate that flaviviruses do not significantly activate this host kinase
(Elbahesh et al., 2011) or increase the level of phospho-elF2a in certain in vitro systems (Roth et

al., 2017).

The UPR is a type of stress response triggered by accumulation of unfolded or misfolded
proteins in the ER lumen. The main function of UPR is to restore ER homeostasis through
increased production of protein chaperones, enhanced activity of the ER-associated protein
degradation (ERAD) machinery, and transient attenuation of nascent protein synthesis (Ron and
Walter, 2007). When the ER protein burden becomes too severe, the UPR activates signaling

pathways to promote cell death.

The UPR can be triggered through three parallel ER stress sensors, IRE1 (inositol-
requiring protein-1), ATF6 (activating transcription factor)-6 and PERK (PKR-like ER kinase), all
of which are ER transmembrane residents that detect disturbances in the ER lumen (reviewed in

(Ron and Walter, 2007)) (Figure 1.8). In the absence of stress, these sensors are sequestered by the
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immunoglobulin heavy-chain binding protein (BiP) and kept in an inactive state. During ER stress,
binding of unfolded or misfolded proteins to BiP allows for the release and subsequent activation
of these stress sensors. Consequently, IRE1 and ATF6 increase the expression of ER chaperones
and components of the ERAD machinery, while PERK phosphorylates elF2a and promotes

repression of cap-dependent mRNA translation as well as activation of pro-survival programs.
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Figure 1.8 The unfolded protein response (UPR). During endoplasmic reticulum (ER) stress,
unfolded and misfolded proteins interact with the immunoglobulin heavy-chain binding protein
(BiP), which sequesters ATF6a (activating transcription factor 6a), IREla (inositol-requiring
protein 1a) and PKR-like ER kinase (PERK) in an inactive form. Consequently, three parallel
arms of UPR signaling are triggered through activated ATF6a, IREla and PERK. ATF6 is a
transcriptional activator that promotes expression of genes involved in ER protein folding and
the ER-associated protein degradation (ERAD) pathway. IRElahomodimerizes
and autophosphorylates to cleave the X-box binding protein 1 (XBP1), leading to its nuclear
translocation and subsequent expression of genes involved in resolving ER stress. PERK also
dimerizes and undergoes autophosphorylation, after which it can phosphorylate the eukaryotic
translation initiation factor 2a (elF2a), leading to cellular translation arrest. In addition, PERK
activates ATF4 (activating transcription factor 4), which stimulates transcription of genes
implicated in several pro-survival pathways. The overall outcome of the UPR is to increase
ER-protein processing capacity and cell survival, and if the ER stress persists, apoptosis can
ensue (Modified from Wang and Kaufman, 2016).
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Activation of the UPR during flavivirus infection has been well documented. DENV
induces all three arms of UPR signaling, leading to upregulation of XBP! splicing (X-box binding
protein 1), a transcription factor downstream of IRE1, ATF6-dependent gene expression, as well
as phosphorylation of PERK and elF2a (Umareddy et al., 2007; Yu et al., 2006). Other flaviviruses
such as WNV and JEV can also trigger IRE1- and ATF6-mediated UPR signaling (Ambrose and

Mackenzie, 2011; Yu et al., 2006); however, it is not clear if they activate PERK.

1.2.3.2 Formation of stress granules (SGs)

Under stress conditions, SG formation can be induced by phosphorylation of elF2a.
Phosphorylated elF2a binds to the GTP exchange factor eIF2B with high affinity and inhibits the
exchange of GDP with GTP, leading to reduced availability of ternary complexes and therefore
suppressed translation initiation (Sudhakar et al., 2000). Consequently, pre-initiation complexes
(primarily composed of elF3, elF4A, B, E and G, elF5, PABP and the 40S ribosomal subunit) are
“stalled” on mRNAs, which can undergo condensation and form SGs in the cytoplasm. SGs are
dynamic ribonucleoprotein (mRNP) aggregates that are induced in response to various stress
stimuli. They are essential for maintaining cellular RNA homeostasis as they store translationally
silenced mRNPs until stress is resolved. During recovery from stress, SG contents are released to
allow resumption of translation through a process that is not well understood (as reviewed in
(Buchan and Parker, 2009)). However, if stress persists, they are processed for RNA degradation
through processing bodies (P-bodies), another crucial RNA granule that regulates RNA
metabolism in the host cell (Sheth and Parker, 2003). Transient and dynamic interactions have
been observed between SGs and P-bodies in stressed cells, but little is known about the
mechanisms of this process apart from the observation that over-expression of certain mRNA

decay factors such as TTP (Tristetraprolin) can promote SG-P-bodies interaction (Kedersha et al.,
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2005). In addition to mediating translation arrest, SGs are linked to cellular innate immunity during

viral infections (Ng et al., 2013; Oh et al., 2016; Yoo et al., 2014; Onomoto et al., 2014).

SG aggregation is induced by translation arrest mostly through stress-induced
phosphorylation of elF2a. Besides PKR and PERK, two other kinases, HR1 (heme-regulated
inhibitor) and GCN2 (general control nonderepressible-2), target eIF2a in response to oxidative
or heat shock stress and nutrient starvation, respectively (Chong et al., 1992; Dever et al., 1993;
Harding et al., 1999; McEwen et al., 2005). SG formation can also be triggered through an elF2a-
independent process. For instance, hippuristanol, an inhibitor of the RNA-helicase elF4A that is
required for initiation of cap-depdendent translation, induces SG assembly by blocking translation
initiation without phosphorylation of elF2a (Cencic and Pelletier, 2016; Mazroui et al., 2006).

Therefore, it seems that blocking translation initiation per se, can lead to SG formation.

SG assembly is a rapid process that consists of multiple steps (Figure 1.9). The initial step
is mediated by key RNA-binding proteins (RBPs) that possess self-aggregating properties and thus
promote nucleation of mRNPs. Some of the better characterized nucleating factors include Ras-
GAP SH3 domain-binding protein (G3BP), T-cell-restricted intracellular antigen 1 (TIA-1) and
the TIA-1-related protein (TIAR) (Kedersha et al., 1999; Gilks et al., 2004; Matsuki et al., 2013).
The next step involves post-translational modifications (e.g., acetylation, methylation,
phosphorylation/dephosphorylation, uniquitination, etc) of SG proteins (Tourriere et al., 2003;
Dolzhanskaya et al., 2006; Kwon et al., 2007; Tsai et al., 2008) leading to further condensation of
mRNPs whereas the last step involves the transport of mRNPs on microtubules (Ivanov et al.,
2003; Loschi et al., 2009). The last step facilitates the growth of these RNA granules. Other host
factors have also been shown to be recruited to SGs but exactly how they aid in granule

condensation is not clear.
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Figure 1.9 The stress granule (SG) assembly pathway. SG formation can be induced through
translational arrest. For example, repression of translation initiation can be triggered by
phosphorylation of the eukaryotic translation initiation factor 2o (elF2a) under stress
conditions. The phosphorylated elF2a reduces the GTP-exchange activity of elF2B, leading to
a decline in ternary complex formation and therefore decreased translation initiation. The
stalled translation initiation complexes can be bound by key RNA-binding proteins such as the
Ras-GAP SH3 domain-binding protein (G3BP), T-cell-restricted intracellular antigen 1 (TIA-
1) and the TIA-1-related protein (TIAR), which promote the nucleation of these
ribonucleoproteins. Further condensation of the ribonucleoprotein complexes is mediated by
post-translational modification of SG proteins (process not shown). These complexes are then

transported on the microtubule network to the growing granules, leading to formation of larger
SGs.
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The composition of SGs can vary considerably depending on the type of stress and
intracellular environment (reviewed in (Onomoto et al., 2014)). Canonical SGs are defined by the
presence of key translation initiation factors (e.g., eIF4E, elF4G, elF3), mRNA transcripts and the
40S small ribosomal subunit (Kedersha et al., 2002). Additional markers include other proteins
with RNA-binding ability and/or self-aggregative capacity (e.g., G3BP, TIA-1, TIAR, Caprin-1)
(Kedersha et al., 1999; Solomon et al., 2007; Matsuki et al., 2013). However, other factors are only
found in a specific type of SG. For example, Hsp27 (heat shock protein 27) is found only in SGs
that form as a result of stress from heat shock (N. L. Kedersha et al., 1999), while Sam68 (Src-
associated protein in mitosis of 68 kDa) is present in SGs following infection with poliovirus but

absent in those triggered by heat-shock stress (Piotrowska et al., 2010).

Due to the lack of a compartmentalizing membrane and their dynamic nature, biochemical
isolation of SGs has been technically challenging. However, recent studies on the interactions
between SGs and viruses have revealed novel SG-associated factors and their modes of action,

thus advancing our knowledge of SG functions.

1.2.3.3 Modulation of the stress response by flaviviruses

Activation of stress response pathways can have antiviral or proviral effects. Infection-
induced translation shut-off and SG formation can restrict viral translation and potentially lead to
cell death. On the other hand, upregulation of stress-coping proteins (such as ER chaperons) can
alleviate ER stress and therefore benefit viral protein translation. Not surprisingly, to establish
productive infections, flaviviruses deploy diverse strategies to tailor this host response in favor of

viral replication (Table 1.2).
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A key observation that supports the antiviral effect of the stress response is that some
flaviviruses suppress specific signaling steps in the stress response pathways. For instance, a study
of WNV infection in rodent cells showed that the virus avoids activation of PKR and thus
downstream elF2o phosphorylation possibly by “hiding” viral dsSRNA in the membraneous
replication compartments (Elbahesh et al., 2011). Similarly, DENV, WNV and ZIKV all repress
elF2a phosphorylation in a human hepatocyte cell line through an as yet undefined mechanism
(Roth etal., 2017). Since elF2a inactivation can lead to translation arrest, it is tempting to speculate

that flaviviruses interfere with this early signaling event to inhibit cellular translation shut-off.

The NS2B-3 and NS4A/NS4B proteins of DENV and WNV are implicated in IRE1- and
ATF6-mediated UPR-signaling respectively, although the impact of infection on phospho-PEKR
and phospho-elF2a is negligible (Ambrose and Mackenzie, 2011; Umareddy et al., 2007).
Moreover, knockdown of XBP1, the effector downstream of IRE1, exacerbates the cytotoxic effect
during DENV and JEV infection (Yu et al., 2006), suggesting that UPR signaling promotes cell
survival and benefits viral replication. While some of these findings do not specify whether
translation repression occurred or not, a recent report by Roth, et al. indicates that flavivirus
infections generally lead to translation attenuation (Roth et al., 2017). Current evidence seems to
indicate that these viruses selectively activate a subset of stress response pathways in order to

create an optimal intracellular milieu to the advantage of the virus.

While a number of RNA viruses induce SG formation (Lindquist et al., 2010; Garaigorta
et al., 2012), this does not generally occur in cells infected with flaviviruses. In fact, a common
strategy deployed by these pathogens to block SG formation is by sequestration of SG-associated
proteins by viral components. For example, the capsid protein of JEV interacts with Caprin-1

(Katoh et al., 2013), a conserved cytoplasmic protein that facilitates SG formation (Solomon et al.,
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2007). As well as preventing SG formation, capsid redirects Caprin-1 for viral genome synthesis.
Similarly, DENV and WNYV hijack TIA-1 and TIAR for genome replication and thus inhibit SG
formation using viral RNA (Emara and Brinton, 2007). Other SG factors such as USP10, G3BP1
and Caprin-1 were also found to associate with the UTR regions of DENV genome and with viral

replication complexes, suggesting a role of these host proteins in viral genome production.

SGs appear to have a proviral effect on HCV, a member of the Flaviviridae. Specifically,
HCYV infection induces SG or SG-like foci, which contains the viral core protein and several SG
assembly factors including G3BP1, TIA-1, TIAR, PABP, and USP10, in an oscillating fashion
(Garaigorta et al., 2012; Ruggieri et al., 2012). Further analyses suggest that these cellular factors
positively regulate replication at different stages of the viral life cycle (Ariumi et al., 2011;
Garaigorta et al., 2012). Nonetheless, SG formation is generally viewed as an antiviral strategy
against flaviviruses, which have evolved successful means to circumvent this cellular stress

response.

Table 1.2 Modulation of the stress response pathways by flaviviruses

Virus Viral Cellular Mode of action Reference
determinant  pathway/target

Modulation of stress response induction

IRE1- and ATF6- (Umareddy et al.,
DE 2B- I PR
NV NS2B-3 mediated Upr ~ nduces U 2007)
DENV, S
T
WNV, unknown elF2a UPPpresses (Roth et al., 2017)

ZIKV phosphorylation of elF2a
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Table 1.2 (continued)

Prevents PKR
WNV unknown PKR phosphorylation (Elbahesh et al., 2011)
activation
IRE1- and ATF6- (Ambrose and
WV NS4A/4B mediated Upr ~ nduces UPR Mackenzie, 2011)

Interference with SG formation

Hijacks Caprin-1 for viral

JEV capsid Caprin-1 . (Katoh et al., 2013)
replication
TIA-1 modulates viral
translation independent of
TBEV viral RNA TIA-1 the formation of (Albornoz et al., 2014)
G3BP1/elF3/elF4B-
positive granules
DENV, viral RNA TIA-1/TIAR Hijacks TIATI/ TIAR for  (Emara and Brinton,
WNV genome replication 2007)
Suppresses early RNA
replication and thus
WNV kn PRK? . rt tal., 2012
HRHowR prevents PKR-induced SG (Courtney et a )
formation
Capsid, NS3 Inhibits SG formation
ZIKV NS2B-3, possibly by capsid- (Hou et al., 2017)
NS4A mediated sequestration of

G3BP1 and Caprin-1

1.3 Objectives of thesis

Flaviviruses are relatively slow-replicating RNA viruses, and to ensure their efficient
production and spread, they must encode multifunctional proteins to evade host defense
mechanisms. As such, elucidating how flavivirus infections modulate cellular pathways could

reveal novel targets for antiviral therapies. In this thesis, I focused on the molecular mechanisms
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by which DENV, WNYV and ZIKV interfere with three important antiviral programs: the IFN

response, the peroxisome-mediated antiviral response and the cellular stress response.

As detailed in Chapter 3, we report that DENV and WNYV interfere with the biogenesis of
peroxisomes, a subcellular organelle that is crucial for host cell metabolism and early antiviral
signaling. This novel countermeasure is mediated by the capsid protein, which sequesters the
essential peroxisome biogenesis factor PEX19 and may facilitate its degradation during viral
infection. Importantly, this process strongly correlates with virus-induced suppression of Type-III

IFN expression, an integral antiviral pathway partially mediated through PEX19 and peroxisomes.

In Chapter 4, we report that, like other flaviviruses, ZIKV subverts the IFN system through
multiple mechanisms. Specifically, ZIKV was found to inhibit the induction of Type-I IFNs as
well as suppress downstream IFN-signaling using the viral proteins NS1, NS4A and NSS5.
Moreover, the viral polymerase NS5 was shown to target the essential IFN-signaling molecule

STAT?2 for proteasomal degradation, a process that occurs in a species-specific manner.

Finally, in Chapter 5 we report how ZIKV manipulates the cellular stress response
pathways, an integral host antiviral system. Our findings indicate that ZIK'V activates the UPR as
well as triggers translation arrest, a process that is uncoupled from SG formation. Further analyses
revealed roles for capsid, NS3 and NS4A in suppressing SG assembly, possibly by re-directing the
SG nucleating factors G3BP1 and Caprin-1 for viral replication. Altogether, by addressing the
three aims of my doctoral thesis, we have provided novel insights into host-virus interactions

during flavivirus infections, which in turn, may reveal opportunities for antiviral developments.
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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

Reagent Source
1-Bromo 3-chloropropane Sigma-Aldrich
4’, 6-diamidino-2-phenylindole (DAPI) Sigma-Aldrich
7.5% BSA solution in DPBS Sigma Adrich

Acetone (Certified ACS)

Acid washed glass beads (425-600 micron)
Acrylamide/Bis-acrylamide solution 40% (29:1)
Adenine hemisulfate salt

Agar

Agarose ultrapure electrophoresis grade
Ammonium acetate

Ammonium chloride

Ammonium persulphate (APS)
Ammonium sulfate

Ampicillin

Bacto-tryptone

Bacto-yeast extract

Bafilomycin A

Bovine serum albumin (BSA)
Bromophenol blue

Chloroform

Thermo Fisher Scientific
Sigma-Aldrich

Bio-Rad

Sigma-Aldrich

Difco

Invitrogen

Invitrogen
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
Sigma-Aldrich

Difco

Difco

Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Thermo Fisher Scientific
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Table 2.1 (continued)

Reagent Source
Coelenterazine Gold Biotechnology USA
Complete TM EDTA-free protease inhibitors Roche
Crystal violet Sigma-Aldrich
Dimethyl sulphoxide (DMSO) Sigma-Aldrich

Dithiothreitol (DTT)

D-luciferin

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

Ethidium bromide solution
Ethylenediaminetetraacetic acid (EDTA)
Expoxomicin

Fetal bovine serum (FBS)
Formaldehyde 40% (v/v)

Glacial acetic acid

Glucose

Glutathione sepharose 4 fast flow
Glycerol

Glycine

Glycylglycine

Guanidine hydrochloride
Hydrochloric acid

Isopropanol

Isopropanol molecular biology grade
Kanamycin

Latrunculin B

Lauria broth base

Sigma-Aldrich

Gold Biotechnology USA
Invitrogen

Commercial Alcohols
Sigma-Aldrich

EMD Chemicals
Sigma-Aldrich
Invitrogen
Sigma-Aldrich

Thermo Fisher

Thermo Fisher Scciieennttiiffiicc
GE Healthcare

Thermo Fisher Scientific
EM Science

Sigma Aldrich

Thermo Fisher Scientific
Thermo Fisher Scientific
Commercial Alcohols
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Invitrogen
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Table 2.1 (continued)

Reagent Source
LB agar Invitrogen
Leptomycin B Sigma-Aldrich

L-Glutamine

L-Histidine

L-Leucine

Magnesium chloride (MgCl»)

Magnesium phosphate (MgSOy4)
Methanol

Methylcellulose

MG132

Minimal essential media (MEM)

N, N, N’ , N’-tetramethylenediamine (TEMED)
Nocodazole

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

Halt phosphatase inhibitor cocktail (100x)
Potassium acetate

Potassium chloride (KCl)

Potassium phosphate (K,POy)

ProLong Gold Antifade reagent without DAPI

Invitrogen
Sigma-Aldrich
Sigma-Aldrich

EMD Chemicals

BDH Inc.

Thermo Fisher Scientific
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich
Sigma-Aldrich

Gibco

Sigma-Aldrich

Thermo Fisher
Invitrogen

Electron microscopy sciences

Invitrogen
Sigma Aldrich
Sigma-Aldrich

Thermofisher

Anachemia

Becton Dickinson & Company
BDH Inc.

Life Technologies
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Table 2.1 (continued)

Reagent Source
Protein A-sepharose GE Healthcare
Protein G-sepharose GE Healthcare
Puromycin Sigma-Aldrich
Random oligonucleotide primers Invitrogen
RestoreTM Western Blot Stripping Buffer Pierce
RNaseOUT Invitrogen
SlowFade® mounting reagent without DAPI Invitrogen
Sodium arsenite Sigma Aldrich
Sodium azide Sigma-Aldrich
Sodium chloride (NaCl) Sigma-Aldrich
Sodium dodecyl sulphate (SDS) Bio-Rad
Sodium floride (NaF) Sigma Aldrich
Sodium hydroxide Sigma-Aldrich
Sucrose EMD Chemicals
Thapsigargin Sigma Aldrich
TPCK trypsin Sigma Aldrich
Tris base VWR
Triton X-100 Invitrogen
Trypsin-EDTA (0.25%) Invitrogen

Tween 20 (polyoxyethylenesorbitan monolaureate)

UltraPure distilled water

-Mercaptoethanol

Thermo Fisher Scientific
Invitrogen

Thermo Fisher Scientific
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Table 2.2 Molecular markers

Marker Source

GeneRuler 1 kb DNA Ladder Fermentas

PageRuler Pre-stained Protein Ladder (10-170 kDa) Fermentas
Table 2.3 DNA/RNA modifying enzymes

Enzyme Source

Benzonase Millipore

Calf intestinal alkaline phosphatase
DNase I amplification grade

Restriction endonucleases

Antarctica/ Invitrogen
Invitrogen

New England BioLabs/ Invitrogen

RNase A Invitrogen
T4 DNA ligase Invitrogen
Table 2.4 Multi-component systems

System Source
CellTiter-Glo® Luminescent Cell Viability Assay Promega
Improm-II Reverse Transcriptase system Promega
Lipofectamine 2000 Transfection reagent Invitrogen
Lipofectamine RNAIMAX Transfection reagent Invitrogen
NucleoBond® Xtra Maxi Macherey-Nagel
NucleoBond® Xtra Mini Macherey-Nagel
NucleoSpin® RNA isolation kit Macherey-Nagel

PerfeCTa SYBR Green SuperMix Low Rox
Pierce BCA Protein Assay kit
Platinum High Fidelity Taq PCR System

QIAEX II gel extraction kit

Quanta Biosciences
Thermo Scientific
Invitrogen

QIAGEN
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Table 2.4 (continued)

System Source
QIAGEN plasmid maxi kit QIAGEN
QIAprep spin miniprep kit QIAGEN
QIAquick PCR Purification kit QIAGEN
RNeasy mini kit QIAGEN
SuperScript 11 Reverse Transcriptase system Invitrogen
TransIT-LT1 Transfection reagent Invitrogen

2.1.2 Commonly used buffers and solutions

Table 2.5 Buffers and solutions

Name

Ingredients

Alkaline lysis buffer
Bacteria resuspension buffer

IP buffer (for detecting
G3BP1/Caprin-1-ZIKV capsid
interaction)

IP buffer (for detecting STAT2-

ZIKV NS5 interaction)

Cracking buffer

HEPES-buffered saline (HEBS)

LB growth media

Luciferase lysis buffer

Luciferase assay buffer

Neutralization buffer

200 mM NaOH, 1% (w/v) SDS
50 mM Tris-HCI (pH 8.0), 10 mM EDTA, 100 pg/mL RNase A

150 mM NaCl, 2 mM EDTA, 1% NP-40, 50 mM Tris-HCI (pH
7.2), 1mM fresh DTT and 1x protease inhibitor cocktail

137 mM NaCl, 50 mM Tris pH 7.5, 1% (v/v) NP-40, 1 mM NaF, 1
mM DTT

8 M Urea 5% (w/v) SDS, 40 mM Tris-HCI (pH 6.8), 0.1 mM
EDTA, 0.4 mg/ml bromophenol blue

137 mM NaCl, 5 mM KCI, 6 mM dextrose, 0.7 mM Na,HPOj4, 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

0.1% (v/v) Triton-X-100, 25 mM glycylglycine (pH 7.8), 15 mM
MgSO4; 4 mM EGTA and 1 mM fresh DTT

25 mM glycylglycine (pH 7.8), 15 mM K>POs, (pH 7.8), 15 mM
MgSO4, 4 mM EGTA, 1 mM fresh DTT and 2 mM fresh ATP

3.0 M Potassium acetate (pH 5.5)
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Table 2.5 (continued)

Name

Ingredients

NP-40 lysis buffer

PBS-T

Phosphate buffered saline (PBS)

Protein loading buffer (1X)

RIPA buffer

RNA-IP buffer

SDS-PAGE resolving gel buffer
SDS-PAGE running buffer
SDS-PAGE stacking gel buffer
TAE

TBS-T

TE

Transfer buffer

Tris-buffered saline (TBS)

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

137 mM NaCl, 2.7 mM KCl, 8 mM Na,HPO4 (pH 7.4), 0.05% (v/v)
Tween-20

137 mM NaCl, 2.7 mM KCI, 8 mM Na,HPO, (pH 7.4)

50 mM Tris-HCI pH 6.8, 2% (w/v) SDS, 10% (v/v) glycerol, 5 mM
EDTA, 0.02 % (w/v) bromophenol blue

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

137 mM NaCl, 50 mM Tris (pH 7.5), 1% (v/v) NP40, ImM NaF, 1
mM DTT

0.1% SDS, 374 mM Tris-HCI (pH 8.8)

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 NaCl, 2.7 mM KCl, 24 mM Tris-HCI (pH 7.4), 0.05%
(v/v) Tween-20

1 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

137 mM NaCl, 2.7 mM KCI, 24 mM Tris-HCI (pH 7.4)
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2.1.3 Oligonucleotides

Table 2.6 Primers

Primer name Sequence (5'-3") Engineered sites* Usage
CMV3F-WNV GAATTCATGTCTAAGAAACCAGGAGGGC EcoRI Cloning
C Forward
CMV3F-DENV  GAATTCATGAATGACCAACGGAAAAAG EcoRI Cloning
C Forward
PEX11-B-myc TAGCACTAGTATG GGGAAACTG Sall Cloning
forward
PEX11-B-myc GTACGTCGACTTACAGATCCTCTTCTGAG  Spel Cloning
reverse ATGAGTTTTTGTTCGGGCTTGAGTCG
Myc-DENV C ATTAGCGCTAGCATGGAACAAAAACTCAT Nhel Cloning
forward CTCAGAAGAGGATCTGAATGACCAACGG

AAAAAGGC
Myc-DENV C GTACGGATCCTTATCTGCGTCTCCTATTCA BamHI Cloning
reverse AGA
Myc-JEV C ATTAGCGCTAGCATGGAACAAAAACTCAT Nhel Cloning
forward CTCAGAAGAGGATCTGACTAAAAAACCA

GGAGGGC
Myc-JEV C GTACGGATCCTTATCTTTTGTTTTGCTTTC BamHI Cloning
reverse TGCC
Myc-MVEV C ATTAGCGCTAGCATGGAACAAAAACTCAT Nhel Cloning
forward CTCAGAAGAGGATCTGTCTAAAAAACCA

GGAGGAC
Myc-MVEV C GTACGGATCCTTATCTTTTCTTTTGTTTTTT BamHI Cloning
reverse GCC
Myc-WNV C ATTAGCGCTAGCATGGAACAAAAACTCAT Nhel Cloning
forward CTCAGAAGAGGATCTGTCTAAGAAACCA

GGAGGGCC
Myc-WNV C GATCGGATCCTTATCTTTTCTTTTGTTTTG BamHI Cloning

reverse

AGC
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Table 2.6 (continued)

Primer name Sequence (5'23") Engineer site* Usage
Myc-YFV C ATTAGCGCTAGCATGGAACAAAAACTCAT Nhel Cloning
forward CTCAGAAGAGGATCTGTCTGGTCGTAAAG
CTCAGGG
Myc-YFV C GTACGGATCCTTATTAACGGCGTTTCCTT  BamHI Cloning
reverse GAG
Triple-Flag GGCGGGAGCGGCGGGGACTACAAAGACC  Xhol Cloning
epitope reverse ATGACGGTGATTATAAAGATCATGACATC
GACTACAAGGATGACGATGACAAGTAGG
GCGCGCCCTCGAGATATAT
ZIKV Capsid ATATATGCTAGCGTTTAAACGCCACCATG  Nhel Cloning
Forward AAAAACCCAAAAAAGAAATCC
ZIKV Capsid ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning
Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCTCGTCTCTTCTTCTCCTTCCTAGC
ZIKV Envelope = ATATATGCTAGCGTTTAAACGCCACCATG  Nhel Cloning
Forward GGAAGCTCAACGAGCCAAAAAGTC
ZIKV Envelope ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning
Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCAGCAGAGACAGCTGTGGATAAGAA
ZIKV NS2A ATATATGCTAGCGTTTAAACGCCACCATG  Nhel Cloning
Forward GGAAGCTCAACGAGCCAAAAAGTCATAT
ACTTGGTCATGATACTGCTGATTGCCCCG
GCATACAGCATCAGGTGC
ZIKV NS2A ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning
Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCCCGCTTCCCACTCCTTGTGAGCAA
ZIKV NS2B ATATATGCTAGCGTTTAAACGCCACCATG  Nhel Cloning
Forward AGCTGGCCCCCTAGCGAAGTACTC
ZIKV NS2B ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning

Reverse

ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCCCTTTTTCCAGTCTTCACGTATAC
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Table 2.6 (continued)

Primer name Sequence (5'23") Engineer site* Usage

ZIKV NS2B-3 ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

Forward AGCTGGCCCCCTAGCGAAGTACTC

ZIKV NS2B-3 ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning

Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCTCTTTTCCCAGCGGCAAACTCCTT

ZIKV NS3 ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

Forward AGTGGTGCTCTATGGGATGTGCCT

ZIKV NS3 ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning

Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCTCTTTTCCCAGCGGCAAACTCCTT

ZIKV NS3 ATGCCACCTTCACTTCACGTCTAC Cloning

triple-FLAG

forward

ZIKV NS4A ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

Forward GGAGCGGCTTTTGGAGTGATGGAA

ZIKV NS4A ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning

Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCTCTTTGCTTTTCTGGCTCAGGTAT

ZIKV NS4A-B ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

Forward GGAGCGGCTTTTGGAGTGATGGAA

ZIKV NS4A-B ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning

Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCTCTCTTGACCAAGCCAGCGTTTCT

ZIKV NS4B ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

Forward TCTCCCCAGGACAACCAAATGGCA

ZIKV NS4B ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning

Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCTCTCTTGACCAAGCCAGCGTTTCT

ZIKV NS5 ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

Forward CGTGGGGGTGGAACAGGAGAGACC

ZIKV NS5 ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

MTase Forward

CGTGGGGGTGGAACAGGAGAGACC
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Table 2.6 (continued)

Primer name Sequence (5'23") Engineer site* Usage

ZIKV NS5 ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning

MTase Reverse  ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCCTCGTCAAAGAACCACGTTTCCGC

ZIKV NS5 ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

RdARP Forward AACCACCCATATAGGACATGGGCT A

ZIKV NS5 TATATCTCGAGGGCGCGCCTCATTTGTCA  Xhol Cloning

RdARP Reverse TCGTCATCCTTGTAGTCCCCGCCGCTCCCG
CCCAGCACTCCAGGTGTAGACCCTTC

ZIKV NS5 ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning

Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC
GCCCAGCACTCCAGGTGTAGACCCTTC

ZIKV NS5 ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

S56A Flanking CGTGGGGGTGGAACAGGAGAGACC

Forward

ZIKV NS5 CCCATCATGTTGTACACACAACTCTGGCA BsrGl Cloning

S56A Flanking C

Reverse

ZIKV NS5 GGCCATGCTGTGGCCCGAGGAAGTGCAA Cloning

S56A Fusion AG

Forward

ZIKV NS5 CTTTGCACTTCCTCGGGCCACAGCATGGC Cloning

S56A Fusion C

Reverse

ZIKV NS5 GAGGAGAGTGCCAGAGTTGTGTGT Cloning

triple-FLAG

forward

ZIKV NS5 A10 ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

Forward AAATGGAAGGCCCGCTTGAACCAG

ZIKV NS5 A10 CCCATCATGTTGTACACACAACTCTGGCA BsrGI Cloning

Reverse C

ZIKV prtM ATATATGCTAGCGTTTAAACGCCACCATG Nhel Cloning

Forward GGCGCAGATACTAGTGTCGGAATT

73



Table 2.6 (continued)

Primer name Sequence (5'23") Engineer site* Usage
ZIKV prtM ATATATCTCGAGGGCGCGCCTCATTTGTC  Xhol Cloning
Reverse ATCGTCATCCTTGTAGTCCCCGCCGCTCCC

GCCGCTGTATGCCGGGGCAATCAGCAG

IFIT1 Reverse
IFIT1Forward
IFN-B Forward
IFN-B Reverse
IFN-A1 Forward
IFN-A1 Reverse
IFN-A2 Forward
IFN-A2 Reverse
IFN-A3 Forward
IFN-A3 Reverse

mGAPDH
Forward

mGAPDH
Reverse

PEX16 Forward
PEX16 Reverse
PEX3 Forward
PEX3 Reverse

Zika virus
Forward

Zika virus
Reverse

B-actin Forward

CTGAAACCGACCATAGTGGAAAT

AGAAGCAGGCAATCACAGAAAA

TAGCACTGGCTGGAATGAGA

TCCTTGGCCTTCAGGTAATG

CGCCTTGGAAGAGTCACTCA

GAAGCCTCAGGTCCCAATTC

AGTTCCGGGCCTGTATCCAG

GAACCGGTACAGCCAATGGT

TAAGAGGGCCAAAGATGCCTT

CTGGTCCAAGACATCCCCC

TGGCAAAGTGGAGATTGTTGCC

AAGATGGTGATGGGCTTCCCG

GCCTCCTGAGTGACAGAAAG

GAAGCGGTCATAGAAAGGAGAG

ACATGTTGGAAAGCCCAGAT

GTCCTGTTCAGTAGGTCGAAAG

CCTTGGATTCTTGAACGAGGA

AGAGCTTCATTCTCCAGATCAA

CCTGGCACCCAGCACAAT

qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR
qRT-PCR
qRT-PCR
qRT-PCR

qRT-PCR

qRT-PCR

qRT-PCR
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Table 2.6 (continued)

Primer name Sequence (5'23") Engineer site* Usage
B-actin Reverse =~ GCCGATCCACACGGAGTACT gqRT-PCR
* Restriction sites are underlined
Table 2.7 siRNA sequences
siRNA Strand Sequence (5'-3") Source
siControl Antisense  rArUrArCrGrCrGrUrArUrUrArUrArCrGrCrGrArUrUrArA IDT
rCrGrArC
Sense rCrGrUrUrArArUrCrGrCrGrUrArUrArArUrArCrGrCrGrU IDT
AT
siPEX19 #1 Antisense IDT
rGrGrGrUrUrCrUrUrCrCrUrCrArGrCrCrArArCrUrCrCrUr
UrCrArU
Sense rGrArArGrGrArGrUrUrGrGrCrUrGrArGrGrArArGrArAr IDT
CCC
siPEX19 #2 Antisense  rGrUrCrArGrCrUrCrUrUrCrUrUrCrCrGrArCrArUrGrCrU IDT
rGrGrArG
Sense rCrCrArGrCrArUrGrUrCrGrGrArArGrArArGrArGrCrUrG IDT
AC
simSTAT2 Antisense  rArArArGrArUrGrUrCrUrGrArUrArArArCrCrUrUrCrArA IDT
#1 rGrGrUrU
Sense rCrCrUrUrGrArArGrGrUrUrUrArUrCrArGrArCrArUrCrU IDT
TT
simSTAT2 Antisense  rCrUrGrGrArUrUrCrGrArUrUrUrUrCrArArUrCrUrCrArA IDT
#2 rGrCrUrG
Sense rGrCrUrUrGrArGrArUrUrGrArArArArUrCrGrArArUrCrC IDT
AG
siPEX3 #1 Antisense  rGrArCrUrGrCrUrUrCrArCrCrArGrGrArArArCrUrGrUrU IDT
rUrCrUrU
Sense rGrArArArCrArGrUrUrUrCrCrUrGrGrUrGrArArGrCrArG IDT

TC
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Table 2.7 (continued)

siRNA Strand Sequence (5'-3") Source
siPEX3 #2 Antisense  rCrUrGrGrArArArGrArCrUrArUrUrCrArUrArGrArGrUrU IDT
rArCrCrA
Sense rGrUrArArCrUrCrUrArUrGrArArUrArGrUrCrUrUrUrCrC IDT
AG
siPEX7 Antisense  rArUrCrArGrGrCrUrUrArArCrGrArGrUrCrArGTT Bioneer
Sense rCrUrGrArCrUrCrGrUrUrArArGrCrCrUrGrArUTT Bioneer
siPEX13 Antisense  rArUrCrArCrUrUrUrGrUrGrCrUrGrUrArCrUrCTT Bioneer
Sense rGrArGrUrArCrArGrCrArCrArArArGrUrGrArUTT Bioneer
siG3BP1 Antisense  rUrArGrUrCrArUrGrArCrUrCrUrCrArArArGrArArGrArA IDT
rArCrArA
Sense rGrUrUrUrCrUrUrCrUrUrUrGrArGrArGrUrCrArUrGrArC IDT
TA
siTIA-1#1 Antisense  rArCrArArCrArUrGrArCrCrUrUrCrArArUrGrGrUrArGrU IDT
rArCrCrA
Sense rGrUrArCrUrArCrCrArUrUrGrArArGrGrUrCrArUrGrUrU IDT
GT
siTIA-1 #2 Antisense  rUrUrGrGrArCrUrArGrArCrUrGrArUrUrUrArCrArArCrC IDT
rUrCrArU
Sense rGrArGrGrUrUrGrUrArArArUrCrArGrUrCrUrArGrUrCrC IDT
AA
siTIAR #1 Antisense  rUrArGrUrCrArUrArUrCrArGrGrArGrArUrUrCrUrUrUrA IDT
rCrCrCrC
Sense rGrGrUrArArArGrArArUrCrUrCrCrUrGrArUrArUrGrArC IDT
TA
SsiTIAR #2 Antisense  rArArCrArUrUrCrCrUrCrArArArGrArUrArCrUrArUrArA IDT
rArCrArA
Sense rGrUrUrUrArUrArGrUrArUrCrUrUrUrGrArGrGrArArUr IDT

GTT

76



Table 2.7 (continued)

siRNA Strand Sequence (5'-3") Source
siControl siRNA (Catalog number: D-001810-10-05) Dharmacon
pool
siCAPRIN-1  siRNA (Catalog number: L-012099-00-0005) Dharmacon
pool
siG3BP1 siRNA (Catalog number: M-016057-01-0005) Dharmacon
pool
2.1.4 Antibodies
Table 2.8 Primary antibodies
Antibody Catalog  Dilution Application* Source
number
Goat anti-GFP ab5450 1: 2000 WB Abcam
Goat anti-TIA-1 sc-1751 1: 500, 1: 250 WB, IF Santa-Cruz
Biotechnology
Goat anti-TIAR sc-1749 1: 500, 1:250 WB, IF Santa-Cruz
Biotechnology
Goat anti-ZIKV NS5 1:500, 1:1000 IF, WB ProSci Inc.
Guinea pig anti-DENV2 GP2455/  1:1000, 1:1000 WB, IF Pocono Rabbit Farm
capsid 2456 & Laboratory
Guinea pig anti-WNV capsid 2356 1:1000, 1:1000 WB, IF Pocono Rabbit Farm
& Laboratory
Human anti-DENV?2 1:2500 IF Dr. Robert Anderson,
Dalhousie University
Mouse anti-dsRNA J2 1001020  1:1000 IF Scicons, Hungary
0
Mouse anti-FLAG epitope F3165 1:2000, 1:1000, Sigma Aldrich
(M2) 1:20
Mouse anti-Hsp60 611563 1:1000 IF BD Sciences
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Table 2.8 (continued)

Antibody Catalog  Dilution Application* Source
number

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

Mouse anti-myc (9E10) CRL-17  1:20 IP ATCC
29

Mouse anti-pan-flavivirus MAB10  1:1000, 1: 1000 WB, IF Millipore

Envelope (E) protein (4G2) 216

Mouse anti-PMP70 SAB420 1:1000, 1:1000 WB, IF Sigma Aldrich
0181

Mouse anti-WNV NS3/2B MAB29  1:1000 IF R&D systems
071

Mouse anti-B-actin a3853 1:2000 WB Sigma Adrich

Mouse anti-ZIKV E protein ~ BF- 1:5000 WB Biofront Technologies
1176-56

Rabbit anti-Caprin-1 SABI110  1:500 WB Sigma Aldrich
1135

Rabbit anti-Catalase ab1877 1:1000 WB Abcam

Rabbit anti-elF2a 97228 1: 500 WB Cell Signaling

Rabbit anti-G3BP1 07-1801  1:2000, 1: 1000, WB, IF, IP Millipore

1: 30

Rabbit anti-G3BP1 G8046 1:500 WB Sigma Aldrich

(phospho- S149)

Rabbit anti-GAPDH ab9485 1:2000 WB Abcam

Rabbit anti-IRF3 (D614C) 11904 1:1000, 1:250 WB, IF Cell Signaling

Rabbit anti-Phospho IRF3 4947 1:500 WB Cell Signaling

(Ser 396)

Rabbit anti-human STAT?2 sc-476 1: 500, 1:250 WB, IF Santa-Cruz

Biotechnology
Rabbit anti-mouse STAT2 sc-950 1:250 IF Santa-Cruz
Biotechnology
Rabbit anti-LC3B ab51520  1:500 WB Abcam
Rabbit anti-PEX11 ab74507  1: 500 WB Abcam
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Table 2.8 (continued)

Antibody Catalog  Dilution Application* Source
number
Rabbit anti-PEX13 ab19021 1:500 WB Abcam
3
Rabbit anti-PEX 14 nbpl- 1: 500 WB, IF Millipore
71841
Rabbit anti-PEX19 ab13707 1:1000, 1:5000 WB, Epitomic and Abcam
2 1:20 IF, IP
Rabbit anti-PEX2 ab11000 1:500 WB Abcam
4
Rabbit anti-PEXS5 ab94533  1: 500 WB Abcam
Rabbit anti-PEX7 ab13375 1:500 WB Abcam
4
Rabbit anti-phopho-PKR ab81303  1:500 WB Abcam
(T451)
Rabbit anti-phospho-elF2a 97218 1: 500 WB Cell Signaling
(S51)
Rabbit anti-PKR ab32506 1: 1000 WB Abcam
Rabbit anti-SKL 1:1000 IF Dr. Rachubinski,
University of Alberta
Rabbit anti-STAT1 SC-346 1:500, 1: 250 WB, IF Santa-Cruz
Biotechnology
Rabbit anti-TBK1 3504 1:500 WB Cell Signaling
Rabbit anti-phospho-TBK1 5483 1:500 WB Cell Signaling

(S172)

* WB: western blot; IF: immunofluorescence; IP: immunoprecipitation
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Table 2.9 Secondary antibodies

Antibody::Conjugate Catalog Dilution  Application* Source
Number

Chicken anti- A21467  1:1000 IF Invitrogen

goat::Alexa488

Chicken anti- A21469  1:1000 IF Invitrogen

goat::Alexa647

Donkey anti- A21084  1:10000 WB Invitrogen

goat::Alexa680

Donkey anti- A10038  1: 1000 IF Invitrogen

mouse::Alexa488

Donkey anti- A21202  1: 1000 IF Invitrogen

mouse::Alexa546

Donkey anti- A10036  1: 1000 IF Invitrogen

mouse::Alexa568

Donkey anti- A21463  1:1000 IF Invitrogen

mouse::Alexa647

Donkey anti- A10038  1:10000 WB Invitrogen

mouse::Alexa680

Donkey anti- A21206  1: 1000 IF Invitrogen

rabbit::Alexa488

Donkey anti- A10040  1: 1000 IF Invitrogen

rabbit:: Alexa546

Donkey anti- A10042  1:1000 IF Invitrogen

rabbit:: Alexa568

Donkey anti- A31573  1:1000 IF Invitrogen

rabbit:: Alexa647

Donkey anti- 926- 1:10000 WB Li-COR

rabbit::Alexa800 32213

Donkey anti-guinea 706-546- 1: 1000 IF Invitrogen

pig::Alexa488 148

Goat anti-guinea A21450  1:1000 IF Invitrogen

pig::Alexa647

Donkey anti-guinea 926- 1:10000 WB Li-COR

pig::AlexalRDye800 32411



Table 2.9 (continued)

Antibody::Conjugate Catalog Dilution  Application* Source
Number
Donkey anti-mouse::HRP 713-035-  1:4000 WB Jackson
150 ImmunoResearch
Laboratories
Goat anti-rabbit::HRP 111-035- 1:4000 WB Jackson
045 ImmunoResearch
Laboratories

* WB: western blot,; IF: immunofluorescence

2.1.5 Detection systems

Table 2.10 Detection systems

System

Source

T100 Thermal cycler

DeltaVision OMX V4 structured illumination microscope
[lluminator plate reader

IX-81 spinning-disk confocal microscope
LSRFortessa digital benchtop flow cytometer
Molecular Imager GelDoc™ XR+ imaging system
MX3005P

NanoDrop ND-1000 Spectrophotometer

Odyssey Infrared Imaging System

Rx film

Ultraviolet Transilluminator

XO-MAT Developer

BIO-RAD

Applied Precision, GE
BioTek

Olympus

BD Biosciences
BIO-RAD

Stratagene

Thermo Scientific
LiCor

Fuji

Thermo Fisher Scientific

Kodak
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2.1.6 Cell lines and viruses

2.1.6.1 Cell lines

A549 (human alveolar basal epithelial), HEK293T (human embryonic kidney), Vero
(Green monkey kidney) cells, MEFs (mouse embryonic fibroblasts), RK-13 (rabbit kidney) and
C6/36 cells (Aedes albopictus mosquito cell line) 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).

2.1.6.2 Viruses

WNV strain NY99 and DENV-2 (New Guinea strain) were provided by Dr. Mike Drebot
(Public Health Agency of Canada, Winnipeg, MB). The Zika virus (strain PLCal ZIKV) was
kindly provided by Dr. David Safronetz at the Public Health Agency of Canada. The M33 strain
of Rubella virus (RV) was obtained from Dr. S. Gillam (University of British Columbia,
Vancouver, BC). WNV, DENV-2 and RV stocks were generated using Vero cells while ZIKV
stock was generated using C6/36 cells. All virus stocks were titered by plaque assay (as described
in Section 2.2.6.2). Influenza virus A (IAV; strain PR8) was obtained from Dr. Katherine Magor

(University of Alberta).
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2.2 Methods

2.2.1 Molecular biology

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

E. coli cultures harboring specific plasmids were grown overnight at 37 °C on a shaker at
220 rpm. Small-scale and large-scale DNA isolations were performed using QIAprep spin mini
prep or NucleoBond® Xtra Mini kit, and QIAGEN plasmid maxi or NucleoBond® Xtra Maxi kit
(Table 2.4) respectively. The concentrations of plasmid DNAs were determined using a NanoDrop
ND-1000 Spectrophotometer (Table 2.10). DNA samples were kept at 4 °C for short-term storage

and at -20 °C for long-term storage.

2.2.1.2 Polymerase chain reaction (PCR)

To reduce incidence of polymerase-introduced mutations, cDNAs were amplified using
Platinum High fidelity Taq (Table 2.4). Typically, reactions (50 pL) contained ~100 ng of DNA
template, | mM MgSO4, 200 nM of forward and reverse primers, 200 nM of each dNTP and 2.5-
5 U of DNA polymerase. Annealing temperatures were set according to the melting temperatures
of primers, while the extension times were based on the lengths of cDNAs. Reactions were
performed for 30 to 35 cycles in a TC-312 thermocycler (Techne). When trouble-shooting failed
PCR reactions, a gradient thermocycler, T100 Thermal cycler (Bio-Rad; Table 2.10) was used to

obtain optimal annealing temperatures.

2.2.1.3 Restriction endonuclease digestion

For digestion of PCR products, reactions were usually performed in 50 pL volumes

containing the majority of the purified PCR products together with 2-10 U of restriction enzymes

83



(Table 2.3). For digestion of plasmids, reactions were carried out in 20 uLL volumes containing 2
ug of DNA and 2-10 U of enzymes in the appropriate digestion buffer. Where indicated, vector
DNA was dephosphorylated using calf intestinal alkaline phosphatase (Table 2.3) according to
manufacturer’s recommendations. If digestion products were not processed immediately for gel
purification, the restriction enzymes were inactivated at 70-85 °C followed by cooling on ice for

2 min. The digested DNAs were kept at -20 °C until use.

2.2.1.4 Agarose gel electrophoresis

Electrophoresis grade agarose (0.8%-2.5% [w/v]; Table 2.1) was dissolved in TAE buffer
by heating (Table 2.5). To visualize DNA, ethidium bromide (Table 2.1) was added to the agarose
solution at a final concentration of 0.5 pg/mL. Following solidification at room temperature, the
agarose gels were immersed in TAE, after which the DNA samples were mixed with 10x DNA
gel loading dye (Table 2.1), loaded into the wells and separated by running at ~100 volts (V). DNA
fragments were visualized using a Molecular Imager GelDoc XR+ imaging system (Table 2.10).
For excision of DNA fragments, an Ultraviolet transilluminator (Table 2.10) was used to visualize

the DNA fragments.

2.2.1.5 Purification of DNA fragments

When used for plasmid construction, PCR products were purified using a QIAquick PCR
purification kit (Table 2.4) prior to restriction endonuclease digestion. Following digestion and
separation by agarose gel electrophoresis, the DNA fragments were excised with a clean razor
blade and subsequently extracted from the gel using a QIAEX gel extraction kit (Table 2.4). To
maximize DNA concentration for subsequent ligation, 30 uL of ddH,O was used to elute the

DNAs.
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2.2.1.6 Ligation of DNA

To avoid degradation of the adhesive ends, DNA ligations were performed immediately
following gel extraction. 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). A negative control containing only the vector but no insert was also used. Reactions were

performed in a 20 uL volume overnight at 16 °C in a Thermocycler.

2.2.1.7 Transformation of E. coli.

SubCloning Efficiency chemically-competent DHS5a E. coli (Invitrogen) and MAX
Efficiency DH5a E. coli (Invitrogen) were used for plasmid DNA transformation. The bacterial
cells were transformed by heat-shock at 42 °C for 45 sec and cooled on ice for 2 min. To avoid
cytotoxicity, a maximum of 10% of the ligation mixture was added to cells, which were recovered
at 37 °C in SOC media (Invitrogen) for a minimum of 30 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.

2.2.1.8 Construction of recombinant plasmids

Construction of recombinant plasmids was performed using PCR and standard subcloning
techniques. All primers used for cloning 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).

DENV-2/WNV capsid expression plasmids: DENV-2 and WNV capsid inserts were

amplified by PCR using cDNAs generated from total RNA extracted from infected A549 cells.
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The PCR primer pairs are listed in Table 2.7. Prior to ligation, the inserts and vector (pCMV 3.1)

were digested with EcoRI and BamHI.

FLAG-tagged ZIKV protein expression plasmids: To produce C-terminal FLAG-tagged
ZIKV prM, NS2A, NS2B, NS3, NS2B-3, NS4A, NS4B, NS4A-B and NS5, a partial genomic
clone of strain H/PF/2013 ZIKV (unpublished data) was used as the PCR template. The resultant
PCR products were subcloned into a pCDNA-3.1(-) plasmid between the Nhel and Xhol restriction
sites. To produce FLAG-tagged ZIKV capsid and E, PCR templates were first generated through
reverse-transcription of total RNAs isolated from A549 cells infected with ZIKV (strain
PLCal ZIKV) using the primers listed in Table 2.7. The cDNAs were then subcloned into the
pCDNA-3.1(-) plasmid using the Nhel and Xhol restriction sites. All of the reverse primers used
in PCR reactions contained a FLAG-epitope (Table 2.7). The pCDNA-3.1(-) prM-E and NSI-
FLAG constructs were synthesized by Thermofisher scientific based on the sequence from ZIKV
(strain H/PF/2013). The prM-E construct contains the membrane anchor region from the ZIKV
capsid protein. Similarly, the E-FLAG construct contains the carboxyl-terminal transmembrane
region of prM, while NS1-FLAG contains the analogous region from the E protein. Lastly, the
NS4B insert contains the 2K fragment from NS4A, which was shown to be required for ER
membrane localization and subsequent proteolytic processing of NS4A-B (Lin et al., 1993; Miller

et al., 2007).

FLAG-tagged ZIKV NS5 mutant expression constructs: To generate NS5 mutants, the
pcDNA-3.1(-) plasmid encoding a wild-type FLAG-tagged ZIKV NS5 was used as the PCR
template and the primer pairs used are listed in Table 2.7. Following PCR, the NS5 MTase-FLAG
and the NS5 RARP-FLAG inserts were cloned into the pcDNA-3.1(-) plasmid between the

restriction sites Nhel and Xhol. The NS5 deletion mutant A10 PCR insert was cloned back into
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the plasmid containing a FLAG-tagged wildtype NS5 between the restriction sites Nhel and BsrGI.
The NS5 mutant S56A was generated by a two-step PCR procedure. First, two over-lapping
fragments containing the single point mutation S56A were generated using the fusion primers
listed in Table 2.7. These fragments were then combined and used as templates for the second-
round of PCR using the flanking primers (Table 2.7). The resultant PCR insert containing the
introduced point mutation was cloned back into the plasmid containing the FLAG-tagged wildtype

NS5 between the restriction sites Nhel and BsrGI.

Triple FLAG-tagged ZIKV protein expression constructs: The triple FLAG-tagged ZIKV
capsid, prM, E, NS1, NS2A, NS2B, NS4A and NS4B ¢cDNAs were generated by PCR from the
corresponding plasmids encoding single FLAG-tagged versions of the viral proteins (Kumar et al.,
2016) as templates. The PCR products were then cloned into pcDNA-3.1(-) plasmid using the
restriction sites Nhel and Xhol. To generate triple FLAG-tagged NS3 and NS5, the single FLAG-
tagged NS3 and NS5 constructs (Kumar et al., 2016) were used as templates for PCR. The resultant
PCR products were cloned into the same single FLAG-tagged NS3 and NS5 plasmids using the
restriction sites Afel and Xhol (for NS3) as well as BsrG1 and Xhol (for NS5). All reverse primers

used for the above PCRs contained a double-FLAG epitope (Table 2.7).

Myc-tagged flavivirus capsid protein expression plasmids: cDNAs encoding Myc-tagged
capsid proteins were generated by PCR using the pTRIP-AcGFP lentivirus vector (Urbanowski
and Hobman, 2013) encoding the corresponding flavivirus capsid proteins as templates. The PCR
inserts were subcloned into a pcDNA-3.1 plasmid between the restriction sites Nhel and BamHI.

All forward primers used contained a Myc epitope (Table 2.7).
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2.2.2 Cell culture and transfection
2.2.2.1 Cell culture maintenance

A549, HEK293T, Vero and MEF 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 pg/mL streptomycin (Table 2.1).
C6/36 and RK-13 cells were cultured in MEM containing 10% (v/v) FBS, 2 mM glutamine, 25
mM HEPES (pH 7.4), 110 mg/L sodium pyruvate, 1x non-essential amino acids (Table 2.1), 100
units/mL penicillin and 100 pg/mL streptomycin. Mammalian cells were incubated at 37 °C while
C6/36 cells were grown at 25 °C. All cells were maintained in a humidified atmosphere with 5%

COa.

2.2.2.2 Transient transfection of cell lines

HEK293T, A549, Vero and MEF cells were transiently transfected with plasmids using
Lipofectamine 2000 or TransIT-LT1 transfection reagent (Table 2.4) as described by the
manufacturers. Twenty-four hours prior to transfection, HEK293T (3x10° per well), A549 cells
(1x10° per well), Vero cells (1x10° per well) or MEFs (3x10* per well) were seeded into 12-well
plates. Cells were then transfected with 1-2 pg of plasmid DNAs using 3 pL of Lipofectamine
2000 or TransIT-LT1 in OptiMEM media (Table 2.1). When cells were to be used for indirect
immunofluorescence microscopy, TransIT-LT1, which has lower cytotoxicity, was used for the
transfections. For introduction of poly(I:C) (Table 2.1) into cells, 2-8 pg of the dsSRNA were
transfected using 3-6 pL of Lipofectamine 2000 or TransIT-LT1. Cells were incubated with the

transfection mixtures for 12-24 hrs, after which the transfection inoculum was replaced with fresh
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culture medium. When other culture dish formats were used, the amount of cells, DNA plasmids
and transfection reagents were scaled up or down according to the surface area of the dish/well.
Transfected cells were processed for experimental analysis 24-48 hrs post-transfection as

indicated.
2.2.2.3 RNA interference

Small interfering RNAs (siRNAs) were used to transiently reduce/knockdown expression
of proteins in transfected cells (Table 2.1). A549 cells (1x10° per well) or MEFs (3x10* per well)
were seeded into 12-well plates 24 hrs before transfection. Cells were then transfected with 15-20
pmol of control siRNA (siControl) or gene-specific sSiRNAs together with 4 uL of Lipofectamine
RNAIMAX reagent (Table 2.4) according to manufacturer’s recommendations in OptiMEM
media. One-day later, transfection inoculum was replaced with fresh media and cells were
incubated at 37 °C for another 24 hrs before processed for further experimental treatments or

analyses.
2.2.3 Virology techniques
2.2.3.1 Virus infection

WNV, DENV-2 and ZIKV infection: Experiments with WNV (strain NY99) were
performed in CL-3 facilities (University of Alberta) while DENV-2 and ZIKV were handled under
CL-2 conditions. Virus stocks were diluted in DMEM lacking FBS to achieve a multiplicity of
infection (MOI) of 0.5-10, depending on the experimental objectives. Cells were then incubated
with diluted virus for 2-4 hrs at 37 °C, after which the inoculum was replaced with normal growth

media. Infected cultures were maintained at 37 °C until experimental analysis.
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Rubella virus (RV) infection: RV infection was performed under CL-2 conditions. RV
stocks were diluted in DMEM which were then used to infect cells at an MOI of 1-5 for 4 hrs at
35 °C. Subsequently, the inoculum was replaced with normal growth media and the infected

cultures were maintained at 35 °C until experimental analyses.

Influenza A virus (IAV) infection: A549 cells (1x10° per well) grown on 12-well plates
the day before were washed three times with PBS. Cells were then infected with IAV strain PR8
that had been diluted in DMEM containing 0.5% (w/v) BSA and 0.1 ng/mL TPCK trypsin (Table
2.1). Infection with the virus was done at 37 °C with gentle rocking every 10 min for 1 hr.
Subsequently, virus inoculum was removed and cells were washed with PBS once before replacing
with growth media containing 0.1 pg/mL TPCK trypsin. Samples were collected 24-48 hrs post-

infection for analyses.
2.2.3.2 WNV, DENV-2, ZIKV and RV plaque assays

The day before infection, Vero cells (1.5 x10° per well) were seeded into 24-well plates.
Culture supernatants from WNV-, DENV-2-, ZIKV- or RV-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 with
occasional rocking. One-hour later, 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 3, 4 and
6 days (for WNV, ZIKV and DENV-2 respectively), cells were fixed with 10% (v/v)
formaldehyde, and then stained with 1% (w/v) crystal violet in 20% (v/v) methanol (Table 2.1) for
30 min. After drying the plates, the numbers of plaques in each well were counted. For plaque

assay of RV, titrations were performed using a similar protocol as described above except that
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infection was done in a 35 °C with 5% CO; incubator. Seven-days later, RV plaques were fixed

and quantified using the same method.
2.2.3.3 Production and use of lentiviruses

Lentiviruses encoding DENV-2 or WNV capsid proteins: To produce infectious lentiviral
pseudoparticles, HEK293T cells (3x10°) grown in 100 mm-diameter dishes were co-transfected
with 5.6 ug of pTRIP-IRES-AcGFP-DENV-2/WNV-capsid (Urbanowski and Hobman, 2013) or
pTRIP-IRES-AcGFP, 5.6 pg of pGag-Pol and 1.6 pg of pHCMV-VSV G (Schoggins et al. ,2011)
using 48 pL of TransIT-LT1 transfection reagent. Transfection mixtures were added to cells
incubated with DMEM containing 3% (v/v) FBS, 4 ug/mL polybrene (Table 2.1) and 20 mM
HEPES (pH 7.4). Forty-eight and 72 hrs later, supernatants were collected and centrifuged at

1000xg to remove cell debris. Lentiviruses were aliquoted into cryo-vials and stored at -80 °C.

For titering, lentivirus stocks were 2-fold serially diluted in DMEM containing 3% (v/v)
FBS, polybrene (4 pg/mL) and HEPES (20mM, pH7.4) and then added to A549 cells (2x10°
per/well) in 6-well plates. The cells were spinoculated at 1000xg in an Eppendorf A-4-62 rotor for
1 hr at 37 °C. Subsequently, inoculum was replaced with fresh growth media and cells were
incubated at 37 °C for 48 hrs. Samples were fixed with 2% (v/v) paraformaldehyde (Table 2.1)
for 15 min and then processed by flow cytometry (Section 2.2.5). The percentage of cells
expressing AcGFP was determined and the corresponding lentivirus titre was calculated using the

following formulas:

Lentivirus titre = % of (AcGF P-positive cells x number of cells) / volume of lentivirus added

To transduce A549 (4x10° per well), Vero (4x10° per well) or HEK293T (8x10°) cells,

lentivirus stocks were diluted in DMEM containing 3% (v/v) FBS, polybrene (4 pug/mL polybrene)
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and HEPES (20mM, pH7.4) and then spinoclulated for 1 hr at 37°C. The lentivirus inoculum was
replaced with fresh growth media and transduced cells were incubated at 37 °C for 48 hr before

processing for additional experimental treatments.

2.2.4 Microscopy

2.2.4.1 Indirect Immunofluorescence

A549 (1x10° per well), HFA (2x10° per well) and MEFs (3x10* per well) were cultured in
12-well plates with coverslips 24 hr prior to experimental maniupulation. After experimental
treatments, cells were washed once with PBS and fixed with 4% (v/v) PFA for 15 min at room
temperature. After washing three times with PBS, cells were permeabilized with Blocking Buffer
containing 3% (w/v) BSA and 0.2% (v/v) Triton X-100 (Table 2.1) for 1 hr at room temperature.
Primary antibodies (Table 2.8) diluted in the same Blocking Buffer were added to cells, followed
by incubation at 4 °C overnight. The next day, cells were washed three times with Wash Buffer
containing 0.3% (w/v) BSA and 0.02% (v/v) Triton X-100 for 15 min each wash. Incubation with
secondary antibodies (Table 2.9) and 1 pg/mL DAPI (Table 2.1) was performed in Blocking Buffer
at room temperature for 1 hr. After three washes with PBS, coverslips were mounted onto slides
with Prolong Gold anti-fade reagent without DAPI or SlowFade® mounting reagent without DAPI
(Table 2.1). When the latter mounting reagent was used, the coverslips were sealed with nail

polish.

Where indicated, images (Z-stacks using 200 nm optical sectionining) were acquired on an
Olympus IX-81 spinning-disk confocal microscope equipped with 40X and 60X/1.42-numerical-
aperture oil PlanApo N objectives (Table 2.10). For super-resolution microscopy, images (Z-stacks

using 125 nm optical sectionining) were acquired on a DeltaVision OMX V4 structured
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illumination (SIM) microscope (Applied Precision, GE) equipped with a 60X/1.42 oil PSF
(PlauApo N) objective and immersion oil N=1.514~1.516 (Table 2.10). The number of Z-stacks
was determined (automatically) by setting the highest and lowest focal plan position of selected
cells prior to acquisition. 3D-SIM images were processed post-acquisition using SoftWorx 6.5.2

software (GE Healthcare Life Sciences). All images were analyzed using Volocity 6.2.1 software

(PerkinElmer).

2.2.4.2 Quantification of peroxisome numbers and sizes

The numbers and sizes of peroxisomes were quantified using Volocity 6.2.1 software.
Images of individual cells (from confocal or 3D-SIM microscopy) were cropped and used as single
images for analyses. Peroxisomes (identified by staining with antibodies to SKL or PEX14) were
selected using the corresponding channel with pixel intensity higher than 10,000-20,000 depending
on the primary antibody used. The selected objects were further filtered using the following
analysis parameters: separating touching objects, excluding objects smaller than 0.0005 um?® and
objects larger than 5 pm?>. The data regarding numbers and sizes of selected objects were copied

into Microsoft Office Excel for statistical analyses.

2.2.4.3 Quantification of stress granule (§G) numbers

The numbers of SGs were quantified using Volocity 6.2.1 software. Images of individual
cells taken on a confocal microscope were cropped and used as single images for analyses. SGs
were selected using the G3BP1 channel with pixel intensity greater than 10,000. The selected
objects were further filtered using the following analysis parameters: separating touching objects,
excluding objects smaller than 0.0005-0.001 um? and objects larger than 4-6 um?. The numbers of

selected objects were copied into Microsoft Office Excel for statistical analyses.
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2.2.5 Flow cytometry

A549 cells (2-4x10°) in 12-well or 6-well plates were transduced with lentiviruses
encoding the capsid protein of DENV-2 or WNV using various virus-to-media ratios as described
in Section 2.2.3.3. Forty-eight hours post-transduction, cells were fixed with 2% PFA for 15 min
and then washed with PBS twice before re-suspending in a final volume of 200-500 pL in PBS.
Samples were subjected to flow cytometry using an LSRFortessa bench-top cytometer (Table 2.10)

equipped with three lasers. Data were then analyzed using BD FACSDiva™ Software v6.1.

2.2.6 Protein gel electrophoresis and detection

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

Cells were lysed with Protein Loading Buffer (Table 2.5) containing 2-5% (v/v) B-
mercaptoethanol and 0.2 uL/sample Benzonase and then heated at 95 °C for 5 min. For analysis of
phospho-proteins, 20 mM of NaF (Table 2.1) and 2X Halt phosphatase inhibitor cocktail (Table
2.1) were included in the lysis buffer in order to block phosphatases. Proteins were separated by
discontinuous gel electrophoresis (5% stacking gel and 10%, 12% or 15% resolving gels). Stacking
gels were prepared by adding 5% acrylamide/bis-acrylamide to Stacking gel buffer (Table 2.5)
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
2.5), 0.1% (w/v) APS and 0.1% (v/v) TEMED. After loading protein samples, electrophoresis was
performed in SDS-PAGE running buffer (Table 2.5) at 80—130 V in a Bio-Rad Mini-Protean I1I

system. After electrophoresis, gels were processed for immunoblot analysis as described below.

94



2.2.6.2 Immunoblot analysis

Following SDS-PAGE, proteins were transferred from gels to 0.45 um PVDF membranes.
Prior to transfer, PVDF membranes were activated in methanol and then incubated in Transfer
Buffer (Table 2.5). Transfer was carried out using Western Blot Transfer Buffer (Table 2.5) 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 or at 40 mA overnight at room temperature. Subsequently, the PVDF
membranes were incubated with Blocking Buffer containing 5% (w/v) BSA in PBS-T (Table 2.5)

for at least 1 hr at room temperature or overnight at 4 °C on a rocking device.

After blocking, membranes were incubated with primary antibodies (diluted in Blocking
Buffer containing 0.04% (w/v) sodium azide for 2 hrs at room temperature or at 4 °C overnight on
a rocking device. After three washes (15 min each) with PBS-T at room temperature, membranes
were incubated with secondary antibodies (diluted in Blocking Buffer) for a minimum of 1 hr.
Finally, membranes were washed three times with PBS-T (15 min each) and processed for protein

detection as described below.

2.2.6.3 Detection of fluorophore-conjugated secondary antibodies

After incubation with primary and secondary antibodies followed by washes, membranes
were subjected to a final wash with PBS (minimum of 5 min at room temperature) to remove any
residual Tween-20. Membranes were placed face-down on the scanner bed of an Odyssey Infrared
Imaging system and then scanned at 84-um resolution (quality setting of “Medium” or “High™).

Quantification of proteins was performed using Odyssey Image Studio Lite software Version 5.2.
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2.2.7 Biochemical analysis of protein-protein interactions
2.2.7.1 Co-immunoprecipitation

Co-immunoprecipitation of PEX19 and WNV/DENV-2 capsid protein: HEK293T cells
(3x10°) were seeded into p100 dishes and on the next day, were infected with WNV or DENV-2
(MOI=5) for 48 hr. Cells were washed once with ice-cold PBS and then lysed with NP-40 Lysis
Buffer (Table 2.5) containing Complete protease inhibitors (Table 2.1) on ice for 30 min. The
lysates were clarified at 14,000 rpm for 20 min in a microcentrifuge at 4 °C and then pre-cleared
with protein G or protein A Sepharose beads (Table 2.1) for 10 min at 4 °C with rotation.
Subsequently, lysates were incubated with anti-PEX19 or anti-capsid antibodies for 1-2 hours at 4
°C with rotation. Twenty-microliters of protein A-Sepharose or protein G-Sepharose beads (50%
suspension) were then added to samples which were incubated for 2 hr at 4 °C with rotation. After
centrifugation (500xg), the beads were washed three times with lysis buffer containing protease
inhibitors, and the bound proteins were eluted by heating at 95 °C for 10 min in Protein Sample
Buffer containing 2% B-ME. Proteins were separated by SDS-PAGE and transferred to PVDF

membranes for immunoblot analysis.

Co-immunoprecipitation of STAT2 and ZIKV NS5-FLAG (wild type or mutants): A549
cells were transfected with pCDNA-3.1 NS5-FLAG, NS5 mutants or empty vector (pPCDNA3.1-
FLAG) with Lipofectamine 2000 for 48 hr. Because ZIKV-NS5 induces degradation of human
STAT2 (Kumar et al., 2016), infected cells were treated with 200 nM epoxomicin (Table 2.1) for
12-24 hrs before collection. Cells were washed once with ice-cold PBS, harvested with a cell
scraper, pelleted by spinning in a microcentrifuge at 500xg for 5 min at 4 °C and then resuspended

in IP buffer (Table 2.5) with a cocktail of freshly added protease inhibitors. The supernatants were
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clarified by centrifugation at 16,000¢g for 15 min and then divided into aliquots that were incubated
overnight with anti-FLAG, anti-human STAT2 or anti-myc antibodies at 4 °C with rotation. The
next day, protein G sepharose was added and samples were incubated for 2 hrs at 4 °C with rotation.
After five washes with IP buffer, SDS Sample Buffer containing 2% B-ME was added to the beads
and proteins were eluted by heating at 95 °C for 10 min. Proteins were resolved by SDS-PAGE

followed by immunoblot analysis.

Co-immunoprecipitation of G3BPI or Caprin-1 and triple FLAG-tagged ZIKV proteins:
HEK293T cells (3x10°) were seeded into p100 dishes the day before transfection. On the next day,
cells were transfected with plasmids encoding triple-FLAG-tagged ZIKV proteins using
Lipofectamine 2000 for 48 hr. The transfected cells were pelleted and resuspended in IP buffer
(Table 2.5) containing ~2 pL of Benzonase. The supernatants were clarified by centrifugation at
16,000xg for 15 min and then precleared with Protein G-sepharose beads for 1 hr at 4 °C to remove
proteins that non-specifically bind to the beads. Aliquots of the pre-cleared cell lysates were
incubated overnight with anti-FLAG or anti-myc antibodies at 4 °C. The next day, antibody/lysate
mixtures were incubated with Protein G-sepharose beads for 2 hr after which the beads were
subjected to three washes with IP buffer (without benzonase). Bound proteins were eluted by

heating at 95 °C for 10 min and then resolved by SDS-PAGE followed by immunoblot analysis.

2.2.8 RNA techniques

2.2.8.1 RNA isolation

Total RNA from cell lysates was isolated using the RNeasy mini Kit (QIAGEN) or
Nucleospin RNA isolation kit (Macherey-Nagel) according to manufacturers’ recommendations.

Samples were stored at -80 °C until further use.
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2.2.8.2 ¢cDNA synthesis

To reverse transcribe the isolated RNA into cDNAs, the Superscript II Reverse
Transcriptase system (Invitrogen) or Improm-II Reverse Transcriptase systems (Promega) were
utilized. In a typical reaction (20 pL), 4 pL of RNA and 1 pL of random primers (200 ng/uL) were
added. cDNA synthesis reactions were carried out at 42 °C for 2 hrs in a T100 Thermal cycler
(Bio-Rad). 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 real-time PCR (qRT-PCR)

To quantify the relative level of RNA, qRT-PCR reactions were conducted using the
PerfecCTa SYBR Green Supermix low Rox real-time PCR kit (Quanta Biosciences) in a
Stratagene MX3005P™ thermocycler. Reactions (15 pL) were performed in duplicate and
contained 3 puL 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 values were calculated using B-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

formulas 222D,
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2.2.8.4 Protein-RNA interaction by RNA-IP

A549 cells (2x10°) were infected with ZIKV (MOI=5) for 48 hrs. Cells were washed with
ice-cold PBS once, removed from plates using a cell scraper and then pelleted at 800xg for 5 min
at 4 °C. Cells were re-suspended in RNA-IP buffer (Table 2.5) containing 1x protease inhibitor
cocktail and the RNase inhibitor RNaseOUT. To avoid non-specific binding of proteins to beads,
protein G-sepharose beads were first incubated with 5% BSA in RNA-IP buffer, followed by
incubation overnight at 4 °C with rabbit anti-G3BP1, goat anti-TIAR or mouse anti-myc.
Subsequently, cell lysates were incubated with the antibody-bead complexes for 2 hrs at 4 °C
followed by five washes with RNA-IP buffer containing RNaseOUT. Aliquots of the protein-
antibody-bead complexes were boiled and processed for SDS-PAGE and immunoblotting while

the rest of the complexes were added to RNA extraction buffer and processed for RNA extraction.

2.2.9 Luciferase reporter assays

The day before transfection, A549 cells (1x10°) and HEK293T cells (2.5x10°) were seeded
into 12-well plates as described in Section 2.2.2.2. To detect IFN induction, the IRF3 promoter-
driven firefly luciferase reporter plasmid p55-CIB-Luc (provided by T. Taniguchi, University of
Tokyo, Japan), the NF-KB promoter-driven reporter plasmid pNF-kB-Luc (Stratagene) or the IFN-
B promoter-driven reporter plasmid p125-luc (ref) was co-transfected with the renilla luciferase
reporter plasmid pRL-TK (Promega) as a transfection control. Where indicated, poly(I:C) was co-
transfected or transfected into cells following expression of luciferase reporters. For detection of
IFN-mediated signaling, cells were transfected with the ISG56 promoter-driven reporter plasmid
pGL3B/561 (a gift from Dr. Ganes C. Sen, Lerner Research Institute of the Cleveland Clinic,

USA), the ISRE promoter-driven reporter plasmid pGL4 ISRE (Promega) or the GAS promoter-
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driven reporter plasmid pGAS-Luc (Stratagene) together with a renilla luciferase reporter plasmid
(as transfection control). IFN signaling was induced by treatment with Type- I, II or III IFNs for

the indicated time periods.

Cell lysates were harvested at indicated time periods in 200 pl Luciferase Lysis buffer
(Table 2.5). To enhance lysis, samples were frozen at -80 °C for at least 30 min and then thawed
at room temperature. For luciferase assays, the samples were aliquoted in duplicates for reading of
firefly as well as renilla luciferase activities. The firefly luciferase substrate D-luciferin was
prepared at a final concentration of 70 uM in Luciferase Assay Buffer (Table 2.5). For renilla
luciferase measurements, the substrate coelenterazine was prepared at a final concentration of 1.4
uM in Luciferase Assay Buffer without DTT and ATP. The specific substrates were added to
samples and incubated in the absence of light for 5 min. Luciferase activities were measured using
an Illuminator plate reader BioTek. The relative reporter activity of specific promoters was

calculated by normalization to the renilla luciferase reporter activity in the corresponding samples.

2.2.10 Cell viability assay

To control for cytotoxic effects of siRNAs or drugs used in this thesis work, viability
assays were performed using the CellTiter-Glo® Luminescent Cell Viability Assay system
(Promega) which measures ATP levels. Cells transfected with siRNAs or treated with drugs, were
harvested at the indicated times after once wash with PBS. Cells were lysed by suspending in 200
pL of PBS and then freezing at -80 °C (minimum of 20 min) followed by thawing. The lysates
were then aliquoted in duplicate in wells of 96-well plates. Luciferase substrates (D-luciferin or

Coelenterazine; Gold Biotechnology) were then added to each sample (1:1 of v/v ratio) followed
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by incubation for 5 min at room temperature. Luminescence values were then read using an

[Tlluminator plate reader.
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Chapter 3 Flavivirus infection impairs peroxisome biogenesis and

antiviral signaling

A version of this chapter has been published in:

“*You, J., *Hou, S., Malik-Soni, N., Xu, Z., Kumar, A., Rachubinski, R.A., Frappier, L., Hobman,
T.C. (2015) Flavivirus Infection Impairs Peroxisome Biogenesis and Early Antiviral Signaling. J

Virol. 2015 Dec;89(24):12349-61. doi: 10.1128/JV1.01365-15.”

* Authors contributed equally
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3.1 Rationale

Flaviviruses replicate relatively slowly and like most viruses, their genomes encode a very
limited number of proteins (10 in this case). To ensure efficient viral replication, it is essential that
they encode multifunctional proteins to evade host immune defenses. The capsid protein is the first
viral protein to be synthesized in infected cells, and it is produced in vast excess for what is needed
for genome packaging (reviewed in (Urbanowski et al., 2008)). Intriguingly, although viral
replication occurs entirely in the cytoplasm, a large pool of capsid is targeted to the nucleus and
nucleolus (Bulich and Aaskov, 1992; Mori et al., 2005). Although the functional significance of
this phenomenon is still unclear, it is possible that these nuclear capsid proteins perform non-

structural functions apart from genome packaging (Urbanowski et al., 2008).

The non-structural role of capsid proteins is supported by the observations that capsid
proteins interact with diverse cellular factors involved in different signaling pathways (Table 3.1).
For instance, WNV capsids have been shown to modulate apoptosis (Urbanowski and Hobman,
2013), neuro-inflammation (Marle et al., 2007), tight junction protein turnover (Medigeshi et al.,
2009), as well as transcriptional and translation control (Bhuvanakantham et al., 2010), suggesting
an important role of this viral structural component in the regulation of host immune responses
and viral pathogenesis. Similarly, DENV capsid has been shown to interact with components of
several cellular processes including apoptosis (Netsawang et al., 2010, 2014), lipid droplet
biogenesis (Samsa et al., 2009; Carvalho et al., 2011) and nucleosome formation (Balinsky et al.,
2013), further demonstrating the non-structural functions of flavivirus capsid proteins in

modulating cellular processes during viral infection.
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Table 3.1 Non-structural functions of flavivirus capsids in modulating cellular pathways

Flavivirus Capsid-binding  Effect on cellular pathway Reference
host factor
DAXX Disrupts interaction between (Limjindaporn et al., 2007;
CD137 and NFkB, thus inducing Netsawang et al., 2010;
CD137-mediated apoptosis Nagila et al., 2011;
Netsawang et al., 2014)
Core histones Inhibits nucleosome formation (Colpitts et al., 2011)
(H2A, H2B, H3
DENV and H4)
Lipid droplet Binds lipid droplets and may (Samsa et al., 2009;
facilitate viral replication Carvalho et al., 2012;
Iglesias et al., 2015; Martins
etal., 2012)
Nucleolin Hijacks nucleolin for viral (Balinsky et al., 2013)
morphogenesis
B23 Exploits B23 for capsid nucleolar  (Tsuda et al., 2006)
localization and viral replication
IEV Caprin-1 Hijacks Caprin-1 for viral RNA (Katoh et al., 2013)
replication and inhibits stress
granule formation
Unknown Mediates virus-induced autophagy (Wang et al., 2015)
DDX56 Binds DDX56 which is required (Xuetal., 2011; Xu and
for virion assembly Hobman, 2012; Reid and
Hobman, 2017)
[2PP2A Interacts and augments 12P724 (Hunt et al., 2007)
WNV activity
Jabl Induces cytotoxicity which is (Oh et al., 2006)
negated by binding of Jabl
MKRN1 Induces cytotoxicity which is (Ko et al., 2010)

reduced by binding of MKRN1
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Table 3.1 (continued)

Unknown Blocks apoptosis in a PI3K- (Urbanowski and Hobman,
dependent manner 2013)
Unknown Induces lysosomal degradation of  (Medigeshi et al., 2009)
WRY tight junction proteins
Unknown Activates glia cells and induces (Marle et al., 2007)
neuroinflammation
Hsp70 and Hijacks these host proteins for (Oh and Song, 2006;
cofactors viral replication and virion Taguwa et al., 2015)
assembly in human and insect
cells
Importin o/p Importin-mediated nuclear (Bhuvanakantham et al.,
DENV, localization of capsid benefits 2009, 2010)
WNV WNYV production
PEX19 Binds to PEX19 and impedes (Youetal., 2015)
peroxisome biogenesis
Sec3p Targets Sec3p for proteasomal (Bhuvanakantham et al.,

degradation and inhibits its

antiviral activity

2010)

YFV (and N.A.

Sequesters viral dSsSRNA and thus

(Samuel et al., 2016)

other inhibits Dicer-mediated RNAi
flaviviruses) activity in mosquito cells

G3BP1 and Capsid-mediated sequestration of  (Hou et al., 2017)
ZIKV Caprin-1 these host factors potentially

contributes to inhibition of stress

granule formation

*N.A., not applicable
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In collaboration with Dr. Lori Frappier (University of Toronto), our laboratory identified
>20 putative human DENV and WNV capsid-binding partners by proteomic analyses. Among
these candidates is PEX19, which binds the capsids of both viruses. PEX19 is required for the
biogenesis of peroxisomes, which are membranous organelles that regulate lipid metabolism,
oxidative homeostasis and innate immune signaling (reviewed in (Smith and Aitchison, 2013).
PEX19 serves as a chaperone that facilitates PMP-membrane assembly and de novo peroxisome
formation (reviewed in Sections 1.2.2.2 and 1.2.2.3). Genetic ablation of PEX]9 results in loss of
peroxisomes and associated functions. Accordingly, binding of flavivirus capsids to PEX19 could
potentially interfere with its activity, leading to dysregulation of peroxisome biogenesis and
peroxisomal functions. Since my thesis focuses on understanding how flaviviruses evade cellular
defenses, I decided to investigate the interplay between flaviviruses and the peroxisome-mediated

antiviral response.

As the first attempt to explore the functional significance of capsid-PEX19 interaction, my
colleague Dr. Jae Hwan You and I set out to examine whether DENV and WNYV infection alters
the number of peroxisomes and the protein level of PEX19. In parallel, we confirmed the
interaction between capsid proteins and PEX19 during viral infection. Subsequently, we
determined whether capsid expression alone alters peroxisome abundance. To determine if
flaviviruses inhibit peroxisome-mediated antiviral response, we examined the induction of Type-
[T IFN (IFN-LA) expression during viral infection. Finally, to establish a signaling link between
PEX19 and the peroxisome-mediated antiviral program, we measured the induction of IFN-A

expression in PEX/9-silenced cells.
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3.2 Results

3.2.1 DENV and WNV capsid proteins interact with PEX19

In order to confirm the interaction between PEX19 and capsid proteins in the context of viral
infection, A549 cells were infected with DENV or WNV (MOI = 5) for 48 hrs and then subjected
to co-immunoprecipitation (co-IP) using antibodies to PEX19 or capsid proteins. We selected 48
h.p.i as the sample collection time point because the maximum viral replication (as determined by
plaque assays) and by extension, viral protein expression, was usually achieved at this time. Data
from reciprocal co-IP in Figure 3.1 show that PEX19 forms stable complexes with the capsid

proteins in DENV- and WNV-infected cells.
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Figure 3.1 Flavivirus capsid proteins interact with PEX19. A549 cells were infected with
WNV or DENV-2 (MOI = 5). Forty-eight hours later lysates were subjected to co-
immunoprecipitation with rabbit anti-WNV capsid (upper panel), guinea pig anti-DENV capsid
(lower panel) or rabbit anti-PEX19 antibody followed by SDS-PAGE and immunoblotting. IB,
immunoblotting, [P, immunoprecipitation, WCL, whole-cell lysate. N = 3
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To visualize the effect of virus infection on PEX19 localization, we performed confocal
microscopy analyses. A549 cells were infected with DENV or WNV virus (MOI = 2) for 24 hrs
after which endogenous PEX19 and viral capsid proteins were detected using the indicated
antibodies. As shown in Figure 3.2A, PEX19 exhibited a typical cytoplasmic localization and
disperse distribution in mock cells, a pattern which is consistent with its role as the cytosolic
chaperone for newly synthesized PMPs (Jones et al., 2004). In contrast, in cells infected with
DENV or WNV, the PEX19 signal was concentrated in areas that were enriched for capsid
proteins, possibly sites of viral replication and/or assembly (Figure 3.2A). Co-localization analysis
using Pearson correlation coefficient (PCC) indicated partial co-localization between PEX19 and
capsid proteins (Figure 3.2B). This method measures the linear correlation between two variables
(Royal Society, 1895) and in this case, pixel intensities from the PEX19 and capsid channels. The
PCC value falls between -1 and +1; and the closer it is to + 1, the higher the degree of colocalization
between the two channels. The average PCC values in DENV- and WNV-infected cells were 0.6
and 0.5 respectively, suggesting a partial colocalization between capsids and PEX19. In
conclusion, our microscopy analysis is consistent with co-immunoprecipitation data showing an

interaction between PEX19 and flavivirus capsid proteins.

109



Capsid PEX19 Merge

Mock
DENV
WNV
B
1.04
E 0.8
'S sall o®
= L XY 'v 1
£ Y
® [
g 06{ -—e - r
c ®000°®
2 0.4 »
z °
(4]
B B3
0.0 T T
DENV WNV

Figure 3.2 PEX19 partially co-localizes with capsid proteins during flavivirus infection. A.
AS549 cells were infected with DENV-2 or WNV (MOI = 2) for 24 hrs and then processed for
indirect immunofluorescence microscopy using a guinea pig anti-WNV or —-DENV capsid and
rabbit anti-PEX19. Primary antibodies were detected using donkey anti-guinea pig Alexa 488
and donkey anti-rabbit Alexa 546. Images were acquired on a spinning disk confocal
microscope equipped with a 60X oil lens. Scale bar = 12 um. Nuclei were stained with DAPI.
B. Co-localization analysis of PEX19 and capsid proteins (represented by Pearson correlation
coefficient; PCC) was performed using Volocity software. A minimum of 10 cells were used
per sample and all PCC values from 3 independent experiments were plotted.
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3.2.2 Flavivirus infection leads to PEX19 degradation

To investigate the functional consequence of capsid-PEX19 interaction, we first examined
the effect of flavivirus infection on steady state PEX19 protein levels using immunoblot analysis.
Figure 3.3A revealed that levels of PEX19 protein were reduced 30 to 40% in DENV- and WNV-
infected cells respectively. Since capsid proteins bind PEX19, we next determined whether
expression of capsids alone could induce degradation of this host factor. To increase the percentage
of capsid-expressing cells, in instead of using plasmid-based transfection, we transduced A549
cells with lentiviruses encoding DENV or WNV capsids at a high multiplicity of transduction
(MOT = 10). Quantification of immunoblots indicated that expression of either capsid protein
alone did not trigger significant degradation of PEX19 (Figure 3.3B). However, because viral
proteins do not usually function in isolation (Klema et al., 2015), it is possible that virus-induced
degradation of PEX19 requires interaction or coordination between the capsid proteins and other

viral components.
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Figure 3.3 Flavivirus infection reduces levels of PEX19 protein. A. A549 cells were infected
with WNV or DENV-2 (MOI = 2) for the indicated time periods after which lysates were
prepared for immunoblotting with rabbit anti-PEX19, guinea pig anti-DENV capsid and anti-
WNV capsid antibodies. B. A549 cells were transduced (MOT = 10) with lentiviruses encoding
an AcGFP (control), myc-DENV or myc-WNV capsids for 48 hrs. Lysates were collected and
processed for immunoblotting using a mouse anti-myc antibody and rabbit anti-PEX19
antibody. Levels of B-actin are shown as a loading control. Quantification of PEX19 expression
(relative to PEX19 levels in mock samples) was performed using Image Studio Lite 5.0
software. The relative levels of PEX19 were represented on the bar graphs (right panels). *P<

0.05;N=3
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To gain mechanistic insight into how flaviviruses induce loss of PEX19, infected cells were
treated with inhibitors that block proteasome- (MG132) or lysosome- (BAF-Al) dependent
degradation and relative levels of PEX19 were determined. As shown in Figure 3.4A, addition of
MG132 resulted in an increase in the total level of ubiquitinated proteins, as indicated by a darker
smear of ubiquitin staining, indicating that this inhibitor was having the desired effect on the
proteasomal degradation pathway. Similarly, BAF-A1 treatment induced an upregulation in
LC3B-II levels (Tumbarello et al., 2012), indicating that the lysosomal degradation machinery was
negatively impacted (Figure 3.4A). While treatment of BAF-A1 did not prevent loss of PEX19 in
WNV- or DENV-infected cells, in cells treated with MG132, loss of PEX19 due to infection was
moderately abrogated (Figure 3.4B). However, as indicated by the altered levels of capsids in
Figure 3.4A, interference of the proteasomal and lysosomal pathways seems to have an impact on
viral replication (Heaton and Randall, 2010; Fernandez-Garcia et al., 2011; Byk et al., 2016) thus
confounding our analyses. Further experiments are required to identify the cellular pathway(s) in

which PEX19 is degraded during flavivirus infection.

113



MG132 DMSO BAF-A1

MocRENVWWNIMocPENVIWNWocRENWYNY

PEX19 |*& == == 9 c— «— as «. &

Capsid

Ubiquitin

LC3B-II

B-actin

B
* *
12, —
| | |
o 1.0 A OMock
XS 08 - mDENV
o n
38 06- QWNV
g
55 o04;
®  02-
0!0 L ] L ] 1
DMSO MG132 BAF-A1

Figure 3.4 The effect of proteasome and lysosome inhibitors on virus-induced degradation
of PEX19. A. A549 cells were infected with WNV or DENV-2 (MOI = 2) for 24 hrs and then
treated with DMSO, MG132 (20 uM) or baflomycin-A1l (BAF-A1; 400 nM) for 12 hrs. Cell
lysates analyzed by immunoblotting with rabbit anti-PEX19 and guinea pig anti-capsid
antibodies. As positive controls for drug treatments, the levels of ubiquitinated proteins and the
autophagy maker LC3B-II were measured by immunoblotting. Levels of B-actin serve as a
loading control. B. Relative PEX19 expression was quantified using Image Studio Lite
software. *P<0.05; N=3
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3.2.3 Flavivirus infection alters peroxisome distribution

As mentioned earlier, PEX19 is required for peroxisome biogenesis by facilitating the
membrane insertion of PMPs as well as budding of peroxisomal precursors from the ER (Schmidt
et al.,, 2012). Accordingly, capsid protein-mediated sequestration and infection-induced
degradation of PEX19 could lead to defects in peroxisome formation and therefore alterations in
peroxisome biology. To test this possible scenario, we first examined the distribution of
peroxisomes in mock- and DENV- or WNV-infected cells. Peroxisomes were identified using an
antibody to the tripeptide SKL (Szilard et al., 1995), a targeting motif found at the carboxyl termini
of many peroxisomal matrix proteins (Gould et al., 1989). We selected SKL as the peroxisome
marker to ensure that all organelles identified in our study were functional, since peroxisomal
“ghosts” which lack matrix enzymes have been reported in cells defective in peroxisomal matrix

import (Santos et al., 1992).

In mock-infected cells, SKL-positive puncta were dispersed throughout the cytoplasm
(Figure 3.5A). In contrast, infection with DENV or WNV resulted in clustering of peroxisomes to
areas enriched in capsid-positive structures (Figure 3.5A). Since components of some plant viruses
(e.g., Tombusviruses) have been shown to traffic to peroxisomes to facilitate genome synthesis
(Panavas et al., 2005; Rochon et al., 2014), we next investigated whether flavivirus replication
takes place at this organelle in addition to the endoplasmic reticulum, the main site of replication
and assembly. To identify replication complexes, an antibody specific for dSRNA, an intermediate
of RNA virus replication, was utilized. Although distribution of peroxisomes was altered by viral
infection, no significant overlap between dsRNA and peroxisomes was evident (Figure 3.5A and
B), suggesting that flavivirus replication does not occur in association with this organelle. In

addition, structured illumination microscopy (SIM), a form of super-resolution microscopy,
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revealed no evidence of co-localization between capsid proteins (green channel) and peroxisomes
(red channel) as signals from the corresponding channels did not significantly overlap (i.e., lack

of yellow signal on the merge images) (Figure 3.5C).
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Figure 3.5 Flavivirus infection alters peroxisome distribution. A. A549 cells were infected
with  WNV or DENV-2 (MOI = 2) for 24 hrs. Cells were processed for indirect
immunofluorescence using guinea pig anti-WNV or -DENV capsid antibodies. Viral replication
complexes and peroxisomes were detected using mouse anti-dsRNA and rabbit anti-SKL
antibodies respectively. Primary antibodies were detected using donkey anti-mouse Alexa 488,
donkey anti-rabbit Alexa 546 and goat anti-guinea pig Alexa 647. Nuclei were stained with
DAPI. Images were acquired using a spinning disk confocal microscope equipped with a 60X
oil lens. Scale bar = 12 um. B. Co-localization analysis of dSRNA- and SKL-positive structures
using Pearson correlation coefficient was performed using Volocity software. C. Viral infection
and indirect immunofluorescence microscopy was performed as described in (A). Images were
acquired using SIM on a DeltaVision OMX microscopy. N = 3.
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3.2.4 Flavivirus infection leads to reduction in peroxisome numbers

To determine whether flavivirus infection alters peroxisome abundance, we utilized SIM to
compare the numbers of peroxisomes in mock-infected and virus-infected cells. We chose SIM
because it offers a higher resolution (~8-fold in 3 dimensions) compared to confocal microscopy,
thus rendering a better separation of clustering objects. According to data in Figure 3.3A, the
maximum reduction in PEX19 levels was achieved at or before 16 h.p.i.; and because the turnover
of peroxisomes takes approximately 2 days in cultured mammalian cells (Huybrechts et al., 2009),
we originally selected 64-72 h.p.i as the fixation time point. Due to noticible cytopathic effect, we
later adjusted the protocol to process samples at 48 h.p.i when infected cells were still relatively
healthy (according to the shape of nuclei stained by DAPI) for imaging. Quantitation of
peroxisome numbers revealed that DENV- and WNV-infected cells contained 30-35% fewer

peroxisomes than mock-infected cells (Figure 3.6).
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Figure 3.6 Flavivirus infection reduces peroxisome numbers. A. A549 cells were infected
with WNV or DENV-2 (MOI = 2) for 48 hrs. Cells were then processed for indirect
immunofluorescence using anti-WNV NS2B/3 or anti-DENV antibodies. Peroxisomes were
detected using a rabbit anti-SKL antibody. Primary antibodies were detected using donkey anti-
mouse Alexa 488 and donkey anti-rabbit Alexa 568. Nuclei were stained with DAPI. Images
were acquired and reconstructed using SIM. Scale bar =4 pm B. Quantification of peroxisome
numbers was performed using Volocity software. A minimum of 15 cells were used for each
sample. *P<0.05; N=3
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Next, to determine whether the virus-induced reduction in peroxisome abundance was due
to defects in the peroxisome division pathway, we measured the size of peroxisomes in individual
cells and generated size distribution curves accordingly. The logic was that, if viral infection
impairs peroxisome division, we would expect to see fewer small peroxisomes and more large
peroxisomes. Figure 3.7 shows that the sizes of peroxisomes in mock- and flavivirus-infected cells
were similar, indicating that DENV and WNYV infection does not impact the peroxisomal division

pathway significantly.
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Figure 3.7 Flavivirus infection does not alter peroxisome size. A549 cells were infected
with DENV-2 (top panel) or WNV (bottom panel) (MOI = 2) for 48 hrs. Cells were
processed for indirect immunofluorescence using anti-WNV NS2B/3 or anti-DENV
antibodies. Peroxisomes were visualized by staining with rabbit anti-SKL antibody.
Primary antibodies were detected using donkey anti-mouse Alexa 488 and donkey anti-
rabbit Alexa 568. Images were acquired and reconstructed using SIM. Quantification of
peroxisome sizes was performed using Volocity software. A minimum of 15 cells were
used for quantification in each sample. N =3
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3.2.5 Capsid protein expression leads to reduction in peroxisome numbers

To determine if the virus-induced effects on peroxisomes could be recapitulated by
expression of capsid protein alone, we examined the localization and abundance of peroxisomes
in A549 cells transfected with plasmids encoding DENV or WNV capsid proteins. Ectopic
expression of enhanced green fluorescent protein (eGFP) was used as the negative control. As
shown in Figure 3.8A, capsid protein expression caused clustering of peroxisomes in the
perinuclear region similar to what was observed in infected cells. Moreover, the average number
of peroxisomes in capsid-expressing cells was ~20% lower than those expressing eGFP (Figure
3.8B). Therefore, our findings suggest that capsid proteins are at least partially responsible for the
altered peroxisome abundance during viral infection and that other viral derterminants may also

contribute to this process.
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Figure 3.8 Expression of capsid proteins lead to reduction in peroxisome numbers. A.
AS549 cells were transfected with plasmids encoding eGFP, DENV capsid or WNV capsids for
24 hrs. Cells were then processed for indirect immunofluorescence using guinea pig anti-
DENV-2 capsid or anti-WNYV capsid antibodies. Peroxisomes were detected using rabbit anti-
SKL antibody. Primary antibodies were detected using donkey anti-guinea pig Alexa 488 and
donkey anti-rabbit Alexa 546. Nuclei were stained with DAPI. Images were acquired using a
spinning disk confocal microscope equipped with a 60X oil objective lens. Scale bar = 15 pm.
B. A minimum of 15 cells were analyzed for the average peroxisome numbers using Volocity
software. *P<0.05; N =3
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3.2.6 Flaviviruses suppress Type-IIl IFN induction

A number of fairly recent studies have shown that the antiviral adaptor molecule MAVS
localizes to peroxisomal membranes and mediates induction of Type- I and Type- III IFN response
through peroxisomes (Dixit et al., 2010; Ferreira et al., 2016; Odendall et al., 2014). Accordingly,
we predicted that reduction in peroxisome numbers would negatively affect the antiviral response
initiated at this organelle. To test this hypothesis, we examined the ability of cells to stimulate
IFN-A expression during DENV and WNV infection. Figure 3.9A shows that, following
transfection of cells with the viral dsSRNA analogue poly(:C), levels of ifn-1 transcripts were
dramatically increased in mock-infected cells. However, in cells infected with DENV or WNV,

induction of ifn-A transcripts was reduced by >80%.

Because expression of capsid proteins in the absence of other viral proteins can
downregulate peroxisome numbers (Figure 3.8B), we next examined whether expression of these
viral proteins dampened antiviral signaling. To increase the proportion of cells expressing capsid
within an experimental population, a lentivirus delivery system was utilized to introduce DENV
and WNYV capsid into A549 cells. Unexpectedly, capsid expression did not significantly affect the
relative induction of ifn-4 following poly(I:C) stimulation compared to cells expressing AcGFP
(Figure 3.9B). These results indicate that capsid proteins alone are not sufficient to block IFN

induction.
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Figure 3.9 Flavivirus infection inhibits type-III IFN (IFN-A) production. A. A549 cells were
infected with WNV or DENV-2 (MOI=2) for 10-12 hrs. Cells were then transfected with 4 pg

of poly(I:C) or pCMV-5 plasmid for 12 hrs to induce expression of ifn-41 genes. B. A549 cells
were transduced with lentiviruses encoding AcGFP, myc-DENYV capsid or myc-WNV capsids.

Forty-eight hours later, cells were transfected with 4 ng of poly(I:C) or pCMV-5 plasmid for
12 hrs to induce ifn-4 genes. Cell lysates were collected and processed for RNA extraction. The
relative fold induction of /F'N-4 genes was determined by qRT-PCR. *P<0.05, **P<0.01; N =

4
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3.2.7 The peroxisome biogenesis factor PEX19 plays a role in the IFN response

Since viral infection induced PEX19 degradation (Figure 3.3A), we reasoned that the virus-
induced reduction of PEX19 could be a novel mechanism by which flaviviruses antagonize the
host IFN system. To address this, we needed to determine whether PEX19 plays a role in the
expression of IFN-A. A549 cells were transiently transfected with siRNAs to knockdown
expression of and then ifn-4 expression was measured following poly(I:C) treatment. The siRNAs
reduced PEX19 protein by approximately 80% and this was associated with ~2-fold reduction in
ifn-A transcript levels compared to cells transfected with non-silencing siRNAs (Figure 3.10).
These data suggest that PEX19 is somewhat important for IFN induction and that it could be a
restriction factor for flavivirus replication. To test the latter, we measured viral titers from PEX/9-
silenced A549 cells infected with WNV and DENV. To our surprise, we observed a small but
significant reduction in both DENV and WNV virion production in cells deficient in PEX19
particularly at 24 h.p.i (Figure 3.11). Taken together, these data suggest that while PEX19 regulates

the host Type-III IFN response, it also plays a role in the viral life cycle.
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Figure 3.10 PEX19-silencing reduces ifi-A expression. A. A549 cells were infected with
WNV or DENV-2 (MOI = 2) for 10-12 hrs. Cells were then transfected with 4 pg of poly(1:C)
or pCMV-5 plasmid for 12 hrs to induce expression of ifi-4 genes. Cell lysates were processed
for RNA extraction and immunoblotting. The relative fold induction of ifn-A transcripts was
determined by qRT-PCR. B. Following immunoblotting, the silencing efficiency of PEX19 was
determined using Image Studio Lite 5.0 software. *P<0.05, **P<0.01, *P<0.001; N=4
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Figure 3.11 PEXI19-silencing reduces DENV and WNV production. A549 cells were
transfected with siControl or siRNAs specific for PEX79 for 48 hrs. Cells were then infected
with DENV-2 (top panel) or WNV (bottom panel) (MOI = 0.5). Cell supernatants were
collected 48 h.p.i and viral titers were determined by plaque assay. *p<0.05; N =4
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3.2.8 ZIKV infection leads to reduction in peroxisome abundance

To determine whether other flaviviruses also alter peroxisome biogenesis, we investigated
the effect of ZIKV infection on peroxisome abundance using confocal microscopy. As shown in
Figure 3.12A, similar to what was observed for DENV and WNV, ZIKV infection induced
clustering of peroxisomes into areas enriched for the viral E protein. Quantification of peroxisomes
also revealed that ZIKV infection was associated with significant loss of peroxisomes at 24 and
48 h.p.i. (Figure 3.12B), suggesting that modulation of peroxisome biology may be a common

phenomenon during flavivirus infection.
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Figure 3.12 ZIKYV infection reduces peroxisome numbers. A. A549 cells were infected with
ZIKV (MOI = 2) for 24 hrs and 48 hrs. Fixed cells were processed for indirect
immunofluorescence using a mouse anti-flavivirus E protein antibody. Peroxisomes were
visualized by staining with a rabbit anti-PEX14 antibody. Primary antibodies were detected
using donkey anti-mouse Alexa 488 and donkey anti-rabbit Alexa 546. Nuclei were stained
with DAPI. Images were acquired using a spinning disk confocal microscope equipped with a
60X oil lens. Scale bar = 12 um. B. Quantification of peroxisome numbers was performed
using Volocity software. A minimum of 15 cells were used per sample. *P<0.05; N =3
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3.2.9 Different peroxisome biogenesis factors play different roles in IFN induction

Since we showed that PEX19 plays a role in the Type-III IFN system, we asked the question
whether other peroxisomal biogenesis factors influence this antiviral pathway. To address this, we
transiently silenced several peroxisomal proteins involved in regulation of membrane assembly
(PEX3 and PEX16), matrix protein import (PEX5, PEX7 and PEX13) and organelle division
(PEX11p). Transfection of poly(I:C) was then used to stimulate IFN expression. Similar to what
was observed with PEX19-silenced cells, expression of both IFN-B and IFN-A2 was significantly
reduced in cells deficient in PEX3 (Figure 3.13, top panel). While knockdown of PEX7, PEX13 or
PEXI11p did not alter IFN expression significantly, silencing of PEXS resulted in upregulation of
IFNs (Figure 3.13, bottom panel). Although further experiments are needed to confirm these
findings (e.g., by transfection of a different gene-specific siRNA), our data suggest that different

peroxisomal biogenesis factors may play differential roles in the IFN system.
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Figure 3.13 Transient silencing of PEX genes differentially affects induction of type-I
and type-III IFNs. A549 cells were transfected with the indicated siRNAs. Forty-eight
hours later, 2 pg of poly(I1:C) was transfected into cells to stimulate IFN expression. Twelve-
hours later, total RNAs were isolated and processed for qRT-PCR to determine the relative
induction of ifn-f1 and ifn-12. *P<0.05.N =3
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3.3 Summary

In this chapter, we have shown that flaviviruses modulate peroxisome biogenesis to interfere
with innate immune signaling. This is likely due in part to the interaction between capsid proteins
and the peroxisome biogenesis factor PEX19. Initially, this novel host-virus interaction was
confirmed in the context of DENV and WNYV infections, during which a significant loss of PEX19
was also observed. Given the important function of PEX19 in peroxisome biogenesis, we
postulated that binding of capsid proteins as well as reduction in PEX19 impairs peroxisome
biogenesis. Indeed, altered peroxisome distribution as well as reduced peroxisome numbers were
observed in DENV-, WNV-, and ZIKV-infected cells. These effects could largely be recapitulated
by expression of the capsid proteins in transiently transfected cells, suggesting a role of this viral
determinant in modulating peroxisome biology. Moreover, we revealed that potent suppression of
ifn-/ transcript expression correlated with a decrease in peroxisome abundance and PEX19 during
viral infection, an observation consistent with previous findings that peroxisomes are important
antiviral signaling platforms (Dixit et al., 2010). We also identified a novel function for PEX19 in
regulating the induction of Type-III IFNs. Preliminary findings suggest that other peroxisomal
biogenesis factors may be important for the IFN pathway as well. Together, for the first time, our
study demonstrates that manipulation of peroxisomes may be a common mechanism by which
flaviviruses and potentially other viruses evade cellular antiviral defenses. Future studies will be
focused on dissecting the molecular signaling events that occur at the peroxisomal membrane to
regulate host antiviral signaling. In addition, investigating the effect of viral infection on other

peroxisomal functions including redox homeostasis and lipid metabolism will also be useful.
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Chapter 4 Zika virus inhibits the induction and downstream signaling of Type-

I interferon response

A version of this chapter has been published in:

“*Kumar, A., *Hou, S., Airo, A.M., Limonta, D., Mancinelli, V., Branton, W., Power, C.,

Hobman, T.C. 2016. Zika virus inhibits Type- I interferon production and downstream signaling.
EMBO Rep 17:1766-1775.”

* Authors contributed equally
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4.1 Rationale

Since its resurgence in late 2015, ZIKV has spread across the Americas, creating huge
economic and health burdens in endemic areas. Depending upon the context, ZIKV infection can
lead to serious complications including congenital defects and Guillain-Barré syndrome. Based on
evidence from clinical and animal studies, this flavivirus possesses a unique ability to cross
different anatomical barriers (e.g., the placenta and the fetal BBB) and replicate in diverse tissues
and cell types (e.g., placenta, eyes, testes and fetal brain cells) (Adams Waldorf et al., 2016;
Bhatnagar, 2016; Calvet et al., 2016; Govero et al., 2016; Mansuy et al., 2016; Miner et al., 2016).
Together, these studies suggest that ZIKV is able to overcome host antiviral defenses and establish
productive infections. Recently, several animal studies have demonstrated that mice with a
defective IFN response suffer higher viral burdens and increased pathologies (Govero et al., 2016;
Lazear et al., 2016; Miner et al., 2016; Tripathi et al., 2017), indicating that the host IFN system

plays a paramount role in controlling ZIK'V replication and pathogenesis.

As discussed in Section 1.2.1.2, the IFN system consists of an induction phase, which
leads to production and release of IFNs; and an IFN-dependent signaling phase, where binding of
IFNs to receptors initiates a signaling cascade that induces transcription of a large panel of antiviral
genes, ISGs. Previous studies have shown that productive replication of flaviviruses is linked to
their ability to interfere with IFN response pathways. For example, DENV utilizes the viral protein
NS5 to target STAT2, a critical transcriptional activator of ISGs, for proteasomal degradation; and
the inability of DENV NS5 to reduce murine STAT2 renders these species refractory to viral
infections (Ashour et al., 2009; Morrison et al., 2013; Tripathi et al., 2017). Among flaviviruses,
ZIKV is more similar to DENV than most other members of this family and therefore, we sought

to determine if and how ZIKV antagonizes the host IFN system to favor viral replication.
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To investigate the molecular strategies used by ZIKV to suppress this cellular antiviral
defense, we first examined the kinetics of dSRNA-stimulated antiviral signaling in response to
ZIKV infection. In addition, we characterized viral replication and susceptibility to dSRNA and
IFN treatments. Finally, we identified key signaling steps that were targeted by ZIKV as well as

the viral determinants involved in the subversion of host IFN system.

4.2 Results

4.2.1 ZIKV inhibits the host cell IFN response

The IFN system provides one of the first lines of cellular defense against pathogens and
therefore, many viruses have developed mechanisms to delay and/or suppress this antiviral
program (Table 1.1). As a first step towards understanding how ZIKV may affect the IFN system,
we monitored the kinetics of [FN induction and downstream signaling over the course of infection
in A549 cells. As shown in Figure 4.1A, A549 cells activated expression of ifn-f and the ISG ifit/
(interferon-induced protein with tetratricopeptide repeats 1) in response to ZIKV infection. . IFIT1
is one of the antiviral effectors that is induced during flavivirus infection (Pichlmair et al., 2011;
Szretter et al., 2012; Kimura et al., 2013). At 18 h.p.i ., levels of ifn-f and ifit/ induction were only
increased <6-fold. In contrast, expression of these two genes was increased well over 100-fold at
24 and 48 h.p.i.. This may indicate that the virus delays the IFN response during early stages of

infection.

To further investigate the interplay between ZIKV and the IFN system, we next assessed
how ZIKYV replication was affected by activation of an antiviral response before infection and at
early time points post-infection. Cells were transfected with the viral dSRNA analogue poly(I:C)
prior to or after viral infection and then relative levels of viral RNAs were assessed using qRT-

PCR. As shown in Figure 4.1B (left panel), pre-treatment of A549 cells with poly(I:C) reduced
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ZIKV replication by >80%, indicating that the virus was highly susceptible to a pre-existing
antiviral state. In contrast, viral RNA level was largely unaffected when poly(I:C) was added after
infection was established (Figure 4.1B, right panel), suggesting that the virus subverts the host
antiviral response. To further test this scenario, we measured the levels of ifn-f and ifit/ transcripts
following poly(I:C) stimulation in cells infected with ZIKV. As expected, during ZIKV infection,
induction of both ifi-f and ifit] was dramatically reduced (>80%) compared to mock-infected cells

(Figure 4.1C), indicating that ZIKV actively blocks the dsSRNA-stimulated antiviral signaling.
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Figure 4.1 ZIKV inhibits the host IFN response. A. A549 cells were infected with ZIKV
(MOI = 2) for the indicated time periods after which cell lysates were processed for qRT-PCR
to determine the relative levels of ifn-f and ifit/. B and C. A549 cells were transfected with or
without poly(I:C) for 6 hrs and then infected with ZIKV (MOI = 3) for 18 hrs (Pre-treatment).
Alternatively, cells were infected with ZIKV first for 6 hrs and then transfected with poly(1:C)
for 12 hrs (Post-treatment). Relative levels of (B) viral RNA as well as (C) ifn-f and ifit]
transcripts were determined by qRT-PCR. ***P<0.001; N = 3.
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Next, luciferase reporter assays were performed to determine whether ZIKV inhibits the
promoter activity of IFIT1, an ISG which can be induced by IRF3 and IFNs independently as it
contains both an IRF3-binding site and an interferon-stimulated response element (/SRE)
(Grandvaux et al., 2002). Consistent to what was observed with the effect of ZIKV infection on
ifn-f and ifit] transcript levels, relative luciferase activity was repressed by 50% in ZIKV-infected
cells compared to control cells (Figure 4.2A). Depending upon the flavivirus, different viral
proteins have been implicated in subversion of the host IFN system (Table 1.1). To identify which
ZIKV proteins antagonize the IFN response, we expressed individual viral proteins in HEK293T
cells and measured poly(I:C)-induced IFIT1 promoter activity. Figure 4.2B shows that IFIT1
promoter activity was affected by multiple ZIKV proteins albeit to varying degrees. The strongest
suppression (~70%) was observed in cells expressing NS5 while moderate inhibition (~40%) was
observed in E- or NS4A-expressing cells. Together, these data indicate that ZIKV deploys
effective countermeasures to the host IFN system, primarily through the actions of viral proteins

E, NS4A and NS5.
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Figure 4.2 Multiple ZIKV proteins inhibit IFIT1 promoter activity. A. A549 cells were
infected with ZIKV (MOI = 5) for 16 hrs and then co-transfected with plasmids encoding
IFIT1 promoter-driven firefly luciferase, constitutively active renilla luciferase construct as
well as poly(I:C). Cell lysates were harvested and processed for luciferase activity. N = 2. B.
HEK293T cells were transfected with plasmids encoding individual ZIKV proteins, an IFIT1
promoter-driven firefly luciferase, renilla luciferase and poly(I:C). Cell lysates were then
harvested and subjected to luciferase assays. *P<0.05; N=3
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4.2.2 ZIKV inhibits the induction of Type- I IFN expression

As indicated by the repressed promoter activity of IFIT1 (Figure 4.2A), an ISG whose
expression can be triggered by IRF3 and IFNs independently (Grandvaux et al., 2002), ZIKV may
interfere with the induction and/or downstream signaling of the IFN response. To identify the
signaling step(s) targeted by ZIKV, we next asked the question whether and how IFN induction
may be affected. To address this, poly(I:C)-induced IFN-B-driven promoter activity was measured
during ZIKV infection. Consistent with what was observed with ifn-f transcripts, the activity of
the IFN-B-dependent promoter was reduced almost-10 fold in ZIKV-infected cells (Figure 4.3A)
indicating that the virus inhibits the induction of Type- I IFN response. Since efficient expression
of IFN-B requires the transcription factors IRF3 and NFxB, we next examined the effect of
infection on IRF3-driven and NF«B-driven promoters. Similar to the IFN-B-dependent promoter,
poly(I:C)-induced activation of IRF3- and NFxB-dependent transcription was suppressed (>90%

and 75% respectively) by ZIKV infection (Figure 4.3A).

To identify the specific viral component(s) that interfere with Type- I IFN production, we
measured the promoter activities driven by IFN-B, IRF3 and NF«xB in HEK293T cells expressing
individual ZIKV proteins. The only viral protein which significantly reduced NFkB-dependent
transcriptional activity was NS5 and the effect was moderate (Figure 4.3B). In contrast, three viral
proteins, NS1, NS4A and NS5, suppressed the activities of [FN-B- and IRF3-dependent promoters;
NS5 had the greatest effect (Figure 4.3B). Interestingly, NS2A expression augmented NFkB-
mediated promoter function by >2-fold (Figure 4.3B), possibly implicating this viral protein in
pro-inflammatory pathways (Hamel et al., 2017). Taken together, these data suggest that the viral

proteins NS1, NS4A and NS5 act to suppress IFN production during ZIKV infection.
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Figure 4.3 ZIKYV blocks the induction of type-I1 IFN response. A. A549 cells were infected
with ZIKV (MOI = 5) for 16 hrs and then transfected with the indicated promoter-driven
firefly luciferase plasmids and a constitutively active renilla luciferase construct, as well as 1
pg of poly(I:C). After 8 hrs, cell lysates were harvest and processed for luciferase assay. B.
HEK293T cells were transfected with plasmids encoding individual ZIKV proteins, an IFN-
B, IRF3 or NF«B promoter-driven firefly luciferase plasmid and a constitutively active renilla
luciferase construct, as well as 0.4 g of poly(1:C). Twenty-four hours later, cell lysates were
harvested and subjected to luciferase assay. C = capsid; E = envelope, *P<0.05, **P<0.01,
*#4P<0.001; N =3

144



To gain further insights into how ZIKV proteins interfere with Type- I IFN expression, we
measured the effect of NS1, NS4A and NS5 on IFN-B- and IRF3-driven promoter activities
following induction by over-expression of TBK1 or a constitutively active IRF3 (IRF3(5D)).
TBK1 is a critical mediator of IFN induction by phosphorylating IRF3; it is shown to be targeted
by DENV as well as WNV (Dalrymple et al., 2015). Data from luciferase reporter assay indicate
that all three ZIKV proteins suppressed TBK1-stimulated IFN-B- and IRF3-mediated promoter
activities (Figure 4.4). In cells expressing NS1, both reporter activities were rescued upon
induction by IRF3(5D) expression. In contrast, NS4A and NS5 retained their abilities to inhibit
both reporter activities in IRF3(5D)-expressing cells (Figure 4.4). These data suggest that
repression of IFN induction by ZIKV NS1, NS4A and NS5 occurs at the TBK1 level and that

NS4A and NS5 may also deploy mechanisms to subvert signaling downstream of IRF3 activation.
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Figure 4.4 ZIKV NS1, NS4A and NSS block TBK1-mediated IFN induction. A. HEK293T
cells were co-transfected with plasmids encoding ZIKV NS1, NS4A or NS5, an IFN-f
promoter-driven firefly luciferase plasmid and a constitutively active renilla luciferase
construct, as well as 0.5 pg of plasmids encoding TBK1 or a constitutively active form of
IRF3(5D). Twenty-four hours later, cell lysates were harvested and subjected to luciferase
assay. *P<0.05, **P<0.01, ***P<0.001; N = 3. B. The same experimental procedure was
performed as described in (A) with the exception that the IFN- luciferase reporter construct

was replaced by an IRF3 promoter-driven firefly luciferase plasmid. N =2
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4.2.3 ZIKV blocks Type-I and -I1I IFN signaling

Initiation of the IFN effector phase is dependent on the interaction between IFNs and their
cognate receptors, which then leads to transcriptional activation of ISGs with diverse antiviral
functions (Figure 1.4). Due to the potent antiviral effect of IFNs, flaviviruses have evolved ways

to interfere with the IFN-dependent signaling cascade (Table 1.1).

To understand how ZIKV modulates IFN signaling, we first determined whether virus
replication is sensitive to IFN treatment administered before or after viral infection has started.
The qRT-PCR data in Figure 4.5A (left panel) indicate that ZIK'V replication was inhibited by pre-
treatment of cells with Type- I (IFN-a), Type- II (IFN-y), and Type- III (IFN-A) IFNs. While Type-
I and -III IFNs reduced replication by ~10-fold, Type-II IFN only inhibited replication by 50%. In
contrast, addition of IFNs after virus infection was established did not significantly affect
replication (Figure 4.5A, right panel). These data suggest that although ZIKV is sensitive to the
[FN-stimulated antiviral response, the virus can efficiently block IFN signaling after infection is

established.

To determine which IFN signaling pathway is affected by virus infection, we measured the
levels of ifit] transcripts in ZIKV-infected cells following IFN stimulation. qRT-PCR analyses
revealed that ifit/ induction by IFN-a and IFN-A, but not IFN-y, were suppressed >80% in ZIKV-
infected cells (Figure 4.5B). This suggests that the virus targets specific IFN signaling pathways

(i.e. Type-I and -1II but not Type- II).
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Figure 4.5 ZIKYV suppresses Type-I and —III IFN signaling. A. A549 cells were treated with
PBS (as negative control), IFN-a (100 U/mL), IFN-A (200 ng/mL) or IFN—y (10 U/mL) for 6
hrs, after which they were infected with ZIKV (MOI = 3) for 18 hrs (Pre-treatment).
Alternatively, cells were first infected with ZIKV for 6 hrs followed by treatment with IFNs for
12 hrs (Post-treatment). Total RNA was isolated and relative ZIKV RNA levels were determined
by qRT-PCR. *P<0.05, **P<0.01; N = 3. B. A549 cells were infected with ZIKV (MOI=3) for
6 hrs and then treated with PBS or IFNs for 12 hrs using the same concentrations as described
in (A). Total RNAs were isolated and relative ifit/ levels were determined by qRT-PCR. N = 2.
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To confirm this finding, we utilized luciferase reporter assays to measure Type-I/-1II as
well as Type- II IFN signaling through the ISRE and GAS promoters respectively. Consistent with
the data in Figure 4.5B, activity of the /SRE promoter was reduced by 50% in ZIK'V-infected cells
whereas GAS-dependent transcription was not significantly affected (Figure 4.6A). Taken
together, these data indicate that ZIKV selectively impedes Type-I and -III IFN signaling;
moreover, they suggest that a host factor(s) common to Type- I and -1III but absent from the Type-

IT IFN pathway could be a target of ZIKV.

To determine which viral components subvert(s) IFN signaling, we expressed individual
ZIKV proteins in HEK293T cells and examined their effects on ISRE promoter in response to IFN-
o stimulation. While expression of prM-E had a significant but modest effect, NS5 strongly
reduced (>90%) ISRE-dependent IFN signaling (Figure 4.6B). In summary, these data indicate
that ZIKV interferes with the effector phase of Type-I and -III IFN response, a process mediated

primarily by the viral protein NSS.
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Figure 4.6 ZIKV NSS blocks Type-I and -I1I IFN signaling. A. A549 cells were infected
with ZIKV (MOI = 5) for 6 hrs and then transfected with an ISRE- or GAS-promoter-driven
firefly luciferase construct together with a constitutively active renilla luciferase construct.
Sixteen-hours later, cells were treated with IFN-o (100 U/ml) or IFN-y (10 U/ml) for 2 hrs
to stimulate IFN signaling. Cell lysates were harvested and processed for luciferase assay.
B. HEK293T cells were transfected with ZIKV protein expression constructs together with
an ISRE promoter-driven firefly luciferase plasmid as well as a constitutively active renilla
luciferase construct. After 24 hrs, they were treated with [IFN-o (100 U/mL) to stimulate IFN
signaling. Ten-hours later, cell lysates were harvested and subjected to luciferase assay. C =
capsid; £ = envelope. *P<0.05; N =3
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4.2.4 ZIKV infection induces proteasomal degradation of human STAT2

STAT2 is an essential transcriptional activator of ISGs induced by Type-I and Type—III
IFNs; however, it is not involved in the Type-II IFN signaling cascade (Figure 1.4). Accordingly,
we speculated that interfering with STAT2 could be a critical mechanism by which ZIKV inhibits
Type-I and Type-III IFN pathways. To test this possibility, we first examined whether levels of
STAT?2 protein were affected by ZIKV infection. Immunoblotting revealed that STAT2 was
almost completely abolished in ZIKV-infected cells by 24 h.p.i. while STAT1 levels remained
unchanged (Figure 4.7A). To further verify this finding, we performed confocal microscopy and
monitored STAT2 nuclear translocation in A549 cells as well as primary human fetal astrocytes
(HFAs), a cell type shown to have physiological relevance in ZIKV pathogenesis (Hamel et al.,
2017). As shown in Figure 4.7B, almost all of the mock-infected cells contained nuclear STAT2
following IFN-o treatment. However, in ZIKV-infected A549 and primary HFAs, very little

STAT2 signal was detected, confirming that ZIKV indeed induces loss of STAT2.
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Figure 4.7 ZIKV NSS induces STAT2 degradation in human cells. A. A549 cells were
infected with ZIKV (MOI = 5) for 24 and 48 hrs, after which cell lysates were processed for
SDS-PAGE and immunoblotting using antibodies to endogenous STAT1 and STAT2. Levels of
the viral envelope (E) protein and cellular B-actin were used as the infection and loading
controls respectively. B. A549 cells (MOI = 2) or human primary fetal astrocytes (MOI = 5)
were infected with ZIKV for 24 and 48 hrs respectively, after which IFN-a (100 U/mL) was
added for 2 hrs to stimulate STAT nuclear translocation. Cells were then processed for indirect
immunofluorescence. STAT2 was detected using a rabbit anti-human STAT2 antibody while
infected cells were identified by staining with a mouse anti-E protein antibody. Primary
antibodies were detected using donkey anti-rabbit Alexa 488 and donkey anti-mouse Alexa 546.
Nuclei were stained with DAPI. Images were acquired on a spinning disk confocal microscope
equipped with a 40X oil objective lens. Dashed line white circles indicate ZIK V-infected cells.
N=3
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To gain insight into the nature of virus-induced STAT2 degradation, we treated cells with
inhibitors of the proteasome (MG132 and epoxomicin) and lysosome (bafilomycin-A1l; BAF-A1)
and monitored STAT?2 levels during ZIKV infection. Immunoblotting analyses in Figure 4.8 show
that ZIKV-induced degradation of STAT2 was largely abrogated by proteasome inhibitors,
whereas BAF-AT1 treatment did not prevent loss of STAT2. Taken together, these data indicate
that inhibition of IFN signaling is mediated in part by ZIKV-induced degradation of STAT2

through the proteasome.
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Figure 4.8 ZIKV-induced degradation of STAT2 requires the proteasome. A549 cells
were infected with ZIKV (MOI = 5) for 24 hrs and then treated with DMSO (as the negative
control), MG132 (20 uM) or epoxomicin (400 nM) for 12 hrs (top panel). In parallel, A549
cells infected with ZIKV for 24 hrs were treated with baflomycin-A1 (BAF-A1; 400 nM)
for 12 hrs (bottom panel). Cell lysates were harvested and processed for SDS-PAGE and
immunoblotting. Endogenous STAT2 was detected with a rabbit anti-human STAT2
antibody. Cellular GAPDH or B-actin and ZIKV envelope (E) protein were detected by the

appropriate antibodies and used as the loading and infection controls respectively; N = 3
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4.2.5 ZIKV infection does not induce degradation of mouse STAT2

Previous studies have shown that DENV-induced degradation of STAT2 is species-
specific; that is, while the virus causes degradation of human STAT2, the murine counterpart is
resistant to DENV (Ashour et al.,, 2010). To determine whether ZIKV can induce STAT2
degradation in the murine system, we examined IFN-a-stimulated STAT2 nuclear translocation in
mouse embryonic fibroblasts (MEFs) using confocal microscopy. Microscopy analysis rather than
immunoblotting was utilized because ZIKV poorly infects MEFs and therefore single-cell based

detection was the preferable assay.

Following treatment with IFN-a, STAT2 was observed in the nuclei of mock and ZIKV-
infected MEFs (Figure 4.9A). This suggests that ZIKV does not induce degradation of STAT2 nor
affects its translocation to the nucleus in mouse cells. As such, STAT2 could be a major restriction
factor of ZIKV replication in mice. Consistent with this theory, transient silencing of STAT2 in
MEFs by siRNA resulted in increased replication of ZIKV (Figure 4.9B). Together, these data
reaffirm the importance of IFN signaling in limiting ZIKV infection. Moreover, they support the
possibility that STAT2-deficient mice could serve as an alternative animal model for flavivirus
pathogenesis studies. Indeed, soon after the publication of our study, another research group
established a STAT2”" mouse model for ZIKV infection, which has revealed novel insights into

viral virulence and pathogenesis (Tripathi et al., 2017).
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Figure 4.9 ZIKV does not induce degradation of murine STAT2. A. Mouse embryonic
fibroblasts (MEF) were infected with ZIKV (MOI = 5) for 48 hrs after which IFN-a (200
U/mL) was added for 2 hrs. Samples were then processed for indirect immunofluorescence.
Rabbit anti-mouse STAT2 and mouse anti-dsRNA antibodies were used to detect STAT2 and
infected cells respectively. Primary antibodies were detected using donkey anti-rabbit Alexa
488 and donkey anti-mouse Alexa 546. Nuclei were stained with DAPI. Images were acquired
on a spinning disk confocal microscope with a 40X oil objective lens. Dashed-line white
circles indicate ZIKV-positive cells. B. Mouse STAT2 (mSTAT2) in MEFs was transiently
depleted by transfection of specific siRNAs for 48 hrs, after which cells were infected with
ZIKV (MOI = 5) for another 48 hrs. Silencing efficiency was determined by immunoblotting
with mouse anti-STAT2. Levels of B-actin serve as the loading control. Relative ZIKV RNA
was measured by qRT-PCR. *P<0.05, **P<0.01; N=3
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4.2.6 ZIKV NS5 protein induces degradation of human STAT2

To identify the viral component(s) required for STAT2 degradation, we examined nuclear
translocation of STAT2 in A549 cells expressing individual ZIKV proteins. Confocal microscopy
was utilized to facilitate single cell-based analysis. This method was preferable because some of
the viral proteins were found to be expressed at relatively low levels when immunoblotting was
used for analyses. Figure 4.10 shows that with the exception of NS5, none of the viral proteins
affected nuclear accumulation of STAT2 in IFN-a-treated cells. In NS5-expressing cells, the
STAT2 signal was almost completely absent similar to what was observed in ZIKV-infected cells.
This suggests that NS5 is the key determinant for inducing degradation of STAT2 during ZIKV

infection.
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Figure 4.10 Expression of ZIKV NSS induces STAT2 degradation in human cells. A549
cells were transfected with a control plasmid pcDNA-3.1 or plasmids encoding individual
FLAG-tagged ZIKV proteins. At 48 hrs post-transfection, cells were treated with IFN-a (100
U/mL) for 2 hrs and then processed for indirect immunofluorescence. Rabbit anti-human
STAT2 and mouse anti-FLAG antibodies were used to detect endogenous STAT2 and
transfected cells respectively. Primary antibodies were detected using donkey anti-rabbit Alexa
488 and donkey anti-mouse Alexa 546. Nuclei were stained with DAPI. Images were acquired
on a spinning disk confocal microscope with a 40X oil objective lens. NS5-positive cells are
indicated by dashed line white circles; N =3
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To further investigate the nature of NS5-mediated STAT2 degradation, we transfected
plasmids encoding a number of different NS5 constructs in A549 cells and examined their effect
on STAT2 nuclear translocation. These NS5 constructs included a mutant lacking the amino-
terminal 10 amino acid residues (A10), the methyltransferase (MTase) domain of NS5, the RNA-
dependent RNA polymerase (RARP) domain and a mutant lacking MTase activity (S56A) (Figure
4.11A). Of these constructs, only the A10 mutant induced loss of STAT2 to a degree that was
similar to wild type NS5 (Figure 4.11B and C). This observation illustrates an important distinction
between NS5 proteins of DENV and ZIKV. Specifically, unlike ZIKV NS5, the first 10 amino

acid residues of DENV NS5 are required for degradation of STAT2 (Ashour et al., 2009).

With respect to the domain of ZIKV NS5 that mediates STAT2 degradation, the data are
inconclusive. Specifically, while expression of the NS5 RdRP domain did not trigger STAT2
reduction, in many of the cells expressing the MTase domain, STAT2 signals were noticeably
lower (Figure 4.11B). However, the effect of MTase domain on STAT2 was much less dramatic
than the full length NS5 (Figure 4.11B), which indicate that other regions of this viral protein
contribute to STAT2 degradation. Moreover, MTase activity was not required for STAT2
degradation as evidenced by the fact that expression of the SS6A mutant retained the ability to

efficiently degrade STAT2 (Figure 4.11C).
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Figure 4.11 Neither the MTase nor the RARP domain of ZIKV NSS is sufficient to induce
efficient degradation of STAT2. A. Schematic representation of the ZIKV NS5 expression
constructs. B. A549 cells were transfected with a control plasmid pcDNA-3.1 or the NS5
expression constructs as shown in (A). At 48 hrs post-transfection, cells were treated with IFN-
o (100 U/mL) for 2 hrs and then processed for indirect immunofluorescence. STAT2 and FLAG
epitope-tagged proteins were detected using rabbit anti-human STAT2 and mouse anti-FLAG
antibodies. Primary antibodies were detected using donkey anti-rabbit Alexa 488 and donkey
anti-mouse Alexa 546. Nuclei were stained with DAPI. Images were acquired on a spinning
disk confocal microscope with a 40X oil objective lens. NS5-positive cells are indicated by
dashed line white circles. C. The percentage of cells containing nuclear STAT2 was determined
using the Volocity image analysis software. A minimum of 20 cells were counted for each
sample. N.D.= not detected. *P<0.05; N =3
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4.2.7 ZIKV NS5 interacts with human STAT2 through its MTase domain

Since DENV NS5 was shown to interact with STAT2 (Ashour et al., 2009), we next
explored potential interaction between ZIKV NS5 and this antiviral protein by co-
immunoprecipitation assay. FLAG-tagged wild-type NS5 was expressed in HEK293T cells which
were then treated with the proteasome inhibitor epoxomicin to ensure that sufficient amount of
STAT2 was available for binding. Co-immunoprecipitation and immunoblotting revealed that
STAT?2 forms a stable complex with FLAG-NSS5 (Figure 4.12A). As a first attempt to map the
domain(s) of NS5 required for binding STAT2, we used the NS5 constructs described in Figure
4.10A for co-immunoprecipitation and immunoblotting. These analyses revealed that STAT2
interacts with the MTase domain of NS5 (Figure 4.12B). Moreover, neither the first 10 amino
acids of NS5 nor the MTase activity was required for NS5-STAT2 interaction. Together, our data
demonstrate that ZIKV NS5 interacts with STAT2 through the MTase domain, a process that is

likely a key step in the eventual degradation of this antiviral protein during viral infection.
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Figure 4.12 ZIKV NSS interacts with human STAT?2. A. A549 cells were transfected with
plasmids encoding FLAG-tagged ZIKV NS5 or a control plasmid pcDNA-3.1 for 24 hrs and
then treated with epoxomicin (400 nM) for 24 hrs. Cells were harvested and processed for co-
immunoprecipitation using mouse anti-FLAG or anti-myc antibodies followed by SDS-PAGE
and immunoblotting. B. A549 cells were transfected with expression plasmids encoding FLAG-
tagged wild type (WT) NS5, NS5 mutants or domains or a control plasmid (pcDNA-3.1) for 48
hrs. Cells were harvested and processed for co-immunoprecipitation using rabbit anti-human
STAT2 antibody followed by SDS-PAGE and immunoblotting with anti-STAT2 and anti-
FLAG. Levels of GAPDH serve as the loading control. Arrows indicate NS5 or NS5
mutants/domain co-immunoprecipitated with STAT2. /P = immunoprecipitation; /B =
immunoblotting. Arrows indicate the co-IP WT NS5 and NS5 mutants; N =2
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4.3 Summary

In this chapter, we investigated the molecular mechanisms by which ZIKV interferes with
the host IFN response. Initially, we observed a delayed IFN response during the early stages of
viral infection, which suggests an active viral countermeasure to the host defense system.
Supporting this scenario, we showed that ZIKV replication was resistant to poly(I:C) and IFN
treatments after infection was established. This indicates that the virus effectively inhibits antiviral
signaling. ZIKV suppresses IFN expression likely by interfering with the transcriptional activity
driven by IRF3 and NF«kB. The viral proteins NS1, NS4A and NS5 may play a role in this process.
Similar to DENV, ZIKV was found to induce proteasomal degradation of STAT2. This results in
blocking Type-I and —III IFN signalling, a phenomenon that is species-specific. This process is
mediated by NS5, which was found to interact with STAT2 through its MTase domain. Together,
our experiments have revealed multiple strategies employed by ZIKV to counteract the host IFN
system. Further understanding of this viral angonism could in turn reveal important aspects of the

host-virus interface that may be used as novel therapeutic targets.

164



Chapter 5 Zika virus hijacks stress granule proteins and modulates the host

stress response

A version of this chapter has been published in:
“*Hou, S., *Kumar, A., Xu, Z., Airo, A.M., Stryapunina, I., Wong, C. P., Branton, W.,
Tchesnokov, E., Gotte, M., Power, C., Hobman, T.C. 2017. Zika virus hijacks stress granule

proteins and modulates the host stress response. J Virol. doi:10.1128/JV1.00474-17.”

* Authors contributed equally
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5.1 Rationale

Stress response pathways are integral to cellular antiviral systems. Activation of these
pathways can lead to cap-dependent translation arrest and stress granule (SG) formation, which
aid in restricting viral replication as well as regulating cell survival (White and Lloyd, 2012). SGs
are dynamic cytoplasmic RNA granules that serve as temporary sites to store stalled translation
initiation complexes (Kedersha et al., 2000, 2002). As such, they are essential for maintaining
RNA homeostasis during cellular stress. SG aggregation can be induced through phosphorylation
of the eukaryote translation initiation factor elF2a by the kinases HRI, PERK, GCN2 and PKR in
response to heat-shock and oxidative stress, ER stress, nutrient starvation and viral dsRNA
respectively (Chong et al., 1992; Dever et al., 1993; Harding et al., 1999). Subsequently,
phosphorylated elF2a interferes with the GTP exchange activity of elF2B, leading to reduced
availability of ternary complexes and therefore suppressed translation initiation (Sudhakar et al.,
2000). Upon binding of key nucleating factors such as G3BP1/2, TIA-1 and TIAR, the stalled pre-
initiation complexes (containing mRNA) become further condensed, resulting in formation of SGs

(Kedersha et al., 1999; Gilks et al., 2004; Matsuki et al., 2013).

Because SGs can limit the access of viruses to the cellular protein translation machinery,
several flaviviruses have evolved ways to inhibit SG assembly (Table 1.2). For instance, DENV
and WNV have been shown to re-direct the SG factors TIA-1 and TIAR to promote viral genome
synthesis, a process that also blocks formation of SGs (Emara and Brinton, 2007). Similarly, JEV
prevents SG formation by hijacking the SG-associated protein Caprin-1 for viral replication (Katoh
et al., 2013). Although suppression of SGs was also reported during ZIKV infection (Roth et al.,
2017; Basu et al., 2017), the viral determinants and molecular mechanism(s) involved remain

largely unknown.
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In this chapter, the mechanism(s) by which ZIKV manipulates the cellular stress response
pathways were investigated. These analyses included examining the effects of viral infection and
protein expression on induction of stress responses and SG formation. Experiments were also

designed to understand the functional relevance of SG components in the viral life cycle.

5.2 Results

5.2.1 ZIKV infection does not induce robust SG formation

During infection of mammalian cells by certain RNA viruses (e.g. HCV), formation of SGs
is induced in a timely manner (Garaigorta et al., 2012; Ruggieri et al., 2012). As a first step toward
understanding how ZIKV infection affects stress response pathways, we monitored the kinetics of
SG assembly over the course of infection by confocal microscopy. To visualize SGs, double-
positive staining of G3BP1 and TIA-1 was employed whereas ZIKV-positive cells were identified
using an antibody to the flavivirus E protein. As shown in Figure 5.1A, A549 cells infected with
ZIKV at 24, 48 and 72 h.p.i contained very few G3BP1/TIA-1-positive foci in the cytoplasm,
indicating that viral replication does not robustly induce SG aggregation at these time points. To
confirm this finding in a more physiologically relevant system, we determined whether SGs were
formed in ZIKV-infected primary human fetal astrocytes (HFAs), a brain cell type recently
reported to support ZIKV replication (Hamel et al., 2017; Retallack et al., 2016). Figure 5.1B
shows that, similar to what was observed in A549 cells, ZIKV infection did not induce SG

assembly in HFAs at 48 h.p.i.
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Figure 5.1 ZIKYV infection does not induce robust SG formation. A549 cells (A) and primary
human fetal astrocytes (B) were infected with ZIKV (MOI = 3 and 5 respectively) for the
indicated time periods before processing for indirect immunofluorescence. SGs were identified
by double-staining with rabbit anti-G3BP1 and goat anti-TIA-1. Virus-infected cells were
identified by staining with a mouse antibody to E protein. Primary antibodies were detected
using donkey anti-rabbit Alexa 488, donkey anti-mouse Alexa 546 and chicken anti-goat Alexa
647. Nuclei were stained with DAPI. Images were acquired on a spinning disk confocal
microscope equipped with a 40X oil objective lens. Scale bar =22 pm. Dashed line white circles
indicate ZIK V-positive cells. N =3
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Processing bodies (P-bodies), another type of RNA granules, are major sites of cellular
RNA degradation and known to exchange contents with SGs during cellular stress (reviewed in
(Anderson and Kedersha, 2009)). Unlike SGs, P-bodies are normally always present in the
cytoplasm of mammalian cells and their abundance can be upregulated in response to stress. Next,
we quantified the numbers of P-bodies in cells infected with ZIKV. An antibody to the P-body
resident de-capping protein (Dcpla) was utilized to identify these RNA granules in fixed cells. In
mock-infected cells, Dcpla-positive puncta (15-20/cell) were dispersed throughout the cytoplasm
(Figure 5.2A and B). No significant change in the number or distribution of P-bodies was observed
in ZIKV-infected cells as identified by positive E-protein staining (Figure 5.2 A and B). Taken
together, these data indicate that ZIK'V infection does not induce robust SG formation nor does it

alter the abundance of P-bodies in A549 cells.
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Figure 5.2 ZIKYV infection does not alter P-body abundance. A. A549 cells were infected
with ZIKV (MOI = 3) for 48 hrs and then processed for indirect immunofluorescence. P-bodies
and virus infected cells were identified using rabbit anti-Dcpal mouse anti-E protein
respectively. Primary antibodies were detected with donkey anti-rabbit Alexa 488 and donkey
anti-mouse Alexa 546. Nuclei were stained with DAPI. Images were acquired on a spinning
disk confocal microscope equipped with a 40X oil objective lens. Scale bar =22 um B. Average
numbers of P-bodies were determined using Volocity software. A minimum of 30 cells were
used for each sample. Dashed line white circles indicate ZIKV-positive cells. N =3
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5.2.2 ZIKV inhibits SG formation induced by various stress stimuli

Inhibition of SG biogenesis is not uncommon in flavivirus-infected cells. For instance,
DENYV and WNYV have been shown to block SG formation induced by oxidative stress (Emara and
Brinton, 2007a; Roth et al., 2017). The lack of SG formation observed in infected cells could be
due to active countermeasures employed by ZIKV. To explore this further, we measured the
numbers of SGs at 24 h.p.i following treatment with two different stress stimuli, sodium arsenite
and poly(I:C), which induce phosphorylation of elF2a through the kinases HRI and PKR
respectively. By quantifying G3BP1/TIA-1 double-positive foci, we observed a significant
reduction in SG numbers in ZIKV-infected A549 cells, despite differences in SG abundance
induced by arsenite and poly(I:C) (Figure 5.3A and B). Specifically, in mock-infected cells, ~20
and 40 SGs were formed following stimulation with poly(I:C) and arsenite respectively whereas
ZIKV-infected cells treated with these agents contained ~50% and 75% less SGs (Figure 5.3B).
This indicates that the virus actively blocks SG assembly triggered through the HRI and PKR-
mediated stress response pathways. To determine whether this phenomenon could be recapitulated
in primary HFAs, we quantified the number of SGs in mock and infected HFAs following
treatment with arsenite. Similar to the effect observed in A549 cells, ZIKV infection strongly
reduced the abundance of arsenite-induced SGs in HFAs (Figure 5.4A and B), confirming that the

virus suppresses SG formation triggered by oxidative stress.
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Figure 5.3 ZIKYV inhibits SG formation induced by arsenite and poly(I:C). A. A549 cells
were infected with ZIKV (MOI = 3) for 24 hrs and then treated withor without sodium arsenite
(0.5 mM) for 30 min or transfected with 0.4 pg of poly(I:C) for 12 hrs. Cells were fixed and
processed for indirect immunofluorescence. SGs were identified using rabbit anti-G3BP1 and
goat anti-TIA-1. Virus-infected cells were identified using mouse antibodies to viral E protein
or dsRNA. Primary antibodies were detected using donkey anti-rabbit Alexa 488, donkey anti-
mouse Alexa 546 and chicken anti-goat Alexa 647. Nuclei were stained with DAPIL. Images
were acquired on a spinning disk confocal microscope equipped with a 40X oil lens. Scale bar
=22 um B. Quantification of SG numbers was performed using Volocity software. A minimum
of 30 cells were used per sample. Dashed line white circles indicate ZIKV-positive cells.
**%P<0.001; N = 3.
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Figure 5.4 ZIKV inhibits SG formation in primary human fetal astrocytes (HFAs). A.
HFAs were infected with ZIKV (MOI = 5) for 48 hrs. Prior to processing for indirect
immunofluorescence, cells were treated with sodium arsenite (0.5 mM) for 30 min. SGs were
identified using rabbit anti-G3BP1 and goat anti-TIA-1. Virus-infected cells were identified
using mouse anti-E protein. Primary antibodies were detected using donkey anti-rabbit Alexa
488, donkey anti-mouse Alexa 546 and chicken anti-goat Alexa 647. Nuclei were stained with
DAPI. Images were acquired on a spinning disk confocal microscope equipped with a 40X oil
objective lens. Scale bar = 22 um B. Quantification of SG numbers was performed using
Volocity software. A minimum of 15 cells were used per sample. Dashed line white circles
indicate ZIK V-positive cells. ***P<0.001; N = 3.
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5.2.3 ZIKV inhibits SG formation induced by hippuristanol

Apart from sodium arsenite and poly(I:C), stressors that target translation initiation factors
besides elF2a can also trigger SG formation (Cencic and Pelletier, 2016). To investigate whether
inhibition of SG assembly by ZIKV occurs in an elF2a-independent manner, we measured the
number of SGs in mock and infected A549 cells following treatment with hippuristanol, an
inhibitor of the translation initiation factor eIF4A (Bordeleau et al., 2005; Cencic and Pelletier,
2016). ZIKV infection reduced the number of hippuristanol-induced SGs by an average of 60%
(Figure 5.5A and B), indicating that the virus also prevents SG assembly through a pathway that
does not required elF2a phosphorylation. Together, these data illustrate that ZIKV inhibits SG

biogenesis induced by multiple stress stimuli.
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Figure 5.5 ZIKV inhibits SG formation induced by hippuristanol. A. A549 cells were
infected with ZIKV (MOI = 3) for 24 hrs and then treated with hippuristanol (1 pM) for 25 min
before processing for indirect immunofluorescence. SGs were identified using rabbit anti-
G3BP1 and goat anti-TIA-1. Virus-infected cells were identified using mouse anti-E protein.
Primary antibodies were detected using donkey anti-rabbit Alexa 488, donkey anti-mouse Alexa
546 and chicken anti-goat Alexa 647. Nuclei were stained with DAPI. Images were acquired
on a spinning disk confocal microscope equipped with a 40X oil lens. Scale bar = 22 um B.
The numbers of SGs were quantified using Volocity software. A minimum of 30 cells were

counted per sample. Dashed line white circles indicate ZIKV-positive cells. *P<0.05; N = 3.
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5.2.4 ZIKV infection activates the host stress response through PKR and the unfolded protein
response (UPR)

To identify the signaling step(s) targeted by ZIKV to subvert SG formation, we next
examined whether activation of the stress response pathways per se was affected by infection.
Since both the PKR- and UPR-mediated signaling cascades are induced during infection by several
flaviviruses (Ambrose and Mackenzie, 2011; Garaigorta et al., 2012; Pefia and Harris, 2011; Yu
et al., 2006), we monitored the kinetics of PKR and UPR activation as well as phosphorylation of
the downstream target eIF2a over the course of ZIKV infection in A549 cells and primary HFAs.
Using immunoblot analyses, we detected significant upregulation of phospho-PKR at 24, 48 and
60 h.p.i and increased levels of phospho-elF2a at 24 and 48 h.p.i in A549 cells (Figure 5.6, left
panel). Similar results were observed in infected HFAs, in which upregulation of phospho-PKR
and phospho-elF2a was induced at 24 and 48 h.p.i. (Figure 5.6, right panel). These data suggest
that ZIKV triggers phosphorylation of PKR and elF2a during later stages of infection. As shown
in Figure 5.6 (bottom panel), spliced XBPI transcripts (detected by PCR followed by
electrophoresis and and ethidium bromide staining) were upregulated as early as 12 h.p.1. and this
process was sustained for at least 60 h.p.i. Splicing of XBP1I is mediated by the ER stress sensor
IREla (Figure 1.8) and therefore it serves as an indicator of UPR activation. As such, our data
demonstrate that ZIKV infection in A549 cells triggers the stress response pathways mediated

through PKR and the UPR, albeit with slightly different kinetics.
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Figure 5.6 ZIKYV infection activates the stress response pathways. A549 cells (left panel)
and primary human fetal astrocytes (right panel) were infected with ZIKV (MOI = 5) for the
indicated time periods after which total cell lysates were processed for immunoblotting. For
A549 cells, samples were also processed for RT-PCR followed by agarose gel electrophoresis
(bottom panel). Total PKR, phospho-PKR (P-PKR), total eIF2a and phospho-elF2a (P-elF2a)
were detected using the appropriate antibodies. Levels of GAPDH and ZIKV envelope protein
(ZIKV E) are shown as loading and infection controls respectively. Quantification of P-PKR
and P-elF2a induction (relative to mock-infected samples) was performed using the software
Image Studio Lite and the average fold induction was shown below the corresponding
immunoblots. Bolded numbers indicate statistical significance in P-PKR and P-elF2a induction
determined by Student’s #-test (P<0.05). N = 4. Agarose gel electrophoresis following PCR was
performed to detect spliced XBPI (sXBP1) and unspliced XBP1 (usXBP1) transcripts from A49
cells. N=3
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To determine if the lack of elF2a phosphorylation at 12 h.p.i. was due to active suppression
by the virus, we examined the effect of ZIKV infection on elF2a phosphorylation following
stimulation by different stress pathway activators. A549 cells were treated with poly(I:C), arsenite
or the ER stress inducer thapsigargin (thap) at 12 and 16 h.p.i. respectively and then relative levels
of phospho-elF2a were determined by immunoblotting. As shown in Figure 5.7A-C, treatment of
mock-infected cells with stress pathway activators lead to marked increases in phopho-elF2a and
splicing of XBPI mRNA (in thapsigargin-treated samples). Similar results were observed in ZIK'V-
infected cells indicating that infection does not suppress stress-mediated activation of PKR, UPR
or phosphorylation of elF2a.. These data suggest that the virus-induced block in SG assembly

occurs at a downstream signaling step(s).
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Figure 5.7 ZIKYV infection does not block the induction of host stress response. A and B.
A549 cells were infected with ZIKV (MOI = 3) for 12 hrs and then (A) transfected with 0.5 pg
of pCMV-3.1 or poly(I:C) for 2 hrs or (B) treated with PBS or sodium arsenite (Ars; 0.5 mM)
for 1 hr. Cell lysates were harvested and processed for immunoblotting. C. A549 cells were
infected with ZIKV (MOI = 5) for 16 hrs and then treated with DMSO or thapsigargin (Thap;
1 uM) for 1 hr. Total cell lysates and RNAs were processed for immunoblotting (top panel) and
RT-PCR followed by agarose gel electrophoresis (bottom panel) respectively. Total PKR,
phospho-PKR (P-PKR), total elF2a and phospho-elF2a (P-elF2a) were detected using
appropriate antibodies. Levels of B-actin and ZIKV envelope protein (ZIKV E) are shown as
loading and infection controls respectively. Quantification of P-e[F2a was performed using
Image Studio Lite software and the average fold induction (relative to non-stimulated samples)
from three independent experiments was shown below the corresponding immunoblot.
Student’s #-test was performed and no statistical significance was identified in P-elF2a
induction. Spliced XBP!I (sXBP1) and unspliced XBPI (usXBP1) transcripts were detected by
agarose gel electrophoresis. N =3
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5.2.5 ZIKV infection leads to protein translation arrest

Although induction of the stress response has been demonstrated in studies of other
flaviviruses (Blazquez et al., 2014; Yu et al., 2006), whether these infections lead to translation
arrest has not been documented in most cases. Since we showed that ZIKV infection activates
phosphorylation of elF2a0, we next investigated whether translation repression ensues. We first
determined how viral infection affects expression of an ectopic reporter cassette encoding AcGFP
delivered into A549 cells via lentivirus-based transduction. Consistent with earlier observations,
phospho-elF2a was upregulated at 24 and 48 h.p.i. (Figure 5.8A). While levels of the viral E
protein increased during this period, levels of AcGFP protein expression were significantly
reduced (>40%) in ZIKV-infected cells (Figure 5.8B). This reduction was not due to altered
transcription as AcGFP mRNA levels were similar between mock and infected samples (Figure
5.8C). Next, an 331S protein-labeling assay was performed to determine the effect of viral infection
on the rate of cellular protein synthesis. Nascent protein synthesis was significantly reduced in
ZIKV-infected cells (Figure 5.8D), suggesting that ZIKV infection leads to translation arrest in
AS549 cells, despite continuous production of viral proteins. Our finding is in agreement with a
recent study demonstrating that flavivirus infections generally induce protein translation shut-off

in Huh-7 cells (Roth et al., 2017).
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Figure 5.8 ZIKYV infection inhibits host cell protein synthesis. A. A549 cells transduced with
pTRIP-AcGFP lentivirus (MOT = 2) were infected 12 hrs later with ZIKV (MOI = 5). Cell
lysates were harvested at 24 and 48 h.p.i. for (B) immunoblotting and (C) qRT-PCR analyses.
AcGFP was detected with a goat anti-GFP. Levels of total eIF2a and phospho-elF2a (P-elF2a)
are detected using specific antibodies produced from rabbit. Levels of B-actin and ZIKV
envelope protein (ZIKV E) are shown as loading and infection controls respectively. B. The
relative levels of GFP protein in mock and ZIK V-infected cells were determined using Image
Studio Lite software. *P<0.05; **P<0.01. C. Total RNA was extracted from mock and ZIKV-
infected cells and processed for qRT-PCR to determine the relative mRNA levels of ACTB and
GFP. D. A549 cells were infected with ZIKV (MOI = 5) for 24 and 48 hrs. Following depletion

of amino acids for 1 hr, cells were incubated with 110 uCi/mL of g cysteine and methionine
for 2 hrs. Cell lysates were harvested and processed for SDS-PAGE and autoradiography.
Sodium arsenite (Ars; 0.5 mM) and cycloheximide (CHX; 50 uM) were added 30 min prior to

BS]S labeling as controls. N =3
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5.2.6 ZIKV proteins NS3 and NS4A promote protein translation arrest

To identify the viral component(s) that facilitate translation arrest, we expressed individual
ZIKV proteins together with a renilla luciferase reporter in HEK293T cells and measured their
effect on luciferase activity. Immunoblot analyses confirmed the expression of individual ZIKV
proteins (Figure 5.9C) and ATP assay revealed no significant impact of viral protein expression
on cell viability (Figure 5.9D). As shown in Figure 5.9A, with the exception of NS3 and NS4A,
expression of ZIKV proteins did not alter luciferase activity. However, reporter activity was
reduced ~40% in cells expressing NS3 or NS4A. The reduced luciferase activity in NS3 or NS4A
expressing cells was not due to altered cellular transcription as mRNA levels of the renilla reporter
were similar to that in control cells (Figure 5.9B). These data suggest that NS3 and/or NS4A play

a role in promoting protein translation repression during ZIKV infection.

Previous studies have implicated a number of flavivirus proteins in inducing UPR signaling
(Ambrose and Mackenzie, 2011; Umareddy et al., 2007). Since ZIKV infection leads to activation
of'the UPR (Figure 5.6, bottom panel), next sought to determine which viral proteins were involved
in this process. HEK293T cells were transfected with individual ZIKV protein expression
constructs and the levels of spliced XBP! transcripts were determined by RT-PCR and agarose gel
electrophoresis. As shown in Figure 5.9E, expression of the E protein and NS2A triggered splicing
of XBPI mRNA. While we have show that ZIKV employs different viral factors to modulate stress
response pathways, the precise molecular mechanisms mediating these processes remain to be

elucidated.
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Figure 5.9 Expression of NS3 or NS4A inhibits protein translation. A-D. HEK293T cells
were co-transfected with plasmids encoding ZIKV proteins and a renilla luciferase reporter.
Forty-eight hours post-transfection, cell lysates were subjected to (A) luciferase assays to
quantify relative reporter activity, (B) qRT-PCR analyses to quantify relative levels of reporter
mRNA, (C) immunoblotting to confirm protein expression and (D) ATP assay to analyze cell
viability. *P<0.05; **P<0.01. E. HEK293T cells were transfected with plasmids encoding
ZIKV proteins for 24 hrs. Total RNA was isolated and processed for RT-PCR followed by
agarose gel electrophoresis to detect spliced XBP! (sXBP1) and unspliced XBPI (usXBP1)
transcripts. C = capsid, E = envelope; N = 3.
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5.2.7 ZIKV infection does not alter expression of SG proteins

One of the known viral mechanisms to antagonize SG formation is through direct cleavage
of key nucleating factors. For example, the poliovirus protease 3Cpro cleaves the SG proteins
G3BP and elF4GI (White et al., 2007; White and Lloyd, 2011). To determine whether ZIKV
inhibits SG aggregation by cleaving or altering the expression of SG-associated proteins,
immunoblot analysis was performed to determine the levels of G3BP1, TIA-1 and TIAR in A549
cells infected with ZIKV. The data from these experiments reveal that levels of these SG
components were unchanged in response to ZIKV infection nor was there any evidence of virus-

induced cleavage of G3BP1, TIA-1 or TIAR (Figure 5.10A).

Post-translational modification of SG assembly factors can also affect biogenesis of these
RNA granules (Tourriére et al., 2003; Dolzhanskaya et al., 2006; Kwon et al., 2007). For example,
arsenite-induced SG formation is dependent on dephosphorylation of G3BP1 at serine 149
(Tourriere et al., 2003). Accordingly, we investigated whether phosphorylation of G3BP1 was
affected by ZIKV infection. Immunoblot analyses showed that comparable levels of phopho-
G3BP1 were detected in both mock- and ZIKV-infected cells at 18 h.p.1, regardless of whether
cells were treated with arsenite (Ars) or thapsigargin (Thap) (Figure 5.10B). Because neither of
the stress treatments induced noticible dephosphorylation of G3BP1, our results were inconclusive
and further experiments are needed to address the question whether post-translational

modifications of SG proteins are affected by ZIKV upon stress stimulation.
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Figure 5.10 ZIKYV infection does not affect steady state levels of SG-associated proteins.
A. A549 cells infected with ZIKV (MOI = 1 or 3) were harvested at 24 and 48 h.p.1i. after which
levels of G3BP1, TIA-1, TIAR and Dcpal were determined by immunoblotting using the
appropriate antibodies. Levels of B-actin and ZIKV envelope protein (ZIKV E) are shown as
loading and infection controls respectively. B. A549 cells infected with ZIKV (MOI =5) for 16
hrs were then treated with or without sodium arsenite (Ars; 0.5 mM) or thapsigargin (Thap; 1
(M) for 1 hr. Levels of total G3BP1 and phospho-G3BP1 (P-G3BP1) were determined by
immunoblotting using a rabbit anti-G3BP1 or anti-phospho-G3BP1 antibody. Levels of B-actin
and ZIKV envelope protein (ZIKV E) are shown as loading and infection controls respectively.

N=2
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5.2.8 ZIKV infection does not disrupt the microtubule network

Since microtubule-mediated transport of translationally stalled mRNPs is important for SG
assembly (Ivanov et al., 2003), we next examined the effect of ZIKV infection on microtubule
network integrity. As a positive control, A549 cells were treated with nocodazole, an inhibitor of
microtubule polymerization (Vasquez et al., 1997). As shown in Figure 5.11, microtubules as
represented by p-tubulin-positive structures maintained a normal filamentous architecture in
ZIKV-infected cells at 48 h.p.i. suggesting that the microtubule network was not significantly

disrupted by this flavivirus.
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Figure 5.11 ZIKYV infection does not disrupt the microtubule network. A549 cells were
infected with ZIKV (MOI = 3) for 48 hrs and processed for indirect immunofluorescence. As
controls, cells were treated with DMSO or nocodazole (10 uM) for 8 hrs. Infected cells were
detected using goat anti-NS5. Microtubules were stained with a mouse anti-p-tubulin. Primary
antibodies were detected using donkey anti-goat Alexa 488 and donkey anti-mouse Alexa 546.
Nuclei were stained with DAPI. Images were acquired on a spinning-disk confocal microscope
equipped with a 60X oil objective lens. Scale bar = 100 pm. N = 2
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5.2.9 Inhibition of SG formation is mediated by the viral capsid protein, NS3, NS2B-3 and NS4A

Based on the data described above, the signaling step(s) targeted by ZIKV to disrupt SG
assembly is likely downstream of where formation of translationally silenced mRNP occurs. To
identify the viral component(s) responsible for interfering with SG biogenesis, we expressed
individual FLAG-tagged ZIKV proteins in A549 cells and then treated cells with hippuristanol to
induce SG formation. SGs were identified by double-positive staining for G3BP1 and TIAR as
described above. As shown in Figure 5.12, most of the ZIK'V proteins did not block hippuristanol-
induced SG formation. However, in cells expressing capsid, NS3/NS2B-3 or NS4A, the average
numbers of SGs in each cell were reduced by ~70-80% (Figure 5.12B). In some cells expressing
these viral proteins, G3BP1/TIAR-positive structures (as indicated by the dash-line white circles)

were virtually absence (Figure 5.12A).
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Figure 5.12 Expression of ZIKYV capsid, NS3, NS2B-3 or NS4A blocks SG formation. A.
A549 cells were transfected with the indicated ZIKV expression plasmids for 48 hrs and then
treated with hippuristanol (I uM) for 25 min before processing for indirect
immunofluorescence. Samples were incubated with mouse anti-FLAG epitope, rabbit anti-
G3BP1 and goat anti-TIAR antibodies. Primary antibodies were detected using donkey anti-
rabbit Alexa 488, donkey anti-mouse Alexa 546 and chicken anti-goat Alexa 647. Nuclei were
stained with DAPI. Images were acquired using a spinning-disk confocal microscope equipped
with a 60X oil objective lens. Scale bar = 100 pm. B. Numbers of SGs in transfected cells were
quantified using Volocity software. A minimum of 15 cells were used for each sample. Dash
line white circles indicate capsid-, NS3-, NS2B-3- or NS4A-positive cells. C = capsid, E =
envelope; *P<0.05, **P<0.01, ***P<0.001; N = 3.
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5.2.10 The SG proteins G3BPI1, TIAR and Caprin-1 are important for ZIKV replication

Since other flaviviruses including DENV, WNV and JEV are known to exploit SG
components to promote viral replication (Emara and Brinton, 2007; Katoh et al., 2013), we
examined whether some of the key SG assembly factors play a role in the ZIKV life cycle. Levels
of G3BP1, TIA-1, TIAR and Caprin-1 were transiently reduced by transfection of siRNAs in A549
cells followed by ZIKV infection and plaque assays to determine how loss of these SG components
affected viral titers. Compared to cells transfected with non-silencing (NS) siRNAs, knockdown
of G3BP1, TIAR and Caprin-1, but not TIA-1, resulted in ~70% reduction in ZIKV titers (Figure
5.13A), suggesting that these host proteins positively regulate the viral life cycle. The decreased
viral titres were not due to altered cell viability by siRNA treatment as indicated by the cell

viability assay (Figure 5.13B).

196



A » &
£ <Y & ¥
TIA-1 — TIAR —_
B‘actin B'aCtin -— —
_ 1.E+07 aoNs ~ 8.E+06 aNs
J -
£ oE+06 msiTIA-1 £ 6E+06 I msiTIAR
Th e
o *
S 6.E+06 I S 4E+06
L S
S 3.E+08 S 2E+08
x
< <
N 0.E+00 3 , N 0.E+00 1 ;
N
N .
R &
g $
& & & o
G3BP1  |wm Caprin-1| s
B-actin B-actin | e w—
- 8.E+06 aoNs _ 6.E+06 ; ONS
E : -EI T BsiCaprin-1
S5 6.E+06 -|- BsiG3BP1 5 pE ]
s o 4.E+06 -
& r ;
= 4 E+06 ‘E ]
s S £ 2.E+06 - "
= E+ ]
: - : 1l
N N |
0.E+00 4 ] 0.E+00 ]
B
.g 3.0 -
= 2.5 -
g’E 2.0 1
>E 154
=8 1.0
€2 o5/ l
>
= 0.0
8 5|G3BP1 siTIA-1 siTIAR S|Caprm-1

Figure 5.13 The SG components G3BP1, TIAR and Caprin-1 are important for ZIKV
replication. A549 cells were transfected with non-silencing siRNA (NS) or siRNAs specific for
G3BP1, TIAR, TIA-1 or Caprin-1 for 48 hrs. A. Cells were then infected with ZIKV (MOI =
0.5) for additional 48 hrs after which they were processed for immunoblotting (to assess
knockdown efficiency) and plaque assays to determine viral titers.
(uninfected) cells were processed for cell viability assay. *P<0.05, **P<0.01; N=3

B. siRNA-treated
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5.2.11 ZIKV capsid protein interacts with G3BPI and Caprin-1

Since expression of ZIKV capsid, NS3 and NS4A inhibit SG assembly (Figure 5.12), we
next determined whether these viral proteins interact with the SG factors that were shown to be
involved in viral replication (Figure 5.13A). We expressed the corresponding FLAG-tagged viral
proteins in HEK293T cells and then performed co-immunoprecipitation assays to identify
associated host proteins. NS1 was included as a negative control as it had little effect on SG
formation (Figure 5.12). Because capsid, NS3, G3BP1 and TIAR are RNA-binding bindings, cell
lysates were treated with the nuclease benzonase (which degrades both DNAs and RNAs) to reduce
non-specific RNA-mediated interactions. Immunoblotting revealed that capsid protein forms a
stable complex with G3BP1 and Caprin-1 but not TIAR (Figure 5.14). This may indicate that
capsid-mediated sequestration of G3BP1 and Caprin-1 is one mechanism by which ZIKV blocks
SG formation. Although none of these SG components were found to interact with NS3 or NS4A
in the co-immunoprecipitation assay, we cannot exclude the possibility that these viral proteins

interact with other SG factors.

198



IP: a-FLAG IP: a-myc Input

s > v
F e N Sy &S v
'S N D N
IB: Caprin-1 S s —
s —
IB: G3BP1 - = - e
— — NS3 70 kDa
J— — NS1 50 kDa
- -
IB: FLAG
- — Capsid 13 kDa
> . B9 | — NS4A 12kDa

Figure 5.14 ZIKYV capsid protein interacts with G3BP1 and Caprin-1. HEK293T cells were
transfected with the indicated ZIK'V protein expression constructs or a control plasmid pcDNA-
3.1(-) for 48 hrs. Cell lysates were harvested and processed for immunoprecipitation using
mouse anti-FLAG or anti-myc (negative control) antibodies followed by immunoblotting.
Mouse anti-FLAG or anti-myc, rabbit anti-G3BP1 and rabbit anti-Caprin-1 antibodies were
used to detect the FLAG-tagged viral proteins and endogenous G3BP1 as well as Caprin-1. The
viral proteins and their corresponding protein molecular sizes are indicated. IP,
immunoprecipitation; IB, immunoblotting; N =3

199



Apart from viral proteins, viral RNA can also modulate SG assembly. For instance, WNV
and DENV RNAs were shown to recruit TIA-1 and TIAR for genome replication, a process that
was also thought to inhibit SG formation (Emara and Brinton, 2007). To determine if ZIKV RNA
binds G3BP1 and/or TIAR, RNA-immunoprecipitation using antibodies to G3BP1 or TIAR was
performed. An anti-myc antibody was used as a negative control. As shown in Figure 5.15A, a
significant amount of ZIKV RNA associated with anti-G3BP1 but not anti-TIAR or anti-myc co-
immunoprecipitations. Figure 5.15B confirms that levels of viral RNA in the starting material
(infected cell lysate) were high indicating a robust infection of the cells. Moreover, the immunoblot
data in Figure 5.15C confirm that both TIAR and G3BP1 were immunoprecipitated. Of note, even
though much more TIAR appeared to be recovered, no ZIKV RNA was detected in the co-
immunoprecipitation with anti-TIAR antibody. These data suggest that viral RNA-mediated
sequestration of G3BP1 may constitute an additional means by which SG assembly is prevented

during ZIKV infection.
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Figure 5.15 ZIKV RNA binds G3BP1. A549 cells were infected with ZIKV (MOI=5) for 48
hrs after which cell lysates were prepared. Rabbit anti-G3BP1, goat anti-TIAR or mouse anti-
myc antibodies were used for immunoprecipitation. A. RNAs isolated from the
immunoprecipitates were extracted and processed for qRT-PCR. The relative levels of ZIKV
RNA were determined by normalization to the CT value obtained from myc-
immunoprecipitation samples. *P<0.05 B. Relative ZIKV RNA in the infected sample was
determined by normalization to the CT value obtained from mock-infected cells. C.
Immunoprecipitation efficiency was determined by immunoblot analysis using anti-G3BP1 and
anti-TIAR antibodies. IP, immunoprecipitation; IB, immunoblotting; N = 3.
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5.2.12 Capsid proteins of MVEYV and YFV inhibit SG formation

Since capsid proteins of ZIKV (Figure 5.12) and JEV interfere with SG assembly ((Katoh
et al., 2013), we next examined whether capsids of other flaviviruses also suppress SG biogenesis.
Myc-tagged capsids from JEV, DENV, MVEV, WNV and YFV were expressed in A549 cells and
the average numbers of hippuristanol-induced SGs were determined by quantitative confocal
microscopy. Immunoblot analyses confirmed similar expression levels of all capsid proteins
(Figure 5.16C). Depending upon the particular capsid protein, different effects on SG formation
were observed. Whereas expression of DENV and WNV capsids had little effect on SG assembly,
the numbers of SGs in cells expressing JEV, MVEV and YFV capsids were reduced by ~ 65%,
35% and 60% respectively (Figure 5.16A and B). Taken together, these data suggest that capsid-
mediated interference of SG assembly is a common strategy employed by multiple flaviviruses to

subvert the antiviral function of SGs.

202



Figure 5.16 Expression of flavivirus capsid proteins have differential effects on SG
formation. A. A549 cells were transfected with plasmids encoding capsid proteins from
Japanese encephalitis (JEV), Dengue (DENV), West Nile (WNV), yellow fever (YFV) and
Murray Valley encephalitis (MVEV) viruses or empty vector (Control) for 48 hrs. Cells were
treated with hippuristanol (1 pM) for 25 min before processing for indirect
immunofluorescence. SGs were identified using rabbit anti-G3BP1 and goat anti-TIAR.
Transfected cells expression capsid proteins were identified using mouse anti-myc. Primary
antibodies were detected using donkey anti-rabbit Alexa 488, donkey anti-mouse Alexa 546 and
chicken anti-goat Alexa 647. Nuclei were stained with DAPIL. Images were acquired using a
spinning-disk confocal microscope equipped with a 60X oil objective lens. Scale bar = 100 pm.
B. SG numbers in transfected cells were quantified using Volocity software. A minimum of 15
cells were used for each sample. Dashed line white circles indicate capsid-positive cells.
*P<0.05. C. HEK293T cells were transfected with the indicated expression plasmids and 48
hrs later cell lysates were harvested and processed for immunoblotting analysis. The myc-
tagged capsids were visualized by an anti-myc antibody. -actin was utilized as the loading
control. N = 3.
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5.3 Summary

In this chapter, we undertook a mechanistic approach to understand how ZIKV infection
modulates the host stress response. In contrast to what was observed in an very recent study (Roth
et al., 2017), ZIKV infection leads to robust induction of cellular stress response signaling,
resulting in phosphorylation of elF2a as well as translation shut-off. The latter process is likely
mediated by the viral proteins NS3 and/or NS4A. Despite activating this antiviral program, ZIKV
strongly inhibits the formation of SGs triggered by various stress stimuli. Further analyses
indicated that ZIK'V targets a signaling step downstream of stalled translation initiation in order to
block SG assembly. The capsid, NS3, NS2B-3 and NS4A were identified as viral suppressors of
SG formation. For capsid at least, its inhibitory effect on SG biogenesis may result from
sequestering SG components G3BP1 and Caprin-1, both of which are implicated in the viral life
cycle. Analyses revealed that other (but not all) flavivirus capsid proteins impair SG assembly.
Based on these data, we speculate that recruitment of SG-associated proteins by specific viral
factors including capsid protein facilitates replication of ZIKV and potentially other flaviviruses,
while at the same time preventing formation of SGs. Future studies should focus on determining

precisely how SG assembly factors function in flavivirus replication.
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Chapter 6 Discussion and Perspectives
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6.1 Synopsis

Compared to large DNA viruses such as herpesviruses and poxviruses, the genome coding
capacities of flaviviruses are relatively small. Therefore, it is necessary that they encode multi-
functional proteins in order to interfere with host antiviral systems and establish productive
infections. My thesis work focused on how flavivirus components (proteins and RNA) antagonize
various cellular defense pathways. First, we showed that flaviviruses such as DENV and WNV
interfere with peroxisome biogenesis in part (or whole) by capsid protein-mediated sequestering
of the peroxisome biogenesis factor PEX19. Virus infection also induced PEX19 degradation and
the resulting decrease in peroxisome numbers is thought to diminish the IFN response. The
mechanisms by which a newly emerging pathogen, ZIKV impedes the host IFN system was also
explored. As well as identifying multiple ZIKV proteins that impair IFN induction and
downstream signaling, we showed that the virus modulates the cellular stress response and hijacks

the stress granule components G3BP1, TIAR and Caprin-1 likely to benefit replication.

6.2 Interaction between flaviviruses and peroxisomes

Peroxisomes are highly dynamic organelles as they perform diverse metabolic functions and
are able to alter their contents, abundance and sizes in response to environmental cues (reviewed
(Mast et al., 2015)). Studies have shown that peroxisomes regulate the metabolism of signaling
molecules such as reactive oxidative species (ROS) and that they “crosstalk” with other organelles
through signaling cascades to coordinate their own activities and proliferation (reviewed in
(Nordgren et al., 2013; Mast et al., 2015). In this regard, it is not surprising that peroxisomes are

viewed as signaling platforms that regulate cellular processes.
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6.2.1 Peroxisomes as signaling platforms

Over the past few decades, scientists have gained substantial insights into peroxisome
biology and metabolic functions, but the roles of these organelles in regulating signaling pathways
is only beginning to be understood. Recent evidence showing that these organelles function as
signaling platforms is based on the observations that they regulate ROS metabolism, which are
important mediators of multiple cellular pathways (Tal et al., 2009; Le Belle et al., 2011;

Anastasiou et al., 2011; Lee et al., 2013).

Peroxisomes participate in both generation and degradation of ROS. Peroxisome-based -
oxidation of fatty acids produces H>O, which can cause oxidative stress in cell. To counteract this,
levels of H2O» can be reduced by the actions of catalases. Decreased catalase levels and/or activity
is linked to oxidative stress-induced cytotoxicity as well as organismal aging (Wood et al., 2006).
In addition, ROS can induce an inflammatory response by triggering NFkB activation, which leads
to production of pro-inflammatory cytokines (Schreck et al., 1991; Asehnoune et al., 2004).
Accordingly, peroxisomes may influence the ROS-mediated stress response and the pro-
inflammatory pathway during viral infections (Raung et al., 2001; Olagnier et al., 2014; Basu et
al., 2017). Consistent with this idea, studies using in vifro and mouse models have shown that
treatment with anti-oxidants or peroxisome proliferative agents can alleviate JEV-induced

inflammation as well as neuropathogenesis (Dutta et al., 2009; Sehgal et al., 2012).

Peroxisomes have also been linked to turnover of intracellular structures through mTORCI1
(mammalian target of rapamycin complex 1), a negative regulator of autophagy. The activity of
mTORCI is repressed by the kinase ataxia-telangiectasia mutated (ATM) as well as the tuberous
sclerosis complex (TSC) which is composed of TSC1, TSC2 and Rheb (Zhang et al., 2015). A

number of studies revealed that ATM, TSC1 and TSC2 interact with the peroxisome biogenesis
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factors PEX19 and PEXS, which facilitate localization of these mTORC]1 suppressors to the
peroxisomal membrane where they regulate ROS-induced mTORCI1 signaling (Watters et al.,
1999; Zhang et al., 2013, 2015). While the precise mechanism of membrane integration and the
signaling molecules involved remain elusive, this finding supports a scenario in which
peroxisomes provide a platform for molecular interactions and coordination of multiple signaling

processes.

6.2.2 Peroxisome-mediated antiviral signaling

Another breakthrough that implicated peroxisomes as signaling organelles was the
observation that the adaptor molecule MAVS localizes to peroxisomal membrane (Dixit et al.,
2010). MAVS was originally discovered as an outer mitochondrial membrane protein (Seth et al.,
2005). Structural and functional analyses revealed the importance of MAVS oligomerization
(Tang and Wang, 2009; Hou et al., 2011) and mitochondrial dynamics (Koshiba et al., 2011) in
RLR-mediated antiviral signaling. Based on the current knowledge of mitochondrial MAVS,

several predictions can be made regarding how this antiviral mediator is regulated at peroxisomes.

In the initial study by Dixit and colleagues, a small pool of MAVS was found to localize to
peroxisomes in mouse and human cell lines (Dixit et al., 2010). MAVS may be inserted into the
membrane of peroxisomes in a way similar to other tail-anchored PMPs such as Mff and Fisl, a
process that is likely dependent on PEX19 and PEX3 (Halbach et al., 2006; Yagita et al., 2013).

However, this remains to be demonstrated experimentally.

Following detection of viral RNA, RLR interacts with MAVS through their caspase
activation and recruitment domain (CARDs), leading to oligomerization of MAVS on the

mitochondrial membrane (Hou et al., 2011). The intermolecular interactions between CARD
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domains mediate formation of MAVS aggregates in a prion-like manner (Hou et al., 2011).
Subsequent recruitment of signaling molecules including TBK 1 and IKKze that are required for the
activation of downstream transcription factors IRF3 and NF«B is dependent on both the CARD
and transmembrane domain of MAVS (Seth et al., 2005; Hou et al., 2011). This suggests that
mitochondrial membrane association is a prerequisite for efficient signal transduction.
Accordingly, it is likely that peroxisomal MAVS oligomerizes upon activation by RLR and
association with peroxisomal membrane is required for downstream signaling. In addition,
peroxisomal MAVS may form signaling synapses with its counterparts on mitochondria and MAM
(mitochondria-associated membrane) through CARD-mediated interactions. Consistent with this
idea, spatial contacts between MAVS among these subcellular structures have been described in a
human hepatocyte cell line during HCV infection (Horner et al., 2011); however, to what extent

each of these structures contribute to IFN induction is not clear.

Several modulators of mitochondrial dynamics have been implicated in regulating MAVS
function. For instance, components of the mitochondria fusion machinery, mitofusion 1 (Mfnl)
and OPAI1, promote RLR-signaling, whereas the mitochondria fission proteins Fisl and DRP1
suppress RLR-MAVS signal transduction (Castanier et al., 2010). Our microscopic analyses
revealed no significant morphological changes in peroxisomes during flavivirus infection although
the distribution of the organelles was altered and the numbers were reduced. However, because
peroxisome elongation is a transient process (reviewed in (Smith and Aitchison, 2013b)), we
cannot rule out the possibility that peroxisome morphogenesis has occurred but we failed to detect
such changes by imaging of fixed cells. If peroxisomal dynamics indeed influence the activation
of MAVS, peroxisome biogenesis factors such as those involved in the division pathway (i.e.,

PEX11, DRP, Mff and Fisl) may play key roles in this process. Based on our preliminary data,
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transient silencing of PEX genes exerts differential effect on IFN expression following stimulation
by poly(I:C). These observations posit a scenario in which different peroxins perform distinct
functions to regulate peroxisome dynamics and thus modulate the antiviral response from this

location.

Regulation of RLR-mediated signaling is also dependent on post-translational modification
of MAVS (reviewed in (Belgnaoui et al., 2011)). For example, both ubiquitination and
phosphorylation of MAVS have been shown to influence MAVS-mediated IFN induction
(Arimoto et al., 2007; Pan et al., 2014; Liu et al., 2015, 2017). Little is known about the modulators
of peroxisomal MAVS or the composition of the associated signaling complex. Peroxisomal
MAVS may recruit the same mediators for functional activation and/or signal transduction; or it
may utilize a different subset of regulatory molecules. If the latter is true, it is tempting to speculate
that subcellular localization of MAVS dictates signaling outcomes through the recruitment of
unique signaling mediators. Mass spectrometry of peroxisomal MAVS-binding partners as well as
gene silencing analyses can help identify regulators and components of the MAVS-associated

signaling complex at peroxisomes.

Finally, it has been shown that mitochondrial membrane potential (A%¥m) and oxidative
stress can influence MAVS oligomerization (Tal et al., 2009; Koshiba et al., 2011; Zhao et al.,
2012). Although peroxisomes do not generate a membrane potential like mitochondria, they are
important players in ROS metabolism. As such, peroxisome-regulated ROS metabolism may affect

MAVS activation and/or downstream signaling.
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6.2.3 Modulation of peroxisome biogenesis and antiviral signaling by flaviviruses

Given that peroxisomes contain MAVS and can mediate innate immune signaling, it is
conceivable that viruses deploy strategies to antagonize this antiviral system. Our study (detailed
in chapter 3) is the first report demonstrating a direct interaction between flaviviruses and
peroxisomes. While the precise mechanism remains elusive, our data posit the following scenarios
to explain how flaviviruses may interfere with peroxisome biogenesis and the antiviral signaling

conducted through this organelle (Figure 6.1).
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Figure 6.1 Model to account for how flaviviruses interfere with peroxisome biogenesis.
PEX19 is a cytosolic chaperone required for insertion of peroxisomal membrane proteins
(PMPs) through interaction with the membrane docking complex composed of PEX3 and
PEX16. In addition, PEX19 interacts with PEX3 and facilitates budding of pre-peroxisomal
vesicles from the ER during de novo peroxisome formation. I propose that binding of flavivirus
capsid proteins to PEX19 interferes with the ability of this peroxin to interact with PEX3 and/or
PMPs, thereby disrupting the membrane assembly process as well as pre-peroxisomal vesicle
budding. Dashed red lines indicate speculative processes that require further experimental
validation.
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First, capsid protein-dependent sequestration and virus-induced degradation of PEX19 may
impair the chaperone activity of this peroxin and thus membrane integration of PMPs. While we
did not detect dramatic alterations in PMP localization in infected cells or in cells expressing capsid
proteins, it is still possible that the function of PEX19 was affected through interaction with
capsids. Instead of analyzing cells that were fixed at selected time-points, photo/pulse-chase-
labelling assays could be utilized to monitor the localizations of PEX19-dependent PMPs tagged
with a photo-activated fluorescent protein (Kim et al., 2006). In parallel, co-immunoprecipitation
analyses could be used to determine whether binding of PEX19 to cargos or to the docking

complex PEX3/PEX16 is impaired by viral infection or capsid expression.

Second, loss of PEX19 function leads to defects in de novo peroxisome formation. It has
been reported that interaction between PEX19 and PEX3 is essential for budding of pre-
peroxisomal vesicles from the ER in mammalian cells (Schmidt et al., 2012). Our study showed
that viral infection leads to reduced peroxisome numbers, a process that is unlikely due to changes
in the peroxisome division pathway because sizes of the organelles are not significantly affected
by infection. However, it is unclear whether this phenomenon is the direct result of defects in the
formation and/or budding of pre-peroxisomal vesicles. To address this question, de novo
peroxisome biogenesis could be examined in the presence of viral infection or capsid protein
expression using cells devoid of peroxisomes (such as PEX19-, PEX3- or PEXI6-null human
fibroblasts). Nascent organelle formation could be induced by ectopic expression of the missing
peroxin (South and Gould, 1999; Honsho et al., 2002; Tam et al., 2005; Kim et al., 2006). If de
novo peroxisome biogenesis were affected, we would expect to see less peroxisomes formed from

the ER in infected and/or capsid-expressing cells.
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Third, reduction in PEX19 levels and peroxisome numbers dampen peroxisomal MAVS-
mediated antiviral signaling. Since targeting of MAV'S (a membrane protein) to peroxisomes likely
relies on PEX19, reduction of this peroxin may decrease the pool of MAVS available for signal
transduction from this organelle. Our data showing that DENV/WNYV infection suppresses IFN-A
induction correlate with the reduction seen in PEX19 and peroxisome numbers. To address this
further, analyses of MAVS localization as well as PEX19-MAVS interaction in infected cells
could be performed. My data also indicate that PEX19 has a role in Type-III IFN production (as
demonstrated by in vitro RNAI assay) and therefore, degradation of this peroxin in infected cells
would be expected to negatively impact antiviral signaling. Similarly, reduction of peroxisomes
may lead to redistribution of MAVS to other subcellular structures, thereby changing the outcome
of antiviral response. Consistent with this speculation, a previous study demonstrated that
increased peroxisomal localization of MAVS due to disruption in MAM-mitochondria contacts is
associated with elevated IFN-f expression (Horner et al., 2011). As suggested by Horner et al.,
this phenomenon occurs possibly because when MAVS is localized to peroxisomes, it is not
constrained by negative regulators such as NLRX1 at mitochondria (Moore et al., 2008), thus

resulting in increased signal transduction.

Lastly, maintenance of peroxisomes is governed by biogenesis and degradation; the latter
process is mediated through selective autophagy also known as pexophagy (Iwata et al., 2006).
Previous studies have shown that flaviviruses such as DENV and WNYV activate the autophagic
pathway (Beatman et al., 2012; Heaton and Randall, 2010). Thus, it is possible that accelerated
degradation of peroxisomes due to upregulated pexophagy contributes in part to reduced

peroxisome abundance in infected cells. To test this idea, we could examine how peroxisome
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numbers in infected cells are affected by treatment with autophagy inhibitors and/or loss of

proteins required for autophagy.

6.2.4 Perspective: the role of peroxisomes in flavivirus replication and pathogenesis

The identification of peroxisomes as targets for flaviviruses opens up new opportunities for
research as well as antiviral developments. Apart from counteracting the IFN system, capsid
protein dependent-sequestration of PEX19 or other peroxins may facilitate virus replication.
Consistent with this idea, we observed that knockdown of PEXI9 led to decreased virus
production. Because PEX19 is responsible for PMP peroxisomal targeting as well as peroxisome
biogenesis, it is also possible that reduced PMP and/or peroxisomal functions due to PEXI9
silencing has deleterious effects on virus replication (Tanner et al., 2014). To investigate this
further, it would be of interest to determine the effects of silencing other peroxins on viral

replication as well as innate immune signaling.

From a clinical perspective, it would be intriguing to explore the use of peroxisome
proliferative drugs to improve innate immune response and treat viral infections. A recent in vivo
study showed that administration of fenofibrate, a reagent that induces peroxisome proliferation
through the peroxisome proliferative activated-receptor a (PPARa) pathway, has an anti-
inflammatory effects on JEV-infected mice and alleviates virus-induced neurotoxicity (Sehgal et
al., 2012). Fenofibrate belongs to a class of plasma-lipid lowering drugs called fibrates (Issemann
and Green, 1990), which are used to treat certain metabolic symptoms such as high blood
triglyceride levels. In rodent models, both the hypolipidemic and neuroprotective functions of
fibrates are thought to be mediated through PPARa-dependent peroxisome proliferation (Reddy
and Krishnakantha, 1975; Deplanque et al., 2003; Gray et al., 2011); however, whether these

compounds induce peroxisome proliferation in human cells is unknown. Recent high throughput
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screening has identified novel peroxisome proliferative agents independent of PPAR in human
hepatocyte cell lines (Chiu et al., 2014). It is tempting to speculate that candidates with anti-
inflammatory, anti-oxidant, and/or antiviral capacity may be used to treat WNV and JEV-induced

encephalitis.

6.3 The immune evasion strategies of ZIKV

ZIKV re-emerged less than three years ago but the pace of research discovery in this area
has been impressive as evidenced by the explosion of knowledge regarding viral biology and
pathogenesis. This rapid success is due in part to related studies on other flaviviruses. For instance,
animal models of DENV have recently been shown to support ZIKV replication and revealed the
essential antiviral roles of IFNs during ZIKV infection (Govero et al., 2016; Lazear et al., 2016;

Tang et al., 2016; Tripathi et al., 2017).

6.3.1 Interference with IFN induction

IFN induction is the first step through which a host cell mounts a rapid antiviral response
and “signals” to neighboring cells that a pathogen has been detected. Genetic ablation of the
transcription factors IRF3 and IRF7 impairs IFN production, leading to increased viral burden and
mortality in mice infected with flaviviruses (Chen et al., 2013; Lazear et al., 2013, 2016). Not
surprisingly, inhibiting IFN expression is of advantage to many viruses, particularly during the
early stages of infection. Based on studies from our laboratory and others, ZIKV deploys both

common and unique strategies to antagonize the production of IFNs.

In chapter 4, data was presented showing that ZIKV inhibits IFN induction at the level of
TBK1 and IRF3 by the viral proteins NS1, NS4A and NS5. This observation was later confirmed

by another group who also reported that ZIKV NS1 and NS4B prevent TBK1 phosphorylation
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through direct binding (Wu et al., 2017). A similar strategy was reported earlier for DENV and
WNV, which utilize NS4B/NS4A to block TBK1 activation (Dalrymple et al., 2015b); however,
whether these viral proteins actually bind to the host kinase is unknown. Although our data do not
exclude the possibility of NS1-TBK1 interaction, the findings by Wu et a/ are intriguing as mature
NSI resides in the ER lumen or is secreted whereas TBK1 is a cytosolic kinase. An important
question then is how can these two proteins physically interact. A plausible answer is that binding
of NS1 to TBK1 is mediated by a host factor, which is anchored to the ER membrane and interacts
with TBK1. The adaptor molecule STING is a potential candidate since it resides at the ER
membrane and activates TBK1 downstream of cGAS-signaling (Tanaka and Chen, 2012). During
flavivirus infection, STING mediates IFN induction and virus-mediated cleavage of this host
protein impairs IFN expression (Aguirre et al., 2012). Binding of ZIKV NS1 to STING within the
ER lumen may interfere with its ability to activate TBKI1, a situation that would prevent
downstream signaling. Understanding how the luminal domain of STING affects its activity may
shed more light on this issue. Finally, it is possible that the reported interaction between NS1 and
TBK1 is in fact an artifact resulting from in vitro immunoprecipitation, in which lysis of cellular
membranes may allow for release of NSI into the cytosol to bind TBKI. In this case, NS1-
mediated inhibition of TBK1 may involve targeting of signaling component(s) that regulate TBK1

function.

Our data indicate that ZIK'V NS4A also interferes with TBK1-directed antiviral signaling.
In contrast, Wu and colleagues reported that NS4B is a viral suppressor of TBK1 activation (Wu
et al., 2017a). Sequence alignment reveals that NS4A utilized in the two studies share the same
amino acid sequence while a conserved mutation (valine to methionine) was found in the NS4B

protein (Figure 6.2), suggesting that strain specificity does not play a major role in the observed
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discrepancy. It is possible that different experimental conditions (e.g., utilizing different antiviral
stimuli) and analytic approaches (i.e., qRT-PCR vs. luciferase assay) contribute to the different
experimental outcomes. Apart from inhibiting TBK 1, we suspect that NS4A also interferes with a
signaling step downstream of IRF3 activation (Figure 6.3) since this viral protein was able to
inhibit IRF3-driven promoter activity upon stimulation by a constitutively active IRF3. Potential
mechanisms include blocking the dimerization of IRF3 and/or its nuclear translocation. Of note,
we showed that ZIKV NS4A also induces translation arrest and therefore, it is possible that the
observed reduced IFN induction was due in part to decreased production of cellular proteins

needed for this process.
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Figure 6.2 Sequence alignment of the NS4A-B region within the polyprotein of ZIKV
strains 71106033 and PF13/251013-18. The full length polypeptide sequences of ZIKV
isolates Z1106033 (utilized in the study by Wu et al.) and strain PF13/251013-18 (utilized in
our study) were obtained from NCBI (accession number KX369547.1 and KU312312.1
respectively). Sequence alignment was performed using the protein sequence pairwise
alignment program EMBOSS needle (EMBL-EBI). Red box indicates the one amino acid
residue difference between NS4 A-B proteins of the two strains.
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ZIKV NS5 also inhibits TBK1- and IRF3-directed signaling but it is not clear if this
involves direct binding or through interference with components of the TBK1/IRF3-associated
signaling complex. A recent study demonstrated that JEV NS5 inhibits IRF3 and NF«B nuclear
translocation by disrupting their interaction with the nuclear-import cargo receptor, importin o/3
(Ye et al., 2017). By analogy, it is possible that ZIKV NS5 impedes nuclear transport of these
transcription factors using a similar strategy. Since a significant proportion of NS5 localizes to the
nucleus, it would be of interest to determine whether this viral protein hinders the transcriptional

activity of IRF3 and/or NF«kB (Figure 6.3).
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Figure 6.3 How ZIKV non-structural proteins inhibit interferon (IFN) induction and
signaling. During ZIKV infection, the IFN response can be induced by the cytosolic helicases
RIG-I//MDAS, which recognize unique structures within viral dsSRNA, leading to activation of
the adaptor protein MAVS and the downstream kinase complexes NEMO/IKKao/IKKf and
TBK1/IKKe/TANK. These kinases phosphorylate the transcription factors IRF3 and the
inhibitor of NF-kB, leading to the activation of IRF3 and NF-«B. The activated transcription
factors translocate into the nucleus and promote the expression of ifin genes. The viral proteins
NS1, NS4A and NS5 were shown to inhibit IFN induction by blocking the function of TBKI1.
NS4A and NS5 also interfere with signal transduction downstream of IRF3 activation. Finally,
NS5 reduces signaling downstream of NF«B stimulation and may directly interfere with IRF3-
mediated IFN transcription. Dashed red lines indicate speculative processes that require
experimental validation.
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6.3.2 Interference with IFN signaling

Inhibition of IFN-signaling is well documented for flaviviruses. Studies by our group and
others showed that ZIKV NS5 targets human STAT2 for proteasomal degradation, thereby
preventing ISG expression (Grant et al., 2016; Kumar et al., 2016). Degradation of STAT2 has
also been reported in cells infected with respiratory syncytial virus (Elliott et al., 2007; Whelan et
al., 2016), Nipah virus (Rodriguez et al., 2004) and the DENV (Ashour et al., 2009; Morrison et

al., 2013), all of which exploit the cellular ubiquitin-proteasome system to induce loss of STAT?2.

Although the NS5 of ZIKV and DENYV is an important weapon to antagonize the host IFN
pathway, a number of mechanistic differences between the two viruses are worth noting. First,
proteolytic processing of the DENV NS5 precursor (at a site upstream of its N-terminus) is
required for reducing STAT?2 levels (Ashour et al., 2009). In contrast, we showed that this is not
required for ZIKV NS5 to bind to and trigger STAT2 degradation. Second, the methyltransferase
(MTase) domain of DENV NS5 (between amino acid residues 11 and residue 306) is required for
STAT?2 binding (Morrison et al., 2013) and the preceding 10 amino acid residues are needed to
induce degradation of this host factor (Ashour et al., 2009). While ZIKV NS5 also utilizes the
MTase domain to interact with STAT2, the 10 amino acid residues at its N-terminus are not
required for STAT2 degradation. Alignment of the N-terminal regions of DENV and ZIKV NS5
reveals three differences in the first 10 amino acid residues (Figure 6.4). It is known that the
threonine (T) and glycine (G) residues at positions 2 and 3 of DENV NS5 are important for
recruiting the putative E3 ubiquitin ligase UBR4 to promote STAT2 reduction (Motrison et al.,
2013). Assuming that it also acts as a scaffold like DENV NS5, sequences within the RARP domain
of ZIKV NS5 (between residue 306 and residue 903) may facilitate its binding to an E3 ligase, the

identity of which remains to be determined (Figure 6.5).
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Figure 6.4 Sequence alignment of the amino terminal ends of DENV-2 and ZIKV NS5
proteins. A schematic representation of flavivirus NS5 protein showing methyltransferase
(MTase) and RNA-dependent RNA polymerase (RdRP) domains (top panel). The full length
sequences of ZIKV NS5 and DENV-2 NS5 were obtained from NCBI (accession number
KX369547.1 and NC 001474.2 respectively). Sequence alignment was performed using the
Vector NTI software (Thermo Fisher Scientific) (bottom panel). Green letters indicate identical
residues; black letters indicate unique residues; and red letters indicate residues known to be

required for inducing STAT?2 degradation during DENV infection (Morrison et al., 2013).
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Figure 6.5 Model to account for how ZIKV NSS protein affects type-I/III interferon (IFN)
signaling. IFN signaling is induced following binding of type-I IFNs to the cell surface
receptors IFNAR1 and IFNAR2, or type-III IFNs to IFNLR1 and IL10R2. This leads to
activating phosphorylation of the downstream kinases JAK1 and TYK2 which then
phosphorylate the transcription factors STAT1 and STAT2. The transcription factors
heterodimerize and then form a complex with IRF9 to facilitate ISRE promoter-mediated
expression of IFN-stimulated genes (ISGs). ZIKV NS5 acts as a scaffold to link STAT2 and an
as yet unidentified E3 ubiquitin ligase. Ubiquitination of STAT2 leads to its degradation through
the proteasome. Dashed line indicates speculative processes and require further experimental
validation.
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STAT?2 degradation during DENV and ZIKV infection is a species-specific process. Loss
of STAT2 occurs during ZIKV infection of human and monkey cell lines, but STAT2 of murine
origin is resistant to this process (Kumar et al, 2016; Grant et al., 2016). From virus-host
perspective this makes sense because humans and non-human primates are the primary
mammalian hosts for DENV and ZIKV. The inability of DENV NS5 to bind murine STAT2 could
explain (at least partly) why murine STAT?2 is resistant to degradation (Ashour et al., 2010), but
whether this is also true for ZIKV NS5 remains to be determined. These findings may provide the
basis for development of new animal models for DENV and ZIKV. For most DENV and ZIKV
pathogenesis studies, mice strains that lack a fully functioning IFN system are employed.
Consequently, virus-induced symptoms or pathologies developed in these animals are likely
exaggerated. Developing mice that express human STAT? instead of the murine orthologue may
be a more relevant model for studying flavivirus pathogenesis and testing new antiviral

therapeutics such as those described below.

6.3.3 Perspective: targeting NS5-STAT2 interaction as a novel antiviral strategy

The viral polymerase is a key target for antiviral development due to its essential role in
viral replication. Several pharmaceutical inhibitors have demonstrated in vitro pan-serotype
activity by targeting specific sites of DENV NS5 engaged in viral RNA-binding and
polymerization (Lim et al., 2016). Recently, the crystal structure of a full-length ZIKV NS5 has
been resolved (Godoy et al., 2017; Zhao et al., 2017). A few compounds which were shown to
suppress replication of other flaviviruses were also demonstrated to reduce ZIKV replication
(Retallack et al., 2016; Zmurko et al., 2016). While it is important to improve the specificity and
potency of antivirals targeting the enzymatic functions of NS5, identifying inhibitors that can

disrupt the NS5-STAT?2 interface may be a new avenue for therapeutic development. Depending
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on the target site(s), successful candidates may or may not inhibit NS5 enzymatic activities but
instead prevent degradation of STAT2 and thus promote a robust IFN response. Characterizing
key residue(s) in NS5 required for interaction with STAT2 may help shed more light onto this

potential antiviral strategy.

6.4 How ZIKV modulates the host cell stress response

The ability to maintain homeostasis during cellular stress is vital for the health and survival
of a cell. In mammals, this task is mostly accomplished by the stress response system, which
induces expression of stress-coping molecules, activation of pro-survival pathways, protein
translation arrest as well as SG formation. As the stress response can exert both proviral and
antiviral effects, flaviviruses including ZIKV have evolved ways to tailor this cellular system to

their advantage.

6.4.1 Activation of PKR and UPR signaling

During genome replication, flaviviruses produce dsRNA that can be detected by the
cytosolic helicases such as RLR family members and the protein kinase PKR. Although it is still
unclear how these viral RNA sensors gain access to viral replication complexes, RLRs are crucial
for initiating antiviral responses during flavivirus infection. However, the role of PKR is more
controversial. While one report showed that PKR-deficient mice suffer aggravated pathology and
increased lethality following WNV infection (Samuel et al., 2006), in vitro studies suggest that
this kinase is dispensable for controlling DENV replication (Diamond and Harris, 2001; Roth et
al., 2017). We showed that ZIKV infection induces activation of PKR but whether or how this

kinase affects replication of the virus is not yet clear.
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Consistent with the observation that it activates PKR, ZIKV infection also leads to
phosphorylation of elF2a, a well-known downstream target of PKR. However, whether this is
mediated by PKR remains unclear as eIF2a can also be phosphorylated by the ER transmembrane
kinase PERK following UPR activation. Our data revealed that the UPR or at least the IRE1a-arm
of UPR signaling is stimulated upon ZIKV infection. Although we could not detect PERK
activation (i.e., phosphorylation of PERK) using immunoblotting, there are reasons to believe that
PEKR-mediated UPR signaling is also induced. First, all three ER stress sensors, IREla, PERK
and ATF6, are regulated by BiP, which releases them to become fully active when it is bound by
accumulating misfolded and unfolded proteins during ER stress (Bertolotti et al., 2000; Shen et
al., 2002). Therefore, in theory, the three arms of UPR signaling are triggered in parallel by ER
stress stimuli and in this case, by ZIKV infection. Second, ZIKV infection does not inhibit elF2a
phosphorylation induced by the ER stressor thapsigargin, indicating that the virus does not
interfere with the function of PERK. Taken together, these data suggest that ZIKV-induced

phosphorylation of elF2a is mediated by PKR and/or PERK.

While we showed that ZIK'V induces (rather than inhibits) eIF2a phosphorylation, a number
of earlier studies reported different findings. In these studies, infection of mammalian cells with
DENV, WNV, JEV and ZIKV did not significantly upregulate phospho-elF2a levels (Ambrose
and Mackenzie, 2011; Elbahesh et al., 2011; Tu et al., 2012b; Roth et al., 2017). In the report by
Roth ef al., DENV and ZIKV were shown to impair eI[F2a phosphorylation induced by exogenous
stress through an undefined mechanism (Roth et al., 2017). The discrepancy between these studies
may be due to use of different cell lines (i.e., Huh-7 vs. A549 cells) and/or virus strains (i.e., ZIKV
MR766 strain and PL-Cal strain). Further analyses are needed to understand how strain and cell

type specificity may affect stress response induction.
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6.4.2 Induction of protein translation arrest

While a number of studies reported that WNV and DENV evade host translation shut-off
(Ambrose and Mackenzie, 2011; Pefia and Harris, 2011), Roth and colleagues observed a general
repression of protein translation during flavivirus infection. Consistent with this observation, our
data showed that ZIKV infection triggers global inhibition of cellular protein synthesis, a process
likely associated with phosphorylation of eIF2a and mediated by the viral proteins NS3 and NS4A.
However, we do not know how these viral factors promote translation arrest since no significant
activation of UPR signaling, and by extension, PERK, was observed in cells expressing either viral
protein. Further analysis is needed to determine whether expression of NS3 or NS4A alone induces
PERK activation, elF2a phosphorylation and/or interferes with component(s) of the translation

initiation complexes.

Regarding UPR signaling, we observed an increase of XBP! transcript splicing in cells
expressing E protein or NS2A of ZIKV; but how these viral factors activate IRE1a and potentially
other arms of UPR signaling is unknown. Studies have shown that the E protein of DENV and
JEV interacts with the protein chaperone BiP to facilitate viral replication (Limjindaporn et al.,
2009; Nain et al., 2017). Therefore, it is possible that ZIKV E protein and NS2A hijack BiP,
leading to activation of the ER stress sensors. These viral proteins may also directly bind and
activate IREla, whose function is induced through binding of unfolded proteins (Gardner and
Walter, 2011). As suggested for DENV and JEV (Yu et al., 2006), activation of the XBP1 pathway
can promote cell survival by alleviating ER burden thus benefiting ZIKV replication. Future
studies are needed to characterize the role IRE1a-XBP1 signaling in the host stress response to

ZIKV infection.
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An expected consequence of virus-induced translation shut-off is restriction of viral protein
synthesis. However, it seems that ZIKV and other flaviviruses have evolved ways to evade this
antiviral response (Roth et al., 2017). In the course of our studies, we observed continuous
production of viral proteins over the course of ZIKV infection (particulary between 12 and 48
h.p.i.). Several scenarios that are not mutually exclusive could explain this phenomenon. First,
ZIKV may utilize a cap-independent pathway for genome translation. /n vitro studies suggest that
translation of DENV genome still occurs when the cap-dependent pathway is inhibited (Edgil et
al., 2006). This is further supported by the observation that expression of a dysfunctional elF4E
(i.e., phospho-mutants), which fails to bind the cap structure and initiate cap-dependent mRNA
translation, has little impact on DENV replication (Roth et al., 2017). Second, inhibition of protein
synthesis may occur in an oscillating fashion, which creates windows of opportunity for viral
polyprotein synthesis. Consistent with this idea, the degree of protein translation arrest is
coordinated with expression of the phosphatase 1c¢ cofactor GADD34 (growth arrest and DNA
damage-inducible protein) upon dsRNA stimulation (Dalet et al., 2017). GADD34 facilitates
dephosphorylation of elF2a and is essential for translation recovery to permit “pulse” production
of IFN-. Since increased expression of GADD34 was observed in DENV-infected cells (Pefia
and Harris, 2011; Roth et al., 2017), it is tempting to speculate that other flaviviruses including
ZIKV upregulate this host factor to overcome translation repression, thereby allowing viral protein
synthesis to occur. Third, flavivirus genomic RNA may contain elements that allow it to out-
compete cellular mRNAs for the pool of active translational factors during cellular translation
arrest. Lastly, as suggested by Roth et al., specific viral protein(s) may facilitate the recruitment

of the translation machinery to the viral genome under stress conditions.

230



6.4.3 Inhibition of SG formation

While a number of RNA viruses including respiratory syncytial virus and HCV stimulate
formation of SGs (Lindquist et al., 2010; Garaigorta et al., 2012b), flaviviruses including DENV,
WNYV and JEV have been reported to block SG biogenesis (Emara and Brinton, 2007; Katoh et
al., 2013; Roth et al., 2017). Our data indicate that ZIKV also inhibits SG assembly in a human
lung epithelial cell line as well as in primary human fetal astrocytes, suggesting that modulation

of SG biogenesis may be of clinical significance in fetal neuropathogenesis.

Several picornaviruses such as poliovirus and encephalomyocarditis virus (White et al.,
2007b; Ng et al., 2013) block SG formation by cleaving cellular proteins necessary for SG
biogenesis. However, based on our data, this does not appear to occur in ZIKV-infected cells nor
does the virus seem to alter phosphorylation of G3BP1 (which can also affect SG formation).
Deacetylation, methylation and poly-ADP ribosylation as well of SG components are also known
to drive SG condensation (Kwon et al., 2007; Tsai et al., 2016). At the present time, we do not

know if ZIKV or other flaviviruses affect these post-translational modifications of SG factors.

Co-opting SG-associated proteins to benefit virus replication or other aspects of the virus
life cycle has been documented for Chikungunya virus (Fros et al., 2012), Sindbis virus (Cristea
etal.,2010), HCV (Ariumi et al., 2011; Garaigorta et al., 2012) as well as WNV and DENV (Emara
and Brinton, 2007). Our research suggests that the SG components G3BP1, Caprin-1 and TIAR
are important for the ZIKV life cycle; however the mechanisms are not yet known. One possibility
is that they facilitate viral genome synthesis similar to what was proposed for TIA-1/TIAR during
DENV and WNV infection (Emara and Brinton, 2007), a scenario supported by the observation
that G3BP1 binds to ZIKV genomic RNA. Based on transfection studies, only the capsid protein

was shown to stably associate with G3BP1 and Caprin-1. However, we cannot rule out the
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possibility that a pool of these host proteins also interact with component(s) of the viral replication
complex during infection. Another possibility is that SG proteins promote the transition from
genome translation to genome replication or vice versa as G3BP1 has been implicated in the
translational regulation of certain cellular mRNAs (Ortega et al., 2010) as well as Sindbis virus
genomic RNA (Cristea et al., 2010). SG assembly factors may also facilitate virion assembly
and/or production as has been reported for HCV infection (Garaigorta et al., 2012); but so far,

there is no hard evidence for this during flavivirus infection.

A consequence of co-opting SG proteins for other purposes would be inhibition of SG
formation. We identified the viral capsid, NS3, NS2B-3 and NS4A as suppressors of SG assembly,
providing the first evidence that ZIKV proteins modulate SG biogenesis. In the case of capsid
proteins, it is likely that they inhibit SG assembly by sequestering G3BP1 as well as Caprin-1. We
also observed reduced SG formation in cells expressing capsid proteins of MVEV or YFV.
Because we only tested for interaction between ZIKV proteins and a small number of SG
components, we cannot exclude the possibility that other viral proteins inhibit SG formation by
sequestering other SG factors. Taken together, our data posit the following scenarios during ZIKV
infection: 1) phosphorylation of e[F2a and translation arrest occurs in response to viral infection;
and 2) multiple viral proteins and genomic RNA sequester SG-associated proteins (e.g., G3BP1
and Caprin-1) to benefit viral replication and/or assembly, a process that also serves to block the

antiviral function of SGs (Figure 6.6).
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Figure 6.6 Modulation of the stress response by ZIKV. ZIKV infection leads to activation
of the dsRNA-activated protein kinase PKR and the unfolded protein response (UPR) in the
ER. This results in phosphorylation of the translation initiation factor elF2a, leading to
decreased ternary complexes and thus reduced translation initiation. Normally, binding of host
factors such as G3BP1 and Caprin-1 promotes condensation of stalled initiation complexes and
formation of stress granules (SGs). During ZIKV infection though, capsid protein and viral
genomic RNA sequester G3BP1 as well as Caprin-1 to promote viral replication through an
unknown mechanism. The capsid protein as well as NS3 and NS4A further block SG assembly
downstream of translationally silenced mRNP formation.
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Cells infected with flaviviruses also contain noncoding subgenomic flaviviral RNAs
(sfRNAs), which are pathogenic determinants generated from incomplete degradation of genomic
RNAs by the host ribonuclease Xrnl (Pijlman et al., 2008). Interestingly, sSfRNAs of DENV were
shown to bind G3BP1, G3BP2 and Caprin-1 during infection (Bidet et al., 2014). Since ZIKV was
recently shown to produce sfRNA (Akiyama et al., 2016), it is possible that sequestration of SG-

associated factors by sfRNAs also contributes to infection-induced inhibition of SG assembly.

While we focused on determining how ZIKYV interferes with the SG assembly process, it
is also possible that the virus alter the disassembly pathway of these RNA granules. Disassembly
of SGs has been shown to correlate with recovery in cellular protein synthesis (Mazroui et al.,
2007) and may involve dissociation of SG contents and/or release of mRNA from granules to
resume translation (Buchan and Parker, 2009). A number of RNA-binding proteins have been
implicated in promoting SG disassembly including Staufen and Grb7. Over-expression of Staufen
can inhibit SG assembly possibly by stabilizing mRNA-polysome interaction (Thomas et al., 2005)
while phosphorylation of Grb7 is required to weaken its interaction with HuR, TIA-1 and certain
mRNAs (Tsai et al., 2008) from SGs. Accordingly, determining the levels, post-translational
modifications of and potential viral interaction with SG disassembly factors such as Staufen and

Grb7 could provide further insights into the mechanism by which ZIKV modulate the SG pathway.

6.4.4 Perspective: physiological consequences of stress response modulation

In this study, we focused on understanding the mechanisms by which ZIKV modulates the
stress response, but how the altered stress response pathways may impact the host cell remains
largely unknown. Formation of SGs can prevent apoptosis through reduction of ROS (Takahashi
et al., 2013) as well as through sequestration of the receptor for activated C-kinase (RACKI1) into

the RNA granules (Arimoto et al., 2008). RACKI1 facilitates activation of the apoptotic pathway
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mediated through p38 and JNK MAPK in response to certain stress stimuli (Arimoto et al., 2008).
Accordingly, suppression of SG assembly may augment levels of intracellular ROS and RACK1-
mediated apoptosis in ZIKV-infected cells, potentially contributing to tissue damage in the
placenta as well as neurotoxicity in the developing fetus (Retallack et al., 2016). Monitoring the
stress response during viral persistence in physiologically relevant cell types may provide novel

insights into ZIK'V-induced congenital disorders.

6.5 Concluding remarks

As obligate intracellular parasites, viruses have evolved diverse strategies to exploit host
cell machineries to create favorable environments for replication. To achieve this goal, virtually
all RNA viruses including flaviviruses encode multi-functional proteins. From the small capsid
protein to the comparatively large polymerase, flavivirus proteins have been shown to interact with
a growing list of host factors likely as means to facilitate viral replication and evade antiviral
systems. Characterizing these host-virus interactions not only provides insights into virus biology
but also advances our knowledge of the cellular processes involved. As demonstrated in this thesis
work, interactions between flavivirus components and antiviral pathways have revealed novel
functions of peroxisomal proteins and SG factors in the viral life cycle. In turn, these findings
underscore the importance of peroxisomes as signaling organelles, the IFN system and the cellular
stress response in controlling viral infections. Further elucidating the interactions between
flaviviruses and the host cell signaling pathways warrants promise for development of new animal

models and therapeutic strategies.
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