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Abstract

Chikungunya virus (CHIKV) is a re-emerging Alphavirus that transmitted by
mosquitoes and causes fever, rash, arthralgia. Currently there are no effective
vaccines or antiviral agents against CHIKV, therefore it is important to understand
the molecular details of CHIKV replication. In this regard the function of the
Alphavirus unique domain (AUD) in the non-structural protein 3 (nsP3) remains
enigmatic. Building on a previous study (Gao et al 2019), | generated a panel of
mutants in a conserved and surface exposed cluster in the AUD and tested their
replication phenotype in a CHIKV sub-genomic replicon (SGR) in mammalian and
mosquito cells. Three AUD mutants were shown to replicate poorly in mammalian
cells but no defect was detected in mosquito cells. These mutants were further
demonstrated to be temperature-sensitive, rather than species-specific, as they
exhibited no replication defect in mammalian cells at sub-physiological temperature
(28°C). A similar phenotype was observed in the context of infectious CHIKV and a

closely related virus: O’Nyong Nyong virus (ONNV).

Interestingly, the study also revealed a hitherto unrecognized enhancement of
genome replication for the WT SGR at 28°C as compared to 37°C. This was not
due to the previously reported impaired interferon responses at lower temperatures
(Prow et al 2017), as this enhancement was also observed in Vero cells. Neither
was this due to a defect in the phosphorylation of elF2q, as treatment with ISRIB
(an inhibitor of global translation attenuation) did not compensate for the replication
defect of the AUD mutants at 37°C. This was also not due to the effect of cold
shock proteins previously shown to interact with nsP3, as ablation of these cold
shock proteins did not recover replication defect of the AUD mutants at 37°C.
However, significant differences in the sizes and numbers of ONNV-induced
G3BP-positive granules were observed. Considering that in mammalian hosts,
cells in the periphery will be at sub-physiological temperatures and they will be the
first cells infected via a mosquito bite, it is reasonable to propose that alphaviruses



have evolved mechanisms to limit antiviral responses and promote virus genome

replication.
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Chapter 1: Introduction

1.1 Introduction to Chikungunya virus (CHIKV).

1.1.1 Identification and classification of CHIKV.

CHIKV was first isolated and recognized as a human pathogen during the outbreak
of a polyarthralgia disease in 1952 in Tanzania (Lumsden 1955, Robinson 1955,
Ross 1956). Chikungunya comes from the Kimakonde language that means “that
which bends up”, which describes the stooped posture and rigid gait of people
infected with CHIKV (Robinson 1955). Most of individuals infected with CHIKV
develop fever, incapacitating polyarthralgia and arthritis, rash, myalgia and
headache. For acute CHIKV disease, the symptoms resemble dengue virus
(DENV), and retrospective reports indicate that CHIKV infection occurred as early
as 1797, which was inaccurately attributed to DENV infection (Carey 1971,
Halstead 2015). Chronic disease of CHIKV derived from acute symptom showed
recurring musculoskeletal disease affecting peripheral joints that can persists and
lasts from months to years, which is distinguishable from DENV (Couturier et al
2012, Hoarau et al 2010, Schilte et al 2013, Sissoko et al 2009). Subsequently,
CHIKV was identified in Uganda and other countries in sub-Saharan Africa in
mosquitoes as well as humans (Zeller et al 2016). Since 1960s, cases of CHIKV
outbreaks were reported associated with DENV and hemorrhagic fevers in Asia
(Hammon et al 1960, Weaver 2014). In 2005, CHIKV spread to the Indian
subcontinent where millions of people were affected (Arankalle et al 2007). Since
2006, CHIKV has been imported into Europe and western hemisphere via
international travelers (Arankalle et al 2007, Centers for Disease & Prevention
2007). CHIKV disease is often self-limiting and normally show low fatality rate
(~0.1%) (Renault et al 2008), however, the substantial impact on quality of life for
infected people as well as economic losses make it urgent to find antiviral drugs or
vaccines (Couturier et al 2012, Gerardin et al 2008, Schilte et al 2013).

CHIKYV is a re-emerging mosquito-borne enveloped alphavirus in Togaviridae
family. The Togaviridae family consists of two genera: Alphavirus and Rubivirus.

The sole member of Rubivirus is rubella virus, which is the causative agent of
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rubella disease or “German measles” (Lambert et al 2015). Alphaviruses are
positive-sense, single stranded RNA viruses that are transmitted by mosquitoes
with two exceptions: salmon pancreatic disease virus (SPDV) and its subtype
sleeping disease virus (SDV), which infect salmon and trout leading to death in
farmed fishes (Weston et al 1999). Alphaviruses infection in mosquitoes can be
long-term and persist while infection in mammalian hosts normally cause acute and
severe disease. The alphaviruses include 29 species of RNA viruses and was
organized into seven complexes according to antigenic relationships: Eastern
equine encephalitis (EEE), Venezuelan equine encephalitis (VEE), and Western
equine encephalitis (WEE), Barmah Forest (BF), Middelburg (MID), Ndumu (NDU),
Semliki Forest (SF) (Weaver et al 2012) (Fig. 1.1). According to the geographic
distribution, Alphaviruses can be divided into two clades: the New World virus and
the Old World virus. The New World clade include the EEE and VEE complexes,
while the Old World clade includes WEE, BF, MID, NDU, SF complexes. Most of
the Old World Alphaviruses cause fever, rash and arthralgia while a vast majority
of the New World Alphaviruses cause encephalitis. CHIKV belongs to the SF group
of the Old World Alphaviruses which includes O’Nyong-Nyong virus (ONNV),
Semliki Forest virus (SFV) and Ross River virus (RRV).
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Figure 1.1 Phylogenetic tree of the alphaviruses produced using Bayesian methods
and mid-point rooted.

Picture is taken from (Weaver et al 2012).

CHIKV is divided into three geographically associated genotypes: West African
(WAT), East/Central/South African (ECSA) and Asian genotypes (Powers et al
2000). Recent studies indicate that Indian Ocean and Indian strains form a
monophyletic group within the ECSA lineage (Arankalle et al 2007, Cherian et al
2009, Dash et al 2007). The divergence of each distinct clade reflected the global
transmission path way of CHIKV. CHIKV in Africa circulates primarily in a
sylvatic/enzootic cycle and is transmitted mainly by Aedes aegypti, while in Asia
the urban transmission is in a human-mosquito-human transmission circle
mediated primarily by Aedes aegypti and Aedes albopictus (Weaver 2006). Many

of the recent outbreaks in Indian Ocean and Southern Asia derived from the Indian
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Ocean lineage contain the adaptative mutation E1-A226, which increases viral

fitness in Aedes albopictus without affecting its replication in Aedes aegypti.

1.1.2 Pathology of CHIKV.

Among the RNA viruses, arthropod-borne viruses (arboviruses) are especially
important as many induce severe diseases and deaths in humans and animals.
Transmission of CHIKV normally occurs through mosquito bite, although cases
have been reported by maternal-fetal transmission (Gerardin et al 2008). CHIKV
first replicates in the skin and fibroblasts, then disseminates into lymphoid tissue,
liver, muscle, joint and brain, presumably through the blood (Das et al 2010, Robin
et al 2010, Staikowsky et al 2009) (Fig. 1.2). Chikungunya disease does not often
lead to death, but the clinical symptoms can be serious. Initial infection of CHIKV
observed between 2-7 days are characterized by chills and fever normally between
39°C and 40°C, with a certain proportion of people developing headache,
persistent myalgia/arthralgia, maculopapular rash and headache. In addition,
severe joint pain occurs in infected individuals and is often incapacitating (Mourya
& Mishra 2006, Yazdani & Kaushik 2007). Rash is a common symptom in clinical
signs of CHIKYV infection across trunk, extremities, palms, soles and even face
(Borgherini et al 2007). Infection without symptoms do occur but with only around
15% rate (Lemant et al 2008). The acute CHIKV disease normally lasts from a few
days to a couple of weeks, while chronic phase typically with signs of recurrent

joint pain and mild swelling that can lasts for months to years.

During CHIKYV infection, tissues start with a marked infiltration of mononuclear cells
including macrophages. However, apart from muscle and joints which are normally
with strong pain, most tissues associated with CHIKYV infection is subclinical
(Dupuis-Maguiraga et al 2012, Robin et al 2010). Acute infection coincides with
high titers of virus, which triggers activation of type | interferons (IFNs) (Fig. 1.3).
Infected individuals clear the virus infection around one week and only then
CHIKV-specific adaptive immunity can be detected (Schwartz & Albert 2010). Not
all people have the abilities to clear the virus, with approximately 30% of individuals
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suffer from long-term sequelae that include arthralgia or in less cases arthritis.

Fibroblast infection
and virus replication

Brain
Epithelial and
endothelial cells

CHIKV disseminates "}
through the bloodstream r \
‘ “\ Lymphoid tissue
\ Stromal cells;
Liver macrophages
Endothelial cells and DCs?
Muscle
Satellite cells
and fibroblasts Joint
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Figure 1.2 Dissemination of chikungunya virus (CHIKV) in vertebrates.

Picture is taken from (Schwartz & Albert 2010).
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Figure 1.3 CHIKV pathogenesis.
Picture is taken from (Schwartz & Albert 2010).

Both vertebrate and mosquito cell culture systems have been used for the study of
alphavirus replication and pathogenesis (Sourisseau et al 2007). CHIKV is able to
infect a wide range of vertebrate cell and cell lines (Her et al 2010, Solignat et al
2009), and most of them show strong and apparent cytopathic effect (CPE)
(Sourisseau et al 2007). However, CHIKV infection only induce light CPE and
establish long-term persistent infection in mosquito cells (Li et al 2013). In Sindbis
virus (SINV) infection, almost all vertebrate cells died whereas mosquito cell lines
provide long-term persistent infection (Karpf et al 1997b). The mosquito cells
establish long-term and persistent infection without being killed by alphavirus might
be regulated by intracellular factors (Karpf et al 1997a).

1.1.3 Epidemiology of CHIKV.
Epidemic emergence of CHIKYV in Africa involves both enzootic transmission from
mosquito vectors to non-human primates and endemic cycle, however, in Asia,

CHIKYV only circulates in the endemic, urban cycle (Volk et al 2010). Since first
7
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report of CHIKV infection in 1952 in Tanzania, subsequent epidemics of CHIKV
occurred throughout the second half of the 20" century in sub-Saharan Africa and
Asia (Powers et al 2000). Since the 1960s, CHIKV outbreaks were reported in Asia
and Africa, with major events in 1960s to 1980s and then sporadic activities until
2004 (Zeller et al 2016). In 2004, a large epidemic outbreak on the coast of Kenya
and then spread quickly to Indian Ocean, to India and to Southeast Asia (Powers &
Logue 2007, Sergon et al 2008, WHO 2006). It is reported that a large epidemic
outbreak during 2005 to 2006 with an overall attack rate of 35% (Renault et al
2007). Viral isolates from La Réunion showed a distinct clade within ECSA
genotype with a mutation in the E1 glycoprotein (E1-A226), which was later
confirmed to be responsible for the efficient dissemination rate in Aedes albopictus
(Vazeille et al 2007). Position E1 226 is located closely to the peptide fusion
region, mutation in this region induces a loss of dependence on cholesterol and
enhances replication in mosquitoes infected with SFV, which is closely related with
CHIKV (Schuffenecker et al 2006). Since 2005, resurgence of CHIKV transmission
were reported in several countries in central and Western Africa and transmitted by
Ae. aegypti and Aedes albopictus. Over 1.3 million people were infected with
CHIKV in India during 2005-2006 (Arankalle et al 2007), and the ECSA genotype
was shown to be the main causative agent and Aedes albopictus to be the main
vector. The Pacific region has experienced a few outbreaks of CHIKV since 2011
(Aubry et al 2015). Since 2007, cases of CHIKV infection have been reported in
Europe such as Italy and France with the ECSA genotype (Delisle et al 2015,
Rezza et al 2007). CHIKV emerged in Caribbean and then spread to the
neighboring islands in 2013. It then transmitted to Central, South and North

America with more than 1.2 million cases reported (Zeller et al 2016).

CHIKV has become a global threat nowadays (Fig. 1.4). The presence of the large
human population, the large existing mosquitoes of Aedes aegypti and Aedes
albopictus, and the intensive movement of people globally all contribute to the

rapid and wide spread of CHIKV, posing a huge threat to human health.
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Precautionary measures should be taken in the future to help reduce and control

the CHIKYV infection and disease.
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@ Indian Ocean strain
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Figure 1.4 Global distribution of CHIKV and the mosquito vectors, Ae. aegypti and
Ae. albopictus.

Picture is taken from (Silva & Dermody 2017).

1.1.4 Treatment of CHIKV.

Despite the re-emerging CHIKV disease has been documented in Asia, Europe,
America and Africa, there is still no licensed antiviral drugs or vaccines available to
prevent CHIKV infection. Nevertheless, therapeutic strategies aiming at inhibiting
viral replication are still under evaluation and various vaccines are ongoing to fight
the incapacitating disease. It has been reported that priming target cells with low
doses of interferon before infection reduced CHIKV replication (Paucker & Boxaca
1967), while addition of actinomycin D (an inhibitor of interferon) enhanced CHIKV
replication (Gifford & Heller 1963). However, it would be difficult to use interferon
for treatment of CHIKYV infection as in an epidemic episode. CHIKV enter into the
cell cytoplasm by endocytosis in clathrin-coated vesicles before transfer to
endosomes (in low pH) leading to a conformational re-arrange of E1-E2
heterodimer so that the fusion domain in E1 is exposed and fused with endosomal
membrane. Chloroquine is previously tested for treatment of chronic CHIKV
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arthritis due to raising endosomal pH (Brighton 1984). Although the anti-CHIKV
effect of chloroquine has been confirmed in vitro by Sentinelles France’s national
disease surveillance network, the double blind placebo-controlled clinical trials on
the island of La Reunion were not convincing enough to confirm the potential
application of the drug in counteracting CHIKV infection (De Lamballerie et al
2008). Recent characterization and structure resolution in alphavirus nsP3 macro-
domain showed structure conservation compared to macro-domain in bacteria
(Malet et al 2009, Pehrson & Fuji 1998), which provides potential of available anti-

bacterial compounds as antiviral compounds.

Vaccines are often used as therapeutic strategies in boosting immune responses
against CHIKYV infection. In the early 1970s, inactivated CHIKV by formalin fixation
and ether extraction were both successful in stimulating the production of
haemagglutination-inhibiting, complement-fixing and neutralizing antibodies
(Eckels et al 1970, Harrison et al 1971). One important issue of early researches is
the increasing potential interference from co-utilization of heterologous
alphaviruses, as individuals vaccinated with Venezuelan equine encephalitis viruses
(VEEV) showed poor neutralizing antibody to CHIKV vaccine (McClain et al 1998).
A CHIKV live attenuated vaccine was developed at the U.S. Army Medical
Research Institute of Infectious Diseases in Maryland, and vaccination showed
98% volunteers developed neutralizing antibody. However, 8% of infected
volunteers developed transient arthralgia (Edelman et al 2000). The development
of traditional vaccine using inactivated or live-attenuated viruses are under
challenge due to the cost and safety concerns, thus new strategies of vaccines
include virus-like particles (VLPSs), replication deficient viral vectors and DNA
vaccines are developed and researches are ongoing to find effective vaccines
against CHIKV (Reyes-Sandoval 2019).

10
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1.2 Molecular biology of CHIKV.

1.2.1 Structure and genome organization of CHIKV.

CHIKV is a small (~70 nm in diameter), spherical, enveloped virus with a positive
sense, single-stranded RNA genome that belongs to Alphavirus genus,
Togaviridae family (Powers et al 2001) (Fig. 1.5). CHIKV virion contains one copy
of genome RNA, 240 copies of capsid in the form of 120 copies of dimers (Powers
et al 2001). The virion is arranged in T=4 icosahedral capsid proteins and is
enveloped by glycoproteins consisting of E1 and E2.

The CHIKV genome is approximately 11,800 nucleotides with a 5’ 7-
methylguanosine cap and a 3’ poly-A tail (Khan et al 2002). It contains two open
reading frames (ORFs) as well as 5" and 3’-untranslated regions (UTRs) with a
noncoding junction between the two ORFs (Khan et al 2002) (Fig. 1.6). The ORF1
encodes non-structural polyproteins, which was further cleaved into nsP1, nsP2,
nsP3 and nsP4, while ORF2 encodes 6K, E1, E2 and capsid.

Figure 1.5 Structure of CHIKV.

The CHIKYV is an enveloped, spherical and icosahedral virus. It shows a diameter of
approximately 70 nm, and its capsid is composed of 240 monomers and arranged in T=4
lattice. The envelope contains 80 spikes with each spike as a trimer of E1/E2 proteins.
Picture is taken from (ViralZone 2017).
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Figure 1.6 Structure of CHIKV genome.

The CHIKV genome is 5’capped and contains 3’ poly A. It contains two open reading
frames (ORFs), with ORF1 encoding non-structural proteins and ORF2 encoding structural
proteins. The non-structural proteins include nsP1, nsP2, nsP3 and nsP4, while structural
proteins include capsid, 6K, E1 and E2.

1.2.2 Non-encoding regions of CHIKV.

The CHIKV genome contains three UTRs, including the 5’ UTR, 3’ UTR and the
junction region between them (Fig. 1.6). The junction region between nonstructural
and structural ORFs forms 5’ UTR of sub-genomic RNA. In alphavirus genomes, 5’
and 3’ UTR contain distinct core promoter elements in sequence and structure and
are required for both negative- and positive-strand RNA synthesis (Hyde et al
2015). Shorter sequences within the 5’ and 3’ UTRs form cis-acting sequence

elements and facilitate genome replication.

1.2.2.1 5’ UTR of CHIKV.

The length of 5 UTR in CHIKV is conserved at 76-77 nt (Hyde et al 2015). The 5’
termini at the 5 UTR of alphavirus genome is modified by addition of a 7-
methylguanosine (m7G) cap structure (Cap 0), promoting RNA stability and protein
translation. The RNA capping way of alphavirus is distinct from that of host cells
(Ahola & Kaariainen 1995, Mi et al 1989) (Fig. 1.7). The main difference is that in
cellular mRNA, the diphosphate mRNA is first capped by guanylyltransferase
before methylated by methyltransferase, while in alphavirus genome it is
conducted in one step by nsP1 with function of 7-methyl guanylyltransferase.
MRNAs of Eukaryotes contain 2’-O-methylation in the Cap1l structure, which
protects RNAs from decapping degradation (Picard-Jean et al 2018), and many
viruses have utilized this mechanism to “steal” the cap from host mRNA, but
alphavirus do not show 2’-O-methylaion in Capl (Hyde et al 2014). Recent
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analysis on secondary structure of CHIKV 5 UTR and part of nsP1 identified a
novel element, SL47, which is essential for efficient replication in mammalian and
mosquito cells (Kendall et al 2019). During translation, host factors elF4E and
elF4F function differentially with genomic 5 UTR to initiate translation. In
replication, the alphavirus 5° UTR and its complementing sequence in the 3’ UTR
of the negative strand contain core promoter elements that are required for RNA
synthesis, and they work together with other cis-acting elements in downstream to
regulate RNA synthesis (Frolov et al 2001). The alphavirus 5’ UTR forms stable
secondary structures and studies have shown that both the structure and
sequences modulate viral replication (Kulasegaran-Shylini et al 2009, Nickens &
Hardy 2008). The AU dinucleotide at the very terminus of 5’ UTR is required for
genome replication, which does not rely on base pair (Kulasegaran-Shylini et al
2009). Disruption of the 5 UTRs of eastern equine encephalitis viruses (EEEV)
and SINV lead to production of pseudo-revertant viruses containing AU rich
sequences at the 5’ terminus, which restore viral replication efficiency
(Kulasegaran-Shylini et al 2009). Sequence and structural changes in alphaviruses
5" UTR also impact immune response and viral pathogenesis. It has been shown
that alphaviruses use their specific secondary structure motifs within the 5’ UTR to
antagonizes the antiviral function of Ifit1, which is an Interferon (IFN)-stimulated
gene that regulates protein synthesis (Hyde et al 2014). Thermodynamic stability of
stem-loops in CHIKV 5’ UTR contributes to Ifit1 antagonism, as SINV and VEEV
mutants that contain less stable structures are more susceptible to Ifitl restriction
(Hyde et al 2015). Ifitl competes with host translation factors elF4E and elF4F by
binding with viral RNA, which restricts viral replication (Kumar et al 2014). In
summary, the 5 UTRs of alphavirus RNAs show diverse roles in promoter function,

translation initiation and shutoff as well as anti-innate immune mechanisms.
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Figure 1.7 Comparison of capping mechanism between cellular mRNA and
alphavirus genome RNA.

In cellular mMRNA capping, 5’UTR of pre-mRNA is first dephosphorylated by triphosphatase
activity. Then Guanosine monophosphate (GMP) is added to the treated pre-mRNA to
form Gppp-mRNA. The methyl donor S-adenosyl methionine (SAM) bind to Gppp-mRNA
with the function of methyltransferase. In contrast, in alphavirus genome capping, nsP2
functions as RNA Triphosphatase, followed by nsP1 functions as 7’ methyl
guanylyltransferase. To note, cellular contains a 2’-O-methyl modification on first
nucleotide of N-7mGppp cap, while there is no modification in alphavirus at the same
position. Picture is taken from (Hyde et al 2015).

1.2.2.2 Sub-genomic promoter of CHIKV.

The sub-genomic promoter of CHIKV, also named junction between two ORFs,
comprises 65-66 nt (Hyde et al 2015). The sub-genomic promoter shares various
similar functions with 5° UTR of CHIKV: (1) it is modified by capping at 5’ terminus
and show exact same capping mechanism with 5° UTR. (2) the structure and
thermodynamic stability of sub-genomic RNA also contribute to Ifitl antagonism
and thus counteract host innate immunity. However, during host shut-off, sub-
genomic RNA is still translated efficiently while genomic RNA is not. During host

shut-off by viral infection, elF4G is cleaved by host caspase-3 protein or viral
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proteins (Marissen & Lloyd 1998), and elF2a is phosphorylated by double-stranded
RNA (dsRNA)-dependent protein kinase R (PKR) (Gorchakov et al 2004, Ryman et
al 2002), which results in a global inhibition of mMRNA translation. While translation
of nonstructural proteins from genome is inhibited during host shut-off, the
alphavirus sub-genomic RNA retains efficient translation due to the fact that the &’
UTR of sub-genomic RNA does not require elF4G for translation (Castello et al
2006). In summary, the sequence and structure of alphavirus sub-genomic 5’ UTR
not only contribute to replication of ORF2 and anti-immune activity, but also
facilitate translation without elF4G, which is inactivated or absent during host

transcriptional shut-off.

1.2.2.3 3’ UTR of CHIKV.

The 3’ UTR of CHIKV genome varies from 498 to 723 nt (Hyde et al 2015), which
have a variety of functions in virus evolution, viral replication and polyadenylation,
viral pathogenesis, cellular innate immunity and interaction with host proteins. Poor
alignments of various alphavirus 3’ UTRs suggest the fast evolution with point
mutation, frequent insertions and deletion as well as sequence duplications are
observed in alphavirus 3’ UTRs. Despite the various differences, most alphavirus 3’
UTRs share a common core structure, with short repeated sequence elements
(RSEs) and a 19-24 nt conserved sequence elements (CSE) at the 3’ end of the
genome immediately adjacent to the poly(A) tail (Pfeffer et al 1998). The CHIKV 3’
UTR contains a number of direct repeats (DRs 1, 2 and 3) that are distinct in
lineage-specific patterns (Fig. 1.8). The 3’ UTR of Asian endemic lineage is distinct
from ECSA and WA lineages, as it shows point mutations, duplications and
replacements of DR1 and DR2 regions, namely DR (1+2) and a duplication of DR3.
Replication of CHIKV with longer 3’ UTR resulted in lower replication in both
mammalian and mosquito cells compared to ECSA strain (Chen et al 2013b),
suggesting that its fixation in Asia is not due to directional selection. The finding
suggests a population bottleneck that is resulted from a founder effect since CHIKV
was introduced into Asia that has been detected since 2005 (Lanciotti et al 2007,
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Panning et al 2008). Later accumulated mutations and insertions led to loss of
structural/functional constraints and formation of duplication of DR (1+2) and DR3
(Chen et al 2013Db), indicating the evolution pathway of CHIKV 3" UTR in Asia

lineage.

As CHIKYV is a positive sense RNA virus, synthesis of a negative-strand RNA is
required for viral replication. The 19 nt CSE immediately to poly (A) tail serves as
the promoter for negative strand RNA synthesis (Kuhn et al 1990, Ou et al 1981).
Mutations in SINV CSE reduced viral plaque size as well as genome replication
(George & Raju 2000). The cytosine at -1 nt (just prior to poly (A)) is identified as
the initiation site for negative strand synthesis, and nucleotides -5 to -1 are
required for initiation of negative strand RNA synthesis (Hardy & Rice 2005). The
poly (A) tail functions in collaboration with the CSE in 3'UTR to produce negative
strand RNA synthesis as well as efficient translation. Polyadenylation of cellular
MRNA occurs in the nucleus immediately after transcription, while in alphavirus,
this step occurs in the cytoplasm. The nsP4, apart from its RNA-dependent RNA
polymerase (RdRp) function, contains a terminal adenylyltransferase activity that
adds poly (A) to the end of viral RNA (Tomar et al 2006). A minimum of 11-12
residues in 3’ UTR poly (A) is required for efficient negative strand RNA synthesis,
as the necessary interaction between poly (A) and poly (A) binding protein (PABP)
(Hardy & Rice 2005). In mammalian cells, PABP that previously utilized for binding
with poly (A) interacts with translation initiation factors and binds to the cap
structure in 5 UTR, which results in the circularization of mMRNA and protein
translation (Lemay et al 2010). MicroRNAs (MiRNAs) are small endogenous RNAs
that regulate mRNA translation by degradation or inhibition of mMRNA (Bartel 2004).
In hematopoietic/myeloid cells, host miRNA binds to RSE in 3’ UTR of EEEV and
blocks viral protein translation by minimizing type | IFN and limiting prodromal
disease (Trobaugh et al 2014). However, it allows EEEYV to replicate under
undetected condition by host defense response, which exacerbates the severity of
the disease. Thus, while restricting virus replication in certain cells, miRNA provide

a growth advantage in the mosquito vector or reservoir host. Most alphaviruses,
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apart from CHIKV, ONNV and RRYV, share a U-rich sequence (approximately 40 nt)
preceding CSE, which is the interaction site with cellular protein HUR. In ONNV
and RRYV that lack a U-rich sequence in 3’ UTR, HuR interacts with RSEs with high
affinity (Dickson et al 2012). The interaction stabilizes viral RNA in cytoplasm and
prevents deadenylation and decay of viral RNA (Dickson et al 2012, Gardner et al
2008).
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Figure 1.8 Evolutionary history and lineages-specific structures of the CHIKV 3’
UTR.

Picture is taken from (Chen et al 2013b). On the left is the Maximum Clade Credibility
based on the complete ORF sequences of different CHIKV strains. Estimated year of the
most recent common ancestor of each clade is labeled to the node on the left side. 3’'UTR
structures of CHIKVs are shown next to each lineage. Different colored blocks represent
direct repeats and each of them represents a different homologous sequence region.
Sequence gaps are indicated by white blocks. In the Asian lineage, duplication of direct
repeat (DR) 3 and duplication of DR (1+2) region are observed.

1.2.3 Non-structural proteins of CHIKV.

1.2.3.1 nsP1.

The CHIKV non-structural proteins include nsP1, nsP2, nsP3 and nsP4. The
function of nsP1 is mainly characterized in two aspects. As described in Figure 1.7,

nsP1 serves as a methyltransferase and guanylyltransferase-like enzyme, which is

17



Chapter 1: Introduction

necessary for the capping of viral positive strand genome and sub-genomic RNA
(Martin & McMillan 2002, Rozanov et al 1992). Recent sequence and secondary
structures demonstrated that the conserved capping domain contains over 400
amino acid (aa) residues (Ahola & Karlin 2015) (Fig. 1.9). The Rossman-like
methyltransferase motif is in the N-terminal domain. Following its N-terminal is the
amphipathic helix and palmitoylation domain, which both act to anchor the nsP1 as
well as nsP1-containing non-structural polyproteins to the host membrane (Ahola
et al 2000, Ahola et al 1999, Laakkonen et al 1996, Spuul et al 2007), although
palmitoylation is not essential for enzymatic activity of the nsP1 protein (Laakkonen
et al 1994, Mi & Stollar 1991). The nsP1 also show membrane and cytoskeletal
rearrangements, the development of cell filopodia and cell-to-cell transmission
(Karo-Astover et al 2010, Laakkonen et al 1998, Martinez et al 2014), which might
be responsible for the lacking phenotype in tissue culture for infection with the de-
palmitoylation (Ahola et al 2000). Recent study in structural elements of CHIKV
nsP1 indicated that the RNA structures in nsP1 encoding region are required for
efficient CHIKV genome replication in a host-dependent manner (Kendall et al
2019). nsP1 also counteracts the function of tetherin (BST-2), which is a virus
restriction factor that retains viral particles on the cell surface (Jones et al 2013).
Due to its unique features, nsP1 is an appealing target for antiviral target.
However, due to the lack of specific structural information and characteristic of
membrane association, it was not until recently specific inhibitors have been
described (Delang et al 2016).
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Figure 1.9 Schematic of the CHIKV nsP1 structure.

Capping domain and important residues related with membrane association are marked.
Picture is originated from (Ahola & Merits 2016).
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1.2.3.2 nsP2.

The ~90 kDa CHIKV nsP2 shows multiple functions during virus infection. Initially
nsP2 was described mainly in two domains, a helicase domain at N-terminal and a
protease domain at C-terminal (Fig. 1.10). However, crystallographic analyses of
the nsP2 C-terminal of CHIKV and VEEV indicate an extra methyltransferase
domain, although it is nonfunctional due to lack of crucial structural elements
(Russo et al 2006, Shin et al 2012). As for the enzymatic functions, nsP2 is known
for four enzymatic activities, namely protease, helicase, NTPase and 5’
triphosphatase activities (Rupp et al 2015). CHIKV nsP2 protease is known in
polyprotein processing, but the true cleavage requirements and efficiencies
remains excusive. Recently, the actual protease of CHIKV nsP2 has been
analyzed using full length nsP2 N-terminus as an enzyme and recombinant
proteins containing different length of cleavage sites (Utt et al 2015). The result
revealed that substrates representing 1/2 and 3/4 sites were efficiently cleaved but
not for 2/3 sites until in an extended form (10 preceding and 170 following aa
residues). Although essential for processing of the non-structural polyproteins, the
alphavirus nsP2 protease domain is not entirely functionally independent, rather it
is modulated by other domains of nsP2 and nsP2 containing polyproteins
(Vasiljeva et al 2003). The NTPase and RNA 5'-triphosphatase activities of CHIKV
nsP2 have been reported (Karpe et al 2011). The triphosphatase remove y-
phosphate from nascent RNA substrates, which is necessary for the subsequent
capping activity mediated by nsP1. The NTPase activity not only depends on the
intactness of nsP2 N-terminus but also depends on its C-terminal region, and can
be stimulated by DNA and RNA oligonucleotides. For the helicase activity, only
intact nsP2 of CHIKV is capable of acting as a helicase, and later it showed that
nsP2 possess 5’ to 3' RNA helicase activity (Das et al 2014). Furthermore, nsP2 is
shown to have RNA strand annealing activity. However, both RNA helicase and
RNA-strand annealing activities were dependent on the C-terminal region of nsP2,
indicating the RNA-modulating activities of nsP2 depend on the communication

between nsP2 N-terminal and C-terminal domains (Das et al 2014).
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Alphavirus nsP2 is localized both to the cytoplasm and the infected cell nucleus
(Peranen et al 1990), however, the exact mechanism remains exclusive. By
infection of CHIKV, nsP2 exhibited a time-dependent nuclear localization: at early
stage (4 h post infection) nsP2 show a nuclear prominent localization, while at later
stage (12 h post infection) nsP2 is mostly located in the cytoplasm (Utt et al 2015).
In SINV and CHIKV, the nuclear localization of nsP2 is required for the shutdown
of host-cell transcription (Breakwell et al 2007), which is due to the ability of nsP2
to induce degradation of Rpb1 (Akhrymuk et al 2012). The ability of nsP2 to induce
shutdown of cellular transcription and probably combined with other mechanisms
that makes it highly cytotoxic, and mutations in nsP2 can suppress cytotoxic effect
but also showed reduced viral replication (Utt et al 2015, Utt et al 2016). Alphavirus
infections not only led to transcription shutoff, but also result in rapid translation
shutoff, and it has been clearly identified that these two events are independent
(Gorchakov et al 2005). Translation of viral genomic RNA is inhibited, however,
translation of sub-genomic RNAs remains active, as described in sub-genomic
promoter of CHIKV genome (Strauss & Strauss 1994). CHIKV also induce antiviral
effect by inhibiting type l/type Il IFN. The Pro718 to Ser mutation in CHIKV nsP2
significantly reduced IFN-induced JAK-STAT inhibition (Fros et al 2010). Internal
domain-domain interactions in nsP2 was conserved (Das et al 2014), which
support the previous conclusion that a functional interaction between N-terminal
and C-terminal of nsP2 (Lulla et al 2012). Alphaviruses are sensitive to the effects
of the unfolded protein response (UPR), which is triggered by Endoplasmic
Reticulum (ER) Stress from alphavirus glycoproteins (Barry et al 2010). Indeed, the
transient expression of nsP2 is sufficient to suppress UPR and mutations in nsP2
rendered the protein unable to suppress UPR (Fros et al 2015).
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Figure 1.10 Schematic of the CHIKV nsP2 structure.

The nsP2 can be mainly characterized into two aspects: NTPase at N terminal and
Protease at C terminal. The putative NLS and the conserved proline residue affecting
cytotoxicity have been marked. Picture is originated from (Ahola & Merits 2016).

1.2.3.3 nsP3.

The nsP3 of CHIKV is ~60 kDa and consists of three domains: the macrodomain,
the alphavirus unigue domain (AUD) and the hypervariable domain (Fig. 1.11). The
functional importance of nsP3 is clear as it is required for RNA synthesis, and
mutations in nsP3 exhibited defects in the initiation of minus-strand synthesis or
sub-genomic RNA synthesis (Lastarza et al 1994a, Rupp et al 2011, Wang et al
1994). Recently published paper in our laboratory indicated that the AUD of nsP3
is necessary for viral replication and one mutant P247A/V278A showed smaller
plaque assay (Gao et al 2019). The P247A/V248A showed reduced binding affinity
with CHIKV genomic RNA as well as sub-genomic promoter, which resulted in
lower replication and less virus production (Gao et al 2019). Despite these
discoveries, many of the important roles of nsP3 remains not clear. The detailed

information of nsP3 will be provided in 1.3.
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Figure 1.11 Schematic of the CHIKV nsP3 structure.

The three domains of nsP3 as well as the important motifs for association with host
proteins are indicated. Picture is originated from (Ahola & Merits 2016).
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1.2.3.4 nsP4.

The ~70 kDa nsP4 is the most conserved protein among alphaviruses, which
shows common RdRp activity at C-terminal (Fig. 1.12). Mutations in the
polymerase active site Gly-Asp-Asp (residues 465-467) completely abolish CHIKV
RNA synthesis (Utt et al 2016). The disordered N terminus is sensitive to protease,
which is induced by the N-terminal Tyr residue of nsP4 that has been shown to be
crucial for enzymatic activity (Shirako & Strauss 1998). Inside infected cells, nsP4
concentration is the least among non-structural proteins and is highly regulated by
readthrough of an opal termination codon, degradation of the ubiquitin-dependent
nsP4 N-terminal rule pathway and proteinase processing (de Groot et al 1991).
The opal 524R mutation did not impair viral replication kinetics in vitro or in vivo,
but showed reduced pathogenesis significantly and delayed immune response in
mouse models (Jones et al 2017). Until now there are still no reports of successful
expression and purification of functional CHIKV nsP4 as a recombinant protein,
this is hampered by instability of individual nsP4 in eukaryotic cells or insolubility of
recombinant nsP4 in the bacterial system. A A97nsP4 mutant in SINV possesses
terminal adenylyltransferase activity (Tomar et al 2006), which likely contribute to
the synthesis of poly (A) tails of positive-strand RNAs. For host protein interaction,
little information is available due to the low abundance and low stability of nsP4.
One heat shock protein 90 alpha subunit (HSP-90a) interacts with nsP4, which is
identified and confirmed by reverse pull-downs and proposed to be critical for

assembly of the viral replication complex (Rathore et al 2014).

465-467 GDD

N-terminal Polymerase domain
1 612

Figure 1.12 Schematic of the CHIKV nsP4 structure.

The nsP4 consists of the N-terminal domain and the polymerase domain at the C-
terminus. The central polymerase motif Gly-Asp-Asp (GDD) is marked. Picture is
originated from (Ahola & Merits 2016).
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1.2.4 Structural proteins of CHIKV.

The 26S sub-genomic mMRNA of CHIKYV is transcribed from the remaining one-third
of 3’ template strand. The structural polyprotein is first synthesized and then
cleaved into capsid, E1, 6K and p62 by capsid protease and host proteases. 240
copies of the capsid associate with a genomic RNA molecule and forms a
nucleocapsid (NC) in host cellular cytoplasm (Melancon & Garoff 1987). The
glycoproteins E1 and P62 interact with each other and form heterodimers before
subsequently trimerize into viral spikes in the ER. Then glycoprotein p62 is then
cleaved into E2 and E3 by cellular furin during transportation from the acidic Golgi
environment and early endosomes to the neutral pH environment of cell surface,
and E3 is released following transportation (Yap et al 2017). The mature alphavirus
virions have envelope derived from host cell membrane, embedded with 80spikes

in T=4 icosahedral symmetry.

1.2.4.1 Capsid.

The ~29 kDa capsid is a multi-functional protein consisting of two domains, the N-
terminal RNA binding domain and the C-terminal protease domain (Choi et al
1991, Melancon & Garoff 1987). The N-terminal domain is less conserved and
intrinsically disordered with high degree of positive charge, which is responsible for
genome binding, capsid protein dimerization and host transcription off (Lulla et al
2013b, Owen & Kuhn 1996, Toribio et al 2016). Genetic and biochemical data
showed a highly stable RNA hairpin loop located at the downstream of the AUG
initiator codon in alphavirus 26S mRNA, which provides translational resistance to
elF2a phosphorylation by stalling the ribosomes on the correct site and obviating
the participation of elF2 (Toribio et al 2016, Ventoso et al 2006). The C-terminal
protease domain is highly conserved and is a chymotrypsin-like serine protease,
which possesses cis-proteolytic activity from the structural polyprotein (Choi et al
1991, Melancon & Garoff 1987). Structural studies revealed that the active sites
and the catalytic triads are highly conserved among serine proteases including the
capsid protein of alphaviruses, with CHIKV capsid protein at His139, Asp161 and
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Ser213 (Aggarwal et al 2012, Choi et al 1991). The alphavirus capsid also contains
nuclear localization signal (NLS) and nuclear export signal (NES) for nuclear-
cytoplasmic trafficking (Thomas et al 2013).

1.2.4.2 E1.

The E1 envelope glycoprotein is involved in the formation of the icosahedral shell
of the virus particle and membrane fusion during virus entry into the host cells. The
SFV E1 ectodomain consists of three B barrel domain (Lescar et al 2001). While
the domain | contains amino terminus and is spatially located between domains Il
and domain lll, the domain lll lies at C-terminus and the fusion peptide locates at
the distal of domain Il. E1 monomers of alphaviruses lie at the bae of surface
spikes and forms trimer, resulting in the formation of lattice on viral surface (Zhang
et al 2002). The resulting surface protein lattice is primed to cause membrane
fusion when exposed to acidic environment of the endosome (Lescar et al 2001).

1.2.4.3 E2.

Alphavirus E2 has two functions: its cytoplasmic domains interact with NC and its
ectodomain involves in receptor binding and cell entry (Mukhopadhyay et al 2006).
The entry of alphaviruses into host cells via receptor mediated endocytosis
involves the interactions of E2 glycoproteins with host cell receptors. Cryo-EM
studies indicated that the N-liked glycosylation sites on E2 is responsible for
binding to the heparin sulphate (Knight et al 2009, Ryman et al 2007). The
alphavirus E2 consists of three domains, namely domain A, B and C (Kam et al
2012, Porta et al 2014). Domain A forms the tip of E1-E2 heterodimer spikes on
viral surface, domains B is the key factor for neutralization (Weger-Lucarelli et al
2015a), domain C is critical to complete virus transmission (Weger-Lucarelli et al
2015b). The E1-E2 heterodimer self-assembles on the virus surface to form
trimeric spikes (Mukhopadhyay et al 2006). Virus budding occurs at the cell
membrane where the NC is enveloped by the glycoproteins E1-E2 on the plasma

lipid membrane (Yap et al 2017).
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1.2.4.4 ES3.

The E3 of alphavirus is a small peptide cleaved from precursor of E2 (pE2) by
cellular furin in Golgi. The E3 domain of the pE2 locates in the head of the spike
and fills part of the space between them that like a bulky side protrusion (Wu et al
2008). The glycoprotein E3 facilitates E1-p62 heterodimerization and prevents the
exposure of E1 fusion loops from premature fusogenic activation (Carleton et al
1997, Mulvey & Brown 1995). Mutant analysis revealed that the E3 domain mutant
(p62SQL) establishes a gripper over domain Il of the fusion protein E1, with a cotter-
like connection toward to a hydrophobic cluster in its central B-sheet. Cryo-EM
have shown that E3 remains associated with mature virus of SFV (Mancini et al
2000), while SINV and CHIKYV release E3 after budding (Paredes et al 1993, Sun
et al 2013).

1.2.4.5 6K.

The 6K protein is a small, hydrophobic, cysteine-rich protein that involves in
envelop protein processing, membrane permeabilization, virus budding and
assembly (Lusa et al 1991, Strauss & Strauss 1994, Welch & Sefton 1979).
Mutations in 6K reduced virion production greatly or showed deformed multi-cored
virions, although the viruses are still viable (Gaedigk-Nitschko & Schlesinger 1991,
Mclnerney et al 2004). Bioinformatic analyses identified a frameshift site within the
6K coding sequence and the synthesis of an extra trans-frame protein (TF) with a
size of ~8 kDa (Firth et al 2008). Later the presence of TF in SFV was confirmed by
mass spectrometry in SFV. Following studies showed that TF from SINV in
infected cells in two palmitoylated states, basal and maximal (Ramsey et al 2019).
Mutagenesis studies demonstrated that without palmitoylation, TF fails to
incorporate into released virions, suggesting the important function of

palmitoylation of TF in regulating virus assembly (Ramsey et al 2019).
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1.3 nsP3 of CHIKV.

1.3.1 Macro-domain.

Macro-domain is a conserved protein fold that exists in the form of single protein or
embedded in a larger protein, which have been identified in virus, bacteria,
archaea and eukaryotes (Barkauskaite et al 2013, Feijs et al 2013, Rack et al
2016). The name of macro-domain derives from their similarity in C-terminal
domain with the histone H2A, which was given the name MacroH2A (Pehrson &
Fuji 1998). This domain typically contains 130-190 amino acids that adopt a distinct
fold, consisting of a central B sheet and 4-6 helices surround it. In CHIKV, it
contains a central twisted six-stranded surrounded by three helices on each side
(Malet et al 2009). Many studies have demonstrated that most macro-domains
have the ability to bind to monomeric ADP-ribose (MAR) and its derivatives, while a
subset of them possess enzymatic activity to hydrolyze ADP-ribose derivatives
(Leung et al 2018) (Fig. 1.13). In coronavirus infection, macro-domain is
characterized to dephosphorylate ADP-ribose-1"-phosphate, a byproduct of
cellular tRNA splicing (Putics et al 2005), and innate immunity is suppressed by
macrodomain (Fehr et al 2016). Recent study showed that ADP-ribosylhydrolase
activity of Chikungunya virus macrodomain is critical for viral replication and
virulence (Abraham et al 2020, McPherson et al 2017), with mutations in macro-
domain showed either reduced ADP-ribosyl-binding or hydrolase activities or both.
Furthermore, CHIKV infection induced ADP ribosylation of cellular proteins, and
nsP3 macro-domain ADP-ribose binding activity is required for initiation of
alphavirus replication, while hydrolase activity facilitate amplification viral

replication complexes (Abraham et al 2018).
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Figure 1.13 CHIKV nsP3 macro-domain functions in removal of ADP-Ribose from
Protein.

A-Schematic representation of the de-ADP-ribosylation reaction. Distal and proximal
ribose are shaded in gray, a and B phosphate groups are shaded in orange. Picture is
taken from (Fehr et al 2018).

1.3.2 AUD.

The AUD is located in the central portion of nsP3, a region that shares a high
sequence homology across the alphaviruses. The nsP2/nsP3 junction is the most
well-defined structural data in alphavirus replication complexes, and crystal
structure analysis in the region of SINV revealed the presence of a zinc
coordination site within AUD (Shin et al 2012). The conserved nsP3 AUD contains
an antiparallel a-helical bundle, two parallel B-strands as well as the zinc-
coordination site (Fig. 1.14). The two cysteines in a loop between a-helices and the
other two cysteines at the end of two parallel B-strands constitute the structural
scaffold for zinc-ion coordination (Krishna et al 2003). All four SINV mutants in
these cysteines failed to exhibit productive infection, supporting the structural role
of the zinc ion (Shin et al 2012), and this is further verified by the observation that
same mutants in CHIKYV failed to produce viruses (Gao et al 2019). Previous study
showed a F312S temperature sensitive mutant resulted in RNA synthesis defective
at nonpermissive temperature (Hahn et al 1989b). This site is located in the
hydrophobic core and surrounded by residues from nsP3 macro, AUD and nsP2
methyltransferase-like domain. Mutation of this residue is presumed to destabilize
the core and disrupt domain interaction, which results in defective RNA phenotype
at nonpermissive temperature (Shin et al 2012). Mutations within AUD were shown
defects in minus-strand synthesis (LaStarza et al 1994b), poly-protein processing
(De et al 2003), and neuro-virulence (Tuittila & Hinkkanen 2003). Recent research
in our laboratory showed that AUD is required for CHIKV replication and assembly,
and one mutant P247A/V248A exhibited a significant reduction in virus production
and much smaller plaques compared to WT (Gao et al 2019). Further investigation
showed that it is due to a block in transcription of the sub-genomic RNA, which is
induced by reduced binding activities of mutant AUD to genomic RNA and sub-

genomic promoter RNA. Despite these discoveries, the AUD functions in CHIKV
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replication and infection as well as the mechanisms behind them remain largely

enigmatic.
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Figure 1.14 Alphavirus unique domain (AUD) of nsP3.

(A and B) Ribbon diagrams of nsP3 AUD. The polypeptide chain is rainbow colored
starting from amino terminus (blue) to carboxyl terminus (red). The zinc atom is shown in a
gray sphere that surrounded by four coordinating residues in stick format. B is rotated 90°
from A. (C) Topology model of the nsP3 ZBD and liner, with the cysteine-coordinating
residues highlighted. Picture is taken from (Shin et al 2012).

1.3.3 Hypervariable domain.

The C-terminal domain of nsP3 is characterized as being hypervariable, exhibiting
poor conservation across alphaviruses in terms of sequence composition and
length. In CHIKV, the length of hypervariable domain is ~205 aa. The
hypervariable domain is heavily phosphorylated on serines and threonines (Vihinen
et al 2001), and it is considered unstructured. Mutation of phosphorylation sites in
SFV reduced viral replication and pathogenicity in mouse models (Vihinen et al
2001), while in VEEV viral replication was not affected but viral pathogenicity is
attenuated in mouse models (Foy et al 2013b). Further investigation showed this
domain is responsible for the formation of virus-species specific complexes in
infected cells (Foy et al 2013a). Together these data suggest the hypervariable
domain plays an important role in virus-host interactions and is important for
pathogenesis by interaction with cell type specific factors. This region tolerates
large deletions and insertions, and has been applied as an insertion site for marker
proteins (Kummerer et al 2012, Pohjala et al 2011). Despite their variations, it still

contains conserved elements in several or even all alphaviruses. A conserved
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proline-rich element (PVAPPRRRR) binds to host protein SH3-domains, for
example amphiphysin-1 and 2 in CHIKV, SFV, SINV and probably all Old World
alphaviruses (Neuvonen et al 2011). The nsP3 of CHIKV and other Old World
alphaviruses binds to GTPase-activatingprotein-1 (G3BP1) and G3BP2 directly,
which are components of cellular stress granules (SGs). Recruitment of G3BPs by
nsP3 prevents the formation of SG by altering the virus-induced granules, which
are devoid of many SG components (Fros et al 2012, Panas et al 2014). Therefore,
apart from replication complex, nsP3 mainly localized in granular cytoplasmic
structures (Neuvonen et al 2011). G3BPs is also assumed function in facilitating
the switch from ns-polyprotein translation to RNA replication, as depletion of
G3BPs reduced CHIKV replication (Cristea et al 2010, Scholte et al 2015). It is
interesting that recent results suggest that CHIKV nsP3 can be replaced by SFV
nsP3 in a chimeric virus, which retains its infectivity but becomes temperature-
sensitive and only replicates well at 28°C (Merits, unpublished). This highlights the
essential functions of nsP3 are conserved and can be replaced by homologues,
but more specific interactions maybe altered during different alphaviruses

replication, which can be compromised in chimeras.

1.4 CHIKV lifecycle.

1.4.1 Viral Entry.

Infection inside cells starts with the attachment of virus to cell surface, followed by
viral entry into cells. The binding of virus to cells concentrates viral particles on cell
surface, but this does not often trigger conformational changes in envelope
proteins, which indicates that attachment factors are usually non-specific and can
be used by multiple types of viruses. In contrast, canonical viral receptors induce
conformational change in viral envelope and promote viral entry by interaction with
viral envelopes. The exact mechanisms of how alphaviruses enter host cells
remains unclear, but as alphaviruses are transmitted by arthropod hosts, it is
assumed that they use either conserved receptors or different entry mechanisms in

insect and mammalian cells.
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Several attachment factors have been described for CHIKV and other
alphaviruses. Glycosaminoglycans (GAGSs) are large complex carbohydrate
molecules, which is an essential part of extracellular matrix and are ubiquitously
expressed on the cell surface in a large variety of mammalian cells. GAGs include
keratan sulfate, heparan sulfate, chondroitin sulfate and dermatan sulfate (Gandhi
& Mancera 2008). The functional role of GAGs in CHIKV and SINV attachment
have been discussed previously (Gardner et al 2012, Klimstra et al 1998, Weber et
al 2017). Point mutations in E2 protein showed enhanced GAG dependency but
reduced viral replication, and this enhancement is due to increased positive charge
in domain A of E2 and thus facilitates binding affinity with virus (Ashbrook et al
2014). However, the GAGs are not absolutely required for CHIKV infection but they
functions in promoting viral entry, as CHIKV entry into GAG-deficient cells is still
possible, and soluble GAGs fail to fully block CHIKV entry (Weber et al 2017). The
cell-surface glycoprotein T-cell immunoglobulin and mucin 1 (TIM-1) is also
expressed on a large variety of cells, and has been demonstrated to be a viral
receptor for alphaviruses (Moller-Tank et al 2013). TIM-1 binds to
phosphatidylserine (PtdSer), which is believed to be involved in mediating virus
internalization. CHIKV entry are moderately enhanced in TIM-1 overexpressing
cells, and transduction of cells with CHIKV-pseudotyped vectors can be partially
inhibited by PtdSer liposomes (Moller-Tank et al 2013). The C-type calcium-
dependent lectin DC-SIGN (DC-specific intercellular adhesion molecule-3-grabbing
non-integrin) that acts as an attachment factor has been shown to significantly
enhance SFV and CHIKYV infection (Prado Acosta et al 2019).

Alphaviruses have been reported to be taken up by clathrin-mediated endocytosis
in mammalian and mosquito cells (Kielian et al 2010, Lee et al 2013, Smith &
Helenius 2004). Endocytic vesicles coated with clathrin rapidly traverse the cell
membrane and deliver cargoes into cytoplasm. The acidic pH in endosomes
triggers virus penetration and uncoating (Kielian et al 2010). However, there is also
evidence that CHIKV enter cells via a clathrin-independent, epidermal growth

factor receptor substrate 15 (Eps15)-dependent pathway (Bernard et al 2010).
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After entering into the endosomal compartment, fusion of CHIKV with host cell
membrane relies on a low pH environment, as lysosomotropic agents chloroquine
or bafilomycin Al inhibited CHIKV infection at certain levels (Bernard et al 2010,
Weber et al 2014). Recent study showed that micropinocytosis is an entry pathway
for CHIKV into muscle cells, which is actin-dependent and is initiated by the
stimulation of growth factor receptors of the virus (Lee et al 2019).
Macropinosomes are large, uncoated vesicles that are involved in unspecific
uptake of extracellular material. Formation of macropinosomes results in signal
transduction and actin filament polarization, which pushes the membrane forward
to form ruffles. A number of the ruffles fold inwards and fuse with cell membranes
forming macropinosomes that take up bound viruses (Mercer & Helenius 2009)
(Fig. 1.15).

A genome-wide CRISPR-Cas9 based screen identified cell adhesion protein Mxra8
as an entry mediator for multiple alphaviruses, including CHIKV, ONNV, Mayaro
virus (MAYV) and RRV. CHIKYV particles bind to Mxra8 led to enhanced virus
attachment and internalization into cells, and Mxra8 directs the virus to low pH
environment of the endosome, which additionally triggers the release of capsid into
the cytoplasm. Fusion protein of Mxra8 and IgG-Fc fragment or anti-Mxra8
antibody were able to block CHIKV infection (Zhang et al 2018a). Mxra8-deficient
mice showed decreased infection in musculoskeletal tissues with CHIKV, ONNV,
RRV and MAYYV (Zhang et al 2019), which demonstrates the importance of Mxra8
in pathogenesis of alphaviruses. However, CHIKV infection was also detectable in
the absence of Mxra8, showing that it is not an exclusive alphavirus receptor
(Zhang et al 2019, Zhang et al 2018a). Another study using mass spectroscopy led
to the identification of prohibitin (PHB) proteins 1 and 2 (Wintachai et al 2012).
Antibodies against PHB-1 or treatment of its downstream by siRNA slightly
inhibited CHIKYV infection. Since interference with PHB fail to inhibit CHIKV

infection completely, it is possible that PHB-1 acts as an enhancement factor.
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Figure 1.15 Schematic illustration of CHIKV cell entry.
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Picture is taken from (Schnierle 2019).

1.4.2 Replication of CHIKV.

RNA replication of Alphaviruses take place in association with cellular membranes
(Paul & Bartenschlager 2013, Salonen et al 2005). By modifying various
membranes, the alphaviruses generate thousands of small membrane
invaginations known as spherules (Spuul et al 2010). It is assumed that one
spherule corresponds to one replication complex and thus contain one negative
strand RNA. The spherules arise concomitantly with RNA synthesis, and it is
interesting to note that the size of the spherules is determined by the size of the
replicating RNAs, whereas the spherule size appears to be fixed by proteins
involved in some other viruses (Kallio et al 2013). Those spherules are quite stable
and can be active for several hours in producing multiple positive-strand genomic
and sub-genomic RNAs (Sawicki et al 2006). The interior of spherules is connected

to the cytoplasm, which allows the exit of RNAs and nucleotides entry (Fig. 1.16).
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In mammalian cells, spherules from many alphaviruses are formed on the plasma
membrane, while in some alphaviruses they are later endocytosed and large
vacuolated lysosomes were formed on the cytoplasmic surfaces of endosomes,
which is known as type-1 cytopathic vacuoles (CPVs) (Chen et al 2013a, Frolova
et al 2010, Spuul et al 2010). Host proteins must be involved in the formation of
spherules. It has been shown that ESCRT proteins generated structures
resembling spherules, which is involved in making internal vesicles on
multivesicular endosomal structures. ESCRT proteins function in spherule
formation were shown in some virus (Barajas et al 2009), and recent work
indicated that ESCRT factors are recruited during CHIKV infection and are required

for intracellular viral replication cycle (Torii et al 2020).

Figure 1.16 CHIKV RNA replication complex.

(A) CHIKYV replication spherules at the plasma membrane. (B) CHIKV replication spherules
on intracellular vacuoles. (C) Hypothetical model of a spherule. The dsRNA replicative
intermediate is inside, and positive strand RNA is released to the cytoplasm through the
neck. Picture is taken from (Ahola & Merits 2016).
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Once alphaviruses enter the cells, translation of alphavirus genomic RNA resulted
in the formation of non-structural polyproteins precursors (Strauss & Strauss 1994).
The majority of the translation products is the P123 polyproteins, which can be up
to ~90%, while less product of P1234 is produced due to readthrough of the opal
stop codon at the junction region of nsP3 and nsP4 (Li & Rice 1993). However,
some isolates of SFV and ONNYV as well as laboratory-adapted CHIKV strains
have an arginine codon in lien of the opal stop codon, which results in the only
production of P1234. The avirulent SFV isolate with arginine codon mutation exist
in the opal codon suggest the potential role in pathogenesis (Tuittila et al 2000).
This is further supported by that disruption of the opal stop codon attenuates
CHIKYV arthritis and pathology (Jones et al 2017). The expression of non-structural
polyproteins only occurs at the early stage of infection in mammalian cells before it
is shut down 6-8 h post infection, due to global inhibition of cellular translation
(Scholte et al 2013).

In order to generate functional replication complexes as well as non-structural
proteins, the process of cleaving non-structural polyproteins is precise and highly
regulated in a sequential manner (Fig. 1.17). The non-structural P1234 contains
three cleavage sites, namely 1/2 (site between nsP1 and nsP2), 2/3 and 3/4 sites.
All three cleavage sites are processed by protease activity in nsP2 or in
polyproteins containing nsP2. For precise sequential cleavage, nsP2 must
recognize each of the cleavage sites specifically, and previously it was thought that
different affinities toward the three sites is responsible for the ordered cleavages
(Lulla et al 2006). However, recent study of P1234 processing in SFV indicated a
second mechanism, the cleavage sequences via long range interactions between
different domains of P1234 play a major role in ordered cleavage (Lulla et al 2012,
Lulla et al 2013a). Current data suggest that the cleavage patterns of P1234 in
SFV and CHIKYV are quite similar: to form functional replicase complexes, first 3/4
site is cleaved, followed by cleavage of 1/2 and finally by cleavage of 2/3 site
(Vasiljeva et al 2003) (Fig. 1.17).
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The P1234 is unable to initiate RNA synthesis until proteolytic processing at 3/4
site releases the nsP4 (Shirako & Strauss 1994). The P123 polyprotein in
combination with nsP4 exhibit RNA synthetic activity resulting in the formation of
negative strand RNA synthesis (Shirako & Strauss 1994) (Fig. 1.17). It is important
and interesting to note that processed nsPs fail to assemble replication complexes
and generate negative strand RNA, indicating the essential role of P123 as an
intermediate. Assumptions have been made that each replicase complex make
only one negative strand RNA before switching to positive-strand RNA synthesis.
The switch from negative strand to positive strand RNA is connected to cleavage of
1/2 and 2/3 sites. Cleavage of the P123 into nsP1 and P23 efficiently witness the
functional transition between the synthesis of negative sense to positive sense
RNAs (Shirako & Strauss 1994). The final cleavage of 2/3 site may further facilitate
the synthesis of sub-genomic RNAs. As a result, inhibition of minus-strand RNA
synthesis is connected to overall viral nsPs shutoff as well as the rapid processing
of the non-structural polyproteins. Positive sense RNA synthesis still occurs but is
very inefficient if the two latter cleavages are blocked (Shirako & Strauss 1994),
while it also indicated that cleavage of the P123 is not an absolute requirement for
the transition from negative to positive-strand RNA synthesis. The synthesis of
sub-genomic RNA is initiated from the sub-genomic promoter that is located on the
negative-strand RNA. Mutations in nsP2 and nsP3 suggested that they might act
as a transcription factor by binding to the sub-genomic RNA to recruit RNA
synthesis complex (Gao et al 2019, Suopanki et al 1998). Although the template for
positive-strand RNA synthesis is minus-strand RNA, evidences have shown that
template remains double stranded (Kaariainen & Ahola 2002, Simmons & Strauss
1972a, Simmons & Strauss 1972b). This form of templating results in different
dsRNA species, as when these dsRNAs were isolated by RNase treatment, three
forms were released dubbed replicative forms (RFs). RFI, RFIl and RFIII
correspond to full-length genome, non-structural protein ORF and sub-genome
respectively (Simmons & Strauss 1972a, Simmons & Strauss 1972b). As RFll is
non-functional outside the intermediate, it is assumed that RFIl is a paused

genomic ternary complex, which can reactive and finish synthesis (Wielgosz &
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Huang 1997). As a consequence of P1234 processing, only nsP1 show Met
residue at N-terminal whereas N-terminal residues of nsP2, nsP3 and nsP4 of
CHIKV are Gly, Ala and Tyr respectively (Ahola & Merits 2016). The native N-
terminus indicates important requirements for functionality of nsP2 and nsP4, as
some of their function can be abolished even by minor changes of a single N-
terminal amino acid (Shirako & Strauss 1994, Vasiljeva et al 2003), and this is
clearly the case for CHIKV nsP2 and presumably for nsP3 and nsP4 (Das et al
2014). This property indicates that nsPs have different functions or are involved in
different interactions in their mature forms compared to the non-structural

polyprotein form.

Although many of the enzymatic and nonenzymatic activities of nsPs have been
characterized, it remains unclear how they function together as replication
complexes to coordinate the polymerase, helicase and RNA capping activities. The
issue is further complicated by how the recruitment and interaction of RNA
template to the replication complexes. Overall, many of the replication mechanisms
in CHIKV as well as other alphaviruses remain enigmatic, and new methods and
technology are needed in the future to explore the multiple virus-host interactions
involved in antiviral responses and viral replication mechanism including nsPs

interactions with RNA.
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1/2 2/3 3/4
[ 585aa 798aa @ 531aa 612aa |

Non-structural polyprotein P1234

(~)strandRMNA

Figure 1.17 Processing of CHIKV non-structural polyproteins and synthesis of
genomic RNA and sub-genomic RNA.

Top is shown with non-structural polyprotein P1234 and its cleavage sites as well as the
size of each nsPs. The intermediate P123 plus nsP4 is required for synthesis of negative
strand RNA, this is followed by the short lived nsP1+ P23 + nsP4 complex, then mature
replication complexes are formed to produce genomic RNA and sub-genomic RNA.
Picture is taken from (Ahola & Merits 2016).
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1.4.3 Viral assembly, budding and maturation.

The assembly, budding and maturation steps of CHIKV remains largely unknown
so far, and it is the same for other alphaviruses. Here data collected from previous
studies provide a basic understanding of alphaviruses exist from cells. Virus
assembly and budding require Capsid protein (Cp)-E2 binding, formation of E2/E1
heterodimer, pH protection of E2 by p62/E3-E2, and spike lattice assembly. Cp
specifically packages the genomic RNA to assemble into NC into cytoplasm. Viral
genomic RNA packing is favored over sub-genomic RNA and cellular RNA, even
though the cellular RNA is present in molar excess over genomic RNA. The exact
mechanism is not well understood, but studies in alphaviruses identified nucleotide
sequences as packaging signals that promote genomic RNA packaging (Frolova et
al 1997, White et al 1998). Previous study showed that SINV, EEEV, WEEV and
VEEV have packaging signals that can be recognized by Cp, however, this does
not apply to CHIKV and other viruses in SFV clade (Kim et al 2011). They contain
packaging signals in nsP2 gene, but their capsid retains the ability to use nsP1-
specific packaging signals of other alphaviruses.

Alphaviruses budding is temperature and pH dependent, with optimal budding at
physiological temperatures and at a neutral to mildly alkaline pH (Lu et al 2001b,
Lu & Kielian 2000). Alphaviruses bud through the plasma membrane in both
mammalian and mosquito cells (Lu & Kielian 2000). Although not explicitly
required, budding is significantly enhanced by 6K, TF, and cholesterol in unknown
mechanisms (Lu & Kielian 2000). The p62/E1 heterodimer is acid resistant and
protects E1 from prematurely fusing in the acidic environment of the trans-Golgi
network (~pH 6.0) (Wahlberg et al 1989). During alphavirus budding, NC undergo
a maturation event and it requires binding to E2 for appropriate targeting to cell
membrane (Suomalainen et al 1992). Using RRV-SINV chimeras it showed that
capsid-E2 interactions involved 33 aa residues of E2, which is also found in CHIKV
(Lopez et al 1994). The NC, E1 and E2 glycoproteins are phosphorylated (Liu et al
1996). Previous study indicated that some of the phosphorylation might play a role
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in assembly or post-assembly step, as addition of protein kinase or phosphatase

inhibitors interfere with viral maturation (Liu & Brown 1993).

The whole life cycle of CHIKV is depicted in Figure 1.18.
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Figure 1.18 Schematic representation of CHIKYV life cycle.

CHIKV enters the cells first by binding of E2 protein to receptors on cell surface, followed
by endocytosis. Inside the endosome, low pH trigger fusion of viral envelope with
endosome membrane, leading to nucleocapsid release into cytoplasm, followed by
disassembly to liberate viral genome. The viral genome is then translated to produce non-
structural proteins, which is processed and form replicase complexes to initiate RNA
synthesis. The RNA synthesis includes the genome RNA and sub-genomic RNA using the
newly synthesized minus-strand RNA as template. The sub-genomic RNA is translated
into structural polyprotein (C-E3-E2-6K-E1), which is then cleaved to produce individual
structural proteins. Those structural proteins assemble the viral with positive strand RNA
as well as nsPs. The assembled virus particle is finally released by budding through the
plasma membrane, where the envelope is embedded as viral glycoproteins. Picture is
taken from (Abdelnabi et al 2015).
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1.5 Cellular activity in response to stress and ONNV.

1.5.1 TypelIFNs and PKR.

Type | IFNs are polypeptides that are secreted by infected cells, which induce
cells-intrinsic antiviral states in infected and neighboring cells, resulting in the
limitation of viral pathogens (Ilvashkiv & Donlin 2014). The PKR is an intracellular
sensor of stress and activated by virus infection, specifically by recognizing
cytosolic dsRNA (Rojas et al 2010) or 5’-triphosphorylated RNA (Nallagatla et al
2007). Following detection of dsRNA (or 5’-triphpsphorylated RNA), elF2a kinase
PKR dimerizes and auto-phosphorylates threonine residues and therefore
stabilizing the dimers and increasing its kinase activity, which results in rapid
inhibition of translational initiation (Garcia et al 2007, Nallagatla et al 2011). Upon
translational arrest, eukaryotic cells continue synthesize antiviral factors, for
example type | IFNs and IFN-stimulated genes (ISGs) that need to be induced and
translated (Liu et al 2012). To note, cytosolic dsSRNA and 5’-triphosphorylated RNA
can also be recognized by melanoma differentiation-associated gene 5 (MDAS5,
also known as IFIH1) or retinoic acid-inducible gene I (RIG-I, also known as
DDX58) (Reikine et al 2014). Upon binding to viral RNAs, these structural related
DEAD-box helicases signal via the adaptor protein mitochondrial antiviral signaling
protein (MAVS) to promote the transcription of antiviral cytokines. However, it is
still not clear how these newly synthesized mRNAs maintain access to the

translation machinery during global translation inhibition.

Type I IFN induction plays a crucial role in antiviral innate immune responses.
Signaling via the type | IFN receptors results in protein translation encoded by
ISGs and establish an antiviral state in both infected and uninfected cells (Teijaro
2016). Among the ISG-encoded proteins, PKR is most closely related with
translation arrest and stress granule (SG) formation. Although in uninfected cells,
PKR is constitutively expressed, however, upon type | IFN treatment it is further
induced (Garcia et al 2007) and the activity of PKR is increased (Nallagatla et al
2007).
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1.5.2 Stress granules (SGs) and its antiviral effects.

SGs are large cytoplasmic foci that are nucleated by the accumulation of stalled
48S translation initiation complexes in response to stress (Kimball et al 2003),
which contain translationally-stalled mRNASs, pre-initiation factors and RNA binding
proteins. Many signaling proteins are also transiently recruited to SGs and
influence their assembly (Kedersha et al 2013). The most known pathway of SG
formation initiates with phosphorylation of elF2a by four elF2 kinases, including
PKR (Srivastava et al 1998), PKR-like endoplasmic reticulum (ER) kinase (PERK)
(Harding et al 2000a, Harding et al 2000b), heme-regulated inhibitor (HRI)
(McEwen et al 2005) and general control non-depressible protein 2 (GCN2) (Wek
et al 1995). Other alternative pathways include inhibition of elF4A RNA helicase
(Dang et al 2006, Kim et al 2007, Mazroui et al 2006) and viral infection (Mazroui et
al 2006). As described before, PKR is a component of IFN response and can be
activated by RNA viruses producing double-stranded RNA replication
intermediates and PERK is activated by ER stress associated with viruses that
many express glycoproteins. HRI is activated by heme deprivation and oxidative
stress; GCN2 is activated by nutrient starvation and not commonly linked to virus
infection, although GCN2 binding to SINV induces its activation (Berlanga et al
2006). SGs, the transient, non-membrane-bound organelles, are hubs of stalled
translation initiation machinery, including 40S ribosome subunits and subunits of
elF4F complexes (Kedersha et al 2002, Mazroui et al 2006). SGs also contain
many RNA-binding proteins, some of them are markers of SGs such as T-cell
restricted intracellular antigen 1 (TIA-1), TIA-1 related protein (TIAR) and RasGAP
SH3-domain binding protein 1 (G3BP1) (Kedersha et al 1999, Tourriere et al
2003). Most SG components exhibit short residence times (seconds) whereas SGs
themselves persist for minutes to hours, fusing with each other or other RNA

granules (Kedersha et al 2013).

SG formation is a manifestation of robust translation arrest, however, the formation
of SGs themselves are not required for translation arrest (Ohn et al 2008).

Recently, SG have been shown to be signaling platforms and their transient
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existence alters multiple signaling pathways by intercepting and sequestering
signaling components. For example, as described before, cytosolic dsRNA and 5’-
triphosphorylated RNA can also be recognized by MDAS5 and RIG-I apart from
PKR. The PKR (Reineke et al 2015), RIG-I (Onomoto et al 2012), MDA5
(Langereis et al 2013), polyubiquitin chains (Kwon et al 2007), ubiquitin ligases
TRIM25 (Sanchez-Aparicio et al 2017) and TRAF2 (Kim et al 2005) are recruited to

SG that are formed in response to elF2a phosphorylation.

Inactive PKR was shown to be specifically recruited to SG by interaction with
G3BP1 and cell cycle-associated protein 1 (CAPRIN1) (Schulte et al 2016). This
recruitment results in PKR activation independent of sensing dsRNA, creating a
positive amplification loop of PKR activation. In another study, knockdown of
G3BP1 or PKR in HeLa cells that were infected with influenza A virus lacking NS1
inhibited SG formation and also suppressed the IFNB mRNA induction (Onomoto
et al 2012). As type | IFN induction in response to virus infection is mediated
mainly by RIG-I, diminished type | IFN induction in the absence of SG formation
suggests that SG might be important for RIG-I signaling. DHX36, a protein that
may link SG formation and RIG-I signaling, augments elF2a phosphorylation, SG
formation and IRF3 activation in virus-infected or poly(l:C)-transfected cells (Yoo et
al 2014). TRAF2, one of the first signaling molecules, was unable to relay signals
to induce apoptosis following tumor necrosis factor receptor activation upon
recruitment to SG (Kim et al 2005). Thus it is proposed that SG may promote cell
survival under stress via suppressing pro-apoptotic signaling cascade. G3BP1 also
has a positive effect on the activation of NF-kB and the kinase of JUN N-terminal
(INK) pathway that, together with IRF3, are required for the induction of type | IFNs
and other cytokines (Reineke & Lloyd 2015). It was also proposed that the
concentration of cytoplasmic viral RNA sensors, along with their signaling cofactors
and viral RNA ligands, might be able to increase virus recognition by innate
immune sensors and may even be required for their full activation (Onomoto et al
2012).
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In general, most viruses antagonize SG formation during infection, although in a
few cases some viruses induce and exploit portions of SG responses during their
infectious cycle. Viruses that first induce then inhibit SG include mammalian
orthoreovirus (MRV) (Qin et al 2009), SFV (Mclnerney et al 2005), Poliovirus
(Mazroui et al 2006, White et al 2007), hepatitis C virus (HCV) (Ariumi et al 2011),
etc. MRV induce SG formation via an elF2a phosphorylation dependent
mechanism. At early time points, SG are triggered by viral entry; viral gene
expression then led to the inhibition of SG as infection progressed (Qin et al 2009).
The ability of MRV to translate under stress was by exogenous stressors correlated
with the absence of SG. Similar to MRV, SFV induced SG at early times during
infection in an elF2a dependent manner and prevent SG formation by exogenous
stressors at late times post infection, but the induction of SG required viral
replication (Mclnerney et al 2005). Viruses that inhibit SG formation include
Rotaviruses (Montero et al 2008), West Nile and dengue virus (Emara & Brinton
2007), Herpes simplex 1 virus (Esclatine et al 2004), HIV-1 (Abrahamyan et al
2010). West Nile virus and dengue virus inhibit SG formation in response to
exogenous stress by sequestering TIA-1 and TIAR and inhibiting their binding to
the minus strand 3’-terminal stem-loop structure (Emara & Brinton 2007), which is
shown to be required for viral replication (Li et al 2002). Viruses that tolerate or
exploit SG include Respiratory syncytial virus (Lindquist et al 2010), mouse
hepatitis coronavirus (Smith et al 2006), vaccinia virus (Katsafanas & Moss 2007),
etc. Vaccinia virus is a DNA virus that may utilize aspects of SG response by
subverting SG components into novel aggregates forming SG-like structure, which
share properties with SG but crucially different as they don’t contain translationally
silenced mRNAs (Katsafanas & Moss 2007).

1.5.3 Cold shock proteins.
Cold shock proteins are multifunctional RNA/DNA binding proteins, which are
characterized by the presence of the one or more cold shock domains (CSD). The

nucleic acid binding properties endows these proteins with pleiotropic functions, for
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example, regulating cellular transcription, translation and splicing (Brandt et al
2012, Lindquist et al 2014).

Cold shock proteins were first discovered in bacteria, with a sudden temperature
drop from 37°C to 10°C induced a 200-fold increase in cold shock protein A
expression, and this was independent of transcriptional activity (Gottesman 2018,
Jones & Inouye 1994). A recent study using genome-wide methods to analyse the
global changes occurring in bacteria during the cold shock response supported the
observation (Zhang et al 2018b). They identified RNase R and cold shock protein A
to be the major players. Cold shock protein A melts double-stranded RNAs while
RNase R degrades misfolded RNA to enable translation.

In humans, the predominant group of cold shock proteins is the Y-box protein
family. The prototypic member is the Y-box binding protein-1 (YB1), also known as
DNA binding protein B, which is encoded by YBX1 gene. Two additional family
members are DNA binding protein A and C, encoded by YBX3 and 2 genes,
respectively. Another member of the cold shock proteins family is upstream of N-
RAS (UNR) (Anderson & Catnaigh 2015, Ray et al 2015), UNR was initially
identified as a regulator of N-Ras expression (Jeffers et al 1990), but later it turned
out that UNR encodes a proteins with 5 CSD, which undergoes alternative splicing
(Boussadia et al 1993, Doniger et al 1992, Jacquemin-Sablon et al 1994), an then
it was renamed CSD containing E1 (CSDE1). UNR works together with the
polypyrimidine-tract-binding protein to regulate translation and mRNA stability
(Mitchell et al 2001, Sawicka et al 2008). In Dengue virus infections, YB1 inhibits
virus production by binding to 3’ untranslated region and suppresses viral RNA
translation (Paranjape & Harris 2007). YB1 was shown to be associated with nsP3
of SINV and the complexes locates on both endosomal membranes as well as
nucleus (Gorchakov et al 2008). However, the importance of this interaction

remains to be determined.
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1.5.4 ONNV biology and disease.

ONNYV is a mosquito-borne virus, belonging to Alphavirus genus, Togaviridae
family. It was first isolated in Uganda in 1959 (Williams & Woodall 1961). Unlike
other members of the Alphavirus genus, ONNV is primarily transmitted by
anopheline mosquitoes (Corbet et al 1961). CHIKV and ONNV diverged from a
common ancestor thousands of years ago (Powers et al 2000), and thus ONNV is
genetically and serologically related to CHIKV (Williams & Woodall 1961), although
ONNYV infection is restricted to African continent. Infection of ONNV in humans is
self-limiting, with clinic signs of low grade-fever, headache, rash and more distinct

signs of lymphadenopathy and joint pain without effusions (Rwaguma et al 1997).

1.6 Aims and objectives.

CHIKYV is an arthropod-borne positive sense RNA virus that transmitted from
mosquitoes to humans and other livestock, which causes economic loss and public
health concern. The recent outbreaks of CHIKV epidemic led to CHIKV infection
with wider epidemic ranges and more severe public health issue. Until now, there
are still no safe and effective vaccines or antiviral therapies. To find efficient
antiviral targets or attenuated vaccine, a deep understanding of the mechanism of
how CHIKYV replicate in both the vertebrate host and the vector is required.
Previous work in our laboratory identified AUD in virus assembly by binding to sub-
genomic promoter (Gao et al 2019). This project aims to explore other functions of
AUD in alphavirus replication.

The first step was to identify critical residues in the AUD that are required for
CHIKV genome replication in mammalian or mosquito cells. To do this, conserved
and surface exposed residues in the AUD were identified based on sequence
alignment of different alphaviruses and the three-dimensional structure of SINV.
These residues were mutated by a mutagenic strategy and introduced into a
CHIKV dual-luciferase reporter system. The critical residues were further exploited

in the context of infectious alphavirus virus.

45



Chapter 1: Introduction

Secondly, to explore the mechanism that induce the different replication
phenotypes in mammalian and mosquito cells, temperature variance was studied.
The investigation was based on the luciferase reporter system, protein expression
and virus production. The effect of temperature variance was also investigated in

other arboviruses.

Thirdly, to explore the mechanism behind temperature variance that regulates
alphavirus replication, a number of anti-viral cellular responses were studied,
including elF2a phosphorylation, SG formation. The effect of cold shock proteins

was also investigated in response to alphavirus replication.

The results shown in this study shed light on a hitherto unrecognized enhancement
of alphavirus genome replication in mammalian cells at sub-physiological
temperature, which reveal a role in the early stages of transmission of virus to
mammalian via a mosquito bite. The discoveries of the temperature-sensitive

mutants of AUD might also have the potential as vaccine candidate.
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2.1 General materials

2.1.1 Bacterial strains

Escherichia coli (E.coli) DH5a: Genotype F-®80lacZA (lacZYA-argF)U169recAl
endAl hsdR17 (rk-, mk-) phoA supE44A-thi-1 gyrA96 relAl were used for
molecular cloning. XL10-Gold® Ultracompetent cells: Tet'D(mcrA)183A(mcrCB-
hsdSMR-mrr)173 endAl supE44 thi-1 recAl gyrA96 relAl lac Hte [F" proAB
lacl9ZAM15 Tnl0 (Tet") Amy Cam'].

2.1.2 Celllines

Mammalian cell lines include: C2C12 cells (mouse muscle myoblast cells), BHK-21
cells (baby hamster kidney cells), Vero cells (African green monkey kidney
epithelial cells), RD cells (human muscle rhabdomyosarcoma cells), Huh7 cells
(human hepatoma cells), Huh7.5cells (human hepatoma cells with defective in
RIG-1 induced IFN antiviral signal), 293FT cells (human embryonal kidney cells
transformed with the SV40 large T antigen). Two mosquito cell lines were applied:
U4.4 (Aedes albopictus mosquito cells) and C6/36 cells (Aedes albopictus
mosquito cells with a mutation in Dicer-2 gene and is RNAI defective) (Morazzani
et al 2012).

2.1.3 Plasmids and viral constructs
All plasmids and CHIKV constructs generated are listed in Appendix Table 8.1. The
CHIKYV sub-genomic replicon with dual-luciferase reporter (CHIKV-D-Luc-SGR,
donated by Prof Andres Merits), CHIKV SGR with mCherry fused within nsP3 and
firefly luciferase (FLuc) replaced structural components (CHIKV-nsP3-Mcherry-
FLuc-SGR), CHIKV SGR with FLuc replaced structural components (CHIKV-FLuc-
SGR) were utilized. ONNV-2SG-ZsGreen (kind gifts from Prof Andres Merits) and
full length CHIKV virus ECSA strain from an infectious clone (Tsetsarkin et al 2006)
were used in the experiments. pcDNAS3.1 (+) was used for subcloning of the ONNV
nsP3 AUD mutants. Lentivirus vectors pCAG-HIVgp, pCMV-VSV-G-RSV-rev,
pLKO.1-TRC cloning vector were used for ablation of cold shock proteins in RD
cells.
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2.1.4 Oligonucleotide primers

DNA oligonucleotides were ordered from Integrated DNA technologies and were
resuspended in DEPC H20 at the concentrations of 100 uM before stored at -20°C.
Those primers are listed in the Appendix Table 8.2.

2.1.5 Antibodies

Primary antibodies include: rabbit anti-nsP3, rabbit anti-nsP1 (kind gifts from Prof
Andres Merits, University of Tartu), J2 mouse anti-dsRNA antibody (Scisons),
rabbit anti-G3BP antibody (Abcam), mouse anti-G3BP antibody (Proteintech),
rabbit anti-TIA1 antibody (Thermo Fisher), rabbit anti-elF4G antibody (Invitrogen),
mouse anti-B-actin (Sigma Aldrich), rabbit anti-elF2a (Cell Signaling) and rabbit
anti-phosphorylated elF2a (Invitrogen), rabbit anti-YB1 (Cambridge Bioscience),
rabbit anti-UNR (Cambridge Bioscience), rabbit anti-SRSF5 (Thermo Fisher).

Secondary antibodies include: donkey anti-mouse (700 nm) (Li-Cor) and donkey
anti-rabbit (800 nm), which were used for western blotting. Alexa Fluor chicken
anti-rabbit (594 nm) (Thermo Fisher) and Alexa Fluor Goat anti-Mouse (647 nm)
(Thermo Fisher) were used for immunofluorescence at a dilution of 1:500.

DAPI nucleic acid staining (Sigma).

2.2 Molecular Biology methods

2.2.1 Preparation of plasmids from E.coli cells

The CHIKV-D-Luc-SGR derived from an ECSA strain was gifted by Prof Andres
Merit (University of Tartu). The dual luciferase include a Renila luciferase (RLuc)
fused with nsP3 and a FLuc that replaced the structural components. In principle,
100 ng plasmid or 10 pl ligated products was mixed with 50 pl chemically
competent DH5a E.coli cells. The mixture was kept on ice for 30 min, followed by
addition of 950 pl Luria broth (LB) and incubated at 37°C for 1 h at 180 rpm. After 1
h, 100 pl of the mixture (or the resuspended pellet by centrifuge from ligation

products) were coated onto the agar plates with appropriate antibiotics (ampicillin
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100 pg/ml) and incubated at 37°C overnight. The next day, single colonies were
picked from the plates and were added into 5 ml LB with the corresponding
antibiotics and incubated at 37°C overnight at 180rpm. The following day, bacterial
cultures were centrifuged at 4000 x g for 20 min at 4°C, then pellets were
resuspended and plasmids were extracted using commercial Miniprep Kit following
manufacturer’s instructions (Qiagen). The purified plasmids were stored at -20°C
freezer, and the plasmids in bacterial were stored in glycerol stock (25%) at -80°C

freezer.

For transformation of WT and mutant ONNV, each plasmid was mixed with XL10
cells, followed by cultured in Tryptic soy broth (TSB) and coated onto the TSA
plates with kanamycin 50 pg/ml at 37°C overnight. The next day, single colonies
were picked from the plates and were added into 5 ml TSB with the corresponding
antibiotics and incubated at 37°C overnight at 180rpm. Plasmids were extracted

using commercial Miniprep Kit following manufacturer’s instructions (Qiagen).

2.2.2 Amplification of DNA fragments by PCR

DNA fragments was amplified by PCR. The PCR reaction was performed in a total
of 50 pl, including 10X Thermo® reaction buffer 5 pl, 10 mM dNTP 1 pl, 10 mM
forward primer 2.5 pl, 10 mM reverse primer 2.5 ul, Vent® DNA polymerase 0.5 pl
(NEB), template 1 ul (100 ng), nuclease-free water 37.5 ul. The PCR reactions
started with an initial denaturation step at 95°C for 5 min followed by 30 cycles of a
second denaturation step at 95°C for 30 s, annealing step at suggested Tm value
for 30 s and extension step at 72°C for 1 min/kb. The final step was an extra

extension at 72°C for 5 min.

2.2.3 DNA and RNA agarose gel electrophoresis

To purify and separate DNA fragments from PCR, DNA agarose gels were made
with 1% (w/v) agarose diluted in 1X TAE buffer (40 mM Tris, 20 mM Acetic acid
and 1 mM EDTA), the mixture were heated by microwave to completely dissolve
agarose and then cooled down to ~50°C and SYBR® safe DNA gel Stain

(Invitrogen) was added (1:20000). After the gels were set, they were immersed
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with 1X TAE, DNA ladder was then added together with DNA samples (mixed with
5X gel loading buffer (NEB)) to each well of the gels, followed by electrophoresed
at a voltage of 80 V with corresponding time (60-120 min depending on the DNA

length). DNA samples were visualized by ultraviolet illumination with Gene Genius

bio-imaging system (Syngene).

To verify the quality of RNA samples, RNA gels were made with 0.3 g 1% (w/v)
agarose diluted in 28.6 ml 1X MOPS buffer (2 mM sodium acetate, 1ImM EDTA
and 20 mM MOPS). After the mixture were heated by microwave and cooled down,
1.4 ml paraformaldehyde (37%) and 1.5 pl SYBR® safe DNA gel Stain (Invitrogen)
were added. After RNA gels were set, sSSRNA ladder and RNA samples (mixed
with 2X RNA gel loading dye (Invitrogen)) were added to each well of RNA gel,
which was immersed in 1X MOPS buffer. Gels were run at 70 V for 60 min to 90
min before visualized with UV light using the Gene GENIUS Bioimaging system
(Syngene).

2.2.4 DNA purification from DNA agarose gel

After gel electrophoresis, DNA bands were visualized with blue-light excitation. The
desired bands were then cut out with knife blades and placed into 1.5 ml
microtubes. The purification procedure was performed following the instructions of
Monarch® DNA Gel Extraction Kit (NEB).

2.2.5 DNA and RNA quantification

Purity of plasmids, DNA fragments and RNAs were measured using a NanoDrop
1000 Spectrophotometer (Invitrogen). Absorbance at 260 nm was used to measure
the concentration. The ratio of A260/A280 is used to determine protein
contamination with DNA between 1.8 and 2.0 while RNA between 2.0 and 2.5. The
ratio of A260/A230 is used to determine salt contamination and phenol

contamination with purified value at 2.0.

2.2.6 Endonuclease digestion with restriction enzymes
For linearization of WT and AUD mutants in CHIKV-D-Luc-SGR or ONNV-2SG-

ZsGreen, plasmids were performed in 50 pl mixtures including 10 pg plasmid DNA,
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1 pl Notl-HF (CHIKV-D-Luc-SGR) or Pmel-HF (ONNV-2SG-ZsGreen), 5 ul 10X Cut
smart buffer (NEB), and nuclease-free water, followed by incubation at 37°C
overnight. For other DNA fragments or plasmids, DNA fragments or plasmids were
digested for 2 h at 37°C, including DNA 2 ug, restriction enzyme 1pl, 5 pl 10X
corresponding buffer (NEB or Thermo fisher) and nuclease-free water. For the
purification of DNA fragments or plasmids vectors, they were separated by DNA

agarose gel (see 2.2.3) and purified by gel purification kit (see 2.2.4).

2.2.7 Ligation

After digestion with restriction enzymes and DNA purification, DNA fragments and
vectors were ligated with T4 DNA ligase following the manufacturer’s instructions
(NEB). The mixtures were incubated at 16°C overnight, followed by transformation
into DH5a or XL10 cells (ONNV plasmids).

2.2.8 Site-directed mutagenesis

In order to generate AUD mutants in CHIKV-D-Luc-SGR, Q5 Site-Directed
Mutagenesis kit was used following the protocol: Q5 Hot Start High Fidelity 2X
Master Mix 12.5 pl, 10 pM Forward Primer 1.25 pl, 10 uM Reverse Primer 1.25 pl,
Template DNA (25 ng/ul) 1 ul, Nuclease-free water 9.0 pl. The reaction started with
initial denaturation at 98°C for 30 s, followed by 25 cycles of denaturation at 98°C
for 10 s, annealing at 68°C for 30 s and extension at 72°C for 7 min, the final
extension is at 72°C for 2 min. The second step is KLD reaction (Kinase, ligase
and Dpnl treatment), which include 1 pl of the PCR product, 5 pl of 2X KLD
Reaction Buffer, 1 pl of 10X KLD Enzyme Mix and 3 pl of nuclease-free water. The
mixture was incubated at 37°C for 30 min. 5 pl of the mixture was then transformed
into DH5a or XL10 cells (described in 2.2.1). The plasmids were then sent for

sequencing (Fig. 2.1).

As for the mutants of ONNV-2SG-ZsGreen, due to its large sequence, the ONNV-
2SG-ZsGreen was first digested by Xmal and Nhel separately (see 2.2.6) followed
by purification of ONNV nsP2/3 fragment (detail in 2.2.4). The ONNV nsP2/3 was
then ligated with the pcDNA3.1 vector (digested by Xmal and Nhel) followed by
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transformation and sequencing analysis. Following the generation of pcDNA3.1-
ONNV-nsP2/3, Q5 site directed mutagenesis were performed as described. A
schematic is shown for the generation of mutants from pcDNA3.1-ONNV-nsP2/3
(Fig. 2.2).

AUD mutant

Digested by
Kfll and BstBI CHIKV- ligation CHIKV-

D-Luc-SGR-vector

D-Luc-SGR-mutant

Q5 site-directed mutagenesis "G
AUD mutant )
)

AUD

e
Linearized CHIKV-D-Luc-SGR mutant % g
5,
[ X
KLD treatment 2% AUD
lAUD mutant %% il Gtant

Single clones were picked
and plasmids were purified
transformation and sent to sequence
—_— ——

CHIKV-

D-Luc-SGR-mutant D-Luc-SGR-mutant

CHIKV-D-

uc-SGR-mutant,

Figure 2.1 Schematic of construction of CHIKV-D-Luc-SGR mutants.
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Figure 2.2 Schematic of construction of ONNV-2SG-ZsGreen mutants.
2.2.9 Construction of the AUD mutants in the context of CHIKV-D-Luc-SGR,

ICRES-CHIKV and ONNV-2SG-ZsGreen
To generate the mutant constructs of CHIKV-D-Luc-SGR, the plasmids with
expected mutations were digested by Kfll and BstBl and DNA fragments of AUD
mutants were purified, followed by ligation with the backbone of CHIKV-D-Luc-
SGR or the backbone of ICRES-CHIKYV infectious clone (Tsetsarkin et al 2006).
The mixtures were transformed separately into DH5a cells following the protocols,
the plasmids were then extracted and sequenced.
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For mutant constructs of ONNV-2SG-ZsGreen, the plasmids with expected
mutations were digested by Xmal and Nhel separately, and DNA fragments of
ONNV nsP2/3 mutants were purified, followed by ligation with the backbone of
ONNV-2SG-ZsGreen. The mixtures were transformed separately into XL10 cells

(details in 2.2.1). The plasmids were then extracted and sequenced.

2.2.10 Purification of linearized plasmid DNA

As described in 2.2.6, linearized plasmids were confirmed by gel electrophoresis.
Following this, the linearized plasmids were purified by phenol: chloroform mixture
and were used as templates for RNA transcription. Protocol as follows: first
nucleus-free water was added to restriction enzyme mixture in a final volume of
200 pl, then equal volume of phenol: chloroform: isoamyl alcohol (25:24:1), mixture
was added. Each of the samples was vortexed thoroughly for 1 min before being
centrifuged at 13, 000 rpm for 5 min. The upper aqueous phase layer was
transferred into a fresh Eppendorf tube (170 ul) and mixed with equal volume of
chloroform by vortexing for 1 min, which was followed by centrifugation at 13, 000
rom for 5 min. Upper aqueous phase layer was transferred into new Eppendorf
tubes (each tube 130 pl), and two volumes of ethanol and 0.1 volume of 3 M
Sodium Acetate (pH 5.2) were added to precipitate the DNA. The mixture was
stored at -20°C overnight. The next day, the mixture was centrifuged at 13, 000
rpm for 20 min at 4°C. The pellet was washed with 70% ethanol once and air-dried
before resuspended with 20 ul nuclease-free water. The DNA concentration was

measured before being used as a template for RNA transcription.

2.2.11 In vitro RNA transcription and purification

To generate RNA, linearized plasmids of WT and mutants in the context of CHIKV-
D-Luc-SGR or ONNV-2SG-ZsGreen were used as templates for RNA transcription.
For each in vitro transcription, 1 ug of DNA template was added to fresh PCR
tubes, followed by 2X NTP/CAP solution 10 pl, 10X Reaction Buffer 2 pl (room
temperature (RT)), SP6 Enzyme Mix 2 pl, nucleus-free water to a total of 20 pl
(mMMACHINE™ SP6 Transcription Kit (Thermo Fisher)). The mixture was mixed

properly and incubated at 37°C for 2 h, and then treated with 1 ul of Turbo DNase
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and incubated at 37°C for 15 min. To purify RNA after in vitro transcription, RNA
was immediately stored on ice and mixed with 30 pl of Lithium Chloride and 30 pl
nucleus-free water and transferred to -20°C freezer overnight. The next day, the
unpurified RNA was centrifuged at 13, 000 rpm for 20 min at 4°C. The RNA pellet
was washed with 70% ethanol (in DEPC water) once and air-dried on ice before
resuspended with 40 ul nuclease free water. The RNA concentration was
measured and its quality was verified by gel electrophoresis (detail in 2.2.3). Then
RNA was stored at -80°C freezer.

2.2.12 Protein quantification

For those protein samples lysed by 1X Passive Lysis Buffer (PLB) (from Luciferase
Kit, Promega) or 1X Glo Lysis Buffer (GLB, made in our laboratory), protein
concentrations were measured using Pierce™ BCA Protein Assay Kit (Thermo
Fisher). For the preparation of BSA standard samples, 2 mg Bovine serum albumin
(BSA) was first dissolved in 1 mL of 1X PLB or 1X GLB, and gradient dilution
samples were made as standard curves following the manufacturer’s instructions.
At the meantime, Cell lysate samples were diluted 5 times in 1X PLB or 1X GLB
and transferred into 96 well plates together with gradient BSA dilutions. Each of the
samples was mixed with 200 ul of BCA solution (prepared following manufacturer’s
instructions). The samples in 96 well plate was then covered with foil and
incubated at 37°C for 30 min. After 30 min, the absorbance of the samples was
measured at 570 nm with Infinite F50 plate reader and software Magellan For 50
(Tecan). Protein concentrations were then converted using linear regression

equation.

2.2.13 Sodium dodecyl sulfate—polyacrylamide gel electrophoresis (SDS-
PAGE)

SDS-PAGE was prepared consisting of separation gel and stacking gel. Separation
gel was made with 10% (v/v) including acrylamide (30%), 1.5 M Tris pH 8.8, 10%
(w/v) SDS, 10% (w/v) ammonium persulphate (APS), tetramethylethylenediamine

(TEMED) and nucleus-free water. Stacking gels were made with 6% (v/v) including
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acrylamide (30%), 0.5 M Tris pH 6.8, 10% (w/v) SDS, 10% (w/v) APS, TEMED and
nucleus-free water. The protocols can be found on website
https://www.cytographica.com/lab/acryl2.html. After gels were set, protein samples
were mixed with SDS-PAGE loading buffer (62.5 mM Tris-HCI, pH 6.8, 10% (v/v)
Glycerol, 2% (w/v) SDS, 0.01 % (w/v) Bromophenol blue, 5% (v/v) B-
mercaptoethanol), and then were heated at 95°C for 5 mins and stored on ice.
Each of the protein samples as well as protein ladder (Prestained Protein
Standard, 11-245 kDa, Thermo Fisher) were loaded into empty wells immersed
with 1X SDS-PAGE running buffer (25 mM Tris, 192 mM Glycine, 0.01(w/v) SDS).
Gels were run in 1X SDS-PAGE running buffer at 180 V for 60 min.

2.2.14 Western Blotting

After protein samples were separated by SDS-PAGE, the gels were transferred
onto polyvinylidene fluoride (PVDF) membrane (Immobilon®-FL PVDF membrane)
pre-soaked with 100% methanol. Western Blotting Filter Papers (BOSTER) were
pre-soaked in 1X transfer buffer (25 mM Tris, 192 mM Glycine, 20% (v/v)
methanol). The order from bottom to top as follows: filter paper, PVDF membranes,
gel, filter paper. Protein transfer was performed at 15 V for 1 h. After protein
transfer, PVDF membrane was blocked with 50% (v/v) Odyssey blocking buffer (Li-
Cor) diluted in 1X TBST ((25 mM Tris-HCI, pH7.4, 137 mM NacCl, 0.1% Tween-20)
for 1 h at RT. After blocking, PVDF membrane was incubated with primary
antibodies (1:1000 dilution in TBS with 25% (v/v) of Odyssey blocking buffer) and
incubated at 4°C overnight. After primary incubation, PVDF membrane was
washed 3 times with 1X TBST with 5 min for each wash, followed by secondary
antibody incubation at RT for 1 h and 3-time washes with 1X TBST. Membranes
were dried with new filter paper and then imaged through Li-Cor Odyssey Sa

Imager (Li-cor).
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2.3 Tissue culture work

2.3.1 Cells passaging

Of the mammalian cells used in the experiments, RD cells, Vero cells (typically
don’t secret IFNa/), BHK-21 cells, Huh7 and Huh7.5 cells were cultured in
Dulbecco’s Modified Eagles Media (DMEM, Sigma) supplemented with 10 % (v/v)
fetal bovine serum (FBS), 100 pug/ml streptomycin, 100 IU penicillin/ml, and 1 %
non-essential amino acids (NEAA) (Lonza) in flasks or plates. RD-shCTL cells, RD-
shYB1 cells, RD-shUNR cells, RD-shSRSFb5 cells were cultured in complete media
contains 3 pg/mL puromycin. C2C12 cells was cultured in the complete media with
20% FBS. Those flasks or plates were incubated in a humidified incubator at 37°C,
32°C or 28°C with 5% CO2. When cells grew into confluency, cell media were
removed and cells were washed with phosphate buffered saline (PBS) before
trypsinized with trypsin-EDTA solution by incubation at 37°C for 3 min. Then cells
were mixed with complete media to inactivate trypsin and diluted for next passage

or other experiments.

For the two mosquito cell lines U4.4 and C6/36, they were cultured in Leibovitz’s L-
15 supplemented with 10% FBS, 10% tryptose phosphate broth (TPB) in flasks or

plates in incubator at 28°C. When cells grew into confluency, media were removed
and cells were washed with PBS. The mosquito cells were scraped off by scrapers

with complete media for next passage or other experiments.

2.3.2 Transfection of Nucleic acid by lipofectamine 2000

Mammalian cells were seeded at 5X 10% per well in 24 well plate or 1X 10° per well
in 12 well plate or 3X 10° per well in 6 well plate. The next day before transfection,
media was removed and washed with PBS before replaced with opti-MEM™
(Thermo Fisher). Transfection reagent lipofectamine 2000 (Invirtogen) was mixed
with plasmids or RNA following the manufacturer’s instruction. In brief, 1 uyg RNA
was mixed with 100 pl opti-MEM and incubated in the tissue culture (TC) hood for
5 min, meanwhile 2 pl of lipofectamine was mixed with another 100 ul opti-MEM
and incubated for 5 min. Then RNA and lipofectamine 2000 were mixed and
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incubated at RT for 20 min before transferred to the cells. Each well was loaded
with 50 pl of the mixture (24 well pate) or 100 pl of the mixture (12 well plate) or
200 pl of the mixture (6 well plate). The plates were incubated at 37°C, 32°C or
28°C for 4 h before washed with PBS and then replaced with fresh complete

media.

2.3.3 MTT assay

To determine cell metabolic activity or the effect of ISRIB on CHIKV-D-Luc-SGR
replication, MTT assay was performed. In brief, 48.6 mg of MTT was dissolved into
10 ml of PBS to a concentration of 12 mM. MTT was then filtered by 0.22 um
syringe filter and transferred to new tubes. The sterilised MTT was diluted to 6 mM
with Phenol red free DMEM media (Doug). For cells at indicated time points, cell
media was replaced with 150 ul phenol-red free DMEM media and filled with 30 pl
6mM MTT solution. Then cells were incubated at 37°C for 2 h in cell incubator and
then cell media was replaced with 100 pl of DMSO. Cells with DMSO were
wrapped with foil and mixed with an orbital shaker for 15 mins until MTT granules
dissolved completely. Finally, cell absorbance was measured at 570 nm with

Infinite F50 plate reader and software Magellan For 50 (Tecan).

2.3.4 Generation of cold shock protein ablated RD cell lines

To generate cold shock protein ablated RD cell lines, each of the shRNAs targeting
human YB1, UNR and SRSF5 gene or a control shRNA (RD-shCTL) was designed
on website (https://portals.broadinstitute.org/gpp/public/seg/search). The
phosphorylated primers of ShRNA were annealed to each other following the
protocol (95°C 4 min, 70°C 10 min, then slowly cooled down to RT in 2 h). Then
each of the annealed shRNAs was diluted to 1 ng/ul. The vector for ShRNA
insertion pLKO.1-TRC was digested with Agel and EcoRI separately before being
ligated with diluted shRNA. After transformation and amplification of plasmids from
E. coli cells, plasmids were extracted and sent for sequencing. The successful
generation of pLKO.1-TRC-shYB1, shUNR, shSRSF5 and shCTL were confirmed

by sequencing analysis.
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To generate lentiviruses that contain human shYB1, or shUNR, or shSRSF5 or
ShCTL, three plasmids pCAG-HIVgp, pCMV-VSV-G-RSV-rev and pLKO.1-TRC-
shYB1, or shUNR, or shSRSF5 or shCTL were co-transfected into 293T cells in 10
cm dishes at a ratio of 1 pg: 1 pug: 1.5 pg. Lentiviruses from supernatants at 48 pht
and 72 hpt were collected and stored at -80°C freezer. The lentiviruses were then

mixed, filtered by 0.45 um filter and aliquoted into 1 ml each.

To generate cold shock protein ablated cell lines in RD cells, RD cells were
transduced with 1 ml of each of the lentiviruses containing shYB1, or shUNR, or
shSRSF5 or shCTL as well as 1 ml of media (a negative control) in the presence of
8 ug/ml polybrene in 6 well plate. The supernatant in each well was replaced with
complete media 6 h post-transduction. Cells were selected with puromycin (3.5
png/ml) 72 h post-transduction until mock transduced cells were completely dead.
The cold shock protein ablated RD cell lines were maintained in 2.5 pg/ml
puromycin for passage.

2.4 Sub-genomic replicon work of CHIKV and other arboviruses

2.4.1 Dual luciferase assay

At 4,12, 24, 48 or 72 hpt, cells transfected with CHIKV-D-Luc-SGR RNAs in 24
well plates were washed with PBS for 3 times and lysed with 100 pl of 1X PLB.
Then each 50 pl of the lysed cell sample was transferred into white 96 well plate
and dual luciferase activity were measured using the BMG plate reader which
automatically added LARII and Stop & Glo reagents (Promega) into each well

followed by the measurement of dual luciferase activity.

2.4.2 Single luciferase assay

Based on the CHIKV-D-Luc-SGR construct, CHIKV-nsP3-Mcherry-FLuc-SGR and
CHIKV-nsP3-FLuc-SGR were generated by Spel restriction digestion and ligation.
At 4,12, 24 or 48 hpt, cells were washed with PBS for 3 times and lysed with 100
pl of 1X PLB. Then each 50 pl of lysed samples was transferred to white 96 well
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plate, and equal volume of LARI (Promega) was added to the plates and measured
by the BMG plate Reader.

2.4.3 Mutant reversion sequencing

After transfection of CHIKV-D-Luc-SGR RNA, total cellular RNAs were extracted
by TRIzol reagent at 24 hpt. Each of the cDNA was synthesized using SuperScript
IV (Invitrogen) following manufacturer’s instructions. 1 yl of cDNA were used as
template for amplifying nsP3 encompassing AUD mutants by PCR. After DNA
fragments were purified by gel electrophoresis, DNA fragments were sent for

sequencing. All primers used were shown in Appendix Table 8.2.

2.4.4 Replication of BUNV and Zika virus SGRs at 28°C or 37°C

BHK-21 cells were transfected with Zika virus SGR and incubated at 28°C or 37°C.
Cells were collected at indicated time points and Nano luciferase activities were
measured and normalized to their respective 4 h values. BSR-T7 cells supplied
with G418 were transfected with BUNV mini-genome and incubated at 28°C or
37°C. Cells were collected at indicated time points and RLuc activities were

measured and normalized to their respective 4 h values.

2.4.5 Temperature shift assay of CHIKV-D-Luc-SGR

Cells were transfected with WT CHIKV-D-Luc-SGR and incubated at 37°C or 28°C.
At 12 hpt, cells were either incubated at their temperatures or shifted from 37°C to
28°C or 28°C to 37°C. Cells were then lysed at indicated time points with 1X PLB
and measured by dual luciferase kit (Promega), protein expression of nsP1, elF2a
and P-elF2a were also detected by western blotting. Along with the temperature
shift assay, cells growth number was counted and cell metabolic activity was
determined by MTT assay. To verify the growth speed of C2C12 cells at 37°C or
28°C, cells were seeded into 24 well plates with 5 x 10% per well. At 4, 12 and 24
hpt, cell numbers were enumerated by trypsin digestion and resuspended in 1 ml
fresh DMEM.
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2.4.6 Replication of WT CHIKV-D-Luc-SGR with ISRIB at different
temperatures
Previous report showed that 200 nM ISRIB works efficiently inside cells (Carmela
et al, 2013). To determine the effect of ISRIB on WT CHIKV-D-Luc-SGR
replication, C2C12 cells were transfected with WT CHIKV-D-Luc-SGR RNA, cells
were then treated with 200 nM ISRIB at 2 hpt and incubated at 28°C, 32°C or
37°C. Cells were collected at indicated time points and dual luciferase activity
were measured. Protein expression of nsP1, elF2a and P-elF2a were detected by

western blotting.

2.4.7 Replication of WT and the mutants in the context of CHIKV-D-Luc-SGR

in RD cold shock protein ablated RD cell lines at different temperatures
To determine replication of WT and mutant CHIKV-D-Luc-SGR in cold shock
protein ablated RD cells, RD-shCTL, RD-shYB1, RD-shUNR and RD-shSRSF5
cells were seeded into 24 well plates. The cells in 24 well plates were not selected
with puromycin as puromycin might also affect cellular translation. The next day,
each of the cell lines was transfected with WT, W220A, R243A/K245A and GAA
CHIKV-D-Luc-SGR RNAs and incubated at 37°C or 28°C. Cells were harvested at
4, 12 and 24 hpt and dual luciferase activities were measured.

2.5 Phenotype of WT and the mutants in the context ICRES-CHIKV

2.5.1 Virus production of WT and the mutants in the context of ICRES-CHIKV
at 28°C or 37°C
WT and mutant ICRES-CHIKV RNAs were transfected into C2C12 cells and
incubated at 37°C or 28°C. Supernatants were collected at 48 h post infection (hpi)
and stored at -80°C. The cells were either washed with PBS and then fixed with
4% formaldehyde or treated with TRIzol reagent for total cellular RNA exaction.
Mutant reversion sequencing was conducted to determine whether these mutants
have reverted back to WT or showed other compensatory mutation sites. All the
ICRES-CHIKV experiments were conducted in BSL3.
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2.5.2 Plaque assays of WT and the mutants in the context of ICRES-CHIKV
To determine virus titers of WT and mutants ICRES-CHIKV, plaque assay was
conducted on BHK-21 cells. In brief, virus from -80°C freezer was defrozen at RT
and diluted in FBS-free media (from 10! to 10-6). 200 pl of dilutions from WT and
mutant viruses were spreaded onto cells in each well of 12 well plates. Cells were
incubated at 37°C for 1 h. Then dilutions were removed and cells were washed
with PBS, followed by replaced with 1 ml of 0.8% Methylcellulose (MC) (1:1 in
complete media) and incubated at 37°C (as 28°C failed to form detectable
plaques). After 48 h, MC was removed and cells were washed by PBS before
deactivated with 4% formaldehyde for 30 min. The 4% formaldehyde was then
discarded and cells were stained with crystal violet dye (0.25% (w/v) crystal violet,
10% ethanol, 35 mM Tris, 0.5% (w/v) CaClz and 90% dH20) by incubated for 30
min at RT. The crystal violet was then discarded and viral titers were determined
by counting plague numbers. Meanwhile, plaque sizes were also determined. The

experiments were repeated independently for 3 times.

2.5.3 Mutant reversion sequencing of ICRES-CHIKV mutants

Cells transfected with ICRES-CHIKV mutant RNAs from 37°C or 28°C were
extracted by TRIzol reagent at 48 hpi, followed by phenol-chloroform purification
(detail in 2.4.3). The total cellular RNA from mutants were extracted and their
concentrations were measured. cDNAs of mutants were synthesized using a
LunaScript8482 RT SuperMix Kit (NEB) following manufacturer’s instructions.
Protocols as follows: 5X NEB reverse transcription buffer 4 pl, total RNA 1 ug,
Reverse transcription enzyme 4 pl, nucleus-free water added to a total of 20 pl.
The mixture was incubated at 25°C for 5 min followed by 42°C for 10 min. The
DNA fragments encompassing the AUD mutants or all the non-structural
components were synthesized by PCR using Vent polymerase, followed by

purification and sequencing analysis.
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2.6 ONNV-2SG-ZsGreen work

2.6.1 Production of WT and the mutants in the context of ONNV by
transfection

To produce WT and mutant ONNV, WT and mutant ONNV RNAs were transfected

into C2C12 cells and incubated at 37°C or 28°C. The supernatants were collected

and stored at -80°C freezer 48 hpi. Cells were then washed with PBS, fixed with

4% paraformaldehyde, scanned by EVOS microscopy (Nikon) and quantified by

ImageJ or scanned and quantified by IncuCyte.

WT and the mutants ONNV were then titrated by plaque assays on BHK-21 cells at
28°C or 37°C. The details can be found in 2.5.2. Cells incubated at 37°C were
fixed with 4% paraformaldehyde at 72 hpi whereas at 28°C it was fixed at 96 hpi.
The plaques were determined from ZsGreen-positive cells scanned by EVOS

microscopy.

2.6.2 Mutant reversion sequencing of AUD mutants in ONNV

Mutant reversion sequencing was similar as that of ICRES-CHIKV mutants. In
brief, total cellular RNA from cells were extracted using TRIzol reagent and
purified, followed by cDNA synthesis and PCR. As for sequencing, all of the non-
structural proteins were sequenced for all the mutants incubating at 37°C, and
nsP2-nsP3 proteins were sequenced for all the mutants from 28°C incubation.
Then all of the non-structural proteins were sequenced for W220A and
R243A/K245A incubating at 28°C.

2.6.3 Infection of WT and W220A ONNV in Vero cells

Vero cells were infected with WT and W220A ONNV at MOI 0.1 and incubated at
28°C or 37°C. Supernatants were collected at 48 hpi, cells were lysed with 1X GLB
or fixed with 4% paraformaldehyde and scanned by IncuCyte. Protein expression
of nsP1, P-elF2a and elF2a were determined by western blotting with each sample
20 pg. Virus titres of WT and W220A were titrated by plaque assay on BHK-21
cells at 28°C. Cells were fixed at 96 hpi and plagues were numerated by ZsGreen

positive cells scanned by EVOS microscopy.
64



Chapter 2: Material and Methods

2.6.4 Temperature shift assay in the context of ONNV

C2C12 cells were infected with WT and W220A ONNV at an MOI of 0.2 and
incubated at 37°C or 28°C, with and without a temperature shift assay from 37°C to
28°C or 28°C to 37°C. Cells were fixed with 4% paraformaldehyde at 48 hpi.
ZsGreen expression and cells confluency were quantified by IncuCyte. Protein
expression of nsP1, P-elF2a and elF2a were determined by western blotting with

each sample 20 pg.

2.6.5 Infection of WT and W220A ONNV with and without ISRIB at different
temperatures
C2C12 cells were infected with WT and W220A ONNV at MOI 0.1. After incubation
at 37°C for 1 h, cells were replaced with complete media containing 200 nM ISRIB
and incubated at 37°C, 32°C or 28°C. Cells were either fixed with 4%
paraformaldehyde at 48 hpi, followed by ZsGreen scanned by EVOS microscopy,
or lysed in 1X GLB. ZsGreen expression representing ONNV genome replication
was quantified by ImageJ.

2.6.6 Infection of WT and mutants ONNV in cold shock protein ablated RD cell
lines at different temperatures

RD-shCTL, RD-shYB1, RD-shUNR and RD-shSRSF5 cells were seeded into 24

well plates. The cells in 24 well plates were not selected with puromycin as

puromycin might also affect cellular translation. The next day, each of the cell lines

was infected with WT, W220A, R243A/K245A ONNV at an MOI of 0.1 and was

incubated at 37°C or 28°C. Cells were fixed with 4% paraformaldehyde at 48 hpi

and ZsGreen expression was scanned and quantified by IncuCyte.

2.6.7 One-step growth curve of WT and W220A ONNV in cold shock protein
ablated RD cell lines at different temperatures

RD-shCTL, RD-shYB1, RD-shUNR and RD-shSRSF5 cells were seeded into 24

well plates. The cells in 24 well plates were not selected with puromycin. The next

day, each of the cell lines was infected with WT ONNV at an MOI of 0.1 and was

incubated at 37°C or 28°C. Cells were fixed with 4 % paraformaldehyde at 12, 24,
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36 and 48 hpi and ZsGreen expression of all time points were scanned and
guantified by IncuCyte. Virus titres at indicated time points from 28°C or 37°C were
determined by plaque assays at 28°C.

2.6.8 SG formation by Immunofluorescence assay (IFA)

The day before infection, 19 mm glass coverslips were transferred into each well of
12 well plates followed by sterilized by 70% ethanol for 30 mins and washed with
PBS for 3 times to remove ethanol residue. C2C12 cells were seeded into each
well of 12 well plates at a density of 1X 10° per well. The next day, cells were mock
infected or infected with WT ONNV at an MOI of 5 and incubated at 37°C or 28°C.
7 h later, mock infected cells were treated with 0.5 mM sodium arsenite (NaAsO2).
Cells were either fixed with 4% formaldehyde at 8 hpi, or treated with 100 pug/mi
cycloheximide (CHX) in NaAsO:treated cells or ONNV infected cells or for 45 min
prior to fixation. The coverslips were then stored at 4°C

For RD-shCTL, RD-shYB1, RD-shUNR, or RD-shSRSF5 cells, the next day each
of them was mock infected or infected with WT ONNV at an MOI of 5 and
incubated at 37°C or 28°C. 7 h later, mock infected cells were treated with 0.5 mM
NaAsO: for 1 h. Cells were fixed with 4% paraformaldehyde at 8 hpi. The

coverslips were stored at 4°C.

The next day, cells were washed twice with PBS, permeabilized with ice-cold
methanol at -20 °C for 10 min. Permeabilized cells were again washed with PBS
for 3 times with each time 5 min, then cells were blocked with 2% BSA in PBS for 1
h at RT. Then primary antibody G3BP (Abcam), TIA-1 (Thermo Fisher), elF4G
(Invitrogen) or G3BP (Proteintech) and P-elF2a (Invitrogen) in 2% BSA in PBS was
added to cells at a dilution of 1:200 and incubated at 4°C overnight. The next day,
cells infected with ONNV (except incubated with G3BP and P-elF2a primary
antibodies) were washed once with DEPC-PBS, incubated with J2 dsRNA antibody
(Scicons) for 1 h at RT at a dilution of 1:100. Cells were washed by DEPC-PBS for
3 times with each time 5 min. Then Alexa Fluor-594 chicken anti-rabbit secondary

antibody and Alexa Fluor-647 goat anti-mouse secondary antibody diluted in 2%
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BSA DEPC-PBS at a dilution of 1:500 were applied to cells at RT for 1 h in a dark
environment. Cells were then washed with DPEC-PBS 3 times with each time 5
min to remove unbounded secondary antibody. Then coverslips were mounted
onto glass microscope slides by Prolong Gold antifade reagent (Invitrogen,
Molecular Probes) containing the 4’, 6’-diamidino-2-phenylindole dihydrochloride
(DAPI) and sealed with nail varnish. Slides were then stored in dark for over 24 h.
Confocal microscopy images were then acquired using the Zeiss LSM880
microscope. Post-acquisition analysis of images was performed using Zen

software (Zen version 2018 black edition 2.3, Zeiss) or Fiji (v1.49) software.

2.7 Statistical analysis

Statistical analysis of all data was carried out using the One-way ANOVA followed
by Dunnett's post hoc test. Error bars presented in all graphs represent the
Standard Error (SE) of the Mean from three experimental replicates.
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3.1 Introduction

The AUD is the central domain in CHIKV nsP3, and is uniquely present in the
alphaviruses. The high identity of AUD sequence in alphaviruses suggests that this
domain plays a key role in the virus lifecycle. However, although AUD is essential
for alphavirus replication, its function in detail remains unclear. In this regard, our
laboratory recently demonstrated that AUD is required for both genome replication
and alphavirus assembly, the latter could be further explained by AUD binding to
sub-genomic RNA promoter as disrupted by the P247A/V248A mutant (Gao et al
2019). To further investigate other functions of AUD in alphavirus replication, site-
directed mutagenesis of surface exposed and conserved residues was performed
based on the structure of SINV AUD (Shin et al 2012). As CHIKV AUD shows a
high identity in different alphaviruses, AUD residues from different alphaviruses
were aligned and conserved amino acid residues exposed on the structure surface
were identified and mutated into the CHIKV-D-Luc-SGR (Fig. 3.1C). As a control,
one mutant Y324A at the end of AUD was also generated, which [ initially thought
would have no effect on viral replication. The effect of AUD mutations on genome
replication as well as translation were reflected by the dual luciferase reporter. Due
to differences in evolutionary origins, structures and substrates between firefly
luciferase (FLuc) and renila luciferase (RLuc), it is possible to selectively
discriminate their respective bioluminescent signals. In the structure of CHIKV-D-
Luc-SGR, RLuc is fused within the nsP3 hypervariable domain in ORF1 and FLuc
replaces structural components in ORF2 (Fig. 3.1C). RLuc activity is thus a marker
of ORF1 translation from the full-length RNA, and early time points of ORF1
represents input translation and allows assessment of transfection efficiency. As
ORF2 is translated from a sub-genomic RNA which is templated from the negative
strand replicative intermediate, FLuc activity thus represents genomic replication.
CHIKYV is an arbovirus and is transmitted by mosquitoes, mainly by Aedes aegypti
and Ae. albopictus (Chen et al 2018a), thus it is able to infect both mammalian and
mosquito cells. While CHIKYV infection induces strong and apparent CPE in a

variety of mammalian cell lines (Her et al 2010, Solignat et al 2009), it only lead to
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very light CPE in mosquito cells (Li et al 2013). The varied CPEs in mammalian
and mosquito cells suggest different mechanisms in virus replication and
assembly, so this chapter will focus on the impact of AUD mutants on replication of

CHIKV-D-Luc-SGR in both mammalian and mosquito cells.

As described before, five mammalian cell lines and two mosquito cell lines were
used in this chapter. Mammalian cells include C2C12, BHK-21, RD
(rhabdomyosarcoma), Huh7 and Huh7.5 cells. C2C12 is an immortalized mouse
myoblast cell line and is one of the most important cell lines used for CHIKV.
Huh7.5 cells is defective in RIG-I induced IFN antiviral response compared to Huh7
cells due to a mutation in one copy of the RIG-I gene, which results in expression
of a dominant negative form of RIG-I (Sumpter et al 2005), therefore both Huh7.5
and Huh7 cell lines were used to detect function of host IFN activity in response to
CHIKYV replication. Two mosquito cell lines U4.4 and C6.36 cells, both from Ae.
albopictus, were used to explore replication of AUD mutants in mosquito cells. In
C6/36 cells, there is a single nucleotide mutation in Dicer-2 (Dcr2) gene which
leads to a truncated Dcr2 protein and results in defective RNAI response
(Morazzani et al 2012). Replication phenotype of AUD mutants in C6/36 and U4.4

thus indicates AUD function with Dcr2 induced RNAI antiviral response.

As CHIKV is an RNA virus and its replication relies on error-prone RNA-dependent
RNA polymerase (lack proofreading), it is likely to be unstable during replication
(Holland et al 1982). Previous work showed that the general mutation rates of RNA
viruses ranging from 10-3 to 10-° substitution per nucleotide copied (Domingo 1997,
Drake 1993). In this case, CHIKV-D-Luc-SGR is likely to mutate and revert under
selective pressure for adaptation and evolution. In accordance with this
assumption, R243A/K245A in AUD of CHIKV nsP3 showed replication defects in
mammalian cells but exhibited similar replication levels compared to WT in
mosquito cells, this was due to reversion to WT with ongoing replication (Gao et al
2019). Therefore it was considered necessary to sequence the AUD mutants that
showed efficient replication, which might provide an explanation for the replication

phenotype.
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3.2 Results

3.2.1 Construction of AUD mutants in the context of CHIKV-D-Luc-SGR
CHIKV nsP3 consists of three domains: the macro domain, the AUD and the
hypervariable domain (Fig. 3.1A). AUD is a unique domain that shares high identity
in alphaviruses. To explore other functions of nsP3 AUD in alphavirus replication,
amino acid sequences of AUD in different CHIKV species and a range of both Old
World and New World alphaviruses were aligned (Fig. 3.2). Following the
confirmation of conserved residues in AUD, a panel of surface exposed residues in
the CHIKV nsP3 AUD were selected and mutations were designed based on the
protein structure of SINV nsP2/nsP3 (PDB ID code 4GGUA) (Fig. 3.1B), which
shares high identity between CHIKV and SINV AUD sequence (118 out of 243
residues are identical). Of the mutants, five were mutated to alanine and three
were mutated to glutamine (due to the existence of alanine at the same position in
other alphaviruses). The mutants were T218Q, M219Q, W220A, P221A, C246A,
D249A, A251Q and Y324A. These mutants were generated in the context of
CHIKV-D-Luc-SGR.
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N vacro | AUD | Hypervariable

CHIKV nsP3

5UTR 3'UTR

CHIKV-D-Luc-SGR

Figure 3.1 Selection of AUD mutants in CHIKV-D-Luc-SGR.

(A) Structure of CHIKV nsP3. nsP3 comprises of three domains: Macro-domain, AUD
(alphavirus unique domain), HVD (hypervariable domain). (B) Three-dimensional structure
of the SINV (Sindbis virus) AUD (Shin et al 2012). Conserved and surface exposed
residues targeted for mutagenesis are highlighted in corresponding colors. (C) Structure of
the CHIKV-D-Luc-SGR. RLuc (Renilla luciferase) is expressed as a fusion protein within
nsP3, FLuc (firefly luciferase) is expressed from the sub-genomic promoter (sg-prom).
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EEEV-KX029319 DIELVRVHPLSSLAGRPGYSTTEGKVYSYLEGTRFHQTAKDIAEIYAMWPNKQEANEQIC 233
WEEV-MN477208 DIDLVRVHPNSSLAGRPGYSVNEGKLYSYLEGTRFHQTAKDIAEIHAMWPNKSEANEQIC 231
SINV-3J02363.1 DDELVWIHPDSCLKGRKGFSTTKGKLYSYFEGTKFHQAAKDMAEIKVLFPNDQESNEQLC 232
ONNV-AFQ79456 DCDIVRVHPDSSLAGRKGYSTVEGALYSYLEGTRFHQTAVDMAEIYTMWPKQTEANEQVC 232
ONNV-M20303 DCDIVRVHPDSSLAGRKGYSTVEGALYSYLEGTRFHQTAVDMAEIYTMWPKQTEANEQVC 231
ONNV-NC_001512 dcdivrvhpdsslagrkgystvegalysylegtrfhqtavdmaeiytmwpkqteaneqvc 231
VEEV-MF590066 DAELVRVHPKSSLAGRKGYSTSDGKTFSYLEGTKFHQAAKDIAEINAMWPVATEANEQVC 236
CHIKV-KX168429 DCDVIRVHPDSSLAGRKGYSTTEGALYSYLEGTRFHQTAVDVAEIHTMWPKQTEANEQVC 233
SFV-KP271965 TTDLVRVHPDSSLVGRKGYSTTDGSLYSYFEGTKFNQAAIDMAEILTLWPRLQEANEQIC 231
RRV-M20162 ESDLIRVHPDSCLVGRKGYSITDGKLHSYLEGTRFHQTAVDMAEISTLWPKLQDANEQIC 233
CHIKV-KJ679578 DCDIVRVHPDSSLAGRKGYSTTEGALYSYLEGTRFHQTAVDMAEIYTMWPKQTEANEQVC 235
CHIKV-FR687348 DCDIVRVHPDSSLAGRKGYSTTEGALYSYLEGTRFHQTAVDMAEIHTMWPKQTEANEQVC 231
CHIKV-MH823668 DCDIVRVHPDSSLAGRKGYSTTEGALYSYLEGTRFHQTAVDMAEIYTMWPKQTEANEQVC 234
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ONNV-AF©79456 LYALGESIESVRQKCPVDDADASFPPKTVPCLCRYAMTPERVARLRMNHTTSIIVCSSFP 291
ONNV-M20303 LYALGESIESVRQKCPVDDADASFPPKTVPCLCRYAMTPERVARLRMNHTTSIIVCSSFP 291
ONNV-NC_001512 lyalgesiesvrgkcpvddadasfppktvpclcryamtpervarlrmnhttsiivcessfp 291
VEEV-MF590066 MYILGESMSSIRSKCPVEESEASTPPSTLPCLCIHAMTPERVQRLKASRPEQITVCSSFP 296
CHIKV-KX168429 LYALGESIESIRQKCPVDDADASSPPKTVPCLCRYAMTPERVTRLRMNHVTNIIVCSSFP 291
SFV-KP271965 LYALGETMDNIRSKCPVNDSDSSTPPRTVPCLCRYAMTAERIARLRSHQVKSMVVCSSFP 291
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CHIKV-KJ]679578 LYALGESIESIRQKCPVDDADASSPPKTVPCLCRYAMTPERVTRLRMNHVTSIIVCSSFP 295
CHIKV-FR687348 LYALGESIESIRQKCPVDDADASSPPKTVPCLCRYAMTPERVTRLRMNHVTSIIVCSSFP 291
CHIKV-MH823668 LYALGESIESIRQKCPVDDADASSPPKTVPCLCRYAMTPERVTRLRMNHVTSIIVCSSFP 291
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Figure 3.2 Sequence alignment of AUD fragment from multiple alphaviruses with

mutants indicated.

The alphaviruses aligned include different strains of CHIKV, other Old World alphaviruses
including SINV, Ross River virus (RRV), and O'Nyong-Nyong virus (ONNV), Semliki Forest
virus (SFV), as well as some of the New World Alphaviruses including Venezuelan,
eastern and western equine encephalitis viruses (VEEV, EEEV, and WEEV). * indicate
absolute conserved amino acid residues.

3.2.2 Replication of the AUD mutants in mammalian C2C12 cells

CHIKV mainly induces arthritis and joint pain (Schwartz & Albert 2010) and infect
muscle cells. To evaluate replication of the AUD mutants in mammalian cells, | first
transfected WT and mutant CHIKV-D-Luc-SGR RNA into C2C12, an immortalized
mouse myoblast cell line widely used in the study of CHIKV (Roberts et al 2017).
As expected, WT CHIKV-D-Luc-SGR exhibited very high level of genome
replication in C2C12 cells, with FLuc level peaking at 12 h post transfection (hpt)

and increasing over 1000-fold between 4-24 hpt (Fig. 3.3A). Similarly, AUD
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mutants T218Q, M219Q, P221A, C246A and A251Q showed as efficient
replication as WT. However, the three AUD mutants (W220A, D249A and Y324A)
showed significant lower levels of replication compared to WT CHIKV-D-Luc-SGR,
ranging from 10-200 fold reduction in replication. A polymerase-inactive mutant
(GDD-GAA in nsP4) was used as a negative control. In accordance with genome
replication, the three AUD mutants (W220A, D249A and Y324A) showed defects in
translation (Fig. 3.3B). The results confirmed replication defects of the three AUD
mutants (W220A, D249A and Y324A) in mammalian C2C12 cells.
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Figure 3.3 Replication and translation of WT and mutant CHIKV-D-Luc-SGR in C2C12
cells.

C2C12 cells were transfected with WT and mutant CHIKV-D-Luc-SGR RNAs and
incubated at 37°C. Cells were collected at 4, 12 and 24 h post transfection (hpt). Firefly
luciferase (FLuc) (A) and Renilla luciferase (RLuc) (B) activities were detected and
normalized to their respective 4 h values and thus values represent fold-change compared
to those 4 h values. GAA: nsP4 polymerase inactive mutant. *** (P<0.001), **** (P<0.0001)
compared to WT replication at 12 hpt. Data are displayed as the means £S.E. of three
experimental replicates.

3.2.3 Replication of the AUD mutants in mosquito cells

CHIKYV are transmitted by mosquitoes, mainly by Ae. albopictus and Ae. aegypti.
Here two cell lines C6/36 and U4.4, both from Ae. albopictus were used to evaluate
replication capacities of AUD mutants in CHIKV-D-Luc-SGR. C6/36 harbors a
frame shift mutation in Dcr2 gene, which results in a truncated Dcr2 protein and
thus is defective in RNAI response (Morazzani et al 2012). Consistent with this,
although robust replication for WT CHIKV-D-Luc-SGR in both cell lines were
observed, C6/36 supported higher levels of replication than U4.4 (Fig. 3.4A and
3.5A), increasing ~10,000-fold in C6/36 cells and ~100-fold in U4.4 cells between
4-48 hpt respectively. In agreement with more efficient replication in C6/36 cells,
WT CHIKV-D-Luc-SGR showed higher levels of translation in C6/36 cells than
U4.4 cells, increasing ~100-fold in C6/36 cells and ~10-fold in U4.4 cells between
4-48 hpt (Fig. 3.4B and 3.5B). However, unlike the replication defects of the three
AUD mutants in mammalian C2C12 cells, all AUD mutants showed similar
replication levels compared to WT in C6/36 cells or U4.4 cells. The results
indicated that the replication phenotype of AUD mutants was not related with RNAI

response and all AUD mutants replicated efficient in mosquito cells.
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Figure 3.4 Replication and translation of WT and mutant CHIKV-D-Luc-SGR in C6/36
cells.

C6/36 cells were transfected with WT and mutant CHIKV-D-Luc-SGR RNAs and incubated
at 28°C. Cells were collected at indicated time points. FLuc (A) and RLuc (B) levels were
detected and normalized to their respective 4 h values and thus values represent fold-
change compared to those 4 h values. **** (P<0.0001) compared to WT replication at 48
hpt. Data are displayed as the means *S.E. of three experimental replicates.
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Figure 3.5 Replication and translation of WT and mutant CHIKV-D-Luc-SGR in U4.4
cells.

U4.4 cells were transfected with WT and mutant CHIKV-D-Luc-SGR RNAs and incubated
at 28°C. Cells were collected at indicated time points. FLuc (A) and RLuc (B) levels were
detected and normalized to their respective 4 h values and thus values represent fold-
change compared to those 4 h values. **** (P<0.0001) compared to WT replication at 48
hpt. Data are displayed as the means *S.E. of three experimental replicates.

Normalized RLuc

3.2.4 Sequencing analysis of AUD mutants in mosquito cells

The three AUD mutants showed low replication in mammalian C2C12 cells but
replicated as efficient as WT in mosquito cells. The striking phenotypic differences
between mammalian and mosquito cell lines for the three AUD mutants led us to

investigate further. A simple explanation might be that these AUD mutants had
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reverted to WT with ongoing replication, as we had previously observed this
reversion for the AUD mutant R243A/K245A (Gao et al 2019). This AUD mutant
replicated poorly in C2C12 cells but replicated efficiently in mosquito cells, and this
was due to the fact that R243A/K245A gradually reverted to WT in C6/36 or U4.4
cells. To test this assumption, total RNA from transfected C6/36 and U4.4 cells at
72 hpt were extracted, nsP3 fragments encompassing mutations were amplified by
RT-PCR and then sequenced. To our surprise, none of the three AUD mutants had
reverted to WT or showed compensatory mutations and they retained the same
sequence as input RNA (Fig. 3.6). The results indicated that the ability to replicate
efficiently in mosquito cells for the three AUD mutants was not due to mutation

reversion.
W220A D249A Y324A
GGCcCcCC. GGCCG AAGCTA!
C6/36 H 4 AA - A AR
GGCCCC; ereXelere +AAGCTA
WT GTGGCC GGATCG AATATA

Figure 3.6 Sequencing analysis of AUD mutants in mosquito cells.

Cells were lysed by TRizol at 72 hpt and total RNA were extracted and purified by phenol-
chloroform. The cDNAs were synthesized by reverse transcription and nsP3 fragments
encompassing the mutations were amplified by PCR. Amino acid sequence of W220,
D249 and Y324 from WT were indicated and labelled as red.

3.2.5 Replication of the three AUD mutants in other mammalian cells

To confirm the replication defects of the three AUD mutants was not specific to
C2C12 cells, replication of the three AUD mutants were further investigated in RD,
BHK-21, Huh7 and Huh7.5 cells. Reassuringly, replication levels of the three AUD

mutants were lower compared to WT in all mammalian cells, although the
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magnitude of the replication defects varied between different cell lines (Fig. 3.7 and
3.8).

In RD cells, WT showed over 100-fold increase in replication between 4-12 hpt,
however, W220A and Y324A showed only 3 to 5-fold increase whereas D249A
increased ~20-fold in replication between 4-12 hpt (Fig. 3.7A left panel). Consistent
with defects in replication, the AUD mutants exhibited no increase in translation,

while WT showed a 2-fold increase in translation (Fig. 3.7A right panel).

In BHK-21 cells, WT showed ~300-fold increase in replication between 4-12 hpt,
however, W220A and D249A only showed ~10-fold increase whereas D249A
increased ~100-fold in replication between 4-12 hpt (Fig. 3.7B left panel).
Consistent with defects in replication, the three AUD mutants showed lower
translation levels compared to WT (Fig. 3.7B right panel). Interestingly, the
replication defects were less pronounced in BHK-21 cells, which is consistent with

our observation of other mutants in nsP3 (Roberts et al 2019).
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Figure 3.7 Replication and translation of WT and mutant CHIKV-D-Luc-SGR in RD
and BHK-21 cells.

RD (A) and BHK-21 (B) cells were transfected with WT and mutant CHIKV-D-Luc-SGR
RNAs and incubated at 37°C. Cells were collected at indicated time points. FLuc and RLuc
levels were detected and normalized to their respective 4 h values. ** (P<0.01), ****
(P<0.0001) compared to WT replication at 12 hpt. Data are displayed as the means £S.E.
of three experimental replicates.

Apart from RD and BHK-21 cell lines, two human hepatoma cell lines Huh7 and
Huh7.5 were utilized to evaluate replication levels of the three AUD mutants.
Huh7.5 is defective in the RIG-I induced IFN antiviral response. In Huh7 cells, WT
showed ~30-fold of increase in replication between 4-24 hpt, mutants W220A,
D249A and Y324A showed ~4-fold replication increases between 4-24 hpt (Fig.
3.8A left panel). Consistent with defects in RIG-I induced IFN activity, WT showed
~100-fold of increase in replication between 4-24 hpt in Huh7.5 cells, mutants
W220A, D249A and Y324A showed ~10-fold of increase in replication (Fig. 3.8B
left panel). Unlike translation increase of WT in other mammalian cells, no increase
in translation for WT and the AUD mutants in both Huh7 and Huh7.5 cells (Fig. 3.8
A and B, right panel) were observed. The results demonstrated the replication
defects of the three AUD mutants in human hepatoma cells, and the replication

phenotype of AUD mutants was not due to the RIG-I induced IFN response.
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Figure 3.8 Replication of WT and mutant CHIKV-D-Luc-SGR in Huh7 and Huh7.5
cells.

Huh7 (A) or Huh7.5 (B) cells were transfected with WT and mutant CHIKV-D-Luc-SGR
RNA and incubated at 37°C. Cells were collected at indicated time points. FLuc and RLuc
levels were detected and normalized to their respective 4 h values. GAA: inactive mutant
of nsP4 polymerase. **** (P<0.0001) compared to WT FLuc at 12 hpt. Data are displayed
as the means =S.E. of three experimental replicates.

Interestingly, although the replication defects were not due to RIG-I induced IFN activity, a
several-fold increase in replication for WT CHIKV-D-Luc-SGR but not for mutant CHIKV-D-
Luc-SGR at 4 hpt in IFN defective Huh7.5 and BHK-21 cells (Fig. 3.9) was observed.
Therefore, by normalization with 4 h RLuc, a more pronounced replication defects for the
three AUD mutants compared to these replication defects of the AUD mutants normalized

with 4 h FLuc (Fig. 3.9) was observed.
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Figure 3.9 Replication of WT and mutant CHIKV-D-Luc-SGR in Huh7.5 and BHK-21
cells (normalized to 4 h RLuc).

FLuc levels were normalized to their respective 4 h RLuc values. *** (P<0.001), ****
(P<0.0001) compared to WT replication at 12 hpt. Data are displayed as the means £S.E.
of three experimental replicates.

3.3 Discussion

CHIKV contains four non-structural proteins, however, nsP3 remains the least
understood in promoting RNA replication or in viral production (Rupp et al 2015).
CHIKV nsP3 consists of three domains — the macro domain, the AUD and the
hypervariable domain. The macro domain at the N terminus exhibits ADP-ribose,
RNA binding and ADP-ribosylhydrolase activity (Eckei et al 2017, Luscher et al
2018). The hypervariable domain at the C terminus shares low sequence identity
among different alphaviruses and is intrinsically disordered, which functions in
virus-host interactions with different cell types (Foy et al 2013a). The hypervariable
domain of CHIKV nsP3 was reported to interact with G3BP, and although the
proline-rich sequences in hypervariable domain of nsP3 were dispensable for
binding to G3BP (Panas et al 2014) , the two conserved FGDF motifs can be
sufficient for binding to G3BP (Panas et al 2014, Panas et al 2015, Panas et al
2012).

The role of AUD in CHIKYV replication, however, remains unclear. The conserved

amino acids sequence of AUD in different alphaviruses suggests its fundamental

role in viral lifecycle. Recently, our laboratory published a paper showing that AUD
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is necessary for viral assembly and replication, and one mutant P247A/V248A
reduced virus production significantly by reducing AUD binding affinity to sub-
genomic RNA promoter (Gao et al 2019). To further explore the function of AUD in
CHIKYV replication, | selected a panel of surface exposed and conserved residues
in the AUD domain and mutated them in the CHIKV-D-Luc-SGR. However, protein
structure of CHIKV nsP3 is still unavailable, therefore the closest structure | can
use for protein prediction is the SINV nsP2/nsP3 precursor, which includes the
nsP2 protease and methyltransferase-like domains in the C terminal and nsP3
macro domain and AUD (Shin et al 2012).

Among the mutants generated, T218Q, M219Q, P221A, C246A and A251Q
CHIKV-D-Luc-SGR showed similar levels of replication compared to WT in
mammalian C2C12 cells, indicating that these amino acid residues are not required
for viral replication (Fig. 3.3). However, | cannot rule out an effect of the five
mutants on virus assembly, as this was not evaluated in this study. The three
mutants W220A, D249A and Y324A CHIKV-D-Luc-SGR showed replication
defects compared to WT, suggesting the importance of these residues for
replication (Fig. 3.3). Surprisingly, in mosquito cells C6/36 and U4.4 (Ae.
albopictus), AUD mutants showed similar replication as WT (Fig. 3.4 and 3.5),
indicating a possibility that the replication defects of the three AUD mutants was
recovered in mosquito cells. As C6/36 is defective in RNAI response due to
inactive Dcr2 protein, the highly efficient replication of all the AUD mutants in both
cell lines suggest that the replication defect of the AUD mutants was not due to
RNAI in mosquito cells. | postulate that instead of exhibiting efficient replication in
mosquito cells, the three AUD mutants might had reverted to WT in both C6/36 and
U4.4 cells. This assumption comes from our previous work, the R243A/K245A in
AUD showed replication defects in mammalian cells but replicated efficiently in
mosquito cells, and later sequence analysis revealed that it had reverted to WT
with ongoing replication (Gao et al 2019). In order to initiate reverted mutations, the
R243A/K245A must be able to replicate in mosquito cells, even at a low level,
therefore providing replication complexes factors for mutation. However, contrary

to our expectations, sequencing analysis indicated that none of the three AUD
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mutants had reverted to WT, and all three AUD mutants retained the same
sequence as the input RNA (Fig. 3.6). These results demonstrated different
replication phenotypes for the three AUD mutants in mammalian C2C12 and

mosquito cells.

To confirm the replication defects of the three AUD mutants was not specific to
C2C12, replication levels of the three mutants were then further evaluated in other
mammalian cells, including RD, BHK-21, Huh7 and Huh7.5 cells. As expected, |
confirmed the replication defects of the AUD mutants were retained in all four
mammalian cells (Fig. 3.7 and 3.8). Interestingly, the replication defects of the AUD
mutants were less pronounced in BHK-21 cells, this is consistent with previous
observations of mutants in nsP3 macro domain (Roberts et al 2019). Replication
defects of the three AUD mutants in both Huh7 and Huh7.5 cells suggest this
replication phenotype due to mutations in AUD is not related with RIG-I induced
IFN response. However, | did observe a replication difference in IFN defective cells
(Huh7.5 and BHK-21 cells) compared to those mammalian cells (C2C12, RD and
Huh7 cells) with normal IFN activities. In mammalian cells with normal IFN
activities, similar levels of genome replication for WT CHIKV-D-Luc-SGR compared
to mutants and the negative control GAA at 4 hpt were observed, suggesting that
they haven't initiated replication at this time point. However, in these IFN defective
mammalian cells, WT exhibited a several-fold increase in replication at an early
time point (4 hpt), whereas these mutants showed no sign of increase in replication
(Fig. 3.9). The results indicated that WT CHIKV-D-Luc-SGR was able to initiate
replication earlier in IFN defective cells compared to cells with normal IFN
activities, suggesting the IFN response suppress virus replication. Intriguingly, the
three AUD mutants failed to show increase in replication at 4 hpt, suggesting a role
of AUD in counteracting IFN activities at early time points. However, as the AUD
mutants retained replication defects in IFN defective mammalian cells, |
determined that IFN activity was not the key factor in regulating the replication

phenotype of the AUD mutants.
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The replication of WT CHIKV-D-Luc-SGR also showed variable susceptibility in
different cell lines. C2C12 and RD allowed higher levels of replication than Huh7
and Huh7.5 cells, which suggest that muscle cells were more susceptible for
CHIKYV infection than liver cells, and this correlates with CHIKV pathogenicity. A
possible explanation is that the translation of non-structural proteins for WT
CHIKV-D-Luc-SGR in Huh7 or Huh7.5 cells was inhibited, as no increase in RLuc
activity (Fig. 3.8 A and B right panel) was observed, whereas in C2C12 or RD cells
translation of non-structural proteins is supported at a certain level, showing an
increase of 2 or 5-fold in RLuc activity (Fig. 3.3 B and 3.7 A right panel). Although
BHK-21 cell is not the target cell for CHIKV, WT CHIKV-D-Luc-SGR also replicated
more efficiently in BHK-21 cells than in RD cells, which could attribute to that BHK-
21 cells lack of type 1 IFN response (Truant & Hallum 1977) or is defective in NF-
KB activity (Roberts et al 2019).

In summary, | identified three AUD mutants that replicated poorly in mammalian
cells but replicated efficiently in mosquito cells, and the replication phenotype is not
due to mutation reversion in mosquito cells or related with RIG-I induced IFN

response.
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4.1 Introduction

Use of the dual luciferase reporter system in CHIKV SGR demonstrated replication
defects of the three AUD mutants in mammalian but not in mosquito cells.
Transmission of CHIKV from mosquitoes to humans is largely affected by
temperature. Previous work showed the survival rate of the two mosquito species
(Ae. albopictus and Ae. aegypti) are affected by upper and lower temperature
thresholds (Brady et al 2013). Experimental models and human cases showed that
transmission occurs between 18°C and 34°C with a maximum transmission at a
temperature range of 26°C-29°C (Mordecai et al 2017). Despite the fact that
mosquitoes (Ae. albopictus and Ae. aegypti) are the natural reservoir of CHIKV,
CHIKV replicates efficiently in human body, with a temperature jump from human
sub-physiological temperatures to physiological temperature. In accordance with
this, mosquito cell lines are cultured at 28°C and mammalian cells are cultured at
37°C (Zhu et al 1984). Therefore, temperature variance might be the key factor that
regulates replication defects of the AUD mutants. To test this, | initially transfected
the AUD mutants in the context of CHIKV-D-Luc-SGR into C2C12 cells, an
immortalized mouse myoblast cell lines widely used in the study of CHIKV (Roberts
et al 2017) and incubated cells at 28°C or 37°C. Apart from C2C12 cells, this
assumption was also investigated in Huh7 and Vero cells to confirm the
relationship between temperature variance and replication phenotype of the AUD

mutants.

Previous studies have used luciferase reporter systems to detect alphavirus
replication (Pohjala et al 2008) or infection (Steel et al 2013). The application of
luciferase reporter system allows rapid assessment of genome replication or non-
structural protein translation. However, not all the infectious clones of SFV RLuc
were positive (21 of 23 were positive) (Pohjala et al 2008). Therefore | also
exploited replication phenotype of the CHIKV-FLuc-SGR (CHIKV SGR without
RLuc thus expressing WT nsP3) and the CHIKV-nsP3-mCherry-FLuc-SGR (CHIKV
SGR RLuc replaced with mCherry) at 28°C or 37°C, to determine whether it is a

factor that affects the replication phenotype. As an arbovirus, CHIKV transmitting
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from mosquitoes to humans undergoes a temperature jump, thereof the
relationship between temperature variance and replication phenotype was also
investigated in other arboviruses. To test it, | used SGRs from Bunyamwera virus
(BUNV) (Leonard et al 2006) and Zika virus (Malone et al 2016) and investigated
their replication at 28°C or 37°C. This would help identify whether temperature
variance affect replication phenotype of other arboviruses.

Our previous work showed that AUD functions in virus replication and assembly,
the later can be further explained by AUD binding to sub-genomic promoter, as
shown by the P247A/V248A mutant (Gao et al 2019). Thereof, | also explored
replication phenotype of the AUD mutants in the context of CHIKV using a ICRES-
CHIKYV infectious clone (Tsetsarkin et al 2006) at 28°C or 37°C. The consistency of
the relationship between temperature variance and replication phenotype of the
AUD mutants in CHIKV SGR and CHIKV would confirm the role of temperature in

determining replication phenotype of the AUD mutants.

4.2 Results

4.2.1 Temperature plays a key role in determining replication phenotype of
the AUD mutants in CHIKV-D-Luc-SGR
To investigate whether temperature plays a key role in determining replication
phenotype of the AUD mutants, C2C12 cells were transfected with WT and mutant
CHIKV-D-Luc-SGR RNA and incubated at 37°C or 28°C, harvested at indicated
time points and assayed for RLuc and FLuc activities. Results showed that while
AUD mutants exhibited similar levels of replication compared to WT at 28°C
(increased ~10,000-fold) between 4-24 hpt, they exhibited significant lower levels
of replication (5-20 fold increase) compared to WT (increased ~100-fold) at 37°C
between 4-24 hpt (Fig. 4.1). Intriguingly, WT CHIKV-D-Luc-SGR showed similar
levels of replication (increased ~100-fold) at both temperatures between 4-12 hpt.
However, replication then increased ~100-fold at 28°C but reduced slightly at 37°C
from 12-24 hpt (Fig. 4.1).
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For translation, RLuc levels of WT and mutant CHIKV-D-Luc-SGR increased ~200-
fold from 4-24 hpt at 28°C but only increased modestly for WT (3-5 fold) and AUD
mutants (1-2 fold) at 37°C, indicating much more efficient translation at 28°C
compared to 37°C (Fig. 4.1). The optimal temperature for FLuc activity is between
22°C to 28°C (Zhu et al 1984). In order to confirm that these observations were
not due to the varied activities of luciferase at physiological and sub-physiological
temperatures, nsP1 expression was detected by western blotting. As expected,
protein expression of nsP1 at 28°C was high and similar for WT and mutant
CHIKV-D-Luc-SGR, while GAA showed no protein expression (Fig. 4.2 left).
However, WT CHIKV-D-Luc-SGR only showed a weak nsP1 band whereas no
nsP1 can be detected for the AUD mutants and GAA at 37°C (Fig. 4.2 right). The
high and similar levels of nsP1 for WT and the AUD mutants at 28°C and only a
low level of nsP1 for WT but no nsP1 can be detected for the AUD mutants at 37°C
further supported high levels of genome replication for CHIKV SGR at sub-

physiological temperature.
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Figure 4.1 Replication and translation of WT and mutant CHIKV-D-Luc-SGR in C2C12
cells at 28°C or 37°C.

C2C12 cells were transfected with WT and mutant CHIKV-D-Luc-SGR RNA and incubated
at 37°C or 28°C, cells were then lysed at indicated time points. GAA: nsP4 polymerase
inactive mutant. RLuc and FLuc were detected and normalized to their respective 4 h
values. Significant differences denoted by **** (P<0.0001) compared to WT replication at
24 hpt at their respective temperatures. Data are displayed as the means +S.E. of three
experimental replicates.

28°C 37°C
kba  yr W220A  D249A  Y324A  GAA kDa  wr W220A  D249A  Y324A GAA
60 | D — — — | nsP1 60 | - - |nsP1
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Figure 4.2 Protein expression of nsP1 for the WT and mutant CHIKV-D-Luc-SGR in
C2C12 cells at 28°C or 37°C.

C2C12 cells were transfected with WT and mutant CHIKV-D-Luc-SGR RNAs and
incubated at 37°C or 28°C. Cells were lysed at 24 hpt by 1X passive lysis buffer (PLB).
Protein concentrations were determined by BCA assay, then 20 pg of each sample was
loaded and analysed by western blot. Actin was also detected by western blot as a loading
control.

To confirm that the temperature dependent replication phenotype of the AUD
mutants was not specific to C2C12 cells, | further investigated this in Huh7 cells.
Similar to C2C12, genome replication of WT and mutant CHIKV-D-Luc-SGR
increased ~10,000-fold at 28°C between 4-24 hpt, however, replication only
increased 5-fold for WT and 2-fold for AUD mutants between 4-12 hpt at 37°C (Fig.
4.3). Combining the data from C2C12 and Huh7, results indicated that AUD
mutants exhibited a temperature sensitive, rather than a cell-type specific

replication phenotype.
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Figure 4.3 Replication of WT and mutant CHIKV-D-Luc-SGR in Huh7 cells at 28°C or
37°C.

Huh7 cells were transfected with WT and mutant CHIKV-D-Luc-SGR RNAs and incubated
at 37°C or 28°C, cells were then harvested at indicated time points. RLuc and FLuc were
detected and normalized to their respective 4 h values. Significant differences denoted by
**(P<0.01), *** (P<0.001), **** (P<0.0001) compared to WT replication at 24 hpt at their
respective temperatures. Data are displayed as the means £S.E. of three experimental
replicates.

4.2.2 Antiviral IFNa/B response is not responsible for the temperature
sensitive replication phenotype of the AUD mutants
Recently, it was shown that IFNa/B activities were reduced at lower temperature,
which resulted in higher levels of virus replication and production (Prow et al 2017).
To investigate if the temperature sensitive replication phenotype of the AUD
mutants at physiological and sub-physiological temperatures could be explained by
differences in IFNa/B activities, Vero cells were used as they cannot produce
IFNa/B but they can respond to exogenous IFNa/B. As shown in Figure 4.4, WT
and mutant CHIKV-D-Luc-SGR showed ~1000-fold increase in genome replication
at 28°C, although WT exhibited higher level of replication at 4 pht compared to
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mutants at 37°C (data normalized to 4 h RLuc). However, AUD mutants failed to
replicate at 37°C while WT only showed a several-fold increase in replication (Fig
4.4). As Vero cells failed to produce IFNa/p3, thus the differences of IFNa/
response at various temperatures in Vero cells can be ignored. Therefore, |
conclude that the temperature sensitive replication phenotype for the AUD mutants
in mammalian cells is not due to the previously documented reduced activity of the

IFN antiviral response at lower temperature (Prow et al 2017).
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Figure 4.4 Replication of CHIKV-D-Luc-SGR mutants in Vero cells at different
temperatures.

Vero cells were transfected with WT and mutant CHIKV-D-Luc-SGR RNAs and incubated
at 37°C or 28°C, cells were then lysed at indicated time points. RLuc and FLuc were
detected and normalized to their respective 4 h values. Significant differences denoted by
**% (P<0.0001) compared to WT replication at 24 hpt at their respective temperatures.
Data are displayed as the means +S.E. of three experimental replicates.

4.2.3 Enhanced genome replication at sub-physiological temperature is not
dependent on the nature of fused-nsP3 reporter proteins
Although I have shown that AUD mutants exhibited temperature sensitive

replication phenotype, showing much higher levels of genome replication at sub-
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physiological temperature, there is a concern that the replication phenotype might
be affected by the nature of fused nsP3-reporter proteins. Previous work also
showed that not all the fused luciferase reporter system are positive for luciferase
activity (Pohjala et al 2008). To test this, two alternative CHIKV SGRs were
generated, namely CHIKV-nsP3-mCherry-FLuc-SGR (in which the RLuc reporter
was replaced with mCherry) and CHIKV-FLuc-SGR (RLuc removed and thus
expressing unfused nsP3) (Fig. 4.5A). The three CHIKV SGRs were then tested in
C2C12, Huh7 and Vero cells at 28°C or 37°C.

As shown in Figure 4.5B, replication of the three CHIKV SGRs showed higher
genome replication at 28°C compared to 37°C in C2C12 cells. In detail, WT
CHIKV-D-Luc-SGR showed ~500-fold increase in replication at both temperatures
between 2-12 hpt, however, replication continued to increase over 20-fold at 28°C
but reduced slightly at 37°C (Fig. 4.5B top left panel). Genome replication of WT
CHIKV-FLuc-SGR also showed similar levels of increase compared to WT CHIKV-
D-Luc-SGR at either 28°C or 37°C (Fig. 4.5B bottom left panel), suggesting that
the nature of fused nsP3-RLuc reporter protein does not interfere with the
replication phenotype. Interestingly, a slight reduction at 37°C and a significant
reduction at 28°C in replication was observed for CHIKV-nsP3-mCherry-FLuc-SGR
compared to CHIKV-FLuc-SGR between 2-12 hpt (Fig. 4.5B right panel). However,
replication continued to increase over 50-fold at 28°C whereas it only increased 2-
fold at 37°C between 12-24 hpt. The reduced genome replication of CHIKV-nsP3-
mCherry-FLuc-SGR indicated a negative effect of the fused nsP3-mCherry reporter

protein at early stage of replication.

In Huh7 and Vero cells, the three CHIKV SGRs showed much higher levels of
genome replication at 28°C compared to 37°C between 2-24 hpt, although the
increase in genome replication varied (50-500 fold for Huh7 cells and 10-200 fold
for Vero cells) at 28°C from 2-12 hpt (Fig. 4.6A and B). Interestingly, unlike in
C2C12 cells, replication of WT CHIKV-D-Luc-SGR and WT CHIKV-nsP3-mCherry-
FLuc-SGR showed significant lower levels of replication compared to WT CHIKV-
FLuc-SGR at 37°C in Huh7 or Vero cells (Fig. 4.6A and B). In detail, WT CHIKV-D-
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Luc-SGR showed ~30-fold increase and WT CHIKV-nsP3-mCherry-FLuc-SGR
showed ~100-fold increase in replication at 37°C whereas WT CHIKV-FLuc-SGR
increased ~300-fold at 37°C in Huh7 cells (Fig. 4.6A). In Vero cells, WT CHIKV-D-
Luc-SGR showed ~15-fold increase and WT CHIKV-nsP3-mCherry-FLuc-SGR
showed ~40-fold increase in replication, whereas WT CHIKV-FLuc-SGR increased
~150-fold at 37°C (Fig. 4.6B).

The replication phenotype from three CHIKV SGRs in C2C12, Huh7 or Vero cells
at 28°C and 37°C indicated that the replication phenotype of CHIKV SGR regulated
by temperature variance is not dependent on the nature of fused nsP3-reporter
protein. However, the nature of fused nsP3-reporter protein did have a negative
effect on genome replication in a cell type-specific way at 37°C, which can be

overcome at sub-physiological temperature.
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Figure 4.5 Replication of three CHIKV SGRs in C2C12 cells at 28°C or 37°C.

(A) Schematic the three CHIKV SGRs. (B) The three CHIKV SGRs were transfected into
C2C12 cells and cultured at 28°C or 37°C. Cells were then harvested at indicated time
points. FLuc were detected and normalized to their respective 2 h values. Significant
differences denoted by ns (P>0.05), **(P<0.01), **** (P<0.0001) compared to replication of
WT CHIKV-FLuc-SGR at 24 hpt at their respective temperatures. Data are displayed as
the means +S.E. of three experimental replicates.
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Figure 4.6 Replication of three CHIKV SGRs in Huh7 or Vero cells at 28°C or 37°C.

Huh7 cells (A) and Vero cells (B) were transfected with the three CHIKV SGRs and
cultured at 28°C or 37°C. Cells were then harvested at indicated time points. FLuc were
detected and normalized to their respective 2 h values. Significant differences denoted by
ns (P>0.05), **(P<0.01), *** (P<0.001), **** (P<0.0001) compared to replication of WT
CHIKV-FLuc-SGR at 24 hpt at their respective temperatures. Data are displayed as the
means £S.E. of three experimental replicates.
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4.2.4 Enhanced genome replication in mammalian cells at sub-physiological
temperature is not exhibited by Zika virus and bunyamwera virus
(BUNV).

Transmission from mosquitoes to humans undergoes a temperature jump from

sub-physiological temperatures to physiological temperature (37°C) (Alto et al

2018). Although CHIKYV replicates efficiently in mammalian cells (Roberts et al

2017), replication of CHIKV SGR suggest a more efficient replication at sub-

physiological temperature (28°C). Thus this might be a common feature in other

arboviruses that share a mode of transmission from mosquitoes to humans via a

peripheral bite. Therefore, replication of SGRs from BUNV (Weber et al 2001) and

Zika virus (Malone et al 2016) was tested. BUNV is negative-sense, single-

stranded RNA virus, belonging to the Bunyaviridae family, and Zika virus is a

positive-sense, single stranded RNA virus in the Flaviviridae family. A schematic

of the BUNV and Zika virus replicons is shown in Figure 4.7A. A ~20-fold increase
in genome replication for BUNV replicon at 37°C or 28°C from 4-24 hpt, and a ~2-
fold increase in Zika virus replication at 28°C or 37°C from 4-12 hpt (Fig. 4.6B) was
observed. The results indicated that the enhanced genome replication at sub-

physiological temperature is not a feature exhibited byBUNV and Zika virus.
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Figure 4.7 Replication of Zika virus SGR and Bunyamwera virus (BUNV) mini-
genome at 28°C or 37°C.

(A) Schematic of the BUNV mini-genome (Weber et al 2001) and Zika virus SGR (Malone
et al 2016). (B) Replication of Zika virus SGR and BUNV mini-genome at 28°C or 37°C.
The BSR-T7 cells supplied with 200 pg/ml G418 were transfected with BUNV mini-genome
RNA and incubated at 28°C or 37°C. BHK-21 cells were transfected with Zika virus SGR
RNA and incubated at 28°C or 37°C. Cells were harvested at indicated time points and
RLuc activities or Nano luciferase (NLuc) were measured and normalized to their
respective 4 h values. Data are displayed as the means +S.E. of three experimental
replicates.
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425 The AUD mutants retained the temperature sensitive replication
phenotype in the context of infectious CHIKV
Previously we identified a novel function of the CHIKV AUD in promoting virus
assembly (Gao et al 2019), Here | wished to determine whether the phenotype in
the context of CHIKV SGR was also seen in infectious CHIKV. Therefore, the three
AUD mutations (W220A, D249A and Y324A) were generated in the backbone of
the ICRES-CHIKYV infectious clone (Tsetsarkin et al 2006). In vitro transcribed RNA
for each mutant was transfected into C2C12 cells and released viruses were
harvested from supernatant at 48 h post infection (hpi) and titrated by plaque assay
on BHK-21 cells at 37°C. As shown in Figure 4.8 right panel, the AUD mutants
produced much less infectious viruses than WT at 37°C, which showed ~10,000-
fold reduction in virus titre. However, unlike the CHIKV SGR data where the AUD
mutants exhibited indistinguishable replication from WT at 28°C, the AUD mutants
also showed significantly less virus titres compared to WT (between 5-50 fold
reduction) at 28°C (Fig. 4.8 left panel), although the reduction was much less
pronounced compared to at 37°C. Sequencing analysis work of the ICRES-CHIKV
AUD mutants at 37°C or 28°C indicated no reversion had occurred at either 28°C
or 37°C. To note, unlike the marked differences in genome replication using CHIKV
SGRs, WT ICRES-CHIKV only showed 2-fold increase in virus production at 28°C
than 37°C (Fig. 4.8). The data indicated that higher levels of alphavirus genome
replication did not lead to a concomitant increase in assembly and release of the

infectious virus.

Plaque size of W220A produced at 37°C was much smaller, while D249A and
Y324A at 37°C showed similar sizes compared to WT (Fig. 4.9). Interestingly,
plague size of W220A produced at 28°C was also much smaller than WT (Fig. 4.9),
suggesting a possible growth defect of W220A (produced from 28°C) at 37°C.
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Figure 4.8 Phenotype of WT and the AUD mutants in the context of ICRES-CHIKV
production at 28°C or 37°C.

C2C12 cells were transfected with WT and mutant ICRES-CHIKV RNAs and incubated at
28°C or 37°C. Supernatants were collected and titrated by plaque assay at 48 h post
infection (hpi) and cells were fixed with 4% paraformaldehyde. Plaque assays were
performed on BHK-21 cells at 37°C. BHK-21 cells were fixed with 4% paraformaldehyde at
48 hpi and stained with 0.05% crystal violet. Data are displayed as the means *S.E. of
three experimental replicates.
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Transfection at 28°C [/
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Figure 4.9 Plague sizes of WT and mutant ICRES-CHIKV harvested from 28°C or
37°C.

The plague assay was conducted at 37°C on BHK-21 cells.
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4.3 Discussion

Previous work identified the phenotypic replication defects of the three CHIKV
AUD mutants in mammalian cells but not in mosquito cells. Mosquito cells are
cultured at 28°C and mammalian cells are cultured at 37°C. Transmission of
CHIKYV from mosquitoes to humans undergoes a temperature jump and is thus
largely affected by temperature. It was proposed that temperature variance might
be the key regulator that determine replication phenotype of the AUD mutants.
Unfortunately, most mosquito cells fail to survive over 33°C (Kuno & Oliver 1989),
therefore | tested replication of WT and mutant CHIKV-D-Luc-SGR in mammalian
cells at 37°C or 28°C. | confirmed that temperature plays a key role in the
replication phenotype of the AUD mutants as replication defects of the AUD
mutants at 37°C was completely recovered at 28°C (Fig. 4.1 and 4.2). Intriguingly,
replication of WT CHIKV-D-Luc-SGR at 28°C was significantly higher
(approximately 100-fold) than at 37°C. This was further supported by the protein
expression of nsP1 at 28°C or 37°C (Fig. 4.2), rather than the varied activities of

FLuc at different temperatures (Mehrabi et al 2008).

Previous work showed that CHIKV infection was enhanced at lower temperatures,
which was correlated with reduced IFN activities (Lane et al 2018, Prow et al
2017). However, unlike the ~100-fold increase in genome replication at sub-
physiological temperature (28°C), the CHIKV titres only increased a few-fold at
lower temperatures (Lane et al 2018). As Vero cells are defective in IFNa/f3
activities, my data indicated that the enhanced replication at 28°C is not due to the
previously documented reduced IFN response at sub-physiological temperature
(Lane et al 2018, Suopanki et al 1998), other mechanisms unknown affected by

temperature play a more important role in the replication phenotype.

There was also a concern on the nature of the fused nsP3-reporter protein, as it
might have a negative effect on replication of the CHIKV SGR at 37°C, which
results in a pseudo phenotype of enhanced genome replication at sub-
physiological temperature. My data using three CHIKV SGRs in C2C12, Huh7 and
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Vero cells at 28°C or 37°C demonstrated that the replication phenotype of
enhanced genome replication for CHIKV SGR at lower temperature is not due to
the nature of the fused nsP3-reporter protein (Fig. 4.5 and 4.6). To note, consistent
with low levels of replication for WT CHIKV-D-Luc-SGR in Huh7 or Vero cells at
37°C (Fig. 4.3), significant lower levels of replication for WT CHIKV-D-Luc-SGR
and WT CHIKV-nsP3-mCherry-FLuc-SGR compared to WT CHIKV-FLuc-SGR in
Huh7 or Vero cells at 37°C (Fig. 4.6) were observed. This suggested that the
nature of the fused nsP3-reporter protein did suppress replication of CHIKV SGR
at 37°C, but in a cell-type specific way, and the defects can be compensated at
sub-physiological temperature. Previous work identified luciferase reporter system
as a useful tool to detect alphavirus replication (Pohjala et al 2011) or production
(Steel et al 2013). However, some luciferase proteins fused with alphavirus non-
structural proteins showed a negative effect on replication (Pohjala et al 2011).
Further work needs to be conducted to investigate how the nature of the fused
nsP3-reporter proteins suppress alphavirus replication and why it was ablated at

lower temperature.

As the first cells infected by CHIKV via a mosquito bite would be in the periphery
and thus not at 37°C, it is reasonable to assume that the enhanced genome
replication for CHIKV SGR at sub-physiological temperature supports CHIKV
replication. However, my data indicated that it was not the case for BUNV and Zika
virus replicons (Fig. 4.7). This suggested that this phenotype is alphavirus specific.
In further explaining this, we noticed both nsP3 macrodomain and the AUD does
not have functional homologues in bunyaviruses or flaviviruses. Therefore the
function of nsP3 macrodomain and the AUD therefore might potentially responsible
for the enhanced replication phenotype at sub-physiological temperatures, further

evidence and research are needed to support this assumption.

| extended the replication phenotype of the AUD mutants in the context of CHIKV-
D-Luc-SGR to infectious CHIKV. As expected, the AUD mutants showed much
higher levels of virus production (over 1000-fold) at 28°C than at 37°C, supporting
the temperature-sensitive phenotype of the AUD mutants (Fig. 4.8). Unlike the
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indistinguishable replication for WT and mutant CHIKV-D-Luc-SGR at 28°C, the
AUD mutants in the context of ICRES-CHIKV showed significant reduction (5-50
fold) in virus titers compared to WT at 28°C (Fig. 4.8). This might be explained by
that viruses of the AUD mutants produced at 28°C still have growth defects at
37°C, as the plaque size of W220A (harvested from 28°C) was still smaller
compared to WT when plaque assay was conducted at 37°C. However, plaques
failed to form in BHK-21 cells at 28°C by crystal violet, so this cannot be confirmed
further. Unlike significant higher levels of replication for CHIKV SGR at sub-
physiological temperature, there was only a modest increase (2-fold) in virus
production for WT ICRES-CHIKYV at 28°C compared to at 37°C, indicating a defect
in virus assembly or release from cells at lower temperature. Indeed, previous work
demonstrated alphavirus budding is temperature dependent, with the optimal

budding occurring at physiological temperatures (Lu & Kielian 2000).

Previously a number of studies focused on temperature sensitive mutants (ts
mutants) of alphaviruses (Balistreri et al 2007, Barton et al 1988, Lulla et al 2008,
Sawicki & Sawicki 1985, Sawicki & Sawicki 1993, Sawicki et al 1981, Wang et al
1991). Two ts mutants in SFV nsP1 (D119N and E529D) showed defects in
synthesis of negative strand RNA at 39°C, indicating the role of nsP1 in negative-
strand RNA synthesis (Lulla et al 2008). SINV nsP3 F312S (a ts mutant)
destabilized the hydrophobic core, which is surrounded by the macro, AUD and
nsP2 MT-like domain, and disrupted domain interaction at the non-permissive
temperature 40°C (Hahn et al 1989a). Several ts mutants in nsP2 identified this
protein as a regulator of sub-genomic RNA through the protease and the helicase
domain by recognizing the sub-genomic promoter (Balistreri et al 2007, Suopanki
et al 1998). Therefore, assumptions of enhanced genome replication at sub-
physiological temperature can be explained by the enhanced proteinase activity
(for cleaving non-structural proteins) at sub-physiological temperature (Balistreri et
al 2007), or reduced degradation of non-structural proteins/ proteins involved in
replication complexes, as temperature down-shift decreased expression of genes
involved in ERAD (Torres et al 2021). Another possible explanation is that although

the three AUD mutants are distal from each other, their side chain protrusions are
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adjacent to each other in spatial structure, whereas mutations of these residues
removed these protrusions. It is possible that that losing of these protrusions might
be lethal to virus replication at 37°C but not at 28°C, which can be further explained
in RNA folding or RNA-protein interaction differently at 28°C or 37°C. Other
possible mechanisms might be related with cell response, which is ablated or
blunted at sub-physiological temperatures, | will discuss this further in the next
chapter.
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5.1 Introduction

The activity of elF2a is a key regulator of protein synthesis in mammalian cells
(Dever 2002). Upon phosphorylation, elF2a binds to elF2B more tightly, which
prevents elF2B-mediated guanine nucleotide exchange on elF2a and the
regeneration of the active GTP-bound state, resulting in a global translation arrest
(Harding et al 2002). In mammalian cells, there are four kinases that phosphorylate
elF2a, each of which is activated by distinct types of stress. The HRI is activated
by oxidative stress (McEwen et al 2005) or heat shock (Lu et al 2001a), GCN2 is
activated by amino acid deprivation (Wek et al 1995) or UV light-induced damage
(Deng et al 2002); PKR is specifically activated by sensing dsRNA (Srivastava et al
1998) and PERK is activated by ER stress (Harding et al 2000a, Harding et al
2000b). Treated by sodium arsneite (NaAsOz2), one of the oxidative stresses, the
cells exhibited similar levels of phosphorylation of elF2a at different temperatures
(33°C, 35°C and 37°C) (Wheeler et al 2016). CHIKV has been reported to
suppress elF2a phosphorylation by nsP4 protein (Rathore et al 2013).

Phosphorylation of elF2a blocks the recognition of the initiation codon and the
recruitment of large ribosomal subunit, resulting in the accumulation of stalled 48S
messenger RNA ribonucleoprotein particles (MRNPs) (Jackson et al 2010). SG are
the discrete foci in the cytoplasm, which results from the accumulation of the
stalled 48S ribosomal complexes. Experimentally, NaASO: is typically used for SG
induction, and the formation of SG is regarded as an adaptation step for cells
exposed to environmental stress (Kedersha & Anderson 2002). SG are sites of
MRNA storage, as they are disassembled along with the release of mMRNA when
the stress is removed. In the assembly of SG, it is assumed that there is a balance
between polysome-bound (translated) mRNA and non-translated mRNA, and the
SG assemble is due to an excess of non-translated mRNA in the cytoplasm
(Kedersha et al 2000). Treatment of CHX reduces the levels of non-translated
MRNA by stabilizing polysomes, in which the SG induced by NaAsO: is dispersed
by CHX. The structure of SG is highly dynamic and the components of SG keep

rapid change with some proteins shutting in and out in seconds (Kedersha et al
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2005). The composition of SG is thus variable, with over a hundred different
components. The main components of SG contain stalled mRNAs, translation
initiation factors, small ribosomal subunits, and various mMRNA binding proteins.
Despite varied compositions (Kedersha & Anderson 2007), certain components
including the Ras GTP-activating protein-binding protein G3BP1/2, are required for
all SG formation (Kedersha et al 2016, Matsuki et al 2013, Tourriere et al 2003).
SG formation was postulated as hubs for regulating multiple signaling activities
upon recruitment of signaling proteins (Hetz 2012, Kedersha et al 2013, Kim et al
2005) and promote antiviral responses (Arimoto et al 2008). RIG-I (Onomoto et al
2012) and MDAS (Langereis et al 2013), for example, are recruited to SG. These
RIG-I-like receptors were recognized as some of the most potent antiviral
cytoplasmic pathogen recognition receptors (Randall & Goodbourn 2008,
Yoneyama et al 2005). A specific interaction between PxxP domain of G3BP within
SG and PKR was shown to activate PKR, suggesting a strong antiviral role of SG
and G3BP (Reineke & Lloyd 2015). In SFV infection, TIA-1/R positive granules are
formed transiently, but later disassembled with viral ongoing replication (Mclnerney
et al 2005). Two FGDF repeats in the CHIKV nsP3 hypervariable domain have
been shown to bind to G3BP (Panas et al 2015, Schulte et al 2016), and depletion
of G3BP reduced CHIKYV replication and infection (Scholte et al 2015). Recent
work showed the assembly and disassembly of SG was determined by the ADP-
ribosylhydrolase activity of CHIKV nsP3 macro domain (Jayabalan et al 2021),
rather than the previously expected nsP3 hypervariable domain. Disassembly of
translation initiation factors and other stress-related proteins from SG results in the

formation of another type of membranous granules (Jayabalan et al 2021).

To investigate the mechanism behind temperature variance, | used an ONNV
construct for infection (kind gift from Prof. Andres Merits, University of Tartu) (Fig.
5.1A). ONNV is an arbovirus and the only known reservoir is human
(Vanlandingham et al 2005). CHIKV is closely related to ONNV, as they probably
diverged from a common ancestor thousands of years ago (Powers et al 2000).
Unlike CHIKV, which requires BSL3 containment, work with infectious ONNV can

be conducted at BSL2. The ZsGreen, expressed from a second copy of sub-
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genomic promoter in ONNV-2SG-ZsGreen (Fig 5.1A), allows rapid assessment of
genome replication. Similar to CHIKV, | tested the replication phenotype of WT and
AUD mutants in the context of infectious ONNV by transfection at 28°C or 37°C.
Confirmation of the replication phenotype of the AUD mutants in ONNV would
facilitate the use of ONNV to investigate the mechanism in temperature variance
without requiring BSL3 containment. | also tested the phosphorylation of elF2a by
infection with ONNV at an MOI of 5 and incubated at 28°C or 37°C. The data would
provide direct evidence on phosphorylation of elF2a in response to ONNV infection

at both temperatures.

Previous studies have investigated temperature-sensitive mutants of alphaviruses
by use of a temperature shift assay (Kaariainen et al 1978, Saraste et al 1977,
Suopanki et al 1998). In order to investigate how temperature variance affects
replication of WT and the AUD mutants and if the effect of elF2a phosphorylation
was affected by temperature variance, temperature shift assay was performed
using WT CHIKV-D-Luc-SGR by transfection or WT and mutant ONNV by
infection. ISRIB was first reported to enhance cognitive memory via reversing the
effect of elF2a phosphorylation (Sidrauski et al 2013). Therefore, | tested
replication of WT and mutant in the context of CHIKV-D-Luc-SGR or ONNV with
ISRIB, to determine if inhibition of the effect of elF2a phosphorylation at 37°C was

able to recapitulate the replication phenotype at sub-physiological temperatures.

Previous work showed that SG formation at lower temperature was suppressed
and delayed (Wheeler et al 2016). To further explain why alphavirus genome
replication was enhanced in mammalian cells at sub-physiological temperatures,
my attention focused on the formation of SG. | first tested this by treatment with
NaAsO: at two temperatures. As | was only able to detect visible granules in
response to ONNV infection at 8 hpi, and they might be different from bona fide
SG, hereafter they were termed G3BP-positive granules. The formation of G3BP-
positive granules at 28°C or 37°C in response to ONNV infection was evaluated.

The data from G3BP-positive granules formation in response to ONNV infection at
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different temperatures would potentially shed light on the enhanced genome
replication of alphavirus in mammalian cells at sub-physiological temperature.

5.2 Results

5.2.1 The replication phenotype of the AUD mutants was retained in the
context of infectious ONNV
To explore the mechanism behind temperature variance that determine the
replication phenotype, | extended this analysis to ONNV, which can be propagated
at BSL2. As expected, the three AUD mutants exhibited a similar temperature
dependent phenotype in the context of infectious ONNV (Fig. 5.1B). At 37°C, the
three AUD mutants showed a significant reduction in ZsGreen expression per cell,
whereas the levels of ZsGreen expression per cell was indistinguishable between
WT and the three AUD mutants at 28°C. In contrast to the CHIKV AUD mutants,
sequence analysis revealed that at 37°C, ONNV W220A and D249A had reverted
to WT and Y324A exhibited two compensatory pseudo-revertant mutations (nsP2
R768Q and nsP3 C173Y). However, no reversion was detected for the ONNV AUD
mutants at 28°C. In agreement with the CHIKV production at 37°C or 28°C (Fig.
4.7), 1 only observed 2-fold increase in ZsGreen per cell for WT ONNV at 28°C
compared to 37°C (Fig. 5.1B).

Interestingly, a significant difference in virus production was shown by plaque
assays conducted at 28°C or 37°C (Fig. 5.1C). Due to the fact that the AUD
mutants harvested from 37°C had reverted, WT and the AUD mutants showed
similar virus production at 28°C compared to 37°C. However, when supernatants
were harvested from 28°C, significant differences were observed. The AUD
mutants exhibited similar virus production compared to WT by titration at 28°C,
whereas they still showed significant lower virus production with virus titrated at
37°C, indicating that viruses of the AUD mutants produced from 28°C still exhibited
growth defects at 37°C.
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Figure 5.1 Replication and virus production of WT and AUD mutants in the context
of ONNV at 28°C or 37°C.

(A) Schematic of ONNV-2SG-ZsGreen (kind gift from Prof. Andres Merits, University of
Tartu). (B) Genome replication of WT and mutant ONNV at 28°C or 37°C. C2C12 cells
were transfected with WT and mutant ONNV RNA and incubated at 28°C or 37°C. Cells
were fixed with 4% formaldehyde at 48 hpi, scanned and normalized by EVOS
microscopy. (C) Virus production of WT and mutant ONNV harvested from 28°C or 37°C.
Supernatants harvested from 28°C or 37°C were titrated by plague assay on BHK-21 cells
at 28°C or 37°C. The BHK-21 cells were fixed with 4% formaldehyde at 72 hpi (37°C) or 96
hpi (28°C) The ZsGreen-positive cells were scanned by EVOS microscopy and counted.

5.2.2 ONNYV infection induced elF2a phosphorylation in cells at 28°C or 37°C
In order to investigate whether ONNYV infection was able to induce elF2a
phosphorylation at both physiological and sub-physiological temperatures, RD cells
were infected with ONNV and cells were stained with G3BP and P-elF2a
(phosphorylated elF2a) primary antibodies. As seen from Figure 5.2A, ONNV
infection induced elF2a phosphorylation in cells at 28°C or 37°C, along with
aggregation of G3BP and formation of bona fide SG. Surprisingly, rather than high
levels of P-elF2a in infected cells, low levels of P-elF2a in those high-ZsGreen
cells and high levels of P-elF2a in those low-ZsGreen cells at 28°C or 37°C (Fig.
5.2B) were observed, indicating that cells in response to ONNV infection activated
elF2a phosphorylation, whereas ONNV specifically inhibited elF2a phosphorylation

at both temperatures.

Previous work showed that elF2a phosphorylation is sufficient to induce SG in
uninfected cells, however, some compounds that had no effect on elF2a
phosphorylation still stimulated SG formation by inhibiting translation initiation in a
way that interacts with elF4A (Bordeleau et al 2005, Dang et al 2006, Low et al
2005). In consistent with this, most of the SGs were dispersed at 37°C or 28°C by
treatment with CHX, whereas phosphorylation of elF2a was not affected at both
temperatures (Fig. 5.3). The results suggested that CHX treatment only functioned
at downstream of elF2a phosphorylation rather than affecting elF2a
phosphorylation at 28°C or 37°C.
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Figure 5.2 ONNV infection induced elF2a phosphorylation in mammalian cells at
either 28°C or 37°C.

(A) Phosphorylation of elF2a at 28°C or 37°C in response to ONNV infection. RD cells
were infected with WT ONNV at an MOI of 5 and incubated at 28°C or 37°C. Cells were
fixed with 4% formaldehyde at 8 hpi and stained with phosphorylated elF2a (P-elF2a)
antibody. White arrows indicate cells expressing high levels of P-elF2a but low levels of
ZsGreen. (B) Quantification of the levels of G3BP, P-elF2a and ZsGreen in low-ZsGreen
and high-ZsGreen cells at 28°C or 37°C. The relative intensities quantified by Fiji imageJ
was determined for 10 cells.

Merge P-elF2a ZsGreen P-elF2a/ZsGreen G3BP/ZsGreen

" ....
- ....

Figure 5.3 Treatment of CHX didn’t reverse elF2a phosphorylation in cells at either
28°C or 37°C.

RD cells infected with ONNV at an MOI of 5 were incubated at 37°C or 28°C for 8 h, cells
were then treated with 100 pg/ml CHX for 45 min prior fixation with 4% formaldehyde and
stained with P-elF2a and G3BP antibodies.

5.2.3 Temperature shift assay of CHIKV-D-Luc-SGR

Previous studies have investigated the temperature-sensitive mutants of
alphaviruses by use of a temperature shift assay (Kaariainen et al 1978, Saraste et
al 1977, Suopanki et al 1998). Here | used temperature shift assay to investigate if
elF2a phosphorylation was ablated at sub-physiological temperature. A schematic
of the temperature shift assay was shown in Figure 5.4A, the WT D-Luc-SGR RNA
was transfected into C2C12 cells and incubated at 28°C or 37°C for 12 h, with and
without a temperature shift from 12-24 hpt (37°C to 28°C (designated S#) or 28°C
to 37°C (designated S*)). Similar as shown in Figure 4.1, replication of WT CHIKV-
D-Luc-SGR increased ~100-fold between 12-24 hpt at 28°C, however, it only
increased ~20-fold when the temperature was shifted from 28°C to 37°C between
12-24 hpt (Fig. 5.4B left panel). When the transfected cells were first incubated at

37°C, an opposite effect was observed: replication of WT CHIKV-D-Luc-SGR did
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not increase between 12-24 hpt, while it increased 5-fold between 12-24 hpt when
the temperature was shifted from 37°C to 28°C (Fig. 5.4 B right panel). Western
blotting for nsP1 confirmed the high levels of translation at 28°C (Fig. 5.4C).
Interestingly, while there was more genome replication at 28°C than 37°C at 24
hpt, lower levels of P-elF2a at 28°C compared to 37°C was observed. As PKR
senses dsRNA and induces elF2a phosphorylation, the results indicated a defect in

the PKR induced elF2a phosphorylation at sub-physiological temperature.

To note, both cell growth assay accessed by quantification of variable cells and cell
metabolic activity accessed by MTT assay showed more cell numbers and higher
cell metabolic activity at 37°C, which is in contrary to the enhanced genome
replication at sub-physiological temperature (Fig. 5.5). These data demonstrated
the reduced levels of elF2a phosphorylation in cells along with the enhanced
genome replication for CHIKV SGR at sub-physiological temperature, which cannot

be explained by increased cell growth and metabolic activity at lower temperature.
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Figure 5.4 Temperature shift assay of WT CHIKV-D-Luc-SGR.

(A) Schematic of temperature shift assay. Transfected cells were incubated at 28°C or
37°C prior to a temperature shift between 12-24 hpt (28°C to 37°C (designated 24 h S#)
and 37°C to 28°C (designated 24 h S*) respectively). Control cells maintained the same
temperature between 0-24 hpt. (B) Replication of WT CHIKV-D-Luc-SGR at 28°C or 37°C.
C2C12 cells were transfected with WT CHIKV-D-Luc-SGR RNA and incubated at 37°C or
28°C. Cells were collected at indicated time points and FLuc activities were measured and
normalized to their respective 4 h values. Significant differences denoted by ns (P>0.05),
** (P<0.01), *** (P<0.0001) compared to replication at 12 hpt. (C) Protein expressions of
nsP1 at different temperatures. 10 ug of each sample was loaded and analysed by
western blotting. Actin was detected by western blotting as a loading control.
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Figure 5.5 Cell growth number and cell viability assay during temperature shift
assay.

Cell growth number was enumerated at each collection time by trypsin digestion and
dilution into 1 ml DMEM. Cell metabolic activity was determined by MTT assay during
temperature shift assay at either 37°C or 28°C.

5.2.4 Temperature shift assay of ONNV
| also used a temperature shift assay with WT and mutant ONNV to investigate the
relationship between elF2a phosphorylation and ONNV replication at 28°C or
37°C. In brief, C2C12 cells were infected with WT and W220A ONNV and
incubated at 28°C or 37°C, with and without a temperature shift between 24-48 hpi
(28°C to 37°C (designated S*) or 37°C to 28°C (designated S#)). Consistent with
the results from temperature shift assay of CHIKV SGR, W220A ONNV showed
poor replication at 37°C but exhibited similar levels of genome replication as
compared to WT at 28°C (Fig. 5.6A). Indeed, shifting temperature from 28°C to
37°C reduced genome replication of W220A ONNV whereas temperature shifting
from 37°C to 28°C allowed the W220A ONNYV to replicate (Fig. 5.6A). As shown
before (Fig. 5.1 B), unlike much more significant increase in replication at 28°C in
CHIKV SGR, WT ONNV only showed 2-fold increase in replication at 28°C than
37°C at 48 hpi (Fig. 5.6B). Interestingly, replication of WT ONNV was reduced
when temperature was shifted from 28°C to 37°C, but when temperature was
shifted from 37°C to 28°C, replication of WT ONNV was also reduced (Fig. 5.6B).
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Analysis of P-elF2a and nsP1 by western blotting showed reduced level of P-
elF2a at 48 hpi (compared to 28°C 48 hpi) when temperature was shifted from
28°C to 37°C along with more nsP1 expression, whereas when temperature was
shifted from 37°C to 28°C increased level of P-elF2a at 48 hpi (compared to 37°C
48 hpi) along with reduced nsP1 expression (Fig. 5.6C) was observed. The results
suggested that phosphorylation of elF2a in response to ONNV infection and
CHIKV SGR was different and phosphorylation of elF2a inhibited ONNV translation

at both temperatures, which was consistent with the IFA data.
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Figure 5.6 Temperature shift assay of ONNV.

(A) C2C12 cells were infected with WT and W220A ONNV at an MOI of 0.2 and incubated
at 28°C or 37°C prior to a temperature shift from 24-48 hpi (28°C to 37°C (designated 48 h
S#) and 37°C to 28°C (designated 48 h S*) respectively. Cells were fixed with 4%
formaldehyde at 48 hpi, ZsGreen expression and cell confluency were determined by
IncyCyte. Significant differences denoted by ns (P>0.05), ** (P<0.01), compared to
replication at 12 hpi (W220A) at their respective temperatures. Data are displayed as the
means =S.E. of three experimental replicates. (B) Protein expressions of nsP1, elF2a and
P-elF2a at 28°C or 37°C. 20 ug of each sample was loaded and analysed by western
blotting. Actin was detected by western blotting as a loading control.

5.2.5 elF2a phosphorylation is positively correlated with the level of infection
In chapter 4, significant lower levels of replication for CHIKV-D-Luc-SGR and
CHIKV-nsP3-mCherry-FLuc-SGR compared to CHIKV-FLuc-SGR (expressing WT
nsP3) at 24 hpt at 37°C in Huh7 and Vero cells, but not in C2C12 cells (Fig. 4.5)
was observed. Therefore, | also tested the replication of WT and mutant ONNV
and elF2a phosphorylation in Vero cells at28°C or 37°C. Unlike in C2C12 cells
which showed similar levels of replication at 28°C, W220A ONNV also showed
significant lower replication and virus titers (30-fold reduction) compared to WT
ONNYV at 28°C (Fig. 5.7A and B). In agreement with replication defects of the AUD
mutants, | did not detect any ZsGreen expression for W220A ONNV at 37°C in
Vero cells (Fig. 5.7A). Interestingly, a significant reduction in replication and virus
production (3000-fold) for WT ONNV at 37°C than 28°C (Fig. 5.7A and B) was also
observed. This reduction in replication showed the similar phenotype as results in
CHIKV SGR with fused nsP3-reporter protein at two temperatures in Huh7 or Vero

cells.

The levels of nsP1 for WT ONNV and the levels of elF2a and P-elF2a from cells
were also detected by western blotting (Fig. 5.7C). In agreement with replication
and virus production for WT ONNV, only nsP1 expressed at 28°C was detectable.
Corresponding with replication, enhanced levels of P-elF2a at 28°C but no
increase in P-elF2a at 37°C was observed. The results indicated that the levels of
P-elF2a is dependent on the level of infection, and the insertion of ZsGreen in
ONNV might hampered ONNYV replication in a cell-type specific manner, which can

be overcome at sub-physiological temperature.
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Figure 5.7 Replication, virus production of WT and mutant ONNV and elF2a
phosphorylation in Vero cells at 28°C or 37°C.

(A and B) Replication and virus production of WT and W220A ONNYV in Vero cells at 28°C

or 37°C. Vero cells were infected with WT or W220A ONNV at an MOI of 0.1 and

incubated at 28°C or 37°C. Cells were fixed with 4% formaldehyde and supernatants were
collected at indicated time points. The fixed cells were scanned by IncuCyte and viruses
from supernatants were titrated on BHK-21 cells at 28°C. (C) Protein expression of nsP1,
P-elF2a and elF2a for WT ONNV at 48 hpi at 28°C or 37°C. Cells were lysed in 1X GLB
and proteins were detected by western blotting.
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5.2.6 Pharmacological inhibition of the effect of elF2a phosphorylation did
not recover the replication defects of the AUD mutants
Following the effect of elF2a phosphorylation on CHIKV SGR and ONNYV infection,
my next assumption was whether interfering with the effects of elF2a
phosphorylation will enhance replication and recover replication defects of the AUD
mutants. As when humans are infected with CHIKV or ONNV, the first cells will be
at sub-physiological temperatures (a few degrees lower than 37°C), therefore | also
tested replication at 32°C apart from 28°C. To perform these assays | exploited the
recently identified small molecule inhibitor, ISRIB, which has been shown to
enhance cognitive memory and reverse the effect of elF2a phosphorylation
(Rabouw et al 2019, Sidrauski et al 2015). It should be noted that ISRIB does not
block elF2a phosphorylation but inhibits the downstream consequences of this
phosphorylation event. To test the assumption, cells were treated with 200 nM
ISRIB at 2 hpt and incubated at 28°C, 32°C or 37°C. Results showed that at sub-
physiological temperatures (28°C or 32°C), replication of W220A CHIKV-D-SGR
exhibited similar replication compared to WT CHIKV-D-Luc-SGR, whereas at 37°C
it failed to replicate (Fig. 5.8A). Inhibition of the effect of elF2a phosphorylation by
treatment of ISRIB enhanced replication of WT and W220A CHIKV-D-Luc-SGR at
sub-physiological temperatures (28°C or 32°C) (Fig. 5.8A). However, while it
showed 3-fold increase in replication for WT and W220A CHIKV-D-Luc-SGR at
37°C, the replication defect of W220A was not recovered by ISRIB (Fig. 5.8A).

Protein expression of nsP1, elF2a and P-elF2a at 28°C, 32°C or 37°C was
detected by western blotting (Fig. 5.8B). As expected, higher levels of nsP1 was
expressed when cells were treated with ISRIB, which reassured the translation

enhancement by inhibition of the effects of elF2a phosphorylation.
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Figure 5.8 ISRIB treatment did not recover the replication defects of the AUD
mutants in CHIKV-D-Luc-SGR at 37°C.

(A) Replication of WT and W220A CHIKV-D-Luc-SGR at 28°C, 32°C or 37°C with and
without ISRIB. Cells were transfected with WT and W220A CHIKV-D-Luc-SGR RNA at
28°C, 32°C or 37°C. Cells were then treated with ISRIB (200 nM) at 2 hpt, harvested at
indicated time points, measured by dual luciferase system. Significant differences denoted
by * (P<0.05), *** (P<0.001), **** (P<0.0001) compared to replication without ISRIB at 24
hpt (28°C) or at 12 hpt (32°C or 37°C). Data are displayed as the means =S.E. of three
experimental replicates. (B) Protein expressions of nsP1, P-elF2a and elF2a at 24 hpt at
different temperatures. 10 pg of each sample was loaded and analysed by western
blotting. Actin was detected by western blotting as a loading control.
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To investigate if inhibition of the effect of elF2a phosphorylation was able to
recover replication defects of the AUD mutants in the context of ONNV, | tested the
replication of WT and W220A ONNV with and without ISRIB at 28°C, 32°C or
37°C. Similar as the results from CHIKV-D-Luc-SGR, enhanced ZsGreen
expression for WT and W220A ONNV with ISRIB than those without ISRIB at 28°C
or 32°C, as well as WT ONNV with ISRIB than it without ISRIB at 37°C (Fig 5.9A)
were observed. However, no ZsGreen can be detected for W220A ONNV at 37°C
with or without ISRIB (Fig. 5.9A), indicating that the replication defects of ONNV
AUD mutants at 37°C cannot be recovered by inhibition of the effect of elF2a

phosphorylation.

Taken together, the results from CHIKV SGR and ONNV using ISRIB
demonstrated that inhibition of the effect of elF2a phosphorylation was not able to

recover replication defects of the AUD mutants.
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Figure 5.9 ISRIB treatment did not recover the replication defects of the AUD
mutants in ONNV at 37°C.

C2C12 cells were infected with WT and W220A ONNV at an MOI of 0.1 with and without
ISRIB (200 nM) and incubated at 28°C, 32°C or 37°C. Cells were fixed with 4%
formaldehyde at 48 hpi and ZsGreen was scanned by EVOS microscopy. Significant
differences denoted by ns (P>0.05), ** (P<0.01), *** (P<0.001), **** (P<0.0001) compared
to replication of WT or W220A at 48 hpi without ISRIB. Data are displayed as the means
+S.E. of three experimental replicates.

5.2.7 SGinduced by NaAsO:2 at 28°C or 37°C

Following phosphorylation of elF2a in cells, the accumulation and aggregation of
stalled 48S mRNPs resulted in the formation of SG (Jackson et al 2010, Kedersha
et al 2002, Kedersha et al 1999). Although SG have been shown to be antiviral,
alphavirus infection has been reported to induce SG and nsP3 has been shown to
co-localize with components of SG, in particular G3BP1/2, to modulate their
composition (Fros et al 2012, Scholte et al 2015). SG formation can be induced by
NaAsO: treatment, which results in oxidative stress, and they can be dispersed by
CHX. Previous work showed an inhibition and delay in the formation of SG in
response to NaAsO:2 at sub-physiological temperatures (Wheeler et al 2016). |
assumed that the differences in SG induction at 28°C or 37°C might be similar in
response to ONNV infection, and might explain the replication phenotype that was
observed before. Therefore the differences in SG formation was first tested by
treating mock infected cells with NaAsO2 or NaAsO2 + CHX at 28°C or 37°C and
stained with G3BP, a known indicator of SG (Kedersha et al 2016, Matsuki et al
2013). As expected, typical SG formation at 37°C but no SG formation at 28°C was
observed, and treatment with CHX dispersed the SG induced by NaAsO: at 37°C
(Fig. 5.10A and C). Interestingly, by quantification on levels of G3BPs at different
temperatures, a slight lower level of G3BP expression at 28°C than 37°C, and
increased levels of G3BP at 28°C or 37°C in response to NaAsO: stress (Fig.
5.10B) were observed. The result confirmed the inhibition of SG formation at sub-

physiological temperature.
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Figure 5.10 Stress granule (SG) induced by sodium arsenite (NaAsO,) at 28°C or
37°C.

(A) RD cells were incubated at 28°C or 37°C. Cells were either mock treated or treated
with 0.5 mM NaASO; for 1 h. Cells were either fixed with 4% formaldehyde or treated with
100 pg/ml cycloheximide (CHX) (on cells treated with NaASQO.) for 45 min prior to fixation.
Cells from both temperatures were stained with G3BP antibody (red). (B) Quantification of
G3BP expression from mock, NaASO, and NaASO; + CHX treated cells at 28°C or 37°C.
The levels of protein expression were determined for 10 cells and calculated by Fiji
imageJ. (C) The number of SG were determined for 10 cells.

5.2.8 Different sizes and numbers of SGs/G3BP-positive granules induced by
NaAsO2 or ONNV infection at 28°C or 37°C

The formation of SG by treatment with NaAsO2 was inhibited at lower temperature

(Wheeler et al 2016), and the sizes of SG by NaAsO:2 treatment was much larger

than CHIKYV infection (Jayabalan et al 2021). Therefore, | next investigated if the

G3BP-positive granules were the case in ONNV infection at 28°C or 37°C.

Surprisingly, in contrast to the inability of NaAsO:2 to induce SG at 28°C, ONNV
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infection was able to induce G3BP-positive granules at both temperatures.
Intriguingly, the G3BP-positive granules induced by ONNV differed significantly in
sizes and numbers at 28°C or 37°C (Fig. 5.11 A and B). The average cross-
sectional area of G3BP-positive granules at 28°C was much smaller than at 37°C
(0.5 um? compared to 1.6 pm?), and both of these were much smaller than the
average cross-sectional area of SG induced by NaAsO:z at 37°C (4.5 um?). In
addition, CHX treatment reduced the average size of ONNV-induced G3BP-
positive granules from ~1.6 pm? to ~0.8 um? at 37°C, whereas at 28°C CHX
treatment showed no effect on the sizes of ONNV-induced G3BP-positive granules
(Fig. 5.11B). In contrast, a larger number of ONNV-induced G3BP-positive
granules at 28°C (~65/cell) than 37°C (~30/cell), and more G3BP-positive granules
compared to NaAsO: induced SG (~7/cell) (Fig. 5.11B) were observed.

| also analysed the levels of dSRNA in ONNV-infected cells as an indicator of
genome replication using the dsRNA specific antibody J2. Consistent with previous
results using CHIKV SGR (Fig. 5.2B), a higher level of dsRNA in infected cells at
28°C than 37°C (Fig. 5.11 C) was observed, indicating enhanced genome
replication at sub-physiological temperature. However, by quantification of
ZsGreen expression in individual cells, lower levels of ZsGreen translation at 28°C
compared to 37°C was observed, supporting that the elevated genome replication
at sub-physiological temperature was not directly correlated with increased
translation from sgRNA.
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Figure 5.11 Different size and number of SGs/G3BP-positive granules induced by
NaAsO, or ONNV infection at 28°C or 37°C.

(A) RD cells were mock infected or infected with WT ONNV at an MOI of 5 and incubated
at 28°C or 37°C. 7 h later, mock infected cells were treated with 0.5 mM NaAsO, for 1 h.
Cells were either fixed with 4% paraformaldehyde or treated with 100 pg/ml CHX for 45
min prior to fixation. (B) Quantification of the sizes and numbers of SGs/G3BP-positive
granules induced by NaAsO; or ONNV infection at 28°C or 37°C. The sizes and numbers
of SGs/G3BP-positive granules were determined for 10 cells and calculated by Fiji imageJ.
Significant differences denoted by **** (P<0.0001), compared the sizes of those at 37°C.
(C) Quantification of the overall dsRNA, ZsGreen, G3BP and dsRNA/ZsGreen expression
in ONNV infection at 28°C or 37°C. The protein expressions were determined for 10 cells
and calculated by Fiji imageJ. Significant differences denoted by ** (P<0.01), ****
(P<0.0001), compared their respective proteins expression at 37°C.

5.2.9 TIA-1, but not elF4G is a component of SGs/G3BP-positive granules
induced by both NaAsO2 and ONNV at 28°C or 37°C
The differences in the sizes of SGs/G3BP-positive granules induced by NaAsO:2 or
ONNYV infection at 28°C or 37°C led me to investigate if there were any differences
in their compositions. Therefore, cells treated with NaAsO: or infected with ONNV
were analysed for two other well-characterized SG components: the mRNA binding
protein TIA-1 (Jayabalan et al 2021, MclInerney et al 2005) and the translation
initiation factor elF4G (Suzuki et al 2009). As seen from Figure 5.12A and Figure
5.13A, | confirmed that the SG induction by NaAsO:2 contained TIA-1 and elF4G,
but neither TIA-1 or elF4G accumulated into SG at 28°C. In contrast to this, TIA-1
accumulated in ONNV-induced G3BP-positive granules at both temperatures (Fig.
5.13) whereas no elF4G accumulated into G3BP-positive granules at 28°C or
37°C. These results are consistent with previous work showing that G3BP-positive
granules induced by CHIKV are compositionally distinct from those induced by
oxidative stress. However, they do not explain the different compositions in ONNV-
induced G3BP-positive granules at physiological and sub-physiological

temperatures.
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A
37°C

Mock

NaAsO:

28°C

Mock

NaAsO:

B TIA-1 dsRNA ZsGreen DAPI Merge

37°C

28°C

Figure 5.12 TIA-1 is a component of SGs/G3BP-positive granules induced by
NaAsO, or ONNV infection at 28°C or 37°C.

(A) TIA-1 is a component of SG induced by NaAsO: at 37°C. RD cells were incubated at
28°C or 37°C and then treated with 0.5 mM NaAsO: for 1 h. Cells were stained with TIA-1
primary antibody. (B) TIA-1 is a component of G3BP-positive granules induced by ONNV
at 37°C or 28°C. RD cells were infected with WT ONNNV at an MOI of 5 and incubated at
28°C or 37°C for 8 h. Cells were fixed with 4% paraformaldehyde and stained with TIA-1
and dsRNA primary antibodies.
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A
37°C

Mock

NaAsO:

elF4G dsRNA ZsGreen DAPI

Figure 5.13 elF4G is not a component of G3BP-positive granules induced by ONNV
infection at 28°C or 37°C.

(A) elF4G is a component of SG induced by NaAsO: at 37°C. RD cells were incubated at
28°C or 37°C and then treated with 0.5 mM NaAsO: for 1 h. Cells were stained with elF4G
primary antibody. (B) elF4G is not a component of G3BP-positive granules induced by
ONNV at 37°C or 28°C. RD cells were infected with WT ONNNV at an MOI of 5 and
incubated at 28°C or 37°C for 8 h. Cells were fixed with 4% paraformaldehyde and stained
with elF4G and dsRNA primary antibodies.

37°C

28°C
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5.3 Discussion

CHIKV is an arbovirus that transmitted from mosquitoes to humans (Schwartz &
Albert 2010). The body internal temperature of mosquitoes is not constant and
depends on the environmental temperature, therefore mosquitoes can only survive
and reproduce in suitable environments that depend on the ecological
characteristics of the mosquito species. CHIKV is transmitted by the mosquito
species Ae. aegypti and Ae. albopictus, showing higher transmission rates at sub-
physiological temperatures ranging from 18°C to 32°C (Heitmann et al 2018,
Mbaika et al 2016, Wimalasiri-Yapa et al 2019). The enhanced genome replication
of CHIKV at sub-physiological temperature might shed light on the efficient
replication and apparent CPE in mammalian cells but only light CPE in mosquitoes
(Endy et al 2011).

The high and similar levels of replication for the AUD mutants compared to WT
CHIKV SGR at sub-physiological temperature led me to explore the mechanisms
behind temperature change. Translational shutoff is a key downstream component
of the innate immune in response to infection by many viruses, among which elF2a
phosphorylation has been shown to play a crucial role in this process (Wek 1994).
Here | confirmed that the phosphorylation of elF2a can be induced at both 28°C
and 37°C by using ONNV infection with a ZsGreen reporter (Fig. 5.2). However, to
my surprise, most of the cells that exhibited high levels of P-elF2a had little
ZsGreen expression, indicating that they were not infected by ONNV at 28°C or
37°C. In contrast, those cells that exhibited high levels of ZsGreen expression
showed low levels of P-elF2a, suggesting that ONNV infection can efficiently inhibit
elF2a phosphorylation, which supports the previous conclusion that CHIKV
infection suppresses elF2a phosphorylation (Rathore et al 2013). In considering
why the uninfected cells exhibited high levels of elF2a phosphorylation, it is
assumed that the release of IFN from infected cells activated neighboring cells to
respond to virus infection by phosphorylating elF2a and reducing viral protein
translation (LibreTexts 2021).
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In defining a relationship between ONNYV infection and overall elF2a
phosphorylation, | tested replication of ONNV in Vero cells at 28°C or 37°C. The
data demonstrated that elF2a phosphorylation was positively correlated with the
level of infection, although it was still not clear why the ONNV virus replicated
poorly in Vero cells at 37°C. | previously also observed that ONNV replicated
poorly in Huh7 cells at 37°C (data not shown). These data were consistent with
what | have observed in chapter 4 Figure 4.6, showing that the nature of nsP3-
fused reporter proteins hampered CHIKV SGR replication at 37°C. To confirm this,
a direct comparison between ONNV (with ZsGreen) and ONNYV infection in Vero
cells at 37°C is needed. The efficient replication of ONNV (with ZsGreen) in C2C12
cells but not in Huh7 or Vero cells might indicate novel cellular protein involved in
alphavirus replication at 37°C but not at 28°C. Overall, the mechanism of how
nsP3-fused reporter proteins affects alphavirus replication in specific cells and why
temperature can reverse this phenotype is not clear and requires further

investigation.

Temperature shift assay using WT CHIKV-D-Luc-SGR or WT and mutant ONNV
confirmed the effect of temperature on replication. However, the phosphorylation of
elF2a between CHIKV SGR and ONNYV infection seems contradictory (Fig. 5.4C
and 5.6C). Although much more genome replication for CHIKV SGR at 28°C, | did
not observe a concomitant increase in elF2a phosphorylation; on the contrary, an
increase in elF2a phosphorylation at 37°C was seen, even though its genome
reduced slightly. In the case of ONNV infection, a reduction in elF2a
phosphorylation when temperature was shifted from 28°C to 37°C and an increase
in elF2a phosphorylation when temperature was shifted from 37°C to 28°C were
observed. Data from CHIKV SGR suggested a defect in elF2a phosphorylation at
sub-physiological temperature, while data from ONNV indicated an enhancement
of elF2a phosphorylation at sub-physiological temperature. | assumed that this
might be due to the differences between CHIKV SGR and the virus. CHIKV
infection induced elF2a phosphorylation through the PKR activation upon sensing
dsRNA and PERK activation in response to ER stress (Rathore et al 2013).

Previous work showed that the expression of large amounts of alphavirus
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glycoproteins that are post-translationally modified in the ER can lead to ER stress
and trigger the unfolded protein response (UPR) (Barry et al 2010). Therefore, it is
reasonable to assume that phosphorylation of elF2a was activated by a
combination of viral dSSRNA mediated PKR activation and glycoproteins mediated
PERK activation, and the latter was able to reverse the defect of elF2a
phosphorylation at sub-physiological temperature. This assumption is supported by
the fact that the levels of elF2a phosphorylation in response to CHIKV SGR
replication were significantly lower compared to these in response to ONNV
infection at 28°C or 37°C (Fig. 5.4C and 5.6C). Furthermore, this might also shed
light on a less pronounced genome enhancement for ONNV in comparison to
CHIKV SGR, apart from the previously described defects in virus assembly or

release from cells.

To determine if elF2a phosphorylation was the key mechanism behind temperature
variance, ISRIB is utilized to reverse the effect of elF2a phosphorylation (Sidrauski
et al 2015). The data demonstrated that inhibition of elF2a phosphorylation was not
able to recapitulate the effect of lower temperature on replication of CHIKV SGR at
37°C (Fig. 5.8), and did not permit the replication of W220A at 37°C (Fig. 5.9).
Therefore, | conclude that although elF2a phosphorylation was affected by

temperature, it is not the key factor that regulates the replication phenotype.

SGs are cytoplasmic, non-membranous aggregates of non-translated mRNPs,
which form following elF2a phosphorylation. | then focused on SG, as formation of
SG at lower temperatures was suppressed and delayed (Wheeler et al 2016).
Many viruses suppress the formation of SG, indicating the involvement of SG in
antiviral activity (Emara & Brinton 2007, Simpson-Holley et al 2011, White & Lloyd
2011, White & Lloyd 2012). Alphaviruses have been shown to induce SG assembly
transiently at early time post infection but then regulates SG disassembly as
infection proceeded (McCormick & Khaperskyy 2017, Mclnerney et al 2005, Panas
et al 2015, Schulte et al 2016). The alphaviruses inhibit SG formation at late stage
by sequestering components of SG, for example G3BP, into membranous granules

(Panas et al 2015, Panas et al 2012). Recent work in the study of SG composition
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during CHIKYV infection indicated that nsP3 ADP-ribosylhydrolase activity regulates
the disassembly of SG, which transits the bona fide SG (containing initiation
factors, SG-related RNA-binding proteins) into condensates that lack translation
factors, but contain G3BP and other SG-associated RNA binding proteins
(Jayabalan et al 2021). Despite huge differences in composition, two known
components of SG, G3BP1/2 are required for alphavirus replication (Kedersha et al
2016, Tourriere et al 2003). Although SG formation induced by NaAsO:2 were
inhibited at lower temperature, ONNV infection induced G3BP-positive granules at
both 28°C and 37°C, and surprisingly these G3BP-positive granules differ
significantly in sizes and numbers. In trying to understand why smaller and more
numerous G3BP-positive granules might promote genome replication at lower
temperature, the mean surface area and volume of G3BP-positive granules per cell
was calculated. To do this, the G3BP-positive granules were assumed as spherical
and the following parameters were used: at 28°C the mean cross area of G3BP-
positive granules was 0.5 um? (radius 0.4 pum) and the number of G3BP-positive
granules per cell were 65; at 37°C the mean cross area of G3BP-positive granules
was 1.6 um? (radius 0.7 um) and the number of G3BP-positive granules per cell
were 29. Using these parameters, | determined that the mean surface area of
G3BP-positive granules was 123 pm? per cell and the mean volume of G3BP-
positive granules was 1.6 um? per cell at 28°C, whereas at 37°C the mean surface
area of G3BP-positive granules was 178 um? per cell and the mean volume of
G3BP-positive granules was 41.6 pm?. As can be calculated, the mean volume of
G3BP-positive granules at 37°C was 26 times compared to it at 28°C. A possible
explanation might be that at lower temperature, the bona fide large SG assembly
induced by ONNYV infection was inhibited and resulted in formation of smaller
G3BP-positive granules. However, those bona fide SG can be assembled
transiently (although difficult to be detected) at 37°C, but their translation initiation
factors were rapidly disassembled by nsP3 ADP-ribosylhydrolase activity and a
large portion of them resolve to G3BP-positive granules. This is consistent with the
recent work, arguing that about 27% of nsP3-positive cells had canonical SG
(Jayabalan et al 2021). This assumption can also be supported by the fact that (1)
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these G3BP-positive granules at either temperature don’t contain translation
initiation factors as detected; and (2) a portion of G3BP-positive granules at 37°C
were still sensitive to CHX, which is an indicator of canonical SG. Further research
on the different compositions of G3BP-positive granules at physiological and sub-
physiological temperatures might be performed via enriching larger complexes of
G3BP-positive granules and purification of G3BP-positive granules through

immunoprecipitation (Wheeler et al 2017).

137



Chapter 5: Enhancement of genome replication correlates with differences in the
sizes and numbers of G3BP-positive granules

138



Chapter 6: Ablation of the cold shock proteins enhance alphavirus replication at
early time points

Chapter 6: Ablation of nsP3-
Interacting cold shock proteins
enhances alphavirus replication

at early time points

139



Chapter 6: Ablation of the cold shock proteins enhance alphavirus replication at
early time points

6.1 Introduction

Cold shock proteins are among the most evolutionarily conserved proteins (Jones
& Inouye 1994, Wolffe 1994, Wolffe et al 1992), with defined characteristic of one
or more CSD. Upon a sudden temperature downshift, mammalian cells exhibit a
cold shock response and cold shock proteins are largely synthesized to overcome
the deleterious effects of the temperature change. Previous work showed that YB1
(Y-box binding protein-1) interacts with SINV nsP3 and forms complexes
(Gorchakov et al 2008). To further investigate the role of nsP3 in the enhancement
of alphavirus replication at sub-physiological temperature, | interrogated the
dataset for the presence of cold shock proteins interacting with nsP3 and identified
UNR (upstream of N-RAS) and SRSF5 (Serine and Arginine Rich Splicing Factor
5) in the mass spectrometry work (Fig. 6.1) (Gao 2018). Based on those work, |
interrogated the effects of the three cold shock proteins (YB1, UNR and SRSF5) in
alphavirus replication. YB1 is encoded by the gene YBX1, and inside cells it forms
RNA-protein complexes and modulates the expression of many target genes,
thereby participating in cellular reprograming (Kang et al 2014, Kossinova et al
2017). The UNR gene was initially identified as a regulator of N-Ras expression
(Boussadia et al 1997, Jeffers et al 1990), but later it was discovered to encode a
protein possessing 5 CSD and undergoes alternative splicing (Doniger et al 1992,
Jacquemin-Sablon et al 1994), and was then renamed cold shock protein
containing E1 (CSDE1). UNR/CSDEL binds to single strand DNA or RNA (Ferrer et
al 1999, Triqueneaux et al 1999), and regulates translation and mRNA stability by
working with the polypyrimidine-tract-binding protein (Mitchell et al 2001, Sawicka
et al 2008). The generation of UNR or YB1 knockout mice indicated their essential
roles in mouse development. SRSF5 is a member of the serine/arginine-rich family
of pre-mRNA splicing factors and constitute part of the spliceosome (Chen et al

2018b, Kim et al 2016), which processes RNA binding and protein binding.
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Abundance Abundance
Abundance
Ratio: Ratio:
Accession Description Ratlo:
(TST-WT) / (TST-WT) /
(TST-PV) / WT
WT (TST-PV)
Q9H307 Pinin 100 100 0.064
Phosphoglycerate mutase
Q53G35 100 100 0.042
(Fragment)
Q3z8BS7 Uncharacterized protein 100 100 0.089
Ras-GTPase activating protein
AOAO024RDES SH3 domain-binding protein 2, 10.171 14.304 0.711
isoform CRA_a
CSODFQ38YOO0S5 variant
Q59EK7 3.444 34.751 0.099
(Fragment)
Cold shock domain containing
AOA024ROE2 3.028 18.168 0.167
E1, RNA-binding, isoform CRA_a

Figure 6.1 Excerpts of proteins interacting with CHIKV nsP3 by mass spectrometry.

Picture is taken from (Gao 2018). Red rectangles indicate cold shock proteins SRSF5 and
UNR respectively.

To explore the effect of the three cold shock proteins in alphavirus replication, |
generated cell lines in which expression of the cold shock protein was ablated by
shRNAs. I initially selected RD cells for ablation of the cold shock proteins as they
support high levels of replication for CHIKV SGR and ONNV as well as exhibit
clear and typical SG. The lentiviruses were used to transduce the shRNAs into RD
cells to generate stable cell clones, in which expression of the cold shock proteins
was ablated.

By introducing a luciferase reporter system and use of the YB1 knockout cells, YB1
has been shown to bind to DENV 3’-UTR and mediates antiviral effects (Paranjape

& Harris 2007). Here | use the previously described CHIKV-D-Luc-SGR reporter
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system and tested the replication of WT and mutants in the cold shock protein
ablated RD cells as well as the RD-shCTL (control shRNA RD cells) cells. During
transfection and replication of CHIKV-D-Luc-SGR, puromycin was removed as it
might have an effect on translation (Pestka 1971). Here AUD mutant
R243A/K245A was also tested as it showed a similar replication phenotype.
Replication of WT and the AUD mutants (W220A and R243A/K245A) from the cold
shock protein ablated RD cell lines and the RD-shCTL cells at 28°C or 37°C

indicates impact of the cold shock proteins on alphavirus replication.

The effect of the cold shock proteins was also investigated in the context of ONNV
(with a ZsGreen reporter), a reporter system indicating genome replication during
virus infection. This is especially helpful in replication measurement of the AUD
mutants, as no ZsGreen expression means no virus production for the AUD
mutants, saving extensive labor from quantification of virus production by plaque
assay. Therefore, | infected WT and mutant ONNV in the cold shock protein
ablated RD cells as well as the RD-shCTL cells to explore whether replication
defects of the AUD mutants can be recovered at 37°C. | also investigated growth
curve of replication and virus production for WT ONNV, to shed light on the effects

of the cold shock proteins in virus replication and production.

Some of the cold shock proteins are involved in the formation of SG. For example,
YB1, a known component of SG, possess the ability for self-assembly (Kedersha &
Anderson 2007). In human sarcoma cells, YB1 activates G3BP1 mRNA and thus
regulates G3BP1 expression and the following nucleation of SG (Somasekharan et
al 2015). UNR has also been identified as a component of SG (Youn et al 2018).
Therefore, the effect of the cold shock proteins on SG formation was investigated
in the cold shock protein ablated RD cells as well as the RD-shCTL cells at 28°C or
37°C. Differences in the formation of SG might indicate a role of the cold shock

proteins in antiviral activities.
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6.2 Results

6.2.1 Generation of cold shock proteins ablated RD cell lines

As RD cells are human-derived, each of the shRNAs targeting YB1, UNR or
SRSF5 from human genes was selected and ligated with the backbone of pMKO.1-
TRC (shRNA expression). Lentiviruses expressing each of the shRNAs were
generated by transfection and transduced into RD cells under the puromycin
selection. As expected, YB1, UNR or SRSF5 were efficiently ablated in RD cells at
28°C or 37°C (Fig. 6.2). Interestingly, after incubating at 28°C for 24 h, protein
expression of YB1, UNR or SRSF5 were not much higher at 28°C than 37°C (Fig.
6.2).
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Figure 6.2 Generation of cold shock proteins ablated RD cell lines.

Each of the shRNAs targeting human YB1, UNR or SRSF5 genes was designed and
ligated with the backbone of pMKO.1-TRC. The lentiviruses pCAG-HIVgp, pPCMV-VSV-G-
RSV-rev and pLKO.1-TRC-shRNA (shCTL, shYB1, shUNR or shSRSF5) were co-
transfected into HEK293T cells. Supernatants containing lentiviruses were collected at 48
and 72 hpt. RD cells were then transduced with each of the lentiviruses in the presence of
8 ug/ml polybrene, which were then under puromycin selection. The cells were then
incubated at 37°C until mock transduced cells were completely dead. These cold shock
protein ablated RD cells were incubated at 28°C or 37°C and protein expression of YB1
(A), UNR (B) and SRSF5 (C) at the two temperatures were verified by western blotting.

6.2.2 Replication of WT and mutant CHIKV-D-Luc-SGR in the cold shock
protein ablated RD cell lines
To explore if the cold shock proteins play a role in the replication phenotype of the
AUD mutants, WT, AUD mutants (W220A and R243A/K245A) and GAA were
transfected into the cold shock protein ablated RD cells and incubated at 28°C or
37°C. In order to clearly show the replication differences at various time points,
these are shown on separate graphs in Figure 6.3. A significant increase in
replication for WT, W220A or R243A/K245A but not for GAA at 12 hpt in the cold
shock protein ablated cells compared to the RD-shCTL cells at 28°C was
observed. However, WT showed a significant reduction in replication at 37°C (Fig.
6.3B), whereas W220A and R243A/K245A exhibited a significant increase in
replication at 12 hpt in the cold shock protein ablated RD cells compared to the
RD-shCTL cells at 37°C (Fig. 6.3B). To note, although the AUD mutants showed
significant increase in replication at 37°C, they were still much lower compared to
WT, suggesting the replication defects of the AUD mutants cannot be recovered by
ablating expression of the cold shock proteins. Interestingly, increased replication
for WT, W220A or R243A/K245A in cold shock protein ablated cells compared to
RD-shCTL cells at 24 hpt, at 28°C or 37°C (Fig. 6.3 A and B right panel) was not
observed. Most of them showed no apparent difference in replication, apart from
significant reduced replication for WT in the cold shock protein ablated cells
compared to RD-shCTL cells at 24 hpt at 37°C (Fig. 6.3 B left three). All together,
these data suggest that ablation of cold shock proteins increase CHIKV replication

at early time points but not at late time points.
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Figure 6.3 Replication of WT and mutant CHIKV-D-Luc-SGR at 28°C or 37°C in the
cold shock protein ablated RD cell lines.

The cold shock protein ablated RD cells were seeded into 24 well plates without
puromycin. The next day, cells were transfected with WT and mutant CHIKV-D-Luc-SGR
RNA and incubated at 37°C or 28°C. Cells were collected at indicated time points. FLuc
activities were measured and normalized to their respective 4 h values at 28°C (A) or 37°C
(B), and thus values represent fold-change compared to those 4 h values. ns (P>0.05), *
(P<0.05), ** (P<0.001), *** (P<0.001) compared to their FLuc activities in RD-shCTL at 12
or 24 hpt respectively. Data are displayed as the means *S.E. of two experimental
replicates.

6.2.3 Replication of WT and mutant ONNV in the cold shock protein ablated
RD cell lines at 28°C or 37°C
To further explore the possible effect of the cold shock proteins on replication
phenotype of the AUD mutants during infection, the cold shock protein ablated RD
cells were infected with WT, W220A and R243A/K245A ONNV at an MOI of 0.1
and incubated at 28°C or 37°C. Cells were fixed with 4% paraformaldehyde at 48
hpi and ZsGreen expression representing genome replication was quantified and
normalized by IncuCyte. Interestingly, similar levels of ZsGreen expression for WT,
W220A or R243A/K245A in the cold shock protein ablated RD cells compared to
the RD-shCTL cells at 28°C (Fig. 6.4A) were observed. However, at 37°C, WT
ONNYV lysed a large majority of cold shock protein ablated RD cells whereas it only
lysed a less majority of the RD-shCTL cells, indicating that ablation of the cold
shock proteins had an early effect on virus production (Fig. 6.4B). To note,
consistent with the results of AUD mutants in CHIKV-D-Luc-SGR, ablation of the
cold shock proteins failed to recover replication defects of the AUD mutants in
ONNYV (Fig. 6.4B). Although WT ONNV lysed more cold shock protein ablated RD
cells than the RD-shCTL cells at 48 hpi at 37°C, they exhibited indistinguishable
ZsGreen expression when normalized to cells (Fig. 6.4C), suggesting a similar
maximum replication capacity between the cold shock protein ablated RD cells and
the RD-shCTL cells.
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Figure 6.4 Replication of WT and mutant ONNV in the cold shock protein ablated RD
cell lines at 28°C or 37°C.

(A and B) ZsGreen expression of WT and mutant ONNV at 28°C or 37°C in the cold shock
protein ablated RD cell lines. The cold shock protein ablated RD cells were seeded into 12
well plates without puromycin. The next day, cells were infected with WT and mutant
ONNYV at an MOI of 0.1 and incubated at 37°C or 28°C. Cells were fixed with 4%
paraformaldehyde at 48 hpi and ZsGreen expression was quantified and normalized by
IncuCyte. Data are displayed as the means +S.E. of three experimental replicates. (C)
Normalized ZsGreen expression of WT and mutant ONNV at 28°C or 37°C in the cold
shock protein ablated RD cell lines.

6.2.4 Growth curve of replication and virus production of WT ONNV in the
cold shock protein ablated RD cell lines and the RD-shCTL cells at 28°C
or 37°C

As described before, WT CHIKV-D-Luc-SGR exhibited higher levels of replication

at 12 hpt, but similar levels of replication at 24 hpt in the cold shock protein ablated

RD cells compared to the RD-shCTL cells at 28°C. | postulated that ablation of the

cold shock proteins might have an early effect on replication — enhancing

replication at early stage but not at late stage. To test this, the cold shock protein
ablated RD cells and the RD-shCTL cells were infected with WT ONNV at an MOI
of 0.1 and incubated at 28°C or 37°C. Cells were fixed with 4% paraformaldehyde
at 12, 24, 36 and 48 hpi and supernatants were collected for virus titration. As
expected, higher levels of ZsGreen expression were detected at 12 or 24 hpi in the
cold shock protein ablated cells compared to the RD-shCTL cells at 28°C or 37°C

(Fig. 6.5A and B and Fig. 6.6A). However, at later times (36 or 48 hpi), WT ONNV

exhibited similar levels of ZsGreen expression in the RD-shCTL cells compared to

the cold shock protein ablated RD cells at 28°C, suggesting that ablation of the
cold shock proteins only enhances alphavirus replication at early times (Fig. 6.5A
and Fig. 6.6A). Consistent with this, WT ONNV induced cytopathic effect (CPE) at

36 hpi and a large majority of the cells were lysed at 48 hpi in the cold shock

protein ablated cells at 37°C; however, WT ONNV at 37°C had not yet initiated

CPE at 36 hpi and only until 48 hpi a less majority of the cells were lysed in the

RD-shCTL cells (Fig. 6.5B). By normalization with cell confluency at 37°C, similar

levels of ZsGreen expression for WT ONNV in the cold shock protein ablated cells

compared to the RD-shCTL cells were observed, indicating that the highest levels
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of replication of WT ONNV was not affected by ablation of the cold shock
proteins.In agreement with genome replication, WT ONNV showed more virus
production at 12 and 24 hpi, but similar virus production at 36 or 48 hpi in the cold
shock protein ablated cells compared to the RD-shCTL cells at 28°C (Fig. 6.6B). At
37°C, virus production for WT ONNYV increased from 12-24 hpi and then decreased
slightly from 24-48 hpi in the cold shock protein ablated RD cells, whereas it
continues increased from 12-48 hpi in the RD-shCTL cells (Fig. 6.6B right panel).
These data indicate that virus production was enhanced at early time points
(before 24 hpi) but not at late time points (after 24 hpi) by ablation of the cold shock
proteins.
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A 28°C  gpsherL RD-shYB1 RD-shUNR RD-shSRSF5

Figure 6.5 Replication of WT ONNV in cold shock protein ablated RD cell lines at
different time points at 28°C or 37°C.

The cold shock protein ablated RD cells were seeded into 12 well plates without
puromycin. The next day, cells were infected with WT ONNV at an MOI of 0.1 and
incubated at 37°C or 28°C. Cells were fixed with 4% paraformaldehyde at indicated time
points and ZsGreen expression at 28°C (A) or 37°C (B) was scanned and quantified by
IncuCyte. Data are displayed as the means £S.E. of three experimental replicates.
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Figure 6.6 Normalized ZsGreen expression and virus production for WT ONNV in the
cold shock protein ablated RD cell lines at different time points at 28°C or 37°C.

(A) Normalized ZsGreen expression of WT ONNV at different time points at 28°C or 37°C
in the cold shock protein ablated RD cell lines. ZsGreen expression was quantified and
normalized with cell confluency by IncuCyte. (B) One step growth curve of WT ONNV in
the cold shock protein ablated RD cells at 28°C or 37°C. Supernatants harvested from
28°C or 37°C at indicated time points were titrated by plaque assay on BHK-21 cells at
37°C. ns (P>0.05), * (P<0.05), ** (P<0.01), *** (P<0.001), **** (P<0.0001) compared to
replication or virus production of WT ONNV in RD-shCTL cells at each indicated time
points. Data are displayed as the means £S.E. of three experimental replicates.
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6.2.5 Effect of ablation of the cold shock proteins on formation of SGs/G3BP-
positive granules induced by NaAsO:2 or ONNV infection in the cold
shock protein ablated RD cells at 28°C or 37°C

YBL1 is a known component of SG and possesses the self-assembly of SG

(Kedersha & Anderson 2007). It controls G3BP1 expression via activating G3BP1

MRNA and the subsequence nucleation of SG (Somasekharan et al 2015). YB1

was previously reported to interact with SINV nsP3, forming complexes on

endosomal membranes as well as nucleus (Gorchakov et al 2008). UNR is also
identified as a component of both SG and exosomes (Youn et al 2018). Therefore,
| postulate that ablation of the cold shock proteins might have an effect on the
formation of SGs/G3BP-positive granules by NaAsO2 or ONNV infection at 28°C or
37°C. As shown in Figure 6.7, SG formation by NaAsO: at 37°C but not at 28°C in
the RD-shCTL cells was observed, which is in agreement with previous results

(Fig. 5.11). The assembly of SG by NaAsO2 was also observed at 37°C but not at

28°C in the cold shock protein ablated RD cells (Fig. 6.7), suggesting that removal

of these cold shock proteins didn’t affect the assembly of SG induced by NaAsO-.
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RD-shUNR

RD-shSRSF5

152



Chapter 6: Ablation of the cold shock proteins enhance alphavirus replication at
early time points

Figure 6.7 Formation of SG induced by NaAsO; in the cold shock protein ablated RD
cells at 28°C or 37°C.

The cold shock protein ablated RD cells and the RD-shCTL cells were incubated at 37°C
or 28°C, cells were then treated with 0.5 M NaAsO: for 1 h prior to fixation. Cells from both
temperatures were stained with G3BP antibody (red).

The effect of the cold shock proteins on the formation of G3BP-positive granules
induced by ONNYV infection at 28°C or 37°C was also investigated. In RD-shCTL
cells, SG assembly by ONNYV infection was observed at 37°C and 28°C, and in
consistence with previous results (Fig. 5.12), larger G3BP-positive granules was
observed at 37°C compared to 28°C (Fig. 6.8). The formation of G3BP-positive
granules by ONNV infection as well as larger G3BP-positive granules formation at
37°C compared to at 28°C was also observed in the cold shock protein ablated RD
cells (Fig. 6.8). The results indicated that ablation of the cold shock protein does
not affect the formation of G3BP-positive granules or the size of SG by ONNV
infection at 28°C or 37°C. In agreement with the enhanced genome replication at
lower temperature as previously described, more dsRNA expression per cell at
28°C compared to 37°C, in either the RD-shCTL cells or the cold shock protein
ablated RD cells (Fig. 6.8) was also observed, reassuring that the genome
replication of alphavirus was enhanced at sub-physiological temperature.
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Figure 6.8 Formation of G3BP-positive granules induced by WT ONNV in the cold
shock protein ablated RD cells at 28°C or 37°C.

The cold shock protein ablated RD cells or the RD-shCTL cells were infected with WT
ONNV at an MOI of 5 and incubated at 37°C or 28°C, cells were then fixed with 4%
paraformaldehyde at 8 hpi. Cells from both temperatures were stained with G3BP antibody
(red) and dsRNA antibody (gray).

6.3 Discussion

Cold shock proteins are among the most evolutionarily conserved proteins (Jones
& Inouye 1994, Wolffe 1994, Wolffe et al 1992), with one or several defined CSD,
which possess DNA and RNA binding activities. Indicated by their names, cold
shock proteins are largely expressed to overcome the deleterious effects of cold
shock. Apart from phosphorylation of elF2a and SG formation, | also wonder
whether cold shock proteins play a role in regulating the replication phenotype of
CHIKV SGR and the AUD mutants. Previous work identified YB1 interacting with
SINV nsP3 and form complexes, both in nucleus and cytoplasm (Gorchakov et al
2008). With mass spectrometry, our laboratory recently discovered two cold shock
proteins interacting with CHIKV nsP3, namely UNR and SRSF5 (Gao 2018). YB1
is involved in diverse cellular functions, including transcription regulation,
translation and mRNA stability (Kohno et al 2003). UNR binds to ssSDNA or RNA
through the CSD(Ferrer et al 1999, Jacquemin-Sablon et al 1994). It also regulates
translation and mRNA stability by co-operates with polypyrimidine-tract-binding
protein (Mitchell et al 2001, Sawicka et al 2008).SRSF5 is a member of the
serine/arginine-rich family of pre-mRNA splicing factors (Kim et al 2016).

YB1 was shown to bind to DENV 3’-UTR and mediate antiviral effects by
translation suppression of the viral RNA (Paranjape & Harris 2007). Therefore, |
assumed that YB1 as well as the other cold shock proteins (UNR and SRSF5)
might also functions as antiviral proteins. To further investigate the role of the cold
shock proteins in the replication phenotype of CHIKV SGR at different
temperatures, first | generated the cold shock proteins ablated RD cells by using
lentiviruses containing specific human shRNAs and selected by puromycin. The
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observation of enhanced genome replication at 12 hpt but not at 24 hpt for WT and
mutant CHIKV-D-Luc-SGR in the cold shock protein ablated RD cells compared to
RD-shCTL cells at 28°C suggested a role of suppressing genome replication at
early time points for the cold shock proteins. This can also be supported by the fact
that WT CHIKV-D-Luc-SGR exhibited lower replication at 12 hpt at 37°C in the cold
shock protein ablated RD cells compared to the RD-shCTL cells, as the peak
replication had been bought forward in the cold shock protein ablated RD cells. To
note, although replication of the AUD mutants was enhanced at 37°C in the cold
shock protein ablated RD cells, they were still much lower compared to WT,
suggesting that the three cold shock proteins are not the key factor to determine

the replication phenotype of the AUD mutants.

The assumption of the cold shock proteins function as antiviral proteins and
enhance replication at early but not late stages was also supported in the context
of ONNV (Fig. 6.4). Consistent with observation from replication of the AUD
mutants in CHIKV-D-Luc-SGR at 37°C, mutant ONNV were not able to initiate
replication in the cold shock protein ablated RD cells, reassuring that the cold
shock proteins were not the key factor regulating the replication phenotype of the
AUD mutants. In the growth curve of replication and virus production of WT ONNV
in the cold shock protein ablated RD cells and RD-shCTL cells, WT ONNV
exhibited enhanced replication and virus production at early time points (12 and 24
hpi) but not at late time points (36 and 48 hpi) in the cold shock protein ablated RD
cells compared to RD-shCTL cells at 28°C or 37°C (Fig. 6.5). The data further
confirmed the cold shock proteins (YB1, UNR and SRSF5) functions as antiviral
proteins and suppress alphavirus replication and production at early time points. In
the study of HCV, YB1 acts as both a stimulant and a repressor. The association of
HCV NS3/4a with YB1 is required for HCV replication, while knockdown of YB1
increased virus production but impaired virus replication (Chatel-Chaix et al 2011).
The mechanism of how alphavirus replication at early stage is suppressed by the

cold shock proteins requires further investigation.
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Previous work also demonstrated YB1 and UNR are components of SG (Kedersha
& Anderson 2007, Keerthikumar et al 2016, Youn et al 2018). By activating mRNA
of G3BP1, YB1 controls both G3BP1 expression and the nucleation of SG in
human sarcoma cells (Somasekharan et al 2015). The investigation of SGs/G3BP-
positive granules formation by NaAsO2 or ONNV infection in the cold shock protein
ablated RD cells compared to the RD-shCTL cells at both temperatures
demonstrated that with or without these cold shock proteins, the assembly of SG
as well as the localization of SG (mostly in cytoplasm) was not much affected,

indicating a non-essential role of the cold shock proteins in the formation of SG.

In summary, | explored the function of cold shock proteins interacting with nsP3 on
alphavirus replication and production at 28°C or 37°C. | conclude that the cold
shock proteins (YB1, UNR or SRSF5) enhanced alphavirus replication and
production at early time points, which is not affected by temperature variance.
Importantly, induction of the cold shock proteins does not explain the enhanced

replication phenotype at sub-physiological temperature.
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Based on our previous work showing that AUD is involved in virus assembly by
binding to sub-genomic RNA promoter (Gao et al 2019), the project started in
identifying other roles of AUD in alphavirus replication. By using the CHIKV-D-Luc-
SGR, | identified three AUD mutants (W220A, D249A and Y324A) replicated poorly
in mammalian cells but not in mosquito cells. It was later confirmed that this was
not due to mutation reversion or related with RIG-I induced IFNs, but due to
temperature variance. Interestingly, WT CHIKV-D-Luc-SGR also exhibited
significant higher level of replication (approx. 100-fold) at sub-physiological
temperature (28°C) compared to physiological temperature (37°C). The enhanced
replication phenotype for WT CHIKV-D-Luc-SGR at sub-physiological temperature
was demonstrated not due to the nature of the fused nsP3-reporter protein and
was not exhibited by representatives of other arboviruses (Zika and BUNV).
However, it remains to be determined whether this phenotype is conserved
throughout the entire Alphavirus genus. The temperature sensitive replication
phenotype of the AUD mutants was later confirmed in the context of infectious
CHIKV and ONNV. However, unlike the significant higher level of replication for
WT CHIKV-D-Luc-SGR at 28°C, it only exhibited a modest enhancement (2-fold) in
replication of WT ICRES-CHIKV and ONNYV at sub-physiological temperature,
suggesting a defect in virus assembly or release at lower temperature.

My attention then turned to investigate the mechanisms behind temperature
variance that determine the enhanced replication phenotype for alphaviruses at
sub-physiological temperature. Phosphorylation of elF2a is a key regulator in
translation suppression. It was assumed that translation arrest via the effect of
elF2a phosphorylation might be ablated at lower temperature, which resulted in the
enhanced genome replication. However, the data from inhibition of the effect of
elF2a phosphorylation by ISRIB suggested that it was not the key factor in
determining the enhanced replication phenotype at sub-physiological temperatures
(28°C and 32°C). Following elF2a phosphorylation, my attention then focused on
formation of SG, as no SG were formed at 28°C by treatment with NaAsO2
(Wheeler et al 2016). To my surprise, in contrast to the inability of NaAsO:2 to

induce SGs at 28°C, ONNV infection was able to induce G3BP-positive granules at
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both temperatures, however, they differed significantly in sizes and numbers. The
mean cross-sectional area of SG at 28°C was much smaller than 37°C in response
to ONNV infection. In further explaining this, by calculation of surface areas and
volumes of SGs per cells at two temperatures, | determined a larger surface area
and a 26-fold volume of SGs at 37°C compared to 28°C. It might suggest that
canonical SG was suppressed in response to ONNV infection at lower temperature
but not at 37°C. The role of the cold shock proteins interacting with nsP3 (YB1,
UNR and SRSF5) in alphavirus replication was also investigated, and |
demonstrated that they were not responsible for the temperature-sensitive
replication phenotype of the AUD mutants, but they suppressed alphavirus
replication at early time points, which was independent of temperature variance.
Building on the findings, this project also proposed many questions that need to be
investigated in the future. For example, the inability of the ONNV AUD mutants to
replicate at 37°C but not at sub-physiological temperatures (28°C and 32°C) might
be correlated with different proteins interacting with AUD at different temperatures.
This can be tested by infection of ICRES-CHIKV-nsP3-TST and ICRES-CHIKV in
cells at sub-physiological temperatures (28°C and 32°C) or 37°C and different
proteins interacting with nsP3 AUD at different temperatures can be determined by
mass spectrometry. The phenotype might also be correlated with different RNA-
AUD interactions at different temperatures. Our laboratory currently is using the
cutting edge iCLIP (individual-nucleotide resolution Cross-Linking and
Immunoprecipitation) technology to investigate if there is any difference in RNA
binding to AUD in mammalian cells at physiological and sub-physiological
temperatures. As the protease activity of nsP2 might play a role in the
enhancement of alphavirus replication at sub-physiological temperature (Balistreri
et al 2007), a trans-replicase system of independent replication and translation
(protease activity is disabled via mutation) plasmids and a separate plasmid
expressing protease at different temperatures might shed light on the role of
protease in the replication phenotype (Bartholomeeusen et al 2018). The different
sizes of G3BP-positive granules at sub-physiological and physiological

temperatures suggest different compositions at 28°C or 37°C, and this can be
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exploited by enriching G3BP-positive granules using centrifugation and purifying
G3BP-positive granules using immunoprecipitation and mass spectrometry
(Wheeler et al 2017). To explain the different compositions of G3BP-positive
granules at different temperatures, the ADP-ribosylhydrolase activity of macro-
domain might play a role. This can be verified by testing the ADP-ribosylhydrolase
activity with substrates at physiological (37°C) or sub-physiological temperatures
(28°C and 32°C) in vitro, or ablating of the ADP-ribosylhydrolase activity by
mutation and evaluating the replication in trans-replicase system in mammalian
cells at different temperatures.

In conclusion, three CHIKV AUD mutants (W220A, D249A and Y324A) were
identified as temperature sensitive mutants. They have the potential to be utilized
as vaccines, as they are unable to replication at 37°C. Importantly, the data
reported a hitherto unrecognized enhancement of alphavirus genome replication in
mammalian cells at sub-physiological temperatures, which might play a role at the

early stages of alphavirus transmission to mammalian host via a mosquito bite.
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Replicons and Virus
Mutants Backbone

WT CHIKV-D-Luc-SGR, CHIKV-nsP3-mCherry-FLuc-SGR,
CHIKV-FLuc-SGR, ICRES, ONNV-2SG-ZsGreen

T218A CHIKV-D-Luc-SGR

M219A CHIKV-D-Luc-SGR

W220A CHIKV-D-Luc-SGR, ICRES, pcDNA 3.1 (+), ICRES, ONNV-
2SG-ZsGreen

P221A CHIKV-D-Luc-SGR

C246A CHIKV-D-Luc-SGR

D249A CHIKV-D-Luc-SGR, ICRES, pcDNA 3.1 (+), ICRES, ONNV-
2SG-ZsGreen

A251Q CHIKV-D-Luc-SGR

Y324A CHIKV-D-Luc-SGR, ICRES, pcDNA 3.1 (+), ICRES, ONNV-
25G-ZsGreen

GAA CHIKV-D-Luc-SGR

Constructs

Plasmids for pCAG-HIVgp, pCMV-VSV-G-RSV-rev, pLKO.1-TRC-shCTL,

lentiviruses pLKO.1-TRC-shYB1, pLKO.1-TRC-shUNR, pLKO.1-TRC-
ShSRSF5

Appendix Table 9.1 List of constructs generated and used in this study.
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Mutants Q5 site-directed mutagenesis for CHIKV SGR
Forward | ATACATCAAATGTGGCCAAAGCAAACAGAG
T218Q
Reverse | CTCCGCCATATCCACAGCCGTCT
Forward | ATACATACTCAATGGCCAAAGCAAACAGAG
M219Q
Reverse | CTCCGCCATATCCACAGCCGTCT
Forward | ATACATACTATGGCCCCAAAGCAAACAGAG
W220A
Reverse | CTCCGCCATATCCACAGCCGTCT
Forward | ATACATACTATGTGGGCCAAGCAAACAGAG
P221A
Reverse | CTCCGCCATATCCACAGCCGTCT
Forward | CAGAAAGCCCCGGTGGATGATGCAGAC
C246A
Reverse | CCTGATCGATTCAATACTTTCCCCCAG
Forward | CCGGTGGCCGATGCAGACGCATCATC
D249A
Reverse | GCATTTCTGCCTGATCGATTCAATAC
Forward | CCGGTGGATGATCAAGACGCATCATC
A251Q
Reverse | GCATTTCTGCCTGATCGATTCAATAC
Forward | CGCGTAAGTCCAAGGGAAGCTAGATCT
Y324A
Reverse | AGATCTAGCTTCCCTTGGACTTACGCG
Mutants PCR for ONNV AUD
Forward | TATACCATGGCACCTAAACAAACTGAAGCCAACG
W220A
Reverse | TATCTCTGCCATATCTACAGCAG
Forward | GAGTCCGTCGCACAAGCATGTCCCGTAGACGACGC
R243A/K245A
Reverse | TATGCTCTCCCCCAGAGCATATAG
Forward | CCCGTAGCCGACGCCGACGCCTCATTC
D249A
Reverse | ACATTTTTGCCTGACGGACTCTATGCTC
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Forward | CCGAGAACGGCCAGGCCTGCGGACGAAATC
Y324A
Reverse | GCTCACTCGAGACGGTACATTG
SiRNA PCR
Forward | CCGGCCAGTTCAAGGCAGTAAATATCTCGAGATATTTA
CTGCCTT GAACTGGTTTTTG, 5' Phosphate
YB1
Reverse | AATTCAAAAACCAGTTCAAGGCAGTAAATATCTCGAGAT
ATTTAC TGCCTTGAACTGG, 5' Phosphate
Forward | CCGGGTTAACCTCTTACGGATTTATCTCGAGATAAATC
CGTAAGA GGTTAACTTTTTG, 5' Phosphate
UNR
Reverse | AATTCAAAAAGTTAACCTCTTACGGATTTATCTCGAGAT
AAATCC GTAAGAGGTTAAC, 5' Phosphate
Forward | CCGGCGGATGCACACCGACCTAAATCTCGAGATTTAG
GTCGGTGT GCATCCGTTTTTG, 5' Phosphate
SRSF5
Reverse | AATTCAAAAACGGATGCACACCGACCTAAATCTCGAGA
TTTAGGT CGGTGTGCATCCG, 5' Phosphate
mCherry fragment PCR
Forward | CGAGGAGGATAACATGGCC
mCherry
Reverse | GTTCCACGATGGTGTAGTCC
Sequencing for
AUD reversion in Forward | TGGATGAGCACATCTCCATAGAC
CHIKV SGR
Sequencing for
CHIKV whole PCR
genome
Forward | CTGTGTACGTGGACATAGACGC
ICRES-CHIKV-1
Reverse | GTTCAGCCCCACCAACAG
Forward | CCATTTGTGATCAAATGACCGGC
ICRES-CHIKV-2
Reverse | CCCACCAGTACCAGTCCTG
Forward | GCTGGTGAGGGCAGAGAG
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ICRES-CHIKV-3 Reverse | CCCGCTGTTTCGAGGATAGG

Forward | CAATAATGGCGGGCATCTGC
ICRES-CHIKV-4

Reverse | GAGGGTTAGCGGCGTTG

Forward | GCCTTCGTAGGACAGGTCAC
ICRES-CHIKV-5

Reverse | GTCAGTGACGTGATTGTACTCGC

Forward | GTGTTCTTCGTTTCCCCTCCC
ICRES-CHIKV-6

Reverse | GCATGCTGCCACTGCG

Forward | CGGCGCCTGTGTACTC
ICRES-CHIKV-7

Reverse | CGCCGATGAAGGCCG

Forward | GCCAGCCGAGTGCTG
ICRES-CHIKV-8

Reverse | GCCGCTGTCCCCTGGTTTGCC

Forward | CGCGCAGATACCCGTG
ICRES-CHIKV-9

Reverse | GAGCCACCGCAATTACACTTG

Forward | CCCCAGACACCCCTGATC
ICRES-CHIKV-10

Reverse | CGCCGCCCCACATAAATG

Forward | CGTCATCCCGTCTCCGTAC
ICRES-CHIKV-11

Reverse | CTTGTACGCGGAATTCGGC

Forward | AGCCAGCAAGAAAGGCAAGTG
ICRES-CHIKV-12

Reverse | CATCTCCTACGTCCCTGTGG

Sequencing for
PCR
ONNYV all nsPs
Forward | GCTGACAGCGCGTTTTTGAAG
ONNV-1
Reverse | CATTAGGAAGCCGTCGGC
Forward | GGGCTGTGTTCAACAGACC
ONNV-2

Reverse

GCCTGCGGTGTCAGTACTAAG
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Forward | CAAGTGGCTCTTGAGCAAAGC
ONNV-3

Reverse | GGCTGTTACAGGCAGTGTACAC

Forward | CTGGTAACCAGGCATGACTTGG
ONNV-4

Reverse | CTCCTGGTCTATTGTCCCAGTG

Forward | GGAGTGGGAAGCTGAACACG
ONNV-5

Reverse | CTAGTGGCCTGTCCTGCATAC

Forward | GATGCTAGGGGGGGACTC
ONNV-6

Reverse | GCTCACTCGAGACGGTACATTG

Forward | GTCGTACGCGTTCACCCAG
ONNV-7

Reverse | GTCCGTCAGCTCTTCCACTTC

Forward | GGAGCTAGCACACCGATCG
ONNV-8

Reverse | CCCTTATAGGGCTTGAGGCG

Forward | CCAACTGTGGCATCCTACCAAG
ONNV-9

Reverse | GCGCCTTTACTGACACTACTGC

Forward | CTGACCGCCATGATGTTGCTAG

ONNV-10
Reverse | GGTACTCGGTGAACACGCG

Appendix Table 9.2 List of oligonucleotide primers used in this study.

‘Forward’ and ‘Reverse” indicate forward primer and reverse primer, respectively.
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