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ABSTRACT 

 

In recent years, pathogenic orthoflaviviruses such as Dengue Virus (DENV), West Nile Virus 

(WNV), and Zika Virus (ZIKV) have affected millions of people worldwide, resulting 

thousands of death globally. Despite an urgent need, there are no approved antiviral therapies 

for these viruses. While live cell imaging represents a powerful approach in antiviral drug 

discovery and testing, current approaches are limited due to difficulties in manipulation of viral 

genomes and challenges in generation of reliable reporter systems. To overcome these 

limitations and address knowledge gaps in our understanding of virus-host interactions and 

antiviral drug efficacy, we sought to generate and characterise viral protease-dependent 

reporter systems. These systems comprised expression of a green fluorescent protein (GFP 

‘mStayGold’) anchored to endoplasmic reticulum (ER) via a Sec61β transmembrane domain 

and featuring a nuclear localization signal (NLS) separated by specific cleavage peptide 

sequences that are cleaved by the virally encoded NS2B/NS3 proteases of DENV, ZIKV and 

WNV. Accordingly, viral infection and cleavage of the reporter construct by the viral NS2B/3 

protease was expected to result in nuclear translocation of mStayGold (GFP), allowing 

detection of infected cells by live cell imaging. We aimed to generate these reporter cell lines 

via cloning of lentiviral reporter plasmids specific to DENV, WNV, and ZIKV protease (pr), 

and preparation of replication-defective lentiviral vectors. Despite successful cloning and 

transfection, generation of stable reporter cell lines for WNVpr and ZIKVpr reporter constructs 

could not be achieved. However, we sought to validate the plasmid constructs via transient 

transfection of HeLa cells using the WNVpr and ZIKVpr reporter plasmids. Additionally, we 

were able to improve the properties of a previously generated stable reporter cell line for 

DENVpr via Fluorescence Activated Cell Sorting (FACS) to obtain stronger and more 

homogenous expression of the fluorescent protein component of the reporter, mStayGold. 

Virus infection experiments were performed in the DENVpr, WNVpr, and ZIKVpr reporter 

cell lines and to further test the functionality and reliability of the reporter cell line, studies of 

the DENVpr system were performed using the antiviral compound JNJ-A07. The analysis of 

live cell imaging data for transiently expressed WNVpr and ZIKVpr reporter constructs 

following infection with the respective viruses (24h.p.i, MOI=2) revealed no significant 

differences in levels of early nuclear translocation of GFP for, WNV (Kunjin strain) infect ion 

compared to uninfected cells. However, ZIKVpr data showed a significant difference (*, 

p<0.01) between levels of nuclear GFP translocation for ZIKV uninfected and infected cells at 
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24h.p.i, assuming comparable infection levels and reporter expression levels, this result 

suggests Zika Virus NS2B/NS3 protease cleavage efficiency is higher than West Nile Virus 

NS2B/NS3 protease for early detection (24h.p.i) of infection using equivalent reporter 

constructs. Notably, the DENVpr reporter system enabled reliable analysis of JNJ-A07 

antiviral activity in dose-response studies. Similar functioning of our reporter systems through 

Western blot analysis using previously generated eGFP tagged DENVpr and ZIKVpr reporter 

construct cell lines showed the expected viral protease-mediated cleavage of the reporter 

proteins in DENV- and ZIKV-infected cells. Overall, we have successfully developed reporter 

systems and supportive data towards achieving our aim of detection of virus infection in living 

cells via viral protease-dependent fluorescent reporter cleavage events. In spite of the 

challenges, we propose that our reporter systems might have broad applications in antivira l 

drug development and analysis of viral replication cycles. 
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Chapter One: Introduction 

 

1.1 Background 

 

Within the past ten years, pathogenic orthoflaviviruses, like dengue Virus (DENV), West Nile 

Virus (WNV), and Zika Virus (ZIKV), have infected millions of people worldwide and 

impacted their lives resulting in thousands of death globally (Liang & Dai, 2024). 

Orthoflaviviruses, such as DENV, WNV, and ZIKV, represent as some of the most prevalent 

RNA viruses and hence pose a significant threat to human health across the globe (Wu et al., 

2019). Despite continuous studies, no universal vaccines or specific antiviral therapies have 

been approved for prevention and treatment against infections caused by these viruses. Thus, 

effective therapeutic strategies are urgently needed to combat these orthoflaviviruses (Pierson 

& Diamond, 2020). 

 

The Orthoflavivirus genus includes over 70 known species and orthoflaviviruses that infect 

humans are usually transmitted to humans via arthropod-borne vectors such as mosquitoes and 

ticks (Wu et al., 2019). Accordingly, orthoflaviviruses are amongst the largest contributors to 

zoonotic diseases (Williams et al., 2019). The genus includes clinically important mosquito-

borne orthoflaviviruses such as DENV, WNV and ZIKV. Because of increased urbaniza t ion 

and climate change-driven expansion of the major mosquito vectors within the past seven 

decades, orthoflaviviruses have caused increased rates of transmission (Pierson & Diamond, 

2020). Besides infecting humans, certain orthoflaviviruses infect a wide array of animal 

species, which can then act as virus reservoirs and further complicate efforts to control the 

spread and impact of these viruses (Chen et al., 2012).  

 

As previous studies have mentioned, orthoflaviviruses induce specialized membrane 

compartments within the endoplasmic reticulum (ER) that harbor viral RNA replication (Van 

den Elsen et al., 2021). Furthermore, replication organelles protect viral RNA from host 

immune responses and provide a platform for efficient RNA synthesis (Stancheva & Sanyal, 

2024). All these processes are of immense importance in the development of potential antivira l 

treatments. Traditionally, microscopy-based studies of infection and ER remodelling in 

infected cells have used imaging of fixed cells, providing only a static view of infection (Liu 
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et al., 2020). However, viral replication cycles are dynamic and thus additional insights into 

aspects of the viral replication cycle and virus-host interactions can be revealed by real- time 

visualization, including via reporter systems that track the activity of a viral protease (Pahmeier 

et al., 2021). Such reporter systems can enable deeper insights into virus infection kinetics and 

interaction of a virus with host cells, and thus facilitate the screening of antiviral compounds. 

A common technique for live cell imaging of viral infections involves the insertion of a 

genetically encoded fluorescent tag into the virus genome, enabling the monitoring of infected 

cells (Corliss et al., 2022). However, the major disadvantage of such an approach is that it 

requires a functional viral genome clone and a large reporter protein insertion that often result 

in attenuation of viral replication (Wahaab et al., 2021). Accordingly, identification of a 

suitable site in a viral genome and encoded protein that may tolerate a reporter insertion can be 

challenging. An alternative approach is to employ the use of engineered reporter fluorescent 

proteins that are stably expressed in target cells and are responsive to viral infections (Pahmeier 

et al., 2021).  

 

Building on this, a reporter system was developed based on an ER anchored green fluorescent 

protein (GFP) with a nuclear localization signal (NLS) and a specific linker region containing 

an orthoflavivirus NS2B-NS3 protease cleavage sequence. The notion behind this was, such 

that, upon infection, the viral protease cleaves the linker and thus releases the GFP from the 

ER, so that it can translocate into the nucleus (McFadden et al., 2018). Such systems can 

potentially be generated for the detection of DENV, WNV, and ZIKV infection (Medin et al., 

2015). Such approaches may help to bridge significant gaps in our understanding of 

orthoflavivirus-host cell interactions and facilitate screening of antiviral drug activity through 

real-time monitoring of infection using live-cell imaging systems. The establishment and 

characterization of viral protease-dependent reporter systems for pathogenic orthoflaviviruses 

represents a valuable approach that could help to increase our understanding of the replication 

cycles of these viruses and facilitate the development of therapeutic strategies.  

 

 

1.2 Overview on Orthoflaviviruses 

 

The genus Orthoflavivirus comprises predominantly vector-borne, positive-sense RNA 

viruses, that are mainly transmitted by arthropods, but most importantly mosquitoes and ticks 

(Williams et al., 2019). These viruses are responsible for several severe human diseases, 
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including dengue fever, yellow fever, congenital Zika syndrome, West Nile encephalit is, 

Japanese encephalitis, and tick-borne encephalitis (Thomas et al., 2023). Orthoflaviviruses 

pose significant concern where vector-borne diseases are prevalent and can cause severe 

outbreaks (Pierson & Diamond, 2020).  

 

1.2.1 Epidemiology and Disease Burden 

 

The frequency of Orthoflavivirus infections have dramatically increased in recent decades, and 

are estimated to infect up to 400 million people annually (Liang & Dai, 2024).  Dengue virus 

(DENV) alone affects approximately 390 million individuals each year, with around 500,000 

experiencing severe complications, such as dengue haemorrhagic fever or dengue shock 

syndrome, resulting in approximately 25,000 fatalities annually (Guzman et al., 2016). 

Importantly, epidemics of WNV and ZIKV have been associated with congenita l 

developmental defects, culminating in outcomes like microcephaly and foetal mortality in 

various parts of the world (Rasmussen et al., 2017). Factors that contribute to increases in the 

frequency and magnitude of orthoflavivirus epidemics include increases in the extensive 

distribution of mosquito and tick vectors because of rapid urbanization and climate change, 

and increased global travel. Seasonal epidemic patterns of DENV, WNV, and ZIKV are 

observed in tropical and subtropical regions providing ideal sites for mosquitoes, includ ing 

Aedes aegypti as the principal vector of DENV and ZIKV, and Culex mosquitoes harbouring 

WNV (Nguyen-Tien et al., 2019).  

 

1.2.2 Orthoflavivirus Protease NS2B-NS3 as a Promising Antiviral Drug Target 

 

Orthoflaviviruses are small, enveloped viruses that and are approximately 50nm in diameter 

(Chong et al., 2014). The RNA genome consists of single-stranded, positive-sense RNA of 

approximately 11kb that encodes three structural proteins: capsid (C), precursor membrane 

(prM), and envelope (E), in addition to seven non-structural (NS) proteins: NS1, NS2A, NS2B, 

NS3, NS4A, NS4B, and NS5 (Figure 1.2.2) (Diosa-Toro et al., 2020). Although the envelope 

protein is crucial for the entry of the virus into host cells, the capsid protein forms the 

icosahedral nucleocapsid within which the RNA genome of the virus is packaged (Wahaab et 

al., 2021). The NS proteins are critical for the replication of the RNA genome, evading the 

host's immune system, and the assembly of new virus particles.  
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The NS2B-NS3 protease complex is involved in both critical steps of viral polyprotein 

processing and successful replication. The NS3 protein itself is a multifunctional enzyme which 

possesses both protease and helicase domains and activities. Specifically, the protease domain, 

together with its cofactor NS2B, cleaves specific sites within the viral polyprotein: a process 

that ensures the correct processing of the structural and non-structural proteins and supports 

viral replication and assembly (Arias-Arias et al., 2020). Meanwhile, the helicase possesses 

properties for unwinding viral RNA secondary structures in replication, thereby allowing the 

synthesis of new viral RNA strands (Marecki et al., 2021). NS3 contains an RNA 

triphosphatase subdomain which is utilized in the formation of the type I 5' RNA cap structure 

that mimics the host mRNA cap, preventing degradation and assuring efficient translation by 

the cellular ribosome machinery (van den Elsen et al., 2023). Furthermore, the NS2B/NS3 

protease complex can modulate immunological signalling pathways and degradation of host 

proteins that are involved in innate immune signalling, contributing to an optimal environment 

for viral propagation (Latanova et al., 2022). The NS2B-NS3 protease complex plays a key 

role in the life cycle of orthoflaviviruses and is considered an attractive target for antiviral drug 

development. 
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Figure 1.2.2: Structure and overview of orthoflavivirus genome and encoded polyprote in. 

. (A) Diagrammatic representations of immature and mature orthoflavivirus particle showing 

its nucleocapsid, lipid membrane, and glycoproteins in the left-panel. The orthoflavivirus 

genome and encoded polyprotein are schematically represented in the right panel, where 

structural proteins (C, prM, E) and non-structural proteins (NS1 to NS5) implicated in 

replication and virion assembly are highlighted (Zhang et al., 2023). (B) Schematic diagram of 

viral cleavage products and functions of proteins in viral RNA synthesis and assembly within 

host cells, including the NS2B/NS3 helicase complex (Murugesan & Manoharan, 2020). 

1.2.3 Role of NS2B/NS3 in DENV, WNV, and ZIKV 

The NS2B/NS3 complex plays a pivotal role not only in viral replication and assembly, but 

also in pathogenic effects, including via suppressing host immunity by degrading cyclic GMP-

Figure removed due to copyright restriction.
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AMP synthase (Wahaab et al., 2021). NS2B complexes with NS3 (Figure 1.2.3) and displays 

considerable structural flexibility, forming a β-hairpin structure with NS3 that is crucial for its 

proteolytic activity in the case of ZIKV (Dos Santos Nascimento et al., 2022). This NS2B/NS3 

complex is responsible for the cleavage of the viral polyprotein and thus takes an important 

lead in the overall dynamics of proteolysis (van den Elsen et al., 2023).  

Figure 1.2.3: Symbolic representation of cleavage sites in polyproteins processed by 

NS2B-NS3 proteases. Here, Dengue Virus cleavage sites in polyproteins processed by NS2B-

NS3 proteases are indicated by a black arrow, West Nile Virus by a red dot, and Zika Virus by 

green x (Wahaab et al., 2021). 

1.2.4 Dengue Virus Life Cycle 

The dengue virus (DENV) life cycle begins with the virus attaching to host cell surface 

receptors, such as DC-SIGN, heparin sulphate, and mannose receptors, which facilitate the 

virus’s entry through receptor-mediated endocytosis into a clathrin-coated vesicle (Figure 

1.2.4). Following entry of the virus into the host cell, the viral envelope fuses with the 

endosomal membrane, releasing the viral genome into the cytoplasm, which is then translated 

by host ribosomes into a single viral polyprotein and cleaved into individual viral proteins 

essential for replication and assembly (Roy & Bhattacharjee, 2021) . Viral RNA replication 

occurs in virus-induced membrane structures originating from the ER, where the viral RNA-

dependent RNA polymerase, along with other non-structural proteins forms the replication 

complex (Morita & Suzuki, 2021). The replication process involves synthesiz ing 

complementary negative-strand viral RNA, which serves as a template for generating new 

Figure removed due to copyright restriction.
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positive-strand viral genomes. Viral RNA and proteins are assembled into immature virions at 

the surface of ER, and resulting immature viral particles are then transported through the trans-

Golgi apparatus, and further processed but host enzymes, where they undergoes maturation, a 

crucial step for viral infectivity (Van den Elsen et al., 2021). Finally, the mature virions are 

released from the host cell through exocytosis, ready to infect new cells.  

Various stages of the lifecycle represent potential targets for antiviral drug development. These 

include, inhibiting viral attachment and entry, targeting the NS2B/NS3 protease to prevent 

polyprotein cleavage, and blocking NS5 RNA polymerase activity to halt viral replication 

(Fernandes et al., 2020).  

Figure 1.2.4: Lifecycle of Dengue Virus. The DENV life cycle begins with virus attachment 

to host receptors. The virus is then internalized via clathrin-mediated endocytosis, culmina ting 

in release of the viral genome into cytoplasm where it can be directly translated by the host 

ribosome machinery to yield the viral polyprotein, which is cleaved by host and viral protease 

Figure removed due to copyright restriction.
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to liberate the individual viral proteins. Viral RNA replication occurs in ER-derived vesicle 

packets and progeny RNA can serve additional rounds of viral RNA replication, viral protein 

translation or be incapsidated into newly formed viral nucleocapsid which buds into ER and 

collect a prM/E-studded lipid envelope. Particles then mature in the Golgi and are released 

from the cell by exocytosis (Sinha et al., 2024). 

1.2.5 Transmission Cycle of DENV, WNV, and ZIKV 

The transmission cycle in DENV begins when an Aedes aegypti mosquito bites a person in the 

viraemic phase (Figure 1.2.5A) (Carrington & Simmons, 2014). During the extrinsic phase, the 

virus infects the mosquito’s midgut and other tissues before spreading to the salivary glands. 

The infected mosquito can then transmit the virus to multiple humans while feeding 

(Murugesan & Manoharan, 2020). After a person is infected, it typically takes 4 to 7 days for 

symptoms to appear and for them to become capable of transmitting the virus back to 

mosquitoes (Roy & Bhattacharjee, 2021). Both symptomatic and asymptomatic individuals can 

pass the dengue virus to mosquitoes.  

In contrast, the WNV transmission cycle primarily involves birds as the amplifying hosts, 

where the virus replicates and reaches a significant viral load in their bloodstream, enabling 

the infection of Culex mosquitoes when they feed (Figure 1.2.5B) (Troupin & Colpitts, 2016). 

While humans and horses can also host the virus, they are classified as dead-end hosts because 

their blood does not contain a high enough concentration of the virus to infect mosquitoes.  

The sylvatic transmission cycle of ZIKV involves transmission of ZIKV between non-human 

primates, and Aedes spp. mosquitoes, whereas, in the epidemic cycle, it involves humans and 

urban areas where the Aedes aegypti and Aedes albopictus mosquitoes transmit the virus from 

infected humans to other humans (Figure 1.2.5C) (Sharma & Lal, 2017). 
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Figure removed due to copyright restriction.

Figure removed due to copyright restriction.
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Figure 1.2.5: Transmission Cycle of orthoflaviviruses; Dengue, West Nile and Zika Virus .  

(A) The transmission cycle of dengue virus begins with the bite of an infected Aedes aegypti

mosquito to humans (Murugesan & Manoharan, 2020). (B) The transmission cycle of West 

Nile Virus, where birds act as an amplifying host and infect Culex mosquitoes when they feed 

(Troupin & Colpitts, 2016). (C) The transmission cycle of Zika Virus which begins with the 

non-human primates in sylvatic cycle where Aedes mosquitoes spread the virus and in the 

epidemic cycle, Aedes aegypti and Aedes albopictus transmit virus between humans (Sharma 

& Lal, 2017). 

1.3 Generation of Viral Protease-Dependent Reporter Systems for DENV, 

WNV and ZIKV 

Reporter systems have been an essential tool in virology to monitor viral infection and 

replication. Viral protease-dependent reporter systems are reliable as they utilize a reporter 

signal that is only activated through cleavage by a viral protease. It therefore enhances 

specificity and temporal tracing of infections in living cells (Campeau et al., 2009). They are 

developed through the incorporation of viral protease cleavage sites in reporter constructs. For 

instance, the protease NS2B-NS3 can cleave a cleavage site that is coupled to a fluorescent or 

luminescent reporter to yield a detectable signal during infection (Pahmeier et al., 2021). This 

type of approach enables real-time observation of infection and can be adapted to specific 

orthoflaviviruses by including virus-specific cleavage sites.  

Figure removed due to copyright restriction.
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In the previous study carried out by Arias-Arias et al. (2020), the reporter systems, "FlaviA-

GFP", "ZIKVA-GFP", and "DENV2A-GFP" were generated by site-directed mutagenes is 

from a previously constructed caspase-activatable CA-GFP reporter. Thereby changing its 

linker region, introducing specific cleavage sites for the NS3 protease of orthoflaviviru ses, 

which are a pan-orthoflaviviral cleavage site (AAQRRGRIG), a ZIKV cleavage site 

(KTGKRSGAL), and a DENV-2 cleavage site (VKKQRAGVL) (Arias-Arias et al., 2020).   

Corliss et al. (2022) generated a similar reporter system where a GFP reporter was targeted to 

the cytoplasm unless viral protease cleavage allowed relocation of the GFP reporter into the 

nucleus via a simian virus 40 (SV40) nuclear localization signal (NLS) (Corliss et al., 2022). 

Similarly, Wahaab et al. (2021) developed a similar Orthoflavivirus NS2B3 protease cleavage 

dependent reporter system where the fluorescent reporter is anchored to the ER membrane until 

its cleavage by viral protease triggers the translocation of the reporter to the nucleus (Wahaab 

et al., 2021).  

Several studies have been performed to generate reporter systems using human and animal cell 

lines, such as Huh7 (human hepatoma-derived cell line), A549 (lung carcinoma epithelial cell), 

VeroE6 (continuous line of epithelial cells), and HEK-293T (human embryonal kidney cells) 

cells (Pahmeier et al., 2021); (McFadden et al., 2018); (Medin et al., 2015); (Wahaab et al., 

2021). A plasmid-based reporter system was constructed for monitoring infection with ZIKV; 

it was named ZIKV-NLS-GFP and was utilized in generating stable reporter cell lines through 

lentiviral transduction, antibiotic selection, and isolation of GFP-positive cells (McFadden et 

al., 2018). Similarly, a reporter plasmid, p4B5-EGFP, was similarly designed to monitor 

proteolytic events during DENV infection because it encodes the DENV NS4B protein, 

followed by a cleavage site between NS4B and NS5, and a fused enhanced GFP protein (Medin 

et al., 2015). In this system, the NS2B/NS3 protease cleaves the junction of NS4B-NS5 upon 

DENV infection, releasing the GFP tag to translocate from the cytoplasm to the nucleus, thus 

enabling visual monitoring of viral infection through localization of GFP. Real-time protease 

activity or progression of infection could be monitored in live cells (Hsieh et al., 2017). This 

construct was confirmed by the amplification of the plasmid through PCR, cloning, and DNA 

sequencing and consequently, the plasmid DNA was transfected into Vero cells for infect ion 

experiments (Arias-Arias et al., 2020; Medin et al., 2015) .  
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Recently, Pahmeier et al. (2021) engineered a set of enhanced viral protease-dependent reporter 

systems that allowed for reliable monitoring of infection with DENV, ZIKV, or SARS-CoV-2 

through ER-to-nuclear translocation of fluorescent proteins following cleavage by viral 

proteins themselves (Pahmeier et al., 2021). Whereas, other studies have developed plasmid-

based reporters with fluorescent markers like GFP, that depend on viral protease activity, which 

often only enable detection of infection and do not allow for host cell structures visualiza t ion 

unless additional markers are co-expressed in cells (Arias-Arias et al., 2020; Cihlova et al., 

2021). 

1.4 Characterisation of Reporter Systems for DENV, ZIKV and WNV 

Various techniques have been employed to describe reporter systems used in tracking 

orthoflavivirus infection in living cells. For example Pahmeier et al. (2021) thoroughly 

characterised their reporter systems and cell lines by using immunofluorescence and Western 

blot analyses to confirm the cleavage of the engineered reporter proteins and nuclear 

translocation of GFP (Pahmeier et al., 2021).  

A study performed by Arias-Arias et al. (2020) described the expression of such reporter 

proteins in Escherichia Coli, their purification using Co2+-affinity chromatography, and in 

vitro cleavage by DENV-2 and ZIKV proteases, as determined by fluorescence analysis and 

SDS-PAGE (Arias-Arias et al., 2020). The research study carried out by Corliss et al. (2022) 

aimed to validate the utility of their ‘FlavER’ reporter construct in the detection of protease 

activity that is unique to Orthoflavivirus infection (Corliss et al., 2022). U2OS cells expressing 

FlavER were subjected to transfection with an expression plasmid encoding the wildtype or 

catalytically inactive mutant DENV protease, which showed that only the active form triggers 

nuclear translocation of the reporter; an observation confirmed through immunofluorescence 

and immunoblotting. Furthermore, the reporter system was effective in detecting the protease 

activity from multiple orthoflaviviruses like DENV, ZIKV, and YFV, suggesting its broader 

application in compared to that of virus-specific reporters. However, this construct could not 

enable detection of the protease activity of WNV (Samrat et al., 2022) . Time-lapse imaging of 

DENV-infected cells revealed the real-time translocation of the reporter into the nucleus along 

with associated ER expansion during infection (Barbier et al., 2017). These results established 
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the utility of the system in monitoring infection kinetics and organelle remodelling in living 

cells.  

In a study by McFadden et al. (2018), A549 cell lines stably expressing the ZIKV-NLS-GFP 

reporter were analysed for GFP translocation subsequent to ZIKV infection, and various 

microscopy techniques, such as confocal and wide field fluorescence microscopy, were applied 

for visualization of these GFP translocation events (McFadden et al., 2018). Moreover, 

Western blotting, and real-time monitoring of infection dynamics by live-cell imaging was 

performed to validate protease-specific cleavage of the reporter systems as powerful tools to 

detect viral activity without disrupting normal cellular functions (Caldas et al., 2020).  

1.5 Reporter cell lines to characterise the antiviral activity of small molecule 

antiviral drug candidates: current approaches for DENV, ZIKV and WNV 

Despite significant advances in antiviral drug discovery, there are no targeted antivira l 

therapies available to combat the viruses effectively, underscoring the urgent need for effective 

treatment options. Reporter cell lines represent valuable tools to help identify and characterize 

antiviral drug candidates that will ultimately contribute towards the development of new and 

urgently required antiviral drug-like compounds.  

As demonstrated by the research study conducted by Pahmeier et al. (2021) in the application 

of a SARS-CoV-2 reporter system for drug screening, the antiviral drug remdesivir was tested 

using both reporter-expressing and non-reporter A549-ACE2 cell lines. Following treatment 

and infection with SARS-CoV-2, a significant and dose-dependent remdesivir-media ted 

reduction in the nuclear translocation of the viral protease-dependent reporter was 

demonstrated, confirming remdesivir’s antiviral effect (Pahmeier et al., 2021).  Antivira l 

activities (IC50 values) of remdesivir that were calculated using the reporter system were 

shown to be comparable with those determined using traditional viral infectivity (plaque) 

assays, therefore demonstrating that reporter cell lines can be used as tools for antivira l 

compound screening and testing with a high degree of reliability (Pruijssers et al., 2020; Xie et 

al., 2020). 

The anti-viral activity of small molecule drug candidates can also be effectively screened and 

tested using replicon-based reporter systems. Self-replicating sub-genomic viral systems in 
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which the viral structural genes are replaced by a reporter gene and/or selective marker are 

called sub-genomic replicons (Hannemann, 2020). For example, antiviral screening can be 

performed by the insertion of a reporter gene, such as luciferase or a fluorescent protein, into a 

sub-genomic viral replicon construct such that RNA replication- inhibiting small molecule 

inhibitors will give rise to a diminished reporter signal, therefore enabling quantification of the 

antiviral activity of compounds (Li et al., 2016) . In general, these reporter-based replicon 

systems offer a number of advantages for  high throughput screening (HTS) of antivira l 

compounds by making possible the rapid identification of inhibitors that interfere with viral 

RNA replication (Amarilla et al., 2021). In addition, Fernandes et al. (2020) demonstrated that 

replicon system could be adapted to be stably maintained in cells for long-term screening 

(Fernandes et al., 2020). However, sub-genomic replicons have a drawback of not being 

suitable for identification of inhibitors of viral entry or assembly as the absence of structural 

proteins prevents the formation of infectious particles. Despite their disadvantages, replicon-

based assays have been widely utilized for screening possible anti-viral drugs against 

Orthoflavivirus, including DENV, WNV, and ZIKV. 

Targeted phenotypic screens and high-throughput imaging have also facilitated antiviral drug 

development by revealing new antiviral mechanisms of action (De Clercq & Li, 2016). 

Reporter cell lines can equally serve in follow-up stages of antiviral drug development, 

including optimization of second and third-generation compounds (Gupta, 2020). For example, 

such reporter cell lines played an important role in the chemical innovation strategy that led to 

the discovery of sofosbuvir and etravirine (Matthew et al., 2021).  

1.6 Dengue Virus Reporter Cell Line for Screening Antiviral Drug 

Candidate: JNJ-A07 Inhibitor 

Among all of the rapidly expanding mosquito-borne viral diseases worldwide, dengue is one 

of the most prevalent diseases and represents a major global public health issue (Sinare & 

Barkade, 2023). Each year there are estimated to be more than 390 million DENV infections, 

approximately 500,000 dengue-related hospitalizations and up to 25,000 dengue-induced 

deaths globally (Srisawat et al., 2022; Yang et al., 2021). Antibody-dependent enhancement 

(ADE) of infection following a secondary DENV infection with a different serotype is a leading 

cause of risk of developing life-threatening diseases (Aynekulu Mersha et al., 2024). Although 
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numerous pharmaceutical industry and academic research teams have undertaken drug 

discovery efforts to identify antiviral drug candidates, the only available treatment option for 

dengue is supportive fluid therapy (Chauhan et al., 2024; Hadpech & Thongboonkerd, 2024; 

Mohsin et al., 2023).  

In this study, we sought to employ a previously generated DENV protease-dependent reporter 

cell line (Huh7.5+eGFP DENVpr+pTRIPZ_3XNLS_mScarlet3) for testing the antivira l 

activity of the small molecule inhibitor JNJ-A07. JNJ-A07 is a pan-serotype DENV inhib itor 

that is highly potent, with nanomolar to picomolar activity against various clinical isolates  

based on antiviral activity assays (Bouzidi et al., 2024). Addition of the inhibitor soon after 

onset of viral RNA synthesis resulted in strong inhibition of viral RNA replication (Kaptein et 

al., 2021). Importantly, further studies using a clinical analogue of JNJ-A07 known as JNJ-

1802 demonstrated potent antiviral efficacy against all DENV serotypes, favourable 

pharmacokinetic profiles and excellent efficacy in animal models (Goethals et al., 2023). 

Similarly, JNJ-A07 showed outstanding efficacy against DENV infection in infectious animal 

models and was shown to prevent the critical interaction of DENV NS4B  with NS3 (Figure 

1.6) (Kaptein et al., 2021). Taken together, these studies have shown that JNJ-A07 and JNJ-

1802 are pharmacologically safe and effective against all four DENV serotypes, supporting the 

progression of JNJ-1802 into clinical trials in humans. Subsequent mechanistic studies have 

revealed that JNJ-A07 prevents the interaction between the NS4A-2K-NS4B precursor protein 

and the NS2B/NS3 complex and prevents viral replication organelle formation (Kiemel et al., 

2024). 

Figure removed due to copyright restriction.
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Figure 1.6: Structure of JNJ-A07 inhibitor targeting DENV non-structural proteins  

interactions. (A) Chemical structure of the JNJ-A07 dengue virus inhibitor. (B)  Schematic 

model of action showing that JNJ-A07 blocks the interaction between NS2B/NS3 and NS4B 

preventing the formation of viral replication organelles (Kaptein et al., 2021).  

1.7 Limitations/Knowledge Gap in generation of engineered reporter 

systems and antiviral drug discovery 

Various significant advancements have been reported in the development of reporter systems 

to monitor orthoflavivirus infections. However, several challenges remain in optimizing these 

systems for reliable, sensitive, real-time detection and characterization of viral infection in 

living cells. For example, they can fall short in recapitulating the complexity of viral infect ions 

in a living organism, limiting their effectiveness in testing drug efficacy and in studies of host-

pathogen interactions, and viral dynamics (Wahaab et al., 2021). Despite the versatility of 

fluorescence-based reporter systems in the detection of viral infections, knowledge gaps remain 

in refining their accuracy, specificity and consistency in the monitoring of viral protease 

activity in living cells. For DENV reporter constructs, non-specific cleavage by cellular 

proteases has been observed, which complicates the selective identification of viral infect ions 

(Pahmeier et al., 2021). Another study performed by Corliss et al. (2022) highlighted the 

differences in cleavage efficiency amongst various orthoflaviviruses, and there is still 

insufficient understanding of molecular determinants regarding substrate preference and the 

role of specific amino acid residues in cleavage efficiency (Corliss et al., 2022). The 

discrepancies between intracellular protease activity and previous biochemical studies indicate 

that current knowledge does not fully account for how viral proteases interact with host cell 

machinery in living, virus-infected cells (Arias-Arias et al., 2020). While reporter systems can 

be utilised for high-throughput screening of antiviral therapeutics, comprehens ive 

methodologies to effectively implement such screening strategies across various virus-host 

interaction models have not been established.  

Reporter systems that are dependent on viral protease activity have the potential to enable real-

time visualization of orthoflavivirus infection and may also be used to screen potential antivira l 

drugs (Lennemann et al., 2020; Pahmeier et al., 2021). 
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1.8 Research Question and Rationale 

Orthoflavivirus infections, such as DENV, WNV, and ZIKV, are estimated to cause over 100 

million infections each year and have a significant impact on global health (Wu et al., 2019). 

In spite of their wide prevalence and impact, there are no universally safe and effective vaccines 

or effective treatments. The development of safe and effective anti-viral drugs is dependent 

upon an understanding of the replication cycles and host cell manipulation mechanisms of 

orthoflaviviruses (Pierson & Diamond, 2020). Current methods for the study of viral infect ion 

by microscopy are usually very limited and are based on either static imaging methodologies 

or the need for genetic manipulations of the virus itself, hindering complete and accurate 

monitoring (Cassedy et al., 2021). Live cell imaging approaches that allow the monitoring and 

quantification of viral infection will facilitate research into virus-host interactions and 

screening of potential antiviral drugs.  

1.8.1 Aims 

i. To generate and characterise fluorescent reporter cell lines that enable live cell imaging-

based monitoring of viral infection levels for Dengue Virus, West Nile/Kunjin Virus,

and Zika Virus

ii. To employ the dengue virus reporter cell line to characterize the antiviral activity of

small molecule compound JNJ-A07: a promising antiviral drug candidate.
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Chapter Two: Materials and Methods 

2.1 Materials 

Table 2.1 List of all the Materials 

2.1.1 Cell Culture Media and Composition 

Cell Culture 

Media 

Manufacturer Catalogue 

Number 

Composition 

Dulbecco’s 

Modified Eagle 

Medium 

(DMEM) (1X) 

Gibco by Life 

Technologies 

12430054  90%V/V Dulbecco’s Modified Eagle 

Medium 

 4.5 g/L D-Glucose 

 L-Glutamine

 25mM HEPES 

2.1.2 Cell Culture Media and Reagents Used to Maintain Cells 

Reagents Manufacturer Catalogue 

Number 

Composition 

10% Foetal Calf 

Serum (FCS) 

Gibco by 

Life 

Technologies 

A5670701  Proteins, Fat, Peptides, various Growth 

Factors and Hormones 

Penicillin-

Streptomycin 

Sigma-

Aldrich 

P4333  10000 Units/ml Penicillin and 100 mg/ml 

Streptomycin 
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Complete 

DMEM + 

Puromycin 

Gibco by 

Life 

Technologies 

Sigma-

Aldrich 

12430054 

A5670701 

P4333 

 90%V/V Dulbecco’s Modified Eagle 

Medium 

 4.5 g/L D-Glucose 

 L-Glutamine

 25mM HEPES 

 Proteins, Fat, Peptides, various Growth 

Factors and Hormones 

 10000 Units/ml Penicillin and 100 mg/ml 

Streptomycin 

 3µg/ml Puromycin 

1XPBS 

(Phosphate 

Buffered Saline) 

Sigma-

Aldrich 

P3818  137mM NaCl, 2.7mM KCl, 10mM 

Na2HPO4, 1.8mM KH2PO4 

Trypsin-

Disodium 

Ethylenediamine 

Tetra Aceticacid 

(EDTA) 

Sigma-

Aldrich 

T4049  0.25% Trypsin (W/V), 0.02% EDTA (W/V) 

Dimethyl 

Sulfoxide 

(DMSO) 

Sigma-

Aldrich 

D2650  N/A 

2.1.3 Reagents used for Lentiviral Packaging and Production 

Reagents Manufacturer Catalogue 

Number 

Composition 

Opti-MEM TM (1X) Gibco by Life 

Technologies 

31985070  Insulin, Transferrin, Hypoxanthine, and 

Thymidine 
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Lipofectamine R 

2000 Transfect ion 

Reagent 

Invitrogen TM 11668019  Proprietary Formulations 

Lipofectamine TM 

3000 Transfect ion 

Reagent + P 3000 

TM Enhancer 

Reagent 

Invitrogen TM L3000008  3:1 mixture of DOSPA (2,3-dioleoloxy-

N-[2(sperminecarboxamido)ethyl]-

N,N-dimethyl-1-propaniminium 

trifluoroacetate) and DOPE 

Polybrene 

Transfection 

Reagent 

Sigma-

Aldrich 

TR-1003-

50UL 

 Hexadimethrine bromide 

2.1.4 Reagents and Materials for Routine Laboratory Procedures 

Laboratory 

Procedure 

Reagents or 

Materials 

Manufacturer Catalogue 

Number 

Composition 

NEBuilder R 

HiFi DNA 

Assembly 

Master Mix 

New England 

Biolabs 

E2621S  Proprietary 

Formulations 

Super 

Optimal 

Broth with 

Catabolite 

Repression 

(SOC) 

Outgrowth 

Medium 

New England 

Biolabs  

B9020S  2% Vegetable Peptone, 

0.5% Yeast Extract, 

10mM NaCl, 2.5mM 

KCl, 10mM MgCl2 , 

10mM MgSO4, 20mM 

D-Glucose (100 µl of

20% D-Glucose per 

10mL) 

NEB R 5-

alpha 

Competent 

E.coli (High

New England 

Biolabs  

C29871  Derivative of DH5α, T1 

Phage Resistant 
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NEBuilder DNA 

Assembly 

 and Bacterial 

Transformation 

Efficiency) 

Cells 

Luria-

Bertani (LB) 

Broth  

Using Sigma-

Aldrich 

Products 

N/A  5g/L Sodium Chloride, 

5g/L Yeast Extract, 

10g/L Bacto Tryptone, 

1L dH2O 

Luria-

Bertani Agar 

+ Ampicill in

Plates 

Using Sigma-

Aldrich 

Products 

N/A  20mL of LB Agar, 

2mg/mL Ampicillin 

Agarose Gel 

Electrophoresis 

Gel Red 

Nucleic Acid 

Staining 

(10,000X)  

iNtRON 21141  Proprietary 

Formulations 

1xTris-

Acetate-

EDTA 

(TAE) 

In-House N/A  40mM Tris Base, 20mM 

acetic Acid, 1mM 

EDTA (pH 8.0) 

1% Agarose 

in TAE (1X 

Tris-

Acetate-

EDTA) 

BioLine BIO-

41025 

 1g Molecular Grade 

Agarose, 1L 1XTAE 

1kb DNA 

Ladder 

New England 

Biolabs  

N3232  66.6ng/µL of 1kb DNA, 

Milli-Q H2O, 6X Gel 

Loading Dye 

6X Purple 

Loading Dye 

New England 

Biolabs 

B7025S  2.5% (w/v) Ficoll R-400, 

10mM EDTA, 3.3mM 

Tris-HCl, 0.02% dye 1 

(pink/red), 0.001% dye 

2 (blue) 
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DNA Extraction 

and Isolation 

(Miniprep and 

Maxiprep) 

NucleoSpin 

Gel and PCR 

Clean-up 

Mini Kit 

Macherey-

Nagel 

74060950  N/A 

NucleoSpin 

Plasmid 

Easy Pure 

Mini Kit 

Macherey-

Nagel 

740727  N/A 

NucleoBond 

Xtra Maxi 

Plasmid 

Purification 

Kit 

Macherey-

Nagel 

740414  N/A 

Immunofluorescent 

(IF) Staining  

0.2% 

Gelatine 

Sigma-Aldrich G6144  0.2% (w/v) gelatine 

powder, sterile H2O 

5% Bovine 

Serum 

Albumin 

(BSA) in 

PBS 

Sigma-Aldrich A7030  1g BSA, 20ml 1XPBS 

1% Bovine 

Serum 

Albumin 

(BSA) in 

PBS 

Sigma-Aldrich A7030  0.2g BSA, 20ml 1XPBS 

1:1 

Methanol: 

Acetone 

Chem-Supply MA004 

and 

AT008 

 10mL 100% Methanol, 

10mL 100% Acetone 

DAPI Sigma-Aldrich D9542  4’,6-Diamidino-2-

phenylindole 

dihydrochloride 
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2.1.5 Primary Antibodies Used for Immunofluorescent (IF) Staining and Western Blot 

Experiments 

Name Target Source 

Organism 

Immunoglobulin 

Class 

Dilution Supplier 

Anti-E 

(4G2) 

DENV 

Envelope 

Protein 

Mouse IgG 1 part anti-E 

(undiluted) with 1 

part 5%BSA/PBS 

and 3parts PBS 

Dr 

Nicholas 

Eyre 

Monoclonal 

Anti-GFP 

Green 

Fluorescent 

Protein 

Rabbit IgG 1:1000 Sigma-

Aldrich 

AC-74 β-Actin Mouse IgG 1:1000 Sigma-

Aldrich 

2.1.6 Secondary Antibodies Used for Immunofluorescent (IF) Staining and Western Blot 

Experiments 

Name Conjugate Dilution Supplier Catalogue 

Number 

Alexa-FluorTM 

647 goat anti-

mouse IgG 

IgG 

AlexaFluor647 

1:200 Invitrogen A21236 

Licor IRDyeR

800CW goat 

anti-mouse 

IgG 1:10,000 LI-COR

Biosciences 

D3072505 

Licor IRDyeR

680CW goat 

anti-rabbit 

IgG 1:10,000 LI-COR

Biosciences 

C8110605 
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2.1.7 Stable Cell Lines 

Cell Line Origin Media Supplier 

Huh-7.5 Human 

Hepatocellular 

Derived Carcinoma 

Complete DMEM Dr Nicholas 

Eyre 

HEK293FT Human Embryona l 

Kidney 

Complete DMEM Dr Nicholas 

Eyre 

Hela cells Human cervical 

cancer tumor 

Complete DMEM Dr.Nicholas 

Eyre 

Huh-7.5+ 

pTRIPZ_3xNLS_mScarlet3_ 

DENVpr_mStayGold 

Human 

Hepatocellular 

Derived Carcinoma 

Complete DMEM+ 

3µg/mL Puromycin 

Dr Nicholas 

Eyre 

Huh-7.5+ 

DENVpr+eGFP+pTRIPZ-

3xNLS_mScarlet3 

Human 

Hepatocellular 

Derived Carcinoma 

Complete DMEM+ 

3µg/mL Puromycin+ 

3µg/mL Blasticidin 

Dr Nicholas 

Eyre 

Huh-7.5+ 

ZIKVpr+eGFP+pTRIPZ-

3xNLS_mScarlet3 

Human 

Hepatocellular 

Derived Carcinoma 

Complete DMEM+ 

3µg/mL Puromycin+ 

3µg/mL Blasticidin 

Dr Nicholas 

Eyre 

Huh-7.5+ 

pTRIPZ_3xNLS_mScarlet3_ 

WNVpr_mStayGold 

Human 

Hepatocellular 

Derived Carcinoma 

Complete DMEM+ 

3µg/mL Puromycin 

Generated as 

part of 

Master’s 

Thesis  

Huh-7.5+ 

pTRIPZ_3xNLS_mScarlet3_ 

ZIKVpr_mStayGold 

Human 

Hepatocellular 

Derived Carcinoma 

Complete DMEM+ 

3µg/mL Puromycin 

Generated as 

part of 

Master’s 

Thesis 

2.1.8 Primers used for PCR and Sanger Sequencing 
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Name Application Sequence 5’(Overlap/Spacer/Anneal) 3’ 

mScar3 FPseq Sequence GTGGTGGAACAGTACGAACG 

pTRIPZ Seq RP1 Sequence ttgcgccggatcccttgtacACTACTAAGTTTGTAGTACA

TATTTAACA 

pTRIPZ_3XNLS_mS

carlet3_fwd 

PCR acttagtagtTGGAAGGGCTAATTCACTC 

pTRIPZ_3XNLS_mS

carlet3_rev 

PCR agcccttccaACTACTAAGTTTGTAGTACATATTTA

AC 

2.1.9 Plasmid Vectors 

Name Application Supplier Selection Marker 

pTRIPZ_3XNLS 

_mScarlet3 

Plasmid Backbone for 

insertion of synthet ic 

DNA gBlocks 

mStayGold 

fluorescent Protein 

Dr Nicholas 

Eyre 

Ampicillin (Bacteria) 

and Puromycin 

(Mammalian cells) 

pTRIPZ_3XNLS_mScarlet3 

_DENVpr_mStayGold 

Encoding DENV 

reporter protein with 

mScarlet and 

mStayGold 

Fluorescent Protein 

DR 

Nicholas 

Eyre 

Ampicillin (Bacteria) 

and Puromycin 

(Mammalian cells) 

pTRIPZ_3XNLS_mScarlet3 

WNVpr_mStayGold 

Encoding WNV 

reporter protein with 

mScarlet and 

mStayGold 

Fluorescent Protein 

Generated 

as part of 

Master’s 

Thesis 

Ampicillin 

(Bacteria)and 

Puromycin 

(Mammalian cells) 

pTRIPZ_3XNLS_mScarlet3 

ZIKVpr_mStayGold 

Encoding ZIKV 

reporter protein with 

mScarlet and 

Generated 

as part of 

Ampicillin 

(Bacteria)and 
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mStayGold 

Fluorescent Protein 

Master’s 

Thesis 

Puromycin 

(Mammalian cells) 

psPAX2 2nd Generation 

Lentiviral Packaging 

Plasmid 

Ampicillin 

(Bacteria) 

Dr.Nicholas Eyre, 

Addgene 

pMD2.G 2nd Generation 

Lentiviral Packaging 

Plasmid 

Ampicillin 

(Bacteria) 

Dr Nicholas Eyre, 

Addgene 

2.1.10 Synthetic gBlocks Gene Fragments (Integrated DNA Technologies) Utilized for 

Construction of pTRIPZ_3XNLS_mScarlet3_DENVpr_mStayGold, 

pTRIPZ_3XNLS_mScarlet3_WNVpr_mStayGold, and 

pTRIPZ_3XNLS_mScarlet3_ZIKVpr_mStayGold  

Name Sequence 

P2A_m

StayGol

d_DEN

Vpr_gBl

ock 

ggcggctccggtggctccttgtacaagggatccggcgcaacaaacttctctctgctgaaacaagccggagatgtc

gaagagaatcctggaccggtgtctacaggcgaggagctgtttaccggcgtggtgcccttcaagttccagctgaag

ggcaccatcaacggcaagagcttcaccgtggaaggcgagggcgagggcaatagccacgagggcagccacaa

aggcaagtacgtgtgcaccagcggcaaactgccaatgtcttgggccgccctgggaactagcttcggctatggcat

gaagtactacaccaagtaccccagcggcctgaagaactggttccacgaggtgatgcccgagggcttcacctacg

acagacacatccagtacaagggcgacggcagcatccacgccaagcaccagcacttcatgaagaacggcaccta

ccacaacatcgtggagttcaccggccaggacttcaaggagaacagccccgtgctgaccggcgacatgGACgt

gagcctgcccaacgaggtgcagcacatcCCCATCgatgacggcgtggagtgcACCgtgaccctgCA

GtaccctctgctgagcgacGAGagcaagtgcgtggaggcctaccagaacaccatcatcaagcccctgcaca

atcagccagcccccgatgtgccaTTCcactggatcagaaagcagtacacccagagcaaggacgacaccgag

gagagagaccacatcatccagagcgagaccctggaggcccacctgggaagtggaagcagcgatgatgaagcg

accgcggatagccagcatagcaccccgccgaagaaaaagcgcaaagtgacgcgtaggagacgcagatctgcc

ggcatgggatccgttccagtattggttatgagtcttctgttcatcgcttctgtatttatgttgcacatttggggcaagtac

actcgttcgtagtgtacaagtaaacgcgtggcctccg 
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P2A_m

StayGol

d_WNV

pr_gBlo

ck 

ggcggctccggtggctccttgtacaagggatccggcgcaacaaacttctctctgctgaaacaagccggagatgtc

gaagagaatcctggaccggtgtctacaggcgaggagctgtttaccggcgtggtgcccttcaagttccagctgaag

ggcaccatcaacggcaagagcttcaccgtggaaggcgagggcgagggcaatagccacgagggcagccacaa

aggcaagtacgtgtgcaccagcggcaaactgccaatgtcttgggccgccctgggaactagcttcggctatggcat

gaagtactacaccaagtaccccagcggcctgaagaactggttccacgaggtgatgcccgagggcttcacctacg

acagacacatccagtacaagggcgacggcagcatccacgccaagcaccagcacttcatgaagaacggcaccta

ccacaacatcgtggagttcaccggccaggacttcaaggagaacagccccgtgctgaccggcgacatgGACgt

gagcctgcccaacgaggtgcagcacatcCCCATCgatgacggcgtggagtgcACCgtgaccctgCA

GtaccctctgctgagcgacGAGagcaagtgcgtggaggcctaccagaacaccatcatcaagcccctgcaca

atcagccagcccccgatgtgccaTTCcactggatcagaaagcagtacacccagagcaaggacgacaccgag

gagagagaccacatcatccagagcgagaccctggaggcccacctgggaagtggaagcagcgatgatgaagcg

accgcggatagccagcatagcaccccgccgaagaaaaagcgcaaagtgacgcgtAAGAAGAGAGG

AGGAAAGACCGGAggatccgttccagtattggttatgagtcttctgttcatcgcttctgtatttatgttgca

catttggggcaagtacactcgttcgtagtgtacaagtaaacgcgtggcctccg 

P2A_m

StayGol

d_ZIKV

pr_gBlo

ck 

ggcggctccggtggctccttgtacaagggatccggcgcaacaaacttctctctgctgaaacaagccggagatgtc

gaagagaatcctggaccggtgtctacaggcgaggagctgtttaccggcgtggtgcccttcaagttccagctgaag

ggcaccatcaacggcaagagcttcaccgtggaaggcgagggcgagggcaatagccacgagggcagccacaa

aggcaagtacgtgtgcaccagcggcaaactgccaatgtcttgggccgccctgggaactagcttcggctatggcat

gaagtactacaccaagtaccccagcggcctgaagaactggttccacgaggtgatgcccgagggcttcacctacg

acagacacatccagtacaagggcgacggcagcatccacgccaagcaccagcacttcatgaagaacggcaccta

ccacaacatcgtggagttcaccggccaggacttcaaggagaacagccccgtgctgaccggcgacatgGACgt

gagcctgcccaacgaggtgcagcacatcCCCATCgatgacggcgtggagtgcACCgtgaccctgCA

GtaccctctgctgagcgacGAGagcaagtgcgtggaggcctaccagaacaccatcatcaagcccctgcaca

atcagccagcccccgatgtgccaTTCcactggatcagaaagcagtacacccagagcaaggacgacaccgag

gagagagaccacatcatccagagcgagaccctggaggcccacctgggaagtggaagcagcgatgatgaagcg

accgcggatagccagcatagcaccccgccgaagaaaaagcgcaaagtgacgcgtaagaagagacgaggcgc

agatactggatccgttccagtattggttatgagtcttctgttcatcgcttctgtatttatgttgcacatttggggcaagtac

actcgttcgtagtgtacaagtaaacgcgtggcctccg 
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2.2 Methods 

2.2.1 Cell Growth and Maintenance 

Huh-7.5 (Hepatocyte derived Carcinoma Cells), HEK293FT (Human Embryonic Kidney 

Cells), and HeLa (Cervical Cancer Cells) cells were cultured in Corning 75cm2 cell culture 

flasks. These cells were cultured in complete media containing Dulbecco’s Modified Eagle 

Medium (DMEM) (Gibco) supplemented with foetal Bovine Serum (10%) (Gibco), and 100 

U/ml Penicillin and 100 µg/ml Streptomycin(Sigma-Aldrich) (Invitrogen, 2014). The Huh7.5 

cells that were stably transduced with the doxycycline- inducible pTripz lentiviral vector 

retaining DENV, WNV/Kunjin, and ZIKV reporter proteins were cultured in complete media 

containing 3 µg/ml Puromycin. Cells were maintained at 37˚C in a humidified 5% CO2 

incubator and were checked every 2-3 days for confluence. Once the cells reach ~80% 

confluence, they were passaged at a 1:6 ratio into 75 cm2 or 175cm2 cell culture flasks 

depending on the requirement of the experiment. For cell passaging, the media was aspirated, 

cells were washed with 1X Phosphate Bovine Serum (PBS) which was then aspirated, followed 

by trypsinization using Trypsin-EDTA (supplied by Sigma-Aldrich) to detach the cells 

following incubation at 37˚C at 5% CO2 for 3-4 minutes. Warm complete DMEM culture media 

was added to stop the trypsin reaction. The desired cell suspension was then collected for 

evaluation using a haemocytometer (Hirschmann, Neubauer improved bright line) based on 

following calculation: 

𝒄𝒆𝒍𝒍𝒔/𝒎𝒍 =
𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒄𝒆𝒍𝒍𝒔 𝒄𝒐𝒖𝒏𝒕𝒆𝒅

𝑵𝒖𝒎𝒃𝒆𝒓 𝒐𝒇 𝒍𝒂𝒓𝒈𝒆 𝒄𝒐𝒓𝒏𝒆𝒓 𝒔𝒒𝒖𝒂𝒓𝒆𝒔
 × 𝑫𝒊𝒍𝒖𝒕𝒊𝒐𝒏 𝑭𝒂𝒄𝒕𝒐𝒓 × 𝟏𝟎,𝟎𝟎𝟎 

Using Trypan blue assay, a 1:2 ratio of dye and cell suspension was mixed and applied between 

the coverslip and then cells on all large four corner squares were counted for both upper and 

lower chamber and averaged. The cell concentration (cells/ml) was then determined using the 

above equation. The cell suspension was then diluted to the desired cell concentration and 

seeded or transferred into a new cell culture flask containing complete medium. The passaged 

cells were kept at 37˚C at 5% CO2 in a humidified incubator. 
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2.2.2 Cryopreservation and Resuscitation of Cell Lines 

Cells at ~80% confluence in a 175cm2 flask were used for cryopreservation (Burleson et al., 

2014). Following harvesting of cells by trypsinization (described in 2.2.1), cells were 

centrifuged at 200 x g for 8 minutes. During this period, about 6 cryovials were labelled with 

cell line, date and initials and 5ml of 2 X freezing mixture was prepared following the Table 

2.2.2: 

Table 2.2.2: Components of Freezing Mixture 

Name of mixture Volume (ml) 

DMEM (no additives) 2.5 

FBS 1.5 

DMSO 1.0 

Total 5 

Subsequently, all the components were mixed in a 5 ml tube and filtered sterilised using a 0.2 

µm sterile filter and 5 ml syringe. Following centrifugation, the medium was carefully aspirated 

and cell pellets were resuspended in 2 ml of complete DMEM. Next, 2 ml of filtered 2 x 

freezing mixture was added to the cell suspension and cells were mixed by pipetting. This cell 

suspension was then aliquoted into labelled cryovials (1 ml per tube). The cryovials were 

transferred into controlled-rate freezing chamber (Mr. Frosty, Thermo Fisher Scientific) at -

80˚C (containing 250 ml isopropanol, which was replaced after every 5th freezing cycle) for up 

to 1-2 weeks. The cryovials were then transferred to liquid nitrogen (Cryopreservation) for 

long-term storage. In regards to resuscitation, the cells were taken out from the liquid nitrogen, 

transported on dry ice and then thawed in a 37˚C bead bath for about 1-2 minutes and then 

transferred to a 75cm2 cell culture flask with fresh complete DMEM media. Afterwards, cells 

were cultured, maintained and seeded as described in 2.2.1. 

2.2.3 Seeding cells in 6-well plate, 12-well plate and 96-well plate in Tissue Culture lab 

2.2.3.1 Seeding cells in 6-well plate 

For seeding the cells in a 6-well plate, cells were harvested as described in 2.2.1. Cells were 

counted using haemocytometer and average cell concentrations were calculated, as described 
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in 2.2.1 (O’Kelly, 1998). Cells were seeded at 3 x 105 or 1.2 x 106 cells per well for HEK293FT 

cells and 2 x 105 cells per well for Huh-7.5 cells in a 6-well plate (CostarR 6-well clear TC-

treated multiple well plate) and returned to incubation at 37˚C, 5% CO2 for 24hrs. 

2.2.3.2 Seeding in 12-well plate 

For seeding the cells in a 12-well plate, cells were harvested and counted, as described in 2.2.1. 

Cells were seeded at 1 x 105 cells per well for HeLa cells in a 12-well plate and returned to 

incubation at 37˚C, 5% CO2 for 24hrs (O’Kelly, 1998). 

2.2.3.3 Seeding in 96-well plate 

For seeding the cells in a 96-well plate, cells were harvested and counted, as described in 2.2.1. 

Cells were seeded at 1.5 x 104 cells per well in black-walled 96-well imaging plates (Revitty 

PhenoPlate 96-well microplate) and returned to culture at 37˚C, 5% CO2 for 24hrs (O’Kelly, 

1998). 

2.2.4 Cell Transfection 

2.2.4.1 Transfection using Lipofectamine 2000 for 6-well plate 

For the lentiviral vector-mediated delivery of WNV and ZIKV reporter constructs into Huh-

7.5 cells, HEK293FT cells were used for lentiviral packaging (Dalby et al., 2004). To begin, 

293FT cells were seeded in a 6 well plate at 3 x 105 cells per well as described in 2.2.3.1. 

Following incubation for 24hrs, Opti-MEM (Invitrogen) and Lipofectamine 2000 (Invitrogen) 

were brought into room temperature and transfection complexes were prepared in two separate 

microcentrifuge tubes according to Table 2.2.4.1. 

Table 2.2.4.1: Transfection Reagents prepared for Tube A and Tube B 

Tube A Tube B 

Opti-MEM = 100µl Opti-MEM = 100µl 
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Lipofectamine 2000 = 3µl DNA = 2µg (containing 0.66µg of each lentivirus 

packaging plasmid (psPAX2 and pMD2.G) and 0.66µg of 

transfer plasmid (WNVpr and ZIKVpr plasmid)) 

Both Tube A and Tube B were gently flicked to mix properly. Then Tube A was combined in 

Tube B and mixed well. Then Tube B was incubated at room temperature for approximate ly 

15-20 minutes to allow them to form a stable efficient transfection complex. Subsequently, 200

µl of this mixture was added dropwise carefully to the appropriate well being transfected and 

then incubated at 37˚C, 5% CO2 overnight. After incubation for 24hrs, media was removed 

from all the wells and replaced with 2 ml of complete DMEM into each well followed by 

another incubation period at 37˚C, 5% CO2 for 24hrs.  

Following incubation, media from each well was collected into a 15 ml labelled yellow cap 

tube, the tubes were sealed with parafilm and all the wells were replaced with 2 ml of fresh 

complete DMEM supplemented with 1µg/ml Doxycycline (as we were working with 

doxycycline- inducible vector). A single well was transfected with pTRIPZ_3xNLS_mScarlet3 

and treated with  doxycycline at 1 μg/ml for induced expression to determine the transfect ion 

efficiency, which also serve as a negative control. These transfected plates were imaged using 

an EVOS M5000 (Invitrogen by Thermo Fisher Scientific) fluorescent microscope to confirm 

doxycycline- induced expression and transfection efficiency. The 6-well plate was returned to 

incubation at 37˚C, 5% CO2 for another 24hrs and the tubes were stored upright in labelled and 

double-contained at 4˚C for 24hrs. This procedure was followed by another media collection 

in the same 15 ml tubes 24hrs later, such that a total of 4 ml collected cell supernatant was 

obtained. 

2.2.4.2 Transfection using Lipofectamine 3000 for 6-well plate 

Lipofectamine 3000 transfection reagent (Thermo Fisher Scientific) was also used as an 

alternative to Lipofectamine 2000 (2.2.4.1) for lentiviral vector packaging (gene, 2025). For 

this, HEK293FT cells were seeded in a 6-well plate at 1.2 x 106 cells per well as described in 

2.2.3.2. Following incubation for 24hrs, Opti-MEM (Invitrogen) and Lipofectamine 3000 

(Invitrogen) were brought to room temperature and the mixtures for the transfection were 

prepared in two separate microcentrifuge tubes according to Table 2.2.4.2 (Scientific). 

. 
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Table 2.2.4.2: Transfection Reagents prepared for Tube A and Tube B 

Tube A Tube B 

Opti-MEM = 250µl Opti-MEM = 250µl 

Lipofectamine 3000 = 7µl P3000 Enhancer = 6µl 

DNA = 0.75µl of each plasmid prepared from 1µg/µl 

(containing 0.75µl of each lentivirus packaging plasmid  

(psPAX2 and pMD2.G) and transfer plasmids ( WNVpr 

and ZIKVpr)) 

Both Tube A and Tube B were flicked to mix properly. Then the contents of Tube A was 

combined with that of Tube B and samples were mixed well.  The resulting mixture was 

incubated at room temperature for approximately 20 minutes to allow formation of a 

transfection complex. Before adding the lipid-DNA complex, 1ml of medium was removed 

from each well with 1 ml of total media left in each well. Subsequently, 500 µl of the 

transfection mixture was added dropwise carefully to the appropriate well being transfected 

and the plate was gently agitated to ensure even distribution. Then the plate was incubated at 

37˚C, 5% CO2 for 6hrs. At 6hrs post-transfection, media was removed from all the wells and  

replaced with pre-warmed 2 ml of complete DMEM into each well followed by another 

incubation period at 37˚C, 5% CO2 for 24hrs.  

Following incubation, media from each wells were collected into a 15 ml labelled yellow cap 

tube, tubes were wrapped with parafilm and 2ml of fresh complete DMEM was added to each 

well. A single well was transfected with pTRIPZ_3xNLS_mScarlet3 and treated with 2 µl of 

doxycycline (1 μg/ml final concentration) for induced expression to determine the transfect ion 

efficiency. These transfected plates were imaged using an EVOS M5000 (Invitrogen by 

Thermo Fisher Scientific) fluorescent microscope to confirm doxycycline- induced expression 

and transfection efficiency. The 6-well plate was returned to incubation at 37˚C, 5% CO2 for 

another 24hrs and the tubes were stored upright in labelled and double-contained at 4˚C for 

24hrs. This procedure was followed by another media collection in the same 15 ml tubes 24hrs 

later, such that a total of 4 ml collected cell supernatant was obtained. 
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2.2.4.3 Transfection using Lipofectamine 3000 for 12-well plate 

Where indicated, transfections were performed using Lipofectamine 3000, essentially as 

described in 2.2.4.2, using cells plated in 12-well plates according to Table 2.2.4.3 (gene, 

2025). 

Table 2.2.4.3: Transfection Reagents prepared for Tube A and Tube B 

Tube A Tube B 

Opti-MEM = 50µl Opti-MEM = 50µl 

Lipofectamine 3000 = 2µl 

(Here, Tube A was 

incubated for 5 minute 

while making up Tube B ) 

P3000 Enhancer = 2µl  

DNA = 1µl (containing transfer plasmids (WNVpr, and 

ZIKVpr)) 

2.2.5 Lentivirus Production and Transduction of target cells  

Before lentiviral integration, Huh-7.5 cells were seeded at 2 x 105 cells per well in a 6-well 

plate, incubated at 37˚C, 5% CO2 for 24hrs as described in 2.2.3.1 (Ding & Kilpatrick, 2013).  

The lentivirus produced from 2.2.4 in 15 ml conical tubes were centrifuge at 1000 x g for 5 

minutes at room temperature to remove cell debris (Figure 2.2.5). Afterwards, using a 0.45  µm 

sterile filter and 5 ml sterile syringe, the lentivirus medium was filtered carefully and 

transferred into a fresh 15 ml conical tube. The filtered lentivirus was aliquoted into 1.5 ml 

screw cap tubes for storage under -80˚C for further use or used directly for transduction as 

described in 2.2.5. Subsequently, the lentivirus preparations were diluted at 1/3 with complete 

DMEM + 8µg/ml Polybrene (Sigma-Aldrich), where 800µl of the diluted lentivirus was 

transferred into each appropriate well containing Huh-7.5 cells being transduced.  

The plate was then incubated at 37˚C, 5% CO2 for 3 days. At 3 days post-incubation, the media 

was removed, cell monolayers were washed with 1 x PBS and 2 ml of fresh complete DMEM 

supplemented with 3µg/ml Puromycin media was added into each well. The plate was returned 

to the incubator at 37˚C, 5% CO2 and checked every 2 days with media replacement to enable 

the removal of all floating dead cells and retain viable attached cells. As soon as the cells were 

confluent, they were harvested and transferred to a 25 cm2 cell culture flask, as described in 

2.2.1. An overview of the procedure for the lentiviral production and transduction has been 
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presented in Figure 2.2.5. Once the cells were confluent, the cells were harvested and 

transferred to a 25 cm2 cell culture flask and then grown to confluency and harvested and 

transferred to a 75 cm2 cell culture flask, where they were maintained as described in 2.2.1. 

Figure 2.2.5: Lentiviral production workflow using second-generation lentiviral 

packaging plasmids (gene, 2025). Schematic diagram of lentiviral production and 

transduction showed generation of stable cell lines using lentiviral plasmids and second-

generation packaging plasmids (Figure generated using BioRender). 

2.2.5.1 Transient Transfection of WNVpr and ZIKVpr plasmids into Hela cells 

To perform transient transfections, HeLa cells were harvested as described in section 2.2.1. 

Cells were counted and 1 x 105 cells were seeded in each well of a 12-well plate and incubated 

at 37˚C, 5% CO2 (Wright, 2009). After 24-hour incubation, cells were transfected using 

Lipofectamine 3000 protocol as described in 2.2.4.3 using only the WNVpr and ZIKVpr 

expression plasmids. Doxycycline (1µg/ml final concentration) was added to the respective 

wells and the plate was incubated for 24 hours at 37˚C, 5% CO2. At 24h post incubation, media 

was removed and replaced with fresh complete DMEM medium and then West Nile and Zika 

Figure removed due to copyright restriction.
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Virus infections (MOI: ~1) were performed on the respective West Nile and Zika Virus 

protease construct-transfected cells. After infection, plates were incubated for 24hours and then 

imaged using an Incucyte SX5 imaging system over a period of 2 days.  

2.2.6 FACS (Fluorescence Activated Cell Sorting) to enrich fluorescent (mStayGold-

positive) cells 

For FACS-mediated enrichment of cells that were transduced with pTRIPZ-3xNLS-mScarle t3-

2A-DENVpr-mStayGold or pTRIPZ-3xNLS-mScarlet3-2A-ZIKVpr-mStayGold lentivira l 

vectors and grown under selection with puromycin for over three weeks, cells were grown in 

175 cm2 flasks and cultured in the presence of doxycycline (1 μg/mL) for 24 hours prior to 

sorting to induce fluorescent protein expression. As described in 2.2.5, cells were harvested by 

trypsinization, counted and diluted to a concentration of 1-1.5 x 106 cells/ml. Cells were sorted 

for strong mStayGold fluorescence by Dr. Giles Best and Alana White at the Flinders Flow 

Cytometry Facility using a FACS Aria Fusion Flow Cytometer (BD Biosciences). Huh-7.5 

cells were used as negative control to set appropriate levels for gating and sorting fluorescent 

cells. After the sorting session, cells were seeded into 25 cm2 cell culture flasks and returned to 

culture. Following culture and progressive expansion into 75 cm2 and then 175 cm2 cell culture 

flasks, cells were cryopreserved for future experiments. 

2.2.7 Live cell imaging to monitor protease-dependent nuclear translocation of 

mStayGold fluorescent protein using the Incucyte SX5 imaging system 

To perform live cell imaging to monitor protease-dependent nuclear relocation of the 

mStayGold reporter following the virus infection, Huh-7.5+ 

pTRIPZ_3xNLS_mScarlet3_DENVpr_mStayGold cells (described in 2.2.6) were seeded in a 

96-well imaging plate as described in 2.2.3.3. The cells were treated with doxycycline

throughout the experiment. The plate was incubated for 24 hr at 37˚C, 5% CO2 incubator, then 

infected with wild-type (WT) DENV2 at two-fold serial dilutions (from MOI=2) and then 

further incubated at 37˚C, 5% CO2 incubator overnight. At 24hrs post-infection, the plate was 

imaged using an Incucyte SX5 imaging system for 48hrs to monitor levels of infection as 

determined by nuclear relocation of mStayGold fluorescence (Dehghani et al., 2024; Lanigan 

et al., 2020). 
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2.2.8 Immunofluorescent Staining of DENV2 infected and uninfected cells and Confocal 

Microscopy Imaging using Cytation 5 

Following live cell imaging (as described in 2.2.7), cells were fixed by removing and replacing 

the media with 100 µl/well of ice-cold methanol: acetone (1:1) ratio inside a Class II biosafety 

cabinet (Beutner, 1961; Donaldson, 2015). The plate was incubated for 5 minutes at 4˚C. After 

incubation, fixative was removed, cell monolayers were washed with 150 µl/well PBS inside 

the biosafety cabinet and then replaced with 50 µl/well 5% BSA in PBS at the benchtop. For 

blocking, the samples were incubated for 30 minutes at room temperature and during this 

period, primary antibody was prepared details as mentioned in 2.1.5. Following blocking, 40 

µl/well primary antibody was added to each well using a multichannel pipette and incubated 

overnight at 4˚C. The samples were then removed and replaced carefully with 150 µl/well PBS. 

Further, PBS was removed and replaced with 40 µl/well secondary antibody, which was 

prepared as detailed in 2.1.6, and samples were incubated for 1hr at 4˚C in dark. After 

successive primary and secondary antibody staining, the samples were removed and replaced 

with PBS at 150 µl in each wells and further removed and stained with 50 µl/well DAPI diluted 

to 1 µg/ml (1:1000) in PBS. Samples were again incubated at 4˚C in the dark for 10 minutes. 

DAPI stained was then removed and washed with 150 µl/well PBS and then stored at 4˚C in 

the dark. The samples were imaged by fluorescence microscopy (Bio-Tek Cytation 5 imaging 

system).  

2.2.9 JNJ-A07+Huh7.5+eGFP DENVpr_pTRIPZ_3XNLS_mScarlet3 Incucyte  

experiment to characterise the antiviral activity of JNJ-A07 drug candidate 

To perform this Incucyte experiment, the Huh7.5+eGFP DENVpr_pTRIPZ_3XNLS_mScarlet3 cell line 

that was previously generated by Dr. Nicholas Eyre was used. Cells were carefully seeded at 1 x 104 

cells per well into a 96-well plate and incubated at 37˚C, 5% CO2 overnight (Gong, 2013). 

After overnight incubation, cells were infected (50 µl/well) with wild type DENV2 (prepared 

by dilution in complete medium, 1 in 5 for approximately MOI of 0.1) for 2 hours. 

Concurrently, 5-fold serial dilutions of JNJ-A07 were prepared in a separate 96-well plate. For 

this, 250 µl/well of complete DMEM containing JNJ-A07 at 2 µM (DMSO 0.1%[v/] final 

concentration) was aliquoted into wells in column 12 and then the 5-fold dilution series were 

prepared using complete DMEM containing 0.1% [v/v] DMSO. Controls included ‘uninfec ted’ 

cells (column 1), and ‘DMSO 0.1% [v/v] carrier control’ cells (column 2). After 2 hours of 
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infection, the virus-containing media was replaced with diluted JNJ-A07 from the dilut ion 

plate. Afterwards, plate was loaded into the Incucyte SX5 imaging system and imaged every 2 

hours for 48 hours. 

2.2.10 Molecular Cloning 

2.2.10.1 Restriction Enzyme Digestion 

To construct viral protease-dependent reporter system, the pTRIPZ_3XNLS_mScarlet3 

plasmid was linearized by digestion with BsrGI-HF (restriction endonuclease high fidelity 

enzyme). 2 µl of Plasmid DNA (1µg/µl), 2µl of rCutsmart buffer (10X New England Biolabs), 

1 µl of restriction enzyme and nuclease-free water that makes total volume up to 20 µl were 

added to the bottom of 0.2 ml sterile PCR tube as presented in Table 2.2.10.1.  The reaction 

mixture was mixed by pipetting up and down or by flicking the tube 5 times followed by a 

quick spin-down in a benchtop microcentrifuge. The sterile tube was transferred to a 

thermocycler (S1000TM Thermal Cycler, Bio-Rad) under the digest protocol for 16hrs at 37˚C 

for complete digestion and then transferred back on ice. The samples were subjected to agarose 

gel electrophoresis, as described in Table 2.2.10.1. 

Table 2.2.10.1: Shows the total volume of reagents for performing restriction digest to 

linearize the plasmid pTRIPZ_3XNLS_mScarlet3 

Reagents Volume 

Plasmid DNA (1µg/µl) 

pTRIPZ_3XNLS_mScarlet3 

2µl 

rCutsmart buffer (10X) 2µl 

dH2O (water) 15µl 

Restriction enzyme (BsrGI-HF) 1µl 

Total 20µl 

2.2.10.2 DNA Extraction following Agarose Gel Electrophoresis 

An appropriate 1% agarose gel was prepared, stained with iNtRON Red Safe (2.5 µl) diluted 

1:20,000, which was used to separate restriction digest product or visualize the linear ized 
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plasmid presence under UV light, alongside with 1kb DNA ladder. Initially, the restriction 

digest product (20 µl) was mixed with 6 X Purple Loading Dye (New England Biolabs #B7025) 

at 1:5 dilution to reach 1X concentration (total 24 µl). A Mini-Sub cell GT cell with powerpac 

basic power supply (Bio-Rad) was used to perform electrophoresis for 60 minutes at 100 Volts 

in 1 X Tris-acetate-EDTA (TAE) running buffer. Afterwards, for imaging, the gel was imaged 

carefully using GelDoc Go Imaging System (Bio-Rad) under UV trasilluminator (ChemiDoc 

MP) to visualize the DNA fragments. Once the band corresponding to the appropriate DNA 

size was observed, it was cut out using scalpel and then placed into a microcentrifuge tube. The 

tube was weighed and gel was cleaned up following a NucleoSpin Gel and PCR Clean-up Mini 

Kit (Macherey-Nagel) manufacturer’s protocol as described in 2.2.10.3. 

2.2.10.3 PCR clean up (NucleoSpin Gel Mini Kit) 

As described in 2.2.10.2, DNA fragments were purified using the NucleoSpin Gel and PCR 

Clean-up Mini Kit (Macherey-Nagel) manufacturer’s instructions. Where the protocols was 

followed with the exceptions that an initial centrifugation was performed at 2000 x g for 1 

minutes to bind DNA to the column and 10 µl of nuclease-free water was used for the elution, 

instead of 30 µl, to achieve a higher concentration of DNA. The purity and concentration of 

purified DNA samples were determined using a Nanodrop One Spectrophotometer (Thermo 

Fisher Scientific).  

2.2.10.4 Synthetic gBlocks gene fragments resuspension 

The synthetic gBlocks (IDT) described in 2.1.10 were resuspended by brief micro 

centrifugation and dissolving in 100 µl of molecular-grade water to reach a final concentration 

of 10 ng/µl. Samples were then mixed briefly using a vortex. The tube was then vortexed and 

briefly centrifuged using a benchtop centrifuge and the concentration of DNA was measured 

using a Nanodrop One Spectrophotometer (Thermo Fisher Scientific). 

2.2.10.5 NEBuilder DNA Assembly for High-Efficiency Cloning 

To perform DNA assembly reactions using linearized vector (pTRIPZ_3XNLS_mScarlet3 

digested with BsrGI-HF) and DNA inserts (P2A_mStayGold_ZIKVpr_gBlock and 

P2A_mStayGold_ZIKVpr_gBlock), NEBuilder HiFi DNA Assembly Master Mix (New 
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England Biolabs) was used, as per manufacturer’s instructions. The following online tools were 

used to determine the appropriate DNA amounts and volumes to use to achieve a 1:3 vector: 

insert ratio using 50 ng of digested vector: https://nebuildercalculator.neb.com/ and 

https://nebiocalculator.neb.com/#!/ligation. DNA fragments were added to a PCR tube with 

nuclease-free water to make a final volume of 5 µl. To mediate efficient DNA assembly, 5µl 

of NEBuilder HiFi DNA Assembly Master Mix (New England Biolabs) was also added and 

samples were vortexed briefly and pulse-centrifuged. The below Table 2.2.10.5 shows the 

reaction volume components. Samples were transferred to a S1000 thermocycler (Bio-Rad) 

and incubated for 60 minutes at 50˚C. The reaction product was then stored at -20 ̊ C. 

Table 2.2.10.5: Represents the NEBuilder DNA Assembly reaction protocol, where total 

of 10µl volume was used for each reaction 

Assembly Reaction 

Tube A 

Volume (µl) 

Tube A 

Assembly Reaction 

Tube B 

Volume (µl) 

Tube B 

Vector Aliquot (25ng/µl) 2.5 Vector Aliquot (25ng/µl) 2.5 

Insert Aliquot (7.5ng/µl) 0.75 Insert Aliquot (7.9ng/µl) 0.79 

Nuclease-free H2O 1.75 Nuclease-free H2O 1.71 

2x NEBuilder HiFi DNA 

Assembly Master Mix 

(New England Biolabs) 

5 2x NEBuilder HiFi DNA 

Assembly Master Mix 

(New England Biolabs) 

5 

Total 10 Total 10 

2.2.10.6 High Efficiency Transformation with NEB Stable Competent E.coli cells  

Following the manufacturer’s protocol from New England Biolabs High efficiency 

transformation (C3040I), plasmid DNA prepared from NEBuilder DNA Assembly as 

described in 2.3.7 and NEB 5-alpha competent high-efficiency E.coli (NEB) cells were thawed 

until liquefy (Biolabs, 2013). Ensuring everything was done on ice, 50 µl of competent cells 

was gently mixed and pipette into a transformation tube along with 2 µl of plasmid DNA. Tube 

was slightly flicked about 5 times to gently mix the cells and DNA. The tube was then incubated 

on ice for 30 minutes and heat shocked at exact 42˚C for exactly 30 seconds and back into the 

ice for 5 minutes. During this period Stable Outgrowth Medium (SOC) was stored at room 

https://nebuildercalculator.neb.com/
https://nebiocalculator.neb.com/#!/ligation
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temperature. After the incubation, 950 µl of NEB 10-beta/SOC media was pipette and then 

added to the mixture and the tube was placed at 37˚C with shaking at 250 rpm for 60 minutes. 

Following the completion of 60 minutes incubation, the sample was centrifuged at benchtop at 

3000 x g for 5 minutes. Luria Bertani (LB) Agar plates with 100 µg/ml Ampicillin were 

incubated at 37˚C for 10-15 minutes. Upon completion of centrifugation, 900 µl of supernatant 

media was removed and the pellet was resuspended in the remaining 100 µl of media. Among 

the 100 µl media, 20 µl and 80 µl was aliquoted to be used for spreading onto the warm selected 

Luria Bertani agar plates. The plates were incubated at 37˚C overnight. 

2.2.10.7 Preparation of Bacterial Culture for Mini-Prep/Maxi-Prep 

Single isolated and well transformed colonies were picked from each plates prepared as 

mentioned in 2.3.8 and inoculated into 10 ml LB broth supplemented with 100 µg/ml ampicill in 

for mini-prep. Whereas, 200 ml LB broth supplemented with 100 µg/ml ampicillin was used 

to inoculate for Maxi-prep. 16hrs incubation was performed for the Mini-prep cultures with 

shaking at 250rpm at 37˚C and 180rpm at 37˚C for Maxi-Prep cultures.  

2.2.10.8 Mini-Prep Plasmid Protocol using NucleoSpin Plasmid EasyPure (Machery-

Nagel) kit 

The incubated cultures for Mini-prep from 2.2.10.9 were centrifuged at 2500 x g for 10 minutes 

in a Multifuge X Pro series (Thermo Fisher Scientific) to pellet the cells (Macherey-Nagel, 

2019). Supernatant was discarded and bleached in a Schott bottle containing sodium 

hypochlorite. Cells were then resuspended in a 150 µl Buffer A1 by vortexing and pipetting up 

and down. 250 µl of A2 buffer was added and mixed gently by inverting tube and then 

incubated at room temperature for 2 minutes until lysate gets clear. 350 µl of buffer A3 was 

added and mixed properly by inverting tube and transferred into a labelled microcentrifuge 

tube. The sample was centrifuged at >12,000 x g for 3 minutes and then the NucleoSpin column 

was placed into a 2 ml collection tube. Clear supernatant was loaded onto the spin column and 

centrifuged at 1000-2000 x g for 30 second and follow-through was discarded. Following the 

follow-through, 450 µl of buffer AQ was added to spin column and centrifuge for 1 minute at 

>12000 x g. The collection tube was discarded and spin column was placed into new

microcentrifuge. To get a more concentrated pure plasmid, 20 µl of buffer AE was added and 

incubated for 1 minutes at room temperature. Upon addition of elution buffer, spin column was 
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centrifuged for 1 minutes at >12000 x g and the eluted plasmid concentration was then 

measured in Nanodrop One Spectrophotometer (Thermo Fisher Scientific).  

2.2.10.9 Diagnostic Digest and Gel electrophoresis to confirm the Cloning 

The samples obtained from 2.2.10.10 after Mini-prep procedures were collected to perform 

diagnostic digest with BamHI-HF (High Fidelity restriction enzyme, supplied by New England 

Biolabs). The resulting reaction product was run under digest protocol in PCR for 16hrs at 37˚C 

as according to method described in 2.2.10.1. The reagents used for this diagnostic digest is 

listed in Table 2.2.10.9.  

Table 2.2.10.9: Diagnostic Digest of NEBuilder DNA Assembly product with BamHI-HF 

Reagents Volume 

Plasmid DNA (µg/µl) 

1) pTRIPZ_3XNLS_mScarlet3

2) pTRIPZ_3XNLS_mScarlet3_P2A_mStayGold_WNVpr_gBlock

3) pTRIPZ_3XNLS_mScarlet3_P2A_mStayGold_ZIKVpr_gBlock

5µl 

rCutsmart buffer (10X) 2µl 

dH2O (water) 12µl 

Restriction enzyme (BamHI-HF) 1µl 

Total 20µl 

Gel electrophoresis was run according to method described in 2.2.10.2 to analysed the product 

results and to check the expected size of vector and insert via ChemiDoc imaging system (Bio -

Rad).  

2.2.10.10 Sanger Sequencing to confirm cloning after Mini-prep 

Clones product after Mini-prep procedures were set up for Sanger sequencing. 1 µg of plasmid 

DNA from each product was added to appropriate 1 µl of forward (mScar3 FPseq) and 1 µl of 

reverse primers (pTRIPZseq RP1) (IDT) as mentioned in 2.1.8 to make a final volume of 13 

µl with nuclease-free water. Products were sent for sequencing through AGRF and were 
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analysed with expected sequences using Benchling. Plasmid map and chromatogram were 

obtained to assess sequence quality.  

2.2.10.11 Maxi-Prep Plasmid Protocol using NucleoBond Xtra Maxi Plasmid (Machery-

Nagel) kit 

The overnight cultures for Maxi-prep as outlined in 2.2.10.9 were transferred into 200 ml 

Nalgene centrifuge tubes (Macherey-Nagel, 2019). For cultivation and harvest, tubes were 

centrifuged in Multifuge X pro series (Thermo Fisher Scientific) for 30 minutes at 4˚C 4000 x 

g to pellet cells. Cell resuspension was performed in 12 ml buffer RES and 12 ml buffer LYS 

was added and gently inverted to check for precipitation. Then afterwards, samples were 

incubated for 5 minute at room temperature. During this incubation period, columns and filter 

were equilibrated with 25 ml of buffer EQU and allowed to dry properly. For neutralizat ion, 

12ml buffer NEU was added and inverted gently and mixed thoroughly until turned colourless. 

The lysate was then loaded to the NucleoBond Xtra column filter and later filter was washed 

with 15 ml buffer EQU and discarded.  

Similarly, the column was washed second time with 25 ml buffer wash and permitted to empty 

before DNA was eluted. 15 ml buffer ELU was added to elute DNA and 10.5 ml of isopropanol 

was added to the DNA. After the precipitation, samples were centrifuged for 30 minutes at 4˚C 

15000 x g (Multifuge X pro series (Thermo Fisher Scientific)). From the supernatant 1 ml was 

scrapped and rest were resuspended and transferred to a microcentrifuge tube and again 

centrifuged for 5 minutes at 15000 x g room temperature (PICO 17, Thermo Fisher Scientific). 

Afterwards, supernatant was discarded and 4 ml of 70% ethanol was added to the remaining 

pellet and again centrifuged for 5 minutes at 15000 x g room temperature (PICO 17, Thermo 

Fisher Scientific). This process of washing was again repeated and pellet was air dried for 15 

minutes. Following the washing and drying, sample was restored in 50 µl of buffer TE (5mM 

Tris/HCL) and concentrations were measured using Nanodrop One Spectrophotometer 

(Thermo Fisher Scientific). Samples were then stored at -20˚C. 

2.2.11 Cellular protein extraction and Western Blot Analysis 

To extract proteins, 2 x 105 cells per well were harvested in a 6-well plate as according to 

2.2.3.1. Where cells were labelled as according to infected and uninfected conditions. After 
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48hrs post infections, media was replaced and gently washed with 1 x PBS and 100 µl of RIPA 

buffer with 1 µl Proteinase inhibitor (1 in 100) which are prepared as shown in Table 2.2.11, 

was added to each well and incubated for 20 minutes on ice (Meads & Medveczky, 2009; 

Oceguera et al., 2007; Qiu et al., 1992).  

Table 2.2.11: Illustrates the reagents used for RIPA buffer preparation 

Buffer Recipe Volume 

150mM NaCl 1.5ml (4M) 

0.5% deoxych 0.2g 

0.1% SDS 0.4ml (10%) 

1% NP-40 0.4ml 

50mM Tris 2ml (1M) 

dH20 37.5ml 

The cell monolayer was scraped using the pipette tip and transferred into Eppendorf tubes. Cell 

lysates were pipette up and down using needle and syringe in the RIPA buffer and then 

centrifuged at 14000 x g for 10 minutes at 4˚C. The cell supernatant was then transferred into 

new labelled eppendorf tubes. An adequate volume of 5 µl of 4 X loading buffer was added 

with 15 µl of sample to load the sample in polyacrylamide gel. Before loading the sample in 

precision plus protein Kaleidoscope pre-stained protein standards (Bio-Rad) to a 

polyacrylamide gel, the samples were boiled in a thermal cycler at 95˚C for 5 minutes. 

Afterwards, 1 X GTS running buffer was added to tank as from the protocol as per the 

manufacturer’s and samples were separated by SDS-PAGE for 90 minutes at 100 volts. As per 

manufacturer’s instructions, proteins after the SDS-PAGE separation were shifted to the 

nitrocellulose membrane using Trans-Blot TURBO system (Bio-Rad).The membrane was then 

probed with primary antibodies overnight as seen in 2.1.5 at concentration of 1% skim milk at 

4˚C shaking overnight. Following primary antibody, membrane was washed with TBS-T 5 

times in 5 minutes intervals and probed with secondary antibodies as seen in 2.1.6 at room 

temperature in 1% skim milk for 1 hour. Afterwards process again involves washing with TBS-

T 5 times in 10 minutes intervals or even increased washing to get rid of unbound secondary 

antibody. Following washing, the membrane was then imaged under LI-COR Biosciences 

Odyssey imaging system. 
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2.2.12 Bioinformatics Analysis 

All the images obtained were analysed using Incucyte 2023A software (located at the FHMRI 

building, level 8). The graph generation and statistical analysis using paired t-test was 

performed using GraphPadPrism Version 4.0 software package (Motulsky & GraphPad 

Software, 2003). 
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  Chapter Three: Results 

3.1 Gel Electrophoresis of Plasmid Backbone (pTRIPZ_3XNLS_mScarlet3) 

after restriction digest 

The pTRIPZ_3XNLS_mScarlet3 plasmid is a pTRIPZ lentiviral inducible expression vector 

that encodes three nuclear localization signal (NLS) sequences fused in-frame to a red 

fluorescent protein (mScarlet3). The plasmid was linearized by digestion with BsrGI-HF (high-

fidelity restriction endonuclease). To visualize and extract the digested plasmid backbone, gel 

electrophoresis was performed and the gel was observed using a UV transilluminator. This 

revealed a single ~13 kb band consistent with the expected band size of 13,057 bp, as 

represented in Figure 3.1. This indicated that the restriction enzyme (BsrGI-HF) had effective ly 

linearized the plasmid. 

Figure 3.1: Agarose gel electrophoresis of pTRIPZ_3XNLS_mScarlet3 plasmid backbone  

digested with BsrGI-HF. 1Kb DNA ladder was used to see appropriate corresponding band 
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size of the plasmid. As presented, the expected band size of the vector backbone was 13,057bp 

as per the plasmid map shown in Figure Appendices 1 (generated using Benchling). 

3.2 Generation of pTRIPZ_3XNLS_mScarlet3_WNVpr_mStayGold and 

pTRIPZ_3XNLS_mScarlet3_ZIKVpr_mStayGold reporter construct 

To begin with generating WNVpr and ZIKVpr reporter construct plasmids, synthetic DNA 

fragments (gBlocks) were assembled with pTRIPZ_3XNLS_mScarlet3 vector backbone using 

NEBuilder HiFi DNA assembly as mentioned in 2.2.10.2 and 2.2.10.3. The resulting assembly 

products were transformed into NEB 5-alpha component E. coli cells (New England Biolabs), 

as per manufacturer’s instructions, as described in 2.2.10.5 and 2.2.10.6. This resulted in 

numerous colonies for both pTRIPZ_WNVpr, and pTRIPZ_ZIKVpr reporter constructs. A 

brief summary explained with the process to generate the construct is presented in Figure 3.2 

with specific details generated using BioRender. Notably the cloned plasmids along with the 

control (pTRIPZ_3XNLS_mScarlet3) were digested with BamHI to verify the vector and insert 

size which was compared against the virtual digest gel image created using Benchling as shown 

in Figure 3.2.1. 

Figure 3.2: Molecular cloning to generate the pTRIPZ_3XNLS_mScarlet3_WNVpr_mStayGold 

and pTRIPZ_3XNLS_mScarlet3_ZIKVpr_mStayGold plasmid reporter construct. The high 

efficiency transformation of NEBuilder reaction products into chemically component E.coli 

(NEB –Alpha Component cells) was performed for all plasmids reporter construct and 5 
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medium-sized colonies were picked and inoculated in each tubes containing Luria Bertani (LB) 

broth (+ Ampicillin). 

Mini and Maxi prep plasmid DNA extraction was performed as described in 2.2.10.8. 

Concentrations were measured using a Nanodrop as shown in Table 3.2A. Each highly 

concentrated sample was sent for Sanger sequencing. The high concentrated samples were 

further transformed, inoculated and performed maxi prep plasmid procedure as mentioned in 

2.2.10.8 to obtain purified large amount of plasmid DNA. Concentrations were measured using 

Nanodrop as represented in Table 3.2B. 

Table 3.2: Concentration of WNV protease construct and ZIKV protease construct. (A) 

represent the concentration of 5 colonies picked from each sample after Mini prep plasmid 

Sample Name Nucleic Acid(ng/uL) A260/A280 A260/A230 

WNVpr 1 311.942 1.879 2.221 

WNVpr 2 283.113 1.885 2.222 

WNVpr 3 327.089 1.854 2.107 

WNVpr 4 164.75 1.871 2.21 

WNVpr 5 132.849 1.839 1.884 

ZIKVpr 1 290.459 1.879 2.255 

ZIKVpr 2 392.863 1.885 2.255 

ZIKVpr 3 110.938 1.293 1.434 

ZIKVpr 4 373.38 1.881 2.257 

ZIKVpr 5 400.929 1.879 2.209 

Sample Name Nucleic Acid (ng/µl) A260/280 

WNVpr (3) 3374 1.92 

ZIKVpr (5) 3100 1.89 

A 

B 
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extraction and (B) showed the highly concentrated plasmid DNA of each sample after maxi 

prep plasmid extraction and purification. 

3.2.1 Diagnostic Digest to verify the size (bp) of insert in cloned plasmid DNA 

As described in 2.2.10.9, plasmid DNA was digested with BamHI-HF and to interpret the 

expected band size of the insert in the gel image, virtual digest was performed in Benchling as 

shown in Figure 3.2.1 (A). In Figure 3.2.1 (B), pTRIPZ_3XNLS_mScarlet3 serve as a control 

and we can see an  expected the single linearized band size of 788bp, whereas the WNVpr and 

ZIKVpr samples digested with BamHI releases the expected band sizes of 11048bp, 1322bp, 

846bp and 788bp which confirms successful cloning. The differences between the band sizes 

of 846bp and 788bp was small so could be the reason for these two bands to be appears as one 

as shown in Figure 3.2.1 (B) 

Figure 3.2.1: Diagnostic digest to verify the vector and insert sizes to determine successful 

cloning. (A) Represent the virtual digest with expected insert sizes created using Benchling. 

(B) shows the gel image presenting the successful incorporation of gBlocks in the
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pTRIPZ_3XNLS_mScarlet3 vector (control), where we can see an expected 4 band sizes of 

11048bp, 1322bp, 846bp and 788bp in WNVpr and ZIKVpr plasmid construct which confirms 

successful cloning. 

3.3 Lentivirus Transfection of pTRIPZ_3XNLS_mScarlet3_WNVpr_mStayGold and 

pTRIPZ_3XNLS_mScarlet3_ZIKVpr_mStayGold into HEK293FT cells using 

Lipofectamine 2000 and Lipofectamine 3000 protocol 

3.3.1 Transfection using Lipofectamine 2000 to check qualitative transfection efficiency 

Reporter plasmid construct and packaging plasmid generated as described in 2.2.4 were 

transfected into HEK293 FT cells using Lipofectamine 2000 protocol as described in section 

2.2.4.1. At 24-hour post-transfection incubation, cells were treated with doxycycline (1µg/µl) 

to induce the expression of fluorescence reporter protein. To further check the transfect ion 

efficiency, cells were imaged after 24 hours under EVOS M5000 (Invitrogen by Thermo Fisher 

Scientific) to confirm doxycycline- induced expression and qualitative transfection efficiency, 

Cells were imaged using a 10 X objective as shown in Figure 3.3.1. Here, cells transfected with 

pTRIPZ_3XNLS_mScarlet3 serve as a positive control for mScarlet fluorescence that also 

assess background green fluorescence and as well to compare the relative transfec t ion 

efficiency from that of cells expressing reporter construct mScarlet3_WNVpr_mStayGold, and 

mScarlet3_ZIKVpr_mStayGold. We could see fairly lower expression of fluorescence reporter 

proteins (mStayGold and mScarlet3), which represent lower transfection efficiency using 

Lipofectamine 2000 with our generated plasmid DNA reporter construct as compared to image 

obtained using Lipofectamine 3000 (Figure 3.3.2). 
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Figure 3.3.1: Lentivirus transfection using Lipofectamine 2000 protocol.  

Reporter plasmids (pTRIPZ_3XNLS_mScarlet3_WNVpr_mStayGold, 

pTRIPZ_3XNLS_mScarlet3_ZIKVpr_mStayGold) and Packaging Plasmids (psPAX2, and pMD2.G) 

were transfected with HEK293 FT cells using Lipofectamine 2000 protocol as described in 

2.2.4.1. We could see inhomogeneous and lower doxycycline- induced expression of 

mStayGold (Green) and mScarlet3 (Red) which was not expected and resulted from lower 

transfection efficiency while using Lipofectamine 2000 reagent. 

3.3.2 Transfection using Lipofectamine 3000 and assessment of transfection efficiency 

As mentioned in 2.2.4.2, 293FT cells were transfected using Lipofectamine 3000 transfect ion 

reagent since Lipofectamine 2000 yielded a qualitatively lower transfection efficiency, as 

described in 3.3.1. Cells were treated with doxycycline and imaged under EVOS M5000 

(Invitrogen by Thermo Fisher Scientific) to confirm doxycycline- induced expression and 

transfection efficiency as shown in Figure 3.3.2. In order to achieve high transfect ion 

efficiency, Lipofectamine 3000 reagent was used in combination with an optimized 293FT cell 
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transfection protocol (Thermo Fisher Scientific; https://assets.thermofisher.com/TFS -

Assets/BID/Application-Notes/lentiviral-production- lipofectamine-reagent-app-note.pdf) that 

involved a higher cell density and optimized transfection reagent and DNA volumes. This 

resulted in enhanced transfection efficiency as compared to Lipofectamine 2000 (Figure 3.3.2). 

This higher transfection efficiency could be due to optimal cell density and the improved 

properties of the Lipofectamine 3000 reagent. Here, cell transfected with 

pTRIPZ_3XNLS_mScarlet3 serve as a control to assess background fluorescence and as well 

to compare the relative transfection efficiency from that of cells expressing reporter construct 

mScarlet3_WNVpr_mStayGold, and mScarlet3_ZIKVpr_mStayGold.  

Figure 3.3.2: Lentivirus production via transfection of 293FT cells using Lipofectamine 3000 

protocol. Reporter plasmids (pTRIPZ_3XNLS_mScarlet3_WNVpr_mStayGold, and 

pTRIPZ_3XNLS_mScarlet3_ZIKVpr_mStayGold) and Packaging Plasmids (psPAX2, and pMD2.G) 

were transfected into HEK293FT cells using Lipofectamine 3000, as described in 2.2.4.2 and 2.2.4.3. We 

could see a homogenous higher doxycycline- induced expression of mStayGold (Green) and 
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mScarlet3 (Red) as compared to images of the cells transfected using Lipofectamine 2000 

transfection reagent (Figure 3.3.1). 

3.4 Inefficient production of infectious lentiviral vectors capable of 

transducing Huh7.5 cells after repeated and careful transfection of 

pTRIPZ_3XNLS_mScarlet3_WNVpr_mStayGold, and 

pTRIPZ_3XNLS_mScarlet3_ZIKVpr_mStayGold with lentiviral packaging 

plasmids into 293FT cells  

As described in 3.3.2 the transfection efficiency was higher while using Lipofectamine 3000 

resulting in more homogenous expression of fluorescent protein induced with doxycycline. 

Based on this, the produced lentivirus encoding for WNVpr_mStayGold and 

ZIKVpr_mStayGold (see section 2.2.4.2) was used to transduce target Huh-7.5 cells. After 

overnight incubation at 37˚C at 5% CO2, the lentivirus media was removed and replaced with 

fresh media containing 3µg/ml puromycin to select the cells that harboured the fluorescent 

reporter construct (mScarlet3_WNVpr_mStayGold, and mScarlet3_ZIKVpr_mStayGo ld). 

After incubation for 3 days at 37˚C at 5% CO2, however, the number of viable cells was very 

low. The media was again removed and replaced with fresh media containing puromycin at 

every 2-3 days depending upon the requirement for the cells. After continuous cultured 

puromycin-resistant cells, they were expanded into 25cm2 flasks. Despite the strong 293FT cell 

transfection during lentiviral packaging and successful growth of puromycin-resistant cells in 

6-well plates, nearly all of the cells died after expansion into 25 cm2 flasks. Although the

lentivirus packaging and transduction process was repeated and completed several times, the 

generation of puromycin-resistant stable Huh-7.5 cell lines after lentiviral transduction and 

puromycin selection was unsuccessful. Despite an apparently high transfection efficiency of 

293FT cells during lentiviral packaging (see 3.3.2), as determined by fluorescence of cells 

transfected with packaging vectors and the pTRIPZ_3XNLS_mScarlet3, 

pTRIPZ_3XNLS_mScarlet3_WNVpr_mStayGold,andpTRIPZ_3XNLS_mScarlet3_ZIKVpr_

mStayGold plasmids, the inefficient transduction of Huh-7.5 cells suggested that there may 

have been problems with efficient lentiviral packaging. This may be attributable to partial 

degradation of the lentiviral packaging plasmids (psPAX2 and pMD2.G). In order to perform 

subsequent experiment to show progress of the generated reporter construct, Huh7.5 cells 

stably expressing an analogous DENVpr eGFP or ZIKV-pr-eGFP fusion protein and a separate 
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3x_NLS_mScarlet construct (which were previously generated by Dr. Nicholas Eyre) were 

resuscitated and utilized for infection and nuclear translocation experiments. 

3.5 Fluorescent Activated Cells Sorting (FACS) of Huh7.5+ 

pTRIPZ_3XNLS_mScarlet3_DENVpr_mStayGold reporter proteins for 

obtaining high fluorescent positive cells 

The previously generated Huh7.5 + pTRIPZ_3XNLS_mScarlet3_DENVpr_mStayGold cells 

were harvested and seeded as described in 2.2.1 and 2.2.2. Cells were treated with 1 µg/ml 

doxycycline one day before cell sorting to induce expression of the fluorescent reporter 

construct... The parent cells “Huh7.5 cells” served as a negative control (Figure 3.5A), while 

the Huh7.5 cells harbouring DENV reporter cells were 95% positive for mStayGold (Green 

Fluorescent Protein) fluorescence (Figure 3.5B). It is important to note that strong and 

relatively homogenous expression of the fluorescent reporter construct was desirable for further 

experiments involving DENV, WNV and ZIKV infection. 
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Figure 3.5: Fluorescence Activated Cell Sorting of transduced Huh7.5 cells harbouring 

DENV reporter (mScarlet3 and mStayGold) cells for high fluorescence. Here plot 1 in both 

A and B identifies majority of intact cells containing cell debris based on their cell sizes, plot 

2 represents individual cells by excluding the doublets and plot 3 further analysed for 

fluorescent marker expression (FITC = mStayGold Fluorescence). (A) Showed the parent 

“Huh7.5” cells which serve as a negative control and we could see the distribution of inta ct, 

single cells and extent of green fluorescence in the sample (‘Background Fluorescence’). (B) 

Indicates the similar selection of intact cells, isolation of them from doublets and further 

analysed for high positive fluorescence cells, where 35.0% of all events showed high 

fluorescence representing that they are expressing the 95% of mStayGold fluorescent proteins. 
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3.6 Characterization of DENV, WNV, and ZIKV Protease Reporter 

Construct Design 

In order to monitor the live cell in orthoflavivirus infection, a reporter construct expressing 

GFP fused with the respective orthoflavivirus protease system was designed which can be 

cleaved by the presence of viral NS2B/NS3 proteases at a cleavage site. The construct design 

as shown in Figure 3.6A shows GFP containing three nuclear localization signal (NLS) 

sequence anchored with the transmembrane domain (TM) of the endoplasmic reticulum (ER) 

protein sec61β to target the fluorescent reporter protein to ER membranes through a linker. 

Various protease cleavage sequences specific to respective orthoflavivirus like DENV, WNV, 

and ZIKV can be inserted in the linker. The viral protease cleavage of the linker region would 

then result in translocation of GFP from cytoplasm of the ER to the nucleus (Figure 3.6B), 

revealed the presence of viral infection, which can be easily monitored and detected using live 

cell imaging software like Incucyte SX5 imaging system (Sartorius).  

The DENV, WNV, and ZIKV polyprotein which is cleaved by viral NS2B/NS3 protease into 

individual viral proteins ((Arias et al., 1993; Medin et al., 2015; Preugschat et al., 1990)), 

NS2B/NS3 protein anchors it to ER membranes depending upon the cleavage sequences which 

were inserted into the reporter construct for DENV, WNV, and ZIKV. The specific DENV, 

WNV, and ZIKV capsid cleavage site sequences is shown in Table 3.6. 
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Figure 3.6: Orthoflaviviruses (DENV, WNV, and ZIKV) reporter construct design. (A) 

Shows the GFP anchored with TM of ER membrane protein sec61β and the cleavage site 
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specific sequences for each reporter plasmid constructs (full sequences is shown in Figure 

Appendices 5). (B) Shows the schematic of translocation of GFP from cytoplasm to nucleus 

upon infection as viral protease cleaved the linker region at the protease cleavage site shown 

in (A). Red and Green fluorescent protein are coloured as indicated on top right of the panel in 

B. 

Table 3.6: List of DENV, WNV, and ZIKV capsid cleavage site sequences inserted into 

reporter construct for each corresponding orthoflaviviruses 

Capsid Cleavage Site Sequence 

Dengue Virus Capsid Cleavage Site RRRR  SAGM 

West Nile Virus Capsid Cleavage Site KKRG  GKTG 

Zika Virus Capsid Cleavage Site KKRR  GADT 

3.7 Incucyte live cell imaging of nuclear relocation of the protease-dependent 

mStayGold reporter proteins following DENV2 infection at different Hours 

Post Infection (h.p.i) and Multiplicity of Infection (MOI) 

3.7.1 Incucyte live cell imaging of nuclear relocation of the protease-dependent 

mStayGold reporter following MOI 0 to 2 of DENV2  

The stable cell lines for the DENV protease reporter construct (Huh 7.5 + 

pTRIPZ_3XNLS_mScarlet3_DENVpr_mStayGold) which were previously generated by 

Dr.Nicholas Eyre through lentiviral production were harvested and seeded in a 96-well imaging 

plate as described in methodology section 2.2.3.3.  Cells were treated with 1 µg/ml doxycycline 

to induce expression of the fluorescent reporter protein and after 24-hour incubation at 37˚C at 

5% CO2, cells were infected with wildtype dengue virus (DENV2) at 2-fold serial dilution of 

Multiplicity of Infection (MOI) from 2 to 0.002. Here, uninfected cells served as a negative 

control.  

In uninfected cells (Figure 3.7.1A), we can see the ER-like pattern represented by mStayGold 

(GFP) in the cells expressing at MOI 0 (not infected), while mScarlet3 localized to the nucleus. 

As almost all of the mStayGold fluorescence was found in the cytoplasm, this was consistent 
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with the absence of DENV2 infection. As shown in images at MOI 0.125, MOI 0.25, MOI 1, 

and MOI 2, the majority of cells were double positive (Green and Red proteins) for nuclear 

fluorescence in DENV2 infected cells, with a noticeable increase in the GFP translocation from 

cytoplasm into the nucleus begun at MOI 0.125 (Figure 3.7.1A). A very similar pattern and 

even higher nuclear GFP accumulation was observed in the reporter cell lines expressing the 

reporter constructs at MOI 0.25, with most prominent at MOI 1 and MOI 2. A very clear 

difference in nuclear GFP following the DENV2 was seen in increasing infection levels. 

Among all the reporter constructs that were tested for DENV2 at high infection dose (MOI 2), 

showed relatively higher nuclear GFP localization, which also shows that the nuclear 

localization of GFP is dose dependent and upon infection, GFP translocate into nucleus from 

cytoplasm indicating the activation of viral protease. In Figure 3.7.1B, this evidence has been 

further illustrated by plotting the total percent of cells expressing the reporter construct 

(mStayGold + mScarlet3) at different MOIs. Here, it is can be seen as, at MOI 0 (uninfected), 

some cells already showed some nuclear GFP signal whereas, at  MOI 2 almost all of the cells 

expressing the reporter construct showed nuclear GFP localization and very lower cytoplasmic 

GFP. This showed a good indication to validate our generated reporter constructs performed 

upon orthoflavivirus infection. Similarly, a drastic GFP translocation with relatively higher 

peak indicating more GFP translocation into nucleus was seen at an MOI 0.25 (Figure 3.7.1C). 

Consequently, complete GFP translocation in the nucleus was observed at MOI 2, thereby 

confirming that the detection of infection was dose dependent. 
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Figure 3.7.1: Live cell imaging of DENVpr reporter construct for nuclear localization of 

mStayGold (GFP) following DENV2 at MOI 2 (48h.p.i). (A) Huh7.5 cells stably expressing 

the 2xNLS_mScarlet3_2A_DENVpr-mStayGold reporter construct were infected with 

DENV2 at a range of concentrations (2-fold serial dilutions of DENV2; MOIs: 0.125, 0.25, 1, 

and 2) or uninfected (MOI 0). Representative live cell images of uninfected cells (MOI 0) and 

cells infected with a range of high MOIs (0.125, 0.25, 1, and 2) at 48h.p.i. (B) Quantitation of 

nuclear localization of mStayGold under various DENV-2 infection conditions. The bar graph 

shows the total percentage of green/red double positive cells that display a green fluorescent 

nuclear. (C) The line graph shows GFP nuclear translocation ratios plotted against different 

DENV2 MOIs. Scale bar = 200µm. Cells were imaged using an Incucyte SX5 (Sartorius) live 

cell imaging system. Note that DENV2 infections were performed by Dr. Nicholas Eyre and 

assistance in imaging analysis was provided by Dr. Eva Hesping. 
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3.7.2 Confirmation of early identification of protease-dependent reporter cells expressing 

mStayGold nuclear relocation following hours post infection of DENV2  

As described in 3.7.1, cells were infected with wild-type (WT) DENV2 and incubated at 37˚C 

at 5% CO2. Doxycycline was present throughout the experiment.  At 24h.p.i, cells were imaged 

in Incucyte SX5 imaging system for further 24 hours at 20 x objective with 3-4 images per 

well. As we can see, the double positive mStayGold + mSacrlet3 (green and red) fluorescent 

cells expressed the reporter constructs, uninfected cells represent the GFP localized like ER 

pattern (Figure 3.7.2A). As compared to infected cells at 24h, 36h, and 48h postinfection, cells 

showed increased in nuclear GFP localization with early detection at 24 hours postinfec t ion 

(Figure 3.7.2A). The overall number of the double positive cells expressing GFP nuclear 

localization was higher at 48h postinfection as compared to infected cells after 24h and 36 

hours postinfection (Figure 3.7.2B). The increment in mScarlet3 suggests viral replication and 

growth in a time course manner in case of cells infected with wild-type DENV2. This also 

predicts mScarlet3 showed higher nuclear translocation of GFP with increase in hours 

postinfection, respectively (Figure 3.7.2B). 

As shown in Figure 3.7.2C, the total nuclear translocation ratio which indicates the cells 

expressing reporter constructs in nucleus showed higher ratio i.e. 0.90 at 48h.p.i and lower ratio 

i.e. 0.75 at 24h.p.i, providing evidence for nuclear GFP translocation from cytoplasm to nucleus

with increase in green fluorescent signal in a time dependent manner. Additionally, nuclear 

translocation ratio of 0.75 at 27h.p.i has also suggest early detection of nuclear GFP 

translocation in reporter constructs cells infected with wildtype dengue virus. Further, this 

result gives an overall well correlation of total percentage of double-positive cells (Figure 

3.7.2B) with the nuclear translocation ratio at different time points upon infection (Figure 

3.7.2C).  
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Figure 3.7.2: DENV reporter system under uninfected and DENV2-infected conditions at 

24h, 36h, and 48h postinfection (h.p.i). (A) Uninfected cells showing ER-like cytoplasmic 

distribution of mStayGold without nuclear translocation, when infected, cells showed nuclear 

translocation of GFP with increase in nuclear fluorescence signal at 24h, 36h, and 48h 

postinfection representing the activation of viral protease through cleavage and translocat ion 

of GFP into the nucleus. (B) Quantification of images acquired in A. The total percentage area 

of double positive cells increase across time points, a sign that replication capacity of the 

reporter virus is higher within a time dependent manner. (C) Quantification of images acquired 

from experiment shown in A. Ratio of nuclear translocation for GFP localized in nucleus from 

cytoplasm. For each time points, ratio increases as increase in level of infection. Scale bar = 

200µm. Note that this data was extracted from the same experiment described in Fig.3.7.1. 
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3.8 Immunofluorescence analysis of Dengue Virus Reporter Protease 

(DENVpr) shows activation of viral protease in infected versus uninfected 

cells.  

As mentioned in methodology section 2.2.3.3, the stable cell lines after WT dengue virus 

infection for 48hours, the activity of the reporter construct was further assessed by indirect 

immunofluorescence staining in both uninfected and infected cells to check how well the cell 

has respond to infection and GFP localization at a subcellular level. Cells were fixed and 

stained with primary antibody, secondary antibody as mentioned in materials section 2.1.5 and 

2.1.6 and DAPI to visualize the viral envelope proteins in infected cells. 

In stained cells (Figure 3.8 ‘top panel’), the nuclei stained with DAPI is shown in blue, Anti E 

AlexaFluor647-conjugated secondary antibody in red showed stable expression of reporter 

protein. These stained cells represent the morphology of the DAPI stained nuclei, distributed 

red fluorescence and minimal red fluorescent intensity.  In contrast, the DENV2 infected cells 

(Figure 3.8 ‘bottom panel’) with merged (DAPI+ Anti E AlexaFluor647) signals expressing 

reporter constructs at MOI 1, MOI 2, MOI 3, and MOI 5 showed strong red fluorescence 

indicating the presence of viral envelope proteins with increasing in multiplicity of infect ion 

(MOIs). Cell expressing reporter construct at MOI 5 indicate highest infection level by clearly 

differentiating the active state of DENV reporter protease from inactive state following the 

dengue virus infection. However, lower number of the reporting cells were observed in reporter 

construct at MOI 5 in compared to cells in construct at MOI 1. Additionally, infection level in 

the cells expressing reporter constructs were associated with high virus infection, illustrating a 

dose-related activation of the reporter system. Moreover, by MOI 5, almost all the cells have 

progressive increase in red fluorescent intensity signal, which suggests that the antibody-based 

detection is specific and the high infection efficiency is dose-dependent with the production of 

more viral envelope proteins.  
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Figure 3.8: Immunofluorescence imaging of DENV reporter protease using confocal 

microscopy to analyse reporter activity within uninfected and WT DENV infected 

conditions. Cells were stained (Top panel) showed nuclei stained DAPI in blue and Anti E 

AlexaFluor647-conjugated secondary antibody in red. DENV Infected cells (bottom panel) in 

reporter constructs at MOI 1, 2, 3, and 5 signified progressive increase in red fluorescence 

confirming more infected cells and producing more viral envelope proteins in reporter 

constructs at MOI 5. Note that DENV-2 infections were performed by Dr. Nicholas Eyre. 

3.9 Western Blot Analysis of Huh-7.5+eGFP DENVpr+pTRIPZ_3XNLS_mScarlet3 

and Huh-7.5+eGFP ZIKVpr+pTRIPZ_3XNLS_mScarlet3 cell line showed the 

cleavage properties of reporter construct upon infection with Dengue and Zika 

viruses 

In this western blot study, the Huh-7.5+eGFP DENVpr+pTRIPZ_3XNLS_mScarlet3 and Huh-

7.5+eGFP ZIKVpr+pTRIPZ_3XNLS_mScarlet3 cell line was used, which was previous ly 

generated by Dr.Nicholas Eyre. To validate the similar functioning of our reporter construct, 

western blot analysis was performed for the cell lysates prepared 48hours postinfection (h.p.i) 
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(Figure 3.9A, 3.9B). Among all the lanes, the Huh-7.5 cells was used as a control to compare 

with the DENV and ZIKV reporter proteases cleavage activity. As we can see in figure 3.9A, 

the green bands across all the lanes shows, the loading control ‘β-Actin’ and red bands shows 

the reporter construct tagged with eGFP. The green β-Actin bands are uniform throughout all 

lanes with the molecular weight of ~40kDa confirming the equal protein sample loading across 

all lanes. Similarly, we could see very strong fluorescent uncleaved eGFP protein in uninfec ted 

cells in compare to infected cells and was predicted to have a molecular weight of ~34kDa, 

based on the reporter construct design (Figure 3.9A). In infected cells, we observed an 

additional band of eGFP with an approximately lower molecular weight (Figure 3.9A, red 

arrow). Upon DENV2 infection, the additional band of ~30kDa eGFP protein was detected in 

both lysates of DENVpr and ZIKVpr cells, without any additional band in Huh-7.5 cells as 

expected (Pahmeier et al., 2021). Consequently, in ZIKV infection, similar ~30kDa eGFP 

protein band was detected in both lysates of DENVpr and ZIKVpr cells, without any additiona l 

band in Huh-7.5 cells. This additional band of molecular weight ~30kDa was consistent with 

the predicted molecular weight of the DENVpr and ZIKVpr cleavage product after infect ion 

with dengue and zika viruses, respectively (Figure 3.9B). However, we noted a very faint 

fluorescent cleavage product of the eGFP proteins in DENVpr when infected with ZIKV, 

suggesting zika virus might not fully cleaved the DENV protease as compared to dengue virus 

active cleavage in ZIKV protease upon infection. 
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Figure 3.9: Western Blot Analysis of Huh-7.5+eGFP DENVpr+pTRIPZ_3XNLS_mScarlet3 and 

Huh-7.5+eGFP ZIKVpr+pTRIPZ_3XNLS_mScarlet3 cell lysates prepared 48h.p.i (MOI=2) with 

DENV and ZIKV viruses. At 48h.p.i, cell lysates were resolved by SDS-PAGE. The eGFP was 

detected with specific antibody. (A) β-Actin (green) served as a loading control and 

fluorescently tagged eGFP (red) with cleavage product (red arrow). (B) Green arrowheads, 

uncleaved reporter (~34kDa); red arrowhead, cleaved reporter (~30kDa) products. Note that 

DENV and ZIKV infections and lysate preparations were performed by Dr. Nicholas Eyre. 

3.10 Time-course experiments confirms early nuclear translocation of the 

protease-dependent mStayGold reporter proteins after transient 

transfection following West Nile and Zika virus infection  

As previously described in 2.2.5.1 the transient transfection of WNVpr and ZIKVpr was 

performed with Hela cells and imaged at 24h.p.i. Here, we analysed the image showing nuclear 

GFP translocation in the uninfected and infected WNVpr and ZIKVpr reporter cell line. Cells 

were infected with either West Nile virus or Zika virus with respective protease reporter 

construct at MOI=1, and subsequently imaged using Incucyte SX5 live cell imaging system. 
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The uninfected WNV protease reporter cells already exhibited the nuclear GFP signal and in 

WNV infected cells expressing reporter construct, a noticeable increase of nuclear GFP was 

observed and even more accumulation of nuclear GFP upon WNV infection at 72 h.p.i (Figure 

3.10A). The bar diagram showed total percentage of cells positive for both mStayGold and 

mScarlet3 at different time points following infection for West Nile Virus. ‘Green bars’ 

represent Infected WNV and ‘White bars’ represent uninfected WNV. As we can see at 24h.p.i, 

the total double positive cells is similar for both uninfected and infected cells with no clear 

difference in nuclear GFP localization following infection showing no any statistical significant 

difference (ns) between these cells. However, at 48h.p.i, there is a significant increase in double 

positive cells infected with WNV virus showing statistical significant difference (**) between 

uninfected vs infected cells. Similarly, at 72h.p.i, significantly higher increase in double 

positive cells was observed which signify high nuclear GFP translocatio n due to activation of 

the WNV protease upon infection showed high statistical significant difference (****) between 

uninfected vs infected cells (Figure 3.10A). 

Comparatively, the uninfected ZIKV protease reporter cells exhibited ER-like localization of 

the GFP signals whereas, in infected cells expressing reporter construct, a noticeable increase 

in nuclear GFP was observed as early as 24 hours postinfection (Figure 3.10B) and even higher 

accumulation of nuclear GFP upon infection at 72 h. The bar diagram alongside represent total 

percentage of cells positive for both mStayGold and mScarlet3 at different time points 

following infection with Zika Virus. ‘Green bars’ represent Infected ZIKV and ‘White bars’ 

represent uninfected ZIKV. At 24h.p.i, the total double positive cells for both uninfected and 

infected cells showed clear difference in nuclear GFP localization following infection showed 

statistical significant difference (*) between these cells. Similarly, at 48h.p.i, there is a strong 

significant increase in double positive cells infected with ZIKV virus showing high statistica l 

significant difference (****) between uninfected vs infected cells. Consequently, at 72h.p.i, 

similar higher increase in double positive cells was observed which signify high nuclear GFP 

translocation due to activation of the ZIKV protease upon infection showed high similar 

significant difference (****) between uninfected vs infected cells (Figure 3.10B).  

Importantly, increase in the percentage of double positive cells showed nuclear translocat ion 

of GFP (mStayGold) at 48 hours and 72 hours postinfection, respectively (Figure 3.10). 

Additionally, fewer double positive cells ~2% exhibited nuclear GFP localization even in the 

absence of reporter virus signal in both WNV and ZIKV protease reporter cells could be due 
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to overexpression of the fluorescent reporter protein following the transient transfection with 

Hela cells.  

Figure 3.10: Quantification of WNVpr and ZIKVpr reporter cell line following infection 

at different time points, 24hours, 48hours, and 72hours. (A) Uninfected WNV (left) and 

infected WNV (right) with total percentage of cell positive for both mStayGold (green) and 

mScarlet3 (red) were quantified at 24, 48, and 72h.p.i. Similarly, (B) Uninfected ZIKV (left) 

and infected ZIKV (right) with total percentage of cell positive for both mStayGold (green) 

and mScarlet3 (red) were quantified at 24, 48, and 72h.p.i. Here, GFP localization is indicated 

by green fluorescence ‘GFP’ and nuclear staining by red fluorescence ‘mScarlet3’ for both 

Figure A, B. White bars are uninfected and green bars are infected cells (MOI 1). The statistica l 

significance using paired t-test indicates; ns “not significant”,* and ** “significant (p<0.01)”, 

and **** “high significant (p<0.0001)” shown at different time points reveals the experiment 

in a time dependent manner, providing evidence for nuclear GFP localization upon infect ion 

due to activation of viral reporter protein cleavage. Note that ZIKV and WNV (Kunjin) 
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infections were performed by Dr. Nicholas Eyre and assistance in imaging analysis was 

provided by Dr. Eva Hesping. 

. 

3.11 JNJ-A07 inhibits reporter-detected viral protease activity in infected 

cells validate the functioning of eGFP DENVpr reporter cell line for antiviral 

drug screening 

JNJ-A07 as a highly potent antiviral drug targets the viral proteins and has shown high action 

potential at the target region against all DENV serotypes thereby showing high antivira l 

efficacy (Goethals et al., 2023). JNJ-A07 had shown an outstanding efficacy against DENV 

infection by targeting DENV NS4B along with NS2B/NS3 helicase complex, thereby blocking 

the interaction and shows lower or no drug resistance (Kaptein et al., 2021). A proof-of-concept 

experiment to validate the reporter cell line generated in our laboratory settings was performed 

using JNJ-A07 with previously generated cell line i.e. Huh_7.5+eGFP 

DENVpr_pTRIPZ_3XNLS_mScarlet3 as mentioned in 2.2.9 which has very similar 

generation and characterisation to our generated cell line. The cells infected with WT DENV2 

in a 96-well plate was loaded into Incucyte SX5 imaging system and imaged for 72 hours at 

every 2 hours. Representative images of DMSO 0.1% and JNJ-A07+infected cells are shown 

in Figure 3.11. Here, the DMSO treated infected cell display vibrant red and green fluorescence 

corresponding to the active viral infection and reporter construct expression (nuclear mScarlet3 

with cytoplasmic mStayGold), whereas, JNJ-A07 treated with infected cell shows minimal 

fluorescence signal providing evidence to inhibit the active infection and viral protease activity 

(Figure 3.11A). As per our reporter construct design, the active fluorescent signal represent 

protease dependent cleavage of reporter construct resulting in nuclear GFP localization upon 

infection as described in 3.6.  

In Figure 3.11B, the dose response curve of JNJ-A07 concentration in µM showing percentage 

of control value (DMSO treated controls) with time-course experiment presented by gradation 

of light blue (24h.p.i) to dark blue (72h.p.i). Based on the curve, JNJ-A07 showed minimal 

effect at the lower concentration (10-6 to 10-4 µM) and we could see a sharp drop-off from 10-3 

to 10-2 µM in JNJ-A07 concentration showing highly potent antiviral action within this range 
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started to show inhibitory effect from 48h.p.i to maximal effect at 72h.p.i. At the concentration 

of >10-2 µM and above, the infection was almost completely inhibited (% control ~0%), 

showing high efficacy. Overall data showed time-course dependent antiviral effect where 

inhibition was seemed to be greater in the later time-points 72h.p.i (thicker lines) indicat ing 

sustained inhibition. These data of incucyte imaging experiment confirms fewer infected cells 

after JNJ-A07 treatment, thereby decreasing the viral infection in a dose and time-dependent 

manner.  

Figure 3.11: Antiviral effect of JNJ-A07 antiviral drug in a DENV2 infection. (A) infected 

cell fluorescence at 72 h.p.i, represents DMSO treated infected cells (left panel) and JNJ-A07 

treated infected cells (right panel). In compared to DMSO-treated cells with JNJ-A07 treatment 

at 72h.p.i, fluorescence intensity was decreased in JNJ-A07 treated infected cells preferentia l ly 
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in green channel suggesting the inhibition of viral protease activity and therefore the viral 

infection. (B) Dose response curve of JNJ-A07 concentration in µM showing minimal effect 

at the lower concentration (10-6 to 10-4 µM) (24h.p.i) and a sharp drop-off from 10-3 to 10-2 µM 

in JNJ-A07 concentration at 48h.p.i providing evidence of highly potent antiviral action within 

this range started to show inhibitory effect from 48h.p.i to maximal effect at 72h.p.i. Note that 

DENV infections, drug treatments and data analysis was performed by Dr. Nicholas Eyre. 
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Chapter Four: Discussion 

Orthoflaviviruses such as Dengue Virus, West Nile Virus, and Zika Virus, are among the most 

harmful single-stranded positive sense RNA viruses causing significant concerns in regions 

where they are highly prevalent (Wu et al., 2019). Clinical evidence of the disease caused by 

infection of these orthoflaviviruses are life threatening to global health posing intense illness 

and increased rates of transmission (Pierson & Diamond, 2020). Regardless of their impact, no 

universal antiviral therapies or vaccines have been approved scientifically in clinical settings 

for prevention and treatment of the infections caused by DENV, WNV, and ZIKV (Liang & 

Dai, 2024). Traditional microscopy-based studies of infection and ER remodelling in infected 

cells have used imaging of fixed cells, which are limited to provide only static views, which 

hinder the evidences for real-time monitoring of the viruses (Liu et al., 2020). Currently 

monitoring the viral infections in real time and finding suitable system to develop treatment 

options against the infection are minimal. However, real-time visualization of the virus 

infection is possible with the help of reporter systems that track the activity of viral protease 

that provides deeper insight into virus infection kinetics and interaction of virus with host cells 

(Pahmeier et al., 2021). In addition to this, reliability of the reporter system can be performed 

for screening and testing antiviral compounds to facilitate studies and screening of new 

antiviral-drug like compounds for treatment purpose (Chaudhuri et al., 2018; Komarasamy et 

al., 2022). While numerous researches have been performed utilizing the fluorescent reporter 

system to monitor infection in case of dengue and zika virus showing the virus-dependent 

changes to the host cell endoplasmic reticulum (McFadden et al., 2018; Medin et al., 2015). 

However, the ability to identify the DENV, WNV, and ZIKV infected cells by distinguishing 

infected cells from uninfected cells in real-time is yet challenging, which often fails (Corliss et 

al., 2022).  

To address this knowledge gap, this project intends to further use an alternative approach to 

generate novel viral protease-dependent engineered fluorescent reporter proteins based on the 

reporter system models to be stably expressed in living cells, which can be altered upon virus 

infection (Li et al., 2016; Pahmeier et al., 2021; Van den Elsen et al., 2021). This study 

describes the generation and characterisation of reporter construct consisting of a green 

fluorescent protein (GFP ‘mStayGold’) fused with three nuclear localization signal (NLS) 

sequence, ER membrane anchored TM domain of sec61β protein, and specific linker region 
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containing viral NS2B/NS3 protease cleavage sequence for DENVpr, WNVpr, and ZIKVpr 

within the linker region connecting ER and fluorescent protein. Upon infection, the viral 

protease cleaves the linker of the reporter construct design releasing GFP from cytoplasm of 

the ER to the nucleus providing a visual indication of viral infection (Figure 3.6).  

To achieve the study’s aim, fluorescence activated cell sorting; live fluorescence cell imaging, 

fixed cell imaging, and western blotting were performed. Moreover, utilizing reporter cell lines 

for its reliability and validity with antiviral compounds allows a rapid analysis of various 

antiviral drug-like compounds (like JNJ-A07 for dengue virus inhibitor used in this study), 

which were designed from high-throughput screening. Importantly, this study performed with 

investigating the generated protease-dependent reporter cell lines of DENVpr, WNVpr, and 

ZIKVpr for screening antiviral drug compounds. This further ensured the novel experiments 

implemented and completed during this master’s project, which is relevant to improving our 

understanding of virus-host interaction and antiviral drugs screening (Cihlova et al., 2021; 

Kaptein et al., 2021; Kiemel et al., 2024).The live cell monitoring of orthoflaviviruses upon 

infected vs uninfected state remains mostly uncleared from the literature. For example, 4B5-

EGFP has been reported to exhibit green signal in both infected and uninfected cells, making 

it difficult to distinguish (Medin et al., 2015). However, performing fluorescence activated cell 

sorting (FACS) (Figure 3.5) after transduction that only sort the positive cells has shown high 

green fluorescence in nucleus upon infection leading to selectively isolate infected cells from 

uninfected cells (Figure 3.7.1A and 3.7.2A). 

In some studies for DENV reporter constructs, high GFP translocation were observed already 

during uninfected or absence of viral protease which is unlikely (Lennemann et al., 2020; 

McFadden et al., 2018; Medin et al., 2015). In context to our Aim 1, study for the DENV 

protease reporter construct (cell line previously generated by Dr.Nicholas Eyre) (Figure 

3.7.1A) showed ER-like pattern represented by mStayGold (GFP) in cytoplasm and mScarlet3 

in nucleus in uninfected cells. Whereas, in DENV2 infected cells (Figure 3.7.1B) at MOI of 2, 

the percentage of total double positive (Green and Red proteins) showed the noticeable increase 

in the GFP translocation from cytoplasm into the nucleus and even higher nuclear GFP 

accumulation at increasing infection levels i.e. (MOI 0.25), (MOI 1), and (MOI 2) respectively. 

Among all the constructs that were tested for DENV2 infection, infected cells expressing the 

reporter constructs at MOI 1 and MOI 2 showed relatively higher nuclear GFP localization and 

very minimal cytoplasmic GFP. This revealed the completion of nuclear GFP localization at 
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MOI 2, showing that the experiment is dose dependent and upon infection, GFP translocate 

into nucleus from cytoplasm indicate the activation of viral protease. Interestingly, it is can be 

seen at MOI 0 (uninfected), very fewer ~0.6 (nuclear translocation ratio) cells already showed 

some nuclear GFP signal which stated the onset of GFP localization into nucleus (Figure 

3.7.1C). This could be due to very high expression of the fluorescent reporter proteins leading 

to unspecific cleavage or masking the cleavage and relocation of nuclear GFP (Arias-Arias et 

al., 2020; Pahmeier et al., 2021). Comparatively, a very clear difference in nuclear GFP upon 

DENV2 infection with gradual increase in nuclear translocation ratio ~0.65 at MOI 0.25 

following rigorous nuclear GFP localization ratio ~0.9 at MOI 1 and MOI 2 (Figure 3.7.1C) 

was observed. Similarly, in uninfected vs infected cells over different time point, overall 

number of the double positive cells (mStayGold and mScarlet3) expressing GFP nuclear 

localization was higher at 48h postinfection as compared to infected cells after 24h and 36 

hours postinfection (Figure 3.7.2B). Additionally, nuclear GFP localization ratio i.e. 0.75 with 

early detection at 24hours postinfection followed by higher ratio i.e. 0.90 at 48h.p.i was 

observed providing evidence for nuclear GFP translocation from cytoplasm to nucleus with 

increase in green fluorescent signal in a time dependent manner (Figure 3.7.2A and 3.7.2C). A 

possible explanation of this result could be the correlation of double positive cells with the 

nuclear translocation ratio is dose dependent and time course experiments (different hours 

postinfection) confirmed early detection of nuclear GFP signal showing promising good 

indication to validate our DENV protease reporter stable cell line.  

The immunofluorescence imaging of DENV reporter protease to analyse reporter activity upon 

infection using confocal microscopy were also explored. The existing literature showed no 

clear difference in nuclear GFP signal among some reporter cell lines upon DENV2 infect ion, 

which limits to provide details about subcellular GFP localization in infected versus uninfec ted 

cells (Amarilla et al., 2021; Cortese et al., 2017; Garcia-Blanco et al., 2016). We sought not 

only to separate infected from uninfected cells but also to check how well the cell have respond 

with the infection by indirect immunofluorescence staining in infected cells. Confocal 

microscopy showed stained cells representing the morphology of the DAPI stained nuclei, 

distributed red fluorescence which marks the viral envelope proteins. In contrast, the DENV2 

infected cells with merged (DAPI+ Anti E AlexaFluor647) signals expressing reporter 

constructs showed a progressive strong red fluorescence, most notably accumulating at the 

perinuclear region (Figure 3.8). This increase in red fluorescence intensity becomes more 

stronger and denser closer to the nucleus, particularly at MOI 3 and 5 which is consistent with 
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higher viral replication activity and indicates a clear difference between the active state of 

DENV reporter protease leading to cleavage of the reporter construct from inactive state 

following the high virus infection. However, lower number of the reporting cells were observed 

at MOI 5 in compared to MOI 1. This decline observed in positive cells could be due to high 

expression of the positive cells and might have achieved a high protease activity. Overall, this 

results confirms that our antibody-based detection is specific and dose-related activation of the 

reporter system by successfully imaging the progression of DENV infection with the 

production of more viral proteins (Zhang et al., 2011).  

Analysis of reporter system for orthoflavivirus detection revealed either cytosolic or ER 

anchored viral non-structural proteins (Fernandes et al., 2020; Hsieh et al., 2017; Van den Elsen 

et al., 2021; Wahaab et al., 2021), where, majority utilizes expression of large viral proteins 

(McFadden et al., 2018; Medin et al., 2015) leading to introduce unwanted pleiotropic effect. 

In contrast, as our reporter construct carries only the cleavage site-specific sequence from viral 

sequences, it is less likely to interfere with cellular processes. The reliability conferred by our 

reporter design with DENV protease as we discussed above makes it easy to adapt the reporter 

system to other viruses such as WNV and ZIKV that have proteases functioning close to ER 

membranes (Caldas et al., 2020; Cassedy et al., 2021). This enabled us to quickly employ the 

system for detection of WNV and ZIKV infection within living cells by performing transient 

transfection with Hela cells expressing WNVpr and ZIKVpr constructs for real-time live cell 

imaging of the infection in cells. Here, the purpose of transient transfection with Hela cells 

allowed rapid and  robust plasmid expression to check the functionality of the reporter construct 

and if cleavage activity occurs upon infection. The reason behind not investing time to make a 

stable cell lines, given that, we were able to achieve lower production of lentiviral titre capable 

of transducing huh7.5 cells resulting in almost no any viable cells might be due to poor quality 

of the lentiviral packaging plasmids (psPAX2 and pMD2.G). These plasmids were capable to 

detect the fluorescent reporter protein, however, unable to produce high lentiviral titre in the 

meantime as evident in 3.4. In context to our aim 1, nuclear GFP translocation in the infected 

WNVpr and ZIKVpr reporter cell line was analysed in this study. Like in uninfected DENV 

protease reporter cell lines, the uninfected WNV and ZIKV protease reporter cells also 

exhibited the double positive signal with nuclear GFP (Figure 3.10A and 3.10B), given that 

high green fluorescent protein expression after transient transfection masking cleavage. The 

fewer translocation of GFP from cytoplasm into nucleus even during absence of virus infect ion 

with WNV and ZIKV protease reporter cell line further support this. Although this does not 
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fully supports in case of ZIKV protease reporter cell line, where we could see a noticeable 

significant difference (*) between (double positive cells) uninfected and infected cells shows 

clear difference in nuclear GFP localization at 24h.p.i (*p<0.01). This might be due to more 

optimized cleavage site in the ZIKV reporter construct (Table 3.2), thereby showing more 

efficient cleavage of the reporter substrate upon infection leading to higher nuclear GFP signal 

accumulation (Dos Santos Nascimento et al., 2022; McFadden et al., 2018; Nunes et al., 2022).  

On the contrary, in WNVpr reporter cells upon infection (MOI 1) caused an increase in double-

positive cells over time i.e. 48h.p.i, and 72h.p.i (Figure 3.10A), reflecting nuclear GFP 

localization due to cleavage mediated by viral WNV protease. This was particularly evident at 

48h.p.i and 72h.p.i, when a significant difference (**, p<0.01, and ****, p<0.0001, 

respectively) between uninfected and infected cells were observed. However, no any 

significant difference (ns) at 24h.p.i was seen which referred to our previous explanation of 

unspecific cleavage happening due to high fluorescence protein expression during transfect ion 

(Pahmeier et al., 2021). These findings substantiate the lack of appropriate cleavage proficiency 

of WNV-capsid site (Table 3.2), which can result in less effective viral replication and reporter 

protease expression for induction of nuclear GFP.  

Unlike the modular nature of reporter construct in uninfected WNVpr reporter cells, ZIKVpr 

reporter cells upon infection, showed similar and even higher significant difference (**, 

p<0.01, and ****, p<0.0001, respectively) between uninfected and infected cells at 24h.p.i, 

48h.p.i, and 72h.p.i with early and significant nuclear GFP detection within 24h.p.i. This result 

of early detection of GFP signal in nucleus upon infection provide an evidence of ZIKV 

NS2B/NS3 protease efficiently recognizing the ZIKV-specific capsid cleavage site (Table 3.2) 

which was not clearly explored in literatures (Caldas et al., 2020; Liang & Dai, 2024; 

McFadden et al., 2018; Sharma & Lal, 2017). This significant difference correlation with 

difference in cleavage activity of DENV, WNV, and ZIKV reporter systems is likely due to 

the virus-specific protease recognition efficiency exhibited at their respective capsid cleavage 

sites. The double positive cells appearance with high nuclear GFP signal over time for cells 

being infected manifest the accuracy of our reporter system to distinguish between uninfec ted 

and infected cells within a time-dependent and dose-dependent manner. Additionally, our study 

showed that ZIKV reporter construct was more sensitive and reliable in early detection of viral 

infection making it more applicable for future experiments of antiviral screening assays.  
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Due to repeated experiments of lentivirus transduction with WNV and ZIKV protease reporter 

as mentioned in 3.4 that lead into limited time, our experiments to generate stable cell lines for 

WNV and ZIKV protease-dependent reporter constructs was prevented from being completed. 

However, we aim to utilized the previously generated eGFP (green fluorescent protein) tagged 

DENVpr and eGFP (green fluorescent protein) tagged ZIKVpr reporter cell lines stably 

transduced with Huh7.5 cells to assess the cleavage activity of reporter proteins in DENV2 and 

ZIKV infected cells using western blot analysis of cell lysates prepared at 48h.p.i (Shiryaev et 

al., 2023). In addition to this, a reason behind using this stable cell lines was also to show the 

similar cleavage activity and functionality of our engineered WNVpr and ZIKVpr reporter 

construct, besides there weren’t any previously generated eGFP tagged WNVpr reporter cell 

lines in our Molecular Virology Group. The engineered reporter constructs where eGFP-NLS 

attached with ER and separated by virus-specific cleavage site (similar to our reporter construct 

design), upon infection, viral NS2B/NS3 proteolytic activity was expected to cut the reporter 

construct linker at a specific protease cleavage site, releasing the GFP for nuclear localiza t ion 

(Li et al., 2016; Malaikah, 2018; Wu et al., 2015).  

As confirmed by Figure 3.9, the uncleaved eGFP-NLS fusion protein with molecular weight 

of ~34kDa was observed in uninfected cells. In both DENV and ZIKV infected cells, however, 

an additional band with molecular weight ~30kDa, was seen for GFP, consistent with the 

expected size for cleaved product. This cleaved product released from ER anchor for GFP-NLS 

by DENV and ZIKV viral protease activity accounts similar protease-dependent fluorescent 

reporter systems as seen for other researches (Low et al., 2023; Suphatrakul et al., 2018). The 

strong cleaved GFP band in the DENVpr and ZIKVpr cells infected with dengue virus relative 

to uninfected controls (Figure 3.9), confirmed effective cleavage by DENV NS2B/NS3 

protease targeting the dibasic residues within the viral polyprotein cleavage junctions showing 

its appropriate functioning in both infected DENVpr and ZIKVpr reporter cell lines (Choudhry 

et al., 2019; Hill et al., 2018). A similar cleavage was seen with ZIKV-infected ZIKVpr cells, 

however, in DENVpr cells, the appearance of the cleaved band was faint which was unlike ly. 

This variation in the intensity of the cleaved band might be the result of amino acid sequence 

at the C terminus of cleavage product or post-translational modification by intracellular 

enzymes (Arias-Arias et al., 2020; Li et al., 2020; Pahmeier et al., 2021).  

These findings were consistent with previous research by Pahmeier et al. (2021), when western 

blot experiments revealed additional band of cleaved GFP expressing equivalent reporter 

constructs in cells infected with DENV. Pahmeier et al., in their study correlated the differentia l 
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band intensities for cleavage to the variation observed for cleavage site recognition and 

processing by host proteases. Similarly, the molecular weight of cleaved product found in our 

study might be due to sequence-dependent changes or further host enzyme trimming after 

cleavage by the host protease (Bera et al., 2007; Wahaab et al., 2021). These results together 

establish that the cleavage of reporter constructs are specifically virus-dependent and a 

validation of the live-cell imaging approach demonstrated the nuclear translocation of GFP 

following infection. This dual verification at imaging and fluorescent protein levels solidifies 

the reporter system effectiveness for real-time monitoring of DENV, WNV, and ZIKV 

infection in living cells. The differences in cleavage activity between DENV and ZIKV reporter 

cells after infection also provides a clear insights into virus-specific protease activity, which 

may assist in future experiments in optimizing the design for antiviral drug screening and host 

factor discovery (Anindita et al., 2024; Pierson & Diamond, 2020). 

As we discussed how well the live cell imaging discovered that DENV, WNV, and ZIKV 

infected cells can be detected as early as 24hour postinfection (Figure 3.7.2A and Figure 3.10A 

and 3.10B). In current state, real-time identification of DENV-infected cells is carried out 

mainly by generating a plasmid-based reporter for all DENV serotypes (Medin et al., 2015). In 

case of WNV-infected cells, a fluorescence-based system for analysing catalytic activity of 

WNV RNA-dependent RNA polymerase has been developed (Garcia-Zarandieta et al., 2023). 

Similarly, for ZIKV-infected cell, real-time monitoring is performed by developing a 

fluorescent reporter system, which determine induce apoptosis in ZIKV infected cells in a cell-

autonomous manner through the protease activity of non-structural proteins marking virus-

infected cells (McFadden et al., 2018). While these studies report strong and definitive findings 

of DENV, WNV, and ZIKV infected cells, our engineered reporter cell line has major 

superiority in various context. The use of our reporter cell line detected infected cells in real 

time with observable protease-dependent nuclear translocation of the fluorescence signal 

within hours of infection. Some studies have shown detection of orthoflavivirus-infected cells 

with recombinant reporter viruses that express fluorescent proteins (Pierson & Diamond, 2020; 

Shan et al., 2016). However, this requires availability of infectious molecular clones and the 

stability of this reporter virus can be compromised in long run since high recombination rates 

might result in deletion or mutation of inserted reporter gene (Arias-Arias et al., 2020; 

Pahmeier et al., 2021). Conversely, our protease-dependent reporter cell lines, without any 

modification, through careful inclusion of NS2B/NS3 protease processing sites in reporter 

construct is responsive to authentic virus protease function. This allow real-time imaging of 
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the infection dynamics and clear understanding of virus-host interactions avoiding the 

instability of reporter virus.  

In this study, the antiviral activity of JNJ-A07 (2µM) was tested with a previously generated 

viral protease-dependent fluorescence reporter cell line to confirm the reliability and suitability 

of our reporter system for screening antiviral drugs as mentioned previously in 2.2.8. JNJ A07, 

a potent dengue virus inhibitor that targets DENV NS4B protein and NS2B/NS3 helicase 

complex, disrupting the virus replication and has demonstrated minimal resistance in several 

DENV serotypes (Goethals et al., 2023; Kaptein et al., 2021; Kiemel et al., 2024). Cells when 

treated with DMSO control showed high red (mScarlet3) and green (mStayGold) fluorescence 

in nucleus at 72h.p.i. indicative of active viral protease and efficient cleavage of the reporter 

construct. In contrast, JNJ-A07-treated infected cells showed dramatic decreased in green 

fluorescence, reflecting inhibition of viral protease activity and associated decreased 

replication (Figure 3.11A), which is closer to the findings reported in literature (Kiemel et al., 

2024; Rosales-Rosas et al., 2024; Wang et al., 2015). The high sensitivity of the reporter 

construct showing functional verification of the design in which protease-mediated cleavage is 

responsible for inducing eGFP translocation from cytoplasm to nucleus – a marker for infect ion 

status. In addition to this, quantitative analysis (Figure 3.11B) further supports this. The dose-

response curve indicates JNJ-A07 has minimal antiviral effect in concentrations ranging from 

10-6 to 10-4 µM, whereas there was a drop off in infection rates from 10-3 µM, with nearly

complete inhibition at concentrations >10-2 µM. It is important to note that, application of a 

time-course-colour gradient (24h.p.i to 72h.p.i in Figure 3.11B) in this study showed inhibit ion 

was increasingly potent with time, resulting maximum inhibition being observed at 72h.p.i 

indicating the experiment is dose and time dependent.  

Nevertheless, JNJ-A07 to exhibit antiviral activity in our eGFP DENVpr reporter construct 

should be explored with ZIKVpr and WNVpr reporter construct in future experiments to further 

validate by such time-course experiments or viral quantifications. Overall, the findings from 

our study confirms the utility of engineered reporter system two broad applications: real- time 

analysis of viral infection in case of all orthoflaviviruses, host-factor investigations, and safe 

as well effective antiviral drug screening. The construct allows for dynamic visualization and 

quantification of viral protease activity, and it is thus a sensitive and powerful tool for screening 

drugs in live-cell. Because of these advantages in identifying new antivirals that act on DENV, 
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it enables potentially to act on other orthoflaviviruses that use similar proteolytic processes like 

WNV and ZIKV. 

In conclusion, our study described a reporter system as powerful tools allows for real- time 

monitoring of orthoflavivirus like DENV, WNV, and ZIKV infected cells and help to fill 

critical gaps in understanding orthoflavivirus-host interactions and finding targets for antivira l-

drug candidate activity. This reporter system, which we generate in our laboratory settings, is 

reliable and easy to handle. These advanced tools will ultimately contribute to the development 

and testing of experimental antiviral drug compounds for treatment purposes. 
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Appendices

1. 

Figure Appendices 1: pTRIPZ_3XNLS_mScarlet3 Plasmid Map. The circular plasmid map 

of pTRIPZ_3XNLS_mScarlet3 vector shown is a lentiviral inducible expression system with 

gene expression, employed in the production of stable cell lines with 13,057 base pairs (bp) in 

size. 

2.
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Figure Appendices 2: pTRIPZ_3XNLS_mScarlet3_DENVpr_mStayGold Plasmid Map. 

This showed the lentiviral-based reporter construct with fluorescent reporter proteins, which is 

about 13000bp in size and includes number of aspects essential for regulation, gene expression 

and selection. 

3. 

Figure Appendices 3:  pTRIPZ_3XNLS_mScarlet3_WNVpr_mStayGold Plasmid Map. 

This plasmid map showed the lentiviral expression vector designed for monitoring WNVpr 

with fluorescent readouts. 
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4. 

Figure Appendices 4: pTRIPZ_3XNLS_mScarlet3_ZIKVpr_mStayGold Plasmid Map. 

A lentiviral vector used to monitor activity of ZIKVpr through redistribution of fluorescent 

signals and constructed from pTRIPZ plasmid backbone. 

5.
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Figure Appendices 5: Nucleotide Alignment for DENV, WNV, and ZIKV capsid cleavage 

site. The nucleotide sequences of DENV, WNV, and ZIKV capsid cleavage sites are displayed 

herein, which are inserted in the reporter construct design and are placed between Multip le 

Cloning Sites (MCS) and Nuclear Localization Signal (NLS). 

6. 

Figure Appendices 6: Plasmid map of pLenti6_eGFP_DENVCapsidCleavage (7755bp). 

The map showed the lentiviral expression vector used for eGFP tagged with a recognition site 

for DENV capsid cleavage. This plasmid vector was used for generating 

Huh7.5+eGFP_DENVpr_pTRIPZ_3XNLS_mScarlet3 cell line to detect the activation of viral 

protease cleavage for eGFP DENV reporter construct. 
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7. 

Figure Appendices 7: Plasmid map of pLenti6_eGFP_ZIKVCapsidCleavage (7755bp).  

This lentiviral vector expression construct used for expression of eGFP tagged with a 

recognition site for ZIKV capsid protease cleavage, allowing detection of ZIKV protease 

activity in infected cells. This plasmid vector was employed for the construction of 

Huh7.5+eGFP_ZIKVpr_pTRIPZ_3XNLS_mScarlet3 cell line to detect the activation of viral 

protease cleavage for eGFP ZIKV reporter construct. 




