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Abstract 

The wide-spread outbreak of Zika virus (ZIKV) infection poses a significant threat to global 

health. A strong link between Zika virus and clinical birth defects, particularly microcephaly, 

warrants urgent study of the molecular mechanisms underlying ZIKV pathogenesis. Virus-

host interactions determine the outcome of infection, thus we delved into the innate immune 

response against ZIKV infection and evaluated ZIKV dependency on host metabolism. Type 

1 interferons (IFNs) are critical for host resistance against ZIKV. The first part of this study 

evaluates the effect of interferon and interferon-stimulated genes (ISGs) against ZIKV 

infection of Asian lineages (PLCal_ZV and PRVABC59). We have shown that type-1 IFN 

strongly inhibits ZIKV replication in human hepatoma Huh-7.5 cells and the ISG, IFITM3 

contributes significantly to this inhibition, agreeing with published reports. We have 

demonstrated that cholesterol accumulation in endosomes does not restrict ZIKV replication, 

suggesting an alternative mechanism behind IFITM3 mediated ZIKV inhibition. To assess 

whether other ISGs contribute to restricting ZIKV infection, we tested a panel of ISGs. MxB, 

an interferon inducible myxovirus resistance protein, has been reported to restrict HIV-1 and 

herpesvirus infection. Interestingly, while both ZIKV Asian isolates are resistant to MxB, the 

African isolate MR766 is susceptible to MxB inhibition. We further identify IFI6 as a potent 

inhibitor of ZIKV replication for which the mechanism behind its antiviral activity remains to 

be elucidated.  

The second part of this study addresses the dependency of ZIKV on host cellular metabolism. 

We investigated the effect of two ZIKV proteins, NS4A and NS4B on mitochondrial 

respiration in U87-MG cells, a human primary glioblastoma cell line. Our results show that 

NS4B significantly decreases mitochondrial respiration, while basal respiration for NS4A 

expressing cells are comparable to the control.  

These findings expand on the role of specific ISGs in restricting ZIKV replication and 

highlight the need for investigating the underlying mechanisms behind viral restriction. Our 

results also support a model in which ZIKV infection causes an imbalance in mitochondrial 

homeostasis by decreasing mitochondrial respiration.  
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Résumé 

L’éclosion répandue de l’infection au virus Zika (ZIKV) menace de façon significative la santé 

mondiale. L’établissement d’un lien important entre le virus Zika et certaines anomalies 

congénitales cliniques, et plus particulièrement la microcéphalie, presse l’étude des 

mécanismes moléculaires responsables de la pathogénicité du ZIKV. Les interactions entre 

l’hôte et le virus déterminent le cours de l’infection. Ainsi, nous avons étudié la réponse 

immunitaire innée au ZIKV, et évalué la dépendance du virus au métabolisme de l’hôte. Les 

interférons (IFNs) de type I sont cruciaux à la résistance de l’hôte contre le virus. La première 

partie de cette étude détermine l’effet des IFNs et des gènes stimulés par les IFNs (gènes 

appelés ISG pour Interferon-Stimulated Genes) contre l’infection au ZIKV issu de lignées 

asiatiques (PLCal_ZV et PRVABC59). Nous avons montré que les IFNs de type I empêchent 

la réplication du virus dans les cellules humaines hépatiques Huh-7.5, et que le gène IFITM3 

(gène ISG) contribue significativement à inhiber le virus, ce qui concorde avec d’autres 

rapports déjà publiés. Nous avons également établi que l’accumulation de cholestérol dans les 

endosomes ne restreint pas la réplication du ZIKV, ce qui suggère un mécanisme alternatif à 

l’inhibition du virus induite par le gène IFITM3. Afin d’évaluer si d’autres ISGs participent à 

la modulation de l’infection au ZIKV, nous avons testé un panel d’ISGs.  Il a été démontré que 

la protéine MxB dont l’expression est induite par interféron, limite l’infection au VIH-1 et à 

l’herpèsvirus. Étonnamment, alors que les deux lignées asiatiques du ZIKV sont résistantes à 

cette protéine, l’isolat MR766 d’Afrique ne l’est pas. Nous avons identifié la protéine IFI6 en 

tant qu’inhibiteur potentiel de la réplication du ZIKV; cependant le mécanisme de son activité 

antivirale demeure inconnu. La seconde partie de cette étudie aborde la dépendance du ZIKV 

au métabolisme de la cellule hôte. Nous avons examiné l’effet de NS4A et NS4B, deux 

protéines du virus, sur la respiration mitochondriale dans les cellules U87-MG, cellules 

humaines issues de glioblastome. Nos résultats montrent qu’alors que la respiration 

mitochondriale est significativement diminuée par NS4B, elle demeure inchangée dans les 

cellules exprimant NS4A comparativement à celle des cellules contrôle.  Ces observations 

élargissent le rôle antiviral de certains ISGs dans la restriction de la réplication du virus Zika, 

et mettent en exergue le besoin d’en étudier les mécanismes. Nos données renforcent également 

un model selon lequel l’infection au ZIKV entraîne un déséquilibre dans l’homéostasie 

mitochondriale en diminuant la respiration mitochondriale.  
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Chapter 1 Background  
 

This chapter is a comprehensive literature review regarding Zika virus and the host innate 

immune response elicited against ZIKV infection. Sections of this review are adapted from an 

article published by, Kavita Raniga and Dr Chen Liang (Raniga, K.; Liang, C. Interferons: 

Reprogramming the Metabolic Network against Viral Infection. Viruses 2018, 10, 36).  

1.1 The Rise of Zika: From Discovery to Outbreak 
 

In recent years, Zika Virus (ZIKV) has gained worldwide attention and emerged as a major 

global health challenge following outbreaks in the Americas. Despite the recent outbreaks, 

ZIKV was isolated in 1947 from the blood of sentinel rhesus macaques in the Zika forest 

region of Uganda [1]. Although serological evidence of ZIKV disease was reported from 

1951 onwards, the first documented report of human ZIKV infection was not until 1964 by 

Simpson [2,3]. With less than 20 cases of human ZIKV infections reported within the first 60 

years of discovery, ZIKV received far less attention in the medical literature and remained 

rather obscure [4]. This situation changed in 2007, when the virus was introduced into a naïve 

population on Yap Island, Federated States of Micronesia, where over 73% of the population 

became infected in a period of 4 months [5]. However, the epidemic subsided for a period 

before a new ZIKV strain emerged in French Polynesia responsible for a larger epidemic in 

2013 [6,7]. Consequently, ZIKV has continued to spread its geographical range, expanding 

from equatorial Africa and Asia, further afield to South America, Central America, Mexico 

and the Caribbean including, Puerto Rico, Figure (1) [8]. Intriguingly, through sequencing 

over 100 ZIKV genomes, three collaborative studies showed the emergence of ZIKV in 

Brazil from the Pacific Islands and noted local transmission between 2013 and 2014, well 

before the first reported case in Brazil [8-10].  
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The majority of ZIKV symptoms vary from asymptomatic to a self-limiting febrile illness 

clinically resembling dengue fever. However, unlike other members of the flavivirus genus, 

ZIKV is a tetragon, epidemiologically linked to the occurrence of severe congenital 

malformations and neurological complications. Consequently, there is an urgent need to fully 

understand how ZIKV affects cellular processes to influence pathogenesis and disease.  

 

 

 

 

 

 

 

 

 

Figure 1 The emergence and global spread of ZIKV. ZIKV was first documented in 

Uganda with cases reported in Nigeria. Gradual expansion from equatorial Africa resulted 

in epidemics in Micronesia (2007), French Polynesia (2013), and Latin America (2015-

2016).  To date, a total of 86 countries and territories have reported evidence of mosquito-

transmitted Zika infection.  
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1.2 Zika Virus Phylogenetics 
 

ZIKV, an emerging arbovirus, belongs to the genus Flavivirus within the family Flaviviridae, 

which includes several pathogenic viruses such as Dengue virus (DENV), Japanese 

Encephalitis virus (JEV), Yellow fever virus (YEV) and West Nile virus (WNV). Multiple 

phylogenetic analyses of ZIKV genomes have revealed the presence of two distinct ZIKV 

lineages: the African lineage and the Asian Lineage, Figure 2 [11-13]. Moreover, ZIKV 

sequence alignments revealed that ZIKV formed an independent clade together with 

Spondweni virus (SPOV) among mosquito-borne flaviviruses. ZIKV showed highest identity 

with SPOV, with 68.6% identity in nucleotides compared to 58%-60% nucleotide identity 

with JEV, DENV and WNV [14,15]. Fascinatingly, all the contemporary human isolates have 

greater sequence homology to the mosquito isolate P6-740 (Malaysia/1966) than IbH-30656 

(Nigeria/1968), suggesting that the current strains responsible for the recent outbreaks 

evolved from the Asian lineage, anchored by P6-740 [16]. The human strains responsible for 

the epidemic in the Americas (2015-2016) are more closely related to the H/PF/ 2013 strain 

(French Polynesia/2013) than the FSM strain (Micronesia/2007), indicating these two 

variants evolved independently from a common ancestor and later dispersed to South 

America [16,17].  
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1.3 Disease & Transmission  

ZIKV is primarily spread by Aedes species mosquitos (including Aedes aegypti, Aedes 

albopictus and Africa aedes). ZIKV circulates between these sylvatic mosquitoes and non-

human primates (apes and monkeys) that inhabit the forest canopy, not excluding other 

possible transmission cycles. Additionally, ZIKV has evolved the ability to circulate in an 

urban transmission cycle, allowing for humans to be both carriers, and suppliers of ZIKV for 

uninfected mosquitoes. Furthermore, non-vector borne transmission (sexual and blood 

transmission and intrauterine transmission) was confirmed during the outbreaks in the 

Americas [18] .  

Figure 2 Evolutionary Relationships of Zika Virus. Phylogenetic tree constructed from 

nucleotide data from 41 viral complete ORF sequences of ZIKV strains by the maximum-

likelihood-method logarithm in MEGA7 based on the Tamura-Nei model. A bootstrap 

percentage for 1,000 replicates was shown on the left. Branches corresponding to partitions 

reproduced in less than 70% of bootstrap replicates are not shown. Strains isolated from human, 

mosquito, and monkey (NIH) reference strains were labelled with blue, orange, and black 

circles, respectively. The two subtypes were labelled on the right side of the tree. The new 

strains Rio-U1 and Rio-S1 were highlighted using (∗). Adapted from Wang et al, From 

Mosquitos to Humans: Genetic Evolution of Zika Virus, Cell Host & Microbe, Volume 19, 

Issue 5, 2016. Copyright (2016), with permission from Elsevier.  

 

https://www.sciencedirect.com/topics/immunology-and-microbiology/zika-virus
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1.3.1 Sexual & Blood Transmission 

Approximately 3% of blood donations from the French Polynesian outbreak tested positive 

for ZIKV RNA by PCR [19]. Given that the majority of ZIKV infected individuals are 

primarily asymptomatic and blood transfusion has been reported as a mode of transmission 

for other Flaviviruses, donated blood particularly from endemic regions, must be screened for 

ZIKV.   

Both African and Asian ZIKV isolates have been reported to be sexually transmitted, 

implying this mode of transmission was plausible early in evolution prior to viral divergence 

[20,21]. Additionally, multiple cases have been reported for the presence of ZIKV RNA in 

semen and testicular tissue from 30-50% of infected men in the first month following disease 

onset [22,23]. Further, mouse models of sexual transmission have shown the presence of 

infectious ZIKV in 60-70% of ejaculates [21,24,25].  Interestingly, one case of female-to-

male transmission of ZIKV has also been reported however, further investigations into the 

underlying mechanism behind the sexual transmission of ZIKV are warranted. One study 

signified the importance of sexual transmission during pregnancy and the development of 

congenital abnormalities [25]. The group found that sexual transmission of ZIKV to pregnant 

female mice significantly increased the infection rate and viral titres in developing foetuses 

compared to other inoculation routes [25].  

1.3.2 Congenital & Perinatal Transmission  

Of great concern is the congenital (viral transmission during pregnancy) and perinatal 

transmission (infection around the time of birth) of ZIKV, which is responsible for 

devastating birth defects including, congenital ZIKV syndrome. The pandemic in the 

Americas positively correlated with a dramatic upsurge in cases of central nervous system 

malformations in neonates specifically, microcephaly, of note disease outcomes do vary in 
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severity in foetuses or infants. ZIKV has been detected in the placenta and amniotic fluid of 

pregnant women [26,27]. Although, the mechanism behind ZIKV transmission across the 

placental barrier has yet to be established, compelling arguments have been made for the 

ability of ZIKV to infect different human placental cells including, trophoblasts and placental 

macrophages leading to the infection of fetal neuronal cells [28,29]. To date, no cases have 

confirmed the transmission of ZIKV through breast-feeding however, infectious ZIKV has 

been detected in breast milk indicating a potential route of transmission warranting further 

studies [30].  

1.4 Clinical manifestations of Infection 
 

Zika virus displays broad tropism and persistence in body tissues and fluids. Human primary 

dermal fibroblasts, epidermal keratinocytes and immature dendritic cells are among the first 

cell types to be infected [31]. Subsequently, ZIKV spreads to the draining lymph nodes and is 

disseminated through the blood stream reaching the peripheral tissues and visceral organs. 

The incubation period is typically between 3 to 12 days and ZIKV can be detected by RT-

PCR and/or ELISA within the first 10 days of infection [31,32]. Based on clinical 

presentation alone, ZIKV cannot be reliably distinguished from other pathogens that cause a 

systemic febrile illness, this includes dengue virus and chikungunya virus. This is particularly 

important in regions where there is endemic circulation of numerous mosquito-borne 

pathogens. Notably, ZIKV caught people’s attention during recent epidemics in the south 

Pacific and South and Central America as accumulating evidence linked ZIKV to serious 

neurological complications including congenital ZIKV syndrome and Guillain-Barré 

syndrome [33]. The factors for the sudden rise in these complications have yet to be 

explained and current research efforts are striving to understand host-pathogen interactions 

and environmental factors linked to these diseases.  
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1.4.1 Asymptomatic ZIKV Infection 

Approximately 80% of people with Zika virus infection are asymptomatic, based on a 

household survey on Yap Island, 2007 [5]. However, mild self-limiting symptoms are present 

in up to 20% of cases. These symptoms include fever, maculopapular rash, headaches and 

fatigue  [5,34]. Importantly, a lack of symptoms does not imply protection from potential 

complications, such as fetal microcephaly and Guillain-Barré syndrome in adults. Indeed, 

sexual transmission of ZIKV between two asymptomatic persons has been reported [35]. 

Furthermore, an analysis on a group of completed pregnancies reported that among women 

positive for ZIKV infection, there was no difference in the prevalence of birth defects in 

foetuses born to asymptomatic or symptomatic women [36].  

1.4.2 Congenital ZIKV Syndrome 

There is mounting evidence to conclude that ZIKV infection is the cause of microcephaly (a 

neonatal malformation in which the circumference of the head is much smaller than normal) 

and severe brain abnormalities. During the wide-spread epidemic in Brazil 2015, 

microcephaly cases were on the rise (a 20-fold increase in cases), in which the Brazilian 

Ministry of Health declared a state of health emergency [37]. Viral RNA in placenta and 

amniotic fluid along with ZIKV-specific IgM antibodies in the cerebrospinal fluid of infected 

neonates further link ZIKV infection to microcephaly [38,39]. Furthermore, it has now been 

established that ZIKV can attenuate the growth of human neural progenitor cells (hNPCs) 

and induce premature differentiation of hNPCs; the resulting depletion of the pool of neural 

progenitors leads to cortical thinning which is phenotypic of microcephaly [40,41]. However, 

microcephaly is now just one of the many ZIKV-related birth defects, known as congenital 

Zika syndrome (CZV) and is specific to foetuses and new-borns infected with ZIKV before 

birth. Approximately 20% of babies born with CZV have normal head size [27]. A case of a 

newborn who displayed no obvious signs of ZIKV-associated symptoms was later found to 
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have developed brain damage and developmental problems [42]. CZV includes a range of 

symptoms varying at differing degrees of severity: severe microcephaly, decreased brain 

tissue, damage to the back of the eye and hypertonia [43]. Although the full spectrum of 

ZIKV-associated reproductive outcomes is not yet determined, the recognition of CZV by 

healthcare providers for infants and children can help ensure appropriate etiologic evaluation, 

as well as clinical investigations to define the range and degree of anomalies in an affected 

infant [43].  

1.5 Virology 
 

1.5.1 ZIKV Life Cycle 

The name ‘flavivirus’ is derived from the Latin ‘flavus’ meaning yellow in Latin to signify 

the hallmark jaundice caused by infection with YFV. The primary mode of transmission is 

through the Aedes mosquitos (sylvatic life cycle) with humans being incidental hosts (urban 

life cycle), Figure 3. In this regard, the life cycle of Zika virus resembles that of other 

flaviviruses.  

 

Figure 3 Routes of ZIKV transmission. A graphical representation of Zika virus 

transmission including, sylvatic and urban life cycles, sexual transmission and in utero 

transmission. Source: CDC, PLOS, Reuters; Credits: David Foster, Laurie Garrett, Doug 

Halsey and Gabriela Meltzer.   
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The mature ZIKV virion is composed of a single-positive strand RNA genome that is 

packaged by virus capsid protein [44]. These virions attach to the surface of host cells and 

enter the cell by receptor-mediated endocytosis. The acidic environment of the endosome 

triggers trimerization of the E protein which results in viral fusion with the cell membrane. 

Multiple primary receptor candidates for ZIKV have been identified however, there is debate 

amongst different groups [31,45-49] Subsequently, viral RNA is released into the cytoplasm 

and the positive-sense RNA is translated into a single polyprotein which is processed co- and 

post-translationally by viral ad host proteases on the surface of the endoplasmic reticulum 

(ER). Viral structural proteins and newly synthesized RNA buds into the lumen of the ER to 

form immature viral particles [50]. As these immature particles egress through the trans-

Golgi network, changes in pH and cleavage by the host protease furin results in the formation 

of mature, infectious virions which are released from the host cell by exocytosis [51], Figure 

4. 

 

 

 

 

 

 

Figure 4 ZIKV replication cycle. Zika virus attaches and enters the host cell by receptor-

mediated endocytosis. The virus fuses with the endosomal membrane and is released into 

the cytoplasm. The viral RNA (vRNA) is translated into a single polypeptide, which is 

subsequently cleaved by host and viral proteases into structural and non-structural proteins. 

Viral non-structural proteins form the replication complex and progeny viral RNAs are 

packaged into virions by the structural proteins. The immature viral particles are transported 

through the trans-Golgi network (TGN), where mature infectious virions are formed. These 

virions are released from the cell. Reprinted with permission from Nature Publishing Group. 

(Mukhopadhyay, S., Kuhn, R. J., & Rossmann M. G. A structural perspective of the 

https://doi.org/10.1038/nrmicro1067
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1.5.2 ZIKV Genome 

ZIKV, a single-stranded positive-sense RNA arbovirus belongs to the Flavivirus genus of 

the Flaviviridae family. Members of this family, including yellow fever virus, dengue viruses 

and West Nile virus are known to cause widespread morbidity and mortality throughout the 

world [52]. To note, viruses in the Flaviviridae family maintain an evolutionary conserved 

genome organisation of the structural and non-structural proteins. The entire genome of the 

African ZIKV strain (MR766) was first sequenced in 2007, and contemporary ZIKV strains 

are currently being sequenced. The ZIKV positive-sense RNA is located between two 

noncoding regions (5’ and 3’ untranslated regions) that flank a single open reading frame of 

~10kb [53]. The open reading frame encodes a single polyprotein which is subsequently 

processed by host and viral proteases into three structural proteins, the capsid (C); the pre-

membrane (prM); the envelope protein (E); and seven non-structural proteins (NS1, NS2A, 

NS2B, NS3, NS4A, NS4B and NS5), Figure 5.   

 

 

 

 

Figure 5 Schematic diagram of the ZIKV genome. ZIKV has a single-stranded positive-sense 

genome of approximately 11Kb. The polyprotein encodes three structural proteins (capsid C, pre-

membrane prM, envelope, E), and seven non-structural proteins (NS1, NS2A, NS3, NS4A, NS4B 

and NS5).  
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Together the structural proteins, together with viral RNA, orchestrate the formation of 

virions: a collection of C protein subunits assemble to form nucleocapsids containing viral 

RNA; the prM protein assists in chaperone-mediated folding of the E protein and viral 

maturation; the E protein is the main structural [54] competent of the virus particle 

responsible for virus fusion and entry in susceptible cells [55-57]. Whilst the primary 

functions of these structural proteins are characterised, other functions unique to each virus 

are less explored.  

The non-structural proteins have essential roles in viral replication and assembly [58]. The 

majority of flavivirus non-structural proteins are multifunctional. Additionally, these proteins 

are directly and intimately involved in the evasion of the host immune response [37,59-63].  

1.5.3 ZIKV Non-Structural Proteins 

NS1 

The NS1 glycoprotein plays an important role in viral replication and immune invasion and 

evasion strategies. NS1 along with other non-structural proteins are translocated to the ER 

lumen, where the NS1 homodimer plays a critical role in the formation of replication 

complexes (RC), which facilitate viral replication. Moreover, the dimeric form of NS1 gets 

trafficked to the plasma membrane through the endocytic or secretory pathways or can fuse 

with trans-Golgi network for secretion in infected cells in the form of hexamers (Sns1) [64]. 

In the related Dengue virus, sNS1 circulates in the blood at high concentrations, therefore 

sNS1 is often used as a diagnostic marker for flavivirus infection [65]. The inner surface of 

the ZIKV NS1 protein shares high similarity (~50% sequence identity) with DENV-2 NS1, 

implying that both these proteins function in a similar manner when interacting with the ER 

membrane to form RCs. Despite their overall similarity, studies comparing ZIKV NS1 with 

West Nile and Dengue virus NS1 revealed different electrostatic properties on the outer face 
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of the hexamer which may contribute to the differing pathogenesis between these viruses 

[66,67]. Furthermore, secreted NS1 proteins interacts with various components of the 

complement system which contribute to overall pathogenesis [64]. With regards to the role of 

ZIKV NS1 in overcoming host antiviral immunity, it has been demonstrated that NS1 and 

NS4B inhibit IFN-β signalling by binding TANK-binding kinase 1 (TBK1) [68].  

NS2A 

Flavivirus NS2A is a small hydrophobic membrane-assoociated protein involved in RNA 

replication and the host-antiviral interferon response [69-72]. NS2A binds to the 3’ UTR of 

viral RNA and associated with other components of the RC [73]. Interestingly, a study 

showed that ZIKV-NS2A, not DENV-NS2A reduced the proliferation and differentiation of 

radial glial cells in the embryonic mouse cortex [74]. Furthermore, the group showed that 

ZIKV-NS2A interacts with multiple adherens junction complex (AJ) components impairing 

its formation in human forebrain organoids. Another study with Kunjin virus (a subtype of 

WNV) confirmed the role of NS2A in virus assembly, specifically in the biogenesis of virus-

induced membranes [75]. These results begin to uncover the distinctive mechanisms 

responsible for ZIKV-associated congenital disorders. 

NS2B/NS3 protease 

Flavivirus NS2B is a cofactor for the protease activity of NS3 [76,77]. The NS2B/NS3 

protease is a highly conserved large multifunctional protein with the activities of a serine 

protease, nucleotide triphosphatase, and a helicase [78,79]. Not only does the NS2B/NS3 

protease mediate polyprotein processing and RNA synthesis, the protease also plays an 

important role in inhibiting the induction of IFN and downstream ISGs. NS2B/NS3 impairs 

the JAK-STAT signalling pathway by degrading JAK1 and reducing IFN-induced apoptotic 
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cell death [80]. ZIKV employs a novel antagonistic system whereby, multiple non-structural 

proteins orchestrate to dampen the innate antiviral response.  

NS4A & NS4B 

The NS4A and NS4B proteins of several flaviviruses are known to play multiple roles in viral 

replication and virus-host interactions including, the remodelling of ER membranes to form 

the viral RC [81]. While WNV NS4A regulates the ATPase activity of NS3, DENV NS4B 

interacts with the helicase domain of NS3, suggesting that these two proteins modulate viral 

assembly and replication via distinct mechanisms in different flaviviruses [82,83]. In virus-

infected cells, NS4A interacts with NS4B which facilitate in viral replication [84]. The NS4A 

protein has further been shown to induce autophagy to prevent cell death and enhance viral 

replication [85]. The mTOR kinase plays a crucial role in autophagy induction, whereby 

activation of mTOR and downstream signalling leads to the suppression of autophagy. 

Recently, ZIKV NS4A and NS4B have been shown to supress the host Akt-mTOR signalling 

leading to the upregulation of autophagy in human fetal neural stem cells (fNSCs) [86]. In 

relation to the host immune response, the NS4A and NS4B proteins of multiple flaviviruses, 

including ZIKV are known to inhibit the JAK-STAT and RLR signalling pathway via 

multiple mechanisms [59,62,87]. While much is not known about the specific function of the 

NS4B protein, DENV NS4B induces mitochondrial elongation via direct contact with ER-

derived convoluted membranes [88]. The restructuring of the mitochondria has critical 

downstream implications in the regulation of cellular metabolism and innate immune 

signalling at the ER-mitochondria interface. It has yet to be discovered whether ZIKV NS4A 

and NS4B also alter mitochondrial morphology.  
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NS5 (RNA-dependent RNA polymerase)  

The highly conserved flavivirus NS5 protein encodes both a methyltransferase (required for 

viral RNA capping and 2’-O-methylation) and the RNA-dependent RNA polymerase which 

is critical for viral RNA synthesis. As discussed above, multiple flavivirus non-structural 

proteins contribute to preventing IFN induction or inhibiting IFN signalling however, NS5 is 

a specific antagonist of IFN signalling and exerts its activity via different mechanisms 

depending on the flavivirus [61,89-91]. For example, WNV NS5 prevents the expression of 

IFNAR1 on the cell surface while DENV NS5 recruits cellular factors to degrade STAT2 

[92,93]. Like DENV NS5, ZIKV NS5 targets human STAT2 for degradation (not in mouse) 

however, unlike DENV the E3 ligase UBR4 is not required for ZIKV mediated STAT2 

degradation [94]. Intriguingly, ZIKV-mediated degradation of STAT2 was shown to promote 

the formation of STAT1-STAT1 protein complexes leading to the activation of IFN-γ-

stimulated genes (Type II IFN) [95].  

The orchestration of multi-functional viral proteins during the flavivirus life cycle makes 

them key determinants of viral fitness and we can begin to unravel the causes of ZIKV-

related birth defects and complications which are not observed for other flaviviruses.  

1.6 The Innate Immune Response Against ZIKV Infection 
 

1.6.1 The Type 1 Interferon Response 

As key cytokines with multifaceted antiviral and modulatory properties, the interferon (IFN) 

system is the first line of defence against pathogens. Based on their receptor usage, IFNs are 

divided into three classes: Type I (IFN-α/β), II (IFN-γ) and III (IFN-λ) IFNs. Although all 

IFNs are key mediators of the antiviral response their roles in antiviral defence vary. The 

major features of the IFN family members are described in Table 1.  Of note, 13 subtypes of 

IFN-α have been identified in humans [96]. Over the past decade, our knowledge concerning 
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the involvement of type 1 IFNs in a variety of viral infections and inflammatory disease has 

rapidly expanded. The recognition of viral pathogen-associated molecular patterns (PAMPs) 

by host pattern recognition receptors (PRR) trigger signalling pathways that induce the 

production of type 1 IFNs. For example, activation of RIG-I-like receptors (RLRs), which 

recognise cytosolic viral RNA, including ZIKV, leads to the interaction with mitochondrial 

antiviral signalling adapter (MAVS) [97]. Subsequently, type 1 IFN transcription is initiated 

and these IFNs signal through common heterodimeric receptors, IFNAR1 and IFNAR2, 

initiating a signalling cascade to drive the synthesis of hundreds of ISGs [98].  

Table 1 Classification of IFNs based on their receptors, sources and effects.  

 

What are Interferon Stimulated Genes (ISGs)?  

ISGs are a diverse group of cellular proteins, whose expression is transcriptionally up-

regulated by interferon signalling. ISGs take on a large number of diverse roles as well as 

acting as key modulators of the interferon response. Many ISGs control viral, bacterial and 

parasite infection by targeting different stages of the pathogen’s life cycle. These ISGs serve 

as key antiviral effectors, to varying degrees, during the host innate immune response and 

play an important role in limiting viral spread. For example, viperin, a highly conserved 
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protein across species, exerts potent antiviral activity against ZIKV by interfering with ZIKV 

RNA replication [99]. Furthermore, interferons and their ISGs have been influenced by 

strong selective pressures, due to the evolutionary arms race between host and viruses, 

indicative of the important and non-redundant roles that they play in host defence [100]. 

Since the discovery of ISGs more than 35 years ago [101,102], genome-scale cataloguing of 

ISGs had led to a better understanding in their effector functions and mechanisms. Here, we 

review the current literature on several well-known ISGs and summarise our current 

understanding of their antiviral activity.  

1.6.1.1 The IFITM Family 

The IFITM (interferon-induced transmembrane) proteins are mainly distributed at the plasma 

membrane and endosomal membranes. IFITM1, IFITM2 and IFITM3 are highly upregulated 

by both Type 1 and Type 2 IFNs. IFITMs are ubiquitously expressed at basal level and 

characterized by C- and N-terminal variable regions, two-membrane associated regions and a 

conserved intracellular loop [103]. In the case of IFITM3, the N-terminal domain is linked to 

its antiviral activity, while in IFITM1 the C-terminal domain modulates its antiviral function 

[104,105]. While IFITM2 and IFITM3 both inhibit viral entry, their efficacy is dependent on 

the virus and viral strains. These proteins are well known to inhibit a broad range of RNA 

viruses including ZIKV, DENV, WNV, HCV and Influenza A virus, from traversing the lipid 

bilayer of the cell [106-110]. It has been recently reported that IFITM3, and to a lesser extent 

IFITM1 inhibits ZIKV replication and can prevent ZIKV-induced cell death [107]. Another 

study extended on these findings showing that low IFITM3 levels human epithelial cells, 

primary skin fibroblasts and astrocytes increased vacuolization and ZIKV-mediated cell death 

[111].  

With few studies exploring the function of IFITM proteins in vivo, Gorman et al 

demonstrated that IFITM3 supressed WNV replication in non-neuronal cells in vivo, while 
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ifitm3-/- mice were vulnerable to lethal injection [110]. In contrast, a recent study using a 

murine CMV model of infection showed that IFITM3 controlled murine CMV pathogenesis 

without directly inhibiting viral replication. In their study, IFITM3 established an antiviral 

cellular state through the restriction of virus-induced lymphopenia and T cell survival [112]. 

Interestingly, the entry process of mouse leukaemia virus (MLV), Lassa virus (LASV) and 

lymphocytic choriomeningitis virus (LCMV) were not inhibited by IFITMs [113]. Moreover, 

less is known regarding IFITM restriction of DNA viruses. Specifically, the replication of 

human papillomavirus (HPV), human cytomegalovirus (HCMV) and adenovirus 5 (Ad5) is 

not restricted by IFITM1, 2 and 3 expression [114]. These recent studies begin to elucidate 

into the function and multiple mechanisms of IFITM3-mediated restriction of viral 

pathogenesis in vivo. 

1.6.1.2 The myxovirus resistance (Mx) proteins 

Mx proteins comprise a small family of GTPases and are key components of the cellular 

antiviral state induced by IFNs. Mx proteins were first discovered in mice that showed a high 

degree of resistance against influenza A virus infection [115,116]. Humans express two Mx 

genes, called MxA and MxB, located on the long arm of chromosome 21 [117]. MxA has 

long been known for inhibiting a variety of RNA and some DNA viruses, notably influenza A 

virus (IAV), vesicular stomatitis virus (VSV) and hepatitis B virus (HBV) [116,118-121]. 

However, the antiviral function of MxB was not identified until recent years where MxB was 

shown to inhibit human immunodeficiency virus type 1 (HIV-1) [122-124]. Additionally, it 

has been shown that MxB plays a critical role as a potent restriction factor for a range of 

herpesvirus infections including, herpes simplex virus 1 and 2 (HSV-1 and HSV-2) [125].  

MxB is found to be enriched on the cytoplasmic face of nuclear membranes and in the 

nucleus [124,126]. MxB also contains an N-terminal tri-arginine motif which has been found 
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to interact with cyclophilin A (CypA) on HIV-1 capsid [127,128]. Studies have known that 

MxB binds to the HIV-1 core and prevents the uncoating process of HIV-1 [129-131]. This 

interaction was found to be dependent on the HIV-1 capsid protein host factor cyclophilin A 

[122,128]. However, this mechanism alone does not suffice for the full extent of the antiviral 

activity of MxB. The antiviral activity of MxB is dependent on both the amino-terminal 

region of MxB and protein oligomerization [132].  Studies have identified that the GTP 

hydrolysis of MxB is required for its antiviral activity against HIV-1 [123,124,133]. Beyond 

lentivirus restriction, the antiviral activity of MxB is confirmed against HSV-1, HSV2 and 

Kaposi’s sarcoma-associated herpesvirus [125,134]. As with HIV-1, the studies showed that 

herpesviral capsids are also targeted at the nuclear pore and the uncoating of viral DNA is 

blocked. Remarkably, examination of structural features of MxB revealed that both GTP 

binding and hydrolysis were essential for its antiviral effect against herpesvirus infection, 

showing resemblance to the function of MxA. Although the molecular details of MxB 

inhibition of herpesviruses remain to be clarified, it can be said that MxB targets an early 

post-entry step, during genome uncoating for both HIV-1 and herpresviruses.  

1.6.1.3 Tetherin/BST2 

Bone marrow stromal antigen-2 (BST-2), also called ‘tetherin’ by a number of retro 

virologists as it represents the protein’s unique antiretroviral properties, is a potent antiviral 

protein known for ‘tethering’ mature Vpu deficient HIV-1 virions, thereby preventing their 

release [123,135].  Tetherin is an IFN inducible type II membrane protein, constitutively 

expressed in mature B cells, bone marrow stomal cells, monocyte-derived macrophages and 

dendritic cells [136,137]. The function of Tetherin is attributable to its unique topology. 

Tetherin contains an N-terminal transmembrane domain and a C-terminal GPI-anchor 

[138,139]. Once incorporated into nascent virions via one of its membrane anchors, the 
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second anchor remains attached in the plasma membrane, thus preventing the release of 

virions.  

Tetherin was first described as a marker for B cell maturation and was later found to be a 

ligand for immunoglobulin-like transcript 7 (ILT7) on plasmacytoid dendritic cells, thus 

acting as a modulator for the IFN response [136,140,141]. Tetherin has also been further 

characterised to restrict other enveloped viruses including, MLV and Chikungunya virus  

[142-146]. The antiviral activity of Tetherin likely depends on a few factors: its ability to 

bind specific viral proteins, the degree of IFN induced protein synthesis and the role of 

tetherin in promoting the immune response. Despite the role of Tetherin in preventing the 

release of viruses from infected cells, the retention of virus particles during viral replication 

also has considerable indirect antiviral effects, including, the stimulation of proinflammatory 

signalling pathways [147,148], enhancement of antiviral immune responses [149-151], and 

enhancement of ADCC [152]. Several possibilities have been suggested for the fate of the 

tethered virions, the most likely being virion internalization resulting in lysosomal 

degradation, however it remains unclear if internalized virions can be cycled back to the cell 

surface [153,154]. Further investigation involving in vivo studies are needed to clarify the 

physiological role of Tetherin in other enveloped viruses and its role in cell-to-cell virus 

transmission.  

1.6.1.4 IFI6 (IFI-6-16) 

IFI6 is a type I ISG, which encodes for a small, 130 amino acid protein in the FAM14 family. 

Interestingly, IFI6 is identified only in higher-order mammals and appears to have arisen 

through divergent inter and intra-chromosomal duplication events [155]. IFI6 acts as anti-

apoptotic in myeloma, breast and ovarian cancers [156-158].  Several reports have shown 

IFI6 is localised in the mitochondria and ER; IFI6-overexpressing cells play a vital role in 
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antagonising TRAIL-, IFNs-and chemotherapeutic-induced apoptosis by stabilizing the 

mitochondrial membrane potential (ΔΨ) [159,160]. While the functional role of IFI6 in the 

immune system is well known, emerging studies are beginning to uncover its antiviral 

effects. IFI6 strongly regulates flaviviruses Dengue 2 virus, WNV and HCV infection 

[110,160-162]. Several reports have attempted to reveal mechanistically the antiviral 

function of IFI6. Qi et al showed that IFI6 inhibits DENV2-induced vascular endothelial 

cell apoptosis via the caspase dependent pathway implying that IFI6 may function as a 

protective gene during DENV infection. With regards to HCV infection, IFI6 was shown 

to enhance the antiviral effect of IFN-α and inhibit HCV entry rather than directly 

inhibiting HCV RNA replication [162]. A recent study, demonstrating IFI6 localisation in 

the ER suggested that IFI6 prevents the formation of virus-induced ER membrane 

invaginations, thus prophylactically protecting uninfected cells [160]. Together, these 

studies highlight the critical role of IFI6 during virus infection through multiple 

mechanisms. 

The host has evolved multiple mechanisms to inhibit viral replication, one of them being 

the induction of hundreds of ISGs. However, for many of these ISGs their antiviral 

function, mechanism and potential are just beginning to be tapped into. Not surprisingly, 

viruses have developed elaborate strategies to escape or inhibit the IFN response.  

1.6.2 ZIKV Evasion of Host Innate Immunity  

Recent studies have demonstrated that certain ZIKV non-structural proteins can antagonize 

type 1 IFN responses. The NS1 and NS4B proteins of ZIKV have been shown to target 

TBK1, thereby preventing the activation of RLR signalling and subsequently supressing IFN 

production [80]. Also, studies have shown that the NS4B protein of dengue virus (DEN-2) 

strongly blocks type 1 IFN induction by inhibiting STAT1 phosphorylation [72]. 
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Additionally, research groups have demonstrated that the ZIKV NS5 protein can supress type 

1 IFN signalling by specifically targeting STAT2 for degradation [94,163]. Fascinatingly, one 

group showed that compromising STAT2 led to the promotion of STAT1 homodimerization, 

thus activating type II IFN signalling, resulting in IFN-γ production and differential ISG 

expression [95]. This phenotype, not yet observed in other flaviviruses, reveals another layer 

of complexity between the interaction of viruses with the host immune system. Contrary to 

these findings, an independent study observed no significant degradation of STAT2, even 

though the phosphorylation of these proteins were blocked in ZIKV infected monocyte-

derived dendritic cells [164]. Discrepancies regarding the function of the ZIKV NS5 protein 

in inhibiting IFN signalling could very well be cell-type specific. Other studies have 

demonstrated that ZIKV NS2B-NS3 proteins impaired JAK-STAT signalling by promoting 

the degradation of Jak1 [80]. The dengue virus NS2B-NS3 protease complex has been shown 

to inhibit type 1 IFN signalling via degrading the stimulator of interferon genes (STING) in 

human dendritic cells [165].  

Future research will shed new light on mechanisms by which ZIKV non-structural proteins 

work synergistically to antagonise the type 1 IFN response. Deepening our understanding of 

how ZIKV proteins interact with not only type II and III IFN signalling, but also the adaptive 

arm of the immune system, will elucidate the complex interactions behind the immune 

evasion strategies adapted by ZIKV.  

1.6.3 Type II and III IFN Responses to ZIKV Infection 

Type II interferon (IFN-γ) displays some antiviral properties of type I IFN, however IFN-γ is 

uniquely expressed by cells of the immune system and the dominating role of IFN-γ is in the 

stimulation of the adaptive immune system  [166]. IFN-γ was first described merely as an 

antiviral factor, however it has since been demonstrated to be a broad-spectrum antimicrobial 
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agent and an important player in overall inflammatory responses, including macrophage 

activation and driving leukocyte migration to sites of infection [167-169]. Binding of IFN-γ 

to the type II IFN receptors (IFNGR1 & IFNGR2) leads to the activation of JAK1 and JAK2 

which regulate the downstream phosphorylation of STAT1. Subsequently, STAT1 

homodimers translocate to the nucleus and induce the transcription of IFN-γ-stimulated 

genes. The transcription of these genes is regulated by GAS elements[170-174]. When 

comparing type I and type II IFN signalling during ZIKV infection, studies have shown that 

type II IFN signalling increases ZIKV replication in placental and glioblastoma cell lines 

[95,175]. However, another study demonstrated that type II IFNs strongly and dose 

dependently inhibit viral replication in primary skin fibroblasts [31]. Given these conflicting 

findings, further research is required to detail the specific interactions of type II IFN 

signalling during ZIKV infection.  

Type III IFNs are co-expressed with type I IFNs during viral infection and may induce a 

similar set of ISGs [98]. Both Type I and type III IFNs activate STAT1 and STAT2, which 

complex with IRF-9 and lead to the transcription of ISGs. However, unlike type I and II 

IFNs, type III IFNs bind to a unique heterodimeric receptor (IFNLR1) [176]. In addition to 

the role of IFNs in establishing antiviral immunity, IFNs also have important roles in 

supporting pregnancy and protecting the developing fetus from viral infections [177]. For 

example, specific ISGs are up-regulated during embryo implantation, and human 

syncytiotrophoblasts highly express type III IFNs, making them resistant to viral infection, 

including ZIKV infection [178,179]. Moreover, type III IFNs play a critical role in increasing 

the antiviral capacity of the placental barrier to restrict ZIKV vertical transmission in mice 

[180]. Paradoxically, one study in mice showed that foetuses with a functional copy of 

IFNAR are resorbed after ZIKV infection, which highlights the determinantal role of fetal 

IFNAR signalling. Moreover, their results showed that type I IFN, but not type III IFN, 
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treatment led to robust ISG induction in human midgestational chorionic villous explants 

[181]. Importantly, beyond viral infections, the effects of IFNs on the developing placenta 

have critical implications in pregnancy complications.  

Many congenital infections (Toxoplasmosis, Human Cytomegalovirus and Herpes viruses) 

have common presentations of microcephaly and other birth defects. Collectively, these 

studies highlight the importance of type III IFNs in restricting ZIKV related pathogenesis and 

future studies will surely provide important insights into the function of type III IFNs in 

defending the developing fetus against the vertical transmission of ZIKV and other viruses 

associated with congenital disorders.  

1.7 Striking a Balance in Host-Virus Interactions: Modulating Metabolism 

  

We have discussed to great detail the host response elicited against ZIKV infection, we now 

consider the dependencies of the virus on the host.  The opposing goals of host and viral 

factors have resulted in an evolutionary arms race that has been illuminated by evolutionary 

and computational methods [182]. The limited coding capacity of many viruses makes them 

fully dependent on the host for its viral life cycle. Viruses are known to exploit the host and 

induce drastic metabolic changes to ensure an optimal environment for replication and the 

production of viral progenies. While not covered in the chapter, the host has evolved 

countermeasures to virus-induced metabolic changes, reviewed in our recent paper [183].  

The effects of viruses on cellular metabolism were already described in studies from the 

1950s, when it was observed that addition of glucose into the minimal media significantly 

increased the yield of polioviruses from the infected HeLa cells [184]. The first large-scale 

study investigated over 60 metabolites during HCMV and inspired a renewed focus on the 

critical role of metabolism in virus infection [185]. Extensive metabolic studies have now 

been performed on a variety of viruses, including DENV [186], HCV [113], HIV-1 [187], 
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IAV [188] and HSV-1 [189]. Like these viruses, ZIKV is no exception in this regard. 

Figure 6 illustrates the core metabolic pathways which are significantly altered by multiple 

viruses. 

Glucose metabolism is the primary source of energy to support cell proliferation and survival. 

In the presence of sufficient oxygen, glucose is metabolised to pyruvate, translocated to the 

mitochondria and oxidized to produce ATP. In anaerobic conditions, pyruvate is converted to 

lactate and glycolysis functions as the main source of ATP production. Most cancer cells and 

viruses utilize glucose for the production of lactic acid even in the presence of abundance 

oxygen (the Warburg effect) [190]. It is now known that viral infection can induce the 

‘Warburg effect’ to generate a rapid source of ATP, nucleotides, amino acids and fatty acids 

that are needed to assemble a large number viral progenies. However, even in cancer cells or 

virus-infected cells, where a large proportion of ATP is produced during glycolysis, oxidative 

phosphorylation is still a major source of ATP production and the balance between glycolysis 

and oxidative phosphorylation is virus-dependent.  

Many viruses have distinct mechanisms to modulate cellular metabolism. Fascinatingly, 

Dengue virus, hepatitis C virus and ZIKV hijack autophagy to control the processing of lipid 

droplets and triglycerides to support viral replication [29,31,191]. Furthermore, ZIKV 

reprograms the host metabolic machinery to support ATP production and glycolysis to allow 

for sustained infection [192,193]. Not only do these viruses modulate glycolysis, recent 

research has demonstrated that DENV and potentially ZIKV alter mitochondrial morphology 

to induce mitochondrial elongation [88,194]. DENV-induced mitochondrial elongation was 

shown to alleviate RIG-I-dependent innate immunity as well as increasing oxidative 

phosphorylation. However, the modulation of metabolism by ZIKV remains unknown. In 

particular, the ZIKV non-structural proteins which participate in altering the host metabolic 

network remains to be elucidated.  



 
 

33 
 

As viruses have evolved distinct mechanisms to target host cell metabolism, simultaneously, 

the hosts have accordingly evolved antiviral mechanisms to counteract these changes. While 

not investigated in this research, several ISGs and restriction factors are now known to 

interfere with cellular metabolism to ensure cell survival and restrict viral replication, 

extensively reviewed in [183].  

In recent decades, emerging and re-emerging pathogens have become an increasing concern 

for global public health, as highlighted by the Ebola outbreak in West Africa and the Zika 

virus outbreak in the Americas. Thus, understanding the viral life cycle, host defences and 

pathogenesis increases our ability to develop novel therapeutics to limit these infections. 

Studies on the effects of viruses on cellular metabolism during replication have provided 

novel insights into these complex networks and helped to identify specific molecules that 

may contribute to disease pathogenesis and act as new targets for therapy and biomarkers.  

 

 

 

 

 

 

 

Figure 6 Host Cell Metabolism. Glucose is taken up by specific transporters (GLUT 

family), where it is converted to pyruvate in the cytoplasm, generating two ATP molecules 

(glycolysis). In the presence of oxygen, pyruvate is transported into the mitochondria and 

oxidized into acetyl coenzyme A (acetyl-CoA), which enters the tricarboxylic acid (TCA) 

cycle. Intermediates of the TCA cycle feed off for fatty acid and cholesterol synthesis. 

Viruses are known to alter these key cellular metabolic pathways (highlighted in yellow).  
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Chapter 2 Rationale, Hypotheses and Objectives 
 

This chapter outlines the rationale, hypotheses and the key objectives of the following 

research. Together with the principle investigator, Dr. Chen Liang, we formulated the 

research question, the specific aims, and the experimental design of the project.  

2.1 Rationale and Hypotheses  

The emergence and geographical expansion of ZIKV has become a major burden on global 

public health [195]. The spread of ZIKV throughout the Americas saw concurrent increases 

in reports of Guillain-Barré syndrome and neonatal malformations notably, microcephaly 

[27,196]. Multiple factors including the abundance of the Aedes species mosquitoes, rapid 

population mobility of infected individuals, and the genetic diversity of the circulating ZIKV 

strains likely contribute to ZIKV pathogenicity and the rapid emergence of recent ZIKV 

epidemics [197] . In addition to these factors, immunological naivety of the human 

population has facilitated rapid viral evolution and there is major concern regarding the 

infection of pregnant women who are immunologically naïve to ZIKV and intrauterine 

infection of their babies. Therefore, infected individuals are dependent on their immune 

response to control and counteract ZIKV infection. Innate immune responses, in particular 

type I IFNs, represent the first-line of defence against a plethora of pathogens. They primarily 

function by upregulating ISGs that either directly interfere with the viral life cycle or 

subsequently induce downstream intermediate effectors to invoke a potent antiviral state in 

the cell. Murine models of ZIKV pathogenesis have shown IFN signalling-deficient mice are 

highly susceptible to ZIKV infection compared to wild-type mice, signifying that ISGs can 

prevent or suppress increased levels of infection [198]. While the antiviral role of IFNs has 

long been known, the complete spectrum of ISGs has not been identified, thus ISGs with 

potential antiviral effect remain unknown. In particular, the ISGs that limit ZIKV replication 
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at the molecular level are ill-defined. Therefore, we raise the question of which ISGs 

contribute to the restriction of ZIKV replication in vitro and seek to uncover the 

underlying mechanisms behind their antiviral activity.  

As with identifying specific ISGs which can restrict ZIKV replication, equally important is 

the characterisation of host factors which are modulated during viral infection. Flaviviruses 

have complex life cycles which rely on host cell resources. A recent genomic screen 

identified multiple host factors in ZIKV infection [193]. One major host resource exploited 

by viruses is the host cellular metabolic network. Viruses induce drastic metabolic changes to 

ensure for optimal replication and the production of viral progenies [199]. While ZIKV non-

structural proteins assist in viral replication and immune evasion, they also play a role in 

modulating cell survival.  A recent study found that ZIKV NS4A and NS4B work 

cooperatively to supress the Akt-mTOR pathway leading to cellular dysregulation [29]. 

While the focus of this study was directed at autophagy, PI3K/AKT/mTOR signalling 

contribute to a variety of processes including cellular metabolism. We hypothesised that 

ZIKV NS4A and NS4B plays a role in altering cellular metabolic state for successful 

viral replication.  

To successfully establish an infection, all viruses must overcome host defence mechanisms at 

the site of infection, infect cells which are both susceptible and permissive to producing 

infectious virions and these released virions must be sufficient in numbers to travel and again 

infect a susceptible host cell. Analysing the course of ZIKV infection in terms of this model 

(both host response and viral countermeasures) can shed light on the possible mechanisms of 

viral dissemination, and importantly help to address the current lack of antiviral treatment and 

therapies for ZIKV infection. The specific objectives for this research are:  
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2.2 Objectives 

Aim 1: To identify and investigate the effect of ISGs on ZIKV replication using gene 

overexpression in Huh-7.5 cells (hepatocarcinoma cell line).   

Aim 2: Determine and characterise the role of ZIKV NS4A and NS4B in modulating cellular 

metabolism in U87-MG human astrocytoma cells.  

Chapter 3  Materials & Methods 
 

3.1 Antibodies 

The primary antibodies used for immunoblotting are: mouse monoclonal anti-Flag (Sigma-

Aldrich) (1:5000), mouse monoclonal anti-β-Tubulin (Santa Cruz Biotechnology) (1:3000). 

The secondary antibodies used for immunoblotting are: horseradish peroxidase-linked 

donkey anti-rabbit IgG (GE Healthcare) (1:10000) and horseradish peroxidase-linked sheep 

anti-mouse IgG (GE Healthcare) (1:10000). The antibodies used to stain cells for flow 

cytometry are: antibody for the detection of FLAG™ conjugated proteins (MOUSE) 

Monoclonal Antibody (Rockland) (1:1000).  

3.2 Cell lines 

Human embryonic kidney (HEK 293T) cells, Huh-7.5 cells and African green monkey 

epithelial vero cells were maintained in Dulbecco’s Modified Eagle Medium (DMEM) 

supplemented with 10% Fetal Bovine Serum (FBS) (Thermo Fisher) and 1% 

Penicillin/Streptomycin (P/S) (Thermo Fisher).  

U87MG cells were maintained in Eagle's Minimum Essential Medium (EMEM) (Wisent Bio 

Products) supplemented with 10% fetal bovine serum (FBS) (Thermo Fisher), 1% 

Penicillin/Streptomycin (P/S) (Thermo Fisher).  
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Huh-7.5 ISG overexpressing cell lines were maintained in DMEM supplemented with 10% 

FBS, 1% P/S and 1 µg/ml puromycin. 

NS4A-U87MG, NS4B-U87MG and U87MG control cell lines were maintained in EMEM 

supplemented with 10% FBS, 1% P/S and 1 µg/ml puromycin. 

Cells were grown in CO2 incubators at 37°C with 5% CO2 concentration. 

3.3 ZIKV strains and amplification 

The Canadian imported Thai ZIKV strain PLCal_ZV (Genbank accession KF993678.1) , 

was passaged 4 times as previously described and kindly provided by Dr Wainberg’s lab at 

McGill University, Montreal, Canada [200]. ZIKV strains MR766 (Uganda, 1947, Genbank 

accession: HQ234498.1) and PRVABC-59 (Puerto Rico, 2015, Genbank accession: 

KU501215) were supplied by ATCC. 

ZIKV stocks were propagated in Vero cells after infecting at a multiplicity of infection (MOI) 

of 0.5. Supernatants were harvested after 72 h post-infection and viral stocks were titrated by 

plaque assay on Vero cells.  

3.4 Plasmids & Transfection  

Human ISGs were cloned into pQCXIP (Clontech) retroviral vector, see Table 2 for the list of 

ISGs. HEK293T cell transfections were conducted using polyethlenimine (PEI) transfection 

reagent as per the manufactures protocol.  

Briefly, HEC 293T cells were seeded in 6-well plates 20 hours before transfections. 0.8µg 

plasmids, 5.1µl PEI (1µg/µl), 0.8µg of MLV-gag/pol, 0.1µg VSV-G and 100μl Opti-

Modified Eagle Medium (opti-MEM) (Invitrogen) were mixed and incubated in room 

temperature for 20 minutes. The mixtures were then added into the wells. The media was 

changed 4 to 6 hours following transfection. 
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3.5 Transduction 

Huh-7.5 or U87-MG cells were seeded 6-well tissue culture plates with 1.5ml of drug-free 

media 16 hours before transduction. Supernatant containing the retroviral vectors were added 

to each well with 2µl of polybrene (5mg/µl). The cells were spinoculated at 1800rpm, room 

temperature (25°C) for 45 minutes. The media was changed 48 hours following transduction 

followed by selection with puromycin (2 μg/mL).  

3.6 Plaque assay  

The ZIKV plaque assay protocol was kindly provided by Dr Selena Sagan at McGill 

University in Montreal, Canada. Five different 10-fold dilutions of purified virus were spread 

onto monolayers of Vero cells (ATCC) at 37°C for 2 hours to initiate attachment to cells. A 

mixture of nutrient solution containing carboxymethyl cellulose (Sigma-Aldrich), DMEM, 

2% FBS and 1% penstrep was then added. The cells were incubated at 37°C for 3 days before 

the plaque assay. For plaque counting, cells were incubated with 10% formaldehyde for 1 

hour at room temperature, followed by adding staining solution (10% ethanol and 0.1% 

crystal violet, in water). Viral titres were calculated as follows:  

 

𝑁𝑜. 𝑜𝑓 𝑝𝑙𝑎𝑞𝑢𝑒𝑠

𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 𝑋 𝑖𝑛𝑓𝑒𝑐𝑡𝑖𝑜𝑛 𝑣𝑜𝑙𝑢𝑚𝑒 
 

 

3.7 Zika Virus Infection of Huh-7.5 cell lines 

Huh-7.5 cells were seeded in 6-well plates at 0.2 x 106 cells per well for 24hr after which 

they were infected with ZIKV (MOI: 0.02) for 4 hrs at 37°C/5% CO2, the viral inoculum was 

removed, and 8ml of fresh culture medium was added. Supernatants were harvested 48 hr and 

72 hr post infection. Viral titres were determined by plaque assay.  
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3.8 ZIKV RNA extraction and RT-PCR 

Total RNA was extracted from Vero cells infected with PLCal_ZV at MOI 0.02 for 24hr with 

Tizol reagent according to the manufacturer’s instructions and RNA concentration was 

determined using a NanoDrop 2000 spectrophotometer. Complementary DNA was reverse 

transcribed from µg of total RNA…. 

ZIKV expression constructs were amplified by PCR (see Table 3 for primers) and cloned into 

the retroviral vector PQCXIP with an N-terminal Flag tag. All constructs were sequenced to 

verify 100% correspondence with the original sequence. U97-MG stable cell lines were 

generated using a standard selection protocol with puromycin (2 μg/mL) for individual 

expressions of ZIKV genes NS4A and NS4B.  

Table 2 ZIKV primers used for PCR amplification 

ZIKV NS4A-Forward 5'-gtcgcgcggccgcatggtgatggaagccctgggaac-3' 

ZIKV NS4A-Reverse 5'-agctggatccttacttgtcgtcatcgtctttgtagtctctttgcttctctggctcagg-3' 

ZIKV NS4B-Forward 5'-gactcgcggccgcatgaatgaactcggatggttggaa-3' 

ZIKV NS4B-Reverse 5'-cgcaggatccttacttgtcgtcatcgtctttgtagtcacgtctcttgaccaagccag-3' 

3.9 Flow Cytometry Intracellular staining  

Cell samples were fixed in 2% PFA at 4°C for 1 hr and were washed once with 1ml of PBS 

containing 2% of FBS. Cells were washed twice with the 1× Permeabilization buffer. 

Antibodies were diluted in the 1× Permeabilization buffer according to the manufacturer’s 

instructions. The cells were resuspended with 50µl of the diluted antibodies and were 

incubated on ice for 1 hour in the dark. After the incubation, the cells were washed three 

times with the 1× Permeabilization buffer and were then resuspended in 300µl of PBS 

containing 2% of FBS. Subsequently, the samples were analyzed by flow cytometry. 
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3.10 Western Blot 

Huh-7.5 and U87-MG cell lines were harvested and washed once in cold PBS. The cells were 

then lysed for 30 minutes on ice in radioimmunoprecipitation assay (RIPA) buffer 

supplemented with complete protease inhibitor. Cell lysates were purified by centrifuging the 

lysed cells at 32000rpm, 4°C for 20 minutes. 75µl of the purified cell lysates were mixed 

with 25µl 4×loading buffer and 10µl of the mixed sample was loaded and run on SDS-

polyacrylamide gels (SDS-PAGE). Proteins were transferred on PVDF membranes (Roche) 

and the membranes were blocked in 5% non-fat milk dissolved in PBST (0.05% Tween-20 in 

PBS) at RT for 1 hour. The membranes were then incubated with the primary antibody at RT 

for 2 hours or at 4°C overnight, washed 5 times with PBST solution and then incubated with 

the secondary antibody for 1 hour. The signals were visualized by applying enhanced 

chemiluminescence (ECL) substrate (PerkinElmer). 

3.11 Immunofluorescence  

 
Vero cells were fixed in 4% paraformaldehyde in PBS for 1 hour, permeabilization with 0.4% 

Triton-X 100 in PBS for 10 min and blocked with BSA in PBS for 1 hour. Cells were stained 

with Filipin III (Sigma-Aldrich), mounted and visualised by fluorescent microscopy using 

equal exposure times.  

3.12 Mitochondrial Functional Profile  

 
Oxygen consumption rate (OCR), an indicator of mitochondrial respiration, was measured 

using a Seahorse Bioscience XF96 extracellular flux analyzer (Seahorse Bioscience). U87-

MG cell lines were seeded in a XF96 microplate using complete growth media. The day 

before the assay, the cartridge sensor was hydrated overnight with Seahorse Bioscience XF96 

Calibration Buffer at 37°C without CO2. On the day of the assay, the growth medium was 

replaced with XF96 Assay medium and cells were incubated at 37°C in a non-CO2 incubator 
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for 1h. OCR values were monitored under basal condition and measured after sequential 

injection of oligomycin (1 μM), FCCP (1 μM), and antimycin A/rotenone (0.5 μM) using XF 

Cell Mito Stress kit (Seahorse Bioscience). Mitochondrial function parameters were analyzed 

according to Seahorse Bioscience instructions. 

Statistical Analysis 

Data were analysed using GraphPad Prism7 software. Growth curves were normalized by 

taking the log10 of each measurement. P values of less than 0.05 were considered statistically 

significant.  

Chapter 4 Results 
 

This chapter presents the results and corresponding figures for this research project.  

4. Interferons and ISGs  

4.1 Type 1 Interferon strongly inhibits ZIKV replication 

As an early response to viral infection, the production of type 1 IFNs by mammalian cells 

exerts potent antiviral activity. In mice, peripheral ZIKV replication is limited therefore, 

murine models of ZIKV pathogenesis require the absence of type 1 IFN signalling, 

highlighting the importance of early immune responses against viral infection [198]. 

Further evidence for the protective role of IFNs comes from studies showing that placental 

cells can resist ZIKV infection due to the production of IFN-λ, and the rapid production of 

type 1 IFN in astrocytes limits viral spread [178,201]. In light of these data,  

we set out to determine the sensitivity of the contemporary ZIKV isolate, PLCal_ZV, to 

interferon-α in Huh-7.5 cells. We pre-treated Huh-7.5 cells with different concentrations of 

interferon-α (0, 1, 10, 100, 500 IU/ml) for 24 hr and infected cells with a MOI of 0.02. 

When Huh-7.5 cells were pre-treated with increasing concentrations of interferon-α and 

infected with ZIKV, viral titres significantly reduced, even with 1U/ml of IFN, Figure 7A. 
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At 500 U/ml interferon treatment, very few plaques are formed indicative of low viral 

titres, Figure 7B. Overall, the results show dose-dependent inhibition of ZIKV replication 

by pre-treatment with IFNα-2b in Huh-7.5 cells. This result is in consistence with previous 

studies showing that type I IFN inhibits Zika virus infection by upregulating ISGs [107,163].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4.2 ISGs as potent inhibitors of ZIKV replication  

As we have shown that IFNα inhibits ZIKV replication in Huh-7.5 cells, we next wanted 

to identify which ISGs contribute to the inhibition of viral replication. In order to test this, 

we chose a panel of ISGs (Table 3) known for their ability to inhibit the replication of 

several important human viruses including, hepatitis C virus, West Nile virus, 

chikungunya virus and HIV-1 [146,202]. These ISGs act on different stages of the viral 

life cycle, from entry and replication to assembly and release: Tetherin, also known as 
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Figure 7 Type 1 IFN inhibits Zika virus replication in Huh-7.5 cells. 

(A) Following ZIKV (PLCal_ZV, MOI: 0.02) infection of Huh-7.5 cells, 

cell culture supernatants were collected at 48 h to determine viral titres by 

plaque assay. (B) Representative images of Vero cell plaque assays. 

Values represent mean ± SEM of at least three independent experiments. 

*p < 0.05. 

A 
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bone marrow stromal antigen 2 (BST2), is a lipid raft associated protein, is known to 

prevent virus release from infected cells [135]; Cytosolic DNA sensor cyclic GMP-AMP 

synthase, also known as MB21D1, broadly inhibits several RNA viruses [203]; Heparanase 

(HPSE) regulates the availability of heparan sulfate chains on the extracellular matrix and 

plays an integral role in regulating the life cycle of many viruses [204]; ZAP (Parp13.1) is an 

antiviral factor against RNA viruses which binds viral RNA and targets it for degradation 

by recruiting mRNA decay factors [205,206]; and IFI6, a minisatellite protein, has 

proposed functions in inhibiting apoptosis and preventing formation of virus-induced 

membrane invaginations [160,161].  

To examine the effect of these ISGs on ZIKV, Huh-7.5 cells were transduced to overexpress 

a single flag-tagged ISG. Cells were kept in DMEM containing puromycin in order to 

maintain the expression of these ISGs. ISG expression levels were measured by flow 

cytometry or western blot, Figure 8. MxB and BST2 protein levels in lentivector transducing 

Huh-7.5 cells can be clearly seen by western blot. Huh-7.5 transduction with a lentivector 

resulted in about 90% of the cells expressing IFITM proteins and MxB, and 65% of the cells 

expressing MxA and ZAP (Parp13.1). For some of these ISGs (Parp4, Parp9, Parp13.2 and 

viperin) there was no flag expression after transduction and selection with puromycin, hence 

we did not continue further with these ISGs. Of note, even though we did not detect flag 

expression of IFI6 we continued on to infect with ZIKV as previous literature has described 

an antiviral effect of IFI6 specifically on flaviviruses (please refer to literature review).   
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Gene  Targeted Viruses Virus life cycle Mechanism related to 

antiviral activity 

References 

C6orf150(MB21D1) CHIKV, VEEV, 

WNV, YFV 

Translation unknown Schoggins JW. 

Nature 2011 

HPSE CHIKV, VEEV, 

WNV, YFV 

unknown unknown Schoggins JW. 

Nature 2011 

IFI6 HCV, YFV Replication Inhibition of apoptosis 

& viral replication 

Schoggins JW. 

Nature 2011 

IFITM1/2/3 DENV, HIV-1. 

SARS-CoV, VSV, 

WNV, YFV 

entry unknown (endocytic 

pathway?) 

Weidner JM et al, 

2010 

MXB HIV-1, VSV, 

LACV  

unknown unknown Haller O et al, 

2011 

C19orf66 (RyDEN) DENV Translation?  unknown Suzuki Y et al. 

PLoS 2016 

BST2 (Tetherin) DENV, HIV-1, 

HBV, CHIKV 

Entry - Budding  Tethers budding virons 

on cell surface  

Weidner JM et al, 

2010 

ZAP (PARP13) EBOV, FLUAV, 

retro viruses 

Post-entry, 

translation 

Target viral RNA, 

promote RIG signalling  

Hayakawa S et al. 

Nat Immunol 2011 

Table 3 The characteristics of ISGs used in our study. 
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To investigate the potential antiviral effects of these ISGs on ZIKV replication, transduced 

Huh-7.5 cell lines were infected with ZIKV for 48 hrs or 72 hrs and viral titres were 

measured by plaque assay. At 48hrs post infection, in control cells (PQCXIP), productive 

ZIKV infection was established, with viral titres rising to 8.85 x 104 pfu/ml. The effect of 

BST2, MB21D1, HPSE, and ZAP (Parp13.1) on ZIKV replication 48hrs post infection was 

minimal, with only a maximum viral inhibition of 2-fold, Figure 9A. Interestingly, we see 

dramatic decrease in ZIKV titres (up to 10-fold inhibition) when IFI6, a type 1 ISG that plays 

a central role in regulating apoptosis and immunomodulation, is overexpressed in Huh-7.5 

cells. Of note, we were unable to detect Flag-tagged IFI6 levels by western blot or flow 

cytometry, most likely due to the sensitivity of the Flag tag.  

Figure 8 ISG expression levels in Huh-7.5 cells. Huh-7.5 cells were transduced with 

500μl of retroviral vectors accommodating the genes of interest. 500μl blank vector was 

transduced in the control group. Cells were kept in DMEM with puromycin for selection. 

After two weeks of selection, the cells were harvested for flow cytometry (A) and western 

blot (B).  Percentage of positive cells are indicated.  

SSC-A 
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As overexpression of these ISGs, in particular IFI6, supressed ZIKV infection, we tested 

whether there would be any differences in the degree of antiviral activity at 72hrs post 

infection. At 72hrs post infection we see a modest increase in productive ZIKV infection as 

viral titres rise to 1.22833 x 105 in control cells. The antiviral effect of BST2, MB21D1, 

HPSE, and ZAP are increased at 72hrs post infection as the production of new infectious 

ZIKV virions continues to reduce. The robust antiviral effect of IFI6 seen 48hrs post 

infection is still maintained at 72hrs post infection. These data indicate that IFI6, a poorly 

characterized ISG, is necessary for a robust anti-ZIKV IFN response.  

Furthermore, it has been recently reported that IFITM proteins, a family of broad‐spectrum 

antiviral factors, inhibit ZIKV replication and ZIKV-induced cell death [107]. In particular, 

IFITM3 was shown to be the most potent restriction factor against ZIKV infection. Here, we 

confirmed these initial observations using transformed Huh-7.5 cells. In control cells, ZIKV 

establishes a productive infection, as seen by the high number of plaques forming units 

within 48hr of infection, Figure 9B. When IFITM3 is overexpressed, productive ZIKV 

infection is severely impaired, with up to a 20-fold inhibition of viral titres 48hr post 

infection. We show that IFITM3 is an essential component of the type-1 IFN response against 

ZIKV infection. Given the potent antiviral activity of IFITM3, we wanted to shine light upon 

the antiviral mechanism against ZIKV infection (discussed below).  

Regarding the human Mx genes, MxA and MxB, the antiviral activity of MxB appears to be 

much more limited, known to be restricted to anti-HIV-1 activity. Recent research has 

elucidated the role of MxB in other viruses [125,134]. Nevertheless, much of our knowledge 

of the antiviral function of MxB has been limited to its inhibition of HIV-1 and a few SIV 

strains. As such, we sought to investigate the effect of MxB on ZIKV. We chose a panel of 

ZIKV isolates including: The African strain isolated in Uganda 1947 (MR766); an early 

Asian lineage strain, isolated from a Canadian traveller who returned from Thailand in 2013 
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(PLCal_ZV); and an Asian isolate from the 2015 outbreak in Puerto Rico (PRVABC-59). 

These strains isolated between 1947 to 2015 are spread across different geographical regions.  

Interestingly, our results show that while both the Asian isolates are resistant to MxB, the 

African isolate MR766 is somewhat susceptible to MxB inhibition, Figure 9C. This suggests 

that the main difference in susceptibility to MxB is between the African and Asian lineages. 

The ability of MxB to inhibit HIV-1 has been extensively studied, however little is known 

about the mechanisms beyond lentiviral restriction. Thus, we investigated the dependency of 

ZIKV on CypA.  

 

 

 

 

Figure 9 ZIKV infection in Huh-7.5 cells transduced with ISGs. IFITM3 and IFI6 are shown 

to drastically inhibit ZIKV replication. (A) Huh-7.5 cell lines overexpressing each of the ISGs 

were infected with ZIKV (PLCal_ZV, MOI: 0.02). Viral supernatants were harvested at the 

indicated time points and viral titres was quantified by plaque assay. (B) Huh-7.5 cells 

overexpressing IFITM3 were infected with ZIKV as described above. Viral titres were 

quantified by plaque assay 48hr post infection. (C) MxB moderately inhibits the historical 

African isolate MR766. ZIKV Huh-7.5 cells overexpressing MxB were infected with ZIKV 

(PLCal_ZV, PRVABC-59, MR766, MOI: 0.02) and viral titres were quantified by plaque assay 

48hr  post infection. The fold change of inhibition elicited by each ISG is presented on the right-

hand side. These results shown are a summary of 3 independent experiments. p* < 0.05 

A 

B C 
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4.3 ZIKV is not dependent on CypA  

 

It is known that MxB inhibition of HIV-1 is CypA dependent [122]. CypA is a ubiquitously 

distributed host peptidylprolyl isomerase that binds to cyclosporin A (CsA). It was previously 

found that depletion of CypA impairs MxB inhibition of HIV-1 [122]. Given that our 

previous results showed MxB inhibited ZIKV replication (African isolate), we wanted to 

investigate whether ZIKV was dependent to CypA. We treated Huh-7.5 cells with 5μM CsA 

for 24hrs and infected cells with three strains of ZIKV for 48hrs. An increase in viral titres 

for the African strain (approx. 15-fold increase), and not the Asian stains were observed, 

Figure 10. This may suggest that the historical African strain is susceptible to CypA. 

Interestingly, one study found that while CsA enhanced infection at 1μM compared to their 

control, at 10μM concentration CsA reduced the virus infection rate. As CsA is an FDA-

approved drug it these results warrant further investigation into the use of CsA to treat ZIKV 

infection.  
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Figure 10 CsA increases viral titres for the African isolate. Huh-7.5 cells were treated with 

a CypA inhibitor, cyclosporine A (CsA, 5μM) for 24hr and infected with three ZIKV strains 

(MOI:0.02) for 48hr. Viral titres were quantified by plaque assay. These results shown are a 

summary of 3 independent experiments. p* < 0.05 
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4.4 Cholesterol accumulation does not inhibit ZIKV replication 

Cellular lipid membranes tightly regulate the entry of multiple viruses. Cholesterol is an 

essential component of lipid raft membranes. These lipid rafts are involved in entry, assembly 

and budding of a diverse number of viruses including, influenza A virus, HIV-1 and HSV 

[207,208]. As previously shown, IFITM3 exerts potent antiviral activity against ZIKV 

infection. One of the proposed mechanisms by which IFITM3 exerts its antiviral activity is 

through the interaction with vesicle-associated membrane protein (VAMP)-associated protein 

A (VAPA), resulting in substantial cholesterol accumulation in late endosomes and multi-

vesicular bodies [209]. We, therefore, investigated whether ZIKV entry is differentially 

susceptible to inhibition by drugs that induce cholesterol accumulation. Several proteins are 

required for the function and maturation of late endosomes including, Niemann-Pick type C 

protein (NPC1). When NPC1 is dysfunction, cholesterol accumulates in late endosomes 

[210]. In order to test this, we treated Vero cells with three different drugs, at varying 

concentrations, which leads to the accumulation of cholesterol levels within late endosomes: 

a selective oestrogen receptor modulator, Clomiphene; a cationic amphiphilic drug 

Terconazole; and the Niemann-Pick type C protein inhibitor, U18666A. These drugs were 

shown to inhibit Ebola pseudovion entry in target cells [211,212]. To confirm these drugs 

were accumulating intracellular cholesterol levels, we stained with filipin III, a naturally 

fluorescent antibiotic which binds to unesterified (free) cholesterol. We can see a clear 

increase in cholesterol in Vero cells pre-treated (24hrs) with Clomiphene, Terconazole and 

U18666A compared to DMSO control.  Our results show that while pre-treatment with 

Clomiphene at 0.01 μg/ml increased viral titres by 1.5-fold, concentrations of 0.1 and 1 μg/ml 

resulted in viral titres similar to that of DMSO control cells, Figure 11A. Pre-treatment with 

increasing concentrations of terconazole had very minimal effect on viral titres, Figure 11B.  

Fascinatingly, cells pre-treated with increasing the concentration of U8166A led to a gradual 
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decrease in ZIKV titres, resulting in an overall 2-fold decrease by 0.5 μg/ml of U81666A, 

Figure 11C. Taken together, these results suggest an alternative mechanism for IFITM3 

mediated ZIKV inhibition, considering the degree of IFITM3-mediated ZIKV inhibition, and 

that increasing intracellular levels of cholesterol had no major effect.  

 

4.5 U87-MG cells ectopically expressing ZIKV NS4B display decreased 

mitochondrial respiration 

The positive-sense-single stranded RNA genome of 10.8 kb encodes for 10 viral proteins. This 

limited coding capacity makes ZIKV fully dependent on the host for its life cycle. Like other 

viruses, ZIKV needs to induce large-scale alterations in host cell metabolism for its own 

replication. A recent report showed that ZIKV NS4A and NS4B inhibit Akt-mTOR signalling 

which results in an increase in autophagy [29]. The Akt-mTOR signalling pathway has broad 

Figure 11 Addition of drugs resulting in intracellular cholesterol accumulation show no 

effect on ZIKV replication, despite the modest effect seen by U18666A. The top panel shows 

Filipin III staining of Vero cells pre-treated with three drugs for 24hr.  (A-C) Vero cells were 

pre-treated with increasing clomiphene, terconazole and U18666A concentrations for 24hr, and 

subsequently infected with ZIKV (PLCal_ZV, MOI: 0.02). Viral titres were measured by plaque 

assay. These results shown are a summary of 3 independent experiments.  

A B C 
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cellular effects with regard to cell proliferation and survival; it is also an important mediator of 

metabolism. Furthermore, there is increasing evidence that Dengue virus alters mitochondrial 

morphology resulting in elongated mitochondria, which has a direct effect on mitochondrial 

function, namely oxidative phosphorylation [88,194]. The researchers also suggested that 

ZIKV infection induces similar mitochondrial elongation. Given these reports, we wanted to 

assess whether ZIKV NS4A and NS4B affect the function of mitochondria. To analyse the 

function of ZIKV NS4A and NS4B, we transduced U87-MG cells (human primary 

glioblastoma cell line) with lentivirus containing each flag-tagged ZIKV gene (strain: 

PLCal_ZV) and examined for changes in mitochondrial function. Expression of ZIKV NS4A 

and NS4B was detected by western blotting and flow cytometry, Figure 12. The flow 

cytometry results show almost 100% flag expression in U87-MG cells expressing NS4A or 

NS4B, corresponding with proteins levels observed by western blot. In U87-MG cells 

transduced with both NS4A and NS4B we clearly see flag protein expression by western blot.  

   

 

Figure 12 The expression of ZIKV NS4A and NS4B in U87-MG cells.  U87-MG cells were 

transduced with 500μl NS4A and/or NS4B retroviral vectors. 500μl of blank vector was transduced 

for the control. Cells were kept in EMEM/10% FBS containing puromycin (2μg/mL) for individual 

expressions of ZIKV gene, or puromycin with hygromycin (200μg/mL) for the co-expression of 

NS4A-NS4B. The percentage of ZIKV protein-expressing cells were measured by flow cytometry 

and protein levels were measured by western blot using an anti-flag antibody. 
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Mitochondria are key organelles involved in energy metabolism and antiviral sensing. To 

assess whether ZIKV NS4A and/or NS4B affect the function of mitochondria, the OCR was 

measured in control U87-MG cells and NS4A and NS4B expressing cells. Sequential 

addition of mitochondria perturbing agents, oligomycin, FCCP and rotenone/antimycin A to 

the cell culture medium was used to assess the function of each complex of the electron 

transport chain, Figure 13A.   When compared to the control, expression of NS4B decreased 

the mitochondrial respiration rate, a measure of oxidative phosphorylation. The addition of 

oligomycin, which inhibits ATP synthase (Complex V), demonstrated that ATP-linked 

production was significantly decreased in NS4B expressing cells, as compared with control 

cells, but proton leak was unchanged. Upon the addition of FCCP, which forces the 

mitochondria to work at maximum efficiency, we see similar rates of oxygen consumption of 

control cells and NS4A cells, however maximal mitochondrial respiration in NS4B cells is 

significantly lower, indicating decreased mitochondrial efficiency, Figure 13A-B. Co-

expression of NS4A and NS4B in U87-MG cells resulted in the decrease of ATP production 

and the basal respiration rate, similar to that observed for U87-MG cells expressing NS4B, 

Figure 14A-B. Interestingly, we see no significant change in the rate of maximal respiration 

however, a substantial decrease in proton leak is observed Figure 14B. Overall, these results 

indicate that U87-MG cells expressing NS4B decrease the efficiency of the mitochondria, 

resulting in reduced basal respiration and less ATP production when compared to control 

cells.  
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Figure 13 ZIKV NS4B decreases mitochondrial respiration. (A) Oxygen consumption rate 

(OCR) in U87-MG cells expressing ZIKV NS4A or NS4B was measured in real time under basal 

conditions and in response to injections of oligomycin (1μM), FCCP (1μM) and antimycin 

A/rotenone (1μM) using XF96 Seahorse analyser. Data were normalized by protein concentration. 

(B) Mitochondrial functional parameters were analysed according to Seahorse Bioscience 

instructions. Data are shown as mean +/- SD and analysed with One-way ANOVA.  
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Chapter 5 Discussion and Conclusion 
 

The first part of this chapter discusses the results regarding the innate immune response 

against ZIKV infection. The second part of this chapter discusses the results in the context of 

ZIKV host dependency on metabolism. The reader is encouraged to refer to Chapter 1 for 

more information on the interferon response and host metabolism. Following the discussion, 

the conclusion summarises the key findings and the possibility of therapeutic intervention is 

explored.  

 

 

Figure 14 Co-expression of NS4A-NS4B results in decreased mitochondrial respiration. (A) 

Oxygen consumption rate (OCR) in U87-MG cells expressing ZIKV NS4A or NS4B was measured 

in real time under basal conditions and in response to injections of oligomycin (1μM), FCCP (1μM) 

and antimycin A/rotenone (1μM) using XF96 Seahorse analyser. Data were normalized by protein 

concentration. (B) Mitochondrial functional parameters were analysed according to Seahorse 

Bioscience instructions. Data are shown as mean +/- SD and analysed with Student t-test.  
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5.1 Investigating the effect of ISGs on ZIKV replication  

The recent expansion of ZIKV represents an emerging global health threat, with the most 

severe effects observed in resource-limited areas. Certainly, congenital abnormalities and 

neurological disorders have triggered an increasing interest in ZIKV. The relative 

contribution of ISGs to the innate antiviral immune response may vary among viral species 

and tissue cell types. Therefore, it is important to gain an understanding of which ISGs 

participate in restricting ZIKV infection. Towards this goal, we have tested the effect of 

several antiviral proteins on ZIKV replication.  

As a first step toward understanding the innate immune response elicited against 

ZIKV, we determined the sensitivity of ZIKV to IFN-mediated antiviral signalling.  

Huh-7.5 cells were treated with increasing doses of IFN-α prior to infection and then 

replication was assessed, Figure 7. Our results showed that ZIKV was highly sensitive to 

pre-treatment with IFN-α. These results are consistent with previous observations with 

other flaviviruses including ZIKV and DENV [31,163,213]. Despite the sensitivity of 

ZIKV to IFN-α, ZIKV replication is only moderately affected by IFN-λ [163]. Therefore, 

the pattern of ISG induction will be triggered by type-1 IFN subtypes.  

Subsequently, we ectopically expressed the following ISGs: MB21D1, HPSE, IFI6, 

IFITM3, MXB, RyDEN, TETHERIN and Parp13.1/2 (ZAP) to investigate the effect of these 

proteins on ZIKV replication in the human hepatocyte derived carcinoma (Huh-7.5) cell line 

(Figure). We used the Asian lineage isolate (PLCal_ZV) and compared viral titres at two time 

points (48-hour post infection and 72-hour post infection). Interestingly, among the ISGs we 

tested our study revealed IFI6 as a key effector of the IFN response to ZIKV infection. Time 

courses (48 h.p.i and 72 h.p.i) revealed potent and sustained IFI6-mediated inhibition of 

ZIKV. We were unable to detect the overexpression of IFI6 by flow cytometry, this could 

very well be due to the sensitivity of the system (we attached Flag not 3X flag to the C-
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terminus of IFI6). To confirm the anti-ZIKV activity of IFI6, the infectivity of cells could be 

monitored by fluorescence-activated cell sorting (FACS) and the suppression of viral 

replication could be observed by staining for double-stranded RNA (dsRNA) replication 

intermediates.   

The antiviral role and function of IFI6 has only recently begun to emerge. IFI6 

encodes a 130 amino acid protein in the IFI-6-16 family and is only present in higher-order 

mammals [155]. Within this family, only IFI6 and IFI27 are IFN inducible [214]. A current 

perspective on the antiviral mechanism of IFI6 suggests that IFI6 is an ER integral membrane 

protein which prevents the formation of virus-induced ER membrane invaginations, however 

having little effect on viruses which form ER-derived double-membrane vesicles, for 

example HCV [160]. Conversely, other groups have reported that IFI6 inhibits HCV and via 

alternate mechanisms [162,215]. Reports have suggested that IFI6 is a mitochondria-targeted 

protein and inhibits HCV infection by inhibiting the function of EGFR kinase [156,162]. 

Future studies will be needed to verify the localisation of IFI6 and expand on how viruses are 

able to overcome IFI6 mediated inhibition for productive replication.  

Before the reveal of the anti-HIV-1 activity of MxB, the protein was believed to be 

non-antiviral over the decades. Only recently has the antiviral role of MxB been extended 

beyond retroviruses, we now know that MxB is a key restriction factor for human 

herpesviruses and HCV [125,134,216]. Thus, we investigated the effect of MxB on three 

different ZIKV isolates, one isolate from the 2015-2016 in Puetro Rico (PRVABC-59), an 

earlier Asian lineage isolate (PLCal_ZV), and the historical Uganda 1947 isolate (MR766). 

We found no significant difference in viral titres between the contemporary strains however, 

the African isolate is slightly susceptible to MxB inhibition, Figure 9C. This may reflect the 

differences between the pre-epidemic and epidemic strains however, future studies on pre-

epidemic strains and epidemic strains would be needed to confirm if this phenotype is due to 



 
 

57 
 

differences between viral genomes. Interestingly, a recent paper showed that cyclophilin A 

(CypA) dependent viruses, HCV, DENV and JEV, were inhibited by MxB [216]. CypA is a 

peptidyl prolyl isomerase which is recruited by HIV-1 and HCV as a co-factor to promote 

viral infection [217,218]. The depletion of CypA or treatment with Cyclosporin A (CsA), an 

inhibitor of CypA, alleviates MxB inhibition of HIV-1 and HCV [122]. This, we set out to 

test whether Zika Virus was dependent on CypA. We noticed that the two Asian stains resist 

CsA which may imply a potential link between viral dependence on CypA, Figure 10. 

Surprisingly, viral titres of the African strain are significantly increased with pre-treatment of 

CsA. It should be noted that this finding is contradictory by investigations suggesting that 

CsA is had antiviral effects on several viruses including, HSV, vaccinia virus, HIV-1 and 

HCV [219-222]. Nevertheless, this could indicate that the African isolate is not dependent on 

CypA or that CypA hinders productive viral production.   

To further understand the role of IFITM3 during ZIKV infection we explored one 

potential mechanism proposed for IFITM3-mediated viral inhibition. This is of particular 

interest because it has been published that IFITM3 can prevent ZIKV-induced cell death by 

restricting viral access  [107,111]. In accordance with these reports, we show that IFITM3 

potently inhibits ZIKV replication, Figure 9B. Of interest, a rare single nucleotide 

polymorphism (SNP rs12252-C) allele of IFITM3 is predicted to form a truncated version of 

IFITM3, which has been associated with severe clinical outcomes for patients with IAV 

infection [223,224]. Given this, it would be worth investigating the severity of ZIKV 

infection with polymorphisms in IFITM genes. 

The exact mechanism of IFITM-mediated ZIKV restriction is unknown; however, 

results from experimental approaches suggest two possibilities: IFITMs alter properties of 

the endosomal lumina thereby restricting viral fusion [225-227] or that IFITMs alter 

physical properties of cellular membranes to prevent the formation of fusion pores 
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[209,228]. In line with the theory that IFITMs induce the accumulation of cholesterol in 

the endosomal membrane, we treated Huh-7.5 cells with the compound’s clomiphene, 

terconazole, and U18666A and measured viral titres. Clomiphene and terconazole are 

cationic amphiphilic drugs which induce cholesterol accumulation in late endosomes. 

U18666A is an inhibitor of lysosomal cholesterol export by directly inhibiting the NPC1 

protein. Our results showed that these three drugs had no significant effect in reducing 

ZIKV titres even with pre-treatment at higher concentrations, Figure 11. It is tempting to 

speculate that cholesterol accumulation has no effect on ZIKV infection. However, it must 

be noted that viral entry was not directly measured and the mechanism behind IFITM-

mediated ZIKV inhibition has not been thoroughly investigated to date.  

5.2 Exploring the role of ZIKV NS4A and NS4B on mitochondrial metabolism 

The virus life cycle is a dynamic process that involves different organelles. Viruses are 

completely dependent on host metabolic functions for efficient replication, and hence all 

viruses manipulate metabolic pathways, but to varying degrees. Mitochondria actively 

participate in the viral replication process. In addition to meeting the cellular energy demand, 

mitochondria serve as an antiviral signalling platform and contribute to the activation of 

apoptosis and cell death.  

Previous reports have established that viruses change mitochondrial bioenergetics and 

induce functional alterations to drive replication. Although these reports signify the 

importance of the mitochondria during viral infection, the underlying mechanisms that link 

mitochondria to ZIKV replication in cells is poorly defined. Here, we investigated the role of 

ZIKV proteins NS4A and NS4B on mitochondrial respiration. These two proteins are 

involved in viral replication and are known to inhibit neurogenesis and induce autophagy via 

Akt-mTOR signalling [29]. Moreover, NS4A has been recently discovered to antagonize the 
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RLR-mitochondrial antiviral-signalling protein (MAVS) interaction and subsequent induction 

of the immune response [62]. Given these reports, we ectopically expressed flag-tagged 

ZIKV NS4A and NS4B in U98-MG cells (Figure 12) and measured key parameters of 

mitochondrial function.  Our results indicate that ZIKV NS4B decreases mitochondrial 

respiration associated with ATP production with little to no change in protein leak, Figure 

13. Co-expression of NS4A and NS4B lead to a similar decrease in mitochondrial respiration 

as observed with NS4B expression alone, Figure 14B. Our data show a significant decrease 

in proton leak when cells are expressing both viral proteins, reflective of the decrease in the 

rate of oxygen consumption. These findings suggest that ZIKV NS4B decreases 

mitochondrial energy production, which is in accordance with previous observations 

indicating depression of oxidative phosphorylation by other members of the Flaviviridae 

family, for example HCV [229]. It would be interesting to investigate whether the decrease in 

mitochondria-linked ATP production is compensated by an increase in glycolysis. This would 

not be surprising considering many viruses are known to induce a metabolic shift form 

oxidative phosphorylation to glycolysis [199].  

Particularly for ZIKV, a change in mitochondrial function not only reflects a decrease 

in cellular energy production but it can also contribute to neurological disorders, notably the 

progression of microcephaly. Mitochondrial dysfunction has been associated with many 

diseases, particularly neurodegenerative disorders [230].  New research has demonstrated the 

importance of mitochondria and metabolism in the regulation of stem cell function and 

differentiation, including neural stem cells [231]. The adult mammalian brain contains self-

renewable, multipotent stem cells that are critical for neurogenesis and plasticity [232,233]. 

Neural stem cells give rise to neurons, astrocytes and oligodendrocytes. Stem cells are 

predominantly glycolytic in nature and as they commit and differentiate, there is a metabolic 

switch leading to the activation of oxidative phosphorylation. Of note, this reliance towards 
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glycolysis is not due to the presence of dysfunctional mitochondria [234]. Stem cells with a 

defect in oxidative phosphorylation are unable to undergo differentiation. It is well known 

that ZIKV infects and inhibits neural stem cell differentiation [29,40,41,235]. ZIKV 

potentiates human neural stem cell growth inhibition and strongly induces death in early 

differentiating cells [236]. Li and colleagues showed that ZIKV infection of neural stem cells 

led to attenuated neural progenitor cell expansion through virally induced apoptosis and cell-

cycle dysregulation [235]. Thus, it is reasonable to hypothesise that ZIKV NS4B may induce 

alterations to mitochondrial metabolism in stem cells and shed light onto the 

neurodegenerative disorders linked with the virus. Future studies should now be aimed at 

elucidating the underlying mechanisms behind NS4B mediated repression of mitochondrial 

respiration. While viral proteins play key roles in deterring the host immune response, we 

must not neglect the effect of these proteins on mitochondrial dysfunction which could aid in 

understanding the progression of ZIKV associated birth defects. Given that mitochondria are 

vital in the process of neural development and regeneration, this places it as an attractive 

therapeutic target. Diseases defined by mitochondrial dysfunction has led to the search for 

new therapeutic and preventive strategies targeting mitochondrial function, reviewed by 

Sorrentino and colleagues [237]. Whether such treatments could be transferred to treating 

ZIKV infected cells remains to be seen, nevertheless exploiting key components of 

mitochondrial metabolism and dynamics represents a novel treatment strategy for improving 

stem cell function. 

Conclusion 
 

The sudden emergence and spread of ZIKV along with the unexpected neurological 

complications, have made ZIKV a public health emergency of international concern. As a 

poorly defined virus with no antiviral treatments or vaccines, scientific research is critical. 
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Our study centres on understanding host -virus interactions which ultimately determine the 

outcome of infection. Our data suggests that upregulation of the interferon stimulated genes, 

IFITM3 and IFI6 strongly supresses ZIKV replication. We found that IFITM3-mediated 

ZIKV inhibition was not via the accumulation of intracellular cholesterol levels. Further 

research is needed to identify the underlying mechanism of IFITM3 antiviral activity.  

The second part of the study investigated the role of ZIKV non-structural proteins on 

mitochondrial respiration. We show that ZIKV NS4B decreases mitochondrial respiration 

and ATP production. This work can be translated to examine the effect of NS4B in neural 

progenitor cells, which will be clinically relevant given the association of ZIKV with 

devastating birth defects. Taken together, this work advances our understanding of the host 

response to ZIKV infection and provides a foundation for understanding the consequences of 

mitochondrial dysfunction.  
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