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Asian lineage Zika virus (ZIKV) strains emerged globally, causing outbreaks 

linked with critical clinical disease outcomes unless ZIKV is effectively restricted by host 

immunity. We have previously shown that retinoic acid-inducible gene-I (RIG-I) senses 

ZIKV to trigger innate immunity to direct interferon (IFN) production and antiviral 

responses that can control ZIKV infection. However, ZIKV proteins have been 

demonstrated to antagonize IFN. Here, we conducted in vitro analyses to assess how 

divergent prototypic ZIKV variants differ in virologic properties, innate immune 

regulation, and infection outcome. We comparatively assessed African lineage 



ZIKV/Dakar/1984/ArD41519 (ZIKV/Dakar) and Asian lineage 

ZIKV/Malaysia/1966/P6740 (ZIKV/Malaysia) in a human epithelial cell infection model. 

De novo viral sequence determination identified amino acid changes within the 

ZIKV/Dakar genome compared to ZIKV/Malaysia. Viral growth analyses revealed that 

ZIKV/Malaysia accumulated viral proteins and genome earlier and to higher levels than 

ZIKV/Dakar. Both ZIKV strains activated RIG-I/interferon regulatory factor (IRF) 3 and 

nuclear factor kappa B (NFκB) pathways to induce inflammatory cytokine expression 

and types I and III IFNs. However, ZIKV/Malaysia, but not ZIKV/Dakar, potently blocked 

downstream IFN signaling. Remarkably, ZIKV/Dakar protein accumulation and genome 

replication were rescued in RIG-I knockout (KO) cells late in acute infection, resulting in 

ZIKV/Dakar-mediated antagonism of IFN signaling. We found that RIG-I signaling 

specifically restricts viral protein accumulation late in acute infection where early 

accumulation of viral proteins in infected cells confers enhanced ability to limit IFN 

signaling, promoting viral replication and spread. Our results reveal a novel function of 

RIG-I-mediated innate immune signaling in restricting ZIKV protein accumulation, which 

permits IFN signaling and antiviral actions that control ZIKV infection. 
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Chapter 1. Introduction 

1.1 ZIKV epidemiology 

Zika virus (ZIKV) is a mosquito-borne member of the Flavivirus genus within the 

Flaviviridae family. ZIKV was first isolated from a rhesus macaque in the Zika Forest of 

Uganda in 1947 (1). The first ZIKV infection in humans was reported in Nigeria in 1954, 

indicating a westward expansion of ZIKV into western Africa and establishing the 

African lineage (2, 3). In 1966, a strain of ZIKV, termed P6740, was isolated from 

mosquitoes in Malaysia, marking the spread of ZIKV from Africa into Asia (4). P6740 is 

the first ZIKV strain isolated in Asia, and after its initial isolation, other ZIKV strains were 

isolated in several countries in southeast Asia, establishing the Asian lineage (3, 5).  

In the wild, ZIKV is maintained by transmission between mosquitoes and non-

human primates (NHPs), whereas urban transmission cycles are maintained by Aedes 

species mosquitoes and humans (Fig. 1-1) (6, 7). Prior to 2007, ZIKV circulated largely 

undetected and maintained endemic transmission throughout Africa and Asia with only 

14 human cases reported globally (8). The first largescale ZIKV outbreak was reported 

in 2007 in the Yap State of the Federated States of Micronesia in the Pacific where an 

estimated 73% of the population over the age of 3 was infected, underscoring the 

epidemic potential of ZIKV (9). Indeed, in 2013 and 2015, major ZIKV epidemics were 

reported in French Polynesia and the Americas, respectively (10, 11). Both epidemics 

were caused by Asian lineage-derived ZIKV strains (Fig. 1-2) (12). The introduction of 

ZIKV into French Polynesia likely originated from Yap State or Cambodia as the virus 

isolated in French Polynesia was closely related to the Asian lineage viruses isolated in 

2007 in Yap State and in 2010 in Cambodia, while ZIKV was likely introduced into the 
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Americas from French Polynesia (10, 11, 13). The 2015 ZIKV epidemic in Central and 

South America was unprecedented given its breadth, such that it was declared a public 

health emergency of international concern in 2016, and the reports of mosquito-

independent transmission routes (14–20). During the 2015 outbreak, human-to-human 

ZIKV transmission was shown to occur through blood and sexual contact, and vertically 

across the maternal-fetal interface (Fig. 1-1) (7, 14–19). However, two case studies 

argue against the emergence of these novel transmission routes during the 2015 ZIKV 

outbreak as they provide evidence for potential sexual transmission of ZIKV in cases 

reported in 2008 and 2013 (16, 21). Furthermore, case studies from southeast Asia 

reported evidence for vertical transmission of local ZIKV strains, indicating that endemic 

ZIKV strains are capable of crossing the maternal-fetal barrier as well (22, 23). It is likely 

that the large number of infected individuals and vigorous ZIKV testing employed during 

the 2015 ZIKV outbreak helped shed light on the mosquito-independent transmission 

routes. Nevertheless, these novel transmission routes could provide the opportunity for 

human-to-human transmission in the absence of competent mosquito vectors. 

 

 

 

 

 

 

 

 

Fig. 1-1. Top: ZIKV transmission cycle in the wild. 

ZIKV is maintained through transmission between 

NHPs and forest-dwelling mosquitoes. Bottom: urban 

ZIKV transmission cycles. ZIKV is predominantly 

transmitted in urban areas between mosquitoes and 

humans through the bite of a ZIKV-infected mosquito. 

ZIKV transmission has also been reported to occur 

through blood products and sex, and vertically from a 

mother to her fetus. Image adopted from Rather et al., 

2017 (7). 
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With increasing ease of global travel, importation of ZIKV into areas with no 

current reports of ZIKV circulation presents a major risk for future epidemics particularly 

in areas with competent mosquito vectors (Fig. 1-3) (24). There have been several 

reported incidences of imported ZIKV cases from returning infected travelers that led to 

autochthonous transmission in France, the United States, and Angola where Aedes 

species mosquitoes are abundant (25–29). Additionally, with increasing global 

temperatures, the distribution of Aedes mosquitoes can expand to more temperate 

regions, bringing along arboviruses, including ZIKV, and increasing the potential for 

largescale ZIKV outbreaks and endemic transmission as observed with other 

arboviruses (30). 

 

Fig. 1-2. ZIKV isolates can be clustered into two distinct lineages: African and Asian. The Asian lineage 

includes the emerging strains responsible for the recent outbreaks. Image adopted from Wang et al., 2016 

(12). 
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1.2 ZIKV pathology 

 Infection with ZIKV typically results in asymptomatic disease or in mild flu-like 

illnesses in approximately 25% of cases (31, 32). However, during the 2013 ZIKV 

outbreak in French Polynesia, severe disease was reported with ZIKV infection. 

Specifically, adult ZIKV infection was linked to an increased incidence of Guillain-Barré 

syndrome (GBS), an autoimmune neurological disorder triggered by viral or bacterial 

infections (33–35). A case-control study in French Polynesia observed that GBS-

affected individuals were significantly more likely to have anti-ZIKV IgM or IgG 

antibodies and that 100% of GBS-affected individuals had neutralizing anti-ZIKV 

antibodies compared to 56% of unaffected controls (34). Similar reports pointing to the 

association of ZIKV infection with the onset of GBS emerged in the Americas during the 

2015 outbreak (Fig. 1-4) (36). It is thought that ZIKV-induced immune responses trigger 

Fig. 1-3. Global distribution of regions with reported ZIKV transmission and regions with competent 

mosquito vectors but no known ZIKV cases as of February 2022. Adapted from the World Health 

Organization (WHO, 2022) (22).  
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immunopathological effects on peripheral nerves, resulting in GBS (33). ZIKV-induced 

GBS, however, appears to be transient with the majority of affected individuals 

recovering though the mechanism of resolution remains unclear (35). 

 

 

 

 

 

 

 

 

 

 

The most striking disease manifestation associated with ZIKV infection was 

widely reported during the 2015 outbreak, which arises as a consequence of in utero 

infection particularly during the first trimester of pregnancy (Fig. 1-5) (22, 37). Vertical 

transmission of ZIKV during pregnancy can result in congenital ZIKV syndrome (CZS) 

(22, 38–41). CZS encompasses a wide array of clinical manifestations ranging from 

congenital abnormalities, including microcephaly, to fetal demise (42). In the majority of 

CZS cases, viral RNA and infectious virus can be isolated from the amniotic fluid, 

placenta, and fetal tissues, including the brain (18, 22, 23, 38, 43). The presence of 

replicating ZIKV in the fetal brain and the associated brain damage indicate that ZIKV is 

neurotropic. Indeed, in vitro studies have demonstrated that ZIKV preferentially infects 

Fig. 1-4 Weekly incidence of reported ZIKV infection (top) and GBS cases (bottom) aligned to the 

week of peak ZIKV infection across 7 regions. Image adopted from dos Santos et al., 2016 (36). 
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neural progenitor cells (NPCs) and can induce cell death of NPCs, impairing fetal 

neurodevelopment and contributing to microcephaly (44–46). The cellular preference for 

NPCs may explain why severe cases of CZS, like microcephaly, are less common when 

ZIKV infection occurs during the second or third trimesters of pregnancy when NPCs 

are sparse. Despite the absence of overt congenital abnormalities at the time of birth, 

infants and children who were exposed to ZIKV in utero can exhibit neurodevelopmental 

delays later in life, highlighting the long-lasting impact of ZIKV exposure during 

pregnancy (47–49). 

 

 

 

 

 

 

 

 

 

Given the devastating clinical outcome of in utero ZIKV infection, there is an 

urgent need for the development of effective therapeutics and/or vaccines to combat 

future ZIKV epidemics. Currently, there are no clinically approved vaccines or 

therapeutics for preventing or treating ZIKV infection (32). Vaccine design and 

development of anti-ZIKV drugs will have to consider both the healthy and pregnant 

populations, the fetus, and potential neurological side effects. 

Fig. 1-5 Clinical features of CZS. Clinical 

manifestations range from microcephaly to cognitive 

disorders. Image adapted from The Washington 

Post, 2016 (37). 
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1.3 ZIKV biology 

1.3.1 ZIKV life cycle 

ZIKV infection begins upon binding to receptors on host cells (50, 51). Members 

of the T-cell immunoglobulin domain and mucin domain (TIM) and TAM (tyrosine-

protein kinase receptor 3 (Tyro3), AXL, and Mer tyrosine kinase (MerTK)) receptor 

families, such as AXL, Tyro3, and TIM1, and the glycosaminoglycan dendritic cell-

specific intracellular adhesion molecule-3-grabbing non-integrin (DC-SIGN) have been 

identified as putative ZIKV receptors (52–54). However, cells lacking these receptors 

remain susceptible to ZIKV infection, suggesting that ZIKV can utilize a wide array of 

host proteins or glycans as entry receptors (53, 55). Indeed, the dependency on AXL 

and TIM1 for ZIKV infection appears to be cell type-specific as antibody-mediated 

blockade of AXL abolished ZIKV infection in astrocytes and microglial cells but not in 

NPCs (53).  

Binding of ZIKV to its cognate receptors leads to virion internalization via clathrin-

mediated endocytosis (50, 51, 56). Acidification of endosomes induces conformational 

changes in the envelope protein to expose the fusion loop, mediating viral fusion with 

the endosomal membrane and release of the viral genome into the cytoplasm (50, 51). 

Since ZIKV is a positive-sense single-stranded RNA virus, its genome can be read as 

messenger RNA (mRNA) by the host translational machinery and be translated into a 

single polyprotein that is subsequently processed by host and viral proteases (50, 57). 

The translated viral proteins form replication complexes within vesicle packets located in 

the endoplasmic reticular (ER) membranes and initiate de novo genome replication (50, 

57). During genome replication, negative-sense RNA is generated from the positive-
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sense RNA genome and serves as a template for new positive-sense RNA that can 

then be translated or packaged into virions (50, 58). Synthesis of the negative-sense 

RNA generates a double-stranded RNA (dsRNA) replication intermediate (50, 58). 

Virion packaging or assembly takes place in the ER, budding into the ER lumen and 

producing immature virions (50). The immature virion traffics through the Golgi where 

changes in the pH induce conformational changes in the viral protein precursor 

membrane (prM) to expose its furin protease cleavage site (50, 59). Cleaved prM 

remains associated with the viral envelope protein to prevent premature fusion with 

endosomal membranes as the immature virion exits the cell (51, 59). Upon release of 

virions into the extracellular space, the neutral pH leads to the release of cleaved prM 

from immature viral particles, generating infectious virions that can initiate subsequent 

rounds of infection (50). 

As ZIKV infection is predominantly transmitted via mosquito bites, cells in the 

skin are the first targets for ZIKV infection (54, 60). Studies have identified CD14+ 

CD16+ monocytes as the main ZIKV cellular targets in the blood and Hofbauer cells 

(placental macrophages) as a target of ZIKV infection in the female reproductive 

organs, which can serve as Trojan horses to disseminate ZIKV to other tissues and to 

facilitate vertical transmission of ZIKV (43, 61, 62). As such, ZIKV displays broad tissue 

tropism with cellular targets identified in the brain, eyes, blood, placenta, and 

reproductive organs (Fig. 1-6) (32, 42). 
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1.3.2 ZIKV genome 

 The ZIKV genome is approximately 11 kilobases in length, comprising of a single 

open reading frame flanked by 5’ and 3’ untranslated regions (UTRs) (Fig. 1-7) (57, 63, 

64). The viral genome contains a methylated cap upstream of the 5’ UTR and lacks a 

polyadenylated (polyA) tail downstream of the 3’ UTR (57, 65). Both the 5’ and 3’ UTRs 

contain secondary RNA structures that play important roles in 5’ capping, initiation of 

viral translation and replication, and generation of subgenomic flavivirus RNAs (sfRNAs) 

(57, 65, 66). 

 

 

 

Fig. 1-6 Tissue and cellular tropism of ZIKV. ZIKV has been detected in various tissues and cell types 

in infected humans and mice, highlighting its broad tissue tropism. Image adopted from Miner and 

Diamond, 2017 (42). 
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Generation of the 5’ cap on the flavivirus genome requires the conserved 

adenosine and guanosine nucleosides at positions +1 and +2 of the genome and stem 

loop A (SLA) in the 5’ UTR (67, 68). The flavivirus 5’ cap is composed of the cap0 and 

cap1 structures; cap0 comprises of a guanosine nucleoside attached to the adenosine 

nucleoside at position +1 and methylation of the nitrogen at position 7 of the guanosine 

nucleoside, while the cap1 structure involves methylation of the ribose 2’-oxygen of the 

adenosine nucleoside at position +1 (Fig. 1-8) (65, 67). Biochemical studies have 

demonstrated that the cap0 N7-methylation reaction occurs prior to the cap1 2’-O 

methylation reaction (69). The 5’ SLA is required for N7-methylation of the cap0 

structure but not for 2’-O methylation (68). The 5’ cap allows the viral genome to mimic 

host mRNAs, enabling translation of the viral genome in a cap-dependent method (57, 

65). As such, flaviviruses deficient in the cap0 structure exhibit defective viral translation 

initiation (69). Additionally, the flavivirus 5’ cap camouflages the viral genome from the 

host antiviral effectors interferon (IFN)-induced protein with tetratricopeptide repeats 

(IFITs) that recognize RNA lacking 2’-O methylation to block translation (70, 71). 

Studies with 5’ cap-deficient flavivirus mutants have demonstrated that these mutants 

Fig. 1-7 Schematic of the ZIKV genome. The ZIKV genome is flanked by highly structured 5’ and 3’ 

UTRs. It has a methylated cap upstream of the 5’ UTR and lacks a polyA tail at the 3’ end. Image 

adapted from Coldbeck-Shackley et al., 2020 (63). 
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exhibit impaired replication kinetics and are attenuated in vitro and in vivo compared to 

wild-type (WT) 5’ capped viruses (70, 72, 73). 

 

 

 

 

 

 

Initiation of flavivirus genome replication and synthesis of the negative-sense 

RNA template are also dependent on key secondary structures in the 5’ and 3’ UTRs. 

The viral polymerase binds to 5’ SLA to induce formation of a circularized panhandle 

structure that allows the transfer of the viral polymerase from SLA to the conserved 3’ 

stem loop (3’ SL) in the 3’ UTR (Fig. 1-9) (57, 65, 74). Binding of the polymerase to SLA 

disrupts the conformation of the 5’ upstream AUG region (UAR)-flanking stem (UFS), 

facilitating the transfer of the viral polymerase from SLA to the 3’ SL (75). The 

conformational change of the UFS serves as a switch between polymerase recruitment 

and circularization of the viral genome for negative-sense RNA synthesis (75). 

Additionally, recruitment of the viral polymerase to SLA and subsequent genome 

circularization inhibit viral translation, prompting a switch from translation to replication 

of the viral genome (76). Complementary cyclisation sequences present in the UTRs 

promote their hybridization to circularize the viral genome and facilitate long range RNA 

interactions (57, 65, 77, 78). The UARs located upstream of the polyprotein start codon 

and in the 3’ SL also contribute to genome circularization (57, 78). Circularization of the 

Fig. 1-8 Structure of the flavivirus 5’ cap. 

The flavivirus 5’ cap consists of cap0 

(N7-methylguanosine) and cap1 (2’-O-

methyladenosine) structures. Image 

adopted from Ruggieri et al., 2021 (67). 
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viral genome allows the viral polymerase to utilize the AG dinucleotide at the 5’ end of 

the genome as a primer for negative-sense RNA synthesis as the 3’ terminus of the viral 

genome ends with a CU dinucleotide (57). The 3’ terminal CU dinucleotide is essential 

for flavivirus replication as mutations of the penultimate C and terminal U completely 

abrogate and significantly inhibit replication, respectively (79). During viral genome 

replication, levels of the positive-sense RNA are higher than those of the negative-

sense template (80). The discrepancy in the abundance of positive- and negative-sense 

RNA is due to the increased affinity of the viral polymerase for the 3’ end of the 

negative-sense RNA compared to the 3’ UTR of the positive-sense genome (81). As 

such, the increased affinity for the 3’ end of the negative-sense RNA results in the 

accumulation of higher levels of positive-sense RNA. 
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Fig. 1-9 Schematic of the secondary RNA structures in (A) the 5’ and (B) 3’ UTRs. Secondary 

structures and sequences involved in viral replication and genome circularization are 

annotated. (C) Schematic depicting the circularized flavivirus genome during genome 

replication. Image adapted from Mazeaud et al., 2018 (57). 
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In addition to their role in genome replication, the structural elements in the 3’ 

UTR are also involved in the synthesis of sfRNAs during flavivirus infection (66, 82). 

sfRNAs are non-coding RNAs that are generated when the 5’-3’ host exoribonuclease 

XRN1 stalls on the secondary RNA structures in the 3’ UTR during degradation of 

uncapped viral genomes (Fig. 1-10A) (65, 66, 82, 83). The ZIKV 3’ UTR contains two 

XRN1-resistant RNAs (xrRNAs) in stem loops 1 and 2 that result in the generation of 

two sfRNA species (Fig. 1-10B) (65, 83). Mutations disrupting these structures reduce 

the abundance of ZIKV sfRNAs, underscoring the importance of these secondary 

structures in sfRNA synthesis (83). ZIKV sfRNAs were detected during infection of 

human and NHP cell lines, mosquito cells, and mouse neurons, indicating that the 

generation of these non-coding RNA species occurs across many host species (83). 

ZIKV sfRNAs have been demonstrated to enhance viral replication in vitro and in vivo 

and have been implicated in mediating ZIKV disease; ZIKV sfRNA-deficient mutants are 

attenuated in vitro and in vivo and exhibit less efficient vertical transmission and 

infection of fetal brains in IFN α/β receptor (IFNAR) knockout (KO) mice (84).  

 

 

 

 

 

 

 

 

Fig. 1-10 ZIKV infection generates two sfRNA species. (A) Host 

exoribonuclease XRN1 degrades uncapped viral RNAs in a 5’-3’ manner 

and is stalled by secondary RNA structures in the 3’ UTR. (B) ZIKV 3’ 

UTR contains two xrRNAs that are resistant to XRN1 degradation. 

Stalling of XRN1 at these xrRNAs generates sfRNAs. Image adapted 

from Göertz et al., 2018 and Akiyama et al., 2016 (65, 83). 

A. 

XRN1 

B. 
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Located between the highly structured 5’ and 3’ UTRs is the ZIKV single open 

reading frame (64, 85). The ZIKV genome is translated as a polyprotein that is cleaved 

co- and post-translationally by host and viral proteases into three structural proteins 

(capsid (C), prM, and envelope (E)) and seven non-structural (NS) proteins (NS1, 

NS2A, NS2B, NS3, NS4A, NS4B, and NS5), leaving behind a transmembrane anchored 

capsid and a 2K linker (Fig. 1-11) (64, 85).  

 

 

 

 

 

 

 

 

1.3.3 ZIKV structural proteins 

 The ZIKV genome encodes three structural proteins: C, prM, and E. prM consists 

of the pr peptide and the membrane (M) protein and is only present as prM on the 

surface of immature non-infectious virions (51, 59, 86). The surface of the immature 

virion consists of 60 trimeric prM:E heterodimer spikes, and the immature virion is 

approximately 60 nanometers (nm) in diameter (87). Mature flavivirus virions are 

smaller than their immature counterparts, measuring approximately 50 nm in diameter 

(51, 59). The host-derived viral membrane on mature particles is surrounded by 180 

copies each of the M and E proteins with the M proteins under a layer of E proteins (50, 

Fig. 1-11 Schematic of the flavivirus genome with the polyprotein cleavage sites indicated. Polyprotein 

processing takes place co- and post-translationally. Polyprotein cleavage is carried out by the viral 

protease in the cytoplasm, host signal peptidase in the ER lumen, and host furin protease in the Golgi. 

Image adopted from Pierson and Diamond, 2020 (85). 
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51, 59, 88). The E proteins are arranged in antiparallel dimers, forming a herringbone 

pattern on the virion surface, and lie flat against the viral membrane, creating a smooth 

exterior (85, 88, 89). Within the viral particle, 60 C homodimers coat the viral genome, 

forming the nucleocapsid core (51, 58, 59, 90). 

Capsid 

The C protein is composed of a charged N-terminal loop and five α-helices that 

make up the transmembrane domain (90). The fifth α-helix directly precedes prM and 

serves as a signal peptide to translocate prM through the ER membrane into the ER 

lumen (90). During polyprotein processing, the C protein is cleaved between the amino-

terminal (N-terminal) loop and the transmembrane α-helices by the viral protease and 

between the fifth α-helix and prM by host signal peptidase (85). Cleavage of the C 

protein at these two sites leaves the α-helices behind in the ER membrane, generating 

the membrane-bound anchored capsid. Though largely thought to serve as the 

translocation sequence for prM, anchored capsid has additionally been demonstrated to 

stabilize ZIKV structural proteins to prevent their degradation (91). Structural studies of 

immature ZIKV particles showed that the C protein forms homodimers that serve as 

bridges between the negatively charged viral RNA and lipid membrane to facilitate viral 

assembly (90). These C homodimers are located beneath the transmembrane domains 

of the prM and E proteins and potentially interact with trimeric prM:E heterodimers to 

attract the nucleocapsid core to sites of budding virions (90). 

In addition to its role in genome coating and virion assembly, in vitro studies have 

demonstrated that the C protein disrupts several host processes that contribute to 

neuropathogenesis. These pathogenic consequences are potentially attributed to the 
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nuclear localization of the C protein, allowing the viral structural protein to interact with 

host nuclear proteins (92). Indeed, a study in neurons showed that the nuclear 

localization of ZIKV C protein induces ribosomal stress and apoptosis of post-mitotic 

neurons, which may contribute to microcephaly following initial successful neurogenesis 

(93). Other in vitro and in vivo studies have provided further evidence of the role of ZIKV 

C protein in neuropathogenesis. In human induced pluripotent stem cell-derived NPCs, 

ZIKV C protein was shown to target a component of the nonsense-mediated mRNA 

decay (NMD) pathway for degradation to enhance ZIKV infectivity (94). Disruption of the 

NMD pathway has been associated with microcephaly and neurodevelopmental 

disorders, suggesting that C protein-mediated disruption of this pathway underlies ZIKV-

induced microcephaly (94, 95). ZIKC C protein has also been shown to interact with 

host Dicer protein, which enhances ZIKV neuropathogenicity (96). As Dicer synthesizes 

critical miRNAs involved in neurogenesis and mediates the RNA interference (RNAi) 

antiviral pathway, C protein-mediated inhibition of Dicer impairs the RNAi pathway to 

promote efficient ZIKV replication, but ultimately impairs the production of miRNAs 

essential for neurogenesis and disrupts brain development (96–98). Together, these 

studies shed light on the contribution of ZIKV C protein to ZIKV neuropathogenesis. 

prM 

 prM is localized in the ER lumen with the two transmembrane domains of the M 

protein embedded in the ER membrane (59, 85). prM is cleaved by host signal 

peptidase between anchored capsid and the pr peptide and between the M and E 

proteins (85). The three copies of prM in the trimeric prM:E heterodimers cap the fusion 

loop of the E protein to prevent premature fusion of the viral and endosomal 
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membranes during maturation (50, 51, 87). The pr peptide is cleaved from the M protein 

during virus maturation in the Golgi under low pH conditions but does not dissociate 

until the virion is secreted into the extracellular space where the pH is neutral (50, 51). 

In addition to preventing premature viral fusion, prM plays a critical role in virion 

assembly, the rearrangement of structural proteins during virion maturation, and virus 

secretion. Studies have demonstrated that mutations of a conserved region in prM 

reduce virion secretion as a result of improper prM:E dimerization or of defective viral 

budding and transport of the virion to the Golgi (99). Moreover, the stem region of prM 

exhibits a higher affinity for both the lipid membrane and the E protein at low pH, 

suggesting that the prM stem region can pull the E protein closer to the viral membrane 

during the maturation process (100). This could mediate the rearrangement of E protein 

“spikes” into antiparallel E homodimers that lay flat on the viral membrane of the mature 

virion. Ubiquitination and subsequent proteasomal degradation of prM have also been 

shown to enhance virion secretion, highlighting the critical role that prM plays in virus 

secretion (101). 

prM has additionally been implicated in ZIKV neurovirulence. In vivo studies have 

identified a mutation in prM at position 17 present in epidemic Asian lineage-derived 

strains that contributes to severe microcephaly, providing evidence for the role of ZIKV 

structural proteins in viral pathogenesis (102). Other studies have also demonstrated 

that prM encoded by African lineage viruses enhances neuroinvasion compared to prM 

encoded by epidemic Asian lineage-derived strains, suggesting that amino acid (aa) 

differences in ZIKV prM contribute to ZIKV neurovirulence (103). 
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Envelope protein 

The E protein is the major surface protein on flavivirus particles and the dominant 

antigen recognized by the host immune system (104). The E protein is localized in the 

ER lumen and contains two transmembrane domains (59, 85). The topology of the E 

protein is determined by the preceding signal sequence in prM (59). The E protein 

ectodomain (localized in the ER lumen prior to virion assembly) consists of three distinct 

domains. Domain I is connected to domains II and III and is involved in E protein 

conformational changes during membrane fusion; domain II contains the fusion loop 

involved in pH-dependent fusion of the viral and endosomal membranes; domain III 

adopts an immunoglobulin-like structure that is thought to mediate cell attachment (59, 

86, 105). Structural studies of the E protein in immature and mature virions have 

revealed the dynamic nature of this viral protein. During flavivirus maturation, the E 

protein must rearrange from a trimeric form with the fusion loop directed outwards from 

the viral membrane to a dimeric form lying parallel to the viral membrane (59, 87–89). 

Upon exposure to the acidic environment of host endosomes, the E dimers must 

dissociate into monomers to reassociate into the fusogenic trimeric form with the fusion 

loop directed towards the host endosomal membrane (59, 87, 89). These studies 

highlight the dynamic nature of the E protein that accommodates the major 

conformational changes that it must undergo throughout the flavivirus life cycle. 

Structural studies of mature ZIKV particles have also identified a glycosylation 

site at position 154 (88). E protein glycosylation is thought to mediate cell attachment or 

contribute to disease severity as previously demonstrated for other flaviviruses (106–

108). Indeed, glycosylation of the E protein has been shown to enhance cell 
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attachment, viral pathogenesis, and infectivity (109–111). E protein glycosylation 

increases viral pathogenicity and facilitates infection in the periphery of IFNAR KO mice, 

and enhances viral infectivity in Aedes aegypti mosquitoes (109, 110, 112). The 

increase in ZIKV infectivity and pathogenicity may be due to enhanced viral fusion or 

viral assembly and secretion as E protein glycosylation has been shown to play an 

important role in the fusion of the viral and endosomal membranes and in the production 

of virus-like particles (113). However, studies have also demonstrated that non-

glycosylated ZIKV strains exhibit enhanced cell attachment, infectivity, and viral 

pathogenesis compared to glycosylated variants (109–111, 114). Studies in mosquito 

cells have shown that mutation of the E protein glycosylation site increases viral 

infectivity and entry into mosquito cells (110, 111). Intracranial infection of newborn 

Balb/c mice with non-glycosylated ZIKV strains resulted in increased neurovirulence 

with a higher viral load in the brain (114). These studies suggest that the contribution of 

E protein glycosylation to viral infectivity and pathogenesis may be dependent on the 

infection model. 

1.3.4 ZIKV non-structural proteins 

 The ZIKV genome encodes seven non-structural proteins: NS1, NS2A, NS2B, 

NS3, NS4A, NS4B, and NS5 where NS4A and NS4B are connected by a 2K peptide 

linker (50, 85). As flaviviruses replicate in the cytoplasm of host cells, they must encode 

all the necessary replication machinery in their genome to carry out their life cycle. The 

non-structural proteins play critical roles in viral replication directly or indirectly through 

the remodeling of ER membranes and formation of replication compartments where 

genome replication takes place (50, 57, 58, 115, 116). Formation of replication 
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compartments increases the concentration and accessibility of host and viral proteins 

involved in replication and shields the viral genome from cellular immune sensors to 

promote efficient genome replication (116, 117). 

NS1 

 The signal peptide present in the carboxy-terminus (C-terminus) of the E protein 

ensures translocation of NS1 into the ER lumen (58, 85). Deletion of NS1 significantly 

impairs flavivirus replication, indicating that NS1 plays a critical role in genome 

replication (118–120). NS1 is thought to exist in three distinct pools during infection; a 

population of NS1 homodimers are involved in genome replication, another population 

of NS1 homodimers are associated with the plasma membrane, and a third population 

of NS1 hexamers composed of a trimer of dimers is secreted into the extracellular 

space (121). Dimerization of NS1 forms two unique surfaces where one surface is 

hydrophobic and contains a hydrophobic loop that extends outwards and the other is 

hydrophilic (122–124). The hydrophobic surface and loop of the NS1 homodimer 

mediate interaction with lipid bilayers, lipid rafts, and liposomes, implicating NS1 in ER 

membrane remodeling (124, 125). Indeed, expression of NS1 alone in cells was 

sufficient to induce the formation of ultrastructures resembling replication compartments 

observed during flavivirus infection (118, 126). NS1-mediated rearrangement of ER 

membranes is dependent on its localization to the ER lumen and its interaction with the 

membrane via the hydrophobic surface of NS1 homodimers (118). These studies 

identify NS1 as a key determinant in flavivirus genome replication through the 

remodeling of ER membranes to form replication compartments. As NS1 is localized in 

the ER lumen and genome replication takes place within cytoplasmic replication 
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compartments, it was unclear how NS1 is involved in genome replication. Studies have 

revealed that NS1 co-localizes and interacts with dsRNA and other non-structural 

proteins, suggesting that the interactions with other non-structural proteins allow NS1 to 

regulate viral replication in the cytoplasm from the ER lumen (120, 126–128). Lastly, 

NS1 was also shown to directly interact and co-localize with structural proteins to 

mediate virion production, indicating that NS1 is involved in this process as well (129). 

 A small fraction of NS1 localizes with lipid rafts on the surface of infected cells 

(125). NS1 lacks a transmembrane domain to mediate interaction with or insertion into 

lipid bilayers, but the coding sequence of NS1 is immediately upstream of a glycosyl-

phosphatidylinositol (GPI) anchor addition signal present in the hydrophobic domain of 

the N-terminus of NS2A (130). GPI linkage targets proteins to the cell surface, and 

addition of GPI to NS1 has been demonstrated to enhance NS1 association with lipid 

rafts and NS1 expression on the cell surface (125, 130). GPI linkage to NS1 results in 

signal transduction upon binding of anti-NS1 antibodies, potentially enhancing viral 

replication and pathogenesis (130). 

 The hydrophilic surface of NS1 homodimers contains two glycosylation sites 

(122, 123). NS1 glycosylation enhances NS1 secretion into the extracellular space as 

treatment with glycosylation inhibitors reduces NS1 secretion (131). NS1 is secreted as 

a hexamer composed of a trimer of NS1 homodimers held together by weak 

hydrophobic interactions (131, 132). The hydrophobic surface of NS1 dimers faces 

inwards, creating a hydrophobic channel in the center of the hexamer, and the polar 

surface of NS1 dimers faces outwards (122, 124). The hydrophilic face of NS1 

homodimers exhibits a greater degree of sequence divergence compared to the 
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hydrophobic face (123). The diversity of the sequences in the hydrophilic face of NS1 

hexamers can elicit distinct immune responses and impart unique interactions with host 

proteins. The central channel of NS1 hexamers binds to lipids, which promotes NS1 

secretion as inhibition of lipid biosynthesis reduces NS1 secretion but not the total 

intracellular levels of NS1 (132). During flavivirus infection, NS1 is secreted into the 

bloodstream at high levels and has been demonstrated to enhance mosquito infectivity 

though NS1 secretion has been shown to be dispensable for genome replication and 

virion production (129, 133–135). NS1 secretion has additionally been implicated in 

flavivirus disease by disrupting cell-surface glycosaminoglycans (135–138). Disruption 

of cell-surface glycosaminoglycans has been shown to increase the permeability of 

endothelial cells in vitro and of placental villous explants ex vivo and induce vascular 

leakage in the brain in vivo (136, 138). Mechanistically, ZIKV NS1 binds to cell surfaces 

to trigger endocytosis in a glycosylation-dependent manner, leading to endothelial 

dysfunction (137). The ability of ZIKV NS1 to increase endothelial permeability and 

cause vascular leakage in the brain and placenta may contribute to ZIKV vertical 

transmission and pathogenesis. 

NS2A 

 ZIKV NS2A is a hydrophobic membrane-associated protein anchored in the ER 

by one transmembrane domain (139). The N-terminus of NS2A localized in the ER 

lumen is cleaved by host signal peptidase while the cytoplasmic C-terminus is cleaved 

by the viral protease (85, 140). Immunofluorescence and cryo-electron microscopy 

analyses of cells infected with Kunjin virus revealed that NS2A co-localizes with dsRNA 

and other non-structural proteins at sites of genome replication, suggesting that NS2A is 
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part of the flavivirus replication complex and is involved in flavivirus replication (141). 

Indeed, studies of NS2A have demonstrated that it plays a critical role in viral genome 

replication and virion production (139, 140, 142–148). Studies of Dengue virus (DENV) 

and ZIKV NS2A have revealed that there are two distinct pools of NS2A during infection 

where one set of NS2A is involved in genome replication and the other in virion 

assembly (139, 142). Direct interactions between NS2A and the viral polymerase 

provide further evidence for the role of NS2A in genome replication (141). 

NS2A has also been demonstrated to facilitate virion assembly and production 

(145, 148, 149). A mutation at position 59 of NS2A abolished virion production and 

disrupted ER membrane rearrangements, suggesting that the inability of NS2A to 

rearrange ER membranes impairs virion assembly (145). However, as mutations at 

other sites of NS2A also abrogate virion production without affecting ER membrane 

rearrangement, disruption of ER membrane remodeling is unlikely the only mechanism 

underlying NS2A-mediated virion assembly (139, 142–144, 147–149). Several studies 

have shown that NS2A interacts with NS3, the 3’ SL, and the structural proteins and 

implicated these interactions as critical for virion production (141, 147–149). NS2A 

recruits both the C-prM-E polyprotein and NS3 to sites of virion assembly for polyprotein 

processing to produce the structural proteins necessary for virion formation (148, 149). 

NS2A additionally binds to the 3’ SL to recruit nascent vRNA from replication 

compartments to sites of virion assembly for nucleocapsid formation, which can then be 

packaged into immature virions (148, 149). These findings provide mechanistic insight 

into the role of NS2A in virion assembly and production. 
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In addition to its role in viral genome replication and virion assembly, NS2A has 

been identified as a viroporin (150, 151). Overexpression of NS2A in bacteria and 

mammalian cells revealed that NS2A alters membrane integrity (150, 151). Studies of a 

West Nile virus (WNV) NS2A mutant demonstrated that cells infected with the mutant 

exhibited less apoptosis compared to cells infected with WT virus though WT NS2A 

alone does not induce apoptosis (152). Together, these results suggest that NS2A may 

cooperate with other viral proteins to function as a viroporin to induce apoptosis. 

NS2B 

 NS2B is an integral protein localized in the ER with cytoplasmic N- and C-termini 

(153, 154). Cleavage of NS2B from the viral polyprotein is mediated by the viral 

protease in cis in an autolytic fashion (155). NS2B serves as a cofactor for the viral 

protease NS3, forming the NS2B/3 complex, and is necessary for NS3 proteolytic 

activity (156–160). Structural studies of the NS2B/3 complex revealed that NS2B wraps 

around the viral protease domain and completes the viral protease substrate-binding 

site (161, 162). Mutations and large deletions within NS2B have been demonstrated to 

abolish the proteolytic activity of the viral protease (157, 158). A 40 aa stretch within the 

hydrophilic region of NS2B is critical for viral protease activity where expression of this 

region alone was sufficient to activate NS3 protease activity (157, 163, 164). The aa 

residues in this region are involved in NS2B/3 complex formation since mutations in this 

region impact the formation of the NS2B/3 complex, which impairs NS3 proteolytic 

activity (163). This hydrophilic region in NS2B is flanked by hydrophobic regions that 

function to anchor the NS2B/3 complex in membranes (153). Insertion of the NS2B/3 

complex into the membrane occurs co-translationally and enhances the proteolytic 
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activity of the viral protease (153). As such, the hydrophilic region of NS2B interacts 

with NS3 to form the NS2B/3 complex while the hydrophobic regions retain this complex 

in the ER membrane, allowing NS2B to serve as the cofactor for the viral protease. 

NS2B co-localizes with dsRNA and other non-structural proteins, including the 

viral protease, within membranous structures housing sites of viral genome replication, 

suggesting that NS2B may additionally be involved in replication (128). Indeed, 

mutations within either the hydrophilic or hydrophobic regions of NS2B significantly 

impair viral replication and virion assembly without affecting viral protease activity (163, 

165). The hydrophobic regions of NS2B are critical for proper localization of NS3 to the 

ER as NS3 mislocalizes to the mitochondria in the absence of these hydrophobic 

regions in NS2B (159). These results indicate that NS2B facilitates genome replication 

by properly recruiting NS3 to sites of viral replication. 

 Like NS2A, NS2B is a hydrophobic protein containing a hydrophilic region that 

also functions as a viroporin. Expression of NS2B in bacteria has demonstrated that 

NS2B localizes to bacterial membranes and permeabilizes bacterial membranes and 

erythrocyte ghost membranes, suggesting that NS2B may mediate virus-induced 

cytopathic effects (CPE) (151, 166). Previous work has shown that NS2A alone is 

incapable of inducing apoptosis, suggesting that other viral proteins may contribute to 

virus-induced CPE (152). Since NS2B was identified as another viroporin, NS2A and 

NS2B may potentially work together to mediate virus-induced cell death. 

NS3 

 NS3 is a cytoplasmic protein that undergoes self-cleavage at the NS2B-NS3 and 

NS3-NS4A junctions (155, 156, 158). It is recruited to the ER by NS2B where it co-
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localizes with other non-structural proteins and dsRNA for genome replication (128, 

159). The N-terminus of NS3 adopts a chymotrypsin-like fold and encodes protease 

activity, functioning as the viral serine protease for polyprotein processing (156, 162, 

167–169). NS3 cleaves at a site downstream of two consecutive basic residues like 

other serine proteases, and its proteolytic activity is dependent on the NS2B cofactor 

and a catalytic triad (156–160, 168, 169). Studies using protease-dead mutants 

underscore the importance of NS3 protease activity in viral replication as cells infected 

with these mutants are unable to generate infectious viruses likely due to the absence 

of cleaved viral factors required for genome replication and virion assembly (169). 

 In addition to its protease activity, NS3 also exhibits RNA triphosphatase 

(RTPase), helicase, adenosine triphosphatase (ATPase), and nucleotide triphosphatase 

(NTPase) activities (167, 170–175). NS3 RTPase activity removes the terminal 

phosphate from tri-phosphorylated ends of RNA, implicating this viral protein in removal 

of the terminal phosphate from the 5’ end of the viral genome for capping (172). NS3 

helicase activity unwinds the secondary structures in the UTRs and the double-stranded 

replication intermediate to release newly synthesized viral genome from the negative-

sense template (58). Structural studies of the helicase domain revealed three distinct 

regions responsible for NTPase activity, RTPase activity, and RNA binding (171). The 

catalytic residues for NTPase and helicase activities are located within the N-terminus 

of NS3 near the protease catalytic triad (167). NS3 helicase activity has been shown to 

require adenosine triphosphate (ATP) hydrolysis and the presence of divalent cations 

(172, 173, 176). NS3-mediated ATP hydrolysis is carried out by its ATPase and NTPase 

functions, which are enhanced in the presence of single-stranded RNA (173, 174). NS3 
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ATPase and NTPase activities are dependent on a cluster of basic aa residues in the 

helicase domain (167, 177). Studies of DENV and ZIKV NS3 have also revealed that 

NS3-mediated NTPase, RTPase, and helicase activities are enhanced in the presence 

of the viral polymerase, NS5 (170, 175, 177). Studies in cells infected with Japanese 

encephalitis virus provided evidence of a direct interaction between NS3 and NS5 (178). 

Together, these studies establish NS3 as a multi-functional protein involved in different 

stages of the viral life cycle and provide evidence for synergistic interactions between 

viral non-structural proteins. 

NS4A 

 NS4A is an integral membrane protein localized in the ER with cytoplasmic N- 

and C-terminal tails generated by NS3-mediated cleavage (179, 180). The C-terminal 

2K peptide in NS4A serves as a signal sequence for correct insertion of downstream 

NS4B into the ER lumen and for cleavage by host signal peptidase (180). NS3-

facilitated cleavage of NS4A at the NS4A-2K junction must occur prior to host signal 

peptidase-mediated cleavage at the 2K-NS4B junction to generate the mature NS4A 

protein (180). In DENV-infected cells, the predominant NS4A species lacks the 2K 

peptide (179). During infection, NS4A co-localizes with dsRNA and other structural and 

non-structural proteins within virus-induced membrane structures, indicating that NS4A 

may be involved in viral replication (141, 179). Studies of WNV and DENV NS4A have 

demonstrated that NS4A is responsible for inducing membrane rearrangements to 

house replication complexes though the contribution of the 2K peptide in this process is 

debatable (179, 181, 182). Roosendaal et al. showed that the 2K peptide is required for 

NS4A to localize to the ER to mediate ER membrane rearrangements, whereas two 
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other studies demonstrated that the 2K peptide inhibits NS4A-mediated membrane 

remodeling (179, 181, 182). These studies, however, clearly establish that NS4A 

contributes indirectly to viral replication by inducing ER membrane rearrangements. 

Furthermore, NS4A directly interacts with vimentin, a component of the host 

cytoskeleton, through its N-terminal cytoplasmic tail to establish viral replication 

compartments (183). These findings demonstrate that NS4A sets up viral replication 

compartments to facilitate genome replication. 

 Oligomerization of NS4A has also been shown to be critical for viral replication 

(184, 185). NS4A oligomerization is mediated by one of its transmembrane domains, 

and mutations within this region abolish NS4A oligomerization, destabilizing NS4A and 

attenuating viral replication (184, 185). Hence, NS4A oligomerization likely stabilizes 

NS4A to promote NS4A-driven ER membrane rearrangements that are critical for 

replication. Additionally, a patch of negatively charged residues located in the N-

terminal cytoplasmic tail of NS4A allows NS4A to serve as a cofactor for the NS3 

helicase by reducing ATP consumption during RNA unwinding (186). By decreasing the 

ATP requirements for the viral helicase, NS4A can help sustain RNA unwinding during 

conditions of low ATP. These findings demonstrate that interactions between NS4A and 

itself or other viral proteins play a critical role in viral replication. 

 Several studies have additionally implicated NS4A in viral pathogenesis. Studies 

in epithelial cells demonstrated that NS4A activates autophagy to promote cell survival 

to enhance viral replication (187). Similarly, studies of ZIKV infection in neural stem 

cells revealed that NS4A induces autophagy, which subsequently impairs neurogenesis 

(188). These findings suggest that flaviviruses activate autophagy to prevent apoptosis 
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of infected cells to sustain viral replication, but consequently, impairs neurogenesis in 

infected neural stem cells, which may contribute to microcephaly during in utero ZIKV 

infection. Studies of ZIKV infection in a Drosophila model identified a key interaction 

between NS4A and the host protein ANKLE2, which can harbor mutations that cause 

microcephaly in humans (189). This study revealed that the interaction between NS4A 

and ANKLE2 induces microcephaly, driving ZIKV disease (189). Together, these 

studies demonstrate that NS4A modulates cellular processes to create a host 

environment conducive to viral replication and mediates interactions with host proteins 

that contribute to ZIKV pathology. 

NS4B 

 NS4B is an ER integral membrane protein with its N-terminal tail localized in the 

ER lumen and its C-terminal tail in the cytoplasm (190). Integration of NS4B into the ER 

membrane is independent of the 2K peptide and is instead mediated by its 

transmembrane domains near the C-terminal region (190). Mature NS4B is generated 

upon cleavage at the 2K-NS4B and NS4B-NS5 junctions by host signal peptidase and 

NS3, respectively (156, 180). NS4B co-localizes with dsRNA and other viral proteins, 

including NS3, at sites of genome replication, implicating NS4B in viral replication (182, 

190–192). Indeed, studies of flavivirus NS4B have demonstrated that NS4B rearranges  

ER membranes and interacts with NS3 and NS4A to facilitate genome replication (182, 

191–194). The cytosolic loop of NS4B directly interacts with the NS3 helicase domain to 

dissociate the viral helicase from single-stranded RNA, shifting NS3 from single-

stranded RNA substrates to dsRNA substrates to promote dsRNA unwinding (191, 192, 

194). Heterodimerization of NS4B with NS4A is important for viral replication though the 
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underlying mechanism remains undefined (193). These studies demonstrate that NS4B 

plays a crucial role in viral genome replication. 

 NS4B also modulates cellular processes to promote viral replication. ZIKV NS4B 

has been shown to induce autophagy to enhance viral replication; consequently, 

neurogenesis in fetal neural stem cells and neurosphere formation are disrupted, 

contributing to ZIKV pathogenesis (188). Studies of DENV and ZIKV have also identified 

mutations in NS4B that enhance viral replication and significantly increase viral 

pathogenesis in mice (195–197). The mutations identified in each of these studies were 

unique though, interestingly, two of these mutations enhanced viral replication 

specifically in mammalian cells but not in mosquito cells (195, 197). Although the 

underlying mechanisms remain unclear, these results suggest that NS4B may be 

important in maintaining and regulating efficient replication in both the mammalian host 

and the mosquito vector. 

NS5 

 NS5 is the largest protein encoded by flaviviruses and is localized in the 

cytoplasm and nucleus in the case of ZIKV (58, 198, 199). Cleavage at the NS4B-NS5 

junction is mediated by the NS2B/3 protease complex in the cytoplasm (156). Crystal 

structures of full-length NS5 revealed that this viral protein consists of an N-terminal 

methyltransferase (MTase) and a C-terminal RNA-dependent RNA polymerase (RdRp) 

domain connected by a linker (200). Functional studies of NS5 proteins revealed that 

NS5 exhibits RNA capping activity in the presence of NS3 and RdRp activity in the 

absence of cellular and viral factors (201–203). As genome replication takes place at 

the ER membrane, cytoplasmic NS5 must localize to the ER (50, 57). Through its 
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interaction with NS3, cytoplasmic NS5 localizes to the ER for viral genome replication 

(58). Interactions between NS5 and other non-structural proteins have also been 

identified, indicating that flavivirus non-structural proteins work closely with NS5 during 

genome replication (141). Indeed, previous studies have demonstrated that NS5 directly 

interacts with NS3 to enhance NS3 NTPase, RTPase, and helicase activities (170, 175, 

177, 178). NS5 has also been shown to interact with NS2A and NS4A though the 

consequences of these interactions remain unclear (141). However, as NS2A and 

NS4A are implicated in membrane rearrangements, their interactions with NS5 may 

regulate ER membrane remodeling (145, 179, 181, 182). NS2A also plays a critical role 

in shuttling the nascent RNA to sites of virion assembly; as such, the interaction 

between NS2A and NS5 may couple genome replication to virion assembly (148, 149). 

Additionally, NS5 binds to the secondary structures in the UTRs to regulate the 

transition between genome translation and replication and to circularize the viral 

genome for negative-sense RNA synthesis (57, 76–78). Together, these findings 

highlight that NS5 plays multiple crucial roles during viral replication in enzymatic-

dependent and -independent manners. 

 Structural studies of full-length ZIKV NS5 or the MTase domain alone indicated 

that ZIKV MTase structurally resembles that of other flaviviruses and other known 

MTases (204–207). The MTase domain adds a cap1 structure to the 5’ end of the viral 

genome through its guanosine triphosphatase (GTPase), guanylyltransferase, and N7- 

and 2’O-methylation activities (69, 203, 204, 208). The MTase domain contains a 

guanosine triphosphate (GTP) binding site that hydrolyzes GTP and binds to 

guanosine-capped RNAs (204, 206, 209). The GTPase activity of the MTase domain is 



 

32 
 

stimulated by NS3 RTPase activity and exhibits specificity for RNA substrates starting 

with an adenosine nucleoside as is the case for the viral genome (203). GTP hydrolysis 

releases a pyrophosphate moiety and produces a covalently linked guanosine 

monophosphate- (GMP) NS5 intermediate where the GMP is subsequently transferred 

onto the diphosphorylated adenosine residue that is generated by NS3 RTPase activity 

(203). NS5 GTPase activity is also enhanced by oxidative stress induced late in 

infection, suggesting that there is an underlying mechanism regulating genome capping 

and replication (210). Following addition of the GMP residue to the 5’ end of the viral 

genome, NS5 carries out two sequential methylation steps. The MTase domain 

transfers a methyl moiety to the nitrogen at position 7 of the guanosine residue followed 

by methylation of the ribose 2’-oxygen of the adenosine residue at position +1 (69, 208). 

NS5 MTase activity is dependent on a KDKE catalytic motif; the aspartate (D) residue is 

necessary for its N7 MTase activity while the entire KDKE motif is required for its 2’O-

MTase activity (69, 204, 208). NS5 exhibits 2’O-MTase activity for RNA substrates with 

a cap0 structure only and has a much higher binding affinity for capped RNA sequences 

that begin with an AG sequence, such as the flavivirus genome (204, 209). N7 

methylation of the 5’ end of the viral genome is essential for virus viability, whereas 

viruses deficient in 2’O-MTase activity are attenuated (70, 72, 73, 208). 

 Crystal structures of the ZIKV RdRp domain revealed that the RdRp domain 

adopts a right-hand structure similar to that observed for other flaviviruses (207, 211). 

The only significant difference in the RdRp structure between ZIKV and other 

flaviviruses lies within the priming loop, which regulates RNA binding and 

polymerization (211). Flavivirus RdRp synthesizes RNA in a primer-independent 
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manner (50, 57). The RdRp catalytic site comprises of a GDD motif, and mutations 

within this active site abolish RdRp activity (201). NS5 polymerase activity can be 

regulated by post-translational modifications; specifically, phosphorylation of ZIKV NS5 

near the catalytic GDD motif by the host kinase Akt reduces polymerase initiation 

activity, suggesting that phosphorylation of ZIKV NS5 can have an antiviral effect (212). 

NS5 RdRp activity can additionally be modulated by interactions with the MTase 

domain. The two enzymatic domains of NS5 are connected by a linker, allowing the two 

distinct domains to interact with each other (200, 213). The interdomain linker and the 

interdomain interactions are critical for viral replication as viruses containing mutations 

within the linker and chimeric viruses with heterologous MTase and RdRp domains 

exhibit significantly impaired replication (200, 214). The MTase domain stimulates RdRp 

initiation and elongation activities by enhancing the affinity of RdRp for RNA substrates 

and the initiating ATP nucleotide, and by increasing the catalytic activity of RdRp (207, 

215, 216). Moreover, NS5 dimerization can also regulate RdRp and MTase activities. 

Crystal structures of full-length NS5 revealed that NS5 exists stably as a dimer with 

residues in the MTase domain mediating NS5 dimerization (214, 217). NS5 dimerization 

impairs RdRp elongation activity, suggesting a potential mechanism in regulating the 

elongation activity of the polymerase (217). As one of the residues involved in 

facilitating NS5 dimerization is also involved in GTP binding for RNA capping, high 

levels of GTP impair NS5 dimerization, thereby possibly regulating NS5 RNA capping 

and polymerase activities (217). These studies reveal the importance of intramolecular 

and intermolecular interactions of NS5 in regulating the enzymatic activities of the 
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MTase and RdRp domains and suggest a functional role of these interactions in 

modulating NS5 enzymatic activities throughout different stages of the viral life cycle. 

 A proportion of NS5 of some flaviviruses, including ZIKV, localize to the nucleus 

(198, 199, 218). Sequence analysis revealed that DENV and ZIKV NS5 contain two 

nuclear localization sequence (NLS) motifs that drive NS5 nuclear localization (198, 

218). These two NLS motifs are distinct where one NLS binds only to importin-β while 

the other binds to the importin-α/β complex (218). Intriguingly, in the case of DENV 

NS5, only one NLS motif is functional at a time where binding of importin to one site 

prevents binding of importin to the other site (218). Furthermore, the binding site for 

NS3 on NS5 overlaps with the importin-β binding site, leading to competition between 

these two proteins for NS5 binding (218, 219). Competition for NS5 binding may 

regulate NS5 localization in infected cells where interactions with NS3 retain NS5 in the 

cytoplasm to carry out capping and polymerase functions, and interactions with host 

importins sequester NS5 to the nucleus. Functionally, NS5 nuclear localization is critical 

for viral replication as it prevents NS5 degradation in the cytoplasm by host proteases 

and allows the virus to modulate host transcriptional responses (198, 220, 221). Studies 

of Kunjin virus and ZIKV have demonstrated that NS5 nuclear localization promotes 

NS5-mediated regulation of antiviral gene expression, dampening the ability of infected 

cells to mount an antiviral response (199, 220). Studies of DENV NS5 have shown that 

NS5 sequesters host spliceosome components and increases intron retention in 

transcripts, such that transcripts of antiviral genes are not properly spliced and 

expressed, creating a less restrictive cellular environment for viral replication (221). The 

ability of NS5 to modulate host gene expression is independent of its enzymatic 
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activities, demonstrating that NS5 additionally regulates the host transcriptional 

response during infection (221). 

 NS5 has also been implicated in contributing to ZIKV disease in models of 

persistence and neurodevelopment. In ZIKV-infected human brain microendothelial 

cells, NS5 is SUMOylated, which also targets it to the nucleus where it modulates the 

expression of cell cycle and antiviral genes to promote cell survival and to dampen 

cellular antiviral responses, respectively (199). Modulation of cell cycle and antiviral 

gene expression promotes ZIKV persistence in brain microendothelial cells, potentially 

contributing to ZIKV-mediated neurological disease (199). Further studies have 

demonstrated that NS5 oligomers interact with NPC cilial bases to induce premature 

neurogenesis, which impairs brain development as NPCs are not regenerated (222). 

Thus, ZIKV NS5-mediated premature neurogenesis contributes to ZIKV-induced 

microcephaly and neurodevelopmental defects. Moreover, expression of ZIKV NS5 in 

NPCs induces apoptosis, suggesting that NS5-driven apoptosis of NPCs may also 

impair neurodevelopment during in utero infection (223). Together, these studies 

provide evidence that NS5 modulates cellular processes to create an environment 

favourable for viral replication and may directly contribute to ZIKV disease. 

1.4 Comparison of ZIKV lineages 

 Prior to the 2013 and 2015 ZIKV outbreaks, ZIKV infection predominantly 

presented as asymptomatic or mild flu-like illness (31, 32). However, during the recent 

ZIKV epidemics, adult infection with ZIKV was linked to an increased incidence of GBS 

while in utero infection was associated with congenital abnormalities (22, 33, 34, 38, 

42). The emergence of severe clinical manifestations that were previously unreported 
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as a result of ZIKV infection spurred research to delineate how ZIKV has evolved to 

cause more severe disease. As the recent ZIKV epidemics were fueled by infection with 

Asian lineage-derived viruses, comparative analyses between African and Asian lineage 

strains and between pre-epidemic and epidemic Asian lineage viruses have been 

carried out to investigate how and why Asian lineage-derived epidemic strains are more 

pathogenic (10, 11, 13). 

1.4.1 Viral transmission 

 As ZIKV is primarily transmitted to humans through mosquito bites, lineage-

specific differences in the interactions between the mosquito vector and ZIKV may 

impact the spread of Asian lineage-derived epidemic strains. Comparative studies 

evaluating the infection, dissemination, and transmission rates of African and Asian 

lineage viruses in mosquitoes have revealed lineage-dependent differences in these 

properties. Compared to Asian lineage viruses, African lineage ZIKV strains exhibit 

higher rates of infectivity, dissemination, and transmission in Aedes aegypti and Aedes 

albopictus mosquitoes (224–229). One study, however, demonstrated that African 

lineage ZIKV strains were less efficient at establishing infection in Aedes aegypti 

mosquitoes than Asian lineage-derived epidemic strains (230). Differences in the 

experimental methods used may contribute to this discrepancy, but these findings 

identify differences in the infectivity, dissemination, and transmissivity of distinct ZIKV 

lineages in the mosquito vector. As African lineage strains generally exhibit greater 

infectivity, dissemination, and transmissivity in the mosquito vector than Asian lineage 

variants, these studies suggest that the extent of the outbreaks caused by Asian 
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lineage-derived epidemic strains is not primarily driven by differences in mosquito-ZIKV 

interactions. 

1.4.2 Viral properties 

 The mechanisms by which Asian lineage-derived epidemic ZIKV strains 

contribute to severe disease remain unclear. To better understand these underlying 

mechanisms, studies have comparatively assessed ZIKV isolates from each lineage to 

characterize their replication properties in mosquito and mammalian cells. They have 

demonstrated that African lineage viruses replicate faster and to higher titers than Asian 

lineage viruses in these cell types (227, 230–238). These findings were recapitulated in 

an in vivo pig model where in utero infection with an African lineage virus resulted in 

higher viral titers in the placenta and fetal brains, demonstrating that African lineage 

viruses replicate to higher levels than Asian lineage strains (239). Moreover, 

competition assays in mammalian and mosquito cell lines have shown that African 

lineage strains outcompete epidemic ZIKV variants, indicating that African lineage 

strains exhibit higher viral fitness in these cell lines (228). These findings also support 

the observations that African lineage viruses infect and disseminate from mosquitoes 

better than Asian lineage strains (225–229). However, studies in NPCs and 

astrocytomas have demonstrated that epidemic strains exhibit enhanced infectivity and 

replicate faster and to higher levels than African lineage viruses and pre-epidemic Asian 

lineage variants, though studies in other neuronal cell lines did not support these 

findings, suggesting that the replicative fitness of ZIKV variants may additionally be cell 

type-dependent (232–235, 237, 240). Characterization of epidemic and pre-epidemic 

Asian lineage-derived ZIKV isolates in the same cell line have also yielded conflicting 
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findings where one study revealed that these isolates replicate similarly while another 

found that an epidemic strain replicates better than a pre-epidemic strain (241, 242). 

The discrepancies between these two studies may be due to differences in the source 

of the virus stocks used. Despite these discrepancies, these results suggest that genetic 

differences between the two lineages and between epidemic and pre-epidemic Asian 

lineage isolates may contribute to replicative differences. Studies have implicated 

genetic differences in the structural proteins as a determinant of viral virulence where a 

chimeric African lineage virus expressing specific residues of the E protein of an 

epidemic ZIKV variant was shown to exhibit enhanced viral fusion in the endosome 

(243). Furthermore, studies have shown that chimeric African lineage viruses 

expressing the structural proteins of epidemic ZIKV variants exhibit impaired cell 

attachment, suggesting that sequence differences in the structural proteins affect cell 

binding (237, 244). Together, these findings reveal lineage-dependent differences in 

ZIKV replication properties and highlight the replicative differences between epidemic 

and pre-epidemic Asian lineage-derived strains that may contribute to the severe 

pathogenesis observed during the recent outbreaks. 

 Previous studies have additionally identified and characterized several ZIKV 

genetic determinants of viral replicative fitness. Liu et al. identified four aa substitutions 

(C protein T106A, prM V1A, NS1 A188V, and NS5 M872V) in emerging ZIKV strains 

that represent direct reversions to those present in African lineage viruses and enhance 

viral fitness in vivo (245). Substitution of T106A in the C protein and of A188V in NS1 

alone in pre-epidemic Asian lineage strains respectively enhance viral infectivity in vitro 

and increase mosquito infectivity and transmissivity (134, 246). Remarkably, 
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introduction of the valine at position 1 of prM alone in an epidemic ZIKV isolate 

enhanced in vivo pathogenesis, suggesting that the reduction in viral fitness associated 

with the prM V1A mutation is masked by the other direct aa reversions identified by Liu 

et al. to enhance the viral fitness of Asian lineage-derived epidemic strains (245, 247). 

Other mutations within NS1 and NS3 that arose during the recent ZIKV epidemics or 

represent reversions to aa residues encoded by ancestral Asian lineage ZIKV have 

been additionally shown to impact infectivity in mosquito and mammalian cell lines, 

highlighting the impact of genomic differences on viral replicative fitness (247). 

1.4.3 Viral pathogenesis 

In vitro studies 

 In vitro studies of ZIKV variants of distinct lineages have shed light on possible 

mechanisms underlying differential disease severity. African lineage viruses induced 

more CPE than Asian lineage viruses during infection of various mammalian cell lines, 

including neuronal and placental cells (46, 226, 231–233, 235–237, 240, 248, 249). The 

lower rate of cell death observed during infection with Asian lineage viruses suggests 

that infection with these strains may facilitate survival and persistence in infected cells, 

whereas the higher CPE induced by African lineage viruses may result in severe fetal or 

placental damage and subsequent fetal loss instead of congenital abnormalities. 

However, studies in NPCs and organotypic brain slices from mice with variants from 

either lineage have observed no differences in the levels of CPE induced upon infection, 

suggesting that other factors also contribute to lineage-dependent ZIKV pathogenesis 

(250, 251). Indeed, Rosenfeld et al. demonstrated that neural migration was impaired in 

organotypic brain slices from mice infected with African and Asian lineage variants, 
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indicating that ZIKV-induced disruption of neuronal processes contributes to ZIKV 

neuropathogenesis (250). Similarly, infection of neural stem cells revealed that both 

ZIKV lineages inhibit neurodevelopment via distinct mechanisms with the African 

lineage strain inducing cell death and the Asian lineage virus arresting cell cycling (249). 

Emerging ZIKV variants have also been demonstrated to impair NPC proliferation, 

migration, and maturation and induce premature NPC differentiation with some studies 

showing that African lineage variants induce premature NPC differentiation to a greater 

extent (46, 236, 252). In doing so, ZIKV depletes the NPC pool needed for proper 

neurodevelopment. Together, these findings suggest that ZIKV generally impairs 

neurodevelopment, but the lower rate of cell death induced by Asian lineage ZIKV 

strains allows infected neuronal cells to persist and drive sustained impairment of 

neuronal functions. 

In vivo studies 

In vivo studies of ZIKV infection have built upon results from in vitro studies to 

provide a deeper understanding of ZIKV pathogenesis. However, as immunocompetent 

mice do not exhibit clinical symptoms upon ZIKV infection, in vivo studies of ZIKV have 

relied on immunocompromised mouse models (253). Using these immunocompromised 

mouse models, studies have provided evidence for vertical transmission of both ZIKV 

lineages (224, 254). Comparisons of Asian lineage-derived pre-epidemic and epidemic 

strains have shown that pre-epidemic variants also cross the maternal-fetal barrier to 

infect the fetus (241, 255). These results indicate that differences in ZIKV-induced 

pathogenesis following in utero infection likely occur downstream of vertical 

transmission as both lineages are vertically transmitted but only infection with emerging 
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Asian lineage viruses has been linked to congenital disease. Infection of embryonic 

stem cell-derived trophoblasts and IFNAR KO mice has revealed that African lineage 

viruses cause more structural damage to the placental architecture than Asian lineage 

variants, suggesting that infection with African lineage strains may result in fetal loss 

instead (248, 254). Moreover, infection with African lineage variants has shown that 

they cause higher rates of mortality than Asian lineage strains (103, 224, 226, 227, 233, 

254, 256, 257). The higher lethality associated with African lineage ZIKV variants may 

result in the termination of pregnancy such that any fetal damage caused by in utero 

ZIKV infection is missed. Pre-epidemic and epidemic Asian lineage variants have also 

been shown to induce fetal resorption and placental damage, with epidemic ZIKV 

variants causing less placental damage and additionally restricting intrauterine growth 

(258). These findings suggest that infection with emerging ZIKV variants does not result 

in spontaneous termination of pregnancy, but rather restricts intrauterine growth, 

leading to congenital abnormalities. 

 In vivo studies have also evaluated the neurovirulence of ZIKV variants of either 

lineage. Intracranial infection of mice revealed that Asian lineage-derived epidemic ZIKV 

variants are more neurovirulent, causing more severe microcephaly and more neuronal 

cell death than pre-epidemic Asian lineage strains (255, 259). These findings suggest 

that the increased incidence of CZS observed during the 2015 ZIKV outbreak may be 

due to the combined effects of the increased neurovirulence and CPE of emerging 

strains. As intracranial infection is not a natural route of ZIKV infection, other studies 

have compared the neurovirulence of African and Asian lineage viruses using a 

subcutaneous route of infection, mimicking local viral replication followed by 
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dissemination to the brain during natural ZIKV infection. Subcutaneous infection of 

immunocompromised mice with African lineage variants caused acute episodes of 

severe neurological symptoms and increased neuroinvasion whereas infection with 

Asian lineage strains, including emerging variants, induced persistent and less severe 

neurological disease (103, 257, 260). Combined with the results from in vivo studies 

assessing placental and fetal damage, these findings suggest that the more pathogenic 

nature of African lineage viruses results in fetal loss instead, thereby obscuring their 

ability to cause neurological disease. 

 Several studies have evaluated and defined the impact of genomic differences 

on in vivo ZIKV pathogenesis. These studies have implicated the structural proteins in 

ZIKV virulence as chimeric Asian lineage viruses expressing African lineage structural 

proteins or prM alone exhibit significantly enhanced viral virulence and lethality 

compared to the WT viruses (103, 256). Specific residues within C, prM, and E proteins 

(C protein T106A, prM A1V, and E V473M) have been shown to increase the lethality of 

ZIKV variants (246, 247, 255). Another mutation in prM, S17N, has been demonstrated 

to contribute to severe microcephaly, providing further evidence of the role of structural 

proteins in ZIKV pathogenesis (102). However, this mutation is absent in a ZIKV isolate 

from a microcephalic human fetus, suggesting that there are other viral genetic 

determinants of pathogenesis (22). Indeed, Collette et al. identified NS1 G100A, a 

mutation that arose during the 2015 ZIKV epidemic, as another major genetic 

determinant of ZIKV virulence in IFNAR KO mice (247). 

A caveat to using mouse models is that they must be immunocompromised and 

that their placental architecture is significantly different from that of humans, highlighting 
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the need for NHP models to evaluate lineage-dependent differences in ZIKV 

pathogenesis (261). Using pregnant rhesus macaques subcutaneously infected with 

ZIKV strains of either lineage, Crooks et al. did not observe any fetal damage upon 

infection with African lineage viruses or Asian lineage-derived epidemic strains (262). 

Subcutaneous infection of pregnant pigtail macaques with pre-epidemic or epidemic 

Asian lineage variants, however, revealed that both strains were capable of inducing 

fetal brain lesions to the same severity (39). The discrepancies between these two 

studies may be due to differences in the NHP species or ZIKV strains used, but these 

studies highlight the significant knowledge gap in our understanding of ZIKV-induced 

fetal pathology in NHP models. 

1.5 Innate immunity to ZIKV infection 

Vertebrate host innate immunity is critical for protecting the host against RNA 

viruses, such as ZIKV (263–266). To combat viral infection, host-encoded pattern 

recognition receptors (PRRs) distinguish between host and viral genomes by 

recognizing a wide array of pathogen-associated molecular patterns (PAMPs) (263, 

266). The major species of PAMP sensed by the host during ZIKV infection is the viral 

RNA. Upon recognition of viral PAMPs, PRRs initiate antiviral immune responses by 

upregulating the expression of antiviral, immunomodulatory, and inflammatory factors to 

induce an antiviral state within cells to restrict viral replication and spread (263, 266, 

267). Innate immune sensors in the retinoic acid-inducible gene-I- (RIG-I) like receptor 

(RLR) and toll-like receptor (TLR) families detect ZIKV infection (242, 268–270). 
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1.5.1 RLR signaling 

 RLRs are crucial for directing antiviral responses to viral infection. The RLR 

family consists of RIG-I, melanoma-associated gene 5 (MDA5), and laboratory of 

genetics and physiology 2 (LGP2) though only RIG-I and MDA5 are capable of signaling 

(271). Cells lacking RIG-I, MDA5, or both have higher viral loads than WT cells as they 

are unable to mount an antiviral response to effectively control flavivirus replication 

(242, 268, 269, 272). Moreover, tissues that express RLRs at low basal levels, such as 

the female reproductive tract, are more susceptible to ZIKV infection due to limited viral 

sensing and weak activation of innate immunity (273). Mice lacking various effectors 

downstream of RLR signaling are also unable to control WNV and ZIKV replication; 

these mice have high viral burdens in peripheral tissues, exhibit early viral entry into the 

central nervous system, and develop severe neurological symptoms (253, 274). These 

studies provide compelling evidence for the significance of RLRs and RLR-mediated 

antiviral signaling for the control of flavivirus infection. For ZIKV infection, studies have 

now identified RIG-I as the primary sensor of ZIKV in human cells (242, 269). As RIG-I 

and MDA5 activate the same signaling cascade, the rest of this section will focus on 

RIG-I signaling, RIG-I ligands, and regulation of RIG-I signaling (271). 

RIG-I is primarily localized in the microsome and cytoplasm (265, 275). Its C-

terminal domain recognizes and binds to its cognate ligands, which are short blunt-

ended dsRNAs with an exposed 5’ triphosphate group (276–281). Treatment of viral 

RNA with phosphatases to remove the 5’ triphosphate moiety abolishes recognition by 

RIG-I, emphasizing the importance of the exposed 5’ triphosphate group in RIG-I ligand 

recognition (276, 282, 283). RIG-I, however, also exhibits some sequence specificity as 
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it is able to bind to a polyU/UC motif in the hepatitis C virus PAMP near the 3’ end of the 

viral genome in the absence of a 5’ triphosphate moiety (284–286). As ZIKV replication 

occurs in the cytoplasmic replication compartments along the ER membrane, RIG-I is 

poised to detect ZIKV PAMP (50, 57). Indeed, the 5’ end of the ZIKV genome is 

recognized and bound by RIG-I to induce RIG-I-mediated signaling in human cells (242, 

268, 269, 282). 

 Upon recognition of its ligand, RIG-I autoinhibition is relieved, exposing its 

caspase activation and recruitment domains (CARDs) in an ATP-dependent manner 

(281, 287). Exposure and subsequent multimerization of RIG-I CARDs along with 

ubiquitination by tripartite motif-containing protein 25 (TRIM25) enable interactions 

between RIG-I and the adaptor protein mitochondrial antiviral-signaling protein (MAVS) 

on the mitochondrial-associated membranes (MAM) to establish a signaling scaffold 

that activates downstream effectors (263, 265, 266, 275, 288–293). 14-3-3ε facilitates 

the translocation of RIG-I from the cytoplasm to the MAM (294). RIG-I signals through 

MAVS to activate interferon regulatory factor (IRF) 3, IRF7, and nuclear factor kappa B 

(NFκB) transcription factors to drive the production of type I and III IFNs (Fig. 1-12) 

(295–298). Signaling through TANK-binding kinase 1 (TBK1) and inhibitor of NFκB (IκB) 

kinase ε (IKKε) leads to the phosphorylation, activation, and nuclear translocation of 

IRF3 and IRF7 while signaling through IKKα, IKKβ, and IKKγ results in the 

phosphorylation and degradation of IκB and subsequent nuclear translocation of NFκB 

that together induce the expression of IFNs (263, 265, 271, 290–292, 295, 299, 300). 

As IRF7 is constitutively expressed only in plasmacytoid DCs, IRF7-mediated induction 

of IFNs in other cell types occurs only after IRF7 is upregulated in response to IFN 
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signaling and amplifies IFN production in infected and uninfected bystander cells (263, 

301). Activation of NFκB via RIG-I signaling drives the production of inflammatory 

cytokines in addition to IFNs to prime adaptive immune responses (266, 291, 292). IRF3 

activation downstream of RIG-I signaling induces apoptosis to clear infected cells and 

prevent viral spread and upregulates the expression of IRF3-target genes that exert 

antiviral and immunomodulatory functions (266, 290, 291, 302). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

RIG-I signaling primes cross-talk between innate and adaptive immunity through 

the induction of inflammatory cytokines (263, 265, 266, 290, 291). As RIG-I is 

upregulated by IFN, RIG-I-mediated induction of IFN production and response drives a 

Fig. 1-12 RIG-I signaling pathway in 

virally infected cells. RIG-I detects 

short blunt-ended dsRNA. Upon 

ligand binding, RIG-I undergoes 

conformational changes and 

ubiquitination by TRIM25 (not shown 

here) that enables interactions with 

MAVS via their CARDs at the MAM. 

RIG-I signals through MAVS to 

activate IRF3, IRF7 (not shown 

here), and NFκB to induce IFN 

expression. NFκB additionally 

induces the expression of pro-

inflammatory cytokines. Image 

adapted from Zevini et al., 2017 

(299). 
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positive feedback loop that amplifies RIG-I signaling (263, 265, 290, 291). Given that 

RIG-I signaling plays a critical role in activating innate immunity and orchestrating the 

adaptive immune response, RIG-I activation must be strictly regulated. The C-terminal 

domain of RIG-I contains a repressor region that masks and autoinhibits RIG-I CARDs 

in the absence of viral pathogens (281, 284). In addition to this, LGP2 serves as a 

negative regulator of RIG-I signaling by interacting with TRIM25 and MAVS during the 

resting state to block their interaction with RIG-I, and relocates upon activation of RIG-I 

during infection (275, 284, 303). 

1.5.2 TLR signaling 

 TLR3, TLR7, and TLR8 are the TLRs that sense viral RNA; specifically, TLR3 

recognizes dsRNA while TLR7 and TLR8 detect single-stranded RNA (266, 304). TLRs 

play an important role in mounting an effective antiviral response to control flavivirus 

replication as depletion of TLRs increases viral burden in vitro and in vivo (54, 305, 

306). ZIKV infection has been demonstrated to upregulate TLR3 and trigger 

downstream signaling, but no studies have yet shown activation of TLR7 or TLR8 

signaling upon ZIKV infection (45, 54, 270, 307). As such, this section will focus on 

TLR3 signaling.  

TLR3 is expressed in the endosome though some cell types also express TLR3 

on their surface (308). Surface expression of TLR3 is dependent on an ER accessory 

protein (309). As ZIKV enters cells through clathrin-mediated endocytosis, it must 

escape the endosome to replicate in the cytoplasm (50, 51). As such, secondary 

structures within the viral genome may be detected by endosomal TLR3 during viral 

uncoating. For TLR3 to transduce signals, its ectodomain, located in the endosome, 
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must be cleaved to enable receptor dimerization following ligand binding (304, 308). 

The TLR3 ectodomain recognizes dsRNA in a sequence-independent manner as the 

interaction between the receptor and RNA ligand relies primarily on electrostatic 

interactions (310–314). Upon ligand binding, TLR3 dimerizes and signals via its 

cytosolic toll/interleukin-1 receptor (TIR) domain through TIR-domain-containing 

adapter-inducing IFNβ (TRIF) to activate IRF3 and NFκB (Fig. 1-13) (310, 315–317). 

TLR3-induced IRF3 and NFκB activation occurs in a manner similar to RIG-I-induced 

IRF3 and NFκB activation (300, 304). IFNβ is also the direct product of IRF3 and NFκB 

activation downstream of TLR3 signaling with activation of NFκB further inducing the 

expression of inflammatory cytokines (300, 308, 311, 316, 317). 

 

As TLR3 plays an important role in initiating an antiviral response and 

inflammation upon detection of viral nucleic acids, TLR3 signaling is regulated on many 

Fig. 1-13 TLR3 signaling pathway in infected cells. TLR3 

ectodomain detects dsRNA. Upon ligand recognition, 

TLR3 dimerizes and signals through its cytosolic TIR 

domain to activate IRF3 and NFκB transcription factors to 

induce the expression of IFN, IRF3-target genes, and 

inflammatory cytokines. Image adapted from Fitzgerald 

and Kagan, 2020 (304). 
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levels to avoid detection of and response to host nucleic acids. TLR3 is primarily 

localized in the endosome where host nucleic acids are not found (266). In order for 

TLR3 to signal, its ectodomain must be cleaved by endosomal proteases (304, 308). 

Moreover, studies have shown that binding of dsRNA ligands to TLR3 and TLR3 

dimerization are dependent on acidic pH similar to that found in the endosome (310, 

312, 315). Recognition of dsRNA ligands by cell surface TLR3 does not activate 

downstream signaling at the cell surface; instead, cell surface TLR3 signals from the 

endosome like its endosomal counterpart (310, 314). Together, these mechanisms limit 

aberrant endosomal TLR3 signaling in the absence of viral pathogens and reinforce 

distinction between host and viral nucleic acids. 

1.5.3 IFN signaling 

 Activation of RIG-I and TLR3 induces type I IFN production in infected cells as 

well as type III IFN production in infected epithelial cells (63, 318, 319). Type I IFN binds 

to IFNAR1/2 whereas type III IFN binds to the IFNλ receptor (IFNLR), which consists of 

IFNLR and interleukin-10 receptor 2 (IL-10R2), and both signal in an autocrine or 

paracrine manner (63, 320, 321). Binding of IFNs to host cell receptors induces receptor 

heterodimerization, activating the Janus kinase/signal transducers and activators of 

transcription (JAK/STAT) signaling pathway (63, 322) (Fig. 1-14). Types I and III IFNs 

activate the same downstream effectors to upregulate similar transcriptional profiles 

(323). Heterodimerization of IFN receptors induces autophosphorylation and activation 

of the receptor-associated kinases, JAK1 and tyrosine kinase 2 (Tyk2), followed by 

receptor phosphorylation by JAK1 and Tyk2 (63, 105, 319, 320, 324, 325). 

Phosphorylation of IFN receptors recruits STAT1 and STAT2, allowing JAK1 and Tyk2 
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to phosphorylate STAT1 and STAT2 (63, 105, 320, 326–328). Phosphorylation of 

STAT1 and STAT2 leads to their heterodimerization, interaction with IRF9 to form the 

interferon stimulated gene factor 3 (ISGF3) complex, and the nuclear translocation of 

the ISGF3 complex (327, 329, 330). In the nucleus, ISGF3 binds to IFN-stimulated 

response elements (ISREs) in the promoters of hundreds of genes to induce the 

expression of a suite of genes known collectively as IFN stimulated genes (ISGs) (63, 

105, 319, 321, 328, 331). These ISGs exert antiviral and immunomodulatory functions 

to restrict viral replication and spread (63, 105, 319, 328, 332). Moreover, this suite of 

genes includes PRRs, like RIG-I and TLR3, that are upregulated to further amplify IFN 

production and host antiviral programs (63, 263, 319). The result of IFN signaling is the 

induction of an antiviral state and the upregulation of ISGs within infected cells to restrict 

viral replication and, more importantly, in neighbouring uninfected cells to render them 

less susceptible to infection, limiting viral spread (328). Additionally, IFN signaling 

promotes antigen presentation and immune cell functions and orchestrates an adaptive 

immune response aimed at eradicating the viral pathogen (328). Specifically, 

upregulation of ISGs in antigen presenting cells is critical for proper and efficient 

activation of B and T cells to restrict viral spread and to eliminate infected cells (105). 
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IFN is essential for restricting ZIKV replication and spread. Immunocompetent 

mice do not display overt clinical symptoms upon ZIKV infection. However, mice lacking 

IFNAR, STAT2, or both IFNAR and the IFNγ receptor are highly susceptible to ZIKV 

infection, display severe clinical disease, and exhibit enhanced viral dissemination, 

indicating that IFN signaling is indispensable for restricting ZIKV infection (253, 257, 

273, 333, 334). Several studies have identified specific ISGs that limit ZIKV infection in 

various cell types by targeting viral proteins for degradation, blocking early viral 

replication, or driving a positive feedback loop for IFN production and signaling (335–

343). Upregulation of ISGs in bystander uninfected cells is sufficient to protect them 

from acute ZIKV infection (344, 345). These studies demonstrate that ISGs employ 

distinct mechanisms to limit ZIKV infection and further highlight the critical role that the 

IFN response and ISGs play in restricting ZIKV replication. 

Fig. 1-14 Types I and III IFN signaling pathway. 

Binding of types I and III IFNs to their cognate 

receptors activates the JAK/STAT signaling pathway 

through a series of phosphorylation events that 

results in the nuclear translocation of the ISGF3 

complex. Binding of the ISGF3 complex to ISREs in 

the promoters of target genes induces the expression 

of hundreds of ISGs that exert antiviral and 

immunomodulatory functions. Image adapted from 

Schneider et al., 2014 (321). 
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As IFN signaling widely induces an antiviral state in both infected and bystander 

cells and activates adaptive immunity, uncontrolled IFN signaling following clearance of 

viral pathogens is deleterious to the host. As such, the host employs multiple 

mechanisms to restore homeostasis once the pathogen is eliminated (Fig. 1-15). 

Downregulation and internalization of surface IFN receptors play a role in suppressing 

further IFN signaling (324). IFN signaling also upregulates the expression of negative 

regulators of JAK/STAT signaling that terminate the IFN response by inhibiting the 

functions of JAKs and STATs and by disrupting interactions between JAK/STAT 

signaling components (346–356). Moreover, IFN signaling upregulates miRNAs that 

target the 3’ UTR of JAK and STAT transcripts, leading to their degradation and 

preventing further translation of these key players in the IFN response (320). 

Upregulation of these distinct negative regulators of JAK/STAT signaling ensures return 

to homeostasis through various mechanisms following clearance of the viral pathogen. 

Fig. 1-15 Regulation of IFN signaling. Following 

clearance of the viral pathogen, IFN signaling is 

shut off via multiple distinct mechanisms. 

Internalization and degradation of IFNAR 

immediately terminate IFN signaling. Negative 

regulators, such as suppressor of cytokine 

signaling proteins (SOCS), protein inhibitor of 

activated STAT (PIAS), and phosphatases, are 

upregulated by IFN signaling to drive a negative 

feedback loop, dampening the IFN response and 

restoring homeostasis. Image adopted from 

Schneider et al., 2014 (321). 
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1.5.4 Immune-mediated ZIKV pathology 

 ZIKV-induced activation of innate immunity and production of inflammatory 

cytokines are essential for controlling viral replication and spread, but studies have 

demonstrated a pathological impact of innate immune activation and inflammation in 

response to flaviviruses. TLR3-driven induction of inflammatory cytokines has been 

shown to break down the blood-brain barrier during WNV infection, facilitating viral 

spread to the brain and infection of neurons (357). Studies in brain organoids have 

identified TLR3-target genes involved in neurogenesis and apoptosis that are 

dysregulated upon ZIKV infection, contributing to reduced brain organoid sizes and 

potentially microcephaly (45). In vitro studies in NPCs and astrocytes have also shown 

that ZIKV infection activates TLR3 signaling and upregulates the expression of 

inflammatory cytokines (270, 307). However, Plociennikowska et al. demonstrated that 

ZIKV activation of TLR3 signaling upregulates negative regulators of IFN signaling, 

suppressing the IFN response and allowing ZIKV to replicate unrestrained (270). In 

each of these studies, inhibition of TLR3 restricts viral replication and ameliorates 

neuropathogenesis, indicating that TLR3 activation during ZIKV infection can drive an 

ineffective antiviral response and contribute to immunopathology (45, 270, 307).  

Type I IFN signaling has also been implicated in ZIKV pathogenesis. Cytokine 

profiling of confirmed ZIKV-induced human microcephaly cases revealed that these 

infants exhibit chronic inflammation in the central nervous system characterized by high 

levels of IFNs and inflammatory cytokines (358). These findings suggest that sustained 

inflammation in the central nervous system may contribute to fetal brain damage, 

resulting in microcephaly. Studies in pregnant mouse models have highlighted the 
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immunopathologic effects of robust IFN signaling on the placental tissue during in utero 

ZIKV infection; high levels of IFNs produced during ZIKV infection induce inflammation, 

which inhibits placental development and disrupts placental architecture, leading to 

enhanced fetal resorption or intrauterine growth restriction (359, 360). These studies 

suggest that a strong IFN response to in utero ZIKV infection aimed at restricting viral 

replication may additionally result in fetal damage or fetal demise. Together, these 

findings reveal a role for the innate immune response in mediating ZIKV pathology. 

1.5.5 Lineage-dependent differences in innate immune responses 

 Comparative analyses of the host innate immune response to infection with 

African and Asian lineage ZIKV strains have revealed lineage-dependent differences in 

the host immune response that, along with differences in viral replication kinetics and 

CPE, may contribute to differential viral pathogenesis. In primary astrocytes, infection 

with an epidemic variant induced the host antiviral response faster, which correlated 

with lower viral RNA levels, compared to infection with an African lineage virus (234). 

These findings suggest that the kinetics of the innate immune response to ZIKV 

infection is crucial in restricting viral replication early in acute infection. Studies in 

human lung epithelial cells, however, revealed that an epidemic ZIKV strain exhibited 

delayed innate immune activation compared to African and pre-epidemic Asian lineage 

variants, suggesting that there may be cell type-specific differences in the antiviral 

response elicited upon ZIKV infection (242). This delayed innate immune activation by 

the epidemic ZIKV variant correlated with a weak IFN response (242). This observation 

is consistent with those from other in vitro studies where Asian lineage-derived epidemic 

ZIKV variants induce weaker innate immune responses than African lineage and pre-
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epidemic Asian lineage strains and skew infected monocytes towards an 

immunosuppressive phenotype (60, 61, 235, 242, 244, 358). Along with the delayed 

activation of host innate immunity, a dampened IFN response may enhance the spread 

of epidemic ZIKV variants and promote viral persistence in infected hosts. 

 In vitro and in vivo studies have shown that infection with African and endemic 

Asian lineage variants induces high levels of inflammatory cytokines and chemokines 

(61, 235, 257, 361). The prevalence of inflammatory cytokines and chemokines can 

drive excessive inflammation and immune cell infiltration to mediate immunopathology, 

potentially inducing severe fetal damage or fetal demise during in utero infection with 

these variants. However, in vitro comparative analyses of epidemic ZIKV strains with 

African lineage or pre-epidemic Asian lineage variants have demonstrated that epidemic 

strains induce higher levels of inflammatory cytokines (238, 259, 307). The high levels 

of inflammatory cytokines produced during infection with epidemic ZIKV variants may 

drive immune-mediated pathology. Robust activation of TLR3 signaling in astrocytes not 

only induces high levels of inflammatory cytokines, but also other TLR3-target genes 

that disrupt neurogenesis, suggesting that TLR3-mediated inflammatory responses to in 

utero infection with epidemic ZIKV strains can cause fetal brain damage (307).  In vivo 

studies comparing epidemic and pre-epidemic Asian lineage strains have additionally 

revealed that epidemic ZIKV strains induce more inflammation and immune cell 

recruitment (362). As CD14+ monocytes were identified as a major target of ZIKV 

infection, a greater abundance of inflammatory cytokines and chemokines can recruit 

more immune cells to the site of infection to serve as ZIKV targets or increase 

inflammation and immunopathology (61). Indeed, de Alwis et al. observed that infection 
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with epidemic ZIKV variants induces greater recruitment of CD14+ monocytes and DCs, 

which may have contributed to the enhanced viral dissemination and inflammation 

observed during infection with these strains (362). These findings indicate that an 

inflammatory response to infection with epidemic ZIKV variants to clear viral infection 

may additionally promote viral dissemination, inflammation, and immunopathology. 

 In addition to lineage-dependent differences in the host innate immune response 

to infection, studies have also identified differences in the IFN sensitivity of ZIKV 

lineages. African lineage viruses and Asian lineage-derived epidemic strains have been 

shown to exhibit enhanced resistance to IFN, suggesting that they are able to overcome 

host antiviral responses (242, 363). The increased resistance to IFN signaling of these 

variants may further contribute to their increased virulence compared to pre-epidemic 

Asian lineage strains. 

1.6 ZIKV-mediated antagonism of innate immunity 

 ZIKV infection induces innate immune activation and signaling, upregulating the 

expression of IFNs, inflammatory cytokines, and ISGs (86, 105). Like other closely 

related flaviviruses, ZIKV employs multiple mechanisms to subvert host innate immune 

activation and signaling (63, 66, 364–367). The various ways in which ZIKV antagonizes 

host innate immune activation and signaling are discussed below. 

1.6.1 Antagonism of innate immune activation 

 As innate immune activation is critical for restricting ZIKV replication and spread, 

ZIKV uses distinct mechanisms to target different steps of innate immune activation to 

inhibit IFN production. The C protein has been shown to interact with TRIM25 to block 
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TRIM25-mediated ubiquitination of RIG-I, which is required for the interaction between 

RIG-I and MAVS (288, 368). NS4A and NS5 have also been shown to block the 

interaction between RIG-I and MAVS at the MAM by binding to RIG-I CARDs (369, 

370). To prevent the translocation of RIG-I to the MAM for assembly of the MAVS 

signalosome, NS3 binds to 14-3-3ε to sequester it from RIG-I (371). Moreover, several 

studies have demonstrated that ZIKV targets MAVS and the downstream effector 

proteins to inhibit their activation. NS2B, NS3, and NS4A interact with MAVS or target 

MAVS for degradation, thereby shutting down RLR signal transduction through MAVS 

(372–374). The kinases TBK1 and IKKε are also directly targeted by ZIKV NS1, NS2A, 

NS2B, NS4A, NS4B, and NS5 to prevent their phosphorylation, activation, and kinase 

activities (374–378). The NS1 A188V mutation present in epidemic Asian lineage-

derived viruses and African lineage strains confers enhanced ability to interact with 

TBK1 to inhibit TBK1 phosphorylation (377). Additionally, NS3 was shown to indirectly 

destabilize TBK1, leading to TBK1 degradation and inhibition of downstream signaling 

(379). At the level of IRF3 transcriptional activity, studies have shown that NS1, NS4A, 

and NS5 antagonize IRF3-driven promoter activity (377, 380, 381). Nuclear localization 

of NS5 appears to be critical in suppressing the induction of IRF3-target genes (380). 

Studies have also found that ZIKV infection disrupts NFκB-driven promoter activity and 

weakly induces inflammatory cytokines, suggesting that ZIKV broadly antagonizes 

innate immune activation and modulates IRF3 and NFκB transcriptional activities (244, 

382). NS1 secreted from infected cells can bind to cell surface CD303 to activate 

CD303 signaling in plasmacytoid DCs, which suppresses the production of inflammatory 

cytokines, including type I IFN (383). The consequence of these interactions between 
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ZIKV proteins and host factors involved in RLR signaling is the blockade of types I and 

III IFN production (378). 

1.6.2 Antagonism of IFN signaling 

 IFN signaling is crucial for restricting ZIKV replication. As such, ZIKV antagonizes 

IFN signaling via multiple distinct mechanisms to block the host IFN response and 

downstream induction of antiviral effectors. NS5 has been identified as a major 

antagonist of IFN signaling for several flaviviruses, including ZIKV (364, 384–388). 

Specifically, ZIKV NS5 targets STAT2 for proteasomal degradation to suppress types I 

and III IFN signaling (386). ZIKV NS5, however, along with other flavivirus NS5 proteins, 

has also been shown to sequester the host chaperone HSP90 from cellular kinases to 

broadly antagonize JAK/STAT signaling downstream of different cytokine stimuli (387). 

Consequently, kinases, such as JAKs, are destabilized and degraded by the 

proteasome, effectively inhibiting JAK/STAT signaling (387). A recent study revealed 

that sfRNA binds to and stabilizes ZIKV NS5 to prevent STAT1 phosphorylation and 

downstream induction of ISGs, providing further insight into NS5-mediated suppression 

of IFN signaling (84). Other studies have also shown that NS2A targets STAT1 and 

STAT2 for degradation to block the host cell response to IFNα and that NS4B inhibits 

STAT1 phosphorylation and the nuclear translocation of phosphorylated STAT2 to block 

IFN signaling (389, 390). Additionally, one of the entry receptors identified for ZIKV, 

AXL, was demonstrated to facilitate ZIKV infection by interfering with IFN signaling 

through the upregulation of SOCS (53, 391). Upregulation of SOCS upon viral entry 

ensures effective blockade of IFN signaling early in ZIKV infection. Together, these 
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studies reveal the mechanisms by which ZIKV antagonizes IFN signaling to promote 

viral replication. 

1.7 Premise of this dissertation 

 It is still not fully understood how ZIKV infection was suddenly associated with 

severe clinical manifestations characterized by neurological symptoms during the recent 

outbreaks. Previous studies have demonstrated that both ZIKV lineages can cross the 

maternal-fetal interface during in utero infection; more importantly, these studies have 

indicated that endemic Asian lineage variants can also cross the maternal-fetal barrier 

to infect and damage the fetus (224, 241, 254, 255). Indeed, countries in Southeast 

Asia have reported cases of microcephaly following in utero ZIKV infection with endemic 

ZIKV variants, highlighting the danger that endemic Asian lineage viruses pose on 

pregnant women and their fetuses (22, 23). The mechanisms underlying these 

differences in ZIKV pathogenesis between endemic African or Asian lineage viruses 

and epidemic Asian lineage strains, however, are not well-understood. Comparative 

analyses of African or endemic Asian lineage strains with epidemic Asian lineage-

derived variants have provided evidence that viral genetics and replication kinetics 

contribute to differences in viral pathogenesis (227, 237, 239, 245). Evaluation of host 

innate immune responses to infection with ZIKV variants from either lineage has also 

implicated differential innate immune responses to infection in ZIKV pathogenesis (61, 

259, 358, 362). Yet, the consequences of these differences in viral replication kinetics 

on the extent of host innate immune responses and the impact of antiviral actions 

across different stages of the ZIKV life cycle remain poorly understood. In this work, we 

comparatively assessed the replication properties of and the host innate immune 
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responses to two prototypic ZIKV variants from the African and Asian lineages. We 

hypothesized that differences in viral sequences impact viral replication kinetics to drive 

distinct innate immune responses to infection with the ZIKV variants. We demonstrate 

that RIG-I-mediated antiviral signaling restricts viral protein accumulation, genome 

replication, and virus spread during late stages of acute infection. We found that early 

accumulation of viral proteins in infected cells is linked with greater ability to antagonize 

IFN signaling, promoting ZIKV genome replication and cell-to-cell spread. Hence, RIG-I-

driven innate immune responses impart control of ZIKV fitness by restricting the 

accumulation of viral proteins to enhance IFN signaling to limit ZIKV replication and 

spread. 

 

Chapter 2. Materials and methods 

2.1 Cell line maintenance 

 A549 (ATCC, Manassas, VA, USA), Vero WHO (Vero; WHO, Geneva, 

Switzerland), and HEK293T cells (ATCC) were maintained in complete Dulbecco’s 

modified Eagle medium (cDMEM) (10% fetal bovine serum (FBS; Hyclone, Logan, UT, 

USA), 10mM L-glutamine, 5mM sodium pyruvate (Corning, NY, USA), 0.5X non-

essential amino acids (Corning), 10mM HEPES (Corning), and 1X 

antibiotics/antimycotics (Corning)). A549 non-targeting control (NTC) and RIG-I KO cells 

were generated by CRISPR-Cas9 as previously described and were maintained in 

cDMEM containing 10µg/ml puromycin (Invivogen, San Diego, CA, USA) (242). ZV-13 

hybridomas 8A3.C1 were kindly gifted by Michael Diamond (Washington University in 
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St. Louis, St. Louis, MO, USA) and were cultured in Iscove’s modified Dulbecco’s 

medium (Thermofisher-Life Technologies, Waltham, MA, USA) supplemented with 20% 

FBS, 1mM sodium pyruvate, and 1X penicillin-streptomycin (Fisher Scientific, Hampton, 

NH, USA). All cell lines were free of mycoplasma contamination. 

2.2 Generation of ZIKV stocks 

 ZIKV/Dakar/1984/ArD41519 (ZIKV/Dakar) was a kind gift from Michael Diamond 

(Washington University in St. Louis) and ZIKV/Malaysia/1966/P6740 (ZIKV/Malaysia) 

was kindly provided by Robert Tesh (University of Texas Medical Branch, Galveston, 

TX, USA). For each strain, plaque-picked isolates were passaged twice in Vero cells 

and then used to infect Vero cells to generate working ZIKV stocks. Vero cells were 

infected at a multiplicity of infection (MOI) of 0.05 PFU/cell at 37oC for 2 hours rocking. 

Inoculums were then removed and fresh DMEM supplemented with 5% FBS (5% 

DMEM) was added. At 48 hours post-infection (hpi), media was replaced with fresh 5% 

DMEM. ZIKV working stocks were harvested 48 hours after the media change and 

titered via focus-forming unit (FFU) assays. 

2.3 Deep sequencing and sequence alignment of ZIKV stocks 

ZIKV RNA was extracted from working stocks using the QIAmp viral RNA minikit 

(Qiagen, Hilden, Germany). Isolated RNA was then digested with DNase I and purified 

using the Qiagen RNeasy kit (Qiagen). RNA quality was analyzed on the Agilent 2100 

bioanalyzer (Agilent, Santa Clara, CA, USA) using the Agilent RNA 6000 Pico assay 

(Agilent). RNA concentrations were quantified on a Qubit fluorometer (Invitrogen, 

Carlsbad, CA, USA) prior to rRNA depletion and library prep using the KAPA HyperPrep 
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kit (Roche Diagnostics Corporation, Indianapolis, IN, USA). cDNA library qualities were 

evaluated on the Agilent 2100 bioanalyzer and quantified with the Qubit fluorometer 

prior to sequencing on a NextSeq 500 Illumina sequencing platform (Illumina, San 

Diego, USA). 2x76 nucleotide stranded paired-end reads were generated with 

approximately 25 million raw reads per sample. Adapters, low quality bases, and human 

reads were removed from the raw RNAseq data before sequencing files were loaded 

onto the de novo assembler Trinity (version 2.9.0), and viral consensus sequences 

assembled and aligned as previously described (242, 392). Viral sequence alignments 

were loaded into the JALView software (version 2.11.0) to identify amino acid 

differences between ZIKV strains (393). 

2.4 ZV-13 antibody purification and quantification 

 Supernatant from ZV-13 hybridomas was harvested once approximately 95% cell 

death was observed and was clarified by centrifuging for 10 minutes at 400xg at 4oC. 

The clarified supernatant was filtered through a 0.22µm filter. ZV-13 antibody was 

purified from the clarified supernatant using the Pierce Protein A IgG purification kit and 

NAb Protein A Plus Spin Columns (both from ThermoFisher-Life Technologies). Purified 

ZV-13 antibody was concentrated and buffer-exchanged into 1X phosphate buffered 

saline (PBS; Fisher Scientific) using Amicon Ultra-0.5 100kDa Centrifugal Filter units 

(Sigma-Aldrich, St. Louis, MO, USA) for quantification by ELISA. 96-well Nunc ELISA 

plates (Fisher Scientific) were coated with goat anti-mouse IgG2c (Jackson 

ImmunoResearch, West Grove, PA, USA) at a concentration of 500ng/ml in 1X PBS 

and incubated overnight at 4oC. Coated plates were washed with PBS plus Tween-20 

(PBST; Fisher Scientific) and blocked for 1 hour at room temperature with 1% bovine 
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serum albumin in PBS (PBSA; Sigma-Aldrich) containing 2% normal goat serum (NGS; 

Jackson ImmunoResearch). Serial dilutions of hybridoma supernatant and purified ZV-

13 antibody were then added and incubated for 1 hour at 37oC. Following washes, 

biotin-conjugated anti-mouse IgG2c secondary antibody (Jackson ImmunoResearch) 

was diluted 1:5000 in PBSA, added to plates, and incubated for 1 hour at room 

temperature. Plates were then washed, and streptavidin-horseradish peroxide (HRP) 

(ThermoFisher-Life Technologies) diluted 1:20,000 in PBSA was added and incubated 

for 30 minutes at room temperature. Plates were washed, developed by adding 

3,3’,5,5’-tetramethylbenzinide (TMB; Surmodics, Eden Prairie, MN, USA), and 

incubated in the dark until the reaction was stopped by adding 1M H2SO4. Absorbance 

was measured at 450nm using a microplate reader (BioLegend, San Diego, CA, USA). 

Serial dilutions of known concentrations of mouse IgG2c (Southern Biotech, 

Birmingham, AL, USA) were used to generate a standard curve. OD values for the 

standard curve were plotted against concentration in GraphPad Prism (version 9, 

GraphPad, La Jolla, CA, USA), and the linear portion of the curve was used to derive a 

least squares equation to determine the concentration of purified ZV-13 antibody. 

2.5 Titering of ZIKV stocks by FFU assays 

 A549 cells were seeded at a density of 2x104 cells per well in 96-well plates. 

ZIKV stocks were serially diluted in DMEM supplemented with 2% FBS (2% DMEM). 

Cells were inoculated with virus dilutions in triplicate and incubated at 37oC for 2 hours. 

Following adsorption, a methylcellulose overlay (DMEM supplemented with 1% 

carboxymethylcellulose (Fisher Scientific), 2% FBS, 10mM HEPES, and 1X 

penicillin/streptomycin) was added to cells. At 48 hpi, the methylcellulose overlay and 
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media were removed. Cells were fixed with 4% paraformaldehyde (Fisher Scientific) for 

20 minutes at room temperature and then washed with 1X PBS. ZV-13 antibody was 

diluted 1:250 in permeabilization/wash/block buffer (2.5% NGS, 2.5% normal donkey 

serum (Sigma-Aldrich), 0.2% BSA, and 0.1% Triton X-100 (Fisher Scientific) in 1X 

PBS), added to each well, and incubated for 2 hours rocking at room temperature. Cells 

were then washed with 1X PBS, and donkey anti-mouse HRP secondary antibody 

(Jackson ImmunoResearch) diluted 1:3000 in permeabilization/wash/block buffer was 

added and incubated rocking for 1 hour in the dark. Following washes, TrueBlue 

peroxidase substrate (VWR, Radnor, PA, USA) was added and incubated until foci of 

infected cells were observed. dH2O was added to stop the enzymatic reaction and 

removed prior to imaging. Plates were imaged on a BioSpot plate reader (Cellular 

Technology Limited, Cleveland, OH, USA), and foci of infected cells were manually 

counted using the multi-point tool in Fiji (version 2.1.0, NIH, USA) to determine the titer 

of ZIKV stocks (394). 

2.6 Measuring viral spread by FFU assays 

 A549 cells were seeded at a density of 6x105 cells per well in 6-well plates. ZIKV 

stocks were serially diluted in 2% DMEM, and cells were inoculated and fixed as 

described above (see 2.5 Titering of ZIKV stocks by FFU assays). Fixed cells were 

washed with 1X PBS and stained with an anti-flavivirus envelope antibody, 4G2 

(Ab00230-2.0; Absolute Antibody, Oxford, UK), diluted 1:500 in 

permeabilization/wash/block buffer (see recipe in 2.5). Following incubation with primary 

antibody, donkey anti-mouse HRP secondary antibody diluted 1:1000 in 

permeabilization/wash/block buffer was added to plates and incubated rocking for 1 
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hour in the dark. Foci were developed and imaged as described above (see 2.5). The 

diameter of foci was measured in Fiji. 

2.7 ZIKV infection 

 A549 cells were seeded at a density of 3x105 cells per well in 12-well plates. 

Virus inoculums were prepared in DMEM, and cells were uninfected, mock-infected, or 

infected with ZIKV variants at a MOI of 5 FFU/cell for 2 hours, rocking, at 37oC. 

Uninfected samples are seeded cells that remained untouched throughout the infection 

time-course while mock-infected samples were inoculated with DMEM. The inoculums 

were removed following adsorption, and cells were washed with 1X PBS. Fresh cDMEM 

was added to plates, and plates were returned to 37oC until the appropriate time points. 

2.8 Synchronized ZIKV attachment and entry 

 A549 cells were seeded as described above (see 2.7 ZIKV infection). Viral 

inoculums were prepared in ice-cold DMEM. Cells were pre-cooled at 4oC prior to the 

addition of ice-cold inoculums. Viral inoculums were allowed to adsorb for 1 hour at 4oC. 

The inoculums were removed after adsorption, and cells were washed with ice-cold 1X 

PBS. Fresh pre-warmed cDMEM was added to cells, and cells were returned to 37oC 

until 1 hpi to evaluate viral entry or until appropriate time points to evaluate genome 

replication and virion production. For viral attachment assays, RNA lysates were 

harvested immediately following ice-cold 1X PBS washes using the Qiagen RNeasy kit 

followed by DNase I digestion. 
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2.9 Quantification of extracellular and intracellular vRNA 

 RNA lysates harvested with the Qiagen RNeasy kit were used to extract 

intracellular vRNA. To evaluate genome replication following synchronized ZIKV 

infections, 1ml of cell culture supernatants was harvested at appropriate time points and 

centrifuged at 2000rpm at 4oC for 10 minutes. Extracellular vRNA was extracted from 

the clarified supernatants using the QIAmp viral RNA minikit to quantify extracellular 

viral copy numbers. Cells were washed with ice-cold stringent wash buffer (1M NaCl, 

50mM sodium bicarbonate, pH 9.5) for 3 minutes to remove cell surface-associated 

viruses. After ice-cold 1X PBS washes, cells were harvested using the Qiagen RNeasy 

kit to extract intracellular vRNA to quantify intracellular viral copy numbers. 

2.10 Quantification of extracellular and intracellular virus 

 1ml of cell culture supernatants was harvested at appropriate time points and 

centrifuged at 2000rpm for 10 minutes at 4oC. The clarified supernatants were used to 

quantify extracellular virions via plaque assays. To evaluate intracellular virion 

production following synchronized ZIKV infections, cells were washed with ice-cold 

stringent wash buffer as described above (2.9 Quantification of extracellular and 

intracellular vRNA). Cells were then detached with 0.05% trypsin-EDTA (Fisher 

Scientific), resuspended in 1ml cDMEM, and centrifuged at 300xg for 5 minutes at 4oC. 

Supernatants were discarded, and cell pellets were resuspended in 0.5-1ml of cDMEM 

and stored at -80oC. Cell pellets were thawed at 37oC, and cellular debris removed by 

centrifuging at 3200xg for 5 minutes at 4oC. The clarified supernatants were used for 

plaque assays to quantify intracellular viral titers. 
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2.11 Plaque assays 

 Vero cells were seeded at a density of 1.85x105 cells per well in 6-well plates. 

Supernatants from infection experiments were serially diluted in DMEM containing 1% 

FBS. Vero cells were incubated with virus dilutions in duplicate at 37oC for 1 hour 

rocking. Following adsorption, 2X DMEM (Fisher Scientific) containing 1% low-melt 

agarose (Fisher Scientific), 5% sodium bicarbonate (Fisher Scientific), and 5% FBS was 

added to cells as an overlay. 4-5 days later, 1% low-melt agarose overlay containing 3% 

Neutral Red (Sigma-Aldrich), 10% 10X PBS (Fisher Scientific), and dH2O was added to 

the primary overlay to visualize plaques. 

2.12 Quantification of ZIKV copy number 

For each sample, cDNA was synthesized from RNA samples using the iScript 

Select cDNA Synthesis Kit (BioRad, Hercules, CA, USA). cDNA was diluted to a final 

concentration of 2.5ng/µl for Taqman qRT-PCR on the QuantStudio 5 real-time PCR 

system (ThermoFisher) using the TaqMan Universal PCR master mix (Fisher Scientific) 

and primers and probe targeting ZIKV NS3 (Table 1; IDT, Coralville, IA). The ZIKV NS3-

specific probe contains a 5’ FAM reporter dye and a 3’ Iowa Black FQ quencher. ZIKV 

NS3-specific primers and probe target a conserved 88 base pair region in NS3. The 

ZIKV NS3 amplicon was amplified from ZIKV cDNA and cloned into the multiple cloning 

site in the pEF mammalian expression plasmid containing a N-terminal FLAG tag (pEF 

NS3 N-FLAG) using the Takara In-Fusion cloning kit (Table 1; Takara Bio, Kusatsu, 

Japan) following the manufacturer’s instructions. For Taqman qRT-PCR, each sample 

was run in triplicate, and dilutions of known concentrations of pEF NS3 N-FLAG were 
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run in triplicate and used to generate a standard curve with copy number values plotted 

against Ct values to derive a semi-log equation in GraphPad Prism. This equation was 

used to determine the viral copy number of each sample. Serial dilutions of cDNA of 

RNA extracted from ZIKV stocks using the QIAmp viral RNA minikit were run in triplicate 

and used to derive a log-log equation in GraphPad Prism to convert viral copy numbers 

to their FFU equivalent. 

2.13 Transcript analysis by qRT-PCR 

 cDNA for each sample was synthesized as described above (see 2.12 

Quantification of ZIKV copy number). For each sample, cDNA was diluted to a final 

concentration of 2.5ng/µl for SYBR green qRT-PCR on the QuantStudio 5 real-time 

PCR system using the SYBR Green Master Mix (ThermoFisher) and gene-specific 

primers (Table 1; Qiagen; IDT). Each sample was run in triplicate. 

2.14 Transcript analysis by Nanostring 

 For each sample, RNA was diluted to a final concentration of 20ng/µl and 

hybridized to reporters and capture probes from a custom-generated innate immunity 

probe set (Nanostring, Seattle, WA, USA). Samples were hybridized for 16 hours at 

65oC. Sample preparation was completed on a nCounter MAX prep station (Nanostring) 

according to manufacturer’s protocol. Absolute RNA transcript counts were quantified 

on a Nanostring nCounter (Nanostring) according to manufacturer’s instructions. 

2.15 Bioinformatics analyses of Nanostring data 

 Raw reads were assessed for technical quality control flags using the nSolver 

software (Nanostring) prior to being transferred into Rstudio (RStudio, Boston, MA, 
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USA). As the design of our probe set was non-random, the differences in the number of 

observed counts for each gene were large between mock-infected and ZIKV-infected 

samples. To address these differences, we developed a custom approach for data 

analysis (395). We used count data within each sample vector as an internal reference, 

against which we compared genes of interest (GOIs). To identify reference genes, we 

measured the coefficient of variation (CV) for all genes in the probe set, including GOIs, 

housekeeping (HK) genes, and positive and negative controls, to select the HK genes 

with the lowest variability. We then determined the geometric mean of the selected HK 

genes to obtain our within-sample reference value and “anchored” all count data from 

each sample to its within-sample reference in ratio form to derive anchored gene counts 

(AGCs). We took the ratio of the AGC for each GOI against its values from mock-

infected samples at each time point and took the log2 of these values, which were used 

to generate principal component analysis (PCA) plots and line graphs. 

2.16 Protein lysate quantification and immunoblot analysis 

 Cells were washed with 1X PBS and lysed on ice with radioimmunoprecipitation 

assay (RIPA) buffer (50mM Tris pH 7.6, 150mM NaCl, 1% Triton X-100, 0.5% sodium 

deoxycholate). Phosphatase inhibitors (1:100; VWR), protease inhibitors (1:100; Sigma-

Aldrich), and 250nM okadaic acid (1:1000; Fisher Scientific) were freshly added to the 

RIPA buffer. Cell lysates were collected and stored at -80oC. Lysates were then thawed 

on ice and sonicated in an ice slurry bath for three 30 second bursts on the highest 

setting with two 20 second pauses in between. Sonicated lysates were centrifuged at 

14,000rpm for 15 minutes at 4oC to pellet cellular debris. The clarified lysates were 

collected and quantified using a BioRad protein assay kit (BioRad). For immunoblot 
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analysis, protein lysates were incubated with 4X Laemmli buffer (BioRad) containing 

10% β-mercaptoethanol (ThermoFisher-Life Technologies) at 95oC for 3 minutes. For 

each sample, approximately 7-10µg of protein was loaded per lane onto 4-20% Criterion 

TGX gradient gels (BioRad) and electrophoresed at 96V in 1X sodium dodecyl sulfate 

(SDS) running buffer (25mM Tris, 192mM glycine, 0.1% SDS). Proteins were then 

transferred onto nitrocellulose membranes (Fisher Scientific) at 90V for 1 hour at 4oC in 

1X Towbins transfer buffer (25mM Tris, 192mM glycine, 0.01% SDS, 20% methanol). 

Following transfer, membranes were blocked for 1 hour at room temperature in Tris-

buffer saline (TBS)-based LI-COR Intercept blocking buffer (LI-COR, Lincoln, NE, USA) 

and stained overnight at 4oC with primary antibodies (Table 2) diluted in blocking buffer. 

Alexa Fluor 680- (715-625-151 or 711-625-152) or Alexa Fluor 790-conjugated 

secondary antibodies (711-655-152 or 715-655-150) (all from Jackson 

ImmunoResearch) were diluted 1:10,000 in blocking buffer and added to membranes 

after membranes were washed with TBS containing Tween-20 (TBST). Secondary 

antibodies were incubated for 1 hour at room temperature. Membranes were washed 

with TBST followed by 1X TBS prior to imaging on an Odyssey CLx imager (LI-COR). If 

necessary, membranes were stripped with 5X NewBlot IR Stripping Buffer (LI-COR) 

diluted 1:5 in dH2O and reprobed with appropriate primary and secondary antibodies as 

described above. Protein abundance was quantified in Fiji and normalized to actin 

abundance. 
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2.17 Recombinant DNA construct generation and plasmid 

transfections 

 ZIKV/Dakar and ZIKV/Malaysia NS5 sequences were amplified from ZIKV/Dakar 

or ZIKV/Malaysia cDNA and cloned into the multiple cloning site in the mammalian 

expression plasmid pcDNA3.1+ (Table 1) using the Takara In-Fusion cloning kit. 

HEK293T cells were seeded at a density of 4x105 cells per well in a 6-well plate. Cells 

were transfected the following day with 2.5µg of the empty pcDNA3.1+, pcDNA3.1+ 

ZIKV/Dakar NS5, or pcDNA3.1+ ZIKV/Malaysia NS5 plasmids using Lipofectamine 

3000 (ThermoFisher-Life Technologies) according to the manufacturer’s protocol. The 

ratio of plasmid DNA (µg): lipofectamine 3000 (µl): P3000 reagent (µl): Opti-MEM (µl) 

(Fisher Scientific) used was 1:3:2:50. 

2.18 IFNβ treatment 

 A549 NTC and RIG-I KO cells were seeded on No. 1 glass coverslips (Electron 

Microscopy Sciences, Hatfield, PA, USA) at a density of 1x105 cells per well in a 24-well 

plate. The next day, cells were mock-infected or infected with ZIKV variants. 100IU/ml of 

IFNβ (Toray, Tokyo, Japan) was prepared in cDMEM. At 18 or 40 hpi, A549 NTC and 

RIG-I KO cells were treated with IFNβ for 1 hour for immunofluorescence analysis. For 

flow cytometry analysis, A549 RIG-I KO cells were seeded at a density of 4x106 

cells/dish in 10cm dishes and mock-infected or infected with ZIKV variants the next day. 

At appropriate time points, cells were detached with 0.05% trypsin-EDTA, pelleted, 

resuspended in media containing 100IU/ml of IFNβ, and incubated at 37oC for 30 

minutes rocking. HEK293T cells were seeded and transfected as described above (see 
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2.17 Recombinant DNA construct generation and plasmid transfections). The following 

day, cells were detached with 0.05% trypsin-EDTA, pelleted, resuspended in media 

containing 1000IU/ml of IFNβ, and incubated at 37oC for 8 hours rocking for flow 

cytometry analysis. 

2.19 Immunofluorescence analysis 

 A549 cells were seeded on No. 1 glass coverslips at a density of 1x105 cells per 

well in a 24-well plate. The next day, cells were mock-infected or infected with ZIKV 

strains. At appropriate time points, cells were fixed with 4% formaldehyde (Fisher 

Scientific) in filtered 1X TBS for 30 minutes at room temperature. Cells were then 

washed with filtered 1X TBS and permeabilized and blocked in 5% NGS in 1X TBS (5% 

NGS/TBS) containing 0.1% Triton X-100 for 30 minutes at 4oC. For pSTAT1 staining, 

cells were permeabilized with 100% ice-cold methanol (Fisher Scientific) for 10 minutes 

at -20oC. Cells were then washed in 1X TBS for 5 minutes and blocked in 5% NGS/TBS 

for 30 minutes at room temperature. For all immunofluorescence staining, cells were 

stained for 1 hour at room temperature or overnight at 4oC with the following primary 

antibodies diluted in 5% NGS/TBS: mouse anti-dsRNA (J2, no. 10010500; 1:800; 

Scicons, Budapest, Hungary), rabbit anti-ZIKV NS5 (GTX133327; 1:500; GeneTex), and 

rabbit anti-pSTAT1 (no. 7649; 1:400; CST). Cells were washed with filtered 1X TBS, 

and isotype-specific and fluorophore-conjugated secondary antibodies (A-21131, A-

11036, A-11008, or A-21241; ThermoFisher-Life Technologies) diluted 1:1000 in 5% 

NGS/TBS containing 4’, 6-diamidino-2-phenylindole dihydrochloride (DAPI; 1:10,000; 

ThermoFisher-Life Technologies) to stain cell nuclei were added and incubated for 1 

hour at room temperature. Cells were then washed with filtered 1X TBS followed by 
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dH2O. Excess water was removed from coverslips before coverslips were mounted onto 

glass slides (VWR) using ProLong Gold mounting media (ThermoFisher-Life 

Technologies). Coverslips were dried overnight at room temperature. Images and Z-

stacks with 2.5µm step sizes were acquired on a Nikon Eclipse Ti confocal microscope 

(Nikon, Tokyo, Japan) with a 60x oil immersion objective. Images were merged and 

processed using the Nikon confocal analysis software (NIS Elements AR 5.11.03; 

Nikon), and further image analyses were performed in Fiji as indicated in the figure 

legends. 

2.20 Flow cytometry analysis 

 A549 RIG-I KO and HEK293T cells treated with IFNβ were pelleted and fixed 

with 4% formaldehyde in 1X PBS at room temperature for 15 minutes. Following 

fixation, cells were washed with excess 1X PBS, pelleted, and resuspended in 1X PBS 

and stored at 4oC. Cells were permeabilized with 90% ice-cold methanol in 1X PBS for 

at least 10 minutes on ice and then washed with excess 1X PBS. The following 

fluorescently conjugated antibodies were prepared in 0.5% PBSA: pSTAT1-PE (no. 

8062, 1:50, CST) and ZIKV NS5 AF647 (1:2000, conjugated in house). ZIKV NS5 was 

conjugated to AF647 using an Alexa Fluor 647 antibody labeling kit (ThermoFisher 

Scientific) according to the manufacturer’s instructions. Cells were incubated in the dark 

with antibodies for 1 hour at room temperature. Following staining, cells were washed 

with 1X PBS, and data was acquired on a Canto II flow cytometer (BD Biosciences, 

Franklin Lakes, NJ, USA). Flow cytometry data were analyzed in FlowJo (BD 

Biosciences). 
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2.21 Statistical analyses 

 Statistical analyses were carried out as indicated in the figure legends. Statistical 

analyses were performed in GraphPad Prism and in RStudio. 

2.22 Data availability 

 Deep sequencing data were deposited in GenBank under these accession 

numbers: ZIKV/Dakar GenBank OQ180929; ZIKV/Malaysia GenBank OQ165285. Raw 

and processed Nanostring transcript expression data are presented in Tables 4-6. 
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Table 1. Primer sequences for cloning and qRT-PCR. 

Primers for cloning Sequence (5’ to 3’) Source 

pEF N-FLAG vector forward (F) AAACCCGCTGATCAGCCT This paper 

pEF N-FLAG vector reverse (R) GCTGAATTCCTTGTCATCGTCA

TCC 

This paper 

ZIKV NS3 F GACAAGGAATTCAGCGAGGGA

GAGTTCAAGCTTAGGACG 

This paper 

ZIKV NS3 R CTGATCAGCGGGTTTGATAGG

CCAGCCAAACAGGAAGA 

This paper 

pcDNA3.1+ ZIKV/Dakar and 

ZIKV/Malaysia NS5 vector F 

GTTTAAACCCGCTGATCAGCCT This paper 

pcDNA3.1+ ZIKV/Dakar and 

ZIKV/Malaysia NS5 vector R 

CAGCTTGGGTCTCCCTATAGT

GAG 

This paper 

pcDNA3.1+ ZIKV/Dakar NS5 F GGGAGACCCAAGCTGATGGGA

GGTGGAACGGGAGAG 

This paper 

pcDNA3.1+ ZIKV/Dakar NS5 R TCAGCGGGTTTAAACTTACAGC

ACTCCAGGTGTGGAC 

This paper 

pcDNA3.1+ ZIKV/Malaysia 

NS5 F 

GGGAGACCCAAGCTGATGGGA

GGTGGA 

This paper 

pcDNA3.1+ ZIKV/Malaysia 

NS5 R 

TCAGCGGGTTTAAACTTATAAC

ACTCCAGGTGTGGACCC 

This paper 

Primers for TaqMan qRT-PCR Sequence (5’ to 3’) Source 

ZIKV NS3 F GAGGGAGAGTTCAAGCT  This paper 
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ZIKV NS3 R GATAGGCCAGCCAAAC This paper 

ZIKV NS3 probe (with 

quencher) 

56-FAM/ TTC ATG AGT TCC 

ACA AAG GTC TTC CTT TGC 

/3IABkFQ 

This paper 

Primers for SYBR Green 

qRT-PCR 

Sequence (5’ to 3’) Source 

IFNB N/A PPH00384F; 

Qiagen 

TNF N/A PPH00341F; 

Qiagen 

IL6 N/A PPH00560C-

200; Qiagen 

MX1 N/A PPH01325A; 

Qiagen 

IFITM1 N/A PPH05981C; 

Qiagen 

DDX58 N/A PPH20774A-

200; Qiagen 

OAS1 N/A PPH01324A-

200; Qiagen 

RPL13A F GCCCTACGACAAGAAAAAGCG (242) 

RPL13A R TACTTCCAGCCAACCTCGTGA (242) 
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Table 2. Primary antibodies for immunoblot analysis. 

Antigen Catalog # Source Host Concentration 

pIRF3 S386 ab76493 Abcam, Cambridge, UK Rabbit 1:1000 

pIRF3 S396 4947 Cell Signaling Technology 

(CST), Danvers, MA, USA 

Rabbit 1:1000 

IRF3 4302 CST Rabbit 1:1000 

IκBα 4814 CST Mouse 1:1000 

IFIT1 971 In house Rabbit 1:1000 

ZIKV NS5 GTX133327 GeneTex, Irvine, CA, USA Rabbit 1:2500 

ZIKV NS1 ARG65781 Arigo Biolaboratories, 

Hsinchu City, Taiwan 

Mouse 1:1000 

ZIKV capsid GTX133317 GeneTex Rabbit 1:1000 

pSTAT1 7649 CST Rabbit 1:1000 

STAT1 9172 CST Rabbit 1:1000 

STAT2 72604 CST Rabbit 1:1000 

IFITM1 60074-1-1g ProteinTech Group, 

Rosemont, IL, USA 

Mouse 1:1000 

OAS1 14498 CST Rabbit 1:1000 

Mx1 340B In house Rabbit 1:500 

RIG-I AG-20B-0009-

C100 

Adipogen, San Diego, CA, 

USA 

Mouse 1:1000 

Actin MAB 1501 Sigma-Aldrich Mouse 1:1000 
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Chapter 3. Genomic differences between prototypic ZIKV 

variants link with differential replication kinetics and innate 

immune responses 

This chapter is combined with chapter 4 as a manuscript. 

3.1 Introduction 

 The 2013 and 2015 ZIKV outbreaks marked the emergence of severe clinical 

manifestations following ZIKV infection and of mosquito-independent transmission 

routes, highlighting the global threat ZIKV poses. Since these outbreaks, previous 

studies have comparatively assessed the replication properties of African and Asian 

lineage strains and have revealed that African lineage strains replicate to higher levels 

and induce more cell death (46, 226, 227, 230–237, 249). As the recently emerging 

ZIKV variants belong to the Asian lineage, it is likely that ZIKV has evolved to become 

more pathogenic than pre-epidemic Asian lineage viruses (3, 10–13, 396). Indeed, 

comparative analyses of viral replication kinetics between pre-epidemic and epidemic 

Asian lineage variants have demonstrated that epidemic strains exhibit enhanced viral 

replicative fitness compared to pre-epidemic Asian lineage viruses (242, 245). 

Moreover, studies have identified specific aa residues between epidemic and pre-

epidemic Asian lineage strains that differentially impact fetal brain damage, viral 

infectivity, and viral transmissibility (102, 134, 245–247, 397). These findings provide 

evidence that viral genetics plays a crucial role in ZIKV replication, transmission, and 

disease. 
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The innate immune response to ZIKV infection is differentially modulated by ZIKV 

variants as studies have shown that Asian lineage-derived epidemic strains induce 

weaker antiviral and IFN responses than African lineage or pre-epidemic Asian lineage 

viruses (61, 235, 242, 244, 358). Furthermore, African and Asian lineage-derived 

epidemic strains have been shown to be less sensitive to the antiviral effects of IFN 

(242, 363). Dampened antiviral and IFN responses along with a decrease in IFN 

sensitivity can promote efficient replication and cell-to-cell spread and facilitate 

persistence of epidemic ZIKV strains, highlighting the crucial role that host antiviral 

signaling plays in controlling ZIKV replication and spread. Additionally, high levels of 

TLR3 and IFN signaling induce severe damage to the fetal brain and the placenta, 

implicating the innate immune response in ZIKV pathogenesis (45, 307, 358–360, 398). 

Other in vitro and in vivo studies have demonstrated that epidemic ZIKV variants induce 

more robust inflammatory responses than African lineage and pre-epidemic Asian 

lineage-derived strains, increasing viral pathogenesis of emerging variants (259, 307, 

362). Together, these studies indicate a contribution of the host inflammatory response 

to ZIKV infection in viral pathogenesis. 

As previous studies predominantly compared African or pre-epidemic Asian 

lineage viruses with emerging strains, our understanding of the replication properties of 

and host innate immune responses to prototypic African and Asian lineage strains 

remains limited. Since viral genetics is a determinant of viral fitness, we hypothesized 

that changes in ZIKV genome sequences between prototypic African and Asian lineage 

strains impact viral replication and innate immune actions to drive differential control of 

ZIKV infection. Hence, we carried out a comprehensive virologic and host innate 
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immune analysis of the prototypic African and Asian lineage viruses, 

ZIKV/Dakar/1984/ArD41519 (ZIKV/Dakar) and ZIKV/Malaysia/1966/P6740 

(ZIKV/Malaysia), respectively, in an immunocompetent human epithelial cell infection 

model. We assessed viral replication kinetics and the innate immune activation and 

response profiles induced by infection with these variants to evaluate how ZIKV 

sequences link with virologic differences and innate immune responses. De novo 

sequence determination identified aa changes within the ZIKV/Dakar genome compared 

to ZIKV/Malaysia. One-step viral growth analyses revealed that ZIKV/Malaysia 

accumulated viral proteins and RNA faster and to higher levels and exhibited a higher 

infection efficiency than ZIKV/Dakar. We demonstrate that despite robust activation of 

RIG-I signaling during acute infection with either ZIKV variant, ZIKV/Malaysia, but not 

ZIKV/Dakar, potently blocked IFN signaling. These findings reveal that ZIKV/Malaysia 

exhibits higher replicative fitness and induces a weaker IFN response than ZIKV/Dakar 

contrary to findings from previous studies, demonstrating that the prototypic Asian 

lineage virus may be more virulent than the prototypic African lineage isolate. 

3.2 Results 

Prototypic ZIKV variants encode genomic differences associated with viral fitness  

To evaluate how changes in ZIKV genome sequences contribute to viral fitness, 

we first sequenced two prototypic ZIKV strains from distinct lineages, African lineage 

ZIKV/Dakar (GenBank OQ180929) and Asian lineage ZIKV/Malaysia (GenBank 

OQ165285). Although the original ZIKV strain isolated in Uganda in 1947 is the 

prototypic African lineage strain, it has been passaged extensively in mice prior to its 

distribution for research, whereas ZIKV/Dakar has undergone only limited passaging in 
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cell culture since its original isolation in 1984 (1, 3, 399). We note that ZIKV/Malaysia is 

the prototypic Asian lineage virus and was thus included in our analyses with 

ZIKV/Dakar (4). We also included the sequence of a reference Asian lineage strain 

(GenBank KX377336) in our genomic analysis and determined the percent aa 

divergence of our ZIKV variants compared to the reference Asian lineage strain and to 

one another (400). Compared to the Asian lineage reference strain, we found that 

ZIKV/Malaysia displays 0.029% aa sequence divergence. Importantly, ZIKV/Dakar 

exhibits increased aa sequence divergence from the Asian lineage reference strain 

compared to ZIKV/Malaysia with 2.48% aa divergence (Fig. 3-1A). 

 

ZIKV/Malaysia/1966/P6740 

(KX377336) 

ZIKV/Malaysia/1966/P6740 

(ZIKV/Malaysia) 

ZIKV/Dakar/1984/ArD41519 

(ZIKV/Dakar) 2.48 2.45 

ZIKV/Malaysia/1966/P6740 

(ZIKV/Malaysia) 0.029 
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We also identified non-conservative and conservative aa substitutions in each of 

the ZIKV/Dakar structural and non-structural proteins compared to the Asian lineage 

reference strain with the greatest number of substitutions located in NS5 (Fig. 3-1B and 

Table 3). We found that ZIKV/Dakar and ZIKV/Malaysia both encode an alanine at 

position 106 of the C protein. The alanine at this position is conserved in all epidemic 

strains and has been shown to increase viral infectivity and fitness in the mosquito 

vector and in mammalian hosts (245, 246). Our sequencing analysis also revealed that 

ZIKV/Dakar encodes the V1A mutation in prM, which is found in epidemic strains and 

has been associated with reduced viral fitness and virulence in mammalian hosts (247). 

Neither ZIKV/Dakar nor ZIKV/Malaysia encode the S17N mutation in prM linked with 

enhanced infectivity in NPCs and increased microcephaly severity (102). Both ZIKV 

variants retain the E protein glycosylation site at position 154, which has been 

demonstrated to enhance viral infectivity and virulence in mosquitoes and IFNAR KO 

mice (102, 109, 110). Furthermore, ZIKV/Dakar encodes the A188V mutation in NS1, 

which enhances infectivity in mosquitoes and confers enhanced blockade of innate 

immune activation and IFNβ induction through the interaction between NS1 and TBK1 

(134, 377). Importantly, this mutation is absent in ZIKV/Malaysia but present in all 

Figure 3-1. Prototypic ZIKV variants encode sequence differences associated with 

viral fitness. Viral stocks were sequenced, and consensus sequences were 

assembled de novo. (A) The matrix depicts the percent divergence of aa sequences 

of prototypic ZIKV variants compared to an Asian lineage reference genome 

(GenBank KX377336). (B) The total number of aa substitutions in each ZIKV/Dakar 

protein compared to an Asian lineage reference strain is presented and categorized 

as conservative or non-conservative. 
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African lineage variants and emerging Asian lineage-derived strains (134, 242, 377). 

We also identified several other aa substitutions in the remaining structural and non-

structural proteins in the ZIKV/Dakar genome that have not been previously reported to 

contribute to viral fitness or host interactions. 

ZIKV strains exhibit replication differences in immunocompetent cells 

To evaluate strain-specific differences on viral replication, we carried out 

analyses to examine viral protein accumulation, genome replication, virus secretion, and 

spread of the ZIKV variants in an established immunocompetent human epithelial cell 

(A549) infection model (242, 269, 387). We performed immunoblot analyses to evaluate 

the accumulation of viral proteins over a 48-hour acute infection time-course and found 

that samples infected with ZIKV/Malaysia accumulated detectable levels of the C 

protein, NS1, and NS5 by 8 hpi (Fig. 3-2A). On the other hand, samples infected with 

ZIKV/Dakar did not accumulate detectable levels of these viral proteins until 24 hpi. We 

also observed that samples infected with ZIKV/Malaysia had a greater abundance of the 

C protein, NS1, and NS5 throughout the infection time-course compared to samples 

infected with ZIKV/Dakar. Next, we conducted one-step viral growth analyses to 

characterize the growth kinetics of these variants during acute infection at a high MOI. 

We observed that ZIKV/Malaysia replicated to significantly higher levels with vRNA 

levels peaking at 24 hpi and plateauing throughout the remainder of the time-course 

(Fig. 3-2B). ZIKV/Dakar, however, did not reach the exponential phase of genome 

replication until 8 hpi, likely due to the slower rate of viral protein accumulation, and 

accumulated significantly fewer copies of genomic RNA. 
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Given the differences in the accumulation of viral protein and intracellular vRNA 

between cells infected with these ZIKV variants, we investigated whether ZIKV/Dakar 

and ZIKV/Malaysia exhibited differences in viral attachment and entry that could 

possibly link with these outcomes (Fig. 3-3A). Cell binding analyses revealed that 

ZIKV/Dakar and ZIKV/Malaysia exhibited similar efficiency of cell attachment, indicating 

that differences in viral attachment to cells do not contribute to differences in the 

accumulation of viral proteins and intracellular genome copies in A549 cells (Fig. 3-3B). 

We then quantified the intracellular vRNA levels at 1 hpi to assess viral entry and 

observed that they were comparable between the ZIKV variants, indicating that 

ZIKV/Dakar and ZIKV/Malaysia do not exhibit differences in viral entry in A549 cells 

(Fig. 3-3C). Analysis of genome replication over this 24-hour infection time-course 

Figure 3-2. ZIKV/Malaysia accumulates viral proteins and genome copies faster and 

to higher levels than ZIKV/Dakar during acute infection. A549 cells were mock-

infected or infected with ZIKV/Dakar or ZIKV/Malaysia over a 48-hour time-course at 

a MOI of 5. (A) Cell lysates were analyzed via immunoblotting. One immunoblot 

representative of three independent experiments (n = 3) is presented. (B) Viral copy 

numbers were determined from RNA lysates by qRT-PCR. Depicted are means from 

three biological and technical replicates that were pooled for statistical analysis; error 

bars represent SEM. Statistical analyses were performed with a two-tailed unpaired t-

test at each time point (***p<0.001; ****p<0.0001). 
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demonstrated that ZIKV/Malaysia replicated viral genome to higher levels compared to 

ZIKV/Dakar, indicating that ZIKV/Malaysia is more efficient at genome replication than 

ZIKV/Dakar (Fig. 3-3D). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-3. ZIKV variants exhibit similar cell attachment and entry efficiencies, but 

ZIKV/Malaysia is more efficient at genome replication. A549 cells were mock-infected 

or infected with ZIKV variants over a 24-hour time-course at a MOI of 5. Results are 

representative of three independent experiments (n = 3). (A) Schematic of 

experimental setup. Illustrations were generated in BioRender. (B) RNA lysates were 

harvested at 0 hpi, and viral copy numbers were determined by qRT-PCR and 

converted to FFUs. Results depict means from three biological and technical 

replicates that were pooled for statistical analysis. (C) Intracellular viral copy numbers 

were quantified from RNA lysates by qRT-PCR. Depicted are means from three 

biological and technical replicates that were pooled for statistical analysis. For all 

figures, error bars represent SEM. All statistical analyses were performed with a two-

tailed unpaired t-test at each time point (ns: not significant; *p<0.05; **p<0.005). 
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Next, we compared virion production between the ZIKV variants and found that 

cells infected with either variant released similar amounts of infectious virions despite 

the significant differences in the levels of intracellular viral genome copies (Fig. 3-4).  

To determine whether differences in 

virion assembly or secretion kinetics 

could account for this discrepancy, we 

employed a synchronous infection 

analysis as outlined in Fig. 3-3A. We 

observed that cells synchronously infected with ZIKV/Dakar or ZIKV/Malaysia had 

similar amounts of intracellular infectious particles at 24 hpi despite significant 

differences in the levels of intracellular vRNA observed at this time point (Fig. 3-3C, Fig. 

3-5A). Given this observation, we calculated the intracellular RNA:PFU ratios to 

evaluate the virion assembly efficiency of these ZIKV variants and revealed that 

ZIKV/Dakar was more efficient at virion assembly than ZIKV/Malaysia (Fig. 3-5B). When 

we quantified the amounts of extracellular infectious virions over the 24-hour infection 

time-course, we observed no differences in the abundance of extracellular vRNA and 

infectious particles (Fig. 3-5C, D). Comparisons of extracellular RNA:PFU ratios to 

assess the infectivity of progeny virions revealed no differences in the infectivity of 

progeny produced by ZIKV/Dakar- and ZIKV/Malaysia-infected cells (Fig. 3-2E). These 

findings demonstrate that the ZIKV variants do not differ in the kinetics of virion 

Figure 3-4. Cells infected with either ZIKV 

variant secrete similar amounts of infectious 

virions. A549 cells were mock-infected or 

infected with ZIKV/Dakar or ZIKV/Malaysia 

over a 48-hour time-course at a MOI of 5. 

Cell culture supernatants were titered by 

plaque assay. Results are depicted as 

means; error bars represent SEM. Results 

are representative of three independent 

experiments (n = 3). Statistical analyses 

were performed with a two-tailed unpaired 

t-test at each time point (*p<0.05). 
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secretion nor in the infectivity of progeny virus. Instead, ZIKV/Dakar and ZIKV/Malaysia 

differ in virion assembly efficiency, with ZIKV/Dakar exhibiting greater virion assembly 

efficiency. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 3-5. ZIKV/Dakar exhibits greater virion assembly efficiency. A549 cells were 

mock-infected or infected with ZIKV variants over a 24-hour time-course at a MOI of 5. 

Results are representative of three independent experiments (n = 3). (A) Cell pellets 

were collected at 24 hpi, and intracellular viral titers were determined by plaque assay. 

Results are depicted as means. (B) Intracellular RNA:PFU ratios were calculated for 

ZIKV variants. Results represent means from three biological and technical replicates. 

(C, D) Cell culture supernatants were collected at the indicated time points to quantify 

(C) extracellular viral copy number via qRT-PCR and (D) extracellular viral titers by 

plaque assay. Results depict means from (C) three biological and technical replicates 

that were pooled for statistical analysis and (D) means from three independent 

experiments (n = 3). (E) Extracellular RNA:PFU ratios were calculated for ZIKV 

variants. Results are depicted as means from three biological and technical replicates. 

For all figures, error bars represent SEM. All statistical analyses were performed with a 

two-tailed unpaired t-test at each time point (ns: not significant; *p<0.05). 
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Lastly, we evaluated spread of ZIKV/Dakar and ZIKV/Malaysia over a 48-hour 

acute infection time-course at a high MOI. We stained cells with antibodies specific to 

dsRNA (a marker for viral replication) and ZIKV NS5 protein for immunofluorescence 

analyses to compare the infection efficiency of these variants. At both 24 and 48 hpi, 

ZIKV/Malaysia infected a significantly higher percentage of cells than ZIKV/Dakar (Fig. 

3-6A, B). We did not observe a significant increase in the percentage of infected cells 

for either ZIKV strain between 24 and 48 hpi, suggesting that there was limited viral 

spread between these two time points (Fig. 3-6B). As the infection efficiency of these 

ZIKV variants differed by only two-fold, it is likely that this difference contributes only 

minimally to the 10-fold difference in intracellular viral genome copies observed 

between ZIKV/Dakar and ZIKV/Malaysia (see Fig. 3-2B), suggesting that the ZIKV 

variants may additionally differ in their interactions with host factors critical for viral 

control. Together, our data clearly demonstrate that ZIKV/Dakar and ZIKV/Malaysia 

exhibit unique replication differences in immunocompetent A549 cells, specifically at the 

stages of viral protein accumulation, genome replication, and virion assembly that 

together impact viral spread. 
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ZIKV variants induce robust innate immune activation 

To investigate the contribution of innate immunity on the replication differences 

observed between the ZIKV variants, we evaluated activation of RLR signaling and 

response over a 48-hour acute infection time-course. We carried out immunoblot 

analyses and probed for phospho-IRF3 (pIRF3) S386 and S396 and IκB as markers of 

IRF3 and NFκB activation, respectively. We observed that ZIKV variants induced IRF3 

and NFκB activation to a similar extent at 24 hpi (Fig. 3-7A). At 48 hpi, however, 

ZIKV/Malaysia induced RLR activation to a greater extent as indicated by the increased 

abundance of pIRF3 S386 and S396 and decreased levels of IκB. Thus, both 

Figure 3-6. ZIKV/Malaysia exhibits enhanced cell-to-cell spread compared to 

ZIKV/Dakar. A549 cells were infected with ZIKV strains at a MOI of 5, and the 

percentage of infected cells at each time point was quantified by 

immunofluorescence analysis. (A) For each sample, five randomly selected fields of 

view representing at least 190 cells total were analyzed. Scale bar represents 10µm. 

(B) Images were manually analyzed in Fiji using the multipoint tool. The percentages 

of ZIKV+ cells are presented after normalizing to the total number of cells as 

determined by DAPI staining. Depicted are means from five randomly selected fields 

of view across three independent experiments (n = 3) that were pooled for statistical 

analysis. Error bars represent SEM. Statistical analyses were performed with a two-

tailed unpaired t-test at each time point (****p<0.0001). 
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ZIKV/Dakar and ZIKV/Malaysia activate RLR signaling with ZIKV/Malaysia inducing 

increased RLR signaling late in acute infection. 

RLR activation triggers a signaling cascade that results in the expression of IFNβ 

and inflammatory cytokines (263, 266, 291, 401). As such, we used a custom 

Nanostring innate immunity gene panel that includes target genes of IRF3, NFκB, IFN, 

and inflammatory cytokine signaling marking activation of these pathways to analyze a 

select cytokine mRNA expression profile induced in response to infection with 

ZIKV/Dakar or ZIKV/Malaysia. Nanostring analysis provides a direct measure of the 

absolute counts of the target mRNAs noted (402). PCA revealed that ZIKV/Dakar- and 

ZIKV/Malaysia-infected samples clustered with mock-infected samples prior to 24 hpi 

(Fig. 3-7B). At 24 and 48 hpi, infected samples clustered away from the mock-infected 

samples with infected samples clustering together at these time points. This indicates 

that our samples clustered by infection condition and time post-infection. To define the 

cytokine-specific transcriptional profiles induced by infection with the ZIKV variants, we 

visualized fold change in the expression levels of cytokines over the 48-hour acute 

infection time-course (Fig. 3-7C; Table 5). Compared to mock-infected samples, 

samples infected with the ZIKV variants similarly induced the expression of several 

cytokines, especially types I and III IFNs, indicating innate immune activation of IRF3 

and NFκB signaling. To validate the results from our Nanostring analysis, we quantified 

the relative transcript levels of IFNB, TNF, and IL6 genes by qRT-PCR (Fig. 3-7D). 

Consistent with our Nanostring results, infection with ZIKV/Dakar and ZIKV/Malaysia 

induced the expression of these cytokines to similar levels. Hence, our analyses of RLR 

signaling in response to infection with ZIKV/Dakar and ZIKV/Malaysia demonstrate that 
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the ZIKV variants activate RLR signaling to the same extent to induce similar innate 

immune activation gene expression profiles. 
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Figure 3-7. ZIKV/Dakar and ZIKV/Malaysia activate RLR signaling to the same extent. (A, D) A549 

cells were uninfected, mock-infected, or infected with ZIKV variants over a 48-hour time-course at a 

MOI of 5. (A) Cell lysates were analyzed via immunoblotting. Depicted is an immunoblot 

representative of three independent experiments (n = 3). (B, C) A549 cells were mock-infected or 

infected with ZIKV/Dakar or ZIKV/Malaysia over a 48-hour time-course at a MOI of 5. RNA lysates 

were collected and raw mRNA transcript levels of cytokines and IFNs were quantified on the 

Nanostring nCounter. Raw and processed gene expression data are presented in Tables 4 and 5, 

respectively. Results are representative of three independent experiments (n = 3). (B) PCA plot of 

GOIs depicts changes in the cytokine transcriptional profiles over the infection time-course. (C) Log2 

fold change over mock infection of the transcript levels of GOIs are depicted individually for each 

gene. Statistical analysis was performed with two-tailed t-test followed by Benjamini-Hochberg (BH) 

correction for each time point. (D) RNA lysates were collected and analyzed via qRT-PCR. IFNB, TNF, 

and IL6 transcript levels were normalized to the RPL13A HK gene of uninfected samples at each time 

point. Results depict means from three biological and technical replicates, which were pooled for 

statistical analysis; error bars represent SEMs. Statistical analysis was performed with a one-way 

ANOVA followed by Tukey’s multiple comparison test for each time point. 
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ZIKV/Malaysia blocks IFN signaling to suppress induction of ISGs 

Given the robust induction of IFNs in response to acute infection with the ZIKV 

variants, we assessed the activation status of the JAK/STAT signaling pathway and the 

expression of ISGs at the protein level using an immunoblot assay. At 24 hpi, we 

observed that infection with the ZIKV variants induced STAT1 phosphorylation 

(pSTAT1) to similar levels (Fig. 3-8A). At 48 hpi, however, the levels of pSTAT1 induced 

by infection with ZIKV/Dakar or ZIKV/Malaysia diverged; specifically, the levels of 

pSTAT1 detected were lower during infection with ZIKV/Malaysia but higher during 

infection with ZIKV/Dakar. To evaluate whether the differential activation of STAT1 

observed at 48 hpi impacts downstream induction of ISGs, we probed for several 

canonical ISGs: STAT1, RIG-I, IFITM1, OAS1, Mx1, and IFIT1. We observed that the 

expression of these ISGs at the protein level were lower during infection with 

ZIKV/Malaysia compared to infection with ZIKV/Dakar, indicating that lower pSTAT1 

levels correlate with a reduction in ISG induction (Fig. 3-8A). As ZIKV is known to target 

STAT2 for proteasomal degradation as a mechanism of antagonizing JAK/STAT 

signaling, we additionally assessed STAT2 abundance (386, 389). We found that 

STAT2 levels were consistently lower throughout the acute ZIKV/Malaysia infection 

time-course (Fig. 3-8A). In fact, we observed STAT2 reduction as early as 8 hpi, which 

coincided with detection of ZIKV/Malaysia NS5 protein. Thus, although both ZIKV 

variants acutely induced robust levels of IFNs during infection, we found that infection 

with ZIKV/Malaysia elicits a weak IFN response compared to ZIKV/Dakar, indicating 

that ZIKV/Malaysia can more efficiently block IFN signaling than ZIKV/Dakar. 
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To further delineate the effects of innate immune activation and differential 

regulation of JAK/STAT signaling on downstream gene expression during acute ZIKV 

infection, we evaluated the IRF3-target gene and ISG transcriptional profiles induced by 

infection with ZIKV/Dakar and ZIKV/Malaysia using our custom Nanostring innate 

immunity gene panel. PCA indicated that infected samples clustered with mock-infected 

samples prior to 24 hpi before clustering away from mock-infected samples (Fig. 3-8B). 

At 24 and 48 hpi, we observed that samples infected with ZIKV/Dakar and 

ZIKV/Malaysia clustered based on ZIKV variant and time. Compared to mock infection, 

infection with the ZIKV variants induced initial upregulation of the transcript levels of 

IRF3-target genes and ISGs in our panel at early time points post-infection (Fig. 3-8C; 

Table 6). In accordance with our immunoblot results, we observed that infection with 

ZIKV/Malaysia suppressed the transcriptional induction of a majority of ISGs in our 

panel by 24 hpi compared to infection with ZIKV/Dakar, which induced ISGs to higher 

levels overall. To validate the results from our Nanostring analysis, we quantified the 

transcript levels of canonical ISGs, MX1, IFITM1, DDX58, and OAS1, via qRT-PCR 

(Fig. 3-8D). We observed that infection with ZIKV/Dakar induced the expression of 

these ISGs to significantly higher levels compared to infection with ZIKV/Malaysia, 

verifying our results from our Nanostring analysis. Together, our data reveal a unique 

immunophenotype where the prototypic African and Asian lineage ZIKV strains induce 

similar IRF3 and NFκB signaling profiles but differentially regulate IFN signaling to 

modulate downstream ISG expression, driving distinct innate immune signatures. 
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3.3 Summary of results 

In this chapter, we sought to evaluate the impact of viral genomic differences on 

viral replication kinetics and host innate immune responses to two prototypic ZIKV 

variants, African lineage ZIKV/Dakar and Asian lineage ZIKV/Malaysia. Our sequencing 

analysis identified several aa differences between each viral protein of ZIKV/Dakar 

compared to a reference Asian lineage strain and further revealed that ZIKV/Dakar and 

ZIKV/Malaysia share some known genetic determinants of viral fitness (Fig. 3-1B, Table 

3). We found that ZIKV/Dakar encodes the V1A mutation in prM and the A188V 

mutation in NS1 while ZIKV/Malaysia does not, suggesting that these ZIKV variants 

may exhibit differences in viral fitness, virulence, and IFN induction (247, 377). We also 

Figure 3-8. ZIKV/Malaysia blocks IFN signaling to suppress induction of ISGs. (A, D) A549 cells 

were uninfected, mock-infected, or infected with ZIKV/Dakar or ZIKV/Malaysia over a 48-hour 

time-course at a MOI of 5. (A) Cell lysates were analyzed by immunoblotting. Depicted is an 

immunoblot representative of three independent experiments (n = 3). (B, C) A549 cells were 

mock-infected or infected with ZIKV variants over a 48-hour time-course at a MOI of 5. RNA 

lysates were collected and RNA transcript levels of a select panel of ISGs were quantified on the 

Nanostring nCounter. Raw and processed expression data are presented in Tables 4 and 6, 

respectively. Results are representative of three independent experiments (n = 3). (B) PCA plot 

depicts changes in ISG transcriptome under each infection condition over the infection time-

course. (C) Log2 fold change of ISG transcript levels is depicted. Statistical analysis was 

performed with two-tailed t-test followed by BH correction for each time point (*p<0.05). (D) RNA 

lysates were collected for qRT-PCR analysis. MX1, IFITM1, DDX58, and OAS1 transcript levels 

were normalized to the RPL13A HK gene of uninfected samples at each time point. Depicted are 

means from three biological and technical replicates that were pooled for statistical analysis; 

error bars represent SEMs. Statistical analysis was performed with a one-way ANOVA followed 

by Tukey’s multiple comparison test (*p<0.05; **p<0.005; ****p<0.0001). 
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identified several aa differences in the structural and non-structural proteins in the 

ZIKV/Dakar genome, but their impact on viral fitness remains uncharacterized. 

Evaluation of replication kinetics of these prototypic strains revealed lineage-

dependent differences in specific stages of the viral life cycle. We observed that 

samples infected with ZIKV/Malaysia accumulated viral proteins and genome copies 

earlier and to higher levels compared to samples infected with ZIKV/Dakar but was less 

efficient at infectious virion assembly (Fig. 3-2A, B, Fig. 3-4H). These discrepancies 

were not due to differences in cell attachment or viral entry but were rather attributed to 

differences in genome replication efficiencies (Fig. 3-3C). We also found that 

ZIKV/Malaysia exhibited a higher infection efficiency than ZIKV/Dakar (Fig. 3-6). Cells 

infected with either ZIKV variant secreted similar amounts of infectious particles despite 

the significantly lower infection efficiency observed for ZIKV/Dakar (Fig. 3-4). This 

observation indicates that ZIKV/Dakar-infected cells secrete more infectious virions per 

infected cell, possibly due to the higher efficiency of infectious particle assembly 

observed for ZIKV/Dakar (Fig. 3-5B). 

Comparative analyses of the innate immune response to ZIKV/Dakar and 

ZIKV/Malaysia demonstrated that the ZIKV variants activate RLR signaling and induce 

similar transcriptional upregulation of inflammatory cytokines, particularly types I and III 

IFNs (Fig. 3-7). Despite the robust acute induction of IFNs, we observed a striking 

immunophenotype between the ZIKV variants where ZIKV/Malaysia, but not 

ZIKV/Dakar, effectively blocked JAK/STAT signaling and the downstream expression of 

ISGs at the transcriptional and protein levels during acute infection (Fig. 3-8). RIG-I-
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mediated antiviral signaling observed during infection with ZIKV/Dakar likely restricts the 

replication and spread of ZIKV/Dakar over an acute infection time-course. 

 

Chapter 4. RIG-I drives a critical innate immune response 

that regulates the kinetics of viral protein accumulation to 

permit IFN signaling for control of ZIKV replication and 

spread 

This chapter is combined with chapter 3 as a manuscript. 

4.1 Introduction 

 Host innate immune activation and signaling is the first line cell-intrinsic defense 

mechanism against viral pathogens (263–266). RIG-I serves as the primary PRR that 

recognizes ZIKV in human cells (242, 268, 269, 282). Binding of ZIKV PAMP to RIG-I 

triggers a signaling cascade that activates IRF3 and NFκB transcription factors to 

induce their translocation into the nucleus where they bind to the IFNβ promoter to 

upregulate expression of IFNβ (295–298). In the absence of RIG-I, IRF3 

phosphorylation is abrogated and subsequently IFNβ production is severely blunted in 

response to ZIKV infection (242, 269). Consequently, ZIKV replicates to higher titers in 

RIG-I KO cells than in WT cells, underscoring the crucial role that RIG-I signaling plays 

in restricting ZIKV replication (242, 269). 

 Following RIG-I-mediated induction of IFNβ, IFNβ signals through IFNAR in an 

autocrine and paracrine manner, activating JAK/STAT signaling to upregulate ISGs in 
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infected and neighbouring uninfected cells (63, 105, 319, 321, 328). Upregulation of 

ISGs in infected cells restricts further viral replication while the expression of ISGs in 

uninfected cells induces an antiviral state that renders them less susceptible to 

infection, thereby limiting viral spread (328, 344, 345). IFN signaling is essential for 

restricting ZIKV spread as ZIKV dissemination and overt clinical disease are observed 

in immunocompromised mice lacking components of the IFN response pathway (253, 

257, 273, 333).  

In the previous chapter, we observed that ZIKV/Malaysia accumulated viral 

proteins earlier in acute infection and to a greater abundance than ZIKV/Dakar in 

immunocompetent A549 cells. Evaluation of the IFN response following acute ZIKV 

infection revealed a unique immunophenotype where infection with ZIKV/Malaysia 

elicited a weak IFN response despite the robust induction of IFNs downstream of RIG-I 

activation. In this chapter, we aimed to define the impact of RIG-I-mediated antiviral 

signaling on distinct stages of the ZIKV life cycle given the crucial role that RIG-I 

signaling plays in controlling ZIKV replication. As previous studies have provided 

evidence for a correlation between the rate of accumulation of viral innate immune 

antagonists and the host IFN response, we also sought to investigate how the kinetics 

of ZIKV protein accumulation regulates host IFN signaling (384, 403, 404). Paired 

analyses in control and RIG-I KO cells infected with ZIKV/Dakar or ZIKV/Malaysia 

revealed that RIG-I signaling is critical for restricting ZIKV protein accumulation and 

genome replication late in acute infection that together limit virus spread. We 

demonstrate for the first time for ZIKV that early accumulation of viral proteins in 

infected cells confers enhanced ability to restrict IFN signaling. The studies presented in 
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this chapter reveal that RIG-I directs an innate immune response that controls viral 

replicative fitness by limiting viral protein accumulation, which permits IFN signaling to 

restrict ZIKV genome replication and spread. 

4.2 Results 

RIG-I-mediated signaling differentially restricts the accumulation of ZIKV/Dakar 

proteins and viral genome and suppresses spread of ZIKV variants late in acute 

infection 

To elucidate the role of RIG-I in host innate immune control of prototypic ZIKV 

variants, we utilized A549 RIG-I KO cells to assess the contribution of RIG-I-driven 

antiviral actions on distinct stages of the ZIKV life cycle. A549 RIG-I KO cells have been 

previously shown to be defective in RLR signaling and do not produce IFN in response 

to ZIKV infection (242). As a control, we assessed ZIKV infection in A549 non-targeting 

control (NTC) cells that were transduced with a lentivirus expressing a non-targeting 

guide RNA. We infected NTC and RIG-I KO cells with ZIKV/Dakar or ZIKV/Malaysia 

over a 48-hour infection time-course at a high MOI to evaluate viral protein 

accumulation, genome replication, infectious virion release, and viral spread. 

Immunoblot analyses revealed that ZIKV/Malaysia-infected samples accumulated 

higher levels of NS5 in both NTC and RIG-I KO cells at 24 hpi compared to ZIKV/Dakar-

infected samples (Fig. 4-1A). The discrepancy in viral protein accumulation in the 

absence of innate immune pressures indicates that cells infected with ZIKV/Dakar and 

ZIKV/Malaysia exhibit intrinsic differences in the rate of viral protein translation and 

accumulation early in infection. At 48 hpi, however, the levels of NS5 across the ZIKV 

variants were comparable in RIG-I KO cells, whereas NTC cells infected with 
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ZIKV/Dakar had a lower abundance of NS5 than cells infected with ZIKV/Malaysia. Our 

findings demonstrate that RIG-I-mediated antiviral signaling directs an innate immune 

response that restricts ZIKV/Dakar, but not ZIKV/Malaysia, protein accumulation at late 

time points of acute infection. 

 

 

 

 

 

Next, we carried out paired one-step viral growth analyses of the ZIKV variants in 

NTC and RIG-I KO cells to determine the impact of RIG-I signaling on viral genome 

replication and virion release. For each ZIKV strain, we observed that the levels of 

intracellular vRNA were similar between NTC and RIG-I KO cells at 6 and 24 hpi (Fig. 4-

2A, B). However, at 48 hpi, we found significantly more ZIKV/Dakar RNA in RIG-I KO 

cells than in NTC cells, indicating that RIG-I signaling is crucial for restricting 

ZIKV/Dakar genome replication as observed previously with ZIKV and other flaviviruses 

(242, 269, 272). In contrast, we did not observe any differences in ZIKV/Malaysia RNA 

levels between NTC and RIG-I KO cells at 48 hpi, suggesting that RIG-I signaling 
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Figure 4-1. RIG-I signaling restricts ZIKV/Dakar protein accumulation. A549 NTC and 

RIG-I KO cells were mock-infected or infected with the ZIKV variants over a 48-hour 

time-course at a MOI of 5. Cell lysates were analyzed via immunoblotting. Depicted 

is one representative immunoblot from three independent experiments (n = 3). 

Immunoblot band intensities were quantified in Fiji and indicated beneath the 

corresponding bands. 
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cannot restrict replication of this variant at the high MOI used (Fig. 4-2B). When we 

quantified the amounts of infectious particles released, we found no differences in 

infectious viral titers between ZIKV variants across cell types (Fig. 4-2C, D). Hence, our 

results demonstrate that ZIKV/Dakar, but not ZIKV/Malaysia, genome replication is 

restricted by RIG-I-mediated antiviral signaling at late time points in acute infection and 

further reveal that infectious virion release by cells infected with the ZIKV variants is 

insensitive to RIG-I signaling.  

 

 

 

 

 

 

 

Lastly, we assessed the impact of RIG-I signaling on virus spread. We infected 
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Figure 4-2. RIG-I signaling restricts ZIKV/Dakar genome accumulation. (A – D) A549 

NTC and RIG-I KO cells were infected with (A, C) ZIKV/Dakar or (B, D) 

ZIKV/Malaysia over a 48-hour time-course at a MOI of 5. (A, B) RNA lysates were 

analyzed by qRT-PCR to quantify viral copy numbers. Depicted are means from 

three biological and technical replicates that were pooled for statistical analysis. (C, 

D) Cell culture supernatants were analyzed by plaque assay to quantify viral titers. 

Depicted are means from two to three independent experiments (n = 2-3). Statistical 

analyses were performed with a two-tailed unpaired t-test at each time point 

(**p<0.005). 
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24 and 48 hpi. At 24 hpi, ZIKV/Malaysia infected a significantly higher percentage of 

NTC and RIG-I KO cells compared to ZIKV/Dakar (Fig. 4-3A, B). These observations 

are similar to what we observed in WT cells (see Chapter 3, Fig. 3-6). We also found 

that ZIKV/Malaysia infected a significantly higher percentage of RIG-I KO cells 

compared to NTC cells at 24 hpi, suggesting that RIG-I signaling can restrict 

ZIKV/Malaysia spread early in acute infection under these high MOI conditions. We did 

not observe any differences in the percentages of ZIKV/Malaysia-infected NTC and 

RIG-I KO cells at 48 hpi during acute infection at a high MOI. Remarkably, however, 

ZIKV/Dakar infected significantly more cells at 48 hpi in RIG-I KO cultures compared to 

NTC cultures, reaching a similar infection efficiency as ZIKV/Malaysia in RIG-I KO 

cultures. This observation highlights the importance of RIG-I signaling in restricting 

ZIKV/Dakar spread at late time points in acute infection. To further evaluate the impact 

of RIG-I signaling on ZIKV spread, we infected NTC and RIG-I KO cells using serial 

virus dilutions that yielded isolated foci and measured the diameters of foci as a proxy of 

viral spread over a 96-hour infection time-course. At 48 hpi, the diameters of foci formed 

following infection with ZIKV/Dakar and ZIKV/Malaysia were similar between NTC and 

RIG-I KO cells (Fig. 4-3C, D). However, at 72 and 96 hpi, we observed that the 

diameters of foci formed by infection with ZIKV/Dakar and ZIKV/Malaysia were 

significantly increased in RIG-I KO cells compared to NTC cells, indicating that viral 

spread was enhanced in the absence of RIG-I particularly at late time points in acute 

infection. Our findings establish RIG-I-mediated innate immune activation as critical in 

restricting ZIKV infection by limiting viral protein accumulation and genome replication at 

late time points in acute infection to control viral spread. 
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Early accumulation of ZIKV NS5 during ZIKV/Malaysia infection confers enhanced 

ability to block IFNβ signaling 

To determine how differences in the rate of viral protein accumulation affect the 

response to IFN in ZIKV-infected cells, we assessed the IFN response of RIG-I KO cells 

infected with ZIKV/Dakar and ZIKV/Malaysia. As RIG-I KO cells lack the ability to 

produce IFNβ in response to ZIKV infection, this approach allowed us to introduce 

exogenous IFNβ to comparatively assess ZIKV-mediated JAK/STAT blockade across 

the ZIKV variants in the absence of RIG-I-mediated innate immune activation. We 

infected RIG-I KO cells with ZIKV/Dakar or ZIKV/Malaysia and mock-treated or IFNβ-

treated cells early (at 18 hpi) or late (at 40 hpi) in infection and quantified the 

Figure 4-3. RIG-I signaling universally suppresses ZIKV spread. (A, B) A549 NTC and RIG-I 

KO cells were infected with ZIKV/Dakar or ZIKV/Malaysia at a MOI of 5. Samples were 

analyzed by immunofluorescence staining for dsRNA and ZIKV NS5. Scale bar represents 

10µm. Five randomly selected fields of view representing at least 300 cells total were analyzed 

per sample. Images were manually analyzed using the multipoint tool in Fiji. The percent of 

ZIKV+ cells is presented after normalizing to the total number of cells as determined by DAPI 

staining. Depicted are means of five randomly selected fields across three independent 

experiments that were pooled for statistical analysis. Statistical analysis was performed with a 

one-way ANOVA followed by Tukey’s multiple comparison test (ns: not significant; *p<0.05; 

****p<0.0001). (C, D) A549 NTC and RIG-I KO cells were infected with serial dilutions of 

ZIKV/Dakar or ZIKV/Malaysia over a 96-hour time-course. Cells were fixed and stained for 

ZIKV E protein to detect foci of infection. Depicted are representative images of foci from three 

independent experiments (n = 3). Scale bar represents 1mm. Diameter of ten randomly 

selected foci were measured for each of the three technical replicates. Presented are means of 

ten randomly selected foci from each of the three technical replicates across three independent 

experiments. Statistical analysis was performed with a two-tailed unpaired t-test for each time 

point (*p<0.05; **p<0.005; ***p<0.001; ****p<0.0001). For all figures, error bars represent SEM. 
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percentage of IFN responsive cells via immunofluorescence assays. To exclude any 

possible IFN response from uninfected or bystander cells in the culture, we quantified 

only the percentage of ZIKV-infected cells (defined as dsRNA+ cells) that had nuclear 

pSTAT1 signal. At both 18 and 40 hpi, the percentages of ZIKV/Dakar- and 

ZIKV/Malaysia-infected cells that were responsive to exogenous IFNβ stimulus were 

comparable, indicating that the ZIKV variants do not exhibit differences in their ability to 

antagonize IFNβ signaling (Fig. 4-4). The percentages of infected cells responsive to 

IFNβ stimulus were significantly lower at 40 hpi compared to 18 hpi. This reduction in 

IFN responsiveness coincided with an increased abundance in viral proteins, 

suggesting that viral protein accumulation during acute infection regulates the extent 

and ability of ZIKV-mediated blockade of IFN signaling (see Fig. 4-1A). 
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Previous studies have demonstrated that ZIKV NS5 is a potent IFN antagonist 

(364, 386, 387, 405). Since we identified 29 substitutions between ZIKV/Dakar and 

ZIKV/Malaysia NS5 proteins in our genomic analysis (see Chapter 3, Fig. 3-1B), we 

tested whether these divergent NS5 proteins differ in their ability to modulate IFN 

signaling when expressed alone to determine whether sequence differences in NS5 are 

responsible for the immunophenotype uncovered in Chapter 3 (see Fig. 3-8). We 

transfected HEK293T cells with an empty pcDNA3.1+ vector or with plasmids 

expressing either ZIKV/Dakar NS5 or ZIKV/Malaysia NS5 and subsequently mock-

Figure 4-4. ZIKV variants block IFN signaling to the same extent in the absence of 

RIG-I signaling. A549 RIG-I KO cells were mock-infected or infected with ZIKV 

variants at a MOI of 5 then mock-treated or treated with 100IU/ml of IFNβ for 

immunofluorescence analysis. (A) Five randomly selected fields of view representing 

at least 310 cells total were analyzed for each sample. Z-stacks with a 2.5µm step 

size were acquired and maximum Z-projections were generated in Fiji for manual 

analysis with the multipoint tool in Fiji. Scale bar represents 10µm. (B) The 

percentage of nuclear pSTAT1+ cells is presented after normalizing to the number of 

infected cells (defined as dsRNA+). Depicted are means of five randomly selected 

fields of view from three independent experiments (n = 3), which were pooled for 

statistical analysis; error bars represent SEM. Statistical analysis was performed with 

a two-way ANOVA followed by Tukey’s multiple comparison test (*p<0.05). 
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treated or treated them with a high dose of IFNβ. To identify transfected cells and IFN 

responsive cells, we stained cells for NS5 and pSTAT1, respectively (Fig. 4-5A). To 

account for differences in transfection efficiency between samples, we measured 

pSTAT1 median fluorescence intensities (MFIs) of only the NS5+ population. We found 

that cells expressing ZIKV/Dakar NS5 or ZIKV/Malaysia NS5 and treated with IFNβ both 

suppressed pSTAT1 accumulation. We observed that ZIKV/Malaysia NS5 trended 

towards greater suppression of pSTAT1 accumulation compared to ZIKV/Dakar NS5, 

but this difference was not statistically significant (Fig. 4-5B). Thus, the divergent NS5 

proteins from ZIKV variants of distinct lineages can both suppress the JAK/STAT 

pathway. Our results demonstrate that the divergent NS5 proteins do not contribute to 

the differential modulation of IFN signaling observed during acute ZIKV/Dakar and 

ZIKV/Malaysia infections in immunocompetent cells (see Chapter 3, Fig. 3-8). 
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Since ZIKV/Dakar- and ZIKV/Malaysia-infected cells and cells expressing 

ZIKV/Dakar and ZIKV/Malaysia NS5 proteins blocked IFN signaling to the same extent, 

we hypothesized that the ability of cells to respond to IFN is dependent on the rate of 

ZIKV protein accumulation. To test this hypothesis, we mock-infected or infected A549 

RIG-I KO cells with the ZIKV variants to exclude the production of endogenous IFN 

during infection that otherwise occurs in immunocompetent cells. At various time points 

throughout a 30-hour infection time-course, we mock-treated or IFNβ-treated the RIG-I 

KO cells to evaluate the ability of both the total and infected cell populations to respond 

to exogenous IFNβ via flow cytometry analysis. To identify infected cells and IFN 

responsive cells, we stained cells for NS5 and pSTAT1, respectively (Fig. 4-6A). We 

observed that the percentage of infected RIG-I KO cells increased over the course of 

infection for both ZIKV variants with ZIKV/Malaysia infecting a significantly higher 

percentage of cells than ZIKV/Dakar prior to 24 hpi (Fig. 4-6B). However, at both 24 and 

30 hpi, the percentages of infected cells were similar between samples infected with 

either ZIKV variant. When we quantified the percentage of IFN responsive cells over 

time, we observed a decrease in the percentage of pSTAT1+ cells in infected RIG-I KO 

cultures compared to mock-infected cultures (Fig. 4-6C). Remarkably, RIG-I KO 

Figure 4-5. Divergent ZIKV NS5 proteins antagonize IFN signaling to the same extent. 

HEK293T cells were transfected with an empty plasmid, ZIKV/Dakar NS5, or 

ZIKV/Malaysia NS5 and treated with 1000IU/ml of IFNβ. (A) Gating strategy to identify 

transfected cells (NS5+) and IFN responsive cells (pSTAT1+). (B) pSTAT1 MFI of 

transfected cells treated with IFNβ are normalized to that of transfected, mock-treated 

cells. Depicted are means from three independent experiments (n = 3); error bars 

represent SEM. Statistical analysis was performed with a two-tailed unpaired t-test (ns: 

not significant). 
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cultures infected with ZIKV/Malaysia exhibited a reduction in the percentage of 

pSTAT1+ cells as early as 4 hpi compared to mock-infected and ZIKV/Dakar-infected 

cultures even though ZIKV/Malaysia-infected cells express levels of NS5 below the limit 

of detection at this time point. Compared to ZIKV/Dakar, ZIKV/Malaysia-infected RIG-I 

KO cultures had fewer pSTAT1+ cells up to 24 hpi. The percentages of pSTAT1+ cells 

between ZIKV/Dakar- and ZIKV/Malaysia-infected RIG-I KO cultures were only 

significantly different at 8 hpi. At 24 and 30 hpi, when the percentages of infected RIG-I 

KO cells were comparable between the two variants, both ZIKV/Dakar- and 

ZIKV/Malaysia-infected samples had significantly lower percentages of pSTAT1+ cells 

following IFNβ treatment compared to mock-infected samples. At these time points, we 

did not observe any differences in the percentages of pSTAT1+ cells between RIG-I KO 

cultures infected with ZIKV/Dakar and ZIKV/Malaysia. Similar trends were observed 

when we plotted NS5 and pSTAT1 MFIs of the total cell population where NS5 MFI 

increased over time during infection with either ZIKV strain while pSTAT1 MFI 

decreased over the course of both ZIKV/Dakar and ZIKV/Malaysia infections in the RIG-

I KO cultures (Fig. 4-6D). Of note, in ZIKV/Dakar-infected RIG-I KO cultures, there was 

a delayed increase in NS5 MFIs at 4, 8, and 10 hpi compared to ZIKV/Malaysia-infected 

samples. This delayed increase in NS5 MFIs coincided with a delayed decrease in 

pSTAT1 MFI at these time points. At 24 and 30 hpi, NS5 and pSTAT1 MFIs were 

comparable between samples infected with either ZIKV variant, indicating that 

ZIKV/Dakar and ZIKV/Malaysia can block IFN signaling to a similar extent in the 

absence of RIG-I only when the levels of NS5 are equivalent. Our findings demonstrate 
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that the IFN responsiveness of ZIKV-infected cultures is inversely correlated with the 

levels of ZIKV NS5 over the infection time-course. 

We next evaluated whether ZIKV NS5 levels within infected cells predict the IFN 

responsiveness of infected cells. We normalized NS5 and pSTAT1 MFIs of ZIKV/Dakar- 

and ZIKV/Malaysia-infected cells that were treated with IFNβ to those of mock-infected 

IFNβ-treated samples for each time point and plotted these normalized values against 

each other (Fig. 4-6E). NS5 MFIs between ZIKV/Dakar- and ZIKV/Malaysia-infected 

cells were similar at 4 hpi but differed between 8 and 24 hpi with higher NS5 MFIs 

observed for ZIKV/Malaysia-infected cells between these time points. At 24 and 30 hpi, 

NS5 MFIs were similar between cells infected with either ZIKV variant, indicating that 

levels of NS5 within ZIKV/Dakar- and ZIKV/Malaysia-infected cells were comparable at 

these time points. When we evaluated pSTAT1 MFIs in cells infected with the ZIKV 

variants, we observed that ZIKV/Malaysia-infected cells had lower pSTAT1 MFIs than 

ZIKV/Dakar-infected cells as early as 4 hpi and up to 24 hpi. These observations 

demonstrate that differences in the rate of NS5 accumulation in infected cells early in 

infection contribute to the differential ability of the ZIKV variants to block IFNβ signaling 

at these early time points in infection. When NS5 levels were similar between 

ZIKV/Dakar- and ZIKV/Malaysia-infected RIG-I KO cells at 24 and 30 hpi, pSTAT1 MFIs 

were comparable between cells infected with either variant. Linear regression analyses 

confirmed that NS5 MFI of infected cells is inversely correlated with pSTAT1 MFI of 

infected cells and revealed that NS5 MFI significantly predicts pSTAT1 MFI in cells 

infected with the ZIKV variants. When we compared the regression slopes, we found 

that they were significantly different between the ZIKV variants, indicating that 
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ZIKV/Dakar and ZIKV/Malaysia differ in their rate of NS5 accumulation and regulation of 

IFNβ signaling (Fig. 4-6E). Together, our results clearly demonstrate that the rate and 

levels of ZIKV NS5 accumulation in infected cells significantly determine the extent of 

ZIKV-mediated IFN blockade, such that ZIKV/Dakar and ZIKV/Malaysia antagonize IFN 

signaling to the same extent when levels of NS5 are comparable in infected cells. 
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4.3 Summary of results 

 Our paired analyses in NTC and RIG-I KO cells reveal the interplay between 

RIG-I-mediated antiviral signaling and the rate of ZIKV NS5 accumulation and its impact 

on host immune control of ZIKV replication. We found that RIG-I is required for limiting 

ZIKV protein accumulation, genome replication, and virus spread late in acute infection 

(Fig. 4-1 – 3). Specifically, in the absence of RIG-I-imposed innate immune pressures, 

the levels of NS5 in ZIKV/Dakar-infected cells reached levels comparable to those in 

ZIKV/Malaysia-infected cells late in acute infection (Fig. 4-1A, Fig. 4-4B). Interestingly, 

we observed that both NTC and RIG-I KO cells infected with ZIKV/Dakar displayed a 

delay in viral protein accumulation at early time points in acute infection, indicating that 

the ZIKV variants exhibit intrinsic differences in the rate of viral protein translation and 

accumulation. Consequently, we found that the ability of ZIKV-infected cells to respond 

Figure 4-6. Early accumulation of ZIKV/Malaysia NS5 links with enhanced IFN antagonism. A549 

RIG-I KO cells were mock-infected or infected with the ZIKV variants at a MOI of 5 over a 30-hour 

infection time-course then mock-treated or treated with 100IU/ml of IFNβ. Results are representative 

of three independent experiments (n = 3). (A) Gating strategy to identify infected cells (ZIKV NS5+) 

and IFN responsive cells (pSTAT1+). (B) Depicted is the mean percentage of infected cells. 

Statistical analysis was performed with a one-way ANOVA followed by Tukey’s multiple comparison 

test (*p<0.05; **p<0.005). (C) The mean percentage of pSTAT1+ cells of the total cell population is 

presented. Statistical analysis was performed with a one-way ANOVA followed by Tukey’s multiple 

comparison test (*p<0.05; **p<0.005). (D) Depicted are representative histograms of ZIKV NS5 and 

pSTAT1 MFIs of the total cell population over the infection time-course. Gray dotted lines indicate the 

centers of the histograms for ZIKV/Dakar-infected samples at 4 hpi and serve as a reference point for 

visualizing the shift in histograms. (E) Depicted are the mean NS5 and pSTAT1 MFIs of the infected 

cell population over each infection time-course. Statistical analysis was performed with linear 

regressions (**p<0.005). For all figures, error bars represent SEM. 
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to IFN is differentially impaired at early time points during acute infection. 

ZIKV/Malaysia-infected cells accumulated NS5 earlier and to a greater abundance than 

ZIKV/Dakar-infected cells prior to 24 hpi (Fig. 4-6E). The early accumulation of NS5 

linked with an increased ability to block IFN signaling. However, once the levels of NS5 

in cells infected with either ZIKV variant were equivalent at late time points in acute 

infection, the IFN responsiveness of infected cells are similarly abrogated regardless of 

ZIKV variant. In the studies presented in this chapter, we probed for ZIKV NS5 as a 

marker of infection. Since NS5 is a potent IFN antagonist, we evaluated whether the aa 

differences that we identified in the NS5 proteins of these prototypic ZIKV strains 

contribute to differential modulation of the host IFN response. We observed that the 

divergent NS5 proteins do not differ in their ability to block IFN signaling though there 

was a trend for ZIKV/Malaysia NS5 to impart greater suppression of pSTAT1 

accumulation (Fig. 4-5) (364, 386, 387, 405). These findings demonstrate that the rate 

of ZIKV NS5 accumulation is the major determinant of the IFN responsiveness of 

infected cells where early accumulation of viral innate immune antagonists confers 

enhanced ability to antagonize IFN signaling. 

Chapter 5. Discussion 

5.1 Discussion 

 In this dissertation, we conducted virologic and host innate immune analyses 

comparing prototypic African and Asian lineage strains to gain a deeper understanding 

of differences between ZIKV variants that might impart disease. Genomic analyses of 

ZIKV/Dakar and ZIKV/Malaysia revealed that these variants share some previously 
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identified genetic determinants of viral fitness but not others. One-step viral growth 

analyses demonstrated that cells infected with ZIKV/Malaysia accumulated viral 

proteins and genome earlier and to higher levels than cells infected with ZIKV/Dakar. 

Evaluation of the innate immune response profiles initiated upon infection with the ZIKV 

variants revealed that both variants induced innate immune activation marked by 

expression of IRF3 and NFκB target genes, including IFNβ. Despite robust IFN 

induction, we observed that ZIKV/Malaysia, but not ZIKV/Dakar, robustly blocked IFN 

signaling and downstream induction of ISGs. Our subsequent analyses in NTC and 

RIG-I KO cells revealed that RIG-I mediates a crucial innate immune response that 

restricts ZIKV protein accumulation late in acute infection, such that early accumulation 

of viral proteins confers enhanced antagonism of IFN signaling to support efficient 

genome replication and viral spread late in acute infection. Based on our results, we 

propose a model of RIG-I action during acute ZIKV infection where RIG-I recognition of 

ZIKV PAMPs activates IRF3 and NFκB, leading to innate immune activation to drive 

IFNβ production and response (268). The IFN response is subjected to differential 

regulation across viral variants through the variable rate and levels of NS5 accumulation 

within infected cells. RIG-I and rapid accumulation of NS5 are key features of this model 

that respectively drive acute innate immune activation and an antiviral response that are 

necessary for limiting ZIKV replication and spread and suppress IFN signaling to 

support overall infection progression (Fig. 5-1). Our proposed model highlights the arms 

race between ZIKV and the host to control infection outcome. The results from our 

comparative analyses indicate that the early rapid accumulation of NS5 in 

ZIKV/Malaysia-infected cells renders ZIKV/Malaysia more successful in the arms race 
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than ZIKV/Dakar as ZIKV/Malaysia can effectively suppress IFN signaling earlier in 

acute infection. Thus, infection with ZIKV/Malaysia may link with worse disease 

outcome than infection with ZIKV/Dakar. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Other comparative studies have previously demonstrated that African lineage 

strains replicate to higher levels than Asian lineage variants, indicating that ZIKV 

isolates of the African lineage generally exhibit higher viral fitness than those of the 

Asian lineage (227, 230, 232–235, 237, 242, 406). Comparative analyses of a pre-

Figure 5-1. Early accumulation of ZIKV proteins confers enhanced ability to suppress 

host innate immune responses to overcome host control of viral replication and 

spread. The model figure highlights the evolutionary arms race between ZIKV/Dakar 

(left) or ZIKV/Malaysia (right) and the host for control of infection outcome. Early 

accumulation of ZIKV/Malaysia proteins links with an enhanced ability to block IFNβ 

signaling, rendering ZIKV/Malaysia more successful than ZIKV/Dakar in overcoming 

host antiviral actions. 
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epidemic Asian lineage variant (ZIKV/Cambodia/2010/FSS13025; ZIKV/Cambodia) with 

African lineage viruses and epidemic strains have shown that both epidemic variants 

and African lineage viruses exhibit higher replicative fitness than ZIKV/Cambodia, 

suggesting that Asian lineage ZIKV strains isolated prior to the epidemics may be less 

fit (242, 245). Remarkably, we found that ZIKV/Malaysia, the pre-epidemic prototypic 

Asian lineage virus, exhibits enhanced early replicative fitness relative to the prototypic 

African lineage strain, ZIKV/Dakar, in our A549 epithelial cell infection model (Fig. 3-

1B). These results were unexpected and contrary to those from previous reports, 

suggesting that the replicative fitness of the prototypic Asian lineage strain differs from 

that of later pre-epidemic Asian lineage strains and of emerging ZIKV variants. Since 

ZIKV/Cambodia was isolated several decades after ZIKV/Malaysia, it is likely that 

genetic changes arose during the time between the isolation of these two Asian lineage 

variants to facilitate adaptation to the mosquito vectors and mammalian hosts in 

southeast Asia. Liu et al. have previously identified four aa substitutions (T106A in C, 

V1A in prM, A188V in NS1, and M872V in NS5) present in Asian lineage-derived 

epidemic strains, but absent in ZIKV/Cambodia, that represent direct reversions to 

those encoded by African lineage viruses and have demonstrated that these genetic 

changes were sufficient to restore viral fitness of emerging ZIKV variants (245). Our 

sequencing analysis revealed that ZIKV/Malaysia encodes the alanine at position 106 of 

C and the valine at position 872 of NS5 (Table 1). As these two residues are shared 

with ZIKV/Dakar, they likely contribute to the enhanced replicative fitness of 

ZIKV/Malaysia that we observed relative to ZIKV/Cambodia, which lacks these 

residues. Although we found that ZIKV/Malaysia additionally encodes the alanine at 
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position 188 of NS1 linked with reduced viral fitness, the presence of the alanine at 

position 106 of C, which exerts a strong effect on viral fitness, may be sufficient to 

overcome the impairment associated with the V188A mutation in NS1, thereby 

increasing the overall replicative fitness of ZIKV/Malaysia compared to ZIKV/Cambodia 

(245). Interestingly, a comparative study of ZIKV/Dakar and ZIKV/Malaysia in DCs 

revealed that cells infected with ZIKV/Dakar produce higher viral titers over an acute 

infection time-course than ZIKV/Malaysia-infected cells (231). The discrepancies 

observed between that study and ours suggest that the replicative fitness of ZIKV/Dakar 

and ZIKV/Malaysia may exhibit cell type-dependent differences. As such, future studies 

should assess the viral replicative fitness of these prototypic ZIKV variants in cell types 

targeted by ZIKV infection, such as those from the reproductive and nervous systems. 

As we observed that ZIKV/Malaysia exhibited greater genome replication 

efficiency than ZIKV/Dakar, there must be other uncharacterized genetic differences 

between these two variants that contribute to the replication discrepancies observed in 

this study. Our sequencing analysis identified several aa differences in each of the 

structural and non-structural proteins. As these substitutions have not been previously 

characterized, it is possible that they may impact viral replicative fitness. Additionally, 

we identified sequence differences in NS5, including within the RdRp domain. Since the 

NS5 RdRp domain carries out viral polymerase activity, it is possible that specific 

sequence differences that we identified within NS5 could differentially affect RdRp 

activity, conferring replication differences between these two prototypic ZIKV variants 

(201, 202). Given the contribution of genomic differences in viral replicative fitness, 
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future comparative studies of these prototypic African and Asian lineage strains should 

define these genetic determinants of viral fitness. 

 Evaluation of the innate immune response elicited upon infection with 

ZIKV/Dakar and ZIKV/Malaysia revealed that the ZIKV variants acutely induced RLR 

activation and induction of antiviral and inflammatory cytokine expression, including 

IFNβ, to the same extent (Fig. 3-7). This robust induction of IFNβ during acute infection 

with the ZIKV variants was unexpected as previous studies have shown that ZIKV 

variants of both lineages block IFN induction during acute infection, suggesting that this 

discrepancy may be ZIKV strain- and/or cell type-dependent (61, 231, 370, 371, 373, 

375, 383). It was additionally surprising that infection with ZIKV/Dakar induced IFNβ to a 

similar extent as infection with ZIKV/Malaysia since ZIKV/Dakar encodes a valine at 

position 188 of NS1, which has been demonstrated to enhance ZIKV-mediated 

blockade of IFNβ induction compared to NS1 proteins encoding an alanine at this 

position (377). Since infection with ZIKV/Dakar and ZIKV/Malaysia, which encodes an 

alanine at this position, similarly induced IFNβ expression, our findings suggest that the 

valine at this position in NS1 is not sufficient to abolish IFN induction during in vitro 

infection in our A549 epithelial cell infection model. 

 When we assessed the IFN response following infection with the ZIKV variants, 

we observed a striking and unique immunophenotype where ZIKV/Malaysia robustly 

blocked IFN signaling and the downstream induction of ISGs while ZIKV/Dakar did not 

(Fig. 3-8). These findings suggest that, compared to ZIKV/Dakar, ZIKV/Malaysia 

exhibits enhanced ability to restrict IFN signaling. We evaluated whether ZIKV/Dakar 

and ZIKV/Malaysia NS5 proteins alone differentially block IFN signaling and observed 
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that these divergent viral proteins antagonized IFN signaling to a similar extent though 

there was a trend for ZIKV/Malaysia to impart greater suppression of pSTAT1 

accumulation (Fig. 4-3B). These results indicate that the aa differences that we 

identified within NS5 proteins encoded by prototypic African and Asian lineage variants 

have limited impact on NS5-mediated blockade of IFN signaling (Fig. 4-3B). We 

revealed that the differential regulation of IFN signaling observed at late time points in 

acute infection with the ZIKV variants was due to differences in the rate of accumulation 

of viral proteins in infected cells early in infection (Fig. 4-4). As ZIKV/Malaysia-infected 

cells accumulated NS5 earlier and to higher levels in acute infection, they were 

significantly less responsive to IFN stimulus compared to ZIKV/Dakar-infected cells, 

which accumulated NS5 slower and to lower levels. Similar findings have also been 

observed in studies of other flaviviruses as well as SARS-CoV-2 where they 

demonstrated a clear association between the rate of accumulation of virally-encoded 

innate immune antagonists and host innate immune responses (384, 403, 404, 407). 

Our study is the first to describe this relationship in the context of ZIKV infection and 

identifies the kinetics of ZIKV protein accumulation as a major regulator of host innate 

immunity and an important viral feature that can be used to predict the IFN sensitivity of 

emerging strains. 

Our linear regression analyses revealed that the correlations between pSTAT1 

and ZIKV NS5 levels were different between ZIKV/Dakar- and ZIKV/Malaysia-infected 

cells, which is likely driven by differences in the rate of NS5 accumulation in infected 

cells observed for each ZIKV variant (Fig. 4-4E). As ZIKV NS5 interacts with STAT2 and 

HSP90 to suppress IFN signaling, differences in the rate of NS5 accumulation may alter 
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the kinetics of interactions between NS5 and these host factors critical for productive 

IFN signaling (386, 387, 405). ZIKV NS5 has also been demonstrated to interact with 

sfRNA, which stabilizes NS5 to facilitate NS5-mediated antagonism of IFN signaling 

(84). As such, rapid accumulation of ZIKV NS5 can drive these interactions early in 

acute infection to efficiently dampen the IFN response in infected cells to promote viral 

replication. Since sfRNA is a byproduct of incomplete degradation of the flavivirus 

genome generated when XRN1 is stalled on the secondary structures in the 3’ UTR, 

genomic differences within the 3’ UTR of ZIKV/Dakar and ZIKV/Malaysia may affect the 

generation of sfRNA and, subsequently, the accumulation of ZIKV NS5 (66, 82, 83). 

Whether differences in the abundance of sfRNA generated during infection with 

ZIKV/Dakar and ZIKV/Malaysia contribute to the differential rate of NS5 accumulation 

observed in this study remains unclear. A simple future experiment comparing the 

abundance of sfRNA generated during infection with the ZIKV variants will address this 

outstanding question. Additionally, as both the 5’ and 3’ UTRs of the ZIKV variants were 

not fully sequenced in our study, it is unclear whether there are nucleotide differences 

within these regions between the ZIKV variants. As the UTRs play important roles in 

genome translation, initiation of genome replication, and sfRNA generation that together 

impact viral virulence, it would be imperative to fully sequence the 5’ and 3’ UTRs of 

ZIKV/Dakar and ZIKV/Malaysia and evaluate the contribution of any nucleotide 

differences within these regions on viral replicative fitness, NS5 accumulation, and 

JAK/STAT regulation (57, 65, 66). 

Prior to the 2013 and 2015 ZIKV outbreaks in French Polynesia and the 

Americas, respectively, infection with ZIKV was not associated with severe clinical 
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manifestations (32, 42). The sudden change in viral pathogenesis, particularly during in 

utero ZIKV infection, raised the question as to why infection with emerging ZIKV 

variants was associated with more severe disease, such as CZS. Comparative studies 

of African and Asian lineage viruses in vitro and in vivo have demonstrated in many 

experimental systems that African lineage strains are generally more virulent and more 

cytopathic, such that in utero infection with these viruses would result in fetal demise or 

resorption rather than congenital defects (224, 230, 248). In this study, we observed 

that Asian lineage ZIKV/Malaysia replicated to higher levels than African lineage 

ZIKV/Dakar, suggesting that in utero infection with ZIKV/Malaysia may similarly cause 

severe fetal damage. As ZIKV/Dakar additionally exhibited increased sensitivity to the 

antiviral actions of RIG-I signaling compared to ZIKV/Malaysia, ZIKV/Dakar would be 

acutely restricted by the innate immune response during in utero infection and likely not 

confer congenital infection. Other in vivo studies have shown that high levels of IFNs 

produced during in utero ZIKV infection with African and Asian lineage strains can also 

inflict severe damage on the placenta and the fetus, leading to fetal demise or 

resorption (359, 360). The distinct differences in viral replicative fitness and unique 

JAK/STAT immunophenotype observed in our study raise new questions regarding the 

mechanisms underlying lineage-specific differences on fetal pathology and warrant 

further examination of ZIKV/Dakar and ZIKV/Malaysia in an established pregnant pigtail 

macaque model to understand lineage-dependent differences on fetal pathology and 

define the underlying mechanisms (40). 

We observed that ZIKV/Malaysia exhibited enhanced blockade of IFN signaling 

compared to ZIKV/Dakar, suggesting that the dampened IFN response elicited during 
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acute ZIKV/Malaysia infection can promote persistence in infected hosts and facilitate 

viral dissemination to and persistence in immune-privileged sites, such as the 

reproductive tissues and brain (43, 199, 344, 408). ZIKV isolates endemic to southeast 

Asia have been detected in the placenta and fetal brain several weeks following the 

onset of symptoms in the infected pregnant woman, indicating that endemic ZIKV 

variants can disseminate to and persist within these tissues (22, 23). Since 

ZIKV/Malaysia robustly blocked IFN signaling compared to ZIKV/Dakar, it is possible 

that ZIKV/Malaysia-mediated antagonism of IFN signaling may facilitate viral spread to 

and persistence in reproductive tissues and the fetal brain. The unique 

immunophenotypes uncovered in our study emphasize the need for surveillance of 

endemic ZIKV variants. 

In this study, we utilized RIG-I KO cells to evaluate the impact of host innate 

immune responses on ZIKV infection. However, RIG-I KO cells are deficient in both 

RIG-I and endogenous IFN signaling, raising the question as to whether the restriction 

of ZIKV dissemination and spread is dependent on both intact RIG-I and IFN signaling. 

Future studies using STAT1 KO cells or animal models fully ablated of IFN signaling are 

warranted to define the innate immune requirements for restricting ZIKV dissemination 

and spread.  

5.2 Concluding remarks 

In conclusion, our comparative analysis of prototypic African lineage ZIKV/Dakar 

and Asian lineage ZIKV/Malaysia revealed that cells acutely infected with 

ZIKV/Malaysia accumulated viral proteins and genome earlier and to higher levels than 

cells acutely infected with ZIKV/Dakar despite releasing similar levels of mature virions. 
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Early accumulation of viral proteins in ZIKV/Malaysia-infected cells during acute 

infection linked with enhanced antagonism of IFN signaling and suppression of ISG 

expression at late time points in acute infection, allowing ZIKV/Malaysia to overcome 

the robust activation of RIG-I signaling and IFN production initiated upon infection. 

Together, our findings reveal that RIG-I drives an innate immune response that is critical 

for imparting control of ZIKV replicative fitness and implicate RIG-I signaling in limiting 

the epidemic potential of ZIKV variants. Specifically, RIG-I-mediated innate immune 

responses restrict ZIKV protein accumulation to enhance IFN signaling, which limits 

viral genome replication and cell-to-cell spread. Our study identifies the window prior to 

the accumulation of ZIKV innate immune antagonists as crucial for ZIKV sensitivity to 

host innate immune restriction. As such, early administration of RIG-I-targeting 

immunotherapeutics could drive innate immune suppression of ZIKV during acute 

infection. 
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Appendix 

Table 3. AA differences between ZIKV/Dakar and an Asian lineage reference strain. 

Position Substitution Type of substitution Protein 

7 K to N Non-conservative Capsid 

25 S to N Conservative Capsid 

27 F to L Conservative Capsid 

101 K to R Conservative Capsid 

110 V to I Conservative Capsid 

123 V to A Conservative pr 

125 V to I Conservative pr 

148 P to A Conservative pr 

157 Y to H Non-conservative pr 

158 I to V Conservative pr 

246 R to K Conservative M 

260 A to L Conservative M 

262 A to V Conservative M 

575 S to F Non-conservative E 

607 I to V Conservative E 

727 A to V Conservative E 

728 L to F Conservative E 

785 L to M Conservative E 

846 D to E Conservative NS1 
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863 R to K Conservative NS1 

926 S to R Non-conservative NS1 

956 V to I Conservative NS1 

982 A to V Conservative NS1 

988 V to A Conservative NS1 

1007 K to R Conservative NS1 

1030 I to V Conservative NS1 

1180 I to M Conservative NS2A 

1191 I to V Conservative NS2A 

1204 A to V Conservative NS2A 

1226 I to V Conservative NS2A 

1263 V to A Conservative NS2A 

1270 D to E Conservative NS2A 

1275 I to V Conservative NS2A 

1297 T to A Non-conservative NS2A 

1354 L to I Conservative NS2A 

1461 D to E Conservative NS2B 

1477 T to A Non-conservative NS2B 

1553 H to Q Non-conservative NS3 

1558 S to A Non-conservative NS3 

1594 H to L Non-conservative NS3 

1620 T to K Non-conservative NS3 

1671 R to K Conservative NS3 
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1676 T to A Conservative NS3 

1687 K to R Conservative NS3 

1717 T to K Non-conservative NS3 

1862 V to I Conservative NS3 

1909 V to I Conservative NS3 

1962 I to V Conservative NS3 

2085 R to K Conservative NS3 

2123 F to L Conservative NS4A 

2127 E to D Conservative NS4A 

2282 L to I Conservative NS4B 

2283 G to A Conservative NS4B 

2289 R to K Conservative NS4B 

2293 A to T Non-conservative NS4B 

2594 Y to H Non-conservative NS5 

2598 I to V Conservative NS5 

2621 K to R Conservative NS5 

2634 T to M Non-conservative NS5 

2659 S to P Non-conservative NS5 

2679 A to T Non-conservative NS5 

2715 L to M Conservative NS5 

2722 Y to H Non-conservative NS5 

2765 D to E Conservative NS5 

2795 L to M Conservative NS5 
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2800 N to R Non-conservative NS5 

2802 V to I Conservative NS5 

2807 S to N Conservative NS5 

2842 I to V Conservative NS5 

2909 H to R Conservative NS5 

2969 Q to H Non-conservative NS5 

3039 V to I Conservative NS5 

3044 S to N Conservative NS5 

3046 T to A Non-conservative NS5 

3154 Q to H Non-conservative NS5 

3161 R to K Conservative NS5 

3167 S to R Non-conservative NS5 

3239 Y to H Non-conservative NS5 

3257 I to F Conservative NS5 

3304 S to A Non-conservative NS5 

3307 V to I Conservative NS5 

3333 V to M Conservative NS5 

3335 W to C Conservative NS5 

3402 Y to F Non-conservative NS5 

 

 

 

 



 

129 
 

Table 4. Raw transcript counts and fold change of genes in Nanostring panel. 

 

Sample 

 

Gene 

 

Raw counts 

 

AGCs 

 

Ratio 

FC  

(over mock) 

Log2 FC  

(over mock) 

ZIKV/Dakar 4 hpi_1 IRF5 299 21745.79117 0.013749787 1.282677764 0.35915878 

ZIKV/Dakar 8 hpi_1 IRF5 237 17326.69644 0.013678314 0.961425628 -0.056752834 

ZIKV/Dakar 10 hpi_1 IRF5 224 17513.91951 0.012789827 0.870033812 -0.200856626 

ZIKV/Dakar 24 hpi_1 IRF5 182 12050.24737 0.015103424 0.956588042 -0.064030338 

ZIKV/Dakar 48 hpi_1 IRF5 304 14705.51891 0.020672511 1.063246409 0.088475982 

ZIKV/Dakar 4 hpi_2 IRF5 139 10431.40144 0.013325151 1.243064696 0.313901384 

ZIKV/Dakar 8 hpi_2 IRF5 176 12658.05148 0.013904 0.977302311 -0.03312 

ZIKV/Dakar 10 hpi_2 IRF5 162 13088.28841 0.012377 0.841983576 -0.24814 

ZIKV/Dakar 24 hpi_2 IRF5 138 9702.067847 0.014224 0.900874515 -0.1506 

ZIKV/Dakar 48 hpi_2 IRF5 127 7275.616586 0.017456 0.897789685 -0.15555 

ZIKV/Dakar 4 hpi_3 IRF5 137 10334.87659 0.013256 1.236621699 0.306404 

ZIKV/Dakar 8 hpi_3 IRF5 134 10124.86039 0.013235 0.930248268 -0.10431 

ZIKV/Dakar 10 hpi_3 IRF5 104 8611.388976 0.012077 0.82154545 -0.28359 

ZIKV/Dakar 24 hpi_3 IRF5 132 9356.243092 0.014108 0.893556372 -0.16237 

ZIKV/Dakar 48 hpi_3 IRF5 124 7898.825141 0.015699 0.807420701 -0.30861 

ZIKV/Dakar 4 hpi_1 IFNB1 16 21745.79117 0.000736 0.787427858 -0.34478 

ZIKV/Dakar 8 hpi_1 IFNB1 38 17326.69644 0.002193 2.302933644 1.203473 

ZIKV/Dakar 10 hpi_1 IFNB1 34 17513.91951 0.001941 1.668340497 0.738414 

ZIKV/Dakar 24 hpi_1 IFNB1 1029 12050.24737 0.085392 115.3089179 6.84936 

ZIKV/Dakar 48 hpi_1 IFNB1 3561 14705.51891 0.242154 266.7003159 8.059076 

ZIKV/Dakar 4 hpi_2 IFNB1 11 10431.40144 0.001055 1.128537598 0.174454 
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ZIKV/Dakar 8 hpi_2 IFNB1 22 12658.05148 0.001738 1.825027521 0.867918 

ZIKV/Dakar 10 hpi_2 IFNB1 28 13088.28841 0.002139 1.838502816 0.878531 

ZIKV/Dakar 24 hpi_2 IFNB1 849 9702.067847 0.087507 118.164458 6.884652 

ZIKV/Dakar 48 hpi_2 IFNB1 2225 7275.616586 0.305816 336.8155404 8.395815 

ZIKV/Dakar 4 hpi_3 IFNB1 10 10334.87659 0.000968 1.035525293 0.050363 

ZIKV/Dakar 8 hpi_3 IFNB1 23 10124.86039 0.002272 2.385351513 1.254202 

ZIKV/Dakar 10 hpi_3 IFNB1 26 8611.388976 0.003019 2.59471263 1.375575 

ZIKV/Dakar 24 hpi_3 IFNB1 600 9356.243092 0.064128 86.59508397 6.436213 

ZIKV/Dakar 48 hpi_3 IFNB1 1186 7898.825141 0.150149 165.3689998 7.369545 

ZIKV/Dakar 4 hpi_1 MX1 2346 21745.79117 0.107883 9.804884373 3.293501 

ZIKV/Dakar 8 hpi_1 MX1 3133 17326.69644 0.180819 19.17270925 4.260982 

ZIKV/Dakar 10 hpi_1 MX1 2866 17513.91951 0.163641 15.23414621 3.929237 

ZIKV/Dakar 24 hpi_1 MX1 38886 12050.24737 3.226988 305.4307255 8.254701 

ZIKV/Dakar 48 hpi_1 MX1 89927 14705.51891 6.115187 662.2660902 9.371267 

ZIKV/Dakar 4 hpi_2 MX1 705 10431.40144 0.067584 6.142372352 2.618796 

ZIKV/Dakar 8 hpi_2 MX1 1574 12658.05148 0.124348 13.18489661 3.720814 

ZIKV/Dakar 10 hpi_2 MX1 2515 13088.28841 0.192157 17.88876734 4.160982 

ZIKV/Dakar 24 hpi_2 MX1 25966 9702.067847 2.676337 253.3122309 7.984773 

ZIKV/Dakar 48 hpi_2 MX1 40411 7275.616586 5.554306 601.5234465 9.232477 

ZIKV/Dakar 4 hpi_3 MX1 4789 10334.87659 0.463382 42.11426482 5.396237 

ZIKV/Dakar 8 hpi_3 MX1 4462 10124.86039 0.440697 46.72823535 5.546223 

ZIKV/Dakar 10 hpi_3 MX1 3767 8611.388976 0.437444 40.72374378 5.347798 

ZIKV/Dakar 24 hpi_3 MX1 35217 9356.243092 3.764011 356.2593528 8.476784 

ZIKV/Dakar 48 hpi_3 MX1 70724 7898.825141 8.953737 969.6769734 9.92136 

ZIKV/Dakar 4 hpi_1 IFNL3 20 21745.79117 0.00092 0.740765932 -0.43291 
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ZIKV/Dakar 8 hpi_1 IFNL3 27 17326.69644 0.001558 1.057209449 0.080261 

ZIKV/Dakar 10 hpi_1 IFNL3 30 17513.91951 0.001713 1.195641488 0.257785 

ZIKV/Dakar 24 hpi_1 IFNL3 227 12050.24737 0.018838 11.77929762 3.558182 

ZIKV/Dakar 48 hpi_1 IFNL3 1075 14705.51891 0.073102 72.73183964 6.184515 

ZIKV/Dakar 4 hpi_2 IFNL3 19 10431.40144 0.001821 1.467023803 0.552892 

ZIKV/Dakar 8 hpi_2 IFNL3 24 12658.05148 0.001896 1.286344881 0.363277 

ZIKV/Dakar 10 hpi_2 IFNL3 25 13088.28841 0.00191 1.333276497 0.414976 

ZIKV/Dakar 24 hpi_2 IFNL3 179 9702.067847 0.01845 11.53661033 3.528147 

ZIKV/Dakar 48 hpi_2 IFNL3 822 7275.616586 0.11298 112.4083247 6.812605 

ZIKV/Dakar 4 hpi_3 IFNL3 10 10334.87659 0.000968 0.779329154 -0.3597 

ZIKV/Dakar 8 hpi_3 IFNL3 26 10124.86039 0.002568 1.742197326 0.800908 

ZIKV/Dakar 10 hpi_3 IFNL3 9 8611.388976 0.001045 0.729511889 -0.455 

ZIKV/Dakar 24 hpi_3 IFNL3 152 9356.243092 0.016246 10.15854693 3.344622 

ZIKV/Dakar 48 hpi_3 IFNL3 405 7898.825141 0.051273 51.01395392 5.67282 

ZIKV/Dakar 4 hpi_1 IFIH1 575 21745.79117 0.026442 4.184950648 2.065211 

ZIKV/Dakar 8 hpi_1 IFIH1 342 17326.69644 0.019738 3.039659008 1.603909 

ZIKV/Dakar 10 hpi_1 IFIH1 287 17513.91951 0.016387 2.32384228 1.216512 

ZIKV/Dakar 24 hpi_1 IFIH1 1791 12050.24737 0.148628 19.80202963 4.307576 

ZIKV/Dakar 48 hpi_1 IFIH1 4296 14705.51891 0.292135 32.3670711 5.016455 

ZIKV/Dakar 4 hpi_2 IFIH1 238 10431.40144 0.022816 3.611037574 1.852413 

ZIKV/Dakar 8 hpi_2 IFIH1 212 12658.05148 0.016748 2.579191155 1.366919 

ZIKV/Dakar 10 hpi_2 IFIH1 233 13088.28841 0.017802 2.524533665 1.336017 

ZIKV/Dakar 24 hpi_2 IFIH1 1152 9702.067847 0.118738 15.8197004 3.98365 

ZIKV/Dakar 48 hpi_2 IFIH1 2150 7275.616586 0.295508 32.74071343 5.033014 

ZIKV/Dakar 4 hpi_3 IFIH1 580 10334.87659 0.056121 8.882197131 3.150917 
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ZIKV/Dakar 8 hpi_3 IFIH1 265 10124.86039 0.026173 4.030615381 2.011 

ZIKV/Dakar 10 hpi_3 IFIH1 174 8611.388976 0.020206 2.865392655 1.518733 

ZIKV/Dakar 24 hpi_3 IFIH1 1348 9356.243092 0.144075 19.19545796 4.262693 

ZIKV/Dakar 48 hpi_3 IFIH1 2331 7898.825141 0.295107 32.69634873 5.031058 

ZIKV/Dakar 4 hpi_1 IL1B 54 21745.79117 0.002483 1.353099035 0.436267 

ZIKV/Dakar 8 hpi_1 IL1B 31 17326.69644 0.001789 1.011749276 0.016852 

ZIKV/Dakar 10 hpi_1 IL1B 28 17513.91951 0.001599 0.972366163 -0.04043 

ZIKV/Dakar 24 hpi_1 IL1B 39 12050.24737 0.003236 1.469103431 0.554936 

ZIKV/Dakar 48 hpi_1 IL1B 83 14705.51891 0.005644 1.826936781 0.869427 

ZIKV/Dakar 4 hpi_2 IL1B 23 10431.40144 0.002205 1.201423755 0.264745 

ZIKV/Dakar 8 hpi_2 IL1B 18 12658.05148 0.001422 0.804141773 -0.31448 

ZIKV/Dakar 10 hpi_2 IL1B 23 13088.28841 0.001757 1.068809081 0.096004 

ZIKV/Dakar 24 hpi_2 IL1B 23 9702.067847 0.002371 1.076086684 0.105794 

ZIKV/Dakar 48 hpi_2 IL1B 64 7275.616586 0.008797 2.847317849 1.509604 

ZIKV/Dakar 4 hpi_3 IL1B 17 10334.87659 0.001645 0.896302615 -0.15794 

ZIKV/Dakar 8 hpi_3 IL1B 19 10124.86039 0.001877 1.061186051 0.085678 

ZIKV/Dakar 10 hpi_3 IL1B 13 8611.388976 0.00151 0.918174657 -0.12316 

ZIKV/Dakar 24 hpi_3 IL1B 26 9356.243092 0.002779 1.261407995 0.335035 

ZIKV/Dakar 48 hpi_3 IL1B 45 7898.825141 0.005697 1.844063173 0.882888 

ZIKV/Dakar 4 hpi_1 GBP1 433 21745.79117 0.019912 8.326417727 3.057696 

ZIKV/Dakar 8 hpi_1 GBP1 328 17326.69644 0.01893 6.081800195 2.604498 

ZIKV/Dakar 10 hpi_1 GBP1 225 17513.91951 0.012847 3.910128892 1.967216 

ZIKV/Dakar 24 hpi_1 GBP1 631 12050.24737 0.052364 18.65650781 4.221607 

ZIKV/Dakar 48 hpi_1 GBP1 2172 14705.51891 0.1477 65.06647791 6.023843 

ZIKV/Dakar 4 hpi_2 GBP1 124 10431.40144 0.011887 4.970779954 2.313472 
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ZIKV/Dakar 8 hpi_2 GBP1 168 12658.05148 0.013272 4.263993121 2.092205 

ZIKV/Dakar 10 hpi_2 GBP1 117 13088.28841 0.008939 2.720789296 1.444025 

ZIKV/Dakar 24 hpi_2 GBP1 341 9702.067847 0.035147 12.52238434 3.646437 

ZIKV/Dakar 48 hpi_2 GBP1 1290 7275.616586 0.177305 78.10839927 6.287406 

ZIKV/Dakar 4 hpi_3 GBP1 243 10334.87659 0.023513 9.832104604 3.2975 

ZIKV/Dakar 8 hpi_3 GBP1 170 10124.86039 0.01679 5.394285756 2.431432 

ZIKV/Dakar 10 hpi_3 GBP1 109 8611.388976 0.012658 3.85252261 1.945803 

ZIKV/Dakar 24 hpi_3 GBP1 400 9356.243092 0.042752 15.23194812 3.929029 

ZIKV/Dakar 48 hpi_3 GBP1 1133 7898.825141 0.143439 63.18954697 5.981614 

ZIKV/Dakar 4 hpi_1 IFITM1 663 21745.79117 0.030489 4.081302403 2.02903 

ZIKV/Dakar 8 hpi_1 IFITM1 795 17326.69644 0.045883 6.194658812 2.631025 

ZIKV/Dakar 10 hpi_1 IFITM1 842 17513.91951 0.048076 5.518459657 2.464266 

ZIKV/Dakar 24 hpi_1 IFITM1 10041 12050.24737 0.833261 45.03327164 5.492919 

ZIKV/Dakar 48 hpi_1 IFITM1 121959 14705.51891 8.293417 93.4956134 6.546827 

ZIKV/Dakar 4 hpi_2 IFITM1 132 10431.40144 0.012654 1.693915461 0.760362 

ZIKV/Dakar 8 hpi_2 IFITM1 279 12658.05148 0.022041 2.975797504 1.573276 

ZIKV/Dakar 10 hpi_2 IFITM1 489 13088.28841 0.037362 4.288595966 2.100505 

ZIKV/Dakar 24 hpi_2 IFITM1 5847 9702.067847 0.602655 32.57026418 5.025484 

ZIKV/Dakar 48 hpi_2 IFITM1 50706 7275.616586 6.969306 78.56828658 6.295875 

ZIKV/Dakar 4 hpi_3 IFITM1 784 10334.87659 0.07586 10.15479656 3.344089 

ZIKV/Dakar 8 hpi_3 IFITM1 770 10124.86039 0.07605 10.26757091 3.360023 

ZIKV/Dakar 10 hpi_3 IFITM1 916 8611.388976 0.106371 12.20988004 3.609977 

ZIKV/Dakar 24 hpi_3 IFITM1 9455 9356.243092 1.010555 54.61507456 5.771227 

ZIKV/Dakar 48 hpi_3 IFITM1 73844 7898.825141 9.348732 105.39268 6.719631 

ZIKV/Dakar 4 hpi_1 TLR3 248 21745.79117 0.011405 1.45836342 0.54435 



 

134 
 

ZIKV/Dakar 8 hpi_1 TLR3 256 17326.69644 0.014775 2.301035282 1.202283 

ZIKV/Dakar 10 hpi_1 TLR3 212 17513.91951 0.012105 1.741001558 0.799917 

ZIKV/Dakar 24 hpi_1 TLR3 682 12050.24737 0.056596 6.37480091 2.67238 

ZIKV/Dakar 48 hpi_1 TLR3 1483 14705.51891 0.100846 11.24253 3.490895 

ZIKV/Dakar 4 hpi_2 TLR3 148 10431.40144 0.014188 1.814296869 0.859411 

ZIKV/Dakar 8 hpi_2 TLR3 217 12658.05148 0.017143 2.669881312 1.416776 

ZIKV/Dakar 10 hpi_2 TLR3 193 13088.28841 0.014746 2.120904439 1.08468 

ZIKV/Dakar 24 hpi_2 TLR3 513 9702.067847 0.052875 5.955678856 2.574266 

ZIKV/Dakar 48 hpi_2 TLR3 815 7275.616586 0.112018 12.48794744 3.642464 

ZIKV/Dakar 4 hpi_3 TLR3 170 10334.87659 0.016449 2.103453524 1.07276 

ZIKV/Dakar 8 hpi_3 TLR3 163 10124.86039 0.016099 2.50725 1.326106 

ZIKV/Dakar 10 hpi_3 TLR3 119 8611.388976 0.013819 1.987560711 0.990999 

ZIKV/Dakar 24 hpi_3 TLR3 520 9356.243092 0.055578 6.260082553 2.646182 

ZIKV/Dakar 48 hpi_3 TLR3 1213 7898.825141 0.153567 17.11991322 4.097603 

ZIKV/Dakar 4 hpi_1 CCL3 16 21745.79117 0.000736 0.960979151 -0.05742 

ZIKV/Dakar 8 hpi_1 CCL3 9 17326.69644 0.000519 0.657642482 -0.60462 

ZIKV/Dakar 10 hpi_1 CCL3 12 17513.91951 0.000685 0.685765061 -0.54421 

ZIKV/Dakar 24 hpi_1 CCL3 14 12050.24737 0.001162 1.870193243 0.903187 

ZIKV/Dakar 48 hpi_1 CCL3 58 14705.51891 0.003944 5.328293698 2.413674 

ZIKV/Dakar 4 hpi_2 CCL3 8 10431.40144 0.000767 1.001651219 0.00238 

ZIKV/Dakar 8 hpi_2 CCL3 13 12658.05148 0.001027 1.300288172 0.378831 

ZIKV/Dakar 10 hpi_2 CCL3 7 13088.28841 0.000535 0.535294328 -0.9016 

ZIKV/Dakar 24 hpi_2 CCL3 7 9702.067847 0.000721 1.161416905 0.215886 

ZIKV/Dakar 48 hpi_2 CCL3 39 7275.616586 0.00536 7.241613107 2.856311 

ZIKV/Dakar 4 hpi_3 CCL3 5 10334.87659 0.000484 0.631878975 -0.66228 
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ZIKV/Dakar 8 hpi_3 CCL3 4 10124.86039 0.000395 0.500188917 -0.99946 

ZIKV/Dakar 10 hpi_3 CCL3 9 8611.388976 0.001045 1.046036312 0.064933 

ZIKV/Dakar 24 hpi_3 CCL3 11 9356.243092 0.001176 1.892542315 0.920326 

ZIKV/Dakar 48 hpi_3 CCL3 35 7898.825141 0.004431 5.986128843 2.581623 

ZIKV/Dakar 4 hpi_1 IL18 1303 21745.79117 0.05992 0.812389328 -0.29976 

ZIKV/Dakar 8 hpi_1 IL18 1078 17326.69644 0.062216 0.875458564 -0.19189 

ZIKV/Dakar 10 hpi_1 IL18 1060 17513.91951 0.060523 0.849347694 -0.23557 

ZIKV/Dakar 24 hpi_1 IL18 535 12050.24737 0.044397 0.751826799 -0.41153 

ZIKV/Dakar 48 hpi_1 IL18 776 14705.51891 0.052769 0.647808844 -0.62636 

ZIKV/Dakar 4 hpi_2 IL18 770 10431.40144 0.073816 1.000790268 0.00114 

ZIKV/Dakar 8 hpi_2 IL18 937 12658.05148 0.074024 1.041610465 0.058816 

ZIKV/Dakar 10 hpi_2 IL18 928 13088.28841 0.070903 0.995011536 -0.00721 

ZIKV/Dakar 24 hpi_2 IL18 501 9702.067847 0.051638 0.874446817 -0.19356 

ZIKV/Dakar 48 hpi_2 IL18 440 7275.616586 0.060476 0.742417802 -0.4297 

ZIKV/Dakar 4 hpi_3 IL18 750 10334.87659 0.07257 0.983900033 -0.02342 

ZIKV/Dakar 8 hpi_3 IL18 726 10124.86039 0.071705 1.008974472 0.01289 

ZIKV/Dakar 10 hpi_3 IL18 580 8611.388976 0.067353 0.945187094 -0.08133 

ZIKV/Dakar 24 hpi_3 IL18 514 9356.243092 0.054937 0.930296966 -0.10424 

ZIKV/Dakar 48 hpi_3 IL18 486 7898.825141 0.061528 0.755334418 -0.40481 

ZIKV/Dakar 4 hpi_1 CXCL10 16 21745.79117 0.000736 3.1417981 1.65159 

ZIKV/Dakar 8 hpi_1 CXCL10 9 17326.69644 0.000519 1.745165193 0.803364 

ZIKV/Dakar 10 hpi_1 CXCL10 11 17513.91951 0.000628 2.292984104 1.197226 

ZIKV/Dakar 24 hpi_1 CXCL10 26 12050.24737 0.002158 6.115856802 2.612555 

ZIKV/Dakar 48 hpi_1 CXCL10 116 14705.51891 0.007888 24.14091874 4.593409 

ZIKV/Dakar 4 hpi_2 CXCL10 14 10431.40144 0.001342 5.730847872 2.518749 
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ZIKV/Dakar 8 hpi_2 CXCL10 7 12658.05148 0.000553 1.857979775 0.893735 

ZIKV/Dakar 10 hpi_2 CXCL10 4 13088.28841 0.000306 1.115755004 0.15802 

ZIKV/Dakar 24 hpi_2 CXCL10 25 9702.067847 0.002577 7.303913547 2.86867 

ZIKV/Dakar 48 hpi_2 CXCL10 68 7275.616586 0.009346 28.60324244 4.838107 

ZIKV/Dakar 4 hpi_3 CXCL10 13 10334.87659 0.001258 5.371202924 2.425245 

ZIKV/Dakar 8 hpi_3 CXCL10 11 10124.86039 0.001086 3.650172941 1.867965 

ZIKV/Dakar 10 hpi_3 CXCL10 6 8611.388976 0.000697 2.543722621 1.346941 

ZIKV/Dakar 24 hpi_3 CXCL10 21 9356.243092 0.002244 6.362059411 2.669494 

ZIKV/Dakar 48 hpi_3 CXCL10 37 7898.825141 0.004684 14.33558378 3.841529 

ZIKV/Dakar 4 hpi_1 IFNA4 7 21745.79117 0.000322 1.300336122 0.378885 

ZIKV/Dakar 8 hpi_1 IFNA4 5 17326.69644 0.000289 0.626790884 -0.67394 

ZIKV/Dakar 10 hpi_1 IFNA4 3 17513.91951 0.000171 0.428002891 -1.22431 

ZIKV/Dakar 24 hpi_1 IFNA4 17 12050.24737 0.001411 3.231751543 1.692316 

ZIKV/Dakar 48 hpi_1 IFNA4 22 14705.51891 0.001496 3.571997758 1.836731 

ZIKV/Dakar 4 hpi_2 IFNA4 5 10431.40144 0.000479 1.93624427 0.953261 

ZIKV/Dakar 8 hpi_2 IFNA4 4 12658.05148 0.000316 0.686375175 -0.54293 

ZIKV/Dakar 10 hpi_2 IFNA4 6 13088.28841 0.000458 1.145452781 0.195918 

ZIKV/Dakar 24 hpi_2 IFNA4 12 9702.067847 0.001237 2.833361214 1.502515 

ZIKV/Dakar 48 hpi_2 IFNA4 10 7275.616586 0.001374 3.281701279 1.714444 

ZIKV/Dakar 4 hpi_3 IFNA4 0.024417492 10334.87659 2.36E-06 0.009543959 -6.7112 

ZIKV/Dakar 8 hpi_3 IFNA4 6 10124.86039 0.000593 1.287154386 0.364185 

ZIKV/Dakar 10 hpi_3 IFNA4 4 8611.388976 0.000465 1.160634783 0.214914 

ZIKV/Dakar 24 hpi_3 IFNA4 7 9356.243092 0.000748 1.713884491 0.77727 

ZIKV/Dakar 48 hpi_3 IFNA4 18 7898.825141 0.002279 5.441001629 2.443872 

ZIKV/Dakar 4 hpi_1 IRF1 940 21745.79117 0.043227 3.741819459 1.90374 



 

137 
 

ZIKV/Dakar 8 hpi_1 IRF1 207 17326.69644 0.011947 0.99401595 -0.00866 

ZIKV/Dakar 10 hpi_1 IRF1 202 17513.91951 0.011534 1.186839589 0.247125 

ZIKV/Dakar 24 hpi_1 IRF1 615 12050.24737 0.051036 4.597661175 2.2009 

ZIKV/Dakar 48 hpi_1 IRF1 1447 14705.51891 0.098398 8.096579219 3.017313 

ZIKV/Dakar 4 hpi_2 IRF1 690 10431.40144 0.066146 5.725805885 2.517479 

ZIKV/Dakar 8 hpi_2 IRF1 136 12658.05148 0.010744 0.893945053 -0.16174 

ZIKV/Dakar 10 hpi_2 IRF1 186 13088.28841 0.014211 1.462359303 0.548298 

ZIKV/Dakar 24 hpi_2 IRF1 521 9702.067847 0.0537 4.837614144 2.274296 

ZIKV/Dakar 48 hpi_2 IRF1 1007 7275.616586 0.138408 11.3886713 3.509528 

ZIKV/Dakar 4 hpi_3 IRF1 402 10334.87659 0.038897 3.367060707 1.75149 

ZIKV/Dakar 8 hpi_3 IRF1 148 10124.86039 0.014617 1.216218055 0.282402 

ZIKV/Dakar 10 hpi_3 IRF1 101 8611.388976 0.011729 1.206902457 0.271309 

ZIKV/Dakar 24 hpi_3 IRF1 446 9356.243092 0.047669 4.294288036 2.102419 

ZIKV/Dakar 48 hpi_3 IRF1 856 7898.825141 0.108371 8.917120945 3.156578 

ZIKV/Dakar 4 hpi_1 IFI44 295 21745.79117 0.013566 3.657353092 1.8708 

ZIKV/Dakar 8 hpi_1 IFI44 441 17326.69644 0.025452 7.142698762 2.836469 

ZIKV/Dakar 10 hpi_1 IFI44 357 17513.91951 0.020384 5.754252525 2.524629 

ZIKV/Dakar 24 hpi_1 IFI44 2448 12050.24737 0.203149 42.39754426 5.405909 

ZIKV/Dakar 48 hpi_1 IFI44 6783 14705.51891 0.461255 102.6658639 6.681813 

ZIKV/Dakar 4 hpi_2 IFI44 87 10431.40144 0.00834 2.248519619 1.168975 

ZIKV/Dakar 8 hpi_2 IFI44 189 12658.05148 0.014931 4.190197161 2.067018 

ZIKV/Dakar 10 hpi_2 IFI44 250 13088.28841 0.019101 5.392140535 2.430858 

ZIKV/Dakar 24 hpi_2 IFI44 1384 9702.067847 0.14265 29.77124755 4.895848 

ZIKV/Dakar 48 hpi_2 IFI44 2492 7275.616586 0.342514 76.23648011 6.25241 

ZIKV/Dakar 4 hpi_3 IFI44 311 10334.87659 0.030092 8.112882413 3.020215 



 

138 
 

ZIKV/Dakar 8 hpi_3 IFI44 357 10124.86039 0.03526 9.895065748 3.306709 

ZIKV/Dakar 10 hpi_3 IFI44 286 8611.388976 0.033212 9.375552646 3.228904 

ZIKV/Dakar 24 hpi_3 IFI44 1972 9356.243092 0.210768 43.98764027 5.459026 

ZIKV/Dakar 48 hpi_3 IFI44 3534 7898.825141 0.447408 99.5837894 6.637839 

ZIKV/Dakar 4 hpi_1 IL1A 67 21745.79117 0.003081 3.053676323 1.610547 

ZIKV/Dakar 8 hpi_1 IL1A 17 17326.69644 0.000981 0.743094402 -0.42838 

ZIKV/Dakar 10 hpi_1 IL1A 19 17513.91951 0.001085 0.663900022 -0.59096 

ZIKV/Dakar 24 hpi_1 IL1A 38 12050.24737 0.003153 2.498625764 1.321135 

ZIKV/Dakar 48 hpi_1 IL1A 135 14705.51891 0.00918 4.869720366 2.283839 

ZIKV/Dakar 4 hpi_2 IL1A 63 10431.40144 0.006039 5.985787607 2.581541 

ZIKV/Dakar 8 hpi_2 IL1A 22 12658.05148 0.001738 1.316335696 0.396527 

ZIKV/Dakar 10 hpi_2 IL1A 19 13088.28841 0.001452 0.888389008 -0.17074 

ZIKV/Dakar 24 hpi_2 IL1A 44 9702.067847 0.004535 3.593370091 1.845338 

ZIKV/Dakar 48 hpi_2 IL1A 102 7275.616586 0.014019 7.436712227 2.894665 

ZIKV/Dakar 4 hpi_3 IL1A 17 10334.87659 0.001645 1.63029816 0.705136 

ZIKV/Dakar 8 hpi_3 IL1A 14 10124.86039 0.001383 1.047248694 0.066604 

ZIKV/Dakar 10 hpi_3 IL1A 14 8611.388976 0.001626 0.994917937 -0.00735 

ZIKV/Dakar 24 hpi_3 IL1A 20 9356.243092 0.002138 1.693721803 0.760197 

ZIKV/Dakar 48 hpi_3 IL1A 56 7898.825141 0.00709 3.760764477 1.911026 

ZIKV/Dakar 4 hpi_1 IFIT1 1814 21745.79117 0.083418 3.914637794 1.968879 

ZIKV/Dakar 8 hpi_1 IFIT1 2604 17326.69644 0.150288 9.673629424 3.274057 

ZIKV/Dakar 10 hpi_1 IFIT1 2989 17513.91951 0.170664 9.204019963 3.202264 

ZIKV/Dakar 24 hpi_1 IFIT1 46725 12050.24737 3.877514 115.3874469 6.850342 

ZIKV/Dakar 48 hpi_1 IFIT1 88916 14705.51891 6.046437 249.8713602 7.965042 

ZIKV/Dakar 4 hpi_2 IFIT1 432 10431.40144 0.041413 1.94343761 0.958611 
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ZIKV/Dakar 8 hpi_2 IFIT1 740 12658.05148 0.058461 3.762955612 1.911866 

ZIKV/Dakar 10 hpi_2 IFIT1 2469 13088.28841 0.188642 10.17356631 3.346754 

ZIKV/Dakar 24 hpi_2 IFIT1 26521 9702.067847 2.733541 81.34498897 6.345982 

ZIKV/Dakar 48 hpi_2 IFIT1 33645 7275.616586 4.62435 191.1030621 7.578207 

ZIKV/Dakar 4 hpi_3 IFIT1 5090 10334.87659 0.492507 23.11223806 4.530585 

ZIKV/Dakar 8 hpi_3 IFIT1 2013 10124.86039 0.198818 12.79731808 3.67777 

ZIKV/Dakar 10 hpi_3 IFIT1 2241 8611.388976 0.260237 14.03471624 3.810928 

ZIKV/Dakar 24 hpi_3 IFIT1 36651 9356.243092 3.917277 116.5707385 6.865062 

ZIKV/Dakar 48 hpi_3 IFIT1 60203 7898.825141 7.621766 314.9724373 8.299082 

ZIKV/Dakar 4 hpi_1 IFIT2 1005 21745.79117 0.046216 6.258739657 2.645872 

ZIKV/Dakar 8 hpi_1 IFIT2 488 17326.69644 0.028165 4.681393758 2.226938 

ZIKV/Dakar 10 hpi_1 IFIT2 488 17513.91951 0.027864 4.524147131 2.177646 

ZIKV/Dakar 24 hpi_1 IFIT2 9587 12050.24737 0.795585 74.60786903 6.221256 

ZIKV/Dakar 48 hpi_1 IFIT2 23908 14705.51891 1.625784 163.2435997 7.350883 

ZIKV/Dakar 4 hpi_2 IFIT2 292 10431.40144 0.027992 3.790846774 1.92252 

ZIKV/Dakar 8 hpi_2 IFIT2 125 12658.05148 0.009875 1.641399406 0.714926 

ZIKV/Dakar 10 hpi_2 IFIT2 337 13088.28841 0.025748 4.180683518 2.063739 

ZIKV/Dakar 24 hpi_2 IFIT2 4973 9702.067847 0.512571 48.06755398 5.586991 

ZIKV/Dakar 48 hpi_2 IFIT2 10693 7275.616586 1.469704 147.5716836 7.205272 

ZIKV/Dakar 4 hpi_3 IFIT2 801 10334.87659 0.077505 10.49598639 3.391766 

ZIKV/Dakar 8 hpi_3 IFIT2 208 10124.86039 0.020543 3.414643809 1.771735 

ZIKV/Dakar 10 hpi_3 IFIT2 258 8611.388976 0.02996 4.864595649 2.28232 

ZIKV/Dakar 24 hpi_3 IFIT2 5486 9356.243092 0.586346 54.98600624 5.780993 

ZIKV/Dakar 48 hpi_3 IFIT2 12417 7898.825141 1.572006 157.8437721 7.302354 

ZIKV/Dakar 4 hpi_1 DHX58 12 21745.79117 0.000552 1.55504996 0.636961 
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ZIKV/Dakar 8 hpi_1 DHX58 12 17326.69644 0.000693 1.52500718 0.608816 

ZIKV/Dakar 10 hpi_1 DHX58 17 17513.91951 0.000971 2.025711308 1.018429 

ZIKV/Dakar 24 hpi_1 DHX58 72 12050.24737 0.005975 14.83370063 3.890807 

ZIKV/Dakar 48 hpi_1 DHX58 365 14705.51891 0.024821 33.42769195 5.062972 

ZIKV/Dakar 4 hpi_2 DHX58 10 10431.40144 0.000959 2.701442044 1.43373 

ZIKV/Dakar 8 hpi_2 DHX58 9 12658.05148 0.000711 1.5656045 0.64672 

ZIKV/Dakar 10 hpi_2 DHX58 11 13088.28841 0.00084 1.753968581 0.810623 

ZIKV/Dakar 24 hpi_2 DHX58 74 9702.067847 0.007627 18.93565744 4.243034 

ZIKV/Dakar 48 hpi_2 DHX58 233 7275.616586 0.032025 43.13005356 5.430622 

ZIKV/Dakar 4 hpi_3 DHX58 8 10334.87659 0.000774 2.181338202 1.125213 

ZIKV/Dakar 8 hpi_3 DHX58 12 10124.86039 0.001185 2.609748229 1.383911 

ZIKV/Dakar 10 hpi_3 DHX58 11 8611.388976 0.001277 2.665823912 1.414581 

ZIKV/Dakar 24 hpi_3 DHX58 75 9356.243092 0.008016 19.90090114 4.314762 

ZIKV/Dakar 48 hpi_3 DHX58 223 7898.825141 0.028232 38.02211263 5.248767 

ZIKV/Dakar 4 hpi_1 MX2 22 21745.79117 0.001012 7.117126256 2.831295 

ZIKV/Dakar 8 hpi_1 MX2 20 17326.69644 0.001154 10.76552409 3.428347 

ZIKV/Dakar 10 hpi_1 MX2 16 17513.91951 0.000914 3.185658087 1.671591 

ZIKV/Dakar 24 hpi_1 MX2 394 12050.24737 0.032696 108.7582456 6.764981 

ZIKV/Dakar 48 hpi_1 MX2 1948 14705.51891 0.132467 379.2629619 8.567055 

ZIKV/Dakar 4 hpi_2 MX2 1 10431.40144 9.59E-05 0.674395313 -0.56833 

ZIKV/Dakar 8 hpi_2 MX2 6 12658.05148 0.000474 4.420845537 2.144322 

ZIKV/Dakar 10 hpi_2 MX2 9 13088.28841 0.000688 2.397850937 1.261742 

ZIKV/Dakar 24 hpi_2 MX2 162 9702.067847 0.016697 55.54086526 5.795478 

ZIKV/Dakar 48 hpi_2 MX2 564 7275.616586 0.077519 221.9428371 7.794044 

ZIKV/Dakar 4 hpi_3 MX2 21 10334.87659 0.002032 14.2945735 3.837396 
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ZIKV/Dakar 8 hpi_3 MX2 17 10124.86039 0.001679 15.65960582 3.968976 

ZIKV/Dakar 10 hpi_3 MX2 15 8611.388976 0.001742 6.074081026 2.602666 

ZIKV/Dakar 24 hpi_3 MX2 280 9356.243092 0.029927 99.54477478 6.637274 

ZIKV/Dakar 48 hpi_3 MX2 1040 7898.825141 0.131665 376.966427 8.558292 

ZIKV/Dakar 4 hpi_1 IRF2 1873 21745.79117 0.086132 1.750783097 0.808 

ZIKV/Dakar 8 hpi_1 IRF2 1205 17326.69644 0.069546 1.175986248 0.233871 

ZIKV/Dakar 10 hpi_1 IRF2 1171 17513.91951 0.066861 1.034019224 0.048263 

ZIKV/Dakar 24 hpi_1 IRF2 1587 12050.24737 0.131699 1.888430289 0.917188 

ZIKV/Dakar 48 hpi_1 IRF2 2833 14705.51891 0.192649 1.992934648 0.994894 

ZIKV/Dakar 4 hpi_2 IRF2 903 10431.40144 0.086566 1.759603723 0.815251 

ZIKV/Dakar 8 hpi_2 IRF2 753 12658.05148 0.059488 1.005909898 0.008501 

ZIKV/Dakar 10 hpi_2 IRF2 744 13088.28841 0.056845 0.879113899 -0.18588 

ZIKV/Dakar 24 hpi_2 IRF2 1064 9702.067847 0.109667 1.572524114 0.653082 

ZIKV/Dakar 48 hpi_2 IRF2 1315 7275.616586 0.180741 1.869746744 0.902843 

ZIKV/Dakar 4 hpi_3 IRF2 1028 10334.87659 0.099469 2.021890354 1.015705 

ZIKV/Dakar 8 hpi_3 IRF2 536 10124.86039 0.052939 0.895172452 -0.15976 

ZIKV/Dakar 10 hpi_3 IRF2 549 8611.388976 0.063753 0.985948442 -0.02042 

ZIKV/Dakar 24 hpi_3 IRF2 1196 9356.243092 0.127829 1.832946023 0.874164 

ZIKV/Dakar 48 hpi_3 IRF2 1456 7898.825141 0.184331 1.906890312 0.931222 

ZIKV/Dakar 4 hpi_1 IFNL1 52 21745.79117 0.002391 1.193065647 0.254673 

ZIKV/Dakar 8 hpi_1 IFNL1 33 17326.69644 0.001905 1.100556061 0.138233 

ZIKV/Dakar 10 hpi_1 IFNL1 46 17513.91951 0.002626 1.439679806 0.525748 

ZIKV/Dakar 24 hpi_1 IFNL1 314 12050.24737 0.026058 13.85213249 3.792036 

ZIKV/Dakar 48 hpi_1 IFNL1 1657 14705.51891 0.112679 49.60845201 5.632514 

ZIKV/Dakar 4 hpi_2 IFNL1 14 10431.40144 0.001342 0.66960947 -0.57861 
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ZIKV/Dakar 8 hpi_2 IFNL1 36 12658.05148 0.002844 1.643424056 0.716705 

ZIKV/Dakar 10 hpi_2 IFNL1 24 13088.28841 0.001834 1.005124401 0.007374 

ZIKV/Dakar 24 hpi_2 IFNL1 278 9702.067847 0.028654 15.23222828 3.929055 

ZIKV/Dakar 48 hpi_2 IFNL1 1355 7275.616586 0.186239 81.99417713 6.35745 

ZIKV/Dakar 4 hpi_3 IFNL1 22 10334.87659 0.002129 1.062071111 0.08688 

ZIKV/Dakar 8 hpi_3 IFNL1 25 10124.86039 0.002469 1.426806114 0.512789 

ZIKV/Dakar 10 hpi_3 IFNL1 16 8611.388976 0.001858 1.018446469 0.02637 

ZIKV/Dakar 24 hpi_3 IFNL1 214 9356.243092 0.022872 12.15892634 3.603944 

ZIKV/Dakar 48 hpi_3 IFNL1 589 7898.825141 0.074568 32.82965478 5.036928 

ZIKV/Dakar 4 hpi_1 EIF2AK2 8933 21745.79117 0.410792 1.378523961 0.463124 

ZIKV/Dakar 8 hpi_1 EIF2AK2 8231 17326.69644 0.475047 1.461202766 0.547156 

ZIKV/Dakar 10 hpi_1 EIF2AK2 8201 17513.91951 0.468256 1.348501305 0.431357 

ZIKV/Dakar 24 hpi_1 EIF2AK2 13861 12050.24737 1.150267 3.255992146 1.703097 

ZIKV/Dakar 48 hpi_1 EIF2AK2 20424 14705.51891 1.388866 4.071596061 2.025594 

ZIKV/Dakar 4 hpi_2 EIF2AK2 3742 10431.40144 0.358725 1.203797183 0.267592 

ZIKV/Dakar 8 hpi_2 EIF2AK2 5581 12658.05148 0.440905 1.356184622 0.439554 

ZIKV/Dakar 10 hpi_2 EIF2AK2 6222 13088.28841 0.475387 1.369036601 0.453161 

ZIKV/Dakar 24 hpi_2 EIF2AK2 9365 9702.067847 0.965258 2.732298992 1.450115 

ZIKV/Dakar 48 hpi_2 EIF2AK2 8459 7275.616586 1.162651 3.408422772 1.769104 

ZIKV/Dakar 4 hpi_3 EIF2AK2 5569 10334.87659 0.538855 1.808273514 0.854613 

ZIKV/Dakar 8 hpi_3 EIF2AK2 5379 10124.86039 0.531267 1.634128301 0.708521 

ZIKV/Dakar 10 hpi_3 EIF2AK2 4467 8611.388976 0.518732 1.493862599 0.579047 

ZIKV/Dakar 24 hpi_3 EIF2AK2 10797 9356.243092 1.153989 3.26652775 1.707758 

ZIKV/Dakar 48 hpi_3 EIF2AK2 11490 7898.825141 1.454647 4.264437625 2.092355 

ZIKV/Dakar 4 hpi_1 GBP2 606 21745.79117 0.027867 2.978537831 1.574604 
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ZIKV/Dakar 8 hpi_1 GBP2 445 17326.69644 0.025683 3.07625533 1.621175 

ZIKV/Dakar 10 hpi_1 GBP2 396 17513.91951 0.022611 2.374967371 1.247908 

ZIKV/Dakar 24 hpi_1 GBP2 287 12050.24737 0.023817 1.719909294 0.782332 

ZIKV/Dakar 48 hpi_1 GBP2 1418 14705.51891 0.096426 3.824503721 1.935273 

ZIKV/Dakar 4 hpi_2 GBP2 242 10431.40144 0.023199 2.479581667 1.310097 

ZIKV/Dakar 8 hpi_2 GBP2 227 12658.05148 0.017933 2.148014133 1.103003 

ZIKV/Dakar 10 hpi_2 GBP2 258 13088.28841 0.019712 2.070535402 1.050004 

ZIKV/Dakar 24 hpi_2 GBP2 190 9702.067847 0.019583 1.414193714 0.49998 

ZIKV/Dakar 48 hpi_2 GBP2 734 7275.616586 0.100885 4.001340099 2.000483 

ZIKV/Dakar 4 hpi_3 GBP2 174 10334.87659 0.016836 1.799490933 0.847589 

ZIKV/Dakar 8 hpi_3 GBP2 191 10124.86039 0.018864 2.259552615 1.176037 

ZIKV/Dakar 10 hpi_3 GBP2 158 8611.388976 0.018348 1.927212888 0.946516 

ZIKV/Dakar 24 hpi_3 GBP2 148 9356.243092 0.015818 1.142299081 0.19194 

ZIKV/Dakar 48 hpi_3 GBP2 555 7898.825141 0.070264 2.786824976 1.478622 

ZIKV/Dakar 4 hpi_1 TNF 29 21745.79117 0.001334 2.626004961 1.39287 

ZIKV/Dakar 8 hpi_1 TNF 11 17326.69644 0.000635 0.724978938 -0.46399 

ZIKV/Dakar 10 hpi_1 TNF 22 17513.91951 0.001256 1.764354584 0.819141 

ZIKV/Dakar 24 hpi_1 TNF 33 12050.24737 0.002739 2.770610079 1.470204 

ZIKV/Dakar 48 hpi_1 TNF 85 14705.51891 0.00578 8.107353293 3.019231 

ZIKV/Dakar 4 hpi_2 TNF 21 10431.40144 0.002013 3.964143737 1.987009 

ZIKV/Dakar 8 hpi_2 TNF 14 12658.05148 0.001106 1.263018318 0.336876 

ZIKV/Dakar 10 hpi_2 TNF 6 13088.28841 0.000458 0.643894822 -0.6351 

ZIKV/Dakar 24 hpi_2 TNF 23 9702.067847 0.002371 2.398396386 1.26207 

ZIKV/Dakar 48 hpi_2 TNF 49 7275.616586 0.006735 9.446410245 3.239766 

ZIKV/Dakar 4 hpi_3 TNF 9 10334.87659 0.000871 1.714786168 0.778029 
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ZIKV/Dakar 8 hpi_3 TNF 8 10124.86039 0.00079 0.902296795 -0.14833 

ZIKV/Dakar 10 hpi_3 TNF 5 8611.388976 0.000581 0.815536375 -0.29418 

ZIKV/Dakar 24 hpi_3 TNF 16 9356.243092 0.00171 1.730118771 0.790871 

ZIKV/Dakar 48 hpi_3 TNF 26 7898.825141 0.003292 4.616909641 2.206927 

ZIKV/Dakar 4 hpi_1 RSAD2 81 21745.79117 0.003725 1.105577986 0.144801 

ZIKV/Dakar 8 hpi_1 RSAD2 97 17326.69644 0.005598 1.7076161 0.771984 

ZIKV/Dakar 10 hpi_1 RSAD2 80 17513.91951 0.004568 1.367353389 0.451386 

ZIKV/Dakar 24 hpi_1 RSAD2 555 12050.24737 0.046057 13.47567209 3.752285 

ZIKV/Dakar 48 hpi_1 RSAD2 1784 14705.51891 0.121315 30.2248216 4.917662 

ZIKV/Dakar 4 hpi_2 RSAD2 28 10431.40144 0.002684 0.796700242 -0.32789 

ZIKV/Dakar 8 hpi_2 RSAD2 47 12658.05148 0.003713 1.132570574 0.179601 

ZIKV/Dakar 10 hpi_2 RSAD2 68 13088.28841 0.005195 1.555249929 0.637146 

ZIKV/Dakar 24 hpi_2 RSAD2 448 9702.067847 0.046176 13.51036619 3.755995 

ZIKV/Dakar 48 hpi_2 RSAD2 1322 7275.616586 0.181703 45.27004236 5.500485 

ZIKV/Dakar 4 hpi_3 RSAD2 113 10334.87659 0.010934 3.245284124 1.698345 

ZIKV/Dakar 8 hpi_3 RSAD2 67 10124.86039 0.006617 2.018459465 1.013255 

ZIKV/Dakar 10 hpi_3 RSAD2 57 8611.388976 0.006619 1.981416535 0.986532 

ZIKV/Dakar 24 hpi_3 RSAD2 459 9356.243092 0.049058 14.35372437 3.843353 

ZIKV/Dakar 48 hpi_3 RSAD2 1047 7898.825141 0.132551 33.02428563 5.045455 

ZIKV/Dakar 4 hpi_1 DDX58 4019 21745.79117 0.184817 3.128346605 1.6454 

ZIKV/Dakar 8 hpi_1 DDX58 2018 17326.69644 0.116468 1.74260934 0.801249 

ZIKV/Dakar 10 hpi_1 DDX58 2324 17513.91951 0.132694 1.885657039 0.915067 

ZIKV/Dakar 24 hpi_1 DDX58 14613 12050.24737 1.212672 16.88028066 4.077267 

ZIKV/Dakar 48 hpi_1 DDX58 29089 14705.51891 1.978101 28.07256655 4.811089 

ZIKV/Dakar 4 hpi_2 DDX58 1492 10431.40144 0.14303 2.421019212 1.275615 
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ZIKV/Dakar 8 hpi_2 DDX58 916 12658.05148 0.072365 1.082737699 0.114684 

ZIKV/Dakar 10 hpi_2 DDX58 1604 13088.28841 0.122552 1.741531925 0.800357 

ZIKV/Dakar 24 hpi_2 DDX58 8430 9702.067847 0.868887 12.09482276 3.596318 

ZIKV/Dakar 48 hpi_2 DDX58 12518 7275.616586 1.720541 24.41736668 4.609836 

ZIKV/Dakar 4 hpi_3 DDX58 4380 10334.87659 0.423808 7.173661614 2.84271 

ZIKV/Dakar 8 hpi_3 DDX58 1060 10124.86039 0.104693 1.566431702 0.647482 

ZIKV/Dakar 10 hpi_3 DDX58 1102 8611.388976 0.12797 1.818520999 0.862766 

ZIKV/Dakar 24 hpi_3 DDX58 10616 9356.243092 1.134643 15.79412803 3.981316 

ZIKV/Dakar 48 hpi_3 DDX58 16250 7898.825141 2.057268 29.19608019 4.867703 

ZIKV/Dakar 4 hpi_1 TRIM25 8274 21745.79117 0.380487 1.635475352 0.70971 

ZIKV/Dakar 8 hpi_1 TRIM25 5341 17326.69644 0.308253 1.276937943 0.352688 

ZIKV/Dakar 10 hpi_1 TRIM25 5108 17513.91951 0.291654 1.196503985 0.258825 

ZIKV/Dakar 24 hpi_1 TRIM25 7919 12050.24737 0.657165 2.810253589 1.4907 

ZIKV/Dakar 48 hpi_1 TRIM25 8648 14705.51891 0.588079 3.040932443 1.604514 

ZIKV/Dakar 4 hpi_2 TRIM25 3289 10431.40144 0.315298 1.355267159 0.438577 

ZIKV/Dakar 8 hpi_2 TRIM25 3801 12658.05148 0.300283 1.243924416 0.314899 

ZIKV/Dakar 10 hpi_2 TRIM25 3879 13088.28841 0.296372 1.215859895 0.281977 

ZIKV/Dakar 24 hpi_2 TRIM25 5584 9702.067847 0.575547 2.461230186 1.29938 

ZIKV/Dakar 48 hpi_2 TRIM25 4196 7275.616586 0.576721 2.982202432 1.576378 

ZIKV/Dakar 4 hpi_3 TRIM25 6009 10334.87659 0.581429 2.499197679 1.321465 

ZIKV/Dakar 8 hpi_3 TRIM25 3288 10124.86039 0.324745 1.345258503 0.427883 

ZIKV/Dakar 10 hpi_3 TRIM25 2391 8611.388976 0.277656 1.13907673 0.187865 

ZIKV/Dakar 24 hpi_3 TRIM25 6167 9356.243092 0.659132 2.818665773 1.495012 

ZIKV/Dakar 48 hpi_3 TRIM25 4846 7898.825141 0.613509 3.172432241 1.665589 

ZIKV/Dakar 4 hpi_1 CCL2 11229 21745.79117 0.516376 4.54375704 2.183886 
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ZIKV/Dakar 8 hpi_1 CCL2 2706 17326.69644 0.156175 1.095803222 0.131989 

ZIKV/Dakar 10 hpi_1 CCL2 2488 17513.91951 0.142058 1.215756687 0.281855 

ZIKV/Dakar 24 hpi_1 CCL2 856 12050.24737 0.071036 1.321503851 0.402181 

ZIKV/Dakar 48 hpi_1 CCL2 2668 14705.51891 0.181428 6.233934493 2.640143 

ZIKV/Dakar 4 hpi_2 CCL2 9608 10431.40144 0.921065 8.10474897 3.018768 

ZIKV/Dakar 8 hpi_2 CCL2 2044 12658.05148 0.161478 1.133012187 0.180163 

ZIKV/Dakar 10 hpi_2 CCL2 1842 13088.28841 0.140737 1.204443439 0.268367 

ZIKV/Dakar 24 hpi_2 CCL2 883 9702.067847 0.091012 1.693117221 0.759682 

ZIKV/Dakar 48 hpi_2 CCL2 1806 7275.616586 0.248226 8.529129424 3.092398 

ZIKV/Dakar 4 hpi_3 CCL2 5880 10334.87659 0.568947 5.006350633 2.323759 

ZIKV/Dakar 8 hpi_3 CCL2 1437 10124.86039 0.141928 0.995837031 -0.00602 

ZIKV/Dakar 10 hpi_3 CCL2 1143 8611.388976 0.132731 1.135932864 0.183878 

ZIKV/Dakar 24 hpi_3 CCL2 689 9356.243092 0.073641 1.369961479 0.454135 

ZIKV/Dakar 48 hpi_3 CCL2 1054 7898.825141 0.133438 4.584952852 2.196907 

ZIKV/Dakar 4 hpi_1 CCL4 19 21745.79117 0.000874 1.223011194 0.290438 

ZIKV/Dakar 8 hpi_1 CCL4 15 17326.69644 0.000866 1.466844739 0.552716 

ZIKV/Dakar 10 hpi_1 CCL4 7 17513.91951 0.0004 0.532699776 -0.90861 

ZIKV/Dakar 24 hpi_1 CCL4 20 12050.24737 0.00166 1.651999124 0.724213 

ZIKV/Dakar 48 hpi_1 CCL4 91 14705.51891 0.006188 6.438472512 2.686718 

ZIKV/Dakar 4 hpi_2 CCL4 14 10431.40144 0.001342 1.878613423 0.909668 

ZIKV/Dakar 8 hpi_2 CCL4 8 12658.05148 0.000632 1.070857751 0.098767 

ZIKV/Dakar 10 hpi_2 CCL4 6 13088.28841 0.000458 0.610992977 -0.71077 

ZIKV/Dakar 24 hpi_2 CCL4 15 9702.067847 0.001546 1.538872828 0.621874 

ZIKV/Dakar 48 hpi_2 CCL4 60 7275.616586 0.008247 8.580315426 3.101031 

ZIKV/Dakar 4 hpi_3 CCL4 13 10334.87659 0.001258 1.760719206 0.816165 
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ZIKV/Dakar 8 hpi_3 CCL4 6 10124.86039 0.000593 1.004085885 0.005883 

ZIKV/Dakar 10 hpi_3 CCL4 10 8611.388976 0.001161 1.547727921 0.630152 

ZIKV/Dakar 24 hpi_3 CCL4 6 9356.243092 0.000641 0.638301012 -0.64769 

ZIKV/Dakar 48 hpi_3 CCL4 33 7898.825141 0.004178 4.346835924 2.119966 

ZIKV/Dakar 4 hpi_1 OAS1 5381 21745.79117 0.24745 1.801051811 0.84884 

ZIKV/Dakar 8 hpi_1 OAS1 5952 17326.69644 0.343516 1.879013119 0.909975 

ZIKV/Dakar 10 hpi_1 OAS1 5237 17513.91951 0.299019 1.671229186 0.74091 

ZIKV/Dakar 24 hpi_1 OAS1 15519 12050.24737 1.287857 8.084203521 3.015106 

ZIKV/Dakar 48 hpi_1 OAS1 34508 14705.51891 2.346602 12.28932157 3.619333 

ZIKV/Dakar 4 hpi_2 OAS1 2364 10431.40144 0.226623 1.649465517 0.721999 

ZIKV/Dakar 8 hpi_2 OAS1 3212 12658.05148 0.253752 1.388005974 0.473014 

ZIKV/Dakar 10 hpi_2 OAS1 3735 13088.28841 0.28537 1.594940686 0.673503 

ZIKV/Dakar 24 hpi_2 OAS1 10514 9702.067847 1.083687 6.80257178 2.76608 

ZIKV/Dakar 48 hpi_2 OAS1 15163 7275.616586 2.084085 10.91449895 3.448174 

ZIKV/Dakar 4 hpi_3 OAS1 4682 10334.87659 0.453029 3.297346154 1.721305 

ZIKV/Dakar 8 hpi_3 OAS1 3828 10124.86039 0.378079 2.068071463 1.048286 

ZIKV/Dakar 10 hpi_3 OAS1 3214 8611.388976 0.373227 2.085976698 1.060723 

ZIKV/Dakar 24 hpi_3 OAS1 12434 9356.243092 1.328952 8.342166118 3.060422 

ZIKV/Dakar 48 hpi_3 OAS1 21053 7898.825141 2.665333 13.95853897 3.803076 

ZIKV/Dakar 4 hpi_1 ISG20 673 21745.79117 0.030949 1.176003761 0.233893 

ZIKV/Dakar 8 hpi_1 ISG20 593 17326.69644 0.034225 1.434199337 0.520246 

ZIKV/Dakar 10 hpi_1 ISG20 497 17513.91951 0.028377 1.179595197 0.238292 

ZIKV/Dakar 24 hpi_1 ISG20 1577 12050.24737 0.130869 3.416407223 1.77248 

ZIKV/Dakar 48 hpi_1 ISG20 7478 14705.51891 0.508517 9.973067849 3.318037 

ZIKV/Dakar 4 hpi_2 ISG20 298 10431.40144 0.028568 1.085531586 0.118402 
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ZIKV/Dakar 8 hpi_2 ISG20 359 12658.05148 0.028361 1.188497251 0.249139 

ZIKV/Dakar 10 hpi_2 ISG20 356 13088.28841 0.0272 1.130647165 0.177149 

ZIKV/Dakar 24 hpi_2 ISG20 1212 9702.067847 0.124922 3.261160797 1.705386 

ZIKV/Dakar 48 hpi_2 ISG20 4152 7275.616586 0.570673 11.19209034 3.484408 

ZIKV/Dakar 4 hpi_3 ISG20 485 10334.87659 0.046928 1.783221547 0.834486 

ZIKV/Dakar 8 hpi_3 ISG20 420 10124.86039 0.041482 1.738324445 0.797697 

ZIKV/Dakar 10 hpi_3 ISG20 364 8611.388976 0.04227 1.757066236 0.813169 

ZIKV/Dakar 24 hpi_3 ISG20 1115 9356.243092 0.119172 3.111052004 1.637403 

ZIKV/Dakar 48 hpi_3 ISG20 5065 7898.825141 0.641235 12.57594463 3.652595 

ZIKV/Dakar 4 hpi_1 IRF7 155 21745.79117 0.007128 2.639569222 1.400303 

ZIKV/Dakar 8 hpi_1 IRF7 105 17326.69644 0.00606 2.462965915 1.300397 

ZIKV/Dakar 10 hpi_1 IRF7 134 17513.91951 0.007651 2.82053304 1.495968 

ZIKV/Dakar 24 hpi_1 IRF7 635 12050.24737 0.052696 18.58233951 4.21586 

ZIKV/Dakar 48 hpi_1 IRF7 1401 14705.51891 0.09527 22.5336408 4.494009 

ZIKV/Dakar 4 hpi_2 IRF7 59 10431.40144 0.005656 2.094526809 1.066624 

ZIKV/Dakar 8 hpi_2 IRF7 64 12658.05148 0.005056 2.054934511 1.039092 

ZIKV/Dakar 10 hpi_2 IRF7 119 13088.28841 0.009092 3.351767207 1.744922 

ZIKV/Dakar 24 hpi_2 IRF7 405 9702.067847 0.041744 14.72018756 3.879724 

ZIKV/Dakar 48 hpi_2 IRF7 550 7275.616586 0.075595 17.87995703 4.160271 

ZIKV/Dakar 4 hpi_3 IRF7 162 10334.87659 0.015675 5.804787023 2.537243 

ZIKV/Dakar 8 hpi_3 IRF7 133 10124.86039 0.013136 5.338846897 2.416528 

ZIKV/Dakar 10 hpi_3 IRF7 123 8611.388976 0.014283 5.265524615 2.396577 

ZIKV/Dakar 24 hpi_3 IRF7 514 9356.243092 0.054937 19.37243667 4.275934 

ZIKV/Dakar 48 hpi_3 IRF7 875 7898.825141 0.110776 26.20107673 4.711554 

ZIKV/Dakar 4 hpi_1 ISG15 784 21745.79117 0.036053 2.387892388 1.255738 
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ZIKV/Dakar 8 hpi_1 ISG15 1107 17326.69644 0.06389 4.964508712 2.311651 

ZIKV/Dakar 10 hpi_1 ISG15 1192 17513.91951 0.06806 4.257988003 2.090172 

ZIKV/Dakar 24 hpi_1 ISG15 11768 12050.24737 0.976577 62.01250068 5.954487 

ZIKV/Dakar 48 hpi_1 ISG15 45102 14705.51891 3.067012 243.2579121 7.926343 

ZIKV/Dakar 4 hpi_2 ISG15 203 10431.40144 0.01946 1.288923911 0.366167 

ZIKV/Dakar 8 hpi_2 ISG15 416 12658.05148 0.032864 2.553705995 1.352592 

ZIKV/Dakar 10 hpi_2 ISG15 729 13088.28841 0.055699 3.484626215 1.801004 

ZIKV/Dakar 24 hpi_2 ISG15 6808 9702.067847 0.701706 44.55821526 5.47762 

ZIKV/Dakar 48 hpi_2 ISG15 17721 7275.616586 2.43567 193.1834641 7.593828 

ZIKV/Dakar 4 hpi_3 ISG15 1383 10334.87659 0.133819 8.863204838 3.147828 

ZIKV/Dakar 8 hpi_3 ISG15 1253 10124.86039 0.123755 9.61626561 3.265477 

ZIKV/Dakar 10 hpi_3 ISG15 1244 8611.388976 0.14446 9.037716235 3.175958 

ZIKV/Dakar 24 hpi_3 ISG15 9638 9356.243092 1.030114 65.41208199 6.031485 

ZIKV/Dakar 48 hpi_3 ISG15 27018 7898.825141 3.420509 271.2952723 8.08372 

ZIKV/Dakar 4 hpi_1 IL6 1022 21745.79117 0.046998 2.984054263 1.577274 

ZIKV/Dakar 8 hpi_1 IL6 158 17326.69644 0.009119 1.792982568 0.842361 

ZIKV/Dakar 10 hpi_1 IL6 114 17513.91951 0.006509 1.8204796 0.864319 

ZIKV/Dakar 24 hpi_1 IL6 290 12050.24737 0.024066 7.300306666 2.867957 

ZIKV/Dakar 48 hpi_1 IL6 4762 14705.51891 0.323824 58.52157365 5.870897 

ZIKV/Dakar 4 hpi_2 IL6 157 10431.40144 0.015051 0.955626154 -0.06548 

ZIKV/Dakar 8 hpi_2 IL6 25 12658.05148 0.001975 0.388336219 -1.36462 

ZIKV/Dakar 10 hpi_2 IL6 24 13088.28841 0.001834 0.512852764 -0.96338 

ZIKV/Dakar 24 hpi_2 IL6 114 9702.067847 0.01175 3.564344006 1.833637 

ZIKV/Dakar 48 hpi_2 IL6 1645 7275.616586 0.226098 40.86044166 5.352633 

ZIKV/Dakar 4 hpi_3 IL6 164 10334.87659 0.015869 1.007556912 0.010861 
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ZIKV/Dakar 8 hpi_3 IL6 41 10124.86039 0.004049 0.796213543 -0.32877 

ZIKV/Dakar 10 hpi_3 IL6 37 8611.388976 0.004297 1.201691066 0.265066 

ZIKV/Dakar 24 hpi_3 IL6 90 9356.243092 0.009619 2.917965017 1.544963 

ZIKV/Dakar 48 hpi_3 IL6 906 7898.825141 0.114701 20.72872818 4.37356 

ZIKV/Dakar 4 hpi_1 IFNL2 23 21745.79117 0.001058 1.584614492 0.664132 

ZIKV/Dakar 8 hpi_1 IFNL2 57 17326.69644 0.00329 4.167866067 2.059309 

ZIKV/Dakar 10 hpi_1 IFNL2 69 17513.91951 0.00394 5.891130006 2.558544 

ZIKV/Dakar 24 hpi_1 IFNL2 2188 12050.24737 0.181573 172.2112232 7.428035 

ZIKV/Dakar 48 hpi_1 IFNL2 12464 14705.51891 0.847573 638.3000806 9.318091 

ZIKV/Dakar 4 hpi_2 IFNL2 6 10431.40144 0.000575 0.861746627 -0.21466 

ZIKV/Dakar 8 hpi_2 IFNL2 28 12658.05148 0.002212 2.802501408 1.486715 

ZIKV/Dakar 10 hpi_2 IFNL2 46 13088.28841 0.003515 5.25542498 2.393807 

ZIKV/Dakar 24 hpi_2 IFNL2 1920 9702.067847 0.197896 187.6925426 7.552228 

ZIKV/Dakar 48 hpi_2 IFNL2 8828 7275.616586 1.213368 913.7772323 9.835699 

ZIKV/Dakar 4 hpi_3 IFNL2 10 10334.87659 0.000968 1.449658497 0.535713 

ZIKV/Dakar 8 hpi_3 IFNL2 27 10124.86039 0.002667 3.378542498 1.756401 

ZIKV/Dakar 10 hpi_3 IFNL2 31 8611.388976 0.0036 5.382962482 2.4284 

ZIKV/Dakar 24 hpi_3 IFNL2 1317 9356.243092 0.140762 133.5040296 7.060739 

ZIKV/Dakar 48 hpi_3 IFNL2 3884 7898.825141 0.491719 370.3092277 8.532587 

ZIKV/Dakar 4 hpi_1 IFNA2 13 21745.79117 0.000598 1.085384324 0.118206 

ZIKV/Dakar 8 hpi_1 IFNA2 7 17326.69644 0.000404 0.58572273 -0.77171 

ZIKV/Dakar 10 hpi_1 IFNA2 17 17513.91951 0.000971 1.407425589 0.493059 

ZIKV/Dakar 24 hpi_1 IFNA2 17 12050.24737 0.001411 2.216260437 1.148127 

ZIKV/Dakar 48 hpi_1 IFNA2 48 14705.51891 0.003264 3.443868126 1.78403 

ZIKV/Dakar 4 hpi_2 IFNA2 5 10431.40144 0.000479 0.870247434 -0.2005 
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ZIKV/Dakar 8 hpi_2 IFNA2 12 12658.05148 0.000948 1.37443496 0.458839 

ZIKV/Dakar 10 hpi_2 IFNA2 10 13088.28841 0.000764 1.10783993 0.147749 

ZIKV/Dakar 24 hpi_2 IFNA2 12 9702.067847 0.001237 1.943053567 0.958326 

ZIKV/Dakar 48 hpi_2 IFNA2 23 7275.616586 0.003161 3.335367257 1.737846 

ZIKV/Dakar 4 hpi_3 IFNA2 8 10334.87659 0.000774 1.40540048 0.490981 

ZIKV/Dakar 8 hpi_3 IFNA2 6 10124.86039 0.000593 0.859155969 -0.21901 

ZIKV/Dakar 10 hpi_3 IFNA2 7 8611.388976 0.000813 1.178649576 0.237135 

ZIKV/Dakar 24 hpi_3 IFNA2 12 9356.243092 0.001283 2.014872567 1.010689 

ZIKV/Dakar 48 hpi_3 IFNA2 40 7898.825141 0.005064 5.342974739 2.417643 

ZIKV/Dakar 4 hpi_1 POS_C 3767 21745.79117 0.173229 0.93992416 -0.08938 

ZIKV/Dakar 8 hpi_1 POS_C 3196 17326.69644 0.184455 0.769888578 -0.37728 

ZIKV/Dakar 10 hpi_1 POS_C 3188 17513.91951 0.182027 0.797433229 -0.32656 

ZIKV/Dakar 24 hpi_1 POS_C 3705 12050.24737 0.307463 1.159870464 0.213964 

ZIKV/Dakar 48 hpi_1 POS_C 4036 14705.51891 0.274455 0.987567996 -0.01805 

ZIKV/Dakar 4 hpi_2 POS_C 2899 10431.40144 0.277911 1.507918823 0.592559 

ZIKV/Dakar 8 hpi_2 POS_C 3098 12658.05148 0.244745 1.021530713 0.030733 

ZIKV/Dakar 10 hpi_2 POS_C 2860 13088.28841 0.218516 0.95728784 -0.06298 

ZIKV/Dakar 24 hpi_2 POS_C 2988 9702.067847 0.307976 1.161805759 0.216369 

ZIKV/Dakar 48 hpi_2 POS_C 3072 7275.616586 0.422232 1.519314248 0.60342 

ZIKV/Dakar 4 hpi_3 POS_C 2514 10334.87659 0.243254 1.319873728 0.4004 

ZIKV/Dakar 8 hpi_3 POS_C 3027 10124.86039 0.298967 1.247843871 0.319437 

ZIKV/Dakar 10 hpi_3 POS_C 2155 8611.388976 0.25025 1.096310146 0.132656 

ZIKV/Dakar 24 hpi_3 POS_C 2322 9356.243092 0.248177 0.936220093 -0.09508 

ZIKV/Dakar 48 hpi_3 POS_C 2623 7898.825141 0.332075 1.194901192 0.256891 

ZIKV/Dakar 4 hpi_1 POS_A 44611 21745.79117 2.051477 0.926701344 -0.10982 
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ZIKV/Dakar 8 hpi_1 POS_A 37496 17326.69644 2.164059 0.750358248 -0.41435 

ZIKV/Dakar 10 hpi_1 POS_A 40200 17513.91951 2.295317 0.82679311 -0.2744 

ZIKV/Dakar 24 hpi_1 POS_A 43750 12050.24737 3.630631 1.184079283 0.243766 

ZIKV/Dakar 48 hpi_1 POS_A 47320 14705.51891 3.21784 0.999451897 -0.00079 

ZIKV/Dakar 4 hpi_2 POS_A 35817 10431.40144 3.433575 1.551027849 0.633225 

ZIKV/Dakar 8 hpi_2 POS_A 38556 12658.05148 3.045966 1.056147562 0.078811 

ZIKV/Dakar 10 hpi_2 POS_A 34176 13088.28841 2.611189 0.940573026 -0.08839 

ZIKV/Dakar 24 hpi_2 POS_A 35195 9702.067847 3.627577 1.183083371 0.242552 

ZIKV/Dakar 48 hpi_2 POS_A 37432 7275.616586 5.144856 1.597977803 0.676247 

ZIKV/Dakar 4 hpi_3 POS_A 30676 10334.87659 2.968202 1.340807658 0.423102 

ZIKV/Dakar 8 hpi_3 POS_A 35520 10124.86039 3.508197 1.216419576 0.282641 

ZIKV/Dakar 10 hpi_3 POS_A 26230 8611.388976 3.045966 1.097183402 0.133805 

ZIKV/Dakar 24 hpi_3 POS_A 26644 9356.243092 2.847724 0.928745272 -0.10665 

ZIKV/Dakar 48 hpi_3 POS_A 30064 7898.825141 3.806136 1.182175018 0.241444 

ZIKV/Dakar 4 hpi_1 POS_F 67 21745.79117 0.003081 0.827547958 -0.27309 

ZIKV/Dakar 8 hpi_1 POS_F 56 17326.69644 0.003232 0.624046218 -0.68028 

ZIKV/Dakar 10 hpi_1 POS_F 80 17513.91951 0.004568 0.935237881 -0.09659 

ZIKV/Dakar 24 hpi_1 POS_F 111 12050.24737 0.009211 1.770928292 0.824506 

ZIKV/Dakar 48 hpi_1 POS_F 81 14705.51891 0.005508 0.921052256 -0.11865 

ZIKV/Dakar 4 hpi_2 POS_F 59 10431.40144 0.005656 1.519157963 0.603272 

ZIKV/Dakar 8 hpi_2 POS_F 73 12658.05148 0.005767 1.113526348 0.155136 

ZIKV/Dakar 10 hpi_2 POS_F 62 13088.28841 0.004737 0.969894027 -0.0441 

ZIKV/Dakar 24 hpi_2 POS_F 87 9702.067847 0.008967 1.723966828 0.785732 

ZIKV/Dakar 48 hpi_2 POS_F 64 7275.616586 0.008797 1.470922446 0.556721 

ZIKV/Dakar 4 hpi_3 POS_F 59 10334.87659 0.005709 1.533346472 0.616684 
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ZIKV/Dakar 8 hpi_3 POS_F 69 10124.86039 0.006815 1.315844417 0.395989 

ZIKV/Dakar 10 hpi_3 POS_F 46 8611.388976 0.005342 1.093704695 0.129223 

ZIKV/Dakar 24 hpi_3 POS_F 47 9356.243092 0.005023 0.965762462 -0.05026 

ZIKV/Dakar 48 hpi_3 POS_F 69 7898.825141 0.008735 1.46071738 0.546677 

ZIKV/Dakar 4 hpi_1 POS_D 925 21745.79117 0.042537 0.938808776 -0.0911 

ZIKV/Dakar 8 hpi_1 POS_D 799 17326.69644 0.046114 0.781354829 -0.35595 

ZIKV/Dakar 10 hpi_1 POS_D 859 17513.91951 0.049047 0.840763084 -0.25023 

ZIKV/Dakar 24 hpi_1 POS_D 892 12050.24737 0.074023 1.123849638 0.168449 

ZIKV/Dakar 48 hpi_1 POS_D 1020 14705.51891 0.069362 0.98692786 -0.01898 

ZIKV/Dakar 4 hpi_2 POS_D 679 10431.40144 0.065092 1.4366062 0.522665 

ZIKV/Dakar 8 hpi_2 POS_D 750 12658.05148 0.059251 1.003949097 0.005686 

ZIKV/Dakar 10 hpi_2 POS_D 668 13088.28841 0.051038 0.874898005 -0.19281 

ZIKV/Dakar 24 hpi_2 POS_D 744 9702.067847 0.076685 1.164254556 0.219407 

ZIKV/Dakar 48 hpi_2 POS_D 689 7275.616586 0.0947 1.347457291 0.43024 

ZIKV/Dakar 4 hpi_3 POS_D 667 10334.87659 0.064539 1.424397359 0.510352 

ZIKV/Dakar 8 hpi_3 POS_D 712 10124.86039 0.070322 1.191538935 0.252826 

ZIKV/Dakar 10 hpi_3 POS_D 569 8611.388976 0.066075 1.132668649 0.179726 

ZIKV/Dakar 24 hpi_3 POS_D 569 9356.243092 0.060815 0.923315417 -0.1151 

ZIKV/Dakar 48 hpi_3 POS_D 589 7898.825141 0.074568 1.061007334 0.085435 

ZIKV/Dakar 4 hpi_1 POS_B 13619 21745.79117 0.626282 0.947929598 -0.07715 

ZIKV/Dakar 8 hpi_1 POS_B 11568 17326.69644 0.66764 0.777322354 -0.36342 

ZIKV/Dakar 10 hpi_1 POS_B 12286 17513.91951 0.701499 0.839758542 -0.25195 

ZIKV/Dakar 24 hpi_1 POS_B 13657 12050.24737 1.133338 1.188622352 0.24929 

ZIKV/Dakar 48 hpi_1 POS_B 14434 14705.51891 0.981536 0.996030772 -0.00574 

ZIKV/Dakar 4 hpi_2 POS_B 10478 10431.40144 1.004467 1.520343817 0.604398 
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ZIKV/Dakar 8 hpi_2 POS_B 11472 12658.05148 0.906301 1.055190627 0.077504 

ZIKV/Dakar 10 hpi_2 POS_B 10338 13088.28841 0.789866 0.945542252 -0.08079 

ZIKV/Dakar 24 hpi_2 POS_B 10669 9702.067847 1.099662 1.153304413 0.205773 

ZIKV/Dakar 48 hpi_2 POS_B 10758 7275.616586 1.478638 1.50047286 0.585417 

ZIKV/Dakar 4 hpi_3 POS_B 8988 10334.87659 0.869677 1.31632717 0.396518 

ZIKV/Dakar 8 hpi_3 POS_B 10630 10124.86039 1.049891 1.222370513 0.289682 

ZIKV/Dakar 10 hpi_3 POS_B 8045 8611.388976 0.934228 1.118356099 0.16138 

ZIKV/Dakar 24 hpi_3 POS_B 8527 9356.243092 0.91137 0.955827039 -0.06518 

ZIKV/Dakar 48 hpi_3 POS_B 9269 7898.825141 1.173466 1.190794421 0.251924 

ZIKV/Dakar 4 hpi_1 POS_E 143 21745.79117 0.006576 1.049230206 0.069331 

ZIKV/Dakar 8 hpi_1 POS_E 139 17326.69644 0.008022 0.944151662 -0.08291 

ZIKV/Dakar 10 hpi_1 POS_E 116 17513.91951 0.006623 0.707690463 -0.49881 

ZIKV/Dakar 24 hpi_1 POS_E 157 12050.24737 0.013029 1.360977405 0.444643 

ZIKV/Dakar 48 hpi_1 POS_E 200 14705.51891 0.0136 1.466836917 0.552708 

ZIKV/Dakar 4 hpi_2 POS_E 118 10431.40144 0.011312 1.804884058 0.851906 

ZIKV/Dakar 8 hpi_2 POS_E 118 12658.05148 0.009322 1.097129463 0.133734 

ZIKV/Dakar 10 hpi_2 POS_E 107 13088.28841 0.008175 0.873513507 -0.1951 

ZIKV/Dakar 24 hpi_2 POS_E 122 9702.067847 0.012575 1.313538324 0.393458 

ZIKV/Dakar 48 hpi_2 POS_E 123 7275.616586 0.016906 1.823339318 0.866583 

ZIKV/Dakar 4 hpi_3 POS_E 88 10334.87659 0.008515 1.358586634 0.442107 

ZIKV/Dakar 8 hpi_3 POS_E 104 10124.86039 0.010272 1.208890665 0.273684 

ZIKV/Dakar 10 hpi_3 POS_E 80 8611.388976 0.00929 0.992625628 -0.01068 

ZIKV/Dakar 24 hpi_3 POS_E 88 9356.243092 0.009405 0.982490591 -0.02548 

ZIKV/Dakar 48 hpi_3 POS_E 72 7898.825141 0.009115 0.983110165 -0.02458 

ZIKV/Dakar 4 hpi_1 NEG_C 16 21745.79117 0.000736 1.640135932 0.713815 
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ZIKV/Dakar 8 hpi_1 NEG_C 8 17326.69644 0.000462 0.771406341 -0.37444 

ZIKV/Dakar 10 hpi_1 NEG_C 8 17513.91951 0.000457 0.536098322 -0.89943 

ZIKV/Dakar 24 hpi_1 NEG_C 7 12050.24737 0.000581 1.193953745 0.255747 

ZIKV/Dakar 48 hpi_1 NEG_C 15 14705.51891 0.00102 2.383144245 1.252866 

ZIKV/Dakar 4 hpi_2 NEG_C 5 10431.40144 0.000479 1.068470213 0.095547 

ZIKV/Dakar 8 hpi_2 NEG_C 6 12658.05148 0.000474 0.791942001 -0.33653 

ZIKV/Dakar 10 hpi_2 NEG_C 5 13088.28841 0.000382 0.448358036 -1.15728 

ZIKV/Dakar 24 hpi_2 NEG_C 12 9702.067847 0.001237 2.542156969 1.346053 

ZIKV/Dakar 48 hpi_2 NEG_C 10 7275.616586 0.001374 3.211216748 1.68312 

ZIKV/Dakar 4 hpi_3 NEG_C 8 10334.87659 0.000774 1.725519079 0.78703 

ZIKV/Dakar 8 hpi_3 NEG_C 9 10124.86039 0.000889 1.485123088 0.570583 

ZIKV/Dakar 10 hpi_3 NEG_C 2 8611.388976 0.000232 0.272580384 -1.87525 

ZIKV/Dakar 24 hpi_3 NEG_C 2 9356.243092 0.000214 0.439353331 -1.18655 

ZIKV/Dakar 48 hpi_3 NEG_C 13 7898.825141 0.001646 3.845211895 1.943063 

ZIKV/Dakar 4 hpi_1 NEG_D 11 21745.79117 0.000506 1.364122661 0.447973 

ZIKV/Dakar 8 hpi_1 NEG_D 7 17326.69644 0.000404 0.728589297 -0.45682 

ZIKV/Dakar 10 hpi_1 NEG_D 6 17513.91951 0.000343 1.010342076 0.014844 

ZIKV/Dakar 24 hpi_1 NEG_D 7 12050.24737 0.000581 1.231974197 0.300972 

ZIKV/Dakar 48 hpi_1 NEG_D 29 14705.51891 0.001972 2.903936354 1.53801 

ZIKV/Dakar 4 hpi_2 NEG_D 1 10431.40144 9.59E-05 0.258519491 -1.95166 

ZIKV/Dakar 8 hpi_2 NEG_D 5 12658.05148 0.000395 0.712366783 -0.48931 

ZIKV/Dakar 10 hpi_2 NEG_D 1 13088.28841 7.64E-05 0.225329308 -2.14989 

ZIKV/Dakar 24 hpi_2 NEG_D 5 9702.067847 0.000515 1.092962424 0.128244 

ZIKV/Dakar 48 hpi_2 NEG_D 16 7275.616586 0.002199 3.238319 1.695245 

ZIKV/Dakar 4 hpi_3 NEG_D 4 10334.87659 0.000387 1.043735962 0.061757 
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ZIKV/Dakar 8 hpi_3 NEG_D 8 10124.86039 0.00079 1.424956009 0.510917 

ZIKV/Dakar 10 hpi_3 NEG_D 4 8611.388976 0.000465 1.369895135 0.454065 

ZIKV/Dakar 24 hpi_3 NEG_D 9 9356.243092 0.000962 2.040048755 1.028604 

ZIKV/Dakar 48 hpi_3 NEG_D 13 7898.825141 0.001646 2.423540614 1.277116 

ZIKV/Dakar 4 hpi_1 NEG_E 13 21745.79117 0.000598 0.470202943 -1.08864 

ZIKV/Dakar 8 hpi_1 NEG_E 11 17326.69644 0.000635 0.57395913 -0.80098 

ZIKV/Dakar 10 hpi_1 NEG_E 10 17513.91951 0.000571 0.458167751 -1.12605 

ZIKV/Dakar 24 hpi_1 NEG_E 8 12050.24737 0.000664 0.492614963 -1.02147 

ZIKV/Dakar 48 hpi_1 NEG_E 21 14705.51891 0.001428 1.181338947 0.240423 

ZIKV/Dakar 4 hpi_2 NEG_E 14 10431.40144 0.001342 1.055607775 0.078074 

ZIKV/Dakar 8 hpi_2 NEG_E 12 12658.05148 0.000948 0.857074233 -0.22251 

ZIKV/Dakar 10 hpi_2 NEG_E 19 13088.28841 0.001452 1.164873087 0.220173 

ZIKV/Dakar 24 hpi_2 NEG_E 13 9702.067847 0.00134 0.994243178 -0.00833 

ZIKV/Dakar 48 hpi_2 NEG_E 12 7275.616586 0.001649 1.36441669 0.448284 

ZIKV/Dakar 4 hpi_3 NEG_E 13 10334.87659 0.001258 0.98936208 -0.01543 

ZIKV/Dakar 8 hpi_3 NEG_E 16 10124.86039 0.00158 1.428680079 0.514683 

ZIKV/Dakar 10 hpi_3 NEG_E 12 8611.388976 0.001394 1.118190778 0.161166 

ZIKV/Dakar 24 hpi_3 NEG_E 10 9356.243092 0.001069 0.793071015 -0.33448 

ZIKV/Dakar 48 hpi_3 NEG_E 11 7898.825141 0.001393 1.152035247 0.204185 

ZIKV/Dakar 4 hpi_1 NEG_A 17 21745.79117 0.000782 1.304036324 0.382984 

ZIKV/Dakar 8 hpi_1 NEG_A 16 17326.69644 0.000923 1.044678781 0.063059 

ZIKV/Dakar 10 hpi_1 NEG_A 12 17513.91951 0.000685 0.880875046 -0.18299 

ZIKV/Dakar 24 hpi_1 NEG_A 14 12050.24737 0.001162 1.404179991 0.489728 

ZIKV/Dakar 48 hpi_1 NEG_A 21 14705.51891 0.001428 1.37898433 0.463606 

ZIKV/Dakar 4 hpi_2 NEG_A 10 10431.40144 0.000959 1.599091525 0.677253 
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ZIKV/Dakar 8 hpi_2 NEG_A 15 12658.05148 0.001185 1.340611558 0.422891 

ZIKV/Dakar 10 hpi_2 NEG_A 7 13088.28841 0.000535 0.687593233 -0.54037 

ZIKV/Dakar 24 hpi_2 NEG_A 13 9702.067847 0.00134 1.619458234 0.695511 

ZIKV/Dakar 48 hpi_2 NEG_A 17 7275.616586 0.002337 2.25631384 1.173968 

ZIKV/Dakar 4 hpi_3 NEG_A 3 10334.87659 0.00029 0.484207977 -1.0463 

ZIKV/Dakar 8 hpi_3 NEG_A 13 10124.86039 0.001284 1.452555939 0.538594 

ZIKV/Dakar 10 hpi_3 NEG_A 9 8611.388976 0.001045 1.343648629 0.426156 

ZIKV/Dakar 24 hpi_3 NEG_A 8 9356.243092 0.000855 1.033425555 0.047434 

ZIKV/Dakar 48 hpi_3 NEG_A 16 7898.825141 0.002026 1.956040637 0.967936 

ZIKV/Dakar 4 hpi_1 NEG_H 11 21745.79117 0.000506 1.694324616 0.76071 

ZIKV/Dakar 8 hpi_1 NEG_H 3 17326.69644 0.000173 1.68399739 0.75189 

ZIKV/Dakar 10 hpi_1 NEG_H 7 17513.91951 0.0004 4.314314926 2.109131 

ZIKV/Dakar 24 hpi_1 NEG_H 6 12050.24737 0.000498 1.850756671 0.888115 

ZIKV/Dakar 48 hpi_1 NEG_H 15 14705.51891 0.00102 5.548766541 2.472167 

ZIKV/Dakar 4 hpi_2 NEG_H 3 10431.40144 0.000288 0.963291536 -0.05396 

ZIKV/Dakar 8 hpi_2 NEG_H 0.039552527 12658.05148 3.12E-06 0.030390882 -5.04022 

ZIKV/Dakar 10 hpi_2 NEG_H 3 13088.28841 0.000229 2.474204266 1.306965 

ZIKV/Dakar 24 hpi_2 NEG_H 4 9702.067847 0.000412 1.532462018 0.615851 

ZIKV/Dakar 48 hpi_2 NEG_H 4 7275.616586 0.00055 2.990719859 1.580493 

ZIKV/Dakar 4 hpi_3 NEG_H 4 10334.87659 0.000387 1.296384544 0.374494 

ZIKV/Dakar 8 hpi_3 NEG_H 6 10124.86039 0.000593 5.763657068 2.526984 

ZIKV/Dakar 10 hpi_3 NEG_H 2 8611.388976 0.000232 2.506997737 1.325961 

ZIKV/Dakar 24 hpi_3 NEG_H 8 9356.243092 0.000855 3.178209529 1.668214 

ZIKV/Dakar 48 hpi_3 NEG_H 7 7898.825141 0.000886 4.820821905 2.269279 

ZIKV/Dakar 4 hpi_1 NEG_G 11 21745.79117 0.000506 0.943907997 -0.08328 
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ZIKV/Dakar 8 hpi_1 NEG_G 9 17326.69644 0.000519 1.746720517 0.804649 

ZIKV/Dakar 10 hpi_1 NEG_G 9 17513.91951 0.000514 1.70671581 0.771223 

ZIKV/Dakar 24 hpi_1 NEG_G 9 12050.24737 0.000747 1.589185303 0.668287 

ZIKV/Dakar 48 hpi_1 NEG_G 18 14705.51891 0.001224 2.168424149 1.116647 

ZIKV/Dakar 4 hpi_2 NEG_G 4 10431.40144 0.000383 0.715532766 -0.48291 

ZIKV/Dakar 8 hpi_2 NEG_G 8 12658.05148 0.000632 2.125297876 1.087665 

ZIKV/Dakar 10 hpi_2 NEG_G 6 13088.28841 0.000458 1.52254608 0.606486 

ZIKV/Dakar 24 hpi_2 NEG_G 4 9702.067847 0.000412 0.877250606 -0.18894 

ZIKV/Dakar 48 hpi_2 NEG_G 6 7275.616586 0.000825 1.460943868 0.546901 

ZIKV/Dakar 4 hpi_3 NEG_G 4 10334.87659 0.000387 0.722215641 -0.4695 

ZIKV/Dakar 8 hpi_3 NEG_G 5 10124.86039 0.000494 1.660648202 0.731746 

ZIKV/Dakar 10 hpi_3 NEG_G 3 8611.388976 0.000348 1.157044599 0.210444 

ZIKV/Dakar 24 hpi_3 NEG_G 6 9356.243092 0.000641 1.364513216 0.448386 

ZIKV/Dakar 48 hpi_3 NEG_G 5 7898.825141 0.000633 1.121397513 0.165298 

ZIKV/Dakar 4 hpi_1 NEG_F 25 21745.79117 0.00115 1.056454827 0.079231 

ZIKV/Dakar 8 hpi_1 NEG_F 26 17326.69644 0.001501 0.883390361 -0.17888 

ZIKV/Dakar 10 hpi_1 NEG_F 37 17513.91951 0.002113 1.267436667 0.341914 

ZIKV/Dakar 24 hpi_1 NEG_F 25 12050.24737 0.002075 1.544359554 0.627009 

ZIKV/Dakar 48 hpi_1 NEG_F 50 14705.51891 0.0034 1.831731049 0.873208 

ZIKV/Dakar 4 hpi_2 NEG_F 17 10431.40144 0.00163 1.497588163 0.582641 

ZIKV/Dakar 8 hpi_2 NEG_F 25 12658.05148 0.001975 1.162701482 0.217481 

ZIKV/Dakar 10 hpi_2 NEG_F 29 13088.28841 0.002216 1.32930009 0.410667 

ZIKV/Dakar 24 hpi_2 NEG_F 23 9702.067847 0.002371 1.764687875 0.819413 

ZIKV/Dakar 48 hpi_2 NEG_F 19 7275.616586 0.002611 1.406876104 0.492495 

ZIKV/Dakar 4 hpi_3 NEG_F 16 10334.87659 0.001548 1.422659027 0.50859 
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ZIKV/Dakar 8 hpi_3 NEG_F 27 10124.86039 0.002667 1.569892069 0.650665 

ZIKV/Dakar 10 hpi_3 NEG_F 24 8611.388976 0.002787 1.672037169 0.741607 

ZIKV/Dakar 24 hpi_3 NEG_F 18 9356.243092 0.001924 1.432106715 0.518139 

ZIKV/Dakar 48 hpi_3 NEG_F 20 7898.825141 0.002532 1.364079093 0.447927 

ZIKV/Dakar 4 hpi_1 NEG_B 11 21745.79117 0.000506 0.948395082 -0.07644 

ZIKV/Dakar 8 hpi_1 NEG_B 13 17326.69644 0.00075 0.754486805 -0.40643 

ZIKV/Dakar 10 hpi_1 NEG_B 15 17513.91951 0.000856 1.120676406 0.16437 

ZIKV/Dakar 24 hpi_1 NEG_B 12 12050.24737 0.000996 1.787458862 0.83791 

ZIKV/Dakar 48 hpi_1 NEG_B 29 14705.51891 0.001972 1.901219178 0.926925 

ZIKV/Dakar 4 hpi_2 NEG_B 6 10431.40144 0.000575 1.078401325 0.108894 

ZIKV/Dakar 8 hpi_2 NEG_B 6 12658.05148 0.000474 0.476659723 -1.06897 

ZIKV/Dakar 10 hpi_2 NEG_B 4 13088.28841 0.000306 0.399898204 -1.3223 

ZIKV/Dakar 24 hpi_2 NEG_B 7 9702.067847 0.000721 1.295043941 0.373001 

ZIKV/Dakar 48 hpi_2 NEG_B 11 7275.616586 0.001512 1.457596857 0.543592 

ZIKV/Dakar 4 hpi_3 NEG_B 10 10334.87659 0.000968 1.81412215 0.859272 

ZIKV/Dakar 8 hpi_3 NEG_B 9 10124.86039 0.000889 0.893876519 -0.16185 

ZIKV/Dakar 10 hpi_3 NEG_B 8 8611.388976 0.000929 1.215595544 0.281663 

ZIKV/Dakar 24 hpi_3 NEG_B 6 9356.243092 0.000641 1.151066793 0.202972 

ZIKV/Dakar 48 hpi_3 NEG_B 16 7898.825141 0.002026   

ZIKV/Dakar 4 hpi_1 ACTB 163101 21745.79117 7.500348 0.874346728 -0.19372 

ZIKV/Dakar 8 hpi_1 ACTB 134828 17326.69644 7.781518 0.870903776 -0.19941 

ZIKV/Dakar 10 hpi_1 ACTB 139078 17513.91951 7.940998 0.905234431 -0.14364 

ZIKV/Dakar 24 hpi_1 ACTB 92021 12050.24737 7.636441 0.961114493 -0.05722 

ZIKV/Dakar 48 hpi_1 ACTB 96426 14705.51891 6.55713 0.856437629 -0.22358 

ZIKV/Dakar 4 hpi_2 ACTB 93725 10431.40144 8.984891 1.047406028 0.066821 
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ZIKV/Dakar 8 hpi_2 ACTB 115679 12658.05148 9.138768 1.022806587 0.032533 

ZIKV/Dakar 10 hpi_2 ACTB 114617 13088.28841 8.757218 0.998279511 -0.00248 

ZIKV/Dakar 24 hpi_2 ACTB 78941 9702.067847 8.136513 1.024053053 0.03429 

ZIKV/Dakar 48 hpi_2 ACTB 55692 7275.616586 7.654609 0.99978117 -0.00032 

ZIKV/Dakar 4 hpi_3 ACTB 94353 10334.87659 9.129572 1.064272148 0.089867 

ZIKV/Dakar 8 hpi_3 ACTB 94177 10124.86039 9.30156 1.041026192 0.058006 

ZIKV/Dakar 10 hpi_3 ACTB 80525 8611.388976 9.350989 1.065966371 0.092162 

ZIKV/Dakar 24 hpi_3 ACTB 75079 9356.243092 8.024482 1.009952905 0.014288 

ZIKV/Dakar 48 hpi_3 ACTB 55348 7898.825141 7.007118 0.915211303 -0.12782 

ZIKV/Dakar 4 hpi_1 GADPH 277453 21745.79117 12.75893 1.052472648 0.073783 

ZIKV/Dakar 8 hpi_1 GADPH 235337 17326.69644 13.58234 1.111798387 0.152895 

ZIKV/Dakar 10 hpi_1 GADPH 233929 17513.91951 13.35675 1.048807002 0.068749 

ZIKV/Dakar 24 hpi_1 GADPH 172132 12050.24737 14.28452 1.006897691 0.009917 

ZIKV/Dakar 48 hpi_1 GADPH 219591 14705.51891 14.93256 1.006906686 0.00993 

ZIKV/Dakar 4 hpi_2 GADPH 119770 10431.40144 11.48168 0.947113435 -0.07839 

ZIKV/Dakar 8 hpi_2 GADPH 147936 12658.05148 11.68711 0.956662185 -0.06392 

ZIKV/Dakar 10 hpi_2 GADPH 154785 13088.28841 11.82622 0.928626084 -0.10683 

ZIKV/Dakar 24 hpi_2 GADPH 128796 9702.067847 13.27511 0.935745528 -0.09581 

ZIKV/Dakar 48 hpi_2 GADPH 99026 7275.616586 13.61067 0.917771304 -0.12379 

ZIKV/Dakar 4 hpi_3 GADPH 115383 10334.87659 11.16443 0.92094382 -0.11881 

ZIKV/Dakar 8 hpi_3 GADPH 120482 10124.86039 11.89962 0.974057777 -0.03792 

ZIKV/Dakar 10 hpi_3 GADPH 102861 8611.388976 11.94476 0.937934258 -0.09244 

ZIKV/Dakar 24 hpi_3 GADPH 115174 9356.243092 12.30986 0.86770609 -0.20472 

ZIKV/Dakar 48 hpi_3 GADPH 98926 7898.825141 12.52414 0.84450649 -0.24382 

ZIKV/Dakar 4 hpi_1 HPRT1 15701 21745.79117 0.722025 0.969962977 -0.044 
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ZIKV/Dakar 8 hpi_1 HPRT1 13300 17326.69644 0.767602 1.074123922 0.10316 

ZIKV/Dakar 10 hpi_1 HPRT1 12974 17513.91951 0.740782 1.030164958 0.042875 

ZIKV/Dakar 24 hpi_1 HPRT1 9356 12050.24737 0.776416 0.992818304 -0.0104 

ZIKV/Dakar 48 hpi_1 HPRT1 11349 14705.51891 0.771751 1.00664558 0.009556 

ZIKV/Dakar 4 hpi_2 HPRT1 7558 10431.40144 0.724543 0.973346084 -0.03898 

ZIKV/Dakar 8 hpi_2 HPRT1 8829 12658.05148 0.697501 0.976030016 -0.035 

ZIKV/Dakar 10 hpi_2 HPRT1 9556 13088.28841 0.730118 1.015335366 0.021956 

ZIKV/Dakar 24 hpi_2 HPRT1 7120 9702.067847 0.733864 0.93840694 -0.09171 

ZIKV/Dakar 48 hpi_2 HPRT1 4836 7275.616586 0.664686 0.86699349 -0.20591 

ZIKV/Dakar 4 hpi_3 HPRT1 7113 10334.87659 0.688252 0.924592935 -0.11311 

ZIKV/Dakar 8 hpi_3 HPRT1 7129 10124.86039 0.704108 0.985276412 -0.0214 

ZIKV/Dakar 10 hpi_3 HPRT1 6206 8611.388976 0.720674 1.002200912 0.003172 

ZIKV/Dakar 24 hpi_3 HPRT1 7221 9356.243092 0.771784 0.986895964 -0.01903 

ZIKV/Dakar 48 hpi_3 HPRT1 5967 7898.825141 0.755429 0.985355368 -0.02128 

ZIKV/Dakar 4 hpi_1 ABCF1 4885 21745.79117 0.224641 1.06021454 0.084356 

ZIKV/Dakar 8 hpi_1 ABCF1 3565 17326.69644 0.205752 1.019643005 0.028064 

ZIKV/Dakar 10 hpi_1 ABCF1 3495 17513.91951 0.199556 1.000402724 0.000581 

ZIKV/Dakar 24 hpi_1 ABCF1 2218 12050.24737 0.184063 1.028431589 0.040446 

ZIKV/Dakar 48 hpi_1 ABCF1 2765 14705.51891 0.188025 1.227893986 0.296186 

ZIKV/Dakar 4 hpi_2 ABCF1 2226 10431.40144 0.213394 1.007133176 0.010254 

ZIKV/Dakar 8 hpi_2 ABCF1 2652 12658.05148 0.209511 1.038271753 0.054184 

ZIKV/Dakar 10 hpi_2 ABCF1 2604 13088.28841 0.198956 0.997399529 -0.00376 

ZIKV/Dakar 24 hpi_2 ABCF1 1876 9702.067847 0.193361 1.080384525 0.111545 

ZIKV/Dakar 48 hpi_2 ABCF1 1400 7275.616586 0.192424 1.256621025 0.32955 

ZIKV/Dakar 4 hpi_3 ABCF1 2259 10334.87659 0.21858 1.031609509 0.044897 
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ZIKV/Dakar 8 hpi_3 ABCF1 2125 10124.86039 0.209879 1.040098015 0.056719 

ZIKV/Dakar 10 hpi_3 ABCF1 1706 8611.388976 0.19811 0.993154593 -0.00991 

ZIKV/Dakar 24 hpi_3 ABCF1 1783 9356.243092 0.190568 1.064779484 0.090555 

ZIKV/Dakar 48 hpi_3 ABCF1 1553 7898.825141 0.196612 1.283970503 0.360612 

ZIKV/Dakar 4 hpi_1 SDHA 1401 21745.79117 0.064426 1.050765843 0.071441 

ZIKV/Dakar 8 hpi_1 SDHA 1038 17326.69644 0.059908 0.938528561 -0.09153 

ZIKV/Dakar 10 hpi_1 SDHA 1117 17513.91951 0.063778 1.016394854 0.023461 

ZIKV/Dakar 24 hpi_1 SDHA 773 12050.24737 0.064148 1.00149872 0.002161 

ZIKV/Dakar 48 hpi_1 SDHA 1035 14705.51891 0.070382 0.917223812 -0.12465 

ZIKV/Dakar 4 hpi_2 SDHA 654 10431.40144 0.062695 1.02253484 0.03215 

ZIKV/Dakar 8 hpi_2 SDHA 811 12658.05148 0.06407 1.00373693 0.005381 

ZIKV/Dakar 10 hpi_2 SDHA 870 13088.28841 0.066472 1.059324532 0.083145 

ZIKV/Dakar 24 hpi_2 SDHA 633 9702.067847 0.065244 1.018606093 0.026596 

ZIKV/Dakar 48 hpi_2 SDHA 546 7275.616586 0.075045 0.977998443 -0.0321 

ZIKV/Dakar 4 hpi_3 SDHA 674 10334.87659 0.065216 1.063647261 0.08902 

ZIKV/Dakar 8 hpi_3 SDHA 619 10124.86039 0.061137 0.957783855 -0.06223 

ZIKV/Dakar 10 hpi_3 SDHA 540 8611.388976 0.062708 0.999339807 -0.00095 

ZIKV/Dakar 24 hpi_3 SDHA 644 9356.243092 0.068831 1.07461089 0.103814 

ZIKV/Dakar 48 hpi_3 SDHA 606 7898.825141 0.07672 0.999828355 -0.00025 

ZIKV/Dakar 4 hpi_1 PGK1 64196 21745.79117 2.952111 1.134257623 0.181748 

ZIKV/Dakar 8 hpi_1 PGK1 56013 17326.69644 3.232757 1.211652547 0.276976 

ZIKV/Dakar 10 hpi_1 PGK1 57635 17513.91951 3.290811 1.146058561 0.196681 

ZIKV/Dakar 24 hpi_1 PGK1 50015 12050.24737 4.150537 1.164609988 0.219847 

ZIKV/Dakar 48 hpi_1 PGK1 94426 14705.51891 6.421127 1.188378683 0.248995 
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ZIKV/Dakar 4 hpi_2 PGK1 26803 10431.40144 2.569453 0.98723308 -0.01854 

ZIKV/Dakar 8 hpi_2 PGK1 32007 12658.05148 2.528588 0.947726763 -0.07746 

ZIKV/Dakar 10 hpi_2 PGK1 35850 13088.28841 2.73909 0.953916071 -0.06807 

ZIKV/Dakar 24 hpi_2 PGK1 33226 9702.067847 3.424631 0.960926019 -0.0575 

ZIKV/Dakar 48 hpi_2 PGK1 39889 7275.616586 5.482559 1.014674996 0.021018 

ZIKV/Dakar 4 hpi_3 PGK1 25599 10334.87659 2.476953 0.951692522 -0.07143 

ZIKV/Dakar 8 hpi_3 PGK1 25874 10124.86039 2.555492 0.957810432 -0.06219 

ZIKV/Dakar 10 hpi_3 PGK1 22678 8611.388976 2.633489 0.917139516 -0.12479 

ZIKV/Dakar 24 hpi_3 PGK1 29086 9356.243092 3.108726 0.872285599 -0.19713 

ZIKV/Dakar 48 hpi_3 PGK1 42359 7898.825141 5.362696 0.992491539 -0.01087 

ZIKV/Malaysia 4 hpi_1 IRF5 201 18941.07792 0.010612 0.989949311 -0.01457 

ZIKV/Malaysia 8 hpi_1 IRF5 267 16004.07538 0.016683 1.172637527 0.229757 

ZIKV/Malaysia 10 hpi_1 IRF5 268 20365.09781 0.01316 0.895199345 -0.15972 

ZIKV/Malaysia 24 hpi_1 IRF5 268 16824.24388 0.015929 1.008901484 0.012785 

ZIKV/Malaysia 48 hpi_1 IRF5 231 9016.561426 0.02562 1.317685385 0.398006 

ZIKV/Malaysia 4 hpi_2 IRF5 158 13310.81661 0.01187 1.107322126 0.147075 

ZIKV/Malaysia 8 hpi_2 IRF5 205 15300.45305 0.013398 0.941743619 -0.08659 

ZIKV/Malaysia 10 hpi_2 IRF5 149 11873.49207 0.012549 0.853648859 -0.22829 

ZIKV/Malaysia 24 hpi_2 IRF5 129 7114.262677 0.018133 1.148442712 0.199679 

ZIKV/Malaysia 48 hpi_2 IRF5 196 7202.033077 0.027215 1.399721568 0.48514 

ZIKV/Malaysia 4 hpi_3 IRF5 79 8019.493292 0.009851 0.918970888 -0.12191 

ZIKV/Malaysia 8 hpi_3 IRF5 171 13577.51567 0.012594 0.885235686 -0.17587 

ZIKV/Malaysia 10 hpi_3 IRF5 126 8780.599468 0.01435 0.976152881 -0.03482 

ZIKV/Malaysia 24 hpi_3 IRF5 131 7775.628155 0.016848 1.067051386 0.09363 

ZIKV/Malaysia 48 hpi_3 IRF5 141 5457.964761 0.025834 1.328706563 0.410023 
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ZIKV/Malaysia 4 hpi_1 IFNB1 18 18941.07792 0.00095 1.017030133 0.024362 

ZIKV/Malaysia 8 hpi_1 IFNB1 43 16004.07538 0.002687 2.821314248 1.496367 

ZIKV/Malaysia 10 hpi_1 IFNB1 51 20365.09781 0.002504 2.152151303 1.10578 

ZIKV/Malaysia 24 hpi_1 IFNB1 2346 16824.24388 0.139442 188.2937639 7.556841 

ZIKV/Malaysia 48 hpi_1 IFNB1 2779 9016.561426 0.308211 339.4528908 8.407068 

ZIKV/Malaysia 4 hpi_2 IFNB1 15 13310.81661 0.001127 1.2060146 0.270247 

ZIKV/Malaysia 8 hpi_2 IFNB1 19 15300.45305 0.001242 1.303955904 0.382895 

ZIKV/Malaysia 10 hpi_2 IFNB1 28 11873.49207 0.002358 2.026603039 1.019064 

ZIKV/Malaysia 24 hpi_2 IFNB1 779 7114.262677 0.109498 147.860117 7.208089 

ZIKV/Malaysia 48 hpi_2 IFNB1 1704 7202.033077 0.2366 260.5831857 8.0256 

ZIKV/Malaysia 4 hpi_3 IFNB1 10 8019.493292 0.001247 1.334501535 0.416301 

ZIKV/Malaysia 8 hpi_3 IFNB1 35 13577.51567 0.002578 2.706832152 1.436605 

ZIKV/Malaysia 10 hpi_3 IFNB1 24 8780.599468 0.002733 2.348963126 1.232024 

ZIKV/Malaysia 24 hpi_3 IFNB1 1060 7775.628155 0.136323 184.0830774 7.524213 

ZIKV/Malaysia 48 hpi_3 IFNB1 1660 5457.964761 0.304143 334.9725899 8.387899 

ZIKV/Malaysia 4 hpi_1 MX1 209 18941.07792 0.011034 1.002839143 0.00409 

ZIKV/Malaysia 8 hpi_1 MX1 924 16004.07538 0.057735 6.121815567 2.61396 

ZIKV/Malaysia 10 hpi_1 MX1 2353 20365.09781 0.115541 10.75624559 3.427103 

ZIKV/Malaysia 24 hpi_1 MX1 21162 16824.24388 1.257828 119.0519653 6.895448 

ZIKV/Malaysia 48 hpi_1 MX1 3766 9016.561426 0.417676 45.23370246 5.499326 

ZIKV/Malaysia 4 hpi_2 MX1 125 13310.81661 0.009391 0.853483236 -0.22857 

ZIKV/Malaysia 8 hpi_2 MX1 283 15300.45305 0.018496 1.961196021 0.971734 

ZIKV/Malaysia 10 hpi_2 MX1 480 11873.49207 0.040426 3.763466493 1.912062 

ZIKV/Malaysia 24 hpi_2 MX1 5457 7114.262677 0.767051 72.60047659 6.181907 

ZIKV/Malaysia 48 hpi_2 MX1 1267 7202.033077 0.175923 19.0521622 4.251883 
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ZIKV/Malaysia 4 hpi_3 MX1 74 8019.493292 0.009228 0.838637877 -0.25388 

ZIKV/Malaysia 8 hpi_3 MX1 522 13577.51567 0.038446 4.076515038 2.027336 

ZIKV/Malaysia 10 hpi_3 MX1 743 8780.599468 0.084618 7.877527529 2.977743 

ZIKV/Malaysia 24 hpi_3 MX1 9965 7775.628155 1.281568 121.2990037 6.922424 

ZIKV/Malaysia 48 hpi_3 MX1 2961 5457.964761 0.54251 58.75305411 5.876592 

ZIKV/Malaysia 4 hpi_1 IFNL3 30 18941.07792 0.001584 1.275683042 0.35127 

ZIKV/Malaysia 8 hpi_1 IFNL3 33 16004.07538 0.002062 1.39893131 0.484325 

ZIKV/Malaysia 10 hpi_1 IFNL3 27 20365.09781 0.001326 0.925423098 -0.11181 

ZIKV/Malaysia 24 hpi_1 IFNL3 368 16824.24388 0.021873 13.6773438 3.773716 

ZIKV/Malaysia 48 hpi_1 IFNL3 1208 9016.561426 0.133976 133.297637 7.058507 

ZIKV/Malaysia 4 hpi_2 IFNL3 31 13310.81661 0.002329 1.875785664 0.907495 

ZIKV/Malaysia 8 hpi_2 IFNL3 28 15300.45305 0.00183 1.241557333 0.312151 

ZIKV/Malaysia 10 hpi_2 IFNL3 24 11873.49207 0.002021 1.410898743 0.496614 

ZIKV/Malaysia 24 hpi_2 IFNL3 148 7114.262677 0.020803 13.00832321 3.701363 

ZIKV/Malaysia 48 hpi_2 IFNL3 677 7202.033077 0.094001 93.5254958 6.547288 

ZIKV/Malaysia 4 hpi_3 IFNL3 10 8019.493292 0.001247 1.004336601 0.006243 

ZIKV/Malaysia 8 hpi_3 IFNL3 24 13577.51567 0.001768 1.199234096 0.262113 

ZIKV/Malaysia 10 hpi_3 IFNL3 19 8780.599468 0.002164 1.510401837 0.594932 

ZIKV/Malaysia 24 hpi_3 IFNL3 174 7775.628155 0.022378 13.99275612 3.806608 

ZIKV/Malaysia 48 hpi_3 IFNL3 557 5457.964761 0.102053 101.5362056 6.66585 

ZIKV/Malaysia 4 hpi_1 IFIH1 119 18941.07792 0.006283 0.994351607 -0.00817 

ZIKV/Malaysia 8 hpi_1 IFIH1 188 16004.07538 0.011747 1.80901342 0.855203 

ZIKV/Malaysia 10 hpi_1 IFIH1 309 20365.09781 0.015173 2.15169188 1.105472 

ZIKV/Malaysia 24 hpi_1 IFIH1 1702 16824.24388 0.101164 13.47826786 3.752563 

ZIKV/Malaysia 48 hpi_1 IFIH1 1005 9016.561426 0.111462 12.34936421 3.626365 
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ZIKV/Malaysia 4 hpi_2 IFIH1 102 13310.81661 0.007663 1.212811151 0.278355 

ZIKV/Malaysia 8 hpi_2 IFIH1 134 15300.45305 0.008758 1.348699 0.431568 

ZIKV/Malaysia 10 hpi_2 IFIH1 109 11873.49207 0.00918 1.301835569 0.380547 

ZIKV/Malaysia 24 hpi_2 IFIH1 449 7114.262677 0.063113 8.408654866 3.071875 

ZIKV/Malaysia 48 hpi_2 IFIH1 597 7202.033077 0.082893 9.184144382 3.199145 

ZIKV/Malaysia 4 hpi_3 IFIH1 59 8019.493292 0.007357 1.164401597 0.219589 

ZIKV/Malaysia 8 hpi_3 IFIH1 125 13577.51567 0.009206 1.417764925 0.503618 

ZIKV/Malaysia 10 hpi_3 IFIH1 120 8780.599468 0.013666 1.938050908 0.954606 

ZIKV/Malaysia 24 hpi_3 IFIH1 583 7775.628155 0.074978 9.989486256 3.32041 

ZIKV/Malaysia 48 hpi_3 IFIH1 569 5457.964761 0.104251 11.55050632 3.529884 

ZIKV/Malaysia 4 hpi_1 IL1B 32 18941.07792 0.001689 0.920568956 -0.1194 

ZIKV/Malaysia 8 hpi_1 IL1B 23 16004.07538 0.001437 0.812688704 -0.29923 

ZIKV/Malaysia 10 hpi_1 IL1B 34 20365.09781 0.00167 1.015424347 0.022083 

ZIKV/Malaysia 24 hpi_1 IL1B 29 16824.24388 0.001724 0.78243122 -0.35396 

ZIKV/Malaysia 48 hpi_1 IL1B 91 9016.561426 0.010093 3.266827686 1.70789 

ZIKV/Malaysia 4 hpi_2 IL1B 18 13310.81661 0.001352 0.736849584 -0.44056 

ZIKV/Malaysia 8 hpi_2 IL1B 19 15300.45305 0.001242 0.702224999 -0.50999 

ZIKV/Malaysia 10 hpi_2 IL1B 14 11873.49207 0.001179 0.717141285 -0.47967 

ZIKV/Malaysia 24 hpi_2 IL1B 13 7114.262677 0.001827 0.829463317 -0.26975 

ZIKV/Malaysia 48 hpi_2 IL1B 37 7202.033077 0.005137 1.66292397 0.733722 

ZIKV/Malaysia 4 hpi_3 IL1B 15 8019.493292 0.00187 1.019190503 0.027424 

ZIKV/Malaysia 8 hpi_3 IL1B 19 13577.51567 0.001399 0.791334798 -0.33764 

ZIKV/Malaysia 10 hpi_3 IL1B 20 8780.599468 0.002278 1.385354706 0.470255 

ZIKV/Malaysia 24 hpi_3 IL1B 15 7775.628155 0.001929 0.875668049 -0.19154 

ZIKV/Malaysia 48 hpi_3 IL1B 38 5457.964761 0.006962 2.253609425 1.172238 
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ZIKV/Malaysia 4 hpi_1 GBP1 46 18941.07792 0.002429 1.015543786 0.022252 

ZIKV/Malaysia 8 hpi_1 GBP1 97 16004.07538 0.006061 1.947220878 0.961417 

ZIKV/Malaysia 10 hpi_1 GBP1 112 20365.09781 0.0055 1.673876559 0.743193 

ZIKV/Malaysia 24 hpi_1 GBP1 738 16824.24388 0.043865 15.62851681 3.966109 

ZIKV/Malaysia 48 hpi_1 GBP1 378 9016.561426 0.041923 18.46837506 4.206985 

ZIKV/Malaysia 4 hpi_2 GBP1 43 13310.81661 0.00323 1.350856658 0.433875 

ZIKV/Malaysia 8 hpi_2 GBP1 28 15300.45305 0.00183 0.587932966 -0.76628 

ZIKV/Malaysia 10 hpi_2 GBP1 36 11873.49207 0.003032 0.92281775 -0.11588 

ZIKV/Malaysia 24 hpi_2 GBP1 156 7114.262677 0.021928 7.812529306 2.96579 

ZIKV/Malaysia 48 hpi_2 GBP1 282 7202.033077 0.039156 17.24931401 4.108467 

ZIKV/Malaysia 4 hpi_3 GBP1 22 8019.493292 0.002743 1.147152786 0.198058 

ZIKV/Malaysia 8 hpi_3 GBP1 58 13577.51567 0.004272 1.372403296 0.456704 

ZIKV/Malaysia 10 hpi_3 GBP1 60 8780.599468 0.006833 2.079787618 1.056436 

ZIKV/Malaysia 24 hpi_3 GBP1 305 7775.628155 0.039225 13.97530559 3.804808 

ZIKV/Malaysia 48 hpi_3 GBP1 290 5457.964761 0.053133 23.40696481 4.548866 

ZIKV/Malaysia 4 hpi_1 IFITM1 165 18941.07792 0.008711 1.16611052 0.221705 

ZIKV/Malaysia 8 hpi_1 IFITM1 348 16004.07538 0.021744 2.935720363 1.553715 

ZIKV/Malaysia 10 hpi_1 IFITM1 649 20365.09781 0.031868 3.658030536 1.871067 

ZIKV/Malaysia 24 hpi_1 IFITM1 8814 16824.24388 0.523887 28.31326708 4.823406 

ZIKV/Malaysia 48 hpi_1 IFITM1 18764 9016.561426 2.081059 23.46076736 4.552178 

ZIKV/Malaysia 4 hpi_2 IFITM1 72 13310.81661 0.005409 0.724082842 -0.46577 

ZIKV/Malaysia 8 hpi_2 IFITM1 144 15300.45305 0.009411 1.270644998 0.345561 

ZIKV/Malaysia 10 hpi_2 IFITM1 162 11873.49207 0.013644 1.566122317 0.647197 

ZIKV/Malaysia 24 hpi_2 IFITM1 2070 7114.262677 0.290965 15.7250829 3.974996 

ZIKV/Malaysia 48 hpi_2 IFITM1 4820 7202.033077 0.669255 7.544833514 2.915489 
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ZIKV/Malaysia 4 hpi_3 IFITM1 63 8019.493292 0.007856 1.051608483 0.072598 

ZIKV/Malaysia 8 hpi_3 IFITM1 194 13577.51567 0.014288 1.9290676 0.947904 

ZIKV/Malaysia 10 hpi_3 IFITM1 195 8780.599468 0.022208 2.549174552 1.35003 

ZIKV/Malaysia 24 hpi_3 IFITM1 3506 7775.628155 0.450896 24.36850706 4.606946 

ZIKV/Malaysia 48 hpi_3 IFITM1 8943 5457.964761 1.638523 18.47184339 4.207256 

ZIKV/Malaysia 4 hpi_1 TLR3 136 18941.07792 0.00718 0.918170874 -0.12317 

ZIKV/Malaysia 8 hpi_1 TLR3 124 16004.07538 0.007748 1.206674614 0.271037 

ZIKV/Malaysia 10 hpi_1 TLR3 166 20365.09781 0.008151 1.172379555 0.22944 

ZIKV/Malaysia 24 hpi_1 TLR3 669 16824.24388 0.039764 4.478873292 2.163136 

ZIKV/Malaysia 48 hpi_1 TLR3 105 9016.561426 0.011645 1.298229912 0.376546 

ZIKV/Malaysia 4 hpi_2 TLR3 100 13310.81661 0.007513 0.96069293 -0.05785 

ZIKV/Malaysia 8 hpi_2 TLR3 127 15300.45305 0.0083 1.292702265 0.37039 

ZIKV/Malaysia 10 hpi_2 TLR3 83 11873.49207 0.00699 1.005417116 0.007794 

ZIKV/Malaysia 24 hpi_2 TLR3 188 7114.262677 0.026426 2.976501917 1.573618 

ZIKV/Malaysia 48 hpi_2 TLR3 96 7202.033077 0.01333 1.48600195 0.571436 

ZIKV/Malaysia 4 hpi_3 TLR3 76 8019.493292 0.009477 1.211869788 0.277235 

ZIKV/Malaysia 8 hpi_3 TLR3 106 13577.51567 0.007807 1.21586297 0.281981 

ZIKV/Malaysia 10 hpi_3 TLR3 64 8780.599468 0.007289 1.048340721 0.068108 

ZIKV/Malaysia 24 hpi_3 TLR3 265 7775.628155 0.034081 3.838739169 1.940633 

ZIKV/Malaysia 48 hpi_3 TLR3 108 5457.964761 0.019788 2.205953157 1.141402 

ZIKV/Malaysia 4 hpi_1 CCL3 13 18941.07792 0.000686 0.896412404 -0.15777 

ZIKV/Malaysia 8 hpi_1 CCL3 6 16004.07538 0.000375 0.474661251 -1.07503 

ZIKV/Malaysia 10 hpi_1 CCL3 10 20365.09781 0.000491 0.491463148 -1.02484 

ZIKV/Malaysia 24 hpi_1 CCL3 24 16824.24388 0.001427 2.296307778 1.199316 

ZIKV/Malaysia 48 hpi_1 CCL3 28 9016.561426 0.003105 4.195247635 2.068756 
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ZIKV/Malaysia 4 hpi_2 CCL3 7 13310.81661 0.000526 0.686851002 -0.54193 

ZIKV/Malaysia 8 hpi_2 CCL3 8 15300.45305 0.000523 0.661986014 -0.59513 

ZIKV/Malaysia 10 hpi_2 CCL3 6 11873.49207 0.000505 0.505766712 -0.98346 

ZIKV/Malaysia 24 hpi_2 CCL3 7 7114.262677 0.000984 1.583881018 0.663464 

ZIKV/Malaysia 48 hpi_2 CCL3 16 7202.033077 0.002222 3.001272208 1.585574 

ZIKV/Malaysia 4 hpi_3 CCL3 9 8019.493292 0.001122 1.46576645 0.551655 

ZIKV/Malaysia 8 hpi_3 CCL3 7 13577.51567 0.000516 0.652740928 -0.61542 

ZIKV/Malaysia 10 hpi_3 CCL3 8 8780.599468 0.000911 0.911891732 -0.13307 

ZIKV/Malaysia 24 hpi_3 CCL3 8 7775.628155 0.001029 1.656185255 0.727864 

ZIKV/Malaysia 48 hpi_3 CCL3 9 5457.964761 0.001649 2.227677394 1.15554 

ZIKV/Malaysia 4 hpi_1 IL18 1256 18941.07792 0.066311 0.899041948 -0.15354 

ZIKV/Malaysia 8 hpi_1 IL18 1021 16004.07538 0.063796 0.897692828 -0.15571 

ZIKV/Malaysia 10 hpi_1 IL18 1286 20365.09781 0.063147 0.886170859 -0.17434 

ZIKV/Malaysia 24 hpi_1 IL18 731 16824.24388 0.043449 0.73576954 -0.44267 

ZIKV/Malaysia 48 hpi_1 IL18 508 9016.561426 0.056341 0.691653011 -0.53188 

ZIKV/Malaysia 4 hpi_2 IL18 1034 13310.81661 0.077681 1.053199989 0.074779 

ZIKV/Malaysia 8 hpi_2 IL18 1178 15300.45305 0.076991 1.083362008 0.115515 

ZIKV/Malaysia 10 hpi_2 IL18 887 11873.49207 0.074704 1.048354466 0.068127 

ZIKV/Malaysia 24 hpi_2 IL18 352 7114.262677 0.049478 0.837862493 -0.25521 

ZIKV/Malaysia 48 hpi_2 IL18 428 7202.033077 0.059428 0.729548489 -0.45492 

ZIKV/Malaysia 4 hpi_3 IL18 584 8019.493292 0.072823 0.9873268 -0.0184 

ZIKV/Malaysia 8 hpi_3 IL18 1044 13577.51567 0.076892 1.081963942 0.113652 

ZIKV/Malaysia 10 hpi_3 IL18 621 8780.599468 0.070724 0.992499803 -0.01086 

ZIKV/Malaysia 24 hpi_3 IL18 390 7775.628155 0.050157 0.849354723 -0.23556 

ZIKV/Malaysia 48 hpi_3 IL18 320 5457.964761 0.05863 0.719755109 -0.47442 
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ZIKV/Malaysia 4 hpi_1 CXCL10 7 18941.07792 0.00037 1.57807214 0.658163 

ZIKV/Malaysia 8 hpi_1 CXCL10 8 16004.07538 0.0005 1.679458198 0.747996 

ZIKV/Malaysia 10 hpi_1 CXCL10 9 20365.09781 0.000442 1.613421045 0.690123 

ZIKV/Malaysia 24 hpi_1 CXCL10 68 16824.24388 0.004042 11.45653484 3.518099 

ZIKV/Malaysia 48 hpi_1 CXCL10 42 9016.561426 0.004658 14.25556726 3.833454 

ZIKV/Malaysia 4 hpi_2 CXCL10 4 13310.81661 0.000301 1.283183583 0.359728 

ZIKV/Malaysia 8 hpi_2 CXCL10 5 15300.45305 0.000327 1.097932178 0.134789 

ZIKV/Malaysia 10 hpi_2 CXCL10 5 11873.49207 0.000421 1.537387149 0.620481 

ZIKV/Malaysia 24 hpi_2 CXCL10 50 7114.262677 0.007028 19.92140802 4.316248 

ZIKV/Malaysia 48 hpi_2 CXCL10 47 7202.033077 0.006526 19.97187803 4.319898 

ZIKV/Malaysia 4 hpi_3 CXCL10 2 8019.493292 0.000249 1.064918987 0.090744 

ZIKV/Malaysia 8 hpi_3 CXCL10 9 13577.51567 0.000663 2.227060405 1.155141 

ZIKV/Malaysia 10 hpi_3 CXCL10 4 8780.599468 0.000456 1.663135113 0.733905 

ZIKV/Malaysia 24 hpi_3 CXCL10 43 7775.628155 0.00553 15.67519292 3.970411 

ZIKV/Malaysia 48 hpi_3 CXCL10 47 5457.964761 0.008611 26.35380265 4.719939 

ZIKV/Malaysia 4 hpi_1 IFNA4 6 18941.07792 0.000317 1.279615111 0.35571 

ZIKV/Malaysia 8 hpi_1 IFNA4 7 16004.07538 0.000437 0.950026864 -0.07396 

ZIKV/Malaysia 10 hpi_1 IFNA4 7 20365.09781 0.000344 0.858855966 -0.21951 

ZIKV/Malaysia 24 hpi_1 IFNA4 12 16824.24388 0.000713 1.633919654 0.708337 

ZIKV/Malaysia 48 hpi_1 IFNA4 9 9016.561426 0.000998 2.38325446 1.252933 

ZIKV/Malaysia 4 hpi_2 IFNA4 3 13310.81661 0.000225 0.91043586 -0.13537 

ZIKV/Malaysia 8 hpi_2 IFNA4 7 15300.45305 0.000458 0.993715774 -0.00909 

ZIKV/Malaysia 10 hpi_2 IFNA4 4 11873.49207 0.000337 0.841763949 -0.24851 

ZIKV/Malaysia 24 hpi_2 IFNA4 5 7114.262677 0.000703 1.609997174 0.687058 

ZIKV/Malaysia 48 hpi_2 IFNA4 9 7202.033077 0.00125 2.983707517 1.577106 
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ZIKV/Malaysia 4 hpi_3 IFNA4 1 8019.493292 0.000125 0.503716146 -0.98932 

ZIKV/Malaysia 8 hpi_3 IFNA4 7 13577.51567 0.000516 1.119814693 0.16326 

ZIKV/Malaysia 10 hpi_3 IFNA4 1 8780.599468 0.000114 0.284567062 -1.81316 

ZIKV/Malaysia 24 hpi_3 IFNA4 8 7775.628155 0.001029 2.356891061 1.236885 

ZIKV/Malaysia 48 hpi_3 IFNA4 3 5457.964761 0.00055 1.312379319 0.392185 

ZIKV/Malaysia 4 hpi_1 IRF1 282 18941.07792 0.014888 1.288767591 0.365992 

ZIKV/Malaysia 8 hpi_1 IRF1 222 16004.07538 0.013871 1.15414709 0.206827 

ZIKV/Malaysia 10 hpi_1 IRF1 238 20365.09781 0.011687 1.202581341 0.266134 

ZIKV/Malaysia 24 hpi_1 IRF1 832 16824.24388 0.049452 4.454978172 2.155418 

ZIKV/Malaysia 48 hpi_1 IRF1 801 9016.561426 0.088837 7.309791046 2.86983 

ZIKV/Malaysia 4 hpi_2 IRF1 232 13310.81661 0.017429 1.508736766 0.593341 

ZIKV/Malaysia 8 hpi_2 IRF1 181 15300.45305 0.01183 0.984267305 -0.02288 

ZIKV/Malaysia 10 hpi_2 IRF1 153 11873.49207 0.012886 1.325979986 0.407059 

ZIKV/Malaysia 24 hpi_2 IRF1 295 7114.262677 0.041466 3.73551022 1.901305 

ZIKV/Malaysia 48 hpi_2 IRF1 609 7202.033077 0.084559 6.957858193 2.798643 

ZIKV/Malaysia 4 hpi_3 IRF1 128 8019.493292 0.015961 1.381634693 0.466376 

ZIKV/Malaysia 8 hpi_3 IRF1 184 13577.51567 0.013552 1.127551235 0.173193 

ZIKV/Malaysia 10 hpi_3 IRF1 116 8780.599468 0.013211 1.359433058 0.443005 

ZIKV/Malaysia 24 hpi_3 IRF1 445 7775.628155 0.05723 5.155637059 2.366151 

ZIKV/Malaysia 48 hpi_3 IRF1 482 5457.964761 0.088311 7.266574043 2.861275 

ZIKV/Malaysia 4 hpi_1 IFI44 90 18941.07792 0.004752 1.281025888 0.3573 

ZIKV/Malaysia 8 hpi_1 IFI44 165 16004.07538 0.01031 2.893296008 1.532714 

ZIKV/Malaysia 10 hpi_1 IFI44 324 20365.09781 0.01591 4.491201707 2.167102 

ZIKV/Malaysia 24 hpi_1 IFI44 1394 16824.24388 0.082857 17.29228839 4.112057 

ZIKV/Malaysia 48 hpi_1 IFI44 823 9016.561426 0.091276 20.31624738 4.344562 
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ZIKV/Malaysia 4 hpi_2 IFI44 38 13310.81661 0.002855 0.76966012 -0.37771 

ZIKV/Malaysia 8 hpi_2 IFI44 65 15300.45305 0.004248 1.192198519 0.253624 

ZIKV/Malaysia 10 hpi_2 IFI44 75 11873.49207 0.006317 1.783145769 0.834425 

ZIKV/Malaysia 24 hpi_2 IFI44 354 7114.262677 0.049759 10.38481147 3.376403 

ZIKV/Malaysia 48 hpi_2 IFI44 336 7202.033077 0.046653 10.38409777 3.376304 

ZIKV/Malaysia 4 hpi_3 IFI44 29 8019.493292 0.003616 0.974924888 -0.03664 

ZIKV/Malaysia 8 hpi_3 IFI44 88 13577.51567 0.006481 1.818870886 0.863043 

ZIKV/Malaysia 10 hpi_3 IFI44 107 8780.599468 0.012186 3.440041336 1.782426 

ZIKV/Malaysia 24 hpi_3 IFI44 546 7775.628155 0.070219 14.65488484 3.87331 

ZIKV/Malaysia 48 hpi_3 IFI44 484 5457.964761 0.088678 19.73782241 4.302891 

ZIKV/Malaysia 4 hpi_1 IL1A 29 18941.07792 0.001531 1.517458139 0.601657 

ZIKV/Malaysia 8 hpi_1 IL1A 19 16004.07538 0.001187 0.899153518 -0.15336 

ZIKV/Malaysia 10 hpi_1 IL1A 16 20365.09781 0.000786 0.480801611 -1.05649 

ZIKV/Malaysia 24 hpi_1 IL1A 66 16824.24388 0.003923 3.108293068 1.636123 

ZIKV/Malaysia 48 hpi_1 IL1A 148 9016.561426 0.016414 8.707056819 3.122185 

ZIKV/Malaysia 4 hpi_2 IL1A 13 13310.81661 0.000977 0.967970373 -0.04697 

ZIKV/Malaysia 8 hpi_2 IL1A 15 15300.45305 0.00098 0.742502301 -0.42953 

ZIKV/Malaysia 10 hpi_2 IL1A 18 11873.49207 0.001516 0.927740403 -0.10821 

ZIKV/Malaysia 24 hpi_2 IL1A 45 7114.262677 0.006325 5.011828448 2.325337 

ZIKV/Malaysia 48 hpi_2 IL1A 116 7202.033077 0.016107 8.543847469 3.094886 

ZIKV/Malaysia 4 hpi_3 IL1A 10 8019.493292 0.001247 1.235880511 0.305539 

ZIKV/Malaysia 8 hpi_3 IL1A 15 13577.51567 0.001105 0.836723144 -0.25718 

ZIKV/Malaysia 10 hpi_3 IL1A 11 8780.599468 0.001253 0.766656726 -0.38335 

ZIKV/Malaysia 24 hpi_3 IL1A 21 7775.628155 0.002701 2.139919275 1.097556 

ZIKV/Malaysia 48 hpi_3 IL1A 95 5457.964761 0.017406 9.233013845 3.206802 
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ZIKV/Malaysia 4 hpi_1 IFIT1 485 18941.07792 0.025606 1.201618381 0.264979 

ZIKV/Malaysia 8 hpi_1 IFIT1 1865 16004.07538 0.116533 7.500884555 2.907061 

ZIKV/Malaysia 10 hpi_1 IFIT1 4268 20365.09781 0.209574 11.30245787 3.498565 

ZIKV/Malaysia 24 hpi_1 IFIT1 29505 16824.24388 1.753719 52.18735429 5.705628 

ZIKV/Malaysia 48 hpi_1 IFIT1 11329 9016.561426 1.256466 51.92392916 5.698328 

ZIKV/Malaysia 4 hpi_2 IFIT1 204 13310.81661 0.015326 0.719208783 -0.47552 

ZIKV/Malaysia 8 hpi_2 IFIT1 406 15300.45305 0.026535 1.707992567 0.772302 

ZIKV/Malaysia 10 hpi_2 IFIT1 770 11873.49207 0.06485 3.497415619 1.806289 

ZIKV/Malaysia 24 hpi_2 IFIT1 6358 7114.262677 0.893698 26.5947458 4.733069 

ZIKV/Malaysia 48 hpi_2 IFIT1 6486 7202.033077 0.900579 37.21677616 5.217881 

ZIKV/Malaysia 4 hpi_3 IFIT1 141 8019.493292 0.017582 0.825090714 -0.27738 

ZIKV/Malaysia 8 hpi_3 IFIT1 902 13577.51567 0.066433 4.276125652 2.096304 

ZIKV/Malaysia 10 hpi_3 IFIT1 1181 8780.599468 0.134501 7.253718825 2.858721 

ZIKV/Malaysia 24 hpi_3 IFIT1 11589 7775.628155 1.490426 44.35225399 5.470936 

ZIKV/Malaysia 48 hpi_3 IFIT1 7094 5457.964761 1.299752 53.71274832 5.747193 

ZIKV/Malaysia 4 hpi_1 IFIT2 180 18941.07792 0.009503 1.286956455 0.363963 

ZIKV/Malaysia 8 hpi_1 IFIT2 380 16004.07538 0.023744 3.94660921 1.980614 

ZIKV/Malaysia 10 hpi_1 IFIT2 659 20365.09781 0.032359 5.254110014 2.393446 

ZIKV/Malaysia 24 hpi_1 IFIT2 10408 16824.24388 0.618631 58.01357101 5.858319 

ZIKV/Malaysia 48 hpi_1 IFIT2 6061 9016.561426 0.672207 67.49577805 6.076725 

ZIKV/Malaysia 4 hpi_2 IFIT2 90 13310.81661 0.006761 0.915659167 -0.12712 

ZIKV/Malaysia 8 hpi_2 IFIT2 130 15300.45305 0.008496 1.412245431 0.497991 

ZIKV/Malaysia 10 hpi_2 IFIT2 155 11873.49207 0.013054 2.119597895 1.083791 

ZIKV/Malaysia 24 hpi_2 IFIT2 2043 7114.262677 0.28717 26.92999923 4.751142 

ZIKV/Malaysia 48 hpi_2 IFIT2 4143 7202.033077 0.575254 57.76078559 5.852018 



 

174 
 

ZIKV/Malaysia 4 hpi_3 IFIT2 62 8019.493292 0.007731 1.046985819 0.066242 

ZIKV/Malaysia 8 hpi_3 IFIT2 191 13577.51567 0.014067 2.338213541 1.225407 

ZIKV/Malaysia 10 hpi_3 IFIT2 160 8780.599468 0.018222 2.958666834 1.564947 

ZIKV/Malaysia 24 hpi_3 IFIT2 3442 7775.628155 0.442665 41.51196133 5.375455 

ZIKV/Malaysia 48 hpi_3 IFIT2 3700 5457.964761 0.677908 68.06820002 6.088909 

ZIKV/Malaysia 4 hpi_1 DHX58 7 18941.07792 0.00037 1.041433786 0.058571 

ZIKV/Malaysia 8 hpi_1 DHX58 3 16004.07538 0.000187 0.412759498 -1.27663 

ZIKV/Malaysia 10 hpi_1 DHX58 15 20365.09781 0.000737 1.537151735 0.62026 

ZIKV/Malaysia 24 hpi_1 DHX58 138 16824.24388 0.008202 20.36369141 4.347927 

ZIKV/Malaysia 48 hpi_1 DHX58 99 9016.561426 0.01098 14.78727432 3.886284 

ZIKV/Malaysia 4 hpi_2 DHX58 6 13310.81661 0.000451 1.270237308 0.345098 

ZIKV/Malaysia 8 hpi_2 DHX58 5 15300.45305 0.000327 0.719568466 -0.4748 

ZIKV/Malaysia 10 hpi_2 DHX58 11 11873.49207 0.000926 1.933419967 0.951155 

ZIKV/Malaysia 24 hpi_2 DHX58 35 7114.262677 0.00492 12.21380899 3.610441 

ZIKV/Malaysia 48 hpi_2 DHX58 61 7202.033077 0.00847 11.40692547 3.511838 

ZIKV/Malaysia 4 hpi_3 DHX58 2 8019.493292 0.000249 0.702783216 -0.50885 

ZIKV/Malaysia 8 hpi_3 DHX58 4 13577.51567 0.000295 0.648703271 -0.62437 

ZIKV/Malaysia 10 hpi_3 DHX58 6 8780.599468 0.000683 1.426064156 0.512039 

ZIKV/Malaysia 24 hpi_3 DHX58 57 7775.628155 0.007331 18.19920211 4.185803 

ZIKV/Malaysia 48 hpi_3 DHX58 67 5457.964761 0.012276 16.5324781 4.047231 

ZIKV/Malaysia 4 hpi_1 MX2 3 18941.07792 0.000158 1.114227227 0.156043 

ZIKV/Malaysia 8 hpi_1 MX2 11 16004.07538 0.000687 6.410369233 2.680407 

ZIKV/Malaysia 10 hpi_1 MX2 26 20365.09781 0.001277 4.451940755 2.154434 

ZIKV/Malaysia 24 hpi_1 MX2 277 16824.24388 0.016464 54.76538535 5.775192 

ZIKV/Malaysia 48 hpi_1 MX2 50 9016.561426 0.005545 15.8767239 3.988841 
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ZIKV/Malaysia 4 hpi_2 MX2 1 13310.81661 7.51E-05 0.52850914 -0.92 

ZIKV/Malaysia 8 hpi_2 MX2 2 15300.45305 0.000131 1.219120554 0.285841 

ZIKV/Malaysia 10 hpi_2 MX2 4 11873.49207 0.000337 1.174746213 0.232349 

ZIKV/Malaysia 24 hpi_2 MX2 46 7114.262677 0.006466 21.50749692 4.426768 

ZIKV/Malaysia 48 hpi_2 MX2 8 7202.033077 0.001111 3.180289893 1.669158 

ZIKV/Malaysia 4 hpi_3 MX2 0.375899675 8019.493292 4.69E-05 0.329748041 -1.60056 

ZIKV/Malaysia 8 hpi_3 MX2 4 13577.51567 0.000295 2.747645041 1.458196 

ZIKV/Malaysia 10 hpi_3 MX2 11 8780.599468 0.001253 4.368486991 2.127134 

ZIKV/Malaysia 24 hpi_3 MX2 73 7775.628155 0.009388 31.22836958 4.964785 

ZIKV/Malaysia 48 hpi_3 MX2 38 5457.964761 0.006962 19.93355244 4.317127 

ZIKV/Malaysia 4 hpi_1 IRF2 1065 18941.07792 0.056227 1.142917014 0.192721 

ZIKV/Malaysia 8 hpi_1 IRF2 1045 16004.07538 0.065296 1.104120988 0.142898 

ZIKV/Malaysia 10 hpi_1 IRF2 1367 20365.09781 0.067125 1.038094958 0.053938 

ZIKV/Malaysia 24 hpi_1 IRF2 1654 16824.24388 0.098311 1.409678069 0.495366 

ZIKV/Malaysia 48 hpi_1 IRF2 1147 9016.561426 0.12721 1.315980061 0.396138 

ZIKV/Malaysia 4 hpi_2 IRF2 797 13310.81661 0.059876 1.217091985 0.283438 

ZIKV/Malaysia 8 hpi_2 IRF2 914 15300.45305 0.059737 1.010119763 0.014526 

ZIKV/Malaysia 10 hpi_2 IRF2 687 11873.49207 0.05786 0.89481517 -0.16034 

ZIKV/Malaysia 24 hpi_2 IRF2 587 7114.262677 0.08251 1.183118371 0.242594 

ZIKV/Malaysia 48 hpi_2 IRF2 777 7202.033077 0.107886 1.116073366 0.158432 

ZIKV/Malaysia 4 hpi_3 IRF2 474 8019.493292 0.059106 1.20143753 0.264762 

ZIKV/Malaysia 8 hpi_3 IRF2 759 13577.51567 0.055901 0.945262494 -0.08121 

ZIKV/Malaysia 10 hpi_3 IRF2 581 8780.599468 0.066169 1.023309563 0.033243 

ZIKV/Malaysia 24 hpi_3 IRF2 719 7775.628155 0.092468 1.325908027 0.406981 

ZIKV/Malaysia 48 hpi_3 IRF2 640 5457.964761 0.11726 1.213042686 0.27863 
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ZIKV/Malaysia 4 hpi_1 IFNL1 41 18941.07792 0.002165 1.079979163 0.111003 

ZIKV/Malaysia 8 hpi_1 IFNL1 42 16004.07538 0.002624 1.516466074 0.600713 

ZIKV/Malaysia 10 hpi_1 IFNL1 39 20365.09781 0.001915 1.049710491 0.069991 

ZIKV/Malaysia 24 hpi_1 IFNL1 699 16824.24388 0.041547 22.08638161 4.465085 

ZIKV/Malaysia 48 hpi_1 IFNL1 1277 9016.561426 0.141628 62.35387851 5.962407 

ZIKV/Malaysia 4 hpi_2 IFNL1 18 13310.81661 0.001352 0.6746896 -0.5677 

ZIKV/Malaysia 8 hpi_2 IFNL1 35 15300.45305 0.002288 1.321836533 0.402544 

ZIKV/Malaysia 10 hpi_2 IFNL1 32 11873.49207 0.002695 1.477280424 0.562944 

ZIKV/Malaysia 24 hpi_2 IFNL1 242 7114.262677 0.034016 18.08291416 4.176555 

ZIKV/Malaysia 48 hpi_2 IFNL1 845 7202.033077 0.117328 51.65532737 5.690845 

ZIKV/Malaysia 4 hpi_3 IFNL1 15 8019.493292 0.00187 0.933212487 -0.09972 

ZIKV/Malaysia 8 hpi_3 IFNL1 27 13577.51567 0.001989 1.149099004 0.200503 

ZIKV/Malaysia 10 hpi_3 IFNL1 25 8780.599468 0.002847 1.56065631 0.642153 

ZIKV/Malaysia 24 hpi_3 IFNL1 294 7775.628155 0.03781 20.09994171 4.329119 

ZIKV/Malaysia 48 hpi_3 IFNL1 748 5457.964761 0.137047 60.33709427 5.914973 

ZIKV/Malaysia 4 hpi_1 EIF2AK2 5912 18941.07792 0.312126 1.047422583 0.066844 

ZIKV/Malaysia 8 hpi_1 EIF2AK2 6067 16004.07538 0.379091 1.166049689 0.221629 

ZIKV/Malaysia 10 hpi_1 EIF2AK2 8383 20365.09781 0.411636 1.18544354 0.245427 

ZIKV/Malaysia 24 hpi_1 EIF2AK2 10120 16824.24388 0.601513 1.702666945 0.767796 

ZIKV/Malaysia 48 hpi_1 EIF2AK2 4200 9016.561426 0.46581 1.365565645 0.449499 

ZIKV/Malaysia 4 hpi_2 EIF2AK2 4046 13310.81661 0.303963 1.020031015 0.028613 

ZIKV/Malaysia 8 hpi_2 EIF2AK2 5377 15300.45305 0.351428 1.080959436 0.112312 

ZIKV/Malaysia 10 hpi_2 EIF2AK2 4325 11873.49207 0.364257 1.049000159 0.069015 

ZIKV/Malaysia 24 hpi_2 EIF2AK2 3427 7114.262677 0.481708 1.363543369 0.447361 

ZIKV/Malaysia 48 hpi_2 EIF2AK2 2594 7202.033077 0.360176 1.055891023 0.078461 
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ZIKV/Malaysia 4 hpi_3 EIF2AK2 2416 8019.493292 0.301266 1.010979152 0.015753 

ZIKV/Malaysia 8 hpi_3 EIF2AK2 4632 13577.51567 0.341152 1.049353678 0.069501 

ZIKV/Malaysia 10 hpi_3 EIF2AK2 3266 8780.599468 0.371956 1.071173751 0.099193 

ZIKV/Malaysia 24 hpi_3 EIF2AK2 4340 7775.628155 0.558154 1.579934176 0.659864 

ZIKV/Malaysia 48 hpi_3 EIF2AK2 2385 5457.964761 0.436976 1.281037649 0.357313 

ZIKV/Malaysia 4 hpi_1 GBP2 188 18941.07792 0.009926 1.060861939 0.085237 

ZIKV/Malaysia 8 hpi_1 GBP2 182 16004.07538 0.011372 1.362131182 0.445866 

ZIKV/Malaysia 10 hpi_1 GBP2 219 20365.09781 0.010754 1.129544709 0.175741 

ZIKV/Malaysia 24 hpi_1 GBP2 403 16824.24388 0.023954 1.729772944 0.790583 

ZIKV/Malaysia 48 hpi_1 GBP2 993 9016.561426 0.110131 4.368049121 2.126989 

ZIKV/Malaysia 4 hpi_2 GBP2 127 13310.81661 0.009541 1.019775868 0.028252 

ZIKV/Malaysia 8 hpi_2 GBP2 131 15300.45305 0.008562 1.025522375 0.036359 

ZIKV/Malaysia 10 hpi_2 GBP2 134 11873.49207 0.011286 1.185419707 0.245398 

ZIKV/Malaysia 24 hpi_2 GBP2 129 7114.262677 0.018133 1.309421365 0.388929 

ZIKV/Malaysia 48 hpi_2 GBP2 559 7202.033077 0.077617 3.078476956 1.622217 

ZIKV/Malaysia 4 hpi_3 GBP2 86 8019.493292 0.010724 1.146191629 0.196848 

ZIKV/Malaysia 8 hpi_3 GBP2 125 13577.51567 0.009206 1.102726561 0.141075 

ZIKV/Malaysia 10 hpi_3 GBP2 79 8780.599468 0.008997 0.945036832 -0.08156 

ZIKV/Malaysia 24 hpi_3 GBP2 172 7775.628155 0.02212 1.597395925 0.675722 

ZIKV/Malaysia 48 hpi_3 GBP2 434 5457.964761 0.079517 3.153829514 1.657105 

ZIKV/Malaysia 4 hpi_1 TNF 16 18941.07792 0.000845 1.663366879 0.734106 

ZIKV/Malaysia 8 hpi_1 TNF 14 16004.07538 0.000875 0.998954986 -0.00151 

ZIKV/Malaysia 10 hpi_1 TNF 19 20365.09781 0.000933 1.310429435 0.39004 

ZIKV/Malaysia 24 hpi_1 TNF 46 16824.24388 0.002734 2.766175362 1.467893 

ZIKV/Malaysia 48 hpi_1 TNF 34 9016.561426 0.003771 5.289060053 2.403011 
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ZIKV/Malaysia 4 hpi_2 TNF 7 13310.81661 0.000526 1.035538137 0.050381 

ZIKV/Malaysia 8 hpi_2 TNF 10 15300.45305 0.000654 0.746352825 -0.42207 

ZIKV/Malaysia 10 hpi_2 TNF 7 11873.49207 0.00059 0.828068211 -0.27218 

ZIKV/Malaysia 24 hpi_2 TNF 6 7114.262677 0.000843 0.853254891 -0.22895 

ZIKV/Malaysia 48 hpi_2 TNF 27 7202.033077 0.003749 5.258346242 2.394609 

ZIKV/Malaysia 4 hpi_3 TNF 5 8019.493292 0.000623 1.227710113 0.29597 

ZIKV/Malaysia 8 hpi_3 TNF 13 13577.51567 0.000957 1.093380971 0.128796 

ZIKV/Malaysia 10 hpi_3 TNF 10 8780.599468 0.001139 1.599640429 0.677748 

ZIKV/Malaysia 24 hpi_3 TNF 12 7775.628155 0.001543 1.561360524 0.642804 

ZIKV/Malaysia 48 hpi_3 TNF 13 5457.964761 0.002382 3.340820576 1.740203 

ZIKV/Malaysia 4 hpi_1 RSAD2 63 18941.07792 0.003326 0.987223388 -0.01855 

ZIKV/Malaysia 8 hpi_1 RSAD2 57 16004.07538 0.003562 1.086371943 0.119518 

ZIKV/Malaysia 10 hpi_1 RSAD2 99 20365.09781 0.004861 1.455200477 0.541218 

ZIKV/Malaysia 24 hpi_1 RSAD2 701 16824.24388 0.041666 12.19090303 3.607733 

ZIKV/Malaysia 48 hpi_1 RSAD2 253 9016.561426 0.028059 6.990831356 2.805464 

ZIKV/Malaysia 4 hpi_2 RSAD2 24 13310.81661 0.001803 0.535163048 -0.90195 

ZIKV/Malaysia 8 hpi_2 RSAD2 47 15300.45305 0.003072 0.936974649 -0.09392 

ZIKV/Malaysia 10 hpi_2 RSAD2 34 11873.49207 0.002864 0.857185043 -0.22232 

ZIKV/Malaysia 24 hpi_2 RSAD2 238 7114.262677 0.033454 9.788146807 3.291036 

ZIKV/Malaysia 48 hpi_2 RSAD2 376 7202.033077 0.052207 13.00714505 3.701232 

ZIKV/Malaysia 4 hpi_3 RSAD2 34 8019.493292 0.00424 1.2583793 0.331567 

ZIKV/Malaysia 8 hpi_3 RSAD2 49 13577.51567 0.003609 1.100804106 0.138558 

ZIKV/Malaysia 10 hpi_3 RSAD2 33 8780.599468 0.003758 1.125029491 0.169963 

ZIKV/Malaysia 24 hpi_3 RSAD2 329 7775.628155 0.042312 12.37980569 3.629917 

ZIKV/Malaysia 48 hpi_3 RSAD2 353 5457.964761 0.064676 16.1136241 4.010209 
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ZIKV/Malaysia 4 hpi_1 DDX58 1505 18941.07792 0.079457 1.344943006 0.427545 

ZIKV/Malaysia 8 hpi_1 DDX58 2022 16004.07538 0.126343 1.890362987 0.918663 

ZIKV/Malaysia 10 hpi_1 DDX58 3418 20365.09781 0.167836 2.385039031 1.254013 

ZIKV/Malaysia 24 hpi_1 DDX58 11137 16824.24388 0.661961 9.214439136 3.203896 

ZIKV/Malaysia 48 hpi_1 DDX58 4762 9016.561426 0.528139 7.495181046 2.905963 

ZIKV/Malaysia 4 hpi_2 DDX58 681 13310.81661 0.051161 0.865993204 -0.20757 

ZIKV/Malaysia 8 hpi_2 DDX58 987 15300.45305 0.064508 0.965178201 -0.05113 

ZIKV/Malaysia 10 hpi_2 DDX58 939 11873.49207 0.079084 1.123820781 0.168412 

ZIKV/Malaysia 24 hpi_2 DDX58 2603 7114.262677 0.365885 5.093080176 2.348538 

ZIKV/Malaysia 48 hpi_2 DDX58 2752 7202.033077 0.382114 5.422842615 2.439049 

ZIKV/Malaysia 4 hpi_3 DDX58 505 8019.493292 0.062972 1.065900145 0.092072 

ZIKV/Malaysia 8 hpi_3 DDX58 1175 13577.51567 0.08654 1.29482834 0.372761 

ZIKV/Malaysia 10 hpi_3 DDX58 1075 8780.599468 0.122429 1.739779583 0.798905 

ZIKV/Malaysia 24 hpi_3 DDX58 4072 7775.628155 0.523688 7.289681053 2.865856 

ZIKV/Malaysia 48 hpi_3 DDX58 3063 5457.964761 0.561198 7.964342932 2.993555 

ZIKV/Malaysia 4 hpi_1 TRIM25 4687 18941.07792 0.247452 1.063638289 0.089008 

ZIKV/Malaysia 8 hpi_1 TRIM25 4411 16004.07538 0.275617 1.141745872 0.191242 

ZIKV/Malaysia 10 hpi_1 TRIM25 5834 20365.09781 0.286471 1.17523992 0.232955 

ZIKV/Malaysia 24 hpi_1 TRIM25 6375 16824.24388 0.378917 1.62037586 0.696328 

ZIKV/Malaysia 48 hpi_1 TRIM25 2521 9016.561426 0.279597 1.445783769 0.531852 

ZIKV/Malaysia 4 hpi_2 TRIM25 3093 13310.81661 0.232367 0.998800889 -0.00173 

ZIKV/Malaysia 8 hpi_2 TRIM25 3813 15300.45305 0.249208 1.032346513 0.045927 

ZIKV/Malaysia 10 hpi_2 TRIM25 2980 11873.49207 0.250979 1.029637635 0.042137 

ZIKV/Malaysia 24 hpi_2 TRIM25 2246 7114.262677 0.315704 1.350053522 0.433017 

ZIKV/Malaysia 48 hpi_2 TRIM25 1570 7202.033077 0.217994 1.127238947 0.172793 
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ZIKV/Malaysia 4 hpi_3 TRIM25 1857 8019.493292 0.231561 0.995333624 -0.00675 

ZIKV/Malaysia 8 hpi_3 TRIM25 3496 13577.51567 0.257485 1.06663073 0.093061 

ZIKV/Malaysia 10 hpi_3 TRIM25 2337 8780.599468 0.266155 1.0918957 0.126835 

ZIKV/Malaysia 24 hpi_3 TRIM25 2592 7775.628155 0.333349 1.425511234 0.511479 

ZIKV/Malaysia 48 hpi_3 TRIM25 1379 5457.964761 0.252658 1.306486672 0.385692 

ZIKV/Malaysia 4 hpi_1 CCL2 2871 18941.07792 0.151575 1.33376014 0.415499 

ZIKV/Malaysia 8 hpi_1 CCL2 1951 16004.07538 0.121906 0.855356635 -0.2254 

ZIKV/Malaysia 10 hpi_1 CCL2 2503 20365.09781 0.122906 1.051850433 0.07293 

ZIKV/Malaysia 24 hpi_1 CCL2 1119 16824.24388 0.066511 1.237328915 0.307229 

ZIKV/Malaysia 48 hpi_1 CCL2 1041 9016.561426 0.115454 3.967039701 1.988063 

ZIKV/Malaysia 4 hpi_2 CCL2 2551 13310.81661 0.191649 1.686378246 0.753928 

ZIKV/Malaysia 8 hpi_2 CCL2 2347 15300.45305 0.153394 1.076290103 0.106067 

ZIKV/Malaysia 10 hpi_2 CCL2 1634 11873.49207 0.137617 1.177750308 0.236034 

ZIKV/Malaysia 24 hpi_2 CCL2 585 7114.262677 0.082229 1.529736398 0.613283 

ZIKV/Malaysia 48 hpi_2 CCL2 1192 7202.033077 0.165509 5.686930316 2.50765 

ZIKV/Malaysia 4 hpi_3 CCL2 1394 8019.493292 0.173826 1.529554929 0.613112 

ZIKV/Malaysia 8 hpi_3 CCL2 2109 13577.51567 0.15533 1.089875311 0.124163 

ZIKV/Malaysia 10 hpi_3 CCL2 1241 8780.599468 0.141334 1.209559551 0.274482 

ZIKV/Malaysia 24 hpi_3 CCL2 712 7775.628155 0.091568 1.703472554 0.768479 

ZIKV/Malaysia 48 hpi_3 CCL2 1151 5457.964761 0.210884 7.246050547 2.857195 

ZIKV/Malaysia 4 hpi_1 CCL4 12 18941.07792 0.000634 0.886805953 -0.17331 

ZIKV/Malaysia 8 hpi_1 CCL4 10 16004.07538 0.000625 1.058712564 0.082311 

ZIKV/Malaysia 10 hpi_1 CCL4 27 20365.09781 0.001326 1.76703474 0.82133 

ZIKV/Malaysia 24 hpi_1 CCL4 35 16824.24388 0.00208 2.070657495 1.050089 

ZIKV/Malaysia 48 hpi_1 CCL4 29 9016.561426 0.003216 3.346407768 1.742613 
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ZIKV/Malaysia 4 hpi_2 CCL4 7 13310.81661 0.000526 0.73611452 -0.442 

ZIKV/Malaysia 8 hpi_2 CCL4 11 15300.45305 0.000719 1.218139567 0.284679 

ZIKV/Malaysia 10 hpi_2 CCL4 5 11873.49207 0.000421 0.561253887 -0.83327 

ZIKV/Malaysia 24 hpi_2 CCL4 14 7114.262677 0.001968 1.95872704 0.969916 

ZIKV/Malaysia 48 hpi_2 CCL4 38 7202.033077 0.005276 5.489721243 2.456733 

ZIKV/Malaysia 4 hpi_3 CCL4 3 8019.493292 0.000374 0.523632231 -0.93337 

ZIKV/Malaysia 8 hpi_3 CCL4 8 13577.51567 0.000589 0.998339672 -0.0024 

ZIKV/Malaysia 10 hpi_3 CCL4 9 8780.599468 0.001025 1.366111561 0.450075 

ZIKV/Malaysia 24 hpi_3 CCL4 11 7775.628155 0.001415 1.408098322 0.493748 

ZIKV/Malaysia 48 hpi_3 CCL4 41 5457.964761 0.007512 7.815826981 2.966399 

ZIKV/Malaysia 4 hpi_1 OAS1 2723 18941.07792 0.143762 1.0463606 0.06538 

ZIKV/Malaysia 8 hpi_1 OAS1 3554 16004.07538 0.222068 1.214701287 0.280602 

ZIKV/Malaysia 10 hpi_1 OAS1 4818 20365.09781 0.236581 1.322260677 0.403007 

ZIKV/Malaysia 24 hpi_1 OAS1 10982 16824.24388 0.652749 4.097465938 2.034732 

ZIKV/Malaysia 48 hpi_1 OAS1 6305 9016.561426 0.699269 3.662120395 1.872679 

ZIKV/Malaysia 4 hpi_2 OAS1 1892 13310.81661 0.14214 1.034558039 0.049015 

ZIKV/Malaysia 8 hpi_2 OAS1 2977 15300.45305 0.194569 1.064283185 0.089882 

ZIKV/Malaysia 10 hpi_2 OAS1 2384 11873.49207 0.200783 1.12218529 0.166311 

ZIKV/Malaysia 24 hpi_2 OAS1 2942 7114.262677 0.413535 2.595865818 1.376216 

ZIKV/Malaysia 48 hpi_2 OAS1 3087 7202.033077 0.428629 2.244760391 1.166561 

ZIKV/Malaysia 4 hpi_3 OAS1 1187 8019.493292 0.148014 1.077313787 0.107439 

ZIKV/Malaysia 8 hpi_3 OAS1 2606 13577.51567 0.191935 1.049872972 0.070215 

ZIKV/Malaysia 10 hpi_3 OAS1 1965 8780.599468 0.223789 1.25076343 0.322809 

ZIKV/Malaysia 24 hpi_3 OAS1 4181 7775.628155 0.537706 3.375313774 1.755022 

ZIKV/Malaysia 48 hpi_3 OAS1 3156 5457.964761 0.578238 3.028271017 1.598494 
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ZIKV/Malaysia 4 hpi_1 ISG20 557 18941.07792 0.029407 1.117427523 0.160181 

ZIKV/Malaysia 8 hpi_1 ISG20 382 16004.07538 0.023869 1.000238036 0.000343 

ZIKV/Malaysia 10 hpi_1 ISG20 471 20365.09781 0.023128 0.961378407 -0.05682 

ZIKV/Malaysia 24 hpi_1 ISG20 2742 16824.24388 0.162979 4.254669165 2.089047 

ZIKV/Malaysia 48 hpi_1 ISG20 2239 9016.561426 0.248321 4.870088065 2.283948 

ZIKV/Malaysia 4 hpi_2 ISG20 331 13310.81661 0.024867 0.944913717 -0.08175 

ZIKV/Malaysia 8 hpi_2 ISG20 402 15300.45305 0.026274 1.101012763 0.138831 

ZIKV/Malaysia 10 hpi_2 ISG20 273 11873.49207 0.022992 0.955749627 -0.0653 

ZIKV/Malaysia 24 hpi_2 ISG20 878 7114.262677 0.123414 3.221799576 1.687867 

ZIKV/Malaysia 48 hpi_2 ISG20 1547 7202.033077 0.2148 4.21268386 2.07474 

ZIKV/Malaysia 4 hpi_3 ISG20 270 8019.493292 0.033668 1.279339165 0.355399 

ZIKV/Malaysia 8 hpi_3 ISG20 337 13577.51567 0.02482 1.040112173 0.056739 

ZIKV/Malaysia 10 hpi_3 ISG20 244 8780.599468 0.027789 1.155116043 0.208038 

ZIKV/Malaysia 24 hpi_3 ISG20 1235 7775.628155 0.15883 4.146344421 2.05184 

ZIKV/Malaysia 48 hpi_3 ISG20 1430 5457.964761 0.262002 5.138412634 2.361323 

ZIKV/Malaysia 4 hpi_1 IRF7 57 18941.07792 0.003009 1.114414453 0.156286 

ZIKV/Malaysia 8 hpi_1 IRF7 75 16004.07538 0.004686 1.904651595 0.929527 

ZIKV/Malaysia 10 hpi_1 IRF7 126 20365.09781 0.006187 2.280834573 1.189562 

ZIKV/Malaysia 24 hpi_1 IRF7 497 16824.24388 0.029541 10.41701912 3.380871 

ZIKV/Malaysia 48 hpi_1 IRF7 174 9016.561426 0.019298 4.564380994 2.190419 

ZIKV/Malaysia 4 hpi_2 IRF7 34 13310.81661 0.002554 0.945912115 -0.08022 

ZIKV/Malaysia 8 hpi_2 IRF7 42 15300.45305 0.002745 1.11565488 0.157891 

ZIKV/Malaysia 10 hpi_2 IRF7 57 11873.49207 0.004801 1.769726409 0.823526 

ZIKV/Malaysia 24 hpi_2 IRF7 124 7114.262677 0.01743 6.146309374 2.61972 

ZIKV/Malaysia 48 hpi_2 IRF7 94 7202.033077 0.013052 3.087068936 1.626238 
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ZIKV/Malaysia 4 hpi_3 IRF7 23 8019.493292 0.002868 1.062080606 0.086893 

ZIKV/Malaysia 8 hpi_3 IRF7 52 13577.51567 0.00383 1.556567292 0.638368 

ZIKV/Malaysia 10 hpi_3 IRF7 47 8780.599468 0.005353 1.973256007 0.980578 

ZIKV/Malaysia 24 hpi_3 IRF7 173 7775.628155 0.022249 7.845727994 2.971907 

ZIKV/Malaysia 48 hpi_3 IRF7 112 5457.964761 0.02052 4.853565345 2.279045 

ZIKV/Malaysia 4 hpi_1 ISG15 294 18941.07792 0.015522 1.028055454 0.039918 

ZIKV/Malaysia 8 hpi_1 ISG15 568 16004.07538 0.035491 2.757796211 1.463516 

ZIKV/Malaysia 10 hpi_1 ISG15 1071 20365.09781 0.05259 3.290140909 1.718149 

ZIKV/Malaysia 24 hpi_1 ISG15 9482 16824.24388 0.563591 35.78796 5.161402 

ZIKV/Malaysia 48 hpi_1 ISG15 6597 9016.561426 0.731654 58.03060075 5.858742 

ZIKV/Malaysia 4 hpi_2 ISG15 119 13310.81661 0.00894 0.59212877 -0.75602 

ZIKV/Malaysia 8 hpi_2 ISG15 216 15300.45305 0.014117 1.09696781 0.133521 

ZIKV/Malaysia 10 hpi_2 ISG15 232 11873.49207 0.019539 1.222421687 0.289742 

ZIKV/Malaysia 24 hpi_2 ISG15 2121 7114.262677 0.298133 18.93142563 4.242711 

ZIKV/Malaysia 48 hpi_2 ISG15 2697 7202.033077 0.374478 29.70143025 4.89246 

ZIKV/Malaysia 4 hpi_3 ISG15 141 8019.493292 0.017582 1.164517678 0.219733 

ZIKV/Malaysia 8 hpi_3 ISG15 320 13577.51567 0.023568 1.831361537 0.872917 

ZIKV/Malaysia 10 hpi_3 ISG15 327 8780.599468 0.037241 2.329888369 1.220261 

ZIKV/Malaysia 24 hpi_3 ISG15 3416 7775.628155 0.439321 27.89683449 4.80203 

ZIKV/Malaysia 48 hpi_3 ISG15 3172 5457.964761 0.581169 46.095017 5.526539 

ZIKV/Malaysia 4 hpi_1 IL6 616 18941.07792 0.032522 2.064938184 1.046099 

ZIKV/Malaysia 8 hpi_1 IL6 125 16004.07538 0.007811 1.535727538 0.618922 

ZIKV/Malaysia 10 hpi_1 IL6 102 20365.09781 0.005009 1.400805978 0.486257 

ZIKV/Malaysia 24 hpi_1 IL6 554 16824.24388 0.032929 9.988799092 3.320311 

ZIKV/Malaysia 48 hpi_1 IL6 3448 9016.561426 0.382407 69.10878697 6.110797 
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ZIKV/Malaysia 4 hpi_2 IL6 90 13310.81661 0.006761 0.429307863 -1.21992 

ZIKV/Malaysia 8 hpi_2 IL6 40 15300.45305 0.002614 0.514032346 -0.96007 

ZIKV/Malaysia 10 hpi_2 IL6 45 11873.49207 0.00379 1.059981687 0.084039 

ZIKV/Malaysia 24 hpi_2 IL6 108 7114.262677 0.015181 4.605034918 2.203212 

ZIKV/Malaysia 48 hpi_2 IL6 793 7202.033077 0.110108 19.89871511 4.314603 

ZIKV/Malaysia 4 hpi_3 IL6 74 8019.493292 0.009228 0.585889648 -0.7713 

ZIKV/Malaysia 8 hpi_3 IL6 62 13577.51567 0.004566 0.897854832 -0.15545 

ZIKV/Malaysia 10 hpi_3 IL6 25 8780.599468 0.002847 0.796306309 -0.3286 

ZIKV/Malaysia 24 hpi_3 IL6 156 7775.628155 0.020063 6.085947242 2.605482 

ZIKV/Malaysia 48 hpi_3 IL6 805 5457.964761 0.147491 26.65459645 4.736312 

ZIKV/Malaysia 4 hpi_1 IFNL2 16 18941.07792 0.000845 1.265570353 0.339788 

ZIKV/Malaysia 8 hpi_1 IFNL2 53 16004.07538 0.003312 4.195656713 2.068897 

ZIKV/Malaysia 10 hpi_1 IFNL2 76 20365.09781 0.003732 5.58033097 2.480351 

ZIKV/Malaysia 24 hpi_1 IFNL2 4023 16824.24388 0.239119 226.7903513 7.825215 

ZIKV/Malaysia 48 hpi_1 IFNL2 12737 9016.561426 1.412623 1063.834367 10.05506 

ZIKV/Malaysia 4 hpi_2 IFNL2 14 13310.81661 0.001052 1.575775473 0.656062 

ZIKV/Malaysia 8 hpi_2 IFNL2 33 15300.45305 0.002157 2.732526077 1.450235 

ZIKV/Malaysia 10 hpi_2 IFNL2 34 11873.49207 0.002864 4.281868409 2.09824 

ZIKV/Malaysia 24 hpi_2 IFNL2 1260 7114.262677 0.177109 167.9773575 7.392123 

ZIKV/Malaysia 48 hpi_2 IFNL2 6436 7202.033077 0.893637 672.9901946 9.394442 

ZIKV/Malaysia 4 hpi_3 IFNL2 8 8019.493292 0.000998 1.494562424 0.579723 

ZIKV/Malaysia 8 hpi_3 IFNL2 44 13577.51567 0.003241 4.105698269 2.037628 

ZIKV/Malaysia 10 hpi_3 IFNL2 34 8780.599468 0.003872 5.790120683 2.533593 

ZIKV/Malaysia 24 hpi_3 IFNL2 1444 7775.628155 0.185708 176.1334354 7.460525 

ZIKV/Malaysia 48 hpi_3 IFNL2 5394 5457.964761 0.98828 744.2657393 9.539674 



 

185 
 

ZIKV/Malaysia 4 hpi_1 IFNA2 5 18941.07792 0.000264 0.479270524 -1.06109 

ZIKV/Malaysia 8 hpi_1 IFNA2 6 16004.07538 0.000375 0.543538695 -0.87955 

ZIKV/Malaysia 10 hpi_1 IFNA2 15 20365.09781 0.000737 1.067983713 0.09489 

ZIKV/Malaysia 24 hpi_1 IFNA2 22 16824.24388 0.001308 2.054257875 1.038617 

ZIKV/Malaysia 48 hpi_1 IFNA2 35 9016.561426 0.003882 4.095554674 2.034059 

ZIKV/Malaysia 4 hpi_2 IFNA2 12 13310.81661 0.000902 1.63678619 0.710866 

ZIKV/Malaysia 8 hpi_2 IFNA2 8 15300.45305 0.000523 0.758045897 -0.39964 

ZIKV/Malaysia 10 hpi_2 IFNA2 11 11873.49207 0.000926 1.343303325 0.425785 

ZIKV/Malaysia 24 hpi_2 IFNA2 7 7114.262677 0.000984 1.545738338 0.628296 

ZIKV/Malaysia 48 hpi_2 IFNA2 20 7202.033077 0.002777 2.929952053 1.550877 

ZIKV/Malaysia 4 hpi_3 IFNA2 4 8019.493292 0.000499 0.905583433 -0.14308 

ZIKV/Malaysia 8 hpi_3 IFNA2 5 13577.51567 0.000368 0.533899478 -0.90536 

ZIKV/Malaysia 10 hpi_3 IFNA2 2 8780.599468 0.000228 0.330267394 -1.59829 

ZIKV/Malaysia 24 hpi_3 IFNA2 9 7775.628155 0.001157 1.818339029 0.862621 

ZIKV/Malaysia 48 hpi_3 IFNA2 12 5457.964761 0.002199 2.319723104 1.213953 

ZIKV/Malaysia 4 hpi_1 POS_C 3170 18941.07792 0.167361 0.908085995 -0.1391 

ZIKV/Malaysia 8 hpi_1 POS_C 3282 16004.07538 0.205073 0.855943033 -0.22441 

ZIKV/Malaysia 10 hpi_1 POS_C 3447 20365.09781 0.16926 0.741505111 -0.43147 

ZIKV/Malaysia 24 hpi_1 POS_C 3668 16824.24388 0.218019 0.822452852 -0.282 

ZIKV/Malaysia 48 hpi_1 POS_C 3763 9016.561426 0.417343 1.501721768 0.586618 

ZIKV/Malaysia 4 hpi_2 POS_C 2789 13310.81661 0.209529 1.136884173 0.185085 

ZIKV/Malaysia 8 hpi_2 POS_C 3660 15300.45305 0.239209 0.99842091 -0.00228 

ZIKV/Malaysia 10 hpi_2 POS_C 2816 11873.49207 0.237167 1.03899522 0.055189 

ZIKV/Malaysia 24 hpi_2 POS_C 2411 7114.262677 0.338897 1.278452372 0.354398 

ZIKV/Malaysia 48 hpi_2 POS_C 3011 7202.033077 0.418076 1.504360243 0.58915 



 

186 
 

ZIKV/Malaysia 4 hpi_3 POS_C 1984 8019.493292 0.247397 1.34235426 0.424765 

ZIKV/Malaysia 8 hpi_3 POS_C 2456 13577.51567 0.180887 0.754996473 -0.40546 

ZIKV/Malaysia 10 hpi_3 POS_C 2335 8780.599468 0.265927 1.164989694 0.220317 

ZIKV/Malaysia 24 hpi_3 POS_C 2522 7775.628155 0.324347 1.223564415 0.29109 

ZIKV/Malaysia 48 hpi_3 POS_C 2161 5457.964761 0.395935 1.424689564 0.510648 

ZIKV/Malaysia 4 hpi_1 POS_A 40240 18941.07792 2.124483 0.959679746 -0.05938 

ZIKV/Malaysia 8 hpi_1 POS_A 38959 16004.07538 2.434317 0.84406657 -0.24457 

ZIKV/Malaysia 10 hpi_1 POS_A 45328 20365.09781 2.225769 0.801741201 -0.31879 

ZIKV/Malaysia 24 hpi_1 POS_A 47102 16824.24388 2.79965 0.913066651 -0.13121 

ZIKV/Malaysia 48 hpi_1 POS_A 44516 9016.561426 4.937137 1.533460885 0.616791 

ZIKV/Malaysia 4 hpi_2 POS_A 34902 13310.81661 2.622078 1.184455263 0.244224 

ZIKV/Malaysia 8 hpi_2 POS_A 44070 15300.45305 2.880307 0.998707352 -0.00187 

ZIKV/Malaysia 10 hpi_2 POS_A 34895 11873.49207 2.9389 1.058617043 0.082181 

ZIKV/Malaysia 24 hpi_2 POS_A 28200 7114.262677 3.963868 1.292759981 0.370454 

ZIKV/Malaysia 48 hpi_2 POS_A 36339 7202.033077 5.045659 1.567167349 0.648159 

ZIKV/Malaysia 4 hpi_3 POS_A 24561 8019.493292 3.062662 1.383477704 0.468299 

ZIKV/Malaysia 8 hpi_3 POS_A 28896 13577.51567 2.128224 0.737932951 -0.43844 

ZIKV/Malaysia 10 hpi_3 POS_A 28412 8780.599468 3.23577 1.16555235 0.221014 

ZIKV/Malaysia 24 hpi_3 POS_A 29581 7775.628155 3.804323 1.240726492 0.311185 

ZIKV/Malaysia 48 hpi_3 POS_A 25219 5457.964761 4.620587 1.435141255 0.521193 

ZIKV/Malaysia 4 hpi_1 POS_F 72 18941.07792 0.003801 1.020989763 0.029968 

ZIKV/Malaysia 8 hpi_1 POS_F 75 16004.07538 0.004686 0.904847041 -0.14425 

ZIKV/Malaysia 10 hpi_1 POS_F 69 20365.09781 0.003388 0.693710139 -0.5276 

ZIKV/Malaysia 24 hpi_1 POS_F 79 16824.24388 0.004696 0.90274584 -0.14761 

ZIKV/Malaysia 48 hpi_1 POS_F 70 9016.561426 0.007763 1.298185339 0.376496 



 

187 
 

ZIKV/Malaysia 4 hpi_2 POS_F 50 13310.81661 0.003756 1.008925007 0.012819 

ZIKV/Malaysia 8 hpi_2 POS_F 67 15300.45305 0.004379 0.845502717 -0.24212 

ZIKV/Malaysia 10 hpi_2 POS_F 65 11873.49207 0.005474 1.120857344 0.164603 

ZIKV/Malaysia 24 hpi_2 POS_F 30 7114.262677 0.004217 0.810709604 -0.30274 

ZIKV/Malaysia 48 hpi_2 POS_F 52 7202.033077 0.00722 1.20733513 0.271826 

ZIKV/Malaysia 4 hpi_3 POS_F 34 8019.493292 0.00424 1.138742607 0.187442 

ZIKV/Malaysia 8 hpi_3 POS_F 49 13577.51567 0.003609 0.696819447 -0.52114 

ZIKV/Malaysia 10 hpi_3 POS_F 47 8780.599468 0.005353 1.095945966 0.132177 

ZIKV/Malaysia 24 hpi_3 POS_F 65 7775.628155 0.008359 1.607133052 0.684489 

ZIKV/Malaysia 48 hpi_3 POS_F 42 5457.964761 0.007695 1.286761827 0.363745 

ZIKV/Malaysia 4 hpi_1 POS_D 806 18941.07792 0.042553 0.939162995 -0.09055 

ZIKV/Malaysia 8 hpi_1 POS_D 820 16004.07538 0.051237 0.868161559 -0.20396 

ZIKV/Malaysia 10 hpi_1 POS_D 834 20365.09781 0.040952 0.702010116 -0.51044 

ZIKV/Malaysia 24 hpi_1 POS_D 966 16824.24388 0.057417 0.871727786 -0.19805 

ZIKV/Malaysia 48 hpi_1 POS_D 946 9016.561426 0.104918 1.492848657 0.578068 

ZIKV/Malaysia 4 hpi_2 POS_D 678 13310.81661 0.050936 1.12417938 0.168872 

ZIKV/Malaysia 8 hpi_2 POS_D 885 15300.45305 0.057841 0.980068133 -0.02905 

ZIKV/Malaysia 10 hpi_2 POS_D 704 11873.49207 0.059292 1.016384452 0.023446 

ZIKV/Malaysia 24 hpi_2 POS_D 581 7114.262677 0.081667 1.239896842 0.31022 

ZIKV/Malaysia 48 hpi_2 POS_D 691 7202.033077 0.095945 1.365175629 0.449087 

ZIKV/Malaysia 4 hpi_3 POS_D 531 8019.493292 0.066214 1.461363358 0.547315 

ZIKV/Malaysia 8 hpi_3 POS_D 561 13577.51567 0.041318 0.700099611 -0.51437 

ZIKV/Malaysia 10 hpi_3 POS_D 553 8780.599468 0.06298 1.079604745 0.110503 

ZIKV/Malaysia 24 hpi_3 POS_D 632 7775.628155 0.08128 1.234016347 0.303362 

ZIKV/Malaysia 48 hpi_3 POS_D 527 5457.964761 0.096556 1.37386949 0.458245 



 

188 
 

ZIKV/Malaysia 4 hpi_1 POS_B 11583 18941.07792 0.611528 0.925598075 -0.11154 

ZIKV/Malaysia 8 hpi_1 POS_B 11705 16004.07538 0.731376 0.85152906 -0.23187 

ZIKV/Malaysia 10 hpi_1 POS_B 12937 20365.09781 0.635254 0.760456448 -0.39506 

ZIKV/Malaysia 24 hpi_1 POS_B 13337 16824.24388 0.792725 0.83139449 -0.26639 

ZIKV/Malaysia 48 hpi_1 POS_B 13877 9016.561426 1.539057 1.561784296 0.643195 

ZIKV/Malaysia 4 hpi_2 POS_B 10037 13310.81661 0.754048 1.141314412 0.190696 

ZIKV/Malaysia 8 hpi_2 POS_B 12849 15300.45305 0.839779 0.977740675 -0.03248 

ZIKV/Malaysia 10 hpi_2 POS_B 10272 11873.49207 0.86512 1.03562807 0.050506 

ZIKV/Malaysia 24 hpi_2 POS_B 8562 7114.262677 1.203498 1.262204933 0.335946 

ZIKV/Malaysia 48 hpi_2 POS_B 10963 7202.033077 1.522209 1.544687782 0.627315 

ZIKV/Malaysia 4 hpi_3 POS_B 7432 8019.493292 0.926742 1.40270017 0.488207 

ZIKV/Malaysia 8 hpi_3 POS_B 8995 13577.51567 0.662492 0.771328714 -0.37458 

ZIKV/Malaysia 10 hpi_3 POS_B 8476 8780.599468 0.96531 1.155564123 0.208597 

ZIKV/Malaysia 24 hpi_3 POS_B 9072 7775.628155 1.166722 1.223635601 0.291174 

ZIKV/Malaysia 48 hpi_3 POS_B 7761 5457.964761 1.421959 1.44295692 0.529028 

ZIKV/Malaysia 4 hpi_1 POS_E 104 18941.07792 0.005491 0.876069598 -0.19088 

ZIKV/Malaysia 8 hpi_1 POS_E 122 16004.07538 0.007623 0.897164273 -0.15656 

ZIKV/Malaysia 10 hpi_1 POS_E 143 20365.09781 0.007022 0.750271139 -0.41452 

ZIKV/Malaysia 24 hpi_1 POS_E 152 16824.24388 0.009035 0.943746291 -0.08353 

ZIKV/Malaysia 48 hpi_1 POS_E 142 9016.561426 0.015749 1.6985549 0.764308 

ZIKV/Malaysia 4 hpi_2 POS_E 98 13310.81661 0.007362 1.174711814 0.232307 

ZIKV/Malaysia 8 hpi_2 POS_E 132 15300.45305 0.008627 1.015342042 0.021966 

ZIKV/Malaysia 10 hpi_2 POS_E 120 11873.49207 0.010107 1.079870018 0.110858 

ZIKV/Malaysia 24 hpi_2 POS_E 93 7114.262677 0.013072 1.365526954 0.449458 

ZIKV/Malaysia 48 hpi_2 POS_E 103 7202.033077 0.014302 1.542461394 0.625234 



 

189 
 

ZIKV/Malaysia 4 hpi_3 POS_E 69 8019.493292 0.008604 1.372815338 0.457138 

ZIKV/Malaysia 8 hpi_3 POS_E 84 13577.51567 0.006187 0.72811789 -0.45776 

ZIKV/Malaysia 10 hpi_3 POS_E 84 8780.599468 0.009567 1.022171629 0.031637 

ZIKV/Malaysia 24 hpi_3 POS_E 103 7775.628155 0.013247 1.383722383 0.468555 

ZIKV/Malaysia 48 hpi_3 POS_E 71 5457.964761 0.013009 1.403006914 0.488522 

ZIKV/Malaysia 4 hpi_1 NEG_C 10 18941.07792 0.000528 1.176875124 0.234961 

ZIKV/Malaysia 8 hpi_1 NEG_C 7 16004.07538 0.000437 0.730762808 -0.45252 

ZIKV/Malaysia 10 hpi_1 NEG_C 10 20365.09781 0.000491 0.57630357 -0.7951 

ZIKV/Malaysia 24 hpi_1 NEG_C 8 16824.24388 0.000476 0.977326908 -0.03309 

ZIKV/Malaysia 48 hpi_1 NEG_C 8 9016.561426 0.000887 2.072948276 1.051684 

ZIKV/Malaysia 4 hpi_2 NEG_C 3 13310.81661 0.000225 0.502402311 -0.99308 

ZIKV/Malaysia 8 hpi_2 NEG_C 3 15300.45305 0.000196 0.327586464 -1.61005 

ZIKV/Malaysia 10 hpi_2 NEG_C 3 11873.49207 0.000253 0.296538167 -1.75371 

ZIKV/Malaysia 24 hpi_2 NEG_C 8 7114.262677 0.001125 2.311242501 1.208669 

ZIKV/Malaysia 48 hpi_2 NEG_C 6 7202.033077 0.000833 1.94641554 0.96082 

ZIKV/Malaysia 4 hpi_3 NEG_C 2 8019.493292 0.000249 0.555927479 -0.84703 

ZIKV/Malaysia 8 hpi_3 NEG_C 7 13577.51567 0.000516 0.861363989 -0.21531 

ZIKV/Malaysia 10 hpi_3 NEG_C 9 8780.599468 0.001025 1.202973755 0.266605 

ZIKV/Malaysia 24 hpi_3 NEG_C 4 7775.628155 0.000514 1.057328484 0.080424 

ZIKV/Malaysia 48 hpi_3 NEG_C 5 5457.964761 0.000916 2.14031996 1.097826 

ZIKV/Malaysia 4 hpi_1 NEG_D 11 18941.07792 0.000581 1.56611607 0.647191 

ZIKV/Malaysia 8 hpi_1 NEG_D 11 16004.07538 0.000687 1.239545893 0.309812 

ZIKV/Malaysia 10 hpi_1 NEG_D 5 20365.09781 0.000246 0.724075817 -0.46579 

ZIKV/Malaysia 24 hpi_1 NEG_D 9 16824.24388 0.000535 1.134505194 0.182063 

ZIKV/Malaysia 48 hpi_1 NEG_D 4 9016.561426 0.000444 0.653263653 -0.61426 



 

190 
 

ZIKV/Malaysia 4 hpi_2 NEG_D 6 13310.81661 0.000451 1.215577078 0.281641 

ZIKV/Malaysia 8 hpi_2 NEG_D 8 15300.45305 0.000523 0.942944671 -0.08475 

ZIKV/Malaysia 10 hpi_2 NEG_D 5 11873.49207 0.000421 1.241915584 0.312567 

ZIKV/Malaysia 24 hpi_2 NEG_D 7 7114.262677 0.000984 2.086736814 1.061249 

ZIKV/Malaysia 48 hpi_2 NEG_D 4 7202.033077 0.000555 0.817851264 -0.29009 

ZIKV/Malaysia 4 hpi_3 NEG_D 0.022322957 8019.493292 2.78E-06 0.007506556 -7.05763 

ZIKV/Malaysia 8 hpi_3 NEG_D 3 13577.51567 0.000221 0.398475346 -1.32744 

ZIKV/Malaysia 10 hpi_3 NEG_D 2 8780.599468 0.000228 0.671747977 -0.57401 

ZIKV/Malaysia 24 hpi_3 NEG_D 7 7775.628155 0.0009 1.909246885 0.933004 

ZIKV/Malaysia 48 hpi_3 NEG_D 5 5457.964761 0.000916 1.348989989 0.43188 

ZIKV/Malaysia 4 hpi_1 NEG_E 15 18941.07792 0.000792 0.622879119 -0.68298 

ZIKV/Malaysia 8 hpi_1 NEG_E 15 16004.07538 0.000937 0.847353682 -0.23896 

ZIKV/Malaysia 10 hpi_1 NEG_E 14 20365.09781 0.000687 0.551631937 -0.85822 

ZIKV/Malaysia 24 hpi_1 NEG_E 10 16824.24388 0.000594 0.441040041 -1.18102 

ZIKV/Malaysia 48 hpi_1 NEG_E 24 9016.561426 0.002662 2.201942011 1.138776 

ZIKV/Malaysia 4 hpi_2 NEG_E 8 13310.81661 0.000601 0.472718382 -1.08095 

ZIKV/Malaysia 8 hpi_2 NEG_E 15 15300.45305 0.00098 0.886320958 -0.1741 

ZIKV/Malaysia 10 hpi_2 NEG_E 18 11873.49207 0.001516 1.216471408 0.282702 

ZIKV/Malaysia 24 hpi_2 NEG_E 15 7114.262677 0.002108 1.56449773 0.6457 

ZIKV/Malaysia 48 hpi_2 NEG_E 15 7202.033077 0.002083 1.722946249 0.784878 

ZIKV/Malaysia 4 hpi_3 NEG_E 7 8019.493292 0.000873 0.686543904 -0.54258 

ZIKV/Malaysia 8 hpi_3 NEG_E 8 13577.51567 0.000589 0.532688995 -0.90863 

ZIKV/Malaysia 10 hpi_3 NEG_E 11 8780.599468 0.001253 1.005255331 0.007562 

ZIKV/Malaysia 24 hpi_3 NEG_E 12 7775.628155 0.001543 1.145141984 0.195526 

ZIKV/Malaysia 48 hpi_3 NEG_E 4 5457.964761 0.000733 0.606268279 -0.72197 



 

191 
 

ZIKV/Malaysia 4 hpi_1 NEG_A 11 18941.07792 0.000581 0.968732734 -0.04583 

ZIKV/Malaysia 8 hpi_1 NEG_A 11 16004.07538 0.000687 0.777572074 -0.36295 

ZIKV/Malaysia 10 hpi_1 NEG_A 17 20365.09781 0.000835 1.073195472 0.101913 

ZIKV/Malaysia 24 hpi_1 NEG_A 12 16824.24388 0.000713 0.862057824 -0.21414 

ZIKV/Malaysia 48 hpi_1 NEG_A 17 9016.561426 0.001885 1.820657967 0.86446 

ZIKV/Malaysia 4 hpi_2 NEG_A 8 13310.81661 0.000601 1.00253898 0.003658 

ZIKV/Malaysia 8 hpi_2 NEG_A 13 15300.45305 0.00085 0.961208538 -0.05708 

ZIKV/Malaysia 10 hpi_2 NEG_A 13 11873.49207 0.001095 1.407606606 0.493244 

ZIKV/Malaysia 24 hpi_2 NEG_A 9 7114.262677 0.001265 1.528985335 0.612575 

ZIKV/Malaysia 48 hpi_2 NEG_A 12 7202.033077 0.001666 1.608964732 0.686133 

ZIKV/Malaysia 4 hpi_3 NEG_A 5 8019.493292 0.000623 1.040013691 0.056603 

ZIKV/Malaysia 8 hpi_3 NEG_A 12 13577.51567 0.000884 0.999860683 -0.0002 

ZIKV/Malaysia 10 hpi_3 NEG_A 11 8780.599468 0.001253 1.610589742 0.687589 

ZIKV/Malaysia 24 hpi_3 NEG_A 6 7775.628155 0.000772 0.932623756 -0.10063 

ZIKV/Malaysia 48 hpi_3 NEG_A 7 5457.964761 0.001283 1.238476308 0.308566 

ZIKV/Malaysia 4 hpi_1 NEG_H 2 18941.07792 0.000106 0.353675074 -1.4995 

ZIKV/Malaysia 8 hpi_1 NEG_H 5 16004.07538 0.000312 3.038612655 1.603413 

ZIKV/Malaysia 10 hpi_1 NEG_H 7 20365.09781 0.000344 3.71029715 1.891535 

ZIKV/Malaysia 24 hpi_1 NEG_H 1 16824.24388 5.94E-05 0.220931927 -2.17833 

ZIKV/Malaysia 48 hpi_1 NEG_H 3 9016.561426 0.000333 1.809946995 0.855947 

ZIKV/Malaysia 4 hpi_2 NEG_H 5 13310.81661 0.000376 1.258184854 0.331344 

ZIKV/Malaysia 8 hpi_2 NEG_H 2 15300.45305 0.000131 1.271339766 0.34635 

ZIKV/Malaysia 10 hpi_2 NEG_H 4 11873.49207 0.000337 3.636458854 1.862534 

ZIKV/Malaysia 24 hpi_2 NEG_H 3 7114.262677 0.000422 1.567420035 0.648392 

ZIKV/Malaysia 48 hpi_2 NEG_H 1 7202.033077 0.000139 0.755319046 -0.40484 



 

192 
 

ZIKV/Malaysia 4 hpi_3 NEG_H 0.011300722 8019.493292 1.41E-06 0.004719961 -7.72701 

ZIKV/Malaysia 8 hpi_3 NEG_H 4 13577.51567 0.000295 2.86533632 1.518704 

ZIKV/Malaysia 10 hpi_3 NEG_H 3 8780.599468 0.000342 3.688028264 1.88285 

ZIKV/Malaysia 24 hpi_3 NEG_H 2 7775.628155 0.000257 0.956067483 -0.06482 

ZIKV/Malaysia 48 hpi_3 NEG_H 2 5457.964761 0.000366 1.993355762 0.995199 

ZIKV/Malaysia 4 hpi_1 NEG_G 11 18941.07792 0.000581 1.083677829 0.115936 

ZIKV/Malaysia 8 hpi_1 NEG_G 15 16004.07538 0.000937 3.151790555 1.656172 

ZIKV/Malaysia 10 hpi_1 NEG_G 9 20365.09781 0.000442 1.467770182 0.553626 

ZIKV/Malaysia 24 hpi_1 NEG_G 10 16824.24388 0.000594 1.264714325 0.338812 

ZIKV/Malaysia 48 hpi_1 NEG_G 7 9016.561426 0.000776 1.375337163 0.459785 

ZIKV/Malaysia 4 hpi_2 NEG_G 9 13310.81661 0.000676 1.261682279 0.335349 

ZIKV/Malaysia 8 hpi_2 NEG_G 8 15300.45305 0.000523 1.758257082 0.814146 

ZIKV/Malaysia 10 hpi_2 NEG_G 7 11873.49207 0.00059 1.958040296 0.96941 

ZIKV/Malaysia 24 hpi_2 NEG_G 2 7114.262677 0.000281 0.598174771 -0.74136 

ZIKV/Malaysia 48 hpi_2 NEG_G 3 7202.033077 0.000417 0.7379352 -0.43843 

ZIKV/Malaysia 4 hpi_3 NEG_G 9 8019.493292 0.001122 2.094149944 1.066365 

ZIKV/Malaysia 8 hpi_3 NEG_G 3 13577.51567 0.000221 0.743015068 -0.42854 

ZIKV/Malaysia 10 hpi_3 NEG_G 4 8780.599468 0.000456 1.512996334 0.597408 

ZIKV/Malaysia 24 hpi_3 NEG_G 10 7775.628155 0.001286 2.736481455 1.452322 

ZIKV/Malaysia 48 hpi_3 NEG_G 5 5457.964761 0.000916 1.622898508 0.698573 

ZIKV/Malaysia 4 hpi_1 NEG_F 22 18941.07792 0.001161 1.067343296 0.094024 

ZIKV/Malaysia 8 hpi_1 NEG_F 26 16004.07538 0.001625 0.956396184 -0.06432 

ZIKV/Malaysia 10 hpi_1 NEG_F 27 20365.09781 0.001326 0.795399212 -0.33025 

ZIKV/Malaysia 24 hpi_1 NEG_F 25 16824.24388 0.001486 1.106136763 0.14553 

ZIKV/Malaysia 48 hpi_1 NEG_F 24 9016.561426 0.002662 1.433977551 0.520022 



 

193 
 

ZIKV/Malaysia 4 hpi_2 NEG_F 16 13310.81661 0.001202 1.104590793 0.143512 

ZIKV/Malaysia 8 hpi_2 NEG_F 24 15300.45305 0.001569 0.923425846 -0.11493 

ZIKV/Malaysia 10 hpi_2 NEG_F 19 11873.49207 0.0016 0.960026071 -0.05885 

ZIKV/Malaysia 24 hpi_2 NEG_F 17 7114.262677 0.00239 1.778784752 0.830892 

ZIKV/Malaysia 48 hpi_2 NEG_F 23 7202.033077 0.003194 1.720460797 0.782795 

ZIKV/Malaysia 4 hpi_3 NEG_F 14 8019.493292 0.001746 1.604232253 0.681883 

ZIKV/Malaysia 8 hpi_3 NEG_F 19 13577.51567 0.001399 0.823812473 -0.27961 

ZIKV/Malaysia 10 hpi_3 NEG_F 15 8780.599468 0.001708 1.02488464 0.035462 

ZIKV/Malaysia 24 hpi_3 NEG_F 15 7775.628155 0.001929 1.436018875 0.522075 

ZIKV/Malaysia 48 hpi_3 NEG_F 12 5457.964761 0.002199 1.184465936 0.244237 

ZIKV/Malaysia 4 hpi_1 NEG_B 9 18941.07792 0.000475 0.890860371 -0.16673 

ZIKV/Malaysia 8 hpi_1 NEG_B 9 16004.07538 0.000562 0.565504395 -0.82239 

ZIKV/Malaysia 10 hpi_1 NEG_B 8 20365.09781 0.000393 0.514015015 -0.96012 

ZIKV/Malaysia 24 hpi_1 NEG_B 10 16824.24388 0.000594 1.066879122 0.093397 

ZIKV/Malaysia 48 hpi_1 NEG_B 10 9016.561426 0.001109 1.06923606 0.09658 

ZIKV/Malaysia 4 hpi_2 NEG_B 9 13310.81661 0.000676 1.267679977 0.342191 

ZIKV/Malaysia 8 hpi_2 NEG_B 7 15300.45305 0.000458 0.460063536 -1.12009 

ZIKV/Malaysia 10 hpi_2 NEG_B 7 11873.49207 0.00059 0.771421773 -0.37441 

ZIKV/Malaysia 24 hpi_2 NEG_B 6 7114.262677 0.000843 1.513812635 0.598187 

ZIKV/Malaysia 48 hpi_2 NEG_B 11 7202.033077 0.001527 1.472489193 0.558257 

ZIKV/Malaysia 4 hpi_3 NEG_B 5 8019.493292 0.000623 1.168947206 0.22521 

ZIKV/Malaysia 8 hpi_3 NEG_B 12 13577.51567 0.000884 0.888761016 -0.17013 

ZIKV/Malaysia 10 hpi_3 NEG_B 7 8780.599468 0.000797 1.04314863 0.060945 

ZIKV/Malaysia 24 hpi_3 NEG_B 10 7775.628155 0.001286 2.308422443 1.206907 

ZIKV/Malaysia 48 hpi_3 NEG_B 7 5457.964761 0.001283 1.236465079 0.306221 
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ZIKV/Malaysia 4 hpi_1 ACTB 147570 18941.07792 7.791003 0.908229628 -0.13887 

ZIKV/Malaysia 8 hpi_1 ACTB 125621 16004.07538 7.849313 0.878491384 -0.1869 

ZIKV/Malaysia 10 hpi_1 ACTB 160076 20365.09781 7.860311 0.896036499 -0.15837 

ZIKV/Malaysia 24 hpi_1 ACTB 113206 16824.24388 6.728742 0.8468725 -0.23978 

ZIKV/Malaysia 48 hpi_1 ACTB 53793 9016.561426 5.966022 0.77923197 -0.35988 

ZIKV/Malaysia 4 hpi_2 ACTB 122149 13310.81661 9.176672 1.069762808 0.097291 

ZIKV/Malaysia 8 hpi_2 ACTB 134928 15300.45305 8.818562 0.986969292 -0.01892 

ZIKV/Malaysia 10 hpi_2 ACTB 107560 11873.49207 9.058835 1.032662257 0.046368 

ZIKV/Malaysia 24 hpi_2 ACTB 52156 7114.262677 7.331188 0.922695751 -0.11607 

ZIKV/Malaysia 48 hpi_2 ACTB 48483 7202.033077 6.731849 0.879257975 -0.18564 

ZIKV/Malaysia 4 hpi_3 ACTB 73990 8019.493292 9.226269 1.075544485 0.105067 

ZIKV/Malaysia 8 hpi_3 ACTB 118762 13577.51567 8.746961 0.978955697 -0.03068 

ZIKV/Malaysia 10 hpi_3 ACTB 82705 8780.599468 9.419061 1.073726264 0.102626 

ZIKV/Malaysia 24 hpi_3 ACTB 59179 7775.628155 7.610832 0.95789141 -0.06207 

ZIKV/Malaysia 48 hpi_3 ACTB 37359 5457.964761 6.844859 0.894018402 -0.16162 

ZIKV/Malaysia 4 hpi_1 GAPDH 249786 18941.07792 13.18753 1.087827439 0.12145 

ZIKV/Malaysia 8 hpi_1 GAPDH 213837 16004.07538 13.36141 1.093714219 0.129236 

ZIKV/Malaysia 10 hpi_1 GAPDH 265834 20365.09781 13.05341 1.024988255 0.035607 

ZIKV/Malaysia 24 hpi_1 GAPDH 260380 16824.24388 15.47648 1.090917126 0.125542 

ZIKV/Malaysia 48 hpi_1 GAPDH 183606 9016.561426 20.3632 1.373096201 0.457433 

ZIKV/Malaysia 4 hpi_2 GAPDH 154700 13310.81661 11.62213 0.95869888 -0.06085 

ZIKV/Malaysia 8 hpi_2 GAPDH 184476 15300.45305 12.0569 0.986931877 -0.01898 

ZIKV/Malaysia 10 hpi_2 GAPDH 142642 11873.49207 12.01348 0.94333037 -0.08416 

ZIKV/Malaysia 24 hpi_2 GAPDH 109698 7114.262677 15.41945 1.086897289 0.120216 

ZIKV/Malaysia 48 hpi_2 GAPDH 128299 7202.033077 17.81428 1.201221791 0.264503 
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ZIKV/Malaysia 4 hpi_3 GAPDH 92929 8019.493292 11.58789 0.955874645 -0.06511 

ZIKV/Malaysia 8 hpi_3 GAPDH 158970 13577.51567 11.70833 0.958399228 -0.0613 

ZIKV/Malaysia 10 hpi_3 GAPDH 101745 8780.599468 11.58748 0.909879274 -0.13625 

ZIKV/Malaysia 24 hpi_3 GAPDH 107193 7775.628155 13.78577 0.97174124 -0.04136 

ZIKV/Malaysia 48 hpi_3 GAPDH 83800 5457.964761 15.35371 1.035305052 0.050056 

ZIKV/Malaysia 4 hpi_1 HPRT1 14046 18941.07792 0.741563 0.996210307 -0.00548 

ZIKV/Malaysia 8 hpi_1 HPRT1 11494 16004.07538 0.718192 1.004983935 0.007172 

ZIKV/Malaysia 10 hpi_1 HPRT1 14315 20365.09781 0.702918 0.977509712 -0.03282 

ZIKV/Malaysia 24 hpi_1 HPRT1 11635 16824.24388 0.691562 0.884313708 -0.17737 

ZIKV/Malaysia 48 hpi_1 HPRT1 5735 9016.561426 0.636052 0.829644093 -0.26944 

ZIKV/Malaysia 4 hpi_2 HPRT1 9627 13310.81661 0.723246 0.971604078 -0.04156 

ZIKV/Malaysia 8 hpi_2 HPRT1 11064 15300.45305 0.723116 1.011873894 0.01703 

ZIKV/Malaysia 10 hpi_2 HPRT1 8603 11873.49207 0.724555 1.007598902 0.010921 

ZIKV/Malaysia 24 hpi_2 HPRT1 5041 7114.262677 0.708577 0.906071199 -0.1423 

ZIKV/Malaysia 48 hpi_2 HPRT1 3858 7202.033077 0.535682 0.698725287 -0.5172 

ZIKV/Malaysia 4 hpi_3 HPRT1 5803 8019.493292 0.723612 0.972094977 -0.04083 

ZIKV/Malaysia 8 hpi_3 HPRT1 10068 13577.51567 0.74152 1.037627346 0.053288 

ZIKV/Malaysia 10 hpi_3 HPRT1 6304 8780.599468 0.717946 0.998408493 -0.0023 

ZIKV/Malaysia 24 hpi_3 HPRT1 5541 7775.628155 0.712611 0.911230382 -0.13411 

ZIKV/Malaysia 48 hpi_3 HPRT1 3181 5457.964761 0.582818 0.760207746 -0.39553 

ZIKV/Malaysia 4 hpi_1 ABCF1 4193 18941.07792 0.221371 1.044779332 0.063198 

ZIKV/Malaysia 8 hpi_1 ABCF1 3324 16004.07538 0.207697 1.029283009 0.04164 

ZIKV/Malaysia 10 hpi_1 ABCF1 4143 20365.09781 0.203436 1.019857439 0.028367 

ZIKV/Malaysia 24 hpi_1 ABCF1 2998 16824.24388 0.178195 0.995648174 -0.00629 

ZIKV/Malaysia 48 hpi_1 ABCF1 1388 9016.561426 0.153939 1.00529752 0.007623 
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ZIKV/Malaysia 4 hpi_2 ABCF1 2882 13310.81661 0.216516 1.021865361 0.031205 

ZIKV/Malaysia 8 hpi_2 ABCF1 3107 15300.45305 0.203066 1.006332131 0.009107 

ZIKV/Malaysia 10 hpi_2 ABCF1 2328 11873.49207 0.196067 0.982914054 -0.02486 

ZIKV/Malaysia 24 hpi_2 ABCF1 1199 7114.262677 0.168535 0.941670825 -0.08671 

ZIKV/Malaysia 48 hpi_2 ABCF1 1177 7202.033077 0.163426 1.067253141 0.093902 

ZIKV/Malaysia 4 hpi_3 ABCF1 1630 8019.493292 0.203255 0.959279309 -0.05998 

ZIKV/Malaysia 8 hpi_3 ABCF1 2768 13577.51567 0.203866 1.010299528 0.014783 

ZIKV/Malaysia 10 hpi_3 ABCF1 1757 8780.599468 0.2001 1.003133259 0.004513 

ZIKV/Malaysia 24 hpi_3 ABCF1 1330 7775.628155 0.171047 0.955709682 -0.06536 

ZIKV/Malaysia 48 hpi_3 ABCF1 904 5457.964761 0.16563 1.081642626 0.113224 

ZIKV/Malaysia 4 hpi_1 SDHA 1123 18941.07792 0.059289 0.966981333 -0.04844 

ZIKV/Malaysia 8 hpi_1 SDHA 1023 16004.07538 0.063921 1.00140776 0.00203 

ZIKV/Malaysia 10 hpi_1 SDHA 1388 20365.09781 0.068156 1.086164488 0.119243 

ZIKV/Malaysia 24 hpi_1 SDHA 1311 16824.24388 0.077923 1.216561319 0.282809 

ZIKV/Malaysia 48 hpi_1 SDHA 758 9016.561426 0.084068 1.095578712 0.131693 

ZIKV/Malaysia 4 hpi_2 SDHA 797 13310.81661 0.059876 0.976554862 -0.03423 

ZIKV/Malaysia 8 hpi_2 SDHA 980 15300.45305 0.06405 1.003431411 0.004942 

ZIKV/Malaysia 10 hpi_2 SDHA 768 11873.49207 0.064682 1.03080232 0.043768 

ZIKV/Malaysia 24 hpi_2 SDHA 527 7114.262677 0.074077 1.15650519 0.209772 

ZIKV/Malaysia 48 hpi_2 SDHA 686 7202.033077 0.095251 1.241321647 0.311877 

ZIKV/Malaysia 4 hpi_3 SDHA 510 8019.493292 0.063595 1.03720899 0.052707 

ZIKV/Malaysia 8 hpi_3 SDHA 877 13577.51567 0.064592 1.011917689 0.017092 

ZIKV/Malaysia 10 hpi_3 SDHA 560 8780.599468 0.063777 1.016380897 0.023441 

ZIKV/Malaysia 24 hpi_3 SDHA 608 7775.628155 0.078193 1.220773133 0.287795 

ZIKV/Malaysia 48 hpi_3 SDHA 538 5457.964761 0.098572 1.284596911 0.361316 
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ZIKV/Malaysia 4 hpi_1 PGK1 52724 18941.07792 2.78358 1.06950449 0.096943 

ZIKV/Malaysia 8 hpi_1 PGK1 48036 16004.07538 3.001485 1.12497088 0.169888 

ZIKV/Malaysia 10 hpi_1 PGK1 58114 20365.09781 2.853608 0.993798028 -0.00898 

ZIKV/Malaysia 24 hpi_1 PGK1 75396 16824.24388 4.48139 1.257444861 0.330495 

ZIKV/Malaysia 48 hpi_1 PGK1 49134 9016.561426 5.449306 1.008520638 0.012241 

ZIKV/Malaysia 4 hpi_2 PGK1 33800 13310.81661 2.539288 0.975643043 -0.03557 

ZIKV/Malaysia 8 hpi_2 PGK1 42186 15300.45305 2.757173 1.033401507 0.047401 

ZIKV/Malaysia 10 hpi_2 PGK1 32183 11873.49207 2.710492 0.943956368 -0.08321 

ZIKV/Malaysia 24 hpi_2 PGK1 31953 7114.262677 4.4914 1.260253588 0.333714 

ZIKV/Malaysia 48 hpi_2 PGK1 34945 7202.033077 4.852102 0.897994232 -0.15522 

ZIKV/Malaysia 4 hpi_3 PGK1 20729 8019.493292 2.584827 0.993139773 -0.00993 

ZIKV/Malaysia 8 hpi_3 PGK1 34102 13577.51567 2.511652 0.941379139 -0.08715 

ZIKV/Malaysia 10 hpi_3 PGK1 22794 8780.599468 2.59595 0.904066213 -0.1455 

ZIKV/Malaysia 24 hpi_3 PGK1 27822 7775.628155 3.578103 1.003989249 0.005744 

ZIKV/Malaysia 48 hpi_3 PGK1 24348 5457.964761 4.461004 0.825612348 -0.27646 
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Table 5. Nanostring analysis of differentially expressed cytokines between ZIKV/Dakar 

and ZIKV/Malaysia infections. 

 

Time post-infection (hpi) 

 

Gene 

 

FC difference 

 

BH adjusted p-value 

4 IFNL2 2.679783 0.841364 

4 CCL2 2.033298 0.519167 

4 IFNB1 3.961337 0.841364 

4 IFNL1 3.716979 0.870238 

4 IFNL3 3.969843 0.841364 

4 IL6 3.777113 0.841364 

4 IL18 3.690076 0.841364 

4 IL1A 2.061215 0.841364 

4 IL1B 3.326466 0.841364 

4 CXCL10 2.134705 0.519167 

4 CCL4 3.014883 0.423 

4 IFNA2 2.810096 0.892045 

4 CCL3 2.951361 0.841364 

4 TNF 2.321261 0.841364 

4 IFNA4 2.610225 0.892045 

8 IFNL2 3.878044 0.870238 

8 CCL2 3.071096 0.841364 

8 IFNB1 2.504508 0.913929 

8 IFNL1 3.50202 0.892045 

8 IFNL3 2.361284 0.870238 
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8 IL6 3.619074 0.986 

8 IL18 3.859443 0.841364 

8 IL1A 2.300716 0.841364 

8 IL1B 2.713884 0.7625 

8 CXCL10 3.035764 0.841364 

8 CCL4 2.790826 0.841364 

8 IFNA2 2.396497 0.841364 

8 CCL3 2.247255 0.841364 

8 TNF 3.447482 0.967808 

8 IFNA4 2.232235 0.841364 

10 IFNL2 2.658882 0.841364 

10 CCL2 3.000831 0.841364 

10 IFNB1 2.429254 0.870238 

10 IFNL1 3.957813 0.841364 

10 IFNL3 3.999524 0.841364 

10 IL6 2.820834 0.913929 

10 IL18 3.9551 0.841364 

10 IL1A 3.700891 0.841364 

10 IL1B 2.207247 0.910075 

10 CXCL10 2.027598 0.841364 

10 CCL4 3.97233 0.841364 

10 IFNA2 2.354593 0.841364 

10 CCL3 3.96457 0.841364 

10 TNF 3.421393 0.870238 

10 IFNA4 3.777054 0.841364 
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24 IFNL2 3.931857 0.841364 

24 CCL2 3.90913 0.930634 

24 IFNB1 3.787529 0.423 

24 IFNL1 3.752515 0.423 

24 IFNL3 3.192391 0.423 

24 IL6 3.899674 0.841364 

24 IL18 3.537904 0.841364 

24 IL1A 3.44196 0.841364 

24 IL1B 2.224174 0.519167 

24 CXCL10 2.087756 0.519167 

24 CCL4 3.398212 0.841364 

24 IFNA2 3.130533 0.841364 

24 CCL3 3.986307 0.841364 

24 TNF 3.092207 0.841364 

24 IFNA4 3.072954 0.841364 

48 IFNL2 3.745907 0.841364 

48 CCL2 3.865489 0.841364 

48 IFNB1 2.98761 0.841364 

48 IFNL1 2.206411 0.913929 

48 IFNL3 3.51116 0.841364 

48 IL6 3.604787 0.967808 

48 IL18 2.443495 0.982095 

48 IL1A 2.145732 0.60675 

48 IL1B 3.634993 0.870238 

48 CXCL10 3.86747 0.870238 
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48 CCL4 3.988182 0.854464 

48 IFNA2 3.814453 0.841364 

48 CCL3 3.998479 0.423 

48 TNF 2.770507 0.841364 

48 IFNA4 3.640746 0.647727 
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Table 6. Nanostring analysis of differentially expressed IRF3-, NFκB-, and IFN-target 

genes between ZIKV/Dakar and ZIKV/Malaysia infections. 

 

Time post-infection (hpi) 

 

Gene 

 

FC difference 

 

BH adjusted p-value 

4 IFITM1 2.01106281 0.293617021 

4 MX1 2.000084 0.306804 

4 IFIT1 2.00188 0.386139 

4 ISG15 2.021342 0.3624 

4 OAS1 2.002351 0.238421 

4 DDX58 2.035201 0.242927 

4 IFIT2 2.012329 0.178364 

4 EIF2AK2 2.014883 0.225 

4 TRIM25 2.016654 0.233425 

4 ISG20 2.74895 0.464 

4 IFI44 2.028264 0.247143 

4 IFIH1 2.006296 0.206471 

4 IRF1 2.030356 0.120828 

4 IRF2 2.256617 0.058759 

4 GBP1 2.018434 0.10898 

4 RSAD2 2.29859 0.469811 

4 GBP2 2.047481 0.120828 

4 IRF7 2.007413 0.242927 

4 MX2 2.014332 0.293617 

4 TLR3 2.912075 0.096261 
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4 DHX58 2.932421 0.120828 

4 IRF5 2.273662 0.097532 

8 IFITM1 2.21007 0.242927 

8 MX1 2.054082 0.242927 

8 IFIT1 3.379838 0.313939 

8 ISG15 2.214352 0.27236 

8 OAS1 2.269296 0.144787 

8 DDX58 3.65668 0.851379 

8 IFIT2 3.883991 0.652222 

8 EIF2AK2 2.715299 0.075907 

8 TRIM25 3.975019 0.042369 

8 ISG20 2.135655 0.210435 

8 IFI44 2.360735 0.154065 

8 IFIH1 2.442521 0.11256 

8 IRF1 3.121854 0.712364 

8 IRF2 3.157759 0.962017 

8 GBP1 3.693403 0.038716 

8 RSAD2 2.162647 0.238421 

8 GBP2 2.477231 0.092182 

8 IRF7 2.194754 0.293617 

8 MX2 2.853647 0.242927 

8 TLR3 2.260122 0.038716 

8 DHX58 2.271725 0.120828 

8 IRF5 2.098805 0.725405 

10 IFITM1 2.240227 0.263448 
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10 MX1 2.250617 0.242927 

10 IFIT1 3.448372 0.30375 

10 ISG15 2.466854 0.263448 

10 OAS1 2.576354 0.120828 

10 DDX58 2.052298 0.89641 

10 IFIT2 2.177292 0.434118 

10 EIF2AK2 3.979555 0.04175 

10 TRIM25 3.097229 0.247143 

10 ISG20 2.419907 0.298105 

10 IFI44 3.339023 0.164762 

10 IFIH1 3.337363 0.144787 

10 IRF1 3.067654 0.937627 

10 IRF2 3.999848 0.824211 

10 GBP1 3.931045 0.068333 

10 RSAD2 3.990373 0.210857 

10 GBP2 3.109081 0.038716 

10 IRF7 2.159886 0.221408 

10 MX2 3.995032 0.791786 

10 TLR3 2.777579 0.041143 

10 DHX58 3.174429 0.263448 

10 IRF5 2.596835 0.281333 

24 IFITM1 3.217036 0.120828 

24 MX1 3.055033 0.042369 

24 IFIT1 3.450833 0.058759 

24 ISG15 3.718149 0.0729 
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24 OAS1 3.96555 0.0375 

24 DDX58 3.855521 0.0632 

24 IFIT2 3.942042 0.293617 

24 EIF2AK2 3.149279 0.038716 

24 TRIM25 3.534853 0.0338 

24 ISG20 2.287891 0.268636 

24 IFI44 2.770119 0.067636 

24 IFIH1 3.864149 0.067636 

24 IRF1 2.57568 0.827478 

24 IRF2 3.521367 0.072649 

24 GBP1 3.700326 0.435728 

24 RSAD2 2.467175 0.176308 

24 GBP2 3.694239 0.657248 

24 IRF7 3.917089 0.04175 

24 MX2 3.278929 0.133831 

24 TLR3 2.327921 0.0729 

24 DHX58 3.394659 0.804956 

24 IRF5 2.914097 0.1035 

48 IFITM1 3.293274 0.0375 

48 MX1 2.041829 0.0729 

48 IFIT1 2.085328 0.075907 

48 ISG15 2.508281 0.04175 

48 OAS1 2.82872 0.038716 

48 DDX58 3.079213 0.0336 

48 IFIT2 3.65412 0.01662 
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48 EIF2AK2 2.50024 0.038716 

48 TRIM25 3.307311 0.01662 

48 ISG20 2.525638 0.041143 

48 IFI44 2.582342 0.038716 

48 IFIH1 2.0615 0.0338 

48 IRF1 2.05017 0.235135 

48 IRF2 3.378219 0.0336 

48 GBP1 2.627788 0.038716 

48 RSAD2 3.207628 0.067636 

48 GBP2 3.962117 0.995 

48 IRF7 2.205937 0.058759 

48 MX2 2.037574 0.074927 

48 TLR3 2.095692 0.068333 

48 DHX58 3.064633 0.038716 

48 IRF5 2.464675 0.068333 
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