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Abstract 

Our ability to convert basic knowledge into robust anti-viral therapeutics 

requires discovery of novel host-virus interactions as well as an informed anti-viral 

discovery pipeline. We used a genome-scale RNAi-based screen followed by a chemical 

screen of FDA-approved therapeutics to identify scores of novel dengue virus (DENV) 

human host dependency factors (HDF) and identified more than 20 potential anti-Zika 

virus (ZIKV) therapeutics.  

Two genes in particular, TTC35 and TMEM111, strongly inhibited DENV 

infection and, based on comparisons with published literature, implicated a larger 

protein, the ER Membrane Protein Complex (EMC), as a pan-flavivirus HDF. The EMC 

is a poorly characterized multiprotein complex that may function in ER-associated 

protein biogenesis and/or lipid metabolism. Based on our screen data, we hypothesized 

that the EMC is an uncharacterized HDF that functions through a common mechanism 

to promote replication of flaviviruses. We report that DENV, ZIKV, and yellow fever 

virus (YFV) infections were impressively inhibited, while West Nile Virus (WNV) 

infection was unchanged, in cell lines engineered to lack EMC subunit 4 (EMC4). 

Furthermore, targeted depletion of EMC subunits in live mosquitos significantly 

reduced DENV-2 propagation in vivo. In addition, the accumulation of DENV proteins 
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shortly after infection in EMC4 knockout cells was significantly reduced, suggesting that 

the EMC promotes viral protein biogenesis.  

We interrogated a library of FDA-approved drugs for their ability to block 

infection of human HuH-7 cells by a newly isolated ZIKV strain. Selected compounds 

were further validated for inhibition of ZIKV infection in human cervical, placental, and 

neural stem cell lines, as well as primary human amnion cells. Established anti-flaviviral 

drugs (e.g., bortezomib and mycophenolic acid) and others that had no previously 

known antiviral activity (e.g., daptomycin) were identified as inhibitors of ZIKV 

infection. Several drugs reduced ZIKV infection across multiple cell types. 

We propose that the EMC may be exploited as a novel therapeutic target for 

multiple flaviviruses in the future. Also we identified drugs that could be tested in 

clinical studies of ZIKV infection and provides a resource of small molecules to study 

ZIKV pathogenesis.  
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1. Introduction 

The Flavivirus genus includes over 50 arboviruses (Gubler, Ooi, Vasudevan, 

Farrar, & C.A.B. International, 2014). Yellow fever virus (YFV), the first demonstrated 

arthropod-borne virus (Staples & Monath, 2008), served as the namesake for this group 

of related viruses. Additional significant human pathogens, including dengue (DENV), 

West Nile (WNV) and Zika (ZIKV) viruses, belong to the genus. 

1.1 Dengue Viruses 

DENV has re-emerged due to increased geographic distribution of the mosquito 

vectors, Aedes aegypti and Aedes albopictus, and no preventative vaccine or antiviral 

treatment (Kyle & Harris, 2008). Today, DENV circulates in tropical and subtropical 

regions throughout the world causing 100 million cases of dengue fever (DF) and, less 

commonly, severe dengue (Bhatt et al., 2013). DENV includes four closely related, but 

antigenically distinct, viral serotypes (DENV1, DENV2, DENV3 & DENV4) that cause 

the same disease spectrum in humans (Gubler et al., 2014). The dengue disease spectrum 

includes subclinical infections, however DF presents as a self-limited illness with a high 

fever, severe aches and other flu-like symptoms (Gubler et al., 2014). Rarely, progression 

to severe dengue occurs in which symptoms may include plasma leakage leading to 

respiratory distress, shock and/or severe bleeding (Gubler et al., 2014). DENV re-

emerged to become the most common arbovirus in the world and it will require costly 
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re-investment in mosquito control, vaccine distribution and antiviral development to 

dislodge DENV from many urban centers. 

1.2 Yellow Fever Virus 

Although many infections are subclinical, yellow fever may progress to a severe, 

lethal disease. Symptomatic yellow fever begins with an acute illness, termed the 

“period of infection,” with symptoms including fever, chills, headache and other flu-like 

symptoms (Monath, 2001). Next, the “period of remission” occurs when symptoms 

lessen (Monath, 2001). Most symptomatic individuals will clear the virus and recover at 

this point (Monath, 2001). However, a quarter of affected persons progress to the 

“period of intoxication” marked by symptoms consistent with a hemorrhagic fever with 

the addition of jaundice, a defining clinical feature (Monath, 2001). Up to half of the 

patients who reach the “period of intoxication” die from yellow fever, while those who 

survive the fully recover (Monath, 2001). An excellent vaccine exists that prevents 

yellow fever, however no treatment is available that may reduce the severity of, or 

improve the outcome for, yellow fever in affected persons.  

1.3 Zika Virus 

ZIKV was isolated in 1947 in the Ziika Forest in Uganda (Dick, Kitchen, & 

Haddow, 1952) and remained a footnote among neglected tropical diseases until 

November 2015 when accumulating cases of microcephaly in Brazil were associated 

with a ZIKV epidemic several months prior (ECDC, 2015). Accumulated epidemiologic 
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and scientific data support the conclusion that ZIKV caused microcephaly. The peak of 

the ZIKV epidemic in Salvador, Brazil was temporally separated from the peak of the 

microcephaly cases by eight months (Paploski et al., 2016). The geographic distribution 

of states in Brazil that reported ZIKV outbreaks correlated with the distribution of 

microcephaly cases (Faria et al., 2016). ZIKV genetic material has been amplified from 

mothers diagnosed with ZIKV and carrying affected fetuses (Brasil et al., 2016), from the 

amniotic fluid bathing an affected fetus (Sarno et al., 2016), and from neural tissues in 

fetuses diagnosed with microcephaly (Mlakar et al., 2016; Sarno et al., 2016). Multiple in 

vivo and in vitro infection models demonstrated that ZIKV infection can disrupt 

neurodevelopment (Adams Waldorf et al., 2016; Cugola et al., 2016; Miner et al., 2016; 

Qian et al., 2016; Tang et al., 2016). Finally, a prospective case-control study found an 

increased risk for microcephaly associated with congenital ZIKV infection (de Araujo et 

al., 2016). ZIKV is the first arbovirus to be considered as a significant risk factor for 

congenital malformations. 

Universal countermeasures to combat the spread of flaviviruses are limited to 

preventing contact between the arthropod vectors and humans using public health 

approaches. YFV can be combatted using preventative vaccination, while vaccination 

against DENV is arguably effective, and there are no approved vaccines to prevent 

WNV in humans. No anti-viral therapeutics are approved that would treat infected 

individuals nor are any anti-viral treatments available that could prevent infection of at-
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risk populations. There exists significant need to reduce the impact of flaviviruses on the 

human population however such an altruistic endpoint will require a much better 

understanding of flavivirus biology. 
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2. Review of the virus 

2.1 The Virion 

Flaviviruses share a common virion structure, and among this family of viruses 

the structure of DENV is particularly well characterized and serves as a model virus. 

The mature DENV virion is a roughly spherical enveloped 50nm diameter particle 

(Kuhn et al., 2002). The outer-most layer of the virion is a glycoprotein coat made of 

repeating units of the envelope (E) protein in combination with the viral membrane (M) 

protein (Kuhn et al., 2002). Contained within the viral envelope is a lipid bilayer, and 

within the lipid bilayer is the capped, positive sense, non-poly-adenylated viral genome 

likely bound in viral capsid (C) proteins (Kuhn et al., 2002). 

The first flavivirus genome to be completely sequenced was YFV strain 17D 

(YFV-17D). The YFV-17D genome is a 10,862 nucleotide (nt) genome organized as a 

short (118nt) 5’ untranslated region (UTR), a single (10,236nt) open reading frame, and 

structured a (508nt) 3’ UTR (Rice et al., 1985). The genome is translated into a 3411 

amino acid (aa) polyprotein that is co- and post-translationally processed yielding the 

three structure proteins, C, M and E, and seven nonstructural proteins, NS1, NS2A, 

NS2B, NS3, NS4A, NS4B and NS5 (Rice et al., 1985). The description of the virion and 

viral genome are characteristic for all members of the Flavivirus genus. 
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2.2 Viral entry into the cell 

The viral envelope recognizes one or more extracellular factors to initiate viral 

entry. DENV may use non-neutralizing antibodies to enter monocyte-like cells 

(Daughaday, Brandt, McCown, & Russell, 1981). In addition, heparin sulfates are viral 

attachment factors for DENV (Y. Chen et al., 1997), and DC-SIGN is an important DENV 

receptor (Tassaneetrithep et al., 2003). YFV-17D required heparin sulfates, similar to 

DENV, (Germi et al., 2002) although it does not require DC-SIGN as an entry factor 

(Barba-Spaeth, Longman, Albert, & Rice, 2005). Each flavivirus may use a distinct set of 

attachment and entry factors. 

Receptor-mediated endocytosis mediates flavivirus absorption. WNV and 

DENV2 virions was observed attached to clathrin coated pits in both mammalian (Chu 

& Ng, 2004) and mosquito cell lines (Acosta, Castilla, & Damonte, 2008). Clathrin-

dependent entry by WNV and DENV2 was blocked by over expression of dominant 

negative EPS15 in mammalian cells (Chu & Ng, 2004) and mosquito cells (Acosta et al., 

2008) and knockdown of endogenous EPS15 (Krishnan et al., 2007). Finally, live-cell 

virus imaging showed that DENV associated with, and entered by, clathrin coated 

endocytosis (van der Schaar et al., 2008).  

Flaviviruses are critically dependent on the cellular vacuolar ATPase (vATPase) 

in order to infect a cell. The eukaryotic vATPases are multi-subunit protein complexes 

that pump protons into the endosome resulting in reduced endosomal pH (Forgac, 
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2007). Using in vitro models of flavivirus infection, it was observed that bafilomycin, a 

vATPase chemical inhibitor, blocked infection of Japanese Encephalitis Virus (JEV) and 

WNV in mammalian and insect cell lines (Chu & Ng, 2004; Nawa, 1998). The vATPase 

cannot assemble unless all subunits are present (Forgac, 2007), therefore RNAi targeting 

individual subunits of the vATPase reduced WNV, DENV and YFV infections further 

supporting a role for the vATPase during flavivirus infection (Krishnan et al., 2008; 

Krishnan et al., 2007; Le Sommer, Barrows, Bradrick, Pearson, & Garcia-Blanco, 2012; 

Sessions et al., 2009). The compelling in vitro data was supported by in vivo data showing 

that DENV2 propagation in live mosquitoes was inhibited when mosquitos were treated 

with bafilomycin (Kang, Shields, Jupatanakul, & Dimopoulos, 2014). The shared 

requirement for the vATPase by diverse flaviviruses suggests that the vATPase may be a 

therapeutic target. Unfortunately, chloroquine, a clinically relevant inhibitor of 

endosome acidification, was insufficient as an anti-viral treatments (Tricou et al., 2010).  

Endosome acidification causes the pH-dependent fusion of the viral membrane 

with the endosomal membrane. The model of the fusion of the viral and cellular 

membranes is based upon careful structural studies that illuminated the structure of the 

DENV2 E protein in the mature virion (Kuhn et al., 2002; Modis, Ogata, Clements, & 

Harrison, 2003; X. Zhang et al., 2013) and the post-fusion E protein (Modis, Ogata, 

Clements, & Harrison, 2004) and has been reviewed in (Mukhopadhyay, Kuhn, & 

Rossmann, 2005). In response to acidification of the endosome, structural 
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rearrangements in the E protein bring the viral membrane into sufficiently close 

apposition such that spontaneous fusion with the cellular endosomal membrane occurs 

(Mukhopadhyay et al., 2005). Fusion of the viral and cellular membranes releases the 

viral genome into the cytoplasm (Mukhopadhyay et al., 2005).  

2.3 Translation of the viral genome 

The viral genome is capped on the 5’ end with a type 1 cap (m7GpppAm) 

(Wengler, Wengler, & Gross, 1978). The cap structure protects mRNAs from degradation 

(Pijlman et al., 2008), masks the genome from detection by innate immune system (Daffis 

et al., 2010) and recruits cap binding protein (EIF4E) (Gebauer & Hentze, 2004). The 

structured but non-polyadenylated flavivirus 3’ UTR has a regulatory role during viral 

translation (Li & Brinton, 2001), and recruits a poorly understood repertoire of host 

proteins (Ward et al., 2011). The viral 3’UTR recruited poly(A) binding protein (PABP) in 

a poly(A)-independent manner, presumably to support circularization of the viral 

mRNA for efficient translation (Polacek, Friebe, & Harris, 2009). Initiation of translation 

beyond this point is expected to mirror translation of cellular mRNAs (Gebauer & 

Hentze, 2004).  

The flavivirus polyprotein is translated in association with the endoplasmic 

reticulum (ER) membranes. The endogenous SRP complex recognizes the nascent 

transmembrane domain and shuttles the ribosome-mRNA-nascent chain to the 

translocon at the ER in order to ensure the transmembrane domains are embedded in 
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cellular membranes (Reid & Nicchitta, 2015). The importance of cellular membranes to 

viral translation was demonstrated using several techniques. Immunofluorescence 

labeling of WNV (Kunjin strain) E protein identified protein accumulation on 

intracellular membranous networks that were consistent with ER (M. L. Ng, Pedersen, 

Toh, & Westaway, 1983). Radio-labelled E protein was isolated most efficiently in the 

detergent soluble fraction demonstrating that viral proteins cannot be easily separated 

from membrane fractions (M. L. Ng et al., 1983). Using cell-free models of mRNA 

translation, the flavivirus tick-borne encephalitis virus E protein was efficiently 

synthesized in mixtures containing an isolated ER fraction (Svitkin, Lyapustin, 

Lashkevich, & Agol, 1984). In addition, DENV (Markoff, 1989) and the YFV (Ruiz-

Linares, Cahour, Despres, Girard, & Bouloy, 1989) structural proteins were shown to be 

translated as products protected from proteinase digestion consistent with translation 

into the lumen of the ER.  

2.4 Polyprotein Processing 

The viral mRNA has a single open reading frame that is translated and co- and 

post-translationally processed by host and viral proteases. A concise characterization of 

YFV viral poly-protein processing was presented by Rice and colleagues (Chambers, 

McCourt, & Rice, 1990). Polyprotein processing was explored in using 

immunoprecipitation of radio-labelled YFV-17D proteins produced in human SW-13 

cells (Chambers, McCourt, et al., 1990). Immunoprecipitation using YFV viral protein 
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specific rabbit antisera targeting either C, prM, or E -proteins yielded only bands that 

corresponded to C, or prM or E proteins, but no significant bands representing a 

polyprotein precursor (Chambers, McCourt, et al., 1990), which suggested that structural 

protein processing occurs co-translationally. 

The situation for the non-structural proteins was different. Continuous radio-

labeling followed by immunoprecipitation targeting NS1 protein yielded two 

accumulating bands (Chambers, McCourt, et al., 1990). In a following pulse-chase 

experiment, the higher molecular weight band accumulated first and was processed to 

yield the smaller band (Chambers, McCourt, et al., 1990). The implication being that 

NS1-NS2A was originally produced as a stable precursor that was subsequently 

processed into NS1 and NS2A. However, one band for NS2B was observed after 

continuous labeling (Chambers, McCourt, et al., 1990), suggesting very efficient 

processing between NS2A and NS2B, as well as NS2B and NS3. Finally, a large 

precursor protein corresponding to NS3-NS4AB-NS5, as well as a number of processed 

intermediates and the final viral protein products, was observed for the last 4 viral 

proteins (Chambers, McCourt, et al., 1990) suggesting multiple post-translational 

cleavage events.  

Cellular and viral proteases coordinate flavivirus polyprotein processing. The 

viral protein NS2B is a cofactor necessary for the catalytically active trypsin-like activity 

of the NS3 protease (Chambers, Weir, et al., 1990; Erbel et al., 2006). The viral protease 
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was predicted to recognize a three amino acid signature: one of several basic amino acid 

pairs followed by a relatively short chain amino acid (Rice et al., 1985). The dual 

cleavage between C and prM required a coordinated two-step cleavage in which the 

viral protease, NS3, and cellular signalase were involved in releasing the packaged C 

protein (Amberg, Nestorowicz, McCourt, & Rice, 1994; Amberg & Rice, 1999; Lobigs, 

1993). Processing between prM-E, and E-NS1 was mediated by the endogenous 

signalase and did not require the viral protease, NS3 (Falgout, Chanock, & Lai, 1989; 

Markoff, 1989; Ruiz-Linares et al., 1989; Svitkin et al., 1984). A distinct cleavage occurred 

between NS1-NS2A that required an unknown cellular protease (Falgout et al., 1989). 

For the remaining cleavage sites, NS2A-NS2B and NS2B-NS3 was mediated by NS3 

provided in cis (Preugschat, Yao, & Strauss, 1990), while processing between NS3-NS4A, 

and NS4B-NS5 was mediated by cleavage by NS2B and NS3 provided in trans (Cahour, 

Falgout, & Lai, 1992; Chambers, Grakoui, & Rice, 1991; Falgout, Pethel, Zhang, & Lai, 

1991; L. Zhang, Mohan, & Padmanabhan, 1992). The mature NS4A and NS4B proteins 

were generated by both NS3 and the cellular signalase (Cahour et al., 1992). 

2.5 The Viral Replication Complex 

Newly translated viral proteins must co-opt the invading mRNA and change its 

primary function from a translation template to templating genome replication. The 

positive-strand viral genome will be copied into a negative strand viral genome. The 
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negative strand genome serves as a template for new viral mRNAs but does not have 

any protein coding capacity. 

Viral RNA synthesis occurs in association with membranous rearrangements 

termed the replication complex. Dramatic intracellular membrane rearrangements were 

observed in flavivirus-infected tissues and cells (McGavran & White, 1964). Rearranged 

membranes were associated with accumulation of the viral replication intermediate, 

dsRNA, and viral nonstructural proteins necessary for replication (Mackenzie, Jones, & 

Young, 1996; Westaway, Mackenzie, Kenney, Jones, & Khromykh, 1997), suggesting that 

the viral membrane re-arrangements have an important role in viral replication. The 

ultrastructure of the flavivirus replication complex in human and mosquito cell lines 

was visualized using electron tomography (Junjhon et al., 2014; Welsch et al., 2009). 

DENV induced 80nM-120nm spherules on rough ER membranes that were often 

connected to the cytosol by a single, small pore (Junjhon et al., 2014; Welsch et al., 2009). 

The small pore opened to the cytosol such that the interior of the replication complex 

was contiguous with the cytoplasm (Junjhon et al., 2014; Welsch et al., 2009). Ribosomes 

were not observed within the invaginations suggesting that viral translation does not 

occur within these structures. In addition, virions were observed within the ER lumen 

but never within nor budding from the replication structures suggesting the spherules 

were not precursors related to virus budding. The consensus is that these structures are 

sites of significant viral genome replication. 
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2.6 Flavivirus Replication 

Viral replication requires an assemblage of viral RNA structures, viral proteins 

and cellular factors. Major advances in understanding the viral and cellular factors that 

contributed to viral replication were derived by studies applying a variety of flavivirus 

replicons. Khromykh and Westaway designed the first flavivirus replicon, a self-

replicating, non-infectious viral-like RNA, based on the Kunjin flavivirus genome. The 

Kunjin-based replicon contained the 5’ UTR and the 3’ UTR (Khromykh & Westaway, 

1997). In addition, the coding sequence for the C-terminal transmembrane domain from 

the E protein was retained as it was known to function as the signal sequence for the 

non-structural proteins (Falgout et al., 1989), and the replicon contained the coding 

sequences for all non-structural proteins (Khromykh & Westaway, 1997). The authors 

determined that the viral RNA coding for the first 20aa of C protein was determined to 

be necessary to sustain replication (Khromykh & Westaway, 1997). Next, the authors 

demonstrated that the self-replicating RNA could be modified by addition of coding 

sequence for common experimental tools like selection factors (Khromykh & Westaway, 

1997). In a subsequent publication, the coding material for the viral protein NS5 was 

deleted, and viral replication was observed when NS5 was expressed in trans 

(Khromykh, Sedlak, & Westaway, 1999), demonstrating that a synthetic viral-like RNA 

could be manipulated to aid study of viral replication. 
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Flavivirus replication depends on conserved RNA elements within the genome. 

An eight nucleotide sequence conserved across divergent flaviviruses was discovered in 

the 3’ UTR just prior to them terminal stem loop and a complementary sequence was 

observed at the 5’ end of the genome and it was proposed that these two genome 

regions may be involved in viral replication by participating in genome cyclization 

(Hahn et al., 1987). Using a cell-free model of DENV replication, RNA synthesis 

initiation at the 3’ end of the positive sense genome was shown to require the 5’ region 

of the genome, and the eight nucleotide conserved sequence was required for RNA 

synthesis (You & Padmanabhan, 1999). The role of the conserved sequence was shown 

to be critical for viral replication using the Kunjin replicon, in which replication did not 

occur without complimentary conserved sequences (Khromykh, Meka, Guyatt, & 

Westaway, 2001). Finally, atomic force microscopy was used to directly observe genome 

cyclization in model flavivirus RNAs and genomic viral RNAs (Alvarez, Lodeiro, 

Luduena, Pietrasanta, & Gamarnik, 2005). Additional 5’ and 3’ RNA sequences were 

identified and characterized establishing the model of the circularized viral genome 

(Alvarez, Filomatori, & Gamarnik, 2008; Alvarez et al., 2005). The interaction of long 

range, conserved viral RNA elements were necessary for the initiation of RNA synthesis 

and required for genome replication and necessary for genome circularization 

suggesting that a model of viral replication in which negative strand RNA synthesis is 

templated by a circularized, positive strand viral RNA genome. 
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2.6.1 Flavivirus NS1 

Viral replication requires NS1 through a poorly defined mechanism. Immuno-

fluorescent labeling determined that DENV NS1 was similarly distributed compared 

with viral dsRNA and electron microscopy studies localized immuno-gold labelled 

DENV NS1 and dsRNA to rearranged intracellular membranes (Mackenzie et al., 1996). 

In addition, Kunjin NS1 similarly co-localized with dsRNA and immuno-precipitation 

(IP) of viral dsRNA also co-IP’ed NS1 (Westaway et al., 1997). Genetic experiments by 

the Rice lab defined a role for NS1 during viral replication. A temperature sensitive YFV 

NS1 mutant was isolated in which yellow fever viral negative strand RNA continuously 

accumulated at the permissive temperature, while negative strand RNA decreased after 

shifting to the non-permissive temperature (Muylaert, Galler, & Rice, 1997). YFV NS1, 

expressed in trans, during an infection by a packaged, NS1-deficient YFV genome, was 

necessary for viral RNA accumulation (Lindenbach & Rice, 1997). However, structural 

proteins were present in these experiments and, given the duration of the experiments, 

an impact of NS1 at viral attachment and entry could not be ruled out. Diamond and 

colleagues somewhat clarified this issue using an analogous WNV model of NS1 trans-

complementation by showing that viral attachment and entry were not significantly 

changed, although newly synthesized viral E protein was slightly reduced (Youn, 

Ambrose, Mackenzie, & Diamond, 2013). NS1 localized to sites of RNA synthesis, can be 

purified with other replication components and was required for viral replication, 



 

16 

however the mechanism by which NS1 supported viral RNA synthesis requires more 

investigation at this time. 

2.6.2 Flavivirus NS2A 

NS2A is a poorly understood component of the replication complex. NS2A is a 

hydrophobic membrane protein lacking any known enzymatic activity (Xie, Gayen, 

Kang, Yuan, & Shi, 2013). Similar to NS1, electron micrographs of Kunjin infected cells 

revealed that immuno-gold labelled dsRNA and Kunjin NS2A were localized during 

infection to the same rearranged intracellular membranes (Mackenzie, Khromykh, Jones, 

& Westaway, 1998). In addition, multiple non-structural proteins and the viral 3’ UTR 

bound to GST-tagged NS2A (Mackenzie et al., 1998), suggesting a  role during viral 

replication. Finally, Shi and colleagues demonstrated that DENV NS2A was critical for 

viral replication by studying engineered NS2A mutants in the context of a DENV2 

replicon for which the mutations reduced viral replication but not translation of 

incoming replicon RNA (Xie et al., 2013; Xie, Zou, Puttikhunt, Yuan, & Shi, 2015). Since 

Kunjin NS2A was observed within the replication complex and DENV NS2A was 

required for viral replication, then NS2A may function as a scaffold protein that 

organized the enzymatic non-structural proteins. 

2.6.3 Flavivirus NS4A and NS4B 

NS4A and NS4B are poly-topic membrane proteins (Miller, Kastner, Krijnse-

Locker, Buhler, & Bartenschlager, 2007; Miller, Sparacio, & Bartenschlager, 2006) 
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generated by coordinated post-translational cleavages from host and viral proteases 

(Chambers, McCourt, et al., 1990; Lin, Amberg, Chambers, & Rice, 1993). Both viral 

proteins are components of the viral replication complex (Mackenzie et al., 1998; Welsch 

et al., 2009) and NS4A has an important role during replication. Deletion of Kujin NS4A 

(Khromykh, Sedlak, & Westaway, 2000) or mutations introduced into the DENV 

replicon at the first transmembrane alpha helix of NS4A (Stern et al., 2013) abolished 

viral replication, although the mechanism(s) by which NS4A function are poorly 

understood. 

Lindenbach and Rice explored the role of NS1 during viral replication, and 

discovered that DENV NS1 only complemented NS1-defiicent YFV in the presence of 

mutations in YFV NS4A, suggesting that NS4A may connect luminal NS1 to the 

cytosolic NS3 and NS5 replication machinery (Lindenbach & Rice, 1999). In addition, 

NS4A may be involved in formation or maintenance of the membranes that form the 

viral replication complex. Over-expression of WNV NS4A induced intracellular 

membrane rearrangements consistent with membrane rearrangements observed during 

viral infection (Roosendaal, Westaway, Khromykh, & Mackenzie, 2006). Subsequently, 

the Bartenschlager lab showed that expression of GFP-tagged DENV NS4A was 

sufficient to induce similar membrane rearrangements (Miller et al., 2007).  

The architecture and function of the replication complex are supported by NS4A, 

however the mechanisms by which NS4A functions are still being explored. A genetic 
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study identified that NS4A connected luminal and cytosolic components of the 

replication complex and further studies found the NS4A oligomerized in over 

expression assays (C. M. Lee et al., 2015; Stern et al., 2013) and NS4A interacted with 

NS4B suggesting that NS4A may be an important scaffold supporting the replication 

complex. DENV1 NS4A was evaluated using a substitution assay in which short amino 

acid sequences from JEV NS4A were swapped into the corresponding positions of a 

DENV1 clone (Tajima, Takasaki, & Kurane, 2011). Efficient replication of a modified 

DENV1 clone occurred in the presence of mutations in DENV1 NS4B suggesting that 

these two viral proteins may interact (Tajima et al., 2011). The NS4A-NS4B interaction 

was better characterized by the Shi lab (Zou, Xie, et al., 2015). The authors confirmed 

that NS4A and NS4B could co-IP each other in the presence and absence of viral 

infection. Using expressed deletion constructs, a 36aa region of NS4A and a 62aa region 

of NS4B, each containing a transmembrane domain, were determined to be the likely 

regions that were necessary for the interaction (Zou, Xie, et al., 2015). Further, NMR was 

used to identify specific amino acids likely involved in the interaction between the 36aa 

region of NS4A and the 62aa region of NS4B (Zou, Xie, et al., 2015). 

NS4B is a glycosylated (Naik & Wu, 2015) membrane associated (Miller et al., 

2006) viral protein that is essential for viral replication (Khromykh et al., 2000). Recent 

high-throughput chemical screening campaigns identified NS4B as an important target 

for antiviral drug discovery. Using a DENV replicon-based chemical screen, Shi and 
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colleagues reported the novel discovery that compound NITD-618 blocked DENV 

replication, but did not inhibit other tested flaviviruses  (Xie et al., 2011). Sequencing the 

viral-like genomes that replicated in the presence of the inhibitor identified mutations in 

NS4B (Xie et al., 2011). Subsequently, several independent drug screens converged on 

NS4B as the likely target of unrelated chemical inhibitors (Xie, Zou, Wang, & Shi, 2015) 

and this has spurned interest in understanding how NS4B supports infection.  

The intracellular distribution pattern of GFP-tagged WNV NS4B relative to an 

untagged, cytosolic GFP control, in the absence of viral infection, suggested that 

significant membrane rearrangement was induced by NS4B (Kaufusi, Kelley, 

Yanagihara, & Nerurkar, 2014). NS4B has been reported to form dimers (Zou et al., 2014) 

and interacted with several viral proteins. The NS4A-NS4B interaction, discussed above, 

was better characterized by the Shi lab (Zou, Xie, et al., 2015). Mutation in WNV NS4B 

was associated with replication of mutant WNV NS1 (Youn et al., 2012). Finally, an 

interaction between NS4B and NS3 has been reported by several groups (Chatel-Chaix et 

al., 2015; Umareddy, Chao, Sampath, Gu, & Vasudevan, 2006; Zou, Lee le, et al., 2015). 

Initially, yeast two hybrid experiments identified that NS4B interacted strongly with the 

NS3 helicase domain (Umareddy et al., 2006). The NS4B-NS3 interaction was attributed 

to a cytosolic fragment of NS4B (Zou, Lee le, et al., 2015). Using an in vitro assay 

containing purified components, Vasudevan and colleagues determined that the ssRNA 

binding by NS3 was reduced by addition of excess of purified NS4B cytosolic fragment 
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and the helicase properties of NS3 were altered by the same fragment from NS4B 

(Umareddy et al., 2006). NS4B and NS4A likely supported viral replication by multiple 

mechanisms including maintaining the replication complex structure, organizing the 

replicase and modifying the activity of enzymatic components of the replicase. 

2.6.4 Flavivirus NS3 and NS5 

An ATPase-driven helicase domain within NS3 unwinds dsRNA during viral 

RNA synthesis and NS3 provides the 5’ RNA triphosphatase activity, the first step 

required for RNA capping by NS5. An enzymatically solubilized preparation of C-

terminal NS3 exhibited ATPase activity which was enhanced in the presence of single 

stranded RNA (Wengler & Wengler, 1991). Similar NTPase activity was observed using 

purified recombinant YFV NS3 (Warrener, Tamura, & Collett, 1993). Select mutations 

engineered into the conserved amino acid motifs within the DENV2 NS3 helicase 

domain blocked viral production and, in cell-free assays using recombinant NS3, 

reduced ATPase activity and helicase activity (Matusan, Pryor, Davidson, & Wright, 

2001). In addition, DENV2 NS3 removed the gamma phosphate from an RNA substrate 

providing evidence that NS3 is the viral 5’ RNA triphosphatase (Bartelma & 

Padmanabhan, 2002). 

Although studies of recombinant NS3 permitted the characterization of the 

enzymatic activities of NS3, during viral infection NS3 and NS5 formed a complex that 

was important for efficient replication. Immuno-precipitation of either NS3 or NS5 
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consistently co-precipitated the respective viral protein (Chambers, McCourt, et al., 

1990). In addition, the terminal stem loop of JEV genome formed a complex with NS3 

and NS5 (C. J. Chen et al., 1997). And finally, the ATPase activity of DENV1 NS3 was 

enhanced by addition of NS5, although NS5 did not have any endogenous ATPase 

activity (Cui et al., 1998). During viral RNA synthesis, NS3 was hypothesized to unwind 

the dsRNA genomic replication intermediate however RNA synthesis was completed by 

NS5. 

Viral RNA synthesis occurs in the replication complex. The RNA dependent 

RNA polymerase activity as well as the mRNA capping methyltransferase activity are 

provided by the viral NS5 protein. The RNA dependent RNA polymerase activity 

provided by NS5 was demonstrated using recombinant DENV1 NS5 in which 

incorporation of radio-labeled UTP into a minus strand RNA was observed over several 

hours (Tan et al., 1996). The methyltransferase activity was first demonstrated using 

recombinant NS5 as well (Ray et al., 2006). Genetic studies provided validation of the 

biochemical data. A WNV-based replicon that lacked NS5 was complemented by 

expression in trans of WT NS5, but not by an NS5 carrying mutation of either the 

conserved GDD motif or the NS5 carrying a mutation at the conserved S-adenosyl 

methionine domain  (Khromykh, Kenney, & Westaway, 1998). Newly synthesized viral 

RNAs either exit the replication complex or the RNA may be recycled into a template. 
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NS3 and NS5 contain the necessary enzymatic activities required for viral RNA 

synthesis.  

2.6.5 Flavivirus Assembly 

Flavivirus virus assembly occurs at the ER where the viral positive strand RNA, 

C, prM and E proteins bud into the lumen of the ER taking with it part of the ER 

membrane. Virions were observed within the lumen of the ER and careful electron 

tomography may have captured snapshots of budding into the ER in both mammalian 

and mosquito cell lines (Junjhon et al., 2014; Welsch et al., 2009). Viral proteins prM and 

E can initiate viral budding in the absence of other viral proteins. Recombinant subviral 

particles of Tick-borne encephalitis virus lacking C protein and viral RNA were 

synthesized by co-expression of prM and E (Allison, Stadler, Mandl, Kunz, & Heinz, 

1995). The coordinated processing of the C-prM protein by host and viral proteases 

(Amberg & Rice, 1999) likely has a role during packaging. Lobigs and Lee used the 

flavivirus Murray Valley encephalitis virus as a model to study the impact of post-

translational signalase cleavage on packaging and discovered that increased efficiency of 

signalase cleavage at the C-terminal membrane anchor of C reduced incorporation of 

viral RNA and C into the virion (Lobigs & Lee, 2004). Viral prM was post-translationally 

modified by glycosylation to generate the virion-incorporated immature glycoprotein 

(Chambers, McCourt, et al., 1990). The DENV E protein was glycosylated in two 
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positions (W. Zhang et al., 2003), although the number of glycosylated resides was virus-

specific since ZIKV had only one (Kostyuchenko et al., 2016).  

The virion associated membrane composition was evaluated by Saiz and 

colleagues in which WNV recombinant subviral particles or virions were analyzed using 

a lipidomic approach compared to the lipid profile of uninfected cells (Martin-Acebes et 

al., 2014). Virions and recombinant subviral particles were enriched for sphingomyelin 

but had reduced phosphatidylcholine, relative to control cells (Martin-Acebes et al., 

2014). In addition, phosphatidylserine within the virion enhanced DENV infection 

(Meertens et al., 2012) suggesting that the envelop lipid composition was not only a 

consequence of viral budding at the ER but may also impact the infectivity of the virion.  

Nonstructural proteins have important, but poorly explored roles in viral 

production. Using a systematic genetic approach, Bartenschlager and colleagues 

identified mutations in DENV NS1 that reduced viral production without strongly 

reducing viral replication (Scaturro, Cortese, Chatel-Chaix, Fischl, & Bartenschlager, 

2015). 46 amino acids were selected for alanine scanning mutagenesis (Scaturro et al., 

2015). Half alanine substitutions strongly inhibited replication (Scaturro et al., 2015), 

consistent with the established role of NS1 during replication (Muylaert et al., 1997). 

From the remaining half, five of the alanine substitutions caused limited impact on 

replication but strong reduction in viral production, and the authors noted that these 

mutations also increased intracellular virus relative to extracellular virus (Scaturro et al., 
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2015). Although recombinant subviral particles formed in the absence of NS1 (Allison et 

al., 1995), Bartenschlager and colleagues provided evidence that NS1 modulated export 

of fully assembled virus. 

The nonstructural protein NS2A plays an important role bridging C and viral 

RNA packaging with viral budding of prM and E. A unique mutant YFV NS2A 

permitted viral RNA synthesis similar to the parental YFV, while strongly inhibited viral 

production (Kummerer & Rice, 2002). All evaluated viral proteins were expressed to 

similar levels in the producing cells and secreted E and prM were similar for both 

parental and mutant viruses (Kummerer & Rice, 2002). However, the secreted viruses 

lacked C and viral RNA, and a gradient sedimentation experiment showed that the 

secreted material was similar to recombinant subviral particles which demonstrated that 

wild type (WT) NS2A was involved in packaging of C and viral RNA into virions 

(Kummerer & Rice, 2002). The role of NS2A on viral production was observed in DENV 

(Xie, Zou, Puttikhunt, et al., 2015) and Kunjin (Leung et al., 2008) viruses as well 

suggesting that this was a conserved role for NS2A.  

Flaviviruses are packaged as an immature particle that matures during exit from 

the cell. The structure of the immature DENV and YFV viruses were resolved using 

cryo-EM (Y. Zhang et al., 2003). For both viruses, spikes formed by the prM protein 

protruded from the surface and increased the diameter of the virion to about 60nM, 

somewhat larger than the 50nM diameter mature particle (Y. Zhang et al., 2003). The E 
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protein was arranged as trimers around the prM spike (Y. Zhang et al., 2003). Viral 

membrane fusion efficiency of flaviviruses can be monitored by syncytia formation of 

virus-infected C6/36 cells at low pH. The matured flavivirus Murray Valley encephalitis 

virus induced syncytia formation of C6/36 cells at low pH, however immature virus 

containing prM blocked fusion the affect (Guirakhoo, Bolin, & Roehrig, 1992), which 

suggested that the function of the prM spike was to prevent premature viral fusion with 

endosomal membranes before release of the virus. The striking change during the 

maturation in which the ~19kDa viral prM protein was processed into the ~8kDa M 

protein was likely the result of Furin, or a Furin-like protease, cleavage event (Stadler, 

Allison, Schalich, & Heinz, 1997). Proteolytic processing of prM and passage of the virus 

to the plasma membrane through acidic compartments allowed the E protein to reach 

the mature confirmation and released the pr fragment (I. M. Yu et al., 2008). The 

structure of the immature virion and the evolution of the immature virion into a mature 

virion during exocytosis of the virus released the infectious virus from the cell. 
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3. Host factors 

Successful viral infection is not an entirely viral process. The limited size of the 

genome restricts the number of available proteins a virus can express so the virus is 

dependent on host factors (e.g. HDFs) at all stages of the viral life cycle. For example, the 

virus gains access to the cell using cellular receptors, endocytosis machinery, and 

endosomal acidification by the vATPase is necessary to release the viral genome into the 

cell (Gubler et al., 2014). Viruses also must hide from host restriction factors. For 

example, viral proteins target the organized innate immune system in order to inhibit 

activation and resulting antiviral responses including apoptosis (Gubler et al., 2014). Our 

understanding of how viruses and cells interact supports a branch of the long term goal 

to block viral infection. Eventually, anti-viral treatments may block virus-host 

interactions at critical points resulting in reduced and, ultimately, unsuccessful viral 

infection in the host. 

3.1 The ER and flaviviruses: Translation, Translocon, Signalase, 
Chaperones, lipids, UPR and autophagy 

Flavivirus infection is intimately tied to the ER and the flavivirus field has 

experienced a renewed interest in the role of canonical ER functions during viral 

infection. The primary aim of any virus is to replicate the genome and translate viral 

proteins; as such, viruses can be classified by how many steps are necessary to transform 

the viral genetic code into a mRNA (Baltimore, 1971). Inherent in the model is the critical 
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role of the cellular translational machine and at the center of the translational machine 

sits the ribosome. Unfortunately, the Flavivirus field has largely ignored the ribosome as 

a unique host factor, preferring to focus on elements around the ribosome. As the field 

moves forward, there is a valuable, but under-appreciated, opportunity to consider how 

ribosomal subunits individually contribute to translation during viral infection, and our 

lab has taken important steps into this field (Campos et al, unpublished results). 

The co- and post- translational processing of the flavivirus polyprotein required 

a coordination of the ribosome, the Sec61 translocon, ER proteases and ER-associated 

chaperones. The translating viral polyprotein required folding into a molecule with 

complex topology at the ER. The ER translocon is an ER-localized complex composed of 

three subunits: SEC61alpha, SEC61beta, SEC61gamma. The translocon formed a pore 

that guided nascent polypeptides ensuring that the polypeptide was synthesized with 

the correct topology on ER membranes. A role for the translocon during infection was 

supported by chemical and genetic evidence. RNAi-based knockdown of each of the 

three subunits has been shown to inhibit WNV, DENV and YFV infection (Krishnan et 

al., 2008; Le Sommer et al., 2012; Sessions et al., 2009). In addition, knockout of 

SEC61beta blocked WNV, DENV2, JEV and ZIKV (R. Zhang et al., 2016). Finally, 

chemical inhibition of the translocon also blocked DENV (Heaton et al., 2016). The co- 

and post- translational processing of the flavivirus polyprotein required cellular 

membranes (Svitkin et al., 1984) consistent with a role for the ER signalase. A role for the 
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signalase during polyprotein processing was hypothesized in the publication of the 

complete sequence of YFV-17D (Rice et al., 1985) and the role for signalase during 

flavivirus infection was proposed to be conserved after comparing the viral amino acid 

sequences for structural proteins across divergent flavivurses (Dalgarno, Trent, Strauss, 

& Rice, 1986). Early efforts to understand polyprotein processing considered the 

sequence, composition and topology of the polyprotein, and noted where 

transmembrane domains were reasonable targets for signalase-mediated processing 

(Amberg & Rice, 1999; Ruiz-Linares et al., 1989). Recently, functional genomics explored 

the role for individual subunits of the signalase on polyprotein processing thus 

cementing that the signalase was critical for polyprotein processing (R. Zhang et al., 

2016). 

The complex topology of the viral proteins required that the co- and post- 

translational processing of the viral polyprotein be assisted by cellular chaperones. 

Chaperone proteins assist folding proteins as the protein achieves the final folded form. 

The HSP70 and HSP90 families of cellular chaperones were reported to be necessary for 

DENV entry (Howe et al., 2016; Reyes-Del Valle, Chavez-Salinas, Medina, & Del Angel, 

2005). In addition, the HSP70 family of chaperones and co-chaperones were shown to be 

necessary for DENV NS5 viral protein stability (Taguwa et al., 2015) and YFV 

polyprotein processing (Bozzacco et al., 2016). A screen using a cDNA-based over 

expression strategy identified that DNAJC14 was an important co-chaperone that 
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impacted polyprotein processing. MacDonald, Rice and colleagues pursued 

identification of cellular genes that had anti-viral activity (Z. Yi et al., 2011). Human 

SW13 cells, a YFV-permissive cell line, were transduced by lentiviral vectors that 

expressed cDNA from interferon-activated hamster (BHK) cell line cells were challenged 

with YFV-17D for selected for cell survival (Z. Yi et al., 2011). The screening and 

validation resulted in the identification of one antiviral human gene: DNAJC14 (Z. Yi et 

al., 2011). Over-expression of human DNAJC14 reduced YFV-17D viral replication and 

reduced virus production by divergent flaviviruses, YFV-17D, YF-Asibi, Langant, WNV, 

and hepatitis C virus, in the human SW13 cell line (Z. Yi et al., 2011). In a subsequent 

publication, DNAJC14 over-expression was shown to inhibit polyprotein processing 

between NS3 and NS4A consistent with the role of DNAJC14 as a co-chaperone of 

HSP70 chaperone proteins (Bozzacco et al., 2016). The IRE1alpha ER stress sensor was 

normally repressed by binding of the HSP70 family member GRP78/BIP (Ron & Walter, 

2007). Accumulation of unfolded proteins sequesters GRP78/BIP leading to activation of 

the unfolded protein response including through IRE1alpha activation and results in 

increased expression of more chaperones, among other cellular factors (Ron & Walter, 

2007). Knockout of ER stress sensor IRE1alpha reduced viral infection in mouse 

embryonic fibroblasts (Pena & Harris, 2011). It is likely that the role of chaperones 

extends throughout viral infection, and may be a particularly important arm of the 

unfolded protein response supporting viral infection. 
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Autophagy is an intracellular process by which cytoplasmic material, 

intracellular membranes or organelles may be engulfed by double-membrane vesicles 

originating from the ER and the contents then shuttled to the lysosome for recycling 

(Mizushima, Yoshimori, & Ohsumi, 2011). Many of the molecular components including 

necessary AuTophaGy-related (ATG) proteins, lipid kinases, as well as tools to study 

autophagy were first described by 2016 Nobel prize recipiant Dr. Yoshinori Ohsumi and 

colleagues. Autophagic vesicle assembly required synthesis of phosphatidylinositol-3-

phosphate by the type III phosphatidylinositol-3-kinase (PI3K) and recruitment of LC3-

II, Beclin and other ATGs proteins to ER membranes (Mizushima et al., 2011). The role of 

autophagy during DENV has been explored, although autophagy has been observed to 

impact many flaviviruses. Liu and colleagues used a combination of molecular, genetic 

and chemical tools to establish a role for autophagy during DENV infection (Y. R. Lee et 

al., 2008). DENV infection induced accumulation of the autophagy marker LC3-II, the 

autophagic PI3K inhibitor 3-methyladenine reduced DENV virus production while the 

autophagy activator rapamycin enhanced DENV virus production, and DENV virus 

production was reduced in ATG5−/− mouse embryonic fibroblasts (Y. R. Lee et al., 2008). 

Subsequent in vivo experiments in which treatment of in an innate immune deficient 

mouse line with the autophagy activating drugs rapamycin or nicardipine during 

infection by a mouse-adapted DENV virus resulted in enhanced viral specific infectivity 
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and significantly decreased mouse survival, validating that autophagy was a pro-viral 

cellular system (Mateo et al., 2013).  

Autophagy supported DENV replication. The luciferase production by a viral-

like DENV replicon was inhibited by 3-methyladenine treatment or Beclin knockdown 

which indicated that autophagy supported a step during viral replication but after 

translation of incoming viral RNA (Heaton & Randall, 2010). 3-methyladenine or ATG 

and Beclin knockdowns inhibited DENV replication and viral production, however 

supplemental exogenous lipid-BSA complemented the knockdown phenotype 

suggesting that DENV required autophagy because autophagy generated free fatty 

acids, a potential source of energy for viral replication (Heaton & Randall, 2010).  

Kirkegaard and colleagues reported an interesting role for autophagy during 

viral production (Mateo et al., 2013). The authors reported that inhibition of DENV by 3-

methyladenine could be complemented by addition of a lipid-BSA mixture (Mateo et al., 

2013), in agreement with Heaton & Randall (Heaton & Randall, 2010). However, when 

an alternative inhibitor of autophagy, spautin-1, was used, a lipid-BSA mixture no 

longer rescued replication (Mateo et al., 2013) suggesting a more complex involvement 

of autophagy during infection. DENV produced by spautin-1 treated cells was reduced 

while there was no difference in secreted viral RNA (Mateo et al., 2013). During viral 

maturation, the immature prM protein on the virus was cleaved by cellular proteases 

releasing the pr-fragment while M remains with the virus (I. M. Yu et al., 2008). Blocking 
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autophagy by spautin-1 did not inhibit viral replication, viral assembly, viral budding 

and processing by furin-like proteases; rather the maturation of the virus immediately 

prior to release had been blocked (Mateo et al., 2013).  

Cellular lipids are major host factors impacting the virus life cycle. As previously 

discussed, the viral membrane phosphatidylserine composition may be a determinate of 

viral entry (Meertens et al., 2012), cellular membrane fractions are required for 

polyprotein processing in cell free assays (Svitkin et al., 1984), and the virus replicates on 

ER-derived intracellular membranes (Welsch et al., 2009). The Amara lab selected a 293T 

cell line that was poorly permissive for DENV and designed a cDNA over-expression 

screen that identified genes which enhanced DENV viral infection when overexpressed 

(Meertens et al., 2012). The screen identified a suspected viral receptor, L-SIGN, and 

identified the novel flaviviral receptors from the TIM and TAM family of 

phosphatidylserine receptors (Meertens et al., 2012). 293T cells that over-expressed TIM1 

or TIM4 strongly enhanced DENV absorption, DENV infection and enhanced DENV2 

virus production more than 100x relative to the parental cell line (Meertens et al., 2012). 

Over expression of TIM1 carrying mutations in residues important for binding 

phosphatidylserine did not enhance infection and entry could be blocked by pre-treating 

cells with antibodies that recognized TIM1 (Meertens et al., 2012). The model of the 

DENV2 virion has been resolved (Kuhn et al., 2002) , and shows clearly shows the E 

protein entirely covering any internal membrane-associated phosphatidylserine. 
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Perhaps, in order to reconcile the observation that viral phosphatidylserine binds 

cellular TIM1, while E protein should have physically interfered with any lipid-TIM1 

interaction, we consider the topology of infection. The extracellular virus-membrane 

interaction has the same topology as the endosome-virus interaction, until viral fusion 

with the endosome membrane. Perhaps, as the E protein confirmation changes in 

response to endosome acidification, the viral membrane phosphatidylserine is exposed 

sufficiently to interact with TIM & TAM proteins. 

Cellular proteins that modulate membrane composition are important too. A 

targeted functional genomics approach identified that knockdown of proteins involved 

in fatty acid synthesis, and chemical inhibitors of fatty acid synthesis, reduced DENV 

viral replication and viral production in human cell culture (Heaton et al., 2010). In 

addition, the cellular protein Fatty Acid Synthase was redistributed during infection to 

NS3-positive membranes and  14C accumulation was increased in the presence of DENV 

infection, relative to control, suggesting that the virus was actively stimulating lipid 

synthesis (Heaton et al., 2010). Kuhn and colleagues characterized the lipid composition 

of infected cells and the replication complex in a mosquito (C6/36) cell line (Perera et al., 

2012). A whole-cell lipidomic profile was generated by liquid chromatography-mass 

spectrometry for cells infected by DENV or UV-inactivated DENV and compared to an 

uninfected mock condition (Perera et al., 2012). Two broad categories, lysophospholipids 

and ceraminds, were specifically increased only in infected cells (Perera et al., 2012). A 
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post-nuclear, membrane-enriched, viral RNA-enriched cell fraction that represented the 

replication complex was analyzed (Perera et al., 2012). Sphingolipids were enriched at 

least 4-fold and phosphatidylethanolamine was enriched 10-fold over mock infection for 

DENV-infected cells (Perera et al., 2012). Viral infection induced significant changes to a 

variety of lipid classes, and cellular proteins that synthesized lipids were important viral 

host factors. It is unclear which lipid classes are required for infection or if there are lipid 

classes, and associated host proteins, that may be commonly required by multiple 

pathogenic flaviviruses.  

3.2 Dengue viruses and Innate immunity 

The cellular anti-viral defense detects invasive elements not normally present in 

a cell. The pathogen associated molecular patterns from flavivirus infection includes the 

viral genome and the viral replicative intermediate, dsRNA, which may be detected by 

pattern recognition receptors. Pattern recognition receptors initiate signaling cascades 

that enable the host to combat infection.  

TLR3, RIG-I and MDA5 are pattern recognition receptors that sense flavivirus 

infection. Over-expression of TLR3 enhanced the IL-8 cytokine response produced by 

DENV2-infected HEK293 cells at least 4-fold and was prevented by knockdown of TLR3 

(Tsai, Chang, Lee, & Kao, 2009). In addition, in human U937 cells, knockdown of 

endogenous TLR3 muted DENV2-induced IL-8 cytokine production (Tsai et al., 2009). 

RIG-I and MDA5 were both involved in sensing flavivirus infection and signal through 
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IPS-1/MAVS/Cardif to activate interferon stimulated genes including ISG54 and ISG56. 

Knockout of either RIG-I or MDA5 in mouse embryonic fibroblasts was not sufficient to 

entirely blunt ISG54 and ISG56 expression after DENV infection (Loo et al., 2008). 

However, knockdown of MDA5 in a RIG-I null background abolished DENV-induced 

ISG54 and ISG56 expression (Loo et al., 2008), demonstrating that both MDA5 and RIG-I 

were involved in the DENV-induced innate immune response. In addition, IPS-

1/MAVS/Cardif knockout mouse embryonic fibroblasts showed complete block of ISG54 

expression after DENV challenge (Loo et al., 2008), and DENV2 challenge in IPS-

1/MAVS/Cardif knockout mice resulted in increased viremia but reduced IFN alpha and 

IFN beta expression (Perry, Prestwood, Lada, Benedict, & Shresta, 2009) demonstrating 

that IPS-1/MAVS/Cardif was involved in innate immune signaling for the primary 

DENV infection. Downstream DENV-induced innate immune signaling requires the 

transcriptional activators IRF3 and IRF7 as well. DENV2 infection was cleared efficiently 

in IRF3 or IRF7 single knockout mice, however DENV2 challenge in IRF3 and IRF7 

double knockout mice resulted in higher viremia as well as delayed expression of a 

variety of ISGs (Chen et al., 2013). Detection of viral infection by the cellular innate 

immune response is essential to protect the host and leads to cytokine expression 

including interferons.  

Flavivirus infection is controlled by type I interferon (IFN) signaling, with type II 

IFN signaling contributing too. Mice are not natural hosts to DENV or YFV infection, 
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and viral challenge in healthy, adult mice results in an acute and rapidly cleared viremia 

with little or no outward signs of infection. In an effort to identify mouse models of 

flaviviral infection for the purpose of understanding the host-virus interaction, several 

of the major IFN-signaling pathways responsible for host clearance of flavivirus 

infection were determined. Harris and colleagues first identified that DENV2 challenge, 

using a mouse-adapted DENV isolate, could cause significant pathology in mice that 

mirrored severe dengue in humans using the type I and type II IFN receptor double 

knockout (AG129) mice (Shresta, Sharar, Prigozhin, Beatty, & Harris, 2006). Although 

infection by either wild-type DENV2 or mouse adapted DENV2 both resulted in similar 

viremia, the mouse-adapted DENV2 caused increased vascular permeability and 

reduced survival (Shresta et al., 2006), suggesting that the AG129 mouse and adapted 

DENV viral infection model may be an effective tool to study dengue-induced vascular 

permeability associated with severe dengue in humans. Ryman and colleagues 

demonstrated the relative contribution of type I and type II IFN signaling while 

developing a mouse model of YFV infection (Meier, Gardner, Khoretonenko, Klimstra, 

& Ryman, 2009). Type II IFN signaling deficient (IFN gamma receptor knockout) mice 

did not display significant signs of YFV infection using either WT or attenuated YFV 

strains (Meier et al., 2009). However, human-pathogenic YFV challenge in type I IFN 

signaling deficient (IFN alpha/beta receptor knockout) mice caused weight-loss 

requiring euthanasia for all reported mice, although attenuated YFV-17D did not cause 



 

37 

significant disease (Meier et al., 2009). Therefore, YFV is primarily cleared by type I IFN 

signaling. The contribution of type II IFN signaling was observed only in AG129 mice 

where attenuated YFV-17D induced significant weight-loss requiring euthanasia (Meier 

et al., 2009), suggesting that clearance of YFV required both type I and type II IFN 

signaling. STAT-family proteins mediate downstream IFN signaling. Although DENV 

challenge in STAT1 or STAT2 individual knockout mice does not cause lethal 

phenotype, DENV challenge in STAT1, STAT2 double knockout mice results in a lethal 

phenotype similar to AG129 mice (Perry, Buck, Lada, Schindler, & Shresta, 2011). The 

cellular innate immune response to flaviviruses required detecting viral infection by the 

pattern recognition receptors, TLR3, RIG-I and MDA5, and cytokine signaling through 

type I and type II IFN signaling pathways to clear infection.  

RNA interference (RNAi) was first described in C. elegans (Fire et al., 1998) and 

functions in diverse organisms including mammals (Caplen, Parrish, Imani, Fire, & 

Morgan, 2001; Elbashir et al., 2001) and mosquitos (Bian, Shin, Cheon, Kokoza, & 

Raikhel, 2005). RNAi is a conserved pathway for post-transcriptional gene regulation 

(Carthew & Sontheimer, 2009). Endogenous mRNA translation in mosquito and 

mammalian cells can be repressed by microRNAs or, in mosquitos, exogenous viral 

mRNAs may be degraded by short interfering RNAs (siRNAs) (Carthew & Sontheimer, 

2009). MicroRNA biogenesis begins with sequential processing of a capped and 

polyadenylated mRNA by cellular enzymes, including Drosha in the nucleus, exporting 
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the precursor microRNA by Exportin 5 (R. Yi, Qin, Macara, & Cullen, 2003), and finally, 

processing by Dicer in the cytoplasm (Carthew & Sontheimer, 2009). The biogenesis of 

an anti-viral siRNAs in mosquitoes originated with processing of the viral replication 

intermediate, dsRNA, by Dicer directly into siRNAs (Blair & Olson, 2015). MicroRNAs 

and siRNAs direct the RNA induced silencing complex (RISC) to target mRNAs either 

by the partial complementarity of the microRNA with a target mRNA or the exact 

complementarity of the siRNA to a target mRNA (Carthew & Sontheimer, 2009). In 

either instance, protein synthesis was blocked, either by interfering with the 

translational apparatus or by endonucleolytic cleavage of the target RNA (Carthew & 

Sontheimer, 2009). 

Although miRNAs tune translation, within human cells, miRNA-dependent 

translational repression and RNAi does not play an anti-viral role during flavivirus 

infection. Cullen and colleagues created genetic Dicer knockout (No-Dice) cell lines from 

a parental human cell line (Bogerd et al., 2014). The No-Dice cell lines were unable to 

generate mature miRNAs in this in vitro model and so the cells lack miRNA-dependent 

translational regulation (Bogerd et al., 2014). The No-Dice cell lines, or the parent cell 

line as a negative control, were infected with YFV17D or DENV4 (Bogerd et al., 2014). 

YFV17D and DENV4 propagated as efficiently in the No-Dice cell lines as control which 

demonstrated that the two flaviviruses were not inhibited by, nor robustly dependent 

upon, miRNAs for viral propagation (Bogerd et al., 2014).    
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While the miRNA pathway has an analogous function in mammals and 

mosquitos, the role of RNAi within insect cells extends to an antiviral tool as well. As 

reviewed by Olson & Blair, Dicer degraded the viral replication intermediate, dsRNA, 

into 21-23nt dsRNA fragment, which were incorporated into RISC leading to the 

sequence-specific endonucleolytic cleavage of the viral mRNAs (Blair & Olson, 2015). 

The antiviral effect by RNAi in mosquitos against DENV infection has been 

demonstrated using infection of Aedes aegypti mosquitos with DENV2 (Sanchez-Vargas 

et al., 2009). Knockdown of endogenous aaDicer2 enhanced DENV2 viral production by 

10x and reduced the time necessary for the virus to be produced (Sanchez-Vargas et al., 

2009). 

Mice are not natural hosts to DENV or YFV infection, and infection studies using 

genetically modified mice highlighted determinates of viral clearance, however in the 

natural mammalian hosts flaviviruses acquired strategies to blunt the anti-viral innate 

immune response which contributes to efficient viral replication. As discussed above, all 

viral proteins and the viral genome have a role in viral replication and assembly of the 

viral progeny. In addition, it is likely that the virus invests similarly in restraining the 

hosts’ innate immune pathways, such that all viral proteins and the viral genome play 

an active role as inhibitors of the innate immune response.  

During DENV2 viral infection, IFN beta or IFN gamma -induced STAT1 

phosphorylation were reduced (Munoz-Jordan, Sanchez-Burgos, Laurent-Rolle, & 
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Garcia-Sastre, 2003). Using cell-based assays, over-expression of DENV2 NS2A, NS4A or 

NS4B were each capable of blocking IFN beta-induced innate immune activation and 

rendered normally non-permissive cells permissive to a IFN-sensitive GFP-tagged 

Newcastle disease virus (Munoz-Jordan et al., 2003). Over-expression of DENV2 NS2A, 

NS4A or NS4B acted synergistically which resulted in maximal inhibition of IFN beta-

induced activity when all three were expressed simultaneously (Munoz-Jordan et al., 

2003). Exogenous expression of NS4B was able to block STAT1 phosphorylation induced 

by either IFN beta or IFN gamma, however it was unable to block TNF alpha activation 

of an alternative NFkappaB pathway (Munoz-Jordan et al., 2003). Suppression of the 

innate immune system is conserved across flaviviruses. Type I and type II IFN signaling 

including concomitant IFN-induced STAT1 and STAT2 phosphorylation and 

translocation to the nucleus were inhibited by Kujin virus and WNV infection and 

blocked in cell lines expressing the Kujin or WNV replicons (Liu et al., 2005). Over-

expression of Kunjin virus NS2A, NS2B3, NS4A and NS4B were each able to block IFN 

alpha activity (Liu et al., 2005). WNV NS1 over expression inhibited TLR3-dependent 

NFkappaB activity and downstream cytokine production and relieved the anti-viral 

activity of TLR3 activation on VSV viral production (Wilson, de Sessions, Leon, & 

Scholle, 2008). DsRNA-induced cytokine (TNF alpha, IL6 and IFN beta) production was 

reduced by exogenous treatment with recombinant WNV E protein and the effect was 

observed in TLR3 or TRIF knockout cell lines (Arjona et al., 2007)  suggesting that E 
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protein impacted steps after activation of TLR3. Interestingly, the E protein activity was 

linked to the E protein glycosylation, such that the greatest anti-innate immune activity 

was observed by E protein produced by insect cells (Arjona et al., 2007). Evasion of the 

innate immune system likely requires synergistic activity of individual viral factors each 

with dedicated roles that block specific branches of the innate immune system. 

Viral factors target specific proteins to block the host innate immune system. 

Flavivirus infection inhibited IFN-induced STAT1 and STAT2 activation (Liu et al., 2005; 

Munoz-Jordan et al., 2003). It was observed the DENV infection reduced total STAT2 

protein and it was reported that DENV NS5 could bind STAT2 and that the proteasome-

dependent STAT2-degradation required DENV NS5 (Ashour, Laurent-Rolle, Shi, & 

Garcia-Sastre, 2009). In a mouse model of DENV infection, DENV-induced innate 

immune signaling required the transcriptional activators IRF3 and IRF7 (Chen et al., 

2013). The DENV NS2B3 protease blocked IRF3 activation (C. Y. Yu et al., 2012). 

Although the viral sensor RIG-I and the adaptor protein MAVS were unchanged, the 

Mediator of IRF3 Activation (MITA/STING) was degraded in the presence of DENV 

NS2B3 suggesting that the protease targets MITA/STING specifically (C. Y. Yu et al., 

2012). Viral protein antagonism of the host anti-viral response provides part of the 

picture. 

A portion of the newly synthesized positive strand viral genomes are degraded 

by the 5’ to 3’ exoribonuclease, XRN1 (Pijlman et al., 2008). Complex structures in the 3’ 
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UTR of the viral genome stall XRN1 leaving a stable non-coding subgenomic flavivirus 

RNA (sfRNA) (Pijlman et al., 2008). Although the exact length for the sfRNA differs by 

virus, divergent virus within the Flavivirus genus make an sfRNA (Pijlman et al., 2008). 

The sfRNA has a role in innate immune evasion. Infection of WT mouse embryonic 

fibroblasts by a mutant WNV that could not make a sfRNA was less efficient than 

comparable infection by WT WNV (Schuessler et al., 2012). However, viral replication 

by mutant and WT WNV was independent of sfRNA synthesis in the innate immune 

compromised IRF3, IRF7 double knockout mouse embryonic fibroblasts (Schuessler et 

al., 2012). Using a lethal mouse model of WNV infection, the mutant WNV virus was 

significantly less pathogenic than the WT WNV virus in normal mice (Schuessler et al., 

2012). However, the pathogenic impact of the mutant virus could be recovered in type I 

IFN signaling deficient (IFNAR knockout or IRF 3, IRF7 double knockout) mice 

(Schuessler et al., 2012). Finally, transfected in vitro transcribed sfRNA could dampen the 

antiviral impact of IFN treatment on a IFN-sensitive viral infection (Schuessler et al., 

2012). The sfRNA may functionally restrict innate immune pathways through multiple 

host-specific mechanisms. The DENV sfRNA was bound by cellular factors G3BP1, 

G3BP2 and CAPRIN1 (Bidet, Dadlani, & Garcia-Blanco, 2014). Co-expression of these 

three proteins were necessary for the translation of several interferon-stimulated genes, 

including IFITM2 (Bidet et al., 2014). Transfection of in vitro transcribed DENV2 3’ UTR 

RNA blocked protein accumulation of IFN beta- induced IFITM2, but did not block 
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expression of the IFITM2 mRNA, while mutations in the DENV 3’ UTR that interrupted 

sfRNA synthesis increased the sensitivity of DENV viral replication to IFN treatment 

(Bidet et al., 2014). The WNV or DENV sfRNA blocked RNA interference in mammalian 

and mosquito cell lines suggesting that the sfRNA may be a RNA silencing suppressor 

(Schnettler et al., 2012). WNV or DENV sfRNA were each capable of inhibiting 

microRNA-dependent as well as dsRNA-dependent inhibition of a reporter construct 

(Schnettler et al., 2012). The influence of the sfRNA on evolution of viral disease within 

the population has recently been described. DENV2 strain PR-2B replaced DENV2 strain 

PR1 as the most common DENV2 strain circulating in Puerto Rico after an epidemic in 

1994 (Manokaran et al., 2015). In vitro analysis of these two viruses revealed that the 

ratio of DENV2 sfRNA to genomic RNA ratio was increased for the PR-2B strain 

(Manokaran et al., 2015). The PR-2B sfRNA was able to attenuate the anti-viral activity of 

IFN treatment on DENV replication to a greater degree than the PR1 sfRNA and sfRNA 

binding to cellular factors disrupted innate immune activation which may have 

contributed DENV2 PR-2B aggressive spread in the population (Manokaran et al., 2015). 

The viral sfRNA may interfere with mammalian post-transcriptional gene regulation 

and innate immune activation. The viral sfRNA may block the mosquito RNAi machine 

as well. Although the role of the sfRNA remains an active area of interest for the 

flavivirus field, the evidence thus far suggests that viral genome derived sfRNA is a 

valuable viral tool that contributes to reducing anti-viral defenses.  
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3.3 The ER Membrane Protein Complex (EMC) 

The EMC is a non-essential protein complex of unknown function that has been 

identified as a novel host dependency factor for multiple flaviviruses (Le Sommer et al., 

2012; Ma et al., 2015; Marceau et al., 2016; Savidis et al., 2016; R. Zhang et al., 2016). 

Mutations in humans affecting the EMC are associated with a spectrum of human 

diseases that included non-syndromic retinal dystrophy (Abu-Safieh et al., 2013), 

cognitive deficits and schizophrenia (B. Xu, Hsu, Stark, Karayiorgou, & Gogos, 2013) 

and a complex developmental disorder for a patient carrying a predicted EMC1 null 

allele (Harel et al., 2016). Expression analysis of patient isolated transformed 

lymphocytes identified an association between increased gene expression for EMC2 

and/or EMC5 and reduced severity of illness for cystic fibrosis patients (O'Neal et al., 

2015). The ER Membrane Protein Complex (EMC) was first described by a genetic screen 

in yeast (Jonikas et al., 2009). The screen applied a library of non-essential gene 

knockouts towards finding genes that, when deleted, lead to activation of the unfolded 

protein response (Jonikas et al., 2009). The screen used a promoter driving GFP that 

responds to activation of the unfolded protein response in a Hac1p-dependent manner 

(Jonikas et al., 2009). In addition, the gene-gene interactions were explored by creating 

double knockouts in which the signal strength for two individual gene knockouts was 

quantitatively compared to the signal strength of a dual gene knockout (Jonikas et al., 

2009). Eight yeast genes were identified in which dual knockout did not further enhance 
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the knockout phenotypes of the individual genes across the eight pairwise comparisons 

(Jonikas et al., 2009). These eight were proposed to represent a previously undefined 

system. From the eight, an immunoprecipitation using FLAG tagged YKL207Wp pulled 

down 5 of the 7 remaining gene products (Jonikas et al., 2009). These six genes, dubbed 

EMC1 – 6, are the first description of the EMC (Jonikas et al., 2009). The additional 2 

genes were postulated to function in the system without being associated with the EMC 

complex (Jonikas et al., 2009). Further analysis of the pairwise interactions with other 

genes lead the authors to hypothesize that EMC deficiency likely caused accumulation 

of misfolded membrane proteins (Jonikas et al., 2009).  

The genetic screen relied of the sensitivity of the GFP expression system. Four 

unfolded protein response promoter elements were used to drive GFP expression 

(Jonikas et al., 2009). The unfolded protein response promoter elements are targets of the 

transcription factor, Hac1p, so activation of the unfolded protein response will enhance 

GFP expression (Jonikas et al., 2009). The activity of the promoter was demonstrated to 

reflect the strength of the UPR activation and knockout of the ER-associated HSP70 co-

chaperone SCJ1 enhanced GFP expression 16x (Jonikas et al., 2009). Importantly, the 

signal strength for individual EMC knockouts was 0.2 to 0.3, representing at least a 15% 

increased UPR activity (Jonikas et al., 2009). EMC2 and EMC4 knockout did not induce 

sufficient GFP signal to score as hits in the screen (Jonikas et al., 2009). This signal 

strength is not consistent with strong influence of the EMC over the UPR activity. The 
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more remarkable finding from the screen was identifying the EMC as a complex, rather 

than identifying the EMC as an important factor in UPR activation. 

The first description of the human EMC was provided by a proteomic screen. 

Immunoprecipitation of tagged, over expressed proteins KIAA0090, TTC35, TMEM111, 

MMGT1, C15orf24 or COX4NB reciprocally pull down each other and additionally 

pulled down TMEM85, TMEM93, C14orf122 and C19orf63 (Christianson et al., 2011). 

The human EMC was identified based on the sequence conservation between yeast EMC 

subunits and several of the subunits in the proteomic-defined multiprotein complex 

such that KIAA0090, TTC35, TMEM111, TMEM85, MMGT1, TMEM93, C15orf24, 

COX4NB, C14orf122 and C19orf63 were re-annotated as EMC1, EMC2, EMC3, EMC4, 

EMC5, EMC6, EMC7, EMC8, EMC9 and EM10, respectively (Christianson et al., 2011). 

Worth noting here: Recent computational analysis addressing of the evolutionary 

conservation of the EMC identified that EMC8 and EMC9 arose by a unique duplication 

only represented in vertebrate evolution and were proposed to be renamed as EMC8a 

and EMC8b (Wideman, 2015), and I selected to follow this pattern. Overexpression of 

EMC subunits 1, 2, 3, 7 & 8a all showed similar intracellular distribution as 

overexpressed KDEL-RFP, an ER marker, suggesting that the EMC will be localized to 

the ER (Christianson et al., 2011). Expression of EMC subunits 1 through 8b increased, at 

the RNA level, upon treatment of cells with the UPR-activating drug tunicamycin, 

suggesting these proteins belong to the larger cellular program of ER quality control 
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(Christianson et al., 2011). The authors characterized the effect of EMC knockdown on 

known ERAD substrates. Knockdown of EMC subunits 1, 2, 7 and 8a each lead to 

increased expression of three independent ER luminal proteins and knockdown of 

EMC1 and 2 lead to increased mutant CFTR expression, while knockdown of EMC8a 

reduced expression of the same protein (Christianson et al., 2011). No function for the 

EMC was ascribed, other than a postulated role in ER-associated protein stability 

through unknown mechanism(s). 

The EMC is required for light-sensing cells or organelles. Brockeroff and 

colleagues cloned the zebrafish pob, later annotated as emc3, gene after identifying a line 

of zebrafish in which light sensing cells in the fish eyes failed to function (Taylor et al., 

2005). Pob was widely expressed in tissues throughout the developing zebrafish (Taylor 

et al., 2005). After cloning the gene, the lab showed that the rod cells were lacking in the 

pob zebrafish (Taylor et al., 2005). Polle and collegues described a unique insertional 

mutation in Chlamydomonas reinhardtii which they named tla1, later annotated as emc8 

(Polle, Kanakagiri, & Melis, 2003). The tla1 mutant was isolated in a screen for genes 

necessary for light harvesting. Consistent with a role in light harvesting, disrupted 

chloroplast morphology was observed in electron micrographs of C. reinhardtii in which 

tla1was knocked down (Mitra, Kirst, Dewez, & Melis, 2012).  Recently, drosophila genes 

orthologous to pob and tla1 were identified as necessary for development of 

rhabdomeres, the fly eye light-gathering organelle. Electron micrographs of mutant or 
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knockout fly pob showed that the photoreceptor cells were present but that the 

rhabdomeres were missing in pob mutants (Satoh, Ohba, Liu, Inagaki, & Satoh, 2015). 

The human EMC may have a conserved role in lighting sensing since mutations in the 

conserved PQQ-like domain of EMC1 were associated with retinal dystrophy in humans 

(Abu-Safieh et al., 2013), while patients with complex disorders associated with EMC1 

mutations also reported abnormal ophthalmology exams (Harel et al., 2016). 

Evolutionarily divergent structures required for light sensing were negatively affected 

by mutation or knockout of EMC subunits suggesting a conserved process at work in 

vertebrates, insects and alga. 

The initial model of the EMC proposed that it may be a single complex of 

unknown function in which each subunit was required for the function of the entire 

complex (Jonikas et al., 2009). Most subsequent publications have interpreted their data 

from within that frame work. Knockout of individual EMC subunits in yeast resulted in 

the retention of a GFP-tagged plasma-membrane targeted protein within the ER 

(Bircham et al., 2011). Bessereau and colleagues reported that a genetic screen in C. 

elegans isolated a unique mutation in emc6 (Richard, Boulin, Robert, Richmond, & 

Bessereau, 2013). The strong hypomorph allele resulted in failure of a neurotransmitter 

receptor to express properly at the plasma membrane (Richard et al., 2013). In addition, 

knockdown of EMC subunits 1, 2, 3, 4 and 6, respectively, produced phenotypes similar 

to the emc6 hypomorph (Richard et al., 2013). In each instance, loss of a single EMC 
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subunit produced the phenotype of interest suggesting that the complex was inactivated 

by loss of any one subunit. The results by Prinz and colleagues contrasted with the 

above. A role for the EMC as an ER-mitochondrial tether that facilitated 

phosphatidylserine production in yeast was observed but was only detected by multiple 

genetic knockout of EMC subunits (Lahiri et al., 2014). The stable production of proteins 

and activation of the unfolded protein response were events associated with the ER 

membrane and/or ER lumen. However, the ER-mitochondrial tether was an ER-

cytoplasmic face-associated event. It was a curious observation that single EMC subunit 

changes were associated with ER membrane/lumen phenotypes while multi-subunit 

modifications affected a phenotype on the cytoplasmic face of the ER. 

The EMC functions within and is primarily reported to localize to the ER 

(Christianson et al., 2011; Jonikas et al., 2009). EMC2, EMC8a & EMC8b are soluble 

proteins that were predicted to be localized to the cytoplasmic face of the ER, while EMC 

3, 4, 5 and 6 contain 2 or more transmembrane domains each such that these proteins are 

predicted to be embedded in the endoplasmic ER. EMC1, EMC7 and EMC10 are 

predicted to be anchored to the ER membrane but oriented with the majority of the 

protein in the ER lumen. The EMC is a highly conserved protein that is predicted to 

have been present in the last common eukaryotic ancestor (Wideman, 2015). Although 

no formal analysis of EMC subunits has been published, public databases offer some 

insight into the EMC. Considering the human EMC as a model, EMC1 is the largest 
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protein in the complex with 993aa and it has two conserved domains: the N-terminal 

PQQ-like domain that is predicted to form a beta-propeller, followed by a poorly 

conserved domain linking to the C-terminal conserved domain of unknown function 

(DUF1620). EMC2 is a tetratricopeptide repeat protein. Crystal structures for a variety of 

tetratricopeptide repeat proteins exist, so homology modeling using the online structure 

prediction tool I-TASSER (Y. Zhang, 2008) predicted that the EMC2 will form a series of 

tetratricopeptide repeats, with no other predicted domains. EMC3 - 6 are polytopic 

membrane proteins, each with a distinct highly conserved domains of unknown 

function. EMC7 contains a domain of unknown function (DUF2012). EMC8a and EMC8b 

appear to be a duplication found only in vertebrates (Wideman, 2015). The first EMC8 

family member to be described in the literature was the chlamydomonas tla1 gene (Polle 

et al., 2003). EMC8 proteins likely have an N-terminal domain of unknown structure, 

and a C-terminal catalytically-inactive MPN domain (Mitra, Ng, & Melis, 2012). EMC10 

is poorly described. The basic knowledge concerning the EMC is thin but the complex 

contains subunits on the cytosolic and luminal face of the ER, as well as transmembrane 

domains, so the EMC may bridge unidentified events on the cytoplasmic face of the ER 

with the luminal ER environment or it may have a variety of independent roles within 

the cell. 

Given the complex topology of the EMC, it is not surprising that it has been 

associated with many functions and indeed may be multi-functional. On the cytoplasmic 
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face of the ER, the EMC has been reported to function at a ER-mitochondria tether 

(Lahiri et al., 2014). While, ER membrane and luminal roles include physical interaction 

with ERAD components (Christianson et al., 2011), role(s) during protein biogenesis 

(Louie et al., 2012; Richard et al., 2013), and a role during autophagy (Y. Li et al., 2013). 

Finally, a role is also reported for protein export from the ER (Bircham et al., 2011). 

Depletion of the EMC is associated with dilation of the ER lumen and intracellular 

membrane rearrangements (Mitra, Kirst, et al., 2012; Satoh et al., 2015). Mutation or 

depletion prevents the accumulation of specific plasma membrane proteins in vivo 

(Richard et al., 2013; Satoh et al., 2015). Although the function for the EMC remains to be 

determined, it appears to play indirect or direct roles on a number of systems affecting 

ER homeostasis. 

The EMC may be a modifier of Cystic Fibrosis Transmembrane conductance 

Regulator (CFTR) protein expression. CFTR is a complex polytopic membrane protein 

necessary for healthy lung function, and mutations in CFTR cause cystic fibrosis (Rowe, 

Miller, & Sorscher, 2005). Multiple links accumulated in the literature that suggest a link 

between the EMC and CFTR biogenesis. EMC2 (KIAA0103, Supplemental Table S2 line 

110) was identified as a component of the disease-associated CFTRdeltaF508 

interactome, however no validation or further characterization was reported (X. Wang et 

al., 2006). Knockdown of EMC1 and 2 increased ER-localized GFP-tagged mutant CFTR, 

an indication that protein degradation through ERAD was compromised (Christianson 
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et al., 2011). Hartman and colleagues designed a yeast-based screen intended to identify 

conserved factors impacting CFTR expression (Louie et al., 2012). Yeast YOR1p 

structurally resembles human CFTR protein, and YOR1p protein was engineered to 

carry mutations that would make mutant YOR1p somewhat less stable and subject to 

degradation by analogous pathways to CFTRdeltaF508 without affecting mRNA 

stability (Louie et al., 2012). Knockout of yeast EMC subunits decreased expression of 

mutant YOR1p without decreasing expression of WT YOR1p, suggesting a role of the 

EMC in stabilizing the mutant protein (Louie et al., 2012). The authors reported that 

deletion of the EMC subunits reduced total mutant YOR1p without changing the half-

life of the protein (Louie et al., 2012). The role of the yeast EMC supporting mutant 

YOR1p biogenesis was conserved in humans since knockdown of human EMC2 reduced 

expression of CFTRdeltaF508 (Louie et al., 2012). The authors proposed that the EMC 

functioned during protein biogenesis at a point that preceded export from the ER of the 

matured CFTR protein (Louie et al., 2012). Recently, expression analysis of patient 

isolated transformed lymphocytes identified an association between increased gene 

expression for EMC2 and/or EMC5 and reduced severity of illness for cystic fibrosis 

patients (O'Neal et al., 2015). The accumulated in vitro evidence including that the EMC 

and mutant CFTR may physically interact (X. Wang et al., 2006), loss of the EMC either 

increased ER-associated mutant CFTR protein (Christianson et al., 2011) or reduced 

expression of total mutant CFTR protein (Louie et al., 2012) and the observation that the 
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EMC may make a relevant contribution to cystic fibrosis disease severity (O'Neal et al., 

2015) suggested that investigation into the role of the EMC on mutant CFTR biogenesis 

may be fruitful by potentially unlocking how the EMC functions and possibly 

uncovering new tools to aid CFTR drug discovery. 

The potential for the EMC to participate in the biogenesis of complex 

transmembrane-domain containing proteins has become a theme in the burgeoning 

EMC field. As discussed above, deletion of the EMC reduced total mutant YOR1p 

without changing the half-life of the protein (Louie et al., 2012), suggesting a role for 

yeast EMC during protein biogenesis. A role for the EMC in the biogenesis of a multi-

subunit neurotransmitter receptor was uncovered by forward genetic screening in C. 

elegans (Richard et al., 2013). A hypomorph allele of EMC subunit 6 (emc6(kr160)) and, 

independently, knockdown of EMC subunits 1, 2, 3, 4, 6, respectively, resulted in 

impaired neurotransmitter function and reduced expression of a neurotransmitter 

(Richard et al., 2013). In C. elegans, knockdown EMC subunits were associated with 

unfolded protein response activation, however activation of the unfolded protein 

response in C. elegans carrying mutant ire-1 or xbp-1 did not impair the activity or 

expression of the neurotransmitter receptor (Richard et al., 2013) which suggested that 

unfolded protein response activation was not responsible for EMC-related phenotype. 

The C. elegans protein UNC-29 was a subunit within the neurotransmitter receptor so the 

expression of UNC-29 was explored. Unc-29 mRNA expression was not reduced while 
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UNC-29 protein expression was reduced in the emc6(kr160) worms (Richard et al., 2013). 

In addition, UNC-29 was modified by post-translation glycosylations similarly in 

mutant and WT C. elegans (Richard et al., 2013). Satoh and colleagues identified 

drosophila rhodopsin protein expression, but not mRNA expression, was impaired in 

emc1, emc3 and emc8 mutant fly eyes (Satoh et al., 2015). Mature rhodopsin expression 

required the chaperone, ninaA, and mutant ninaA resulted in accumulation of immature 

rhodopsin, however rhodopsin expression was absent after knockout of EMC subunits 

(Satoh et al., 2015). In an emc3, ninaA double mutant, no rhodopsin was observed, so the 

authors suggested that the EMC was involved in a co- or immediately post- translational 

process for protein biogenesis. The EMC may stabilize newly synthesized proteins prior 

to post-translational steps such as glycosylation. 



 

55 

4. RNAi and gene editing screening technologies divine 
the networks of host systems impacting viral infection 

4.1 RNAi-based loss of function screening 

RNA interference (RNAi) was first described in C. elegans (Fire et al., 1998) and 

functions in diverse organisms including mammals (Caplen et al., 2001; Elbashir et al., 

2001) and mosquitos (Bian et al., 2005). RNAi induces sequence-specific degradation of a 

target mRNA by inducing endonucleolytic cleavage of the mRNA by the RISC complex 

followed by concomitant protein deletion. Due, in part, to the modular nature of RISC, 

such that any 21-23nt dsRNA can be incorporated into RISC, and the relative ease by 

which small interfering RNAs can be manufactured, RNAi has been developed into a 

flexible tool to interrogate the role of any gene in a pathway of interest across multiple 

model organisms, and these tools have been scaled up to a genome-wide level. Delivery 

of long dsRNAs or transfection of siRNAs are effective strategies to apply RNAi for in 

vitro or in vivo evaluation of host-virus interactions. Drosophila and mosquito cells 

naturally uptake long dsRNAs which are processed by Dicer to generate a mixed pool of 

siRNAs. In mammalian systems, siRNAs can be transfected into the cells. The siRNA(s) 

degrades the target mRNAs by inducing endonucleolytic cleavage of the mRNA by the 

RISC complex leading to concomitant protein deletion.  

Presumably, any phenotype observed using RNAi would be the result of protein 

depletion of the targeted gene, however RNAi-based technology is not without its own 

blend of off target effects (OTEs). OTEs have been observed as siRNA-concentration 
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dependent changes in gene expression level for multiple genes despite consistent 

knockdown of the target mRNA (Jackson et al., 2003). OTEs may be induced by the 

unintended targeting by an siRNA to more than one gene.  Separately, it has been 

proposed that one could computationally mine some OTEs and discover new host 

factors, and this has been applied with limited success (Sudbery, Enright, Fraser, & 

Dunham, 2010). As such, best practices for evaluation of an RNAi phenotype may 

include observing the exciting, novel phenotype by at least two independent siRNAs 

and complementing the phenotype. Alternatively, observing a similar phenotype based 

on an independent genetic system also may reduce the chance of chasing OTEs. In 

practice, members of our lab reported that four independent siRNAs targeting a 

common gene, GRK2, resulted in 4/4 siRNAs consistently reducing endogenous GRK2 

(Le Sommer et al., 2012). In contrast, only 3 out of 4 siRNAs also reduced YFV-17D viral 

replication (Le Sommer et al., 2012). One siRNA was able to reasonably reduce GRK2 

protein but YFV-17D infection was not reduced by knockdown. Presumably, OTEs 

masked the antiviral effect that should have been observed by knocking down GRK2 in 

our system. And to generalize the hypothesis: RNAi-induced OTEs may be sufficiently 

potent to mask a true phenotype leading to either a false negative result or creating a 

false positive result. RNAi is a valuable tool however researchers must be cognizant of 

pitfalls when interpreting the results from RNAi-based experiments. 
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Genome-wide RNAi screening lead to the identification of hundreds of human 

and dipteran genes that impact flavivirus replication. Fikrig and colleagues published 

the first flavivirus-related genome-wide RNAi-based screen for host factors impacting 

WNV infection (Krishnan et al., 2008). Knockdown of 283 human genes and knockdown 

of an additional 22 genes reduced WNV E protein expression; collectively, all but 21 hits 

were novel WNV host factors (Krishnan et al., 2008). Consistent with the established 

biology of WNV, the knockdown of the vATPase inhibited infection (Krishnan et al., 

2008). The importance of role of ERAD in supporting WNV viral infection was reported 

(Krishnan et al., 2008). The hits from the screen were tested for an effect on DENV2 

infection in HeLa cells as well. More than 100 of the genes that supported WNV also 

were necessary for DENV2 E protein expression (Krishnan et al., 2008). In addition, all 

22 of the host restriction factors were shared between WNV and DENV2 (Krishnan et al., 

2008). These results provided strong evidence that divergent flavivurses shared many 

host factors, and supported the long term goal that pan-flavivirus treatments may one 

day be generated that block shared host pathways.  

The Garcia-Blanco lab published the first screen for insect host factors required 

for DENV infection (Sessions et al., 2009). Using an adapted DENV2 strain, 116 fly genes 

were identified as necessary for DENV2 E protein accumulation in a drosophila cell line 

(Sessions et al., 2009). Knockdown of 42 (out of 82 identified) human homologues also 

inhibited DENV2 infection, suggesting that DENV relied on many conserved cellular 
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pathways to facilitate replication in unrelated hosts (Sessions et al., 2009). Importantly, 

knockdown of 1 (of 3 tested) mosquito homologue reduced DENV2 propagation in live 

mosquitos (Sessions et al., 2009), demonstrating that the drosophila-based data 

represented new insights into how the virus replicated in the mosquito vector. 

The Garcia-Blanco lab followed up with a genome-wide siRNA-based screen for 

human gene products which were required for efficient YFV E protein accumulation (Le 

Sommer et al., 2012). The screen identified 395 high confidence hits as YFV host 

dependency factors, including TTC35 (Gene ID: 9694) and TMEM111 (Gene ID: 55831) 

(Le Sommer et al., 2012). Recently, TTC35 and TMEM111 were annotated as EMC2 and 

EMC3, respectively, both subunits of the human EMC (Christianson et al., 2012). No 

other subunits of the EMC were identified by the siRNA screen. Two additional 

proteins, Yer140wp and Slp1p, were proposed to participate in a common pathway with 

the yeast EMC, although neither protein was included in the EMC (Jonikas et al., 2009). 

The YFV high confidence hit list included C1ORF9 (Gene ID: 51430) (Le Sommer et al., 

2012), the human homologue to yeast Slp1p. EMC3 was validated as a YFV host 

dependency factor since 4 out 4 siRNAs targeting EMC3 significantly reduced YFV 

infection in an independent validation experiment (Le Sommer et al., 2012). Unbiased, 

RNAi-based screens uncovered hundreds of host factors, although the mechanism by 

which these genes may support diverse flavivurses in evolutionarily divergent hosts and 

vectors are largely unexplored. Since, the YFV screen identified a subset of the EMC 
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subunits and an additional protein associated with the EMC pathway, then the 

screening data set may capture components of a larger, uncharacterized system that 

supported viral infection. In addition, the EMC is conserved between humans and Aedes 

sp., the insect vector for YFV, therefore the mosquito EMC could function in a similar 

manner for YFV. 

4.2 Gene editing - based screening 

 Gene editing technologies may be used to introduce small insertions or deletions 

into a genome, among many options (Barrangou & Doudna, 2016). CRISPR-Cas9 was 

identified as a bacterial adaptive immune system (Barrangou et al., 2007) and has been 

engineered into a bipartite RNA-guided nuclease that may introduce dsDNA breaks in 

mammalian genes, among many others (Cong et al., 2013; Jinek et al., 2012; Mali et al., 

2013). Among many available gene editing systems, a first generation system was 

developed by Church and colleagues in which co-expression of a guide RNA (gRNA) 

and a human codon-optimized Cas9 nuclease caused accumulation of insertions or small 

deletions in human cell lines (Mali et al., 2013). The gRNA consists of a structured RNA 

that interacted with the Cas9 enzyme followed by a 20bp single strand RNA sequence 

that is complementary to an intended target in the DNA (Mali et al., 2013). Efficient 

dsDNA cleavage required that Cas9 recognized a trinucleotide sequence, the proto-

spacer associated motif, on the non-targeting DNA strand (Sternberg, Redding, Jinek, 

Greene, & Doudna, 2014) as well as forming a RNA-DNA hybrid with the 
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complementary DNA strand (Jinek et al., 2012). Two independent nuclease domains in 

Cas9 induced dsDNA breaks by each domain acting as a nickase (Jinek et al., 2012). 

Gene editing using gRNA-Cas9 has been quickly adopted by the functional genomics 

field as a tool for validation or screening for factors involved in diverse systems (Shalem, 

Sanjana, & Zhang, 2015). 

The first gene editing-based screen targeting host factors necessary for 

flaviviruses pursued genes necessary for WNV-induced cell death. Lentiviral-

transduced sgRNAs were introduced into Cas9-expressing human 293FT cells at a low 

MOI such that no more than one sgRNA should be delivered per cell (Ma et al., 2015). 

Transduced cell populations were infected with WNV and, 12 days post infection, the 

sgRNAs in the surviving cell population were sequenced, and the most represented 

sgRNAs were tallied (Ma et al., 2015). 6 target genes represented the highest confidence 

hits (Ma et al., 2015). SEL1L and DERL2, both proteins in the ERAD pathway, were 

identified (Ma et al., 2015). Previously, the DERL2 was identified as a hit in the WNV 

RNAi-based screen (Krishnan et al., 2008). EMC2 and EMC3 were also identified by the 

screen, suggesting that the EMC was an important factor for WNV induced cell death 

(Ma et al., 2015). EMC2 knockout and SEL1L knockout cell lines were raised and 

surprisingly, the EMC2 and SEL1L knockout cell lines were fully permissive to WNV 

infection. Knockout of EMC2 did not impair WNV virus production, although SEL1L 

knockout cell lines showed significant reduction in viral production. Finally, WNV viral 
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proteins C, E and NS3 were somewhat reduced after a 36-hour infection in both EMC2 

and SEL1L null cell lines. However, a distinguishing feature of SEL1L knockout cell line 

was the accumulation of a higher molecular weight C protein that was not observed in 

the parental 293FT or EMC2 null cell lines. These results suggested that the EMC and 

ERAD were both necessary for WNV-induced cell death and robust WNV replication, 

however only ERAD may be necessary for efficient viral production, and ERAD may 

affect viral assembly since C protein was abnormally processed (Ma et al., 2015). 

Considering WNV infection as a window on cellular processes, the EMC and ERAD may 

be independent processes since SEL1L knockout inhibited viral production but EMC2 

knockout did not (Ma et al., 2015). Further, SEL1L knockout affected C protein 

processing while EMC2 knockout did not affect C protein processing (Ma et al., 2015). 

The role of the EMC for the virus was not further characterized and the role of the EMC 

for the cell was unexplored. 

Three simultaneous publications each identified Flavivirus HDFs using CRIPSR-

cas based screening systems. Diamond and colleagues performed a screen for WNV 

HDFs using a screening design similar to the one used by Wu and colleagues. 12 genes 

were identified in which knockout of these genes reduced WNV infection in 293T cells 

(R. Zhang et al., 2016). As identified in Wu and colleagues, SEL1L was identified as a 

WNV HDF (R. Zhang et al., 2016). In addition, several subunits of the signalase, a multi 

subunit complex that was expected to be involved in viral polyprotein processing, were 
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identified and the authors followed up on the role of SPCS1 during polyprotein 

processing (R. Zhang et al., 2016). WNV viral production and E protein accumulation 

was strongly reduced in an SPCS1 knockout cell line and a high molecular weight E 

protein signal could be observed in knockout cells suggesting that polyprotein 

processing was affected (R. Zhang et al., 2016). Using over-expression constructs, the 

role of the signalase at the signal sequence for prM was observed to be uniquely 

sensitive to SPCS1 knockout, and lack of SPCS1 caused all tested viral subunits to be 

reduced (R. Zhang et al., 2016). Also, signalase activity between NS4A and NS4B 

required SPCS1, but NS1-NS2A processing was not clearly affected (R. Zhang et al., 

2016). Surprisingly, in the absence of a signal sequence plus prM, the signalase activity 

at E and NS1 was found to be independent of SPCS1 knockout (R. Zhang et al., 2016). 

The signalase activity may be context dependent or the composition of the signalase may 

vary. 

Functional genomic screening uncovered that knockdown or knockout of EMC 

subunits reduced flavivirus infection (Marceau et al., 2016; Savidis et al., 2016; R. Zhang 

et al., 2016). Diamond and colleagues reduced ZIKV approximately 20%, JEV was 

reduced nearly 40% and DENV infection was reduced 50% by knockout of EMC6 in a 

pool of CRISPR-Cas9 treated 293T cells, although YFV-17D infection was not reduced to 

a statistically significant degree for a similar assay (R. Zhang et al., 2016). In addition, 

knockout of EMC4 or EMC6 reduced WNV (R. Zhang et al., 2016). In addition, Carette 
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and colleagues identified EMC1 – 7 as hits in a functional genomics screen for DENV 

HDFs using gene editing technologies (Marceau et al., 2016). Neither Diamond and 

colleagues nor Carette and colleagues provided mechanistic insight into the role of the 

EMC during infection. Brass and colleagues showed that DENV2, YFV-17D, and ZIKV 

infection was inhibited by knockdown or knockout of several EMC subunits (Savidis et 

al., 2016). In addition, DENV and ZIKV attachment were not blocked by EMC 

knockdown (Savidis et al., 2016). However, the pattern of internalized DENV E protein 

in DENV infected cells was altered shortly after infection in EMC knockdown cells 

(Savidis et al., 2016) which suggested a defect up to and including viral RNA synthesis. 

For ZIKV, attachment was not altered between control and EMC knockdown cells, 

however, entry was blocked which left the virus on the surface of the cell (Savidis et al., 

2016). Recent identification of the poorly characterized human EMC as a host factor 

supporting a variety of flaviviruses by relatively uncharacterized mechanisms sets the 

EMC on a path from an obscure protein complex towards one which may ultimately be 

understood both for its role in the life of several viruses as well as its role in the 

eukaryotic cell. Perhaps, in time, drug discovery platforms may deliver a pan-flavivirus 

antiviral that functions by blocking the unknown role(s) of the EMC. 
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5. The ER membrane protein complex is necessary for 
dengue, yellow fever, and Zika virus infections  

5.1 Results 

5.1.1 A genome-scale RNAi screen identifies DENV host factors 

We conducted a genome-scale RNAi screen to identify host proteins that are 

necessary for robust DENV-2 (New Guinea C strain) replication using a human siRNA 

library targeting 22,909 mRNAs in HuH-7 cells (Fig. 1A). HuH-7 cells were reverse-

transfected with siRNAs and incubated 52 hours after which the cells were inoculated 

with DENV-2 at low multiplicity of infection (MOI). 42 hours post-infection (hpi), cells 

were fixed and probed using an antibody that reacts with the viral envelope protein and 

the DNA stain Hoechst (Barrows et al., 2014). The fraction of Hoechst-positive cells 

infected in each siRNA-transfected well was quantified by high-content imaging and 

analysis (Fig. 1A). Each plate had three independent negative control siRNAs (AllStars, 

Nonsilencing and GFP) and a positive control siRNA targeting a subunit of the vacuolar 

ATPase (ATP6V0C) that is required for endosomal acidification and efficient virus 

replication (Gubler et al., 2014) (Fig. 1B). Figure 1B shows individual fields and percent 

infection from representative wells for the negative (AllStars=86.22% infected, 

Nonsilencing=46.93% infected, and GFP=74.96% infected) and positive controls 

(ATP6VOC=6.95% infected). The distribution of the four control siRNAs throughout the 

screen is shown in Figure 1C. The significant differences between the three negative 

control siRNAs may reflect different off-target effects.  Importantly, all three negative 
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controls were significantly different and easily distinguished from the ATP6V0C 

positive control (One-way ANOVA, P<0.0001, Tukey’s post-test, P<0.01). 

Each gene product was targeted by at least four unique siRNAs grouped into 

two distinct pools (Set AB or Set CD), generating two separate measurements of 

infection rate for each gene (Fig. 1D). The data distribution accommodates the available 

range of the assay, 0 to 100%, with the majority of the data skewed towards higher 

infections (Fig. 1E) suggesting that our screen will effectively identify hits as strong as 

the positive control. Table 1 reports cell count per well, infection rate, a statistical 

measure (Sum Rank p-value) (Barrows, Le Sommer, Garcia-Blanco, & Pearson, 2010) for 

selected hits and reports the Z-score relative to the ATP6V0C mean and standard 

deviation for selected hits. The analysis strategy identifies 358 hits that had a maximum 

Sum Rank p-value less than 0.024 and Z-score less than or equal to 3.00, relative to the 

respective, Set AB or Set CD, mean and standard deviation of the ATP6V0C siRNA 

controls. Similar to our recently reported RNAi screen for YFV17D (Le Sommer et al., 

2012), the most potent candidate host factors identified in this screen included ribosomal 

proteins (predominantly of the 60S subunit), components of the vacuolar proton pump 

(e.g., ATP6V0C), and proteins required for protein translocation across the ER (e.g., 

SRP54). Identification of these known and suspected Flavivirus host factors suggested 

that the DENV RNAi screen was robust.  
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5.1.2 Discovery of ER Membrane Protein Complex as a candidate 
flavivirus host dependency factors. 

When we compared the 358 candidate DENV-2 HDFs with the 395 candidate 

YFV-17D HDFs (Le Sommer et al., 2012) we had previously identified we noted 54 gene 

products in common.  Among these were TTC35 (Gene ID: 9694) and TMEM111 (Gene 

ID: 55831), which recently were annotated as EMC2 and EMC3, respectively 

(Christianson et al., 2012). In addition, TMEM32 (MMGT1/EMC5; Gene ID: 93380) was 

also included in the 358 DENV high confidence host dependency factors. No other 

subunits of the EMC were identified by our siRNA screens. The YFV high confidence hit 

list included C1orf9 (Gene ID: 51430), which is the human homologue to yeast Slp1p a 

protein that is proposed to participate in a common pathway with the yeast EMC 

(Jonikas et al., 2009).  Since, the screen datasets identify a subset of the EMC subunits 

and one additional protein associated with the EMC pathway, we hypothesize that the 

human EMC is a YFV and DENV host factor. 
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Figure 1: Functional Genomic RNAi screen identifies DENV HDFs.  

A) Schematic diagram of the RNAi screen design workflow. B. Representative 

images, and infection rates from the three negative control siRNAs, AllStars, 

Nonsilencing, and GFP, and one positive control siRNA targeting ATP6VOC. C. 

Distribution of the percent infection for the negative and positive control well pairs. 

Each symbol represents the percent infection from two corresponding wells on paired 

plates for all control wells in the screen. Data from Set AB plotted on X-axis. Data from 

Set CD plotted on y-axis. AllStar Nonsilencing siRNA (blue square), GFP siRNA (green 

square), Negative Control siRNA (gray triangle), ATP6V0C siRNA (red circles).  D. 

Percent Infection for the population. Set AB plotted against Set CD. Black squares 

represent the 358 hits. Light gray circles are the remainder of the population E. Heat 

Map of the distribution of the population. Data are binned on 10% increments and the 

frequency of hits for a bin quadrant is assigned a colormetric score. Fewest hits, Red, 

increasing to Most hits, purple.  

All methods, materials and experiments related to the genome-wide RNAi screen 

for DENV host dependency factors were performed by Sharon F. Jamison & Caroline Le 

Sommer, Department of Microbiology and Molecular Genetics, Duke University, USA 

and James L. Pearson, Duke RNAi Screening Facility & Department of Microbiology and 

Molecular Genetics, Duke University, USA. Analysis of the genome wide data set and 

determination of the hit list was performed by Nick Barrows. 
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Table 1: Selected dengue virus host dependency factors 

Gene 

Symbol 

cell count per 

well 

% Infected Zscore 

%Infected 

Sum Rank 

Statistic 
 Set 

AB 

Set 

CD 

Set 

AB 

Set 

CD 

Set 

AB 

Set 

CD 

p-Value 

ATP6V0C 2106 1797 1.95% 1.50% -1.74 -1.40 1.37E-05 

ATP6V0D1 1069 1334 2.99% 1.57% -1.39 -1.38 3.15E-05 

ATP6V1F 421 658 11.16% 15.20% 1.41 2.18 1.15E-02 

C1orf144 1741 1751 7.58% 6.62% 0.18 -0.06 1.41E-03 

DAD1 2314 1329 14.95% 8.13% 2.70 0.33 7.91E-03 

DNAJB11 1516 920 6.27% 7.83% -0.27 0.26 1.37E-03 

EMC2 1816 2986 9.97% 11.65% 1.00 1.25 5.97E-03 

EMC3 987 978 5.57% 9.20% -0.51 0.61 1.74E-03 

EMC5 988 2456 10.93% 14.94% 1.33 2.11 1.08E-02 

ERI3 716 1389 7.96% 5.18% 0.31 -0.44 1.11E-03 

FLJ20254 983 1015 5.49% 4.63% -0.53 -0.58 4.09E-04 

HSPA5 843 675 11.39% 4.00% 1.48 -0.74 2.47E-03 

HYOU1 1042 726 3.17% 1.52% -1.33 -1.39 3.89E-05 

PSMB6 498 476 11.24% 9.66% 1.43 0.73 5.49E-03 

PSMD2 425 791 7.76% 16.31% 0.24 2.47 9.13E-03 

PSME2 603 875 13.60% 17.37% 2.24 2.75 1.90E-02 

SEC61A1 639 944 0.63% 0.85% -2.19 -1.57 2.73E-06 

SPCS2 1738 1677 1.84% 6.56% -1.78 -0.08 3.25E-04 

SRP54 1325 1587 3.92% 11.22% -1.07 1.14 2.21E-03 

TRAPPC1 1447 1087 15.20% 10.21% 2.78 0.88 1.05E-02 

 

 

5.1.3 Validation of ER Membrane Protein Complex as a host dependency 
virus for yellow fever 17D and Asibi viruses 

Gene editing technology provides RNAi-independent tools to rigorously validate 

and extend findings from functional genomics screens. We adapted the human codon 

optimized Cas9 and sgRNA system for use in our in vitro model of virus infection (Mali 
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et al., 2013). To this end, pools of HuH-7 cells were co-transfected with plasmids 

expressing Cas9 and sgRNAs targeting genes for various EMC subunits and were either 

collected for protein analysis or infected with YFV-17D at a MOI 0.1. Approximately 42 

hpi, a time point that represents multiple viral lifecycles, the cells were fixed. Fixed cells 

were labelled by immunofluorescence targeting the viral E protein and the percent of 

cells positive for E protein (% infected) was quantified by automated image analysis.  

Two independent sgRNAs, GFP T1 and GFP T2, that target the GFP gene, a gene 

not present in our cells (Mali et al., 2013) were used as negative controls to account for 

non-specific influence of gene editing on viral infection. For both negative control 

conditions, YFV-17D could readily infect the cells establishing the baseline infection for 

our assay (Fig. 2). Relative to the two controls, one sgRNA targeting EMC1, and two 

independent sgRNAs each targeting EMC3, EMC4, or EMC5 reduced infectivity 5 to 20 

fold. These data specifically validated EMC3 as a YFV-17D HDF, and extended the YFV 

HDFs to include EMC1, EMC4 and EMC5 (Fig. 2). The combined results from the RNAi-

based screen and the gene editing validation experiments identified EMC1, 2, 3, 4 and 5 

as YF HDFs. The requirement for many subunits of the EMC for efficient YF infection 

strongly suggests that the human EMC is a novel YF HDF, and is consistent with the 

model, first proposed by Schuldiner and colleagues, that the EMC is a multi-protein 

complex and loss of an individual subunit disables the entire complex (Jonikas et al., 

2009).   
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Figure 2: EMC deficiency reduces YFV infection. 

The percentage of infected cells infected by YFV-17D shown for controls (GFP 

target #1 & #2) and selected EMC subunits (EMC target #1, EMC3 target #1, #2, & #3, 

EMC4 target #1 & #2, EMC4 target #1 & #2). Pools of hCas9 and sgRNA co-transfected, 

G418-resistant HuH-7 cells were infected with YFV-17D. Viral E protein evaluated 42 

hpi and the percentage of infected cells were calculated. Mean percent infection & 

standard deviation plotted on y-axis. 

In order to facilitate our studies, HuH-7 cell lines that express HA-EMC4 were 

created using gene editing technology. The DNA coding for the 9 amino acid HA 

peptide tag was inserted between the DNA coding for amino acids 2 and 3 of the 

endogenous EMC4 locus. The modified EMC4 allele was anticipated to be constitutively 

included in all expressed isoforms.  Two independent HA-EMC4 expressing cell lines 

were isolated and characterized (HA-EMC4 Clone #1 and HA-EMC clone #2). The 

endogenous 20kDa EMC4 protein can be detected by western blot with an anti-EMC4 

antibody in HuH-7(WT) cells (Fig. 3; lane 2), but not in the HA-EMC4 knock-in cell lines 
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(lanes 3 & 4).  A 21 kDa EMC4 band was detected in both knock-in cell lines (lanes 3 & 4) 

but not in the parental HuH-7(WT) cell line (lane 2). These data were consistent with 

successful introduction and expression of only the HA-tagged EMC4 allele. We then 

sought to create an EMC4 null cell line targeting the EMC4 gene from an HA-EMC4 cell 

line. The HA tag is a robust target for immunofluorescence and knockout can be 

observed as loss of the HA signal. We identified a cell line that only expressed HA-

tagged EMC4 (Fig. 3). We co-transfected the Cas9 and sgRNA expressing plasmids into 

the HA-EMC4 cell line and screened for cells that did not express HA–EMC4. Two 

independent EMC4 knockout cell lines were selected for analysis. In these cell lines EMC 

subunits 1, 2, and 3 were expressed similarly to the parental HA-EMC4 and HuH-7 cells 

while EMC4 was not expressed (Fig. 3). Importantly, the EMC4 KO cell lines were 

morphologically indistinguishable from the parental cells and grew similarly compared 

with the parental knock-in cell lines (data not shown), suggesting that the EMC is not 

essential for HuH-7 cell viability and proliferation. 
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Figure 3: Expression of EMC1, 2 and 3 are not reduced in HA-EMC4 or EMC4 

knockout cell lines. 

Protein expression from total cell lysate for HuH-7(WT) or clonal cell lines 

carrying edited EMC4 alleles. The HA-tag was introduced into the parental HuH-7 cells 

to generate HuH-7 (HA-EMC4 clone #1 &#2). EMC4 KO cell lines were created by 

knocking out the HA-EMC4 allele. Expression of total EMC4 is shown with EMC1, 2, 

and 3. Beta Actin is shown as a loading control. Molecular weight markers are 40kDa for 

Beta Acitn, 20kDa for EMC4, 110kDa EMC1, 30kDa EMC2 & 3.  
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We quantified production of extracellular virus in HuH-7(WT), HuH-7(HA-EMC4) 

or HuH-7(EMC4 KO) cell lines infected with YFV-17D, at 0, 9.8, 20 and 33.5 hpi. The 

initial viral burst occurred at 20 hpi in the HuH-7(WT) and HuH-7(HA-EMC4) cell lines 

and virus production plateaued by 33.5 hpi.  No viral production was observed in the 

EMC4 KO cell lines at 20 hpi and a 2.7 to 3 log10 reduction in virus production relative 

the parental HuH-7(WT) and HuH-7(HA-EMC4) cells lines was observed at 33.5 hpi (Fig 

4A).  Since YFV-17D is an attenuated vaccine strain, we asked if EMC was required for 

efficient replication of the pathogenic YFV Asibi strain, which was used to derive the 

17D strain (Theiler & Smith, 1937). We find that HuH-7 and HA-EMC4 cells produced at 

least 3 log10 FFU/mL more YFV-Asibi than EMC4 KO cell lines (Fig 4B), indicating that 

the EMC is necessary for pathogenic YFV growth and the requirement for the EMC does 

not represent an adaptive change acquired during the attenuation of the 17D strain.  

Taken together these data established the EMC as an important HDF supporting the 

YFV life cycle in human cells. 

5.1.4 Validation of ER Membrane Protein Complex as a host 
dependency virus for dengue and Zika viruses. 

DENV include four antigenically distinct serotypes (DENV1 - 4). We chose to 

evaluate if DENV2 and DENV4 also require the EMC for efficient viral replication. 

DENV2 strain NGC or DENV4 strain TVP360 viruses were produced to approximately 4 

log10 FFU/mL or 5 log10 FFU/mL, respectively, by both HuH-7(WT) and HA-EMC4 cell 
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lines (Fig 4C & D). However, virus production by EMC4 KO cells lines was reduced 

below detectable levels. Although the EMC was necessary for efficient YF17D and YF-

Asibi virus production, DENV appear to be even more severely inhibited by knockout of 

EMC4.  

ZIKV has recently been associated with serious fetal abnormalities and is currently 

spreading as an unchecked epidemic in the Americas. In order to obtain valuable insight 

as to the cellular factors that ZIKV may require for propagation, we tested if ZIKV 

required the EMC. We evaluated virus production of ZIKV in parental and EMC4 

knockout cell lines. ZIKV (P6-740) grew to 5.4 log10 FFU/mL or 4.8 log10 FFU/mL in 

HuH-7(WT) and HuH-7(HA-EMC4) cell lines, respectively; however, no ZIKV virus 

production was observed over the time course in EMC4 KO cells (Fig 4E).  This indicates 

that, similar to DENV, EMC4 is absolutely required for ZIKV productive infection. These 

results suggest that the EMC is required for pathogenic flaviviruses transmitted by Aedes 

mosquito species.  

We also tested the dependency of WNV, which circulates between birds and 

Culex mosquitoes, but occasionally infects humans and may cause the severe disease: 

West Nile encephalitis. We evaluated if the pathogenic WNV-NY99 required EMC for 

viral replication. WNV-NY99 virus production by EMC4 KO cells lines was as strong as 

the control parental cell lines (Fig 4F).  Unlike YFV, DENV and ZIKV viruses, the EMC 

was not required for WNV-NY99 viral propagation.  After the completion of these 
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experiments, Wu and colleagues published that EMC2 was required for WNV induced 

cell death in 293FT cells but was dispensable for viral production, which is consistent 

with our findings (Ma et al., 2015).  

YFV-17D, YF-Asibi, DENV2, DENV4, ZIKV and WNV-NY99 share a common 

genomic organization and replication strategy, however we observed that DENV and 

ZIKV absolutely required the EMC, YFV strongly required the EMC, while the EMC was 

dispensable for WNV. 
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Figure 4: DENV, YFV and ZIKV propagation is reduced by EMC4 KO. 

Infectious particles released from HuH-7(WT), HuH-7(HA-EMC4) or HuH-

7(EMC4 KO) cell lines was quantified. A) YFV strain 17D measured at 0, 9.8, 20 and 33.5 

hpi B) YFV strain Asibi measured at 42hpi. C) DENV2 strain NGC measured at 42hpi. D) 

DENV4 strain TVP360 measured at 42hpi. E) ZIKV strain P6-740 measured at 3, 10.5, 19 

& 27.3 hpi F) WNV strain NY99 measured at 48hpi. Mean Log10 (foci forming units per 

mL) and associated standard deviation are plotted on y-axis. Time (hours post infection, 

hpi) are indicated on x-axis where appropriate.  

Charlie McGee, Duke University, Regional Biocontainment Laboratory - 

Virology Unit, USA, provided training, supervision, methods and some materials 

necessary to carry out the viral production assays for pathogenic WNV (NY-99) and YFV 

(Asibi) that were performed in the biosafety level-3 laboratory. Charlie and I worked 

together to perform the WNV virus production assay. All other virus propagation assays 

were performed by Nick Barrows. 

 

5.1.5 In vivo validation for a requirement for the EMC in Aedes aegypti 
mosquitos confirms the importance of the EMC. 

We wondered whether the EMC was an HDF in mosquitos since the EMC is 

highly conserved between mosquitos and human.  Aedes aegypti EMC subunits EMC2, 

EMC3 and EMC4 were readily identified (EMC2 (aaEMC2; XP_001661937), EMC3 

(aaEMC3; XP_001652133), and EMC4 (aaEMC4; XP_001657467)) and are 44%, 65% and 

51% identical to the respective human EMC subunits (EMC2 (NP_055488), EMC3 

(NP_060917), and EMC4 (NP_057538)). These three EMC subunits were selected for 

RNAi mediated depletion using an established model of knockdown in mosquitos 

(Dong et al., 2006). Aedes ageypti mosquitos were injected with dsRNAs targeting GFP as 

a negative control or EMC subunits and infected with DENV2-NGC by ingestion of a 

virus containing blood meal. Fifty-seven (of fifty-nine) mosquitoes injected with dsRNA 

targeting GFP were noted to be productively infected with DENV, with a median of 
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20,500 FFU/MMG (Fig. 5).  In the experimental groups, 179 (of 182) mosquitoes treated 

with dsRNA targeting aaEMC2 or aaEMC3 or aaEMC4 subunits established productive 

infections; however the median virus production for mosquitoes treated with dsRNA 

targeting aaEMC2, aaEMC3 or aaEMC4, was 9500 FFU/MMG, 8500 FFU/MMG, and 6250 

FFU/MMG, respectively (Fig. 5). Statistical analysis using the Mann-Whitney test 

(GraphPad Prism 7) determined that dsRNA targeting aaEMC3 (p=0.0257) and aaEMC4 

(p=0.0010) reduced productive infection to a statistically significant degree while dsRNA 

targeting aaEMC2 (p=0.1115) did not achieve a statistically significant result. These 

results provide evidence that the EMC is an evolutionarily conserved DENV HDF in 

both human hosts and mosquito vectors, and are the first in vivo evidence that the EMC 

is a DENV HDF. 
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Figure 5: DENV virus propagation in Aedes aegypti mosquitoes inhibited by 

knockdown of EMC subunits 3 and 4 

Aedes aegypti mosquitoes were injection of with dsRNA targeting GFP (circles), 

aaEMC2 (Gene ID 5575416) (squares), aaEMC3 (Gene ID 5568194) (trianlges) or aaEMC4 

(Gene ID 5567465) (diamonds). Mosquitoes fed on a DENV2-NGC-supplemented blood 

meal. Infectious particles from isolated mosquito midguts are reported as FFU/mL. 

Significance was determined using Mann-Whitney test by comparing the dsEMC 

subunit versus dsGFP.  

George Dimopoulos & Yesseinia Anglero-Rodriguez, Johns Hopkins University, 

USA, provided all materials & methods and performed all experiments and analysis 

related to the knockdown of EMC subunits followed by DENV challenge in live 

mosquitos. 

 

5.1.6 The ER membrane complex is required for a very early step in 
the flaviviral lifecycle, very likely viral protein biogenesis. 

EMC knockout has been associated with impaired targeting of proteins to the 

plasma membrane in diverse organisms (Bircham et al., 2011; Louie et al., 2012; O'Neal 

et al., 2015; Richard et al., 2013; Satoh et al., 2015). In order to determine if the EMC is 



 

81 

required for YFV to attach to the cell, perhaps by failure of the unidentified receptor(s) 

to be properly localized to the plasma membrane, we compared the ability of YFV-17D 

to attach to parental and knockout cell lines. The four cell lines, HuH-7 (WT), HA-EMC4, 

EMC4 KO clone #1, and EMC4 KO clone #2 were infected with YFV-17D at an MOI 10 

while on ice to prevent viral entry. Infected cell monolayers were washed and total cell 

associated RNA was collected. A second set of cells was infected as above, washed with 

PBS and then moved to 37°C for 1 hour. After an hour, the second set of cells was set on 

ice, washed with ice cold alkaline and high salt buffer several times, and total cell 

associated RNA was collected. When we quantified of cell-associated viral RNA we 

noted no difference among the cell lines and no difference after shifting the cells to 37°C 

for an hour and washing the cell lines with high salt and alkaline buffer (Fig. 6). These 

negative results were interpreted as evidence that the EMC was not required for viral 

attachment to the cell surface. We expect that viral attachment factors, heparin sulfates 

and the unknown viral receptors, were expressed at the plasma membrane in EMC 

knockout and parental cell lines. 
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Figure 6: YFV attachment and entry is unaffected by EMC4 knockout. 

Cell associated YFV-17D viral RNA measured in HuH-7(WT), HuH-7(HA-

EMC4) or HuH-7(EMC4 KO) cell lines. Cell lines were incubated with YFV-17D at a 

M.O.I. of 10 on ice for 1 hr to allow attachment, then washed carefully and total cell 

associated RNA was obtained. Alternatively, cell lines were incubated with YFV-17D at 

a M.O.I. of 10 on ice for 1 hr to allow attachment, then washed, and fresh media was 

added followed by a 1hr 37C incubation and finally the cells were iced, treated for 3 min 

with high-salt alkaline solution to remove the membrane-bound virus and total RNA 

was collected. YFV-17D genome was detected by quantitative RT-PCR and normalized 

to the amount of GAPDH detected. Mean and standard deviation are presented. 

 

We examined the earliest step in the flaviviral life cycle that is ER-associated: the 

synthesis and maturation of viral proteins. Among the viral proteins we examined the 

biogenesis of NS3, which is a bellwether of all viral protein biogenesis because its 

accumulation requires both translation of the polyprotein and co & post translational 

autocatalytic viral polyprotein processing (Chambers, McCourt, et al., 1990).  We 
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decided to use DENV2 in these experiments since the effect of EMC4 KO was profound 

and reagents to study NS3 biogenesis available. We infected the parental HA-EMC4 and 

an EMC4 KO cells with DENV2-NGC (MOI = 10), permitting us to examine the 

accumulation of viral proteins very early after infection. In some conditions we 

pretreated cells with NITD008, a potent RNA dependent RNA polymerase (NS5) 

inhibitor (Yin et al., 2009), to rule out an effect mediated by inhibition of RNA synthesis.  

To establish the level of background signal in these experiments we used cells that had 

been pretreated with cycloheximide (CHX) to block any new synthesis of viral proteins. 

The NS3/beta actin protein ratio in HA-EMC4 cells increased at 2, 3 and 4 hpi; however, 

the NS3/beta actin ratio in the EMC4 KO clone #2 was significantly (p </= 0.05) reduced 

at all time points tested relative to the parental cell line (Fig 6). Very similar data were 

obtained for prM protein (data not shown) Therefore, knockout of EMC4 prevented 

accumulation of viral NS3 prior to viral replication, likely due to failure of viral protein 

biogenesis. This is fully consistent with suspected functions of the EMC. 
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Figure 7: The biogenesis of DENV NS3 protein is reduced in a clonal EMC4 

knockout cell line. 

NS3 and Beta Actin proteins are quantified in HuH-7(HA-EMC4) or HuH-

7(EMC4 KO) cell lines. A) Representative western blots for DENV2 NS3 and Beta Actin 

protein. Cells were pre-treated with NITD008 then infected with DENV at MOI 10 at 

37C. Total cell lysate was collected at 1.2, 2, 3, 4, 4.8 hours post infection. Cycloheximide-

treated wells used to determine background for NS3 antibody signal at 1 hour post 

infection. B) Quantification of western blots as in A.  Mean NS3/beta actin ratio and 

standard deviation for 3 blots/time point are plotted on y-axis. Time (hours post 

infection) are indicated on x-axis. 
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5.7 Discussion 

We screened a library of siRNA pools for the ability to reduce DENV2 infection 

42hpi in a human cell line (Fig. 1A), a time-point that permitted at least one complete 

viral lifecycle (data not shown). The screen may identify genes important for any step in 

the viral lifecycle. The three independent negative control siRNAs each exhibited 

distinct % infection values but were readily differentiated from a positive control siRNA 

targeting the vATPase, an established positive control (Gubler et al., 2014) (Fig. 1B & C). 

The cumulative range of % infection covering the three negative control siRNAs should 

present an accurate portrait for siRNAs having a non-specific affect, and any siRNA 

pool scoring in this region is reasonably assumed to have had no strong effect in the 

reported assay. Despite the potential specificity of RNAi, some siRNAs induce OTEs 

(Jackson et al., 2003), and the range of the negative controls may have been impacted by 

unknown OTEs. We selected a screen design in which high confidence hits are identified 

when two independent siRNA pools both reduce DENV at least as much as an siRNA 

that targets a subunit of the vATPase (compare Fig 1C red circles to Fig. 1D black dots), 

which identifies 358 known or novel DENV HDFs. In a prior publication, we determined 

that the requirement for biological duplicates resulted in approximately 90% 

reproducibility between primary screen results and a post hoc validation study of 

selected hits (Le Sommer et al., 2012). Our screen design and analysis pipeline integrates 

a strategic decision to create a hit list that we expect will have high downstream 
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validation rates at the expense of increasing false negative rates due to, either, 

insufficient number of effective siRNAs within the siRNA library or random placement 

of two active siRNAs in the same well and two inactive siRNAs in the paired well. We 

anticipate that our hit list steps closer to meeting the gold standard for interpreting 

RNAi-based data (Echeverri et al., 2006) in that we begin validation with at least two 

independent siRNAs per gene of interest that inhibit DENV. 

We identify 358 DENV HDFs that were required to a degree similar to the 

positive control, a subunit of the vATPase. Selected hits are presented in Table 1. 

Consistent with the biology of DENV infection (Gubler et al., 2014), our high confidence 

hit list included three subunits of the vATPase (ATP6V0C, ATP6V0D1, and ATP6V1F), 

many subunits of the  translational machinery (n=31 subunits of the ribosome) and 

factors necessary for translocation and processing of the viral polyprotein, (SRP54, 

SEC61A1, SPCS2) which suggests that our screen design effectively identified 

biologically relevant targets for future exploration (Table 1).  

Clinically relevant genes identified by our RNAi screen included several 

subunits of the proteasome (PSMB6, PSMD2, PSME2) and HSP70 family proteins and an 

associated co-chaperone (Table 1). Proteasome inhibitors have been reported to block 

DENV infection (Fink et al., 2007) and the FDA-approved anti-cancer proteasome 

inhibitor, bortezomib, was advanced as candidate anti-DENV (Choy et al., 2015) and 

anti-ZIKV treatments (Barrows et al., 2016). Our results reinforce the value of exploring 
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repurposed therapeutics, eg. bortezomib, as DENV antivirals. Recent reports reignited 

an interest in developing heat shock protein family inhibitors as anti-DENV therapeutics 

(Howe et al., 2016; Reyes-Del Valle et al., 2005; Taguwa et al., 2015) and our data is 

consistent here by identifying HSP70 family members, HSPA5 and HYOU1, and the co-

chaperone DNAJB11 as DENV HDFs (Table 1). Anti-DENV treatments may be identified 

by mining our screen database for hits that could be drug targets using repurposed or 

novel drugs. 

A number of genome wide screens searching for flavivirus HDFs have been 

reported in the literature, and comparison of our hit list with published datasets 

highlights genes that may warrant extended investigation. Previously, our lab identified 

that drosophila fly gene CG33129 and the human homologue TMEM214 are DENV 

HDFs that was required for viral RNA synthesis (Sessions et al., 2009), although the 

mechanistic details were not further pursued. The current screen concurred since 

TMEM214/FLJ20254 was once again identified as a DENV HDF (Table 1). 

TMEM214/FLJ20254, although largely unexplored, was reported to localize to the ER 

and may function in the ER-stress response (C. Li et al., 2013). The current screen also 

supported the hypothesis that the TRAPP complex may have a conserved pro-flaviviral 

role since TRAPPC1 was identified here (Table 1) and in our prior published screen for 

YFV HDFs along with TRAPPC11/FLJ12716 (Le Sommer et al., 2012). TRAPPC4 was also 

identified in a recent screen for flavivirus HDFs (Savidis et al., 2016). Mutations in 
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TRAPPC11 were associated with human genetic disorders (Bogershausen et al., 2013). 

Depletion or mutation of TRAPPC11 (and other subunits) disrupted ERIGIC and golgi 

morphology, prevented export of model proteins (Scrivens et al., 2011), and prevented 

N-linked glycosylation of a model protein (DeRossi et al., 2016) suggesting that the 

mammalian TRAPP complex was involved in ER-to-golgi trafficking and post-

translational glycosylation. Further investigation of the DENV-TRAPP complex 

relationship may inform on the virus-host interaction, the biological role(s) of the 

TRAPP complex and may broaden our understanding of rare human genetic disorders. 

Of special note, the investigational drug Celgosivir interferes with post-translational 

glycosylation of viral proteins (Courageot, Frenkiel, Dos Santos, Deubel, & Despres, 

2000; Rathore et al., 2011), so investigations into the DENV-TRAPP complex relationship 

may uncover clinically relevant discoveries concerning the coordination of processes 

involved in viral protein maturation. Currently, it is unknown how either 

TMEM214/FLJ20254 or the TRAPP complex may support viral propagation. ERI3, a 

recently identified DENV-3’UTR interacting protein, was shown to support viral 

replication (Ward et al., 2016), and appears herein as a DENV HDF (Table 1), 

demonstrating how orthogonal screening technologies converged on a common DENV 

HDFs. The signalase has long been proposed to mediate specific steps in polyprotein 

processing (Chambers, McCourt, et al., 1990), and recent screens identified multiple 

subunits of the signalase as flavivirus HDFs (Marceau et al., 2016; Savidis et al., 2016; R. 
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Zhang et al., 2016). The Diamond lab created renewed interest here by suggesting that 

the composition and activity of the signalase(s) involved in viral polyprotein processing 

may vary (R. Zhang et al., 2016). Our screen identifies signalase subunit SPCS2 as a 

DENV HDF (Table 1), and future investigations may evaluate the SPCS2-dependent 

signalase activity in the context of viral polyprotein processing. The OST complex is a 

recently identified pan-flavivius HDF (Marceau et al., 2016; Savidis et al., 2016; R. Zhang 

et al., 2016) that supported viral replication through an enzyme-independent mechanism 

that remains to be clearly deciphered (Marceau et al., 2016) and our screen also identifies 

that the OST complex subunit DAD1 is a DENV HDF (Table 1). Renewed interest in the 

interaction between the viral RNA and the ER during co-translational processes 

increases the appeal of pursing poorly annotated hits like the RNA-binding domain 

containing protein C1ORF144 (Table 1). Replete with speculation, high-throughput 

proteomics associated C1ORF144 with SRP9 and SRP14 (Kristensen, Gsponer, & Foster, 

2012), two components of the signal recognition complex. Investigating the relationship 

between C1ORF144 and DENV may uncover novel insights into SRP-dependent 

trafficking of the viral mRNA to the ER. Among the 358 high confidence hits, some hits 

are consistent with published data while other hits are novel. Very little mechanistic 

insight exists concerning DENV and HDF interactions for the overwhelming majority of 

the hits. 
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The EMC is a 10 subunit ER-localized complex of unknown function 

(Christianson et al., 2011). Recent functional genomic screens discovered that the EMC is 

a pan-flavivirus HDF (Le Sommer et al., 2012; Ma et al., 2015; Marceau et al., 2016; 

Savidis et al., 2016; R. Zhang et al., 2016). The current screen identified EMC2 (TTC35), 

EMC3 (TMEM111), and EMC5 (TMEM32) as high confidence DENV HDFs (Table 1). 

Prior screening by our group identified EMC2, EMC3 and C1ORF9 as HDFs for YFV 

infection (Le Sommer et al., 2012). Taken together, 3 subunits of the EMC and a protein 

associated with EMC function are reported as pro-flaviviral HDFs by our RNAi-based 

screens, consistent with the published data.  

Gene editing technology provides RNAi-independent tools to rigorously validate 

and extend findings from functional genomics screens. We adapted the human codon 

optimized Cas9 and sgRNA system for use in our in vitro model of virus infection (Mali 

et al., 2013). Relative to the two independent GFP targeting sgRNA controls, one sgRNA 

targeting EMC1, and two independent sgRNAs each targeting EMC3, EMC4, or EMC5 

reduced YFV-17D infectivity (Fig. 2). These results provide genetic validation that 

multiple EMC subunits are YFV HDFs. The requirement for many subunits of the EMC 

for efficient YFV infection strongly suggests that the human EMC is a YFV HDF. 

Diamond and colleagues targeted EMC6 using gene editing in 293T cells and reported 

that YFV-17D infection was not reduced to a statistically significant degree (R. Zhang et 

al., 2016), so our data are incongruous with the publication record on this point. 
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However, the Brass lab showed that RNAi targeting several EMC subunits reduced 

YFV-17D infection (Savidis et al., 2016), and our results are consistent here. 

Virus production from parental and EMC4 KO cell lines (Fig. 3) was evaluated. We 

quantified production of extracellular virus in parental or EMC4 KO cell lines infected 

with YFV-17D (Fig. 4A) or pathogenic YFV-Asibi (Fig. 4B) and observed multi-log 

reduction in virus production for both viruses indicating that the EMC is necessary for 

the vaccine and pathogenic YFV strains. DENV2 (Fig. 4C) or DENV4 (Fig. 4D) virus 

production is reduced to undetectable levels in EMC4 knockout cell lines, relative to 

parental cell line controls. EMC4 is also required for ZIKV (Fig. 4E) productive infection. 

These results suggest that the human EMC is required for the replication of flaviviruses 

that are transmitted by Aedes mosquito species. Unlike, YFV, DENV and ZIKV viruses, 

the EMC was dispensable for WNV-NY99 viral propagation. Noteworthy here, WNV 

naturally transmits between birds and Culex species mosquitos, with human infections 

being an unfortunate zoonosis resulting in a dead end host (Martin-Acebes & Saiz, 

2012).  

Functional genomic screening identified that the mammalian EMC is a pan-

flavivirus HDF (Le Sommer et al., 2012; Ma et al., 2015; Marceau et al., 2016; Savidis et 

al., 2016; R. Zhang et al., 2016). Our data, obtained using EMC4 knockout cell lines, 

suggests that individual viruses like DENV, YFV and ZIKV can be strongly inhibited by 

EMC knockout while WNV was not overtly affected. Wu and colleagues reported that 
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WNV infection was somewhat delayed in an EMC2 knockout cell line, relative to the 

parental cell line, but by 36hpi, WNV was equally permissive in both cell lines (Ma et al., 

2015). Our data confirms that WNV can be produced equally by parental and EMC 

deficient cell lines. Diamond and colleagues reported that knockout of EMC4 reduced 

WNV virus infection 12 hpi approximately 75% by one sgRNA, but reported a second 

sgRNA resulted in a statistically insignificant WNV reduction. In addition, WNV was 

reduced at least 2x for two different sgRNAs targeting EMC6 (R. Zhang et al., 2016). 

Although, the WNV was not affected by EMC4 knockout in our experiments, it could be 

that the affect may only be picked up using a time course infection. DENV & ZIKV 

production was not detected in our EMC4 knockout cell lines, while parental cell lines 

clearly showed virus production in both cases. Brass and colleagues reported that 

knockdown of multiple EMC subunits reduced infection by a variety of ZIKV isolates 

and DENV2 (Savidis et al., 2016). In addition, Carette and colleagues identified EMC1 – 

7 as hits in a functional genomics screen for DENV HDFs using gene editing 

technologies (Marceau et al., 2016). Overall, published accounts and our current data 

strongly support that the human EMC is an important pan-flavivirus HDF. 

Previously, we have reported a large overlap among dipteran and human HDFs 

(Sessions et al., 2009) and we wondered whether the EMC was an HDF in mosquitos. 

Aedes aegypti is an important vector responsible for urban cycles of YFV, ZIKV and 

DENV (Barrett & Higgs, 2007; Weaver et al., 2016) and the EMC is conserved across 
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eukaryotes (Wideman, 2015). Aedes aegypti EMC subunits 2, 3 and 4 were selected for 

RNAi mediated depletion using an established model of knockdown in mosquitos 

(Dong et al., 2006). Depletion of aaEMC3 and aaEMC4 significantly reduced productive 

infection while knockdown of aaEMC2 did not achieve a statistically significant result 

(Fig. 5). These results provide the first in vivo evidence that the aaEMC is an 

evolutionarily conserved DENV HDF. 

YFV-17D attachment and entry is coordinated by viral attachment factors 

including heparin sulfate proteoglycans (Germi et al., 2002), unidentified viral 

receptor(s) and calcium signaling (Barba-Spaeth et al., 2005) but does not require clathrin 

coated endocytosis (Fernandez-Garcia et al., 2016). The EMC may facilitate the 

biogenesis and/or assembly of receptors targeted to the plasma membrane (Bircham et 

al., 2011; Louie et al., 2012; O'Neal et al., 2015; Richard et al., 2013; Satoh et al., 2015). We 

tested for a EMC4-dependent YFV-17D attachment and entry phenotype. However, the 

negative results we obtained using an attachment and entry assay are not consistent 

with an important role for the EMC during YFV entry (Supp. Fig. 1). Brass and 

colleagues also reported that DENV and ZIKV attachment were not blocked by EMC 

knockdown (Savidis et al., 2016). However, the pattern of internalized DENV E protein 

in DENV infected cells was altered shortly after infection in EMC knockdown cells 

(Savidis et al., 2016) which suggested a defect up to and including viral RNA synthesis. 

For ZIKV, attachment was not altered between control and EMC knockdown cells, 



 

94 

however, entry was blocked which left the virus on the surface of the cell (Savidis et al., 

2016). The preponderance of the evidence suggests that the EMC does not facilitate 

flavivirus attachment. We did not detect a defect related to YFV-17D viral entry in EMC4 

knockout cells although ZIKV entry was reported to be blocked by EMC knockdown 

(Savidis et al., 2016). 

We examined the earliest step in the flaviviral life cycle that is ER-associated: the 

synthesis and maturation of viral proteins. In the presence of a viral RNA synthesis 

inhibitor, the DENV NS3 protein increased after infection by live virus over 4 hours in 

the parental cell line while NS3 did not accumulate in the EMC4 knockout cell line over 

the same duration (Fig 6). In the course of our experiments we were unable to 

independently verify this result using a replicon. Multiple attempts to deliver an 

exogenous RNA-based or DNA-based constructs we unsuccessful since protein 

expression from co-transfected control RNAs or plasmids were also reduced in EMC4 

knockout cell lines, making the results of the experiments difficult to interpret. Perhaps 

the disrupted ER architecture described in the literature (Mitra, Kirst, et al., 2012; Satoh 

et al., 2015) due to EMC deficiency affected the experiment. We propose that our data 

using live DENV infection indicates a role for the EMC during viral protein biogenesis, 

although it does not rule out an unidentified block during viral internalization or the 

transport of viral RNA to the ER.  
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Protein biogenesis for a subset of proteins may be supported by the EMC. 

Schuldiner and colleagues hypothesized that “loss of the EMC leads to accumulation of 

misfolded membrane proteins” (Jonikas et al., 2009). The biogenesis of YOR1p was 

impaired in yeast EMC knockout cells without changing the half-life of the protein 

(Louie et al., 2012). A role for the EMC in the biogenesis of a multi-subunit 

neurotransmitter receptor was uncovered by forward genetic screening in C. elegans 

(Richard et al., 2013). Satoh and colleagues discovered that drosophila rhodopsin 

protein, but not mRNA, expression was impaired in EMC mutant fly eyes (Satoh et al., 

2015). Our data suggests that the EMC is not necessary for YFV-17D attachment and 

entry while the EMC is necessary for a step prior to DENV RNA synthesis therefore, the 

EMC may function during viral protein biogenesis. Our data contributes to the body of 

evidence supporting the model that the EMC is involved in a co or post-translational 

process that impacts the biogenesis of complex proteins. 

Co- and post translational processing of the viral polyprotein has been 

reasonably described in the literature resulting in an annotated map of the cleavage sites 

for the flavivirus polyprotein (Gubler et al., 2014). The cellular factors that impact 

polyprotein processing were deduced, eg. the signalase, but studies of flavivirus 

polyprotein processing have shown us it is a complicated process. For example, the 

cellular protease that is involved in post-translational NS1-NS2A cleavage has never 

been solved (Chambers, McCourt, et al., 1990; Falgout et al., 1989). More recently, over-
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expression of the HSP70 co-chaperone DNAJC14 was shown to inhibit polyprotein 

processing between NS3 and NS4A (Bozzacco et al., 2016). The cleavages between C-

prM were coordinated by host and viral proteases (Amberg et al., 1994; Amberg & Rice, 

1999). Processing of the signal sequence for prM was uniquely affected by knockout of 

SPCS1, and the correct processing at this point impacted downstream polyprotein 

processing between prM-E and E-NS1 (R. Zhang et al., 2016). This result indicated that 

there must be variable activity of the signalase contributed by distinct signalase subunits 

since the internal signal sequences for prM, E and NS1 were not recognized equivalently 

by the SPCS1-deficient signalase (R. Zhang et al., 2016). We do not know if the EMC is 

involved in any of these processes and our future research may uncover viral 

polyprotein processing errors caused by EMC deficiency. 
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6. A Screen of FDA-Approved Drugs for Inhibitors of 
Zika Virus Infection 

6.1 Summary 

The following appeared as Barrows et al. in the journal Cell Host and Microbe in 

August 2016 (Barrows et al., 2016). Currently there is no approved vaccine or specific 

therapy to prevent or treat Zika virus (ZIKV) infection during pregnancy and severe 

Zika outcomes in individuals with underlying medical conditions. Nonetheless, given 

that ZIKV could be vulnerable to an existing drug, we addressed the immediate medical 

need for specific anti-ZIKV therapy by interrogating approved drugs for anti-ZIKV 

activity. We identified more than 20 (out of 774 tested) FDA-approved therapeutics that 

decreased ZIKV infection using an in vitro screening model. Established anti-flaviviral 

drugs (e.g., bortezomib and mycophenolic acid) and others that had no known anti-viral 

activity (e.g., daptomycin) were identified. Several drugs reduced ZIKV infection across 

multiple in vitro models of ZIKV infection including human neural stem cells and 

primary human amnion cells. This study identifies drugs that could be tested in clinical 

studies of ZIKV infection during pregnancy or in the context of severe ZIKV. 

6.2 Introduction 

Arthropod-borne flaviviruses, particularly those transmitted by Aedes 

mosquitoes, pose significant threats to global health. Zika virus (ZIKV) was isolated in 

1947 in the Ziika Forest in Uganda from a sentinel Rhesus macaque and subsequently 
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found in Aedes africanus mosquitoes (Dick et al., 1952). ZIKV remained a footnote among 

neglected tropical diseases due to the mild disease described from a limited number of 

cases. That changed in 2007 when ZIKV emerged in a series of outbreaks across the 

Pacific (Duffy et al., 2009; Dupont-Rouzeyrol et al., 2015; Roth et al., 2014; Tognarelli et 

al., 2016), and changed dramatically in 2014 and 2015 when Zika exploded into the 

Americas causing a large and expanding pandemic (Fauci & Morens, 2016; Lednicky et 

al., 2016). One of the first countries to be affected in the Americas was Brazil, where 

ZIKV has caused an estimated 1.5 million infections (Weaver et al., 2016). In the last year 

diseases caused by/associated with ZIKV infection have evolved to become a more 

pressing flaviviral threat (Weaver et al., 2016). Since ZIKV can be transmitted by Aedes 

species mosquitoes, which are widely distributed in tropical and temperate regions of 

the world (Weaver et al., 2016), it is likely that ZIKV has become pandemic.  

Most human infections are transmitted by mosquito, although ZIKV can spread 

directly from person to person through sexual contact and also vertically from mother to 

fetus (Petersen, Jamieson, Powers, & Honein, 2016). This sets ZIKV apart from other 

pathogenic flaviviruses and creates significant and unexpected public health concerns. 

ZIKV infection is usually asymptomatic, and most symptomatic infections are mild and 

resemble those observed with dengue: rash, fever, arthralgia, conjunctivitis, myalgia, 

headache, and retro-orbital pain (Petersen et al., 2016). There have been reports of 

hematospermia and symptoms resembling prostatitis following infection (Foy et al., 



 

99 

2011), and viral RNA and infectious virus have been detected in the semen of men 

weeks after clearing of acute symptoms (Mansuy et al., 2016). Most symptomatic ZIKV 

infections are self-limited and resolve in less than a week; however, there are 

documented cases of severe acute ZIKV infection in patients with other underlying 

conditions (Arzuza-Ortega et al., 2016). Moreover Zika has been strongly associated 

with neurological sequelae, most commonly Guillain-Barré Syndrome, but also 

meningo-encephalitis and myelitis (Fontes, Dos Santos, & Marchiori, 2016; Petersen et 

al., 2016). The most dreaded complications of infection occur in pregnancy and include 

severe fetal abnormalities and death. An association between microcephaly and ZIKV 

infection was first noted in Brazil when a 20-fold increase in microcephaly was reported 

from 2014 to 2015, and today compelling geographic and epidemiological evidence 

indicate a causal relationship between ZIKV and birth defects (Fauci & Morens, 2016; 

Kleber de Oliveira et al., 2016; Rasmussen, Jamieson, Honein, & Petersen, 2016). This 

conclusion is supported by finding ZIKV RNA and infectious virus in placental and fetal 

tissues (Brasil et al., 2016; Mlakar et al., 2016), and very recently by animal model studies 

that demonstrate fetal infection and neurological damage in fetuses of experimentally 

infected pregnant mice (Cugola et al., 2016; Miner et al., 2016). The neurological 

complications and the severe repercussions of ZIKV infection on the fetus have led the 

World Health Organization to declare a global health emergency and compel the 

scientific community to find solutions to the Zika threat.  
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The first line of defense against Zika is preventing mosquito bites using repellents 

or pesticides (Benelli, 2015). Unfortunately these methods failed to contain recent 

arbovirus epidemics. There is no approved vaccine or specific therapy to prevent or treat 

ZIKV infection and physicians are restricted to administering supportive care. Indeed, 

there is nothing that physicians can do to prevent fetal damage from ZIKV infection 

during pregnancy or to prevent severe Zika outcomes in individuals with underlying 

medical conditions.  

To address the immediate need for anti-ZIKV therapy we interrogated a library 

of FDA-approved drugs for the ability to block ZIKV infection. Our work identified 

more than 20 therapeutics that decreased ZIKV infection in HuH-7 cells. Among these 

were drugs previously shown to have anti-flaviviral activity and some that had no 

previously reported anti-viral activity. We further showed that multiple drugs reduced 

ZIKV infection in human cell lines derived from the female genital tract, placenta, 

primary neural stem cells, and primary amniotic epithelial cells. This study identifies 

drugs that could be immediately tested by clinical experts for ZIKV infection during 

pregnancy or in the context of severe ZIKV. 

6.3 Results 

6.3.1 Isolation of a pandemic ZIKV from mosquitos. 

In order to work with a pandemic ZIKV we isolated ZIKV MEX_I_7 from Ae 

aegypti mosquitos in Tapachula, Chiapas, Mexico (Guerbois et al., submitted), re-
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sequenced the majority of the genome by massively parallel sequencing, and compared 

its open reading frame sequence with other publically available ZIKV sequences (Figure 

8). Phylogenetic analysis identified the established African and Asian lineages for ZIKV 

(Faye et al., 2014), and placed ZIKV MEX_I_7 within the Asian lineage, segregating 

closest to Guatemalan isolates from the American pandemic. 

 

Figure 8: Phylogenetic analysis of the ZIKV MEX_I_7 (GenBank KX247632) 

isolate (red) shows similarity to other American epidemic strains. 

ZIKV MEX_I_7 was isolated as described in (Guerbois et al., 2016) and the critical 

reagent, a virus seed stock, was provided by Shannan L. Rossi, Nikos Vasilakis, and 

Ildefonso Fernandez-Salas prior to publication. Andrew Routh provided sequencing and 

analysis of the ZIKV MEX_I_7 stock that was amplified by Nick Barrows and used in the 

screen. 
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6.3.1.2 ZIKV/MEX_I_7/2015 resequencing and phylogeny. 

Next-generation sequencing libraries were generated from purified ZIKV 

genomic RNA using ‘ClickSeq’ Azido-terminated cDNA method (Routh, Head, 

Ordoukhanian, & Johnson, 2015). Purified libraries and size selected libraries were 

sequenced on an Illumina MiSeq using v3 chemistry for 1 x 301 cycles and 7 indexing 

cycles. Sequences were demultiplexed using the MiSeq Reporter Software (MSR).  

Raw FASTQ data were quality filtered as described previously (Routh, Chang, 

Okulicz, Johnson, & Torbett, 2015), yielding 1.2M reads with 98% PHRED scores greater 

than 20. Reads were aligned end-to-end using bowtie2 to the ZIKV KU955595. 

Mismatched mapped nucleotides with PHRED score > 30 were counted using in house 

scripts and the original reference genome was corrected if variant nucleotides or InDels 

were present at a frequency > 50%. This alignment and reference correction process was 

iterated three times, when the number of reads successfully mapping to the reference 

genome did not increase. This corrected sequence for the ZIKV MEX_I_7 isolate is 

deposited in GenBank under accession number KX247632. Sequence coverage was 

greater than 100 for nucleotides: 3-10,770.  

For phylogenetic analysis, in addition to our ZIKV MEX_1_7 isolate, all complete 

Zika virus genomes (65 in total) were obtained from NCBI and coding sequences were 

extracted using VIGOR (S. Wang, Sundaram, & Stockwell, 2012) The nucleotide CDSs 

were aligned with MUSCLE using standard parameters via the EBI-EMBL MUSCLE 
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server (McWilliam et al., 2013) and first iteration trees were illustrated using FigTree 

v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/). 

Recently, Cheng and colleagues identified 34 amino acid changes that were 

uniquely shared by American ZIKV isolates, including ZIKV Rio-U1, and distinguished 

these viruses from the older Asian isolates, P6-740 and FSS13025 (L. Wang et al., 2016). 

After pairwise comparison between ZIKV P6-740, FSS13025, Rio-U1 and MEX_I_7, we 

determined that ZIKV MEX_I_7 shares all 34 amino acid changes with the recent isolate 

ZIKV Rio-U1, further establishing ZIKV MEX_I_7 as an American pandemic isolate. 

6.3.2 A screen for anti-ZIKV activity among FDA-approved drugs 
identifies several candidates for drug repurposing. 

Flaviviruses require a large number of human host factors and many of these are 

targets of approved drugs. An expeditious path to identify candidate anti-ZIKV 

therapeutics is to repurpose previously approved drugs. To this end we screened a 

library of 774 FDA-approved therapeutics for anti-ZIKV activity (Figure 9A). Human 

HuH-7 cell monolayers were treated with each drug in the library, a positive control 

anti-flaviviral compound (NITD008) (Yin et al., 2009) or vehicle (DMSO) for 1 hour 

before infection with ZIKV MEX_I_7 (see Methods). The following day, cells were fixed 

and the viral envelope protein was labeled for immunofluorescent detection. Automated 

imaging and analysis quantified cell number and the percentage of cells that were 

productively infected. This assay design should effectively identify drugs that inhibit 

viral entry, translation or RNA synthesis, but may not identify drugs that target late 

http://tree.bio.ed.ac.uk/software/figtree/
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stages of infection such as viral egress. In negative control wells 48.30% ± 4.63% of cells 

were infected compared to less than 1% of those treated with NITD008 (Figure 9B). The 

Z’ factor, a quantitative metric that assesses screen robustness, for the population of the 

44 negative and 44 positive controls in the initial screen was 0.7, a value interpreted as 

evidence of an excellent assay (J. H. Zhang, Chung, & Oldenburg, 1999). We 

independently performed a replicate screen using the same library and controls. The 

distribution of the infection rates for the replicate screens was similar, yielding a 

correlation coefficient of 0.86 (Figure 9C).  

Most drugs showed little to no effect on either ZIKV infection rate or number of 

cells detected (Figure 9D). The population mean infection rate was 49.18% (95% CI: 

48.32%-50.05%), which is similar to the mean of the negative controls. Forty-five drugs 

significantly inhibited ZIKV infection (Z-score </= -3.00) in both replicates of the screen. 

Some of these also reduced cell number. The median cell count for the population in 

replicate 1 was 3,085, which was similar to the average cell count for the DMSO control 

wells (2866 ± 275). Replicate two performed similarly. We concluded that our screen was 

able to differentiate candidate antiviral compounds from the distribution of the 

population.  

Of the 45 drugs that reduced virus infection, we selected 30 based on their 

efficacy in our system and considerations of their clinical use (these 30 are indicated by 

red circles in Figure 1D). The percent infection within the 30 selected hits ranged from 
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uninfected to 28.07% and cell number ranged from 3 to 3,905 cells, with a median 1,868 

cells. In general, there were fewer cells in wells treated with these 30 drugs compared to 

the average of the negative control. Therefore, toxicity by candidate antivirals may 

impact results at the concentration tested (10 µM). Nevertheless, hits including 

daptomycin, mycophenolate mofetil and sertraline reduced viral infection without 

affecting cell count (Figure 9E). This is the first screen to systematically evaluate FDA-

approved therapeutics to identify ZIKV infection inhibitors and the first to utilize a low 

passage, pandemic-associated ZIKV virus isolate. Furthermore, the results show that 

drugs that can be used in pregnancy also blocked ZIKV MEX_I_7 in our system. 
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Figure 9: A Screen for Inhibitors of ZIKV Infection among FDA-Approved 

Drugs 

(A) Screen timeline. HuH-7 cells were plated 20 hr prior to treatment with drugs 

for 1 hr. Cells were then infected with ZIKV MEX_I_7 for 24 hr before fixation and 

staining. Final concentration of drugs was 10 mM. (B) Screen controls. Rates of infection 

are shown for all positive (NITD008) and negative (DMSO) controls across screening 

plates. (C) Screen reproducibility. Points represent the percentage infection for each 
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drug in each replicate of the screen. Points colored red were selected for validation 

studies. (D) Infection rate versus cell count. Cell count and corresponding percentage 

infection values for each drug are plotted for replicate screen 1. (E) Representative 

images showing viral antigen (red) and nuclei (blue) for controls and selected drugs. 

Images were acquired using a 103 objective. 

The ZIKV screen development and protocol design was performed by Nick 

Barrows. All steps of the ZIKV screen, passaging cells to hit selection, was managed by 

Nick Barrows and involved a team effort by Shelton Bradrick, Rafael K. Campos, Steven 

T. Powell, K. Reddisiva Prasanth, Geraldine Schott-Lerner, and Ruben Soto-Acosta. 

Significant contributions to hit selection were made by and George Saade and senior 

authors Shelton Bradrick and Mariano Garcia-Blanco. 

6.3.3 Follow up and validation of selected anti-ZIKV drugs 

We selected the aforementioned 30 drugs (red circles, Figure 9D) for follow up 

analysis based primarily on their efficacy in reducing ZIKV infection in primary screens. 

Each drug was used to pre-treat HuH-7 cells at concentrations of 0.001 µM, 0.01 µM, 0.1 

µM, 1 µM and 10 µM, for one hour prior to infection with ZIKV. For comparison we 

used NITD008 and vehicle as positive and negative controls, respectively. After 24 hours 

of infection cells were fixed, stained for viral antigen, and analyzed for percent infection 

and cell number. As expected most drugs displayed clear antiviral activity at 10 microM 

concentrations (Figure 14), in agreement with the primary screen data. Six drugs, which 

reduced percent infection values by less than half or only eliminated cells were excluded 

from further testing, leaving a list of 24 drugs with validated anti-ZIKV activity (Table 5 

in Section: Supplemental Figures). 

The reduction of infection rate was highly correlated with reduction of cell numbers 

for multiple drugs, indicating that these compounds target processes essential for both 

cell survival/proliferation and ZIKV replication. This profile was exemplified by the 
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antineoplastic proteasome inhibitor bortezomib (Figure 10). This was expected since 

HuH-7 cells are derived from a human hepatoma and are susceptible to antineoplastic 

drugs. Several drugs reduced infection rates without large effects on cell number. 

Among the most potent of these were ivermectin, mycophenolic acid (MPA), and 

daptomycin (Figure 10). The latter two drugs showed EC50 values of between 0.1 and 1.0 

microM while the EC50 for ivermectin was between 1 and 10 microM. Of note, 

bortezomib (Choy et al., 2015), ivermectin (Mastrangelo et al., 2012; Wagstaff, 

Sivakumaran, Heaton, Harrich, & Jans, 2012) and MPA (Diamond, Zachariah, & Harris, 

2002) have been shown to inhibit replication of flaviviruses, whereas daptomycin has 

not been previously associated with antiviral activity. Other notable drugs that reduced 

infection without strongly reducing cell numbers were sertraline-HCl, pyrimethamine, 

palonosetron-HCl, and cyclosporine A (Figure 14). Only the latter has been previously 

documented to inhibit flavivirus infection (Qing et al., 2009). Given their anti-ZIKV 

activity and their clinical profile the drugs listed on Table 2 could be considered for 

treatment of high risk Zika patients.  
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Figure 10: Validation of Selected Drugs in ZIKV-Infected HuH-7 Cells. 

A) Infection rates as a function of drug concentration are shown. B) Cell numbers for the 

indicated drug treatments are shown. Data for all 30 drugs tested in follow up 

experiments are in Figure 14. Data are represented as mean ± SD. 

The primary ZIKV screen validation experiment was managed by Nick Barrows 

and performed by as a team effort involving Nick Barrows, Rafael K. Campos, Steven T. 

Powell, K. Reddisiva Prasanth, Geraldine Schott-Lerner, Ruben Soto-Acosta, and 

Gaddiel Galarza-Munoz. 

 

 

Table 2: Candidate Anti-ZIKV Drugs and Considerations for Use in 

Pregnancy* 

Drug Name Pregnancy 

Category 

Other Considerations and Notes 

Auranofin C Inform women of childbearing potential of the 

potential risk of therapy during pregnancy. 

Azathioprine D Contraindicated for use in pregnant women 

with rheumatoid arthritis. 

Bortezomib D Women of reproductive potential should 

avoid becoming pregnant while on therapy. 

Clofazimine C Some animal studies have failed to reveal 

evidence of teratogenicity, but studies done at 

high doses have demonstrated fetotoxicity. 

There are no controlled data in human 

pregnancy. 

Cyclosporine A C Advise of the potential risks if used during 

pregnancy. 

Dactinomycin D  
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Daptomycin B  

Deferasirox C  

Digoxin C Concentrations with anti-ZIKV activity may 

be toxic. 

Fingolimod C A pregnancy registry has been established to 

collect information about the effect of this 

drug during pregnancy. 

Gemcitabine$HCl D  

Ivermectin C  

Mebendazole C Inform of potential risk to fetus if taken 

during pregnancy, especially during first 

trimester. 

Mefloquine$HCl B  

Mercaptopurine 

Hydrate 

D  

Methoxsalen C Usually given in combination with UV 

radiation therapy. 

Micafungin C  

Mycophenolate 

Mofetil 

D Boxed warning: Use during pregnancy is 

associated w/ increased risks of 1st trimester 

pregnancy loss and congenital malformations; 

counsel females of reproductive potential 

regarding pregnancy prevention and 

planning. 

Mycophenolic 

Acid 

D Boxed warning: Use during pregnancy is 

associated w/ increased risks of pregnancy 

loss and congenital malformations; counsel 

females of reproductive potential regarding 

pregnancy prevention and planning. 

Palonosetron-

HCl 

B Drug interaction with SSRIs (Sertraline) 

causing serotonin syndrome. 

Pyrimethamine C Women of reproductive potential should 

avoid becoming pregnant while on therapy. 

Sertraline-HCl C Boxed warning: Antidepressants increased the 

risk of suicidal thinking and behavior 

(suicidality) in children, adolescents, and 

young adults in short-term studies of major 

depressive disorder (MDD) and other 

psychiatric disorders. Consider tapering dose 
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during third trimester of pregnancy. 

Sorafenib 

Tosylate 

D Inform that the drug may cause birth defects 

or fetal loss during pregnancy; instruct both 

males and females to use effective birth 

control during treatment and for at least 2 

weeks after stopping therapy. Instruct to 

notify physician if patient becomes pregnant 

while on therapy. 

FDA Pregnancy Categories are defined as follows (modified from 

https://www.drugs.com/): 

Category A: Adequate and well-controlled studies have failed to demonstrate a 

risk to the fetus in the first trimester of pregnancy (and there is no evidence of 

risk in later trimesters). 

Category B: Animal reproduction studies have failed to demonstrate a risk to 

the fetus and there are no adequate and well-controlled studies in pregnant 

women. 

Category C: Animal reproduction studies have shown an adverse effect on the 

fetus, and there are no adequate and well-controlled studies in humans, but 

potential benefits may warrant use of the drug in pregnant women despite 

potential risks.  

Category D: There is positive evidence of human fetal risk based on adverse 

reaction data from investigational or marketing experience or studies in 

humans, but potential benefits may warrant use of the drug in pregnant 

women despite potential risks.  

It should be noted that effective 30 June 2015 the FDA published the Content 

and Format of Labeling for Human Prescription Drug and Biological Products; 

Requirements for Pregnancy and Lactation Labeling, ‘‘Pregnancy and Lactation 

Labeling Rule’’ (PLLR or final rule). The PLLR removes pregnancy letter 

categories from drug labels, however, these categories remain useful as general 

guidelines for clinicians and investigators. 

*Table assembled by Mariano Garcia-Blanco 

Flaviviruses require hundreds of pro-viral host factors for efficient replication 

(Krishnan et al., 2008; Le Sommer et al., 2012; Sessions et al., 2009) and it is possible that 
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some of the anti-ZIKV drugs target these factors. We explored this idea by comparing 

the gene targets of the 24 drugs to human gene products identified in RNAi screens for 

YFV and DENV host factors in HuH-7 cells (Le Sommer et al., 2012) (See Section 5 for 

discussion of DENV HDFs). Interestingly, 4 out of the 24 validated drug targets have 

been identified previously as host genes affecting YFV or DENV propagation 

respectively in these RNAi screens (Table 3). 

Table 3: Pathways in common between RNAi-based screens and drug screen.* 

Drug Target Gene siRNA YFV hits Relationship 

Palonosetron HTR3A HTR3C Subunits of the 

serotonin receptor 5-

HT3. 

Digoxin ATP1A1 ATP1B1 Subunits of the Na+/K+ 

ATPase (also known as 

the Na+/K+ pump). 

Fingolimod Sphingosine-1—

phosphate 

receptor 1 

EDG1 Sphingosine-1—

phosphate receptor 1 

Drug Target Gene siRNA DENV 

hits 

Relationship 

Bortezomib Proteasome PSMB6 

PSMD2 

Subunits of the 

proteasome 

*Table assembled by K. Reddisiva Prasanth 

6.3.4 Drugs inhibit ZIKV MEX_I_7 infectivity in human cell lines 
derived from genital, placental and neural tissues. 

Given the evidence for sexual transmission, possibly through infected semen 

coming in contact with vaginal mucosa or cervix, and the clear evidence of placental 

infection (Mlakar et al., 2016; Noronha, Zanluca, Azevedo, Luz, & Santos, 2016) we also 
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studied established cell lines derived from the genital tract and trophoblasts. Both HeLa 

cells, which were derived from a cervical adenocarcinoma, and JEG3 cells, which were 

derived from a placental choriocarcinoma, were readily infected with ZIKV MEX_I_7 

(Figure 11). We selected eight drugs for follow-up testing in HeLa and JEG3 cells: 

ivermectin, daptomycin, MPA, sertraline, pyrimethamine, cyclosporine A, azathioprine, 

and mefloquine. In HeLa cells all drugs tested reduced virus infection rate at 10 microM 

concentrations (Figure 15A). 1 µM MPA completely inhibited infection in HeLa cells as 

did 10 µM ivermectin (Figure 11A and C). Daptomycin was not as potent of an inhibitor 

in HeLa compared to HuH-7 but still reduced infection significantly. In JEG3 cells four 

out of eight drugs tested showed anti-viral effect and MPA was the most potent (Figure 

11B and C, and Figure15B), reducing infection at 1 and 10 microM. An unusually strong 

reduction of JEG3 cell count after treatment of 10 microM ivermectin was observed in 

some experiments, while treating HeLa cells with 10 microM ivermectin did not show 

the same impact on cell count. These experiments show that the inhibitory capacity of 

several FDA-approved drugs was not strictly cell line specific and importantly could be 

seen in cells types that may be relevant to ZIKV infection. 
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Figure 11: Evaluation of Selected Antiviral Drugs in ZIKV-Infected Human 

Cell Lines of Cervical and Trophoblast Origin 

A) Infection rates as a function of drug concentration are shown for HeLa cells. B) 

Infection rates as a function of drug concentration are shown for JEG3 cells. Data are 

represented as mean ± SD. C) Representative immunofluorescence images showing 

virus antigen (red) and nuclei (blue) are shown for the 10 microM concentration for each 

drug indicated. Data for all eight drugs tested in follow-up experiments are in Figure 15. 

The HeLa validation experiments were performed by Geraldine Schott-Lerner, 

Ruben Soto-Acosta and Shelton Bradrick. The JEG3 validation experiments were 

performed by Nick Barrows, Geraldine Schott-Lerner, Ruben Soto-Acosta, Steven T. 

Powell and Shelton Bradrick. 

 

The dramatic effect of Zika on fetal neural development (Petersen et al., 2016) 

and strong evidence that neural progenitor or stem cells and neurons can be infected by 



 

115 

ZIKV  (Garcez et al., 2016; Hanners et al., 2016; Qian et al., 2016; Tang et al., 2016) led us 

to investigate the effect of several drugs on ZIKV MEX_I_7 infection of a human fetal 

brain-derived neural stem cell (hNSC) cell line (K048), which was obtained without 

genetic modifications (Svendsen et al., 1998). These were infected much less efficiently 

by ZIKV MEX_I_7 than HuH-7, HeLa or JEG3 cells, with infection rates of ~8% using an 

MOI of 3 (Figure 12). We tested the effects of selected drugs at 1 and 10 microM on 

infection. Cells were pre-treated with drugs and then infected for 96 hours before 

analysis by flow cytometry for viral antigen positivity. At concentrations of 1 microM, 

only NITD008 and MPA reduced rates of virus infection of hNSCs (Figure 12A). 

Unexpectedly, cyclosporine A enhanced infection at 1 microM compared to the DMSO 

control. In contrast, at 10 microM concentrations NITD008, MPA, cyclosporine A and 

ivermectin each significantly blocked ZIKV MEX_I_7 infection (Figure 12B). It should be 

noted, however, that at 10 microM concentrations, ivermectin, mefloquine, and to a 

lesser extent cyclosporine A, altered cellular light scattering features, which suggests cell 

toxicity, and reduced the number of cells that could be confidently analyzed by flow 

cytometry (Figure 12C and D, and Figure 16). We additionally tested a ZIKV strain from 

the African lineage (ZIKV DAK_41525)(Ladner et al., 2016) on hNSCs with a drug panel 

including sertraline and bortezomib. At 1 microM concentrations MPA, ivermectin and 

bortezomib all exerted antiviral effects and only the latter exhibited moderate toxicity 

(Figure 12 E and F). 
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Figure 12: Effects of Selected Drug on Infection of Human Neural Stem Cells. 

(A and B) Rates of hNSC infection by ZIKV MEX_I_7 are shown for treatment conditions 

of 1 microM (A) and 10 microM (B). (C and D) The percentage of cells that were 

analyzed for virus infection is shown for 1 microM (C) and 10 microM (D) conditions for 

ZIKV MEX_I_7. (E) Infection by ZIKV DAK_41525 under conditions of 1 microM drug 

treatment. Data are represented as mean ± SD. (F) The percentage of cells that were 

analyzed for ZIKV DAK_41525. See Figure 16 for light scattering and fluorescence 

intensity data associated with the ZIKV MEX_I_7 infection. Asterisks indicate 

statistically significant reductions of virus infection or cells analyzed at a p value of < 

0.05, as calculated by unpaired t test.  

The hNSCs were contributed by Erica L. McGrath, Junling Gao and Ping Wu. 

The hNSC validation experiment was managed by Shelton Bradrick and performed by 

as a team effort involving Rafael K. Campos, K. Reddisiva Prasanth, and Ruben Soto-

Acosta. 

 

6.3.5 Drugs inhibit ZIKV MEX_I_7 infectivity in primary human amnion 
epithelial cells. 

Primary human amnion epithelial cells (HAEC) form the lining of the amniotic 

sac. These cells were efficiently infected in vitro by ZIKV MEX_I_7 and thus represent a 
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primary cell line amenable to our screening model. We tested ivermectin, daptomycin, 

MPA, sertraline, pyrimethamine, cyclosporine A, azathioprine, and mefloquine, using a 

concentration range with a higher maximum (16 µM). At 16 microM none of these drugs 

caused substantial reduction of cell numbers (Figure 17A). In contrast, we observed 

moderate inhibition of ZIKV MEX_I_7 infectivity by daptomycin and strong inhibition 

by ivermectin, sertraline and mefloquine at 16 microM (Figure 13A and 13B). MPA 

inhibited ZIKV MEX_I_7 infection at 1.6 microM (Figure 13B). We tested these drugs on 

HAECs from another donor and observed similar antiviral effects for MPA, ivermectin 

daptomycin, mefloquine, and sertraline (data not shown). These results confirmed that 

potential anti-ZIKV therapeutics are effective in primary human fetal cells. These data 

extend the range of the anti-ZIKV activity to cells believed to be attacked by the virus in 

vivo and suggest that combinations of well tolerated drugs should be considered for 

clinical use to optimize effectiveness in different organs and cell types. 
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Figure 13: Preclinical Evaluation of Select Therapeutics Repurposed to Target 

ZIKV Infection of Human Amnion Epithelial Cells. 

Vehicle (DMSO) and positive control (NITD008) from the same experiment. Infection 

rates for ivermectin, pyrimethamine, azathioprine, and daptomycin are shown in (A), 

while MPA, cyclosporine A, mefloquine, and sertraline are shown in (B). Data are 

represented as mean ± SD. (C) Representative micrographs for vehicle (DMSO), positive 

control (NITD008), and MPA. Virus antigen (red) and nuclei (blue) are shown for the 16 

microM concentration for each drug indicated. Effects on cell number for 

aforementioned conditions is shown in Figure 17.  

The HAEC cells were contributed by Rheanna Urrabaz-Garza and Ramkumar 

Menon. The HAEC validation experiments were performed by Nick Barrows, Geraldine 

Schott-Lerner, Ruben Soto-Acosta, Steven T. Powell and Shelton Bradrick. 

6.4 Discussion 

Here we identified FDA-approved drugs that can inhibit ZIKV infection in 

several human cells, including those of genitourinary and neural origin (Table 2) and 

suggest that these drugs be carefully considered for expedited trials among Zika 

patients. It is important to point out that given their safety profiles many of these drugs 
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have been used during pregnancy for other indications, both in the U.S. as well as 

globally. Some are FDA category B, meaning that “animal reproduction studies have 

failed to demonstrate a risk to the fetus and there are no adequate and well-controlled 

studies in pregnant women OR Animal studies have shown an adverse effect, but 

adequate and well-controlled studies in pregnant women have failed to demonstrate a 

risk to the fetus in any trimester”. Even those that are category C or D (risk not ruled out 

or positive evidence of risk, respectively) can be used in pregnancy when potential 

benefit outweighs the risk, which is likely in the case of Zika. For example, sertraline is 

one of the better studied and most used anti-depressants in pregnancy even though it is 

category C. We should also keep in mind that the use of these medications to treat Zika 

infection during pregnancy may require shorter courses and may involve gestational age 

windows that are different, and therefore better safety profile, than what is used for the 

currently accepted indications. In addition, many of these drugs have been shown to 

cross the placenta (e.g. mefloquine, sertraline), allowing the opportunity to treat not only 

the mother but also the fetus. Furthermore, where data support lack of negative drug-

drug interactions, clinical studies could test combinations of two or more of these to 

achieve maximal efficacy.  

It is critically important to note that many of the drugs shown to have anti-ZIKV 

activity could have untoward effects, particularly in the context of pregnancy, and 

therefore their use should be only in the hands of clinical experts, preferably under 
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research protocols. The use of these drugs in a clinical setting will obviously rely on the 

best diagnostic evidence, and every effort should be made to use the most sensitive and 

specific tests to optimize the accuracy of a Zika diagnosis. Like any treatment in 

pregnancy, the risks of the treatment and the potential for overtreatment have to be 

weighed against the risk of no treatment, in this case a devastating neurodevelopmental 

adverse outcome.  

Several of the drugs have been previously shown to have antiviral activity. For 

example MPA has been demonstrated to inhibit DENV (Diamond et al., 2002; Kang et 

al., 2014; C. Y. Ng et al., 2007; Takhampunya, Ubol, Houng, Cameron, & Padmanabhan, 

2006) and our observation that it also inhibited ZIKV provides evidence that our screen 

successfully identified established flavivirus inhibitors. Ivermectin had previously been 

shown to inhibit Venezuelan equine encephalitis virus (Lundberg et al., 2013), 

chikungunya virus (Varghese et al., 2016), and several flaviviruses (Mastrangelo et al., 

2012) (Lundberg et al., 2013). Daptomycin, however, had not been previously shown to 

have antiviral activity. Daptomycin is a lipopeptide antibiotic that inserts into cell 

membranes rich in phosphatidylglycerol (PG) (Baltz, 2009), and this suggests an effect 

on PG-rich late endosomal membranes, which are critical for viral entry (Zaitseva, Yang, 

Melikov, Pourmal, & Chernomordik, 2010). The identification of daptomycin as 

potentially useful to treat Zika patients highlights the power of unbiased screens. 

Therefore, while we wholeheartedly agree with Ekins et al in calling for an open drug 
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discovery for ZIKV anti-virals, we do not favor the priority these authors give to 

screening known antivirals (Ekins et al., 2016). 

The pathology in a ZIKV-affected fetus included calcifications in neural tissues 

(Mlakar et al., 2016). ZIKV infection in animal and cell-based models of infection 

resulted increased caspase-3 activation (Miner et al., 2016; Tang et al., 2016). Therefore, 

ZIKV-associated congenital diseases may be the result of virus-induce cell death. Tang 

and colleagues approached the problem of identifying candidate anti-ZIKV therapeutics 

by first screening libraries of experimental, investigational and approved drugs for the 

ability to block ZIKV-induced apoptosis (M. Xu et al., 2016). Greater than 70 drugs were 

reported to block ZIKV-induced apoptosis in the SNB-19 cell line, human astrocytes and 

human neural progenitor cells (M. Xu et al., 2016). Validation experiments of the 

investigational drug emricasan showed that while the drug did not block ZIKV 

infection, it did block caspase-3 activation (M. Xu et al., 2016). Among the drugs 

identified by the screen, only one FDA-approved drug was found to be anti-viral. 

Niclosamide inhibited viral infection at a step after viral entry (M. Xu et al., 2016). 

Potentially, the combination of a potent anti-viral and a drug that protects developing 

neurons from ZIKV-induced apoptosis may be an effective strategy to prevent ZIKV-

associated congenital disease.  

Subsequently three independent research teams have validated four of the hits 

reported by our screen. MPA and cyclosporine were reported to block ZIKV infection 
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with EC50 values less than 0.32 IU/mL and 6.26 IU/mL, respectively (Goebel et al., 2016). 

The selectivity index for each drug was also determined to be greater than 313 for MPA 

and 1.2 for cyclosporine (Goebel et al., 2016). The high selectivity index for MPA 

suggested that the drug had antiviral activity that may be distinct from any cytotoxic 

activity. Also, palonosetron was reported to block ZIKV with an EC50 of 16.3 microM 

with a selectivity index of greater than 3.06 (Pascoalino, Courtemanche, Cordeiro, Gil, & 

Freitas-Junior, 2016). Finally, mefloquine was confirmed to have anti-ZIKV activity 

(Balasubramanian, Teramoto, Kulkarni, Bhattacharjee, & Padmanabhan, 2016). 

Independent research teams confirmed that a selection of our results were reproducible. 

The hits reported herein are FDA approved therapeutics for a variety of diseases, 

and the pharmacokinetics have been reported for some of these drugs. For example, the 

maximum plasma concentrations (Cmax) for high dose daptomycin were reported to 

exceed 180 microg/mL and the duration to achieve Cmax (tmax) was within the first 30 

minutes of intravenous delivery (Benvenuto, Benziger, Yankelev, & Vigliani, 2006). In 

addition, Cmax for MPA was between 24.2 and 47.2 mg/L an hour after drug delivery 

(Bullingham, Nicholls, & Kamm, 1998). In each case, the effective experimental 

concentrations reported here were below the Cmax reported in the literature and tmax 

was achieved within an hour of drug delivery. Ivermectin inhibited the African lineage 

ZIKV infection at 1 microM in our hNSC model. The ivermectin Cmax has been reported 

to be 260ng/mL (Guzzo et al., 2002), so the effective concentration we report is 4x higher 
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than the observed Cmax. Mefloquine inhibited ZIKV infection at 10 microM . The 

mefloquine Cmax has been reported as 1872 ng/L (Karbwang & White, 1990). Therefore, 

the concentration for mefloquine that resulted in anti-viral activity in vitro was 

approximately 2.2X higher than the potential Cmax. For ivermectin and mefloquine, 

tmax was less than 5 or 24 hours, respectively (Guzzo et al., 2002; Karbwang & White, 

1990). Although it is difficult to extrapolate from in vitro models to in vivo activity, it is 

promising that our preclinical testing discovered anti-ZIKV activity for several drugs 

within a range reasonably achievable in humans. 

It should also be noted that the information derived from our screen can shed 

light on the biology of ZIKV, and re-analysis of our data will likely lead to identification 

of pathways critically important to the virus (Table 4). Indeed, the potent antiviral action 

of bortezomib (Figures 10 and 12), which had been noted for activity against DENV 

(Choy et al., 2015), indicates that proteasome action is essential for ZIKV. The role of iron 

metabolism in the ZIKV life cycle, highlighted by sensitivity to deferasirox (Figure 14), 

may be of interest for future exploration. Interestingly, we observed that YFV infection 

was sensitive to knockdown of the iron-sulfur containing protein ISCU, suggesting a 

shared requirement between diverse flaviviruses (Le Sommer et al., 2012). ZIKV is also 

sensitive to perturbation of neurotransmitter signaling as evidenced by the inhibitory 

effects of sertraline and palonosetron (Figures 13 and 14). Here again, we observed 

consistency with our prior data that identified cellular genes HTRC3 and GRK2 as  
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Table 4: Summary of drug mechanisms and anti-ZIKV activity* 

Drugs Known 

mechanism 

HuH-7 HeLa JEG3 hNSC HAEC References 

Auranofin Inhibits 

thioredoxin 

reductase  

Yes¶ N.D. N.D. N.D. N.D. (Madeira, Gibson, Kean, & 

Klegeris, 2012) 

Azathioprine Inhibits 

purine 

synthesis 

Yes Yes No N.D. No (Lennard, 1992) 

Bortezomib Proteasome 

inhibitor 

Yes N.D. N.D. Yes N.D. (Adams et al., 1999) 

Clofazimine Unknown 

(anti-

microbial) 

Yes N.D. N.D. N.D. N.D.  

Cyclosporine A Cyclophilin 

inhibitor  

Yes No No Yes No (Qing et al., 2009) 

Dactinomycin Transcription 

inhibitor 

Yes N.D. N.D. N.D. N.D. (Sobell, 1985) 

Daptomycin Unknown 

(anti-

microbial) 

Yes Yes No No Yes  

Deferasirox Chelator of 

intracellular 

iron 

Yes N.D. N.D. N.D. N.D. (Torti & Torti, 2013) 

Digoxin Na+K+ ATPase 

inhibitor; 

impacts 

calcium 

signaling 

Yes N.D. N.D. N.D. N.D. (Prassas & Diamandis, 

2008) 

Fingolimod Sphingosine-

1-phophate 

receptor 

modulator 

Yes N.D. N.D. N.D. N.D. (Spiegel & Milstien, 2011) 

Gemcitabine Nucleoside 

analogue; 

blocks DNA 

replication 

Yes N.D. N.D. N.D. N.D. (Hertel et al., 1990) 

Ivermectin Unknown 

(anti 

parasitic); 

interferes 

with 

flaviviruses 

via inhibiting 

viral protein 

function 

Yes Yes Yes Yes Yes (Mastrangelo et al., 2012; 

Wagstaff et al., 2012) 

Mebendazole Unknown 

(anti 

helminthic) 

Yes N.D. N.D. N.D. N.D.  
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Validated at p % 0.05 with >50% inhibition of infection rate, Yes; Not validated, No. Not 

done, N.D.  

¶ Borderline effect. 

important YFV HDFs (Le Sommer et al., 2012). Although not the primary target of our 

screen, compounds that enhanced infection were also identified and these may provide 

Mefloquine (Anti-

parasitic) 

Disrupts 

autophagy, 

possibly 

disrupts 

lysosomal pH 

Yes Yes Yes No Yes (Geng, Kohli, Klocke, & 

Roth, 2010; Poole & 

Ohkuma, 1981) 

Mercaptopurine 

Hydrate 

Inhibits 

purine 

synthesis 

Yes N.D. N.D. N.D. N.D. (Lennard, 1992) 

Methoxsalen DNA 

synthesis 

inhibitor 

Yes N.D. N.D. N.D. N.D. (Parrish, Fitzpatrick, 

Tanenbaum, & Pathak, 

1974) 

Micafungin Unknown 

(anti-fungal) 

Yes N.D. N.D. N.D. N.D.  

Mycophenolate 

Mofetil 

Prodrug of 

mycophenolic 

acid 

Yes N.D. N.D. N.D. N.D.  

Mycophenolic 

Acid 

Inosine-5′-

monophosph

ate 

dehydrogenas

e inhibitor 

Yes Yes Yes Yes Yes (Diamond et al., 2002) 

Palonosetron 5-

hydroxytrypt

amine-3 

receptor 

antagonist 

Yes N.D. N.D. N.D. N.D. (Navari, 2015) 

Pyrimethamine Dihydrofolate 

reductase 

antagonist 

Yes Yes No N.D. No (Schweitzer, Dicker, & 

Bertino, 1990) 

Sertraline Selective 

serotonin re-

uptake 

inhibitor 

Yes No No No Yes (Koe, Weissman, Welch, & 

Browne, 1983) 

Sorafenib 

Tosylate 

Multi-target 

tyrosine 

kinase 

inhibitor 

Yes N.D. N.D. N.D. N.D. (Wilhelm et al., 2006) 

Thioguanine Inhibits 

purine 

synthesis 

Yes N.D. N.D. N.D. N.D. (Lennard, 1992) 
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insights into host pathways that restrict infection or those that when activated make cells 

most suitable for viral replication. Importantly, we note that desogestrel was one of the 

drugs that enhanced infection. Although other progestins in the chemical library did not 

cause similar effects, this observation may have implications for pregnant women and 

those on hormonal contraception.  

Confronted with the large and growing Zika pandemic we have few options to 

intervene. Insecticide-based vector control methods (Araujo, Carvalho, Ioshino, Costa-

da-Silva, & Capurro, 2015; Benelli, 2015) complemented by more sophisticated 

approaches, such as release of genetically modified (Moreira et al., 2009) or Wolbachia-

infected mosquitos (Harris et al., 2012) have shown promise to reduce mosquito 

populations, but even if successful these campaigns take months if not years to 

implement. Furthermore, ZIKV sexual transmission presents a problem not dealt with 

by vector control alone. The situation in terms of treatment or prevention is not much 

better. While there are several approaches being considered there is no available vaccine 

for ZIKV and it may take years for final approval. The antiviral approach is equally 

limited: there are very few approved drugs to treat acute viral infections and there are 

no approved anti-flavivirals (Menendez-Arias & Richman, 2014). It is critical to pursue 

strategies, similar to those effective against human immunodeficiency and hepatitis C 

viruses, that hold promise for infections caused by the related DENV and WNV (e.g. 

direct acting antivirals) (Kok, 2016), however these anti-flaviviral compounds are in 
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early phases of development and may take years to move into clinical use. The work 

presented here provides therapeutic possibilities to consider and test when confronted 

with ZIKV infection in pregnancy and in individuals with increased risk due to 

underlying medical conditions. Moreover, this work highlights how little we know 

about the molecular vulnerabilities of emerging pathogens, and the importance of 

correcting this deficit to be able to provide rapid and effective responses to future 

epidemics. 

6.5 Supplemental Figures related to drug screen 

Table 5: Candidate ZIKV anti-viral drugs discovered in the screen and 

validated in HuH-7 cells 

Drug Name % Infected 

(Replicate 1) 

% Infected 

(Replicate 2) 

Cell Number 

(Replicate 1) 

Cell Number 

(Replicate 2) 

Auranofin 4.01% 8.31% 673 590 

Azathioprine 1.58% 5.65% 2218 4055 

Bortezomib 1.01% 2.93% 593 1570 

Clofazimine 0.00% 0.67% 24 1801 

Cyclosporine A 20.85% 14.94% 2288 3046 

Dactinomycin  0.29% 0.84% 1040 718 

Daptomycin 9.17% 11.00% 3905 4126 

Deferasirox 12.89% 12.17% 1939 1791 

Digoxin 0.00% 0.00% 745 937 

Fingolimod 0.23% 1.41% 427 1487 

Gemcitabine 0.00% 0.09% 1786 2278 

Ivermectin 0.00% 0.96% 1674 2601 

Mebendazole 28.07% 28.31% 1981 1653 

Mefloquine 0.00% 0.37% 730 1363 

Mercaptopurine 

Hydrate 

0.00% 1.15% 1746 3224 

Methoxsalen 

(Xanthotoxin) 

1.15% 10.26% 2006 2718 
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Micafungin 13.26% 12.98% 3385 3974 

Mycophenolate 

Mofetil 

0.26% 0.09% 2324 3164 

Mycophenolic 

Acid 

0.00% 0.31% 1814 1966 

Palonosetron 12.48% 12.29% 3358 3557 

Pyrimethamine 9.11% 24.68% 2326 2694 

Sertraline 5.58% 16.42% 2400 3507 

Sorafenib 

Tosylate 

17.91% 17.64% 1843 2454 

Thioguanine 1.59% 7.82% 1892 2762 

 



 

129 

 

Figure 14: Validation data for 30 selected drugs in HuH-7 cells. 

Infection rates (left panels) and cells counts (right panels) are shown for each 

drug tested alongside positive and negative control data. Drug concentrations (triangle) 

for each drug increase left to right at 0.001, 0.01, 0.1, 1.0 and 10 M concentrations and 

then infections were performed as detailed in Experimental Procedures. Data are 

represented as mean +/- standard deviation. 
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Figure 15:  Validation of selected drugs on HeLa cells and JEG3 cells 

Validation of selected drugs on HeLa cells (A) and JEG3 cells (B).  Infection rates 

(left panels) and cells counts (right panels) are shown for each drug tested alongside 

positive and negative control data. Drug concentrations (triangle) for each drug increase 

left to right from 0.001 M to 10 M similar to Figure S2. Data are represented as mean +/- 

standard deviation. 
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Figure 16: Flow cytometry data of ZIKV-infected hNSCs. 

Flow cytometry data of ZIKV-infected hNSCs. (A) Effects of indicated drugs at 1 

microM concentration on light scattering are shown. The population of cells in the upper 

right quadrants of scatter diagrams were analyzed for infection rate. (B) Same as in (A) 

except drug concentrations equal 10 microM. 
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Figure 17: Cell count (percent of maximum) data for the HAECs tested for 

ZIKV infection after drug treatment relative to drug concentration. 

Cell count (percent of maximum) data for the HAECs tested for ZIKV infection 

after drug treatment relative to drug concentration. Each drug was used to treat cells at 

0.0016, 0.016, 0.16, 1.6 and 16 microM concentrations and then infections were 

performed as detailed in Experimental Procedures. Cells counts are shown for each drug 

tested alongside positive (NITD008) and negative (DMSO) control data. The 

corresponding infection rates is shown in Figure 5. Data are represented as mean +/- 

standard deviation 
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7. Methods 

7.1 RNAi-based screening 

The siRNA screen was conducted at the Duke RNAi Screening Facility using the 

Qiagen Human Genome siRNA Library v1.0 as described previously (Barrows et al., 

2014). In brief, four independent siRNAs targeting each host mRNA were combined into 

two separate pools named Set AB and Set CD. Each pool was used to reverse transfect 

HuH-7 cells as follows: siRNAs were arrayed into 384 well plates and used to reverse 

transfect 1,200 HuH-7 cells using RNAiMAX (Life Technologies) at a final siRNA 

concentration of 15.4 nM. After 52 hrs, DENV2-NGC was added to the cells at 1,066 

FFU/well (approximately 0.2 MOI assuming doubling time of HuH-7 cells is ~24 hrs and 

no growth effect of siRNA). Cells were fixed with 4% paraformaldehyde 42 hrs after 

infection and then stained for viral envelope protein using primary antibody that reacts 

with envelope protein (4G2) and Alexa Fluor 488-conjugated secondary antibody. 

Images were captured and analyzed using the Cellomics Array Scan VTI system. Two 

fields for each well were analyzed and the number of cells and infection rates were 

calculated. To prepare a ranked list of host genes, the % infection values were ordered 

for each siRNA pool. The ranks for each pool were added to calculate a sum rank value. 

P-values were calculated as in Barrows et al. (Barrows et al., 2010). 
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7.2 Cell Culture 

Vero, HuH-7 and HeLa cells were maintained in DMEM supplemented with 10% 

FBS and penicillin and streptomycin (P/S). JEG3 cells were maintained in MEM 

supplemented with 10% FBS and P/S. C6/36 cell line was maintained in RPMI 

supplemented with 10% FBS and P/S. Human fetal brain neural stem cells (K048) were 

originally derived from the cortical region of a 9-week post mortem fetus, and grown as 

suspending neurosphere cultures. They were maintained in serum-free medium 

(DMEM/F12 3:1) supplemented with B27, 20 ng/ml fibroblast growth factor 2, 20 ng/ml 

epidermal growth factor (EGF), 10 ng/ml leukemia inhibitory factor and P/S (Wu et al., 

2002). Primary human amnion epithelial cells (HAEC) were amplified in DMEM:F12 

(1:1) supplemented with 10 microg/L EGF, 10% FBS and P/S. 

Primary human amnion cell culture was performed as follows: Fetal membrane 

tissues were obtained after placental delivery from women undergoing elective repeat 

cesarean section and uncomplicated pregnancies at term, not in labor at the John Sealy 

Hospital at UTMB, TX, USA. The IRB approval for discarded tissues was obtained prior 

to sample collection. Fetal membranes were dissected and the amnion layer was peeled 

from choriodecidua, washed in warm saline and small pieces (0.5 cm2) were digested 

twice with trypsin (1 mg/mL) and collagenase (0.5 mg/mL) for 30 minutes at 37°C. The 

digestion buffer was inactivated by DMEM complete media [(DMEM/F12 (Sigma-

Aldrich, Saint Louis, MO, USA) supplemented with 15% FBS (Sigma-Aldrich) and 
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antibiotics (100 U/ml penicillin and 100 mg/ml streptomycin)] and the cells were 

collected by centrifugation. Cells were counted with a hemocytometer, and seeded in 10 

cm culture plates with DMEM complete media, at 37°C in a humidified atmosphere 

containing 5% CO2. The purity of the epithelial cells was greater than 95%, as 

determined by staining with cytokeratin antibodies (Pan-Cytokeratin, Abcam, 

Cambridge, MA, USA, #ab80826). 

7.3 Virus Culture 

ZIKV MEX_I_7/2015 (Accession number KX247632) was amplified once in Vero 

cells followed by three passages in C6/36 cells. DENV2-NGC and DENV2-TVP360 were 

amplified on C6/36 cells. YFV-Asibi (TVP10101 C6/36 0.5 ml, 10/06/200_; UTMB 

Arbovirus Ref Collection) was amplified on C6/36 cells.  Zika virus/A.africanus-

tc/SEN/1984/41525-DAK (ZIKV DAK_41525) stocks were generated on Vero cells. YFV-

17D and ZIKV-P6740 (Gift of Nikos Vasilakis, UTMB) were amplified in Vero cells as 

well. WNV-NY99 was provided by Charlie McGee, Duke University. Virus containing 

media was collected in RPMI supplemented with 5% FBS, P/S with 0.01M HEPES (pH 

7.4). The virus containing material was cleared by centrifugation at 1000g for 20min at 

4°C and stored at -80°C. 

7.4 Biosafety compliance 

All research has been performed in compliance with the appropriate biosafety 

guidelines. DENV, ZIKV and YFV-17D live infections were performed in an 
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appropriately designed and approved BSL-2 facility either at Duke University or 

University of Texas Medical Branch. YFV-Asibi and WNV-NY99 infections and virus 

production assays were performed following approved protocols in an appropriately 

designed and certified BSL-3 facility at the Duke RBL. Infection of live DENV mosquitos 

was performed in an appropriately designed and approved facility at Johns Hopkins 

University.   

7.5 Virus Production Assays 

Generally, 5x104 cells/well of the appropriate cell line were seeded into collagen 

(Sigma # C8919) coated 48-well plates. The following day, the media was removed and 

the virus was absorbed onto cell monolayers for 1 hour at 37°C in DMEM, 5% FBS, 

Pen/Strep, 0.01M HEPES. Virus-containing medium were removed and cells were rinsed 

once with PBS containing calcium and magnesium. Virus was collected from triplicate 

wells at designated time points and frozen at -80°C. Virus production was then assayed 

using a focus formation assay. Serially diluted viral containing media were used to 

infect Vero cell monolayers in 96 well microwell plates using 30 µL of virus-containing 

media per well. After a 1 hour incubation, the Vero cell monolayers were rinsed once 

with PBS. Finally, overlay medium (1% tragacanth gum (Sigma # G1128) in culture 

medium) was added to each well. Three to four days after infection, the Vero cell 

monolayers were fixed in 4% paraformaldehyde. Cells were then permeabilized with 

0.5% Triton X-100 in PBS, rinsed 3 times with 75 µL 0.1% Tween-20 in PBS and 50 µL of 
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blocking solution (1% normal goat serum in 0.1% Tween-20 in PBS) applied for 1 hour at 

room temperature. The appropriate primary antibody was diluted to in blocking 

solution, added to each well and incubated with cells overnight at 4°C. Cells were then 

rinsed 3 times with 75 µL 0.1% Tween-20 in PBS. The secondary antibody (Goat anti-

mouse AlexaFluor 488, Invitrogen# A-11017) was diluted 1:2000 in blocking solution and 

antibody solution applied to the cells for 1 hour at room temperature. Cells were rinsed 

3 times with 75 µL 0.1% Tween-20 in PBS. The stained cells were then stored in PBS 

prior to quantitation of viral foci by fluorescent microscopy. 

Virus production and FFU Assays for YF Asibi, WNV – NY99 were performed as 

follows: 5x104 cells for each cell line were seeded into each well of a 48 well assay plate 

in growth media. The following day, growth media was removed and the cell 

monolayers were inoculated at the indicated (West Nile Virus strain NY99 MOI 0.5; 

yellow fever virus strain Asibi ## MOI) using 100 microL of media (DMEM, 5% FBS, 

Pen/Strep, 0.01M HEPES). Absorption of virus onto the cells were performed at 37C for 

approximately 1 hour. After virus absorption, the virus containing media was removed, 

cell monolayers were rinsed 1x with PBS containing MgCa, and virus was collected in 

DMEM, 5% FBS, Pen/Strep, 0.01M HEPES. Virus containing media was collected 48 

hours post absorption or 42 hours post absorption, for WNV and YFV Asibi, 

respectively. The virus containing media was stored at -80°C until the FFU assay was 

ready to be performed.  
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Quantification of infectious virus: A 10x serial dilution of the virus containing 

media into fresh media (DMEM, 5% FBS, Pen/Strep, 0.01M HEPES) was made. Vero cell 

monolayers in 24 well format were inoculated with 200 microL of diluted virus 

containing media and incubated 1hr at 37°C. Virus containing media was removed, cell 

monolayers were rinsed 1x with PBS w/ CaMg. Foci were developed over several days 

using an overlay containing 0.8g/mL Tragacanth gum, 5% FBS, 0.01M HEPES, penicillin 

& streptomycin in EMEM. Cells were fixed with ice cold methanol. Blocking was 

performed using at least 1 hour incubation at room temperature with 1% Normal Goat 

Serum diluted in PBS & 0.1% Tween-20 (blocking buffer). Primary antibody and 

secondary antibodies were diluted 1:2000 in blocking buffer were incubated over night 

at 4°C. Finally, the foci were developed using TrueBlue peroxidase substrate (KPL # 50-

78-02), following manufactures recommendations. 

7.6 Antibodies 

Mouse anti viral-dsRNA (J2, English Scientific) was used at a dilution of 1:4000. 

Mouse anti flavivirus E protein (4G2) was used at 1:2000. Mouse anti Yellow Fever E 

protein (EMD/Millipore MAB984, clone 2D12.A) was used at 1:2000. Mouse anti West 

Nile E protein antibody 7H2 (VRL-Maryland catalog #W1002) was used at 1:2000. Rabbit 

anti Dengue NS3 protein antibody (GeneTex catalog # GTX124252) was used at 1:4000. 

Mouse anti Beta Actin (Santa Cruz) was used at 1:4000. Goat anti-mouse AlexaFluor 488 
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or Goat anti-mouse AlexaFluor647 (Invitrogen) was used at 1:2000. Goat anti-mouse or 

Goat anti-rabbit Licor680 or Licor800 (Invitrogen) was used at 1:20,000.  

7.7 Zika Drug Screening Assays 

2x104 HuH-7 cells were seeded onto collagen (Sigma # C8919) coated 

ThermoNunc 96-well, black wall, optical bottom microwell plates (#165305) using 

DMEM (Gibco #11995-065) media supplemented with 10% FBS (OmegaSci #FB-12) and 

P/S (Gibco #15140-122). Cells were pretreated with experimental compound (Enzo 

#BML-2843-0100 SCREEN-WELL FDA-Approved Drug Library V2) or controls, diluted 

to a final concentration of 13.8 µM in DMEM, 5% FBS, P/S, 0.01M HEPES (Gibco #15630-

080), and incubated 1hr at 37°C. Approximately 1 hour after addition of compounds, 55 

µL of ZIKV MEX_1_7 diluted 1 in 125 using 5% FBS, P/S, 0.01M HEPES, DMEM was 

added to each well resulting in a 10 µM final concentration for each compound. The 

calculated virus of 8,718 FFU, or MOI 0.4, was added to each well. The infected cells 

were incubated 24-26 hours post infection. Infection was stopped by rinsing each well 

once with PBS with calcium and magnesium. (Stock # Corning # 21-030-CV) and fixing 

the cells with 4% paraformaldehyde (PFA). Cells were permeabilized using PBS with 

0.1% TritonX100 and blocked using 1% Normal Goat Serum in PBS with 0.1% Tween20. 

Primary antibody, 4G2 (pan-flavivirus, anti-envelope antibody)(Henchal, Gentry, 

McCown, & Brandt, 1982) was diluted in 1% normal goat serum in PBS with 0.1% Tween 

and incubated on cells overnight at 4°C. Secondary antibody, goat anti-mouse Alexa647, 
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and the nuclear stain, Hoechst was applied the following day. Both antibody stocks and 

Hoechst were diluted 1:2000 in 1% Normal Goat Serum in PBS with 0.1% Tween20. One 

field per well was imaged using the 10x objective on a PerkinElmer Opera Phenix High 

Content Screening System and the images were analyzed using the associated 

Harmony® Office Software. 

7.8 Zika Drug Screen Compound Validation Assay 

Essentially the same protocol as in the primary screens was used with the 

exception that the compounds were serially diluted to achieve final concentrations of 10 

µM, 1 µM, 0.1 µM, 0.01 µM, and 0.001 µM. For HeLa and JEG3 infections, twice as much 

virus (MOI of 0.8) was used compared to HuH-7 infections. HuH-7, HeLa and JEG3 

validation experiments were performed twice with at least three replicates per 

condition. hNSC experiments were performed at least once with at least three replicates 

per condition. For hNSC experiments, cells were infected at an MOI of 3 for 48 or 96 

hours with ZIKV DAK_41525 or ZIKV MEX_I_7, respectively. Cells were then 

harvested, fixed in 1X PBS buffer containing 4% PFA and incubated with the primary 

antibody anti-envelope 4G2 diluted 1:1000 in permeabilizing / blocking solution (1XPBS, 

0.1% saponin and 1% bovine serum albumin) overnight. After two washes with the 

permeabilizing / blocking solution, cells were incubated for 1 hour with goat anti-mouse 

Alexa 488 and analyzed in a Guava® easyCyte flow cytometer. Collected data were 
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analyzed with the FlowJo v.10 software. The criteria for determining whether cells were 

analyzed were based on light scattering features for the negative controls. 

Drug validation using HAECs: Two experiments (A & B, respectively) were 

performed using cells from two different donors. In both experiments, 1.5x104 HAEC 

cells were seeded in DMEM: F12, 5% FBS, P/S, EGF onto collagen coated microwell 

plates. All subsequent chemical or viral dilutions were performed using the same media. 

Compounds were serially diluted such that cells were pretreated for 1 hour at 37°C with 

experimental compounds or controls, diluted to a final concentration between 0.00288 

and 28.8 microM or between 0.00138 and 13.8 µM for experiments A & B, respectively. 

Approximately 1 hour after addition of compounds, 55 µL of ZIKV MEX_1_7 diluted 1 

in 62.5 was added to each well resulting in a final concentration between 0.0016 and 16 

microM or between 0.001 and 10 µM for experiments A & B, respectively. The calculated 

virus of 1.8x104 FFU, or MOI 1.2, was added to each well for both experiments. The 

infected cells were incubated 24-26 hours post infection. Infection was stopped by 

rinsing each well once with PBS with calcium and magnesium and fixing the cells with 

4% PFA. The cells were stained consistent with HuH-7, HeLa and JEG3 experiments. 

Nine fields per well were imaged using a 10x objective and analyzed as described for the 

other experiments. 
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