
 

ABSTRACT 

WILSON, JASON R.  West Nile Virus Nonstructural Protein 1 Modulation of Innate 
Immunity.  (Under the direction of Dr. Frank Scholle). 
 

Innate immunity is the first line of defense against invading pathogens.  Upon 

activation it acts to limit proliferation early in infection and initiate a proper adaptive 

immune response.  Key to this system are the Toll-like receptors (TLR’s), a group of 

pattern-recognition receptors (PRR’s) that play a crucial role in the recognition of 

viral and bacterial infections.  TLR3 activation culminates in production of 

proinflammatory cytokines and type 1 interferon to limit the spread of infection, 

induce an antiviral state and facilitate adaptive immune responses.  Viruses are 

obligate intracellular parasites that depend on their hosts for survival.  As such, 

viruses continually strive to evade the host immune response and have evolved 

many different mechanisms to accomplish such.  Previous work demonstrated that 

cells infected with West Nile virus (WNV), and WNV replicon–bearing cells, TLR3 

signal transduction is inhibited.  The work presented in this dissertation expands on 

this observation and describes the identification of a novel innate immune 

modulatory mechanism employed by WNV.   

After screening all the WNV nonstructural (NS) proteins individually, the NS1 

protein was identified as an inhibitor of TLR3-dependent signaling.  Cells expressing 

NS1 inhibit TLR3-induced transcriptional activation of the IFNβ promoter, and of an 

NFκB-responsive promoter, by preventing nuclear translocation of NFκB and 



 

activation of IRF3 in response to dsRNA.  Furthermore, NS1 expression inhibits 

TLR3-dependent production of IL-6 and the establishment of an antiviral state.  

These data are presented in Chapter 2.  

It was further demonstrated that NS1 impairs IL-6 activation in response to 

stimulation of all TLRs investigated, and interference occurs downstream of the 

adaptor molecules TRIF and MyD88.  NS1 inhibits TLR3-induced activation of IRF3 

and NFκB by impairing the activation of the IKK-related kinase TBK1 and IKK 

kinases IKKα/β in response to dsRNA.  In addition, NS1 interferes with MAP-kinase 

activation, altering activation of the downstream transcription factor AP1.  This 

implicates NS1 inhibition of the three main transcription factors involved in type I IFN 

production.  Examination of these pathways in more detail revealed that NS1 may 

act at the level of TAK1 activation. NS1 inhibits TAB1- and TAB2-induced activation 

of TAK1, but NS1 does not directly disrupt TAK1-TAB1 or TAK1-TAB2 protein-

protein interactions.  These data, which are presented in Chapter 3, suggest that 

NS1 might employ an indirect mechanism to modulate TLR signal transduction and 

may affect other signaling pathways involving TAK1 as well.  
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LITERATURE REVIEW 

 

Introduction 

 West Nile Virus (WNV) is a mosquito-borne flavivirus considered endemic 

throughout Africa, the Middle East, West and Central Asia and the Mediterranean.  

Since the 1990s, an increased number of WNV outbreaks have occurred including 

its detection in the US following a 1999 outbreak of encephalitis in New York City.  

Since its introduction into the United States, WNV has rapidly spread across North 

America, as far north as Canada, and into South America.  WNV is now considered 

endemic in the United States and maintained in an enzootic transmission cycle 

between birds and mosquitoes with humans and horses as dead-end-hosts.  

Although these dead-end hosts do not contribute to the virus transmission cycle, 

infection can induce severe disease including febrile illness and neurologic disorders 

such as meningitis, encephalitis, and flaccid paralysis, making WNV a significant 

public health threat.  Although a WNV vaccine is approved for animal use, a human 

approved vaccine is not available.  Furthermore, treatment of illness only entails 

supportive care as antiviral drugs are not available. 

 An immune response aimed to control and ultimately eliminate the virus is 

mounted in response to WNV infection.  This is initiated by the innate immune 

system through the utilization of pattern-recognition receptors (PRRs).  These 

receptors detect pathogen-associated molecular patterns (PAMPs).  Following 
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recognition of foreign motifs, PRRs initiate signaling cascades culminating in the 

synthesis of cytokines, chemokines and type I interferon (IFN) to limit the spread of 

infection, induce an anti-viral state and facilitate adaptive immune responses. 

 Viruses are obligate intracellular parasites that depend on their hosts for 

survival.  As such, viruses continually strive to evade the host immune response and 

have evolved many different mechanisms to accomplish this.  The work presented in 

this dissertation describes the identification of a novel innate immune modulatory 

mechanism employed by WNV.  Briefly, it’s the ability of WNV nonstructural protein 

1 (NS1) to interfere with innate immune signal transduction originating from Toll-like 

Receptors (TLRs). 

 

WNV Phylogeny 

 West Nile Virus (WNV) is a member of the family Flaviviridae and genus 

flavivirus.  Members of the flavivirus genus, including dengue virus, yellow fever 

virus and Japanese encephalitis virus, are among the most important arthropod-

transmitted human viruses (12).  Antigenically, WNV is related to members of the 

Japanese encephalitis serogroup that also includes viruses such as St. Louis 

encephalitis virus (SLEV), Kunjin virus (KUNV), Murray Valley encephalitis virus 

(MVEV) and Usutu virus (USUV) (37).  WNV was first isolated in 1937 from a person 

experiencing febrile illness in the West Nile district of Uganda (111).  Since then, 

phylogenetic studies have determined five distinct genetic lineages (11).  The virus 
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that entered the United States in 1999 was of lineage 1 and is most closesy related 

to an Israeli isolate from 1998 (68).  Viruses of this lineage have also been 

responsible for recent outbreaks of human disease in areas such as Morocco, 

Russia and Italy (23).  

In 1999, a cluster of encephalitis cases was reported to the New York City 

Department of Health, initially diagnosed as SLEV based on serological findings but 

later confirmed as WNV (15).  WNV has subsequently spread across North America 

and into Canada, South America, and the Caribbean (25, 63).  The source of WNV 

entry into North America is still unknown but speculation includes infected humans 

arriving from Israel, migration or importation of infected birds and inadvertent 

transport of infected mosquitoes (33, 97).   

 

Transmission and Disease 

WNV exists in nature within an enzootic transmission cycle with birds serving 

as the main reservoir and mosquitoes as vectors.  WNV has been isolated from 

many genera of mosquitoes including Culex, Aedes and Anopheles.  Members of 

the Culex genus are believed to be most susceptible to WNV, which induces a 

noncytopathic infection that persists for the life of the mosquito (46).   

Susceptible mosquitoes become infected upon taking a blood meal from a 

bird with sufficient viremia.  As WNV enters the mosquito, it initially infects and 

replicates in the midgut epithelium, escapes the midgut and spreads to other organs, 
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eventually infecting the salivary glands.  This allows transmission to a naïve bird, 

thereby completing the transmission cycle (31).  In addition to birds, mosquitoes also 

transmit WNV to other species including humans and horses. These are considered 

incidental or dead–end hosts for WNV as they do not contribute to the virus 

transmission cycle.   

Despite their irrelevance to the transmission cycle, dead-end hosts can suffer 

significant morbidity and mortality (81).  WNV has been responsible for the largest 

outbreaks of arboviral encephalitis in North America.  After the initial introduction in 

New York, the virus spread south and west over the next five years with the largest 

number of cases each year generally observed along the frontier region of spread.  

In 2003, 9,862 cases were reported to the Centers for Disease Control and 

Prevention (CDC) resulting in 2,860 cases of meningitis or encephalitis and 264 

fatalities.  Although the number of reported cases has gradually decreased since 

2003, West Nile virus continues to pose a significant public health threat.  In 2009 

there were 722 cases of meningitis/encephalitis reported to the CDC with 52% of 

these cases developing neuroinvasive disease resulting in 32 fatalities 

(http://www.cdc.gov/ncidod/dvbid/westnile/surv&control_archive.htm). 

 Clinically, WNV-induced disease presents anywhere from mild Flu-like 

symptoms to the development of severe neuroinvasive disease such as West Nile 

meningitis, West Nile encephalitis, and West Nile poliomyelitis (38, 106, 112).  The 

recent epidemics of WNV indicate that ∼80% of infections are asymptomatic and 

http://www.cdc.gov/ncidod/dvbid/westnile/surv&control_archive.htm
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∼20% of those infected develop West Nile fever (fever, headache, fatigue, malaise, 

etc.), which can be severe but is generally self-limiting (33).  Neuroinvasive disease 

is estimated to develop in 1% of WNV-infected people (33).  Those populations most 

susceptible to neuroinvasive disease include the elderly, young children, and 

immunocompromised individuals.   

 

Pathogenesis 

Upon taking a blood meal, infected mosquitoes deposit WNV in the skin along 

with mosquito saliva during probing for blood vessels.  Recently, mosquito saliva has 

been shown to potentiate infection, presumably by altering the host immune 

response at the site of infection (114).  The virus replicates at the site of inoculation 

and possibly infects dendritic cells, such as Langerhans cells (13, 50).  Infected 

dendritic cells are thought to then migrate to the draining lymph node where a 

second round of amplification occurs, potentially leading to infection of multiple 

organs, including the spleen, liver and kidneys via spread through the efferent 

lymphatics and serum viremia.  Recent investigations have shown that humoral 

immunity is linked to peripheral clearance of WNV, whereas T-cell responses appear 

to be most critical in CNS clearance (reviewed (62)).  The B cell response initiates 

with an IgM response followed by IgG to neutralize infectious particles and mice that 

cannot produce anti-WNV IgM or IgG develop lethal encephalitis following infection 

(26-28).  The majority of neutralizing antibodies produced against WNV recognize 
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the envelope protein to inhibit viral attachment, internalization, and/or membrane 

fusion within cells (53, 92).  Anti-NS1 antibodies have also been shown to protect 

mice from lethal encephalitis when administered prophylactically (19). 

T cells also contribute to clearance of peripheral infection as cytotoxic T 

lymphocytes contribute to the control of WNV infection.  WNV infected CD8-/- mice 

show increased lethality and viral growth while adoptive transfer of WNV-specific 

CD8+ T cells reduces mortality (108).  If the infection is not cleared from the 

periphery, the virus may eventually cross the blood-brain barrier (BBB) via an 

undetermined mechanism, but may include axonal spread and/or a hematogenous 

route, to enter the CNS and cause neurologic disease (93, 103, 109, 133).  A TLR3 

mediated TFNα induced increase in BBB permeability has also been speculated to 

aid in WNV entry into the CNS (126).  Upon CNS entry, WNV is known to infect 

cortical, midbrain, cerebellar, and spinal cord neurons.  Infection of neurons in the 

anterior horn of the spinal cord can induce paralysis (109).  In the CNS, studies have 

implicated a protective role for CD8+ T cells in clearance of virus but they may also 

have a pathologic effect due to injury of WNV-infected neurons (127).   

 

West Nile virus replication/life cycle 

 Flaviviruses possess a single-stranded RNA (ssRNA) genome of positive 

polarity.  The genome is approximately 11 kilobases in length and encodes an open 

reading frame that is translated as a single polyprotein, flanked by 5’ and 3’ 
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untranslated regions (UTRs) (73).  The 5’ UTR of the genome contains a m7GppAmp 

cap and the 3’ UTR terminates with CUOH  instead of a poly(A) tail (12).   

The WNV infectious virion is ∼50 nm in diameter.  The nucleocapsid is 

comprised of capsid protein and encloses the viral genome.  Envelope and 

membrane proteins are embedded in a host-derived lipid bilayer that covers the 

nucleocapsid.  The envelope protein of lineage I WNV isolates contains a single N-

linked glycosylation site and arranges to form an icoshedral shell that covers the 

surface of the virion (8, 87).  Envelope protein interactions are responsible for 

cellular attachment and membrane fusion (86).   

Flaviviruses enter cells via receptor mediated endocytosis followed by low-

pH-mediated fusion of the viral membrane with the endosomal membrane to release 

Figure 1.  WNV genomic organization and processing.  A)  The 5’ end of 

the WNV RNA genome encodes three structural proteins (C, prM, E) 

followed by seven nonstructural proteins (NS1, 2A, 2B, 3, 4A, 4B and 5).  B)  

The RNA is translated as a single polyprotein  C)  Co- and posttranslational 

processing liberates the individual proteins viral proteins. 

Figure adapted from M. Brinton (12) 
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the nucleocapsid into the cytoplasm where the RNA is translated (40).  WNV-

receptor interactions are presently incompletely understood.  Alpha v beta 3 integrin 

(αvβ3 integrin) has been implicated in WNV attachment (17) and entry via the 

clathrin-mediated endocytic pathway (16).  WNV entry was later reported to be αvβ3 

integrin-independent, utilizing an unknown factor to bind and enter cells via lipid raft 

internalization (83).  In addition, DC-SIGN and DC-SIGNR have been implicated as 

putative receptors (24).  

Following nucleocapsid release and genome translation, the polyprotein is co- 

and post-translationally processed by viral and cellular proteases to liberate the 

three structural proteins; capsid (C), precursor membrane and membrane (prM/M) 

and envelope (E), as well as seven nonstructural (NS) proteins (NS1, NS2A, NS2B, 

NS3, NS4A, NS4B and NS5) (Figure 1).  The structural proteins are required for 

virion formation and assembly into viral particles where as the NS-proteins are all 

required for genome replication and generation of a negative-sense RNA anti-

genome that in turn serves as a template for production of more positive-sense 

genomes (75, 131).  The Flavivirus genome also contains 5’ and 3’ terminal 

cyclization sequences that are required for replication (58).   

Replication occurs in the cytoplasm of infected cells in close association with 

the rough endoplasmic reticulum.  Progeny virions are assembled within the lumen 

of the endoplasmic reticulum, transported within the Golgi to the cell surface and 

released by exocytosis (12).  Prior to release, prM is processed to M in the trans-
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Golgi by a cellular furin protease, resulting in maturation to an infectious virion (113) 

(Figure 2).  

 

Nonstructural proteins 

Many of the functions of the Flavivirus nonstructural proteins have only been 

elucidated incompletely.  All of the NS proteins are required for RNA replication 

although the manner in which they participate is often not understood.  For some NS 

proteins, multiple functions in RNA replication have been discovered, but several of 

the proteins also seem to play important roles in virus-host interactions.  In addition 

to its unknown role in replication, NS2A has been implicated in virus assembly 

through a mechanism that has not been determined (66) but likely involves 

coordinating the shift between RNA packaging and RNA replication (60).  NS2B is 

the cofactor to NS3, the viral serine protease required for proteolytic processing of 

the polyprotein, cleaving the NS2A/NS2B, NS2B/NS3, NS3/NS4A, NS4A/NS4B, 

NS4B/NS5 junctions and also the C terminus of capsid (130, 137).  In addition to its 

serine protease activity, NS3 has RNA helicase activity essential for replication 

(129).  NS5 is the RNA-dependent RNA polymerase and methyl-transferase (73, 

77).  The functions of NS4A and NS4B in replication are largely not understood.  

NS1 is also required for RNA replication and seems to be involved in early RNA 

synthesis although its mechanism of action is not understood (74, 75).   
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Within infected cells, WNV NS1 is translocated into the lumen of the 

endoplasmic reticulum, becomes glycosylated and is secreted from mammalian cells 

Figure 2:  West Nile life cycle.   

1) WNV attachment and entry via receptor mediated endocytosis. 

2)  pH-induced conformational change in E allows endosomal fusion and 

nucleocapsid release. 

3) Viral RNA is translated and processed into individual proteins 

4) Negative strand RNA synthesis 

5) Positive strand RNA synthesis that serves and template for translation or 

packaging into progeny virions  

6) Packaged immature virion  

7) Exocytosis of mature viral particle 
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but not mosquito cells, and is also found cell surface associated (12, 80).  NS1 

contains three N-linked glycosylation sites in addition to 12 conserved cysteines and 

is secreted to high levels during infection, resulting in production of NS1-specific 

antibodies (18, 20, 44, 64, 70, 80, 82).  Detection of secreted NS1 can be used for 

clinical diagnosis of infection and levels have been shown to correlate with disease 

severity (70).  Although NS1 is absolutely required for viral RNA replication, NS1 

mutants can be trans-complemented (59, 74, 75, 117).  Recently, NS1 has been 

implicated in attenuation of both the classical and lectin pathways of complement 

activation (6, 18) and the topic of this dissertation centers around its role in innate 

immune modulation by interfering with TLR induced signal transduction. 

 

Innate immunity 

The innate immune system is our first line of defense against invading 

pathogens, as early detection and response are often critical to inhibiting the 

progression of infection and orienting the adaptive immune response (84).  One 

mechanism to activate the innate immune response is the recognition of molecular 

patterns that are unique to microbes, such as viral nucleic acid species and bacterial 

cell wall components.  These foreign motifs have been termed pathogen-associated 

molecular patterns (PAMPs) and they are detected by pattern recognition receptors 

(PRRs) (118).  Specific examples of PAMPs include lipopolysaccharides (LPS), 



13 
 

single-stranded RNA (ssRNA), double-stranded RNA (RNA), and unmethylated 

CpG-containing DNA.   

Important molecules in the detection of viral infection and induction of type I 

IFN include the family of Toll-like receptors (TLRs) and the RNA helicases; retinoic 

acid-inducible gene I (RIG-I)-like receptors (RLRs) and melanoma-differentiation-

associated gene 5 (Mda5).  Upon recognition of PAMPs, these PRRs trigger 

intracellular signaling pathways that lead to production of type I IFN (IFNα/β), IFN-

stimulated genes, proinflammatory cytokines, and chemokines.  Type I IFNs and 

other antiviral proteins play an essential role in the elimination of viral infections.  

IFNs were first described in the 1950s as it was discovered that cells treated with 

inactivated viruses secreted a factor that interferes with establishment of subsequent 

viral infection (47, 48, 76).  Since then, tremendous progress has been made with 

regard to our understanding of IFNs, including the pathways that play a role in their 

induction as well as the downstream effector pathways leading to antiviral activity.  

Here I will discuss the current understanding of TLRs and RLRs with regard to their 

role in ligand detection and subsequent activation of signal transduction including 

adaptor molecule usage and the complex downstream signaling events. 

 

RIG-I-Like receptors (RLRs) 

 The RIG-I-like receptors (RLRs) are a class of PRRs important in the 

detection of virus infection.  Two members, RIG-I and Mda5 induce signal 



14 
 

transduction leading to the activation of important transcription factors including 

NFκB, AP1, and IRF3/7.  These receptors detect viral RNA-derived PAMPs in the 

cytosol of infected cells.  Recently the ligands for RIG-I have been shown to be the 

5'-triphosphate poly-U/A-rich end of ssRNA and dsRNA generated during viral 

infection (43, 95, 102).  The length of dsRNA also plays a role in differential 

recognition of RNA by the RLRs.  Long dsRNAs are detected by Mda5 whereas 

shorter species preferentially bind RIG-I (101, 119).  RIG-I and Mda5 each contain 

an RNA helicase domain that is used for ligand detection and a CARD-like domain 

(CDL) required for the initiation of downstream signaling through recruitment of the 

adaptor, interferon beta promoter stimulator-1 (IPS-1) (57).       

IPS-1, also known as mitochondrial antiviral signaling (MAVS), CARD adapter 

inducing IFNβ (Cardif) or virus-induced signaling adapter (VISA), encodes an N-

terminal CARD-like domain that shares homology with those of RIG-I and Mda5 and 

a C-terminal transmembrane domain that is required for mitochondrial targeting 

(107).  Upon viral infection, IPS-1 associates with RIG-I or Mda5 at the mitochondrial 

outer membrane via the CARD-CARD interaction that is essential for triggering 

downstream signaling (57).  A third RLR member, laboratory of genetics and 

physiology 2 (LGP2), acts as a negative regulator of RIG-I and Mda5 as it lacks the 

CARD necessary for IPS-1 interaction (99, 138).  Although much progress has been 

made with regard to understanding signal transduction mediated by RLRs from this 

complex, the intricacies remain yet to be fully elucidated.   
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RLR signaling is generally believed to bifurcate at IPS-1 into the TRAF3-

dependent IRF3/7 activation pathway and the TRAF6-dependent AP1/NFκB 

activation pathway (91, 100, 139).  The TRAF3-dependent pathway recruits the IKK-

related kinases TANK-binding kinase 1 (TBK1) and inducible IKK (IKKi) leading to 

phosphorylation and activation of IRF3 and IRF7 (100).  This model also suggests 

that the TRAF6-dependent pathway is responsible for activation of MAPK’s and 

IKK’s leading to AP1 and NFκB activation.  Because AP1 and NFκB are required for 

optimum transcriptional activation of type I IFN, ablation of TRAF6 has a negative 

effect on IFNα/β induction (139).  Interestingly this report observed that TAK1, a 

central modulator required for TLR signal transduction, was not required for normal 

activation of RLR induced IFNα/β activation.  More recently, it was reported that 

TRAF6-dependent mechanisms leading to type 1 IFN production were also TAK1-

independent, further indicating differences in RLR and TLR signaling intermediates 

(65).    

 

Toll-Like receptors (TLRs) 

TLRs play a crucial role in the recognition of both viral and bacterial 

infections, and their engagement culminates in induction of the innate immune 

response including production of proinflammatory cytokines and type 1 IFNs (42, 

55).  There are currently 10 recognized human TLRs that differ from each other 

based on ligand (PAMP) specificities, cellular localization and adaptor molecule 



16 
 

usage.  All TLRs are type-I integral membrane glycoproteins that contain a leucine-

rich repeat (LRR) domain and a Toll/IL-1 receptor (IL-1R) homology (TIR) domain.  

The transmembrane domain determines TLR localization to either the cell 

membrane or to an endosomal compartment.  The LRR domain is responsible for 

ligand detection while the TIR domain, oriented towards the cytoplasm, is 

responsible for adaptor molecule recruitment following receptor engagement by its 

respective PAMP (2, 4, 98, 118).    

The TLR family can largely be categorized into two groups based on their 

cellular localization.  Intracellular TLRs include TLRs 3, 7, 8, and 9.  These TLRs 

reside within endosomes and recognize nucleic acid based viral PAMPs.  The 

remainder of the TLRs are present at the cell surface and detect primarily bacterial 

components, although exceptions exist (1, 2).      

 Different PAMPs are recognized by different TLRs.  TLR2 forms homodimers 

or heterodimers with either TLR1 or TLR6 to recognize peptidoglycans, lipopeptides, 

and lipoproteins (120, 121).  TLR4 recognizes lipopolysacharide (LPS) generated by 

gram-negative bacteria and TLR5 has been show to detect flagellin, the principal 

component of bacterial flagella (36, 96).  Important in the context of viral infection, 

TLR3 recognizes double-stranded RNA (dsRNA) and the artificial dsRNA mimetic, 

poly-Inosinic-poly-Cytidylic acid (pIC) (4).  TLR7 and TLR8 detect single-stranded 

RNA (ssRNA) and the antiviral imidazoquinoline compounds resiquimod (R848) and 

imiquimod (51).  TLR9 responds to unmethylated CpG DNA motifs of both bacterial 

and viral origin (7).  To date, the ligand for TLR10 has not been elucidated.   
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Upon PAMP detection, TLR-induced signal transduction is a tightly regulated 

process that has been studied extensively over the past few years but the signaling 

events of these complex pathways have yet to be fully defined.  In general, TLRs 

can be grouped into categories based on the molecules that play prominent roles in 

their respective signaling events that lead to activation of transcription factors.  

 

TLR adaptor molecules  

Another way to categorize TLRs is based on adaptor protein utilization.  

PAMP-induced receptor activation triggers recruitment of specific adaptor(s) leading 

to activation of signaling intermediates to trigger the host defense response.  There 

are currently 5 recognized TLR adaptor proteins; myeloid differentiation primary-

response gene 88 (MyD88), MyD88-adaptor-like (MAL or TIRAP), TIR-domain-

containing adaptor protein inducing IFNβ (TRIF), TRIF-related adaptor molecule 

(TRAM) and sterile-α-and armadillo-motif-containing protein (SARM) (90).  Although 

there are five known adaptors utilized by TLRs, they can be divided into two main 

categories based on the adaptor(s) used; the MyD88-dependent and MyD88-

independent pathways.  

 Upon detection of agonist, all TLRs, except TLR3, signal through the MyD88-

dependent adaptor pathway to activate the transcription factors nuclear factor-κB 

(NFκB) and activator protein-1 (AP1) (1, 2, 56, 85, 90).  TLR3 on the other hand, 

signals in a MyD88-independent fashion, recruiting the adaptor TRIF to activate 
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NFκB, AP1 and IRF3 (29, 135).  TLR4 utilizes both the MyD88 and TRIF-dependent 

pathways (54, 134, 135).  In addition, TLR4 is unique in that it transduces signals 

that result in pro-inflammatory cytokine expression via TIRAP/MyD88 or, signals 

through TRAM/TRIF to induce production of type I IFN.  Signaling from TRAM/TRIF 

requires TLR4 endocytosis while the TIRAP/MyD88 signal originates from the cell 

surface (52).  TLRs 7/8 and 9, signal in a MyD88-dependent fashion to activate the 

transcription factor IRF7 in addition to NFκB and AP1.  The fifth TIR adaptor SARM 

is a negative regulator of TLR signaling and inhibits TRIF-dependent signal 

transduction (14).  Aside from SARM, TLR engagement of their respective adaptor 

molecule induces a signaling process that proceeds through recruitment of E3 

ubiquitin ligase(s) and kinases.   For the remainder of this review I will focus on 

TLR3 signal transduction.  

 

TLR3 signal transduction 

 Upon dsRNA detection and TRIF recruitment, TLR3 mediates activation of 

three main transcription factors: NFκB, AP1 and IRF3 (Figure 3).  The signal 

transduction events leading to these transcription factors however are not distinct 

but rather partially overlapping and interconnected.  There is an initial bifurcation at 

the adaptor TRIF, one arm leading to NFκB /AP1 activation while the other one 

leads to activation of IRF3.  The NFκB/AP1 pathway is activated through TRIF-

mediated recruitment of a signaling complex that includes the E3 ubiquitin ligase  
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TRAF6.  TRAF6, in conjunction with the ubiquitinating E2 complex, UBC13 and 

UEV1A, catalyzes the formation of K63-linked polyubiquitin chains that are involved 

in the recruitment of TGFβ-activated kinase 1 (TAK1) and TAK–binding protein 2 

(TAB2) (49).  The TAK1/TAB2 complex then disassociates from the adaptor complex 

and activates the IκB kinase (IKK) complex, a complex that consists of IKKα, IKKβ 

and IKKγ respectively.  Activation of this complex in turn leads to the 

Figure 3.  TLR-mediated Myd88-dependent and MyD88-independent signaling 

pathways.  A)  TLR localization and respective adaptor molecule(s) usage.  B)  E3 

ubiquitin ligases.  C)  Kinases.  D)  Transcription factors activated.   

Figure adapted from Yamamoto et al (136). 
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phosphorylation and degradation of IκBα, releasing NFκB for nuclear translocation 

and activation of gene transcription (140).   

In addition to NFκB activation, TAK1 also plays a prominent role in activating 

AP1.  Activated TAK1 leads to activation of the mitogen-activated protein kinases 

(MAPKs), ERK 1 and 2, p38 and c-jun-N-terminal kinase (JNK) resulting in activation 

of the transcription factor AP1 (ATF2/c-JUN) (104).  Thus, the MAP kinase kinase 

kinase (MAP3K) TAK1 plays a central role in all TLR-mediated signal transduction 

events that lead to the activation of AP1 and NFκB.    

IRF3 activation, on the other hand, relies on TRIF-mediated recruitment of 

Figure 4.  IFNβ enhanceosome.  The IFNβ promoter contains enhancer 

elements recognized by NFκB (κB site) and phosphorylated IRF3 (ISRE or PRD 

III) and AP1 (PRD IV). 

Figure adapted from Panne et al (94) 
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TRAF3, TBK1 and IKKe to form a complex whose activation leads to the 

phosphorylation of IRF3 (35, 91).  This phosphorylation event is required for IRF3 

dimerization and nuclear translocation.  IRF3 dimers in the nucleus then associate 

with the co-activator cAMP responsive element binding protein (CBP)/p300 to bind 

DNA and activate transcription (71). 

 Transcription of IFNβ is tightly regulated and requires the coordinated 

assembly of an enhanceosome that includes IRF3, NFκB, AP1 and CBP/p300 (61, 

122) (Figure 4).  The IFNβ promoter contains enhancer elements recognized by 

NFκB (κB site) and phosphorylated IRF3 (ISRE or PRD III) and AP1 (PRD IV) (122).  

In addition to production of type 1 IFN, TLR3 also stimulates expression of 

proinflammatory cytokines including RANTES, IL-6 and IL-8 (4).   

 

IFN response 

 Upon secretion, Type I interferons act in an autocrine and paracrine fashion 

to induce an antiviral state.  IFN binds the IFNα-receptor, inducing signal 

transduction through phosphorylation of signal transducer and activator of 

transcription 1 and 2 (STAT1 and STAT2) molecules by Janus tyrosine kinases 

(JAK).  Phosphorylated STAT1 and STAT2 form a heterotrimeric complex (ISGF3) 

with IRF9, that translocates to the nucleus to induce transcriptional upregulation of 

IFN-stimulated genes to influence cellular processes such as protein synthesis, 

cellular growth and apoptosis (32, 41).  Over one hundred different ISGs have been 
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identified.  In many cases their exact roles in establishing an antimicrobial state are 

not well understood.  Examples of antiviral effectors upregulated in this manner 

include the RNA-dependent protein kinase R (PKR), IRF7, and RNAse L.  PKR 

senses dsRNA and phosphorylates eukaryotic initiation factor 2α (eIF2α) to shut 

down both host and viral mRNA translation while activation of RNAse L leads to 

degradation of viral RNA.  IRF7 upregulation serves to prime cells for a second wave 

of IFNα/β production.  

 

Role of PRRs in WNV detection 

TLR3, TLR7, RIG-I and MDA5 have been implicated in the response to 

flavivirus infection but the role of each individually remains somewhat controversial.  

All these PRRs recognize nucleic acids produced during virus replication and, as 

such, are strong candidates for viral PRRs.  Through in vitro and in vivo 

observations it is becoming increasingly clear that instead of a single PRR being the 

dominant receptor for WNV detection, the immune response is multipronged and 

involves overlap and crosstalk as well as tissue and cell-type specificities to produce 

a coordinated response to control infection.    

The role of TLR3 in the recognition of dsRNA was initially demonstrated in a 

study of TLR3-/- mice, which show reduced production of type I IFN and inflammatory 

cytokines in response to pIC (4).  In the case of flavivirus infections, TLR3 has been 

reported not to be involved in the control of WNV infections in murine embryonic 
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fibroblasts (MEFs), as TRIF-/- MEFs supported normal viral replication (30).  It was 

also reported that dengue virus infected MEFs were unable to induce IFNβ in the 

absence of IPS-1, implicating a crucial role for the RNA helicases (79).  In contrast, 

in a recent report, dengue virus was shown to induce signaling through TLR3 in 

human cells to induce IFN and IL-8 production (124).  Cell type-specific differences 

may account for the different outcomes observed. 

In vivo, WT mice were reported to be more sensitive to WNV infection 

compared to TLR3-/- due to increased cytokine production and increase in blood-

brain barrier permeability (126).  A follow up study, however, concluded that TLR3-/- 

mice were more susceptible to WNV infection, displaying increased mortality and 

enhanced replication in the brain (22).   

TLR7 has been implicated in the recognition of flaviviruses in plasmacytoid 

dendritic cells in vitro (125).  In an intraperitoneal injection model of WNV 

encephalitis, TLR7-/- mice showed increased susceptibility to lethal WNV infection 

accompanied by decreased recruitment of relevant immune system cells to infected 

areas (123).  This was attributed to decreased TLR7-dependent IL-23 production in 

TLR7-/- mice.  In contrast, TLR7-/- mice infected cutaneously did not display 

increased mortality, which suggests the TLR7 response might not be involved in 

protective immunity following intradermal challenge (128).  These mice did however 

display decreased dendritic cell migration to draining lymph nodes, which was 

attributed to a defect in TLR7-dependent keratinocyte-mediated dendritic cell 

activation.  MyD88-/- mice have also implicated a positive role for TLRs in WNV 
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disease severity, restricting viral infection of the brain despite having a limited effect 

on systemic IFN responses (116).  Interestingly, IPS-1-/- mice exhibit increased 

susceptibility to WNV, despite elevated systemic type I IFNs and proinflammatory 

cytokines (115).   

Other TLRs, such as TLR2 and TLR4 have recently been reported to not just 

be responsible for bacterial recognition but also serve an antiviral function.  The 

fusion protein of respiratory syncytial virus (RSV) is sensed by TLR4 and induces an 

innate immune response (67).  TLR4-deficient mice display a more severe 

phenotype following RSV challenge and fail to clear the infection (39).  In addition, 

TLR2 and TLR6 play a role in detection of RSV (89).  Human cytomegalovirus 

(CMV) activates TLR2 signaling through detection of envelope protein(s) (21), and 

the envelope proteins of other viruses, such as measles virus hemagglutinin, are 

also sensed by TLR2 (10).  While to date no studies have been reported regarding 

flaviviruses and these plasma membrane localized TLRs, they could potentially be 

involved in flavivirus recognition. 

  

Flavivirus evasion of innate immunity 

In order to counteract the innate immune response, many viruses have 

evolved mechanisms to antagonize this defense mechanism at multiple levels.  

Viruses with larger genomes, such as herpesviruses and poxviruses, often devote 

multiple gene products to interfere with the immune response, such as secretion of 



25 
 

viroceptors or cytokine homologs (110).  In contrast, many of the smaller RNA 

viruses with genomes with limited coding capacity make use of multifunctional 

proteins that serve roles in both virus replication and interactions with host factors.  

These additional functions are often not obvious from the coding sequences of the 

proteins and in many cases have been discovered by expressing individual proteins 

in host cells and assaying for a specific phenotype. 

WNV replication was first shown to interfere with TLR3-induced signal 

transduction through its ability to reduce the activation of the IFNβ promoter in 

response to the dsRNA mimetic, pIC (105).  This was observed in the context of 

WNV-infected cells as well as in replicon-bearing cell lines.  WNV replicons have the 

coding region for the structural proteins deleted, which suggested that TLR3 

inhibition was either due to replication of the RNA itself, a particular RNA structure, 

or due to expression of the non-structural proteins.  Chapter 2 describes the 

demonstration that NS1 is capable of inhibiting TLR3-mediated signal transduction, 

and that it does so by inhibiting the activation of IRF3 and NFκB (132).  It should 

also be noted that WNV has been suggested to evade recognition by the RLR 

receptors, indicated by late activation of IRF3 after infection (30).  This evasion 

mechanism does not seem to be correlated to expression of a specific protein, 

however. 

WNV structural proteins have also recently been implicated in innate immune 

system modulation, indicating they can also possess multiple functions.  Incubation 

of cells with recombinant WNV envelope protein inhibits dsRNA-induced TLR3 
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mediated signaling (5).  Interestingly, this effect required a dipterian glycosylation 

motif and would thus only be relevant during the initial round of replication in the 

mammalian host.   

In addition, expression of WNV capsid protein results in increased activity of 

the serine/threonine phosphatase PP2A by directly binding I2
PP2A, an inhibitior of 

PP2A (45).  This is relevant to innate immune signaling because PP2A plays a 

central role in cellular physiology and has been shown to down-regulate AP1 

dependent transcription (3).     

 In addition to interference with the induction of TLR3-induced activation of 

IFNβ, WNV has also evolved to interfere with signal transduction generated from the 

IFN receptor.  WNV replicon-bearing cells that express the viral non-structural 

proteins were unable to activate the transcription factors STAT1 and STAT2 in 

response to IFNα (34).  A similar study showed that the Kunjin virus non-structural 

proteins NS2A, NS2B, NS3, NS4A and NS4B all inhibited STAT2 translocation in 

response to IFNα when these proteins were expressed individually (78).  The WNV, 

dengue virus and Yellow Fever virus NS4B proteins have also been identified as a 

IFN signaling antagonists (88).  Japanese encephalitis virus and Langat virus, a tick-

borne flavivirus, utilize NS5 to inhibit STAT1 phosphorylation and downstream 

signaling (9, 72).  More recently, WNV NS5, but not Kunjin virus NS5, was shown to 

inhibit of IFN-induced signal transduction by inhibiting STAT1 activation (69).  
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 In the face of the innate immune system, it is apparent that WNV encodes 

many mechanisms to evade or subvert this response, thus increasing its chance of 

survival.  The topic of this dissertation is the identification of a WNV nonstructural 

protein that interferes with TLR signal transduction and characterization of its 

mechanism of inhibition.  
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Abstract 

The innate immune response is the first line of defense against foreign 

pathogens.  The recognition of virus-associated molecular patterns, including double 

and single stranded RNA (dsRNA and ssRNA), by pattern recognition receptors 

(PRRs) initiates a cascade of signaling reactions. These result in the transcriptional 

upregulation and secretion of proinflammatory cytokines that induce an antiviral 

state.  Many viruses have evolved mechanisms to antagonize these responses in 

order to help them establish a productive infection. We have previously shown that 

West Nile virus (WNV) is able to inhibit TLR3-mediated activation of IRF3 (54).  In 

the present study, the WNV non-structural proteins were analyzed individually for 

their ability to antagonize signal transduction mediated by TLR3.  We report that 

expression of WNV NS1 inhibits TLR3-induced transcriptional activation of the IFN-β 

promoter and of an NFB responsive promoter. This inhibition was due to a failure of 

the TLR3 ligand pIC to induce nuclear translocation of IRF3 and NFB. Furthermore, 

NS1 expression also inhibited TLR3-dependent production of IL-6 and the 

establishment of an antiviral state. The function of NS1 in flavivirus infection is not 

well understood.  NS1 is required for viral RNA replication and is also secreted from 

mammalian cells but not from insect cells. Here we identify a previously 

unrecognized role for NS1 in the modulation of signaling pathways of the innate 

immune response to WNV infection. 
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Introduction 

 Since its introduction into the United States in 1999, West Nile virus (WNV) 

has spread across North America, into Canada, South America and the Caribbean.  

In 2006, a total of 4,261 human cases of WNV disease were reported to the CDC 

making WNV the leading cause of arboviral encephalitis in the United States (6).  

Although most human infections are subclinical, some develop into a neuroinvasive 

disease such as West Nile meningitis, West Nile encephalitis and West Nile 

poliomyelitis (56).  Those populations most susceptible to neuroinvasive disease 

include the elderly, children and the immunocompromised.  Currently there is no 

effective treatment or vaccine available for WNV.     

WNV is a member of the Flaviviridae family and the genus Flavivirus.  It is a 

mosquito-borne ssRNA virus with a genome of positive polarity that exists in an 

enzootic transmission cycle between mosquitos and birds.  Humans and horses are 

dead end hosts that can suffer significant morbidity and mortality after infection. The 

WNV genome is approximately 11 kilobases in length, 5’ capped, and contains an 

open reading frame that is translated as a single polyprotein (35).  Co- and 

posttranslational processing by viral and cellular proteases results in three structural 

proteins, C, M, and E, and seven nonstructural proteins, NS1, NS2A, NS2B, NS3, 

NS4A, NS4B and NS5. NS2A has been reported to inhibit JAK-STAT signaling from 

the interferon  receptor (39-41) and mutations in NS2A acquired during selection 

of replicon harboring cells lead to reduced genome replication, attenuation and 
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enhanced ability to establish a persistent infection (50, 52).  In addition NS2A has 

been shown to play a role in virus assembly (28, 38).  NS2B is a co-factor to NS3, 

the viral serine protease, and NS5 is the RNA dependent RNA polymerase and 

methyl transferase (35).  The function(s) of NS4A and NS4B are largely not 

understood although NS4B has been implicated in inhibition of IFN signaling (44, 

45).  NS1 is required for viral RNA replication and can be transcomplemented (26, 

36, 37, 59).  Within infected cells NS1 is known to be translocated into the lumen of 

the ER, can be secreted from mammalian but not mosquito cells  and is also found 

cell surface associated (5, 41, 42).  NS1 is secreted to high levels during flavivirus 

infection resulting in production of NS1-specific antibodies (24, 27, 31, 42). 

To induce a productive infection, a virus or invading pathogen must avoid 

detection and eradication by the immune system, including the innate immune 

response.  The innate immune system provides a rapid response aimed at inhibiting 

the progression of infection.  Components of the innate immune system include 

activation of natural killer cells, macrophages, the complement system and 

production of proinflammatory cytokines through recognition of pathogen-associated 

molecular patterns (PAMPs), including double or single-stranded RNA (dsRNA and 

ssRNA), by pattern recognition receptors (PRRs) (60).  PRR stimulation results in a 

cascade of signaling reactions that lead to transcriptional upregulation and secretion 

of type I IFN and proinflammatory cytokines, resulting in establishment of an antiviral 

state.   
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The PRRs that recognize virally-derived RNA PAMPs include Toll-like 

receptor 7/8 (TLR7/8) [ssRNA (10)], TLR3 [dsRNA (2)] and the RNA helicases, 

retinoic-acid-inducible gene I (RIG-I) [5’tri-phosphate containing RNA (23)] and 

melanoma-differentiation-associated gene 5 (mda-5) [(dsRNA) (17)].  TLR3 is a 

transmembrane receptor located on the cell surface in fibroblasts and within 

endocytic vesicles in myeloid dendritic cells and other cell types (16, 43, 46, 47)  Its 

ectodomain consists of a leucine-rich repeat (LRR) motif that is responsible for 

ligand binding and an intracellular Tol/IL-1 receptor (TIR) domain responsible for 

adaptor molecule binding (3, 49).  TLR3, through its interactions with the adaptor 

molecule TRIF (TIR domain-containing adaptor inducing IFN), induces activation of 

the non-canonical IB kinases TBK-1 and IKK-ε leading to phosphorylation, 

dimerization and nuclear translocation of IRF3 (13, 63).  TLR3 signaling also 

activates the transcription factors NFB and AP-1.  Detection of their respective 

PAMPs by RIG-I and mda-5 also leads to activation of IRF-3, NFB, and AP-1 

through the use the adaptor molecule IPS-1 (25).  Once activated by either pathway, 

these transcription factors can cooperate in the transcriptional activation of the IFN-β 

promoter (19, 33, 48, 64).  Following translation, IFN-β is secreted and binds to the 

IFN-/β receptor (IFNR) in an autocrine and paracrine fashion.  Activation of the 

IFNR induces a signaling cascade that leads to the establishment of an antiviral 

state through the transcriptional upregulation of interferon stimulated genes (ISG’s) 
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(19, 22).  In addition to type 1 IFN, TLR3 also stimulates expression of 

proinflammatory cytokines such as RANTES, IL-6 and IL-8 (2).  

Many viruses have evolved mechanisms to antagonize these signaling 

cascades in order to establish a productive infection.  Several studies have 

demonstrated interference of flavivirus nonstructural proteins (NS proteins) with 

signal transduction from the IFNR.  These proteins include NS2A, NS4B, and NS5, 

depending on the virus species (4, 20, 34, 41, 45, 54).  In addition to interfering with 

interferon signaling functions, expression of the WNV NS proteins has also been 

shown to interfere with TLR3 signaling (54). 

In this study we describe that the WNV NS1 protein is responsible for the 

interference with TLR3-activation of transcription factors, TLR3-induced gene 

expression and TLR3-dependent establishment of an antiviral state.  

 

Materials and Methods 

Viruses and cell lines 

WNV replicon particles (VRPs) were produced as previously described (12, 

53) and quantitated by titration on HeLa cells followed by immunohistochemical 

detection (IHC).  Vesicular Stomatitis virus (VSV) strain Hazelhurst (Charles River 

Laboratories) was propagated in Vero cells and titered on HeLa cells by plaque 

assay (see below). 
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A list of cell lines used in this study and their characteristics is provided in 

Table 1. HeLa 1.1.1 and HeLa 2.1 cells, harboring a WNV replicon that expresses 

the WNV nonstructural genes 1-5 and a neomycin resistance cassette (WNR NS1-

5ET2AN) (54) were grown in Dulbecco’s modification of minimal essential medium 

(DMEM, Cellgro) supplemented with 10% Hyclone FBS (Cellgro), 1% antibiotics, 

and 20 g/ml gentamicin and 400 g/ml G418 at 37 °C.  HeLa C cells are a “cured” 

derivative of HeLa 1.1.1, established by eliminating the WNV replicon through 

several passages in culture medium containing 200 g/ml IFN  HeLa C cells were 

grown in the same medium as above without G418.  Constitutive TLR3-expressing 

HEK293 cells (293/TLR3) (InvivoGen) were grown in the above described media 

with the addition of 10 g/ml blasticidin (InvivoGen) and Vero cells were grown in 

DMEM with 5% FBS, 1% antibiotics and 20 g/ml gentamicin.  293TLR3/rep cells 

were established by infection of 293/TLR3 cells with WNR NS1-5ET2AN VRPs (51), 

which encode neomycin acetyl transferase as a selectable marker.  Replicon- 

harboring cells were selected and maintained in media containing 600 g/ml of 

G418. 

 

Plasmids and generation of cell lines stably expressing NS1   

The mammalian expression vector pcDNA6 (Invitrogen) was used to express 

cloned cDNAs of each individual WNV NS protein (NS1, NS2A, NS2B, NS3, NS4A, 

NS4B and NS5) as well as an NS2B-3 fusion protein, expressing the active 
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protease.  Briefly, each coding region was PCR amplified with primers incorporating 

a 5’ BamHI and a 3’ XbaI restriction site and cloned into the respective restriction 

sites of pcDNA6.  A C-terminal HA tag was added to facilitate detection and all 

constructs were sequenced to confirm fidelity of amplification.   

HeLa C cell lines that stably express NS1 and a pcDNA6 vector control cell 

line were created by TransIT-LT1 transfection (Mirus) with each construct followed 

by selection for plasmid maintenance with blasticidin (10 g/ml).  Clonal and 

polyclonal populations of NS1-expressing cells were isolated following blasticidin 

selection.   

 

Reporter assays 

Reporter assays using the luciferase reporter gene under control of the IFN-β 

promoter (IFNB pGL3 (a gift from J. Hiscott) (32) or an NFB response element 

(NFB-Luc) (Stratagene) have been described previously (54).  Briefly, 100 ng each 

of either IFN-β pGL3 or NFB-Luc and pCMV β-gal (Invitrogen) were co-transfected 

into HeLa C or 293/TLR3 cells respectively, along with 500 ng of NS expression 

construct using the TransIT-LT1 transfection reagent (Mirus).  In experiments where 

varying amounts of NS1 plasmid were transfected, pcDNA6 was used to keep the 

overall DNA concentration constant.  24 h post transfection, cells were either left 

untreated or were treated for 4 h with 20 g/ml pIC (Calbiochem).  Following 

treatment, cells were lysed in reporter lysis buffer (Promega) containing 0.1% Triton 
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X-100, and assayed for luciferase and β-galactosidase activity using a Promega 

Luciferase assay system and an ONPG-based β-gal assay.  β-gal activity was used 

to normalize the Luc data for all experiments.  All data are expressed as relative light 

units/mU of -gal activity (RLU/mU). 

 

Immunofluorescence  

HeLa C cells were seeded onto LabTek chamber slides and transfected with 

each NS protein expression construct or the pcDNA6 vector control.  24 h post 

transfection cells were treated with 20 g/ml pIC for 2.5 h or left untreated and 

prepared for indirect immunofluorescence analysis (IFA) for NFB subcellular 

localization and identification of NS protein expression.  Briefly, cells were washed 

with PBS, fixed in 4% paraformaldehyde, permeabilized with 0.1% Triton-X-100 and 

blocked (2% BSA, 5% NHS, and 10 mM glycine in PBS).  The cells were then 

incubated with a rabbit anti-NFB p65 antibody (Santa Cruz) and a mouse anti-HA 

antibody (Sigma) followed by incubation with appropriate secondary antibodies 

[Alexafluor 568-conjugated anti-rabbit antibody and Alexafluor 488-conjugated anti-

mouse antibody (Invitrogen)].  The cells were then analyzed for NFB subcellular 

localization and HA expression by immunofluoresence using a Zeiss Axioskop 2 

microscope. IFA for NFB translocation in cell lines constitutively expressing NS1 

was performed similarly using a FITC conjugated anti-rabbit antibody (Kirkegaard 

and Perry Laboratories) as a secondary antibody. 
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Western blot analysis 

Subconfluent stable NS1 (G, D-24) and pcDNA6 expressing, HeLa 1.1.1 and 

HeLa C cells were either treated with 20 g/ml pIC for 4 h or left untreated.  

Following treatment, protein extracts were prepared in cell lysis buffer (300 mM 

NaCl, 50 mM Tris-HCl, 0.1% Triton X-100, pH 7.6).  Following a 10 min incubation 

on ice, lysates were clarified by centrifugation and protein concentrations were 

determined using the DC Protein Assay Kit (Bio-Rad).  Equal amounts of protein 

were electrophoretically separated on 4-12% Nu-PAGE gels (Invitrogen) and 

electroblotted onto PVDF membranes (Immobilon-P Transfer Membrane, Millipore).  

Following a TBS, 0.1% Tween-20 with 5% dry milk block, a phospho-specific IRF3 

(ser396) antibody (Cell Signaling) or anti-IRF3 antibody was diluted in TBS, 0.1% 

Tween-20 with 5% BSA and used to blot the membrane followed by HRP-

conjugated secondary antibodies (KPL).  Bound HRP was visualized with an ECL 

Plus kit (Amersham Biosciences).  Membranes were stripped and re-probed with a 

mouse anti-β-actin antibody (Sigma) as a loading control.  NS1 was detected using a 

WNV-specific mouse hyperimmune serum (MHIAF) as the primary antibody. 

 

Realtime RT-PCR assays 

Total RNA was extracted using Trizol reagent (Invitrogen) according to the 

manufacturer’s specifications. Extracts were DNAse I (Ambion) treated to remove 

contaminating genomic DNA, precipitated and resuspended in nuclease free water. 
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Reverse transcription was carried out with the ImProm II reverse transcription kit 

(Promega) using random hexamers as primers. Real-time PCR analysis was carried 

out using the iQ™ SYBR Green Supermix kit (BioRad), using the following primers:  

GAPDH: 5’ GGATTTGGTCGTATTGGGCG 3’,      

  5’ TGGAAGATGGTGATGGGATTTC 3’ 

IL-6:   5’ GAGAAGATTCCAAAGATGTAGCCG 3’    

  5’ ACATTTGCCGAAGAGCCCTC 3’ 

Reactions were set up in 96 well PCR plates (Eppendorf). Amplifications were 

carried out for 50 cycles followed by a meltcurve analysis of resulting products to 

confirm specificity of the reactions. To construct standard curves, total RNA was 

isolated from the cells and 300-600 bp fragments of the gene(s) of interest were 

amplified by RT-PCR using appropriate primer sets. PCR fragments were gel 

purified, quantitated and the copy number calculated. Serial 10 fold dilutions were 

prepared for use as templates to create standard curves in real-time PCR reactions. 

All samples were normalized to GAPDH. To control for plate-to-plate variation 

GAPDH reactions were run for all samples on the same plate as the respective real-

time PCR for the gene of interest.  All data are expressed as the ratio of copy 

numbers of IL-6 per 106 copies of GAPDH for samples run in triplicate. 
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ELISA        

IL-6 levels in the supernatant of cells treated with 20 g/ml pIC for 6 h or left 

untreated were determined using an enzyme-linked immunosorbent assay kit (E-

bioscience) according to the manufactures specifications.  Each experimental set 

was performed in triplicate. 

 

siRNA Knock Down 

 The TLR3-specific siRNA’s #1, #2 and controls [siCon (scrambled siRNA), 

siGLO (fluorescently labeleld non-targeting siRNA)] were purchased from 

Dharmacon.  50 nM of the indicated siRNA were transfected using Dharmafect DF-1 

reagent according to the manufacturer’s recommendation.  48 h post transfection 

cells were treated with 10 g/ml pIC for 1 h or left untreated.  Following treatment, 

cells were challenged with WNV VRP expressing luc at a MOI of 0.2.  24 h post 

infection cell lysates were made and assayed for luc expression.    

 

Sense Sequences: 

#1:            5’ GAACUAAAGAUCAUCGAUUUU 3’ 

#2:            5’ GCUAUGUUUGGAAUUAGCAAA 3’ 

siCON:   5’ UGGUUUACAUGUCGACUAA  3’ 

Successful reduction of TLR3 mRNA levels was confirmed by semiquantitative RT-

PCR using GAPDH primers described above and the following TLR3 primers: 
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Forward:  5’ TCACTTGCTCATTCTCCCTT 3’ 

Reverse:  5’ GACCTCTCCATTCCTGGC 3’  

 

Plaque assays 

 HeLa cells that stably express NS1 (D-24 & G), WNV replicon (1.1.1) or 

pcDNA6 vector control were seeded to confluency in 24-well plates and left 

untreated or treated with 20 g/ml pIC for 4 h followed by infection with ten-fold 

serial dilutions of virus.  VSV infections were performed at 37°C with agitation every 

15 min for 1 h followed by overlay with 1X DMEM/0.6% tragacanth gum.  24 to 36 h 

post infection the cells were stained with 5% crystal violet and viral titers were 

determined.   

 

Virus growth curve analysis          

 For analysis of virus growth kinetics, HeLa G, D-24, pcDNA6 and 1.1.1 cells 

were seeded onto 24-well plates to 80% confluency, left untreated or treated with 20 

g/ml pIC for 3 h, and infected with VSV at MOI 0.01 (HeLa-specific MOI).  At the 

indicated times, cell supernatants were collected for each condition.  VSV titers were 

determined by plaque assay on Vero cell monolayer.  
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Results 

Inhibition of TLR3-induced transcription in WNV replicon-bearing cells 

We have previously demonstrated that pIC stimulation of the IFN- promoter 

in HeLa cells is mediated through TLR3 (54).  TLR3-dependent nuclear translocation 

of IRF3 and transcriptional activation of the IFN-β promoter and IRF3 response 

elements in HeLa cells are inhibited in WNV-infected and WNV replicon-bearing 

HeLa cells [(54) and Figure 1A].  TLR3 stimulation also results in activation of NFB 

and subsequent transcriptional upregulation of NFB responsive cytokine promoters.  

Thus, we were interested in determining whether WNV RNA replication and protein 

expression would also negatively affect NFB activation. 

Reporter assays were performed to monitor NFB-dependent transcriptional 

stimulation following TLR3 engagement.  HeLa cells and Hela WNV replicon-bearing 

cells (HeLa 2.1) were transfected with NFB-Luc and pCMV-β-gal for normalization 

of transfection efficiency.  In the absence of pIC stimulation each cell line displayed 

low levels of luciferase activity.  pIC treatment induced a strong NFB response in 

HeLa C cells but not in replicon-bearing Hela 2.1 cells (Figure 1A).  The same 

results were obtained with TLR3-expressing HEK293 (293/TLR3) and 293/TLR3 

cells that contain a constitutively replicating WNV replicon (293TLR3/rep) (Fig.1B).  
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WNV nonstructural protein 1 inhibits TLR3-induced transcription  

The data above, obtained with WNV replicons deleted for the structural 

protein coding region, argue that either WNV RNA replication or expression of the 

WNV NS proteins is responsible for TLR3 inhibition.  Flavivirus NS proteins have 

been shown to inhibit signal transduction from the IFN α/β receptor (4, 20, 34, 41, 

44, 54).  Thus we hypothesized that one or more NS proteins could be responsible 

for inhibition of TLR3 signal transduction as well.  Expression constructs for each of 

the individual WNV NS proteins, as well as for the fusion protein encoding the active 

protease, NS2B-3, were established.  Expression of individual NS proteins was 

assayed after transient transfection into HeLa cells. NS2B and NS4A were detected 

in immunofluorescence assays in individual cells without problems (Figure 3) but 

were expressed at levels too low to be detected by Western blot.  In contrast, all 

other NS proteins were readily detected by Western analysis (data not shown).  

To identify the individual NS protein(s) that might interfere with TLR3 

signaling, reporter assays using the IFN- promoter in HeLa cells cotransfected with 

individual NS expression constructs were performed.  TLR3 engagement induced 

strong transcriptional activation of the IFN- promoter in all cells, except those cells 

transfected with the NS1 expression construct (Figure 2A).  NS1 expression strongly 

inhibited IFN-β promoter driven luciferase expression in response to TLR3 

engagement compared to cells transfected with the empty vector control.  Similar 

results were obtained when NFB-dependent reporter activity was assayed in 
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293/TLR3 cells transfected with the individual NS protein expression constructs 

(Figure 2B).  Due to the low level of expression of NS2B and NS4A, reporter assays 

with those two constructs are not shown.  

To rule out the possibility that the effects on TLR3 signaling observed in NS1 

expressing cells are not due to simply protein overexpression, NS1 expression 

levels in transiently transfected cells were compared to cells infected with an MOI=1 

of viral replicon particles (VRPs) (Figure 2C).  These results illustrate that NS1 is 

expressed to significantly lower levels in transient transfection compared to VRP 

infection.  Our transfection efficiency in HeLa cells was routinely between 60-70%.  

To determine whether TLR3 inhibition was dependent on the level of NS1 

expression, a dose response experiment was performed.  As little as 50 ng of 

transfected NS1 construct was able to inhibit IFN-β promoter activation after pIC 

treatment with a maximum inhibition reached at 200 ng of NS1 expression plasmid 

under our assay conditions (Figure 2D).  

The reporter assays do not address a role for NS2B and NS4A in TLR3 

inhibition.  However, reporter activation was not significantly inhibited in cells 

transfected with the NS2B-3 fusion construct from which NS2B is expressed as a 

cofactor for NS3 and other experiments, discussed below, indicate that NS4A 

expressed by itself is not involved in inhibition of TLR3 signaling (see Figure 3). 

All NS proteins, with exception of the NS2B-3 fusion protein, were expressed 

individually and contain epitope tags at the C-terminus.  Interestingly, even at the 

highest amounts of NS1 plasmid transfected we did not observe TLR3 inhibition to 
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the degree found in replicon bearing cells.  We do not have a definite explanation for 

this observation at this time but we cannot rule out the possibility that NS proteins 

other than NS1 could contribute to TLR3 inhibition when expressed in their natural 

context as part of the viral polyprotein or that the presence of the epitope tag might 

interfere with some of their functions.  Despite these caveats, NS1 has been 

reported to function in viral replication when expressed in trans and can also function 

in this context when tagged with a C-terminal epitope (26, 59).  Our experiments 

demonstrate that NS1 expressed by itself can inhibit TLR3 signal transduction.  

Thus, the subsequent experiments focus on NS1. 

 

WNV NS1 blocks the TLR3-induced nuclear translocation of NFB 

Based on the observed inhibition of NFB-dependent transcription in WNV 

replicon-bearing cells and NS1 expressing cells (Figure 1 and 2) we investigated 

whether TLR3-induced nuclear translocation of NFB was affected in NS protein 

expressing cells.  In untreated vector control transfected cells NFB localized 

predominantly to the cytoplasm. Stimulation with pIC induced nuclear translocation 

of NFB in approximately 90% of the cells (Figure 3A).  Next, HeLa C cells, 

transfected with each individual NS expression construct, were treated with pIC 

(Figure 3B) or left untreated (data not shown).  NS protein expression and NFB 

subcellular localization were analyzed by immunofluorescence.  As indicated above, 

all NS proteins could be detected by IFA including NS2B and NS4A. None of the NS 
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proteins induced NFB translocation in the absence of pIC stimulation (data not 

shown).  Upon treatment with pIC, nuclear translocation of NFB was evident in 

almost all NS protein expressing cells, except for those cells transfected with the 

NS1 expression plasmid.  NS1 expressing cells showed a cytoplasmic NFB 

staining pattern regardless of pIC stimulation.  The immunofluorescence data also 

demonstrate that NS2B and NS4A expression does not interfere with TLR3 induced 

NFB translocation. 

 

HeLa  cells that  express NS1 constitutively are deficient in TLR3 signaling 

For subsequent investigations into the biological significance of NS1 

mediated TLR3 inhibition, HeLa cell lines that constitutively express NS1 were 

established.  Several NS1-expressing polyclonal and clonal populations were 

isolated.  NS1 expression levels in stable cell lines were significantly lower than 

observed in replicon-bearing cells (Figure 4A).  To verify TLR3 inhibition in these cell 

lines, we monitored activation of NFB and IRF3.  Inhibition of NFtranslocation 

was assayed by immunofluorescence (Figure 4B).  Vector control and NS1 

expressing cells (pc6 and D-24 respectively) were either treated with pIC or left 

untreated.  In all untreated cells NF was localized to the cytoplasm.  In vector 

control cells, pIC readily induced the nuclear translocation of NF.  This was in 

sharp contrast to the cytoplasmic staining pattern observed in D-24 cells following 

pIC treatment (Figure 4B).   
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IRF3 activation was investigated by analyzing the phosphorylation of IRF3 in 

response to TLR3 engagement in NS1-expressing cell lines, WNV replicon-bearing 

cells and vector control cells.  Following a mock or pIC treatment, cell lysates 

derived from NS1-expressing HeLa cell lines (polyclonal pool: HeLa G , clonal 

isolate: D-24), vector control cells (pc6) and WNV replicon cells (1.1.1) were 

analyzed by Western blot using an antibody specific for phospho-IRF3 (Ser 396).  

Phospho-IRF3 was not detected in lysates from unstimulated cells across the panel 

of cell lines tested.  In pIC stimulated cells, phospho-IRF3 was detected in lysates 

from HeLa C and HeLa pc6 cells (Figure 4C).  In contrast, pIC did not induce 

phosphorylation of IRF3 in replicon-bearing HeLa cells and the NS1-expressing 

clonal cell line D-24.  The NS1 expressing HeLa pool G showed only very minimal 

IRF3 phosphorylation.  In agreement with these results, inhibition of IRF3 nuclear 

translocation in response to pIC was also observed in D-24, G and 1.1.1 cells (data 

not shown).  In summary, NS1-expressing HeLa cell lines showed the same 

phenotypes of TLR3 inhibition with regard to transcription factor activation previously 

detected with transiently NS1 transfected cells and replicon-bearing or WNV infected 

cells [(54) and Figure 1]. 

 

NS1 inhibits TLR3-mediated production of IL-6 

 To investigate whether NS1 had an inhibitory effect on endogenous gene 

induction by TLR3, we examined cytokine production in HeLa cells in response to 
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pIC treatment.  In contrast to the reporter assay data, when IFN- production in 

response to pIC was investigated by both bioassay and realtime RT-PCR, IFN- 

transcript levels were only slightly elevated and levels of secreted IFN- were below 

the limit of detection in the bioassay (results not shown, see discussion).  We 

therefore monitored upregulation of IL-6 as an example of a cytokine that has been 

shown to be induced by several different viruses in a TLR3-dependent manner (18, 

29, 62).  Induction of IL-6 following pIC treatment was readily observed at both the 

mRNA and the protein level (Figure 5A, B).  Compared to vector control cells, 

induction of IL-6 mRNA and protein levels after pIC stimulation were greatly reduced 

in D-24, and HeLa 1.1.1 replicon cells.  The polyclonal pool HeLa G showed 

intermediate reduction in IL-6 expression.  These results confirm that expression of 

NS1 is able to interfere with TLR3-mediated induction of endogenous genes as well 

as reporter genes.  

 

WNV NS1 inhibits establishment of a TLR3-induced antiviral state 

 Preliminary studies on HeLa cells demonstrated that pIC treatment efficiently 

induces an antiviral state in these cells.  To confirm that this pIC-induced antiviral 

effect was indeed mediated by TLR3, TLR3 expression was suppressed using two 

different TLR3-specific siRNAs targeting distinct regions of the TLR3 mRNA.  As a 

control, a scrambled non specific siRNA was utilized (siCON). pIC-treated or non-

treated siRNA transfected cells were subsequently infected with luciferase-
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expressing WNV VRPs and luciferase activity was determined as a measure of 

replication.  In control siRNA transfected cells (siGLO, siCON and no si), pIC 

treatment almost completely eliminated VRP infection.  However, cells transfected 

with either TLR3 specific siRNA (#1 and #2), pIC only slightly reduced the infectivity 

of VRPs (Figure 6A).  Semiquantitative RT-PCR was used to confirm reduction of 

TLR3 mRNA levels in cells transfected with TLR3 targeting siRNAs (Figure 6B).  

These results confirm that signaling through TLR3 is required for a pIC-induced 

antiviral state in this cell type.  

To investigate the ability of NS1 to inhibit this antiviral effect, titrations of 

vesicular stomatitis virus (VSV) were performed on pIC treated or untreated 

monolayers of HeLa pc6, G, D24 and 1.1.1 cells.  Plaque assays demonstrated that 

the VSV infectious titer on pIC treated HeLa pc6 cells was reduced by approximately 

1.5 logs, while HeLa 1.1.1 cells and D-24 were resistant to the antiviral action of pIC.  

The polyclonal population HeLa G showed intermediate sensitivity to pIC resulting in 

a slight decrease of VSV infectivity after pIC treatment (Figure 7A).  VSV plaque size 

on pIC treated monolayers of the various cell lines corresponded with the infectivity 

data.  HeLa pc6 cells demonstrated both a reduction in plaque number as well as a 

significant decrease in plaque size while plaque sizes were only slightly reduced in 

pIC treated D-24 and 1.1.1 cells. HeLa G showed an intermediate phenotype (Figure 

7B). 

To more carefully investigate the effect of TLR3 signaling on viral growth, 

multistep growth curves of VSV on D-24, G, HeLa 1.1.1 and pc6 control cells were 
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determined over a time course of 24 hours (Figure 7C).  In the absence of pIC 

treatment, VSV growth kinetics and virus production were nearly identical on all four 

cell lines.  pIC pre-treatment severely inhibited VSV production in pc6 cells (ca. 4 

logs) as compared to only a 2 log decrease in D-24 cells (Figure 7C).  As in the 

previous experiments, HeLa G showed an intermediate phenotype and HeLa 1.1.1 

was nonresponsive to pIC treatment. 

    

Discussion 

 The ability of many viruses to successfully induce a productive infection 

involves evasion or modulation of host antiviral responses.  Our previous work 

reported that both WNV-infected and WNV replicon-bearing cells are deficient in 

TLR3-induced IFN- promoter activation and activation of IRF3 in HeLa cells  (54).  

In the present study we identified the WNV NS1 protein as responsible for TLR3 

inhibition.  Using our approach of separately expressing individual NS proteins, we 

did not observe TLR3 inhibition with any of the other NS protein expression 

constructs tested.  As eluded to above, this approach does not completely rule out 

possible contributions of other NS proteins when expressed in their natural context 

as part of the viral polyprotein and we did observe a low level of residual stimulation 

in cells transfected with NS1 alone (Figure 2D).  

 Compared to all of our constitutively NS1-expressing cell lines, HeLa 1.1.1 

replicon cells consistently exhibited stronger TLR3 inhibition.  Western blot analysis 
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demonstrated that HeLa 1.1.1 cells express approximately 20 times as much NS1 

than either HeLa D-24 or HeLa G.  These findings are in line with our observations 

that TLR3 inhibition is dependent on the level of NS1 expression (Figure 2D).  

NS1 inhibited TLR3-stimulated IFN- promoter and NFB-dependent 

promoter activation in reporter assays, nuclear translocation of NFB and IRF3, 

expression of IL-6 and establishment of an antiviral state.  Interestingly, we noted a 

marked discrepancy between activation of the IFN- promoter in reporter assays 

and activation of the endogenous IFN- promoter in HeLa cells.  We were not able 

to observe significant secretion of type I interferon by bioassay in culture 

supernatants of pIC treated HeLa cells (data not shown).  However, in co-culture 

experiments HeLa cells were able to protect non-TLR3 expressing cells (Huh7) from 

VRP infection after pIC treatment (results not shown).  It is therefore possible that 

low levels of type I IFN are produced by HeLa cells in response to TLR3 

engagement and are able to act in a para-and/or autocrine fashion to establish an 

antiviral state.  Alternatively, other TLR3-induced genes might be responsible for 

conferring an antiviral state independent of type I interferon.  The identification of the 

exact mechanism of establishment of an antiviral state in HeLa cells by TLR3 is 

beyond the scope of this investigation and will be pursued separately. 

 Interference with TLR3 signaling by NS1 and WNV replicons was not only 

observed in HeLa cells but also in TLR3-expressing HEK293 cells and in WNV 

replicon-bearing mouse embryo fibroblasts (Gilfoy and Mason, personal 
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communication).  Our findings are in direct contrast to a previous report describing 

no interference of WNV infection with TLR3 signal transduction in several different 

cell lines (14).  Some of these discrepancies might be attributed to the use of 

different cell lines in that study.  However, TLR3-expressing HEK293 cells were 

used both in the former study and in our experiments.  It is possible that amounts of 

NS1 insufficient to inhibit TLR3 were expressed in the former study as those pIC 

challenges of infected cells were conducted anywhere from 3 to 6 h postinfection 

(14).  We previously described TLR3 inhibition in WNV-infected cells at 10-12 h post 

infection (54) and demonstrate in the present study that the degree of TLR3 

inhibition is dependent on the expression level of NS1.   

The role of TLR3 in the control of virus infections is somewhat controversial.  

In vitro studies have demonstrated that flaviviruses can be recognized by several 

different PRRs, including RIG-I, Mda-5 and protein kinase R (7, 14, 15).  Flaviviruses 

have also been reported to activate the ssRNA PRR TLR7 in plasmacytoid dendritic 

cells (57, 61).  Interestingly, flaviviruses do not seem to engage TLR3 during 

infection in cell culture systems, as described by Fredericksen et al. (14) and 

according to our own unpublished observations. Most of these studies were 

performed using common cell lines that respond to TLR3 ligands.  It is reasonable to 

speculate that TLR3 engagement might be different in vivo in the context of specific 

cell-cell interactions.  As an example, a role for TLR3 in crosspriming by TLR3-

expressing CD8+ dendritic cells in the activation of CTLs has been described (55) 
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and several studies clearly demonstrate an involvement of TLR3 in the innate 

response to virus infection in vivo. 

While Edelmann et al. described no differences in the pathogenesis of several 

viruses in TLR3-deficient mice compared to wild type animals (11), several other 

studies, conducted with a variety of viruses, demonstrate that TLR3 can have either 

protective or detrimental influences on viral pathogenesis.  In most cases, TLR3-

deficient mice displayed reduced production of proinflammatory cytokines in 

response to virus infection including TNFα, IL-6 or MCP-1 (18, 21, 29, 62).  

However, the outcome in terms of pathogenesis can be quite distinct depending on 

the virus. Influenza A virus (IAV) infection in TLR3-deficient mice yields higher virus 

titers and reduced cytokine responses yet these mice have a survival advantage 

(29).  Similarly, TLR3 signaling in WNV-infected mice lead to increased permeability 

of the blood-brain barrier and increased WNV invasion into the central nervous 

system (CNS), whereas TLR3-deficient mice showed decreased CNS invasion (62).  

In both cases these results were attributed to TLR3-dependent production of 

proinflammatory cytokines causing detrimental effects when produced at high levels.  

In both IAV and WNV infection, higher levels of virus production could be detected in 

the absence of functional TLR3.  In contrast, encephalomyocarditis virus (EMCV) 

infection in TLR3-deficient mice led to decreased cytokine production accompanied 

by higher viral loads and increased mortality. Interestingly, levels of IFN- were not 

decreased in EMCV-infected TLR3-deficient animals (21).  It is evident from these 
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examples that the role of TLR3 in viral infection can vary with the virus species and 

the cell type(s) infected.  

NS1 is a glycoprotein that is required for flavivirus replication (37) and is also 

secreted to high levels during flavivirus infection in vivo  (24, 27, 31, 42).  Two recent 

studies have addressed a potential role of NS1 in immunomodulation. NS1 was 

shown to interfere with activation of complement factor H in vitro (8) and cell surface-

associated NS1 was found to mediate phagocytosis of WNV infected cells and thus 

might play a role in clearance of virally infected cells (9).  The mechanism of NS1-

mediated inhibition of TLR3 is currently under investigation.  Both TLR3 and NS1 

associate with membranes of the endoplasmic reticulum for maturation and targeting 

to their respective destination(s).  It is possible that direct interactions of NS1 and 

TLR3 are responsible for TLR3 inhibition or alternatively NS1 could interfere with 

downstream signaling such as recruitment of the adaptor protein TRIF or activation 

of TBK-1.  Dengue NS1 protein can be endocytosed by several different cell types 

(1) and an intriguing alternative is that secreted NS1 might inhibit TLR3 signaling 

after being endocytosed by target cells, possibly by interfering with TLR3 signaling in 

the endosome.  This hypothesis is currently under investigation.   

Several viruses have evolved independent mechanisms to interfere with 

TLR3.  The Hepatitis C virus NS3/4A protease interferes with TLR3-dependent  IRF3 

activation by cleaving the TLR3 adaptor molecule TRIF (30) and Vaccinia virus 

interferes with TLR3 through expression of its AR46 protein (58).  Our results add 

another example to this list and delineate a potentially different mechanism of 
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targeting TLR3.  The fact that several different viruses and in particular two small 

RNA viruses, containing genomes with limited coding capacity, have evolved ways 

to interfere with this innate immune signaling pathway, strongly argues for an 

interplay between TLR3 and the virus.  These interactions are bound to have 

important implications for the biology of these viruses while their significance might 

not be fully understood at present. 
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FIGURE 1.  Inhibition of IFN-promoter and NFB activation by TLR3 in WNV 

replicon cells  (A) pIC induced activation of the IFN- promoter  and NFB reporter in 

HeLa WNV replicon cells (HeLa 2.1) and IFN-cured derivatives (HeLa C).  Cells were 

transiently transfected with IFN- pGL3 or NFB-Luc and pCMV-gal and then either 

treated with 20 g/ml of pIC for 4 h or left untreated. Cell lysates were analyzed for 

luciferase and β-gal activity.  (B)  293/TLR3 cells (TLR3) and WNV replicon-bearing 

293/TLR3 cells (TLR3/Rep) were assayed for pIC-induced transcriptional activation of an 

NFresponse element. Cells were transfected with NFB luc and pCMVgal and 24 h 

post transfection the cells were treated with 20 g/ml pIC for 4 h or left untreated. Cell 

lysates were analyzed for luciferase and -gal activity. Data are expressed as luciferase 

activity normalized to β-gal activity from duplicate samples.  Error bars represent the 

standard deviation.   
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FIGURE 2.  WNV NS1 inhibits the pIC induced transcriptional activation of the IFN-

β promoter and NFB response element.  (A) HeLa cells were transfected with 

individual expression constructs for NS proteins together with the IFN-β pGL3 reporter 

construct and pCMV-β-gal.  24 h post transfection cells were treated with 20 g/ml pIC 

for 4 h or left untreated. Cell lysates were assayed for luciferase and -gal activity. (B) 

NS expression constructs were transfected into 293/TLR3 cells along with NFB-Luc 

and pCMV -gal. Cells were treated with pIC as above and luciferase and -gal activity 

determined. (C) HeLa cells were transfected with 500 ng of NS1 expression plasmid or 

the same amount of empty vector (pc6) or infected with an MOI of 1 of VRPs. Cell 

lysates were prepared 24h after transfection of infection and levels of NS1 expression 

were analyzed by Western blot using a WNV-specific MHIAF. A nonspecific band close 

to the MW of NS1 (denoted by an asterisk) is seen in pcDNA6 transfected vector control 

cells.  As a loading control the blot was stripped and reprobed for -actin. (D) Varying 

amounts of NS1 expression plasmid were transfected into HeLa C cells along with the 

IFN-β pGL3 reporter and β-gal expression plasmids.  Following mock or pIC treatment, 

cells were harvested and assayed for luciferase and β-gal activity.  Data are expressed 

as luciferase activity relative to β-gal activity from duplicate samples.  Error bars 

represent the standard deviation. 



91 
 

 

FIGURE 3.  WNV NS1 inhibits the TLR3-induced nuclear translocation of NFB. (A) HeLa 

C cells were transfected with the empty vector pcDNA6 and either left untreated or treated with 

pIC for 2.5 h. NFB was detected by immunofluorescence. (B) HeLa C cells were transfected 

with NS protein expression constructs.  24 h post transfection cells were challenged with pIC 

for 2.5 h. Cells were dually stained for NFB subcellular localization using an NFB-specific 

antibody and WNV antigen expression using an HA-epitope-specific antibody.  Red indicates 

NFB and green indicates NS expression.  All NFB pictures were taken under identical 

conditions using the same exposure settings. For NS proteins, exposure times had to be 

adjusted slightly to account for variation of levels of expression between the different 

constructs. 
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FIGURE 4.  Inhibition of transcription factor activation in cell lines constitutively 

expressing NS1.  (A) NS1 expression levels in NS1 expressing cell lines. Cell lysates from 

NS1-expressing cell lines were compared to 1.1.1 replicon cells in terms of NS1 expression 

levels. HeLa G is a polyclonal NS1-expressing population and D-24 is an individual NS1-

expressing clone.  HeLa 1.1.1 are WNV replicon-bearing cells and pc6 is a vector control cell 

line. 15 g of total protein per lane were loaded for pc6, G and D24 cells and 0.2, 1 and 5 g 

were loaded for 1.1.1 lysates. The WNV MHIAF used as primary antibody crossreacts with a 

nonspecific cellular protein with a MW very similar to the glycosylated higher MW weight form of 

NS1 and partially obscures its detection. (B)  NFB nuclear translocation in NS1 expressing cell 

lines. NS1-expressing D24 and vector control cells were treated for 2 h with pIC or left 

untreated.  Cells were then stained to detect NF subcellular localization. (C) Phosphorylation 

of IRF3 in response to TLR3 stimulation in NS1-expressing cell lines.    Following 4 h of pIC 

treatment, cell lysates were analyzed for phospho-IRF3 (ser 396) by immunoblot (top panel). 

The middle panel shows the levels of total IRF3 and the bottom panel shows levels of β-actin as 

a loading control. 
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FIGURE 5.  WNV NS1 inhibits TLR3-induced transcriptional activation and secretion of 

IL-6.  (A)  IL-6 mRNA levels were determined by realtime RT-PCR from isolated RNA in the 

indicated cell lines following a mock or 6 h treatment with 20 g/ml pIC.  Results are displayed 

as copy number of IL-6 transcripts per 10
6
 copies of GAPDH. (B)  IL-6 protein levels were 

determined by ELISA from the culture supernatants recovered from cells treated as in (A).  RT 

PCR data are from a representative experiment run in duplicate and ELISA data is a 

representative experiment run in triplicate.  Error bars represent standard deviation.       
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FIGURE 6.  pIC induces a TLR3-dependent antiviral effect in HeLa cells.  (A) HeLa C cells 

were transfected with two different TLR3-specific siRNAs (#1 and #2) and three different controls 

(siGLO, siCON or no si) (see Materials and Methods). Following a 4 h treatment with 20 g/ml 

pIC or mock treatment, cells were infected with WNV VRPs expressing luciferase.  24 h post 

infection cell lysates were assayed for luciferase expression.  The representative experiment 

shown was conducted in duplicate.  Error bars represent standard deviation.  (B) TLR3 and 

GAPDH levels in siRNA transfected cells were analyzed by semiquantitative RT-PCR using 

specific primers for both TLR3 and GAPDH. 
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FIGURE 7.  Expression of WNV NS1 inhibits the TLR3-induced antiviral effect.  (A)  HeLa 

pc6, D-24, G and 1,1.1 cells were pre-treated with 20 g/ml pIC for 4 h or left untreated. Cells 

were subsequently infected with serial ten-fold dilutions of VSV.  At 24 h post-infection plaques 

were visualized by crystal violet staining and VSV infectious titers were determined.  (B)  VSV 

plaque size and morphology in an experiment conducted as described above. Pictures shown 

are from wells infected with a 10
6
 dilution of VSV. (C)  Multistep growth curve of VSV on the 

indicated cell lines.  Cells were left untreated or pre-treated with pIC for 4 h followed by infection 

with VSV at an MOI of 0.01.  Supernatants were harvested every 4 h and virus production was 

determined by plaque assay on Vero cells.  Values indicate VSV pfu/ml of supernatant.  Error 

bars indicate the standard deviation.   

Closed symbols denote virus recovered from untreated cells. Open symbols denote virus 

recovered from pIC treated cells. Squares: pcDNA6, triangles: HeLa 1.1.1, diamonds: HeLa D-

24, circles: HeLa G. 
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Abstract 

Innate immunity is the first line of defense against invading pathogens.  Upon 

activation it acts to limit pathogen proliferation early in infection and initiates a proper 

adaptive immune response.  Key to this system are the Toll-like receptors (TLRs), a 

group of pattern-recognition receptors (PRRs) that play a crucial role in the 

recognition of viral and bacterial infections, and when engaged, culminate in 

production of proinflammatory cytokines and type 1 interferon (IFN).  Many viruses 

have evolved to antagonize this response in order to help them establish a 

productive infection.  Our laboratory has recently shown that the West Nile virus 

(WNV) NS1 protein can modulate innate immune responses by interfering with 

TLR3-induced nuclear translocation of NFκB and activation of IRF3.  Here we 

demonstrate that NS1 impairs IL-6 activation in response to stimulation of all TLRs 

investigated and that interference with signal transduction occurs downstream of the 

adaptor molecules TRIF and MyD88.  We also report that NS1 inhibits TLR3-

induced activation of IRF3 and NFκB by impairing the activation of the upstream 

kinases TBK1 and IKKα/β in response to TLR stimulation.  In addition, NS1 

interferes with MAP-kinase activation, impairing activation of downstream 

transcription factor AP1.  Examination of these pathways in more detail revealed that 

NS1 may interfere with TAK1 activation.  We show that NS1 inhibits TAB1- and 

TAB2-induced activation of TAK1, but NS1 does not directly disrupt TAK1-TAB1 or 

TAK1-TAB2 protein-protein interactions.  These data suggest that NS1 might employ 
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a more indirect mechanism to modulate TLR signal transduction and may affect 

other signaling pathways involving TAK1 as well.   

 

Introduction 

Toll-like receptors (TLRs) are a group of pattern-recognition receptors (PRRs) 

that play a crucial role in the recognition of viral and bacterial infections and 

induction of the innate immune response, which includes the production of 

proinflammatory cytokines and type I IFNs (22, 30).  Currently 10 human TLRs have 

been identified, all of which induce tightly regulated signal transduction events that 

have been studied extensively over the past few years but have yet to be fully 

elucidated.   

TLR3, 7/8 and 9 reside in an endosomal compartment and detect dsRNA, 

ssRNA and CpG DNA respectively. TLR7/8 and TLR9 are predominantly expressed 

in plasmacytoid dendritic cells and activate the transcription factors IRF7, NFkB and 

AP1.  TLR3 is ubiquitously expressed in many cell types and is a key sensor of viral 

dsRNA, resulting in production of the anti-viral molecule, IFNβ and proinflammatory 

cytokines.  The remaining TLRs are all localized to the plasma membrane and are 

predominantly involved in the detection of extracellular molecules such as PAMPs 

produced by bacteria (LPS, flagellin, etc).  However, some TLRs localized at the 

plasma membrane have also been shown to recognize viral glycoproteins (7, 20, 

48).  Upon detection of ligand, all TLRs, except TLR3, signal through the MyD88-
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dependent adaptor pathway to activate the transcription factors nuclear factor-κB 

(NFκB) and activator protein-1 (AP1) (1, 2, 31, 47, 50).  TLR4 is unique in its adaptor 

usage in utilizing both MyD88 and another adaptor molecule, TRIF (29, 66, 67).  In 

addition, TLR4 is unique in that it transduces signals that result in pro-inflammatory 

cytokine expression via TIRAP/MyD88, or signals through TRAM/TRIF to induce 

production of type I IFN.  Signaling from TRAM/TRIF requires TLR4 endocytosis 

while the TIRAP/MyD88 signal originates from the cell surface (27). TLR3 on the 

other hand, signals in a MyD88-independent fashion, recruiting the adaptor TRIF to 

activate NFκB, AP1 and IRF3 (18, 67).  

 Upon dsRNA detection and TRIF recruitment, TLR3 mediates activation of 

three main transcription factors: NFκB, AP1 and IRF3.  The signal transduction 

events leading to activation of these transcription factors however are not completely 

separate but rather partially overlapping and interconnected.  There is an initial 

bifurcation at the adaptor TRIF, with one arm leading to NFκB /AP1 activation while 

the other one leads to activation of IRF3.  The NFκB/AP1 pathway is activated 

through TRIF-mediated recruitment of a signaling complex including the E3 ubiquitin 

ligase TRAF6.  TRAF6, in conjunction with the ubiquitinating E2 complex UBC13 

and UEV1A catalyzes the formation of K63-linked polyubiquitin chains that are 

involved in the recruitment of TGFβ-activated kinase 1 (TAK1) and TAK–binding 

protein 2 (TAB2) (26).  Activated TAK1 leads to activation of the IκB kinase (IKK) 

complex, a complex that consists of IKKα, IKKβ and IKKγ respectively.  Activation of 



102 
 

this complex in turn leads to the phosphorylation and degradation of IκBα, releasing 

NFκB for nuclear translocation and activation of gene transcription (70).   

In addition to its role in NFκB activation, TAK1 also plays a prominent role in 

AP1 activation.  Activated TAK1 leads to activation of the mitogen-activated protein 

kinases (MAPKs), ERK 1 and 2, p38 and c-jun-N-terminal kinase (JNK) resulting in 

activation of the transcription factor AP1 (ATF2/c-JUN) (53).  Thus, the MAP kinase 

kinase kinase (MAP3K) TAK1 plays a central role in all TLR-mediated signal 

transduction events that lead to the activation of AP1 and NFκB.   

Transcription of IFNβ is tightly regulated and requires the coordinated 

assembly of an enhanceosome that includes IRF3, NFκB, AP1 and CBP/p300 (33, 

59).  The IFNβ promoter contains enhancer elements recognized by NFκB (κB site) 

and phosphorylated IRF3 (ISRE or PRD III) and AP1 (PRD IV) (59).  In addition to 

production of type I IFN, TLR3 also stimulates expression of proinflammatory 

cytokines and chemokines which include RANTES, IL-6, and IL-8 (3).  The 

coordinated action of all these factors leads to the establishment of an antiviral state 

to control viral infection.   

WNV NS1 is a multifunctional protein.  NS1 is required for RNA replication 

and seems to be involved in early RNA synthesis although its mechanism of action 

is not understood (42, 43).  Within infected cells WNV NS1 is translocated into the 

lumen of the endoplasmic reticulum, becomes glycosylated and is secreted from 

mammalian cells but not mosquito cells, and also cell surface-associated (9, 44).  

NS1 contains three N-linked glycosylation sites in addition to 12 conserved cysteines 
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and is secreted to high levels during infection, resulting in production of NS1-specific 

antibodies (12, 13, 23, 35, 41, 44, 46).  Detection of secreted NS1 can be used for 

clinical diagnosis of infection and levels have been shown to correlate with disease 

severity (41).  Although NS1 is absolutely required for viral RNA replication. NS1 

mutants can be trans-complemented (32, 42, 43, 57).  Recently, NS1 has also been 

implicated in attenuation of both the classical and lectin pathways of complement 

activation (4, 12). 

We have previously reported that WNV NS1 has innate immune-modulatory 

activity.  Cells expressing NS1 interfere with TLR3-mediated activation of IRF3 and 

NFκB, and so inhibit the establisment of an antiviral state (65).  In this study we 

further define the mechanism(s) of NS1 immune-modulatory activity by employing a 

biochemical pathway analysis approach to define key signaling intermediates 

affected in cells that express WNV NS1. 

 

Materials and Methods 

Cell lines   

HeLa C, HEK293T and RAW264.7 cells were propagated in Dulbecco’s 

modified Eagle medium (DMEM) supplemented with 10% Gemini FBS (Cellgro), 1% 

antibiotics, and 20μg/ml gentamicin.  In addition, Raw 264.7 cell media contained 1.5 

g/L sodium bicarbonate.  NS1 and vector control cell lines were constructed as 
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described below and maintained in the above stated media with the addition of 

puromycin (HeLa and HEK293T: 2 ug/mL, RAW264.7: 4 ug/mL). 

 

DNA constructs 

The full length coding sequence of WNV NS1, including the final 30 amino 

acids of the E protein (amino-terminus) and a tetra-histidine epitope tag (carboxy-

terminus), was cloned into the lentivirus expression vector pLEX (Thermo Scientific 

Open Biosystems) using SpeI and NotI restriction sites.  Fidelity of the cloning was 

determined by sequencing of the plasmid (pLEX-NS1). 

The following mammalian expression vectors were obtained as indicated. 

pCMV-myc-TRIF-his was a kind gift from Dr. Kui Li (UTMB).  pCMV-HA-MyD88 was 

purchased from Add Gene (12287 (24)).  pCMV-HA-TAK1, pCMV-Flag-TAB1 and 

pCMV-T7-TAB2 were a kind gift from Dr. Jun Ninomya-Tsuji (NCSU). 

 

Construction of NS1-expressing cell lines  

pLEX-NS1 was packaged into VSV-G pseudotyped, defective, lentivirus 

particles through transfection of HEK293T cells with vector, packaging (pREV and 

pMDLg), and envelope (pVSV-G) plasmids.  Empty vector (pLEX-MCS) was 

packaged identically. Lentivirus-containing supernatants were harvested and 

clarified 40hr post-transfection, and stored at -80oC until further use.  HeLa, 

HEK293T, and Raw264.7 cells were individually plated as semi-confluent 

monolayers in 6 well plates.  Each cell line was transduced with pLEX-NS1or pLEX-
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MCS lentivirus for 24hr in the presence of 8 ug/mL polybrene.  Polyclonal 

transduced cells were selected by puromycin treatment (HeLa and HEK 293T: 2 

ug/mL, RAW264.7: 4 ug/mL).  Stable expressing cell lines are designated as follows; 

HeLa-NS1, HeLa-MCS, 293T-NS1, 293T-MCS, RAW-NS1 and RAW-MCS 

respectively. 

 

Western blot analysis   

Following the indicated treatments, whole cell extracts were prepared in RIPA 

buffer (9806; Cell Signaling) supplemented with 1 mM phenylmethylsulphonyl 

fluoride (PMSF) and 10nM Calyculin A (9902; Cell Signaling).  Following a 10-min 

incubation on ice, lysates were pulse-sonicated three times for five-seconds each to 

ensure complete nuclear lysis.  Cell lysates were then clarified by centrifugation and 

protein concentrations were determined using a protein assay kit (Bio-Rad).  Equal 

amounts of protein were electrophoretically separated on 4 to 12% polyacrylamide 

gradient Nu-PAGE gels (Invitrogen) and electro-blotted onto polyvinylidene difluoride 

membranes (Immobilon-P transfer membrane; Millipore).  Membranes were blocked 

with 5% dry milk in 1xTris-buffered saline-0.1% Tween-20 (TBST) and probed with 

one of the following antibodies in 2.5% BSA/TBST:  phospho-Ser172-TBK1/NAK 

(5483; Cell Signaling), TBK1 (3013; Cell Signaling), phospho-Ser396-IRF3 (4947; 

Cell Signaling), IRF3 (sc-9082, Santa Cruz), phospho-IKKα(Ser76/IKKβ(Ser177) 

(2078; Cell Signaling),  IKKβ (2370; Cell Signaling), phospho-Ser63-c-Jun (2361; 

Cell Signaling), phospho-Thr202/Tyr204-ERK1/2 (4377; Cell Signaling), ERK1/2 
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(4695; Cell Signaling), phospho-Thr183/Tyr185-SAPK/JNK (4668; Cell Signaling), 

JNK1/2 (554285; BD Pharmingen), phospho-Ser536-NFκB (3033; Cell Signaling)  

NFκB p65 (sc-372; Santa Cruz), phospho-Thr184/187-TAK1 (4531; Cell Signaling), 

TAK1 (sc-7162; Santa Cruz), FLAG-M2 (F 1804; SIGMA), HA (H3663; SIGMA), 

tetra-HIS (34679; Qiagen) or β-actin (A1978; SIGMA).  After 3-4 10-minute washes 

in Tris-buffered saline-0.1%Tween-20, membranes were incubated with horseradish 

peroxidase-conjugated goat anti-rabbit or anti-mouse (474-1806/474-1516; KPL).  

Following another round of washes, membranes were visualized with an enhanced 

chemiluminescence detection system as recommended by the manufacturer (Santa 

Cruz Biotechnology). 

 

Electrophoretic mobility shift assays (EMSA).   

Whole cell lysates and radioactively labeled probes were prepared and EMSA 

reactions performed as previously described (61).  AP1 gel-shift oligonucleotides 

contained the consensus binding site for the AP1 c-Jun homodimer and Jun/Fos 

heterodimeric complexes (5’-CGC TTG ATG ACT CAG CCG GAA-3’) (Santa Cruz 

Biotechnology).  NFκB gel-shift oligonucleotides were derived from κB enhancer 

sequences present in the IL-2Rα promoter (5’-

CAACGGCAGGGGAATTCCCCTCTCCTT-3’) (5).   
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Reporter assays.   

Reporter assays using the luciferase (Luc) reporter gene under control of the 

NFκB response element (NFκB-Luc) (Stratagene) have been described previously 

(54).  Briefly, constant amounts of NFκB-Luc and pCMV-β-galactosidase (β-gal) 

(Invitrogen) plasmid were cotransfected into the HEK293T-NS1 or -MCS cells, along 

with amount of the indicated construct using the TransIT-LT1 transfection reagent 

(Mirus).  pcDNA6 empty vector was used to keep the overall amount of DNA 

constant.  18-24h post transfection, cells were lysed in reporter lysis buffer 

(Promega) containing 0.1% Triton X-100 and assayed for Luc and β-gal activity 

using the Promega Luc assay system and an ONPG (o-nitrophenyl-β-D-

galactopyranoside)-based β-gal assay.  β-gal activity was used to normalize the Luc 

data for all experiments.  Data are expressed as relative light units/mU of β-gal 

activity.  

 

Co-Immunoprecipitation.   

HEK293T-NS1 or vector control cells were transfected with the indicated 

constructs followed by immunoprecipitation using the Pierce Co-IP Kit as 

recommended by the manufacturer (26149; THERMO Scientific).   

 

ELISA.   

IL-6 levels were assayed in the supernatants of cells treated with 20ug/mL 

pIC (Calbiochem) or 20ng/mL phorbol 12-myristate 13-acetate (PMA) (ENZO Life 
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Science) for 8 h.  PMA-treated and control samples were serum-starved with DMEM 

for 2h prior to treatment.  IL-6 levels were determined using an enzyme-linked 

immunosorbent assay (ELISA) kit (E-bioscience) according to the manufacturer’s 

specifications.   

 

Results 

Cells expressing WNV NS1 inhibit TLR3-induced activation of TBK1 and 

IKKα/β 

Our laboratory has recently shown that the West Nile virus (WNV) NS1 

protein modulates innate immune responses by interfering with TLR3-induced 

nuclear translocation of NFκB and activation of IRF3 (65).  To further characterize 

the mechanism of TLR3 inhibition by NS1, the signaling pathways leading to 

activation of these transcription factors were investigated.   

 Initially we investigated the phosphorylation state of TBK1, an upstream IKK-

related kinase responsible for activation of IRF3, in response to TLR3 signaling (18, 

55).  NS1 was expressed in HeLa cells via retrovirus-mediated gene transfer and 

stable pools were established under antibiotic selection (HeLa-NS1).  A control cell 

line was established by transduction with a retrovirus only containing empty vector 

(HeLa-MCS).  HeLa-NS1 or MCS cells were stimulated with pIC as indicated and 

whole cell lysates were analyzed by immunoblot.  As reported previously, 
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phosphorylation of IRF3 at Ser396 was inhibited in NS1 expressing cells but not in 

MCS cells (Figure1A, 3rd panel from top) (65).  In addition, NS1 was able to inhibit 

TLR3-induced activation of TBK1 compared to vector control expressing cells 

(Figure 1A, top panel).  

To further investigate the activation of NFκB, the level of NFκB 

phosphorylation following pIC treatment was determined.  In HeLa-NS1 cells, NFκB 

activation was impaired relative to MCS cells, as indicated by reduced NFkB 

phosphorylation at Ser536 (Figure1B, 3rd panel from top).  A reduction in the 

activation of IKKα/β, a central participant in NFκB activation was also observed 

(Figure 1B, top panel).  In summary these data indicate that NS1 inhibits TLR3-

induced signal transduction at, or upstream of, the IKK and IKK-related kinases. 

 

Inhibition of TLR4-induced signal transduction by WNV NS1 

 Upon detection of dsRNA, TLR3 signals solely through the adaptor molecule 

TRIF from an endolysosomal compartment.  In contrast TLR4 induces signal 

transduction utilizing both TRIF and MyD88; signaling in a MyD88-dependent 

manner from the plasma membrane prior to endocytosis and subsequently using the 

TRIF adaptor to signal from an endosomal compartment (27).  Thus the ability of 

WNV NS1 to inhibit signaling in response to TLR4 activation was investigated by 

evaluating activation of NFκB, a target transcription factor activated by both TRIF 

and MyD88.   



110 
 

Transient expression of NS1 reduced LPS-induced NFκB-dependent reporter 

activity in HEK293TLR4 cells when compared to control cells that did not express 

NS1 (Figure 2A).  To confirm this observation in a more immunologically-relevant 

cell line, Raw 264.7-NS1 and MCS polyclonal cell lines were established and 

activation of NFκB was evaluated by EMSA.  A decrease in LPS-induced in vitro 

binding of NFκB to the NFκB responsive IL-2 promoter region was consistently 

observed in NS1-expressing cells (Figure 2B).  These data indicate that NS1 inhibits 

signal transduction originating from TLR3 and TLR4, and demonstrate that NS1-

mediated TLR inhibition is not confined to cells of human origin. 

 

RAW NS1-expressing cells inhibit TLR-mediated signal transduction 

regardless of TLR cellular location and adaptor molecule usage 

Our data indicate that WNV NS1 inhibits TRIF-dependent signal transduction 

originating from TLR3.  NS1 also inhibits signal transduction through TLR4 but it is 

not clear whether this is due to inhibition of TRIF signaling alone or if both TRIF and 

MyD88 are inhibited.  To address this Raw-NS1 and -MCS cells were stimulated 

with TLR ligands to trigger MyD88-dependent signaling via TLR2/6, TLR7 or TLR9.  

These data indicate that Raw NS1-expressing cells are impaired in TLR-mediated 

IL-6 production regardless of the TLR stimulated.  Thus, MyD88-dependent, as well 

as TRIF-dependent, signal transduction is inhibited by NS1 expression (Figure 3).  

These data further demonstrate that NS1 can inhibit TLR signaling regardless of 

TLR localization at the plasma membrane, or in endosomal compartments. 
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WNV NS1-expressing cells inhibit adaptor molecule mediated signal 

transduction 

 Our data indicate that NS1 is modulating signal transduction mediated from 

all the TLRs studied, regardless of cellular compartment or the adaptor used.  To 

further delineate the mechanism(s) of action, we investigated the ability of NS1 to 

inhibit signaling originating from overexpression of TRIF and MyD88 adaptor 

molecules using a cell line limited in TLR expression.  Overexpression of both TRIF 

and MyD88 induced less NFκB-dependent reporter activity in HEK293T cells that 

transiently expressed NS1 compared to control cells that did not express NS1 

(Figure 4A).  In agreement with these findings, 293T-NS1 cells overexpressing each 

adaptor also displayed reduced levels of NFκB activation by EMSA (Figure 4B).  

These data indicate that NS1 may be inhibiting signal transduction directly at the 

adapto or acting at a commonly shared signaling intermediate downstream of the 

adaptor molecules. 

 

WNV NS1 inhibits TLR-mediated AP-1 and MAPK activation  

 The experiments described so far establish that NS1 inhibits TLR-mediated 

signal transduction upstream of the transcription factors IRF3 and NFκB by inhibiting 

activation of the IKK and IKK-related kinases.  Another important TLR-induced 

transcription factor is activator protein 1 (AP1), a component of the IFNβ-

enhanceosome and an activator of other important proinflammatory cytokine genes 
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(45).  In TLR signaling, AP1 activation is mediated through the mitogen-activated 

protein kinases (MAPKs), including p38, JNK/SAPK, and ERK 1/2.  

To investigate AP1 activation, Raw-NS1 and -MCS polyclonal cell lines were 

stimulated to activate TLR3 or TLR4 signaling.  NS1 expression decreased the in 

vitro DNA-binding activity of AP1 in response to both ligands (Figure 5A, top panel).  

To investigate whether impaired AP1 activation was due to decreased MAPK 

activation, immunoblot analysis of the upstream MAPK’s was performed following 

TLR stimulation.  The results of these experiments show that TLR3- and TLR4-

mediated activation of JNK and ERK1/2 kinases was decreased in Raw-NS1 cells 

(Figure 5B and 5C, panels 2&3).  Collectively these data indicate that NS1 acts 

upstream of IKK, IKK-related kinases and MAPKs.   

 

NS1 inhibits TAK1/TAB1-induced activation of NFκB 

 The data presented so far suggest that NS1 acts downstream of the TLR 

adaptor molecules TRIF and MyD88 but upstream of IKK, IKK-related kinases and 

MAPKs.  TAK1 is an essential TLR signaling intermediate that transmits signal from 

the upstream receptor complex to the downstream MAPK and IKK pathways (49, 53, 

58).  TAK-1 autophosphorylation and activation of downstream signaling can also be 

achieved through co-expression with the TAK1-binding protein TAB1 (34).  If NS1 

acts upstream of this complex, equal TAK1-induced transcription factor activation 

would be expected.  Activation of NFκB in response to TAK/TAB1 expression was 

monitored by reporter assay.  Cells transiently expressing NS1 were substantially 
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impaired in TAK1/TAB1-induced activation of NFκB compared to vector control 

(Figure 6A).  Ectopic expression of TAK1/TAB1 also increased NFκB-DNA binding 

activity in 293T-MCS cells when compared to 293T-NS1 cells, further demonstrating 

that signal transduction originating from this complex is altered (Figure 6B).  To 

further illustrate the increased NFκB activation in control cells, densitometry was 

performed from representative experiments as shown in panel 6B (Figure 6C).   

 

NS1 expressing cells do not inhibit TAK1-independent PMA/PKC induced 

signal transduction 

 Phorbol 12-myrsitate 13-acetate (PMA), a diacylglycerol (DAG) mimetic, 

induces proinflammatory cytokine production in a PKC-dependent, TAK1-

independent manner.  To determine if WNV NS1 is capable of inhibiting PKC signal 

transduction we monitored ERK1/2 activation.  Raw-NS1 expressing cells did not 

exhibit reduced PKC-induced activation of the MAPK ERK1/2 compared to Raw-

MCS (Figure 7A).  Since Raw 264.7 cells do not secrete IL-6 in response to PMA 

treatment, we measured IL-6 production in HeLa cells to further confirm this 

observation.  HeLa NS1-expressing cells failed to diminish PKC-induced IL-6 

production when compared to HeLa MCS-cells despite the strong inhibition of TLR3-

dependent IL-6 secretion (Figure 7B).  These data indicate that NS1 is not a global 

inhibitor of signal transduction and/or cytokine production. 
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WNV NS1 does not inhibit TAK1/TAB1 or TAK1/TAB2 protein-protein 

interactions 

 To examine the possibility that NS1 is directly interfering with formation of the 

TAK1/TAB1 signaling complex, immunoprecipitation studies were performed.  293T-

NS1 and MCS control cells overexpressing TAK1 and TAB1 consistently displayed 

similar levels of TAK1/TAB1 association indicating that NS1 does not interfere with 

TAK1-TAB1 protein-protein interaction (Figure 8A; left two lanes, panels 1 and 2).  

Further, a direct association of NS1 with these signaling intermediates was not 

observed as NS1 did not co-precipitate with TAK1 IP (Figure 8A, left 2 lanes, 3rd 

panel).  In addition, immunoprecipitation of NS1 failed to co-precipitate TAK1 or 

TAB1 (Figure 8A, right two lanes).  Collectively, these data indicate that NS1 is 

inhibiting the TAB1-induced activation of TAK1 without interfering with their 

association with one another.  Whole-cell lysates used in figure 8A were 

immunoblotted to confirm equal transfection efficiency between samples (Figure 8B).   

Another intermediate involved in TAK1 activation is TAB2, an adaptor that is 

involved in both activation and deactivation of TAK1 (10).  293T-NS1 expressing 

cells do not inhibit formation of the TAK1/TAB2 signaling complex (Figure 8C, left 

two lanes, 1st and 2nd panels).  Similar to our findings with TAB1, a direct association 

of NS1 with these signaling intermediates was not observed (Figure 8C, left 2 lanes, 

3rd panel).  The immunoprecipitation of NS1 also failed to co-precipitate TAK1 or 

TAB2 (Figure 6B, right two lanes).  Taken together, these data indicate that NS1 is 
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inhibiting TAB1-induced activation of TAK1 without altering TAK1/TAB1 or 

TAK1/TAB2 protein-protein interaction.  

 

WNV NS1 inhibits TAB1 and TAB2 induced TAK1 autophosphorylation 

 Previous work has shown that TAK1 is constitutively phosphorylated when 

ectopically overexpressed with TAB1 (34).  To further investigate the mechanism of 

TAK1/TAB1-induced signal antagonism by NS1, the phosphorylation status of TAK1 

upon ectopic expression with TAB1 was monitored by immunoblot.  293T-MCS 

control cells consistently displayed an elevated level of phosphorylation within the 

activation loop of TAK1 (Thr184/187) when compared to NS1-expressing cells 

(Figure 9A, top panel).  Equal expression of TAK1 and TAB1 in MCS and NS1-

expressing cells was confirmed (Figure 9A, 2nd and 3rd panels).  In addition, NS1-

expressing cells displayed reduced activation of the downstream MAPK, ERK1/2, in 

response to TAK1/TAB1 expression (Figure 9A, 4th panel). These data indicate that 

NS1 may be acting indirectly at the TAK1/TAB1 complex to antagonize innate 

immune signaling. 

The adaptor TAB2 also plays a key role in TAK1 signaling and induces 

signaling when ectopically expressed.  We were interested in determining if 293T-

NS1 expressing cells were capable of antagonizing the autophosphorylation of TAK1 

under these conditions.  Similar to what was observed with TAK1/TAB1, TAB2-

induced activation of TAK1 was also reduced in 293T-NS1 expressing cells (Figure 

9B, top panel). 
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Discussion 

 The importance of innate immunity in restriction of viral infection is evident by 

the multitude of modulation and evasion strategies viruses have evolved to help 

establish a productive infection and replication.  Our previous work identified the 

WNV NS1 protein as an inhibitor of TLR3-induced activation of IRF3 and NFκB (65).  

In this report the mechanism(s) of NS1 action were further investigated.  NS1 

modulation of innate immune signaling is neither restricted to TLR3 signal 

transduction nor to human cells alone.  TLR3, TLR7, TLR8, and TLR9 represent a 

subset of TLRs that are present in endosomes and detect virally-derived nucleic acid 

motifs.  In contrast, TLR2/6 and TLR4 reside at the cell surface and detect mainly 

extracellular bacterial PAMPs.  However, these TLRs have been implicated in 

detection of viral glycoproteins and restrict RSV infection (7, 20, 37, 48), although 

this has not been reported for any member of the flavivirus family.  

NS1-expressing Raw 264.7 macrophage-like cells that express a variety of 

TLRs endogenously, were impaired in IL-6 production in response to agonists of 

TLR2/6, TLR3, TLR4, TLR7 or TLR9, revealing that WNV NS1 antagonizes different 

TLRs regardless of their cellular localization.  

These data and our previous reports (54, 65) are in contrast to a recent study, 

reporting that neither WNV NS1 nor the NS1 proteins of other flaviviruses inhibit 

TLR3 signaling in response to pIC (6).  The discrepancies between that study and 

our work are obvious and not easily explained.  Certain differences in the 
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experimental systems could be responsible for some of the contrasting outcomes 

observed.  Querat et al used RT-PCR analysis to detect transcription from the IFN 

promoter after TLR3 stimulation.  In order to detect any upregulation of IFN 

transcription, however, the authors had to overexpress IRF3, while our studies solely 

rely on endogenously expressed transcription factors.  To confirm our findings, 

multiple readouts were used in this study and our previous work and include; 

transcription factor nuclear translocation, biochemical pathway analysis and 

secretion of endogenously produced cytokines in a variety of different cell lines. 

TLR inhibition is not unique to WNV in the flavivirus family.  Hepatitis C virus 

has been shown to modulate TLR3 signaling via the action of the NS3/4A viral 

protease, which inhibits TLR3 signaling by directly cleaving TRIF (39).  In addition 

the HCV protease is also able to cleave the RIG-I adaptor molecule IPS-1 thereby 

targeting another important pathway of signal transduction that can lead to IFN 

production in response to infection (40).  Likewise the proteases of pestiviruses have 

been reported to modulate innate immunity (16, 21).  Outside the family Flaviviridae, 

there are several other examples of viruses of different families that have evolved 

mechanisms to evade TLRs (reviewed (8, 68)). 

The relative importance of TLR signaling in WNV pathogenesis is not 

completely understood.  Conflicting reports exist regarding the relevance of TLR3 

and TLR7 in the control of WNV infection.  An initial investigation found that WT 

mice were more sensitive to WNV infection compared to TLR3-/- mice, mainly due to 



118 
 

increased TLR3-dependent TNFα production, which resulted in increased blood-

brain barrier permeability and enhanced neuroinvasion (63).  In contrast, another 

study concluded that TLR3-/- mice were more susceptible to WNV infection, 

displaying enhanced replication in the brain (15).  TLR7-/- mice were found to be 

more susceptible to lethal WNV infection via the intraperitoneal route than WT mice. 

This was attributed to decreased IL-23-dependent recruitment of CD45+ leukocytes 

and CD11b+ macrophages to infected cells and tissues (60).  In contrast, TLR7-/- 

mice infected cutaneously did not display increased mortality, suggesting that the 

TLR7 response might not be involved in protective immunity following intradermal 

challenge (64).  Despite these conflicting reports regarding the importance of TLRs 

in WNV pathogenesis, WNV is able to modulate TLR signaling, and the effects 

extend to TLRs that are not necessarily expected to contribute to virus detection, 

such as TLR2 and TLR4.  WNV, due to its small genome size, has limited coding 

capacity and it seems unlikely that a mechanism to inhibit multiple different PRRs 

would evolve if it was not advantageous to virus survival.  

A common theme of TLR signaling, in addition to TLR3 and TLR4-specific 

IRF3 activation, is activation of NFkB and AP1.  Our data demonstrate that NS1 not 

only inhibits TLR3-induced activation of IRF3 and NFkB but also TLR3- and TLR4-

induced activation of AP1, thereby inhibiting the three main transcription factors 

activated in response to TLR engagement.  NS1 was found to act downstream of the 

adaptor molecules TRIF and MyD88 and upstream of MAPKs and the canonical IKK 

complex.  The signaling events originating from TLRs have yet to be fully 
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understood, as the molecular mechanisms that activate the protein kinases and their 

subsequent substrates remain incompletely defined. TLR3 recruits TRIF, TRAF6, 

TAK1 and TAB2 to its receptor complex upon detection of dsRNA to activate TAK1, 

resulting in activation of AP1 and NFκB (25, 26).  In this study, TAK1 was identified 

as one potential target of NS1, since NS1 inhibited both TAB1- and TAB2-induced 

autophosphorylation of TAK1.  Importantly, the same results were obtained in HeLa 

cells harboring WNV replicons as well as HeLa NS1-expressing cell lines, confirming 

that inhibition is not confined to HEK293T NS1-expressing cells (data not shown).  

TAK1 is at a central position in signaling pathways shared amongst the TLRs and is 

directly involved in signaling leading to activation of NFκB and AP1.  TAK1 thus 

represents a good target for viral interference, since it is involved in regulation of 

multiple downstream mediators. 

In addition to the TRAF6/TAK1 pathway, TRIF also recruits TRAF3 (51), 

TBK1 and IKKε to activate IRF3 and induce type I IFN (18, 52, 55).  This indicates a 

bifurcation in TLR3 signal transduction at the level of the adaptor TRIF.  We report 

that NS1-expressing HeLa cells are impaired in TLR3-induced activation of TBK1, 

which blunts activation of IRF3.  In addition to activation by TLR3 and TLR4, TBK1 is 

also activated by the RLR and TNFpathways.  The TNF signaling pathway 

shares several common elements with TLR signaling but despite activation of TBK1, 

it does not transmit an antiviral signal and does not lead to IRF3 activation (14).  

NS1-expressing HeLa cells supported TNFα-induced phosphorylation of TBK1 (data 
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not shown).  Furthermore, Sendai virus, which signals through RIG-I (17, 38) to 

activate TBK1, activates IRF3 in HeLa cells bearing WNV-replicons despite the 

presence of NS1 (54).  In contrast, NS1-expressing HeLa cells are impaired in 

TLR3-induced activation of TBK1.  Therefore, TBK1 inhibition by NS1, at least in 

HeLa cells, seems to be TLR pathway-specific.  

 Many of the intricacies regarding the interactions of different innate immune 

pathways with each other are just beginning to be elucidated and reported results 

are often controversial and might partially be related to cell type specific differences.  

For example, although TBK1 and IKKε are responsible for phosphorylation events in 

the critical C-terminal region of IRF3, recent biochemical analysis have indicated that 

TAK1-dependent signaling intermediates JNK (71) and IKKβ are necessary for IRF3 

activation in TLR3 and TLR4 signaling (19).  This demonstrates that bifurcation at 

the adaptor molecule TRIF may not be absolute but instead result in activation of 

two pathways that act in cooperation with one another.     

 On the other hand, the role of TAK1 in RIG-I signaling is somewhat 

controversial with several reports indicating that TAK1 might not be required for IFN 

production while other studies report TAK1 involvement in RIG-I signaling. RIG-I 

signals through its adaptor molecule IPS-1 and TRAF3 to activate TBK1 and 

subsequently IRF3.  A recent study reported the RIG-I pathway may not require 

TAK1 for activation of IFNα/β expression (69).  In another study, TRAF6-dependent 

mechanisms leading to type I IFN were found to be TAK1-independent (36).  We 

previously reported WNV replicon-bearing HeLa cells do not inhibit Sendai virus 
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induced activation of IRF3 (54) which has been reported to be RIG-I dependent.  

This observation may be explained by a lack of TAK1 involvement in Sendai virus-

induced IRF3 activation in this cell line.  In addition, IPS-1 also signals through 

TRAF6 and TAK1 to activate AP1 and NFkB.  We have not specifically addressed a 

potential effect of NS1 on all signaling pathways originating from RIG-I although we 

would hypothesize that the activation of both NFkB and AP1, due to their 

dependency on TAK1, is impaired by NS1. 

 WNV NS1 could mediate its inhibitory effect on TAK1 and/or other signaling 

molecules directly or indirectly.  Our data favor an indirect mechanism, as a direct 

interaction between NS1 and the TAK1/TAB1 or TAK1/TAB2 complex was not 

observed.  NS1 is translocated into the lumen of the endoplasmic reticulum, 

progresses through the Golgi and is eventually secreted from the infected cell.  NS1 

is not detected in the cytoplasm although this does not rule out the possibility that 

cytoplasmic NS1, below the level of detection, could have effects on TLR signaling.  

By and large, however, the intracellular localization of NS1 argues against a direct 

effect on cytoplasmic protein-protein interactions.  Instead, intracellular NS1 could 

be initiating the activation of a regulatory factor, which limit TAK1 activation and 

possibly other molecules.  TAK1 activation is very transient, and is downregulated to 

basal levels rapidly by protein phosphatases, including PP2A and PP6 (28).  It is 

possible that NS1 could act to upregulate key phosphatase activity resulting in 

down-modulation of multiple kinases at the same time.  Several other possibilities 

need to be considered as well.  NS1 might interfere with ubiquitination, a post-
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translational modification event critical to innate immune signaling.  Ubiquitination 

acts in both activation and deactivation of key signaling molecules including TAK1 

and IKKs.  K48-linked ubiquitination normally targets molecules for proteosomal 

degradation (11), while K63-linked ubiquitination is viewed to activate molecules in a 

proteosome-independent manner (56).  Although overexpression of TAB1 or TAB2 

with TAK1 in cells leads to autophosphorylation and activation of downstream 

signaling, it is unclear if this process requires ubiquitination (62).     

Another possibility arises from the fact that NS1 is secreted and can be 

endocytosed by naïve cells. NS1 could act in an autocrine and/or paracrine fashion 

in which binding to the cell membrane, or NS1 endocytosis, might trigger a signal 

leading to TAK1 modulation. These possibilities are currently under investigation. 

In summary, these data further define the immune-modulatory activity of WNV 

NS1.  Although the exact mechanism of action remains elusive, we have 

characterized its ability to interfere with signaling originating from multiple TLR(s) 

regardless of cellular localization and have identified a potential target in TAK1. 
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FIGURE 1:  WNV NS1 inhibits pIC induced activation of IKK and IKK-related-kinases.  

(A) HeLa-NS1 cells reduce pIC-induced activation of TBK1.  Cells were stimulated with pIC 

as indicated and whole-cell extracts were analyzed by immunoblot for phospho-TBK1 

(Ser172) or phospho-IRF3 (Ser396).  Total TBK1 and IRF3 were analyzed as a loading 

control.  Data is representative of three independent experiments.  (B) IKKα/β activation in 

response to TLR3 stimulation is impaired in HeLa-NS1 cells.  Cells were treated with pIC 

as indicated and cell extracts were analyzed by immunoblot for phospho-IKKα 

(Ser176)/IKKβ (Ser177) or phospho-NFκB (Ser536).  Total IKKβ and NFκB were analyzed 

as a loading control. 



137 
 

FIGURE 2:  WNV NS1 inhibits TLR4-induced activation of NFκB.  (A) WNV NS1 

inhibits TLR4-induced NFκB-dependent reporter activity.  WNV NS1 or vector control 

expression constructs were transfected into 293TLR4 cells along with NFκB-Luc and 

pCMV β-gal.  24h post-transfection, cells were treated with LPS for 4h, or left untreated.  

Cell lysates were assayed for Luc and β-gal activities.  Data are expressed as Luc 

activity relative to β-gal activity.  Error bars represent standard deviations. (B)  WNV NS1 

inhibits LPS-induced NFκB DNA-binding activity.  RAW-NS1 and vector control cells 

were treated with LPS as indicated and whole-cell lysates were incubated with 

radiolabeled ds oligonucleotide probe representing the NFκB (IL-2 κB) consensus 

binding site.  NF-Y levels serve as loading control. 
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FIGURE 3:  WNV NS1 inhibits IL-6 production in response to all TLRs investigated.  

RAW-NS1 and vector control cells were treated with ligands for the indicated TLRs for 6h 

and culture supernatants were recovered.  IL-6 levels were determined by ELISA.     

TLR3; 20ug/mL pIC, TLR4; 1ug/mL LPS, TLR2/6; 100ng/mL Pam3cys, TLR7/8; 1ug/mL 

Resiquimod, TLR9; 2.5uM CpG DNA.   
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FIGURE 4:  WNV NS1 inhibits NFκB activation in response to TLR adaptor molecule 

overexpression.  (A)  Cells transiently expressing NS1 inhibit NFκB reporter activation in 

response to TRIF- and MyD88-induced signal transduction.  HEK293T cells were 

transfected with a constant amount of expression construct for NS1, or vector control, and 

NFκB-Luc and β-gal.  In addition, an increasing amount of TRIF or MyD88 expression 

construct was transfected as indicated.  Cell lysates were prepared 24h post transfection 

and analyzed for Luc and β-gal activity. (B)  HEK293T NS1-expressing cells reduce TRIF- 

and MyD88-induced NFκB DNA-binding activity in vitro.  293T NS1-expressing and control 

cell lines were transfected with an equal concentration of TRIF-, MyD88-expression 

plasmids, or empty vector, as indicated, for 24h.  Whole-cell lysates were analyzed for 

NFκB-binding to the IL-2 promoter κB consensus binding site, as in Fig. 2B. 
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FIGURE 5:  WNV NS1 alters TLR3/4 induced activation of the transcription factor 

AP1 and upstream MAPKs.  (A)  NS1 inhibits TLR3/4 induced AP1 DNA binding activity 

in vitro.  RAW-NS1 and control cells were treated as indicated with pIC or LPS and whole-

cell lysates were incubated with radiolabeled ds oligonucleotide probe to analyze the 

ability to bind the respective consensus binding site for AP1(c-Jun homodimer and 

Jun/Fos heterodimeric complexes).  NF-Y serves as a loading control.  Data are 

representative of two independent experiments.  (B)  NS1 inhibits TLR3-induced activation 

of the MAPKs; JNK and ERK1/2.  RAW-NS1 and vector control cells were treated with pIC 

as indicated and whole-cell lysates were analyzed by immunoblot for phospho-NFκB 

(Ser536), phospho-JNK (Thr183/Tyr185) and phospho-ERK1/2 (Thr202/Tyr204).  Total 

ERK1/2 was analyzed as a loading control. (C)  NS1 inhibits TLR4-induced activation of 

the MAPKs; JNK and ERK1/2.  RAW-NS1 and control cells were treated with LPS as 

indicated and whole-cell lysates were analyzed as in panel B.  
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FIGURE 6:  WNV NS1 impairs TLR-induced signal transduction at or below the 

MAPKKK TAK1/TAB1 complex.   (A)  HEK293T cells were transfected with a constant 

concentration of WNV NS1, or vector control, and a constant amount of NFκB-dependent 

reporter and β-gal expression plasmids.  In addition, increasing amounts of TAK1 and TAB1 

were co-transfected. 18h post-transfection cell lysates were assayed for NFκB induction by 

luciferase assay.  Data are expressed as Luc activity normalized to β-gal activity.  Error bars 

represent the standard deviations.  (B) NS1-expressing HEK293T and control cells were 

transfected with a fixed amount of TAB1 and increasing amounts of TAK1 expression 

plasmid as indicated for 18h.  Whole cell lysates were analyzed for NFκB activation by EMSA 

as previously described.  NF-Y serves as a loading control. (C)  Quantitation of data from 2 

different experiments as in panel B, displayed as fold induction of NFkB normalized to NF-Y.   

Error bars represent standard deviation. 
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FIGURE 7:  NS1 does not inhibit PMA/PKC-induced secretion of IL-6.  HeLa-NS1 and 

vector control cells were left untreated or treated with PMA or pIC as indicated.  Control or 

PMA-treated cells were serum starved for 2h in DMEM prior to treatment.  IL-6 levels were 

determined by ELISA from triplicate samples.  
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FIGURE 8:  WNV NS1 does not inhibit TAK1/TAB1 or TAK1/TAB2 protein-protein 

interactions.  (A) NS1-expressing cells do not inhibit TAK1/TAB1 complex formation.  NS1-

expressing HEK293T or control cells were transfected with equal concentrations of TAK1 and 

TAB1 expression constructs for 18h and immunoprecipitated as indicated.  (B)  Immunoblot 

analysis of whole cell lysates used in panel A as indicated.  (C) NS1-expressing cells do not 

inhibit TAK1/TAB2 complex formation.  NS1-expressing HEK293T or control cells were 

transfected with equal concentrations of TAK1 and TAB2 expression constructs for 18h and 

immunoprecipitated as indicated. 
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FIGURE 9:  WNV NS1 inhibits TAB1- and TAB2-induced TAK1 autophosphorylation.  

(A) NS1-expressing HEK293T or control cells were transfected with an increasing amount of 

TAK1 expression plasmid while TAB1 concentration was held constant.  18h post-

transfection whole cell lysates were analyzed for phospho-TAK1(Thr184/187) and phospho-

ERK1/2(Thr202/Tyr204).  Expression of TAK1 and TAB1 was detected with anti-HA and 

anti-Flag antibodies, respectively.  Total ERK1/2 and β-actin serve as loading control.  (B)  

NS1-expressing HEK293T or control cells were transfected with a constant concentration of 

TAK1 expression plasmid with or without TAB2, as indicated.  18h post transfection whole-

cell lysates were analyzed for phospho-TAK1(Thr184/187).  HA-TAK1 and TAB2 were 

blotted to determine transfection efficiency.  Total β-actin was used as a loading control.  
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Summary 

 The work described in this dissertation centers around the WNV nonstructural 

protein 1 (NS1) and its ability to modulate TLR-induced innate immune responses.  

This discovery started with the observation that WNV-infected and WNV replicon-

bearing cells are impaired in TLR3-induced activation of IRF3 and stimulation of 

IFNβ gene expression (6).  To further define this finding, our approach involved 

cloning the individual WNV NS proteins and screening them individually for TLR3-

modulatory activity.  Initial experiments identified NS1 as a candidate and 

subsequent work has focused on trying to understand how this protein functions to 

antagonize this pathway. 

 In Chapter 2 we define NS1 as a WNV protein capable of inhibiting TLR3-

induced signal transduction.  Cells that express NS1 are impaired in dsRNA-induced 

activation of IRF3 and NFκB, which blunts the establishment of an antiviral state (7).  

TLR3 is unique amongst the TLR family.  It is the only TLR that signals entirely 

through the adaptor molecule TRIF.  In collaboration with Kristen Crook, we were 

able to demonstrate that the inhibitory activity of NS1 extends beyond just TLR3.  

NS1 is capable of inhibiting signal transduction originating from all TLRs 

investigated, regardless of their cellular location or the adaptor molecule(s) they 

employ.  Although the exact mechanism(s) of NS1 inhibition remains elusive, the 

data reported in Chapter 3 identifies the TAK1 signaling complex as a potential 

target.   
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 TAK1 was first identified as a MAP3K involved in TGF-β-induced signal 

transduction (5).  Since then great advances have been made with regards to 

understanding the molecular complex involved in TAK1 activation but it remains 

incompletely defined.  TAK1 has been implicated as a key regulator of signal 

transduction emanating from many proinflammatory and antiviral signaling 

pathways, including those that respond to IL-1β, TNFα, TGF-β, RLRs and TLRs.  

Activation of the TAK1 signaling complex is tightly regulated by post-translational 

modification events including phosphorylation/autophosphorylation, as well as 

ubiquitin-mediated events (reviewed (1)).   

 Our data indicates that WNV NS1 inhibits TAB1- and TAB2-induced 

autophosporylation of TAK1 without interfering with protein-protein interactions.  

These data were obtained by overexpressing the proteins in the presence or 

absence of NS1.  In subsequent experiments we were unable to detect endogenous 

TAK1 activation in response to ligand stimulation as this event is very transient and 

difficult to observe.  To further understand the mechanism of NS1 modulation at this 

complex, detection of endogenously activated TAK1 is important.  This would allow 

investigation of NS1 to modulate signaling events originating directly from TLRs as 

well as other important cellular receptors such as TNFα and the RLRs.  These 

pathways share many signaling intermediates resulting in considerable, albeit not 

well-understood crosstalk.  There are also unique elements amongst these 

pathways, and understanding their signal transduction in the presence of NS1 may 
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provide valuable insight towards understanding the mechanism and scope of 

antagonism.     

 In addition, it is understood that TAK1 is constitutively phosphorylated when 

ectopically expressed with TAB1 (4) but the role of ubiquitination in this artificially 

induced signaling complex is not understood.  It is possible that NS1-induced 

inhibition of this complex is through a mechanism that interferes with ubiquitination.  

This is an intriguing scenario as we also describe the ability of NS1 to inhibit the 

phosphorylation of TBK1, a kinase that requires TRAF3 for activation in TLR3- and 

TLR4-induced IRF3 activation.  A better understanding of this post-translational 

modification may be very insightful in delineating the mechanism of NS1 inhibition.  

A fascinating possibility involves NS1-induced upregulation of a deubiquitinating 

enzyme(s) that acts to modulate TLR signaling. 

 This is the first report implicating a flavivirus NS1 protein with TLR signaling 

antagonistic activity.  It would be very interesting to determine if NS1 proteins of 

other flaviviruses are capable of inhibiting TLR signal transduction.  Such an 

investigation may provide valuable insight with regard to important domains required 

for WNV NS1 TLR inhibition.  In addition these data would provide insight into the 

immune modulatory activity of this virus family.  It is entirely possible that both 

dengue virus and Japanese encephalitis virus, two viruses that pose a significant 

public health threat within their respective range, also possess the same immune 

modulatory activity  
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 WNV NS1 is a multifunctional protein that is secreted from mammalian cells.  

Secreted WNV NS1 has recently been shown to have immune modulatory activity as 

it has been reported to interfere with activation of complement by both the classical 

and lectin pathways (2, 3).  The data presented in this dissertation defines the NS1 

immune modulation but we do not currently understand what form of NS1 is 

responsible.  It is entirely possible that the secreted form of NS1 is responsible for 

the immune modulatory effects we are reporting.  It would be interesting to define 

the ability of a purified form of secreted NS1 to inhibit activation of TLR signaling 

intermediates such as the TAK1 signaling complex.  If the secreted form of NS1 is 

responsible for modulation of this complex, it would be very fascinating and could 

implicate a virus protein capable of acting in a paracrine fashion to prime naive cells 

for optimal viral infection conditions.  

 In addition, all of the work described in this dissertation as well as the vast 

majority of the reported literature, utilize human and mouse cell lines or a mouse 

model to define WNV pathogenesis.  Flaviviruses do not evolve in these species as 

they are dead-end hosts.  Instead, evolutionary pressure is applied on the virus to 

survive within the avian host and mosquito vector.  Thus, understanding the immune 

modulatory activity of NS1 in these organsims may provide the most insightful 

understanding of this protein and its evolutionary significance.    

 In conclusion, the work presented here defines a novel function of WNV  
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NS1; the ability to inhibit TLR-mediated signal transduction by interfering with TAK1 

and TBK1 activation.  Although the exact mechanism(s) remain elusive, I believe 

that this work lays a sound foundation for future investigations. 
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West Nile Virus Replication Kinetics in Cells Constitutively 
Expressing NS1 

 

Abstract 

 We have previously described that the WNV NS1 protein antagonizes toll-like 

receptor 3 (TLR3) signal transduction and TLR3-induced establishment of an 

antiviral state.  During these experiments, consistently higher levels of WNV RNA 

replication and viral protein expression were observed in NS1-expressing cells 

compared to vector control cells.  These results suggested that NS1 may modulate 

innate antiviral immune pathways in a way conducive for enhanced flavivirus 

replication, or could have positive stimulatory effects directly on the replicase 

complex.  Surprisingly, although larger plaques were consistently observed in WNV 

or dengue virus assays on NS1-expressing cell lines compared to control cells, this 

did not result in an increase in virus production.  Interestingly, preliminary results 

suggest that in NS1-expressing cells the innate response to WNV replication was 

not generally decreased as expected, but in some cases enhanced as observed for 

IFNβ promoter activation.  Thus ectopic expression of NS1 may stimulate the viral 

replicase complex leading to increased levels of RNA replication, which in turn may 

lead to increased and/or earlier detection by the innate immune system, ultimately 

restricting virus production.   
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Introduction  

Flaviviruses enter cells via receptor-mediated endocytosis followed by low-pH 

mediated fusion of the viral membrane with the endosomal membrane to release the 

nucleocapsid into the cytoplasm where the RNA is translated (8).  WNV-receptor 

interactions are presently incompletely understood.  Alpha v beta 3 integrin (αvβ3 

integrin) has been implicated in WNV attachment (4) and entry via the clathrin-

mediated endocytic pathway (3).  WNV entry was later reported to be αvβ3 integrin 

independent, utilizing an unknown factor to bind and enter cells via lipid raft 

internalization (14).  In addition, DC-SIGN and DC-SIGNR have been implicated as 

putative receptors (6).  

Following nucleocapsid release and genome translation, the polyprotein is co- 

and post-translationally processed by viral and cellular proteases to liberate the 

three structural proteins; capsid (C), precursor membrane and membrane (prM/M) 

and envelope (E), and seven nonstructural (NS) proteins (NS1, NS2A, NS2B, NS3, 

NS4A, NS4B and NS5).  The structural proteins are required for virion formation and 

assembly and the NS-proteins are all required for genome replication and generation 

of a negative-sense RNA anti-genome that in turn serves as a template for 

production of more positive-sense genomes (12, 18).  The flavivirus genome also 

contains 5’- and 3’-terminal cyclization sequences that are required for replication 

(9).  Replication occurs in the cytoplasm of infected cells in close association with 

the rough endoplasmic  
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reticulum.  Progeny virions are assembled within the lumen of the endoplasmic 

reticulum, transported within the Golgi to the cell surface and released by exocytosis 

(2).  Prior to release, pr/M is processed to M in the trans-Golgi by a cellular furin 

protease, resulting in maturation to an infectious virion. 

 The flavivirus NS1 protein is a multifaceted protein whose functions are 

incompletely understood.   NS1 is required for viral RNA replication and can be 

transcomplemented (10, 12).  It is a glycoprotein known to be secreted from 

mammalian but not insect cells and elicits a prominent antibody response in infected 

individuals (13).  Several possible functions for WNV NS1 in immune modulation 

have been reported.  NS1 interferes with activation of complement factor H and cell 

surface-associated NS1 was found to mediate clearance of WNV infected cells (1, 

5).   

 We have previously described NS1’s ability to antagonize TLR3 signal 

transduction and establishment of an antiviral state (19).  Here we investigated the 

effect of ectopic NS1 expression on viral growth kinetics and its effects on 

stimulation of an innate immune response to infection.  

 

Materials and Methods 

Viruses and cell lines 

WNV replicon particles (VRPs) were produced as previously described (7, 16) 

and quantitated by titration on HeLa cells followed by immunohistochemical 
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detection (IHC).  WNV was obtained from a molecular clone of a human 2002 isolate 

from Texas as previously described (15).  A mouse brain-adapted New Guinea C 

strain of DV type 2 (DV2) and Kunjin was obtained from R.B. Tesh (UTMB). 

A list of cell lines used in this study and their characteristics is provided in 

Table 1 and their construction has previously been described in Chapter 2 (19).  The 

cell lines were grown in Dulbecco’s modification of minimal essential medium 

(DMEM, Cellgro) supplemented with 10% Hyclone FBS (Cellgro), 1% antibiotics, 

and 10 ug/ml blastacidin at 37 °C.   

 

Reporter assays 

Reporter assays using the luciferase reporter gene under control of the IFNβ 

promoter (IFNB pGL3 (a gift from J. Hiscott) (11) have been previously described 

(17).  Briefly, 100 ng of IFNβ pGL3 and pCMV β-gal (Invitrogen) were co-transfected 

into indicated cells, along with 500 ng of vector control construct using the TransIT-

LT1 transfection reagent (Mirus).  24 h post transfection, cells were infected as 

indicated.  Cells were lysed in reporter lysis buffer (Promega) containing 0.1% Triton 

X-100, and assayed for luciferase and β-galactosidase activity using a Promega 

Luciferase assay system and an ONPG-based β-gal assay.  β-gal activity was used 

to normalize the Luc data for all experiments.  All data are expressed as relative light 

units/mU of β-gal activity (RLU/mU). 
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Western blot analysis 

Protein extracts were prepared in cell lysis buffer (300 mM NaCl, 50 mM Tris-

HCl, 0.1% Triton X-100, pH 7.6) as indicated.  Following a 10 min incubation on ice, 

lysates were clarified by centrifugation and protein concentrations were determined 

using the DC Protein Assay Kit (Bio-Rad).  Equal amounts of protein were 

electrophoretically separated on 4-12% Nu-PAGE gels (Invitrogen) and 

electroblotted onto PVDF membranes (Immobilon-P Transfer Membrane, Millipore).  

Following a TBS, 0.1% Tween-20 with 5% dry milk block, NS5 was detected using a 

WNV specific mouse hyperimmune serum (MHIAF) diluted in TBS, 0.1% Tween-20 

with 5% BSA and used to blot the membrane followed by HRP-conjugated 

secondary antibodies (KPL).  Bound HRP was visualized with an ECL Plus kit 

(Amersham Biosciences).   

 

Realtime RT-PCR assays 

Total RNA was extracted using Trizol reagent (Invitrogen) according to the 

manufacturer’s specifications. Extracts were DNAse I (Ambion) treated to remove 

contaminating genomic DNA, precipitated and resuspended in nuclease free water. 

Reverse transcription was carried out with the ImProm II reverse transcription kit 

(Promega) using random hexamers as primers. Real-time PCR analysis was carried 

out using the iQ™ SYBR Green Supermix kit (BioRad), using the following primers:  

GAPDH:   5’ GGATTTGGTCGTATTGGGCG 3’,      

  5’ TGGAAGATGGTGATGGGATTTC 3’ 
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WNV NS5:   5’ CAGGAAAGAAGGCAATGTCACTG 3’   

   5’ CGATGTCACAAAGGAGGGTGTC 3’ 

Amplifications were carried out for 50 cycles followed by a meltcurve analysis 

of resulting products to confirm specificity of the reactions. To construct standard 

curves, total RNA was isolated from the cells and 300-600 bp fragments of the 

gene(s) of interest were amplified by RT-PCR using appropriate primer sets. PCR 

fragments were gel purified, quantitated and the copy number calculated. Serial 10 

fold dilutions were prepared for use as templates to create standard curves in real-

time PCR reactions. All samples were normalized to GAPDH. To control for plate-to-

plate variation GAPDH reactions were run for all samples on the same plate as the 

respective real-time PCR for the gene of interest.  All data are expressed as the ratio 

of copy numbers of IL-6 per 106 copies of GAPDH for samples run in triplicate. 

 

ELISA        

IL-6 levels in the supernatant of cells treated with 20 ug/ml pIC for 6 h or left 

untreated were determined using an enzyme-linked immunosorbent assay kit (E-

bioscience) according to the manufactures specifications.  Each experimental set 

was performed in triplicate. 

 

Immunofocus assays 

 HeLa D-24 and pcDNA6 vector control were seeded to confluency in 48-well 

plates.  Ten-fold serial dilutions of indicated virus were overlayed and infections 
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were performed at 37°C with agitation every 15 min for 1 h followed by two PBS 

washes.  Cells were overlayed with 1X DMEM/0.6% tragacanth gum and 65 to 96 h 

post infection, inoculum was removed and cells were PBS washed, air dried and 

fixed for 30 min. at -20oC in 1:1 MeOH:Acetone.  MeOH:Acetone was then removed 

and cells were allowed to dry followed by rehydration in PBS with 1% Normal Horse 

Serum (NHS; Sigma).  Primary antibodies (WNV-MHIAF or D14G2) were then 

diluted PBS containing 1%NHS and incubated at RT for 30 min.  Cells were washed 

3x’s with PBS and incubated in with HRP-conjugated anti-mouse IgG in PBS 

containing 1%NHS for 30 min at RT.  Cells were again washed three times with PBS 

and immune-foci were visualized with Vector VIP substrate.   

 

Virus growth curve analysis          

 For analysis of virus growth kinetics, G, D-24, pcDNA6 cells were seeded 

onto 24-well plates to 80% confluency.  Confluent monolayers were overlayed with 

virus at MOI 1.0 for 1 h.  Cells were washed two times with PBS and media was 

replaced.  At the indicated times, cell supernatants were collected and viral titers 

were determined by immuno-focus assay on vero cells.  



161 
 

Results 

Ectopic expression of WNV NS1 enhances WNV RNA replication.   

WNV NS1 is a multifunctional protein that is absolutely required for RNA 

replication and has been shown to play a role in early RNA synthesis by a 

mechanism that is not understood (10, 12).  In addition, it has been reported to 

modulate innate immune signaling.  In a previous report, we characterized the ability 

of NS1 expressing cells to inhibit the TLR3-induced antiviral state as determined by 

subsequent VSV challenge (19).  As an alternative to infection with VSV we used 

luciferase-expressing VRPs to challenge pIC-treated NS1-expressing HeLa cells.  In 

addition to the reported suppression of an antiviral state in NS1-expressing cells, 

enhanced luciferase activity was consistently detected in untreated NS1-expressing 

cells compared to vector control cells (Figure 1 A&B).  Luciferase activity increases 

ranged between 5 to 10-fold among several different NS1 expressing HeLa cell 

lines.  These results suggest that RNA replication and concomitant luciferase 

expression are increased in NS1-expressing cells upon infection with VRPs.  To 

confirm these findings in the context of virus infection, WNV genome copies were 

determined by RT-PCR analysis 24h after infection in NS1-expressing and vector 

control cells (Figure 2A).  A statistically significant increase in WNV genome copy 

number was observed in NS1 expressing cells.  This also translated to an increase 

in viral protein expression levels as detected by Western blot for NS5 (Figure 2B) 
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indicating that ectopic expression of NS1 enhanced both viral RNA replication and 

protein expression. 

 

Cells constitutively expressing NS1 display increased foci size when infected 

with WNV or Dengue NGC but has little effect on virus production. 

To determine if NS1 might influence the ability of WNV to infect cells 

immunofocus assays on vector control and NS1-expressing cells were performed.  

WNV titers were the same regardless of NS1 expression (Figure 3A). To investigate 

if NS1 might influence replication of other members of the flavivirus family, the same 

experiment was performed with dengue virus.  As with WNV, dengue virus did not 

demonstrate a difference in the number of viral foci in presence or absence of NS1 

(Figure 3B).  Interestingly, both WNV and dengue infection produced larger foci on 

monolayers of NS1-expressing cells (Figure 3C&D).  These data indicate that 

ectopic expression of NS1 does not influence the specific infectivity of flaviviruses 

but might contribute to enhanced spread. 

 

NS1 expression does not result in enhanced virus growth 

To further investigate if ectopic expression of NS1 resulted in enhanced virus 

production, growth curves were performed.  Surprisingly, HeLa NS1 and control cell 

lines produced similar levels of infectious virus for both WNV and dengue by single-

step growth curve analysis (Figure 4).  Similar results were also obtained for multi-

step growth curve analysis (data not shown).  These data indicate the NS1-induced 
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enhancement of viral replication and protein production does not result in the 

production of more virus. 

 

Ectopic expression of NS1 enhances flavivirus induced IFNβ-reporter activity.   

In NS1-expressing HeLa cells, TLR3-induced transcriptional activation of the 

IFNβ-promoter is impaired (19).  To investigate whether NS1 maintained its 

inhibitory effect during WNV infection, we examined IFNβ-promoter-dependent 

reporter activity 24h post-infection.  Surprisingly, HeLa cells ectopically expressing 

NS1 induced higher levels of reporter activity when challenged with WNV, Kunjin 

virus and dengue virus, while vector control cells at this time point did not show 

upregulation of IFNβ promoter activity due to virus infection (Figure 5).  

 

Discussion 

WNV NS1 is a multifunctional protein that is absolutely required for RNA 

replication and also has innate immune modulatory activity.  In this study we 

describe enhancement of WNV genome replication in HeLa cells that constitutively 

express NS1.  Surprisingly, increased RNA replication and viral protein expression 

does not correlate with increased production of infectious virus as cells expressing 

NS1 or vector control shed similar amounts of virus during both multi- and single-

step growth curve analysis as determined on Vero cells. Although we have not fully 

characterized the effects of ectopic NS1 expression on all steps of viral RNA 
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replication, NS1-mediated RNA replication enhancement could be a result of NS1 

acting at the replication complex, increasing the kinetics of RNA replication.  

Alternatively, NS1 could be inhibiting innate immunity early in infection giving the 

virus an advantage in these cells when compared to control cells. 

However, while the latter hypothesis might be correct, it does not explain the 

observed lack of increased virus production in NS1-expressing cells.  One potential 

explanation might be that despite enhanced RNA replication an essential host factor 

is limiting the amount of infectious virus shed from NS1 expressing cells.  This could 

result from defects in virus assembly, potentially leading to increased levels of 

defective particles and hence increased particle to pfu ratios, a possibility that can 

readily be addressed experimentally.  Also a limiting host factor could prevent virus 

assembly past a certain level altogether or there might be an effect on trafficking 

through the secretory pathway that would ultimately limit virus production. 

An alternative explanation, however, is based on a skewed balance between 

innate immune detection and levels of RNA replication.  NS1-expressing HeLa cells 

displayed hyperactivation of IFNβ-reporter activity when infected with WNV, Kunjin 

virus and dengue virus.  We have identified and characterized WNV NS1 as an 

inhibitor of TLR signal transduction (Ch.2&3) (17, 19).  During these studies, we 

observed that Sendai virus, a virus shown to activate innate immunity through RIG-I 

detection, still activates IRF3 in the presence of NS1 in HeLa cells. It is possible that 

enhancement of WNV RNA replication by ectopically-expressed NS1 ultimately 

leads to more rapid PAMP accumulation and thus earlier detection by innate 
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immune PRRs that NS1 does not antagonize. Thus an increase in viral RNA 

production is balanced by an increased innate immune response with the net effect 

on virus production being unchanged. 

Interestingly, WNV NS1-expressing cells produce larger plaques when 

infected with either WNV or dengue virus.  This observation is difficult to explain but 

appears to be a flavivirus-specific effect, as NS1 expression does not increase VSV 

plaque size compared to control cells (Ch. 2, Figure 7B).  Although WNV NS1 

expressing cells do not produce more infectious WNV or dengue virus, the early 

induction of innate immune signaling may correlate with increased virus-induced 

cytopathic effect.  This could lead to increased spread to neighboring cells while not 

affecting overall virus production.   

In summary, we report that cells expressing NS1 display enhanced WNV 

genomic replication without producing significantly more infectious virus.  The actual 

mechanism of action is currently not understood and requires further investigation.       
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Figure 1: Ectopic expression of WNV NS1 enhances replication of luciferase-

expressing replicon particles. (A)  HeLa cell lines constitutively expressing NS1 or 

pcDNA6 were pretreated with 20 ug/ml pIC for 4 h or left untreated. Cells were 

subsequently infected with WNV VRP-luc at an MOI 0.1.  24 h post-infection, cell 

lysates were harvested and analyzed for Luc activity. Data are expressed as RLU/uL 

lysate as determined from triplicate samples. Error bars represent the standard 

deviations.  (B)  Respective data from panel A plotted as percent inhibition WNV VRP 

infectivity.  
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Figure 2:  Constitutive expression of NS1 increases WNV genome copy number and 

protein production early in infection.   (A) WNV genome copy numbers were determined 

by real-time RT-PCR of RNA isolated from the indicated cell lines following WNV infection 

at MOI 1.  Results are displayed as the copy number of WNV genomes per 10
3
 copies of 

GAPDH.  *P<0.05.  (B)  Western blot analysis of NS5 in NS1-expressing and control cell 

lines at the indicated time points following VRP infection at an MOI 10.  3 ug total protein 

was loaded per well.  The WNV MHIAF used as primary antibody cross-reacts with a 

nonspecific cellular protein with a slightly higher molecular weight than NS5.   
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Figure 3.  Ectopic WNV NS1 expression does not increase WNV or Dengue 

specific infectivity rates but causes larger foci compared to vector control cell 

line.  (A)  NS1 and vector control cell lines were infected with 10-fold serial dillutions 

of WNV.  65 h post infection, infectious foci were visualized by immunostain and 

WNV infectious titers were determined.  (B)  The indicated cell lines were infected 

with 10-fold serial dilutions of Dengue NGC.  96 h post infection, infectious foci were 

visualized by immunostain and WNV infectious titers were determined.  (C&D)  

WNV and Dengue NGC immuno-foci size and morphology from the above 

experiments.    
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Figure 4:  HeLa cell lines constitutively expressing NS1 have little effect on WNV and 

Dengue virus production.  (A&B)   Single-step growth curve of WNV and Dengue NGC, 

respectively, performed on the indicated cell lines following infection at MOI 1.0.  

Supernatants were harvested at the indicated time points and virus production was 

determined by immunofocus assay on Vero cells.  Values indicate FFU/mL of supernatant.  

Error bars represent the standard deviation from duplicate samples.     
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Figure 5:  WNV infected NS1 expressing HeLa cells induce elevated IFNβ-reporter 

activity.  NS1 expressing and control cell lines were transfected with IFN-β pGL3 

reporter construct and pCMV-β-Gal. 24 h post transfection cells were infected with the 

indicated virus at MOI 1 for 24 h and cells were harvested and assayed for Luciferase 

and β-Gal activity.  Data are expressed as Luc activity relative to β-Gal activity from 

duplicate samples. Error bars represent the standard deviations.    


