
ABSTRACT 

ALAYLI, FARAH AHMED. Dengue virus Non-Structural Protein 1: Roles in Replication and 

Immunity. (Under the direction of Frank Scholle). 

 

 Dengue virus (DV) is a mosquito-borne flavivirus, and the causative agent for dengue fever 

and dengue hemorrhagic fever/dengue shock syndrome. Recently, it has become an increasing global 

concern with roughly half of the world’s population at risk of infection. There are four antigenically 

distinct dengue serotypes (DV1-4) that are maintained in a human-mosquito transmission cycle and 

cause similar disease. Primary infection with one of the serotypes results in lasting immunity against 

that serotype. However, during secondary infection with a heterologous serotype, serotype cross-

reactive antibodies created during the primary infection can lead to antibody dependent enhancement 

(ADE) of infection in Fc receptor bearing cell types leading to enhanced viremia and a subsequent 

cytokine storm. Although some viral virulence factors and host genetic factors play a role in severe 

disease development, it is mainly attributed to over-activation of the immune system characterized by 

a cytokine storm and proliferation of low avidity T cells resulting in endothelial cell damage, plasma 

leakage, shock, and death. With 100 million infections annually and no vaccine or therapeutic, it is 

imperative to gain a better understanding of the DV interaction with the immune system to develop 

therapeutic and preventative approaches. 

 DV genome is contained in a positive sense ssRNA molecule that is 11 kb in length. It codes 

for ten total proteins: three structural and seven non-structural (NS) proteins. The structural proteins 

are used in the formation of progeny virions, whereas the NS proteins are involved in viral RNA 

replication. Accumulating evidence points to the multi-functionality of the DV NS proteins and their 

ability to modulate several aspects of the immune response such as type I interferon production and 

signaling. Previous work done by our group described the role of West Nile virus NS1 in inhibiting 

TLR3 signaling in various cell types. To date, no one has investigated the impact of DV NS1 on 

TLR3 signaling, cytokine production, and viral replication during infection.  



 In Chapter 2, we investigate whether DV1 NS1 inhibits TLR3 signaling in HeLa cells. By 

over-expressing NS1 in HeLa cells (HeLa-NS1) and purifying it from 293T-NS1 supernatants, we 

demonstrate that intracellularly expressed and secreted DV1 NS1 inhibit TLR3 signaling in HeLa 

cells. Using HeLa-NS1 cells we found that IL-6 transcription is inhibited during dengue infection 

although IFNβ transcription and viral production were unaffected. Additionally, we provide 

preliminary evidence suggesting that NS1 present in infected insect cell supernatant may enhance 

early viral production in HeLa cells.  

 In Chapter 3, we demonstrate that secreted DV1 NS1 is taken up by human monocyte-derived 

dendritic cells representing a primary target for DV infection in vivo. Using flow cytometry and qRT-

PCR we show that NS1 pretreated DCs are more susceptible to DV infection leading to more viral 

RNA replication early during infection. Using a qRT-PCR array we demonstrate that DV1 NS1 

pretreated DCs produce more pro-inflammatory cytokines during DV infection compared to DCs 

pretreated with the heat-inactivated form of the protein. These data indicate that NS1 pre-exposure 

may result in enhanced infectability of DCs and subsequent pro-inflammatory cytokine production 

which may contribute to the immunopathogenesis seen during DV infection. 
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CHAPTER 1 

Literature Review 

Dengue Virus Phylogeny and Origin 

Dengue virus (DV) belongs to the family Flaviviridae and genus Flavivirus. The Flaviviridae 

family is comprised of three antigenically distinct genera; Flavivirus, Pestivirus, and Hepacivirus (1). 

Among the genus Flavivirus there are over 70 viruses that infect a range of vertebrate and 

invertebrate hosts with a widespread geographical distribution and a number of important human 

pathogens (2). Phylogenetic trees reveal three major groups within the flavivirus genus: mosquito 

borne, tick-borne, and no known vector (NKV) viruses (3). Mosquito borne viruses further break 

down into clades; those isolated from Aedes species and those isolated from Culex species. The Aedes 

clade contains 17 viruses including dengue viruses (DV) and yellow fever virus, while the Culex 

clade contains 23 viruses including West Nile and Japanese encephalitis viruses (3). 

There are four antigenically distinct but related dengue virus serotypes (DV1-4) that exhibit 

60-70% sequence homology (4) and cause similar disease in humans. The primary mosquito vectors 

are Aedes aegypti and Aedes albopictus. Early phylogenetic analysis of dengue viruses relied on 

serological differences from lab animals inoculated with the virus (5,6). Later, genetic comparison 

between the strains was done using RNA fingerprinting and cDNA digestion techniques (7,8). 

Although these methods were crude, they still allowed for a more precise way to compare the 

serotypes compared to previously used techniques. In the late 1980s researchers used primer 

extension sequencing on viral RNA (9,10) and in the late 1990s  RT-PCR was used to obtain high 

fidelity full genome sequences for dengue serotype comparisons (11). These advances allowed the 

flavivirus scientific community to effectively compare the strains using sequences of the E (envelope) 

protein or the RNA dependent RNA polymerase NS5 (non-structural protein 5) (3,12,13).  
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It is hypothesized that the four dengue serotypes were originally sylvatic strains before 

becoming human pathogens (14,15), and they evolved independent of each other due to the high 

mutation rate of the RNA dependent RNA polymerase. Furthermore, within each serotype there are 

different genotypes that vary in their endemic area and disease severity (4,16). For example, DV2 

genotypes American and Cosmopolitan both have a mutation in the E protein which has been 

determined to be a key virulence gene (12,17). 

Phylogenetic evidence suggests that dengue viruses diverged about 1000 years ago, but the 

exact geographical origin is still a subject of debate. Some researchers (3,18) suggest an African 

origin due to the origin of Aedes aegypti, while others (19) suggest an Asian origin due to the 

presence of the serotypes in both monkeys and humans in Asia. It is agreed however, that the first 

description of dengue disease was reported by the late 18
th
 century in Asia and the Americas (20), and 

that by the 20
th
 century the dengue viruses became dispersed in the tropical and subtropical regions of 

the world (21). 

 

Dengue Virus Maintenance and Transmission Cycles 

A. aegypti and A. albopictus are the two main vectors for the transmission of dengue viruses 

to the human host. They can be found in the tropical and subtropical regions of the world (Figure 1) 

exposing 40% of the world’s population to potential dengue infection (22). Annually, there are 

around 50-100 million cases of reported dengue infections. Dengue viruses were originally 

maintained in a sylvatic-mosquito transmission cycle in Africa and Asia between non-human 

primates and Aedes aegypti (23). With urbanization, overcrowding of cities, and increased travel both 

DV and its vector adapted to the human host resulting in an exclusively human-mosquito dengue 

maintenance cycle.  A. aegypti’s adaptation is evident by its promiscuous feeding habits, and a 

preference to human blood compared to other animals (24). In addition, the eggs are resistant to 
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drying which allows for easy transfer and spread by modern travel (25). Rising temperatures and 

communities with poor socioeconomic standing have also contributed to the spread of the vector. 

Communities that lack proper sanitation and running water often have large unused storage containers 

which collect rain water providing a perfect breeding ground for A. aegypti (26,27).  

After a mosquito takes a blood meal from an infected individual, it takes 10-12 days for the 

mosquito to become infectious (28). Dengue first replicates in the mesenteron in the mid gut, 

followed by fat body cells, and then migrates to the salivary glands (26,29). Studies show that DV can 

also be transferred to the mosquito while it is probing for a blood vessel, or by vertical transmission 

from infected female mosquito to its larvae during oviposition (26,30-32). 

 

Figure 1: Dengue global burden in 2014. Data reported by Bhatt, Healthmap, and WHO. Image 

taken from Guzman et al. (33). 

 

Vector Control, Vaccines, and Animal Models 

Breaking the mosquito-human cycle is imperative to controlling dengue spread and infection. 

This can be achieved by A. aegypti vector control, human anti-dengue vaccine, or a combination of 

the two. There have been several attempts at vector control. The bacterium Wolbachia, has been 

adapted from drosophila to A. aegypti. Wolbachia is thought to shorten the lifespan of the mosquito, 
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and lead to embryonic death when a Wolbachia-infected male mates with an uninfected female 

(34,35). Another method for vector control is through the release of insects carrying a dominant lethal 

genetic system (RIDL). RIDL works by introducing a lethal dominant gene such as OX513A into the 

male mosquito population resulting in offspring that are unable to survive to adulthood in the wild 

(36). Finally, the use of insecticides and the elimination of standing waters are methods that can be 

employed to reduce survival and spread of mosquitoes carrying dengue virus (37,38). In addition to 

vector control, personal protective measures could be employed by covering the skin, avoiding prime 

feeding time, and using mosquito bed nets (38). However, these measures are inconsistently used, 

thus increasing the need for a safe and efficacious vaccine to reduce DV spread. 

Currently there are no licensed dengue vaccines or therapeutics due to several challenges. 

Severe disease often occurs when immunity against one serotype leads to exacerbation of disease 

upon secondary infection with a different serotype (discussed in detail later). Hence, a successful 

vaccine will need to be tetravalent to confer protection against all four dengue serotypes equally. For 

the vaccine to be protective, it will also need to elicit a balanced humoral and cellular response (39). 

Additionally, the vaccine must ensure that the virus titers in the vaccinated humans are not high 

enough to infect the mosquito vector in case of a feeding event. Finally, a robust animal model that 

will recapitulate human disease upon DV infection is needed to assess the efficacy of vaccine 

candidates. Current DV vaccine approaches include live attenuated viruses, chimeric viruses, DNA 

plasmid vaccines, and subunit vaccines. 

Live attenuated vaccines induce humoral and cellular responses in the human which makes 

them attractive as vaccine candidates. This method was used for the development of successful 

yellow fever (40) and Japanese encephalitis vaccines (41). Attenuated dengue strains are developed 

by serial passaging of DV in non-human cells such as dog or non-human primate cells (42,43). For 

live attenuated vaccines to be safe, sufficient attenuation needs to be achieved without compromising 
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immunogenicity. Chimeric viruses can also serve as efficacious dengue vaccines. A recombinant 

vaccine has been developed using the yellow fever vaccine as a backbone to express some of the 

dengue structural and nonstructural proteins (44,45). Currently, there are some tetravalent and 

chimeric vaccines in clinical trials (46,47). These include the Sanofi Pasteur CYD vaccine which is a 

live attenuated tetravalent chimeric vaccine (48). DENVax is another live attenutated chimeric 

vaccine candidate containing a mix of live attenuated DV2 and chimeric DV1/DV3/DV4 based on the 

attenuated DV2 backbone (49). DNA and subunit vaccine approaches have also been investigated 

(50,51). DNA vaccines are advantageous due their stability and their intracellular processing, but they 

often have low immunogenicity and are sometimes poorly expressed within the cells. Some 

candidates  have been evaluated in clinical trials include V180 which is a subunit vaccine using a 

truncated DV envelope protein (52), and D1ME100 which is a DNA plasmid vaccine containing the 

pre-membrane and truncated envelope protein of DV1 (53). 

Ultimately, in order to develop a successful vaccine, we will need a better understanding of 

the natural human immune response. This is complicated by the fact that dengue viruses do not 

naturally infect non-human mammals, making it difficult to have a reliable animal model of infection. 

Despite these challenges, researchers have used non-human primates (NHPs) and mouse models to 

understand dengue pathogenesis and disease. When infected with DV, NHPs do not develop disease 

similar to humans (54,55), but they mount an anti-DV humoral response. In this regard, NHPs have 

been useful in pre-clinical trials for vaccines and therapeutics (56). Immunocompetent mice do not 

support replication of many clinical dengue isolates due to the inability of DV to subvert the type I 

interferon response in rodents (reviewed later) (57). Although mouse adapted DV strains have been 

developed, these mice develop neurotropic disease and paralysis both of which do not occur in 

humans (58,59). As an alternative, immunocompromised (AG129, IFNα/β/γ receptor knockout) and 

humanized mice are mainly used to study the pathogenesis of dengue virus and its interaction with the 
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immune system (56,60-63). Although not ideal, immunocompromised mice have been valuable in 

elucidating the importance of CD8 T cell response during infection (64) and in understanding the role 

of certain immune mediators in DV disease progression and pathogenesis (65).  

 

Human Disease and Diagnostics 

Dengue infection in humans begins when a dengue infected A. aegypti mosquito takes a 

blood meal from a susceptible individual (66,67). The incubation period is 3-7 days after which 

symptoms can be subclinical, or present as a flu-like illness called dengue fever (DF), which may 

progress to life threatening dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS)  

(Figure 2) (68). Dengue fever is a self-limiting febrile illness (2-7 days) that is characterized by fever, 

rash, malaise, headache, bone aches, thrombocytopenia, nausea and vomiting. DHF and DSS are 

more severe forms of disease with clinical signs including continuous fever lasting 2-7 days, 

thrombocytopenia (100,000 cells or less per mm
3
), gastrointestinal hemorrhage, and plasma leakage 

all of which can lead to hypotension, shock, and potentially death (69).  

 

 

Figure 2: DV disease progression. Primary infection with one of the DV serotypes results in DF 

with symptoms appearing approximately 4 days post infection. Progression to severe disease often 
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occurs during secondary infection with a heterologous serotype than that of the primary infection, 

leading to the development of DHF/DSS. Image taken from Whitehead et al. (70). 

 

The presence of four antigenically distinct but closely related dengue virus serotypes is the 

major contributor to the widespread DHF/DSS that is present. During primary infection with one of 

the dengue serotypes, the initial antibody response is comprised of anti-dengue IgM (71) antibodies, 

later followed by a serotype specific as well as a serotype cross-reactive IgG response. Figure 4 

depicts the dynamics of the antibody responses during infection. When secondary infection with a 

heterologous serotype occurs, cross reactive sub-neutralizing antibodies from the primary infection 

are thought to cause ADE (antibody dependent enhancement) of infection in Fc receptor bearing cells 

such as monocytes and macrophages (72,73) (depicted in Figure 3). ADE is a phenomenon that was 

first described by Halstead in 1977 linking secondary infection and severe disease (74). This 

hypothesis is now supported by several in vitro and in vivo studies indicating that enhanced infection 

of cells may lead enhanced viremia (10-100 fold increase compared to DF). Enhanced viremia leads 

to heightened activation of the immune system characterized by activation of complement, platelets, 

and production of pro-inflammatory cytokines such as IFNγ, TNFα, IL1β, and IL-6 leading to the 

symptoms observed during DHF/DSS (68,75-77). Studies have also shown that ADE could occur in 

infants born to dengue immune mothers. Amounts of passively acquired antibody in infants decrease 

from a protective level to a sub-neutralizing level within the first few months of life, putting the infant 

at risk for ADE and severe disease (78,79).  
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Figure 3: Antibody dependent enhancement (ADE) of dengue infection. This phenomenon occurs 

when serotype cross-reactive sub-neutralizing levels of antibody remaining from primary infection 

bind dengue viral particles and aid in enhancing infection via Fc receptors leading to enhanced 

viremia and severe dengue disease. Image taken from Whitehead et al. (70). 

 

As mentioned earlier, there are no anti-dengue vaccines or therapeutics available. However, if 

dengue infection is diagnosed in a timely and accurate manner, severe disease can be clinically 

managed by supportive treatment. Dengue diagnostics rely on detection of viral RNA, antibody titers 

(IgM and IgG), or secreted viral antigens in the human serum sample after fever onset (80). Although 

the most accurate way to identify dengue serotypes would be viral isolation, it is time consuming and 

the facilities for viral culture are not always available in countries where the virus is endemic. Viral 

RNA can be extracted from blood, serum, tissues, and saliva. RT-PCR (reverse transcription-

polymerase chain reaction) can be used to detect viral RNA and distinguish between serotypes within 

first 7 days of infection (81,82). NS1 (non-structural protein 1) is a viral glycoprotein that is secreted 

into the serum during infection. Its concentration peaks on day 3 post infection and is typically 

detectable up to 9 days after fever onset (83). Commercial kits for detection of NS1 by ELISA 
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(enzyme linked immunosorbent assay) are now widely available and used, although they do not 

distinguish among the different DV serotypes (84).  

 

Figure 4: Dynamics of NS1 and antibody accumulation. Image taken from Guzman et al. (68).  

 

Dengue Virus Structure and Genome Organization  

The structure of dengue virus has been determined using cryo-electron microscopy has as a 

spherical particle that is 50 nm in diameter (85). The outer shell is relatively smooth and is made up 

of 90 E (envelope) protein dimers arranged in a herringbone pattern with the membrane protein (M) 

fitting in the electron dense space between the dimers. This arrangement yields the virus with an 

icosahedral symmetry comprised of 60 prM and E heterodimers as depicted in Figure 5A (86). A 

phospholipid bilayer, derived from the host cell, is present below the surface layer followed by the 

nucleocapsid. The nucleocapsid is made up of the capsid (C) protein surrounding a single copy of the 

single stranded RNA genome. The genome is encoded in a positive sense single stranded RNA 

molecule that is 10.7 kb in length with a 5’ triphosphate cap (87). There is a single open reading 

frame coding for three structural (envelope (E), membrane (M/prM), capsid (C)) and seven 
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nonstructural proteins (NS1, NS2a, NS2b, NS3, NS4a, NS4b, NS5) flanked by 5’ and 3’ non-coding 

regions (NCR) depicted in Figure 5B (88).  

 

       

 

Figure 5: Dengue virus structure and genome organization. A. DV is a spherical 50 nm structure 

with a smooth outer layer that is composed of E (envelope) protein and M (membrane) protein 

homodimers that are arranged parallel to the virion’s surface. B. The dengue virus genome is a single 

stranded positive sense RNA genome that is translated into a single polyprotein. There are three 

structural and seven non-structural proteins encoded within the genome. After translation the 

polyprotein is cleaved into the individual DV proteins. Image adapted from Whitehead et al. (70). 

 

Reverse genetics has allowed us to understand the function of the flaviviral genes (89-91). 

The 5’ NCR is thought to serve as a site of initiation for positive strand RNA synthesis during 

replication. It has two secondary structures: stem loop A and stem loop B. Stem loop A interacts with 

 A 

B 
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the RNA dependent RNA polymerase (NS5) (92), and Stem loop B facilitates the RNA-RNA 

interaction between the 5’ UTR and the 3’ UTR during replication. Mutations in the 5’UTR lead to 

reduction in viral replication (93). The 3’ NCR is most conserved among the flaviviruses, and is 

thought to form a stem loop structure that serves an essential role during viral RNA replication 

(94,95). Although its exact role in replication is unknown, the 3’ NCR has been shown to bind to NS3 

and NS5 which are involved in flaviviral replication (96,97). Apart from its role in replication, the 3’ 

UTR also serves as an enhancer for translation (98). Complementary base pairs within the 5’ UTR 

and the 3’ UTR result in circularization of the RNA genome during replication (99), and a balance in 

the amount of linear and circular RNA is maintained during viral replication (100). 

 

1. Structural Proteins 

As mentioned above, the genome codes for ten proteins that comprise a single polyprotein. 

The polyprotein is cleaved co- and post-translationally by host and viral proteases into the three 

structural and seven nonstructural proteins. The first DV structural protein is the C (capsid) protein. It 

is small (~11kD) and basic, and along with the RNA genome it constitutes the nucleocapsid. C 

protein forms homodimers, and each monomer is connected by short loops. There is evidence 

suggesting that C protein has chaperone activity and binds to the genomic RNA (101), and that it 

mediates binding of nucleocapsid to the lipid membrane (102,103).   

The next translated protein is prM protein. It is a 26 kD glycoprotein (N-terminus) which 

serves as a precursor for the membrane (M) protein. M protein is important for viral assembly and 

entry into cells as evidenced by mutational studies (104). Once translated, it translocates into the ER 

via a signal sequence from the C-terminal hydrophobic domain of C protein (105). Pulse chase 

experiments indicate that prM folding occurs quickly and that prM and E heterodimers form 

immediately after synthesis. The low pH of the viral secretory pathway may induce E protein to 
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change into its fusogenic form, so it is thought that the quick association between prM and E may 

prevent that from happening (106,107). In the Golgi apparatus, host protease furin cleaves prM 

protein into M which yields mature viral particles before exocytosis (108). However, in some cases, 

prM cleavage is incomplete leading to the production of immature virus particles (109). 

The third structural protein is the envelope (E) protein, which is 53 kD. It is glycosylated at 

asparagines (N) N-67 and N-153, which are important in yielding infectious viral particles (110) and 

viral RNA release from the endosome during infection (111). DV E protein mediates binding to host 

cells and fusion with the endosomal membrane. It is synthesized as type I membrane protein and is 

comprised of a dimer with two monomers with three β-barrel domains (I/II/III). Domain I is thought 

to be the structural domain, it is flanked by an elongated dimerization domain II which contains the 

fusion peptide and protrudes out from between the homodimer subunits, and domain III is thought to 

be the receptor binding region with an immunoglobulin like structure (112,113). There is ~40% 

sequence homology between the various flavivirus E proteins, and during infection a strong anti- E 

antibody response is elicited.  

 

2. Non-Structural Proteins 

Our studies focused on the first non-structural protein, NS1. It is a 46 kD glycoprotein that is 

stabilized with twelve conserved cysteine residues that form six disulfide bonds. It can be found 

within infected cells, on the surface of infected cells, or secreted into the blood stream (114). Figure 6 

depicts NS1 processing within the DV infected mammalian cell. Upon translation, NS1 translocates 

into the luminal side of the endoplasmic reticulum (ER) via a signal sequence encoded by the last 24 

amino acids of E protein. In the ER, NS1 gets cleaved from NS2A by an unidentified host ER 

protease (115), and becomes glycosylated at N-130 and N-207. Following the glycosylation event, 

NS1 forms hydrophobic homodimers that are resistant to denaturation, but are susceptible to high 



 

13 

temperatures and low pH levels (116). Besides the ER lumen, NS1 dimer can be found on the surface 

of infected cells where it is bound by a GPI anchor (117). NS1 dimer can also traffic through the 

Golgi apparatus where exposed carboydrate moieties are trimmed and processed into more complex 

sugars, and NS1 hexamer is formed and subsequently secreted from the infected cell. The NS1 

hexamer is about 10 nm in diameter and is comprised of three hydrophobically bound dimers that are 

sensitive to detergent treatment (118,119). Cryo-EM based 3D reconstruction of NS1 has allowed 

investigators to determine that the NS1 hexamer resembles a high density lipoprotein with an open 

barrel shape and a lipid rich central channel (120). Dengue and West Nile virus NS1 hexamers have 

recently been crystallized revealing domain interactions between the dimers, and some structural 

resemblance to the cytoplasmic host helicase receptors RIG-I and MDA-5 (121). Within the infected 

cell, NS1 co-localizes with viral dsRNA and vesicle packets where viral replication occurs. 

Mutational studies suggest that NS1 is necessary for viral replication and negative strand RNA 

synthesis (89,122,123). NS1 has also been shown to interact with NS4A and NS4B potentially 

contributing to the structural integrity of the replication complex (124,125). Once in the blood stream, 

secreted NS1 can bind to uninfected cells by interaction with heparin sulfate and chondroitin sulfate E 

(126) and could be endocytosed by uninfected cells (126). Besides its role in viral replication, NS1 is 

involved in several other aspects of dengue virus pathogenesis and immune evasion which will be 

discussed in later sections. 
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Figure 6: NS1 processing. 1) NS1 is first expressed in association with the ER within the viral 

polyprotein, an E protein C-terminal signal sequence targets NS1 to the ER lumen unlike all the other 

NS proteins where it gets cleaved. 2) NS1 monomer is glycosylated at N-130 and N-207, followed by 

rapid dimerization of NS1 and 3) membrane association. 4) A subset of NS1 protein acquires a GPI 

anchor due to the GPI signal sequence on the N-terminus of NS2A which allows it to 5) interact with 

lipid rafts. A portion of NS1 dimers traffic through the Golgi apparatus where they form 6) hexamers 

that are subsequently 7/8) secreted from the cell. 9) Another portion of NS1 dimers are associated 

with vesicle packets where viral replication occurs. 10) The secreted hexamers can bind to 

mammalian cells via glycosaminoglycans on the surface. Image adapted from Muller et al. (127). 

 

NS2A is the second non-structural protein. It is a 22 kD hydrophobic protein that spans the 

membrane with 5 transmembrane helices. It localizes with vesicle packets where it is thought to 

interact with NS3 and the 3’NCR (128). Studies suggest that it is likely to play a role in coordinating 

the shift from RNA replication to RNA packaging (129). NS2B is 14 kD protein that is also 
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membrane associated with two transmembrane helices. It serves as a cofactor for the serine protease 

function of NS3 (130,131), and a catalytically active protein is required for the type I interferon 

inhibition seen during DV infection (132).  

NS3 is a 70 kD protein that is highly conserved and has several enzymatic functions. Like the 

other non-structural proteins, it plays an important role in the replication of the virus. It has protease 

activity allowing it to cleave the viral polyprotein into the individual proteins (133,134). NS3 also has 

an N-terminal serine protease which requires NS2b as a cofactor. On the C-terminal side of the 

protein, NS3 has helicase activity allowing it to unwind the double stranded RNA intermediate during 

replication and is involved in removal of γ- phosphate at 5’RNA prior to capping (88). It also has 

RNA-stimulated nucleoside triphosphatase (NTPase) and 5’ RNA triphosphatase (RTPase) activities 

required for the 5’ cap formation (97,133). The RTPase dephosphorylates the 5’ end of the genomic 

RNA in preparation for 5’ cap addition by NS5 (135). NS3 is also thought to interact with a fatty acid 

synthase (FASN) which is involved in lipid biosynthesis which likely aids with vesicle packet 

synthesis (136). 

NS4A/B are 16 and 27 kD proteins, respectively. They are hydrophobic proteins involved in 

viral replication although their exact roles remain elusive.  NS4A is a membrane protein and when 

expressed alone, it induces membrane curvature indicating a possible role in vesicle packet synthesis 

(137). NS4A N-terminus serves as signal sequence for translocation of NS4B into ER lumen. NS4B 

interacts with NS3 helicase, enhances its activity, and reduces NS3 ssRNA binding affinity (138).  

Mutational studies have confirmed its role in viral replication (139). Overall, there is evidence 

suggesting that these proteins are involved in membrane rearrangement and immune modulation 

during DV infection (140). 

NS5 is the largest DV protein at 105 kD, it is well conserved among flaviviruses and 

multifunctional. Its C-terminus codes for the viral RNA dependent RNA polymerase which carries 
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out positive and negative sense RNA replication. The N-terminus encodes a methyltransferase 

(MTase) which is used to methylate the 5’ cap of the RNA genome (141). The NS5 MTase also has 

RNA guanyltransferase activity which is necessary for 5’capping (142). Pull down assays from 

infected cells and yeast-two hybrid experiments have allowed investigators to identify an interaction 

between NS5 and NS3 that is required for viral replication such as stimulation of NS3 NTPase 

activity (97,143). NS5 also plays a role in modulating the type I interferon response (144) which will 

be further discussed later. 

 

Dengue virus Infection and Replication Cycle 

In the human host, DV targets various cell types such as monocytes, macrophages, dendritic 

cells, hepatocytes, mast cells, and endothelial cells. Although a universal receptor has not been 

identified, several studies have helped delineate the process of DV infection and replication. E protein 

is thought to attach to the cell membrane via several host molecules such as glycosaminoglycans 

(heparin sulfate) (145,146), C-type lectins (147,148), CD14 associated protein (149), heat shock 

proteins (HSP70/90) (150), chaperone protein GRP78/BiP (151), glycosphingolipids (152), and 

immunomodulatory proteins (TIMS and TAMS) (153). Of interest, are C-type lectins which are 

carbohydrate binding proteins that can mediate DV binding to macrophages and dendritic cells. 

Mannose receptor (MR) is a C-type lectin expressed on the surface macrophages (147). Dendritic cell 

specific intercellular adhesion molecule 3-grabbing non-integrin (DC-SIGN) is expressed on the 

surface of dendritic cells (154). These receptors allow DV to infect the two main professional antigen 

presenting cells (APC) involved in linking innate and adaptive immunity hence allowing it to 

effectively modulate the immune response (65). During secondary dengue infection with a 

heterologous serotype, serotype cross-reactive antibodies allow DV to infect cells bearing Fc 

receptors, thereby widening the pool of infected cells. 
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Following receptor binding, DV is internalized by clathrin-mediated endocytosis where it 

resides in the late endosome. Acidification in the endosome leads to a class II membrane fusion 

mechanism (85) where a structural rearrangement of the E protein occurs, exposing fusion loop 

domain and promoting fusion with the endosomal membrane. Upon membrane fusion, the positive 

sense ssRNA viral genome is released into the cytoplasm where it serves as mRNA (155). The 

genome is translated into a single polyprotein followed by its cleavage into the individual viral 

proteins. DV NS proteins alter the ER membrane by inducing invaginations that form single 

membrane vesicle packets (VP) that are 80-100 nm in width and are thought to fit up to 50 genomic 

RNA molecules per vesicle (156). Studies using immunoprecipitation, yeast two-hybrid, and 

fluorescence resonance energy transfer have allowed us to identify NS2B, NS4A and NS4B as the 

main proteins involved in membrane alteration and vesicle packet formation The flaviviral replication 

complex is made up of the viral NS proteins, genomic RNA, and host factors on cytoplasmic 

membranes. NS1 is the only NS protein residing on the ER luminal side where it is thought to interact 

with NS4A and NS4B on the cytoplasmic side. The cytoplasmic side is where the rest of the NS 

proteins are present. NS2B is the cofactor for NS3, and NS3 (C-terminus) interacts with NS5 (88).  

Pulse chase experiments reveal three species of RNA during replication: positive sense (+), 

negative sense (-), and double stranded (ds) RNA as the replicative intermediate (157). NS5 is the 

protein responsible for positive and negative strand viral replication. First, negative strand replication 

is carried out with the RNA genome (+ sense) as a template. During this process, NS5 recognizes the 

conserved stem loop A structure on the 5’ NCR of the genome where negative strand synthesis is 

initiated. This step produces a dsRNA intermediate (158). Next, NS3 unwinds the dsRNA which 

allows NS5 to generate multiple positive sense copies. Following synthesis of positive sense RNA, 

NS3 converts the triphosphate to a diphosphate on the 5’ end.  NS5 mediates capping and methylation 

of 5’ end in preparation for new virion assembly (88). Accumulation of nascent positive sense RNA 
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and capsid protein leads to the formation of the nucleocapsid which buds into the ER lumen. At that 

step, the nucleocapsid becomes surrounded by the ER membrane, which is enriched with E and prM 

proteins, thus forming the immature virion. Immature virions traffic through the Golgi apparatus 

secretory pathway where host enzyme furin cleaves prM protein to yield the mature M protein. This 

cleavage step results in a pH dependent rearrangement of E protein trimers into flat laying dimers 

characteristic of a mature dengue virion. Exocytic vesicles carry the mature virions to the plasma 

membrane and facilitate exocytosis. Host cell proteins have been implicated in several studies to 

support the replication, assembly, and exocytosis of new dengue virus progeny (Figure 7) (155).  

 

 

 

A 

B 
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Figure 7: Dengue virus infection and replication. A. Upon attachment, DV is endocytosed into the 

host cell endosome. This is followed by genome uncoating and deposition into the cytoplasm where 

translation of the viral protein occurs. Image obtained from Shi et al. (159). B. After translation, the 

RNA replication complex composed of the non-structural proteins is formed within vesicle packets. 

Nascent viral RNA and structural proteins form new viral progeny which exit the host cell via 

exocytosis. Image obtained from Pierson et al. (160). 

 

Dendritic Cells: Activation and Subsequent T cell Stimulation 

In 1973, Ralph Steinman and Zanvil Cohn first described dendritic cells (DCs) in the 

lymphoid organs of mice. They described them as “large, retractile, contorted in shape, and contains 

small nucleoli,” and that “the abundant cytoplasm is arranged in processes of varying length and 

width and contains many large spherical mitochondria” (161). Following decades of research, 

dendritic cells are now considered the initiators and modulators of the immune system orchestrating 

the shift from innate to adaptive immunity. Upon antigen uptake, dendritic cells can either induce a 

tolerogenic response to prevent autoimmunity, or a pro-inflammatory response to target tumors and 

microbial pathogens. There are four stages of dendritic cell development: bone marrow progenitors, 

precursor DCs in the lymph nodes, blood, and lymphatics, tissue resident immature DCs, and mature 

DCs present in secondary lymphoid organs (162).  

In the bone marrow, common dendritic cell progenitors are identified as Lin
-
 ckit

int
 Flt3

+
 

CSF1-R
+
 (163,164) which give rise to myeloid DCs (mDCs) and plasmacytoid DCs (pDC). Dendritic 

cell lineage is controlled by several molecules: Flt3L (163), CSF-1 (M-CSF) (165), GM-CSF (166), 

lymphotoxin B (LTβ) (167), and TGFβ1 (168). In the blood, there are CD14
+
CD11c

+
, Lin

-
 CD11c

+
, 

and CD11c
-
 IL3Rα

+
 dendritic cell precursors that give rise to tissue and lymphoid organ resident DCs 

when exposed to IL-4 and GM-CSF (169,170). Unlike CD11c
+ 

precursors which are of myeloid 
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origin, CD11c
-
 precursors are thought to have a lymphoid origin with a dependence on IL-3 for 

survival and CD40L for maturation (171).  

mDCs are typically identified as Lin
-
 MHCII

+
 CD1c

+
 CD11c

+
 CD13

+
 CD33

+
 CD45

+
 and 

CD11b
+
. A certain subset of mDCs expresses CD14 which makes them more monocyte and 

macrophage like than typical mDCs. CD1c
+
 DCs make up most DCs in human blood, tissues, and 

lymphoid organs (172). mDCs express a wide range of pattern recognition receptors (PRRs) and 

lectins for antigen uptake, processing, and presentation. They use various endocytic pathways to take 

up antigen, including macropinocytosis, endocytosis by C-type lectins or Fcγ receptors, and 

phagocytosis. Antigen processing of foreign antigens can lead to activation of PRRs which often 

results in DC maturation characterized by upregulation of MHC II and co-stimulatory molecules. 

Upon activation by PRRs, DCs also undergo a morphological change, lose their adhesion molecules, 

and become mobile to travel to the nearest lymph node to induce an adaptive immune response 

(173,174).  

Langerhans cells (LC) are a DC subset that is present in the epidermal layer of the skin as 

well as other stratified squamus epithelia. They were first described by Paul Langerhans in 1868 

(175). They are now identified as CD45
+
 MHCII

+
 CD11c

int. 
CD1a

+
 Langerin

+
 EpCAM

+
CD207

hi
 (C-

type lectin) (176). In the skin, there are ~700 LCs/mm
2 

where they self-renew from bone marrow 

precursors and maintain epidermal health and tolerance to commensals (172). Unlike most DCs, LCs 

develop independent of FLT3L, and their differentiation is influenced by TGFβ (177).  

pDCs are of lymphoid origin and are mainly present in the blood and lymphoid tissues. They 

express high levels of TLR7 and TLR9, and produce large amounts of IFNα during viral infections. 

pDCs are Lin
-
 and MHCII

+
, they lack myeloid markers and express CD123 (IL3R), CD303, and 

CD304 (177). 
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Immature DCs can be found in lymphoid and non-lymphoid organs where they constantly 

acquire antigens in the steady state to induce either a pro-inflammatory or tolerogenic response (177). 

DCs reside in lymphoid organs such as the spleen and Peyers patches (178). In the spleen, CD8+ DCs 

make up 20% of total DCs, and unlike conventional CD8 T cells they express homodimers of the 

CD8 alpha chain (179). Lymphoid organ resident DCs are capable of exiting via the efferent lymph 

where they gain access to the bloodstream through the thoracic duct which allows them to enter the 

tissues and modulate immunity (178,180) 

When non-lymphoid organ resident mDCs encounter foreign antigens, they become activated 

through their PRRs and upregulate molecules such as CCR7, MIP3β, and secondary lymphoid-tissue 

chemokine (SLC). These molecules allow mDCs to leave the site of infection and home to the nearest 

lymph node (181,182). Based on studies done with CCR7 knockout mice, CCR7 was identified as the 

main chemokine receptor involved in tissue migration of non-lymphoid resident DCs (183). DCs 

arrivein the lymph node paracortical area based on a chemokine gradient where they encounter 

residing T cells and start producing chemokines to attract more DCs. Through MHC I, they activate 

CD8 T cells by presenting peptides that were acquired through the endogenous pathway in a TAP1/2 

dependent manner. Certain DC subsets expressing CD8 and CD103 are also capable of presenting 

exogenous peptides to CD8 T cells through cross-presentation (184). Activation of CD8 T cells 

results in antigen specific cytotoxic lymphocytes (CTLs) that travel out of the lymph node to the site 

of infection to mediate specific killing of infected cells. DCs also interact with CD4 T cells by 

presenting antigens through MHC II acquired through the exogenous pathway; CD4 T cells proceed 

to activate the B cells to produce antibodies. In either case, there are three signals that are required for 

T cell activation. First, the DC/T cell interaction is mediated by adhesion molecules such as β1 and β2 

integrens, CD2, CD50 (ICAM3), CD54 (ICAM1), and CD58 (LFA-3) (185,186). Signal one consists 

of the interaction between MHC/peptide complex and the antigen specific T cell receptor (TCR). 
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Signal two is defined by the interaction between co-stimulatory molecules CD80 (B7.1), CD86 

(B7.2), and CD40 on the DC and their ligands CD28, CTLA-4, and CD40L on T cells. This 

association triggers the synthesis of IL-2 which is crucial for T cell proliferation and differentiation, 

as well as IL2Rα which complexes with β and γ heterodimer creating a high affinity IL-2 receptor. 

Signal three constitutes cytokine production which creates a microenvironment that results in a TH1, 

TH2, or TH17 dominated immune responses. TH1 responses are characterized by production of IFNγ 

and IL-12, TH2 is characterized by IL-4 and IL-5 production, and TH17 is characterized by IL-17 and 

IL-6 production. During viral infection, a TH1 dominated response is often found where CD8 T cells 

become antigen specific CTLs, and CD4 T cells promote B cells to produce antigen specific 

antibodies (184,187).  

 

Toll-Like Receptor Signaling during Viral Infection 

Induction of an anti-viral state occurs upon activation of pattern recognition receptors 

(PRRs): the first line of innate immune defense. PRRs that detect RNA viruses include membrane 

TLR3/7/8 (toll-like receptors), as well as cytosolic RNA-helicases such as RIG-I (retinoic acid 

inducible gene) and MDA-5 (melanoma differentiation associated protein 5). TLR3 and TLR7/8 are 

located in the endosomal membrane where they detect viral dsRNA and ssRNA, respectively. Upon 

their activation, they lead to a signaling cascade that culminates in an anti-viral state characterized by 

induction of type I interferon (IFNα/β) as well as pro-inflammatory cytokines (188). TLRs contain an 

N-terminal extracellular LRR (leucine rich repeat) that binds to the ligand, as well as a 

transmembrane domain and cytosolic TIR (toll-interleukin 1 receptor) homology domain responsible 

for adaptor binding (189). Upon ligand engagement, TIR-containing adaptors such as MyD88 (for 

TLR7) and TRIF (for TLR3) are activated leading to the recruitment of E3 ubiquitin ligase TRAF6. 

TRAF6 recruits and activates TAK1 leading to the activation of IκB kinase (inhibitor of NFκB) 
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complex, and NFκB phosphorylation and translocation into the nucleus. This event results in the 

induction of pro-inflammatory cytokines such as IL-6, IL1β, TNFα, and IL-12 (190). AP-1 is another 

transcription factor leading to production of pro-inflammatory cytokines. It is activated by MAPKs 

(mitogen-activated protein kinases) p38, JCK, c-Jun, and ERK1/2.  Upon TLR stimulation, adaptor 

molecules can also recruit TRAF3 which results in phosphorylation and translocation of both IRF3 

and IRF7 (interferon regulatory factor) to the nucleus to induce transcription of IFN-α/β (190). 

Studies done in non-human primates suggest a protective role for TLR3 and TLR7 during DV 

infection where their activation leads to reduced DV replication and increased protective antibody 

titers (191). TLR3 signaling was also investigated in vitro, where expression in HEK293 cells led to 

induction of IFNα and IFNβ and a reduction in DV replication and cytopathic effect (192). 

 

RIG-I and MDA-5 Signaling during Viral Infection 

 RIG-I and MDA5 are cytosolic receptors that also recognize viral RNA. RIG-I typically 

recognizes small dsRNA and ssRNA sequences with 5′ triphosphorylated (5′PPP) ends, whereas 

MDA-5 recognizes larger dsRNA molecules (193). During DV infection, studies show that RIG-I and 

MDA-5 are induced and contribute to IFNβ induction (188).  Upon binding to their agonists, these 

receptors signal through the MAVS (mitochondrial antiviral signaling) protein which interacts with 

STING/MITA (stimulator of interferon genes). STING recruits TRAF3 and TRAF6 leading to 

production of IFN-α/β similar to TLR3/7 signaling pathways. When TLR3/RIG-I/MDA-5 were 

silenced individually or together in a hepatocyte cell line, it was evident that all three PRRs work 

synergistically to produce type I interferon and limit DV infection (188). 
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Type I Interferon Signaling 

Secreted IFNα/β acts in an autocrine and paracrine fashion by binding to its receptor 

(IFNα/βR) on the surface of mammalian cells thus impacting both infected and uninfected cells. As a 

result of receptor binding, TYK2 (tyrosine kinase 2) and JAK1 (Janus kinase 2) adaptor molecules 

become phosphorylated leading to the activation of the JAK/STAT pathway. This results in the 

phosphorylation and dimerization of STAT1 and STAT2 (signal transducer and activator of 

transcription molecule), activation of IRF9, and the formation of a mature ISFG3 complex (interferon 

stimulating gene factor 3). ISFG3 activation and translocation into the nucleus induces production of 

ISGs (interferon stimulated genes). ISGs can directly block specific steps in viral replication (194). 

For example, PKR (RNA dependent protein kinase R) binds to viral dsRNA and phosphorylates 

eIF2α (initiation factor 2α) leading to blockage of protein synthesis. It can also mediate apoptosis of 

virally infected cells. Other ISGs such as OAS (2',5'-oligoadenylate synthetase) and RNase L cleave 

ssRNA including mRNA leading to inhibition of protein synthesis (195). Whereas, IFITM2 and 

IFITM3 (interferon induced transmembrane protein) can block viral entry (196), viperin can interfere 

with viral RNA capping (197). Since type I interferon plays a crucial role in limiting viral replication 

and inducing an anti-viral state, it is targeted by viruses as an immune evasion strategy. DV in 

particular has devoted several of its NS proteins to inhibiting different aspects of type I interferon 

signaling and production pathways (discussed later). Interestingly, DV NS proteins are only able to 

interact with and inhibit human and not mouse proteins involved in type I interferon signaling. This 

characteristic is why DV clinical isolates are not capable of effectively replicating in the mouse 

model, and we have to resort to using type I and type II interferon receptor knockout mice for DV 

mouse studies. 
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Anti-DV Immune Response 

1. Cellular Responses 

 In the human host, DV infects various cell types including keratinocytes, hepatocytes, 

endothelial cells, dendritic cells, and albeit less efficiently it infects monocytes and macrophages 

(198). During secondary infection, ADE allows DV to infect monocytes and macrophages much more 

efficiently compared to primary infection since they express high levels of Fc receptors; particularly 

FcγRIIA (199,200). Anti-dengue immunity is shaped by the activation of various cell types. On one 

hand, endothelial cells, epithelial cells, and hepatocytes mainly contribute via the production of pro-

inflammatory cytokines and chemokines. On the other hand, DCs and macrophages direct the 

transition from innate to adaptive immunity. T cells exhibit effector functions by directly lysing DV 

infected cells, as well as by helping B cells produce anti-DV antibodies (201) (further discussed in the 

next section). NK cells and mast cells have also been shown to play a role in limiting dengue 

infection. For example, IL-15 and IL-12 are produced during acute DV infection are important for the 

proliferation and activation of NK cells (202). Mast cell roles in dengue infection have recently been 

investigated. Mice deficient in mast cells have an impaired ability to clear DV and recruit NK and T 

cells to the site of infection (203), and an impaired ability to restrict DV infection of macrophages 

(204). Studies done with mast cell lines suggest that mast cells release potent T cell chemoattractants 

such as RANTES and MIP1α/β during DV infection (205). Additionally, Brown et al. (206) 

demonstrated that DV infection of mast cells in the presence of sub-neutralizing antibodies results in 

induction of type I interferon and CCL4, CCL5, and CXCL10 which could be important for 

restricting DV replication and promoting cell migration into the site of infection (206). However, 

many studies have also indicated a pathogenic role for mast cells during DV severe disease (207,208). 
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1.1 Dendritic Cells 

Upon initial DV infection in the skin, resident Langerhans dendritic cells are among the first 

cell types to be exposed to the virus. Dendritic cells express high levels of DC-SIGN, a C-type lectin 

that is used by DV for attachment; this makes them a primary target for dengue infection in vivo 

(148,154,209-211). Once attached, DV is endocytosed, viral un-coating occurs, and the genomic 

ssRNA is released into the cytoplasm. This event allows pattern recognition receptors (PRRs) such as 

TLRs and RLRs (RIG-I like receptors) that are expressed by DCs to detect the ssRNA and dsRNA 

molecules that are present during the DV replication cycle (212). As a result of PRR engagement, an 

anti-viral state is induced and an influx of cells such as monocytes, NK cells, neutrophils, and 

macrophages are recruited to the site of infection. Among the cytokines produced by DCs, IFNα and 

IFNβ are essential for limiting viral replication and are required for the differentiation of CD8 T cells 

into DV specific CTLs (212,213). However, several DV NS proteins modulate type I interferon and 

production and signaling in human dendritic cells. Interestingly, pDCs do not support DV replication, 

but express high levels of TLR7 which allows them to recognize DV ssRNA (214-217). This makes 

them a major contributor of IFNα during in vivo infection, inducing an antiviral state in neighboring 

cells, and contributing to DV replication control. This is supported by results showing that patients 

with more severe disease had less IFNα in their serum compared to those with less severe disease 

(218). 

In addition to cytokine and chemokine production, DCs down regulate DC-SIGN (219) and 

undergo maturation by up-regulating MHC II and co-stimulatory molecules such as CD80, CD83, and 

CD86 that are necessary for induction of T cell proliferation and development of T cell effector 

functions (188,220). Mature DCs home to the nearest lymph node where they present antigens via 

MHC I to CD8 T cells and via MHC II to CD4 T cells to induce effector functions and B cell 

production of protective antibodies (212). There are several studies investigating the interaction 
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between DV infected DCs and T cells. Some studies report that DV infection impairs the ability of 

infected DCs to stimulate T cells in in vitro due to the downregulation of maturation molecules on the 

surface of infected DC but not uninfected bystander DCs (221,222). Other studies demonstrate that 

incubation of activated T cells with infected DCs restores their co-stimulatory ability resulting in T 

cell proliferation. This effect is thought to be mediated by CD40L (223), as well as TNFα and type I 

interferon (224). However, when T cell effector function was tested, Chase et al. (225) found that 

although infected DCs are capable of promoting T cell proliferation, they are unable to prime them to 

produce IFNγ and TNFα. The DC:T cell interaction is a topic of intense study, and future studies  

should allow investigators to delineate the process in more detail. Since DCs are the major target for 

DV and a professional APC, it is important to understand how DV may modulate responses in this 

cell type.  

 

1.2 Protective T cell Responses 

 It is well established that CD8 T cells serve a protective role during viral infections by 

mediating direct cytotoxicity of infected cells and by potent IFNγ production. Studies involving 

humans, mice, and non-human primates have  identified the protective anti-DV T cell responses 

during dengue infection (39,64,226-228). In the lymph nodes, CD8 T cells with dengue specific 

TCRs interact with DCs which leads T cell clonal expansion and transformation to cytotoxic 

lymphocytes (CTLs). CTLs exit the lymph node and travel to sites of infection where they lyse DV 

infected and produce IFNγ, TNFα, and MIP1β (229). During acute dengue infection, CD8 T cell 

responses are mainly directed against the immunodominant protein NS3, although some T cell clones 

have been detected for NS5 and NS4B (228,230-232).  

 During DV infection, CD4 T cells mainly contribute by producing anti-viral cytokines, 

stimulating B cells to produce antigen specific antibodies, and promoting memory B and CD8 T cell 
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development. CD4 T cells mostly target epitopes present in DV NS1, C, and E proteins resulting in a 

strong antibody response against these proteins (233). Although T cell responses are highly protective 

during DV infection, it is important to recognize that these responses are dependent on HLA class I 

and II allele polymorphisms. Some alleles correlate with protection (228), while others correlate with 

more severe disease (234-236). 

 

2. Soluble Factors 

2.1 Cytokine and Chemokine Induction 

During acute DV infection, cytokines such as IL-1β, IL-2, IL-4, IL-6, IL-7, IL-8, IL-10, IL-

13, IL-18, TGF-1β, IFNγ, TNF-α, IFN-α/β, and MCP-1 promote an anti-viral innate and adaptive 

response allowing effective clearance of the virus. During primary DV infection, DCs process viral 

antigens and initiate a cascade of signals that culminates in the production of IL-6, IL-10, TNFα, 

IFNα/β as well as CXCL10, CXCL9, CXCL11 to initiate the downstream innate and adaptive anti-

viral response (237). T cells produce TNFα, IFNγ, IL-4, and IL-10 (238). Endothelial cells (239), 

monocytes (240), and mast cells (205) produce chemokines such as MIP1α, MIP1β, IL-8, and 

RANTES, all of which are important for T cell recruitment to the site of infection. Other soluble 

factors such as VEGF, MCP-1/CCL2, and soluble ICAM1 are also detected in the blood of DV 

infected patients (198).  

Among the cytokines produced, type I (IFNα and IFNβ) and type II interferons (IFNγ) are 

crucial for controlling DV infection (57,241-243). Type I interferon plays a major role in promoting 

DC maturation and downstream TH1 responses for the induction of the anti-viral state. Type I 

interferon leads to the up-regulation of MHC I and MHC II to enhance antigen presentation by APCs 

(244). It can also lead to the upregulation of perforins in NK cells leading to enhanced cytotoxicity 

and killing of DV infected cells (245). Diamond et al. (246) demonstrate that type I interferon 
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protects human cells from DV infection and prevents the accumulation of negative strand viral RNA. 

Once type I interferon is secreted from the cell, it can act in an autocrine and paracrine fashion to 

augment the interferon response and result in the production of ISGs such as viperin, ISG20, and 

IFITM that directly inhibit DV replication. One study demonstrates that IFITM2 and IFITM3 prevent 

DV viral entry, and that cells lacking these ISGs have a ten-fold increase in their permissiveness for 

DV infection (247). Other studies report that viperin over-expression leads to a significant reduction 

in DV replication (248). Type II interferon (IFNγ) is mainly produced by immune cells that are not 

directly targeted by DV such as NK cells and T cells. IFNγ enhances MHC I loading of peptides by 

increasing expression of TAP1/2 (195). IFNγ can also enhance IL-12 production, which is important 

for promoting the development of a TH1 response (249) and macrophage activation leading to the 

release of reactive oxygen species (250).  

Although the cytokine and chemokine responses described in this section have been shown to 

lead to effective clearance of DV during primary infection, during severe disease, the same mediators 

are detected at much higher levels in the sera of DHF/DSS patients compared to DF patients 

suggesting a role in severe disease pathogenesis (251-259). 

 

2.2 Antibodies and Complement 

 During primary DV infection, a conventional IgM response is mounted followed by a potent 

serotype specific IgG (mainly IgG1 and IgG3) response (260-263). Most antibodies are directed to E 

protein since it is the principal protein on the surface of the virus. Anti-E antibodies prevent viral 

attachment to cells and inhibit the fusion of E protein with endosomal membrane preventing the 

genome from being released. Anti-E antibodies also lead to lysis of antibody coated virus by 

complement (264). E protein antibodies administered to mice confer protection against lethal 

infection (265), and antibodies against E protein domain III (EDIII) seem to be the most protective 
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(266,267). However, analysis of antibodies in human sera reveal that EDIII antibodies only play a 

minor role in neutralization of DV (263), and suggest that EDI or EDII antibodies may confer better 

protection in humans (268). Antibodies against prM and NS1 proteins are also produced during 

infection and have been shown to be protective in vivo, although their protective mechanism remains 

unknown (266,269). Mice given anti-NS1 antibodies or vaccinated using NS1 protein are protected 

against lethal DV challenge (261,270,271). Since serotype cross-reactive antibodies are attributed to 

enhancing DV infection (ADE) during secondary infection, understanding the ratio of serotype 

specific and serotype cross-reactive antibody responses in human sera will be crucial for the 

successful development and testing of future vaccine candidates. 

Complement activation is considered one of the first lines of defense during infection. There 

are three possible complement activation pathways: classical, lectin, and alternative pathways. They 

all culminate in the activation of the membrane attack complex which causes the osmotic lysis of the 

target cell or microbe. C3a and C5a products of the complement activation pathway are considered 

anaphylatoxins that cause vasodialation, and can trigger an oxidative burst from eosinophils, 

neutrophils, and basophils (272). Studies using mice deficient for certain complement factors suggest 

that the mannose binding lectin pathway plays a major role in DV neutralization (273). Complement 

proteins have also been shown to reduce antibody mediated enhancement of DV infection (274,275). 

Overall, complement plays an important role in neutralizing DV particles, but similar to cytokines 

and chemokines, complement proteins are detected at high levels in the sera of patients with severe 

dengue disease. 

 

Pathogenesis during DV Infection 

 Primary DV infection is typically self-limiting and sometimes asymptomatic resulting in 

minimal damage. However, during secondary infection with a heterologous DV serotype, individuals 
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may experience endothelial cell damage resulting in plasma leakage and hemorrhage. Severe disease 

occurs due to a combination of reasons including: high viremia leading to more infected cells and 

higher apoptosis rates, aberrant T cell activation, and the cytokine storm. It is now clear that most DV 

disease pathogenesis is caused by the host immune response although some DV virulence factors may 

also play a role (198). Studies demonstrate that infection with certain DV serotypes increase the 

chance of severe disease. For example, DV serotype 2 has been implicated in many epidemics with 

high incidence of DHF/DSS (198). Studies also suggest that the sequence of infection by the different 

serotypes may also have an impact on the development of severe disease. Epidemics with high 

frequency of DHF have been associated with a primary infection with DV1 followed by infection 

with DV2 or DV3 serotypes (276).  

 There are two reasons for the belief that severe disease manifestations (DHF/DSS) are 

immune mediated rather than virally induced. The first reason is that severe disease commonly occurs 

during secondary infection  in which immunity against the original infecting serotype leads to 

exacerbation of disease, a phenomenon termed “original antigenic sin” (267). The second reason is 

that severe disease which is characterized by plasma leakage, occurs close to defervescence, several 

days after peak viremia (76,265). Serotype cross reactive antibodies directed against E protein that 

fall below the threshold of protection can lead to ADE in Fc receptor bearing cells (277,278). As a 

result, cell types such as monocytes, macrophages, and mast cells become more susceptible to DV 

infection leading to enhanced viremia in the blood (279). This is supported by studies involving 

immunocompromised mice (280) and NHP (281) where cross-reactive antibody administration prior 

to DV infection led to increased viral burden compared to animals infected with DV alone. 

Antibodies directed against prM could also promote the uptake of immature virus particles which 

become infectious upon entry into the host cell and cleavage by furin (282). Additionally, 
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polymorphisms in the low affinity IgG receptor FcγRIIA gene have been suggested to play a role in 

severe disease susceptibility (283). 

 Studies indicate that during DV infection, antibodies produced against E protein and NS1 

may be auto-reactive due to molecular mimicry. Anti-E antibodies have been shown to bind human 

plasminogen and inhibit plasmin activity which is important for fibrinolysis (198,284). Anti-NS1 

antibodies can bind directly to endothelial cells and induce apoptosis via iNOS (285), or to the NS1 

on the surface of endothelial cells potentially targeting them for complement-mediated lysis (126). 

Anti-NS1 antibodies also bind to human platelets leading to their depletion (286) as well as well as 

thrombin leading to the inhibition of prothrombin activation (287). These effects have all been 

correlated with thrombocytopenia and hemorrhage seen during severe disease.  

 Enhanced viremia often leads to a cytokine storm characterized by abnormally high levels of 

pro-inflammatory cytokines and chemokines which lead to the destruction endothelial cells and 

plasma leakage. Studies show that DV infected DCs (219,288) and endothelial cells (289) produce 

large amounts of metalloproteinases (MMP-9 and MMP-2) which weaken vascular integrity. Mast 

cells have also been implicated in severe disease. St. John et al. (207) demonstrated that mice lacking 

mast cells had reduced vascular permeability, and that DV induced mast cell activation led to 

structural changes in blood vessels independent of viral replication. Another study demonstrated that 

upon antibody enhanced infection of a human mast-basophil cell line, T cell chemoattractants such as 

RANTES, MIP1α, and MIP1β were significantly elevated (205). Recent studies also suggest that NS1 

may directly activate PBMCs through TLR4 (290) and lead to the upregulation of TLR2 and TLR6 

(291) leading to more IL-6, TNFα, and IL-8 production during DV infection, potentially contributing 

to endothelial cell damage and vascular leakage seen during DHF/DSS. 

 In addition to enhanced infection, antibody/virus complex binding to Fc receptors during 

secondary infection triggers a signaling cascade leading to enhanced IL-10 production. Serum IL-10 
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levels have been found to be elevated in patients with severe disease (DHF/DSS) compared to DF 

patients (292). Although IL-10 is considered an immune-inhibitory cytokine, it has been shown to 

induce T cell apoptosis (293), and platelet decay during DV infection (251,252). 

The complement system has also been shown to play a role in dengue disease pathogenesis. 

High levels of C3a and C5a have been detected in serum of patients that develop severe disease 

(294,295). Complement activation plays a role in enhancing lysis of infected cells. During infection, 

secreted DV NS1 binds complement regulatory protein clusterin, which normally protects cells from 

complement mediated lysis, thereby enhancing complement mediated cell lysis and contributing to 

endothelial cell damage and severe disease (296). 

 There is ample evidence suggesting a protective role for T cells during primary DV infection 

(discussed earlier). During secondary infection, there is quicker CD4 and CD8 T cell activation and 

higher pro-inflammatory cytokine production compared to primary infection (297,298). TNFα and 

soluble IL-2 receptors produced by T cells have been detected in sera of DHF patients compared to 

DF patients (299,300). During primary infection, DV-specific CD4 T cells predominantly produce 

IFNγ, but when exposed to a heterotypic serotype, they produce more TNFα than IFNγ, which may 

contribute to immunopathogenesis (301). Additionally, a marked increase in the CD4 T cell 

population is detected during secondary infection which leads to more IFNγ production and activation 

of CD8 T cells (302). Memory cross-reactive low avidity CD8 T cells raised during primary infection 

have been shown to dominate the CD8 T cell response during secondary infection (303). It is 

hypothesized that this activation may lead to cytokine storm and aberrant killing of cells which 

contributes to plasma leakage. Despite studies suggesting that T cells play a role in severe disease 

development, infants that acquire antibodies from their mothers still develop DHF/DSS even though 

that they lack memory T cells (304). Future studies are required to determine the extent that T cell 

activation contributes to DHF/DSS. 
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DV Immune Evasion Strategies 

Like many successful pathogens, DV has developed several strategies to escape the human 

immune response. Upon DV entry into the host cell, it hijacks the host cell machinery leading to ER 

rearrangement and expansion to form viral replication vesicles. Viral replication predominantly 

occurs in these vesicles minimizing viral interaction with host PRRs (305,306). DV also induces 

autophagy in host cells and regulates lipid metabolism (307). Additionally, DV secondary RNA 

structure of 3’ UTR provides protection from RNAses and interferes with RNAi pathways to prevent 

dsRNA cleavage (308,309). NS4B has also been shown to inhibit this pathway (308). During 

secondary DV infection, ADE leads to suppression of IFN production by disruption of RIG-I and 

MDA-5 signaling cascades (310). Additionally, NS1 has been shown to bind C4 and C1s complement 

proteins and antagonize complement activation hence protecting the virus from complement mediated 

lysis (311). 

DV has also developed pathways to inhibit type I interferon production and signaling. Several 

studies have shown that during DV infection, DCs produce less type I interferon compared to DCs 

infected with other viruses such as New Castle disease virus and Semliki Forest virus (312). Palmer et 

al. (221) demonstrated that unlike bystander uninfected DCs, DV infected DCs have decreased 

expression of maturation molecules. It was then confirmed that DV antagonizes type I interferon 

production and signaling in human dendritic cells, leading to impairment in T cell priming (313). 

NS2A, NS4A, NS4B, and NS5 have all been implicated in type I interferon abrogation in key 

myeloid cells. For example, NS2B3 complex targets STING for degradation leading to inhibition in 

phosphorylation of IRF3 in human DCs and inhibition of type I interferon production (132). 

Interestingly, the NS2B3 complex targets only human and not mouse STING (314,315), which allows 

DV to thrive in human cells unlike mouse cells. In addition, it is thought that NS4B, NS4A, and 

NS2A inhibit STAT1 phosphorylation (315,316). NS5 binds to host protein UBR-4 and promotes the 
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degradation of human STAT2 in the proteosome (317,318). Due to the inhibition of type I IFN 

production and signaling in the human ( but not the mouse), IFNα/β/γR knockout mice are typically 

used for dengue studies in order for sufficient dengue replication to cause disease.  

Overall, DV is considered a successful human pathogen that is exclusively maintained in a 

mosquito-human transmission cycle. In order to develop effective vaccines and therapeutics, we will 

need to thoroughly understand the interaction between DV and the immune system. The studies 

described in this dissertation aim to provide understanding the impact of dengue virus serotype 1 

(DV1) NS1 on viral replication and innate immune modulation in HeLa and dendritic cells. 

 

Overview of DV NS1 and Current Studies 

 NS1 is the only glycosylated NS protein encoded by the DV genome. It is found within 

infected cells where it co-localizes with viral dsRNA and plays a vital role during early negative 

strand synthesis (89,122,124). Apart from its role in viral replication, NS1 is also found on the surface 

of infected cells anchored by a GPI linkage and secreted from infected cells into the bloodstream. 

Secreted NS1 contributes to pathogenesis during dengue infection by preventing complement 

activation which protects DV particles from lysis (273,296,319). Secreted NS1 has also been shown 

to bind to various uninfected cells via heparin sulfate and chondroitin sulfate E (126). Studies using 

hepatocytes demonstrate that NS1 bound to the surface can be endocytosed and resides in the late 

endosome up to 48h post exposure. Within these cells, NS1 modulates cell physiology leading to 

enhanced DV production (320). NS1 in the blood is highly immunogenic resulting in the production 

of anti-NS1 antibodies that are typically auto-reactive. Anti-NS1 antibodies can bind to blood 

proteins such as thrombin (287) and platelets (286), thus contributing to their dysfunction during 

DHF/DSS. Anti-NS1 antibodies can also bind to NS1 on the surface of endothelial cells promoting 

complement mediated lysis of endothelial cells and contributing to the endothelial cell damage seen 
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during severe disease (121,285,290,321). Taken together, understanding the role that NS1 may be 

playing during infection will be crucial for our understanding of DV disease progression and 

pathogenesis. 

 Previously, investigators in our lab group demonstrated that West Nile virus infected and 

replicon bearing cells had an impaired ability to signal through TLR3 (322). The finding was further 

characterized and the results suggest that intracellularly expressed and secreted WNV NS1 can 

mediate TLR3 signaling inhibition in vitro and in vivo (323,324). Furthermore, mutational studies 

allowed us to identify amino acids located within the conserved C-terminal end of NS1 as critical 

amino acid residues for the inhibition of TLR3 signal transduction while maintaining NS1 replicative 

ability (325). In the current studies, we begin by asking whether DV1 NS1 is capable of inhibiting 

TLR3 signaling in HeLa cells, and whether it is capable of modulating IL-6 and IFNβ production 

during infection. We further examine the effect of intracellularly expressed and secreted DV1 NS1 on 

viral production in HeLa cells (Chapter 2).  

 Recent studies investigating the direct impact of NS1 on PBMCs suggest that it acts as a 

PAMP that activates PBMCs through TLR4 (290) or leads to the upregulation of TLR2 and TLR6 

(291), subsequently leading to enhanced pro-inflammatory cytokine production during DV infection. 

According to these studies, NS1 may act as a viral toxin that directly activates PBMCs and 

endothelial cells potentially leading to vascular leakage in vivo. Further supporting the hypothesis that 

NS1 may contribute to pathogenesis is a report indicating that vaccination with NS1 protects mice 

from vascular leakage during lethal DV infection (271). Although these studies investigate the 

interaction between NS1 and PBMCs, to date, the potential interaction between NS1 and dendritic 

cells has yet to be elucidated. 

 Here, we investigate the impact of secreted DV1 NS1 on human monocyte-derived dendritic 

cells isolated from healthy human blood.  We used secreted NS1 protein and explored its role in 
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modulating overall activation of DCs by measuring pro-inflammatory cytokines as well as early viral 

replication (Chapter 3). By answering these questions we aim to better understand the role that DV 

NS1 may be playing in modulating the innate immune response, and how that could impact overall 

viremia and immune activation during human infection. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

38 

References 

1. Fauquet, Claude M., et al. Virus Taxonomy: VIIIth Report of the International Committee on 

Taxonomy of Viruses. Academic Press, 2005.    

2. Gubler, Duane J., Goro Kuno, and Lewis Markoff. "Flaviviruses." Fields virology 1 (2007): 1153-

253.   

3. Gaunt, M. W., et al. "Phylogenetic Relationships of Flaviviruses Correlate with their 

Epidemiology, Disease Association and Biogeography." The Journal of general virology 82.Pt 8 

(2001): 1867-76.   

4. Rico-Hesse, Rebeca. "Molecular Evolution and Distribution of Dengue Viruses Type 1 and 2 in 

Nature." Virology 174.2 (1990): 479-93.   

5. Calisher, C. H., et al. "Antigenic Relationships between Flaviviruses as Determined by Cross-

Neutralization Tests with Polyclonal Antisera." The Journal of general virology 70 ( Pt 1).Pt 1 

(1989): 37-43.   

6. Sabin, A. B. "Research on Dengue during World War II." The American Journal of Tropical 

Medicine and Hygiene 1.1 (1952): 30-50.   

7. Repik, P. M., et al. "RNA Fingerprinting as a Method for Distinguishing Dengue 1 Virus Strains." 

The American Journal of Tropical Medicine and Hygiene 32.3 (1983): 577-89.   

8. Kerschner, J. H., et al. "Genetic and Epidemiological Studies of Dengue Type 2 Viruses by 

Hybridization using Synthetic Deoxyoligonucleotides as Probes." The Journal of general virology 

67 ( Pt 12).Pt 12 (1986): 2645-61.   

9. Blok, J., et al. "Variation of the Nucleotide and Encoded Amino Acid Sequences of the Envelope 

Gene from Eight Dengue-2 Viruses." Archives of Virology 105.1-2 (1989): 39-53.   



 

39 

10. Chu, M. C., E. J. O'Rourke, and D. W. Trent. "Genetic Relatedness among Structural Protein 

Genes of Dengue 1 Virus Strains." The Journal of general virology 70 ( Pt 7).Pt 7 (1989): 1701-

12.   

11. Lanciotti, R. S., et al. "Rapid Detection and Typing of Dengue Viruses from Clinical Samples by 

using Reverse Transcriptase-Polymerase Chain Reaction." Journal of clinical microbiology 30.3 

(1992): 545-51.   

12. Leitmeyer, K. C., et al. "Dengue Virus Structural Differences that Correlate with Pathogenesis." 

Journal of virology 73.6 (1999): 4738-47.   

13. Chambers, Thomas J., et al. "Flavivirus Genome Organization, Expression, and Replication." 

Annual Reviews in Microbiology 44.1 (1990): 649-88.   

14. Rodhain, F. "The Role of Monkeys in the Biology of Dengue and Yellow Fever." Comparative 

immunology, microbiology and infectious diseases 14.1 (1991): 9-19.   

15. Wolfe, N. D., et al. "Sylvatic Transmission of Arboviruses among Bornean Orangutans." The 

American Journal of Tropical Medicine and Hygiene 64.5-6 (2001): 310-6.   

16. Holmes, Edward C., and S. Susanna Twiddy. "The Origin, Emergence and Evolutionary Genetics 

of Dengue Virus." Infection, genetics and evolution 3.1 (2003): 19-28.   

17. Sanchez, I. J., and B. H. Ruiz. "A Single Nucleotide Change in the E Protein Gene of Dengue 

Virus 2 Mexican Strain Affects Neurovirulence in Mice." The Journal of general virology 77 ( Pt 

10).Pt 10 (1996): 2541-5.   

18. Tabachnick, Walter J. "Evolutionary Genetics and Arthropod-Borne Disease: The Yellow Fever 

Mosquito." American Entomologist 37.1 (1991): 14-26.   

19. Wang, E., et al. "Evolutionary Relationships of Endemic/Epidemic and Sylvatic Dengue Viruses." 

Journal of virology 74.7 (2000): 3227-34.   



 

40 

20. Monath, T. P. "Dengue: The Risk to Developed and Developing Countries." Proceedings of the 

National Academy of Sciences of the United States of America 91.7 (1994): 2395-400.   

21. Hayes, Edward B., and Duane J. Gubler. "Dengue and Dengue Hemorrhagic Fever." The 

Pediatric infectious disease journal 11.4 (1992): 311-7.   

22. Hopp, Marianne J., and Jonathan A. Foley. "Global-Scale Relationships between Climate and the 

Dengue Fever Vector, Aedes Aegypti." Climatic Change 48.2-3 (2001): 441-63.   

23. Gubler, Duane J. "Dengue." The arboviruses: epidemiology and ecology 2 (1988): 223-60.   

24. Scott, Thomas W., et al. "Blood-Feeding Patterns of Aedes Aegypti (Diptera: Culicidae) 

Collected in a Rural Thai Village." Journal of medical entomology 30 (1993): 922-.   

25. Kittayapong, Pattamaporn, and Daniel Strickman. "Distribution of Container-Inhabiting Aedes 

Larvae (Diptera: Culicidae) at a Dengue Focus in Thailand." Journal of medical entomology 30.3 

(1993): 601-6.   

26. Kramer, Laura D., and Gregory D. Ebel. "Dynamics of Flavivirus Infection in Mosquitoes." 

Advances in Virus Research 60 (2003): 187-232.   

27. Hwang, J. S., and G. D. Roam. "Recovery and Disposal of Discarded Tires in the Taiwan Area." 

Gaoxiong yi xue ke xue za zhi = The Kaohsiung journal of medical sciences 10 Suppl (1994): 

S52-5.   

28. Lambrechts, Louis, Thomas W. Scott, and Duane J. Gubler. "Consequences of the Expanding 

Global Distribution of Aedes Albopictus for Dengue Virus Transmission." PLoS Negl Trop Dis 

4.5 (2010): e646.   

29. Hardy, James L., et al. "Intrinsic Factors Affecting Vector Competence of Mosquitoes for 

Arboviruses." Annual Review of Entomology 28.1 (1983): 229-62.   

30. Hull, B., et al. "Natural Transovarial Transmission of Dengue 4 Virus in Aedes Aegypti in 

Trinidad." The American Journal of Tropical Medicine and Hygiene 33.6 (1984): 1248-50.   



 

41 

31. Khin, M. M., and K. A. Than. "Transovarial Transmission of Dengue 2 Virus by Aedes Aegypti 

in Nature." The American Journal of Tropical Medicine and Hygiene 32.3 (1983): 590-4.   

32. Rosen, L., et al. "Transovarial Transmission of Dengue Viruses by Mosquitoes: Aedes Albopictus 

and Aedes Aegypti." The American Journal of Tropical Medicine and Hygiene 32.5 (1983): 

1108-19.   

33. Guzman, Maria G., and Eva Harris. "Dengue." The Lancet 385.9966 (2015): 453-65.   

34. Walker, Thomas, et al. "The wMel Wolbachia Strain Blocks Dengue and Invades Caged Aedes 

Aegypti Populations." Nature 476.7361 (2011): 450-3.   

35. Hoffmann, AA, et al. "Successful Establishment of Wolbachia in Aedes Populations to Suppress 

Dengue Transmission." Nature 476.7361 (2011): 454-7.   

36. Harris, Angela F., et al. "Field Performance of Engineered Male Mosquitoes." Nature 

biotechnology 29.11 (2011): 1034-7.   

37. Dias, Clarice Noleto, and Denise Fernandes Coutinho Moraes. "Essential Oils and their 

Compounds as Aedes Aegypti L.(Diptera: Culicidae) Larvicides: Review." Parasitology research 

113.2 (2014): 565-92.   

38. Lorono-Pino, M. A., et al. "Towards a Casa Segura: A Consumer Product Study of the Effect of 

Insecticide-Treated Curtains on Aedes Aegypti and Dengue Virus Infections in the Home." The 

American Journal of Tropical Medicine and Hygiene 89.2 (2013): 385-97.   

39. Zellweger, Raphaël M., et al. "Role of Humoral Versus Cellular Responses Induced by a 

Protective Dengue Vaccine Candidate." (2013)  

40. Pulendran, Bali. "Learning Immunology from the Yellow Fever Vaccine: Innate Immunity to 

Systems Vaccinology." Nature Reviews Immunology 9.10 (2009): 741-7.   

41. Yu, Yongxin. "Phenotypic and Genotypic Characteristics of Japanese Encephalitis Attenuated 

Live Vaccine Virus SA14-14-2 and their Stabilities." Vaccine 28.21 (2010): 3635-41.   



 

42 

42. Bhamarapravati, N., and Yoksan Sutee. "Live Attenuated Tetravalent Dengue Vaccine." Vaccine 

18 (2000): 44-7.   

43. Innis, B. L., and K. H. Eckels. "Progress in Development of a Live-Attenuated, Tetravalent 

Dengue Virus Vaccine by the United States Army Medical Research and Materiel Command." 

The American Journal of Tropical Medicine and Hygiene 69.6 Suppl (2003): 1-4.   

44. Guirakhoo, F., et al. "Viremia and Immunogenicity in Nonhuman Primates of a Tetravalent 

Yellow Fever–dengue Chimeric Vaccine: Genetic Reconstructions, Dose Adjustment, and 

Antibody Responses Against Wild-Type Dengue Virus Isolates." Virology 298.1 (2002): 146-59.   

45. Huang, C. Y., et al. "Dengue 2 PDK-53 Virus as a Chimeric Carrier for Tetravalent Dengue 

Vaccine Development." Journal of virology 77.21 (2003): 11436-47.   

46. Kanesa-Thasan, N., et al. "Safety and Immunogenicity of Attenuated Dengue Virus Vaccines 

(Aventis Pasteur) in Human Volunteers." Vaccine 19.23 (2001): 3179-88.   

47. Sanchareon, Arunee, et al. "Safety and Immunogenicity of a Three Dose Regimen of Two 

Tetravalent Live-Attenuated Dengue Vaccines in Five-to Twelve-Year-Old Thai Children." The 

Pediatric infectious disease journal 23.2 (2004): 99-109.   

48. Guy, Bruno, et al. "From Research to Phase III: Preclinical, Industrial and Clinical Development 

of the Sanofi Pasteur Tetravalent Dengue Vaccine." Vaccine 29.42 (2011): 7229-41.   

49. Osorio, Jorge E., et al. "Development of DENVax: A Chimeric Dengue-2 PDK-53-Based 

Tetravalent Vaccine for Protection Against Dengue Fever." Vaccine 29.42 (2011): 7251-60.   

50. Chang, Gwong‐Jen J., et al. "Flavivirus DNA Vaccines." Annals of the New York Academy of 

Sciences 951.1 (2001): 272-85.   

51. Simmons, M., et al. "Characterization of Antibody Responses to Combinations of a Dengue-2 

DNA and Dengue-2 Recombinant Subunit Vaccine." The American Journal of Tropical Medicine 

and Hygiene 65.5 (2001): 420-6.   



 

43 

52. Coller, Beth-Ann G., et al. "The Development of Recombinant Subunit Envelope-Based Vaccines 

to Protect Against Dengue Virus Induced Disease." Vaccine 29.42 (2011): 7267-75.   

53. Beckett, Charmagne G., et al. "Evaluation of a Prototype Dengue-1 DNA Vaccine in a Phase 1 

Clinical Trial." Vaccine 29.5 (2011): 960-8.   

54. Onlamoon, N., et al. "Dengue Virus-Induced Hemorrhage in a Nonhuman Primate Model." Blood 

115.9 (2010): 1823-34.   

55. Marchette, N. J., et al. "Studies on the Pathogenesis of Dengue Infection in Monkeys. 3. 

Sequential Distribution of Virus in Primary and Heterologous Infections." The Journal of 

infectious diseases 128.1 (1973): 23-30.   

56. Zompi, Simona, and Eva Harris. "Animal Models of Dengue Virus Infection." Viruses 4.1 (2012): 

62-82.   

57. Shresta, S., et al. "Interferon-Dependent Immunity is Essential for Resistance to Primary Dengue 

Virus Infection in Mice, Whereas T- and B-Cell-Dependent Immunity are Less Critical." Journal 

of virology 78.6 (2004): 2701-10.   

58. Atrasheuskaya, Alena, et al. "Anti‐TNF Antibody Treatment Reduces Mortality in Experimental 

Dengue Virus Infection." FEMS Immunology & Medical Microbiology 35.1 (2003): 33-42.   

59. Shresta, Sujan, et al. "Early Activation of Natural Killer and B Cells in Response to Primary 

Dengue Virus Infection in A/J Mice." Virology 319.2 (2004): 262-73.   

60. Mota, J., and R. Rico-Hesse. "Humanized Mice show Clinical Signs of Dengue Fever According 

to Infecting Virus Genotype." Journal of virology 83.17 (2009): 8638-45.   

61. Mota, Javier, and Rebeca Rico-Hesse. "Dengue Virus Tropism in Humanized Mice Recapitulates 

Human Dengue Fever." PloS one 6.6 (2011): e20762.   

62. Shresta, S., et al. "Murine Model for Dengue Virus-Induced Lethal Disease with Increased 

Vascular Permeability." Journal of virology 80.20 (2006): 10208-17.   



 

44 

63. Orozco, S., et al. "Characterization of a Model of Lethal Dengue Virus 2 Infection in C57BL/6 

Mice Deficient in the Alpha/Beta Interferon Receptor." The Journal of general virology 93.Pt 10 

(2012): 2152-7.   

64. Yauch, L. E., et al. "A Protective Role for Dengue Virus-Specific CD8+ T Cells." Journal of 

immunology (Baltimore, Md.: 1950) 182.8 (2009): 4865-73.   

65. Morrison, Juliet, Sebastian Aguirre, and Ana Fernandez-Sesma. "Innate Immunity Evasion by 

Dengue Virus." Viruses 4.3 (2012): 397-413.   

66. Steib, B. M., M. Geier, and J. Boeckh. "The Effect of Lactic Acid on Odour-Related Host 

Preference of Yellow Fever Mosquitoes." Chemical senses 26.5 (2001): 523-8.   

67. Geier, M., O. J. Bosch, and J. Boeckh. "Ammonia as an Attractive Component of Host Odour for 

the Yellow Fever Mosquito, Aedes Aegypti." Chemical senses 24.6 (1999): 647-53.   

68. Guzman, Maria G., et al. "Dengue: A Continuing Global Threat." Nature Reviews Microbiology 8 

(2010): S7-S16.   

69. Guzmán, Maria G., et al. "Fatal Dengue Hemorrhagic Fever in Cuba, 1997." International 

Journal of Infectious Diseases 3.3 (1999): 130-5.   

70. Whitehead, Stephen S., et al. "Prospects for a Dengue Virus Vaccine." Nature Reviews 

Microbiology 5.7 (2007): 518-28.   

71. Innis, B. L., et al. "An Enzyme-Linked Immunosorbent Assay to Characterize Dengue Infections 

Where Dengue and Japanese Encephalitis Co-Circulate." The American Journal of Tropical 

Medicine and Hygiene 40.4 (1989): 418-27.   

72. Halstead, S. B., S. Nimmannitya, and S. N. Cohen. "Observations Related to Pathogenesis of 

Dengue Hemorrhagic Fever. IV. Relation of Disease Severity to Antibody Response and Virus 

Recovered." The Yale journal of biology and medicine 42.5 (1970): 311-28.   



 

45 

73. Halstead, S. B. "Observations Related to Pathogensis of Dengue Hemorrhagic Fever. VI. 

Hypotheses and Discussion." The Yale journal of biology and medicine 42.5 (1970): 350-62.   

74. Halstead, SB, and EJ O'ROURKE. "Antibody-Enhanced Dengue Virus Infection in Primate 

Leukocytes." (1977)  

75. Kouri, Gustavo P., María G. Guzmán, and José R. Bravo. "Hemorrhagic Dengue in Cuba: History 

of an Epidemic." Bulletin of the Pan American Health Organization (PAHO) 20.1 (1986): 24-30.   

76. Vaughn, D. W., et al. "Dengue Viremia Titer, Antibody Response Pattern, and Virus Serotype 

Correlate with Disease Severity." The Journal of infectious diseases 181.1 (2000): 2-9.   

77. Hammon, W. M., A. Rudnick, and G. E. Sather. "Viruses Associated with Epidemic Hemorrhagic 

Fevers of the Philippines and Thailand." Science (New York, N.Y.) 131.3407 (1960): 1102-3.   

78. Kliks, S. C., et al. "Evidence that Maternal Dengue Antibodies are Important in the Development 

of Dengue Hemorrhagic Fever in Infants." The American Journal of Tropical Medicine and 

Hygiene 38.2 (1988): 411-9.   

79. Burke, D. S., et al. "A Prospective Study of Dengue Infections in Bangkok." The American 

Journal of Tropical Medicine and Hygiene 38.1 (1988): 172-80.   

80. Lima, Mda R., et al. "A New Approach to Dengue Fatal Cases Diagnosis: NS1 Antigen Capture 

in Tissues." PLoS Negl Trop Dis 5.5 (2011): e1147.   

81. Clemens, John D. "Evaluating Diagnostics: Dengue." Nature Reviews Microbiology 8 (2010): S1-

.   

82. Srikiatkhachorn, A., et al. "Dengue--how Best to Classify It." Clinical infectious diseases : an 

official publication of the Infectious Diseases Society of America 53.6 (2011): 563-7.   

83. Libraty, D. H., et al. "High Circulating Levels of the Dengue Virus Nonstructural Protein NS1 

Early in Dengue Illness Correlate with the Development of Dengue Hemorrhagic Fever." The 

Journal of infectious diseases 186.8 (2002): 1165-8.   



 

46 

84. Hunsperger, Elizabeth A., et al. "Evaluation of Commercially Available Diagnostic Tests for the 

Detection of Dengue Virus NS1 Antigen and Anti-Dengue Virus IgM Antibody." (2014)  

85. Kuhn, Richard J., et al. "Structure of Dengue Virus: Implications for Flavivirus Organization, 

Maturation, and Fusion." Cell 108.5 (2002): 717-25.   

86. Zhang, Wei, et al. "Visualization of Membrane Protein Domains by Cryo-Electron Microscopy of 

Dengue Virus." Nature Structural & Molecular Biology 10.11 (2003): 907-12.   

87. Wengler, Gerd, Gisela Wengler, and Hans J. Gross. "Studies on Virus-Specific Nucleic Acids 

Synthesized in Vertebrate and Mosquito Cells Infected with Flaviviruses." Virology 89.2 (1978): 

423-37.   

88. Klema, Valerie J., Radhakrishnan Padmanabhan, and Kyung H. Choi. "Flaviviral Replication 

Complex: Coordination between RNA Synthesis and 51-RNA Capping." Viruses 7.8 (2015): 

4640-56.   

89. Lindenbach, B. D., and C. M. Rice. "Trans-Complementation of Yellow Fever Virus NS1 Reveals 

a Role in Early RNA Replication." Journal of virology 71.12 (1997): 9608-17.   

90. Muylaert, I. R., R. Galler, and C. M. Rice. "Genetic Analysis of the Yellow Fever Virus NS1 

Protein: Identification of a Temperature-Sensitive Mutation which Blocks RNA Accumulation." 

Journal of virology 71.1 (1997): 291-8.   

91. Muylaert, Isabella R., et al. "Mutagenesis of the N-Linked Glycosylation Sites of the Yellow 

Fever Virus NS1 Protein: Effects on Virus Replication and Mouse Neurovirulence." Virology 

222.1 (1996): 159-68.   

92. Filomatori, C. V., et al. "RNA Sequences and Structures Required for the Recruitment and 

Activity of the Dengue Virus Polymerase." The Journal of biological chemistry 286.9 (2011): 

6929-39.   



 

47 

93. Cahour, Annie, et al. "Growth-Restricted Dengue Virus Mutants Containing Deletions in the 5′ 

Noncoding Region of the RNA Genome." Virology 207.1 (1995): 68-76.   

94. Zeng, L., B. Falgout, and L. Markoff. "Identification of Specific Nucleotide Sequences within the 

Conserved 3'-SL in the Dengue Type 2 Virus Genome Required for Replication." Journal of 

virology 72.9 (1998): 7510-22.   

95. Manzano, M., et al. "Identification of Cis-Acting Elements in the 3'-Untranslated Region of the 

Dengue Virus Type 2 RNA that Modulate Translation and Replication." The Journal of 

biological chemistry 286.25 (2011): 22521-34.   

96. Chen, Yaping, et al. "Dengue Virus Infectivity Depends on Envelope Protein Binding to Target 

Cell Heparan Sulfate." Nature medicine 3.8 (1997): 866-71.   

97. Cui, Taian, et al. "Recombinant Dengue Virus Type 1 NS3 Protein Exhibits Specific Viral RNA 

Binding and NTPase Activity Regulated by the NS5 Protein." Virology 246.2 (1998): 409-17.   

98. Clyde, K., J. L. Kyle, and E. Harris. "Recent Advances in Deciphering Viral and Host 

Determinants of Dengue Virus Replication and Pathogenesis." Journal of virology 80.23 (2006): 

11418-31.   

99. Polacek, C., P. Friebe, and E. Harris. "Poly(A)-Binding Protein Binds to the Non-Polyadenylated 

3' Untranslated Region of Dengue Virus and Modulates Translation Efficiency." The Journal of 

general virology 90.Pt 3 (2009): 687-92.   

100. Villordo, S. M., D. E. Alvarez, and A. V. Gamarnik. "A Balance between Circular and Linear 

Forms of the Dengue Virus Genome is Crucial for Viral Replication." RNA (New York, N.Y.) 

16.12 (2010): 2325-35.   

101. Pong, Wen-Li, et al. "RNA Binding Property and RNA Chaperone Activity of Dengue Virus 

Core Protein and Other Viral RNA-Interacting Proteins." FEBS letters 585.16 (2011): 2575-81.   



 

48 

102. Dokland, Terje, et al. "West Nile Virus Core Protein: Tetramer Structure and Ribbon 

Formation." Structure 12.7 (2004): 1157-63.   

103. Ma, L., et al. "Solution Structure of Dengue Virus Capsid Protein Reveals another Fold." 

Proceedings of the National Academy of Sciences of the United States of America 101.10 (2004): 

3414-9.   

104. Hsieh, Szu-Chia, et al. "The C-Terminal Helical Domain of Dengue Virus Precursor Membrane 

Protein is Involved in Virus Assembly and Entry." Virology 410.1 (2011): 170-80.   

105. Amberg, S. M., et al. "NS2B-3 Proteinase-Mediated Processing in the Yellow Fever Virus 

Structural Region: In Vitro and in Vivo Studies." Journal of virology 68.6 (1994): 3794-802.   

106. Guirakhoo, Farshad, et al. "Selection and Partial Characterization of Dengue 2 Virus Mutants 

that Induce Fusion at Elevated pH." Virology 194.1 (1993): 219-23.   

107. Lorenz, I. C., et al. "Folding and Dimerization of Tick-Borne Encephalitis Virus Envelope 

Proteins prM and E in the Endoplasmic Reticulum." Journal of virology 76.11 (2002): 5480-91.   

108. Lindenbach, Brett D., and Charles M. Rice. "Molecular Biology of Flaviviruses." Advances in 

Virus Research 59 (2003): 23-61.   

109. Junjhon, J., et al. "Influence of Pr-M Cleavage on the Heterogeneity of Extracellular Dengue 

Virus Particles." Journal of virology 84.16 (2010): 8353-8.   

110. Bryant, Juliet E., et al. "Glycosylation of the Dengue 2 Virus E Protein at N67 is Critical for 

Virus Growth in Vitro but Not for Growth in Intrathoracically Inoculated Aedes Aegypti 

Mosquitoes." Virology 366.2 (2007): 415-23.   

111. Mondotte, J. A., et al. "Essential Role of Dengue Virus Envelope Protein N Glycosylation at 

Asparagine-67 during Viral Propagation." Journal of virology 81.13 (2007): 7136-48.   



 

49 

112. Mandl, C. W., et al. "Attenuation of Tick-Borne Encephalitis Virus by Structure-Based Site-

Specific Mutagenesis of a Putative Flavivirus Receptor Binding Site." Journal of virology 74.20 

(2000): 9601-9.   

113. Mukhopadhyay, Suchetana, Richard J. Kuhn, and Michael G. Rossmann. "A Structural 

Perspective of the Flavivirus Life Cycle." Nature Reviews Microbiology 3.1 (2005): 13-22.   

114. Mason, Peter W. "Maturation of Japanese Encephalitis Virus Glycoproteins Produced by 

Infected Mammalian and Mosquito Cells." Virology 169.2 (1989): 354-64.   

115. Falgout, B., and L. Markoff. "Evidence that Flavivirus NS1-NS2A Cleavage is Mediated by a 

Membrane-Bound Host Protease in the Endoplasmic Reticulum." Journal of virology 69.11 

(1995): 7232-43.   

116. Winkler, Gunther, et al. "Newly Synthesized Dengue-2 Virus Nonstructural Protein NS1 is a 

Soluble Protein but Becomes Partially Hydrophobic and Membrane-Associated After 

Dimerization." Virology 171.1 (1989): 302-5.   

117. Noisakran, S., et al. "Association of Dengue Virus NS1 Protein with Lipid Rafts." The Journal 

of general virology 89.Pt 10 (2008): 2492-500.   

118. Flamand, M., et al. "Dengue Virus Type 1 Nonstructural Glycoprotein NS1 is Secreted from 

Mammalian Cells as a Soluble Hexamer in a Glycosylation-Dependent Fashion." Journal of 

virology 73.7 (1999): 6104-10.   

119. Crooks, Alan J., et al. "Purification and Analysis of Infectious Virions and Native Non-

Structural Antigens from Cells Infected with Tick-Borne Encephalitis Virus." Journal of 

Chromatography A 502 (1990): 59-68.   

120. Gutsche, I., et al. "Secreted Dengue Virus Nonstructural Protein NS1 is an Atypical Barrel-

Shaped High-Density Lipoprotein." Proceedings of the National Academy of Sciences of the 

United States of America 108.19 (2011): 8003-8.   



 

50 

121. Akey, D. L., et al. "Flavivirus NS1 Structures Reveal Surfaces for Associations with Membranes 

and the Immune System." Science (New York, N.Y.) 343.6173 (2014): 881-5.   

122. Khromykh, A. A., et al. "Efficient Trans-Complementation of the Flavivirus Kunjin NS5 Protein 

but Not of the NS1 Protein Requires its Coexpression with Other Components of the Viral 

Replicase." Journal of virology 73.12 (1999): 10272-80.   

123. Mackenzie, Jason M., Malcom K. Jones, and Paul R. Young. "Immunolocalization of the 

Dengue Virus Nonstructural Glycoprotein NS1 Suggests a Role in Viral RNA Replication." 

Virology 220.1 (1996): 232-40.   

124. Lindenbach, B. D., and C. M. Rice. "Genetic Interaction of Flavivirus Nonstructural Proteins 

NS1 and NS4A as a Determinant of Replicase Function." Journal of virology 73.6 (1999): 4611-

21.   

125. Youn, S., et al. "Evidence for a Genetic and Physical Interaction between Nonstructural Proteins 

NS1 and NS4B that Modulates Replication of West Nile Virus." Journal of virology 86.13 

(2012): 7360-71.   

126. Avirutnan, Panisadee, et al. "Secreted NS1 of Dengue Virus Attaches to the Surface of Cells Via 

Interactions with Heparan Sulfate and Chondroitin Sulfate E." (2007)  

127. Muller, David A., and Paul R. Young. "The Flavivirus NS1 Protein: Molecular and Structural 

Biology, Immunology, Role in Pathogenesis and Application as a Diagnostic Biomarker." 

Antiviral Research 98.2 (2013): 192-208.   

128. Kummerer, B. M., and C. M. Rice. "Mutations in the Yellow Fever Virus Nonstructural Protein 

NS2A Selectively Block Production of Infectious Particles." Journal of virology 76.10 (2002): 

4773-84.   

129. Khromykh, A. A., et al. "Essential Role of Cyclization Sequences in Flavivirus RNA 

Replication." Journal of virology 75.14 (2001): 6719-28.   



 

51 

130. Arias, Carlos F., Frank Preugschat, and James H. Strauss. "Dengue 2 Virus NS2B and NS3 Form 

a Stable Complex that can Cleave NS3 within the Helicase Domain." Virology 193.2 (1993): 888-

99.   

131. Chambers, T. J., A. Grakoui, and C. M. Rice. "Processing of the Yellow Fever Virus 

Nonstructural Polyprotein: A Catalytically Active NS3 Proteinase Domain and NS2B are 

Required for Cleavages at Dibasic Sites." Journal of virology 65.11 (1991): 6042-50.   

132. Rodriguez-Madoz, J. R., et al. "Inhibition of the Type I Interferon Response in Human Dendritic 

Cells by Dengue Virus Infection Requires a Catalytically Active NS2B3 Complex." Journal of 

virology 84.19 (2010): 9760-74.   

133. Gorbalenya, Alexander E., et al. "An NTP-Binding Motif is the most Conserved Sequence in a 

Highly Diverged Monophyletic Group of Proteins Involved in Positive Strand RNA Viral 

Replication." Journal of Molecular Evolution 28.3 (1989): 256-68.   

134. Li, H., et al. "The Serine Protease and RNA-Stimulated Nucleoside Triphosphatase and RNA 

Helicase Functional Domains of Dengue Virus Type 2 NS3 Converge within a Region of 20 

Amino Acids." Journal of virology 73.4 (1999): 3108-16.   

135. Wengler, Gerd, and Gisela Wengler. "The NS 3 Nonstructural Protein of Flaviviruses Contains 

an RNA Triphosphatase Activity." Virology 197.1 (1993): 265-73.   

136. Heaton, N. S., et al. "Dengue Virus Nonstructural Protein 3 Redistributes Fatty Acid Synthase to 

Sites of Viral Replication and Increases Cellular Fatty Acid Synthesis." Proceedings of the 

National Academy of Sciences of the United States of America 107.40 (2010): 17345-50.   

137. Miller, S., et al. "The Non-Structural Protein 4A of Dengue Virus is an Integral Membrane 

Protein Inducing Membrane Alterations in a 2K-Regulated Manner." The Journal of biological 

chemistry 282.12 (2007): 8873-82.   



 

52 

138. Umareddy, I., et al. "Dengue Virus NS4B Interacts with NS3 and Dissociates it from Single-

Stranded RNA." The Journal of general virology 87.Pt 9 (2006): 2605-14.   

139. Grant, D., et al. "A Single Amino Acid in Nonstructural Protein NS4B Confers Virulence to 

Dengue Virus in AG129 Mice through Enhancement of Viral RNA Synthesis." Journal of 

virology 85.15 (2011): 7775-87.   

140. Kelley, James F., et al. "Maturation of Dengue Virus Nonstructural Protein 4B in Monocytes 

Enhances Production of Dengue Hemorrhagic Fever-Associated Chemokines and Cytokines." 

Virology 418.1 (2011): 27-39.   

141. Koonin, EV. "Computer-Assisted Identification of a Putative Methyltransferase Domain in NS5 

Protein of Flaviviruses and 2 Protein of Reovirus." J.Gen.Virol 74 (1993): 733-40.   

142. Issur, M., et al. "The Flavivirus NS5 Protein is a True RNA Guanylyltransferase that Catalyzes a 

Two-Step Reaction to Form the RNA Cap Structure." RNA (New York, N.Y.) 15.12 (2009): 2340-

50.   

143. Kapoor, M., et al. "Association between NS3 and NS5 Proteins of Dengue Virus Type 2 in the 

Putative RNA Replicase is Linked to Differential Phosphorylation of NS5." The Journal of 

biological chemistry 270.32 (1995): 19100-6.   

144. Mazzon, M., et al. "Dengue Virus NS5 Inhibits Interferon-Alpha Signaling by Blocking Signal 

Transducer and Activator of Transcription 2 Phosphorylation." The Journal of infectious diseases 

200.8 (2009): 1261-70.   

145. Dalrymple, N., and E. R. Mackow. "Productive Dengue Virus Infection of Human Endothelial 

Cells is Directed by Heparan Sulfate-Containing Proteoglycan Receptors." Journal of virology 

85.18 (2011): 9478-85.   



 

53 

146. Anez, G., et al. "Passage of Dengue Virus Type 4 Vaccine Candidates in Fetal Rhesus Lung 

Cells Selects Heparin-Sensitive Variants that Result in Loss of Infectivity and Immunogenicity in 

Rhesus Macaques." Journal of virology 83.20 (2009): 10384-94.   

147. Miller, Sven, and Jacomine Krijnse-Locker. "Modification of Intracellular Membrane Structures 

for Virus Replication." Nature Reviews Microbiology 6.5 (2008): 363-74.   

148. Navarro-Sanchez, E., et al. "Dendritic-Cell-Specific ICAM3-Grabbing Non-Integrin is Essential 

for the Productive Infection of Human Dendritic Cells by Mosquito-Cell-Derived Dengue 

Viruses." EMBO reports 4.7 (2003): 723-8.   

149. Hung, Shan-Ling, et al. "Analysis of the Steps Involved in Dengue Virus Entry into Host Cells." 

Virology 257.1 (1999): 156-67.   

150. Reyes-Del Valle, J., et al. "Heat Shock Protein 90 and Heat Shock Protein 70 are Components of 

Dengue Virus Receptor Complex in Human Cells." Journal of virology 79.8 (2005): 4557-67.   

151. Pena, J., and E. Harris. "Dengue Virus Modulates the Unfolded Protein Response in a Time-

Dependent Manner." The Journal of biological chemistry 286.16 (2011): 14226-36.   

152. Aoki, C., et al. "Identification and Characterization of Carbohydrate Molecules in Mammalian 

Cells Recognized by Dengue Virus Type 2." Journal of Biochemistry 139.3 (2006): 607-14.   

153. Meertens, Laurent, et al. "The TIM and TAM Families of Phosphatidylserine Receptors Mediate 

Dengue Virus Entry." Cell host & microbe 12.4 (2012): 544-57.   

154. Tassaneetrithep, B., et al. "DC-SIGN (CD209) Mediates Dengue Virus Infection of Human 

Dendritic Cells." The Journal of experimental medicine 197.7 (2003): 823-9.   

155. Acosta, Eliana G., Anil Kumar, and Ralf Bartenschlager. "Revisiting Dengue Virus-Host Cell 

Interaction: New Insights into Molecular and Cellular Virology." Adv Virus Res 88 (2014): 1-109.   

156. Welsch, Sonja, et al. "Composition and Three-Dimensional Architecture of the Dengue Virus 

Replication and Assembly Sites." Cell host & microbe 5.4 (2009): 365-75.   



 

54 

157. Cleaves, Graham R., Terence E. Ryan, and R. Walter Schlesinger. "Identification and 

Characterization of Type 2 Dengue Virus Replicative Intermediate and Replicative Form RNAs." 

Virology 111.1 (1981): 73-83.   

158. Westaway, Edwin G., Jason M. Mackenzie, and Alexander A. Khromykh. "Kunjin RNA 

Replication and Applications ofKunjin Replicons." Advances in Virus Research 59 (2003): 99-

140.   

159. Shi, P. Y. "Structural Biology. Unraveling a Flavivirus Enigma." Science (New York, N.Y.) 

343.6173 (2014): 849-50.   

160. Pierson, Theodore C., and Michael S. Diamond. "Vaccine Development as a Means to Control 

Dengue Virus Pathogenesis: Do we Know enough?" Annual Review of Virology 1 (2014): 375-

98.   

161. Steinman, R. M., and Z. A. Cohn. "Identification of a Novel Cell Type in Peripheral Lymphoid 

Organs of Mice. I. Morphology, Quantitation, Tissue Distribution." The Journal of experimental 

medicine 137.5 (1973): 1142-62.   

162. Banchereau, Jacques, et al. "Immunobiology of Dendritic Cells." Annual Review of Immunology 

18.1 (2000): 767-811.   

163. Onai, Nobuyuki, et al. "Identification of Clonogenic Common Flt3 M-CSFR Plasmacytoid and 

Conventional Dendritic Cell Progenitors in Mouse Bone Marrow." Nature immunology 8.11 

(2007): 1207-16.   

164. Liu, K., et al. "In Vivo Analysis of Dendritic Cell Development and Homeostasis." Science (New 

York, N.Y.) 324.5925 (2009): 392-7.   

165. Pixley, Fiona J., and E. Richard Stanley. "CSF-1 Regulation of the Wandering Macrophage: 

Complexity in Action." Trends in cell biology 14.11 (2004): 628-38.   



 

55 

166. Greter, Melanie, et al. "GM-CSF Controls Nonlymphoid Tissue Dendritic Cell Homeostasis but 

is Dispensable for the Differentiation of Inflammatory Dendritic Cells." Immunity 36.6 (2012): 

1031-46.   

167. Wu, Q., et al. "The Requirement of Membrane Lymphotoxin for the Presence of Dendritic Cells 

in Lymphoid Tissues." The Journal of experimental medicine 190.5 (1999): 629-38.   

168. Borkowski, Teresa A., et al. "Expression of gp40, the Murine Homologue of Human Epithelial 

Cell Adhesion Molecule (Ep‐CAM), by Murine Dendritic Cells." European journal of 

immunology 26.1 (1996): 110-4.   

169. Romani, N., et al. "Proliferating Dendritic Cell Progenitors in Human Blood." The Journal of 

experimental medicine 180.1 (1994): 83-93.   

170. Zhou, L. J., and T. F. Tedder. "CD14+ Blood Monocytes can Differentiate into Functionally 

Mature CD83+ Dendritic Cells." Proceedings of the National Academy of Sciences of the United 

States of America 93.6 (1996): 2588-92.   

171. Bruno, L., et al. "Identification of a Committed T Cell Precursor Population in Adult Human 

Peripheral Blood." The Journal of experimental medicine 185.5 (1997): 875-84.   

172. Merad, M., et al. "The Dendritic Cell Lineage: Ontogeny and Function of Dendritic Cells and 

their Subsets in the Steady State and the Inflamed Setting." Annual Review of Immunology 31 

(2013): 563-604.   

173. Winzler, C., et al. "Maturation Stages of Mouse Dendritic Cells in Growth Factor-Dependent 

Long-Term Cultures." The Journal of experimental medicine 185.2 (1997): 317-28.   

174. Diebold, Sandra S. "Activation of Dendritic Cells by Toll-Like Receptors and C-Type Lectins." 

Dendritic Cells.Springer, 2009. 3-30.    

175. Becker, Yechiel. "Milestones in the Research on Skin Epidermal Langerhans/Dendritic Cells 

(LCs/DCs) from the Discovery of Paul Langerhans 1868–1989." Virus genes 26.2 (2003): 131-4.   



 

56 

176. Valladeau, Jenny, et al. "The Monoclonal Antibody DCGM4 Recognizes Langerin, a Protein 

Specific of Langerhans Cells, and is Rapidly Internalized from the Cell Surface." European 

journal of immunology 29.9 (1999): 2695-704.   

177. Collin, Matthew, Naomi McGovern, and Muzlifah Haniffa. "Human Dendritic Cell Subsets." 

Immunology 140.1 (2013): 22-30.   

178. Randolph, Gwendalyn J., Jordi Ochando, and Santiago Partida-Sánchez. "Migration of Dendritic 

Cell Subsets and their Precursors." Annu.Rev.Immunol. 26 (2008): 293-316.   

179. Shortman, Ken, and William R. Heath. "The CD8 Dendritic Cell Subset." Immunological 

reviews 234.1 (2010): 18-31.   

180. Randolph, Gwendalyn J., Veronique Angeli, and Melody A. Swartz. "Dendritic-Cell Trafficking 

to Lymph Nodes through Lymphatic Vessels." Nature Reviews Immunology 5.8 (2005): 617-28.   

181. Chan, V. W., et al. "Secondary Lymphoid-Tissue Chemokine (SLC) is Chemotactic for Mature 

Dendritic Cells." Blood 93.11 (1999): 3610-6.   

182. Dieu, M. C., et al. "Selective Recruitment of Immature and Mature Dendritic Cells by Distinct 

Chemokines Expressed in Different Anatomic Sites." The Journal of experimental medicine 

188.2 (1998): 373-86.   

183. Ohl, Lars, et al. "CCR7 Governs Skin Dendritic Cell Migration Under Inflammatory and Steady-

State Conditions." Immunity 21.2 (2004): 279-88.   

184. Brocker, T. "The Role of Dendritic Cells in T Cell Selection and Survival." Journal of leukocyte 

biology 66.2 (1999): 331-5.   

185. Bell, Diana, James W. Young, and Jacques Banchereau. "Dendritic Cells." Advances in 

Immunology 72 (1999): 255-305.   

186. Hart, D. N. "Dendritic Cells: Unique Leukocyte Populations which Control the Primary Immune 

Response." Blood 90.9 (1997): 3245-87.   



 

57 

187. Dubois, B., et al. "Dendritic Cells Enhance Growth and Differentiation of CD40-Activated B 

Lymphocytes." The Journal of experimental medicine 185.5 (1997): 941-51.   

188. Nasirudeen, A. M., et al. "RIG-I, MDA5 and TLR3 Synergistically Play an Important Role in 

Restriction of Dengue Virus Infection." PLoS neglected tropical diseases 5.1 (2011): e926.   

189. Takeda, K., and S. Akira. "Toll-Like Receptors in Innate Immunity." International immunology 

17.1 (2005): 1-14.   

190. Akira, Shizuo, and Kiyoshi Takeda. "Toll-Like Receptor Signalling." Nature Reviews 

Immunology 4.7 (2004): 499-511.   

191. Sariol, Carlos A., et al. "Decreased Dengue Replication and an Increased Anti-Viral Humoral 

Response with the use of Combined Toll-Like Receptor 3 and 7/8 Agonists in Macaques." PLoS 

One 6.4 (2011): e19323.   

192. Tsai, Yi‐Ting, et al. "Human TLR3 Recognizes Dengue Virus and Modulates Viral Replication 

in Vitro." Cellular microbiology 11.4 (2009): 604-15.   

193. Loo, Yueh-Ming, and Michael Gale. "Immune Signaling by RIG-I-Like Receptors." Immunity 

34.5 (2011): 680-92.   

194. Platanias, Leonidas C. "Mechanisms of Type-I-and Type-II-Interferon-Mediated Signalling." 

Nature Reviews Immunology 5.5 (2005): 375-86.   

195. Goodbourn, S., L. Didcock, and R. E. Randall. "Interferons: Cell Signalling, Immune 

Modulation, Antiviral Response and Virus Countermeasures." The Journal of general virology 

81.Pt 10 (2000): 2341-64.   

196. Darnell, J. E.,Jr, I. M. Kerr, and G. R. Stark. "Jak-STAT Pathways and Transcriptional 

Activation in Response to IFNs and Other Extracellular Signaling Proteins." Science (New York, 

N.Y.) 264.5164 (1994): 1415-21.   



 

58 

197. Schoggins, John W., et al. "A Diverse Range of Gene Products are Effectors of the Type I 

Interferon Antiviral Response." Nature 472.7344 (2011): 481-5.   

198. Martina, B. E., P. Koraka, and A. D. Osterhaus. "Dengue Virus Pathogenesis: An Integrated 

View." Clinical microbiology reviews 22.4 (2009): 564-81.   

199. Rodrigo, W. W., et al. "Differential Enhancement of Dengue Virus Immune Complex Infectivity 

Mediated by Signaling-Competent and Signaling-Incompetent Human Fcgamma RIA (CD64) Or 

FcgammaRIIA (CD32)." Journal of virology 80.20 (2006): 10128-38.   

200. Boonnak, K., et al. "Human FcgammaRII Cytoplasmic Domains Differentially Influence 

Antibody-Mediated Dengue Virus Infection." Journal of immunology (Baltimore, Md.: 1950) 

190.11 (2013): 5659-65.   

201. Weiskopf, Daniela, and Alessandro Sette. "T-Cell Immunity to Infection with Dengue Virus in 

Humans." Frontiers in immunology 5 (2014)  

202. Azeredo, EL, et al. "NK Cells, Displaying Early Activation, Cytotoxicity and Adhesion 

Molecules, are Associated with Mild Dengue Disease." Clinical & Experimental Immunology 

143.2 (2006): 345-56.   

203. St John, A. L., et al. "Immune Surveillance by Mast Cells during Dengue Infection Promotes 

Natural Killer (NK) and NKT-Cell Recruitment and Viral Clearance." Proceedings of the 

National Academy of Sciences of the United States of America 108.22 (2011): 9190-5.   

204. Chu, Ya‐Ting, et al. "Mast Cell–macrophage Dynamics in Modulation of Dengue Virus 

Infection in Skin." Immunology 146.1 (2015): 163-72.   

205. King, C. A., R. Anderson, and J. S. Marshall. "Dengue Virus Selectively Induces Human Mast 

Cell Chemokine Production." Journal of virology 76.16 (2002): 8408-19.   



 

59 

206. Brown, Michael G., et al. "RNA Sensors Enable Human Mast Cell Anti-Viral Chemokine 

Production and IFN-Mediated Protection in Response to Antibody-Enhanced Dengue Virus 

Infection." PLoS One 7.3 (2012): 1-11.   

207. St John, Ashley L., et al. "Contributions of Mast Cells and Vasoactive Products, Leukotrienes 

and Chymase, to Dengue Virus-Induced Vascular Leakage." Elife 2 (2013): e00481.   

208. Furuta, T., et al. "Association of Mast Cell-Derived VEGF and Proteases in Dengue Shock 

Syndrome." PLoS neglected tropical diseases 6.2 (2012): e1505.   

209. Lozach, P. Y., et al. "Dendritic Cell-Specific Intercellular Adhesion Molecule 3-Grabbing Non-

Integrin (DC-SIGN)-Mediated Enhancement of Dengue Virus Infection is Independent of DC-

SIGN Internalization Signals." The Journal of biological chemistry 280.25 (2005): 23698-708.   

210. Wu, Shuenn-Jue L., et al. "Human Skin Langerhans Cells are Targets of Dengue Virus 

Infection." Nature medicine 6.7 (2000): 816-20.   

211. Limon‐Flores, Alberto Yairh, et al. "Dengue Virus Inoculation to Human Skin Explants: An 

Effective Approach to Assess in Situ the Early Infection and the Effects on Cutaneous Dendritic 

Cells." International journal of experimental pathology 86.5 (2005): 323-34.   

212. Schmid, Michael A., Michael S. Diamond, and Eva Harris. "Dendritic Cells in Dengue Virus 

Infection: Targets of Virus Replication and Mediators of Immunity." Frontiers in immunology 5 

(2014)  

213. Kawai, Taro, and Shizuo Akira. "Innate Immune Recognition of Viral Infection." Nature 

immunology 7.2 (2006): 131-7.   

214. Sun, Peifang, et al. "Functional Characterization of Ex Vivo Blood Myeloid and Plasmacytoid 

Dendritic Cells After Infection with Dengue Virus." Virology 383.2 (2009): 207-15.   



 

60 

215. Wang, J. P., et al. "Flavivirus Activation of Plasmacytoid Dendritic Cells Delineates Key 

Elements of TLR7 Signaling Beyond Endosomal Recognition." Journal of immunology 

(Baltimore, Md.: 1950) 177.10 (2006): 7114-21.   

216. Gandini, Mariana, et al. "Dengue Virus Activates Membrane TRAIL Relocalization and IFN-Α 

Production by Human Plasmacytoid Dendritic Cells in Vitro and in Vivo." (2013)  

217. Pichyangkul, S., et al. "A Blunted Blood Plasmacytoid Dendritic Cell Response to an Acute 

Systemic Viral Infection is Associated with Increased Disease Severity." Journal of immunology 

(Baltimore, Md.: 1950) 171.10 (2003): 5571-8.   

218. Chen, R. F., et al. "Different Clinical and Laboratory Manifestations between Dengue 

Haemorrhagic Fever and Dengue Fever with Bleeding Tendency." Transactions of the Royal 

Society of Tropical Medicine and Hygiene 101.11 (2007): 1106-13.   

219. Boonnak, K., et al. "Role of Dendritic Cells in Antibody-Dependent Enhancement of Dengue 

Virus Infection." Journal of virology 82.8 (2008): 3939-51.   

220. Takeuchi, Osamu, and Shizuo Akira. "Pattern Recognition Receptors and Inflammation." Cell 

140.6 (2010): 805-20.   

221. Palmer, D. R., et al. "Differential Effects of Dengue Virus on Infected and Bystander Dendritic 

Cells." Journal of virology 79.4 (2005): 2432-9.   

222. Nightingale, Z. D., C. Patkar, and A. L. Rothman. "Viral Replication and Paracrine Effects 

Result in Distinct, Functional Responses of Dendritic Cells Following Infection with Dengue 2 

Virus." Journal of leukocyte biology 84.4 (2008): 1028-38.   

223. Sun, P., et al. "CD40 Ligand Enhances Dengue Viral Infection of Dendritic Cells: A Possible 

Mechanism for T Cell-Mediated Immunopathology." Journal of immunology (Baltimore, Md.: 

1950) 177.9 (2006): 6497-503.   



 

61 

224. Dejnirattisai, W., et al. "A Complex Interplay among Virus, Dendritic Cells, T Cells, and 

Cytokines in Dengue Virus Infections." Journal of immunology (Baltimore, Md.: 1950) 181.9 

(2008): 5865-74.   

225. Chase, A. J., F. A. Medina, and J. L. Munoz-Jordan. "Impairment of CD4+ T Cell Polarization 

by Dengue Virus-Infected Dendritic Cells." The Journal of infectious diseases 203.12 (2011): 

1763-74.   

226. Yauch, L. E., et al. "CD4+ T Cells are Not Required for the Induction of Dengue Virus-Specific 

CD8+ T Cell Or Antibody Responses but Contribute to Protection After Vaccination." Journal of 

immunology (Baltimore, Md.: 1950) 185.9 (2010): 5405-16.   

227. Zompi, S., et al. "Protection from Secondary Dengue Virus Infection in a Mouse Model Reveals 

the Role of Serotype Cross-Reactive B and T Cells." Journal of immunology (Baltimore, Md.: 

1950) 188.1 (2012): 404-16.   

228. Weiskopf, D., et al. "Comprehensive Analysis of Dengue Virus-Specific Responses Supports an 

HLA-Linked Protective Role for CD8+ T Cells." Proceedings of the National Academy of 

Sciences of the United States of America 110.22 (2013): E2046-53.   

229. Zivny, Jaroslav, Ichiro Kurane, and Francis A. Ennis. "Establishment of Dengue Virus-Specific 

Human CD4 T Lymphocyte Clones from Percoll-Purified T Lymphoblasts by Stimulation with 

Monoclonal Antibody to CD3." Journal of immunological methods 188.1 (1995): 165-7.   

230. Simmons, C. P., et al. "Early T-Cell Responses to Dengue Virus Epitopes in Vietnamese Adults 

with Secondary Dengue Virus Infections." Journal of virology 79.9 (2005): 5665-75.   

231. Kurane, I., et al. "Dengue Virus-Specific, Human CD4+ CD8- Cytotoxic T-Cell Clones: 

Multiple Patterns of Virus Cross-Reactivity Recognized by NS3-Specific T-Cell Clones." Journal 

of virology 65.4 (1991): 1823-8.   



 

62 

232. Lobigs, Mario, et al. "The Flavivirus Nonstructural Protein NS3 is a Dominant Source of 

Cytotoxic T Cell Peptide Determinants." Virology 202.1 (1994): 195-201.   

233. Malavige, Gathsaurie Neelika, and Graham S. Ogg. "T Cell Responses in Dengue Viral 

Infections." Journal of Clinical Virology 58.4 (2013): 605-11.   

234. Weiskopf, D., et al. "Comprehensive Analysis of Dengue Virus-Specific Responses Supports an 

HLA-Linked Protective Role for CD8+ T Cells." Proceedings of the National Academy of 

Sciences of the United States of America 110.22 (2013): E2046-53.   

235. Loke, H., et al. "Strong HLA Class I--Restricted T Cell Responses in Dengue Hemorrhagic 

Fever: A Double-Edged Sword?" The Journal of infectious diseases 184.11 (2001): 1369-73.   

236. Stephens, HAF. "HLA and Other Gene Associations with Dengue Disease Severity." Dengue 

Virus.Springer, 2010. 99-114.    

237. Dejnirattisai, W., et al. "A Complex Interplay among Virus, Dendritic Cells, T Cells, and 

Cytokines in Dengue Virus Infections." Journal of immunology (Baltimore, Md.: 1950) 181.9 

(2008): 5865-74.   

238. Ho, Ling‐Jun, et al. "Infection of Human Dendritic Cells by Dengue Virus Activates and Primes 

T Cells Towards Th0‐Like Phenotype Producing both Th1 and Th2 Cytokines." Immunological 

investigations 33.4 (2004): 423-37.   

239. Avirutnan, P., et al. "Dengue Virus Infection of Human Endothelial Cells Leads to Chemokine 

Production, Complement Activation, and Apoptosis." Journal of immunology (Baltimore, Md.: 

1950) 161.11 (1998): 6338-46.   

240. Bosch, I., et al. "Increased Production of Interleukin-8 in Primary Human Monocytes and in 

Human Epithelial and Endothelial Cell Lines After Dengue Virus Challenge." Journal of virology 

76.11 (2002): 5588-97.   



 

63 

241. Ashour, Joseph, et al. "Mouse STAT2 Restricts Early Dengue Virus Replication." Cell host & 

microbe 8.5 (2010): 410-21.   

242. Johnson, A. J., and J. T. Roehrig. "New Mouse Model for Dengue Virus Vaccine Testing." 

Journal of virology 73.1 (1999): 783-6.   

243. Perry, Stuart T., et al. "STAT2 Mediates Innate Immunity to Dengue Virus in the Absence of 

STAT1 Via the Type I Interferon Receptor." (2011)  

244. Samuel, C. E. "Antiviral Actions of Interferons." Clinical microbiology reviews 14.4 (2001): 

778,809, table of contents.   

245. Biron, Christine A., et al. "Natural Killer Cells in Antiviral Defense: Function and Regulation by 

Innate Cytokines." Annual Review of Immunology 17.1 (1999): 189-220.   

246. Diamond, M. S., et al. "Modulation of Dengue Virus Infection in Human Cells by Alpha, Beta, 

and Gamma Interferons." Journal of virology 74.11 (2000): 4957-66.   

247. Jiang, D., et al. "Identification of Five Interferon-Induced Cellular Proteins that Inhibit West 

Nile Virus and Dengue Virus Infections." Journal of virology 84.16 (2010): 8332-41.   

248. Fink, Joshua, et al. "Host Gene Expression Profiling of Dengue Virus Infection in Cell Lines and 

Patients." PLoS Negl Trop Dis 1.2 (2007): e86.   

249. Macatonia, S. E., et al. "Dendritic Cells and Macrophages are Required for Th1 Development of 

CD4+ T Cells from Alpha Beta TCR Transgenic Mice: IL-12 Substitution for Macrophages to 

Stimulate IFN-Gamma Production is IFN-Gamma-Dependent." International immunology 5.9 

(1993): 1119-28.   

250. MacMicking, John, Qiao-wen Xie, and Carl Nathan. "Nitric Oxide and Macrophage Function." 

Annual Review of Immunology 15.1 (1997): 323-50.   

251. Azeredo, Elzinandes L., et al. "Characterisation of Lymphocyte Response and Cytokine Patterns 

in Patients with Dengue Fever." Immunobiology 204.4 (2001): 494-507.   



 

64 

252. Chakravarti, Anita, and Rajni Kumaria. "Circulating Levels of Tumour Necrosis Factor-Alpha & 

Interferon-Gamma in Patients with Dengue & Dengue Haemorrhagic Fever during an Outbreak." 

Indian Journal of Medical Research 123.1 (2006): 25.   

253. Bozza, F. A., et al. "Multiplex Cytokine Profile from Dengue Patients: MIP-1beta and IFN-

Gamma as Predictive Factors for Severity." BMC infectious diseases 8 (2008): 86,2334-8-86.   

254. Laur, F., et al. "Plasma Levels of Tumour Necrosis Factor Alpha and Transforming Growth 

Factor Beta-1 in Children with Dengue 2 Virus Infection in French Polynesia." Transactions of 

the Royal Society of Tropical Medicine and Hygiene 92.6 (1998): 654-6.   

255. Juffrie, M., et al. "Inflammatory Mediators in Dengue Virus Infection in Children: Interleukin-6 

and its Relation to C-Reactive Protein and Secretory Phospholipase A2." The American Journal 

of Tropical Medicine and Hygiene 65.1 (2001): 70-5.   

256. Mustafa, AS, et al. "Elevated Levels of interleukin‐13 and IL‐18 in Patients with Dengue 

Hemorrhagic Fever." FEMS Immunology & Medical Microbiology 30.3 (2001): 229-33.   

257. Pérez, Ana B., et al. "IL‐10 Levels in Dengue Patients: Some Findings from the Exceptional 

Epidemiological Conditions in Cuba." Journal of medical virology 73.2 (2004): 230-4.   

258. Raghupathy, R., et al. "Elevated Levels of IL-8 in Dengue Hemorrhagic Fever." Journal of 

medical virology 56.3 (1998): 280-5.   

259. Restrepo, Berta Nelly, et al. "Serum Levels of Interleukin-6, Tumor Necrosis Factor-Alpha and 

Interferon-Gama in Infants with and without Dengue." Revista da Sociedade Brasileira de 

Medicina Tropical 41.1 (2008): 6-10.   

260. de Alwis, R., et al. "Identification of Human Neutralizing Antibodies that Bind to Complex 

Epitopes on Dengue Virions." Proceedings of the National Academy of Sciences of the United 

States of America 109.19 (2012): 7439-44.   



 

65 

261. Vaughn, D. W., et al. "Dengue in the Early Febrile Phase: Viremia and Antibody Responses." 

The Journal of infectious diseases 176.2 (1997): 322-30.   

262. Crill, Wayne D., et al. "Humoral Immune Responses of Dengue Fever Patients using Epitope-

Specific Serotype-2 Virus-Like Particle Antigens." PLoS One 4.4 (2009): e4991.   

263. Wahala, WMPB, et al. "Dengue Virus Neutralization by Human Immune Sera: Role of Envelope 

Protein Domain III-Reactive Antibody." Virology 392.1 (2009): 103-13.   

264. Thullier, P., et al. "A Recombinant Fab Neutralizes Dengue Virus in Vitro." Journal of 

Biotechnology 69.2 (1999): 183-90.   

265. Vaughn, D. W., et al. "Dengue in the Early Febrile Phase: Viremia and Antibody Responses." 

The Journal of infectious diseases 176.2 (1997): 322-30.   

266. Sukupolvi-Petty, S., et al. "Structure and Function Analysis of Therapeutic Monoclonal 

Antibodies Against Dengue Virus Type 2." Journal of virology 84.18 (2010): 9227-39.   

267. Rothman, Alan L. "Immunity to Dengue Virus: A Tale of Original Antigenic Sin and Tropical 

Cytokine Storms." Nature Reviews Immunology 11.8 (2011): 532-43.   

268. Messer, W. B., et al. "Dengue Virus Envelope Protein Domain I/II Hinge Determines Long-

Lived Serotype-Specific Dengue Immunity." Proceedings of the National Academy of Sciences of 

the United States of America 111.5 (2014): 1939-44.   

269. Lai, C. J., et al. "Epitope Determinants of a Chimpanzee Dengue Virus Type 4 (DENV-4)-

Neutralizing Antibody and Protection Against DENV-4 Challenge in Mice and Rhesus Monkeys 

by Passively Transferred Humanized Antibody." Journal of virology 81.23 (2007): 12766-74.   

270. Beatty, P. Robert, et al. "Dengue Virus Nonstructural Protein 1 Vaccine Protects Against Lethal 

Challenge in Interferon {Alpha}/{Beta} Receptor-Deficient Mice (P6348)." The Journal of 

Immunology 190.Meeting Abstracts 1 (2013): 182.26.   



 

66 

271. Beatty, P. R., et al. "Dengue Virus NS1 Triggers Endothelial Permeability and Vascular Leak 

that is Prevented by NS1 Vaccination." Science translational medicine 7.304 (2015): 304ra141.   

272. Klos, Andreas, et al. "The Role of the Anaphylatoxins in Health and Disease." Molecular 

immunology 46.14 (2009): 2753-66.   

273. Avirutnan, P., et al. "Complement-Mediated Neutralization of Dengue Virus Requires Mannose-

Binding Lectin." mBio 2.6 (2011): 10.1128/mBio.00276,11. Print 2011.   

274. Yamanaka, A., S. Kosugi, and E. Konishi. "Infection-Enhancing and -Neutralizing Activities of 

Mouse Monoclonal Antibodies Against Dengue Type 2 and 4 Viruses are Controlled by 

Complement Levels." Journal of virology 82.2 (2008): 927-37.   

275. Mehlhop, Erin, et al. "Complement Protein C1q Inhibits Antibody-Dependent Enhancement of 

Flavivirus Infection in an IgG Subclass-Specific Manner." Cell host & microbe 2.6 (2007): 417-

26.   

276. Guzmán, Maria G., et al. "Fatal Dengue Hemorrhagic Fever in Cuba, 1997." International 

Journal of Infectious Diseases 3.3 (1999): 130-5.   

277. Smith, S. A., et al. "Persistence of Circulating Memory B Cell Clones with Potential for Dengue 

Virus Disease Enhancement for Decades Following Infection." Journal of virology 86.5 (2012): 

2665-75.   

278. de Alwis, R., et al. "In-Depth Analysis of the Antibody Response of Individuals Exposed to 

Primary Dengue Virus Infection." PLoS neglected tropical diseases 5.6 (2011): e1188.   

279. Balsitis, Scott J., et al. "Lethal Antibody Enhancement of Dengue Disease in Mice is Prevented 

by Fc Modification." PLoS Pathog 6.2 (2010): e1000790.   

280. Zellweger, Raphaël M., Tyler R. Prestwood, and Sujan Shresta. "Enhanced Infection of Liver 

Sinusoidal Endothelial Cells in a Mouse Model of Antibody-Induced Severe Dengue Disease." 

Cell host & microbe 7.2 (2010): 128-39.   



 

67 

281. Goncalvez, A. P., et al. "Monoclonal Antibody-Mediated Enhancement of Dengue Virus 

Infection in Vitro and in Vivo and Strategies for Prevention." Proceedings of the National 

Academy of Sciences of the United States of America 104.22 (2007): 9422-7.   

282. Dejnirattisai, W., et al. "Cross-Reacting Antibodies Enhance Dengue Virus Infection in 

Humans." Science (New York, N.Y.) 328.5979 (2010): 745-8.   

283. Mohsin, S. N., et al. "Association of FcgammaRIIa Polymorphism with Clinical Outcome of 

Dengue Infection: First Insight from Pakistan." The American Journal of Tropical Medicine and 

Hygiene 93.4 (2015): 691-6.   

284. Huang, YH, et al. "Antibodies Against Dengue Virus E Protein Peptide Bind to Human 

Plasminogen and Inhibit Plasmin Activity." Clinical & Experimental Immunology 110.1 (1997): 

35-40.   

285. Lin, C. F., et al. "Endothelial Cell Apoptosis Induced by Antibodies Against Dengue Virus 

Nonstructural Protein 1 Via Production of Nitric Oxide." Journal of immunology (Baltimore, 

Md.: 1950) 169.2 (2002): 657-64.   

286. Sun, D‐S, et al. "Antiplatelet Autoantibodies Elicited by Dengue Virus Non‐structural Protein 1 

Cause Thrombocytopenia and Mortality in Mice." Journal of Thrombosis and Haemostasis 5.11 

(2007): 2291-9.   

287. Lin, Shi-Wei, et al. "Dengue Virus Nonstructural Protein NS1 Binds to Prothrombin/Thrombin 

and Inhibits Prothrombin Activation." Journal of Infection 64.3 (2012): 325-34.   

288. Luplertlop, N., et al. "Dengue-Virus-Infected Dendritic Cells Trigger Vascular Leakage through 

Metalloproteinase Overproduction." EMBO reports 7.11 (2006): 1176-81.   

289. Luplertlop, Natthanej, and Dorothée Missé. "MMP Cellular Responses to Dengue Virus 

Infection-Induced Vascular Leakage." Jpn J Infect Dis 61.4 (2008): 298-301.   



 

68 

290. Modhiran, N., et al. "Dengue Virus NS1 Protein Activates Cells Via Toll-Like Receptor 4 and 

Disrupts Endothelial Cell Monolayer Integrity." Science translational medicine 7.304 (2015): 

304ra142.   

291. Chen, Jincheng, Mary Mah-Lee Ng, and Justin Jang Hann Chu. "Activation of TLR2 and TLR6 

by Dengue NS1 Protein and its Implications in the Immunopathogenesis of Dengue Virus 

Infection." PLoS Pathog 11.7 (2015): e1005053.   

292. Butthep, P., et al. "Alteration of Cytokines and Chemokines during Febrile Episodes Associated 

with Endothelial Cell Damage and Plasma Leakage in Dengue Hemorrhagic Fever." The 

Pediatric infectious disease journal 31.12 (2012): e232-8.   

293. Malavige, Gathsaurie Neelika, et al. "Cellular and Cytokine Correlates of Severe Dengue 

Infection." (2012)  

294. Churdboonchart, V., N. Bhamarapravati, and P. Futrakul. "Crossed Immunoelectrophoresis for 

the Detection of Split Products of the Third Complement in Dengue Hemorrhagic Fever. I. 

Observations in Patients' Plasma." The American Journal of Tropical Medicine and Hygiene 32.3 

(1983): 569-76.   

295. Shaio, M. F., F. Y. Chang, and S. C. Hou. "Complement Pathway Activity in Serum from 

Patients with Classical Dengue Fever." Transactions of the Royal Society of Tropical Medicine 

and Hygiene 86.6 (1992): 672-5.   

296. Kurosu, Takeshi, et al. "Secreted Complement Regulatory Protein Clusterin Interacts with 

Dengue Virus Nonstructural Protein 1." Biochemical and biophysical research communications 

362.4 (2007): 1051-6.   

297. Bethell, D. B., et al. "Pathophysiologic and Prognostic Role of Cytokines in Dengue 

Hemorrhagic Fever." The Journal of infectious diseases 177.3 (1998): 778-82.   



 

69 

298. Green, S., et al. "Early Immune Activation in Acute Dengue Illness is Related to Development 

of Plasma Leakage and Disease Severity." The Journal of infectious diseases 179.4 (1999): 755-

62.   

299. Libraty, D. H., et al. "Differing Influences of Virus Burden and Immune Activation on Disease 

Severity in Secondary Dengue-3 Virus Infections." The Journal of infectious diseases 185.9 

(2002): 1213-21.   

300. Rothman, Alan L. "Immunology and Immunopathogenesis of Dengue Disease." Advances in 

Virus Research 60 (2003): 397-419.   

301. Mangada, M. M., and A. L. Rothman. "Altered Cytokine Responses of Dengue-Specific CD4+ T 

Cells to Heterologous Serotypes." Journal of immunology (Baltimore, Md.: 1950) 175.4 (2005): 

2676-83.   

302. Beaumier, Coreen M., and Alan L. Rothman. "Cross-Reactive Memory CD4 T Cells Alter the 

CD8 T-Cell Response to Heterologous Secondary Dengue Virus Infections in Mice in a 

Sequence-Specific Manner." Viral immunology 22.3 (2009): 215-9.   

303. Halstead, S. B., S. Rojanasuphot, and N. Sangkawibha. "Original Antigenic Sin in Dengue." The 

American Journal of Tropical Medicine and Hygiene 32.1 (1983): 154-6.   

304. Nguyen, T. H., et al. "Dengue Hemorrhagic Fever in Infants: A Study of Clinical and Cytokine 

Profiles." The Journal of infectious diseases 189.2 (2004): 221-32.   

305. Pena, J., and E. Harris. "Early Dengue Virus Protein Synthesis Induces Extensive 

Rearrangement of the Endoplasmic Reticulum Independent of the UPR and SREBP-2 Pathway." 

PloS one 7.6 (2012): e38202.   

306. den Boon, Johan A., and Paul Ahlquist. "Organelle-Like Membrane Compartmentalization of 

Positive-Strand RNA Virus Replication Factories." Annual Review of Microbiology 64 (2010): 

241-56.   



 

70 

307. Mateo, R., et al. "Inhibition of Cellular Autophagy Deranges Dengue Virion Maturation." 

Journal of virology 87.3 (2013): 1312-21.   

308. Kakumani, P. K., et al. "Role of RNA Interference (RNAi) in Dengue Virus Replication and 

Identification of NS4B as an RNAi Suppressor." Journal of virology 87.16 (2013): 8870-83.   

309. Funk, A., et al. "RNA Structures Required for Production of Subgenomic Flavivirus RNA." 

Journal of virology 84.21 (2010): 11407-17.   

310. Halstead, Scott B., et al. "Intrinsic Antibody-Dependent Enhancement of Microbial Infection in 

Macrophages: Disease Regulation by Immune Complexes." The Lancet infectious diseases 10.10 

(2010): 712-22.   

311. Avirutnan, P., et al. "Binding of Flavivirus Nonstructural Protein NS1 to C4b Binding Protein 

Modulates Complement Activation." Journal of immunology (Baltimore, Md.: 1950) 187.1 

(2011): 424-33.   

312. Hidmark, A. S., et al. "Early Alpha/Beta Interferon Production by Myeloid Dendritic Cells in 

Response to UV-Inactivated Virus Requires Viral Entry and Interferon Regulatory Factor 3 but 

Not MyD88." Journal of virology 79.16 (2005): 10376-85.   

313. Rodriguez-Madoz, J. R., et al. "Dengue Virus Inhibits the Production of Type I Interferon in 

Primary Human Dendritic Cells." Journal of virology 84.9 (2010): 4845-50.   

314. Aguirre, Sebastian, et al. "DENV Inhibits Type I IFN Production in Infected Cells by Cleaving 

Human STING." (2012)  

315. Munoz-Jordan, J. L., et al. "Inhibition of Alpha/Beta Interferon Signaling by the NS4B Protein 

of Flaviviruses." Journal of virology 79.13 (2005): 8004-13.   

316. Munoz-Jordan, J. L., et al. "Inhibition of Interferon Signaling by Dengue Virus." Proceedings of 

the National Academy of Sciences of the United States of America 100.24 (2003): 14333-8.   



 

71 

317. Morrison, Juliet, et al. "Dengue Virus Co-Opts UBR4 to Degrade STAT2 and Antagonize Type I 

Interferon Signaling." PLoS Pathog 9.3 (2013): e1003265.   

318. Ashour, J., et al. "NS5 of Dengue Virus Mediates STAT2 Binding and Degradation." Journal of 

virology 83.11 (2009): 5408-18.   

319. Somnuke, Pawit, et al. "N-Linked Glycosylation of Dengue Virus NS1 Protein Modulates 

Secretion, Cell-Surface Expression, Hexamer Stability, and Interactions with Human 

Complement." Virology 413.2 (2011): 253-64.   

320. Alcon-LePoder, S., et al. "The Secreted Form of Dengue Virus Nonstructural Protein NS1 is 

Endocytosed by Hepatocytes and Accumulates in Late Endosomes: Implications for Viral 

Infectivity." Journal of virology 79.17 (2005): 11403-11.   

321. Liu, I. J., et al. "Molecular Mimicry of Human Endothelial Cell Antigen by Autoantibodies to 

Nonstructural Protein 1 of Dengue Virus." The Journal of biological chemistry 286.11 (2011): 

9726-36.   

322. Scholle, Frank, and Peter W. Mason. "West Nile Virus Replication Interferes with both Poly (I: 

C)-Induced Interferon Gene Transcription and Response to Interferon Treatment." Virology 342.1 

(2005): 77-87.   

323. Wilson, J. R., et al. "West Nile Virus Nonstructural Protein 1 Inhibits TLR3 Signal 

Transduction." Journal of virology 82.17 (2008): 8262-71.   

324. Crook, Kristen R., et al. "Modulation of Innate Immune Signaling by the Secreted Form of the 

West Nile Virus NS1 Glycoprotein." Virology 458 (2014): 172-82.   

325. Morrison, Clayton R., and Frank Scholle. "Abrogation of TLR3 Inhibition by Discrete Amino 

Acid Changes in the C-Terminal Half of the West Nile Virus NS1 Protein." Virology 456 (2014): 

96-107.   

  



 

72 

CHAPTER 2 

Dengue virus NS1 inhibits TLR3 signaling in HeLa cells 

 

Abstract:  

 Dengue virus is one of the most prevalent arthropod-borne human viruses. With no dengue 

vaccines or therapeutics available, 40% of the world’s population is at risk for dengue infection, and 

100 million infections are reported annually. Dengue has evolved several mechanisms to evade the 

human immune response. In particular, dengue virus effectively inhibits type I interferon production 

and signaling. Here, we provide evidence for the ability of dengue virus non-structural protein 1 

(NS1) to inhibit TLR3 signaling in HeLa cells. We report that over-expression of DV1 NS1 in HeLa 

cells leads to inhibition of TLR3 mediated IL-6 production. Intracellularly expressed NS1 also leads 

to a reduction in IL-6 protein production during dengue infection, but has no effect on IFNβ 

transcription. Additionally, we show that when HeLa cells are pretreated with secreted DV1 NS1,   

IL-6 production is inhibited upon TLR3 stimulation. Finally, using a multistep growth analysis, we 

demonstrate that NS1 present in the viral supernatants may potentiate enhanced early viral production 

from HeLa cells. 

 

Introduction: 

 Dengue virus (DV) is an enveloped positive sense ssRNA virus belonging to the Flaviviridae 

family and genus Flavivirus. DV is transmitted primarily by the mosquito vector Aedes aegypti which 

is found in the tropical and subtropical regions of the world. There are four antigenically distinct 

dengue virus serotypes that cause similar disease. Upon human infection, dengue disease ranges from 

self-limiting dengue fever (DF) to severe dengue hemorrhagic fever/dengue shock syndrome 

(DHF/DSS) characterized by plasma leakage and hemorrhage (1-4).  
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 Dengue virus non-structural protein 1 (NS1) is 46kD and is the only glycosylated DV NS 

protein (5,6). During DV infection, NS1 serves an important role early during replication, although 

the exact mechanism remains unclear (7,8). Upon dimerization in the endoplasmic reticulum, NS1 is 

shuttled to the surface of infected cells and is secreted into the blood stream as a hexamer (9).  NS1 

can be detected in the blood of infected patients as early as two days post infection, making it a target 

for DV diagnostics (10,11). Secreted NS1 has been shown to bind to uninfected cells via heparin 

sulfate and chondroitin sulfate E and be taken up into the cells (12) where it may modulate cell 

physiology and enhance viral production (13). During severe disease, NS1 interacts with various 

clotting factors and complement proteins which is thought to contribute to disease pathogenesis 

(14,15).  

 During flaviviral infection, TLR3 plays an instrumental role in limiting viral replication 

(16,17). TLR3 is a pattern recognition receptor (PRR) that contributes to virally induced pro-

inflammatory cytokine production and the overall anti-viral state (18). In mammalian cells, TLR3 is 

located in the endosomal membrane where it functions to detect viral dsRNA upon endosome 

acidification and viral RNA un-coating (19). Once activated by dsRNA, TLR3 recruits the adaptor 

molecule TRIF, which leads to a signaling cascade culminating in the activation of the transcription 

factors NFκB, AP-1, and IRF3. These transcription factors lead to the transcription of pro-

inflammatory cytokines including IL-6, IL-1β, IL-8, and type I interferon (19,20). TLR3 also directly 

contributes to downstream CD8 T cell activation by licensing CD8
+
 DCs to cross-present antigen 

during viral infection (21).  

 To date, there are no reports investigating whether DV1 NS1 contributes to intracellular 

immune evasion. Previous work from our group demonstrated that West Nile virus (WNV) NS1 is 

capable of inhibiting TLR3 signaling in HeLa cells and other cell types (22,23). We now extend those 

results, investigating whether DV1 NS1 has a similar effect.  We hypothesized that if DV inhibits 
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TLR3 signaling then it could provide the virus with a replication advantage during infection. Our 

results show that intracellularly expressed and secreted DV1 NS1 inhibit TLR3 signaling in HeLa 

cells. Additionally, intracellularly expressed of NS1 inhibits IL-6 production during DV infection, 

and pretreatment of HeLa cells with secreted NS1 leads to enhanced viral production in a multistep 

growth curve.  

 

Materials and Methods: 

NS1 Cloning:  

 Full length Dengue virus serotype 1 NS1 plus the last 30 amino acids of envelope protein 

sequence was first amplified from virally infected cells using the following primers which also 

allowed for the addition of an HA tag on the C-terminal end of NS1: 

Forward DV1 NS1: 5’ ATG AGC ACG TCC CTT TCA ATG ACG T 3’ 

Reverse DV1 NS1: 5’ TCA AGC GTA ATC TGG AAC ATC GTA TGG G 

   TAA CCG GTT GCA GAG ACC ATT GAC TTA ACT AGG 3’ 

The amplicon was subcloned into a TOPO TA vector (Thermo Fisher Scientific). Then, both the 

amplicon and the pLEX-MCS vector were cut using NotI and SpeI (Promega) restriction enzymes. 

The insert was ligated to the vector according to the manufacturer’s instructions.  

 

Lentivirus production:  

 Empty vector (pLEX-MCS) or pLEX-NS1 plasmid were co-transfected into HEK 293T cells 

with packaging (pREV and pMDLg) and envelope (pVSV-G) plasmids. Forty hours post transfection, 

lentivirus containing supernatants were collected and centrifuged at 1200 RPM for 5 minutes. Cell 

free supernatants containing lentiviruses were then used to transduce HEK-293T or HeLa cells to 
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create cell lines that over express full length NS1 or empty vector control MCS. Puromycin selection 

at 4 μg/ml was used to expand the cell lines and maintain them in culture.  

 

Immunostain:  

 Once cell lines were established, immunostain was used to confirm expression of NS1.        

293T-NS1 or MCS (empty vector) cells (5x10
4
 cells per well)

 
were seeded in a 48 well plate. Once 

confluent, the monolayer was fixed and permeabilized using a 1:1 acetone to methanol solution. The 

cells were placed at -20°C for 15 minutes, then blocked using 1% NHS (normal horse serum) PBS 

solution for 15 minutes. Following the blocking step, primary mouse anti-HA monoclonal antibody 

was used at 1:1000 dilution in 1% NHS/PBS solution for 1h at room temperature. Following primary 

antibody, we used horseradish peroxidase (HRP) conjugated goat anti-mouse IgG secondary antibody 

(KPL). Vector VIP kit (Vector Laboratories, SK-4600) was used to develop the color for 15 minutes, 

and positive cells were visualized using a light microscope. 

 

NS1 purification:  

 293T-NS1 and 293T-MCS cells were grown to confluency; cell free supernatants were 

collected and used for the immuno-purification of NS1 using anti-NS1 mAb clone 5.7.9 (provided by 

Mary-Ann Accavitti-Loper, SERCEB antibody production Core, University of Alabama at 

Birmingham). 293T-MCS cell line supernatants were treated identically to 239T-NS1 supernatants 

during the purification process and served as the purification control as in Crook et al. (22). Mouse 

monoclonal anti-NS1 antibody was coupled to cyanogen bromide (CnBr)- Activated Sepharose 4B 

beads (GE 17-0430-01) and the purification was carried out based on the manufacturer’s instructions. 

Briefly, cell free supernatants were collected from 293T-NS1/239T-MCS cell lines and passed 

through a column packed with antibody-coated beads. The column was washed with a neutral pH 
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buffer, and a high pH (11.2) elution buffer was used to elute NS1 from the beads. One ml fractions 

were collected neutralized with a Tris-HCl buffer (pH 7), and NS1 ELISA was performed to quantify 

NS1 in the fractions. Fractions containing NS1 were pooled and concentrated using dialysis tubing 

and PEG 20,000. Protein concentration was determined using a nanodrop spectrophometer and 

confirmed using Bradford Assay (BioRad). Protein purity was determined by silver staining of SDS-

PAGE gels and compared to the MCS purified fraction. NS1 was heat denatured (HNS1) at 95°C for 

1.5h which was used as a negative control.  

 

Virus Propagation:  

 WHO reference strain dengue virus type 1 (DV1) (West Pacific 74) was obtained from Dr. 

Aravinda de Silva, UNC Chapel Hill. DV1 was grown and propagated in the Aedes albopictus C6/36 

mosquito cell line at 28°C with 5% CO2. C6/36 cells seeded in T-150 flask and at 75% confluency 

were infected at MOI 0.01 DV1 with 5 ml of media consisting of MEM, 10% FBS-HI, and 10% 

tryptose phosphate broth. Viral attachment was allowed to occur for 1h with rocking every 15 

minutes, and then an additional 10 ml of C6/36 media were added and allowed to incubate for 7 days. 

The supernatant was then clarified by centrifugation in preparation for purification. 

 

Virus Purification:  

 Virus purification was performed using a discontinuous Optiprep gradient (25%, 30%, 35%, 

45%, 50%). 10 ml of cell free viral supernatant were overlaid onto the gradient, and centrifuged at 

24,000 RPM for 2.5 hours at 4°C. Half milliliter fractions were collected from the bottom and 

assessed for the presence or absence of NS1 using Western Blot and anti-NS1 antibody. Virus-

containing fractions that were NS1 free were pooled and passed through an Amicon Ultra Centrifugal 

Filter (UFC910008) and washed three times with sterile PBS, then resuspended in MEM 
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supplemented with 20% FBS, 1% Pen Strep, and 20 mM HEPES buffer. The virus was stored at 0.5 

ml aliquots at -80°C until use.  

 

Viral Quantification:  

 Viral titer was determined by immunofocus formation assay on Vero cells and expressed in 

focus forming units/ml (ffu/ml). Briefly, Vero cells were plated to confluency in 48 well plates, virus 

was allowed to attach for 1h with rocking every 15 minutes at 37°C, then a 1:1 ratio of tragacanth 

gum and MEM (with 1% HEPES, 1% Pen/Strep, 1% FBS) mixture was overlaid on the cells and 

allowed to incubate for 48h. The cells were then washed with PBS and fixed with 1:1 ratio of acetone 

to methanol for 15 minutes at -20°C. The cells were then blocked with 1% normal horse serum 

(NHS)/PBS solution and probed with D1-4G2 (anti-E) antibody for 1h followed by HRP-labeled goat 

anti-mouse IgG secondary antibody for 1h at room temperature. Immunofoci were detected using 

Vector VIP kit (Vector Labs), and foci were counted using an inverted microscope to calculate ffu/ml 

(focus forming units/ml). 

 

Infections:  

 Dengue virus was added to the cells at the indicated MOI and allowed to attach for 1.5 hours. 

After viral attachment, cells were washed twice with PBS, and fresh media consisting of DMEM, 

10% FBS, 1% Penicillin/Streptomycin, 1% non-essential amino acids was added to the cells for the 

remainder of the infection time. 

 

Growth Curve:  

 Multi-step virus growth curves were performed on HeLa cell monolayers in 48-well plates by 

infecting at an MOI of 0.001 with clarified or purified DV1. Following 1.5h of virus attachment, cells 
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were washed with PBS three times, and then 250 μl 1+1+1 (1% FBS, 1% HEPES, 1% 

Penicillin/Streptomycin) DMEM media was added. Virus-containing supernatants were collected 

every 24h for 96h post-infection and stored at -80°C prior to titering on Vero cells. Virus containing 

supernatants were serially diluted in 1+1+1 MEM medium and titered on Vero cell monolayers 

described above. 

 

Flow Cytometry:  

 To determine percentage of infected cells, infected and uninfected HeLa cells were 

trypsinized, then washed once with PBS and fixed/permeabilized using BD Cytofix/Cytoperm kit 

(BD 554714) according to the manufacturer’s instructions. The cells were then incubated with anti-E 

antibody D14G2 at (1:1000 dilution), followed by goat anti-mouse Alexa-fluor (AF488)-conjugated 

antibody (1:1000 dilution). The number of infected cells was determined using C6 Accuri Flow 

Cytometer (BD).  

 

Real-time RT-PCR:  

 HeLa cells were infected as described above, at the corresponding time points the cells were 

washed with PBS twice, then lysed using RLT buffer from the RNeasy Qiagen Kit and homogenized 

using QIAshredder columns (Qiagen). Total RNA was purified according to the manufacturer’s 

instructions and quantified using a nanodrop spectrophotometer. cDNA was synthesized using 

Impromp II Reverse Transcription kit (Promega) and random hexamers as primers. Real-time PCR 

was then carried out to quantify human GAPDH, IL-6, and IFNβ copies using sensiFAST SYBR 

green (Bioline) and the following primers:  

GAPDH Forward:  5’- GGA TTT GGT CGT ATT GGG CG-3’ 

GAPDH Reverse: 5’-TGG AAG ATG GTG ATG GGA TTT C-3’,  
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IL-6 Forward:   5’- ACA GCC ACT CAC CTC TTC AGA ACG-3’ 

IL-6 Reverse:   5’-AGT GCC TCT TTG CTG CTT TCA-3’ 

IFNβ Forward:   5’-CCT CCA AAT TGC TCT CCT GTT G-3’ 

IFNβ Reverse:   5’-CAT CCT GTC CTT GAG GCA GTA TTC-3’     

Copies of IL-6 and IFNβ transcripts per 10
6
 GAPDH copies were determined using standard curves 

for each of the genes as described in Wilson et al. (23).  

 

ELISA:  

 Supernatants were harvested from HeLa cells infected with DV1 or stimulated with pIC at the 

indicated time points. IL-6 levels were quantified using a commercial ELISA kit (eBioscience) 

according to the manufacturer’s instructions. 

 

Western blot analysis:  

 For NS1 analysis, equal volumes of 293T-NS1/MCS or clarified and purified DV1 fractions 

were electrophoretically separated using 4-12% Nu-PAGE gels (Invitrogen) and transferred onto 

polyvinylidene difluoride membrane (Immobilon-P transfer membrane; Millipore). Following a 

blocking step with 5% dry milk in phosphate buffered-solution (PBS) +0.1% Tween for 1h at room 

temperature, NS1 was detected using anti-NS1 monoclonal antibody, followed by HRP- labeled goat 

anti-mouse IgG secondary antibody (KPL). Bound horseradish peroxidase was visualized with an 

ECL Plus kit (Santa Cruz).  
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Statistical Analysis:  

 Statistical analysis was performed using non-parametric student t-test. Statistical significance 

is indicated by p<0.05*, p<0.001**, p<0.0001***. Error bars represent standard error of the mean 

(SEM). 

 

Results: 

DV1 NS1 inhibits TLR3 signaling in HeLa cells.  

 Wilson et al. (23) previously demonstrated that among the seven West Nile virus (WNV) 

non-structural proteins (NS), NS1 inhibits TLR3 signaling upon pIC stimulation (23). In the current 

report, we investigate whether DV1 NS1 inhibits TLR3 signaling similar to WNV NS1. First, the full 

length DV1 NS1 was cloned into the lentiviral expression vector pLEX-MCS, which was then 

packaged into VSV-G protein pseudotyped lentivirus particles and used to create HeLa cells that 

stably express DV1 NS1. Next, we confirmed expression of DV1 NS1 protein in the HeLa-NS1 cells 

by immunostain. We were able to detect NS1 expression in greater than 90% of cells in the HeLa-

NS1 cell line that was created. HeLa-MCS cells were created using packaged empty vector plasmid, 

and were used as a negative control cell line for the staining (Figure 1A). Once we confirmed NS1 

expression in the HeLa-NS1 cells, we asked whether intracellularly expressed DV1 NS1 inhibits 

TLR3 signaling in the HeLa cells. As a read-out for TLR3 activation, we used the pro-inflammatory 

cytokine IL-6 which is one of the cytokines transcribed as a result of NFκB phosphorylation and 

translocation into the nucleus. HeLa-NS1 or HeLa-MCS cells were stimulated with pIC for 8 hours 

and IL-6 was detected in the supernatants by ELISA.  Upon TLR3 stimulation, HeLa cells expressing 

DV1 NS1 secrete significantly less IL-6 protein into their supernatant compared to the control cells 

(Figure 1B). These results indicate that DV1 NS1 may behave similarly to intracellularly expressed 

WNV NS1, in its ability to inhibit TLR3 mediated IL-6 production. 
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DV1 NS1 inhibits IL-6 but not IFNβ transcription during DV1 infection of HeLa cells.  

 It has been documented that human TLR3 plays a key role in inducing production of several 

pro-inflammatory cytokines necessary for restricting DV replication and cytopathic effect (24).  Since 

DV1 NS1 inhibited IL-6 production in the context of TLR3 stimulation (Figure 1), we asked whether 

it has an effect on IL-6 and IFNβ production during DV infection. To this end, we infected HeLa-NS1 

and HeLa-MCS cells with DV1 at MOI 1. We collected total RNA at 24h and 48h post infection and 

quantified IL-6 and IFNβ transcripts by normalizing their levels to 10
6
 copies of GAPDH using qRT-

PCR. Our data indicate that DV1 NS1 is capable of significantly inhibiting IL-6 transcription during 

DV infection at 24 and 48 hours (Figure 2A). However, there was no difference detected when we 

compared IFNβ transcript levels between HeLa-NS1 and MCS cells during infection (Figure 2C). 

Next, we confirmed the IL-6 transcript data by measuring IL-6 protein in the supernatant of the HeLa-

NS1/MCS infected cells. At 24h IL-6 was undetectable in the supernatant (data not shown), but at 48 

and 72 hours, a significant amount of IL-6 protein was induced as a result of DV1 infection (Figure 

2B). At 48h, IL-6 secretion from the infected HeLa-NS1 cells was significantly lower compared to 

infected HeLa-MCS cells, confirming the difference that we observed in the IL-6 mRNA levels at 

48h. However, at 72 hours, there was no difference in the amount of IL-6 protein produced in the NS1 

expressing compared to the control cells. We conclude that IL-6 inhibition during infection is an early 

effect mediated by DV1 NS1 that is overcome as the infection progresses (Figure 2A, B).      

 

IL-6 inhibition in HeLa cells does not lead to enhanced viral production.  

 To determine whether IL-6 inhibition has an impact on infectious virus production, we 

infected HeLa-NS1 or HeLa-MCS cells and measured DV1 production in a multi-step growth curve. 

Cells were infected with DV1 at MOI 0.01, and DV1 was quantified as focus-forming units/ml in an 
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immunofocus assay using Vero cells. Our data indicate no difference in the amount of virus produced 

from the NS1 expressing cells compared to the empty vector control (Figure 2D). This suggests that 

viral production is not affected by inhibition of TLR3 or by inhibition of IL-6. 

 

Secreted DV1 NS1 inhibits TLR3 signaling in HeLa cells.  

 Studies previously reported by investigators in our research group demonstrated that when 

naïve HeLa and mouse myeloid cells are pre-exposed to secreted WNV NS1, TLR3 signal 

transduction is inhibited (22). DV1 NS1 is secreted at high levels during DV infections and higher 

levels have been detected in the sera of patients with severe DHF compared to sera of patients with 

DF (15). DV NS1 is taken up by naive cells during infection and has been shown to reside in the late 

endosome up to 48h post exposure (13). To purify DV1 NS1, we first created 293T-NS1/MCS cell 

lines using the same protocol used for HeLa cells. In this case, 293T cells were used for NS1 

expression since they secrete NS1 into the supernatant to higher levels compared to HeLa cells. Once 

expression of NS1 was confirmed by immunostain (Figure 3A), we assessed secretion into the 

supernatant by Western blot (Figure 3B). Compared to 293T-MCS derived supernatants, NS1 was 

readily detectable in the 293T-NS1 derived supernatants by anti-NS1 monoclonal antibody. We used 

the 293T-NS1 and MCS supernatants to purify NS1 using a standard immunopurification protocol 

described in the materials and methods. The elution profile of the purified NS1 protein is depicted in 

Figure 3C, and Figure 3D shows the purity of NS1 compared to MCS using a silver stained SDS-

PAGE gel (Fig 3D). We were able to detect the monomeric, dimeric, and hexameric forms of NS1 as 

a result of the purification. Next, in studies designed to determine whether pre-exposure to DV1 NS1 

inhibits TLR3 signaling in naive HeLa cells, we heat-inactivated NS1 to use as a treatment control. 

HeLa cells were pretreated with varying concentrations of NS1 (30, 20, 15, 10, 5, or 1 μg/ml) or 

HNS1 for 16 hours. We chose 16 hours based on the studies done by Crook et al. (22) showing that 



 

83 

WNV NS1 is optimally taken up by 16 hours post treatment. After the 16 hour treatment, HeLa cells 

were washed once with PBS followed by pIC stimulation for 8 hours. IL-6 protein levels measured by 

ELISA indicate that indeed DV1 NS1 inhibits TLR3 signaling in HeLa cells in a dose dependent 

manner (Figure 4).  

 

NS1 is present in the supernatants of DV1 infected C6/36 cells.  

 DV1 NS1 protein is naturally secreted from infected cells. Therefore, we asked if NS1 

present in infected mosquito cell supernatant affects the growth kinetics of DV1 in HeLa cells. To 

address this question, we used clarified (cell-free supernatants) DV1 stocks, as well as purified DV1 

stocks that lack NS1. To obtain purified DV1, we infected C6/36 cells using the same protocol used 

for viral propagation. After 7 days, the supernatants were harvested and clarified by centrifugation at 

1200 RPM for 10 minutes. Next, we overlaid the clarified supernatants on a discontinuous OptiPrep 

gradient and using ultracentrifugation separated virus fractions into those containing NS1 and those 

that were NS1 free. Western blot analysis was used to analyze the NS1 content of each fraction, and 

NS1 free fractions (fractions 1-13) were pooled (Figure 5A). Infectious DV1 particles were quantified 

using focus forming unit assay on Vero cells (data not shown).  

 

Increased viral production from HeLa cells infected with clarified DV1.  

 NS1 plays a key role in negative strand RNA synthesis which has been demonstrated in 

various mutational and trans-complementation studies (8,25-27). Since NS1 was present in the DV1 

clarified viral stocks, we asked whether it could modulate the infectability of HeLa cells and 

subsequent viral production. We infected HeLa cells at an MOI 0.1 for 24h, and using flow 

cytometry, we quantified the number of infected cells after 24h infection. Clarified virus led to a 

higher percentage of infected HeLa cells compared to purified virus (Figure 5B). We next asked 
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whether increased infectability correlates with increased virus production. To address this, we 

conducted a multistep viral growth curve analysis where the HeLa cells were infected at MOI 0.001 

and their supernatants were harvested every 24h for 5 days and viral content was quantified. We 

found that at 24 hours post infection, HeLa cells infected with purified virus produced less DV1 

infectious virus compared to cells infected with clarified DV1 (Figure 5C). However, this difference 

subsided at later time points, indicating that NS1 may be only playing a role early during infection. 

These data indicate that NS1 in the viral supernatant may be leading to enhanced early infection of 

HeLa cells resulting in more viral production at 24h post infection. 

 

HeLa cells pretreated with NS1 produce more DV1.  

 To determine whether NS1 in the viral supernatant of the clarified virus may be contributing 

to enhanced viral production, we pretreated HeLa cells with purified DV1 NS1 or HNS1, and then 

infected the cells with purified virus. Using a multistep growth curve as before, we found that NS1 

pretreated HeLa cells produced more viral particles at 24h post infection (Figure 6) compared to 

HeLa cells that were left untreated or treated with heat-inactivated NS1 . . . . These data indicate that 

unlike the intracellularly expressed NS1, secreted NS1 may contribute to enhanced viral production in 

HeLa cells. 

 

Discussion: 

 The role of TLR3 during viral infection is controversial. Studies done with West Nile virus 

(WNV) suggest that TLR3 signaling is crucial for viral control but that it may also contribute to viral 

spread into the central nervous system (CNS). Wang et al. (28) demonstrate that TLR3
-/-

 mice have 

more WNV burden in the periphery but reduced viral spread into the brain. The authors concluded 

that the pro-inflammatory cytokines produced as a result of TLR3 activation play a role in controlling 
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viral infection, but contribute to the permeability of the blood brain barrier that is observed during 

WNV infection (28). In contrast, Daffis et al. (29) show that TLR3 plays a protective role in mice and 

that it restricts replication in the neurons. A study using Influenza A virus suggests a role for TLR3 in 

mediating the immunopathogenesis that is seen in the host (30), whereas studies using mouse 

cytomegalovirus (MCMV) showed that TLR3
-/-

 mice are highly susceptible to infection due to 

impaired recruitment of NK and NK T cells and production of type I interferon, IL-12, and IFNγ (31).  

 During DV infection, TLR3 seems to play a protective role. An in vitro study showed that 

pretreatment of HepG2 cells with pIC led to a reduction in DV2 replication in an IFNβ dependent 

manner (18). Others report that TLR3 signaling leads to IL-8 production in the human monocytic cell 

line U937, and to restriction of viral replication and cytopathic effect in the HEK-293 TLR3 

expressing cells (16). Since TLR3 signaling is protective during DV infection, it is plausible that the 

virus has developed immune evasion strategies to subvert this response. Inhibition of TLR3 signaling 

during infection has been previously demonstrated in the WNV infection scenario where infection 

alone led to TLR3 signaling inhibition (32). Here, we investigate whether DV modulates TLR3 

signaling in HeLa cells. Using the TLR3 ligand pIC, we found that over-expression of DV1 NS1 in 

HeLa cells leads to inhibition of IL-6 production compared to the control cell line (Figure 1B). 

Additionally, we found that in HeLa cells that are pre-exposed to the secreted form of DV1 NS1, have 

an impaired TLR3 signaling is ability (Figure 4). These data indicate a potential role for DV1 NS1 in 

modulating the TLR3 pro-inflammatory response during dengue virus infection.  

 IL-6 is an important pro-inflammatory cytokine for fever induction and the overall antiviral 

state. IL-6 has been shown to augment the NK cell cytotoxicity which is evidenced by enhanced lysis 

of target cells (33). When we investigated the effect of intracellularly expressed DV1 NS1we found 

that NS1 led to the inhibition of IL-6 transcription (Figure 2). IL-6 in this scenario may be produced 

due to TLR3 engagement with viral dsRNA or from activation of other PRRs such as RIG-I and 
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MDA-5. Both RIG-I and MDA-5 have been shown to work synergistically with TLR3 to limit DV 

replication (34). Although we detected inhibition of IL-6 production in HeLa cells during infection, 

this phenomenon was time dependent as the difference in secreted IL-6 levels between HeLa-NS1 

and HeLa-MCS cell lines diminished by 72h. This indicates that the role that intracellularly expressed 

NS1 is playing in modulating the pro-inflammatory cytokine response during infection is later 

overcome by the immune response. When we assessed IFNβ transcripts we did not find a difference 

in the NS1 expressing cells, so it was not surprising to see that viral production from HeLa-NS1 and 

HeLa-MCS DV1 infected cells was similar. Overall, inhibition of IL-6 during DV infection may 

serve as an immune evasion strategy of the early innate immune response which may manifest itself 

in vivo by influencing other cell types. 

 We also provide evidence that DV1 NS1 is present in infected C6/36 derived DV1 stocks. 

We found that infection with clarified DV1 as opposed to purified, NS1 free virus, was more efficient 

in HeLa cells, and led to increased virus production early during infection. When we pretreated HeLa 

cells with the purified secreted DV1 NS1 (293T derived), we detected enhanced viral production 

compared to HNS1 pretreated cells or untreated cells at 24h post infection. Although this finding is 

largely preliminary and will need to be investigated in more detail, it is an interesting phenomenon 

that suggests that NS1 contained in virus preparations may lead to enhanced viral production from the 

HeLa cells. The same growth curve analysis was also conducted in monocyte-derived dendritic cells 

and monocytic cell line U937-DCSIGN cells (data not shown). In those cell types we also saw 

enhanced viral production from cells infected with clarified DV compared to purified, however, upon 

pre-exposure to the purified 293T derived NS1, we were not able to detect a difference in the viral 

growth kinetics as seen in HeLa cells (data not shown).  

 It is possible that besides NS1, clarified and purified virus stocks contain differing amounts of 

subviral particles or other insect derived molecules that may modulate early infectivity and 
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subsequent viral production. This idea is supported by a recent report suggesting that the purity of DV 

stocks plays a role in modulating cytokine production in monocytes. Callaway et al. (35) found that 

Vero-derived crude (clarified) DV supernatants lead to a strong IL1β response that is independent of 

antibody-enhanced infection. Whereas Vero-derived purified DV stocks led to a strong IL1β response 

that was dependent on antibody enhanced infection. They concluded that this was a result of an 

unidentified molecule in the crude virus stock (35). These data, similar to ours, suggest that a 

molecule in the clarified supernatant may modulate a downstream outcome of infection. Although 

they exclude NS1 as the driving factor, our data suggest that NS1 may be playing a role in enhancing 

viral output from HeLa cells.  

 Overall, we demonstrate a role for intracellularly expressed and secreted DV1 NS1 in 

modulating IL-6 production as a result of direct TLR3 stimulation or in the context of dengue virus 

infection. Although intracellularly expressed DV1 NS1 did not alter the type I interferon response or 

the amount of virus produced from HeLa cells, we have preliminary evidence suggesting that secreted 

DV1 NS1 may play a role in enhancing viral production in HeLa cells. Interestingly, pretreatment 

with clarified virus leads to enhanced infectivity and viral production at early time points after viral 

infection of HeLa cells. Whether this effect is mediated by NS1 or by other molecules in the clarified 

virus stock is an interesting question to be addressed in future studies. Overall, these studies 

contribute to our understanding of the multifuncational nature of NS1, and its ability to modulate 

TLR3 signaling and early viral production. 
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Figure 1: Over-expression of DV1 NS1 in HeLa cells leads to inhibition of TLR3 mediated 

secretion of IL-6. A. HeLa cells were transduced with VSV-G protein pseudotyped lentivirus 

particles containing pLEX NS1-HIS or empty vector pLEX-MCS construct, 4 μg/ml puromycin was 

used for selection of positive clones. After cell line expansion and 3 passages, intracellular expression 

of NS1was assessed using anti-HA primary antibody and HRP-labeled goat anti-mouse IgG 

secondary antibody. Vector VIP kit was used to visualize the cell staining which indicates protein 

expression. B. HeLa-NS1 and HeLa-MCS cell lines were grown to confluency in a 48 well plate and 

stimulated with 20 μg/ml of pIC for 8 hours. Supernatants were harvested and analyzed for IL-6 

content by ELISA. Data representative of three independent experiments. 
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Figure 2: Intracellularly expressed DV1 NS1 inhibits IL-6 but not IFNβ transcription during 

DV infection in HeLa cells. HeLa-NS1 and HeLa-MCS cell lines were grown to confluency in a 48 

well plate. A. DV1 infection was carried out at MOI 1 for 24h and 48h. Total RNA was collected and 

cDNA was synthesized. IL-6 (A) and IFNβ (C) transcript levels were quantified using qRT-PCR and 

normalized to GAPDH levels. B.  DV1 infection was carried out at MOI 1 for 48h, and 72h, 

supernatants were harvested and IL-6 content was analyzed by ELISA. D. HeLa NS1/MCS cells were 

infected with DV1 at MOI 0.1 for 1.5h. Cells were washed three times with PBS and fresh media was 

added for the remainder of the growth curve. Supernatants were harvested at the indicated time points 

and virus content was quantified using immunofocus assay on Vero cells. Infectious virus was 

quantified using an immunofocus assay by serially diluting the supernatants and infecting a 

monolayer of Vero cells. Immunostain was performed 48 hours later using anti-E protein (D1-4G2) 

primary antibody HRP-labeled goat anti-mouse IgG goat antibody. Vector VIP kit was used to 

develop the foci which were counted manually using an inverted light microscope. Data are a 

representative of three independent experiments. 
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Figure 3: NS1 purified from 293T-NS1 supernatant. A. 293T cells were transduced using 

lentiviral system to over-express DV1 NS1-HA protein. Immunostain was performed using anti-HA 

antibody and goat anti-mouse HRP antibody. Vector VIP kit was used to visualize NS1 expressing 

cells. B. 293T-NS1 or 293T-MCS cells were seeded into a T150 flask, and supernatants collected 

after 3 days. 9 μl of the cell free supernatant was analyzed by Western blot for NS1 content using 

anti-NS1 mAb, and HRP-labeled goat anti-mouse IgG HRP conjugated goat anti-mouse secondary 

antibody. C. NS1 protein secreted into 293T supernatants was purified using immunoaffinity 

purification, 293T-MCS supernatants were used as a purification control. NS1 content in the eluted 

fractions was quantified using NS1 specific ELISA. Fractions containing highest concentrations of 

NS1 were pooled and quantified using nanodrop spectrophotometer. D. 1 μg of purified NS1 was 

analyzed for purity by silver staining an SDS-PAGE gel. Purity was assessed compared to MCS 

control. Purity was assessed after each NS1 purification. 
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Figure 4: Secreted NS1 inhibits TLR3 signaling in HeLa cells. HeLa cells were pretreated with 

various concentrations of purified NS1 or same volume heat-inactivated control (HNS1) for 16h. 

Cells were then washed with PBS, and stimulated with 20 μg/ml pIC for 8h. Supernatants were 

harvested and IL-6 content was analyzed by ELISA. Data are representative of three independent 

experiments. 
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Figure 5: DV1 purification and HeLa infection. A. C6/36 insect cells were infected with DV1 at 

MOI 0.01 for 7 days. Virus containing supernatants were clarified using centrifugation. Clarified 

supernatant was layered over a discontinuous OptiPrep gradient and ultracentrifuged at 24,000 RPM 

for 2.5 hours at 4°C. 0.5 ml fractions were collected from the bottom of the gradient and 9 μl from 

each fraction were analyzed for NS1 content by Western blot using anti-NS1 5.7.9 mAb, and goat 

anti-mouse HRP secondary antibody. B. 1.2x10
5 

 HeLa cells were infected with DV1 at MOI 0.1. 

After 24h, cells were harvested using trypsin, fixed and permeabilized, and percent infected cells was 

determined by flow cytometry using anti- E antibody (D1-4G2) and goat anti-mouse IgG AF488 

secondary antibody. C. 1.2x10
5 

 HeLa cells in 48 well plates were infected at MOI 0.001 with 

clarified or purified DV1 for 1.5 hours. Cells were washed three times with PBS and fresh media was 

added for the remainder of the growth curve. Supernatants were harvested at the indicated time points 

and virus content was quantified using immunofocus assay on Vero cells. Infectious virus was 

quantified using an immunofocus assay by serially diluting the supernatants and infecting a 

monolayer of Vero cells. Immunostain was performed 48 hours later using anti-E protein (D1-4G2) 

primary antibody and goat anti-mouse HRP antibody. Vector VIP kit was used to develop the foci 

which were counted manually using an inverted light microscope.  Data are representative of two 

independent experiments.  
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Figure 6: Enhanced viral productivity in HeLa cells infected with clarified virus may be 

mediated by NS1. HeLa cells were pretreated with 20 μg/ml NS1 or HNS1 or left untreated for 16h, 

and were then infected with purified DV1 at MOI 0.001 for for 1.5 hours. Cells were washed three 

times with PBS and fresh media was added for the remainder of the growth curve. Supernatants were 

harvested at the indicated time points and virus content was quantified using immunofocus assay on 

Vero cells. Infectious virus was quantified using an immunofocus assay by serially diluting the 

supernatants and infecting a monolayer of Vero cells. Immunostain was performed 48 hours later 

using anti-E protein (D1-4G2) primary antibody and HRP-labeled goat anti-mouse IgG antibody. 

Vector VIP kit was used to develop the foci which were counted manually using an inverted light 

microscope. Viral supernatants were collected every 24h, and tittered on Vero cells using focus 

forming unit assay. Viral particle number is expressed in ffu/ml. This experiment was performed 

once.  
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CHAPTER 3 

Dengue Virus NS1 Enhances Viral Replication and Pro-Inflammatory Cytokine Production in 

Human Dendritic Cells 

 

Abstract: 

 Dengue virus (DV) has become the most prevalent arthropod borne virus due to globalization 

and climate change. It targets dendritic cells during infection and leads to production of pro-

inflammatory cytokines and chemokines. There is evidence that several DV non-structural proteins 

(NS) modulate activation of human dendritic cells. In this report, we investigate the effect of DV NS1 

on human monocyte-derived dendritic cells (mo-DCs) during dengue infection. NS1 is typically 

secreted into the serum of infected individuals where it interacts with various immune mediators and 

cell types. Herein, we purified secreted DV1 NS1 from supernatants of 293T cells that over-express 

the full-length protein. When we incubated NS1 with mo-DCs, we observed uptake and enhancement 

of early DV1 replication. As a result, the mo-DCs that were pre-exposed to NS1 produced more pro-

inflammatory cytokines in response to subsequent DV infection compared to DCs exposed to heat-

inactivated NS1 (HNS1). Overall, we demonstrated a role for NS1 in enhancing dendritic cell 

infectability and pro-inflammatory cytokine production during in vitro DV1 infection. 

 

Introduction: 

Dengue virus (DV) is a member of the family Flaviviridae and genus Flavivirus. It is the 

most prevalent arboviral infection worldwide with approximately 50-100 million reported infections 

annually (WHO). DV is transmitted to humans through the mosquito vectors Aedes albopictus and 

Aedes aegypti. These vectors are mainly found in the tropical and subtropical regions of the world 

with their geographic region expanding (1), potentially exposing 40% of the world’s population to 
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dengue infection (WHO). There are four antigenically distinct but closely related serotypes of DV 

(DV1-4) (2). Upon primary infection with one of the serotypes, symptoms typically range from 

subclinical to self-limiting dengue fever. Upon secondary infection with a heterologous serotype, 

serotype cross-reactive antibodies developed during primary infection increase the risk of developing 

dengue hemorrhagic fever (DHF) or dengue shock syndrome (DSS) in a process termed antibody-

dependent enhancement (ADE). During ADE, sub-neutralizing antibodies enhance the infection of Fc 

receptor bearing cells leading to increased viremia and a subsequent cytokine storm which are 

thought to contribute to the manifestation of severe disease (3-6).  

Dengue virus has a single stranded, positive sense, 11kb RNA genome with a single open 

reading frame. It is an enveloped virus, and upon release into the cytoplasm, the genome serves as 

mRNA and is directly translated into a single polyprotein. It is cleaved co- and post-translationally by 

host and viral proteases into three structural (C, prM, and E), and seven non-structural (NS) proteins 

(NS1, NS2a, NS2b, NS3, NS4a, NS4b, NS5). Dengue non-structural protein 1 (NS1) is a 46 kD 

glycoprotein that exists within the infected cell, cell surface associated, and secreted into the blood 

stream (7-9). Upon translation, flavivirus NS1 translocates into the lumen of the ER where it 

dimerizes and is thought to play a structural role in the replication complex of the virus by interacting 

with NS4B (10). Studies also show that NS1 plays a vital role in early negative strand viral 

replication (11-13). However, the exact mechanism of NS1’s role in viral replication remains elusive. 

DV NS1 is secreted as an oligomer, which serves as a major immunogen during the acute 

phase of infection leading to a strong anti-NS1 humoral response. Secreted DV NS1 has been 

implicated with both protective and immunopathogenic roles. It was initially identified as a 

complement fixing protein in the blood (14). Recent studies show that NS1 leads to the activation of 

complement and contributes to endothelial cell damage (15), whereas other studies report that NS1 

prevents complement activation which serves as an immune evasion strategy protecting DV particles 
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from complement-mediated lysis (16). Anti-NS1 antibodies have been shown to provide protective 

immunity against lethal dengue challenge in mice (17-19), and other studies report auto-reactivity 

with blood clotting proteins (20,21) and endothelial cells (22,23).  Furthermore, anti-NS1 antibodies 

bind to NS1 on the surface of endothelial cells leading to iNOS mediated apoptosis (24), or 

potentially targeting the endothelial cells for complement mediated lysis and contributing to 

endothelial cell damage and severe disease (25).  

Dendritic cells (DCs) are sentinels in bridging the innate and adaptive immune responses 

during viral infections (26). Immature DCs are a primary target for DV upon injection into the skin 

(27-29). Once infected with DV, DCs upregulate various co-stimulatory molecules and pro-

inflammatory cytokines to initiate the anti-viral response (30,31). However, it has been shown that 

various NS proteins modulate type I IFN signaling and production in human DCs (32-36). Studying 

the effect that DV NS1 may have on DCs will contribute to our understanding of dengue 

immunopathogenesis for the development of anti-dengue therapeutics and vaccines. 

Previously, investigators in our research group have shown that intracellularly expressed and 

secreted West Nile virus NS1 inhibits TLR3 mediated production of IL-6 in HeLa cells as well as 

mouse bone marrow-derived dendritic cells and macrophages (37,38). In light of these studies, we 

were interested in whether DV NS1 modulates DC activation during dengue infection. To our 

knowledge, this is the first study to directly investigate whether soluble NS1 interacts with human 

DCs and whether it modulates their response during DV infection.  

 

Materials and Methods:  

Cell Lines:  

Full-length dengue serotype 1 NS1 plus the last 30 amino acids of E protein, encoding the signal 

sequence, and a C-terminal HA tag were cloned into the pLEX-MCS lentiviral vector. It was co-
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transfected into HEK-293T cells along with packaging (pREV and pMDLg), and envelope (pVSV-G) 

plasmids as described previously (37). Lentivirus containing supernatants collected at 40h post 

trasfection, and used to transduce HEK-293T cells. Transduction was followed by selection with 

4μg/ml of puromycin, to create cell lines that stably express and secrete DV1 NS1-HA protein. Empty 

vector control (pLEX-MCS) lentiviruses were used to create 293T-MCS cells that served as a 

negative control for protein expression and purification. Immunostaining using anti-HA primary 

antibody (Sigma H3663) and HRP-labeled goat anti-mouse IgG secondary antibody were used to 

detect the expression of NS1. Secretion of NS1 from the 293T cell lines was confirmed by Western 

blot using anti-NS1 monoclonal antibody (data not shown).  

 

NS1 purification:  

293T-NS1 and 293T-MCS cells were grown to confluency; cell free supernatants were collected and 

used for the immuno-purification of NS1 using anti-NS1 mAb clone 5.7.9 (provided by Mary-Ann 

Accavitti-Loper, SERCEB antibody production Core, University of Alabama at Birmingham). 293T-

MCS cell line supernatants were treated identically to the 239T-NS1 supernatants during the 

purification process and served as the purification control. Mouse monoclonal anti-NS1 antibody was 

coupled to cyanogen bromide (CnBr)- Activated Sepharose 4B beads (GE 17-0430-01) and the 

purification was carried out based on the manufacturer’s instructions. Briefly, cell free supernatants 

were collected from 293T-NS1/239T-MCS cell lines and passed through a column packed with 

antibody-coated beads. The column was washed with a neutral pH buffer, and a high pH (11.2) 

elution buffer was used to elute NS1 from the beads. 1 ml fractions were collected neutralized with a 

Tris-HCl buffer (pH 7), and NS1 ELISA was performed to quantify NS1 in the fractions. Fractions 

containing NS1 were pooled and concentrated using dialysis tubing and PEG 20,000, then dialyzed 

against PBS overnight at 4◦C. Protein concentration was determined using a nanodrop 
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spectrophometer and confirmed using Bradford Assay (BioRad). Protein purity was determined by 

silver staining of SDS-PAGE gels and compared to the MCS purified fraction. NS1 was heat 

denatured (HNS1) at 95°C for 1.5h which was used as a negative control.  

 

Virus Propagation:  

WHO reference strain dengue virus type 1 (DV1) (West Pacific 74) was obtained from Dr. Aravinda 

de Silva, UNC Chapel Hill. DV1 was grown and propagated in the Aedes albopictus C6/36 mosquito 

cell line at 28°C with 5% CO2. C6/36 cells seeded in T-150 flask and at 75% confluency were 

infected at MOI 0.01 DV1 with 5 ml of C6/36 media consisting of MEM, 10% FBS-HI, and 10% 

tryptose phosphate broth. Viral attachment was allowed to occur for 1h with rocking every 15 

minutes, and then an additional 10 ml of media were added and allowed to incubate for 7 days. The 

supernatant was then clarified by centrifugation in preparation for purification. 

 

Virus Purification:  

Virus purification was performed using a discontinuous OptiPrep gradient (25%, 30%, 35%, 45%, 

50%). 10 ml of cell free viral supernatant were overlaid onto the gradient, and centrifuged at 24,000 

RPM for 2.5 hours at 4°C. Half milliliter fractions were collected from the bottom and assessed for 

the presence or absence of NS1 using Western Blot and anti-NS1 antibody. Virus-containing fractions 

that were NS1 free were pooled and passed through an Amicon Ultra Centrifugal Filter (UFC910008) 

and washed 4 times with PBS, and then resuspended in MEM supplemented with 20% FBS, 1% 

Pennicillin/Streptomycin, and 20 mM HEPES buffer. The virus was stored at 0.5 ml aliquots at -80°C 

until use. Purified virus was used for all experiments.  
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Viral Quantification:  

Viral titer was determined by immunofocus formation assay on Vero cells and expressed in ffu/ml. 

Briefly, Vero cells were plated to confluency in 48 well plates, virus was allowed to attach for 1h 

with rocking every 15 minutes at 37°C, then a 1:1 ratio of tragacanth gum/MEM (with 1% HEPES, 

1% Pen/Strep, 1% FBS) mixture was overlaid on the cells and allowed to incubate for 48h. The cells 

were then washed with PBS and fixed with 1:1 ratio of acetone to methanol for 15 minutes at -20°C. 

The cells were then blocked with 1% normal horse serum (NHS)/PBS solution and probed with D1-

4G2 (anti-E) antibody for 1h followed by HRP-labeled goat anti-mouse secondary antibody for 1h at 

room temperature. Immunofoci were detected using Vector VIP kit (Vector Labs SK-4600), and foci 

were counted using an inverted microscope to calculate ffu/ml (focus forming units/ml). 

 

Generation of monocyte derived DCs (mo-DCs):  

Whole blood (50-60 ml) from healthy human donors was obtained from Gulf Coast Regional Blood 

Center in Houston, TX. Using a Ficoll-Paque PLUS gradient (GE Healthcare), the PBMC layer was 

isolated, the cells were washed and cryopreserved at 5x10
6
 cells/ml in 90% FBS-HI, 10% DMSO. To 

differentiate DCs, cryopreserved PBMCs were thawed, and monocytes were allowed to adhere to 

tissue culture plastic flasks (TPP) for 90 minutes at 37°C, non-adherent cells were removed by gentle 

rocking and aspiration. Adherent monocytes were washed with PBS twice and then replenished with 

complete PBMC media for 7 days with the addition of 800 IU/ml rhGMCSF and 400 IU/ml rhIL-4 

(R&D systems). PBMC media consisted of RPMI, 10% FBS-HI, 1 %Penicillin/Streptomycin, 1% 

non-essential amino acids. The cells were incubated in 37°C incubator, 5% CO2, and 95% relative 

humidity. After 5-7 days, immature non-adherent mo-DCs were collected and their phenotype was 

assessed using CD14-FITC, CD86-PE, HLA-DR-APC, CD11c-APC, CD1a-APC, DCSIGN-FITC, 
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CD80-FITC, CD86-PE antibodies or the corresponding isotype controls (eBioscience). An Accuri C6 

Flow Cytometer (BD) was used to assess the surface expression of the mo-DC markers.  

Infections:  

Mo-DCs were seeded into a 96 well plate (Corning 353872) at 1x10
5
 cells/well, and 20 µg/ml 

purified NS1 or HNS1 was added for 16h. Mo-DCs were then washed once with PBS and 

resuspended in complete PBMC media, purified virus was added for 1.5 hours at MOI 1. After viral 

attachment for 1.5h, the cells were washed twice with PBS and resuspended in complete PBMC 

media for the remainder of the infection time; 24h unless otherwise noted. mo-DC concentration was 

maintained at  1x10
6
 cells/ml  for all experiments.  

 

Flow Cytometry:  

To determine percentage of infected cells, mo-DCs were harvested and washed with PBS, then fixed 

and permeabilized using BD Cytofix/Cytoperm kit (BD 554714). The cells were then incubated with 

anti-E antibody D14-G2 at 1:1000 dilution, followed by goat anti-mouse Alexa-fluor (AF488) -

conjugated antibody. The number of infected cells was determined using C6 Accuri Flow Cytometer 

(BD). 

 

Real-time RT-PCR:  

Mo-DCs were infected as described above, at the corresponding time points the cells were washed 

with PBS twice, then lysed using RLT buffer from the RNeasy Qiagen Kit. Lysates were then 

homogenized using QIAshredder columns (Qiagen). Total RNA was purified according to the 

manufacturer’s instructions and quantified using a nanodrop spectrophotometer. cDNA was 

synthesized using Impromp II Reverse Transcription kit (Promega), and random hexamers as primers. 
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Real-time PCR was then carried out to quantify GAPDH and DV1-NS5 copies using sensiFAST 

SYBR green (Bioline) and the following primers:  

GAPDH:  Forward: 5’GGATTTGGTCGTATTGGGCG-3’ 

  Reverse: 5’-TGGAAGATGGTGATGGGATTTC-3’ 

NS5:   Forward: 5’-GCGGTTCTGGGACCTTGTGC-3’,  

  Reverse: 5’-AGAAAGCGTGCTCCCAACCACA-3’  

NS5 copies per 10
6
 GAPDH copies were determined using standard curves for each of the genes as 

described in (Wilson et al., 2008). For the qPCR array, we used the SA biosciences RT
2
 Profiler PCR 

array for Human Dendritic & Antigen Presenting Cells (PAHS-406ZA) and processed the RNA per 

the manufacturer’s instructions. The ΔΔCt method was used to calculate fold induction of the infected 

NS1 samples compared to uninfected NS1 and infected HNS1 to uninfected HNS1. Positive values 

indicate gene up-regulation and negative values indicate gene down-regulation. 

 

ELISA: 

 Mo-DCs pretreated with NS1/HNS1 were infected with DV1 for 24h and supernatant was collected. 

CCL2 and IL-6 levels were quantified using ELISA kits (eBioscience) according to the 

manufacturer’s instructions. 

 

Statistical Analysis: 

 Statistical analysis was performed using nonparametric student t-test. Statistical significance 

determination: p≤0.05 *, p≤0.0005**, p≤0.0001***. Error bars represent standard error of the mean 

(SEM). 
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Results:  

Purified dengue virus serotype 1 NS1 is taken up by immature mo-DCs in vitro. 

 NS1 is secreted into the serum of patients infected with DV and studies show that the level of 

NS1 in the blood stream may correlate with severity of disease (39,40). Since dendritic cells are the 

primary target for dengue virus infection in vivo, we were interested in assessing a potential effect of 

dengue virus type 1 (DV1) soluble NS1 on dendritic cells during infection. To this end, the 

interaction of soluble NS1 with human monocyte-derived dendritic cells (mo-DCs) was first 

investigated. Full length NS1 was over-expressed in 293T cells using a lentivirus system. MCS empty 

vector lentivirus transduced into 293T cells served as a negative control. Expression of NS1 in the 

293T-NS1 cells was first confirmed by immunostain, and secretion of NS1 into the supernatant was 

confirmed by Western blot analysis (data not shown). Secreted NS1 from 293T supernatant was then 

purified using immunoaffinity purification using DV1 NS1 antibody NS1 fractions were eluted, and 

their NS1 content was analyzed by NS1-specific ELISA (Figure 1A). Fractions containing the highest 

amounts of NS1 were pooled and purity was assessed by SDS-PAGE and silver stain. As a control, 

supernatants from MCS-293T cells (MCS-Ctrl) were treated and processed identically as 293T-NS1 

supernatants. The monomer, dimer, and hexamer forms of NS1 were readily detected in the silver 

stain gel (Figure 1B). Next, we assessed NS1 uptake by immature human mo-DCs in vitro. mo-DCs 

were incubated with varying concentrations of purified NS1 or equal volumes of MCS-Ctrl at two 

different time points (6h and 16h) at 37°C. We chose to investigate both an early and a later time 

point of potential interaction of NS1 with mo-DCs. After treatment, the mo-DCs were fixed and 

permeabilized, and NS1 uptake was assessed by flow cytometry using an anti-NS1 antibody. At 6h, 

mo-DCs had internalized NS1 in a dose dependent manner.  By 16h more than 50% of the cells were 

NS1 positive compared to cells treated with the MCS-Ctrl (Figure 2A/B). When we assessed later 

time points, the amount of NS1 within the cells decreased with time (data not shown), presumably by 
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degradation within endosomes. These results demonstrate that soluble NS1 is able to interact with and 

become endocytosed by human mo-DCs. 

 

Pre-exposure to DV1 NS1 does not lead to mo-DC maturation.  

 After confirming NS1 uptake by mo-DCs, we analyzed the consequences of this on 

expression of normal and co-stimulatory DC markers. Immature mo-DCs were incubated with 20 

μg/ml of purified NS1 or an equal amount of heat-inactivated NS1 (HNS1) for 16h at 37°C. Surface 

expression of HLA-DR, DC-SIGN, CD86, and CD80 was used to assess the phenotype of the mo-

DCs. After 16h, NS1 treatment alone did not alter the expression of these markers compared to cells 

treated with HNS1 (Figure 3). Next, we investigated the effect of NS1 pretreatment of mo-DCs on 

their expression of the same markers during DV infection. In most published studies, researchers use 

clarified supernatants from DV infected C6/36 cells for infections. However, NS1 is found in the 

C6/36 viral supernatant that is typically used for infections (data not shown), which may interfere 

with our results. Therefore, we purified DV1 from the clarified C6/36 supernatants using 

ultracentrifugation, and only used fractions that were NS1 free (data not shown). After a 16h 

treatment of mo-DCs with NS1/HNS1 followed by 24h of DV1 infection, we found that surface 

expression of DC-SIGN, HLA-DR, and CD80 was unchanged compared to uninfected mo-DCs, 

whereas, levels of CD86 were equally upregulated in both the NS1 and HNS1 treated groups. These 

data suggest that NS1 treatment alone does not alter the expression of DC-SIGN, HLA-DR, CD80 

and CD86 in uninfected mo-DCs and does not influence it during DV infection. 

 

NS1 leads to enhanced DV1 infection of mo-DCs. 

 It has been reported that DV1 NS1 is endocytosed by hepatocytes leading to enhanced 

endocytic activity and subsequent virus production (41). We hypothesized that DV1 NS1 may have a 
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similar effect on mo-DCs. To test this hypothesis, mo-DCs were pretreated with NS1 or HNS1 as 

previously described, followed by DV1 infection at an MOI of 0.1 for 24h. The cells were then 

assessed for their infection status via flow cytometry using the D1-4G2 anti-E antibody. As a result of 

NS1 pre-exposure, a significantly higher percentage of mo-DCs were infected compared to mo-DCs 

pre-exposed to HNS1 (Figure 4A). We further confirmed this effect by quantifying DV1 genome 

copy number within the cells by qRT-PCR. mo-DCs were infected at MOI 0.5 for 6h, 8h, and 24h and 

total RNA was purified and used to quantify genome copies by amplification of part of the NS5 

coding sequence by qRT-PCR. A statistically significant enhancement of DV1 genome copies was 

observed at 8h in NS1 pretreated compared to HNS1 pretreated mo-DCs (Figure 4B). By 24h, the 

difference subsided. This indicates that increased DC infectability and subsequent viral RNA 

replication after NS1 pre-exposure are early phenomena that might serve to give the virus an early 

replication advantage. Together, these data provide evidence that NS1 uptake by DCs influences their 

susceptibility to DV infection, and leads to enhanced viral replication.  

 

Enhanced mo-DC infectability by NS1 leads to enhanced pro-inflammatory cytokine 

production during DV1 infection.  

 Although pretreatment of mo-DCs with DV1 NS1 did not lead to alteration of maturation 

molecules during infection, it was possible that enhanced replication would lead to enhanced pro-

inflammatory cytokine production. To test this hypothesis, mo-DCs were pretreated with NS1 or 

HNS1 (20ug/ml for 16h), and then infected with DV1 at an MOI of 1 for 24h. Total RNA was 

extracted and quantified using a Real-time PCR array specific for Dendritic & Antigen Presenting 

Cells (SA Biosciences). Upon pre-exposure to NS1/HNS1 without infection, there were only 7 out of 

84 genes that were up or down regulated two fold or more between the two treatment groups. The 

upregulated genes included CCR2, CD1C, and IL-12B (IL12-p40) and the down regulated genes were 
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CCL7, CXCL12, FcεR2, and TLR7 compared to the HNS1 pretreated uninfected mo-DCs (Figure 

5A). Upon additional DV1 infection for 24h, there were 10 genes that were upregulated 25 fold or 

more over mock infected cells, regardless of NS1 or HNS1 pretreatment. However, in this group, NS1 

pretreatment followed by infection led to heightened upregulation of CCL2, IL-6, CXCL10, IL12A 

(IL-12-p35), and TNFα compared to mo-DCs that were pretreated with HNS1 and infected (Figure 

5B). Among the genes that were upregulated to a lower level, we detected 18 genes that were 

upregulated between 5 and 20 fold over mock infected cells, and NS1 pretreatment enhanced 

induction of 8 of these genes compared to the HNS1 pretreated mo-DCs (Figure 5C). Additionally, 

there were 20 down regulated genes as a result of infection, and cells pretreated with NS1 expressed 

lower levels of 15 of those genes including IL-16, FCER1A, FCER2, IL-10, and ITGAM compared 

to the HNS1 group (Figure 5D). These data indicate that DCs pre-exposed to NS1 are generally more 

activated following DV1 infection compared to DCs pre-exposed to the heat-inactivated form 

(HNS1).  

 

NS1 pre-treated mo-DCs produce more IL-6 and CCL-2 during DV infection. 

 Next, we confirmed that some of the observed differences in transcript levels were translated 

to differences in secreted protein. Supernatants from mo-DCs pretreated with NS1/HNS1 and infected 

with DV1 for 24h were collected and analyzed by ELISA for CCL2 and IL-6 protein content (Figure 

6). We chose to evaluate these two molecules because their transcript levels were notably different 

between NS1 and HNS1 pretreated/infected mo-DCs and they were both upregulated 50 fold or more 

over mock infected cells. Production of both CCL2 and IL-6 protein was significantly enhanced in 

NS1 pretreated cells consistent with the PCR array data. Based on these results, we conclude that NS1 

pretreated DCs are more activated during infection as a result of enhanced early viral replication.  
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Discussion: 

NS1 is secreted to high levels in the sera of infected patients (42), and high concentrations of 

NS1 in the blood have typically been associated with more severe disease (25,43-45). Secreted DV 

NS1 (NS1) associates with various cell types including epithelial cells, fibroblasts, hepatocytes, and 

certain endothelial cell types (41,46). To date, there are no published studies assessing whether NS1 

directly associates with DCs; the primary target cell for DV infection. Using purified DV1 NS1, we 

demonstrated that NS1 associates with, and is taken up by human mo-DCs as early as 6h after 

infection (Figure 2). Since DCs are professional antigen presenting cells, it was possible that NS1 

uptake may modulate the immature phenotype of mo-DCs, but that was not the case when we 

assessed expression of HLA-DR, DCSIGN, CD80, and CD86 after 16h treatment with NS1/HNS1. 

Upon DV1 infection for 24h, HLA-DR, DCSIGN, and CD80 levels did not change compared to 

uninfected mo-DCs, whereas CD86 was upregulated equally in the NS1 and the HNS1 pretreated mo-

DCs (Figure 3). This result indicates that DV infection does not alter expression of HLA-DR, 

DCSIGN, and CD80 but does allow upregulation of CD86, and that NS1 does not play a role in 

modulating this effect.  

Studies have shown that DV NS1 plays a role in early negative strand viral replication and 

that it co-localizes with dsRNA (11,47,48). Upon trans-complementation, NS1 can rescue replication 

of defective flaviviral genomes (13,49,50). Although these studies indicate a vital role for DV NS1 

during replication, the exact mechanism remains elusive. Alcon-LePoder et al. (41) demonstrated that 

DV1 NS1 may alter the physiology of the hepatocytes by enhancing their endocytic activity leading 

to more viral production. In light of these studies, we hypothesized that NS1 pretreatment of mo-DCs 

may have a similar consequence. We found that upon pretreatment of mo-DCs with NS1, there was a 

significantly higher percentage of infected mo-DCs at 24 hours post DV1 infection compared to mo-

DCs pretreated with HNS1. When we investigated viral replication by measuring genome copy 
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number, we found that NS1 pretreatment enhanced DV1 RNA replication only early during 

replication (8h but not 24h) (Figure 4). To assess whether increased RNA replication translated to 

increased virus output, viral production was measured at 16h and 24h post infection using an 

immunofocus assay (data not shown). At 16 hours, no virus was detected and at 24h we were not able 

to detect a difference in DV production between the NS1 pretreated and HNS1 pretreated DV1 

infected mo-DCs. Therefore, in this in vitro culture system with isolated moDCs, increased initial 

viral RNA replication did not result in increased virus production. It is conceivable however, that the 

interplay of enhanced infectability in the presence of NS1 altered cytokine production and the 

presence of several different cell types could lead to a difference in virus production in vivo.  

Enhanced dengue infection has been previously described in the context of ADE where sub-

neutralizing antibodies mediate enhanced infectivity of FcR bearing cells. This phenomenon usually 

results in enhanced viremia and an immune mediated cytokine storm which is thought to be the main 

contributor to severe disease. Our data suggest that NS1 is enhancing infectability of DCs. Upon 

assessment of the downstream effect of enhanced viral replication, we found a marked increase in DC 

pro-inflammatory cytokine production in the NS1 pretreated cells compared to the control. 

Particularly, the pro-inflammatory mediators such as IL-6, CCL2 (MCP-1), TNFα, and CXCL10 

transcripts were upregulated 50 fold or more with DV infection, and compared to HNS1 pretreated 

DCs, those receiving NS1 had a larger fold increase of these transcripts. CCL2, IL6, and TNFα are 

highly induced in sera of patients infected with DV (51), and have been associated with vascular 

leakage and DHF (52-54).  

CCL2 is a monocyte chemoattractant that has been shown to recruit monocytes to the site of 

DV infection providing increased infection targets in the dermis (29). CCL2 dependent monocyte 

recruitment has also been implicated in West Nile virus encephalitis pathogenesis, in which 

inflammatory Ly6C
hi
 monocytes traffic to the brain of mice in a CCL2 dependent manner where they 
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develop a microglial phenotype and contribute to disease pathogenesis (55). Studies also provide 

evidence that TNFα and IL-6 contribute directly to endothelial cell permeability (56,57). If NS1 

enhances pro-inflammatory cytokine production, this could lead to more recruitment of monocytes to 

the site of infection and enhanced inflammation which may ultimately contribute dengue disease 

pathogenesis.  

Chen et al. (58) recently reported that NS1 potentiates pro-inflammatory cytokine production 

during dengue infection of PBMCs.  Two days post NS1 treatment, uninfected PBMCs upregulated 

TLR2 and TLR6 which led to production of IL-6 and TNFα. Upon DV infection, NS1 pretreatment 

also led to upregulation of these TLRs. In this model, TLR2 and TLR6 signaling decreased the 

survival of wild-type mice indicating a role for NS1 and these pattern recognition receptors (PRRs) in 

DV immunopathogenesis. Although we did not detect upregulation of IL-6 and TNFα with NS1 

pretreatment alone, our treatment used a lower amount of NS1 for a shorter time period (20 μg/ml for 

(58) which may not 

have been enough time for induction of these pro-inflammatory mediators. Instead, we did observe 

upregulation of these cytokines during subsequent dengue infection.  

Several studies indicate that NS1 may be a good vaccine target. Vaccination with NS1 

adjuvanted with heat-labile toxin induced production of anti-NS1 antibodies, which decreased 

mortality of mice by 50%, and led to less exacerbated disease (59). Another study showed that mice 

vaccinated with NS1, produced lower viremia in the serum, bone marrow, and spleen compared to 

mice vaccinated with OVA (60). Taking these studies into consideration along with our findings that 

NS1 leads to enhanced dengue viral replication, it is possible that anti-NS1 antibodies could be 

playing a protective role by preventing NS1-dependent enhancement of infection, especially since the 

protected mice had lower serum viremia levels. 



 

113 

During human dengue infection, NS1 is secreted in the blood stream. Studies suggest a role 

for NS1 in complement activation, and a role for anti-NS1 antibodies in auto-reactivity and 

endothelial cell damage. However, there are no studies investigating uptake of NS1 by 

immunologically relevant cell types. In this report, we demonstrated that secreted DV1 NS1 

associates with mo-DCs and enhances early viral RNA replication. This results in enhanced pro-

inflammatory cytokine production during dengue infection. To our knowledge, this is the first study 

to directly investigate the effect of DV1 NS1 on DCs, the pivotal driver of immune responses and one 

of the main targets for DV infection in vivo. 
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Figure 1: NS1 purification. A. Immuno-purified NS1 fractions analyzed by ELISA using anti-NS1 

monoclonal antibody. B. 1 μg purified NS1 or same volume MCS purification control were analyzed 

for purity on a silver stained SDS-PAGE gel. 
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Figure 2: NS1 uptake by mo-DCs. A & B. 2x10
5
 immature mo-DCs were incubated with 20, 30, 40 

μg/ml purified NS1 or the same volume of MCS-ctrl. After 6h or 16h, cells were harvested, fixed and 

permeabilized, then anti-NS1 primary Ab and AF-488 conjugated anti-mouse IgGsecondary 

antibodies were used to assess NS1 uptake by flow cytometry. Cells were analyzed on BD Accuri C6 

Flow cytometer. Data are representative of three independent experiments, and similar NS1 uptake 

was verified for all donors used.  
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Figure 3: Mo-DC phenotype is unaltered after NS1 exposure compared to HNS1. A. Mo-DCs 

were treated with 20 μg/ml NS1 or HNS1 for 16h, the cells were washed once with PBS. Surface 

expression of HLA-DR, DC-SIGN, CD80 and CD86 were determined using specific antibodies or 

their isotype controls (eBioscience) and assessed by flow cytometry. NS1 (blue) pretreated cells and 

HNS1 (orange) pretreated cells were plotted for all markers tested and compared to isotype control 

(tinted red). B. Mo-DCs were pretreated with NS1/HNS1 at 20 μg/ml for 16h, then washed and 

resuspended with fresh PBMC media and purified DV at MOI 1. Viral attachment was allowed for 

1.5h, cells were washed to remove excess virus, then resuspended with fresh PBMC media for 24h. 

After 24h the cells were analyzed for the markers as in part A. Data are representative of three 

independent experiments using three different donors. 
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Figure 4: NS1 leads to a higher percentage of infected DCs and enhances early dengue 

replication. Mo-DCs were pretreated with NS1/HNS1 (20 μg/ml for 16h). A. The mo-DCs were then 

infected at MOI 0.1 for 24h, anti-E primary antibody D1-4G2 and AF-488 anti-mouse IgG secondary 

Ab were used to assess the percentage of infected cells by flow cytometry. The number of infected 

DCs is expressed in percent compared to an uninfected control. The data shown are an average of 3 

experiments with 3 different donors. B. After NS1 pretreatment (as before), mo-DCs were infected at 

MOI 0.5, then total RNA was harvested after 6h, 8h, and 24h. cDNA synthesis was carried out, and  

qRT- PCR specific for a region within the NS5 coding sequence was used to quantify genome copy 

number per 10
6
 GAPDH copies. Data are representative of three independent experiments using three 

different donors. 
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Figure 5: NS1 uptake followed by DV1 infection leads to enhanced pro-inflammatory cytokine 

production by mo-DCs. MoDCs were pre-treated with NS1/HNS1 (20 μg/ml for 16h), washed once 

with PBS, then infected for 24h with DV1 at MOI 1 as described previously. After 24h, RNA was 

collected and cDNA was synthesized per manufacturer’s instructions and quantified using RT2 PCR 

array. Gene values were normalized to house-keeping genes and fold induction (over mock infected 

cells) was calculated by ΔΔCt method comparing NS1 infected to NS1 mock and HNS1 infected to 

HNS1 mock. (A) Fold induction of NS1 mock vs. HNS1 mock. Genes were grouped by level of 

upregulation >50 fold (B) 5-20 fold (C), and down-regulation (D). Data are representative of two 

independent experiments using two different donors.  
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Figure 6: Enhanced IL-6 and CCL2 production by NS1 pretreated DV1 infected mo-DCs. Mo-

DCs were pretreated with NS1/HNS1 (20 μg/ml 16h), then infected with DV1 at MOI 1 for 24h. 

Supernatants were harvested, and IL-6 and CCL2 secretion levels were analyzed by ELISA and 

expressed in pg/ml. Results shown are an average of two experiments from two different donors. 
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CHAPTER 4 

Summary & Future Directions 

 

 The main question that is addressed in this dissertation is, does dengue virus (DV) non-

structural protein 1 (NS1) have an impact on cytokine production and viral replication in HeLa and 

dendritic cells (DCs)? We began by addressing whether DV1 NS1 has an impact on TLR3 signaling 

based on similar studies done with West Nile virus NS1 (1-3). First, we over-expressed the full length 

DV1 NS1 protein in HeLa and 293T cells (HeLa-NS1 and 293T-NS1). HeLa-NS1 cells that were 

stimulated with pIC produced less IL-6 compared to the control cell line. HeLa cells pretreated with 

purified secreted 293T-derived NS1 also had a reduced ability to signal through TLR3. Next, we 

asked whether intracellularly expressed DV1 NS1 inhibits IL-6 and IFNβ transcription in HeLa cells 

in the context of DV infection, and whether that has an impact on downstream viral production. We 

found that IL-6 transcription in the NS1 expressing cells was inhibited up to 48h post infection. 

However, IFNβ transcription and viral production were not affected. This result indicates that 

intracellularly expressed DV1 NS1 inhibits IL-6 production which is a key pro-inflammatory 

cytokine produced during viral infection. We also provide evidence that NS1 present in supernatants 

of the insect cell C6/36 after viral  infection may lead to enhanced early infection of HeLa cells and 

more viral production at 24h. Taken together, these data suggest that secreted NS1 is taken up by 

HeLa cells and inhibits TLR3 signaling and potentially provides DV with an early replication 

advantage. These findings also have important implications on study design with dengue viruses. The 

vast majority of experimental studies with dengue virus have used clarified virus produced either in 

cultured mammalian cells or mosquito cell lines. These virus preparations, in addition to subviral 

particles, also contain NS1 protein. Our studies demonstrate that interaction of secreted NS1 with 

target cells can result in phenotypic changes that could be important when interpreting experimental 
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results. It is likely that correct interpretation of the results in many cases would require purification 

NS1 separate from the virus. 

 In Chapter 3, we investigated the impact of DV1 NS1 on a more immunologically relevant 

cell type of the target species, namely human dendritic cells. We demonstrate that NS1 uptake by 

human DCs results in a higher percentage of infected cells, and more viral RNA replication early 

during infection. Enhanced viral replication resulted in more pro-inflammatory cytokine production at 

24h. Cytokines such as IL-6, CCL2, TNFα, and CXCL10 were enhanced in the NS1 pretreated DCs. 

These cytokines are typically detected at high levels in the serum of patients with severe dengue 

disease. Since dendritic cells are sentinels in the transition from innate to adaptive immunity, 

enhancing their pro-inflammatory cytokine production could have severe implications regarding 

protection mediated by downstream adaptive responses.   

 Understanding the immunopathogenesis of DV is the first step towards developing an 

effective vaccine. NS1 is typically secreted to high levels during secondary infection, and several 

studies point to its role in contributing to endothelial cell damage during severe disease (4-8). NS1 

has been shown to play a vital role in early negative strand replication (9-11), but the exact 

mechanism is not completely understood. We speculate that when NS1 is taken up by uninfected 

cells, it is not directly contributing to the replication of nascent viral RNA within the HeLa and 

dendritic cells as part of the replication complex, but rather inhibiting TLR3 signaling, signaling from 

other PRRs, or altering cellular physiology to allow for more viral particle entry into the cells. This 

results in more viral RNA replication early during infection and potentially more viral particles 

produced. Enhanced viremia, the cytokine storm, and plasma leakage are all hallmarks of dengue 

severe disease. Several recent studies provide evidence suggesting that NS1 contributes to the 

cytokine storm and plasma leakage observed during severe disease (12-14). Here, we provide another 

piece of evidence supporting the role of NS1 during severe disease whereby it enhances the 
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infectability of dendritic cells and subsequent pro-inflammatory cytokine production. Since dendritic 

cells are integral for the transition from innate to adaptive immunity, enhanced dengue replication and 

pro-inflammatory cytokine production could have major impacts on the downstream activation of the 

immune response. Hence the effect described here using in vitro experiments is not limited to 

dendritic cells alone, but could also extend to other cell types in vivo. 

 Future studies to further characterize the impact DV NS1 will be needed. A study done with 

hepatocytes suggests that NS1 pre-treatment enhances endocytosis and subsequent viral production 

(15). It is possible that NS1 enhances endocytosis in the dendritic cells similar to its effect on 

hepatocytes. It is also plausible that NS1 alters the expression levels of various PRRs which allow the 

virus to escape initial detection by the innate immune response. As mentioned above, we do not think 

that NS1 is directly contributing to the replication of the virus, so it would be interesting to track the 

entry of NS1 into the dendritic cells and identify any proteins that it may be interacting with 

intracellularly. 

 Our work was conducted in vitro using human cells, but it would be valuable to further 

investigate the role of NS1 in the mouse model. Although most dengue mouse models make use of 

immunocompromised animals, it would still be interesting to investigate the impact of NS1 on a 

systemic level. The mouse modelwould allow us to study the downstream effects of DC activation in 

vivo. These include monocyte trafficking to the site of infection, dendritic cell trafficking to the 

lymph node, antigen processing and presentation, as well as downstream T cell proliferation. It is 

possible that NS1 does not only result in enhanced pro-inflammatory cytokine production from the 

dendritic cells but also enhanced maturation and antigen presentation which could have an impact on 

the downstream T cell response. 

 In this dissertation, we describe some novel functions for DV1 NS1 in two different cell 

types. In HeLa cells, intracellularly expressed DV1 NS1 inhibits TLR3 signaling when the cells are 
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stimulated with pIC. Although only an early effect, intracellularly expressed DV1 NS1 also inhibits 

IL-6 production during DV infection. We also found that secreted DV1 NS1 inhibits TLR3 signaling 

when taken up by HeLa cells, and its presence in DV infected insect cell supernatants results in more 

viral production. In human DCs, we demonstrate that secreted DV1 NS1 is taken up and promotes 

enhanced infectability of DCs and early viral replication. This enhancement of infection leads to more 

pro-inflammatory cytokine production. These findings contribute to our understanding of DV 

pathogenesis and the interaction of the virus with the host’s immune system. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

131 

References 

1. Wilson, J. R., et al. "West Nile Virus Nonstructural Protein 1 Inhibits TLR3 Signal Transduction." 

Journal of virology 82.17 (2008): 8262-71.     

2. Crook, Kristen R., et al. "Modulation of Innate Immune Signaling by the Secreted Form of the 

West Nile Virus NS1 Glycoprotein." Virology 458 (2014): 172-82.     

3. Morrison, Clayton R., and Frank Scholle. "Abrogation of TLR3 Inhibition by Discrete Amino Acid 

Changes in the C-Terminal Half of the West Nile Virus NS1 Protein." Virology 456 (2014): 96-

107.     

4. Avirutnan, Panisadee, et al. "Secreted NS1 of Dengue Virus Attaches to the Surface of Cells Via 

Interactions with Heparan Sulfate and Chondroitin Sulfate E." (2007)    

5. Avirutnan, P., et al. "Vascular Leakage in Severe Dengue Virus Infections: A Potential Role for the 

Nonstructural Viral Protein NS1 and Complement." The Journal of infectious diseases 193.8 

(2006): 1078-88.     

6. Cheng, H. J., et al. "Proteomic Analysis of Endothelial Cell Autoantigens Recognized by Anti-

Dengue Virus Nonstructural Protein 1 Antibodies." Experimental biology and medicine 

(Maywood, N.J.) 234.1 (2009): 63-73.     

7. Modhiran, N., et al. "Dengue Virus NS1 Protein Activates Cells Via Toll-Like Receptor 4 and 

Disrupts Endothelial Cell Monolayer Integrity." Science translational medicine 7.304 (2015): 

304ra142.     

8. Liu, I. J., et al. "Molecular Mimicry of Human Endothelial Cell Antigen by Autoantibodies to 

Nonstructural Protein 1 of Dengue Virus." The Journal of biological chemistry 286.11 (2011): 

9726-36.     

9. Lindenbach, B. D., and C. M. Rice. "Trans-Complementation of Yellow Fever Virus NS1 Reveals 

a Role in Early RNA Replication." Journal of virology 71.12 (1997): 9608-17.     



 

132 

10. Khromykh, A. A., et al. "Efficient Trans-Complementation of the Flavivirus Kunjin NS5 Protein 

but Not of the NS1 Protein Requires its Coexpression with Other Components of the Viral 

Replicase." Journal of virology 73.12 (1999): 10272-80.     

11. Lindenbach, B. D., and C. M. Rice. "Genetic Interaction of Flavivirus Nonstructural Proteins NS1 

and NS4A as a Determinant of Replicase Function." Journal of virology 73.6 (1999): 4611-21.     

12. Chen, Jincheng, Mary Mah-Lee Ng, and Justin Jang Hann Chu. "Activation of TLR2 and TLR6 

by Dengue NS1 Protein and its Implications in the Immunopathogenesis of Dengue Virus 

Infection." PLoS Pathog 11.7 (2015): e1005053.     

13. Beatty, P. Robert, et al. "Dengue Virus Nonstructural Protein 1 Vaccine Protects Against Lethal 

Challenge in Interferon {Alpha}/{Beta} Receptor-Deficient Mice (P6348)." The Journal of 

Immunology 190.Meeting Abstracts 1 (2013): 182.26.     

14. Modhiran, N., et al. "Dengue Virus NS1 Protein Activates Cells Via Toll-Like Receptor 4 and 

Disrupts Endothelial Cell Monolayer Integrity." Science translational medicine 7.304 (2015): 

304ra142.     

15. Alcon-LePoder, S., et al. "The Secreted Form of Dengue Virus Nonstructural Protein NS1 is 

Endocytosed by Hepatocytes and Accumulates in Late Endosomes: Implications for Viral 

Infectivity." Journal of virology 79.17 (2005): 11403-11.     

  

 

 

 

 

 

 



 

133 

APPENDIX 

Pre-treatment of dendritic cells with DV1 NS1 does not affect TLR3 signaling or downstream T 

cell proliferation 

 

Abstract:  

 Dendritic cells (DCs) are the key cells involved in the transition from innate to adaptive 

immunity. DCs are also one of the main targets for dengue virus (DV) during infection. Several 

studies demonstrate that dengue infection of dendritic cells leads to their activation and gain of ability 

to stimulate downstream T cell responses through upregulation of HLA molecules, maturation 

markers, and pro-inflammatory cytokines. However, dengue virus has developed several mechanisms 

to subvert these processes. We have shown that secreted DV1 NS1 inhibits TLR3 signaling in HeLa 

cells (Chapter 2). We have also demonstrated that pre-exposure of mo-DCs to NS1 results in 

enhanced DV1 RNA replication and pro-inflammatory cytokine production (Chapter 3). This 

appendix contains some interesting observations made during the course of the investigation of the 

interaction of NS1 with dendritic cells. First we demonstrate that dengue infection of mo-DCs leads 

to inhibition of TLR3 signaling, and that this effect is not mediated by secreted NS1, in contrast to 

our findings in HeLa cells. This suggests that the effect of NS1 on host signaling pathways can 

largely depend on the cell type. In order to determine whether enhancement of DC activation due to 

NS1 pre-exposure would affect antigen presentation and T cell activation we used allogeneic mixed 

lymphocyte reactions. In contrast to our expectations, we did not detect enhanced T cell proliferation 

when T cells were incubated with DCs pre-exposed to NS1.  
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Introduction: 

 Following a bite by a dengue virus infected mosquito, dengue virus (DV) is deposited into the 

epidermal and dermal layers of the skin where it encounters skin resident dendritic cells (DCs) (1). 

DCs are highly permissive to dengue infection because of their high expression of the C-type lectin: 

DC-SIGN (2). Clathrin mediated endocytosis results in DV within the endosome. Subsequent pH 

drop in the endosome, results in un-coating of the viral RNA and initiation of the viral replication 

cycle in the cytoplasm (3,4). Dendritic cells express various PRRs (pattern recognition receptors) 

such as toll-like receptors (TLR) 3 and 7/8 which enable them to detect dengue virus dsRNA and 

ssRNA, respectively (5). Detection of viral RNA results in signaling cascades leading to pro-

inflammatory cytokine production, and upregulation of co-stimulatory molecules which enable DCs 

to activate downstream T cell responses (6). It has previously been demonstrated that DV infection of 

human monocyte-derived DCs (mo-DCs) leads to inhibition of TLR induced CD86 expression (7). 

This effect may be directly or indirectly induced by any of the viral proteins. Inhibition of type I 

interferon during DV infection is directly attributed to NS proteins. NS2A, NS4A, and NS4B block 

STAT1 phosphorylation while NS5 binds and promotes degradation of STAT2, thus preventing the 

dimerization of STAT1/STAT2 and transcription of interferon stimulating genes (8-11). 

 TLR3 signaling in DCs leads to the induction of type I interferons and pro-inflammatory 

cytokines (12). Upon ligation with TLR3 agonist, the adaptor molecule TRIF is recruited resulting in 

NFκB phosphorylation and translocation into the nucleus where it activates downstream cytokine 

production such as IL-6 and TNFα (13). There is evidence suggesting that flavivirus NS1 (non-

structural protein 1) contributes to viral immune evasion. Investigators in our  research group have 

demonstrated that West Nile virus (WNV) NS1 abrogates TLR3 signaling in HeLa cells and various 

murine myeloid cell types (14,15)  and have also shown that when mice were pretreated with WNV 

NS1, IL-6 and IFNβ transcripts were both reduced compared to control mice (15), further supporting 
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the hypothesis that NS1 participates in innate immune evasion. Other studies show that secreted NS1 

inhibits complement activation which aids in protecting the virus from complement mediated lysis 

(16).  

 DV1 NS1 seems to play a role immune evasion as well as immune activation, depending on 

the cell type. In HeLa cells, we found that pretreatment with DV1 NS1 inhibits TLR3 signal 

transduction and subsequent production of IL-6 protein (Chapter 2). In contrast, pretreatment of 

monocyte-derived DCs with DV1 NS1 leads to enhanced pro-inflammatory cytokine production 

during infection (Chapter 3). This was an interesting observation, but consistent with another study 

conducted with human PBMCs. When pre-treated with DV NS1, DV infected PBMCs produced more 

IL-6 and TNFα compared to the control PBMCs (17).  

 T cell priming begins when the T cell receptor interacts with the MHC/peptide complex on 

the surface of antigen presenting cells such as DCs and macrophages. This is followed by interaction 

between the co-stimulatory molecules CD80 and CD86 on the surface of DCs with CD28 on the 

surface of T cells. This event coupled with induction of pro-inflammatory cytokines leads to 

polarization of the T cell response towards a TH1 type or TH2 type response (18). During viral 

infection, TH1 type which is dominated by production of IL-12 and IFNγ is required for the 

development of dengue specific CD4 and CD8 T cells (19). Dengue virus infection of DCs leads to 

impaired ability of infected DCs to upregulate maturation markers compared to their uninfected 

counterparts in the same culture. As a result, T cell proliferation is reduced in DV infected cultures 

due to the inability of DV infected DCs to effectively present antigens (20). In contrast, other studies 

suggest that infected DCs are capable of inducing T cell proliferation, but lack the ability to prime 

them to become TH1 type cells (21). 

 Here, we address two different questions using human monocyte derived dendritic cells (mo-

DCs). The first question is, does NS1 pretreatment of mo-DCs lead to inhibition of TLR3 signaling 
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similar to that seen in HeLa cells (Chapter 2)? The second question is, does the enhanced pro-

inflammatory cytokine production seen in DV1 infected NS1 pretreated mo-DCs (Chapter 3) lead to 

enhanced T cell proliferation. 

 

Materials and Methods:        

NS1 purification:  

 293T-NS1 and 293T-MCS cells were grown to confluency; cell free supernatants were 

collected and used for the immuno-purification of NS1 using anti-NS1 mAb clone 5.7.9 (provided by 

Mary-Ann Accavitti-Loper, SERCEB antibody production Core, University of Alabama at 

Birmingham). 293T-MCS cell line supernatants were treated identically to 239T-NS1 supernatants 

during the purification process and served as the purification control as described (15). Mouse 

monoclonal anti-NS1 antibody was coupled to CnBr (cyanogen bromide)- Activated Sepharose 4B 

beads (GE 17-0430-01) and the purification was carried out based on the manufacturer’s instructions. 

Briefly, cell free supernatants were collected from 293T-NS1/239T-MCS cell lines and passed 

through a column packed with antibody-coated beads. The column was washed with a neutral pH 

buffer, and a high pH (11.2) elution buffer was used to elute NS1 from the beads. One ml fractions 

were collected neutralized with a Tris-HCl buffer (pH 7), and an ELISA was performed to quantify 

NS1 in the fractions. Fractions containing NS1 were pooled and concentrated, then dialyzed against 

PBS overnight at 4°C. Protein concentration was determined using a nanodrop spectrophometer and 

confirmed using Bradford Assay (BioRad). Protein purity was determined by silver staining of SDS-

PAGE gels and compared to the MCS purified fraction. NS1 was heat denatured (HNS1) at 95°C for 

1.5h which was used as a negative control.  
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Virus Propagation:  

 WHO reference strain dengue virus type 1 (DV1) (West Pacific 74) was obtained from Dr. 

Aravinda de Silva, UNC Chapel Hill. DV1 was grown and propagated in the Aedes albopictus C6/36 

mosquito cell line at 28°C with 5% CO2. C6/36 cells seeded in T-150 flask and at 75% confluency 

were infected at MOI 0.01 DV1 with 5 ml of media consisting of MEM, 10% FBS-HI, and 10% 

tryptose phosphate broth. Viral attachment was allowed to occur for 1h with rocking every 15 

minutes, and then an additional 10 ml of C6/36 media were added and allowed to incubate for 7 days. 

The supernatant was then clarified by centrifugation in preparation for purification. 

 

Virus Purification:  

 Virus purification was performed using a discontinuous Optiprep gradient (25%, 30%, 35%, 

45%, 50%). 10 ml of cell free viral supernatant were overlaid onto the gradient, and centrifuged at 

24,000 RPM for 2.5 hours at 4°C. Half milliliter fractions were collected and assessed for the 

presence or absence of NS1 using Western Blot and anti-NS1 antibody. Virus-containing fractions 

that were NS1 free were pooled and passed through an Amicon Ultra Centrifugal Filter 

(UFC910008), then resuspended in MEM supplemented with 20% FBS, 1% Penicillin/Streptomycin, 

and 20 mM HEPES buffer. The virus was stored at 0.5 ml aliquots at -80°C until use.  

 

Viral Quantification:  

 Viral titer was determined by immunofocus formation assay on Vero cells and expressed in 

focus forming units/ml (ffu/ml). Briefly, Vero cells were plated to confluency in 48 well plates, virus 

was allowed to attach for 1h with rocking every 15 minutes at 37°C, then a 1:1 ratio of tragacanth 

gum/MEM (with 1% HEPES, 1% Pen/Strep, 1% FBS) mixture was overlaid on the cells and allowed 

to incubate for 48h. The cells were then washed with PBS and fixed with 1:1 ratio of acetone to 
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methanol for 15 minutes at -20°C. The cells were then blocked with 1% normal horse serum 

(NHS)/PBS solution and probed with D1-4G2 (anti-E) antibody for 1h followed by goat anti-mouse 

HRP secondary antibody for 1h at room temperature. Immunofoci were detected using Vector VIP kit 

(Vector Labs), and foci were counted using an inverted microscope to calculate ffu/ml (focus forming 

units per ml). 

 

Generation of monocyte derived DCs (mo-DCs):  

 Blood from healthy human donors was obtained from Gulf Coast Regional Blood Center in 

Houston, TX. Using a Ficoll-Paque PLUS gradient (GE Healthcare), the PBMC layer was isolated, 

the cells were washed and cryopreserved at 5x10
6
 cells/ml in 90% FBS-HI, 10% DMSO. To 

differentiate DCs, cryopreserved PBMCs were thawed, and monocytes were allowed to adhere to 

tissue culture plastic flasks (TPP) for 90 minutes at 37°C, non-adherent cells were removed by gentle 

rocking and aspiration. Adherent monocytes were washed with PBS twice and then replenished with 

complete PBMC media for 7 days with the addition of 800 IU/ml rhGMCSF and 400 IU/ml rhIL-4 

(R&D systems). Complete PBMC Media consisted of RPMI, 10% FBS-HI, 

1%Penicillin/Streptomycin, and 1% non-essential amino acids. The cells were incubated at 37°C, 5% 

CO2, and 95% relative humidity. After 5-7 days, immature non-adherent mo-DCs were collected and 

their phenotype was assessed using the following antibodies CD14-FITC, CD86-PE, HLA-DR-APC, 

CD11c-APC, CD1a-APC, DCSIGN-FITC, CD80-FITC, CD86-PE or the corresponding isotype 

control antibodies (eBioscience). An Accuri C6 Flow Cytometer (BD) was used to assess the surface 

expression of the mo-DC markers.  
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DV Infections:  

 1x10
5
cells/well mo-DCs were seeded into 96 well plate (Corning cat# 353872) and 20 µg/ml 

purified NS1 or HNS1 was added for 16h. mo-DCs were then washed once with PBS and 

resuspended in complete PBMC media, purified virus was added for 1.5 hours at MOI 1. After viral 

attachment, the cells were washed twice with PBS and resuspended in complete PBMC media for 

24h. 

 

Allogeneic Mixed Lymphocyte Reaction:  

 At 24h post DV infection at MOI 1, mo-DCs were washed once with PBS and resuspended in 

PBMC media. Allogeneic PBMCs were CFSE labeled according to the manufacturer’s instructions. 

Briefly, PBMCs were incubated with 1 μM CFSE (carboxyfluorescein succinimidyl ester) for 10 min 

in 37°C water bath, and washed 4 times with complete PBMC media. CFSE labeled PBMCs were 

added to the infected/uninfected mo-DCs at a ratio of 1:5 DC:PBMC. On day 6 post-co-culture, the 

cells were harvested, and APC labeled anti-CD3 or isotype control antibody were used to gate on T 

cells. CFSE dilution within the T cell population was analyzed in the FL-1 channel using C6 Accuri 

Flow Cytometer (BD). 

 

ELISA: 

  Mo-DCs pretreated with 20 μg/ml NS1/HNS1 were stimulated with 20 μg/ml pIC  for 8h and 

supernatant was collected. IL-6 levels were quantified using an ELISA kit (eBioscience) according to 

the manufacturer’s instructions. 
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Statistical Analysis:  

 Statistical analysis was performed using non-parametric student t-test. Statistical significance 

is indicated by p<0.05*. Error bars represent standard error of the mean (SEM). 

 

Results: 

DV1 infected mo-DCs have impaired responses to TLR3 stimulation.  

 It has previously been reported that DV infected DCs are unable to upregulate CD86 when 

stimulated with the TLR3 ligand pIC (22). These data indicate that DV modulates signaling of TLR3 

leading to inhibition of CD86 upregulation. We were interested in whether DV1 infection of mo-DCs 

leads to inhibition of IL-6 production after TLR3 stimulation. Mo-DCs were infected with DV1 at 

MOI 1 or left uninfected, then they were stimulated with pIC for 8h. IL-6 protein secretion into the 

supernatant was assessed by ELISA. We found that DV infected DCs had an impaired ability to 

produce IL-6 as a result of subsequent TLR3 stimulation compared to uninfected DCs (Figure 1). 

These data indicate that indeed, DV modulates TLR3 signaling during infection of DCs.  

 

Secreted DV1 NS1 does not inhibit TLR3 signaling in mo-DCs.  

 Since we observed TLR3 signaling inhibition in HeLa cells (Chapter 2), the next step was to 

determine whether secreted DV1 NS1 could be playing a role in inhibition of TLR3 signaling in mo-

DCs. To address this question, we used purified DV1 NS1 or the heat-inactivated form (HNS1) to 

treat mo-DCs for 16h. Uptake of NS1 by the mo-DCs at the 16h time point was confirmed in Chapter 

3, see Figure 2. After NS1/HNS1 treatment, mo-DCs were stimulated with pIC for 8h. When we 

measured IL-6 content in the supernatant, we found that DV1 NS1 did not abrogate TLR3 signaling 

in the mo-DCs, even with lower concentrations of pIC (Figure 2). These data indicate that uptake of 

secreted NS1 by mo-DCs does not lead to TLR3 signaling inhibition in this cell type.  
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Pretreatment with NS1 does not lead to enhanced T cell proliferation by DV1 infected mo-DCs. 

 We previously demonstrated that mo-DCs pretreated with NS1/HNS1 and infected with DV1 

for 24h upregulated CD86 to similar levels (Chapter 3, Figure 3). However, in moDC from some 

donors albeit not statistically significant, we detected slightly enhanced upregulation of CD86 in the 

NS1 pretreated compared to HNS1 pretreated DCs after 24h DV infection at MOI 1 (Figure 3). This 

finding is consistent with our results in Chapter 3 showing that NS1 pretreatment leads to enhanced 

overall activation of DV infected mo-DCs. We hypothesized that if CD86 is upregulated in NS1 

pretreated DV1 infected DCs, then downstream T cell proliferation may also be impacted. We tested 

this hypothesis by performing allogeneic mixed lymphocyte reactions (MLR). After 24h infection or 

mock infection of NS1/HNS1 treated DCs, we added allogeneic CFSE labeled PBMCs to the culture 

for 6 days. At a 1:5 DC:PBMC ratio, we found that uninfected DCs  induced three T cell divisions. 

Compared to uninfected DCs, co-cultures containing infected DCs exhibited a more T cells in their 

second division (second peak), hence more proliferation of T cells as a result of DC infection. 

However, we were not able to detect a difference in T cell proliferation induced by NS1 and HNS1 

pretreated infected DC stimulator cells (Figure 4). We conclude that although CD86 expression is 

slightly higher on NS1 pretreated mo-DCs compared to HNS1 pretreated mo-DCS, this effect does 

not necessarily translate to more T cell proliferation in an in vitro allogeneic MLR.  

 

Discussion: 

 Various studies demonstrate that DV infection impairs the ability of mo-DCs to produce type 

I interferon (10). Additionally, 293/TLR3 West Nile virus (WNV) replicon bearing cells have 

impaired TLR3 induced NFκB transcription (23). Therefore, we decided to investigate whether DV 

infection has an impact on TLR3 signaling in mo-DCs. Here we provide evidence that infected mo-

DCs that are subsequently stimulated with pIC have an impaired ability to produce IL-6 in response 
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to TLR3 stimulation compared to uninfected mo-DCs. This result indicates that during infection, DV 

modulates TLR3 signaling.  

 We previously reported that HeLa cells that either express NS1 intracellularly or are pre-

exposed to DV1 NS1 have an impaired ability to signal through TLR3 (Chapter 2). Since DV 

infection alone in the mo-DCs inhibited subsequent TLR3 mediated IL-6 production, we wondered if 

NS1 was potentiating this effect. NS1 pre-treated mo-DCs were stimulated with various 

concentrations of pIC, and IL-6 was measured in the supernatant. Unexpectedly, we found that DV1 

NS1 is not able to inhibit TLR3 signaling in mo-DCs similar to HeLa cells (Chapter 2). However, it is 

important to keep in mind that HeLa cells are epithelial cells whereas DCs are professional antigen 

presenting cells. So it is likely that their antigen processing mechanisms are completely different, 

leading to differential processing of extracellularly acquired NS1. It is possible that in the HeLa cells, 

secreted DV1 NS1 is able to obstruct TLR3 signaling, but unable to do the same in DCs. It is also 

possible that NS1 is able to inhibit TLR3 in mo-DCs only when expressed intracellularly, a 

possibility we have not addressed yet. Alternatively, in the mo-DC model, one of the non-structural 

proteins other than NS1 could mediate inhibition of TLR3 signaling. 

 Although DV infection of mo-DCs leads to their maturation and cytokine production, there is 

evidence suggesting that DV has several mechanisms to alter the downstream adaptive response. One 

study demonstrated that that DV infected DCs are able to induce CD4 T cell proliferation, but are 

unable to polarize CD4 T cells to produce TH1 cytokines including IFNγ and TNFα (21).  In light of 

these studies, we asked whether enhanced DV replication and pro-inflammatory cytokine production 

seen in NS1 pretreated mo-DCs during DV1 infection (Chapter 3) could lead to enhanced 

downstream T cell proliferation. Although not statistically significant, in some donors, NS1 pre-

treated mo-DCs showed enhanced upregulation of the co-stimulatory molecule CD86 upon NS1 

pretreatment and DV1 infection. Using an allogeneic MLR, our data indicate that although DV 
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infected DCs stimulate more T cell proliferation compared to uninfected DCs, NS1 pre-treatment did 

not alter the outcome. This result could have several explanations. We detected only a small 

difference in the CD86 upregulation, so it is possible that this difference does not translate to 

enhanced T cell proliferation in vitro, but it may manifest itself in vivo. It is also important to note 

that enhanced expression of CD86 was detected 24h post infection, and that T cell proliferation was 

assessed six days after CD86 expression was measured. By the end of the six days it is possible that 

the NS1 pre-treatment effect is overcome by NS1 that is naturally produced during infection, hence 

the potential effect of NS1 on T cell proliferation may not be clear in our system. Another possibility 

is that measuring CFSE dilution is not sensitive enough to detect small differences in T cell 

proliferation. If investigated further, the thymidine incorporation assay should be considered to assess 

DNA replication in T cells as an alternative to CFSE dilution. Furthermore, in the MLR we used total 

PBMCs labeled with CFSE, then we gated on CD3
+ 

T cells to determine T cell proliferation. It is 

plausible that during infection, the virus is inducing other cell types in the PBMC mixture to produce 

cytokines which may have complicated our results. In the future, using purified T cells instead of 

PBMCs may be a better option to study the direct impact of DV infected DCs on T cells. The 

magnitude of T cell responses has been shown to correlate with dengue disease severity (24). If NS1 

pretreatment of DCs enhances their ability to present antigen to T cells and promote their 

proliferation, then this could have implications during severe disease. Future studies investigating the 

impact of NS1 pretreated DCs on T cell proliferation will allow us to gain a better understanding of 

the initial T cell response during dengue infection.  

 Overall, data in this appendix provide extra insight on the role that secreted NS1 may or may 

not be playing in modulating TLR3 signaling and downstream T cell proliferation as a result of DC 

infection. Understanding the NS1: DC interaction is critical in our understanding of DV pathogenesis 

and immune modulation.  
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Figure 1: DV1 inhibits TLR3 signaling in monocyte-derived dendritic cells (mo-DCs) during 

infection. 1x10
5
 mo-DCs were seeded in triplicate in a 96 well tissue culture plate. Mo-DCs were 

infected with DV1 at MOI of 1, or left uninfected. 16h post infection, supernatants were removed, 

and 20 μg/ml pIC treatment was applied for 8h. Supernatants were harvested, and IL-6 protein 

content (pg/ml) was analyzed by ELISA. Data are a representative of three independent experiments 

with three different donors. 
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Figure 2: Secreted DV1 NS1 does not inhibit TLR3 mediated IL-6 production in mo-DCs. 1x10
5
 

mo-DCs were seeded in a 96 well plate and treated with 20 μg/ml NS1 or equivalent amount of HNS1 

for 16h. The cells were washed once with PBS, and stimulated with varying concentrations of pIC or 

left untreated for 8h. IL-6 content in the supernatants was analyzed by ELISA. Data are a 

representative of three independent experiments with three different donors.  
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Figure 3: NS1 pretreated mo-DCs express higher levels of surface CD86. Mo-DCs were 

pretreated with 20 μg/ml NS1/HNS1for 16h, followed by DV1 infection at MOI 0.1. After 16h 

infection, DCs were harvested and CD86 surface expression was assessed using anti-CD86-PE 

antibody or isotype control. Uninfected mo-DCs were used as the negative control for CD86 

upregulation and % upregulation was calculated as fold over mock (uninfected). Data are  

representative of the mean of experiments done with two different donors.  
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Figure 4: NS1 pretreatment of mo-DCs does not affect T cell proliferation in an allogeneic MLR 

assay. NS1 pretreated DCs were infected with DV1 at MOI 1. After 24h, cells were washed with PBS 

once, and CFSE labeled allogeneic PBMCs were added at ratio of 1:5 DC:PBMC. 6 days post co-

culture, cells were harvested and CFSE dilution in the CD3
+ 

T cell population was analyzed by flow 

cytometry. This is representative of two experiments done with two different donors. 
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