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SEQUENCE ANALYSIS OF MOUSE-PASSAGED DENGUE VIRUS STRAINS THAT INDUCE 

A NON-PARALYTIC, LETHAL DISEASE IN MOUSE. 

  

Dengue virus as a human pathogen: Dengue virus (DENV), a NIAID category A priority pathogen, 

causes dengue fever (DF) and dengue hemorrhagic fever/dengue shock syndrome (DHF/DSS), the most 

prevalent mosquito-borne viral diseases now in humans worldwide (1). According to the CDC, globally, 

there are an estimated 50 to 100 million cases of DF and several thousand cases of DHF per year. The 

average case mortality rate of DHF is 5%. There are four closely related, but antigenically distinct, 

DENV serotypes (DENV-1, DENV-2, DENV-3, and DENV-4) of the genus Flavivirus. Primary 

infection with any one of the four serotypes typically leads to DF, a debilitating but self-limited acute 

febrile illness. Some primary infections, however, and a larger percentage of secondary infections with a 

different serotype, could result in the severe, life-threatening DHF/DSS, characterized by increased 

vascular permeability and hemorrhagic manifestations (1). Although coagulation abnormalities and 

thrombocytopenia are prominent features, the hallmark of DHF/DSS is plasma leakage, with elevated 

levels of pro-inflammatory cytokines in circulation. In rare cases of DHF/DSS, neurologic abnormalities, 

including encephalitis, may also occur (2). DENV is transmitted to humans by the mosquitoes Aedes 

aegypti and Aedes albopictus. Due to uncontrolled urbanization, globalization, and the spread of the 

DENV-transmitting mosquitoes, multiple DENV serotypes co-circulate, resulting in an increase in the 

frequency of epidemics and in the emergence and spread of DHF/DSS (3). As a result, DENV is now a 

major public health problem throughout the world. Both Ae. aegypti and Ae. albopictus become endemic 

in the southeast regions of the United States, between Georgia and Texas. The CDC has classified DENV 

as an emerging disease threat in the USA. Despite the significance of this pathogen, no DENV-specific 

therapies or vaccines are available. 

 

DENV virology: DENV is a positive-sense, single-stranded RNA virus that belongs to the family 

Flaviviridae and the genus Flavivirus, which includes yellow fever (YF) and the West Nile virus (WNV), 

Japanese encephalitis virus (JEV), and St. Louis encephalitis (SLE) virus. The DENV genome is 10.7 kb 

in length and encodes a polyprotein with three structural proteins [capsid (C)-membrane (M)- envelope 

(E)] at the N-terminus, and seven nonstructural (NS) proteins (NS1-NS2A-NS2B-NS3-NS4A-NS4B-

NS5) at the C-terminus (4). The C protein surrounds the viral genome, forming a nucleocapsid. The M 

protein regulates fusion of the viral envelope with the host membrane. The E protein is involved in 

receptor binding, membrane fusion, and viral assembly. DENV uses DC-specific ICAM3-grabbing non-

integrin (DC-SIGN) proteins as a cellular attachment factor to infect dendritic cells (DCs) (5,6). The 

bona-fide receptor for entry into both DC and non-DC targets, on the other hand, has not yet been 

characterized. The E protein is also the major target of neutralizing antibodies (Abs) and contains DENV 

serotype-specific antigenic epitopes (7). The roles of the nonstructural proteins have yet to be fully 

clarified, but many, including NS1, NS3, NS5, NS2A, and NS4A, have been shown to be components of 

the viral replication complex (8,9,10). Others, including NS1 and NS4B, may directly modulate the host 

immune response (11,12). During productive infection, DENV enters cells via receptor-mediated 

endocytosis after binding to its cellular receptor(s), uncoats in acidified endosomal vesicles, and releases 

its RNA into the cytoplasm to initiate viral translation, which is required to generate the viral replicase 

necessary for subsequent viral RNA replication (13). Viral particles assemble by budding into the 

endoplasmic reticulum, pass through the Golgi, where surface glycoprotein modification occurs, and are 

exocytosed via secretory vesicles. 

 

Rationale for the proposed work:  Despite the significant public health threat posed by DENV, the 
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mechanisms of viral pathogenesis remain unclear.  Approximately 90% of DHF/DSS cases are associated 

with secondary infection by a heterologous serotype, while the remaining 10% result from primary 

infection (2).  Therefore, the investigation of DENV pathogenesis has been dominated by studies 

proposing that DHF/DSS are due largely to immunopathogenetic effects of infection. In vitro experiments 

have supported a role for DENV serotype-cross-reactive antibodies (Abs) in the pathogenesis of 

DHF/DSS. At sub-neutralizing concentrations, DENV-specific Abs augment infection of Fc! receptor
+
 

cells, leading to the term “antibody-dependent enhancement” of infection (ADE) (1, 5, 6).  In addition to 

Abs, cross-reactive memory T cells have been hypothesized to play a role in DENV pathogenesis. Patients 

with DHF/DSS have serotype-cross-reactive CD4
+
 and CD8

+
 T cells and have higher than normal levels 

of proinflammatory cytokines such as TNF-", IFN-!, IL-6, and macrophage inhibitory factor (MIF) in 

circulation (11, 12).  One model suggests that reactivation of serotype-cross-reactive memory T cells 

during secondary infection results in an inappropriately enhanced immune activation with ‘cytokine 

storm’ (i.e. presence of high levels of inflammatory cytokines) (8).  The mechanisms by which this 

aberrant immune response contributes to DHF/DSS have yet to be defined.  Together, these studies 

provide hypotheses regarding the contribution of the immune system to disease during primary and 

secondary DEN infection whose testing requires an adequate, tractable animal model. 

 In addition to the immune response, viral genotype may play an important role in DENV 

pathogenesis.  Owing to their high mutability relative to DNA viruses, RNA virus populations are 

heterogeneous.  Thus, in addition to the complexity of developing a vaccine effective against all four 

DENV genotypes, new viral variants are emerging in both humans and mosquitoes. Studies with human 

cells and populations have revealed that distinct virus genotypes correlate with disease severity and that 

the selection for more virulent viruses occurs in both humans and mosquitoes (4, 7).  Why these DENV 

strains are associated with DHF/DSS is not known, due largely to the lack of an animal model that (i) 

exhibits symptoms resembling at least some manifestations of DHF/DSS and (ii) is tractable.  

 

 Our overall research goal is to identify viral and host factors that modulate DENV infection and 

disease in an animal model.  Studies in human populations have furnished important information but can 

only be descriptive in nature; to address mechanistic questions, an animal model is essential.  Primates 

can be infected with DENV but do not develop disease, plus they are impractical and too costly for 

routine work.  A mouse model is attractive due to the availability of reagents (transgenic mice in well-

defined genetic backgrounds and antibodies against mouse immune cells and molecules) to explore 

murine immunology. Paralysis is the dominant clinical phenotype of susceptible mouse strains.  In 

contrast, humans with DENV infection do not develop paralysis; most manifest clinical depression, and 

few develop encephalopathy. Despite the paralytic phenotype, we have been developing new mouse 

models of primary DENV infection using a variety of gene-targeted mice in the C57BL/6 or 129/Sv 

genetic background and novel DENV strains that are derived via alternate passaging between mosquito 

cells and mice.  Employing new mouse models that exhibit symptoms resembling key features of the 

human disease, we have been dissecting the host and viral determinants of primary DENV infection in 

mice and have begun to address longstanding questions about the virology and immunology of DENV 

infection in vivo.  Specifically, we have started to identify sites of viral replication and characterize 

protective versus pathogenic mechanisms of the immune system during primary DENV infection. This 

knowledge is essential for understanding the biology and pathogenic potential of DENV in vivo, creating 

a more relevant mouse model for the human disease, and developing and testing DENV-specific therapies 

and vaccines.  
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Our system for deciphering viral and host determinants of DENV infection and disease:  We 

recently reported the isolation of D2S10, a novel DENV2 strain that causes a severe, but non-paralytic, 

disease in AG129 mice, which lack receptors for both IFN-"/# and IFN-! (14).  D2S10 was derived by 

alternately passaging the non-mouse-adapted DENV2 strain PL046 (a Taiwanese human isolate) between 

mosquito cells and non-neuronal tissues (i.e. serum) of AG129 mice (Fig. 1).  Passaging of virus between 

mosquito cells and mice was performed to approximate the natural transmission cycle between 

mosquitoes and humans.  In contrast to the parental DENV2 PL046 strain, D2S10 was lethal in AG129 

mice without causing paralysis.  Rather, the mice had virus in non-neuronal tissues and showed signs of 

increased vascular permeability.  High levels of inflammatory cytokines, including IL-1, IL-6, and TNF-

", were found in the sera of D2S10- but not PL046-infected AG129 mice, and the treatment of D2S10-

infected mice with neutralizing anti-TNF-" antibody prevented both the early death and vascular leakage 

phenotype. Therefore, D2S10-infected AG129 mouse model exhibits some salient DHF/DSS features, 

including increased vascular permeability and ‘cytokine storm,’ setting the stage for investigating both 

viral and host factors contributing to severe DENV-induced disease. 

To identify viral determinants of the D2S10 phenotype, we developed a reverse genetics system 

based on the PL046 sequence (Fig. 2) (9).  Mice infected with the N124D or K128E single mutant or the 

parental virus developed paralysis starting at day 10 post-infection (p.i.); in contrast, mice challenged 

with the N124D and K128E double mutant virus uniformly succumbed to infection between days 3 and 4 

p.i. without exhibiting paralysis (data not shown). Neutralization of TNF-" activity via anti-TNF-" 

monoclonal Ab administration demonstrated that the early death phenotype of E124/128-IC-infected 

mice was dependent on TNF-" (data not shown). Vascular permeability assays and histopathologic 

evaluation provided evidence for increased vascular permeability and cellular damage in tissues such as 

the liver, spleen, and intestine of E124/128-IC- but not PL046-IC-infected mice (data not shown). 

Collectively, these results demonstrate the K128E and N124D substitutions in E protein as the genetic 

changes in D2S10, relative to the parental PL046 strain, that result in a more severe dengue disease in 

mice.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Herein, we aim to determine how the DENV2 strain PL046 gained virulence in mice by using 454 

high throughput sequencing technology. Specifically, we wish to track the evolution of the PL046 

(parental virus) into D2S10 (mouse-adapted virus) by performing 454-sequence analysis of PL046, 

D2S10, and passage 5 and 20 viruses. All our viral stocks are currently stored at -80°C and can be readily 

shipped as purified viral RNA. Although some of the mutations in D2S10 are already known, re-

sequencing both the parental strain and D2S10 using 454 sequencing technology would help us better 

Fig. 1.  Derivation of mouse-passaged DEN2 strains D2S10 and D2S20.  A 

IFN-"/# and –! receptor
-/-

 129/Sv (AG129) mouse was infected intravenously 

with 10
6
 PFU of the DEN2 strain PL046, a Taiwanese clinical isolate.  The 

serum was harvested at day 3 p.i., followed by the amplification of the virus in 

C6/36 mosquito cells, concentration by ultracentrifugation, and intravenous 

injection of 10
5
-10

6
 PFU of C6/36 amplified virus into a naïve AG129 mouse.  

This was repeated 10 times to obtain D2S10. 

Fig. 2.  Diagram of PL046 infectious clone (pPL046-IC). XbaI linearizes 

the plasmid for generating RNA transcripts using T7 polymerase. The 

K128E and/or N124D mutations were introduced in the E gene (highlighted 

in red) via site directed mutagenesis to create plasmids pE124-IC, pE128-
IC, or pE124/128-IC.  
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understand the pathogenic mechanisms of D2S10 in mice.  By uncovering less-abundant mutations in 

D2S10, new viral determinants of DENV infection and disease in mice may be revealed.  Moreover, data 

generated from this project will shed light on the evolution of DENV in the host, and the new knowledge 

may be used to advance current efforts towards the development of DENV-specific treatments. 
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