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D E N G U E  V I R U S

A T164S mutation in the dengue virus NS1 protein is 
associated with greater disease severity in mice
Kitti Wing Ki Chan1,2, Satoru Watanabe1, Jocelyn Y. Jin1, Julien Pompon1,3, Don Teng4, 
Sylvie Alonso2,5, Dhanasekaran Vijaykrishna1,4, Scott B. Halstead6, Jan K. Marzinek7, Peter J. Bond7, 
Bo Burla8, Federico Torta8, Markus R. Wenk8, Eng Eong Ooi1,2, Subhash G. Vasudevan1,2*

Dengue viruses cause severe and sudden human epidemics worldwide. The secreted form of the nonstructural 
protein 1 (sNS1) of dengue virus causes vascular leakage, a hallmark of severe dengue disease. Here, we reverse 
engineered the T164S mutation of NS1, associated with the severity of dengue epidemics in the Americas, into a 
dengue virus serotype 2 mildly infectious strain. The T164S mutant virus decreased infectious virus production and 
increased sNS1 production in mammalian cell lines and human peripheral blood mononuclear cells (PBMCs) without 
affecting viral RNA replication. Gene expression profiling of 268 inflammation-associated human genes revealed 
up-regulation of genes induced in response to vascular leakage. Infection of the mosquito vector Aedes aegypti 
with the T164S mutant virus resulted in increased viral load in the mosquito midgut and higher sNS1 production 
compared to wild-type virus infection. Infection of type 1 and 2 interferon receptor–deficient AG129 mice with the 
T164S mutant virus resulted in severe disease coupled with increased complement activation, tissue inflammation, 
and more rapid mortality compared to AG129 mice infected with wild-type virus. Molecular dynamics simulations 
predicted that mutant sNS1 formed stable dimers similar to the wild-type protein, whereas the hexameric mutant sNS1 
was predicted to be unstable. Immunoaffinity-purified sNS1 from T164S mutant virus–infected mammalian cells 
was associated with different lipid classes compared to wild-type sNS1. Treatment of human PBMCs with sNS1 
purified from T164S mutant virus resulted in a twofold higher production of proinflammatory cytokines, suggesting 
a mechanism for how mutant sNS1 may cause more severe dengue disease.

INTRODUCTION
Dengue is a global public health concern caused by four serotypes of 
the mosquito-borne dengue virus. Several hundred thousand severe 
dengue cases occur annually with an estimated 40% of the world’s 
population at risk of infection (1). Severe dengue is characterized by 
hypotension from vasculopathy-associated plasma leakage, internal 
hemorrhage, and organ dysfunction. Risk of severe dengue appears to 
be multifactorial and includes host genetic susceptibility factors as 
well as secondary infection with a dengue virus serotype heterologous 
to the primary dengue virus infection. More recently, viral factors 
have also been shown to influence transmission and disease severity 
in endemic populations. These factors effectively suppress antiviral 
responses of both human and vector hosts. However, the viral mo-
lecular determinants and their mechanistic contributions toward 
epidemiological and clinical severity remain poorly understood.

In a retrospective study of the 1997 Cuban dengue virus serotype 
2 (DENV2) outbreak, a single conservative amino acid substitution 
in the virus-encoded nonstructural protein 1 (NS1) protein at residue 
164 from a threonine (T) to a serine (S) (T164S) was suggested to be 

responsible for the enhanced clinical severity among dengue virus 
cases as the epidemic progressed (2, 3). NS1 is a virus-encoded 
~50-kDa glycoprotein that exists in different oligomeric states. It 
assumes diverse roles in virus replication in the dimeric state. It is 
also secreted from infected cells in the form of a hexamer with a 
central lipid–filled channel (4–6). The secreted NS1 (sNS1) lipoprotein 
interacts directly with endothelial cells or Toll-like receptor 4 (TLR4) 
on human myeloid-derived cells (7, 8) to activate the complement 
system (9), which may directly influence vasculopathy and leakage 
of plasma.

In this study, we combined genomic, virological, immunological, 
and biochemical analyses to define how the T164S mutation in NS1 
influenced replication of dengue virus and disease outcome in cell 
lines, mosquitoes, and type 1 interferon (IFN)–deficient AG129 mice. 
We found that the mutation increased sNS1 production coupled with 
slightly reduced infectious virus production in vitro and in vivo. The 
elevated sNS1 production by T164S mutant virus induced higher 
expression of proinflammatory cytokines and complement path-
way genes in infected human peripheral blood mononuclear cells 
(PBMCs). The mutant virus also induced complement-mediated 
inflammation in mice, resulting in lethality. The lipid load of mutant 
sNS1 varied potentially, contributing to stability of the hexamer.

RESULTS
The T164S mutation in dengue virus NS1 correlates 
with increased disease severity
We first examined the conservation of threonine at position 164 (T164) 
of the dengue virus NS1 protein in the publicly available dengue 
sequence database (10) and found that T164 was present in >98% of 
DENV1, DENV3, and DENV4 sequences and 90.8% of DENV2 
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sequences (Fig. 1A). In the three-dimensional (3D) structure of NS1, 
T164 lies adjacent to the functionally essential “greasy finger” loop 
amino acid residues 159 to 162 (Fig. 1A) (11). Maximum likelihood 
phylogenetic analysis of DENV2 sequences (>1600) showed that the 
T164S substitution in NS1 occurred exclusively within genotype III 
(Asian/American lineage of dengue virus) (Fig. 1B). The substitution 
was first observed in a Vietnam isolate (D2/Vietnam/1998) that was 
an outlier to viruses that were introduced into the Americas (Fig. 1C). 
Although threonine remains the predominant amino acid at position 
164 in NS1 in this clade, the T164S substitution emerged on multiple 
occasions during severe dengue epidemics in several countries in-
cluding the United States, Puerto Rico, Venezuela, Cuba, and Peru 
(Fig. 1C). However, the appearance of T164S in NS1 was only seen 
in virus samples from severe epidemics caused by the Asian/American 
virus lineage, suggesting that the T164S substitution is not fixed in 
the dengue virus population and may be an important marker to 
identify epidemic-inducing dengue virus strains. We therefore inves-
tigated in detail the contribution of the T164S substitution to dis-
ease severity using an infectious clone of the DENV2 isolate from 
Singapore (12, 13).

The T164S mutation increases secretion of sNS1 and reduces 
infectious virus production in vitro
Given that the T164S mutation is considered to be a conservative 
change, we first examined the impact of this change on viral RNA 
replication and infectivity. The T164S mutation was introduced into 
the DENV2 mildly infectious clone (Fig. 2A) as previously described 
(13). The in vitro transcribed RNA of wild-type or mutant virus was 
transfected directly either into the baby hamster kidney 21 (BHK-21) 
mammalian cell line for assessment of viral replication kinetics or 
into C6/36 insect cells to generate virions for infection studies. 
BHK-21 cells transfected with wild-type or T164S viral RNA showed 
comparable intracellular viral RNA synthesis (Fig. 2B) and extracel-
lular virion-associated RNA (fig. S1A). The infectious titer of the 
sequence-confirmed T164S mutant virus was 4.5-fold lower 
(P = 0.032) than that of wild-type virus 24 hours after transfection 
(Fig. 2C, left axis). However, the genome equivalent (GE), which is 
the ratio of extracellular RNA genome copies (GCs) measured by 
reverse transcription polymerase chain reaction (RT-PCR) to infec-
tious virus measured by plaque assay [plaque-forming units (pfu)], 
was similar between wild-type and T164S virus (~104 GC:1 pfu) in 
BHK-21 cells (Fig. 2C, right axis) and C6/36 cells (fig. S1B), ruling 
out the possibility that the T164S virus produced more immature or 
defective virus particles.

Next, we examined the infection profile of T164S mutant virus 
in HuH-7 human hepatic cells at a multiplicity of infection (MOI) 
of 1 or 10, respectively. Analogous to BHK-21 cell transfection, the 
intracellular viral RNA replication of wild-type and T164S virus was 
similar regardless of the MOI (Fig. 2D). However, the infectious titer 
of the T164S virus was lower than that of the wild-type virus 24 hours 
after infection (MOI 1: 2.1-fold, P = 0.029; MOI 10: 1.6-fold, 
P = 0.120) (Fig. 2E). The lower T164S virus titer after infection of 
HuH-7 cells did not seem to be due to the production of immature 
or defective virus particles given that the GE and the percentage 
infection detected by immunofluorescence assay were similar to 
those of wild-type virus (fig. S1, C and D). The expression of iNS1 
after infection of HuH-7 cells with wild-type or T164S virus was 
also similar as shown by Western blotting (Fig. 2F) and quantification 
of NS1 by enzyme-linked immunosorbent assay (ELISA) (Fig. 2G). 

An increase in secreted sNS1 was observed for T164S virus compared 
to wild-type virus irrespective of the starting MOI (MOI 1: twofold, 
P = 0.029; MOI 10: fourfold, P = 0.037) (Fig. 2H). This suggested 
greater secretion efficiency for mutant NS1 compared to wild-type 
NS1. There was no readily observable difference in plaque size or 
morphology for T164S virus compared to wild-type virus (fig. S1E). 
Furthermore, the T164S mutation was found to be stably maintained 
through 10 alternate passages between C6/36 cells and HuH-7 cells 
without any additional genetic changes, as revealed by viral genome 
sequencing. Together, our data suggest that the T164S mutation in 
sNS1 may have an impact on early infectious virus production and 
NS1 secretion without affecting viral RNA replication.

T164S mutant virus is better able to infect mosquitoes than 
wild-type virus
Next, we examined the impact of the T164S mutation of NS1 on 
mosquito infectivity (14–16). First, we orally infected the mosquito 
vector of dengue, Aedes aegypti, with either T164S mutant or wild-
type virus at three different inocula (105 to 107 pfu/ml of specific 
pathogen–free pig blood) and then examined the viral load on day 9 
after infection (fig. S2A). The viral load in the mosquitoes was de-
termined by RT-PCR at each infection inoculum, and no difference 
in the percentage of infected mosquitoes was found (fig. S2B). A 
nearly twofold higher viral load was observed for T164S mutant virus–
infected mosquitoes at the lower infection doses (fig. S2B), which 
correlated with higher amounts of sNS1 in the blood meal (fig. S2C). 
This suggested that the T164S mutant virus may have a replication 
advantage. Next, A. aegypti mosquitoes were orally infected with 
T164S mutant virus or wild-type virus (5 × 105 pfu/ml) in a pig 
blood meal, and the viral replication kinetics in mosquito midguts 
on days 1 and 3 after infection were examined. Viral replication by 
day 3 after infection was 4.8-fold higher in T164S mutant virus–infected 
mosquitoes compared to wild-type virus–infected mosquitoes (Fig. 3A). 
The viral load in the midguts of T164S mutant virus–infected mosqui-
toes was 1.9-fold higher than in wild-type virus–infected mosquitoes 
on day 1 after infection and was significantly higher (4.8-fold) on 
day 3 after infection (P = 0.026) (Fig. 3B). The number of T164S 
mutant virus–infected mosquito midguts (>10 pfu) was higher (11 of 
30 midguts, 36.7%) than for wild-type virus–infected mosquito 
midguts (6 of 30 midguts, 20%) (Fig. 3C). Examination of viral load 
in salivary glands and whole mosquito carcasses on day 7 after in-
fection showed that T164S mutant virus was capable of dissemination 
within the mosquito, with a 1.4-fold higher viral load for T164S mutant 
virus compared to wild-type virus (Fig. 3D). More NS1 was expressed 
in the midguts of T164S virus–infected mosquitoes than in the midguts 
of wild-type virus–infected mosquitoes, as demonstrated by Western 
blotting (Fig. 3, E and F), NS1-capture ELISA (Fig. 3G), and immuno-
fluorescence assay (fig. S2D). Furthermore, higher expression of 
T164S mutant NS1 was detected in the mosquito salivary glands by 
Western blotting analysis (fig. S2E) and NS1-capture ELISA (fig. S2F) 
on day 7 after infection compared to wild-type NS1. A potential 
replication advantage for T164S mutant virus was further supported 
by higher expression of virus-encoded NS3 (Fig. 3E) and an increase 
in viral GCs (Fig. 3A).

Increased sNS1 production after ex vivo infection of human 
PBMCs by T164S mutant virus compared to wild-type virus
We examined the ability of T164S mutant virus and wild-type virus 
at an MOI of 10 to infect human PBMCs from three independent 
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Fig. 1. Conservation, spatial location, and phylogenetic distribution of dengue virus NS1 residue 164. (A) Organization of the dengue virus genome indicating 
structural (C, capsid; prM, premembrane; E, envelope) and nonstructural (NS1 to NS5) genes flanked by 5′ and 3′UTRs (untranslated regions). Sequence alignment of the 
connector (Co) subdomain (residues 150 to 180) is shown for DENV1 to DENV4 (represented by selected strains with the following GenBank accession numbers: 
EU081230.1, EU081177.1, EU081190.1, and GQ398256.1, respectively). The percent (%) conservation of residues T164 and S164 across dengue virus serotypes was estimated 
using the total number (n) of publicly available NS1 sequences for DENV1 (n = 1868), DENV2 (n = 1590), DENV3 (n = 1020), and DENV4 (n = 243) in the Virus Pathogen Database 
and Analysis Resource [ViPR database (10) as of 28 March 2017]. The 3D structure of the dengue virus NS1 dimer [Protein Data Bank (PDB) 4O6B] (11) showing one monomer 
in color (-roll, yellow; -ladder, purple; wing domain, blue) and the other monomer in gray is depicted. The greasy finger loop (residues 159 to 162, shaded in pink for 
both monomers) is based on the West Nile virus NS1 dimer (PDB 4O6D), with residue T164 indicated (red stick) for both monomers. ER, endoplasmic reticulum. (B) Evolutionary 
relationship of DENV2 strains showing that the T164S mutation is distributed exclusively within the American clade of DENV2 genotype III. (C) Bayesian molecular clock 
showing the spatiotemporal distribution of the T164S mutation within the Southeast (SE) Asian/American genotype III clade.
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Fig. 2. Characterization of the T164S mutation in NS1 of dengue virus. (A) Dengue virus serotype 2 3295 strain infectious clone (GenBank accession number EU081177.1) 
indicating standard genetic manipulations for introduction of the T164S mutation into NS1 (asterisks). (B) Real-time PCR quantification of intracellular viral RNA at the 
indicated time points after electroporation of BHK-21 cells with wild-type or T164S mutant virus. The dashed line represents the detection level for the mock-transfected 
control BHK-21 cells. WT, wild type. (C) Virus titer in infected BHK-21 cell supernatants at 24 hours after transfection with either wild-type or T164S mutant virus, which 
was determined using a plaque assay (left axis). The GE shown on the right axis is the ratio of extracellular RNA GCs measured by RT-PCR to infectious virus measured by 
plaque assay (pfu). (D) Real-time PCR quantification of wild-type or T164S mutant virus genome replication at an MOI of 1 or 10 in infected HuH-7 liver cells. (E) Super
natants from infected HuH-7 cells 24 hours after infection were subjected to plaque quantification (pfu/ml). (F) Nonreducing SDS–polyacrylamide gel electrophoresis 
(SDS-PAGE) of the cell lysates from (D). (G) Intracellular NS1 (iNS1) quantification in cell lysates from (D) measured by ELISA. (H) Quantification of sNS1 in the supernatants 
from cells in (D) measured by ELISA. Data are presented as means ± SD from duplicate of two independent experiments, and differences between wild-type and T164S 
mutant virus groups were compared by Mann-Whitney test (*P < 0.05).

 by guest on June 26, 2019
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

http://stm.sciencemag.org/


Chan et al., Sci. Transl. Med. 11, eaat7726 (2019)     26 June 2019

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

5 of 15

donors in the absence or presence of a humanized 4G2 antibody. 
This antibody is against the viral envelope protein and facilitates 
antibody-dependent enhancement (ADE) of viral infectivity (17). 
Similar to infection of BHK-21 cells and HuH-7 cells, the production 
of T164S mutant virus in human PBMCs was suppressed 24 hours 
after infection compared to wild-type virus (Fig. 4A). Quantification 
of viral GCs in the supernatants from infected human PBMCs and 
measurement of the GE revealed no differences between T164S mutant 
virus– and wild-type virus–infected cells (fig. S3, A and B). Quantification 
of sNS1 in the cell supernatants by capture ELISA revealed greater 
sNS1 production by T164S mutant virus–infected cells compared to 
wild-type virus–infected cells (Fig. 4B). Next, we measured the 
proinflammatory cytokines interleukin-6 (IL-6) and tumor necrosis 
factor  (TNF) in the PBMC supernatants by ELISA (18). IL-6 
production was 3.7-fold higher for the T164S mutant virus–infected 
cells compared to wild-type virus–infected cells in the presence of 
4G2 antibody Fig. 4C). TNF was increased by 2.7-fold for T164S 
virus–infected compared to wild-type virus–infected cells in the 
presence of 4G2 antibody (Fig. 4D). Moreover, in the PBMC infection 

assay in the absence of 4G2 antibody, IL-6 and TNF production 
could be measured for the T164S mutant virus but not for the wild-
type virus (Fig. 4, C and D), although wild-type virus showed higher 
production of virions (Fig. 4A).

We then investigated whether sNS1 from the T164S mutant virus 
could be responsible for the proinflammatory response observed in 
the human PBMCs ex vivo. We purified sNS1 from supernatants of 
BHK-21 cells infected with T164S mutant virus or wild-type virus 
using immunoaffinity chromatography (~50 to 80% purity; fig. S3C) 
(19) and found that sNS1 from both mutant and wild-type viruses 
was in the form of stable hexamers (Fig. 4E). Incubation of human 
PBMCs with purified sNS1 from T164S mutant virus resulted in 
about twofold greater production of IL-6 (Fig. 4F) and TNF (Fig. 4G) 
compared to sNS1 from wild-type virus irrespective of the amount 
of sNS1 used.

We then probed expression of 268 inflammatory genes in the virus-
infected human PBMCs using the NanoString gene counting platform 
(20). Our probe pool contained probes not only for host inflamma-
tory genes but also for the 5′ and 3′ ends of the DENV genome as internal 

Fig. 3. Replication kinetics of wild-type or T164S mutant dengue virus in the A. aegypti mosquito vector. A. aegypti mosquitoes were infected with wild-type or T164S 
mutant virus (5 × 105 pfu/ml) through a blood meal, and midgut viral loads were compared to those of whole carcasses. (A) Average viral load in whole mosquito carcasses 
obtained by summing the midgut and carcass viral loads (n = 30). (B) Scatter plot showing the viral load of individual mosquito midguts from (A) quantified by real-time 
PCR. (C) Average infectious viral titer of mosquito midgut homogenates at day 3 after infection based on the number of midgut homogenates with a virus titer >10 pfu. 
(D) Scatter plot of the viral loads in individual mosquito salivary glands and carcasses [from (A)] on day 7 after infection measured by real-time PCR. (E) Western blot of 
NS1 and NS3 proteins in homogenates from 50 mosquito midguts. (F) The band intensity of NS1 from (E) was normalized to that of -actin using ImageJ. (G) The total 
NS1 in the mosquito gut homogenates was quantitated by ELISA. Mean values for wild-type and mutant NS1 were compared by Mann-Whitney test. Mean values of 
mosquito gut viral loads between the wild-type and T164S mutant virus groups were compared by the Mann-Whitney test. Data are presented as means ± SD from three 
independent experiments, and significance is indicated as *P < 0.05.
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controls for detecting virus infection. We assessed infectivity and 
subgenomic flaviviral RNA (sfRNA) in T164S mutant virus– and 
wild-type virus–infected human PBMCs because previous studies 
have shown that these characteristics can affect host inflammatory 
gene expression (21). We found consistently higher expression of 
the 3′UTR compared to the virus envelope gene with a ratio of 2:1, 
which we attributed to sfRNA transcripts (fig. S3D). The sfRNA to 
viral genomic RNA ratio showed no difference between T164S mutant 
virus and wild-type virus (fig. S3D). Transcription of IL-6 and 
TNF genes was slightly higher at 6 hours after infection for T164S 
mutant virus–infected human PBMCs compared to wild-type virus–
infected human PBMCs (fig. S3, E and F, respectively).

Of the 268 inflammatory genes profiled, 35.8% (96 of 268 genes) 
and 45.1% (121 of 268 genes) were expressed at a higher level during 
the course of human PBMC infection with wild-type or T164S mu-
tant virus in the absence or presence of humanized 4G2 antibody 

compared to uninfected PBMCs (calculated as log2 fold changes; 
figs. S4 and S5). The most highly up-regulated genes were the type 1 
IFN response genes (IFN/, IFITs, OAS, MX1, and MX2) and the 
genes encoding cytokines IL-1 and IL-8. These have been previous-
ly reported to be up-regulated in dengue virus–infected human liver 
HepG2 cells and in patients with dengue virus infection (22, 23). 
Further examination of the overall regulation of the inflammation-
associated genes in T164S mutant virus–infected human PBMCs 
revealed that most of the genes encoding cytokines, nuclear factor 
B (NFB), complement, Janus kinase (Jak)–signal transducer and 
activator of transcription (STAT), mitogen-activated protein kinase 
(MAPK), TLR-related proteins, and protein targeting to glycogen 
(PTG) were up-regulated at 6 hours after infection (fig. S6). These 
genes were more prominently up-regulated at 6 hours after infection 
with T164S mutant virus compared to wild-type virus in the presence 
of humanized 4G2 antibody (fig. S7).

Fig. 4. Infection of human PBMCs ex vivo with wild-type or T164S mutant dengue virus in the absence or presence of humanized 4G2 antibody. Human PBMCs (n = 3 donors) 
were infected with 107 pfu (MOI = 10) of wild-type or T164S mutant virus either alone or in an immune complex with 0.05 g of the humanized 4G2 antibody (Ab) 
(17). Supernatants were collected at 24 hours after infection and were analyzed as follows: (A) infectious virus titer quantification by plaque assay, (B) sNS1 measurement 
by ELISA, and (C) IL-6 and (D) TNF concentrations measured by ELISA. (E) Native SDS-PAGE Western blot of wild-type and T164S mutant virus sNS1 purified from BHK-21 
cell supernatants. (F) IL-6 and (G) TNF concentrations were measured in the supernatants of human PBMCs incubated with purified wild-type or T164S mutant sNS1 
(either 1 or 10 g/ml) for 24 hours. Data are presented as scatter plots or bar graphs and show means ± SD from three independent experiments. Differences between the 
wild-type virus and T164S mutant virus were compared by Mann-Whitney test (*P < 0.05).
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Infection of human PBMCs with T164S mutant virus also resulted 
in up-regulation of genes associated with MyD88-dependent TLR 
signaling (Fig. 5A), cytokine/IFN-mediated signaling (Fig. 5B), and 
complement signaling (Fig. 5C) at 6 hours after infection. Consistent 

with previous reports, TLR2 (24) and TLR4 (7, 8), which are associated 
with vascular leakage and the severity of dengue disease, were highly 
expressed during T164S mutant virus infection of human PBMCs 
in the presence or absence of humanized 4G2 antibody (Fig. 5A). 

Fig. 5. Expression of inflammation-associated genes after infection of human PBMCs with wild-type or T164S mutant dengue virus. Human PBMCs (n = 2 donors) were 
infected with 107 pfu (MOI = 10) of wild-type or T164S mutant virus either alone or in an immune complex with 0.05 g of the humanized 4G2 antibody (17). Total RNA 
was extracted from human PBMCs at 6 and 24 hours after infection, and gene expression analysis was performed using custom probes (table S1). Gene expression was 
normalized to that of the panel’s internal housekeeping genes. Normalized gene expression of the T164S mutant virus was then expressed as log2 fold change with 
respect to wild-type virus. Clusters of gene expression in the heat maps are based on KEGG (Kyoto Encyclopedia of Genes and Genomes)/Gene Ontology analysis. (A) Heat 
map of expression of MyD88-dependent/TLR signaling pathway genes. (B) Heat map of expression of cytokine/IFN-mediated signaling pathway genes. (C) Heat map of 
expression of complement cascade genes. (D) STRING analysis showing interaction network of the complement cascade genes in the gene expression panel generated 
by Cytoscape (43). Genes in red are those that are highly up-regulated (log2 fold change ≥ 1.5) in human PBMCs after infection by the T164S mutant virus. Data presented 
are from two independent experiments.

 by guest on June 26, 2019
http://stm

.sciencem
ag.org/

D
ow

nloaded from
 

http://stm.sciencemag.org/


Chan et al., Sci. Transl. Med. 11, eaat7726 (2019)     26 June 2019

S C I E N C E  T R A N S L A T I O N A L  M E D I C I N E  |  R E S E A R C H  A R T I C L E

8 of 15

However, TLR6 (24) was only up-regulated during T164S mutant 
virus infection in the absence of humanized 4G2 antibody (Fig. 5A). 
Expression of downstream IFN-stimulated genes in T164S mutant 

virus–infected PBMCs was reduced compared to wild-type virus–
infected PBMCs, although the former cells showed greater tran-
scription of genes encoding type 1 IFN/ (Fig. 5B).

Fig. 6. Nonlethal infection of AG129 mice with wild-type or T164S mutant virus. (A) Schematic showing the timeline of nonlethal infection of AG129 mice with wild-
type or T164S mutant virus and daily sampling for analysis of virus replication and proinflammatory markers. AG129 mice (n = 6 per group) were given 50 g of mouse 
4G2 antibody intraperitoneally 1 day before intravenous injection of 107 pfu (~5 × 1011 GE) of wild-type or T164S mutant virus. (B) Viremia kinetics were measured by PCR 
in pooled serum collected from mice infected with wild-type virus or T164S mutant virus. (C) Average viremia on day 1 after infection of mice infected with wild-type or 
T164S mutant virus. (D) The average infectious titer on day 1 after infection was measured in mouse serum by a plaque assay. (E) The amount of sNS1 in mouse serum was 
measured by ELISA. (F) Average amount of sNS1 produced on day 1 after infection. (G to K) Mouse serum concentrations of proinflammatory cytokines measured by 
ELISA for (G and H) IL-6, (I and J) TNF, and (K) complement C3. Mouse serum concentrations for day 1 after infection for (H) IL-6 and (J) TNF. Differences in viremia kinetics 
and serum complement C3 concentrations between wild-type virus– and T164S mutant virus–infected mouse groups were compared by two-way analysis of variance 
(ANOVA) with Bonferroni correction. Data are presented as means ± SD from two independent experiments, and differences between wild-type virus– and T164S mutant 
virus–infected mouse groups were compared by Mann-Whitney test (*P < 0.05 and **P < 0.01). i.p., intraperitoneally; i.v., intravenously.
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Given that the association of viral NS1 with vascular leakage in 
dengue disease (6–8) also involves complement-associated genes, 
we subjected these genes to STRING and KEGG pathway analysis. 
Our data showed an interactome of genes up-regulated in T164S 
mutant virus–infected PBMCs (Fig. 5D). Most of the complement-
associated genes were up-regulated about twofold throughout the 
course of T164S mutant virus infection (Fig. 5D). The interacting 
network of genes was found to belong to the classical complement 
activation pathway (Fig. 5, C and D) that has been linked to severe 
dengue disease (25). Furthermore, MBL2 (in the complement lectin 
pathway) and KNG1 (associated with complement signaling) were 
up-regulated greater than threefold in T164S mutant virus–infected 
cells only in the absence of antibody (Fig. 5C).

T164S mutant virus induces more severe disease in AG129 
mice compared to wild-type virus
Next, we probed the biological relevance of our findings in the ex vivo 
human PBMC infection system in a nonlethal mouse model of dengue 

virus infection (26). We infected AG129 mice with T164S virus or 
wild-type virus in the presence or absence of mouse 4G2 antibody 
and examined viremia, complement activation, and production of 
sNS1 and cytokines at various time points after infection (Fig. 6A). 
The overall kinetics of production of virus measured by RT-PCR 
and plaque assay, sNS1, and inflammation-related proteins in mice 
infected with T164S mutant virus or wild-type virus was similar to 
previous studies (Fig. 6) (26, 27). Early events at day 1 after infection 
showed a similar trend to those in our ex vivo PBMC infection system 
(Figs. 2 and 4). T164S mutant virus–infected mice showed reduced 
viral RNA production (P = 0.010) (Fig. 6, B and C) and infectious 
virus production (P = 0.028) compared to mice infected with wild-
type virus on day 1 after infection despite the use of an identical 
starting inoculum for both viruses (Fig. 6D). Serum sNS1 was higher 
for T164S mutant virus–infected mice compared to wild-type virus–
infected mice (Fig. 6, E and F). IL-6 and TNF concentrations (28, 29) 
in pooled serum (n = 6) were also significantly higher for T164S 
mutant virus–infected mice at day 1 after infection compared to 

Fig. 7. Lethal infection of AG129 mice with wild-type or T164S mutant dengue virus. (A) The schematic shows the timeline of the experiment. AG129 mice were given 50 g 
of 4G2 mouse antibody intraperitoneally and were injected intravenously 1 day later with 108 pfu (~ 5 × 1012 GE) of wild-type or T164S mutant virus (n = 5 or 6 per group). 
Mouse survival was monitored for 10 days after infection (27). In addition, two to three mice were independently infected and sacrificed at ~85 hours after infection, and 
their tissue viral load and pathological markers were measured. (B) Survival plots (log-rank Mantel-Cox test) for AG129 mice infected with wild-type or T164S mutant virus. 
(C) Mouse serum sNS1 was measured at 85 hours after infection by ELISA. (D) Viral load in mouse tissues [small intestine (S. int), liver (Liv), and spleen (Spl)] was measured 
by PCR, and the viral RNA expression was normalized to actin expression. (E to G) Concentrations of (E) IL-6, (F) TNF, and (G) complement C3 were measured in mouse 
tissue homogenates by ELISA. Data points shown as scatter plots (D to G) are means ± SD from two independent experiments. Differences between wild-type virus and 
T164S mutant virus were compared by Mann-Whitney test (*P < 0.05).
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Fig. 8. Molecular simulations and lipid analysis of wild-type and mutant hexameric NS1. (A) Snapshot simulations of wild-type NS1 (left) and T164S mutant NS1 (right) 
in a lipid-free system with amino acid residue T164 labeled. (B) Zoomed-in initial (0 ns, left) and final (200 ns, right) snapshots of the wild-type (top) and T164S mutant (bottom) 
NS1 hexamer highlighting the hydrophobic interface between adjacent NS1 dimers (shown in wireframe format with labeling of the amino acids at the dimer interface in-
volved in hydrophobic interactions). (C) Distribution of protein backbone root mean square deviations (RMSD) with respect to the x-ray structure as well as the minimum 
distance between interdimer hydrophobic clusters for wild-type (black) and T164S mutant (red) NS1. The NS1 monomer (top left), NS1 dimer (top right), and NS1 hexamer 
(bottom left) are shown. The bottom right panel shows the interdimer distance of wild-type (black) and T164S mutant (red) NS1. (D) Relative abundance of major lipid classes 
extracted from immunoaffinity-purified wild-type or T164S mutant sNS1 determined by LC-MS/MS. DG, diacylglycerols; PI, phosphatidylinositols; PE, phosphatidylethanol-
amines; PC, phosphatidylcholines; CE, cholesterol esters; LPC-O, ether lysophosphatidylcholines; PC-O, ether phosphatidylcholines; SM, sphingomyelins. (E) Relative abun-
dance of short-chain phosphatidylethanolamine (PE) subclasses (carbon length of 32 to 34 atoms) for immunoaffinity-purified wild-type and T164S mutant sNS1 [blue box in 
(D)]. Data are presented as means ± SD from three independent experiments and were compared by unpaired two-tailed Student t test (*P < 0.05 and ***P < 0.001).
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wild-type virus-infected mice (P = 0.007: Fig. 6, G and H, and P = 
0.004: Fig. 6, I and J , respectively). The decreased viral load in serum 
and enhanced production of the proinflammatory cytokine IL-6 on 
day 1 after infection in T164S mutant virus–infected mice was also 
found during infection in the absence of 4G2 antibody [3.0-fold 
lower viral RNA: P < 0.001, fig. S8 (A and B); 2.1-fold increased IL-6: 
P = 0.003, fig. S8 (C and D)]. We next measured complement C3 in 
pooled serum (n = 6) and found a significant increase over the 
course of infection in T164S mutant virus–infected mice compared 
to mice infected with wild-type virus (in the absence of mouse 4G2 
antibody: P = 0.044, fig. S8E; in the presence of mouse 4G2 antibody: 
P = 0.011, Fig. 6K).

We next used the AG129 lethal infection mouse model (27) to 
investigate whether T164S mutant virus infection caused more severe 
disease in these animals compared to wild-type virus (Fig. 7A). 
Mice infected with the T164S mutant virus showed earlier mortality 
(median survival of 4 days; 100% lethality) compared to mice infected 
with wild-type virus (median survival of 5 days; 60% lethality; 
P = 0.027) (Fig. 7B). Data for one mouse from the wild-type virus–
infected group were excluded from subsequent analysis because of 
its unusual early death on day 2 after infection (27). The increased 
mortality of the mice infected with T164S mutant virus corresponded 
to an overall higher viremia with a 2.1-fold (P = 0.073) and 4.5-fold 
(P = 0.004) higher serum viral load compared to mice infected with 
wild-type virus on days 3 and 4 after infection, respectively (fig. S8F). 
These higher viral loads were coupled with a slight increase in the 
amount of systemic sNS1 measured on day 3.5 after infection 
(P = 0.036; Fig. 7C). We examined the viral load and proinflammatory 
protein production in the small intestine, liver, and spleen on day 3.5 
after infection because these are the major organ sites of severe pa-
thology associated with ADE of dengue virus infection (27–29). Mice 
infected with the T164S mutant virus displayed a higher viral load 
than did mice infected with wild-type virus in the small intestine 
(3.9-fold, P = 0.016) and liver (4.0-fold, P = 0.032), but no difference 
in viral load was noted in the spleen (Fig. 7D). The higher viral load 
correlated with higher IL-6 and TNF concentrations in serum (fig. S8, 
G and H) and tissues (small intestine, Fig. 7E; liver, Fig. 7F) in the 
T164S mutant virus–infected mice compared to wild-type virus–infected 
mice. Complement C3 in the liver where it is predominantly syn-
thesized (30) was 2.2-fold higher (P = 0.064) in T164S mutant virus–
infected mice compared to wild-type virus–infected mice (Fig. 7G).

The T164S mutation is predicted to make  
hexameric NS1 unstable
We next performed atomic-resolution molecular dynamics simulations 
of the T164S and wild-type hexameric NS1 protein using the GROMACS 
5.1.4 molecular dynamics simulation package. Three replica simu-
lations of 200 ns each were performed per system to improve the 
sampling of the conformational space of the wild-type and T164S 
mutant NS1 proteins. The wild-type hexameric complex exhibited a 
relatively stable structure that was comparable to the x-ray structure 
(PDB ID, 4O6B) (11), with an approximate threefold symmetry 
around the three dimers and a central pore known to contain a lipid 
cargo (Fig. 8A, left) (5, 11). In contrast, simulation of the T164S mutant 
NS1 hexameric complex led to a pronounced collapse of the sym-
metrical arrangement, thus occluding the central lipid–containing 
pore (Fig. 8A, right). In the wild-type protein, the methyl group at 
the side chain of T164 contributes to a hydrophobic interaction 
cluster that includes amino acid residues W8, L13, and F160, which 

stabilize the interface between symmetrical pairs of dimers (Fig. 8B, 
top). The loss of a total of six methyl groups in the T164S mutant 
hexameric complex causes a reduction in packing at each interface 
that is needed to maintain the symmetrical hydrophobic interaction 
network between the mutant NS1 dimers (Fig. 8B, bottom). The 
root mean square deviation of the protein backbone of the wild-
type and T164S mutant NS1 was quantified to provide measurements 
of the structural drift of the hexameric NS1 and its individual com-
ponents, relative to the x-ray structure. Whereas monomers and 
dimers within both the wild-type and mutant NS1 hexamers exhibited 
limited structural drift (~0.25 nm) (Fig. 8C, top), the entire hexamer 
showed greater tendency to drift from the x-ray structure in the 
T164S mutant NS1 compared to wild-type NS1 (Fig. 8C, bottom 
left). The distribution of distances between hydrophobic clusters of 
the dimers was measured for both wild-type and T164S mutant 
hexameric NS1 (Fig. 8C, bottom right). This confirmed that whereas 
the wild-type NS1 stably maintained a mean separation at each dimer 
interface of ~3 nm, the loss of packing within the T164S mutant 
NS1 led to an oscillation of about half this distance (Fig. 8C, bottom 
right). We purified the T164S mutant NS1 hexameric complex from 
T164S mutant virus–infected mammalian cell culture supernatants 
(Fig. 4E). Lipid profiling of immunoaffinity-purified wild-type and 
T164S mutant NS1 hexameric complexes by liquid chromatography–
tandem mass spectrometry (LC-MS/MS) identified 180 lipid molecular 
species (table S3). Lipid classes such as sphingomyelins and ether 
phosphatidylcholines were overrepresented in the T164S mutant NS1 
compared to wild-type NS1, whereas phosphatidylethanolamines 
were reduced in the T164S mutant NS1 (Fig. 8E).

DISCUSSION
Mutations arising in dengue virus during dengue epidemics have 
been correlated with an increased disease severity (21), implicating 
viral factors in severe dengue disease (2, 31, 32). Recently, mutations 
in the viral 3′UTR were shown to result in the increased accumulation 
of sfRNA compared to genomic length RNA, which conferred epi-
demiological fitness to the virus by suppressing the host type 1 IFN 
response. These mutations were associated with the dengue virus 
clade that caused more severe disease in the 1994 Puerto Rico epi-
demic (21). A conserved amino acid substitution from threonine to 
serine at position 164 (T164S) in the NS1 protein of dengue virus 
was proposed to be associated with disease severity of the 1997 Cuban 
epidemic (2, 3) and subsequently was detected in several DENV2 
epidemics in the Americas. Given that the contribution of the 
T164S substitution in NS1 to disease severity is not well understood 
(3), we reverse engineered this mutation into a DENV2 infectious 
complementary DNA (cDNA) clone derived from a mildly infectious 
Singapore wild-type strain (12, 13). We found that the T164S mutant 
virus decreased infectious virus production despite little change in 
intracellular viral genome replication in BHK-21 and HuH-7 cell 
lines and in human PBMCs. We also found that the T164S mutant 
virus displayed greater infectivity in mosquitoes after an oral blood 
meal and increased viral replication and NS1 expression in the mos-
quito midgut, in part, because of greater mutant sNS1 in the blood 
meal. This is consistent with a recent study showing that sNS1 in 
the serum of infected hosts facilitated efficient infection of mosqui-
toes (33). The T164S mutant virus infection of human PBMCs re-
sulted in greater production of sNS1 compared to wild-type virus 
infection and induced higher expression of TLR signaling– and 
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complement-associated genes, leading to greater production of 
proinflammatory cytokines such as IL-6 and TNF. Furthermore, 
the T164S mutant virus triggered greater systemic inflammation in 
AG129 mice that was partly mediated by complement activation 
due to increased production of C3 in serum and liver. Recent studies 
have shown that NS1 antagonizes complement activation in vivo by 
binding to complement factors C4, C1, and C4BP (34), suggesting 
that NS1 is an immune evasion molecule. Our findings in AG129 
mice correlate with clinical observations of higher amounts of sNS1, 
C3a, and C5a in the plasma of patients with severe dengue before 
symptoms of vascular leakage (9, 35).

The T164S mutation in NS1 of DENV2 appears along the terminal 
branches of the phylogenetic tree including among clades that rep-
resent large epidemics in humans, suggesting that this mutation 
does not persist through fixation beyond the epidemic and may not 
have a fitness advantage during its natural nonepidemic cycle. The 
fitness of wild-type virus compared to the T164S mutant virus ex-
amined by the pairwise growth competition assay (36) revealed higher 
fitness for the wild-type virus during coinfection of HuH-7 cells 
(fig. S9). The T164S mutation was identified in virus strains causing 
dengue epidemics in the Americas but not elsewhere; hence, muta-
tional pressure exerted by the host or mosquito genetic background 
cannot be excluded. An alanine to valine mutation in Zika virus NS1 
protein at position 188 resulted in greater disease transmission due 
to increased infectivity contributed by increased sNS1 (34).

The specific molecular events that result in the early suppression 
of infectious virus particle production during infection by the T164S 
mutant virus compared to wild-type virus remain to be elucidated. 
Mason (37) demonstrated that NS1 may interfere with virus mor-
phogenesis during transit of NS1 from the ER to the trans-Golgi with 
a potential interaction between NS1 and the viral envelope protein. 
More recently, Scaturro et al. (38) carried out extensive structure-
directed mutational studies to interrogate the role of NS1 in viral 
replication and identified several mutations that resulted in no change 
in RNA replication but showed an impact on infectious virus pro-
duction in vitro. This group showed interactions between mCherry-
labeled NS1 and the viral envelope protein but did not elucidate why 
mutations that did not alter RNA replication lowered infectious virus 
production. Given that sNS1 is a hexamer and the central pore lined 
by the three dimers is filled with lipids (5), it is possible that the T164S 
mutation in NS1 may lead to altered lipid load in the central core. 
We propose that the NS1 side chain at position 164 points toward 
the central core where the lipid load is contained such that altered 
side chains could possibly result in a disequilibrium in the lipid pool 
required for virion assembly when NS1 and the viral envelope protein 
interact during transit from the ER to the trans-Golgi (fig. S10). This 
competition for lipids may explain reduced infectious virus production 
and increased sNS1 secretion by the T164S mutant virus. Both T164 
and S164 NS1 dimers are stable as revealed by molecular dynamics 
simulations (Fig. 8C, top), suggesting that the mutation does not 
compromise NS1’s role in viral RNA replication. Our atomic-level 
molecular dynamics simulations suggested that the loss of the six methyl 
groups of threonine in the T164S mutant protein would reduce the packing 
interactions at the dimer interfaces resulting in a less stable hexameric 
NS1. We showed that sNS1 from T164S mutant virus formed stable hexamers 
in vitro, suggesting that hydrophobic collapse due to reduced packing 
interactions at the dimer interfaces may be prevented by rapid uptake of 
lipids from the lipid pool, leading to a disequilibrium that limits virion 
assembly. When we analyzed the lipid content of immunoaffinity-

purified sNS1 from T164S mutant virus and wild-type virus by mass 
spectrometry, we found that sphingomyelins and ether phosphatidyl-
cholines were overrepresented in mutant virus, whereas phosphatidy-
lethanolamines were underrepresented. Metabolism of ether lipids 
is also important for the production of infectious virions by other 
types of viruses (39); however, the functional consequences of the 
altered lipid load in mutant NS1 remain to be fully elucidated. 
MAPK-regulated phospholipase activity is essential for infectious 
virus production by dengue virus and hepatitis C virus (40). Our gene 
expression data showed that MAPK genes were up-regulated in the 
first 6 hours after infection in T164S mutant virus compared to 
wild-type virus.

Our study has a number of limitations. The first is the relevance 
of the AG129 mouse model to human dengue disease (41). A second 
limitation is that the transmissibility of the T164S mutant virus in 
the mosquito host needs to be examined using a mouse model (42) 
to establish the contribution of sNS1 and particularly to probe the 
role of its lipid content. The T164S mutant virus induced an increase 
in complement C3 in mice, but future studies need to test whether 
blocking C3 production during dengue virus infection could provide 
a therapeutic benefit against severe dengue disease. Last, extending 
the investigation of the T164S mutation to other dengue virus sero-
types as well as comparing the effects of injecting mice with purified 
sNS1 from T164S mutant virus or wild-type virus should inform 
structure-activity relationships and the ability of mutant sNS1 to cause 
severe disease. Our findings may provide new insights into the com-
plex interplay of viral fitness and dengue virus pathogenesis mediated 
by the NS1 protein.

MATERIALS AND METHODS
Study design
We aimed to investigate the mechanisms underlying the disease 
severity associated with the T164S mutation in the NS1 protein of 
dengue virus (3). We inferred the emergence and spread of this mu-
tation through phylogenetic analysis using publicly available dengue 
virus sequences. The T164S mutation was reverse engineered into a 
DENV2 mildly infectious strain. The T164S mutant virus was ana-
lyzed in vitro in BHK-21 cells, HuH-7 cells, and human PBMCs and 
in vivo in the AG129 type 1 and 2 IFN receptor–deficient mouse. Virus 
replication was assessed by quantification of viral RNA and infec-
tious virus production in cell lines in vitro. The magnitude of sNS1 
protein secretion was measured by capture ELISA. The effect of 
mutant sNS1 on the ability of mutant virus to infect mosquitoes was 
analyzed. We assessed the contribution of the T164S mutation in NS1 
to inflammation using a human PBMC infection assay to measure 
proinflammatory cytokine production. Biochemical and molecular 
dynamic simulation analyses were conducted to examine the proper-
ties of the T164S mutant NS1 protein. T164S mutant virus or mu-
tant NS1 was compared to parental wild-type virus or wild-type 
NS1 in all experiments.

The human PBMCs used in this study were provided by the 
principal investigator (S.G.V.), senior colleague (J.L.), and coauthor 
(E.E.O.) and collected in accordance with National University of 
Singapore Institutional Review Board approval B-12-227. All animal 
experiments (protocol 2016/SHS/1167) were approved by the Insti-
tutional Animal Care and Use Committee of Singapore Health 
Services and conformed to the National Institutes of Health guide-
lines and public law.
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Cell lines and antibodies
BHK-21 cells [baby hamster kidney fibroblast cells, American Type 
Culture Collection (ATCC)] were cultured in RPMI 1640 medium 
(Gibco) supplemented with 10% fetal bovine serum (FBS) and 
1% penicillin-streptomycin (P/S) at 37°C in 5% CO2. C6/36, an Aedes 
albopictus cell line (ATCC), was maintained in RPMI 1640 medium 
with 10% FBS, 25 mM Hepes, and 1% P/S at 28°C in the absence of 
CO2. HuH-7 cells (human hepatocarcinoma cells, ATCC) were cul-
tured in Dulbecco’s modified Eagle’s medium with 10% FBS, glucose 
(4.5 g/liter), and 1% P/S at 37°C in 5% CO2. The preparation and 
use of mouse 4G2 and humanized 4G2 antibody in this study was 
previously described (29). Anti-NS1 [56.2; (19)] and NS3 [3F8; (13)] 
antibodies used in Western blotting (WB) were previously described.

Generation of T164S mutant dengue virus
Full-length DENV2-3295 cDNA clone (GenBank accession number 
EU081177) used in this study has been previously described (13). 
Figure 2A shows the schematics of generating the NS1:T164S mu-
tant cDNA infectious clone. RNA was in vitro transcribed from the 
full-length cDNA clone using T7 mMESSAGE mMACHINE kit 
(Ambion) and transfected into C6/36 using the previously described 
electroporation conditions (13). Supernatants from the transfected 
C6/36 cells were collected on day 7 after transfection (P0 virus) and pas-
saged once in C6/36 to obtain the P1 virus stock for infection studies.

In vitro virus replication assay
The in vitro transcribed RNAs of wild type and T164S were transfected 
into BHK-21 cells as described previously (13) to examine the repli-
cation profile of the viruses over the course of 5 days. For infection 
assay, 1 × 105 HuH-7 cells were infected with DENV2 wild-type or 
T164S mutant viruses at MOIs of 10 or 1. After 1 hour of incubation 
at 37°C, virus inocula were removed and replaced with growth me-
dium and sampled as supernatants or TRIzol lysates at indicated time 
points for plaque, NS1-capture ELISA (26), and viral RNA quantifi-
cation, respectively, as described in the Supplementary Materials.

Human PBMC infection assay
Human PBMCs were isolated from three healthy donors by Ficoll-
Paque (GE Healthcare) extraction method, and 106 PBMCs were 
infected with either 107 pfu of DENV2 wild-type or T164S mutant 
virus [presence or absence of 0.05 g of humanized 4G2 antibody 
for 2.5 hours at 37°C; (29)]. PBMCs (106) were stimulated with 
wild-type or T164S sNS1 protein immunoaffinity-purified from infected 
BHK-21 supernatants for 24 hours (19). Collected supernatants at 
24 hours after infection/after stimulation were subjected to IL-6 and 
TNF cytokine measurements using Ready-SET-Go! ELISA kits 
(eBioscience), NS1-capture ELISA (26), and/or standard BHK-21 
plaque assay. Cell lysates from the infection assay were harvested at 
the indicated time points for inflammatory gene profiling using 
NanoString (see the Supplementary Materials for details).

AG129 mouse infection studies
Sv/129 mice deficient in type I and II IFN receptors (AG129) purchased 
from B&K Universal (UK) were housed in the biosafety level 2 
(BSL-2) animal facility at Duke-NUS, Singapore. All animal experiments 
were carried out as outlined in an approved protocol. Eight- to 
11-week-old female mice were used to examine the in vivo phenotype 
and pathology induced by T164S mutant virus infection. For the viremic 
model, mice were inoculated intravenously with 1 × 107 pfu of DENV2 

wild-type or T164S mutant virus. Mouse monoclonal 4G2 antibody 
(50 g) was administrated intraperitoneally into mice 1 day before 
infection to induce ADE infection. Blood samples were collected from 
day 1 to day 6 after infection by submandibular bleeding, and serum 
samples were subjected to measurements of viral load by real-time 
RT-PCR and plaque assay, sNS1 by NS1-capture ELISA (26), and cyto-
kines using Ready-SET-Go! ELISA kits (IL-6 and TNF; eBioscience). 
Serum complement C3 and MBL2 levels were measured using Mouse 
Complement C3 and SimpleStep MBL ELISA kits (Abcam).

For lethal infection model, mice preinjected with 50 g of 4G2 
antibody (intraperitoneally) were inoculated intravenously with 
1 × 108 pfu of DENV2 wild-type or T164S mutant virus. Mice 
survival was monitored over the course of 10 days, and mice were 
sacrificed when they appeared moribund. Serum samples collected 
on days 1 to 4 after infection were subjected to viremia measure-
ment by real-time RT-PCR. Two to three mice per group (uninfected, 
DENV2 wild-type, and T164S) were sacrificed on day 3.5 (85 hours 
after infection) by CO2 inhalation and perfused with phosphate-
buffered saline (PBS) after blood collection from the postcaval vein. 
Tissues (spleen, liver, and small intestine) were collected and snap-
frozen in liquid nitrogen after removal of luminal content from the 
intestine. These tissues were homogenized in PBS, and the homoge-
nates were subjected to viral load analysis by real-time RT-PCR, 
proinflammatory IL-6, TNF, C3, and NS1-capture ELISA (26).

Molecular dynamics simulations
Molecular dynamics simulations using GROMACS 5.1.4 package was 
performed on the hexameric DENV2 NS1 obtained from the x-ray 
structure (PDB ID, 4O6B) (11) with in silico mutations introduced 
according to the DENV2-3295 Singapore strain used in this study. 
In addition, the T164S mutation was introduced in the mutant hexamer 
for comparison with the simulations of the wild-type NS1 protein. 
The details of the simulation parameters can be found in the Sup-
plementary Materials.

Lipid profiling of wild-type and T164S mutant sNS1
The lipid content of the wild-type and T164S mutant hexameric sNS1 
was analyzed by LC-MS/MS. Details of the analytics and post-analytics 
of the lipid profiling can be found in the Supplementary Materials.

Statistical analysis
Statistical analysis was performed using GraphPad Prism v5.0 software. 
Significance in virus titers measured by plaque assay or RT-PCR and 
ELISA measurements between the wild-type and T164S virus mutant 
groups was determined by a nonparametric Mann-Whitney test. Sig-
nificant differences in the abundance of lipid classes between wild-type 
virus and T164S mutant virus were compared using an unpaired two-
tailed Student t test with unequal variance. Comparison of mouse 
survival rates was performed using the log-rank Mantel-Cox test. 
Two-way ANOVA with Bonferroni correction was performed to deter-
mine significant differences between wild-type and mutant virus groups 
for kinetics data on mouse viremia and serum complement C3 concen-
trations. P < 0.05 was considered significant. All data were obtained 
from duplicate of two independent experiments or as otherwise stated.

SUPPLEMENTARY MATERIALS
stm.sciencemag.org/cgi/content/full/11/498/eaat7726/DC1
Materials and Methods
Fig. S1. Genome equivalent (GE), infectivity and plaque morphology of T164S mutant virus.
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Fig. S2. Infectivity of wild-type and T164S mutant virus in the mosquito vector A. aegypti.
Fig. S3. Ex vivo human PBMC infection with wild-type or T164S mutant virus in the absence or 
presence of humanized 4G2 antibody.
Fig. S4. Heat map expression profile of inflammation-associated genes after infection of 
human PBMCs with wild-type or T164S mutant virus.
Fig. S5. Heat map expression profile of inflammation-associated genes after infection of 
human PBMCs with wild-type or T164S mutant virus in the presence of humanized 4G2 
antibody.
Fig. S6. Heat map expression profile of clustered inflammation-associated genes after infection 
of human PBMCs with wild-type or T164S mutant virus.
Fig. S7. Heat map expression profile of clustered inflammation-associated genes after infection 
of human PBMCs with wild-type or T164S mutant virus in the presence of humanized 4G2 
antibody.
Fig. S8. Viremia and proinflammatory cytokine production in AG129 mice infected with DENV2 
wild-type or T164S mutant virus.
Fig. S9. Pairwise growth competition assay between wild-type and T164S mutant virus.
Fig. S10. Proposed mechanism of the increased secretion of the T164S NS1 hexamer.
Table S1. List of add-on genes in the NanoString Human Inflammation v2 codeset.
Table S2. Mass spectrometry parameters used for determining the lipid composition of the NS1.
Table S3. Summary of lipid species and their relative abundance extracted from 
immunoaffinity-purified wild-type or T164S mutant NS1 proteins.
Data file S1. Individual-level data for characterization of the T164S mutation in NS1 of dengue 
virus.
Data file S2. Individual-level data for Infection of human PBMCs ex vivo with wild-type or 
T164S mutant dengue virus in the absence or presence of humanized 4G2.
Data file S3. Individual-level data for nonlethal infection of AG129 mice with wild-type or 
T164S mutant dengue virus.
Data file S4. Individual-level data for lethal infection of AG129 mice with wild-type or T164S 
mutant dengue virus.
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