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Relative contribution of nonstructural protein 1 in
dengue pathogenesis
Pei Xuan Lee1,2, Donald Heng Rong Ting1,2, Clement Peng Hee Boey1,2, Eunice Tze Xin Tan1,2, Janice Zuo Hui Chia1,2, Fakhriedzwan Idris1,2,
Yukei Oo1,2, Li Ching Ong1,2, Yen Leong Chua1, Chanditha Hapuarachchi3, Lee Ching Ng3, and Sylvie Alonso1,2

Dengue is a major public health concern in the tropical and subtropical world, with no effective treatment. The controversial
live attenuated virus vaccine Dengvaxia has boosted the pursuit of subunit vaccine approaches, and nonstructural protein 1
(NS1) has recently emerged as a promising candidate. However, we found that NS1 immunization or passive transfer of NS1
antibodies failed to confer protection in symptomatic dengue mouse models using two non–mouse-adapted DENV2 strains
that are highly virulent. Exogenous administration of purified NS1 also failed to worsen in vivo vascular leakage in sublethally
infected mice. Neither method of NS1 immune neutralization changed the disease outcome of a chimeric strain expressing a
vascular leak-potent NS1. Instead, virus chimerization involving the prME structural region indicated that these proteins play
a critical role in driving in vivo fitness and virulence of the virus, through induction of key proinflammatory cytokines. This work
highlights that the pathogenic role of NS1 is DENV strain dependent, which warrants reevaluation of NS1 as a universal
dengue vaccine candidate.

Introduction
Dengue virus (DENV) is a mosquito-borne virus responsible for
an estimated 390 million annual infections in the tropical and
subtropical world (Bhatt et al., 2013). The virus exists as four
antigenically distinct serotypes (DENV1–4). Infectionwith DENV
results in a wide spectrum of disease manifestations ranging
from mild to life-threatening conditions, the latter being char-
acterized by vascular leakage with or without hemorrhage de-
velopment (World Health Organization, 2009; Kyle and Harris,
2008). DENV serotype cross-reactive immunity has been pro-
posed, and to a certain extent demonstrated, to represent a risk
for the development of severe dengue. Specifically, preexisting
antibodies raised during a previous heterotypic DENV infection
that recognize the structural components of the virion could
enhance DENV uptake and facilitate its replication within FcγR-
bearing cells, leading to increased disease severity, a phenom-
enon termed antibody-dependent enhancement (ADE; Halstead
et al., 2002; Halstead, 2003). There is currently no effective
therapeutic or vaccine against dengue, whichmainly stems from
our lack of understanding of dengue pathogenesis associated
with limited availability of relevant symptomatic animal models
(Yauch and Shresta, 2008; Chan et al., 2015). The only licensed
vaccine, Dengvaxia, which consists of chimeric live attenuated
tetravalent DENV, not only offers limited protective efficacy,

particularly toward DENV2 strains, but also was found to pre-
dispose immunologically dengue-naive individuals to an in-
creased risk of developing severe disease (Capeding et al., 2014;
Villar et al., 2015; Aguiar et al., 2016; Halstead, 2017). This latter
observation led to the suspension of dengue vaccination pro-
grams in the Philippines (Fatima and Syed, 2018). Thus, safer
and more effective second-generation vaccines are urgently
needed. In the wake of the Dengvaxia setback and controversy,
subunit vaccine candidates have regained some traction (Lam
et al., 2016). While the envelope protein (E protein) of DENV has
been the most popular subunit vaccine candidate, a number of
studies have also proposed DENV nonstructural protein 1 (NS1)
as a potential candidate (Schlesinger et al., 1987; Henchal et al.,
1988; Falgout et al., 1990; Beatty et al., 2015; Gonçalves et al.,
2015; Wan et al., 2014, 2017; Lai et al., 2017). NS1 is a glycosylated
nonstructural protein (46–55 kD) that homodimerizes after
posttranslational modification, becomes membrane associated,
and participates in RNA replication within membrane-bound
replication complexes. Soluble hexameric NS1 (sNS1) is made of
three dimers and a central lipid cargo, and is secreted into the
extracellular milieu (Gutsche et al., 2011; Muller and Young,
2013; Watterson et al., 2016). Cell surface–associated NS1
dimers and sNS1 hexamers are highly immunogenic (Muller
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and Young, 2013). sNS1 is detected in the blood at concentrations
≤50 µg/ml and typically follows viremia in dengue patients
(Young et al., 2000; Libraty et al., 2002; Alcon et al., 2002), and
thus is widely used as an early diagnostic marker (Peeling et al.,
2010; Hang et al., 2009; Chuansumrit et al., 2011). Furthermore,
recent studies have reported a role for sNS1 in dengue patho-
genesis, specifically in causing vascular leakage, a key clinical
manifestation of severe dengue (Beatty et al., 2015; Modhiran
et al., 2015). As such, immunity raised against NS1, through ei-
ther direct immunization with purified sNS1 or passive transfer
of anti-NS1 immune serum, was found to afford protection
against lethal DENV infection in a mouse model (Beatty et al.,
2015). These findings thus support that NS1 represents a prom-
ising subunit vaccine candidate and a safer alternative to avoid
the risk of ADE, which is a major roadblock in the development of
vaccines that rely on protective immunity against the structural
components of DENV. However, the role of NS1 in dengue
pathogenesis and the in vivo protective efficacy of NS1 immunity
had been demonstrated in mouse models that either produce
mild symptoms such as local skin hemorrhage and prolonged
bleeding time (Wan et al., 2014, 2017; Lai et al., 2017) or use
mouse-adapted DENV2 strains (Schlesinger et al., 1987; Henchal
et al., 1988; Falgout et al., 1990; Costa et al., 2006; Beatty et al.,
2015).

Here, the role of NS1 in dengue pathogenesis as well as the
protective potential of NS1 immunity were investigated in
symptomatic dengue mouse models established with a
non–mouse-adapted DENV2 strain, namely D2Y98P (Tan et al.,
2010; Ng et al., 2014; Mart́ınez Gómez et al., 2016). In these
models, neutralization of circulating sNS1 through antibody
transfer or active NS1 immunization did not confer protection
against D2Y98P-induced disease, thus suggesting a limited role
of sNS1 in the pathogenesis of D2Y98P. Similar observations
were made with a DENV2 clinical isolate that currently circulates
in Singapore andMalaysia. Instead, we showed that the precursor
membrane prME region drives the in vivo virulence of D2Y98P
virus through induction of key proinflammatory cytokines.

Results
No protective efficacy of NS1 immunity in A129 and AG129 ADE
mouse models
The protective efficacy of NS1 was evaluated in symptomatic
mouse models of dengue that have been established with the
non–mouse-adapted DENV2 D2Y98P strain (Tan et al., 2010; Ng
et al., 2014; Mart́ınez Gómez et al., 2016). D2Y98P derives from a
1998 clinical isolate from the DENV2 cosmopolitan genotype and
has been exclusively passaged for∼20 rounds in C6/36mosquito
cells (Tan et al., 2010). E protein nucleotide sequence or the
entire coding sequence of D2Y98P genome was compared with
that of a DENV2 prototype strain (NGC strain; Añez et al., 2016)
and six other DENV2 Singapore isolates that were collected be-
tween 2007 and 2010 (Lee et al., 2012). The results indicated 94%
identity with NGC and 98% identity with the six Singapore
isolates, thus supporting that D2Y98P can be considered a rep-
resentative of DENV2 strains that circulate in Singapore
(Table S1).

Adult A129 mice (deficient in type I IFN pathway) were ad-
ministered commercially available purified hexameric NS1 from
DENV2 strain 16681 three times according to a previously pub-
lished immunization protocol (Beatty et al., 2015). High titers of
NS1-specific IgG antibodies were measured in the serum of the
immunized mice (Fig. S1, A and B), with the majority of the IgG1
subclass (Fig. S1 C). A control group consisting of mice admin-
istered OVA according to the same immunization regimen was
included. OVA- and NS1-immunized mice were then adminis-
tered DENV1-immune serum 1 d before infection with D2Y98P
strain to produce lethal infection in an ADE setting (Fig. 1 A).

NS1(16681) and NS1(D2Y98P) share 97% amino acid identity
(Table S2), and the ability of immune serum raised against
NS1(16681) to bind to and neutralize NS1(D2Y98P) was verified
by ELISA and sandwich ELISA, respectively (Fig. S1, B and D).
Consistently, significant reduction in circulating sNS1 was ob-
served in NS1-immunizedmice compared with OVA-immunized
animals after viral challenge (Fig. 1 B), indicating that NS1(16681)
immunization successfully neutralized circulating sNS1 pro-
duced during infection with D2Y98P virus. However, compa-
rable viremia titers were measured between NS1-immunized
mice and OVA controls (Fig. 1 C). Furthermore, NS1- and OVA-
immunized mice displayed similar disease manifestations and
progression, including hunched back, diarrhea, and lethargy,
and eventually all the animals from both groups were moribund
by day 4 post-infection (p.i.; Fig. 1, D and E). Vascular leakage in
the liver and small intestines from NS1-immunized animals was
as extensive as that measured in the OVA control group (Fig. 1 F).
Systemic levels of the liver enzyme aspartate aminotransferase
were also comparable betweenNS1- and OVA-immunized groups
(Fig. 1 G), and massive cytoplasmic vacuolation was apparent in
the hepatocytes from both infected groups (Fig. 1 H), indicating
that reduction in sNS1 levels brought about by NS1 immunization
did not protect themice from DENV-induced severe liver damage
(Mart́ınez Gómez et al., 2016). Therefore, despite effective neu-
tralization of circulating sNS1, active immunization with purified
NS1 failed to provide protection against lethal DENV2 challenge
in an A129 ADE model.

The protective potential of NS1 immunity was further ex-
plored in another lethal ADE model using AG129 mice (deficient
in types I and II IFN pathways), a model in which mice born to
DENV1-immune dams exhibit extensive vascular leakage upon
DENV2 infection (Ng et al., 2014). Because AG129 mice lack a
functional IFN-γ signaling pathway, direct immunization with
purified NS1 may result in suboptimal immune responses that
may affect the protective potential of NS1 immunity (van den
Broek et al., 1995). To address this possibility, an NS1 immune
serumwas instead generated in A129mice according to the same
immunization protocol described above. 1 d before DENV2 in-
fection, AG129 mice born to DENV1-immune dams were then
passively transferred with the NS1 immune serum (Fig. 2 A),
which led to effective neutralization of circulating sNS1 after
D2Y98P challenge (Fig. 2 B). However, comparable viremia titers
(Fig. 2 C), survival rate (Fig. 2 D), clinical symptoms (Fig. 2 E),
and vascular leakage (Fig. 2 F) were observed between mice
administered with NS1 immune serum and the control group
transferred with naive serum.
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Figure 1. NS1 immunization in A129 ADE infection model. (A) A129 mice were immunized i.p. three times with 20 µg NS1(16681) or OVA with MPLA and
Addavax as adjuvants. 8 wk after immunization, mice were passively transferred with DENV1-immune serum 1 d before i.v. challenge with 106 PFU DENV2
(D2Y98P). (B and C) Circulating sNS1 levels (B) and viremia titers (C) were measured (n = 5) at days 2 and 4 p.i. (D and E) Mice (n = 8) were monitored daily
upon challenge. Kaplan–Meier survival curve and clinical scores are shown. (F) Vascular leakage was quantified by Evans blue dye extravasation assay in liver
and small intestines at day 4 p.i. (n = 5). (G and H) Systemic aspartate aminotransferase levels were measured (n = 4–5; G) and histological analysis of liver was
performed at day 4 p.i. (n = 4–5; H). Images were taken at 20× and 40× magnification. Representative sections are shown. Scale bar, 10 µm. Data are
representative of at least two independent experiments. Data were analyzed by nonparametric Mann–Whitney U test. *, P < 0.05; **, P < 0.01; ns, not
significant. Results were expressed as averages ± SD (B and F).
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Figure 2. Passive NS1 immunity in AG129 ADE infection model. (A) AG129 mice born to DENV1-immune mothers were passively transferred with NS1
immune serum collected from NS1(16681)-immunized A129 mice (Fig. 1 A) or with naive serum. 1 d after transfer, the mice were challenged s.c. with 103 PFU
D2Y98P. (B and C) Systemic sNS1 level) and viremia titers (C) weremeasured at days 2, 4, and 6 p.i. (n = 4–5). (D and E)Mice (n = 8) were monitored daily upon
challenge. Kaplan–Meier survival curve and clinical score are shown. (F) Vascular leakage was assessed in indicated tissues at day 6 p.i. (n = 4–5). Data are
representative of at least two independent experiments. Data were analyzed by nonparametric Mann–Whitney U test. *, P < 0.05; **, P < 0.01; ns, not
significant. Results were expressed as averages ± SD (B and F).
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Together, our data indicate that neither active NS1 immuni-
zation nor passive transfer of NS1 immune serum conferred
significant protection in both A129 and AG129 ADE models, de-
spite effective neutralization of circulating sNS1. These ob-
servations imply that in these ADE infection models, sNS1 does
not play a critical role in dengue pathogenesis.

Lack of protective NS1 immunity is independent of
mouse background
Previous studies that reported NS1-mediated protection were
conducted in mouse strains such as IFNAR−/−; Beatty et al., 2015)
and STAT1−/− (Wan et al., 2017; Lai et al., 2017), both on the
C57BL/6 background. We thus questioned whether the discrep-
ancy between our observations and the earlier studies could be
explained by a difference in mouse background. Hence, IFNAR−/−

mice of C56BL/6 background were immunized with NS1 or OVA
according to the same immunization regimen above, followed by
lethal challenge with D2Y98P (Fig. 3 A). NS1-immunized IFNAR−/−

mice had significantly reduced sNS1 levels after D2Y98P challenge
compared with OVA-immunized controls, indicating effective
neutralization of sNS1 in circulation (Fig. 3 B). However, compa-
rable viremia titers (Fig. 3 C), survival rates (Fig. 3 D), weight loss
profiles (Fig. 3 E), and vascular leakage (Fig. 3 F) were measured
between NS1-immunized and OVA control groups. These data
indicate that the lack of protection mediated by NS1 immunity is
likely independent of mouse background.

Lack of NS1-mediated protective efficacy was also observed
with another circulating DENV2 Singapore clinical isolate
Although D2Y98P is not mouse adapted, the virus had been
passaged in the C6/36 cell line for several rounds, during which
some mutations in the viral genome may have modified the
virus fitness. In particular, the presence of a phenylalanine (F) at
position 52 in NS4B was found to play an important role in
D2Y98P in vivo and in vitro fitness (Grant et al., 2011; Tan et al.,
2010). As none of the other DENV2 strains whose genome se-
quence is available in the public database harbors an F at this
position, we proposed that this particular amino acid was likely
acquired during in vitro passages. To examine whether the
findings made with D2Y98P can be extended to other DENV2
strains, we used another DENV2 clinical isolate, EHIE2862Y15,
which has been passaged in the C6/36 cell line for no more than
four rounds. This virus belongs to the cosmopolitan genotype
clade Ib that has been circulating in Singapore and Malaysia
since 2013 and has been associated with a high fatality rate (Ng
et al., 2015). EHIE2862Y15 shares 98.6% nucleotide identity and
99.6% amino acid identity with D2Y98P (Table S3). Interest-
ingly, although EHIE2862Y15 does not harbor an F at position 52
in NS4B, infection with EHIE2862Y15 gave rise to symptomatic
infection in AG129 mice, with a disease kinetic profile similar to
that of D2Y98P (Fig. S2, A and B).

To evaluate the role of NS1 in the context of EHIE2862Y15
infection, IFNAR−/− mice were immunized with purified
NS1(16681) followed by lethal viral challenge. Despite the ef-
fective neutralization of circulating sNS1 (Fig. 4 A), mice were
not protected from lethal EHIE2862Y15 challenge, as evidenced
by comparable viremia titers (Fig. 4 B), survival rates (Fig. 4 C),

and weight loss profiles (Fig. 4 D). Furthermore, significant
vascular leakage was measured in the liver and kidneys from
NS1- and OVA-immunized mice compared with uninfected
controls, although the extent of vascular leakage in the liver of
NS1-immunized mice was slightly but significantly lower than
in OVA-immunized animals (Fig. 4 E). Overall, these data
support that the lack of NS1 immunity-mediated protection is
not restricted to the D2Y98P strain but also applies to a clini-
cally relevant DENV2 isolate that is circulating in Singapore.

Exogenous administration of sNS1 did not worsen dengue
disease severity
To assess the pathogenic role of sNS1 during D2Y98P infection,
we tested whether the exogenous administration of purified
sNS1(D2Y98P) could aggravate disease severity in AG129 mice
infected with a sublethal dose of D2Y98P (Fig. 5 A). Adminis-
tration of purified sNS1(D2Y98P) at day 2 p.i. led to significantly
higher sNS1 levels measured at day 4 p.i. compared with mice
administered OVA (Fig. 5 B). No significant vascular leakage was
detected, however, in any of the infected mice from both groups
at this time point (Fig. 5 C). Vascular leakage was also measured
at day 6 p.i., when comparable levels of sNS1 were measured in
both groups (Fig. 5 B). It is likely that at this later time point, the
sNS1 level mainly results from virus replication, and that ex-
ogenously added sNS1 had been cleared from the circulation
and/or deposited onto the endothelial layer and internalized by
endothelial cells. Although no significant vascular leakage was
observed in the small intestine and spleen from both infected
groups, liver and kidneys did display significant vascular leak
compared with uninfected controls (Fig. 5 D). However, the
extent of vascular leakagewas not greater inmice administeredwith
exogenous sNS1 compared with the OVA control group (Fig. 5 D).

Because vascular leakage was more prominent at day 6 p.i. in
this sublethal AG129 model, we reasoned that delaying the ex-
ogenous administration of sNS1 from day 2 p.i. to day 4 p.i. may
have a greater impact on vascular leakage. Significantly higher
circulating sNS1 levels were measured at day 6 p.i. in mice ad-
ministered with purified sNS1 (Fig. 5 E). However, these mice
failed to exhibit greater vascular leakage than the OVA control
group (Fig. 5 F). Viremia titers were also not enhanced with sNS1
administration (Fig. S3).

Previous studies have reported the ability of sNS1 to activate
TLR4 on immune cells leading to the production of vasoactive
cytokines TNF-α (Modhiran et al., 2015) and causing endothelial
glycocalyx disruption (Puerta-Guardo et al., 2016). However,
D2Y98P-infected mice administered with exogenous sNS1 did not
display significantly higher levels of TNF-α compared with OVA
controls (Fig. 5 G). Likewise, the levels of heparan sulfate in cir-
culation, indicative of glycocalyx degradation, were not enhanced
with NS1 administration (Fig. 5 H). These findings are consistent
with the observation that exogenous administration of sNS1 did
not increase vascular leakage in D2Y98P-infected mice.

D2Y98P virulence is independent of the intrinsic ability of NS1
to increase vascular permeability.
Absence of NS1-mediated protective immunity and the lack
of increased vascular leakage observed upon exogenous
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administration of NS1(D2Y98P) to sublethally infected mice
prompted us to test the ability of purified NS1(D2Y98P) to
interact and disrupt the endothelial integrity compared with
NS1 from DENV2 strain 16681 recently reported to be vascular
leak potent (Puerta-Guardo et al., 2019). Two different
in vitro permeability assays were conducted, namely trans-
endothelial electrical resistance (TEER) assay and real-time
cell analysis (RTCA), as previously described (Chen et al.,

2016). TEER results showed that NS1(D2Y98P) was able to
increase vascular permeability as effectively as NS1(16681)
(Fig. S4 A). In contrast, RTCA indicated that NS1(D2Y98P) did
not significantly disturb the endothelial monolayer, unlike
NS1(16681) (Fig. S4 B). Therefore, these contradicting find-
ings did not allow us to establish whether NS1(D2Y98P) had
a defect in interacting with and/or disrupt the vascular
endothelium.

Figure 3. NS1 immunization in IFNAR−/− primary infection model. (A) IFNAR−/− mice were immunized with NS1(16681) or OVA as described in the legend
of Fig. 1. 8 wk after immunization, mice were challenged s.c. with 105 PFU D2Y98P. (B and C) Systemic sNS1 levels (B) and viremia titers (C) were measured at
days 2, 4, and 6 p.i. (n = 5). (D and E) Mice (n = 6–8) were monitored daily upon challenge. Kaplan–Meier survival curve and weight loss profile are shown.
(F) Vascular leakage was assessed in liver and kidneys at day 4 p.i. (n = 4–5). Data are representative of at least two independent experiments. Data were
analyzed by nonparametric Mann–Whitney U test. *, P < 0.05; **, P < 0.01; ns, not significant. Results were expressed as averages ± SD (B, E, and F).
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To determine whether the dispensable role of NS1 in
D2Y98P-induced pathology is attributed to weaker ability of the
protein to interact and disrupt the endothelium, we generated a
chimeric virus consisting of D2Y98P expressing a vascular leak
potent NS1 (Fig. 6 A). NS1 from D220 strain was selected, since
this DENV2 strainwas previously shown to depend on NS1 for its
virulence and ability to cause vascular leak in vivo (Beatty et al.,
2015). The in vitro fitness of D220-NS1-D2Y98P was comparable
to WT D2Y98P strain, as evidenced by similar plaque sizes (Fig.
S2 C) and growth kinetic profiles in BHK cells (Fig. S2 D). Vi-
remia titers in AG129 mice infected with a sublethal dose of the
virus strains (103 PFU/mouse) were also comparable, although a
slight but significantly lower virus titer was measured in D220-
NS1-D2Y98P–infected mice at day 4 p.i. (Fig. S2 E). These data
thus indicate that swapping NS1 from D220 virus into the
backbone of D2Y98P did not drastically affect the in vitro and
in vivo fitness of the virus. Next, the pathogenic role of
NS1(D220) in the context of D2Y98P infection was evaluated.
Passive administration of NS1 immune serum effectively neu-
tralized circulating sNS1 (Fig. 6 B) but did not protect against

D220-NS1-D2Y98P challenge. Mice receiving NS1 immune se-
rum displayed similar viremia titers (Fig. 6 C), disease man-
ifestations (Fig. 6, D and E), and vascular leakage (Fig. 6 F)
compared with the control group administered naive serum.
These results indicate that expression of a vascular leak potent
NS1 into the backbone of D2Y98P virus did not allow this protein
to play a critical role in disease pathogenesis. Together, the data
suggest that the in vivo fitness and virulence of D2Y98P virus is
independent of the intrinsic ability of NS1 to increase vascular
permeability and support that other viral determinants are likely
involved.

In vivo virulence of D2Y98P is driven by structural prME region
The in vivo fitness of DENV was reported to be linked to its
organ and cell tropism, which is mainly mediated by the prME
structural region that harbors the receptor-binding site (Modis
et al., 2004; Prestwood et al., 2008). To explore the mechanisms
involved in D2Y98P fitness and virulence, we generated a chi-
meric virus in which the prME region from D2Y98P was
swapped with that of a DENV1 strain, 05K3903DK1, which

Figure 4. Protective efficacy of NS1 immunity against a low-passaged DENV2 clinical isolate. IFNAR−/−mice were immunized with NS1(16681) or OVA as
described in the legend of Fig. 1. 8 wk after immunization, mice were s.c. challengedwith 105 PFU EHIE2862Y15. (A and B) Systemic sNS1 levels (A) and viremia
titers (B) were measured at days 3 and 6 p.i. (n = 5). (C and D)Mice (n = 8) were monitored daily upon challenge. Kaplan–Meier survival curve and weight loss
profile are shown. (E) Vascular leakage was assessed in the liver and kidneys at day 4 p.i. (n = 4–5). Data are representative of at least two independent
experiments. Data were analyzed by nonparametric Mann–Whitney U test. *, P < 0.05; **, P < 0.01; ns, not significant. Results were expressed as averages ± SD
(A, D, and E).
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Figure 5. Administration of NS1(D2Y98P) to AG129 mice infected with a sublethal dose of D2Y98P. (A) AG129 mice were challenged s.c. with 103 PFU
D2Y98P. (B–H) At day 2 p.i. (B–F) or day 4 p.i. (E–H), infected mice were i.v. administered 10 mg/kg NS1(D2Y98P) or OVA. (B and E) Systemic levels of sNS1
were measured at various time points p.i. (n = 4–5). (C, D, and F) Vascular leakage was evaluated in various tissues at day 4 (C) or day 6 (D and F) p.i. (n = 4–5).
(G and H) Plasma heparan sulfate (n = 4; G) and TNF-α levels (n = 4; H) were measured at day 6 p.i. Data are representative of at least two independent
experiments. Data were analyzed by nonparametric Mann–Whitney U test. *, P < 0.05; **, P < 0.01; ns, not significant. Results were expressed as averages ± SD
(B–F).
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typically gives rise to asymptomatic transient viremia in AG129
mice (Fig. 7 G). We also engineered another chimeric virus in
which NS1 from D2Y98P was replaced by that of DENV1 (Fig. 7,
A and B).

Mice infected with DENV1-NS1-D2Y98P displayed survival
profiles, clinical manifestations, and disease progression that
were comparable to those infected with WT D2Y98P virus
(Fig. 7, C and E). On the other hand, mice infected with DENV1-
prME-D2Y98P remained asymptomatic throughout the experi-
ment, similar to WT DENV1 (Fig. 7, D and F). Interestingly, the
peak viremia titer (day 3 p.i.) in mice infected with DENV1-
prME-D2Y98P was similar to that measured in mice infected
with DENV1-NS1-D2Y98P (Fig. 7 G), although the infection
outcome induced by the two viruses differed drastically.

Together, these observations support that prME, but not NS1,
drives D2Y98P virulence in mice. Swapping either NS1 or prME
from DENV1 into D2Y98P did significantly impact the viremia
titers (Fig. 7 G), suggesting that these proteins play a role in viral
replication. The role of NS1 in DENV replication has indeed been
well established (Fan et al., 2014). Furthermore, previous work
reported the existence of specific interactions between NS1 and
prM/E that facilitate membrane budding or conformational
changes in the structural proteins necessary for formation of
nucleocapsids (Scaturro et al., 2015). This suggests that some
compatibility between the two proteins is required for optimal
viral replication. Consistently, when comparing the kinetic pro-
file in Vero cells of D2Y98P with that of DENV1-NS1-D2Y98P, a
mild but significant defect could be observed with the chimeric

Figure 6. Passive NS1 immunity in an ADE model using D220-NS1-D2Y98P chimeric virus. (A) D220-NS1-D2Y98P chimeric virus consists of NS1 coding
region from D220 strain (blue) in the backbone of D2Y98P strain (red). AG129 mice born to DENV1-immune mothers were passively transferred with NS1
immune serum as described in Fig. 2 A. 1 d after transfer, the mice were challenged s.c. with 103 PFU of chimeric D220-NS1-D2Y98P. (B and C) Systemic levels
of sNS1 (B) and viremia titers (C) were measured at days 2, 4, and 6 p.i. (n = 5). (D and E) Mice (n = 8) were monitored daily upon challenge. Kaplan–Meier
survival curve and clinical score are shown. (F) Vascular leakage was assessed in various tissues at day 6 p.i. (n = 5). Data are representative of at least two
independent experiments. Data were analyzed by nonparametric Mann–Whitney U test. **, P < 0.01; ns, not significant. Results were expressed as averages ±
SD (B and F).
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Figure 7. In vivo and in vitro characterization of DENV1-NS1-D2Y98P and DENV1-prME-D2Y98P chimeric viruses. (A and B) DENV1-NS1-D2Y98P (A) or
DENV1-prME-D2Y98P (B) chimeric strains consist of NS1 (A) or (B) coding region from DENV1 strain (blue) cloned into the backbone of D2Y98P strain (red).
AG129 mice were infected s.c. with 106 PFU of D2Y98P, DENV1, DENV1-NS1-D2Y98P, or DENV1-prME-D2Y98P. Mice (n = 8) were monitored daily upon
challenge. (C–F) Kaplan–Meier survival curves (C and D) and clinical scores (E and F) are shown. (G) Viremia titers were measured at days 1, 3, and 5 p.i. (n = 4).
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strain (Fig. 7 H). In contrast, the in vitro kinetic profile of DENV1-
prME-D2Y98P was superimposable to that of WT D2Y98P (Fig. 7
I). This latter observation implied that the lower viremia titers
measured in mice infected with DENV1-prME-D2Y98P cannot be
explained by an intrinsic defect in viral replication.

To further understand the basis of the prME-driven viru-
lence of D2Y98P, we examined the cytokine profile in mice in-
fected with the chimeric and WT strains (Fig. 7 J and Fig. S5).
Comparable high levels of key proinflammatory cytokines
TNF-α and IL-6 were measured in mice infected with DENV1-
NS1-D2Y98P and WT D2Y98P (Fig. 7 J). On the other hand, mice
infected with DENV1-prME-D2Y98P displayed significantly re-
duced levels of these proinflammatory cytokines compared with
D2Y98P-infected mice, which were nonetheless higher than the
levels measured in DENV1-infected animals (Fig. 7 J). Further-
more, DENV1-prME-D2Y98P was unable to suppress the pro-
duction of antiinflammatory IL-10 (Fig. 7 J). Therefore, our data
suggest that the in vivo virulence of D2Y98P virus is mainly
driven by its structural component, prME, through its ability to
induce the production of key proinflammatory cytokines.

Discussion
The mechanisms that drive the fitness and virulence of DENV
remain largely unknown and are likely to bemultifactorial. They
include the ability to infect and replicate effectively in various
host cells as well as the ability to evade or counteract the host
defenses (Muñoz-Jordan et al., 2003; Mukhopadhyay et al.,
2005; Muñoz-Jordán et al., 2005; Hsieh et al., 2011, 2014).

Beyond its role in DENV intracellular replication, recent lit-
erature has reported a critical role of NS1 in dengue pathogen-
esis by interacting with the endothelium and inducing vascular
leakage, a clinical feature of severe dengue (Beatty et al., 2015;
Modhiran et al., 2015). Consequently, NS1 immunity was found
to protect against dengue disease (Beatty et al., 2015; Costa et al.,
2006; Lai et al., 2017; Wan et al., 2014, 2017). These in vivo
studies were conducted with DENV clinical isolates or mouse-
adapted strains which either required very high dosages to in-
duce lethality (DENV2-454009A, D220, and DENV2-3295) or
induced only mild clinical symptoms (DENV2-16681, DENV1-
8700828, DENV3-8700829, DENV4-59201818, and DENV2-RJ;
Orozco et al., 2012; Beatty et al., 2015; Costa et al., 2006; Lai et al.,
2017; Wan et al., 2014, 2017; Chan et al., 2019), thus implying that
the in vivo fitness of these DENV strains is rather poor.

Here, we used a non–mouse-adapted DENV2 strain (D2Y98P)
that is highly virulent in mice (Tan et al., 2010; Ng et al., 2014;
Mart́ınez Gómez et al., 2016). In that context, and using several
symptomatic models in different mouse backgrounds, we did
not observe a role for circulating sNS1 in dengue pathogenesis,
neither could we see a protective role for NS1 immunity. Similar
observations were made with another DENV2 clinical isolate

that currently circulates in Singapore and Malaysia, and that is
equally virulent in mice.

Impaired ability to interact with and disrupt the vascular
endothelium may explain the dispensability of NS1 in D2Y98P-
induced disease. The in vitro permeability assays conducted
(TEER and RTCA) led to different outcomes and did not allow us
to conclude whether NS1 produced by D2Y98P virus is less po-
tent than NS1(16681) in increasing endothelial permeability.
Regardless, upon introducing vascular leak potent NS1(D220)
into the backbone of D2Y98P, we still did not observe a role for
NS1 in disease pathogenesis. This latter approach therefore
supported that the virulence and fitness of D2Y98P virus is in-
dependent of NS1 intrinsic ability to induce vascular permea-
bility and is driven by other viral determinants. We propose that
the role of NS1 in disease pathogenesis may be limited to strains
of relatively poor fitness and upon mouse adaptation.

Consistently, the role of NS1 in human dengue disease has
remained controversial. A hospital-based study in dengue pa-
tients reported a positive association between circulating sNS1
levels and dengue disease severity and proposed that levels
>600 ng/ml are predictive of severe dengue (Libraty et al.,
2002). However, a closer examination of the data revealed
that the correlation was not absolute: a proportion of patients
with self-limiting dengue fever displayed levels of sNS1
>600 ng/ml, and conversely, a subset of patients who developed
severe dengue had sNS1 levels below the detectable range or
considerably lower than 600 ng/ml (Libraty et al., 2002). Fur-
thermore, a more recent prospective study conducted in Vietnam
found no association between sNS1 level and severe dengue (Fox
et al., 2011). All these observations therefore suggest that the
correlation between sNS1 levels and disease severity is not ab-
solute and that sNS1 levels may be strain dependent. A separate
prospective study indeed reported that the level of circulating
sNS1 produced in infected individuals differs greatly across
DENV serotypes and even among strains of the same DENV2
serotype (Duyen et al., 2011).

Currently, little is known about the viral determinants that
influence DENV virulence in humans. A number of studies have
reported that some lineages seem to be more virulent than
others, based on their ability to replicate in the host and give
high viremia titers (Rico-Hesse et al., 1997; Leitmeyer et al., 1999;
Armstrong and Rico-Hesse, 2001; Cologna et al., 2005). DENV
strains with greater replicative ability in their host are thought
to spread more rapidly and successfully than those with lower
fitness (Guzman and Harris, 2015; Cologna et al., 2005). As an
NS protein that plays a critical role in viral replication, NS1 has
been naturally proposed to be a key determinant in driving the
fitness of DENV, and studies have shown that single amino acid
substitutions within NS1 could affect viral production and con-
sequently disease severity (Rodriguez-Roche et al., 2005, 2011;
Chan et al., 2019). Other mechanisms have also been proposed

(H and I) In vitro virus titer in Vero cells infected with respective viruses. The viral kinetic curves were compared and analyzed by linear regression, which takes
into consideration the slope and Y-intercept. (J) TNF-α, IL-6, and IL-10 systemic levels were measured at day 5 p.i. (n = 4–5). Data are representative of at least
two independent experiments. Data between WT and chimeric viruses were compared and analyzed by nonparametric Mann–Whitney U test. *, P < 0.05;
**, P < 0.01; ns, not significant. Results were expressed as averages ± SD (H and I).
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and include the ability to evade, deceive, or interfere with the
host defenses, through production of subgenomic viral RNA (Finol
and Ooi, 2019), immature viral particles (Rodenhuis-Zybert et al.,
2010), or specific interactions between viral and host proteins
(Muñoz-Jordan et al., 2003; Muñoz-Jordán et al., 2005).

Our data support that prME drives the in vivo virulence of
D2Y98P. As prM and E form the outer protein shell of the virion,
these proteins have been found to play a critical role in receptor
binding and entry into the host cell, thereby driving virus tro-
pism (Mukhopadhyay et al., 2005; Hsieh et al., 2011, 2014).
Specifically, the two N-linked glycans on E protein at positions
67 and 153 have been shown to be crucial for binding to DC-SIGN
(dendritic cell–specific intercellular adhesion molecule-
3–grabbing nonintegrin) and mannose receptors (Pokidysheva
et al., 2006; Tassaneetrithep et al., 2003; Miller et al., 2008).
Although both N-glycosylation sites are conserved among
DENV strains, the sugar composition and branching structure
present at each site differ among serotypes and even among
strains within the same serotype (Yap et al., 2017). The sugar
composition at the surface of the viral particles is likely to
impact binding efficacy of the virus to its lectin-type host re-
ceptors, thereby influencing cell and organ tropism. In addition
to receptor binding, glycans on E protein may play an impor-
tant role in shaping the host immune responses, through
modulation of the lectin pathway of complement activation,
and induction of proinflammatory cytokines through C-type
lectin domain family 5 member A (CLEC5A) receptor activa-
tion (Chen et al., 2008). Using a chimerization approach, we
showed that swapping the prME region from DENV1 into
D2Y98P virus did not modify the in vitro viral replication rate
but significantly impaired the induction of proinflammatory
cytokines in vivo, which resulted in asymptomatic disease. We
have indeed previously shown that proinflammatory cytokines,
in particular TNFα, play a critical role in D2Y98P-induced
disease, whereby administration of anti-TNFα antibodies par-
tially or completely protected mice from succumbing to the
infection (Ng et al., 2014; Martı́nez Gómez et al., 2016).
Whether the glycan structures on (DENV1)E protein differ from
those found on (D2Y98P)E and are responsible for the pheno-
type observed remains to be determined experimentally and is
beyond the scope of this study. It is interesting to note, how-
ever, that the prME region from DENV2 Singapore clinical
isolate, EHIE2862Y15, shares 100% amino acid identity with the
prME of D2Y98P.

In conclusion, our work supports that the pathogenic role of
sNS1 and consequently the protective efficacy of NS1 immunity
are not seen in the context of infection with virulent DENV2
strains such as D2Y98P and EHIE2862Y15, whose virulence re-
lies on their structural components. Hence, we propose that the
pathogenic role of sNS1 is likely to be DENV strain dependent.
Given the highly diverse and vast number of DENV strains circu-
lating in the population (Kyle and Harris, 2008; Lee et al., 2012;
Hapuarachchi et al., 2016), disease pathology in infected individuals
could be driven by different key viral determinants, with sNS1
playing a major or minor role. Hence, it is critical to reevaluate the
protective potential of NS1 vaccination against a variety of circu-
lating DENV strains to avoid repeating the Dengvaxia scenario.

Materials and methods
Ethics statement
All the animal experiments were carried out in accordance with
the guidelines of the National Advisory Committee for Labora-
tory Animal Research. Animal facilities are licensed by the
regulatory body Agri-Food and Veterinary Authority of Singa-
pore. The described animal experiments were approved by the
Institutional Animal Care and Use Committee from National
University of Singapore (NUS) under protocol numbers R14-
0992 and R16-0422.

Cell lines and viruses
C6/36 Aedes albopictus cell line (ATCC; CRL-1660) was main-
tained in Leibotvitz’s L-15 medium (Gibco) supplemented with
10% FBS (Gibco) at 28°C. Baby hamster kidney-21 (BHK-21;
ATCC; CCL-10) cell line was maintained in RPMI 1640 (Gibco)
supplemented with 10% FBS and cultured at 37°C with 5% CO2.
African green monkey kidney epithelial (Vero; ATCC; CCL-81)
cell line was maintained in DMEM (Gibco) supplemented with
10% FBS and cultured at 37°C with 5% CO2. Human dermal blood
microvascular endothelial cells (HMVECs; Lonza; CC-2811) were
maintained in EGM-2MV BulletKit medium (Lonza) at 37°C with
5% CO2. DENV1 (Dengue 1 05K3903DK; GenBank accession no.
EU081242) was isolated during the 2005 dengue outbreak in
Singapore. DENV2 (Dengue D2Y98P; GenBank accession no.
JF327392) derives from a clinical strain isolated in Singapore in
1998 that had been exclusively passaged in C6/36 cells and
plaque purified twice in BHK-21 cells. EHIE2862Y15 (GenBank
accession no. MK513444) was a DENV2 clinical strain isolated in
Singapore in 2015. All DENV stocks were propagated in C6/36
cell line maintained in Leibovitz’s L-15 medium supplemented
with 2% FBS as previously described (Ng et al., 2014). Harvested
culture supernatants containing the virus particles were stored at
−80°C. Virus titers were determined by plaque assay in BHK-21
cells as described below.

Virus quantification
Virus titer was quantified by plaque assay in BHK-21 cells as
previously described (Ng et al., 2014). Briefly, 40,000 cells/well
were seeded in 24-well plates (Nunc) 1 d before plaque assay.
Cell monolayers were then infected with 10-fold serially diluted
viral suspensions in RPMI 1640 supplemented with 2% FBS.
After 1-h incubation at 37°C with CO2, overlay medium (RPMI
1640 containing 1% [wt/vol] carboxymethyl cellulose and 2%
FBS) was added to each well. After incubation for 4 d (DENV2) or
5 d (DENV1) at 37°C with CO2, cells were fixed with 4% para-
formaldehyde (Sigma-Aldrich) and stained with 0.05% crystal
violet (Sigma-Aldrich). Plaques were counted, adjusted by di-
lution, and expressed as the number of plaque forming units per
milliliter.

Chimeric virus construction and production
Fragments from D2Y98P, D220 (GenBank accession no.
HQ541799), and DENV1 (05K3903DK1) genomes were obtained
by PCR amplification or de novo synthesis. Primer sequences
used for amplification are listed in Table S4. PCR was per-
formed using Q5 Hot Start high-fidelity DNA polymerase (New
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England Biolabs) according to the manufacturer’s instructions.
All PCR productswere purified fromagarose gel usingQIAquick gel
extraction kit (Qiagen) following the manufacturer’s instructions.
D220-NS1-D2Y98P, DENV1-NS1-D2Y98P, and DENV1-prME-
D2Y98P chimeric viruses were constructed using DNA assembly of
PCR fragments by Gibson assembly technique as previously de-
scribed (Siridechadilok et al., 2013). The pACYC177 plasmid con-
taining CMV promoter, hepatitis delta virus ribozyme, and SV40
poly(A) signal was a kind gift from Ooi Eng Eong (Duke-NUS). The
vector and viral DNA fragments were assembled using Gibson As-
sembly Master Mix (New England Biolabs) at 50°C for 2 h. The
assemblymix (15 µl) was then directly transfected into BHK-21 cells
using Lipofectamine-2000 (Thermo Fisher Scientific) in Opti-MEM
medium (Thermo Fisher Scientific) as described in the manu-
facturer’s protocol. After incubation for 4 h at 37°C with CO2, the
mediumwas changed toMEMmedium (Gibco) supplemented with
10% FBS. Culture supernatants containing the virus were collected
daily from day 1 to day 5 after transfection, and the presence of
virus was verified by plaque assay. The chimeric viruses were
eventually propagated in C6/36 cell line for two passages.

NS1 immunization and mouse infection
5–6-wk-old A129 mice (129/Sv mice deficient in IFN-α/β re-
ceptors) were immunized i.p. three times (weeks 0, 2, and 6)
with 20 µg of hexameric NS1 from DENV2 16681 strain (The
Native Antigen Company) or OVA protein (InvivoGen) adjuvanted
with 1 µg of monophosphoryl lipid A (MPLA; InvivoGen) and 1:
1 volume AddaVax (InvivoGen) as described previously (Beatty
et al., 2015). 2 wk after the last administration, A129 mice were
challenged with 106 PFU DENV2 (D2Y98P) i.v. 1 d after i.v. ad-
ministration of DENV1-immune serum to trigger ADE.

Following the same NS1(16681) immunization regimen in
A129mice, NS1 immune serumwas collected 2 wk after the third
immunization and heat inactivated at 56°C for 30 min before
storage at −80°C. Antibody titers of immune serum were
quantified by ELISA. The stored immune sera were used for
passive transfer experiment into AG129 mice (129/Sv mice de-
ficient in IFN-α/β and IFN-γ receptors) born to DENV1-immune
mothers. 1 d after administration of NS1 immune serum (150 µl
per mouse), these AG129 mice were s.c. challenged with 103 PFU
of DENV2 (D2Y98P or chimeric D220-NS1-D2Y98P).

5–7-wk-old IFNAR−/− mice (C57BL/6 deficient in IFN-α/β
receptors) were subjected to the same immunization regimen
with NS1(16681) or OVA protein as described above, and were
challenged s.c. with 105 PFU DENV2 (D2Y98P or EHIE2862Y15)
2 wk after the third immunization.

Administration of NS1 protein
5–6-wk-old AG129 mice were infected s.c. with 103 PFU (suble-
thal dose) of D2Y98P. 2 or 4 d p.i., 10 mg/kg of purified
NS1(D2Y98P) (The Native Antigen Company) or OVA protein
(InvivoGen) was administered i.v. to the infected mice.

Primary infection with chimeric viruses
5–6-wk-old AG129 mice were infected s.c. with 106 PFU of pa-
rental (D2Y98P or DENV1) or chimeric (DENV1-NS1-D2Y98P or
DENV1-prME-D2Y98P) viruses.

Quantification of vascular leakage
Vascular leakage was assessed by Evans blue dye extravasation
as previously described (Ng et al., 2014). Briefly, mice were i.v.
administered 0.5% (wt/vol) Evans blue dye (Sigma-Aldrich) in
PBS adjusted to the weight of the mouse (10 µl/g body weight).
2 h after administration, mice were euthanized and extensively
perfused with PBS. Organs (liver, small intestines, spleen, and
kidneys) were harvested and weighed. Evans blue dye was ex-
tracted from the organs by the addition of N,N-dimethylforma-
mide (Sigma-Aldrich; adjusted to 4 ml/g wet tissue) and incubated
overnight at 37°C. Extracted dye was read at 620 nm, and data
were expressed as absolute absorbance.

Histology analysis
Mice were sacrificed at the indicated time points, and the liver was
harvested and fixed immediately with 4% paraformaldehyde in
PBS. Fixed tissues were processed for embedding, sectioning and
staining with H&E (Department of Pathology, NUS). Slides were
viewed under a microscope (Leica), and images were captured.

ELISAs
Levels of systemic IgG antibodies specific to NS1 protein were
quantified via indirect ELISA. Purified NS1 protein from D2Y98P
or 16681 (10 ng/well) diluted in PBS was coated onto 96-well en-
zyme immunoassay plates (Corning Costar) overnight at 4°C.
Plates were washed three times with wash buffer (0.05% Tween
20 in PBS) and blocked with reagent diluent (2% BSA in wash
buffer) for 1 h at 37°C. Serially diluted serum samples were added
to the wells and incubated at 37°C. Plates were washed three times
before the addition of HRP-conjugated anti-mouse IgG (H+L; Bio-
Rad; 170-6516) at 1:3,000 and anti-mouse IgG1, IgG2a, and IgG2b
(Abcam ab97240, ab97245, and ab97250) at 1:10,000. Plates were
incubated for 1 h at 37°C. After the final three washes, detection
was performed by the addition of o-phenylene-diamine dihydro-
chloride substrate SigmaFast (Sigma-Aldrich) and incubated for
30 min at room temperature. The reaction was stopped upon the
addition of 2 N H2SO4. Absorbance was read at 490 nm, and an-
tibody titer was determined by nonlinear regression as the recip-
rocal of the highest serum dilution with absorbance corresponding
to three times the absorbance of blank wells.

Levels of systemic sNS1 in mice during the course of infection
or NS1 in in vitro experiments were quantified via sandwich
ELISA as described previously (Watanabe et al., 2012).Mouse anti-
NS1 Mab62.1 (a kind gift from Subhash Vasudevan, Duke-NUS,
and Christiane Ruedl, Nanyang Technological University; 0.1 µg/
well) diluted in PBS was coated onto 96-well enzyme immuno-
assay plates overnight at 4°C. After washing and blocking as de-
scribed above, diluted serum samples (from 1:100 to 1:2,500) were
added to the wells and incubated for 2.5 h at 37°C. A standard
curve was established by twofold serial dilution of recombinant
NS1 (D2Y98P or 16681) from 25 to 0.39 ng/ml. Plates were washed
five times before the addition of HRP-conjugated mouse anti-NS1
Mab56.2 (a kind gift from Subhash Vasudevan and Christiane
Ruedl; 25 ng/well), made by conjugating HRP to Mab56.2 using
NH2 peroxidase labeling kit (Abnova) and incubated for 1.5 h at
room temperature. After the final washes, detection was per-
formed with the addition of tetramethylbenzidine (R&D Systems)
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for 30 min at room temperature. The reaction was stopped with
2 N H2SO4. Absorbance was read at 450 nm. The concentration of
NS1 was calculated based on the standard curve and expressed as
the concentration of NS1 in nanograms per milliliter.

Levels of circulating TNF-α in infected mice were measured
using the Mouse TNF-α Immunoassay Quantikine ELISA kit
(R&D Systems) according to the manufacturer’s instructions.
Levels of heparan sulfate in circulation were quantified using
Mouse Heparan Sulfate ELISA kit (G-Biosciences) according to
the manufacturer’s instructions.

Multiplex cytokine and soluble mediator detection
Levels of cytokines and soluble mediators present in plasma of
infected mice were quantified using LEGENDplex Mouse In-
flammatory Panel kit (BioLegend) according to the manu-
facturer’s protocol. Samples were run using Attune Nxt flow
cytometer and analyzed using FlowJo software.

In vitro permeability assays
To test the ability of NS1 to induce endothelial permeability in vitro, a
TEER assay was conducted as described previously (Beatty et al.,
2015). HMVECs (50,000 cells/well) were seeded onto 24-well
Transwell insert membranes (PET, 0.4-µm pore size; Millipore Mil-
licell) coated with 50 µg/ml collagen (Corning). Lower and upper
chamberswere filledwith EGM-2MVBulletKitmedium and cultured
for 2 d at 37°C with 5% CO2. 10 µg/ml of purified sNS1 from D2Y98P
or 16681 strain diluted with culture medium was added onto the
upper chamber of the Transwell, while the lower chamber was re-
placed with fresh culture medium. TEER was measured at 3-h in-
tervals using an EVOM2 Epithelial Volt/Ohmmeter (World Precision
Instruments). 10 µg/ml of OVA protein and 5 ng/ml of TNF-α (R&D
Systems) were used as negative and positive controls, respectively.
Untreated Transwell inserts seeded with HMVECs and inserts con-
taining medium only were also included. Relative TEER was ex-
pressed as follows: [resistance (treatment) − resistance (medium
only)]/[resistance (untreated cells) − resistance (medium only)].

The xCELLigence RTCA system (ACEA, Biosciences) was also
used to measure the ability of NS1 to disrupt endothelial mon-
olayers. HMVECs (50,000 cells/well) were seeded onto 96-well
E-plates (ACEA, Biosciences). Seeded cells were placed into the
RTCA station for real-time measurement of electrical imped-
ance. When a confluent monolayer formed, cells were treated
with 10 µg/ml of purified sNS1 from D2Y98P or 16681 strain.
OVA (10 µg/ml) and TNFα (5 ng/ml) were included as negative
and positive controls, respectively. Electrical impedance re-
flecting the permeability of the endothelial monolayer was
monitored in real time using the RTCA MP system, with read-
ings taken every 15 s. Readings were expressed as baseline
normalized cell index by normalizing the cell index measured at
the time of treatment and setting untreated control as the baseline.

In vitro DENV infection
Vero cells were infected at a multiplicity of infection of 0.1 with
D2Y98P, DENV1, DENV1-prME-D2Y98P, and DENV1-NS1-D2Y98P.
Plates were incubated at 37°C for 1 h with rocking every 15 min for
viral adsorption. Each well was rinsed twice with PBS before addi-
tion of 200 µl of DMEM containing 2% FBS. The plates were

incubated for 4 d, and the culture supernatant was collected at
indicated time points p.i. Viral quantification was performed by
plaque assay.

Statistical analysis
Data analyses were performed using Graphpad Prism 6.0. Sta-
tistical comparison was conducted using nonparametric Mann–
Whitney U test or linear regression. Comparison of survival rates
was performed using log-rank (Mantel–Cox) test. Differences
were considered significant (*) at P < 0.05.

Online supplemental material
Fig. S1 shows the characterization of the NS1 polyclonal immune
serum generated upon immunization with purified NS1 protein.
Fig. S2 shows the in vivo and in vitro fitness of EHIE2862Y15
strain and chimeric D220-NS1-D2Y98P in AG129 mice. Fig. S3
displays the viremia titers in D2Y98P-infected AG129 mice ad-
ministered NS1. Fig. S4 shows the results of NS1-induced per-
meability in vitro assays. Fig. S5 presents the cytokine profile
measured in AG129 mice infected with D2Y98P, DENV1, DENV1-
prME-D2Y98P, or DENV1-NS1-D2Y98P virus. Table S1 shows the
comparison of D2Y98P genome against DENV2 NGC strain and
Singapore DENV2 clinical isolates. Table S2 compares NS1 amino
acid sequence between D2Y98P, D220, and 16681 strains. Table
S3 highlights the amino acid differences between EHIE2862Y15
and D2Y98P strains. Table S4 compiles the primer sequences
used for PCR amplification.
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Supplemental material

Figure S1. NS1-specific IgG titers in NS1 immune serum. A129 mice were immunized i.p. three times with 20 µg NS1(16681) or OVA with MPLA and
Addavax as adjuvants at wks 2, 6, and 8. (A and B) NS1-specific IgG antibody titers were measured by ELISA using NS1(16681) (A) or NS1(D2Y98P) (B) as
coating antigen. Titers were calculated as the reciprocal of the highest serum dilution with absorbance corresponding to 3× the absorbance of blank wells. The
dotted line indicates the limit of detection. (C) The percentages of specific IgG subclasses were determined. (D) 5×-diluted NS1 immune serum was co-
incubated with 20 µg/ml NS1(16681) or NS1(D2Y98P), and the amount of free NS1 was measured by sandwich ELISA.
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Figure S2. In vivo and in vitro fitness of EHIE2862Y15 strain and chimeric D220-NS1-D2Y98P in AG129 mice. (A and B) In vivo fitness of EHIE2862Y15
strain. Mice (n = 8) were challenged s.c. with 106 PFU of EHIE2862Y15 or D2Y98P virus. Mice were monitored daily upon challenge. Kaplan–Meier survival curve
(A) and clinical scores (B) are shown. (C–E) In vitro and in vivo fitness of D220-NS1-D2Y98P chimeric strain. Plaque morphology (C) and in vitro growth profile
(D) in BHK cells; viremia titers (E) in AG219 mice (n = 5) s.c. infected with 103 PFU of WT D2Y98P or chimeric D220-NS1-D2Y98P. Dotted line denotes the limit
of detection. Data were analyzed by nonparametric Mann–Whitney U test. *, P < 0.05. Results were expressed as averages ± SD (D).
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Figure S3. Viremia titers in D2Y98P-infected AG129mice administered NS1. AG129mice were challenged s.c. with 103 PFU D2Y98P. At day 4 p.i., D2Y98P-
infected mice were i.v. administered 10 mg/kg NS1(16681) or OVA. Dotted line denotes the limit of detection. Data were analyzed by nonparametric
Mann–Whitney U test. ns, not significant.

Figure S4. Permeability assays. (A) TEER assay: Confluent HMVEC monolayers cultured on Transwell inserts were incubated with 10 µg/ml of purified sNS1
from 16681 or D2Y98P strain, 10 µg/ml OVA (negative control), or 5 ng/ml TNF-α (positive control). Measurements were taken at the indicated time points
using an EVOM resistance meter. (B) RTCA: HMVEC monolayers cultured on E-plate were incubated with 10 µg/ml of purified sNS1 from 16681 or D2Y98P
strain, 10 µg/ml OVA (negative control), or 5 ng/ml TNF-α (positive control). Measurements were taken in real time every 15 s using an xCELLigence RTCA MP
instrument. Data are representative of two independent experiments. Results were expressed as averages ± SD.
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Table S1 shows a comparison of D2Y98P genome against DENV2 NGC strain and Singapore DENV2 clinical isolates. Table S2 shows
an NS1 amino acid sequence comparison between D2Y98P, D220, and 16681 strains. Table S3 shows an amino acid sequence
comparison between EHIE2862Y15 and D2Y98P strains. Table S4 lists primers used for PCR amplification.

Figure S5. Cytokine profile in AG129 mice infected with chimeric and parental viruses. AG129 mice (n = 4–5) were infected s.c. with 106 PFU of D2Y98P,
DENV1, DENV1-prME-D2Y98P, or DENV1-NS1-D2Y98P virus. At day 5 p.i., the systemic levels of various cytokines was measured. Data were analyzed by
nonparametric Mann–Whitney U test. *, P < 0.05; **, P < 0.05.
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