
Using a Virion Assembly-Defective Dengue Virus as a Vaccine
Approach

Chao Shan,a,b Xuping Xie,a,b Jing Zou,a,b Roland Züst,c Bo Zhang,d Rebecca Ambrose,e* Jason Mackenzie,e Katja Fink,c

Pei-Yong Shia,b,f,g

aDepartment of Biochemistry and Molecular Biology, University of Texas Medical Branch, Galveston, Texas, USA
bNovartis Institute for Tropical Diseases, Singapore
cSingapore Immunology Network, Agency for Science, Technology and Research (A*STAR), Singapore
dWuhan Institute of Virology, Chinese Academy of Sciences, Wuhan, China
eDepartment of Microbiology and Immunology, Peter Doherty Institute for Infection and Immunity, University
of Melbourne, Melbourne, Australia

fDepartment of Phamarcology and Toxicology, University of Texas Medical Branch, Galveston, Texas, USA
gSealy Center for Structural Biology and Molecular Biophysics, University of Texas Medical Branch, Galveston,
Texas, USA

ABSTRACT Dengue virus (DENV) is the most prevalent mosquito-transmitted viral
pathogen in humans. The recently licensed dengue vaccine has major weaknesses.
Therefore, there is an urgent need to develop improved dengue vaccines. Here, we
report a virion assembly-defective DENV as a vaccine platform. DENV containing an
amino acid deletion (K188) in nonstructural protein 2A (NS2A) is fully competent in
viral RNA replication but is completely defective in virion assembly. When trans-
complemented with wild-type NS2A protein, the virion assembly defect could be
rescued, generating pseudoinfectious virus (PIVNS2A) that could initiate single-round
infection. The trans-complementation efficiency could be significantly improved
through selection for adaptive mutations, leading to high-yield PIVNS2A production,
with titers of �107 infectious-focus units (IFU)/ml. Mice immunized with a single
dose of PIVNS2A elicited strong T cell immune responses and neutralization antibod-
ies and were protected from wild-type-virus challenge. Collectively, the results
proved the concept of using assembly-defective virus as a vaccine approach. The
study also solved the technical bottleneck in producing high yields of PIVNS2A vac-
cine. The technology could be applicable to vaccine development for other viral
pathogens.

IMPORTANCE Many flaviviruses are significant human pathogens that pose global
threats to public health. Although licensed vaccines are available for yellow fever,
Japanese encephalitis, tick-borne encephalitis, and dengue viruses, new approaches
are needed to develop improved vaccines. Using dengue virus as a model, we de-
veloped a vaccine platform using a virion assembly-defective virus. We show that
such an assembly-defective virus could be rescued to higher titers and infect cells
for a single round. Mice immunized with the assembly-defective virus were pro-
tected from wild-type-virus infection. This vaccine approach could be applicable to
other viral pathogens.

KEYWORDS dengue virus, flavivirus vaccine, NS2A, trans-complementation,
viral assembly

The four serotypes of dengue virus (DENV) are the most important mosquito-borne
viral pathogens in humans, with approximately 390 million human infections each

year (1). DENV infection causes dengue fever (DF), dengue hemorrhagic fever (DHF),
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and dengue shock syndrome (DSS). Infection with one DENV serotype elicits lifelong
immunity to that particular serotype but confers only partial and transient protection
against the other three serotypes. Secondary infections with heterogeneous DENV
serotypes increase the risk of severe disease (DHF and DSS), which is mediated at least
in part through an antibody-dependent enhancement (ADE) of infection (2). Thus, an
ideal dengue vaccine should confer balanced immune protection against all four
serotypes. Dengvaxia, the first clinically approved dengue vaccine, has an average
efficacy of 30 to 61% (3–6). Unfortunately, Dengvaxia seems to increase the risk of
hospitalization over time in children �9 years of age who are seronegative at the time
of vaccination, possibly through vaccine-induced antibody enhancement. The World
Health Organization recently recommended the use of Dengvaxia only in areas where
the disease is highly prevalent (7). Although two other live attenuated dengue vaccines
(NIH and Takeda) are currently under late clinical development (8), new approaches are
needed for development of improved vaccines for dengue virus and other flaviviruses.

Besides DENV, many other flaviviruses are also important human pathogens, includ-
ing yellow fever (YFV), West Nile (WNV), Japanese encephalitis (JEV), tick-borne enceph-
alitis (TBEV), and Zika (ZIKV) viruses. The flavivirus genome encodes three structural
proteins (capsid [C], premembrane [prM], and envelope [E] proteins) and seven non-
structural proteins (NS1, NS2A, NS2B, NS3, NS4A, NS4B, and NS5). Structural proteins
form virions, whereas nonstructural proteins participate in viral RNA synthesis, virion
assembly, and evasion of immune response (9). Virus-like particles (VLPs) represent an
attractive vaccine approach, as exemplified by the clinically approved human vaccines
for papillomavirus and hepatitis B virus (10). Two forms of VLPs have been reported for
flaviviruses: empty VLPs and subgenomic VLPs (also known as pseudoinfectious viruses
[PIVs]). Empty VLPs are produced during natural flavivirus infection or from cells
expressing viral prM and E proteins (11). Subgenomic VLPs contain viral RNA with a
deletion in a structural gene(s); such VLPs are produced by complementation of the
subgenomic RNA in helper cells that express the deleted structural protein(s) (12–14,
46). Immunization of mice or rhesus macaques with TBEV, YFV, or WNV subgenomic
VLPs protects against wild-type (WT) virus infection (15, 16).

Flavivirus assembly is modulated by NS1 (17), NS2A (18, 19), NS2B (20), and NS3 (21).
NS2A is a highly hydrophobic membrane protein located in the endoplasmic reticulum
(ER) (22). Different regions of NS2A function in viral RNA synthesis and virion assembly
(18): (i) distinct NS2A mutations selectively abolish DENV serotype 2 (DENV-2) assem-
bly without significantly reducing viral RNA synthesis; (ii) the defect of virion assembly
could be rescued in helper cells expressing WT NS2A protein, generating PIVNS2As; (iii)
the rescued PIVNS2A could initiate single-round infection (23). These findings prompted
us to explore the feasibility of developing PIVs as a novel vaccine platform for DENV.
Here, we demonstrate the production of high titers of PIVNS2As (�107 infectious-focus
units [IFU]/ml) and single-dose efficacy of PIVs in a DENV-2 mouse model. This tech-
nology could be applied to the development of other flavivirus vaccines.

RESULTS
Experimental rationale. Figure 1A outlines the experimental rationale for PIVNS2A

production and efficacy evaluation. An NS2A mutant virus defective in virion assembly
(but competent in viral RNA replication) was trans-supplied with WT NS2A protein in a
helper cell line, producing PIVNS2As. The NS2A-expressing cell line constitutively ex-
pressed the WT NS2A protein fused with a C-terminal green fluorescent protein (GFP)
tag (23). The efficiency of PIVNS2A production was improved by selection of adaptive
mutations (after multiple rounds of culturing PIVNS2As on the NS2A-expressing helper
cells). The PIVNS2As were evaluated for vaccine efficacy in a mouse model.

PIVNS2A production. Three NS2A amino acids (E100, Q187, and K188), whose
mutations were previously shown to selectively abolish virion assembly (23), were
selected to generate PIVNS2As for vaccine development. To minimize reversion, indi-
vidual amino acids were deleted within an infectious cDNA clone of DENV-2 (24),
resulting in mutants E100-del, Q187-del, and K188-del. As shown in Fig. 1B, BHK-21 cells
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transfected with both WT and mutant genome-length RNAs expressed viral E protein,
suggesting that the deletion mutants were replication competent; however, from days
1 to 4 posttransfection (p.t.), the number of E-positive cells increased only in the
WT-RNA-transfected cells, not in the mutant-RNA-transfected cells, suggesting no virus
spreading in the mutant-RNA-transfected cells. Among the three deletion mutants,
E100-del generated fewer E protein-positive cells than Q187-del and K188-del. Incuba-
tion of naive BHK-21 cells with culture medium from the transfected cells showed that

FIG 1 Characterization of NS2A E100-del, Q187-del, and K188-del mutants. (A) Experimental rationale. The diagram outlines the production of
PIVNS2As and vaccination in mice. The NS2A-expressing cell line constitutively expressed the WT NS2A protein fused with a C-terminal GFP tag
(23). The GFP tag (indicated by a green dot) was engineered to facilitate the detection of NS2A expression because no reliable NS2A antibodies
are currently available. (B) IFA of naive BHK-21 cells transfected with the WT or NS2A mutant genome-length RNA. Equal amounts (10 �g) of the
WT and mutant (E100-del, Q187-del, and K188-del) genome-length RNAs were transfected into BHK-21 cells. From days 1 to 4 p.t., the cells were
stained with anti-E protein MAb 4G2 (green). The blue color shows the nuclei of cells stained with DAPI. (C) IFA of naive BHK-21 cells that were
infected with the culture fluids harvested from transfected cells from panel B on day 4 p.t. The IFA was performed on day 2 postinfection. (D)
Plaque assay. Naive BHK-21 cells were infected with the culture fluids harvested from transfected cells from panel B on day 5 p.t. Plaques
developed on day 5 postinfection. N.D., not detectable. (E) IFA of NS2A-expressing BHK-21 cells transfected with the WT or NS2A mutant
genome-length RNA. Results from days 2 to 5 p.t. are shown. E protein was detected by MAb 4G2 (red). (F) IFA of naive BHK-21 cells infected with
the culture fluids harvested from transfected cells from panel E. The IFA was performed on day 2 postinfection. The expression of E protein is
indicated in green. (G) Quantification of the infectious titers of PIVNS2As by IFA. The E-positive cells from panel F were counted to estimate the
infectious titers of PIVNS2As. The titers on day 5 p.t. are shown as means � standard deviations (SD) from three independent experiments.
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only the WT RNA, not the mutant RNAs, generated infectious virus, as indicated by the
E-positive cells (Fig. 1C). These data were corroborated by the plaque assay results
showing that no infectious virus was recovered from any of the mutant-RNA-
transfected cells (Fig. 1D). Collectively, the results suggest that E100-del, Q187-del, and
K188-del are defective in virion assembly and/or release.

To evaluate the effects of the three NS2A deletions on viral RNA synthesis, we
performed a transient luciferase replicon assay (Fig. 2). Upon transfection into BHK-21
cells, both the WT and mutant replicons generated equivalent luciferase signals at 2 to
6 h p.t.; different luciferase activities were detected at 24 h p.t. in the following order:
WT � K188-del � Q187-del � E100-del. Equivalent luciferase signals were observed for
the WT and mutants at 48 h posttransfection. These results indicate that K188-del,
Q187-del, and E100-del do not dramatically compromise viral RNA replication.

To rescue the defect of virion assembly/release, we transfected the three mutant
genome-length RNAs individually into BHK-21 cells that constitutively expressed
DENV-2 WT NS2A protein. From days 2 to 5 p.t., an increasing number of viral E-positive
cells were observed in the following order: WT � K188-del � Q187-del � E100-del (Fig.
1E). Incubation of naive BHK-21 cells with the culture medium from the transfected cells
generated E-positive cells, suggesting that infectious PIVNS2As were produced (Fig. 1F).
Quantification of the E-positive cells suggested PIVNS2A titers of 1.8 � 105, 5 � 102, 6 � 102,
and 1 � 103 IFU/ml for WT, E100-del, Q187-del, and K188-del viruses, respectively (Fig.
1G). To exclude the possibility that the observed trans-complementation was due to
reversion of the NS2A deletions, we extracted the total intracellular RNAs from the
infected naive BHK-21 cells shown in Fig. 1F and sequenced the entire viral genome.
The sequencing results showed that the engineered NS2A deletions were retained
without secondary mutations. A new round of infection of naive BHK-21 cells with
culture fluids from cells shown in Fig. 1F did not yield any E-positive cells (data not
shown), suggesting that the PIVNS2As could perform only a single-round infection.

To further minimize potential reversion, we generated a double amino acid deletion
mutant, Q187K188-del. As shown in Fig. 3, the Q187K188-del mutant was highly
defective in viral replication in BHK-21 cells. Therefore, we did not further pursue the
double-mutant approach.

Selection for improved PIVNS2A production. We performed selection experiments
to improve PIVNS2A production (Fig. 4A). Mutant K188-del was chosen for the selection

FIG 2 Transient replicon analysis of DENV-2 NS2A mutants. (A) Schematic diagram of a luciferase replicon
of DENV-2 (22). Rluc-2A, a Renilla luciferase gene fused with the foot-and-mouth disease virus 2A
sequence; C38, nucleotides encoding the first 38 amino acids of C protein; E31, nucleotides encoding the
last 31 amino acids of E protein; HDVr, hepatitis delta virus ribozyme sequence; UTR, untranslated region.
(B) Transient replicon assay. WT or mutant replicon RNAs containing single or combined mutations were
electroporated into naive BHK-21 cells. A nonreplicative NS4B mutant, K143A, was included as a negative
control (NC). Each data point shows the average of three independent experiments. The error bars
represent standard deviations.
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experiment because of its higher PIV titer in the above-mentioned trans-complementation
assay (Fig. 1G). Four independent selections were performed. After passaging the
NS2A-expressing cells (which were transfected with the K188-del genome-length
RNA) for 30 rounds (4 days per round) (Fig. 4A), the E-positive cells increased from

FIG 3 Characterization of Q187K188-del mutants. (A) IFA of naive BHK-21 cells transfected with WT or
Q187K188-del genome-length RNA. (B) IFA of naive BHK-21 cells infected with the culture fluids
harvested on day 4 p.t. from the transfected cells in panel A. (C) Plaque assay. Culture fluids from the
transfected BHK-21 cells on day 5 p.t. were subjected to plaque assay using BHK-21 cells. No detectable
(N.D.) plaques were observed for the Q187K188-del mutant.

FIG 4 Selection for adaptive mutations to improve the yield of K188-del PIVNS2A production. (A) Experiment flowchart. The diagram shows the procedure for
continuous passaging of PIVNS2As on NS2A-expressing BHK-21 cells. (B) IFA of NS2A-expressing BHK-21 cells infected with P0 and P30 PIVNS2As. The cells were
stained for E protein expression (red) using MAb 4G2. (C) Summary of adaptive mutations. The complete genomes of P30 PIVNS2As were sequenced for each
of the four independent selections. The adaptive mutations are indicated by the amino acid positions encoded by individual genes. Consensus sequencing was
performed to identify the adaptive mutations. The titers of P30 PIVNS2As are also indicated.
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3% at passage 0 (P0) to almost 100% at P30 (Fig. 4B [selection I; selections II to IV
not shown]). The P30 PIVNS2A titers were improved to �1 � 105 IFU/ml in all four
independent selections (Fig. 4C). Sequencing of the P30 PIVNS2A genomic RNAs
revealed that, besides the engineered NS2A K188-del, additional mutations accu-
mulated in both structural and nonstructural genes (Fig. 4C). These results suggest
that PIVNS2A production could be improved by accumulating adaptive mutations in
the K188-del genome.

Validation of selection I mutations to confer high PIVNS2A production. To

validate the roles of adaptive mutations, we engineered the mutations into DENV-2 in
the presence and absence of an NS2A K188-del background. We chose to focus on the
mutations identified from selections I and II because these two selections produced the
highest PIVNS2A titers in the NS2A-expressing cells (Fig. 4C).

For selection I, we initially examined the effects of three adaptive mutations
(G100VPrM, P179SNS2A, and A373VNS3) on viral replication by engineering individual
mutations into the WT genome-length RNA. After electroporation into naive BHK-21
cells, the WT and mutant RNAs produced comparable amounts of E-positive cells (Fig.
5A) and generated infectious viruses with similar plaque morphologies (Fig. 5B) and
equivalent viral titers on day 5 p.t. (Fig. 5C). We also electroporated the genome-length
RNAs into the NS2A-expressing cells. Three mutant RNAs generated slightly more
E-positive cells than the WT RNA on day 5 p.t. (Fig. 5D), the WT and mutant viruses
showed similar plaque morphologies on naive BHK-21 cells (Fig. 5E), and the mutant
RNAs generated more infectious viruses than the WT RNA on day 5 p.t. (Fig. 5F).
Interestingly, both the WT and mutant RNAs generated �10-fold more infectious
viruses on the naive cells than on the NS2A-expressing cells (compare Fig. 5C and F),
which might have been caused by the competition for limited cellular factors between
the exogenous and endogenous NS2A proteins.

Next, we analyzed the effects of selection I mutations on viral replication in the
context of NS2A K188-del genome-length RNA. In naive BHK-21 cells, addition of
adaptive mutations (individually or in combination) did not rescue the virion assembly
defect of K188-del RNA, as evidenced by lack of increase in E-positive cells from days
1 to 4 p.t. (Fig. 6A) and lack of infectious virus on day 5 p.t. (data not shown). The results
demonstrate that the adaptive mutations could not rescue the defect of virion assem-
bly in naive BHK-21 cells. Remarkably, in NS2A-expressing cells, the addition of
P179SNS2A and A373VNS3, alone or in combination, improved virion assembly, as
indicated by E-positive cells (Fig. 6B) and PIVNS2A titers (Fig. 6C). Interestingly, the
G100VprM mutation reduced PIVNS2A production in the context of K188-del plus
G100VprM or 188-del plus G100VprM plus A373VNS3; however, the mutation did enhance
PIVNS2A production when combined with all selection I mutations (188-del plus
G100VprM plus P179SNS2A plus A373VNS3). These results demonstrate that selection I
mutations contribute to improved PIV production.

To exclude the possibility that the above-mentioned observation was due to a
mutational effect on viral RNA synthesis, we examined the selection I mutations alone
or in combination with K188-del in a transient replicon assay in naive BHK-21 cells. As
shown in Fig. 6D, only replicon 188-del plus A373VNS3 attenuated viral replication at 24 h
p.t.; all other replicons replicated to the WT level. The results suggest that selection I
mutations alone do not affect viral RNA synthesis.

Validation of selection II mutations for high PIVNS2A production. We took a

similar approach to analyze selection II mutations. In the absence of K188-del,
genome-length RNA encoding a T69I mutation in the envelope protein (T69IE)
produced 10-fold less infectious virus than the WT RNA upon transfection into naive
BHK-21 cells, whereas mutation I114TNS2B or E477DNS3 did not affect viral replica-
tion (Fig. 7A to C). In NS2A-expressing cells, the mutant RNAs replicated to levels
equivalent to (I114TNS2B) or higher than (T69IE or E477DNS3) those of the WT RNA
(Fig. 7D to F).
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In the presence of K188-del, addition of selection II mutations (individually or in
combination) did not rescue the defect of virion assembly in naive BHK-21 cells, as
indicated by lack of increase in E-positive cells after RNA transfection (Fig. 8A). No
infectious PIVNS2A was detected after incubating new BHK-21 cells with the culture

FIG 5 Effects of selection I mutations on viral replication in the absence of the K188-del mutation. (A) IFA of
naive BHK-21 cells transfected with WT or mutant (G100VprM, P179SNS2A, and A373VNS3) genome-length RNA.
Viral E protein expression (green) was detected using MAb 4G2. (B) Plaque morphology. The culture fluids
harvested from the transfected cells from panel A on day 5 p.t. were subjected to plaque assay using BHK-21
cells. (C) Viral titers on day 5 from the transfected cells from panel A. (D) IFA of NS2A-expressing BHK-21 cells
transfected with the WT or mutant genome-length RNA. E protein expression (red) was detected using MAb
4G2. (E) Plaque morphology. The culture fluids harvested on day 5 p.t. from cells in panel D were used to
perform a plaque assay on BHK-21 cells. (F) Viral titers on day 5 p.t. from the transfected cells in panel D.
Means � standard deviations from three independent experiments are presented.
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FIG 6 Improvement of PIVNS2A production through adaptive mutations from selection I. (A) IFA of naive BHK-21 cells transfected with the genome-length RNA
of the WT or mutants that contain NS2A K188-del and the mutations derived from selection I. The transfected cells were monitored for E protein expression
(green) using MAb 4G2. (B) IFA of NS2A-expressing BHK-21 cells transfected with the genome-length RNA of the WT or mutants that contain NS2A K188-del
and different mutations rescued from selection I. The E protein was stained in red using MAb 4G2. (C) Quantification of PIVNS2A titers generated from
NS2A-expressing BHK-21 cells transfected with the indicated genome-length RNAs. The detection limit of IFA quantification was 10 IFU/ml. Mean values from
three independent experiments are shown, and the error bars represent standard deviations. (D) Replicon analysis. WT or mutant replicon RNAs containing
single or combined mutations were electroporated into naive BHK-21 cells. An NS4B lethal mutation, K143A (45), was included as a negative control (NC). The
means and standard deviations from the results of three independent experiments are presented.
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FIG 7 Effects of selection II mutations on viral replication in the absence of the K188-del mutation. (A) IFA of
naive BHK-21 cells transfected with WT or mutant (T69IE, I114TNS2B, and E477DNS3) genome-length RNA.
E-positive cells strained by 4G2 are shown in green. (B) Plaque morphology. Culture fluids harvested from the
transfected cells from panel A on day 5 p.t. were subjected to plaques assay using BHK-21 cells. (C) Viral titers
on day 5 from the transfected cells from panel A. (D) IFA of NS2A-expressing BHK-21 cells transfected with WT
or mutant genome-length RNA. E-positive cells stained with MAb 4G2 are shown in red. (E) Plaque morphol-
ogy. The culture fluids harvested on day 5 p.t. from panel D were used to perform a plaque assay on naive
BHK-21 cells. (F) Viral titers on day 5 from the transfected cells in panel D. The data are presented as means �
standard deviations from the results of three independent experiments.
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fluids collected from the cells shown in Fig. 8A (data not shown). In contrast, in
NS2A-expressing cells, addition of all three adaptive mutations to K188-del (K188-del
plus T69IE plus I114TNS2B plus E477DNS3) significantly improved PIVNS2A titers, although
addition of one or two mutations had various effects on PIVNS2A production (Fig. 8B and

FIG 8 Effects of selection II mutations on viral replication in the presence of the K188-del mutation. (A) IFA of naive BHK-21 cells transfected with
genome-length RNA of the WT or mutants (K188-del alone or in combination with various selection II mutations). E-positive cells (green) were
stained with MAb 4G2. (B) IFA of NS2A-expressing BHK-21 cells transfected with WT or mutant genome-length RNA. Viral E protein was stained
with MAb 4G2 (red). (C) Quantification of PIVNS2A titers generated from NS2A-expressing BHK-21 cells transfected with the indicated genome-
length RNAs. Mean values and standard deviations from the results of three independent experiments are shown. (D) Luciferase replicon analysis.
WT or mutant luciferase replicon RNAs containing single or multiple selection II mutations were electroporated into naive BHK-21 cells. Luciferase
activities were measured at the indicated time points. NC, negative control using an NS4B lethal mutant, K143A. Each data point shows the
average result from three independent experiments, and the error bars represent standard deviations.
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C). Finally, using a transient luciferase replicon, we showed that selection II mutations,
alone or in combination with K188-del, did not affect viral RNA synthesis (Fig. 8D).
Collectively, the results demonstrated that selection II mutations were responsible for
the improvement of PIVNS2A production in the NS2A-expressing cells.

EM analysis of PIVNS2A production. Transmission electron microscopy (EM) was
used to examine virus production. As shown in Fig. 9A to D, infection of naive or
NS2A-expressing BHK-21 cells with WT DENV-2 or selection I PIVNS2A caused rearrange-
ment of the ER membrane and induction of vesicle packets (VP), indicating that both
the WT virus and PIVNS2A could establish efficient replication in cells. However, progeny
virions (indicated by arrowheads) were observed only in the WT-virus-infected naive
cells (Fig. 9A), WT-virus-infected NS2A-expressing cells (Fig. 9C), and PIVNS2A-infected

FIG 9 Characterization of PIVNS2A replication. (A to D) Electron microscopic analysis of naive and NS2A-expressing
BHK-21 cells infected with WT DENV-2 and PIVNS2A. (A) Naive BHK-21 cells infected with WT virus at 48 h
postinfection. (B) Naive BHK-21 cells infected with PIVNS2A P30 (selection I) at 48 h postinfection. (C) NS2A-
expressing BHK-21 cells infected with WT virus at 48 h postinfection. (D) NS2A-expressing BHK-21 cells infected
with PIVNS2A P30 (selection I) at 72 h. Scale bars, 200 nm. The arrowheads indicate virus particles. VP, vesicle packets.
(E and F) Growth kinetics of the WT, selection I recombinant PIVNS2A (K188-del plus G100VprM plus P179SNS2A plus
A373VNS3), and selection II recombinant PIVNS2A (K188-del plus T69IE plus I144TNS2B plus E477DNS3) on NS2A-
expressing BHK-21 cells at MOI of 0.1 (E) and 1 (F).
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NS2A-expressing cells (Fig. 9D). We also observed more virions at 96 h postinfection
(p.i.) than at 72 h p.i. in the PIVNS2A-infected NS2A-expressing cells (data not shown). It
should also be noted that the appearance of virus particles was delayed in the
PIVNS2A-infected NS2A-expressing cells (72 h p.i.) compared to infections with the WT
virus in naive or NS2A-expressing cells (48 h p.i.). In contrast, no virions were detected
in the PIVNS2A-infected cells without NS2A expression at any time point (Fig. 9B).

Growth kinetics of PIVNS2As in NS2A-expressing BHK-21 cells. We characterized
the growth kinetics of recombinant PIVNS2As representative of selections I and II in
NS2A-expressing cells. At both multiplicities of infection (MOI) of 0.1 and 1, selection I
recombinant PIVNS2A (K188-del plus G100VprM plus P179SNS2A plus A373VNS3) yielded
the highest titer of �1 � 107 IFU, followed by selection II recombinant PIVNS2A

(K188-del plus T69IE plus I144TNS2B plus E477DNS3) and WT virus (Fig. 9E and F). The
results demonstrate that a high titer of PIVNS2A could be achieved through adaptive
mutations.

NS2A-NS3 interaction. Our results showed that (i) PIVNS2As from four independent
selections consistently accumulated mutations in the NS3 gene, whereas only one out
of the four independent selections exhibited the NS2B I114T mutation (Fig. 4C); (ii)
addition of the NS3 mutation alone to K188-del (K188-del plus A373VNS3 and K188-del
plus E477DNS3) enhanced PIVNS2A production in the NS2A-expressing cells (Fig. 6C and
8C). These observations prompted us to examine the interaction between the NS2A
and NS3 proteins. We initially probed the NS2A-NS3 interaction using an in situ
proximity ligation assay (PLA). A PLA could detect two molecules in �40-nm proximity
in cells (25). As a control, positive PLA signals were observed in BHK-21 cells that were
cotransfected with plasmids expressing NS3 and NS2B, a known pair of interacting
proteins (Fig. 10A). Coexpression of WT NS2A and NS3 revealed PLA-positive signals,
whereas expression of NS2A or NS3 alone did not yield any positive signals (Fig. 10A).
Mutations in NS2A (K188-del) and NS3 (A373V and E447D) did not change the positive
PLA signals (Fig. 11A).

Next, we validated the NS2A-NS3 interaction using coimmunoprecipitation (co-IP).
After cotransfection of HEK-293T cells with plasmids expressing NS2A and NS3, the two
proteins were coimmunoprecipitated (Fig. 10B and C). In agreement with the PLA
results, mutations in NS2A (K188-del) and NS3 (A373V and E447D) did not affect co-IP
efficiency (Fig. 11B and C). Since NS3 contains protease and helicase domains, we
tested whether NS2A binds to individual NS3 domains. The results showed that NS2A
could pull down both protease and helicase domains (Fig. 10B and C). Collectively, the
results indicate that (i) NS2A interacts with both NS3 protease and helicase domains
and (ii) mutations in NS2A (K188-del) or NS3 (A373V and E447D) do not affect the
NS2A-NS3 interaction.

Efficacy of PIVNS2A in mice. We used CD11c-cre � IFNARfl/fl mice (see Materials and
Methods), which lack alpha/beta interferon (IFN-�/�) receptor only in CD11c-expressing
cells, to test the efficacy of PIVNS2As as a potential vaccine (26). These CD11c-cre �

IFNARfl/fl mice were able to generate a protective immune response for nonreplicative
vaccines, whereas AG129 or IFNAR mice did not produce a robust immune response to
the same nonreplicative vaccines (26). The mice were immunized once subcutaneously
with 106 IFU PIVNS2As or placebo (medium containing fetal calf serum [FCS]). The
immunized mice generated significant CD8� T cell responses (Fig. 12A), DENV-specific
binding antibodies, and neutralizing antibodies compared to the placebo-treated mice
(Fig. 12B and C). Notably, the antibody responses exhibited large variation among
different individuals, possibly due to the low infection rate or low immunogenicity of
PIVNS2A. Further experiments are needed to measure viral RNA synthesis at the injection
site and in draining lymph nodes at early times postinfection to determine whether
differences in viral infection/replication efficiency (and thus antigen) account for the
variation in antibody responses. Nevertheless, the immunized mice were protected
after a challenge with DENV-2 strain D2Y98P, which caused substantial disease in the
CD11c-cre � IFNARfl/fl mice (Fig. 12D and E). Peak viremia (measured by reverse
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transcription-quantitative PCR [RT-qPCR]) was significantly reduced (Fig. 12D), and the mice
did not show any disease, as illustrated by their stable body weight compared to the
placebo-treated mice, which lost up to 20% of their body weight after infection (Fig. 12E).

DISCUSSION

Vaccine represents the most effective means to prevent and control infectious
diseases. The goal of this study was to prove the concept of using NS2A-mediated
virion assembly-defective virus for dengue vaccine development. We showed that
an NS2A K188-del mutation did not significantly affect viral RNA replication but
completely abolished virion assembly (Fig. 1B and 2). The assembly could be
rescued by trans-complementation with exogenous WT NS2A protein. The efficiency
of trans-complementation could be significantly improved by adaptive mutations in
viral structural and nonstructural genes, leading to high-yield PIVNS2A production

FIG 10 Characterization of NS2A-NS3 interaction. (A) Duo-link analysis. A Duo-link assay was performed
to probe NS2A-NS3 interaction. BHK-21 cells were transfected with plasmids encoding C-terminally
myc-tagged NS3 and/or C-terminally HA-tagged NS2A. As a positive control, cells were also cotransfected
with plasmids expressing C-terminally HA-tagged NS2B and C-terminally myc-tagged NS3. Positive
fluorescence signals are indicated in red. (B) Schematic diagram of constructs for co-IP assay. NS2A was
fused with an N-terminal leader sequence comprising a signal peptide from Gaussia luciferase (SPG), the
last 16 amino acids of NS1 (C16), and a C-terminal GST tag. NS3, the protease domain, and the helicase
domain were fused with an N-terminal HA tag. (C) Co-IP analysis. Co-IP was performed to probe the
NS2A-NS3 interaction. Two micrograms of rabbit anti-GST antibody was used to pull down GST and its
fusion proteins. Mouse MAb against GST and mouse MAb against HA were used to detect GST- and
HA-tagged proteins, respectively, in cell lysates and eluates.
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with titers of �107 IFU/ml. Mice immunized with the PIVNS2As generated robust
humoral and cellular responses and were protected from virulent WT-virus chal-
lenge. The concept of using single-round infectious PIVs as a vaccine approach has
been previously reported for a number of flaviviruses (15, 16). However, all previous
PIVs were prepared through trans-complementation of subgenomic RNA with a
capsid gene deletion in cells expressing exogenous capsid protein. Cells infected
with subgenomic PIVs efficiently secreted empty virus-like particles consisting of
prM-E proteins (15). Compared with the subgenomic PIVs, the current PIVNS2A

contains intact structural proteins and should resemble authentic WT virus. Kum-
merer and Rice previously showed that the YFV NS2A K190S mutation (equivalent
to DENV-2 NS2A K188 in this study) abolished virion assembly but did not affect the
formation of empty virus-like particles in the PIVNS2A-infected cells (18), suggesting
that YFV NS2A specifically functions in mediating genomic RNA into virion forma-
tion.

FIG 11 NS2A and NS3 mutations did not alter the proximity and interaction between NS2A and NS3. (A) Duo-link
analysis. A Duo-link assay was performed to examine the effects of NS2A and NS3 mutations on the intracellular
proximity of NS2A and NS3 proteins. BHK-21 cells were cotransfected with two plasmids: one plasmid encoding
C-terminally myc-tagged WT or mutant NS3 (A373V or E477D) and another plasmid encoding C-terminally
HA-tagged WT or K188-del NS2A. Positive fluorescence signals are shown in red. (B) Co-IP of NS2A and NS3
proteins. HEK 293T cells were cotransfected with two plasmids: one encoding GST or GST-tagged NS2A (WT or
K188-del) and the other encoding HA-tagged NS3 (WT, A373V, or E477D). (C) Densitometry analysis. The intensity
of each band from the immunoblot in panel B was quantified with ImageJ software. The relative pulldown
efficiencies were calculated as follows: [(a/b)/(c/d)] � 100%, where a is the intensity of HA-NS3 (WT or mutant), b
is the intensity of GST or NS2A-GST (WT or K188-del), c is the intensity of the WT HA-NS3 in lane 2, and d is the
intensity of the WT NS2A-GST in lane 2. The means and standard deviations from the results of three independent
experiments are shown. Statistical analysis was performed using an unpaired Student t test. ***, P � 0.001
(extremely significant); ns, nonsignificant (P � 0.05).
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Both structural and nonstructural proteins elicit antibodies in patients (27), among
which antibodies against E protein are critical for protection against flavivirus infection.
Antibodies against DENV NS1 were recently shown to block NS1-mediated vascular
leakage (28, 29). The roles of antibodies against other nonstructural proteins are not
well understood. Besides antibodies, CD8� T cell-mediated immunity was shown to
protect mice from DENV infection (30). Among the 10 viral proteins, NS3 and NS5
harbor major epitopes that are targeted by the CD8� T cells (31). It remains to be
determined why the efficacies of live attenuated tetravalent dengue vaccine
(Dengvaxia) differed in four serotypes (3–5). Since Dengvaxia contains only DENV prM
and E genes in the backbone of YFV-17D, no DENV-specific CD8� T cell immunity to
nonstructural proteins can be established (32). This weakness is eliminated in our
PIVNS2A vaccine platform, since all structural and nonstructural proteins are expressed
during PIVNS2A infection. Since PIVNS2A infection is limited to a single round, the PIVNS2A

vaccine is safer than the live attenuated vaccine.
Reversion of PIVNS2A to fully replicative WT virus was a safety concern. We found that

the current PIVNS2A is remarkably stable. No WT virus was recovered after continuous
culturing of PIVNS2A on NS2A-expressing cells for over 4 months (Fig. 4). Instead, several
adaptive mutations were accumulated in the K188-del genomic RNA, leading to an
improved PIVNS2A titer of �107 FIU/ml. Furthermore, no WT reversion virus was
recovered because no infectious virus was detected after PIVNS2A was inoculated in
mice (data not shown). Finally, continuous culturing of PIVNS2A-infected naive BHK-21
cells for five rounds (each round for 3 days) did not yield any infectious virus (data not
shown). These in vitro and in vivo results indicate the safety of PIVNS2A as a vaccine
candidate. To further minimize the safety concern, other attenuating changes, such as
methyltransferase mutations (33–35), could be added to the K188-del genomic RNA.

Flavivirus assembly is a highly regulated process requiring incorporation of nucleo-
capsid into an enveloped membrane formed by the prM and E proteins. Accumulating

FIG 12 In vivo efficacy of PIVNS2A. Mice (CD11c-cre � IFNARfl/fl) were immunized with 106 IFU PIVNS2As (i.e., K188-del plus G100VprM plus P179SNS2A

plus A373VNS3 produced as described for Fig. 9F) or 10% FCS medium subcutaneously. (A) CD8� T cell response in the blood was monitored on
days 3, 6, 8, and 13. Representative flow cytometry graphs from day 6 are shown on the right. (B) IgG antibody titers after immunization. At 1
month postimmunization, blood was drawn prior to challenge with virulent DENV-2 (strain D2Y98P). The IgG antibody titers against DENV-2 were
measured by ELISA. (C) NT50. Neutralizing antibodies against DENV-2 were measured using U937–DC-SIGN cells as target cells. (D) Viremia on day
3 after challenge. After 1 month of immunization, mice were challenged with 107 PFU D2Y98P virus. On day 3 postchallenge, peak viremia was
measured by real-time RT-PCR. (E) Weights of mice over the course of 12 days postchallenge. The data are presented as means � standard
deviations. Statistical analysis was performed using Student’s t test. **, P � 0.01 (highly significant); ***, P � 0.001 (extremely significant); ****,
P � 0.0001. Nonsignificant differences are not indicated. The data are derived from the results of two or three independent experiments with
totals of 9 to 15 mice.
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evidence indicates that flavivirus assembly is modulated by multiple nonstructural
proteins, including NS1 (17), NS2A (18, 19, 22, 36, 37), NS2B (20), and NS3 (21). In the
current study, we identified adaptive mutations in both structural and nonstructural
genes after continuous culturing of PIVNS2A on NS2A-expressing cells (Fig. 4C). All four
independent selections accumulated NS3 mutations. In the NS2A-expressing cells, the
NS3 mutation alone moderately improved the PIVNS2A yield and synergistically in-
creased PIVNS2A production when combined with other mutations; in contrast, on naive
BHK-21 cells, the NS3 mutations showed negligible effects on viral replication (Fig. 6
and 8). These data clearly underscore the role of NS3 in viral assembly. In agreement
with our results, the interplay between NS2A and NS3 in YFV assembly has been well
documented: (i) mutations in the helicase domain of NS3 (D343 to A, G, or V) could
compensate for the defect in virion production caused by an NS2A mutation (Q189S)
(18), (ii) the function of NS3 in virion assembly was independent of its enzymatic
activities (21), and (iii) NS3 D343G mutation could rescue the virion assembly defects of
an NS2A triple mutant (R22A/K23A/R24A) (36).

Vossmann et al. recently reported NS2A-NS3 interaction during YFV assembly (36).
In line with the YFV result, we also detected NS2A-NS3 interaction in DENV. We
extended the finding by showing that both protease and helicase domains of DENV-2
NS3 contributed to the NS2A-NS3 interaction. None of the NS2A and NS3 mutations
identified in this study affected NS2A-NS3 interaction (Fig. 10 and 11), suggesting that
other interactions (with viral and host proteins) are required for flavivirus assembly.

We observed that, in the absence of NS2A K188-del, mutations in structural protein
(G100VprM or T69IE) alone increased virion production on the NS2A-expressing cells
(Fig. 5F and 7F). Conversely, in the presence of NS2A K188-del, these structural-gene
mutations alone reduced PIVNS2A production on the NS2A-expressing cells (Fig. 6C and
8C); however, they synergized with other mutations in nonstructural genes to increase
PIVNS2A production (Fig. 6C and 8C). Taken together, the results suggest a fine-tuning
network between structural and nonstructural proteins to regulate multiple events
during virion assembly, such as transition from replication to package, condensing
genomic RNA, rearrangement of capsid, and nucleocapsid encapsulation. The NS2A
protein could play a critical role in orchestrating these events during virion formation.

In summary, we have proved the concept of using DENV PIVNS2A as a vaccine
approach. We have also demonstrated the feasibility of generating a high titer of such
PIVNS2A for vaccine production. The PIVNS2A vaccine approach could be applied to other
flaviviruses. Mechanistically, we have identified distinct mutations in both structural
and nonstructural genes that participate in DENV-2 assembly. These adaptive muta-
tions have provided entry points to unravel the molecular details of flavivirus assembly.
The technology described in this study should be applicable to vaccine development
for other viral pathogens.

MATERIALS AND METHODS
Cells, viruses, and antibodies. All media and antibiotics were purchased from Life Technologies.

Naive BHK-21 and C6/36 cells were purchased from the American Type Culture Collection (ATCC),
Bethesda, MD. Naive BHK-21 cells were maintained in a high-glucose Dulbecco modified Eagle medium
(DMEM) supplemented with 10% fetal bovine serum (FBS) (HyClone Laboratories, Logan, UT) and 1%
penicillin-streptomycin. C6/36 cells were grown in RPMI 1640 medium containing 10% FBS and 1%
penicillin-streptomycin. NS2A-expressing BHK-21 cells were maintained in high-glucose DMEM supple-
mented with 10% FBS, 1% penicillin-streptomycin, and 1 mg/ml G418 (23). U937 cells expressing
dendritic cell-specific intercellular adhesion molecule-3-grabbing nonintegrin (DC-SIGN) were obtained
by lentiviral transfection and subsequent cell sorting (26); the cells were maintained in RPMI 1640
medium supplemented with 5% or 10% FBS.

DENV-2 strain New Guinea C (GenBank accession number AF038403) was generated from an
infectious cDNA clone (pACYC-NGC FL) (24). DENV-2 strain D2Y98P was propagated in C6/36 cells and
used for challenge experiments (38).

The following antibodies were used in this study: mouse monoclonal antibody (MAb) against DENV-2
E protein 4G2 (ATCC), mouse MAb against myc tag (Sigma), rabbit polyclonal antibody (PAb) against
hemagglutinin (HA) tag (Sigma), mouse MAb against glutathione S-transferase (GST) (Abcam), rabbit PAb
against GST (Abcam), and goat anti-mouse IgG conjugated with Alexa Fluor 488 or with Alexa Fluor 568
(Life Technologies).
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Mice. Female or male 6- to 8-week-old mice were used. LoxP-flanked ifnar1 (ifnar1fl/fl) (39) animals
were bred with mice that express Cre recombinase specifically in CD11c� dendritic cells (CD11c-Cre). The
mice were kindly provided by Ulrich Kalinke (Institute for Experimental Infection Research, Twincore,
Center for Experimental and Clinical Infection Research, Hannover, Germany). All the mice were bred and
kept under specific-pathogen-free conditions at the Biomedical Resource Centre, Singapore. The mouse
experiments were conducted according to the rules and guidelines of the Agri-Food and Veterinary
Authority (AVA) and the National Advisory Committee for Laboratory Animal Research (NACLAR),
Singapore. The experiments were reviewed and approved by the Institutional Review Board of the
Biological Resource Center, Singapore (IACUC protocol 100566). Mice were immunized with 106 IFU
PIVNS2As (containing recombinant K188-del plus G100VprM plus P179SNS2A plus A373VNS3 mutations
produced as described for Fig. 9F) or 10% FCS medium subcutaneously and analyzed for T cell and
antibody responses as previously reported (26).

Plasmid construction. Standard molecular biology procedures were performed for all plasmid
constructions. Two shuttle plasmids were used to generate prM, E, NS2A, NS2B, and NS3 mutations:
pACYC-B (containing the T7 promoter followed by nucleotides 1 to 5426 of the DENV-2 genome) and
pTA-E (containing viral genome from nucleotide positions 5427 to 10723, followed by the hepatitis delta
virus ribozyme sequence [HDVr]). Mutations were individually introduced into the subclone pACYC-B (for
prM, E, NS2A, and NS2B mutations) or pTA-E (for NS3 mutations) by site-directed mutagenesis using
corresponding primer pairs. The DNA fragments containing individual mutations were cloned into
pACYC NGC FL (23) through two pairs of unique restriction sites: SacII (upstream of the T7 promoter) and
XhoI (nucleotide position 5426 of the viral genome), and XhoI and ClaI (downstream of the HDVr
sequence). To engineer NS2A, NS2B, and NS3 mutations into the pACYC NGC replicon clone, the DNA
was digested with NheI (nucleotide position 2545 of the viral genome) and XhoI or XhoI and ClaI from
the pACYC NGC FL clones containing corresponding mutations and cloned into the plasmid pACYC NGC
replicon through the same restriction enzymes.

The pXJ vector (40), which contains a cytomegalovirus (CMV) promoter and multiple restriction
enzyme sites (EcoRI, NotI, BamHI, XhoI, and KpnI), was used to construct the plasmids that transiently
expressed NS2A and NS3 proteins. To ensure the correct topology of NS2A expressed in the ER, a leader
sequence that contained the signal peptide of Gaussia luciferase (SPG) and the last 16 amino acids of NS1
(NS1C16) were fused in frame to the N terminus of NS2A by overlap PCR (41, 42). An HA tag was fused
in frame to the C terminus of the NS2A gene. The resulting PCR product containing the leader
sequence-NS1C16-NS2A-HA tag was cloned into the pXJ plasmid through EcoRI and BamHI restriction
enzyme sites, resulting in pXJ-SPG-C16-NS2A-HA. Alternatively, GST was fused to the C terminus of NS2A,
resulting in plasmid pXJ-SPG-C16-NS2A-GST. For constructs expressing the C-terminally myc-tagged NS3,
N-terminally HA-tagged NS3, protease domain (the N-terminal 168 amino acids of NS3), or helicase
domain (the C-terminal 450 amino acids of NS3), the corresponding DNA fragments were amplified from
pACYC NGC FL using PCR; the PCR products were cloned into the pXJ vector at NotI and KpnI restriction
enzyme sites. All the constructs were validated by DNA sequencing and restriction enzyme digestion.
Primer sequences are available upon request.

Plasmid transfection, RNA transcription, and RNA transfection. Plasmids were transfected using
an X-tremeGene 9 DNA transfection reagent (Roche) according to the manufacturer’s instructions.
DENV-2 genome-length or replicon RNAs were in vitro transcribed using a T7 mMessage mMachine kit
(Ambion, Austin, TX) from cDNA plasmids prelinearized by XbaI. The RNA transcripts (10 �g) were
electroporated into BHK-21 cells or NS2A-expressing BHK-21 cells following a protocol described
previously (22).

Co-IP. HEK 293T cells in a 10-cm dish were transfected with the indicated plasmids. At 48 h p.t., the
cells were lysed in 1 ml IP buffer (20 mM Tris, pH 7.5, 200 mM NaCl, 0.5% n-dodecyl-�-D-maltopyranoside
(DDM; Anatrace), and EDTA-free protease inhibitor cocktail [Roche]) by rotating at 4°C for 1 h. The lysates
were clarified by centrifugation at 15,000 rpm at 4°C for 30 min and subjected to co-IP using protein
G-conjugated magnetic beads (Millipore) according to the manufacturer’s instructions. Briefly, immune
complexes were formed at 4°C overnight by mixing 450 �l of cell lysates with anti-GST mouse MAb (2
�g) in a 500-�l reaction system containing 400 mM sodium chloride and 1 mg/ml bovine serum albumin
(BSA). Subsequently, the complexes were precipitated with protein G-conjugated magnetic beads,
followed by 4 washes with phosphate-buffered saline (PBS) containing 0.1% Tween 20. Finally, the bound
proteins were eluted with 50 �l 4� lithium dodecyl sulfate (LDS) sample buffer (Life Technologies)
supplemented with 100 mM dithiothreitol (DTT) and heated at 70°C for 10 min. Ten microliters of eluates
were loaded on 4 to 20% Mini-Protean TGX gels (Bio-Rad) and analyzed by SDS-PAGE and Western
blotting as previously described (22).

Immunofluorescence assay (IFA). Cells were grown in an 8-well Lab-Tek chamber slide (Thermo
Fisher Scientific). At the indicated time points, the cells were fixed in PBS supplemented with 4%
paraformaldehyde at room temperature for 20 to 30 min and permeabilized with 0.1% Triton X-100 in
PBS at room temperature for 10 min. After 1 h of incubation in a blocking buffer containing 1% FBS in
PBS, the cells were incubated with primary antibody for 1 h in blocking buffer, followed by three washes
with PBS. The cells were then incubated with secondary antibody for 1 h in blocking buffer, after which
the cells were washed as described above. The cells were mounted in mounting medium with DAPI
(4=,6-diamidino-2-phenylindole) (Vector Laboratories, Inc.). Fluorescence images were taken using a Leica
DM4000 B system. Images were merged using Adobe Photoshop CS3 software.

Virus production. Naive BHK-21 cells or NS2A-expressing BHK-21 cells were transfected with
genome-length RNA as described above. The transfected cells were seeded in one T-75 flask (8 � 106

cells in 15 ml DMEM supplemented with 10% FBS). After incubation at 37°C for 24 h, the cells were
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cultured in DMEM with 2% FBS at 30°C for another 4 days. Every 24 h p.t., 500 �l culture fluids was
collected and stored at �80°C. On day 5 p.t., all the culture fluids were centrifuged at 4°C at 500 � g for
5 min, aliquoted, and stored at �80°C. The extracellular viral titer was quantified by plaque assay or IFA
on naive BHK-21 cells.

In situ PLA. PLA was performed using a Duo-link in situ kit (Olink Bioscience) according to the
manufacturer’s instructions. Briefly, 5 � 104 BHK-21 cells were seeded into each well of an 8-well
chamber slide. The next day, the cells were cotransfected with pXJ-SPG-C16-NS2A-HA (WT or NS2A
K188-del) and pXJ-NS3-myc (WT or NS3 mutants). Cells transfected with pXJ-SPG-C16-NS2A-HA or
pXJ-NS3-myc alone were set as negative controls. At 48 h p.t., the cells were fixed with 4% paraformal-
dehyde in PBS and permeabilized with 0.1% Triton X-100 in PBS for 10 min. After blocking in PBS
containing 1% FBS and 0.05% Tween 20 for 1 h, the cells were simultaneously incubated with two
different primary antibodies (mouse anti-myc MAb and rabbit anti-HA PAb) for 1 h at room temperature.
Subsequent steps (including incubation with PLA probes, ligation, amplification, and preparation for
imaging) were performed according to the manufacturer’s instructions. Images were acquired using a
Leica DM4000 B microscope system armed with 20� objectives.

Electron microscopy. Naive BHK-21 or NS2A-expressing BHK-21 cells were infected with WT DENV-2
or PIVNS2A. At the indicated time points, the infected cells were fixed with 3% (wt/vol) glutaraldehyde in
0.1 M cacodylate buffer for 2 h at room temperature. The cells were then washed several times in 0.1 M
cacodylate buffer, followed by fixation with 1% OsO4 in 0.1 M cacodylate buffer for 1 h. After washing
the cells in 0.1 M cacodylate buffer, specimens were dehydrated in graded acetones for 10 to 20 min
each. Subsequently, samples were infiltrated with Epon resin and polymerized in molds for 2 days at
60°C. Thin sections (50 nm) were cut on a Leica UC7 ultramicrotome using a Diatome diamond knife and
collected on Formvar- and carbon-coated copper mesh grids. Before viewing in a TF30 transmission
electron microscope, the cells were poststained with 2% aqueous uranyl acetate (UA) and Reynold’s lead
citrate.

Flow cytometry-based neutralization assay. The flow cytometry-based neutralization assay was
performed as described previously (34). Briefly, 4G2- or heat-inactivated serum/plasma was serially
diluted, and a constant amount of virus was added. The antibody-virus mixture was incubated at 37°C
for 30 min and then added to U937-DC cells. After incubation overnight, the infected cells were
harvested, washed in PBS, and fixed and permeabilized with Cytofix/Cytoperm (BD). The percentage of
infected cells was quantified by flow cytometry detecting intracellular E protein with Alexa Fluor
647-labeled 4G2 antibody. The data were analyzed using GraphPad Prism software for the calculation of
the 50% neutralization titer (NT50).

Immunization and infection of mice. All mice were immunized via the subcutaneous (s.c.) route
with 106 IFU of PIVNS2As or 10% FCS. The mice were challenged with 1 � 107 PFU of a highly virulent
DENV-2 strain (D2Y98P) via the intraperitoneal route (38, 43). The peak viremia on day 3 postchallenge
was measured using RT-PCR, and the weights of the mice were monitored daily.

IgG ELISA. Ninety-six-well polystyrene plates were coated with polyethylene glycol (PEG)-
concentrated, UV-inactivated DENV. The plates were incubated overnight at 4°C. Before use, the plates
were washed three times in PBS (pH 7.2) containing 0.05% Tween 20 (PBS-T). After washing, sera were
diluted 1:50 in PBS and heat inactivated for 1 h at 55°C, and 3-fold serial dilutions were added to the
wells. The plates were incubated for 1 h at room temperature, followed by three washes with PBS-T.
Peroxidase-conjugated rabbit anti-mouse IgG in PBS was added, followed by 1 h of incubation at room
temperature and three additional washes with PBS-T. Tetramethylbenzidine (TMB) was added as the
enzyme substrate. The reaction was stopped with 1 M HCl, and the optical densities were read at 450 nm
using an automatic enzyme-linked immunosorbent assay (ELISA) plate reader. Endpoint titers were
defined as the lowest dilution of plasma in which binding was 2-fold greater than the mean binding
observed with the negative controls.

T cell restimulation. Mice were immunized with 106 IFU of PIVNS2As or 10% FCS. Five drops of blood
were collected in 3 ml of fluorescence-activated cell sorter (FACS) buffer. Cells were collected by
centrifugation, and red blood cells were lysed. Single-cell suspensions were stimulated with DENV-2-
specific peptides NS3-198, NS3-237, and NS4B-96 for 12 h (34, 44), together with brefeldin for the last 5
h of stimulation, and the cells were subsequently stained for the surface markers anti-mouse CD4 and
CD8. The cells were then fixed and stained intracellularly for IFN-� expression. The cells were acquired
on a FACSCanto (Becton Dickinson).

Statistical analysis. Statistical tests were performed with GraphPad Prism software using Student’s
t test.
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