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Abstract

Dengue is a global public health problem and is caused by four dengue virus serotypes 

(DENV1-4). A major challenge in dengue vaccine development is that cross-reactive anti-DENV 

antibodies can be protective or potentially enhance disease via antibody-dependent enhancement 

(ADE). DENV nonstructural protein 1 (NS1) has long been considered a vaccine candidate as it 

avoids ADE. Here, we evaluated survival to challenge in a lethal DENV vascular leak model in 

mice immunized with NS1 combined with alum, Monophosphoryl Lipid A + AddaVax (MA), or 

Sigma Adjuvant System + CpG DNA, compared to mice infected with a non-lethal dose of 

DENV2 and mice immunized with ovalbumin (negative control). We characterized antibody 

responses to DENV-1, -2 and -3 NS1 using an antigen microarray tiled with 20-mer peptides 

overlapping by 15 amino acids and identified 5 regions of DENV NS1 with significant levels of 

antibody reactivity in the NS1+MA group. Additionally, we profiled the antibody responses to 

NS1 of humans naturally infected with DENV2 or DENV3 in serum samples from Nicaragua 

collected at acute, convalescent and 12-month timepoints. One region in the “wing” domain of 

NS1 was immunodominant in both mouse vaccination and human infection studies, and two 

regions were identified only in NS1-immunized mice; thus, vaccination can generate antibodies to 

regions that are not targeted in natural infection and could provide additional protection against 

lethal DENV infection. Overall, we identified a small number of immunodominant regions, which 

were in functionally important locations on the DENV NS1 protein and are potential correlates of 

protection.
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INTRODUCTION

The four dengue virus serotypes (DENV1-4) are transmitted by Aedes aegypti and Ae. 
albopictus mosquitoes, causing up to an estimated 390 million infections and 96 million 

cases of dengue annually (1). DENV is an enveloped flavivirus whose positive-sense 10.7-kb 

RNA genome encodes a polyprotein that is co- and post-translationally cleaved by host and 

viral proteases into 3 structural (C, capsid; prM/M, membrane; E, envelope) and 7 non-

structural (NS1, NS2A, NS2B, NS3, NS4A, NS4B, NS5) proteins. DENV infections in 

humans range from asymptomatic to dengue fever (DF) to dengue hemorrhagic fever/dengue 

shock syndrome (DHF/DSS) (2). DF is an acute febrile illness with headache, retro-orbital 

pain, myalgia, arthralgia, rash, hemorrhagic manifestations, and/or leukopenia. The hallmark 

features of DHF consist of thrombocytopenia, hemorrhagic manifestations, and signs of 

plasma leakage, which can lead to hypotensive shock (DSS) and death (3). A primary 

infection with one DENV serotype is thought to lead to homologous protective immunity; 

however, subsequent infection with a different serotype (secondary heterologous DENV 

infection) is a major risk factor for severe disease. The antibody response to DENV in both 

primary and secondary infection is dominated by anti-E antibodies (4, 5), with some anti-

prM/M and anti-NS1 antibodies (6–11). Antibody-dependent enhancement (ADE) is thought 

to occur when cross-reactive anti-E and anti-prM antibodies facilitate entry of DENV into 

Fcγ receptor-bearing cells, leading to increased viral load, immune activation and more 

severe disease. In contrast, antibodies to NS1 should not enhance infection as they do not 

target structural proteins on the virion.

NS1 is the only viral protein secreted by DENV-infected cells, and it is conserved 

approximately 79% across the four DENV serotypes (12–14). NS1 has been reported to play 

an immunomodulatory role via its interaction with the complement component C4b (15, 16). 

While natural infection with DENV has been shown to elicit a potent NS1 antibody response 

in both humans and mice, some of these antibodies have been shown to cross-react with 

platelets or endothelial cells (17–19). Although some groups have suggested that these 

cross-reactive antibodies to NS1 contribute to pathogenesis (8), mice vaccinated with 

recombinant DENV NS1 are protected against lethal infection without evidence of 

pathogenesis from antibodies to NS1 (20–22). Overall, NS1 vaccines have been shown to be 

highly immunogenic in mice, and antibodies to NS1 prevent the pathogenic effects of 

secreted NS1 (22). In addition, several immunodominant B-cell NS1 epitopes in naturally 

infected mice are conserved across all four DENV serotypes (23).

A principal challenge in vaccine development is eliciting long-lived memory CD8+ T cells 

and protective antibodies (24, 25). One effective strategy is the use of adjuvants that enhance 

vaccine immunogenicity. For example, Monophosphoryl Lipid A (MPLA) adjuvant is a 

TLR4 agonist that has been shown to elicit strong antibody and CD8+ T cell immune 

responses and has been approved for human use in the HPV vaccine (26).

Antigen microarrays are high-throughput antibody binding assays that build upon the 

technology of DNA microarrays. Antigen microarrays have previously been used in several 

application domains, including identifying immunogenic responses to pathogens with large 
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genomes (27, 28) and biomarkers for cancers (29, 30) and autoimmune diseases (31, 32). 

While antigens spotted on the arrays can include peptides, proteins or virions, we and others 

have recently shown that peptide antigen microarrays (hereafter referred to as peptide 

microarrays) spotted with overlapping peptides of influenza glycoproteins can be used to 

profile vaccine-induced responses in mice and that the antibody profiles generated by 

distinct vaccines differ from one another (33–35).

Here, we used a peptide microarray spotted with overlapping 20-mer peptides that span the 

NS1 proteins of three DENV serotypes (DENV1-3) to obtain antibody profiles of mice 

vaccinated with recombinant DENV2 NS1 combined with three different adjuvants. For 

comparison, we also mapped the antibody responses to NS1 in the sera of mice infected with 

DENV2. We then used the same peptide microarrays to profile the NS1 antibody response in 

humans naturally infected with DENV. We identified five immunodominant regions of 

antibody reactivity, three of which were shared across DENV serotypes and two of which 

were recognized by immunized mice, infected mice and infected humans.

MATERIALS AND METHODS

Ethics statement

Animal experiments were performed strictly following guidelines of the American 

Veterinary Medical Association and the Guide for the Care and Use of Laboratory Animals 

of the National Institutes of Health. The University of California, Berkeley’s Animal Care 

and Use Committee pre-approved all experiments. The protocols for the studies involving 

human subjects were reviewed and approved by the Institutional Review Boards of the 

University of California, Berkeley, and the Nicaraguan Ministry of Health. Parents or legal 

guardians of all participants provided written informed consent, and participants 6 years of 

age and older provided assent.

Viruses

All viruses were propagated in the Ae. albopictus C6/36 cell line (American Type Culture 

Collection; ATCC), titered by plaque assay on baby hamster kidney cells (BHK21, clone 15) 

and expressed as plaque-forming units (pfu) per ml. The parental strain DENV2 PL046 was 

obtained originally from H.-Y. Lei (National Cheng Kung University, Taiwan), and DENV2 

D220 was produced from PL046 as previously described (36, 37).

Recombinant NS1 proteins

Recombinant NS1 protein from DENV2 was obtained from Merck. The NS1 working stocks 

were tested using the Endpoint Chromogenic Limulus Amebocyte Lysate (LAL) 

QCL-1000TM kit (Lonza) and confirmed to be bacterial endotoxin-free (<0.1 EU/ml per 25 

ug of protein).

Mouse NS1 vaccination experiments

Six-to-8-week old interferon α/β receptor-deficient 129 mice (A129) were bred and 

maintained in specific pathogen-free conditions at the University of California, Berkeley 

Animal Facility. A129 mice were injected intraperitoneally (i.p.) 3 times (days 0, 14 and 42) 
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with 20 ug NS1 or 20 ug of ovalbumin (OVA) protein in combination with 1 μg MPLA 

(InvivoGen, San Diego, CA) and AddaVax (0.5% sorbitan trioleate, 5% squalene, 0.5% 

Tween-80 in 10 mM sodium citrate buffer; Invivogen) or Sigma Adjuvant System (Sigma 

Aldrich) with 20 μg CpG or 120 ug aluminum hydroxide and magnesium hydroxide (Imject 

Alum, Pierce). Two weeks after the third immunization (day 56), mice were challenged 

intravenously (i.v.) with a lethal dose of 107 PFU of DENV2 strain D220. A separate group 

of mice were infected with 105 PFU DENV2 strain PL046 at day 0 as a primary infection 

control and challenged at day 56. After challenge, mice were observed every 12 hours (h) 

using a morbidity scoring system on a scale of 1 to 5 (36). Mice were euthanized 

immediately when they became moribund (score of 5). Immune serum was collected by 

submandibular bleed from NS1- or OVA-immunized mice or DENV2 PL046-infected mice 

on day 49.

NS1 ELISA

To determine levels of NS1-specific antibodies in immunized mice prior to challenge, 50 μl 

of 0.5 μg/ml NS1 was coated onto a Nunc Immulon polystyrene plate and after blocking 

with 5% nonfat dry milk in PBS+0.05% Tween-20 (PBS-T), 50 μl of a 1:100 dilution of 

each test serum was added and incubated for 24 h. After washing with PBS-T, biotinylated 

goat anti-mouse IgG (Jackson ImmunoResearch) was added, followed by washing and 

addition of streptavidin-alkaline phosphatase (Life Technologies), and para-nitrophenyl 

phosphate (Sigma-Aldrich) substrate. The reaction was terminated with 0.5 M EDTA after 

10–15 minutes, and the optical density was read at OD405.

Human samples

A prospective study was conducted from 2005 to the present in the Infectious Disease Ward 

of the Hospital Infantil Manuel de Jesús Rivera in Managua, Nicaragua, to study clinical, 

immunological and viral risk factors for severe dengue. Infants and children between six 

months and 14 years of age with fever or history of fever <7 days and one or more of the 

following signs and symptoms: headache, arthralgias, myalgias, retro-orbital pain, positive 

tourniquet test, petechiae, or signs of bleeding were eligible to participate in the study. Both 

inpatients and outpatients were enrolled each year during the peak of the dengue season 

(August 1 to January 31) and followed clinically through the acute phase of illness. A blood 

sample was collected daily for three days for complete blood counts with platelets, blood 

chemistry, and serological, virological and molecular biological tests for DENV infection. A 

convalescent blood sample (14–28 days post-onset of illness) was also collected for paired 

serological testing. After undergoing a separate informed consent, subjects could choose to 

participate in a longitudinal arm of the study, wherein blood samples were collected 3, 6, 12, 

and 18 months post-onset of illness. A participant was considered positive for DENV 

infection when laboratory tests met one or more of the following criteria: 1) dengue viral 

RNA was detected by RT-PCR (38, 39); 2) dengue virus (DENV) was isolated (38); 3) 

seroconversion of DENV-specific IgM was detected by MAC-ELISA in paired acute and 

convalescent samples (38, 40); and 4) DENV-specific antibody titer by Inhibition ELISA 

(41–43) demonstrated a 4-fold or greater increase between acute and convalescent sera. 

Primary DENV infections were considered those in which the convalescent antibody titer 

was <2,560, and secondary infections were considered those in which the convalescent 
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antibody titer was ≥2,560 as determined by Inhibition ELISA. Laboratory-confirmed dengue 

cases were classified by severity using a computerized algorithm that compiled all clinical 

data meeting the criteria for Dengue Fever (DF), Dengue Hemorrhagic Fever (DHF) and 

Dengue Shock Syndrome (DSS), defined according to the 1997 WHO classification criteria 

(44, 45). Specifically, we tested patient samples collected in 2006–2010 that consisted of 10 

DF cases (4 DENV2 primary, 3 DENV3 primary and 4 DENV3 secondary infections), 7 

DHF cases (2 DENV3 primary and 5 DENV3 secondary), and 3 DSS cases (DENV2 

secondary).

The Nicaraguan Pediatric Dengue Cohort Study is an ongoing prospective cohort study of 

~3,500 active participants two to fourteen years of age in Managua, Nicaragua, that has been 

ongoing continuously since 2004 (46). Every year, a blood sample is collected from all 

participants to test for and identify any DENV infections that have occurred in the preceding 

year, while all suspected dengue cases and undifferentiated fevers are worked up to diagnose 

symptomatic DENV infections. A child whose paired annual serum samples demonstrate 

seroconversion (a titer of <1:10 to ≥ 1:10) or a ≥4-fold rise in antibody titer as determined by 

Inhibition ELISA are determined to have experienced a DENV infection. If a child entered 

the cohort DENV-naïve and experienced no DENV infections during the study, they were 

considered to be DENV-negative, and their serum samples were used as negative controls in 

this study.

Peptide synthesis and microarray printing

Twenty-amino acid (aa) peptides with 15-aa overlap between adjacent peptides spanning the 

DENV NS1 proteins were generated from consensus sequences computed from an 

alignment of 42 DENV1 (2004–2009), 181 DENV2 (1999–2009–2008) and 123 DENV3 

(2008–2010) sequences from viruses collected in Nicaragua. The peptide arrays were 

designed to map human responses from Nicaraguan patients, and as there is very little 

circulation of DENV4 in Nicaragua, we generated peptides only to DENV1, DENV2 and 

DENV3. Two hundred and four peptides (68 for each DENV serotype) were synthesized 

with a MultiPep RS (IntavisAG) peptide synthesizer using a modified SPOT synthesis 

protocol. The peptides were lyophilized in a 384-well microtiter plate and stored at −20°C. 

Peptides were resuspended in 12.5μl DMSO and 12.5μl of ultra-pure water to create a 

working solution of approximately 1 mg/ml. Peptide stocks were diluted 1:4 in protein 

printing buffer (3X saline sodium citrate, 0.1% polyvinyl alcohol, and 0.05% Tween-20). 

Peptide integrity was confirmed using 2 positive controls, Hemagglutinin A (HA) 

(YPYDVPDYA) and FLAG (DYKDDDDK), included in multiple replicate wells for the 

initial optimization of the array printing conditions. Peptide stocks were diluted 1:2 in 

protein printing buffer (PBS with 0.005% Triton X-100) and printed in triplicate on N-

hydroxysuccinimide ester-derivatized glass slides (H slides; Schott/Nexterion AG) using a 

Q-array II microarrayer (Genetix) with contact microarray pins (SMP2.5B; TeleChem). 

During printing, relative humidity was maintained at 50–60%. Following printing, slides 

were left to dry overnight. Arrays were stored at −20°C.
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Microarray hybridization

Printed grids were outlined with a PAP hydrophobic pen (Research Products International). 

Slides were chemically blocked using 4 ml of 50 mM borate, 50 mM ethanolamine for 1 h. 

Slides were then washed twice with PBS containing 0.05% Tween 20, twice with PBS, and 

once in deionized water and then spun to dry at 1000xg for 5 minutes at room temperature. 

Mouse serum samples were diluted 1:25 in 1% BSA and 0.025% Tween 20, incubated on 

slides for 2 h in a humidified chamber at 25°C, then washed twice with PBS containing 

0.05% Tween-20 and twice with PBS. Bound IgG was detected for 45 minutes with Alexa 

Fluor 647 goat anti-mouse IgG (115-605-008; Jackson ImmunoResearch). Human plasma 

samples were diluted 1:100 in 1% BSA and 0.025% Tween-20, incubated on slides for 2 h in 

a humidified chamber at 25°C, then washed twice with PBS containing 0.05% Tween 20 and 

twice with PBS. Bound antibodies were detected for 45 minutes with Alexa Fluor 647 goat 

anti-human IgG (Jackson ImmunoResearch). Arrays were washed and spun dry as described 

above.

Slide scanning

Slides were scanned on a two-laser GenePix 4400A scanner (Molecular Devices) to detect 

IgG responses. Images were analyzed by GenePix version 7.2 to obtain the mean 

fluorescence intensity (MFI) for each probe. Responses below 500 MFI after subtraction of 

background were considered negative (MFI range, 0–65000). Subsequently, all data were 

analyzed with Matlab (Mathworks) and Python. For background normalization, samples of 

naïve mice and DENV-naïve humans (annual samples from the Nicaraguan Pediatric Cohort 

Study, see above) were used as negative controls to adjust for background. For each probe, 

we computed the median naïve response and subtracted it from the median responses in 

NS1-vaccinated mice or from the dengue-positive human samples, accordingly.

Unsupervised data clustering

To analyze clustering of antibody profiles in the mice, the responses to the 68 NS1 peptides 

of DENV2 Nicaragua consensus sequence were used to define a response vector for each 

animal. Response vectors were compared using the Spearman rank-order correlation 

measure to create a similarity matrix in which each entry measures the similarity between 

the pair of response vectors from a specific pair of animals. The samples were then clustered 

using complete-linkage, a hierarchical unsupervised technique for clustering data points 

using a given similarity measure (47). Since there were four experimental groups of mice, 

the number of clusters was arbitrarily set to 6, allowing the existence of outlier clusters. The 

same methodology was also used to cluster the human samples.

Identifying antigens with differential responses between groups

To compare response rates for specific NS1 antigens from the three DENV serotypes, we 

first filtered the set of antigens in a treatment-blinded manner, removing all antigens with an 

overall response rate of less than 20%. The remaining antigens were then individually tested 

for differences using Fisher’s exact test. Non-responders were any response below 5,000 

MFI after subtraction of background. To adjust for multiplicity, we computed the family-

wise error rates using Bonferroni. Antigens with adjusted p-values < 0.05 were reported. We 
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used this methodology to compare the responses of mice in the NS1+Alum vs. NS1+MA 

groups and also to compare responses of acute, convalescent and 12-month samples of 

human subjects.

Summary statistics of peptide array data

The antibody profile generated by the peptide microarrays is a multi-dimensional 

measurement of the antibody responses to a large set of overlapping peptides from NS1. To 

compare the antibody responses of each sample as measured by the peptide microarray to 

NS1 in different treatment groups of mice and in different human clinical severity groups 

across time, we defined the “magnitude” and “breadth” of responses to each protein as 

follows.

We denote the normalized array measurements by xi,s,as where:

i denotes subject, i = 1, ···, N; s denotes consensus sequence for each DENV serotype, S = 

{DENV1, DENV2, DENV3}; as denotes peptide antigens from the consensus sequence of 

each serotype s, as = 1, ···, Ns; zi denotes treatment assignment (Alum, MA, SCpG, DENV2, 

etc.) of subject i; yi denotes outcome of subject i (vaccine-induced antibody titer/infection 

status/disease status). The observed data for each subject are (zi, yi, xi,s,as), for i = 1, ···, N, s 
= {DENV1, DENV2, DENV3} and as = 1, ···, Ns

1.
 denotes the magnitude of responses to all peptide antigens 

from the consensus sequence of each serotype s.

2.
 denotes the breadth of response to peptide antigens 

from the consensus sequence of each serotype s (where positivity is determined 

using responses of negative controls).

Statistical analysis

To assess baseline levels of responses to the NS1 peptide arrays, we profiled the responses of 

samples from naïve mice and DENV-negative human subjects. We then used these profiles 

to normalize the responses of all samples by subtracting the median naïve response for each 

antigen. This was done separately for mice and human samples. Statistical comparisons 

between the response magnitudes of the different groups were performed using a Wilcoxon 

rank sum test. In the mouse challenge experiment, comparison of survival rates was 

conducted using a non-parametric log rank (Mantel-Cox) test and graphed as Kaplan-Meier 

survival curves.

RESULTS

Specific adjuvants combined with NS1 provide protection against lethal DENV infection

In order to evaluate the effect of various adjuvants on the ability of NS1 to provide 

protection, we vaccinated mice three times with 20 μg DENV2 NS1 combined with MPLA

+AddaVax (MA), Sigma adjuvant system+CpG DNA (SCpG), aluminum and magnesium 

hydroxide (alum), or 20 μg OVA combined with MA and then challenged the mice with a 
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lethal dose of DENV2 (D220 strain) and measured survival (Fig. 1A). Mice immunized with 

NS1 in combination with MA or SCpG were protected from lethal challenge, whereas mice 

immunized with NS1+alum or OVA+MA were not protected. Mice infected with 1x105 PFU 

of DENV2 (PL046 strain) were protected against lethal challenge because a primary 

infection with DENV2 serves as a homotypic immunization and protects against a secondary 

infection even with a lethal challenge dose. Therefore, the vaccine-induced protection was 

specific to NS1 plus MA or SCpG adjuvant combinations.

Sera collected from the immunized mice and infected mice were tested for NS1-specific IgG 

by ELISA (Fig. 1B). As expected, the highest levels of NS1-specific IgG were found in mice 

immunized with NS1 in combination with MA or CpG; much lower levels were detected in 

mice immunized with NS1+alum, and mice infected with a sublethal dose of DENV2 mice 

generated intermediate levels of IgG to NS1.

Distinct antibody profiles were generated by NS1 vaccination with different adjuvants or 
DENV infection

To further characterize the antibody responses in mice immunized with recombinant NS1 

combined with different adjuvants or with a low-dose DENV2 infection, we used an antigen 

microarray spotted with overlapping peptides covering NS1 from the consensus sequences 

of DENV1, DENV2 and DENV3 Nicaraguan isolates. Each NS1 protein was represented 

using 20-mer peptides, overlapping by 15 amino acids. Antibody profiles were generated by 

applying to the arrays individual serum samples collected from mice in three experimental 

groups: NS1+alum, NS1+MA and NS1+SCpG, as described above. We also profiled 

responses of mice immunized with OVA as a negative control, as well as mice infected with 

a low dose of DENV2. We found that mice immunized with the NS1+alum generated weak 

but detectable antibody responses to the DENV2 NS1 protein, while the groups immunized 

with NS1+MA or NS1+SCpG generated robust responses to DENV2 NS1 (Fig. 1C), in 

accordance with the NS1 antibody titers presented in Fig. 1B. Specifically, we computed the 

overall magnitude of antibody responses in the serum of each mouse, combined the 

responses in all the mice (see Methods), and compared the 3 different vaccine groups. We 

found that mice immunized with NS1+MA had significantly higher responses as compared 

to mice in the NS1+alum group (p=0.00005, Fig. 1C). The sera from DENV2-infected mice 

demonstrated lower reactivity to NS1 peptides than NS1+MA or NS1+SCpG-vaccinated 

mice.

To further illustrate the differences in antibody profiles of the different treatment groups, we 

used an unsupervised clustering algorithm to group the antibody profiles of the mice to the 

DENV1,2,3 NS1 peptide antigens. The algorithm uses the vaccine-induced antibody profiles 

of each animal in the study to identify mice with similar antibody profiles, and does not 

make use of the treatment assignment of each animal (see Methods for details). We found 

that animals in different treatment groups clustered in distinct clusters (Fig. 1D and 

Supplementary Fig. 1). Overall, the clusters of mice immunized with NS1+MA and 

NS1+SCpG were closely related in a separate branch from DENV2 infection; in turn, this 

entire branch was separated from the alum cluster.
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NS1 vaccine-induced antibody responses target specific NS1 epitopes

Since we observed that the overall magnitude of responses in the NS1+MA group was 

significantly higher than the NS1+alum group, we next turned to identify the specific 

peptide antigens that were targeted more robustly in the NS1+MA group. Comparisons were 

performed using Fisher’s exact test, and values were adjusted for multiplicity for each strain 

separately, using Bonferonni. The set of antigens tested for each strain was blindly filtered to 

include only regions in which the response rates were > 20% (see Methods). Since there 

were only two animals in the SCpG group, we did not perform statistical comparisons with 

this group. Using the DENV1, DENV2 and DENV3 peptide arrays, we identified 5 DENV 

NS1 regions in which responses of the NS1+MA group were significantly stronger than 

those of the NS1+alum vaccinated mice (Table I, Fig. 2A–C). The five regions of NS1 

antibody reactivity are: Region 1 (aa 21–40), Region 2 (aa 101–135), Region 3 (aa 156–

175), Region 4 (aa 231–255), and Region 5 (aa 296–335).

DENV2 NS1 vaccination generated cross-reactive responses to all three DENV serotypes 
and increased the breadth of the antibody response compared to DENV2 infection

While mice were vaccinated with DENV2 NS1, we profiled their responses to the NS1 

protein of DENV1-3 in order to detect serotype cross-reactive responses. We compared 

NS1+alum-and NS1+MA-induced responses to each of the three DENV serotypes 

separately. Several of the regions were independently identified in more than one serotype. 

Most notably, antibody responses to Region 2 were cross-reactive to all three serotypes 

tested and also to DENV2-infected mice (Supplementary Fig. 2). The antibody responses to 

Region 1 were also cross-reactive across all three DENV serotypes, but were statistically 

identified in DENV1 and DENV3 only. The responses to Regions 3 and 5 were 

immunodominant in DENV2 serotype only, with only weak reactivity to these regions in 

DENV1, and responses to Region 4 were only observed in DENV3. To assess whether these 

cross-reactive responses are due to sequence conservation in these regions, we generated 

sequence alignments of the three serotypes used in the study (Supplementary Fig. 3). We 

found that, overall, Regions 1–5 tended to be in conserved regions of the NS1 protein. In 

Region 1, to which responses were more potent in DENV1 and DENV3, we found that these 

serotypes shared 7 aa that were different from DENV2. Similarly, serum reactivity to Region 

4 was only observed in DENV3 arrays, and there were 5 aa differences from DENV1 and 

DENV2.

We had observed increased overall magnitude of antibody responses in the NS1 vaccination 

sera compared to natural infection in Figure 1C. We next asked whether this increase in 

magnitude was a result of increased breadth (i.e., greater number of regions recognized). In 

comparing the responses to the five immunodominant regions identified in the NS1+MA 

vaccinated mice to those elicited by DENV2 infection, we found that while Regions 2, 4 and 

5 were strongly targeted in both groups, DENV2-infected mice generated weak responses to 

Region 1 and no detectable responses to Region 3 (Fig. 2). Furthermore, no additional 

epitopes were detected in the DENV2-infected mice that were not present in the NS1-

vaccinated mice.
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Mapping of peptide regions on the NS1 structure

The five regions of antibody reactivity were mapped to the molecular structure of the NS1 

dimer (48), as shown in Fig. 3. Region 1 is exposed on the dimer surface and near the 

membrane-binding “greasy-finger” domain of NS1. The immunodominant Region 2 is in the 

surface-exposed disordered distal tip of the wing domain. Responses to four peptides in 

Region 2 were cross-reactive in the NS1+MA group across all three DENV serotypes strains 

and were also observed in the NS1+SCpG vaccinated mice (Supplementary Fig. 2). Region 

3 mapped to the greasy finger domain of NS1 that in the dimeric form of NS1 is thought to 

interact with the cell membrane (49). Region 4 is in the surfaced exposed “spaghetti loop” 

region above the β̃ladder (48). Region 5 is on the outer surface of the dimer perpendicular to 

the wing domain. In conclusion, all five regions of antibody reactivity are surface exposed in 

the dimeric form of NS1.

NS1 antibody profiles of human subjects naturally infected with DENV2 reveal significant 
differences across timepoints

We used the same DENV peptide microarray to profile human antibody responses in plasma 

obtained from children naturally infected with DENV2 or DENV3 collected in the 

Nicaraguan Hospital-based Dengue Study. We profiled the antibody responses of 10 subjects 

with DF, 7 subjects with DHF, and 3 subjects with DSS. Sixteen of the subjects had samples 

available during the acute phase of infection, and all 20 had convalescent-phase samples as 

well as 12-month samples. As expected, we found overall stronger total anti-peptide 

antibody responses to DENV2 at convalescence compared to the acute phase (p=0.0005, Fig. 

4A). The responses at the 12-month timepoint were lower than the convalescent phase, and 

this difference trended towards significance p=0.0547, Fig. 4A). The responses at the 12-

month timepoint were higher than in the acute phase, but not significantly so (p=0.074). We 

then analyzed the differences in magnitude stratified by clinical phenotype (DF, DHF, and 

DSS) (Fig. 4B–D). Analysis of response magnitude and breadth was conducted separately 

for primary (n=4) and secondary (n=16) infections. We observed that in primary infections 

in both DF and DHF groups, the magnitude of responses at the 12-month timepoint did not 

wane and the response breadth was increased compared to the responses at the convalescent 

timepoint (Supplemental Fig. 4B–C and data not shown). However, in secondary infections, 

this was the case only in the DHF group.

Human subjects infected with DENV2 generate responses to Regions 2 and 5

To identify the epitopes targeted during the convalescent phase, we used the same statistical 

methodology as used in the mouse vaccination studies to compare the responses of the acute 

vs. convalescent timepoints. We found that the responses to Region 2 peptides were 

observed almost solely in the convalescent group (Table 1, Fig. 5A–C), while the response to 

this region almost completely waned at the 12-month timepoint (Fig. 5 and Supplementary 

Fig 4A). Comparing the acute response to Region 2 peptides across clinical phenotypes, we 

observed no responses in DF patients, weak responses in DHF patients and strong responses 

in DSS patients, similar to convalescent responses (Fig. 5). Responses to Region 5 were 

overall weaker than Region 2 and also waned at the 12-month timepoint.

Hertz et al. Page 10

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



DISCUSSION

In this study, we found that mice vaccinated with recombinant DENV2 NS1 in combination 

with MPLA+AddaVax or SAS+CpG generated robust antibody responses to NS1 that 

provided protection from a lethal DENV2 challenge, whereas mice vaccinated with NS1 in 

combination with alum generated weak antibody responses that were not protective. To 

further characterize the antibody repertoire generated by vaccination and infection, we used 

peptide microarrays. We profiled the responses of vaccinated mice and compared these 

responses to mice infected with a non-lethal dose of DENV2. Overall, we found that mice 

vaccinated with NS1 combined with different adjuvants generated distinct NS1 antibody 

profiles that were different from those induced by natural infection. By comparing the 

responses of the alum group to the MA group, we identified 5 regions of DENV NS1 with 

significant levels of antibody reactivity in the MA group. Responses to some of these 

regions were cross-reactive across all three DENV serotypes tested, whereas others were 

only partially cross-reactive, or only reacted significantly to a single DENV serotype. 

Furthermore, antibody responses to two of these regions were only observed in mice 

vaccinated with DENV2 NS1. Additionally, we profiled the antibody responses to NS1 of 

humans naturally infected with DENV2 or DENV3 using plasma samples collected 

longitudinally at acute, convalescent and 12-month timepoints. We found that the responses 

across time differed in magnitude, with the strongest responses at the convalescent phase. 

When comparing the acute and convalescent responses we found that the reactivity to 

Region 2 was significantly targeted in the convalescent phase.

A fundamental aspect of this work is the comparison of antibody responses to NS1 

following NS1 vaccination with antibody responses to DENV infection. We tested sera 

collected from DENV2 NS1-vaccinated mice, DENV2-infected mice, and DENV2- and 

DENV3-infected humans. Region 2, spanning aa 101–135, was immunodominant, with 

reactivity across all three DENV serotypes. This high reactivity of four adjacent peptides 

across the different serotypes may suggest that multiple epitopes are being detected within 

Region 2. Because the reactivity was independently found in both vaccinated and infected 

mice as well as DENV-infected humans, the data support the use of the mouse model for 

analyzing NS1-specific immune responses. Region 2 mapped in the structure to the “wing” 

domain that has been suggested to be exposed in both the dimeric and hexameric forms of 

NS1 (48, 50). Our data identifying this crucial region as immunodominant is in agreement 

with previous work that found antibody reactivity to this region in both mice and humans 

(23, 51–53). Region 5 contains aa 296–335, and part of this sequence was independently 

found to be reactive in NS1-vaccinated mice, infected mice and convalescent sera in 

humans.

We found differential serotype cross-reactivity to each of the five regions identified in the 

vaccinated mice. While four of the five regions were immunodominant in DENV2, Region 4 

(aa 231–255) was only recognized in DENV3. In addition, responses to Regions 3 and 5 

were only significant in DENV2. There are several possible reasons for these observed 

differences in cross-reactivity profile. First, the lack of cross-reactivity may be due to 

differences in the amino acids sequence conservation of these regions (Supplementary 

Figure 3). Second, the differences in serotype binding may reflect inherent specificity of the 
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antibodies due to differences in their binding affinity. Third, they may also result from 

differences in the peptide attachment to the microarrays, since different amino acids have 

different binding propensities to the hydrogel surface that may affect the peptide orientation 

on the array.

Several of the regions with peptide reactivity in the NS1-immunized mice were similar to 

those recognized by infected mice and humans, which supports the idea of eliciting 

protective epitopes from vaccination that are similar to infection. However, additional 

epitope reactivity was found only with vaccination. Regions 1 and 3 are located along the 

more hydrophobic region of the NS1 dimer, which faces in towards the lipid core of the 

hexamer and in the cell-associated dimeric form of NS1 is thought to appose the cell’s 

plasma membrane (48, 50). Therefore, antibodies to these regions could block the formation 

of the NS1 hexamer and/or inhibit NS1 binding to cells, thus potentially inhibiting the 

pathogenic effects of NS1. In fact, we previously found that passive transfer of polyclonal 

sera from NS1-vaccinated mice as well as a monoclonal antibody (1H7.4) directed to Region 

1 (54) were able to completely protect mice against lethal challenge with DENV2 plus 

DENV2 NS1 (22). Therefore, immunization with recombinant NS1 may generate antibodies 

to regions that are not usually exposed in natural infection and could provide additional 

protection against a lethal DENV infection. Furthermore, DENV2 NS1 vaccination elicited 

serotype-specific and cross-reactive responses that could potentially protect against all three 

DENV serotypes. This is consistent with previous data, where we observed partial protection 

against DENV2 infection after immunization with DENV1 NS1, DENV3 NS1 or DENV4 

NS1 protein (22).

When comparing the longitudinal responses to the NS1 peptide array in DENV-infected 

human populations, we found that overall, responses were higher in the convalescent phase 

than the acute phase. In primary infections, the magnitude of responses at the 12-month 

timepoint did not wane, and we observed an increase in the response breadth, i.e. the number 

of targeted antigens. However, in secondary infections, we found that only responses in the 

DHF group retained magnitude and increased breadth. Due to the limited number of human 

samples tested in this study, additional studies are required to validate these findings.

The peptide microarrays used in this study allowed us to obtain high-resolution epitope 

mapping of vaccine- and natural infection-induced antibody responses. We have previously 

shown that such arrays can be used to profile vaccine-induced responses of mice vaccinated 

with influenza vaccines (33, 34). We further found that immunodominant responses detected 

by our peptide arrays were in surface-exposed, functionally important regions of the NS1 

protein. This is in agreement with our previous findings in an influenza vaccination study in 

mice, which reported that the immunodominant responses to the hemagglutinin (HA) protein 

were all surface-exposed on the HA trimer structure (34). Here, by using overlapping 20-mer 

peptides with 15-aa overlap, we identified specific regions in DENV NS1 that are epitope 

hotspots. Coupled with a rigorous statistical approach that identified immunodominant 

regions in each of the DENV serotypes independently, we were able to identify a small 

number of regions to which NS1 vaccines and natural DENV infection generated antibody 

responses. These findings further highlight the feasibility of using these peptide microarrays 

for antibody profiling in studies of dengue vaccines and natural infections.
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One limitation of our approach is the use of linear peptides that only capture part of the 

antibody repertoire; therefore, we may not have detected conformational or discontinuous 

epitopes. Nonetheless, we found that all of the identified peptides mapped to exposed 

regions of the NS1 protein (48, 50), some of which have been previously identified as 

antibody binding sites and regions of interest (23, 48, 53). There are several additional 

limitations of our current study. Since our peptide arrays were initially designed to map 

human responses from Nicaraguan patients, where there is very little circulation of DENV4, 

we only analyzed responses to 3 out of 4 globally circulating DENV serotypes. The number 

of DSS patients in this study was very small, and additional studies are required on a larger 

set of patients to address potential differences in peptide reactivity according to disease 

severity. Finally, we only mapped the responses of two SCpG NS1-vaccinated mice and thus 

could not statistically evaluate the responses to vaccination with this adjuvant combination.

Despite these limitations, we were able to identify a small number of immunodominant 

regions targeted following vaccination and natural infection, which were in functionally 

important locations on the NS1 protein both in its dimeric and hexameric forms. Combined 

with our previous data showing that passive transfer of polyclonal sera from NS1-

immunized mice protected mice against DENV NS1-mediated lethal disease (22), we 

suggest that antibody responses to the regions identified here may play a role in protection 

and that they should be further studied in both animal models and humans.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

Acknowledgments

We thank Dustin Glasner for invaluable assistance with figure preparation, Susana Orozco and Simona Zompi for 
initial work on NS1 vaccination and for scientific discussions, Poornima Parameswaran for help with selection of 
strains and generation of consensus sequences, and Magelda Montoya for managing and shipping the samples. We 
thank Beth-Ann Coller for helpful scientific advice and donation of recombinant NS1 protein. We are grateful to 
past and present members of the study team based at the Hospital Infantil Manuel de Jesús Rivera, the Centro de 
Salud Sócrates Flores Vivas, the National Virology Laboratory in the Centro Nacional de Diagnóstico y Referencia, 
and the Sustainable Sciences Institute in Managua, Nicaragua, for their dedication and high-quality work, as well as 
to the study participants and their families. This work was supported by grants U54 AI65359 (EH), K25 AI087397 
(TH) and U19 AI109761 Center for Research in Diagnostics and Discovery (EH; PD I. Lipkin) from the National 
Institute of Allergy and Infectious Diseases (NIH).

References

1. Bhatt S, Gething PW, Brady OJ, Messina JP, Farlow AW, Moyes CL, Drake JM, Brownstein JS, 
Hoen AG, Sankoh O, Myers MF, George DB, Jaenisch T, Wint GR, Simmons CP, Scott TW, Farrar 
JJ, Hay SI. The global distribution and burden of dengue. Nature. 2013; 496:504–507. [PubMed: 
23563266] 

2. Gubler DJ. The global emergence/resurgence of arboviral diseases as public health problems. Arch 
Medical Res. 2002; 33:330–342.

3. Halstead SB. Dengue. Lancet. 2007; 370:1644–1652. [PubMed: 17993365] 

4. Sukupolvi-Petty S, Asutin SK, Purtha W, Oliphant T, Nybakken GE, Schlesinger JJ, Roerhrig JT, 
Gromowksi GD, Barrett AD, Fremont DH, Diamond MS. Type and sub-complex-specific 
neutralizing antibodies against Domain III of dengue virus type-2 envelope protein recognize 
adjacent epitopes. J Virol. 2007; 81:11828–11839. [PubMed: 17715236] 

Hertz et al. Page 13

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



5. Roehrig JT. Antigenic structure of flavivirus proteins. Adv Virus Res. 2003; 59:141–175. [PubMed: 
14696329] 

6. Kaufman BM, Summers PL, Dubois DR, WHC, Gentry MK, Timchak RL, Burke DS, Eckels KH. 
Monoclonal antibodies for dengue virus prM glycoprotein protect mice against lethal dengue 
infection. Am J Trop Med Hyg. 1989; 41:475–480.

7. Vazquez S, Guzman MG, Guillen G, Chinea G, Perez AB, Pupo M, Rodriguez R, Reyes O, Garay 
HE, Delgao I, Garcia G, Alvarez M. Immune response to synthetic peptides of dengue prM protein. 
Vaccine. 2002; 20:1823–1831. [PubMed: 11906771] 

8. Falconar AKI. Identification of an epitope on the dengue virus membrane (M) proten defined by 
cross-protective monoclonal antibodies: design of an improved epitope sequence based on common 
determinants present in both envelope (E and M) proteins. Arch Virol. 1999; 144:2313–2331. 
[PubMed: 10664386] 

9. Se-Thoe SY, Ng MM, Ling AE. Retrospective study of Western blot profiles in immune sera of 
natural dengue virus infections. J Med Virol. 1999; 57:322–330. [PubMed: 10022806] 

10. Cardosa MJ, Wang SM, Sum MS, Tio PH. Antibodies against prM protein distinguish between 
previous infection with dengue and Japanese encephalitis viruses. BMC Microbiol. 2002; 2:9. 
[PubMed: 12019028] 

11. Shu PY, Chen LK, Chang SF, Yueh YY, Chow L, Chien LJ, Chin C, Lin TH, Huang JH. Dengue 
NS1-specific antibody responses: isotype distribution and serotyping in patients with Dengue fever 
and Dengue hemorrhagic fever. J Med Virol. 2000; 62:224–232. [PubMed: 11002252] 

12. Blok J, Gibbs AJ, McWilliam SM, Vitaran UT. NS1 gene sequences from eight dengue-2 viruses 
and their evolutionary relationships with other dengue-2 viruses. Arch Virol. 1991; 118:209–233. 
[PubMed: 1829885] 

13. Deubel V, Kinney RM, Trent DW. Nucleotide sequence and deduced amino acid sequence of the 
nonstructural proteins of dengue type 2 virus, Jamaica genotype: comparative analysis of the full-
length genome. Virology. 1988; 165:234–244. [PubMed: 3388770] 

14. Twiddy SS, Woelk CH, Holmes EC. Phylogenetic evidence for adaptive evolution of dengue 
viruses in nature. J Gen Virol. 2002; 83:1679–1689. [PubMed: 12075087] 

15. Pawitan JA. Dengue virus infection: predictors for severe dengue. Acta Med Indones. 2011; 
43:129–135. [PubMed: 21785176] 

16. Avirutnan P, Fuchs A, Hauhart RE, Somnuke P, Youn S, Diamond MS, Atkinson JP. Antagonism of 
the complement component C4 by flavivirus nonstructural protein NS1. J Exp Med. 2010; 
207:793–806. [PubMed: 20308361] 

17. Lin CF, Wan SW, Chen MC, Lin SC, Cheng CC, Chiu SC, Hsiao YL, Lei HY, Liu HS, Yeh TM, 
Lin YS. Liver injury caused by antibodies against dengue virus nonstructural protein 1 in a murine 
model. Lab Invest. 2008; 88:1079–1089. [PubMed: 18679379] 

18. Lin YS, Yeh TM, Lin CF, Wan SW, Chuang YC, Hsu TK, Liu HS, Liu CC, Anderson R, Lei HY. 
Molecular mimicry between virus and host and its implications for dengue disease pathogenesis. 
Exp Biol Med. 2011; 236:515–523.

19. Sun DS, King CC, Huang HS, Shih YL, Lee CC, Tsai WJ, Yu CC, Chang HH. Antiplatelet 
autoantibodies elicited by dengue virus non-structural protein 1 cause thrombocytopenia and 
mortality in mice. J Thromb Haemost. 2007; 5:2291–2299. [PubMed: 17958746] 

20. Calvert AE, Huang CY, Kinney RM, Roehrig JT. Non-structural proteins of dengue 2 virus offer 
limited protection to interferon-deficient mice after dengue 2 virus challenge. J Gen Virol. 2006; 
87:339–346. [PubMed: 16432020] 

21. Amorim JH, Diniz MO, Cariri FA, Rodrigues JF, Bizerra RS, Goncalves AJ, de Barcelos Alves 
AM, de Souza Ferreira LC. Protective immunity to DENV2 after immunization with a 
recombinant NS1 protein using a genetically detoxified heat-labile toxin as an adjuvant. Vaccine. 
2012; 30:837–845. [PubMed: 22178517] 

22. Beatty PR, Puerta-Guardo H, Killingbeck SS, Glasner DR, Hopkins K, Harris E. Dengue virus 
NS1 triggers endothelial permeability and vascular leak that is prevented by NS1 vaccination. Sci 
Transl Med. 2015; 7:304ra141.

Hertz et al. Page 14

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



23. Chen Y, Pan Y, Guo Y, Qiu L, Ding X, Che X. Comprehensive mapping of immunodominant and 
conserved serotype- and group-specific B-cell epitopes of nonstructural protein 1 from dengue 
virus type 1. Virology. 2010; 398:290–298. [PubMed: 20079511] 

24. Coffman RL, Sher A, Seder RA. Vaccine adjuvants: putting innate immunity to work. Immunity. 
2010; 33:492–503. [PubMed: 21029960] 

25. Foged C, Hansen J, Agger EM. License to kill: Formulation requirements for optimal priming of 
CD8(+) CTL responses with particulate vaccine delivery systems. Eur J Pharm Sci. 2012; 45:482–
491. [PubMed: 21888971] 

26. Alving CR, Peachman KK, Rao M, Reed SG. Adjuvants for human vaccines. Curr Opin Immunol. 
2012; 24:310–315. [PubMed: 22521140] 

27. Doolan DL, Mu Y, Unal B, Sundaresh S, Hirst S, Valdez C, Randall A, Molina D, Liang X, 
Freilich DA, Oloo JA, Blair PL, Aguiar JC, Baldi P, Davies DH, Felgner PL. Profiling humoral 
immune responses to P. falciparum infection with protein microarrays. Proteomics. 2008; 8:4680–
4694. [PubMed: 18937256] 

28. Madi A, Hecht I, Bransburg-Zabary S, Merbl Y, Pick A, Zucker-Toledano M, Quintana FJ, Tauber 
AI, Cohen IR, Ben-Jacob E. Organization of the autoantibody repertoire in healthy newborns and 
adults revealed by system level informatics of antigen microarray data. Proc Natl Acad Sci U S A. 
2009; 106:14484–14489. [PubMed: 19667184] 

29. Scholler N, Gross JA, Garvik B, Wells L, Liu Y, Loch CM, Ramirez AB, McIntosh MW, Lampe 
PD, Urban N. Use of cancer-specific yeast-secreted in vivo biotinylated recombinant antibodies for 
serum biomarker discovery. J Transl Med. 2008; 6:41. [PubMed: 18652693] 

30. Madoz-Gurpide J, Kuick R, Wang H, Misek DE, Hanash SM. Integral protein microarrays for the 
identification of lung cancer antigens in sera that induce a humoral immune response. Mol Cell 
Proteomics. 2008; 7:268–281. [PubMed: 17916591] 

31. Quintana FJ, Hagedorn PH, Elizur G, Merbl Y, Domany E, Cohen IR. Functional immunomics: 
microarray analysis of IgG autoantibody repertoires predicts the future response of mice to 
induced diabetes. Proc Natl Acad Sci U S A. 2004; 101(Suppl 2):14615–14621. [PubMed: 
15308778] 

32. Quintana FJ, Farez MF, Viglietta V, Iglesias AH, Merbl Y, Izquierdo G, Lucas M, Basso AS, 
Khoury SJ, Lucchinetti CF, Cohen IR, Weiner HL. Antigen microarrays identify unique serum 
autoantibody signatures in clinical and pathologic subtypes of multiple sclerosis. Proc Natl Acad 
Sci U S A. 2008; 105:18889–18894. [PubMed: 19028871] 

33. Karlsson EA, Hertz T, Johnson C, Mehle A, Krammer F, Schultz-Cherry S. Obesity Outweighs 
Protection Conferred by Adjuvanted Influenza Vaccination. MBio. 2016:7.

34. Keating R, Hertz T, Wehenkel M, Harris TL, Edwards BA, McClaren JL, Brown SA, Surman S, 
Wilson ZS, Bradley P, Hurwitz J, Chi H, Doherty PC, Thomas PG, McGargill MA. The kinase 
mTOR modulates the antibody response to provide cross-protective immunity to lethal infection 
with influenza virus. Nat Immunol. 2013; 14:1266–1276. [PubMed: 24141387] 

35. Price JV, Jarrell JA, Furman D, Kattah NH, Newell E, Dekker CL, Davis MM, Utz PJ. 
Characterization of influenza vaccine immunogenicity using influenza antigen microarrays. PLoS 
One. 2013; 8:e64555. [PubMed: 23734205] 

36. Orozco S, Schmid MA, Parameswaran P, Lachica R, Henn MR, Beatty R, Harris E. 
Characterization of a model of lethal dengue virus 2 infection in C57BL/6 mice deficient in the 
alpha/beta interferon receptor. J Gen Virol. 2012; 93:2152–2157. [PubMed: 22815273] 

37. Shresta S, Sharar KL, Prigozhin DM, Beatty PR, Harris E. A murine model for dengue lethal 
disease with increased vascular permeability. J Virol. 2006; 80:10208–10217. [PubMed: 
17005698] 

38. Balmaseda A, Sandoval E, Pérez L, Gutiérrez CM, Harris E. Application of molecular typing 
techniques in the 1998 dengue epidemic in Nicaragua. Am J Trop Med Hyg. 1999; 61:893–897. 
[PubMed: 10674666] 

39. Lanciotti R, Calisher C, Gubler D, Chang G, Vorndam A. Rapid detection and typing of dengue 
viruses from clinical samples by using reverse transcriptase-polymerase chain reaction. J Clin 
Microbiol. 1992; 30:545–551. [PubMed: 1372617] 

Hertz et al. Page 15

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



40. Balmaseda A, Guzman MG, Hammond S, Robleto G, Flores C, Tellez Y, Videa E, Saborio S, Perez 
L, Sandoval E, Rodriguez Y, Harris E. Diagnosis of dengue virus infection by detection of specific 
immunoglobulin M (IgM) and IgA antibodies in serum and saliva. Clin Diagn Lab Immunol. 2003; 
10:317–322. [PubMed: 12626461] 

41. Fernandez R, Vasquez S. Serological diagnosis of dengue by an ELISA Inhibition method. Mem 
Inst Oswaldo Cruz. 1990; 85:347–351. [PubMed: 2134709] 

42. Balmaseda A, Hammond SN, Tellez Y, Imhoff L, Rodriguez Y, Saborio S, Mercado JC, Perez L, 
Videa E, Almanza E, Kuan G, Reyes M, Saenz L, Amador JJ, Harris E. High seroprevalence of 
antibodies against dengue virus in a prospective study of schoolchildren in Managua, Nicaragua. 
Trop Med Intl Health. 2006; 11:935–942.

43. Harris E, Videa E, Perez L, Sandoval E, Tellez Y, Perez ML, Cuadra R, Rocha J, Idiaquez W, 
Alonso RE, Delgado MA, Campo LA, Acevedo F, Gonzalez A, Amador JJ, Balmaseda A. 
Clinical, epidemiologic, and virologic features of dengue in the 1998 epidemic in Nicaragua. Am J 
Trop Med Hyg. 2000; 63:5–11. [PubMed: 11357995] 

44. Narvaez F, Gutierrez G, Perez MA, Elizondo D, Nuñez A, Balmaseda A, Harris E. Evaluation of 
the traditional and revised WHO classifications of dengue disease severity. PLoS Negl Trop Dis. 
2011; 5:e1397. [PubMed: 22087348] 

45. WHO. Dengue haemorrhagic fever: Diagnosis, treatment, prevention, and control. 2. World Health 
Organization; Geneva: 1997. 

46. Kuan G, Gordon A, Avilés W, Ortega O, Hammond SN, Elizondo D, Nuñez A, Coloma J, 
Balmaseda A, Harris E. The Nicaraguan Pediatric Dengue Cohort Study: Study design, methods, 
use of information technology, and extension to other infectious diseases. Am J Epidemiol. 2009; 
170:120–129. [PubMed: 19435864] 

47. Richard, O., Duda, PEH., Stork, David G. Pattern Classification. 2. Wiley; United States: 2001. 

48. Akey DL, Brown WC, Dutta S, Konwerski J, Jose J, Jurkiw TJ, DelProposto J, Ogata CM, 
Skiniotis G, Kuhn RJ, Smith JL. Flavivirus NS1 structures reveal surfaces for associations with 
membranes and the immune system. Science. 2014; 343:881–885. [PubMed: 24505133] 

49. Youn S, Cho H, Fremont DH, Diamond MS. A short N-terminal peptide motif on flavivirus 
nonstructural protein NS1 modulates cellular targeting and immune recognition. J Virol. 2010; 
84:9516–9532. [PubMed: 20592095] 

50. Edeling MA, Diamond MS, Fremont DH. Structural basis of Flavivirus NS1 assembly and 
antibody recognition. Proc Natl Acad Sci U S A. 2014; 111:4285–4290. [PubMed: 24594604] 

51. Garcia G, Vaughn DW, Del Angel RM. Recognition of synthetic oligopeptides from nonstructural 
proteins NS1 and NS3 of dengue-4 virus by sera from dengue virus-infected children. Am J Trop 
Med Hyg. 1997; 56:466–470. [PubMed: 9158059] 

52. Falconar AK. Antibody responses are generated to immunodominant ELK/KLE-type motifs on the 
nonstructural-1 glycoprotein during live dengue virus infections in mice and humans: implications 
for diagnosis, pathogenesis, and vaccine design. Clin Vaccine Immunol. 2007; 14:493–504. 
[PubMed: 17329445] 

53. Jiang L, Zhou JM, Yin Y, Fang DY, Tang YX, Jiang LF. Selection and identification of B-cell 
epitope on NS1 protein of dengue virus type 2. Virus Res. 2010; 150:49–55. [PubMed: 20211209] 

54. Falconar AK, Young PR, Miles MA. Precise location of sequential dengue virus subcomplex and 
complex B cell epitopes on the nonstructural-1 glycoprotein. Arch Virol. 1994; 137:315–326. 
[PubMed: 7944953] 

Hertz et al. Page 16

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 1. 
Protective immunization with DENV NS1 results in the robust production of NS1-specific 

antibodies. (A) Survival curve of mice immunized with NS1 in combination with different 

adjuvants after lethal DENV2 challenge. Six- to eight-week old A129 mice (n=8 per group) 

were immunized i.p. with 20 μg recombinant DENV2 NS1 combined with MPLA + 

AddaVax (MA), Sigma Adjuvant System (SAS) + CpG (SCpG) or alum, or 20 ug OVA 

combined with MA on day 0, boosted on day 14 and day 42, and challenged i.v. on day 56 

with a lethal dose of 107 pfu of DENV2 D220. In parallel, mice were infected with a 

sublethal dose (105 pfu) of DENV2 strain PL046 that provided protection from a lethal 

infection. p<0.0001 between NS1+MA or NS1+SCpG and OVA by Mantel-Cox log rank 

test. (B) NS1 IgG ELISA using mouse serum collected on day 49 after NS1 or OVA 

vaccination or sublethal DENV2 infection. Total anti-NS1 IgG was measured by direct 

ELISA, with sNS1 coated at 0.25 ug/mL and serum samples diluted 1:100. Biotinylated 

anti-mouse IgG secondary Ab was used for detection. (C) Boxplots of overall magnitude of 

the DENV2 NS1 response to the peptide array in each experimental group. The overall 

magnitude is defined by the sum of magnitudes to all NS1 peptides (see Methods for 

details). Horizontal bars represent the median response of each group. Box limits represent 

the 25th and 75th percentiles, and the whiskers denote the data range. Individual responses 

are plotted as filled circles. Responses above the whiskers are outliers. (D) Clustering 

dendrogram of all mouse samples generated using complete-linkage clustering over the 

DENV2 NS1 antibody profiles of each mouse (see Methods for details). Mice from different 

experimental groups were separated into distinct clusters. The MA-and SCpG-vaccinated 

mice cluster closer to the DENV2 naturally infected mice than to the alum-vaccinated mice.
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FIGURE 2. 
DENV NS1 antibody profiles of NS1-vaccinated mice. Antibody reactivity to peptides 

derived from NS1 from: (A) DENV1; (B) DENV2; and (C) DENV3. Individual bars 

represent the average response of each experimental group to a specific NS1 peptide (n=68). 

The height of each bar represents the mean fluorescent intensity (MFI). For each serotype, 

responses of 5 groups are plotted: DENV2 infection – mice infected sub-lethally with PL046 

(positive control, n=9); NS1+MA – mice vaccinated with NS1 adjuvanted with MPLA + 

AddaVax (n=11); NS1+SCpG – mice vaccinated with NS1 adjuvanted with SAS + CpG 

(n=2); NS1+alum – mice vaccinated with NS1 ajduvanted with alum (n=12); OVA – mice 

vaccinated with OVA adjuvanted with MPLA + AddaVax (negative control, n=7). The five 

dominant regions statistically identified are highlighted by the numbered rectangles across 

all serotypes and groups. Robust responses to Region 2 are observed in the DENV-infected, 
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NS1+MA and NS1+SCpG groups across all three DENV serotypes. Responses to Regions 1 

and 3 were observed only in NS1+ MA and NS1+SCpG vaccinated mice, and not in DENV-

infected mice.

Hertz et al. Page 19

J Immunol. Author manuscript; available in PMC 2018 May 15.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



FIGURE 3. 
Structural model of NS1 showing key epitopes recognized by sera from NS1-immunized 

mice. NS1 dimer structures highlighting the 5 peptide regions of antibody reactivity, with 

monomer 1 in green and monomer 2 in yellow and the peptide regions colored as follows: 

blue, Region 1, aa21–40; red, Region 2, aa101–130; orange, Region 3, aa156–175; light 

blue, Region 4, aa231–255; purple, Region 5, aa296–325. (A) Perpendicular view of NS1 

from the end of the β-ladder. The mobile “greasy finger” and the disordered tip of the wing 

domain are indicated by dotted lines. (B) Perpendicular view of NS1 from the edge of the β-

ladder. PDB 4O6B (48).
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FIGURE 4. 
DENV2 NS1 magnitude (pooled reactivity) boxplots of samples from human subjects 

naturally infected with DENV2 or DENV3 across timepoints. Horizontal bars represent the 

median response of each group. Box limits represent the 25th and 75th percentiles, and the 

whiskers denote the data range. Individual responses are plotted as filled circles. Responses 

above the whiskers are outliers. (A) Pooled reactivity to NS1 peptides (magnitude) is 

increased in convalescent sera and declines in samples collected 12 months post-illness. (B–
D) Boxplots of the magnitude of the NS1-specific response across time stratified by clinical 

phenotype: (B) Dengue Fever, (C) Dengue Hemorrhagic Fever, and (D) Dengue Shock 

Syndrome.
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FIGURE 5. 
Antibody responses to DENV2 NS1 over time stratified by clinical phenotype. In each plot, 

the bars represent the average response of subjects with a given clinical phenotype. 

Responses are plotted at the acute, convalescent and 12-month timepoints. The number of 

subjects in each group and timepoint is indicated in parentheses. (A) DF responses; (B) DHF 

responses; (C) DSS responses. Regions 2 and 5 identified in vaccinated mice were 

independently identified in the human natural infection responses.
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