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Abstract. Dengue is a viral pandemic caused by four dengue virus serotypes (DENV-1, 2, 3, and 4) transmitted
by Aedes mosquitoes. Reportedly, there has been a 2-fold increase in dengue cases every decade. An efficacious
tetravalent vaccine, which can provide long-term immunity against all four serotypes in all target populations, is still
unavailable. Despite the progress being made in the live virus-based dengue vaccines, the World Health Organization
strongly recommends the development of alternative approaches for safe, affordable, and efficacious dengue vaccine
candidates. We have explored virus-like particles (VLPs)-based nonreplicating subunit vaccine approach and have
developed recombinant envelope ectodomains of DENV-1, 2, and 3 expressed in Pichia pastoris. These self-assembled
into VLPs without pre-membrane (prM) protein, which limits the generation of enhancing antibodies, and elicited type-
specific neutralizing antibodies against the respective serotype. Encouraged by these results, we have extended this
work further by developing P. pastoris–expressed DENV-4 ectodomain (DENV-4 E) in this study, which was found to be
glycosylated and assembled into spherical VLPs without prM, and displayed critical neutralizing epitopes on its surface.
These VLPs were found to be immunogenic in mice and elicited DENV-4-specific neutralizing antibodies, which were
predominantly directed against envelope domain III, implicated in host-receptor recognition and virus entry. These obser-
vations underscore the potential of VLP-based nonreplicative vaccine approach as a means to develop a safe, effica-
cious, and tetravalent dengue subunit vaccine. This work paves the way for the evaluation of a DENV E-based
tetravalent dengue vaccine candidate, as an alternative to live virus-based dengue vaccines.

INTRODUCTION

Dengue is an expanding global public health concern
today with an estimated 390 million infected individuals per
year.1,2 It is caused by any of the four antigenically distinct
and closely related dengue viruses (DENV-1, 2, 3, and 4),
transmitted primarily by Aedes aegypti mosquito. Dengue
infection causes flu-like symptoms and these can range
from mild to severe (dengue hemorrhagic fever) to fatal
(dengue shock syndrome) outcomes.3–5 Long-term homo-
typic immunity is elicited by infection with one serotype of
DENV, which provides only short-term heterotypic immunity.
Therefore, subsequent secondary infection by any other
serotype predisposes an individual to severe disease
through antibody-dependent enhancement (ADE).6

Dengue tetravalent live-attenuated vaccines (LAVs), puri-
fied inactivated virus vaccines, plasmid DNA vaccines,
recombinant subunit vaccines, etc.7–10 are at various stages
of clinical development. Dengvaxia (CYD-TDV), developed
by Sanofi Pasteur, which is a chimeric tetravalent LAV,11 is
the first licensed dengue vaccine (licensed in Mexico, Brazil,
Philippines and El Salvador). World Health Organization
(WHO)’s Strategic Advisory Group of Experts has recom-
mended limited use of Dengvaxia in regions of high dengue
endemicity.5 Although Dengvaxia is a much-needed accom-
plishment, it is not an ideal solution to dengue. It was found
to be poorly efficacious in dengue-naive individuals and

resulted in increase in vaccine-induced risk of hospitaliza-
tion in children under 9 years of age.12 These shortcomings
of Dengvaxia are speculated to be due to vaccine-induced
enhancement of DENV infection.13 The WHO recom-
mends development of next-generation dengue vaccine
candidates that could reduce concerns of viral enhance-
ment13 and interference,14–16 associated with the current
vaccine strategies.
Virus-like particles (VLPs) could be used as alternative

nonreplicative vaccine candidates against dengue as they
lack the viral genome. It has been reported earlier that struc-
tural proteins of many viruses self-assemble into VLPs, when
expressed and purified from heterologous hosts.17–21 A criti-
cal attribute of VLPs is their ability to display epitopes in a
repetitive manner on their surface like a virion particle, but
lacking the infectious genome. So, these possess high
immunogenicity with reduced potential of causing infec-
tion.22,23 Success of VLPs as a vaccine candidate is
supported by the approved VLP-based vaccines for
human papilloma and hepatitis B viral infections,17 and
several others that are in clinical trials like those against
influenza A virus and chikungunya virus.24,25

There are several DENV antigens that could be used to
develop vaccine, but envelope glycoprotein, which is a
structural protein, is the most promising of them all. The
attachment of DENV to host cell receptors and fusion with
endosomal membrane is mediated by envelope glycopro-
tein. Moreover, it is highly immunogenic, displays critical ter-
tiary and quaternary virion surface epitopes against which
natural circulating serotype-specific antibodies are directed.3,26

Because of these vital features, the envelope glycoprotein is
a component of all dengue vaccine candidates, which are
undergoing clinical trials. It has also been documented in the
literature that co-expression of envelope glycoprotein along
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with pre-membrane protein (prM) produces VLPs when
expressed in a heterologous system.18–21 The envelope
glycoprotein has ∼500 amino acid (aa) residues of which
∼100 aa at the C-terminus are anchored in the host mem-
brane on the mature virion surface.26 The N-terminal ∼400 aa
residues ectodomain (E) contains envelope domain I (EDI),
EDII, and EDIII. Among these, EDIII is a key component that
possesses several effective and type-specific neutralizing
epitopes.27,28 On the other hand, the prM protein has a role
in virus maturation.26 Large proportions of cross-reactive
antibodies that have the ability to mediate ADE have been
reported to be elicited by prM.29,30

We reported that DENV-2 ectodomain (DENV-2 E),
expressed in yeast Pichia pastoris, assembles into VLPs
without prM. These VLPs, which showed high immunoge-
nicity, generated DENV-2 neutralizing antibodies that were
competent to provide significant protection when evaluated
in challenge experiments in AG129 mice.31 The VLPs with-
out prM have an added advantage of reducing the genera-
tion of cross-reactive antibodies, which may limit the risk of
ADE. Similarly, we have expressed and purified DENV-1 E
and 3 E,32,33 which also assembled into VLPs without
prM and were able to generate serotype-specific DENV-
neutralizing antibodies. Use of P. pastoris as expression
host further makes the production process cost effective
due to its characteristics of requiring inexpensive media,
growth to high cell densities, high production rate, post-
translational modifications, and the possibility of tightly reg-
ulating the expression through methanol-inducible alcohol
oxidase 1 (AOX1) promoter.34 These factors make the
development and production of a safe, affordable, and effi-
cacious tetravalent subunit based dengue vaccine candi-
date feasible. Exploring this approach, we have specifically
evaluated in this study the potential of DENV-4 E with
respect to its assembly into VLPs, conformational display
of neutralizing epitopes, and the capability of these VLPs to
elicit homotypic DENV4-neutralizing antibodies.

MATERIALS AND METHODS

Ethics statement. The entire animal experiments were
performed with prior approval from Institutional Animal
Ethics Committee of International Center for Genetic Engi-
neering and Biotechnology and Syngene International Lim-
ited, Bangalore (IAEC No. Syngene/IAEC/520/06-2014). The
guidelines issued by the Committee for the Purpose of Con-
trol and Supervision of Experiments on Animals, Government
of India, were meticulously followed.
DENV-4 E gene, cell lines, vectors, viruses, antibodies,

and other reagents. The DENV-4 E gene (1.4 kb, GenBank
accession no: JX292267.1) was synthesized and made
available by GenScript (Piscataway, NJ) after codon opti-
mization for expression in P. pastoris. Plasmid vector
(pPICZ-A) and P. pastoris strain (KM71H) used for cloning
and expression, respectively, were purchased from Invitrogen
Life Technologies (Carlsbad, CA). DENV-4 E gene was cloned
in pPICZ-A to permit the selection of clone by utilizing its
zeocin marker that confers resistance to Zeocin antibiotic, and
to enable high gene expression through methanol-inducible
AOX1 promoter. DENV-1, 2, 3, and 4 were WHO reference
strains as reported earlier.35 Cell lines C6/36 (for DENV

production), baby hamster kidney cells (for immunofluores-
cence), and Vero (for neutralizing antibody titration) were
obtained from American Type Culture Collection (ATCC),
Manassas, VA. Ni-NTA Superflow resin, Ni-NTA His Sorb
plates, and anti-Histidine monoclonal antibody (mAb) were
procured from Qiagen (Hilden, Germany). For electron micros-
copy, carbon-coated formvar grids were obtained from TAAB
Laboratories Equipment Ltd (Reading, United Kingdom).
Concanavalin A-horseradish peroxidase (Con A-HRPO) con-
jugate, HRPO substrate 3, 3′, 5, 5′-tetramethylbenzidine, and
glass beads (425–600 μm) were procured from Sigma–Aldrich
(St. Louis, MO). Type-specific and cross-reactive human and
murine mAbs used for characterizing purified protein have
been described previously.28,36–43 4G2 mAb used in immuno-
fluorescence assay (IFA) was procured fromATCC. Anti-mouse
IgG antibody-HRPO and IgG fluorescence isothiocyanate
(FITC) conjugates used in enzyme-linked immunosorbent
assay (ELISA) and IFA, respectively, were purchased from
Calbiochem (La Jolla, CA). Alhydrogel, used as adjuvant,
was obtained from Brenntag (Frederikssund, Denmark).
Escherichia coli expressing maltose-binding protein (MBP)
and MBP-fused EDIII-4 (EDIII-4-MBP) were obtained from
University of North Carolina at Chapel Hill.
Cloning and expression of DENV-4 E in P. pastoris.

DENV-4 E gene was cloned in pPICZ-A vector under methanol-
inducible AOX1 promoter and integrated into the genome
of P. pastoris strain KM71H, as accomplished hitherto for
DENV-1 E, 2 E, and 3 E.31–33 The transformed clones were
cultured, induced with methanol, and processed for expres-
sion evaluation as described for DENV-2 by Western blot and
ELISA with serotype 4 EDIII-specific mAb, DV4 E88.31,39

Purification and characterization of DENV-4 E. Expressed
protein was purified by immobilized metal (Ni) affinity chroma-
tography resorting to its polyhistidine tag, under denaturing
conditions.31 Purified DENV-4 E was characterized for its
purity by SDS-PAGE, and glycosylation by Western blot and
ELISAwith Con A-HRPOconjugate.31 Dynamic light scattering
(DLS) and electron microscopy (EM) were performed for evalu-
ation of assembly of DENV-4 E into VLPs.33,44 Appropriate dis-
play of antigenic epitopes on VLPs was analyzed with human
and murine serotype-specific and cross-reactive mAbs.
Briefly, all the four VLPs, DENV-1 E, 2 E, 3 E, and 4 E, and
hepatitis B surface antigen (used as negative control) were
coated on high binding polystyrene plates and indirect ELISA
was performed with the mAbs,28,36–43 as described earlier.33

Evaluation of immunogenicity in mice. BALB/c mice
(6-week old, in group of six) were immunized with 20 μg of
purified recombinant DENV-4 E, adsorbed on alhydrogel, on
days 0, 30, and 90 (intraperitoneally). Sera were collected
10 days after the third immunization, as reported earlier.31

Indirect ELISA and IFA were performed for the assessment
of antibodies generated by DENV-4 E antigen, as described
previously.31 Briefly, presence of antibodies against the four
DENVs, DENV-Es, and EDIIIs (all eight recombinant proteins
developed in-house) was evaluated by indirect ELISA and
their ability to recognize virus-infected BHK-21 cells was
evaluated by IFA. Fluorescence-activated cell sorting (FACS)-
based neutralization test (FNT)35 was used to determine the
neutralizing antibody titer against each DENV serotype, as
reported previously for DENV-1 E, 2 E, and 3 E.31–33

To evaluate the antibodies that are generated against EDIII
of DENV-4 E, DENV-4 E immune serum was depleted of
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anti-EDIII antibodies and residual neutralizing antibodies
were scored by FNT, according to optimized protocol.33

Briefly, DENV-4 E immune serum was preincubated sepa-
rately with EDIII-4-MBP and MBP proteins immobilized on
amylose resin and the depleted sera were evaluated for resid-
ual neutralization titer against DENV-4 by FNT on Vero cells.

RESULTS

Evaluation of DENV-4 E gene expression in P.
pastoris. A DENV-4 E gene (Supplemental Figure 1),
codon-optimized and custom-synthesized for expression
in P. pastoris, was cloned in pPICZ-A expression vector
(Figure 1A) under AOX1 promoter. This gene was integrated
into the genome of Pichia strain KM71H by electroporation
and the transformed clone was identified by expression
analysis after induction with methanol by Western blot
(Figure 1B) and ELISA (Figure 1C), using serotype 4-specific
mAb DENV4 E88.39 DENV4 E88 mAb recognized the
DENV-4 E in the pellet fraction only (Figure 1B and C) and
displayed the expected mobility (Figure 1B). This was further
corroborated with Western blot and ELISA with mAb spe-
cific to 6x-His affinity tag engineered into the C-terminal
end of the recombinant protein (data not shown). Methanol
percentage for induction and time course optimization exper-
iments for the expression of DENV-4 E protein in P. pastoris
revealed that 1.5% methanol induction per 24 hours for
3 days is suitable for optimal expression of DENV-4 E (Sup-
plemental Figure 2). Thus, DENV-4 E expressing biomass
was prepared by inducing the cells with 0.75% methanol
every 12 hours (which makes it 1.5% methanol per 24 hours),
for a period of 3 days (Supplemental Figure 2). These obser-
vations of association of DENV-4 E in pellet fraction and
optimal expression at 1.5% methanol for 3 days were in con-
sonance with that observed for DENV-1 E, 2 E, and 3 E.31–33

Purification and characterization of recombinant DENV-4
E protein. Since P. pastoris–expressed DENV-4 E protein
was also found to be associated with the pellet fraction of

the induced and lysed biomass, it was purified using the
immobilized metal ion affinity chromatographic protocol
optimized for purification of the three previously reported
DENV-Es.31–33 DENV-4 E was found to elute at ∼120 mM
imidazole (Figure 2A). Different fractions of the peak were
analyzed by SDS PAGE (Figure 2A inset) and were found to
be > 90% pure by densitometric scan, with an overall yield
of 200 mg/L methanol-induced culture. These fractions
were pooled, dialyzed, and used for further characterizations.
Ability of DENV-4 E to assemble into VLPs was evaluated by
DLS and EM, and was found to assemble into particles of
∼40 nm (Figure 2B), which is consistent with our previous
results for other recombinant DENV-Es.31–33 Like the other
three DENV-Es, DENV-4 E VLPs were also found to be
glycosylated as assessed by protein blot and ELISA using
Con A-HRPO (Figure 2C). Similar to our previous reports for
E proteins of DENV-1, 2, and 3 serotypes, the N-terminal
amino acid sequence analysis of DENV-4 E protein con-
firmed that the N-terminal 34 aa residues of prM signal
sequence had been efficiently cleaved off (data not shown).
DENV-4 E VLPs have conformational display of critical

epitopes on its surface. A comprehensive immunological
characterization of the purified DENV-4 E protein was
performed to assess the presentation of critical epitopes,
using a panel of conformational, type-specific, and cross-
reactive murine and human mAbs against E, EDI/II, EDIII,
and fusion loop epitopes. The reactivity of these mAbs was
determined in an indirect ELISA (Table 1), using DENV-4 E
VLPs as the coating antigen and compared head-to-head
with the VLPs corresponding to the remaining three DENV
serotypes.31–33 DENV-4 E42 and E43, mAbs specific to the
E protein of DENV serotype 4,39 which recognized purified
DENV-4 E VLPs efficiently, did not react to any discernible
extent with DENV E VLPs corresponding to the remaining
three serotypes. Further, the recognition of the DENV-4 E
VLPs by DENV-4 mAbs E29, E76, and E88 substantiate the
conclusion that EDIII epitopes are intact and accessible.
DENV4-E29 mAb binds to Y377 and H390 in the F and G

FIGURE 1. Expression of DENV-4 E in Pichia pastoris. (A) Schematic representation of DENV-4 E gene cloned in pPICZ-A expression vector
with AOX1 promoter (5′ AOX1) upstream and transcription terminator sequence (TT) downstream of it. An Escherichia coli origin of replication
(ori) and zeocin resistance (Zeo) marker is also present for efficient replication and transformed clone selection, respectively. (B and C) Evaluation
of expression and localization of DENV-4 E in induced P. pastoris. Aliquots of un-induced (UI) and induced (I) cell cultures were subjected to lysis
and separated into soluble (S) and membrane-enriched pellet (P) fractions by centrifugation. S and P fractions were evaluated through (B) West-
ern blot and (C) ELISA on Ni-NTA His Sorb plate using DENV-4 E-specific monoclonal antibody (mAb), DENV-4 E88. The blot in panel B is a
composite figure, where lane “M” denotes pre-stained markers, the sizes (in kDa) of which are indicated on the left. An arrow on the right of
panel B indicates the position of DENV-4 E in the blot. In panel C, the S and P fractions are represented by the grey and black bars, respectively.
DENV-4 E = dengue virus serotype 4 ectodomain; ELISA = enzyme-linked immunosorbent assay.
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strand of the EDIII, respectively; DENV4-E76 mAb binds to
N-terminal linker (M301), B-strand (E338, V347, and V348),
CC’ loop (R350), D-strand (P356), and G-strand (L387) of
EDIII; DENV4 E88 binds to A331 in BC loop and T361 in DE
loop of EDIII.39 Of note, DENV-4 mAb E88 is specific to the
EDIII lateral ridge (LR) epitope, which is implicated in the
induction of virus-neutralizing antibodies.27,28 EDIII displayed
on DENV-4 E VLPs retained the antigenic structure charac-
teristic of DENV-4 serotype, which is corroborated by the
lack of reactivity of mAbs (such as DENV-1 E103, DENV-2
3H5, DENV-3 8A1, and many others in Table 1) specific to
the EDIII epitopes of the remaining three DENV serotypes.
Consistent with the data so far, the DENV-4 E VLP-displayed
EDIII was recognized by mAb 12 C1, an antibody that rec-
ognizes EDIII of all four DENV serotypes. However, mAb
h-2J20, a human EDIII-specific mAb, recognized DENV-4
VLPs albeit with lesser efficiency when compared with the
ELISA reactivity toward DENV E VLPs of the remaining three
serotypes. This may presumably reflect subtle differences
in the antigenic structure of DENV-4 EDIII. Aside from EDIII
epitopes, the DENV-4 E VLPs also displayed the fusion loop
epitope (evidenced by noticeable reactivity manifested by

mAbs 4G2, h-1M7, and h-1N5) and EDI/II (based on mAb
h-23.13 reactivity). Consistent with its design, the DENV-4
E VLPs, which do not contain prM, failed to be recognized
by mAb h-2K2.
Finally, the DENV-4 E VLPs were not recognized by any

of the DENV-1, 2, or 3 type-specific mAbs (Table 1). Since
the antibodies that were unable to recognize DENV-4 E VLPs
identified their cognate type-specific antigens with strong
reactivity, it ruled out any possibility of mAbs being non-
functional. HBsAg, used as negative control, was not recog-
nized by any antibody used in the assay. Overall, this mAb
analysis suggests that DENV-4 E VLPs display the critical
neutralizing epitopes of E protein, particularly those on EDIII.
DENV-4 E VLPs are immunogenic in mice and elicit

EDIII-focused serotype-specific neutralizing antibody
response. DENV-4 E adsorbed on alhydrogel was injected
into BALB/c mice on days 0, 30, and 90. Sera obtained
from the bleeds collected on day 100 were pooled and ana-
lyzed for the presence of antibodies by ELISA (Figure 3A),
for the presence of DENV-4-recognizing antibodies by
IFA (Figure 3B) and for the presence of DENV-neutralizing
antibodies by FNT (Figure 4A).

FIGURE 2. Purification and characterization of DENV-4 E. (A) DENV-4 E was purified from pellet fraction of lysate of induced Pichia pastoris
biomass via Ni2+ affinity chromatography. Blue curve and dashed grey line represent the UV-absorbance profile and imidazole step gradient,
respectively. The inset represents Coomassie-stained SDS-PAGE analysis of the peak fractions (lanes 1–9) of purified DENV-4 E. Lane M repre-
sents low-molecular-weight protein markers, the sizes (in kDa) of which are written on the left of the inset. (B) Formation of virus-like particles by
purified DENV-4 E as assessed by DLS representing particle size distribution by intensity. The average particle size is also indicated. EM image
of the same is provided in the inset. (C) Glycosylation of DENV-4 E (4E, black bar) is evaluated by ELISA using Con A-HRPO conjugate on
Ni-NTA His-Sorb plate. EDIII (III, blue bar) and DENV-4 (V, green bar) is used as negative control and positive control, respectively. In the inset, a
protein blot using Con A-HRPO conjugate is shown in which lane M represents low-molecular-weight protein markers, which contain ovalbumin.
Low-molecular-weight protein markers serve as positive (through its only glycosylated protein, ovalbumin) and negative (proteins other than oval-
bumin) controls in the assay, and the sizes (in kDa) of the protein markers are indicated on the left. Con A-HRPO = Concanavalin A-horseradish
peroxidase; DENV-4 E = dengue virus serotype 4 ectodomain; ED = envelope domain; ELISA = enzyme-linked immunosorbent assay.
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Serum pooled on day 100 was evaluated, at various dilu-
tions, for reactivity toward three sets of coating antigens in
an indirect ELISA format. The first set of coating antigens
were the virus particles corresponding to the four serotypes
(Figure 3A, first panel), the second set of coating antigens
were purified, P. pastoris–expressed E VLPs of the four
DENV serotypes (Figure 3A, second panel), and the third
set of coating antigens were purified, P. pastoris–expressed
EDIII proteins (Figure 3A, third panel). It was observed that
DENV-4 E VLP-induced antiserum reacted the best with
EDIII, E, and DENV of serotype 4 (black curve in all the three
panels). The reactivity to EDIII of the other three serotypes
was only marginal (Figure 3A, third panel). The order of reac-
tivity to E and DENV was similar, with highest reactivity to
serotype 4, followed by reactivity to serotypes 2, 3, and 1
(Figure 3A, first and second panels). In these ELISAs, phos-
phate buffered saline-immunized serum served as negative
control and failed to react to EDIIIs, DENV-Es, and DENVs.
The ability of the elicited DENV-4 E antibodies to recog-

nize DENV-4 in infected cells was evaluated by IFA. Here,
DENV-4-infected BHK-21 cells were incubated with pooled
anti-DENV-4 E VLP antiserum and the bound antibodies
were detected with FITC-labeled anti-mouse IgG using fluo-
rescence microscopy (Figure 3B). It was observed that anti-
DENV-4 E VLP antiserum (Figure 3B, third panel) recognized
DENV-4 in infected BHK-21 cells as efficiently as positive
control, 4G2 mAb (Figure 3B, second panel); PBS-immunized
negative control mouse serum failed to recognize DENV-4
(Figure 3B, first panel).

The DENV-neutralizing efficiency of the antibodies induced
by DENV-4 E VLPs and their specificity was evaluated by
FNT on Vero cells. This revealed that DENV-4 E VLPs elic-
ited antibodies that were primarily capable of neutralizing
DENV-4 (FNT50 ∼200; Figure 4A), with no discernible neu-
tralizing activity toward the remaining three DENV serotypes
(FNT50 titers of 25, < 20, and < 20 against DENV-1, 2, and
3, respectively). FNT50 titers elicited by PBS-immunized
negative control mouse serum against the four DENV sero-
types were found to be < 20 (data not shown). The genera-
tion of serotype-specific neutralizing antibody response is
consistent with the immune response pattern generated by
the DENV-E VLPs corresponding to the remaining three
serotypes, reported earlier.31–33

The DENV-4 E VLP immune serum (Figure 4B, solid curve)
ceased to neutralize DENV-4 once it was depleted of EDIII-4
antibodies by incubation with EDIII-4-MBP (Figure 4B, dotted
curve). On the contrary, there was no significant reduction in
the titers of anti-DENV-4 E VLP antiserum when subjected to
depletion of antibodies on MBP (Figure 4B, dashed curve).
This is in agreement with the observation made with DENV-1
E, 2 E, and 3 E VLPs,31–33 all of which were shown to elicit
EDIII-focused virus-neutralizing antibodies.

DISCUSSION

Dengue is a huge public health problem around the
globe. A preventive vaccine is required to protect all “at

TABLE 1
Evaluation of epitope integrity of DENV-1, 2, 3, and 4 VLPs*

Serotype-specific murine mAbs

Absorbance at 450 nm

mAb† Epitope specificity 1E 2E 3E 4E HBsAg

DENV1 E103 Anti-EDIII LR 3.48 0.06 0.06 0.05 0.03
DENV1 E24 Anti-EDIII 1.23 0.03 0.02 0.03 0.03
DENV1 E29 Anti-EDIII 1.87 0.03 0.09 0.14 0.03
DENV1 E37 Anti-EDIII 0.71 0.02 0.03 0.01 0.04
DENV2 3H5 Anti-EDIII LR 0.14 3.46 0.06 0.11 0.03
DENV2 104 Anti-EDIII CC loop 0.08 3.45 0.1 0.05 0.04
DENV2 70 Anti-EDIII AS/LR 0.02 0.92 0.03 0.03 0.02
DENV2 106 Anti-EDIII LR 0.05 2.5 0.03 0.03 0.05
DENV3 8A1 TS 0.08 0.05 1.35 0.03 0.03
DENV3 E3 Anti-EDIII 0.13 0.03 2.90 0.02 0.02
DENV3 E1 Anti-EDIII 0.04 0.03 3.43 0.02 0.03
DENV3 E4 Anti-EDI/II 0.12 0.04 3.18 0.03 0.03
DENV4 E29 Anti-EDIII 0.04 0.04 0.03 2.80 0.02
DENV4 E42 Anti-E 0.03 0.02 0.02 2.90 0.02
DENV4 E43 Anti-E 0.02 0.02 0.02 2.15 0.03
DENV4 E76 Anti-EDIII 0.05 0.07 0.03 2.32 0.04
DENV4 E88 Anti-EDIII LR 0.02 0.03 0.02 2.94 0.03

Cross-reactive murine and human mAbs
4G2‡ FL 0.23 0.2 0.83 0.41 0.04
12 C1‡ Anti-EDIII, not LR 3.76 3.86 3.72 3.68 0.04
h-1M7‡ FL 2.97 3.03 2.48 2.73 0.03
h-23.13 EDI/II 0.23 0.1 0.52 0.26 0.03
h-1N5‡ FL 0.95 0.45 1.47 1.06 0.05
h-2J20 Anti-EDIII 3.67 3.46 3.58 0.27 0.02
h-2K2 prM 0.07 0.06 0.06 0.06 0.05

AS = A strand; DENV = dengue virus; ED = envelope domain; ELISA = enzyme-linked immunosorbent assay; FL = fusion loop; LR = lateral ridge; mAb = monoclonal antibody; prM =
pre-membrane; TS = type specific; VLP = virus-like particle.

*Evaluated by indirect ELISA using Pichia Pastoris–expressed purified DENV E VLPs as coating antigens.
†Serotype-specific mAbs used in ELISA: DENV-1 mAbs E103, E24, E29, and E3728; DENV-2 mAb 3H536; DENV-2 mAbs 104, 70, and 10638; DENV-3 mAb 8A140; DENV-3 mAbs E3,

E1, and E437; DENV-4 mAbs E29, E42, E43, E76, and E88.39 Cross-reactive mAbs: 4G236; 12C140; h-1N5 and h-1M7,43 h-23.1341; h-2J2044; h-2k2. All mAbs are murine, except those
that are prefixed with h-, which indicates human.

‡Complex-specific mAbs; 4G2, h-1N5, and h-1M7 bind the fusion loop of all four DENV-Es; 12 C1 binds recombinant EDIII (outside the LR epitope) of all four DENV serotypes.
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risk” population from dengue. A subunit-based vaccine
approach, capable of generating serotype-specific neutraliz-
ing antibodies, could be an effective strategy. In this con-
text, the envelope glycoprotein appears to be an appropriate
target since it harbors the maximum DENV-neutralizing epi-
topes and also contains the host-receptor-binding domain
EDIII, which has been reported to possess strongly neutraliz-

ing type-specific epitopes.27,28,45 Tetravalent mixture of
Merck’s E glycoprotein expressed in insect cells is in clinical
phase I.46 Preclinical studies of this vaccine candidate
revealed encouraging data in mice and macaques, as
they were found to be immunogenic.47,48 Unlike insect
cell-expressed E glycoprotein, P. pastoris–expressed E
glycoprotein of serotypes 1, 2, and 3 have been found to

FIGURE 4. DENV-4 E VLPs elicit EDIII-directed serotype-specific neutralizing antibodies. (A) Immune sera collected 10 days after the final
boost from DENV-4 E VLP-immunized BALB/c mice were evaluated for existence of neutralizing antibodies against DENV-1 (DV1, red curve),
DENV-2 (DV2, green curve), DENV-3 (DV3, blue curve), and DENV-4 (DV4, black curve) by FNT on Vero cells. (B) The contribution of anti-EDIII
antibodies in DENV-4 E immune serum (black solid curve) in neutralizing DENV-4 was evaluated by FNT on Vero cells after depleting it of
anti-EDIII antibodies by incubating it with serotype 4 EDIII-MBP (black dotted curve). DENV-4 E immune serum was also incubated with MBP
(black dashed curve) to score nonspecific depletion of antibodies (if any). The percentage of Vero cells infected with the DENV is represented on
y axis, while log of reciprocal of sera dilution is represented on x axis. FNT50 titers, tabulated on the top of each of the graphs, represent the sera
dilution resulting in 50% neutralization of respective DENV, and are calculated from the dotted horizontal line in the graphs representing 50%
infection (or 50% neutralization). DENV-4 E = dengue virus serotype 4 ectodomain; ED = envelope domain; FNT = fluorescence-activated cell
sorting (FACS)-based neutralization test; MBP = maltose-binding protein; VLP = virus-like particle.

FIGURE 3. DENV-4 E VLPs are immunogenic in mice. (A) BALB/c mice were immunized with DENV-4 E VLPs adsorbed on alhydrogel on
days 0, 30, and 90. On day 100, sera were collected and evaluated (at various dilutions) for the presence of antibodies against the four DENVs
(first panel), four DENV-Es (second panel), and four EDIIIs (third panel) by ELISA. In each of the three cases, curves in red, green, blue, and black
represent DENV serotype 1, 2, 3, and 4, respectively. (B) Recognition of DENV-4-infected BHK-21 cells by PBS-immunized negative control
mouse serum (first panel), 4G2 mAb (second panel), and DENV-4 E immune serum (third panel) by IFA. DENV-4 E = dengue virus serotype 4
ectodomain; ED = envelope domain; ELISA = enzyme-linked immunosorbent assay; mAb = monoclonal antibody; VLP = virus-like particle.
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assemble into VLPs, despite the lack of prM31–33; VLPs
being nanoparticles offer an advantage of improved
immunogenicity, and their formation without prM could
be a potential benefit, as anti-prM antibodies are known
to be disease enhancing.29

With the aim to generate E VLP-based tetravalent dengue
vaccine candidate, development of DENV-1, 2, and 3 E
VLPs has already been reported.31–33 Encouraged by the
results of such studies, we expressed DENV-4 E glycopro-
tein in P. pastoris, the findings of which are discussed in this
study. Overall, like the E glycoprotein of serotypes 1, 2, and
3, DENV-4 E could also be expressed in P. pastoris and
assembled into VLPs in the absence of prM, displaying the
essential neutralizing epitopes on its surface. DENV-4 E VLPs
were found to be immunogenic in mice and generated neu-
tralizing antibodies only against DENV-4; cross-neutralization
of DENV-1, 2, and 3 was not discerned. Moreover, anti-
DENV-4 E antiserum ceased to effectively neutralize DENV-4
when depleted of anti-EDIII antibodies, highlighting the impor-
tance of EDIII antibodies in virus neutralization.
DENV-4 E gene was similar in its design to DENV-1, 2

and 3 E genes.31–33 The DENV-4 E expressing biomass was
prepared and protein was purified according to protocols
optimized for the other three E proteins. Purified DENV-4 E
was found to be devoid of the engineered prM signal peptide
(assessed through N-terminal sequencing) and, glycosylated
on the basis of its reactivity with Con A-HRPO. It assembled
into VLPs with efficient display of critical neutralizing epitopes
like the LR, which has been reported to generate neutralizing
antibodies. Of special significance is the recognition of
DENV-4 E VLPs by serotype 4-specific anti-EDIII mAb E88.
This mAb, which does not recognize isolated EDIII, has been
reported to recognize a quaternary epitope on the E dimer,
which involves EDIII.39 Therefore, recognition of DENV-4 E
VLPs by mAb E88 strongly suggests conformational display of
critical EDIII epitopes on its surface. This indicates that the
VLPs may be potentially immunogenic. These VLPs were
indeed found to be immunogenic in BALB/c mice. The anti-
DENV-4 E VLP antiserum collected 10 days post-final boost
was found to possess high ELISA titer antibodies against
EDIIIs, DENV-Es, and DENVs. ELISA reactivity of the DENV-4
E immune serum against EDIII was found to be largely homo-
typic (Figure 3A, third panel). However, moderate extent of
cross-reactivity in ELISA was observed with E and DENV
of the other three serotypes (Figure 3A, first and second
panels). Presumably, the EDIII and non-EDIII epitopes on
the DENV-4 E VLPs, respectively, induce homotypic and
cross-reactive antibodies. Unlike the moderate cross-
reactivity observed in ELISA against DENVs and the four
DENV E VLPs, the anti-DENV-4 E VLP antiserum exhibited
homotypic neutralization. This capacity of DENV-4 E VLPs
to elicit homotypic neutralizing immune response is con-
sistent with the other three DENV E VLPs, which have also
been found to induce cognate homotypic neutralizing
immune responses.31–33 Absence of cross-reactive neutral-
ization and presence of homotypic neutralization might be
a potential advantage, as cross-reactive neutralizing anti-
bodies have been found to enhance DENV infection.49

Watanabe and others reported in AG129 mouse lethal
model that DENV-2 immune complexes (ICs) formed with
3H5 mAb (specific toward DENV-2 EDIII) protected the mice
at all mAb concentrations, whereas ICs with cross-reactive

neutralizing mAbs 4G2 or 6B6C-1 (directed against fusion
loop of EDII) induced lethal disease even at highly neutraliz-
ing concentrations.49 Moreover, the serotype-specific neu-
tralizing antibodies of anti-DENV-4 E VLP antiserum were
found to be directed against EDIII, offering support to the
argument that EDIII generates strongly neutralizing anti-
bodies and is probably an indispensable component of a
dengue vaccine candidate. Importantly, the findings with
DENV-4 E VLPs essentially mirror the findings of the other
three DENV E VLPs. This can translate into more homoge-
neity in formulating tetravalent mixture of the four DENV-E
VLPs. Next, we envisage evaluation of tetravalent mixture
of the four DENV E VLPs in mice, and optimize the dose
of each of the four components to generate a balanced
immune response against the four DENV serotypes. With
all the four monovalent P. pastoris–expressed E proteins
eliciting EDIII-directed homotypic neutralizing immune response,
we expect the tetravalent mixture to be a potential candidate
in our quest to develop a safe, affordable, and efficacious
dengue vaccine candidate. Additional studies are warranted
to evaluate if the proposed tetravalent E-based VLP vaccine
formulation would elicit EDIII-directed serotype-specific
neutralizing antibodies in primates and humans.
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