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a b s t r a c t

Truncated recombinant dengue virus envelope protein subunits (80E) are efficiently expressed using
the Drosophila Schneider-2 (S2) cell expression system. Binding of conformationally sensitive antibod-
ies as well as X-ray crystal structural studies indicate that the recombinant 80E subunits are properly
folded native-like proteins. Combining the 80E subunits from each of the four dengue serotypes with
ISCOMATRIX® adjuvant, an adjuvant selected from a set of adjuvants tested for maximal and long lasting
immune responses, results in high titer virus neutralizing antibody responses. Immunization of mice
with a mixture of all four 80E subunits and ISCOMATRIX® adjuvant resulted in potent virus neutraliz-
ing antibody responses to each of the four serotypes. The responses to the components of the tetravalent
mixture were equivalent to the responses to each of the subunits administered individually. In an effort to
evaluate the potential protective efficacy of the Drosophila expressed 80E, the dengue serotype 2 (DEN2-
80E) subunit was tested in both the mouse and monkey challenge models. In both models protection
against viral challenge was achieved with low doses of antigen in the vaccine formulation. In non-human

primates, low doses of the tetravalent formulation induced good virus neutralizing antibody titers to all
four serotypes and protection against challenge with the two dengue virus serotypes tested. In contrast
to previous reports, where subunit vaccine candidates have generally failed to induce potent, protective
responses, native-like soluble 80E proteins expressed in the Drosophila S2 cells and administered with
appropriate adjuvants are highly immunogenic and capable of eliciting protective responses in both mice
and monkeys. These results support the development of a dengue virus tetravalent vaccine based on the

ed in
four 80E subunits produc

. Introduction
Dengue fever is a leading cause of morbidity and mortality
orldwide, with an estimated 100 million infections occurring

nnually [1–4]. Despite urgent need, the technical requirements
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created by complex interactions of the four dengue virus serotypes
have prevented the development of an effective dengue vaccine
approved for human use. In recent years the incidence of dengue
fever has increased at an alarming rate, due primarily to the spread
of the mosquito vectors and increased worldwide travel [3–5]. The
life threatening forms of the viral infection, dengue hemorrhagic
fever/dengue shock syndrome (DHF/DSS), are also occurring with
increasing frequency during dengue outbreaks, with an estimated
200,000–500,000 cases per year [2,6].

Dengue fever is caused by any one of the four viral serotypes
(DENV-1, DENV-2, DENV-3, and DENV-4). Infection by any serotype
creates life-long immunity against that serotype. However, there is
a strong association between a second infection with a different

viral serotype and the more severe forms of the disease, DHF/DSS
[1,2,7]. There are two primary hypotheses for the association of
DHF/DSS with secondary infections. One theory suggests that anti-
bodies induced during primary infection do not recognize the
second serotype well enough to neutralize the virus, however they

http://www.sciencedirect.com/science/journal/0264410X
http://www.elsevier.com/locate/vaccine
mailto:coller@hibiotech.com
mailto:bcoller@hibiotech.com
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ind to virus and facilitate an increase in cell entry and replication
or the second infecting dengue virus [1]. The second theory is that
he immunity to the first serotype misdirects the initial immune
esponse to the second serotype via the phenomenon of “original
ntigenic sin”, allowing an initial period of greater viral replication
8–10]. In both cases a higher level of viral replication occurs and
esults in exacerbated disease. These hypotheses have important
mplications for vaccine development. Namely, the development of
dengue vaccine must be tetravalent to simultaneously immunize
gainst all four serotypes. This will not only prevent disease induced
y infection with any one of the four virus serotypes, but also will

nsure the presence of specific neutralizing antibodies and specific
emory cells that should provide a rapid, and specific, response to
serotype even during a secondary infection and minimize the risk
f enhancement and exacerbated disease.

Efforts to develop effective vaccines to prevent dengue dis-
ase have included both traditional and molecular approaches
reviewed in Refs. [11–13]). A number of groups have focused on
evelopment of live attenuated viral strains ([14–22]; reviewed

n Refs. [23–25]). However, to date these efforts have failed to
ield a formulation which induces properly balanced tetravalent
mmunity while maintaining an acceptable safety profile. Recent
fforts to produce live attenuated vaccines have utilized molec-
lar techniques to generate chimeric or genetically engineered
trains ([15–17]; reviewed in Refs. [26,27]). In these efforts, prelim-
nary data with monovalent and tetravalent formulations appear
romising, but the challenge of producing a balanced tetrava-

ent formulation which can be delivered on an attractive schedule
emains. While killed viral vaccines have been shown to be quite
ffective in preclinical studies, their practicality may be limited by
he low virus yields typically achieved with dengue viral culture
28–30]. Additional molecular approaches have included virally
ectored, recombinant subunit, and naked DNA vaccines (reviewed
n Refs. [11–13]). While some level of success has been achieved

ith all these approaches, an economically feasible, safe, and effec-
ive solution for a balanced tetravalent immunization has yet to
merge.

Recombinant subunit-based vaccines may offer significant
dvantages over other approaches currently being pursued for
evelopment of a dengue vaccine. The lack of a replicating virus
elps to ensure the safety of the product as there is no possibility

or inadequate attenuation or reversion in the context of live virus
pproaches or inadequate inactivation in the context of killed virus
accines. Furthermore, in the context of a tetravalent formulation
he ability to induce a balanced immune response may be more
asily manipulated through dose adjustments using recombinant
ubunits compared to four replicating viruses. In terms of yields
nd cost effectiveness for a vaccine targeting primarily developing
reas of the world, a high yielding, highly immunogenic, recombi-
ant subunit may offer an attractive alternative to vaccines based
n virus replication (live attenuated or killed) where yields may be
ower than required.

Antibodies directed against particular epitopes contained
ithin the dengue envelope protein are capable of viral neutral-

zation, i.e. the inhibition of virus infection of susceptible cells in
itro. These epitopes have been mapped to several domains of the
nvelope protein using sets of monoclonal antibodies for dengue
irus [31] and West Nile virus [32,33]. Neutralizing antibodies tar-
eting domain III are often specific for each virus and do not cross
eutralize other viruses (or other serotypes of the same virus if
ultiple serotypes exist). In contrast, neutralizing antibodies tar-
eting domains I or II tend to be of lower avidity and cross neutralize
everal flaviviruses [33]. While not perfect, a high titer of virus
eutralizing antibodies is generally accepted as the best in vitro

ndicator of possible in vivo protection against productive viral
nfection.
28 (2010) 2705–2715

We describe here the expression of recombinant 80E sub-
units from all four DENV serotypes in the Drosophila S2 cell
expression system. These subunits are expressed at high lev-
els (10–50 mg/L) and have been shown to exhibit native-like
conformation [34,35]. This is in marked contrast to previous
expression efforts where recombinant flavivirus products were
plagued by either low level expression, improper conformation,
or both [36–40]. Immunization of mice with low doses of S2 cell
expressed recombinant products in combination with appropriate
adjuvants results in induction of potent tetravalent virus neutral-
izing antibody responses. The high levels of expression and the
low doses needed to achieve potent immune responses suggest
that an effective, economically feasible, tetravalent vaccine based
on recombinant protein subunits can be developed. To further
evaluate the Drosophila S2 cell expressed 80E subunits as vac-
cine candidates, the potential of 80E subunits to elicit a protective
response in mice and monkeys was tested. In some experiments
non-structural protein 1 (NS1 from DEN2) was included in the
vaccine formulation. The purpose of including NS1 is to enhance
the protective potential of the vaccine via humoral and/or cell-
mediated immune responses. The same expression system used
for production of recombinant envelope proteins was used for the
production of NS1. We report here the evaluation of the immuno-
genicity and efficacy of recombinant 80E subunits (with or without
NS1) at various doses and with several adjuvants in mice and
with one adjuvant in monkeys. Protection of mice and monkeys
from virus challenge was achieved with low doses of antigen, thus
demonstrating the potential of the subunits for use in a vaccine for
dengue virus.

2. Materials and methods

2.1. Expression plasmid construction

The expression plasmid pMttbns (derived from pMttPA [41])
was kindly provided by Dr. Allan Shatzman (GlaxoSmithKline, King
of Prussia, PA). The plasmid pMtt�Xho was created by excising a
14 base pair BamHI fragment from the pMttbns to leave a unique
XhoI site. The pMtt�Xho plasmid allows for directional cloning
using the unique BglII and XhoI sites. Dengue expression cassettes
including sequences encoding the full-length pre-membrane (prM)
protein and the E molecule truncated at amino acid 395 of the enve-
lope protein (393 for DEN3) were introduced into the pMtt�Xho
vector using the unique BglII and XhoI sites. The expression of
this prM-E sequence results in the secretion of a truncated enve-
lope subunit protein (DEN-80E) with a native N-terminus resulting
from the cellular processing of the prM-E junction. Dengue gene
fragments were generated by RT-PCR or PCR using primers with
appropriate restriction endonuclease sites and included two stop
codons immediately following the last selected envelope protein
codon. The identity of all expression plasmids were confirmed by
restriction digestion and sequencing.

DENV-1 strain 258848 virus (kindly provided by Dr. Dennis
Trent) was grown in C6/36 cells and was used as a source for viral
RNA for RT-PCR. The prM80E cDNA fragment generated for DENV-1
encompasses nucleotides 422–2102 on the genomic map of ref-
erence strain D1 Thailand AHF82-80 (GenBank accession number
D00502). The RT-PCR product was digested with BglII and XhoI
(encoded by oligonucleotides) and cloned into pMtt�Xho. Upon
expression in the S2 cells the product is efficiently processed result-

ing in secretion of DEN1-80E with native N- and C-termini.

All DENV-2 sequences were derived from the strain PR159/S1
[42]. All prM and E sequences were generated by PCR from the
original cDNA clone, pC8 [43]. A DNA fragment derived from pC8
that represents nucleotides 439–2421 of the DENV-2 genome and
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with one tenth volume of 1 M Tris, pH 8, and then buffer-exchanged
D.E. Clements et al. / V

hat encodes the full-length prM (166 amino acids) and full-length
(495 amino acids) was cloned in the pBluescript (Stratagene, La

olla, CA) using XbaI to create the clone pBSprM100%E. The primer
sed to amplify the amino terminus of the prM-E sequence included
dditional codons immediately preceding the first codon (pheny-
alanine) of the prM coding sequence. The clone p29D280E encodes
mino acids 1–395 of E (nucleotide 937–2121 of the DEN2 genome)
hat was cloned into the NheI site of pBR322. To generate the DENV-
clone representing the truncated version of the envelope protein,
rM80E, a 794 bp BamHI-SalI fragment (BamHI is an internal DEN2
ite, SalI is an oligonucleotide encoded site), representing the
arboxy-terminal end of E, was removed from pBSprM100%E and
eplaced with the corresponding 431 bp BamHI-SalI fragment from
29D280E, encoding the 80% truncation of E, to generate the plas-
id pBSprM80E. The DENV-2 prM80E sequence in the pBSprM80E

lasmid was released by BglII and SalI digestion and ligated into
he pMtt�Xho vector. A PCR induced mutation at amino acid 61
f the 80E molecule was repaired by replacing an AflIII fragment
ontaining the mutation with the homologous fragment from the
riginal pC8 clone. The resulting plasmid, pMttD2prM80E(Ile61),
ossesses a single silent mutation at nucleotide 2001 and produces
n 80E polypeptide with the parental PR159/S1 DENV-2 E protein
equence. Upon expression in the S2 cells the product is efficiently
rocessed resulting in secretion of DEN2-80E with native N- and
-termini.

For the construction of the DEN2-NS1 plasmid, RT-PCR was
tilized to generate the NS1 sequence. DENV-2 strain PR159/S1
irus was propagated in C6/36 cells and used as the source for
iral RNA. The full-length NS1 cDNA fragment generated encom-
asses nucleotides 2422–3477 on the DENV-2 PR159/S1 genomic
ap [43]. The primer used to amplify the amino terminus of NS1

ncluded a sequence encoding for an additional amino acid pro-
eeding the first codon of NS1 (aspartic acid). The amplified cDNA
roduct was digested with BglII and SalI (encoded by oligonu-
leotide primers) and cloned into the yeast expression vector pLS6.
he NS1 BglII and SalI fragment was excised from pLS6 and cloned
nto pMtt�Xho. Upon expression in the S2 cells the N-terminus of
he recombinant DEN2-NS1 begins with the sequence GARSRVPGT-
SGCVV (sequence in italics is non-dengue sequence). The product

s efficiently secreted into the culture medium.
DENV-3 strain CH53489 was propagated in C6/36 cells and was

sed as the source for viral RNA. The prM80E cDNA fragment
enerated for DENV-3 encompasses nucleotides 437–2113 on the
enomic map of reference strain D3H87 [44]. The RT-PCR product
as digested with BglII and SalI (encoded by oligonucleotides) and

loned into pMtt�Xho. Upon expression in the S2 cells the prod-
ct is efficiently processed resulting in secretion of DEN3-80E with
ative N- and C-termini.

DENV-4 strain H241 (kindly provided by Dr. Dennis Trent) was
ropagated in C6/36 cells and was used as the source for viral RNA.
he prM80E cDNA fragment generated for DENV-4 encompasses
ucleotides 441–2120 on the genomic map of the reference strain
ominica [45]. The RT-PCR product for DENV-4 was digested with
glII and XhoI and cloned directly into the Drosophila expression
lasmid pMtt�Xho. Sequence analysis of the expression plasmid
evealed that this strain of DENV-4 contained only a single gly-
osylation site in the envelope sequence (N67), as opposed to the
wo sites normally found in the other DENV-4 strains and other
erotypes. The second glycosylation site (N153) was restored in the
xpression plasmid by site-directed oligonucleotide mutagenesis
sing the pAlter system from Promega (Madison, WI) using double

tranded plasmid DNA as template. An oligonucleotide spanning
he Ile155 codon (ATA) of the envelope protein was designed to
hange it to a Thr codon (ACA). A second mutagenic oligonucleotide
as used to remove a unique KpnI restriction endonuclease site

n the vector for screening purposes. Upon expression in the S2
28 (2010) 2705–2715 2707

cells the product is efficiently processed resulting in secretion of
DEN4-80E with native N- and C-termini.

2.2. S2 cell growth and maintenance

The Drosophila S2 cell line [46] was obtained from ATCC (Man-
asas, VA). Cells were grown at 26 ◦C in Schneider’s medium
(Invitrogen, Carlsbad, CA) supplemented with 10% heat-inactivated
fetal bovine serum (FBS; Hyclone, Logan, UT). S2 cells were co-
transformed with the pMtt�Xho-based expression plasmids and
the pCoHygro selection plasmid which encodes hygromycin resis-
tance (kindly provided by Dr. Allan Shatzman, GlaxoSmithKline,
King of Prussia, PA; [47]) utilizing the calcium phosphate co-
precipitation method (Invitrogen, Carlsbad, CA; [48]) according to
the manufacturer’s recommendations. Cells were co-transformed
with 20 �g total DNA with a 20:1 ratio of expression plasmid to
selection plasmid. Transformants were selected with hygromycin B
(Roche, Indianapolis, IN) at 300 �g/mL in Schneider’s medium sup-
plemented with 10% FBS. Following selection, cells were adapted
to growth in the serum free medium IPL-41, supplemented with
lipids, yeastolate, and pluronic F-68 (Invitrogen, Carlsbad, CA).
For expression studies, cells were grown in supplemented IPL-
41, 300 �g/mL hygromycin, and induced with 200 �M CuSO4. In
all media, the cells were seeded at a density of 2 × 106 cells/mL
and allowed to grow for 6–7 days. Under optimal conditions, cell
densities of 1–2 × 107 cells/mL were achieved after 6–7 days of
growth.

2.3. Subcloning transformed S2 cells

Lines of cells expressing the highest amounts of recombinant
DEN-80E were obtained by subcloning. Subcloning was done using
a removable feeder layer of homologous cells (Anopore membrane
tissue culture inserts, Nunc, Naperville, IL) to allow the cells to
survive at low cell densities. Cells were plated in supplemented
IPL-41 medium containing 10% FBS and 150 �g/mL hygromycin
B in 96 well plates. The first round of subcloning was conducted
at 30 cells/well. Feeder layers were removed once a confluent cell
layer was achieved. Once the subclones were expanded, expres-
sion was evaluated by induction in separate 96 well plates and
immunoprobing of culture supernatant transferred to nitrocellu-
lose in a dot blot format. Several selected high expressers were
expanded and evaluated by SDS-PAGE and Western blot analysis
using serotype specific anti-dengue hyperimmune mouse ascitic
fluid.

2.4. Immunoaffinity purification of 80E subunits

The secreted recombinant DEN-80E subunits were purified from
clarified culture medium by immunoaffinity chromatography (IAC)
using the conformationally sensitive monoclonal antibodies (mAb)
9D12 [49] and 4G2 [50]. S2 cell culture medium was filtered
(0.22 �m) and applied to a 5 mL column of mAb immobilized on
a Sepharose solid support (HiTrap, Amersham Pharmacia Biotech,
Piscataway, NJ). Unbound material was removed by washing with
phosphate-buffered saline and the retained protein eluted using
100 mM glycine, pH 2.5. In-line monitoring of optical density at
280 nm ensured complete washing and facilitated accurate collec-
tion of eluted peaks. Eluted material was immediately neutralized
with phosphate-buffered saline, pH 7.2, utilizing ultra-filtration
(Centricon 30, Millipore, Bedford, MA). Column efficiency was
assessed by SDS-PAGE followed by Coomassie staining and Western
blotting of original, flow-through, wash and eluted fractions. Puri-
fied recombinant products were quantified by UV spectroscopy.
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.5. Evaluation of glycosylation

To evaluate the glycosylation status of the recombinant proteins,
urified DEN-80E products were digested with endoglycosidase
(EndoH) or Peptide-N-glycosidase F (PNGase F) (New England

iolabs, Beverly, MA). The protein preparations were denatured
y boiling for 5 min in 0.5% SDS and 1% �-mercaptoethanol prior
o digestion. The Endo H and PNGase F digestions were then
onducted in 50 mM sodium citrate, pH 5.5, or 50 mM sodium
hosphate pH 7.5 plus 1% NP-40, respectively, for 1 h at 37 ◦C.
he shift in mobility caused by the removal of sugar residues was
ssessed by separation in SDS-PAGE gels and Coomassie blue stain-
ng.

.6. Formulation, preparation and immunization of mice using
arious adjuvants

All work with animals was conducted in compliance with the
nimal Welfare Act and other Federal statutes and regulations
elating to animals and experiments involving animals and adhered
o the principles stated in the Guide for the Care and Use of Labo-
atory Animals, NRC Publication, 1996 edition. All procedures were
eviewed and approved by an Institutional Animal Care and Use
ommittee.

The ability of IAC purified DEN2-80E to elicit virus neutralizing
ntibody responses in combination with a variety of adjuvant for-
ulations was tested in mice. Adult female Balb/c mice in groups

f 5 each were used for all immunizations. The adjuvants tested
ere MF59 (Chiron, Emeryville, CA), MF-75 with threonyl-MDP

Syntex Adjuvant Formulation; Chiron, Emeryville, CA), Ribi700
MPL + TDM emulsion, Corixa, Hamilton, MT), ISCOMATRIX® adju-
ant (CSL Limited, Melbourne, Australia), Rehydragel (Aluminum
ydroxide; Reheis, Berkeley Heights, NJ) and Freund’s com-
lete/incomplete adjuvant (Sigma, St. Louis, MO). The adjuvants
ere used according to the recommendations of the manufacturers.

or all adjuvants except ISCOMATRIX® adjuvant, the immuniza-
ion schedule consisted of a 25 �g DEN2-80E antigen priming
ose followed by two boosts of 12.5 �g each of DEN2-80E anti-
en administered at 3-week intervals. For ISCOMATRIX® adjuvant
he immunization schedule consisted of two doses of 10 �g of
EN2-80E antigen, each administered 4 weeks apart. All immu-
izations were subcutaneous, except for Freund’s adjuvant which
as administered intraperitoneally. Control groups received anti-

en administered subcutaneously in saline (no adjuvant) or saline
lone subcutaneously (negative control). The control groups each
eceived a total of three immunizations. Following the course
f immunization the mice were euthanized and exsanguinated.
irus neutralizing antibodies in the serum of immunized mice
ere determined by plaque reduction neutralization test (PRNT)

s described below.
To assess the durability of the immune response induced by

mmunization, groups of adult female Balb/c mice immunized with
he recombinant DEN2-80E formulated with 10 �g ISCOMATRIX®

djuvant (N = 10), 200 �L Ribi700 (N = 10), and 100 �L MF75 with
r without 40 �g threonyl-MDP (N = 5 for each formulation) were
ollowed for a period of 6 months. Briefly, the immunization sched-
le for Ribi700, and MF75 with or without threonyl-MDP consisted
f a 25 �g priming dose of DEN2-80E followed by two boosts of
2.5 �g each administered at 3-week intervals, and the schedule for

SCOMATRIX® adjuvant consisted of a priming dose of 10 �g DEN2-
0E followed by a single booster dose of 10 �g DEN2-80E 4 weeks
ater. The neutralizing antibody response was tested monthly for
period of 6 months. All mice were given a final boost after the

th month and then sacrificed and exsanguinated 10 days post-
oost. Virus neutralizing antibodies were assayed as described
elow.
28 (2010) 2705–2715

To establish the immunogenicity of each of the four vaccine
components, a dose response analysis was conducted for each anti-
gen by immunizing groups of ten adult female Balb/c mice by
subcutaneous injection with various doses of each of the individual
purified 80E subunits with 10 �g ISCOMATRIX® adjuvant. A prim-
ing dose was followed by an equivalent boost at 4 weeks. The mice
were sacrificed 10 days following the boost and blood collected.
Immunogenicity was assessed by virus neutralizing antibody assay
as described below.

To evaluate the immunogenicity of a tetravalent 80E formu-
lation, groups of ten adult female Balb/c mice were immunized
by subcutaneous injection with a cocktail of 10 �g each of the
four 80E subunits with 10 �g ISCOMATRIX® adjuvant. As controls,
groups of mice were immunized in the same experiment with
each of the four 80E subunits individually at 10 �g and 10 �g
ISCOMATRIX® adjuvant. The priming dose was followed by an
equivalent boost at 4 weeks. The mice were sacrificed 10 days
following the boost and serum collected for virus neutralizing anti-
body analysis.

2.7. Plaque reduction neutralization test

The presence of virus neutralizing antibodies in the serum of
immunized mice was determined using a plaque reduction neu-
tralization test (PRNT) [51,30]. Briefly, serial twofold dilutions of
heat-inactivated mouse antisera were mixed with approximately
100 plaque forming units (pfu) of a homologous serotype virus
and incubated for 1 h at 37 ◦C. The virus-antisera mixture was then
plated onto Vero cell monolayers, allowing 1 h for the virus to bind.
A virus only control was also prepared for each assay. The cell sheet
was then overlaid with medium containing 0.9% agarose and plaque
development was allowed to proceed for 5 days. Virus plaques
were stained with 0.012% neutral red and counted. The number
of plaques obtained for each dilution of antisera was compared to
the virus only control and the percent reduction in plaque num-
ber determined. The highest dilution which resulted in at least 80%
reduction in plaque numbers was reported as the PRNT80 titer. For
DENV-4, fourfold serial dilutions were utilized and the PRNT50 titer
was determined.

2.8. Mouse challenge study

For mouse protection studies, 10–13-day-old weanling Balb/c
mice were immunized by subcutaneous injection with either 1
or 5 �g of IAC purified recombinant DEN2-80E formulated with
2 �g ISCOMATRIX® adjuvant. A second equivalent dose was admin-
istered 2 weeks later. Control animals included groups of mice
immunized with mouse-adapted live DENV-2 or PBS only. One
week following the second dose, the mice were challenged by
intracranial injection with 100 LD50 of live DENV-2, New Guinea
C. Morbidity and mortality was monitored for 17 days post-
challenge.

2.9. Immunogenicity of DEN2-80E in primates

Rhesus monkeys (healthy, young adult, 3–7 kg, Macaca mulatta,
of either sex, born in captivity in the U.S. and screened to elim-
inate any animals positive for simian retroviruses, SIV, STLV, or
antibodies to dengue serotypes-1, 2, 3, or 4, Yellow Fever, Japanese
encephalitis, or St. Louis encephalitis viruses) were immunized
with various doses of IAC purified DEN2-80E formulated with 50 �g

of ISCOMATRIX® adjuvant. Two monkeys received 100 �g doses
of DEN2-80E, two monkeys received 25 �g doses of DEN2-80E,
and two monkeys received 5 �g doses of DEN2-80E. One addi-
tional monkey received a 100 �g dose of DEN2-80E formulated
with Alum. The doses were administered subcutaneously on day 0,
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the secreted product at the prM-80E junction was efficient. Bind-
ing of conformationally sensitive anti-E mAb’s to the non-reduced
80E subunit proteins and not to reduced 80E subunit proteins sug-
gest that the S2 expressed DEN-80E products maintain a native-like
D.E. Clements et al. / V

ay 34, and day 97 of the study. Control animals included one mon-
ey inoculated with DENV-2 purified inactivated virus (PIV) [28,29]
ormulated with Alum, and three monkeys that were administered
BS and ISCOMATRIX® adjuvant only. Approximately 1 month
ollowing the final vaccination (day 132) the monkeys were chal-
enged by subcutaneous injection with 104 pfu of live DENV-2
strain S16803). Neutralizing antibody responses were monitored
hroughout the course of the experiment. The PRNT assays were
onducted essentially as described above with the following modi-
cations. Guinea pig complement was included in all assays and

ourfold serial dilutions were used instead of twofold dilutions.
laque counts were compared to a non-flavivirus immune human
erum pool and the PRNT50 titer was determined by probit analysis
30].

Protection from viral challenge was monitored by determin-
ng the level of virus in the blood for 12 days post-challenge.
era (0.1 mL) were inoculated onto mosquito (C6/36) cell cultures,
hich were incubated for 14 days at 28 ◦C to amplify any virus
resent. The cultures were re-fed on day 7. Virus was detected
y plaque assay of 0.2 mL of C6/36 cell culture fluid on Vero cell
onolayers [30].

.10. Immunogenicity and protective efficacy of a tetravalent
ormulation in non-human primates

The immunogenicity and protective efficacy of candidate DEN-
0E tetravalent formulations were tested in a small, pilot Rhesus
onkey vaccine study. Two groups of two monkeys each were

mmunized with a low dose mixture of 1 �g 80E from each of
he four serotypes plus 0.1 �g DEN2-NS1 formulated with 60 �g
SCOMATRIX® adjuvant or with a moderate dose mixture of
�g 80E from each serotype plus 0.5 �g DEN2-NSI with 60 �g

SCOMATRIX® adjuvant. The animals were boosted at 1, 2 and 3
onths with the same doses of antigens and bled 28 days post-

ach vaccination for PRNT analysis as described [30]. Exogenous
omplement was not included in these PRNT assays.

Five months after administration of the fourth dose of vaccine,
ne monkey in each of the vaccinated groups as well as a naïve
ontrol monkey were challenged with live DENV-2 strain S16803.
he other monkey in each vaccinated group and a naïve control
onkey were challenged with DENV-4 strain 341750 Carib. These

trains are both heterologous variants compared to the vaccine
omponents. Serum was obtained from each monkey for each of
0 days post-challenge and viremia was measured as previously
escribed [30] except initial amplification of virus in the serum was
erformed in cultures of Vero cells.

. Results

.1. Expression and secretion of 80E subunits for all four DENV
erotypes

S2 cells were co-transformed with the DEN1, 2, 3, or 4 prM80E
xpression plasmids and the pCoHygro plasmid and transfor-
ants selected by outgrowth in medium containing hygromycin

. Expression was induced with CuSO4 and cells and medium were
arvested and analyzed for expression by SDS-PAGE and Western
lotting. Comparison of the amount of DEN-80E in the cell asso-
iated fraction and in the culture medium demonstrated that all
our recombinant 80E molecules were efficiently secreted (data not

hown). The DEN1-, DEN2-, and DEN3-80E proteins formed single,
iscrete bands on SDS-PAGE gels. The DEN4-80E subunit (from the
241 strain) formed two distinct bands, which were slightly differ-
nt in size. Analysis of the cloned DENV-4 H241 sequence encoding
he envelope protein determined that the codon for the amino acid
28 (2010) 2705–2715 2709

at position 155 of the E protein which typically codes for a Thr
residue in most DENV-4 strains as well as in other serotypes, instead
codes for an Ile residue due to a single nucleotide change. This Thr
to Ile change abolishes the glycosylation site at Asn153. This same
mutation was reported in the H241 strain sequenced by Lanciotti
et al. [52], but is not present in the sequence of DENV-4 H241 pub-
lished by Kawano et al. [53]. As the majority of DENV-4 strains have
an intact glycosylation site at Asn153 [52], site-directed mutagene-
sis was used to restore the glycosylation site in our clone prM80E
sequence from the H241 strain. Restoring the Thr codon resulted
in the secretion of product that runs as a single protein band on an
SDS-PAGE gel.

The culture medium from S2 transformants representing each
of the four DEN-80E subunits was analyzed by SDS-PAGE under
non-reducing conditions and the protein bands were visualized by
staining with Coomassie Blue. The results are presented in Fig. 1.
The differences observed in the apparent molecular weights of the
four 80E molecules presumably reflect differences in the amino acid
sequences and ionic charges of these molecules as the proteins
were run under non-reducing conditions. Based on comparison
with purified E protein standards, the yield of the 80E subunits was
estimated to be in the range of 10–50 mg/L. The recombinant DEN-
80E proteins were also probed with serotype specific hyperimmune
mouse sera on Western blots. The presence of single reactive bands
on the Western blots (see supplementary Fig. 1) for each recom-
binant 80E protein, and the failure to detect bands representing
the prM-80E precursor proteins, demonstrates that processing of
Fig. 1. SDS-PAGE Analysis of Secreted Recombinant DEN 80E Products. Ten micro-
liters of unconcentrated culture medium from induced S2 cell cultures was
separated on a 4–12% SDS-PAGE gel under non-reducing conditions and the proteins
stained with Coomassie blue. Size of molecular weight markers in kDa is indicated
on the left. Position of DEN-80E bands is indicated by arrows.
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onformation (data not shown). The native-like structure of the
EN2- and DEN3-80E proteins have been further verified by X-ray
rystallographic studies [34,35].

.2. Evaluation of the glycosylation status of the recombinant 80E
roteins

To determine whether the glycosylation patterns of the
ecombinant DEN-80E subunits expressed in Drosophila S2
ells resembled those of native, virion-associated E proteins,
mmunoaffinity purified recombinant DEN-80E proteins were
ubjected to digestion with Endoglycosidase H (Endo H) and
eptide-N-glycosidase F (PNGase F), Endo H only cleaves high
annose and some hybrid N-linked oligosaccharides but not
annose-3 type glycan structures. PNGase F cleaves between

he innermost N-acetylgalactosamine (GlcNAc) and asparagine
esidues of high mannose, hybrid, complex N-linked oligosaccha-
ides and mannose-3 type glycan structures. The secreted products
ere found in all cases to be insensitive to digestion with Endo
, whereas digestion with PNGase F created a detectable increase

n mobility (supplementary Fig. 2). This result is consistent with
mannose-3 type glycan structure, which is typical for glycopro-

eins produced in Drosophila cells where there are typically limited
r no high mannose structures. The X-ray crystallography analysis
f the DEN3-80E [35] also confirmed the mannose-3 type glycan
tructure at Asn153 in support of the results obtained by enzymatic
nalysis.

.3. Immunogenicity of purified DEN2-80E formulated with
ifferent adjuvants

The purified recombinant DEN2-80E antigen formulated with
ifferent adjuvants was tested for its ability to induce virus neu-
ralizing responses in mice. All formulations induced high titers
f serum antibody measured by ELISA (data not shown). However,
he ability of the different formulations to induce virus neutralizing
ntibodies varied greatly as shown in Table 1. The highest PRNT80
iters, between 2000 and 4000, were obtained with formulations
ontaining ISCOMATRIX® adjuvant or MF75 with threonyl-MDP. A
ormulation containing Ribi700 adjuvant induced an intermediate
eutralizing PRNT80 titer of approximately 300, while formula-
ions containing aluminum hydroxide, MF59 or Freund’s adjuvant
nduced much weaker neutralizing PRNT80 titers of less than 30.
hese results demonstrate that the ability of the DEN2-80E anti-
en to induce high titer virus neutralizing antibody was adjuvant
ependent. In comparing the relative potency of the adjuvants to
roduce neutralizing titers, it should be noted that two doses of

SCOMATRIX® adjuvant administered with 10 �g of antigen are

ompared here with titers induced by three doses of the other adju-
ants formulated with 12.5 or 25 �g of antigen. Despite the lower
oses of antigen and fewer immunizations, ISCOMATRIX® adju-
ant formulated with 80E antigen produced the highest titers of
eutralizing antibodies.

able 1
irus neutralizing immune response in mice immunized with DEN2-80E formulated
ith various adjuvants.

Antigen Adjuvant Geometric mean PRNT80 titer

DEN2-80E MF59 26
DEN2-80E MF75 + ThrMDP 2297
DEN2-80E Ribi 333
DEN2-80E Alum 24
DEN2-80E Freund’s <10
DEN2-80E ISCOMATRIX® 4000
DEN2-80E No Adjuvant 10
PBS No Adjuvant <10
28 (2010) 2705–2715

3.4. Duration of immunity to DEN2-80E in mice

To examine the durability of the immune response to these sol-
uble protein subunits, mice were immunized as described above
with DEN2-80E antigen formulated with ISCOMATRIX® adjuvant,
Ribi700, MF75 or MF75 with threonyl-MDP and the resultant
virus neutralizing antibody responses were assessed at monthly
intervals for 6 months (data available as supplementary Table
1). High neutralizing PRNT80 titers of 3000–8000 were elicited
following immunization with each adjuvant formulation and the
PRNT80 titers remained high at levels of approximately 1000–4000
for at least 6 months. The antibody titers induced with the
MF75 + threonyl-MDP and ISCOMATRIX® formulations were sim-
ilar to the results reported in the previous study. However, the
titers induced by the Ribi formulation were noticeably higher than
the previous experiment. The source of this variability is not clear.
It may reflect the variability of the assay which could have been
amplified by the small number of animals used per group in these
experiments, although highly variable responses is generally not
expected with inbred mice. Alternatively, it may reflect lack of
consistency in the formulation preparation. At 6 months the mice
were reimmunized with the same formulation to test for a memory
immune response. Virus neutralizing antibody titers were main-
tained or increased when tested at 1 month following this booster
immunization. These results demonstrate that DEN2-80E formu-
lated with ISCOMATRIX® adjuvant or Ribi700 adjuvant generated
high virus neutralizing antibody responses that persisted in mice
with a good memory component for at least 6 months.

3.5. Protection of mice from viral challenge

The protective efficacy of the DEN2-80E recombinant subunit
antigen formulated with ISCOMATRIX® adjuvant was assessed in a
mouse challenge model. Groups of weanling mice were immunized
with 1 and 5 �g doses of DEN2-80E antigen. Following immu-
nization the mice were challenged intracranially with 100 LD50 of
mouse-adapted DENV-2, then observed daily for illness and death
for 17 days (data available as supplementary Fig. 3). While 7 of
the 10 unimmunized mice died upon the viral challenge, complete
protection from morbidity and mortality was observed with both
doses of recombinant antigen. Mice immunized with live DENV-
2, the positive control immunogen in this experiment, were also
protected.

3.6. Virus neutralizing antibodies induced by the four different
serotypes of 80E subunits in mice

DEN1, 2, 3, and 4 recombinant 80E subunits purified by IAC were
formulated with ISCOMATRIX® adjuvant and administered indi-
vidually to adult mice at various doses to determine the effective
immunizing dose for each recombinant protein. Virus neutralizing
antibody responses to the homologous serotype were determined
by PRNT50 analysis of mouse sera. The results are summarized
in Table 2. While the neutralizing antibody titers at equivalent
antigen doses varied among the dengue serotypes, all of the recom-
binant immunogens induced a potent virus neutralizing antibody
response and a clear dose response effect was evident. Maximum
neutralizing antibody titers were attained at protein doses in the
range of 3–10 �g of 80E for each of the four serotypes. It is not
possible to determine if the differences in titers between serotypes
represented differences in specific antigenic potency of each indi-

vidual subunit preparation or reflected variation in the ability
of the independent PRNT assays to produce equivalent measures
of neutralizing antibodies against the different virus serotypes.
Interestingly PRNT titers induced by live attenuated viruses also
often exhibit lower anti-DENV-4 titers which may suggest that
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Table 2
Virus neutralizing antibody titers in mice immunized with various doses of dengue
virus recombinant 80E proteins formulated with 10 �g ISCOMATRIX® adjuvant.

DEN 80E antigen dose Geometric mean PRNT50 titer

DEN1 DEN2 DEN3 DEN4

30 �g NTa NT 1741 728
10 �g 1450 10,556 1550 526
3 �g 1053 8574 1908 278
1 �g 504 4595 1414 144
0.3 �g 35 2096 400 28
0.1 �g <20 590 NT NT
PBS <10 <10 <10 <10

a NT—not tested.

Table 3
Homologous virus neutralizing antibody titers in mice immunized with mono-
valent or tetravalent dengue virus recombinant 80E proteins formulated with
ISCOMATRIX® adjuvant.

Immunogen Geometric mean PRNT50 titer

DEN1 DEN2 DEN3 DEN4

Monovalenta 2759 3031 381 174
Tetravalentb 1589 2639 564 159
PBS <20 <20 <20 <20

a Four groups of mice were immunized with 10 �g of each of the 4 monovalent
80E subunits. Each group was tested for homologous serotype virus neutralizing
a
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ntibody titers.
b One group of mice was immunized with a tetravalent mixture containing 10 �g

f each of the four 80E subunits. The group was tested individually for virus neu-
ralizing antibody titers for each of the dengue serotypes.

ENV-4 is inherently less immunogenic than the other serotypes
23].

To demonstrate that the four 80E subunits could be combined
n an effective tetravalent formulation that elicits neutralizing anti-
odies against all four virus serotypes, the PRNT50 titers elicited
gainst the virus of each serotype was compared when mice were
mmunized using the individual 80E subunit components alone or
n a tetravalent mixture of the components. In the same experi-

ent, groups of mice were immunized with 10 �g of each serotype
f 80E alone formulated with ISCOMATRIX® adjuvant, and a group
f mice was immunized with a mixture of 10 �g of each of DEN1,
, 3, and 4 80E subunits formulated with ISCOMATRIX® adjuvant.
he results are summarized in Table 3. Mice immunized with
he tetravalent formulation exhibited a similar virus neutralizing
ntibody titer for a given dengue virus serotype to that which

as obtained in mice immunized with the same dose of a single

erotype recombinant 80E subunit alone. The differences in the rel-
tive PRNT50 levels in the assays for neutralization of the serotype
iruses persisted in these sera from the tetravalent immunizations.
hus, there was no evidence of antigenic interference or dominance

able 4
EN2 virus neutralizing antibody in sera from rhesus monkeys immunized with recombi

ID Vaccine PRNT50 antibody titer on study day

Day 0Vac. Day 34Vac. Day

G617 100 �g 80E-ISCOMATRIX® adjuvant <10 10 180
B7487 100 �g 80E-ISCOMATRIX® adjuvant <10 110 480
F477 25 �g 80E-ISCOMATRIX® adjuvant <10 <10 300
I613 25 �g 80E-ISCOMATRIX® adjuvant <10 90 300
I619 5 �g 80E-ISCOMATRIX® adjuvant <10 50 160
H7J 5 �g 80E-ISCOMATRIX® adjuvant <10 10 620
F485 100 �g 80E-alum <10 60 650
517Z PIV-alum <10 <10 120
N637 none NTa NT NT
N670 none NT NT NT
N816 none NT NT NT

a NT—not tested.
28 (2010) 2705–2715 2711

that might prevent the production of a potent, balanced tetrava-
lent immune response in animals vaccinated with a tetravalent 80E
subunit formulation.

3.7. Immunization and protection of monkeys from viral
challenge

The ability of the DEN2-80E recombinant subunit antigen to pro-
tect monkeys from virus challenge was also tested. Rhesus monkeys
were immunized with different doses of purified DEN2-80E antigen
formulated with ISCOMATRIX® adjuvant or aluminum hydroxide
adjuvant. The animals were vaccinated at 0, 1 and 3 months and
then challenged with a near wild-type dengue virus approximately
1 month after the last dose. Virus neutralizing antibodies were
measured in sera collected over the course of the immunization
schedule and after the virus challenge. The neutralizing antibody
titers obtained are shown in Table 4. All recombinant DEN2-80E for-
mulations elicited virus neutralizing antibodies measured 2 weeks
after the second immunization. There was no correlation between
the dose of the recombinant 80E antigen and the dengue virus
neutralizing antibody titers obtained in this experiment. The pro-
tective efficacy of the vaccine formulations was evaluated by testing
serum samples collected daily after challenge for the presence of
live dengue virus (viremia) using virus isolation on C6/36 mosquito
cells followed by plaque assay on Vero cells. The results are shown
in Table 5. All unvaccinated controls became viremic for an average
of 9 days. The control animal vaccinated with DEN2 purified inacti-
vated virus (PIV) vaccine was fully protected. All animals vaccinated
with 80E subunit formulations exhibited some degree of protec-
tion from viremia. Interestingly, there was no detectable viremia
in animals that received the lowest dose of recombinant antigen
of 5 �g formulated with ISCOMATRIX® adjuvant, while animals
immunized with higher doses of vaccine of 25 �g or 100 �g showed
moderate levels of viremia. Due to the small number of animals in
this experiment, comparisons of the number of viremic animals
between vaccinated groups and controls do not achieve statis-
tical significance (P = 0.10, comparing unvaccinated controls (3/3
viremic animals) and the 5 �g 80E vaccinated group (0/2 viremic
animals); Fisher exact probability test). However, if one compares
the sum of the number of viremic days in all animals within groups,
the differences become significant. Thus, 0/24 viremic days in the
5 �g 80E vaccinated group compared to the control group (27/36
viremic days), the 25 �g 80E vaccinated group (6/24 viremic days),
and the 100 �g 80E vaccinated group (5/24 viremic days), yields
p values (2-tailed) of <0.0001, 0.0219, and 0.0496, respectively

(Fisher exact probability test). The vaccinated animals also exhib-
ited large increases in dengue virus neutralizing antibody titers
following challenge. This anamnestic antibody response demon-
strates intact immunological memory as a result of immunization
with the recombinant DEN2-80E.

nant DEN2-80E formulations.

49 Day 69 Day 97Vac. Day 113 Day 132Virus Day 159

460 230 920 400 >12,800
480 600 >640 >640 >12,800
230 450 660 470 >12,800

0 1000 1100 >1280 >1280 >12,800
0 590 1900 >1280 1200 >12,800

760 530 >1280 >640 >12,800
1200 250 770 600 >12,800
320 90 490 50 8000
NT NT NT <10 860
NT NT NT <10 1600
NT NT NT <10 990
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Table 5
Viremia in vaccinated rhesus monkeys after challenge with live DEN2 virus.

ID Vaccine Viremia on day

1 2 3 4 5 6 7 8 9 10 11 12

G617 100 �g DEN2-80E ISCOMATRIX® adjuvant 0a 0 0 0 0 0 +b + 0 0 0 0
B7487 100 �g DEN2-80E ISCOMATRIX® adjuvant 0 0 0 0 0 + + + 0 0 0 0
F477 25 �g DEN2-80E ISCOMATRIX® adjuvant 0 0 0 + + + + + 0 0 0 0
I613 25 �g DEN2-80E ISCOMATRIX® adjuvant 0 0 0 0 0 + 0 0 0 0 0 0
I619 5 �g DEN2-80E ISCOMATRIX® adjuvant 0 0 0 0 0 0 0 0 0 0 0 0
H7J 5 �g DEN2-80E ISCOMATRIX® adjuvant 0 0 0 0 0 0 0 0 0 0 0 0
F485 100 �g DEN2-80E/Alum 0 0 0 0 0 0 + + + + 0 0
517Z PIV/Alum 0 0 0 0 0 0 0 0 0 0 0 0
N637 none 0 + + + + + + + + 0 0 +
N670 none 0 + + Fc + + + + + + + 0
N816 none 0 + + + F + + 0 + + 0 0
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a 0—no virus plaques.
b +—>5 virus plaques.
c F—1–5 virus plaques.

.8. Immunogenicity and protective efficacy of tetravalent
ormulations in monkeys

In a small trial to assess the safety and immunogenicity of a
etravalent 80E vaccine formulation, two groups of two monkeys
ach were immunized with different doses of tetravalent 80E pro-
eins formulated with ISCOMATRIX® adjuvant. One group received
low dose, 1 �g each 80E, and the second group received a mod-

rate dose, 5 �g of each 80E. Both the low and moderate dose
etravalent formulations tested in this monkey study included
EN2-NS1. Each animal received 4 doses at 0, 1, 2, and 3 months.
he animals were observed for local side affects such as redness and
welling and for general side effects such as lethargy and weight
oss after each inoculation. Both the low and moderate antigen
oses were found to be well tolerated by the monkeys without
vidence for any adverse local or systemic reactions (data not
hown). As shown in Table 6, all monkeys developed virus neu-
ralizing antibodies to each of the four dengue serotypes, although
he neutralizing antibody titers varied among animals. The PRNT50
eutralizing antibody titers were highest for DENV-1 and DENV-2,
imilar to that observed with mice vaccinated with either mono-
alent or tetravalent antigens. Lymphocytes from the vaccinated

onkeys also exhibited significant responses in T-lymphocyte pro-

iferation assays to antigens from each of the four dengue serotypes
data not shown). As with the PRNT levels, proliferative responses
aried among serotypes, but this variation did not correlate with

able 6
irus neutralizing antibody responses induced in rhesus macaques following vaccination

Group/vaccine Animal ID Dengue serotype
for PRNT testing

Day 0
(dose 1)

Day 28
(dose 2

Low dose: 1 �g each
80E + 0.1 �g
NS1 + ISCOMATRIX
adjuvant

AA37 DENV-1 <10 <10
DENV-2 <10 <10
DENV-3 <10 <10
DENV-4 <10 <10

FTH DENV-1 <10 <10
DENV-2 <10 <10
DENV-3 <10 <10
DENV-4 <10 <10

Moderate dose: 5 �g
each 80E + 0.5 �g
NS1 + ISCOMATRIX
adjuvant

T206 DENV-1 <10 <10
DENV-2 <10 <10
DENV-3 <10 <10
DENV-4 <10 <10

AJ14 DENV-1 <10 <10
DENV-2 <10 <10
DENV-3 <10 <10
DENV-4 <10 <10

A—no valid result available.
the variation in the PRNT levels with serotype. Immune responses
to DEN2-NS1 were also examined in this study and both antibody
and cell-mediated immune responses were induced against NS1
(data not shown).

To test the ability of the tetravalent 80E vaccine formulation to
protect against different dengue serotypes, the vaccinated mon-
keys, together with unvaccinated dengue naïve controls, were
challenged with live dengue viruses 5 months after the last dose.
One monkey from each group was challenged with DENV-2 and
the other animal from each group was challenged with DENV-4.
Serum was collected daily from each animal for 10 days following
challenge to measure viremia. As shown in Table 7, the non-
immunized control monkey that received the DENV-2 challenge
exhibited viremia lasting for 4 days and the non-immunized con-
trol monkey that received the DENV-4 challenge exhibited viremia
lasting for 5 days. One of the monkeys that received the 5 �g dose
of the tetravalent formulation had an anti-DENV-4 PRNT titer of
14 one month before and 17 at the time of DENV-4 challenge and
exhibited some breakthrough viremia; however, all other vacci-
nated monkeys, including those immunized with the 1 �g dose of
the tetravalent formulation, developed robust virus neutralizing
antibody titers and were fully protected. There is some evidence

that a certain threshold level of dengue virus neutralizing anti-
body is associated with protection [30,54] and these data tend to
support this conclusion. In addition, the observation of protection
associated with lower doses of antigen is consistent with the DEN2-

with a tetravalent recombinant subunit vaccine formulation.

)
Day 67
(dose 3)

Day 102
(dose 4)

Day 130 Day 275 (challenge) Day 293

68 290 510 72 161
112 194 604 232 135

29 136 127 33 61
47 83 300 89 107

232 1230 1361 231 711
105 887 1969 293 548
<20 231 305 90 747

39 313 894 105 812

34 88 193 20 1300
53 363 602 NA 630

<10 75 147 136 6845
<10 32 59 17 5958

82 420 326 117 700
340 1048 2536 200 9500
157 206 201 355 4020

92 170 282 237 1889
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Table 7
Live virus challenge of monkeys after tetravalent immunization.

Group Animal ID PRNT50 for each serotype 1
month before challenge

Challenge serotype
assigned randomly

Viremia
(positive days)

Low dose: 1 �g 80E each of four serotypes + 0.1 �g
NS1 + ISCOMATRIX® adjuvant

AA37 DEN1: 63 DEN4 None
DEN2: 139
DEN3: 59
DEN4: 61

FTH DEN1: 242 DEN2 None
DEN2: 309
DEN3: 64
DEN4: 181

Moderate dose: 5 �g 80E each of four serotypes + 0.5 �g
NS1 + ISCOMATRIX® adjuvant

T206 DEN1: 49 DEN4 Days 4, 5, 6, 7
DEN2: 39
DEN3: 192
DEN4: 14

AJ14 DEN1: 51 DEN2 None
DEN2: 530
DEN3: 270
D
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0E monkey protection study presented above and another DEN2
onkey study [30] that included the S2 expressed DEN2-80E anti-

en. These data demonstrate that properly formulated tetravalent
accines based on recombinant 80E subunit proteins can induce
rotective immunity against more than one dengue serotype.

. Discussion

Despite more than 40 years of sustained effort, an effective
engue vaccine has yet to be developed, primarily because of the
omplications associated with the need for balanced tetravalent
mmunity. While a number of promising results have been reported
n the effort to develop an economically feasible, safe, and effi-
acious dengue vaccine, difficulties such as obtaining the proper
alance of replicating viruses, over- or under-attenuation of infec-
ivity, and the difficulty to efficiently produce native, immunogenic
engue antigens continue to hamper dengue vaccine development.
y using the Drosophila S2 cell system to efficiently produce recom-
inant dengue envelope proteins with native-like conformation,
nd formulation of these recombinant proteins with potent, mod-
rn adjuvants, we report significant advances toward a safe and
ffective tetravalent subunit dengue vaccine.

The Drosophila S2 system has only recently been more
xtensively utilized for recombinant protein expression. Other
xpression systems, including bacterial, fungal and mammalian
ells, have been explored for dengue envelope protein expression.
owever, in our hands, these systems produced recombinant pro-

eins at levels 10–1000-fold lower than the 10–50 mg/L achieved
ith the Drosophila S2 cell system (data not shown), and only the

2 cells produced antigen with native-like conformation as demon-
trated by reactivity with conformationally sensitive monoclonal
ntibodies and X-ray crystal structure analysis [34,35,55]. More
mportantly, when 80E antigens produced in yeast and in S2 cells

ere tested for the ability to elicit virus neutralizing antibodies
n mice, the S2 cell produced 80E proteins resulted in significantly
igher neutralizing titers than the yeast produced 80E protein (data
ot shown).

To assess the ability of the recombinant DEN2-80E antigen pro-
uced in S2 cells to induce dengue virus neutralizing antibodies
n mice, formulations with a variety of adjuvants were tested. The
esults demonstrate the importance of selecting a proper adjuvant
o induce dengue virus neutralizing antibodies with recombinant
antigen. The virus neutralizing antibody titers achieved with the
ost effective adjuvants far exceed those that have been previously
EN4: 148

10 for each serotype DEN4 Days 6, 7, 8, 9, 10
10 for each serotype DEN2 Days 7, 8, 9, 10

reported for other recombinant dengue envelope proteins [36–40].
Importantly, these high antibody titers can be induced by low doses
of antigen, as demonstrated in mice by the dose responses for 80E
antigen with ISCOMATRIX® adjuvant. High neutralizing antibody
titers were maintained for at least 6 months in mice and a strong
memory component was demonstrated by the large increase in
neutralizing antibody titer following booster vaccination at the end
of the 6-month period. The exceptionally high levels of immuno-
genicity exhibited by the recombinant 80E antigen, combined with
high levels of expression, suggest the feasibility of this approach
for producing a subunit vaccine for dengue.

The protective efficacy of the DEN2-80E when combined with
ISCOMATRIX® adjuvant was demonstrated with low doses of anti-
gen in both murine and non-human primate models. In the mouse
model low doses of 1 and 5 �g recombinant 80E antigen, resulted
in complete protection against a lethal virus challenge. In monkeys,
antigen doses of 100, 25 and 5 �g all resulted in high PRNT50 titers
in the range of several hundred to the low thousands 2 weeks after
a second dose. These neutralizing antibody titers were sustained
and a third dose resulted in a further increase in titer. The mon-
keys vaccinated with 5 �g DEN2-80E exhibited no viremia after
live virus challenge while animals vaccinated with the higher doses
of antigen exhibited some breakthrough viremia but less than the
controls. Viremia in these experiments was measured using a qual-
itative cell culture based assay rather than a Q-PCR based assay
which has the advantage of being quantitative. However, since Q-
PCR measures viral genomes rather than infectious virus, the data
generated in the context of vaccinees, with circulating virus neu-
tralizing antibodies, can be difficult to interpret [30], while the
measurement of non-neutralized, infectious virus using cell-based
methods provides unambiguous results. The presence of infectious
virus in the blood of some animals, despite the presence of high titer
virus neutralizing antibody, suggests that significant viral repli-
cation occurred in those animals, and that the antibody present,
though demonstrating virus neutralization capacity in vitro, was
not of adequate activity, avidity or specificity to control the infec-
tion in vivo.

The basis for the superior protection achieved with lower anti-
gen doses remains to be demonstrated and could be linked to a

number of factors including antibody avidity, subclass and/or speci-
ficity. An effect on the Th1/Th2 cell balance is one possibility, as
data from mouse studies suggest that immunization with low doses
of antigen, in the context of saponin-based adjuvants, results in
a more Th1-type response, as evidenced by a shift in the ratio of
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gG2a + IgG2b: IgG1 and higher levels of IFN� produced by T cells
pon in vitro stimulation, compared to results obtained follow-

ng immunization with higher antigen doses (unpublished data).
shift in the antibody avidity or subclass induced in the Rhesus
onkeys could have impacted the efficiency of virus neutraliza-

ion, in a manner not detected in the classic PRNT assay conducted
n Vero cells, but resulting in a demonstrable shift in efficacy in
ivo as measured by viremia. The complexities of virus neutraliza-
ion are elegantly described in the recent review by Pierson and
iamond [56] and highlights the multifactorial nature of neutral-

zation and protection and is consistent with the data presented
n this study. Interestingly, this inverse dose effect where lower
oses of antigen appear more efficacious may be unique to the spe-
ific combination of dengue antigens and saponin-based adjuvants
e.g. ISCOMATRIX® Adjuvant) as this effect has not been observed
ith alum-based formulations (unpublished data) or the alum-MPL

ormulation AS04 [30].
Following the live virus challenge in the monkey studies,

ll vaccinated animals exhibited anamnestic neutralizing anti-
ody responses, suggesting a good memory component in vaccine

mmunity. However, the presence of an anamnestic immune
esponse, even in animals that developed no detectable viremia,
uggests limited or localized viral replication may have occurred
n those animals. Since the rhesus monkey model is not a disease

odel, it is not possible to predict the implication of this finding for
umans. However, there is a growing body of evidence which sug-
ests that increased disease severity is correlated with increased
evels of viremia in dengue infected individuals [57–60]. Therefore,
t is reasonable to expect that a dengue vaccine which significantly
imits viral replication should also prevent disease. Data obtained
rom serological surveys in dengue endemic areas suggest that
terilizing immunity is not required for protection as evidenced
y continued antibody boosting, presumably due to multiple re-

nfection events, but without evidence of overt disease [61]. In any
vent the induction of sterilizing immunity is a difficult target for
ny vaccine to achieve, compared to the much more attainable goals
f limiting viral replication and thereby preventing disease.

The data presented in both mice and monkeys demonstrates
hat the immune response induced by the recombinant protein
ased formulations are durable with antibody titers detected out
t 6 months after immunization in mice and protection from chal-
enge at 5 months after immunization in monkeys. As highlighted
bove, the boost in antibody responses post-challenge further
onfirms a strong memory component, suggesting that upon nat-
ral exposure vaccinated individuals would respond with a rapid,
obust, and protective response. This is key in the effort to pre-
ent severe disease associated with immune mediated pathogenic
echanisms.
The production of recombinant dengue 80E proteins in

rosophila S2 cells that are capable of eliciting potent immune
esponses in mice and non-human primates represents a major
chievement in the effort to develop a recombinant dengue vac-
ine. The S2 cell expression system efficiently produces 80E from
ll four dengue serotypes. Our data show that co-administration
f the subunits from the four serotypes results in a balanced
mmune response, equivalent to that observed when the four indi-
idual components are administered separately. Furthermore this
esponse can be induced in a relatively short period of time (2–3
onths). Several live attenuated vaccines are currently in clini-

al development with promising results from Phase 1 or Phase
studies (reviewed in Refs. [62–65]), with the most advanced
andidate, Chimerivax, now being tested in a field efficacy trial
n Thailand. While these live attenuated approaches offer signif-
cant promise, there are challenges that remain, including the
equirement for an extended dosing schedule of up to 12 months
63]. Thus, the development of a safe and effective alternative

[

[
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to live attenuated approaches, with the possibility for a short-
ened dosing schedule, is an attractive option particularly for a
traveler’s vaccine. The tetravalent 80E formulations described in
this report demonstrated immunogenicity and efficacy in ani-
mal models similar to the results reported with live attenuated
vaccine candidates [30,63,64] and in a previous head-to-head com-
parison in rhesus macaques the DENV-2 80E antigen compared
favorably with a DENV-2 purified inactivated virus (PIV) vac-
cine candidate [30]. Moreover, the 80E products described in this
publication are efficiently produced, highly immunogenic, inher-
ently safe, and capable of inducing durable, balanced, tetravalent
immune responses using an accelerated dosing schedule. These
attributes give them significant potential as a safe, effective, afford-
able alternative to live attenuated dengue vaccines, with the goal
of protecting at risk populations.
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