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ABSTRACT

The causative agent of dengue fever, dengue virus (DENV), is transmitted by mosquitoes, and as distribution of these insects has
expanded, so has dengue-related disease. DENV is a member of the Flaviviridae family and has 4 distinct serotypes (DENV-1, -2,
-3, and -4). No lasting cross protection is afforded to heterologous serotypes following infection by any one of the individual se-
rotypes. The presence of nonneutralizing antibodies to one serotype can facilitate the occurrence of more-severe dengue hemor-
rhagic fever through immune enhancement upon infection with a second serotype. For this reason, the development of a safe,
tetravalent vaccine to produce a balanced immune response to all four serotypes is critical. We have developed a novel approach
to produce safe and effective live-attenuated vaccines for DENV and other insect-borne viruses. Host range (HR) mutants of each
DENV serotype were created by truncating transmembrane domain 1 of the E protein and selecting for strains of DENV that
replicated well in insect cells but not mammalian cells. These vaccine strains were tested for immunogenicity in African green
monkeys (AGMs). No vaccine-related adverse events occurred. The vaccine strains were confirmed to be attenuated in vivo by
infectious center assay (ICA). Analysis by 50% plaque reduction neutralization test (PRNTS,) established that by day 62 postvac-
cination, 100% of animals seroconverted to DENV-1, -2, -3, and -4. Additionally, the DENV HR tetravalent vaccine (HR-Tet)
showed a tetravalent anamnestic immune response in 100% (16/16) of AGMs after challenge with wild-type (WT) DENYV strains.

IMPORTANCE

We have generated a live attenuated viral (LAV) vaccine capable of eliciting a strong immune response in African green monkeys
(AGMs) in a single dose. This vaccine is delivered by injecting one of four attenuated serotypes into each limb of the animal.
100% of animals given the vaccine generated antibodies against all 4 serotypes, and this response was found to be balanced in
nature. This is also one of the first studies of dengue in AGMs, and our study suggests that viremia and antibody response in
AGMs may be similar to those seen in DENV infection in humans.

Dengue virus, the etiological agent of dengue fever (DF), is a
mosquito-borne virus of the Flaviviridae family (1). DENV is
an enveloped, positive-strand RNA virus that is characterized as
one of four distinct serotypes (DENV-1, -2, -3, or -4) which can be
transmitted to humans by the bite of an aedine mosquito, notably
Aedes aegypti and Aedes albopictus (Asian tiger mosquito) (2, 3).
DENV infection can lead to a wide spectrum of clinical outcomes
ranging from asymptomatic to the classical “breakbone” DF or the
much more severe and life-threatening dengue hemorrhagic fever
(DHF) and dengue shock syndrome (DSS) (4). The occurrence of
DENV follows the distribution of aedine mosquitoes and encom-
passes tropical and subtropical regions globally, with 3.5 billion
people at risk (5).

Dengue is now disseminating out from the tropics; outbreaks
have occurred since 1969 in the Caribbean, including Puerto Rico
and the U.S. Virgin Islands, and there have been almost 500 con-
firmed cases on the U.S. mainland, including Florida and Texas
(6-8). It is estimated that 100 million cases of dengue fever and
500,000 cases of DHF occur each year, leading to more than 20,000
deaths (1). No efficacious therapeutics currently exists.

There are multiple DENV vaccine candidates currently under-
going clinical trial; however, data from these trials suggest that
these vaccines either are incapable of conferring =70% tetravalent
protection or require multiple injections over months, for up to 1

June 2014 Volume 88 Number 12

Journal of Virology p. 6729-6742

year, which is impractical and unsafe in rural settings where the
disease is endemic and for travelers (6, 9-12).

To be globally successful, it is of critical importance that a
dengue vaccine protect against all 4 DENV serotypes. Dengue vac-
cines that are not effective against all 4 serotypes or that require
boosters may leave individuals primed for more-severe and po-
tentially fatal dengue disease such as DHF or DSS should they be
exposed to a secondary, heterologous DENV serotype not pro-
tected against by the vaccine or if exposed prior to full immunity
from secondary or tertiary boosts.

It has recently become evident that the greatest chance of de-
veloping an efficacious tetravalent vaccine is through the use of a
live, attenuated virus (LAV) vaccine. LAV vaccines are known to
produce robust, long-lasting, and broad immune responses and to
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induce strong humoral and cellular immune responses (13). Re-
cent work has revealed that neutralizing antibodies against DENV
are preferentially made against epitopes found only in native, live-
virus configurations (14). Live virus is also necessary to induce the
appropriate protective T cell response (15, 16). To this end, we
have developed a tetravalent LAV vaccine against all four DENV
serotypes following a successful monovalent trial using an LAV
vaccine against DENV-2 (17). The vaccine approach is based on
studies of Sindbis virus (SV) showing that large truncations of the
E2 transmembrane domain (TMD) are well tolerated in insect
cells but not in mammalian cells. This phenotype is referred to as
a host range (HR) mutation because the resulting virus grows
successfully in insect cells but is attenuated for growth in mam-
malian cells (17—-19). There are minimal risks associated with a live
attenuated vaccine capable of replicating in insect cells. The risk of
reversion to the wild-type (WT) phenotype is negligible because
the virus is not under any selective pressure in insect cells and the
mutations are large deletions that are difficult to “repair.” There is
also little to no risk of the virus becoming mosquito borne through
human interactions because the levels of viremia present in the
serum should be insufficient for contraction by the mosquito (20).
These HR viral mutants replicate well in insect cells, which can
provide a low-cost system of manufacture while generating stable
live virus vaccines that are attenuated in mammalian systems.

This method was used to successfully generate a dengue sero-
type 2 HR mutant virus with deletions in the first transmembrane
domain of the E domain (E-T1) capable of eliciting a protective
immune response upon challenge in nonhuman primates (NHPs)
(17). We have since developed HR mutant viruses in DENV-1, -3,
and -4 and have tested the ability of all four HR mutant viruses as
a single-dose LAV vaccine, which we will refer to as HR-Tet in an
African green monkey (AGM) model of infection (17, 21,22). Our
results suggest that one dose of HR-Tet is sufficient to induce an
anamnestic immune response against all 4 DENV serotypes in
NHPs, with no evidence of reactogenicity or reversion of the vac-
cine. Vaccination resulted in 100% seroconversion against all 4
serotypes of dengue virus with a memory response seen upon
heterologous virus challenge. Taken together, these data strongly
suggest that the tetravalent HR-Tet is a safe, immunogenic LAV
vaccine candidate.

MATERIALS AND METHODS

Virus strains. (i) Host range mutants of dengue 1, 2, 3, and 4 (HR-Tet).
A full-length cDNA clone of dengue serotype 2 (DENV-2; strain 16681,
GenBank number U87411) in pGEM3z+ was obtained from R. Putnak of
the Walter Reed Army Institute of Research (23). Clones of DENV-1
(strain Western Pacific 74, GenBank number U88536), DENV-3 (partial
clone DEN3-YU4N, strain CH53489), and DENV-4 (strain 341750, Gen-
Bank number GU289913) were provided by B. Falgout (24-27). A full-
length DENV-3 ¢cDNA clone was generated by subcloning the missing
piece, nucleotides 434 to 2531 (containing the preM and envelope [E]
sequence, plus the first 120 bp of NS1), from WT DENV-3 strain
UNC3001 (supplied by A. DeSilva) into pDRIVE. Full-length DENV-3
transcripts were then produced by ligating the two DENV-3 subclones,
which were then used as transcription templates (K. M. Smith, B. Falgout,
C. J. Spears, C. M. Briggs, M. Quiles, and R. Hernandez, submitted for
publication). All the clones produce full-length DENV RNAs when tran-
scribed in vitro with T7 (for DENV-2 and -3) or SP6 (DENV-1 and -4)
RNA polymerase, and after transfection into mammalian or insect cells,
infectious virions are generated. For the vaccine preparation, all viruses
were grown in C6/36 cells and purified on iodixanol gradients.

6730 jviasm.org

(ii) Challenge viruses. Heterologous WT strains of DENV were
used to challenge AGMs. DENV-2 strain S16803 (GenBank number
GU289914) was provided by R. Putnak (28). DENV-1 Hawaii (HI),
DENV-3 H87, and DENV-4 H241 were provided by B. Falgout.

Viremia analysis by RT-PCR. Viral RNA was extracted from 100 .l of
serum collected on days 2 to 7, 9, 11, and 14 postinoculation from the
HR-Tet vaccine (monkeys 1095, 1114, 1225, and 1463) or WT DENV-1 to
-4 controls (monkeys 1253, 1272, 1407, and 1427) using the e.Z.N.A. viral
RNA kit (Omega bio-tek, Norcross, GA). Following elution, RNA was
precipitated and resuspended in 10 pl of diethyl pyrocarbonate-double-
distilled water (DEPC-dH,0) and used as the template for reverse tran-
scription (RT) (High-Capacity cDNA reverse transcription kit; Applied
Biosystems, Carlsbad, CA). PCR was performed using GoTaq Flexi DNA
polymerase (Promega, Madison, WI) with a final Mg2+ concentration of
3 mM and 10 pl of cDNA. Nested PCR cycles were as follows: first round,
95°C for 3 min, followed by 45 cycles of 95°C for 45 s, 1 min at 55°C, and
72°C for 1.5 min. Extension was performed for 3 min at 72°C with a 4°C
hold. For the second round, 5 pl of the primary PCR was diluted for use
under the same conditions with the following alterations: annealing time
was 45 s, and extension time was 1 min. Samples were held at 4°C until
analysis by gel electrophoresis. Primary PCR primers were designed to
amplify the same 1.44-kb region from bp 1151 to 1168 in the E/NS1
domains in all 4 DENV serotypes and vary between serotypes by 2 to 3
nucleotides (nt): DENV-1, sense primer, 5'-GATGTCCAACRCAAGGA
G-3', antisense primer from bp 2578 to 2591, 5'-CGAATTCCACACAC
ACCCTC-3'; DENV-2, sense primer, 5'-GCTGCCCAACACAAGGGG-
3', antisense primer, 5'-CGGATTCCACAAATGCCCTC-3'; DENV-3,
sense primer, 5'-GATGTCCTACCCAAGGGG-3', antisense primer, 5'-C
TGATTCCACAGACTCCATT-3'; DENV-4, sense primer, same as
DENV-1; antisense primer, 5'-CTAATTCCACAGACCCCATC-3'. The
secondary nest primers each amplified a different-size product and were
specific to each serotype. Primers were as follows: DENV-1 (product size,
309 bp), sense primer from bp 2220 to 2245, 5'-CACGTCTGTGGGAAA
ACTGATACACC-3', antisense primer from bp 2504 to 2529, 5'-GTCG
GCCTGGAATTTATATTGCTCTG-3'; DENV-2 (592-bp product), sense
primer from bp 1866 to 1888, 5'-GGAAATAGCAGAAACACAACATG-
3’, antisense primer from bp 2436 to 2458, 5'-GTTCTTTGTTTTTCCAG
CTCACA-3"; DENV-3 (350-bp product), sense primer from bp 2190 to
2209, 5'-CTTTGGATCAGTGGGTGGTG-3', antisense primer from bp
2518 to 2539, 5'-CCAATCGATTGGGGGAGTCTGC-3'; and DENV-4
(product size, 490 bp), sense primer from 1975 to 1998 bp, 5'-GTGGTT
GGGCGTATCATCTCATCC-3', antisense primer from bp 2441 to 2465,
5'-CACTTCAATTCTTTCCCACTCCATG-3'.

Cell culture and virus culture. C6/36 (Aedes albopictus, ATCC CRL-
1660; American Type Culture Collection, Manassas, VA) and Vero cells
(African green monkey kidney, ATCC CCL-81) were maintained as de-
scribed previously (17). Vero E6 cells (AGM kidney clone 6, ATCC CRL-
1586) were maintained in minimal essential medium (MEM) containing
Earl’s salts supplemented with 10% fetal bovine serum (FBS), 2 mM L-
glutamine, 1 mM sodium pyruvate, and 1,500 mg/liter sodium bicarbon-
ate. WT and HR-Tet viruses were grown in C6/36 cells as described pre-
viously (17). Confluent T75 flasks of C6/36 cells were inoculated in C6/36
medium with each dengue virus at a multiplicity of infection (MOI) of
0.03 PFU/cell and rocked for 1.5 h at room temperature. Each flask was
brought up to 5 ml with C6/36 media, and the flasks were put into the
incubator for 7 days at 28°C with 5% CO,. On day 7, supernatants from
infected flasks were harvested and clarified by centrifugation.

Primate model and study design. Thirty-six AGMs (genus Chloroce-
bus) were employed in this study. All animals were prescreened for the
presence of anti-dengue 1 to 4 IgM or IgG by enzyme-linked immunosor-
bent assay (ELISA) (data not shown), and highly reactive monkeys were
excluded. Animals were divided into 9 treatment groups (n = 4) which
were as follows: WT tetravalent (WT-Tet), HR-Tet challenged with
DENV-1 to -4 (4 groups, n = 4/group; 16 in total), or mock vaccinated
(phosphate-buffered saline [PBS]) challenged with DENV-1 to -4 (4
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TABLE 1 Generation of host range mutants

HR DENV Vaccine Induces Immune Response in One Dose

Virus titer (PFU/ml)

Virus Strain Mutant ET-1 TMD sequence” C6/36 Vero

DENV-1 WP 74 AILLT 15:.SWTMKIGIGILLTWLG,, 1.0 X 10° 1.8 X 10°
DENV-2 16681 AGVII 15 SWTMKILIGVIITWIG,,, 4.0 X 10° 1.0 X 10*
DENV-3 ABV AGVLL 14sSWIMKIGIGVLLTWIG, 5 7.0 X 10° 4.0 X 10*
DENV-4 341750 AGFLV 15,.SWMIRILIGELVLWIG,, 1.5 X 10° 7.5 X 10°

“ Consensus sequences for the ET-1 TMD deleted from each virus serotype are shown in boldface.

groups, n = 4/group; 16 in total). Blood samples were collected, and
clinical observations were made at baseline and on days 2, 3,5,7,9, 11, 14,
30, and 62 after vaccine administration. After blood collection on day 62,
animals received 1 of 4 live WT DENV challenge strains (DENV-1 HI,
DENV-2 S16803, DENV-3 H87, and DENV-4 H241) before continued
blood collection and clinical observations at 63 to 69, 71, 73, and 77 days
postvaccination. The WT-Tet group was not challenged. Serum was col-
lected from the blood samples and was subsequently used to measure
viremia, dengue-specific IgG, and neutralizing antibody (NAb) response.
Vaccine viremia was measured on days 2 to 5 and 7, 9, 11, 14, and 30
postvaccination followed by days 63 to 69 and 71 postchallenge. NAb
response was measured on days 0, 14, 30, 62 to 69, 71, 73, and 77. Total
DENV-specific IgG levels were also measured for both pre- and postchal-
lenge samples. Clinical observation involved measuring packed cell vol-
ume (PCV)/hematocrit and white blood cell and platelet counts. Animals
were also observed for any changes in body weight, temperature, respira-
tion, and heart rate twice a day for the duration of the study. Clinical
examinations took place daily for the first week of the study, biweekly
through day 30, and every month after that out to 74 days (data not
shown).

All animal procedures were approved by the Wake Forest University
Animal Care and Use Committee at the Wake Forest School of Medicine.
Wake Forest is an AAALAC-accredited institution. All research was con-
ducted in compliance with the 8th edition of the Guide for the Care and
Use of Laboratory Animals (63).

Viral vaccine preparation and administration. WT-Tet, HR-Tet, and
challenge virus strains were grown as described above. Following clarifi-
cation of the supernatant, virus was purified and concentrated using io-
dixanol gradients (OptiPrep Density Gradient Medium; Sigma). Briefly, a
layer of 12% iodixanol solution was underlayed with a 35% iodixanol
cushion in 38-ml tubes (Becton, Dickinson). Supernatant containing the
virus was overlaid on the gradient and then spun overnight at 4°C and
26,000 rpm using a SW28 rotor. Purified virus was visualized by light and
harvested. This step also serves to concentrate the virus, increasing titers
~10-fold. Purified virus was then quantified by infectious center assay
(ICA), described below, and diluted for injection using sterile PBS. For
vaccination, WT-Tet and HR-Tet serotypes were diluted to 1 X 10° infec-
tious centers (IC)/0.5 ml PBS. Vaccine strains and WT-Tet were admin-
istered as four separate injections, one serotype in each limb. Total in-
jected virus was 4 X 10° IC/animal. For challenge, viruses were grown and
purified as described above. The titer of purified virus was determined via
ICA, and each group (n = 4) was challenged with one serotype of DENV
at 1 X 10° IC/0.5 ml PBS.

ICA. To quantify viremia, an infectious center assay was done as de-
scribed previously (17). This is a modified plaque assay with cells and virus
in soft agar suspension. Titers are calculated and shown as IC/ml.

PRNT. Prior to the plaque reduction neutralization test (PRNT),
monkey sera were heat inactivated for 30 min at 56°C and then diluted
serially 1:2 in completed 1X MEM to dilutions ranging from 1:20 to
1:2,560. Twenty-five PFU of WT virus (DENV-1 Western Pacific,
DENV-2 New Guinea C [supplied by Vance Vorndam, CDC, Dengue
branch], DENV-3 CH53489, and DENV-4 341750) was added and mixed
into each dilution, and the mixtures were incubated at 37°C for 35 min.
After incubation, subconfluent Vero plates were inoculated with each
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dilution of mixtures of serum and virus and incubated at 37°C for 1.5 h.
Inoculum was then removed from the plates, and 1X MEM containing
1% agarose was added to cover each well. After incubating 7 days at 37°C,
plates were stained for 4 h at 37°C with PBS-D containing 1% agarose and
0.06% neutral red stain. After staining, plaques were counted, and serum
dilutions at which 50% of the WT virus added was neutralized determined
the PRNTS,. Seroconversion is defined as a titer of =20. Titers of less than
20 are represented by 10 for determination of the geometric mean titer
(GMT).

ELISA. Measurement of dengue-specific IgG was done using an en-
zyme-linked immunosorbent assay. Briefly, each of the four WT dengue
serotypes used for PRNTs, was grown and purified as described above.
Following purification, viral protein was quantified using a Micro-bicin-
choninic acid (Micro-BCA) protein assay kit (Pierce). Purified virus (100
ng) was added to each well of a 96-well Maxisorp plate (Nunc) in 100 pl
carbonate coating buffer, pH 9.5, and incubated overnight at 4°C. Follow-
ing virus removal, plates were blocked in 300 wl 1X blocking buffer
(Sigma) for 1 h at room temperature. Following blocking, 1:2 dilutions of
heat-inactivated serum in PBS (1:100 to 1:6,400) were added to the plate.
The plate was sealed and incubated at room temperature (25°C) for 1 h.
Following incubation, the serum was removed and the plate was washed
three times with 300 wl wash buffer containing 0.05% Tween 20. Next, 100
pl of goat anti-monkey IgG horseradish peroxidase (HRP; 1:5,000;
Fitzgerald) was added to each well, and the plate was sealed and incubated
for 1 h. Following incubation, the plate was washed 5X in PBS-0.05%
Tween 20. A 3,3',5,5'-tetramethylbenzidine dihydrochloride (TMB) sub-
strate was then added, and following incubation in the dark, the reaction
was stopped using 2 N H,SO,, and plates were read at 450 nm. Assays were
performed in duplicate with positive and negative controls on every plate.
The net optical density (OD) was calculated by subtracting the absorbance
of test serum from that of a PBS control. Endpoint dilution titers were
determined by the dilution at which the OD value was =0.10.

Statistical methods. The statistical significance of previremia, post-
challenge viremia, and postchallenge antibody titers was analyzed using
the Mann-Whitney U test. Postchallenge antibody titer statistical signifi-
cance was analyzed using the Kruskal-Wallis test to determine if a signif-
icant difference was present between the WT-Tet, HR-Tet, and mock
groups. In cases where a significant difference was present, groupwise
significance was analyzed using the Nemenyi-Damico-Wolfe-Dunn test.
All statistical analysis was performed using the R statistical computing
environment.

RESULTS

Production of TMD deletion DENV mutants and HR phenotyp-
ing. The methodology for producing the DENV-2 E-T1TMD de-
letion mutant (DENV-2AGVII) has been described previously
(17, 29). TMD deletion mutants for DENV-1 WP ’74, DENV-3
ABV (Smith et al., submitted; patent 61/674,137) and DENV-4
341750 were generated by identifying the consensus sequence in
all the E-T1 TMDs and deleting the amino acids analogous to
DENV-2 GVII. Sixteen-amino-acid consensus sequences for all
four viruses can be seen in Table 1. To generate the mutants, four
amino acids were deleted from the E-T1 sequence, leaving 12
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amino acids in the TMD. Deletions within the same location in
each of the other serotypes were expected to display the same HR
phenotype as that previously described for DENV-2AGVII (17).
These deleted amino acids are shown in boldface in Table 1. The
mutant viruses were named according to which amino acids were
deleted and are DENV-1AILLT, DENV-2AGVII, DENV-
3AGVLL, and DENV-4AGFLV. Transcripts from each of the viral
clones were transfected into C6/36 cells or Vero cells as described
in Materials and Methods to generate live virus for testing the HR
phenotype. All viral phenotypes were confirmed to be HR, which
we define as >1 log growth reduction in Vero cells compared to
C6/36 cells and the inability to plaque in Vero cells.

As shown in Table 1, TMD deletion mutant viruses had titers of
7.0 X 10° PFU/ml (DENV-3AGVLL), 1.0 X 10° PFU/ml (DENV-
1AILLT), 1.5 X 10° PFU/ml (DENV-4AGFLV), and 4.0 X 10°
PFU/ml (DENV-2AGVII, previously reported in reference 17)
when grown in C6/36 insect cells. When these TMD deletion vi-
ruses were grown in mammalian cells, viral titers dropped by at
least 1 log compared to viral titers obtained from insect cells (Ta-
ble 1). Growth curves for the WT viruses and their mutants in
Vero and C6/36 cells can be found in Fig. 1. When these results
were combined with the viruses’ inability to plaque in Vero cells,
we concluded that DENV-1AILLT, DENV-3AGVLL, and DENV-
4AGFLV exhibited the same HR phenotype as that observed in
DENV-2AGVII and were suitable LAV candidates. These vaccine
candidates were assayed in a nonhuman primate model to deter-
mine their ability to elicit an immune response against dengue
virus challenge.

AGM tetravalent DENV study design. Thirty-six AGMs were
selected for use in the trial. The animals were divided into three
groups: those tetravalently inoculated with each of the four WT
parental viruses (DENV-1 WP °74, DENV-2 16681, DENV-3
ABYV, and DENV-4 341750; n = 4), animals tetravalently inocu-
lated with the four TMD deletion mutants (DENV-1AILLT,
DENV-2AGVIL, DENV-3AGVLL, and DENV-4AGFLV; n = 16),
and animals inoculated with PBS as a control (n = 16). On day 0,
the animals were injected with 1.0 X 10° IC of each of the four
purified viruses/0.5 ml PBS, one into each individual limb (i.e.,
DENV-1 WP’74 or DENV-1AILLT, upper left limb; DENV-2
16681 or DENV-2AGVIIL, upper right limb; DENV-3 ABV or
DENV-3 AGVLL, lower left limb; and DENV-4 341750 or DENV-
4AGFLV, lower right limb) for a total viral load of 4 X 10° IC/
animal. Viruses were administered separately instead of as a mix-
ture to target each individual virus into separate draining lymph
nodes. No boost was administered. Animals were monitored for
the duration of the trial, and no adverse vaccine reactions were
noted for any of the animals by the criteria described in Materials
and Methods.

HR-Tet vaccination viremia and antibody response. To de-
termine vaccine attenuation in vivo, serum samples were taken on
days 1to 7,and 9, 11, and 14 postvaccination. Levels of viremia in
the serum were determined by ICA. As shown in Fig. 2, maximal
titers for both WT and HR-Tet were seen about 2 days following
vaccination. Animals given 4.0 X 10° IC total virus (1 X 10° each
serotype) of the WT dengue viruses (WT-Tet) had an average
maximum titer of approximately 7 X 10° IC/ml. In contrast, ani-
mals given 4.0 X 10° IC total virus (1 X 10° each serotype) of
HR-Tet had an average maximum titer of 2.7 X 10° IC/ml, a
difference of more than 1 log (Fig. 2). During the course of
viremia, animals given HR-Tet had significantly less virus detected
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than animals given the WT-Tet viruses on 9 of the 10 days sampled
despite both groups being given the same initial dose. These re-
sults confirm our in vitro findings that the TMD deletions are HR
mutants attenuated for growth in mammalian hosts.

To ensure that each viral serotype was able to replicate in each
animal, RT-PCR was performed on serum samples from all four
WT-Tet animals and four randomly chosen HR-Tet animals from
eight selected days following vaccination. As shown in Table 2, all
four WT-Tet animals had each serotype present at some time dur-
ing infection, although the four serotypes were not seen simulta-
neously on any one day tested. In contrast, on day 3 postvaccina-
tion, all four HR-Tet animals had simultaneous expression of all
four serotypes, and three of the four HR-Tet animals maintained
this profile on day 4 postvaccination. Additionally, all remaining
12 HR-Tet serum samples from days 3 and 4 postvaccination were
also analyzed by RT-PCR and found to contain all 4 serotypes of
DENV (data not shown). This simultaneous expression indicates
that each virus was able to replicate in the animal with no viral
replication interference, increasing the chances of developing a
balanced immune response against all four serotypes.

To determine if HR-Tet elicited the production of DENV-spe-
cific antibodies, a dengue-specific ELISA was conducted on serum
samples 30 days postvaccination. As shown in Fig. 3, total dengue-
specific IgG for each serotype was measured for WT-Tet-, HR-
Tet-, and mock-vaccinated animals at 30 and 62 days postvacci-
nation. Ab titers are shown as the average normalized optical
density at 450 nm (OD,5,) for each group obtained. As expected,
animals injected with WT-Tet produced IgG against all four of the
DENV serotypes at both time points tested. The amount of Ab
produced differs significantly from that of mock-vaccinated ani-
mals, which had a background level of response. Importantly, an-
imals vaccinated with HR-Tet also elicited a strong IgG Ab re-
sponse at 30 days postvaccination (Fig. 3A). This response is not
significantly different from the WT-Tet response for any of the
four serotypes; however, it is significantly different from readings
obtained from the mock-vaccinated animals. The same profile
was seen on day 62 postvaccination, indicative of a long-lived Ab
response (Fig. 3B) and demonstrating that vaccination with HR-
Tet initiates a total dengue-specific Ab production similar to that
induced by vaccination with WT-Tet.

Once it was ascertained that an Ab response against the vaccine
had been elicited, levels of neutralizing antibodies against each of
the four DENV serotypes were measured by PRNTS5,. In Table 3,
geometric mean titers (GMTs) for each animal group against each
individual serotype are shown along with the GMT for each
group. A breakdown of titers seen in each individual animal can be
found in Fig. S1 in the supplemental material. The WT-Tet group
(n = 4) had 100% seroconversion to DENV-1 by day 14 and 100%
seroconversion to DENV-2, -3, and -4 by day 30 postvaccination
(see Fig. S1 in the supplemental material). By 62 days postvacci-
nation, 100% of animals (16/16) had tetravalently seroconverted
following vaccination with HR-Tet. GMTs from HR-Tet-vacci-
nated animals differed significantly from those of mock-vacci-
nated animals, while there was no significant difference in titers
between WT-Tet and HR-Tet animals.

Viremia and Ab response in AGM postchallenge. To test the
immunogenicity of HR-Tet, AGMs were given a heterologous vi-
ral challenge. On day 62 postvaccination, animals vaccinated with
HR-Tet or PBS control (mock) were divided into four groups (n =
4) for challenge. Each group was challenged with 1 X 10° IC of one
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FIG 1 Growth of HR-Tet vaccine viruses and their parental wild-type viruses in mammalian and insect cells. Each of the four vaccine serotypes and their
corresponding parental wild-type viruses were grown in mammalian (Vero) and insect (C6/36) cells for a 7-day time course. Cells were infected with an intial
MOI of 0.03 PFU/cell, and infection was allowed to progress for 7 days. Starting at 1 day postinfection, cell supernatant was harvested and a plaque assay done
to determine virus titers. As shown, DVIAILLT (A), DV2AGVII (B), DV3AGVLL (C), and DV4AGFLV (D) all had ~1-log reduction in growth in Vero cells
compared to their parental WT viruses. In contrast, there was no difference in viral titer between the vaccine viruses and the parental WT viruses when grown in

C6/36 cells.

of the four WT DENV serotypes per animal. The challenge viruses
were heterologous strains from those used to generate the vaccine
strains: DENV-1 HI, DENV-2 S$16803, DENV-3 HS87, and
DENV-4 H241. Animals given WT-Tet were not challenged. Fol-
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lowing challenge, all animals were monitored for any adverse ef-
fects. Blood was taken at 10 time points postchallenge (days 62 to
69, 71, 73, and 77 postvaccination) to determine postchallenge
viremia and Ab responses.
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FIG 2 Viremia following vaccination. The amount of viremia in serum was measured daily out to 14 days postvaccination by ICA. Animals were given either 4 X
10°IC (total) of the 4 parental serotypes (WT-Tet) or 4 X 10°IC (total) of 4 host range mutant serotypes (HR-Tet). Titers from HR-Tet animals were significantly
lower than titers from WT-Tet animals on days 2 (P < 0.004), 3, (P < 0.02), 4 (P < 0.03), 5 (P < 0.02), 6 (P < 0.01), 7 (P < 0.007), 9 (P < 0.02),and 14 (P <

0.03) by the Mann-Whitney test.

Postchallenge viremia was measured using ICA as described
above. Following challenge with DENV-1 HI, mock-vaccinated
animals had significantly higher viremia for the duration of infec-
tion than did animals vaccinated with HR-Tet (Fig. 4A). By day 71
postvaccination (day 9 postchallenge), there was an almost 10-
fold difference in viral titer between vaccinated and nonvacci-
nated animals. Following challenge with DENV-2 S16803, HR-
Tet vaccinated animals displayed a small but measurable decrease
in viremia compared to mock-vaccinated animals, although it was
not statistically different (Fig. 5A). HR-Tet vaccinated animals
challenged with DENV-3 H87 had a 10-fold decrease in viremia
compared to mock-vaccinated animals (Fig. 6A). The difference
in viremia was most noticeable on days 1 and 5 postchallenge.
Lastly, the ability of HR-Tet to protect against challenge from
DENV-4 H241 was determined. As shown in Fig. 7A, animals
vaccinated with HR-Tet had viremia 10- to 20-fold lower in mag-
nitude on most days and shorter in duration than mock-vacci-
nated animals. Animals inoculated with the HR-Tet vaccine
cleared the viremia by day 9 postchallenge, whereas mock-vacci-
nated animals still had detectable levels of viremia at this time.

The presence of NAD against challenge virus was also measured

TABLE 2 Virus expression in tetravalently vaccinated animals

using a PRNT,, as described above. NAD titers were measured
daily for 7 days postchallenge and again on days 9, 11, and 15. NAb
titers for each individual animal are shown along with the GMT
for each group. The assessment for seroconversion was the same as
described above, with a value of 10 being used for animals with
titers =20. For animals challenged with DENV-1 HI, 4 of 4 ani-
mals (100%) vaccinated with HR-Tet had NAD titers consistent
with seroconversion 1 day postchallenge (Fig. 4B). In contrast,
only 1 of 4 naive animals (25%) from the mock-vaccinated group
seroconverted to DENV-1 following challenge. That lone animal
did not develop antibody against DENV-1 until 2 days postchal-
lenge. There was also a noticeable difference in GMT for each of
these groups, with the highest GMT for the HR-Tet animals being
seen on day 15 postchallenge (animal 2152, Fig. 4B). The highest
GMT achieved by mock-vaccinated animals was 40, seen on day 7.
Four of 4 HR-Tet animals (100%) challenged with DENV-2
516803 retained high levels of neutralizing antibody against
DENV-2 as early as 1 day postchallenge (Fig. 5B). While 4 of 4
mock-vaccinated animals (100%) seroconverted to DENV-2,
these animals did not fully seroconvert until 3 days postchallenge.
HR-Tet vaccination also led to higher NAD titers following

DENV serotype(s) expressed on:

Virus Animal no. Day 2 Day 3 Day 4 Day 5 Day 6 Day 7 Day 9 Day 11

WT-Tet 1253 2 1,2,4 1,2,3 3,4 3 4 2,4 —
1272 2,4 1,2,4 2,3 3,4 3 4 2,4 4
1407 2,4 1,2 2,3 3,4 3 4 2,4 2,4
1427 1,2,4 1,2,4 2,3 3,4 3 4 2,4 2,4

HR-Tet 1095 1,2 1,2,3,4 1,2,3,4 2,4 3 2,3,4 2,4 2,4
1114 1,2,4 1,2,3,4 2 2,3,4 3 2,3,4 2,4 2,4
1225 1,2,4 1,2,3,4 1,2,3,4 2,3,4 2,3 2,3,4 2,4 2,4
1463 1,2 1,2,3,4 1,2,3,4 2,3,4 2,3 2,3,4 2,4 2,4
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FIG 3 ELISA on postvaccination samples. At 30 (A) and 62 (B) days postvac-
cination, an ELISA to measure IgG in AGMs was done as described in Materials
and Methods. For day 30 (A), WT-Tet and HR-Tet samples are statistically
significantly different from mock samples for all DENV serotypes (DV) tested
(DV1, WT-Tet versus Mock and HR-Tet versus mock, P < 0.001; DV2, WT-
Tet versus mock and HR-Tet versus mock, P < 0.001; DV3, WT-Tet versus
mock, P < 0.01, and HR-Tet versus mock, P < 0.001; DV4, WT-Tet versus
mock and HR-Tet versus mock, P < 0.001). For day 62 (B), there were signif-
icant differences in OD between samples (DV1, WT-Tet versus mock, P <
0.01, and HR-Tet versus mock, P < 0.001; DV2, WT-Tet versus mock, P <
0.01, and HR-Tet versus mock, P < 0.001; DV3, WT-Tet versus mock, not
significant, and HR-Tet versus mock, P < 0.001; DV4, WT-Tet versus mock,
P < 0.001, and HR-Tet versus mock, P < 0.001). Statistics were performed
using the Kruskal-Wallis test with Dunn’s posttest.

DENV-2 S§16803 challenge with a maximal GMT of 2,560 ob-
served 5 days postchallenge, whereas the highest GMT seen in the
mock-vaccinated animals was 810 and did not occur until 7 days
postchallenge (Fig. 5B). When PRNT, was performed to measure
the presence of DENV-3-specific NAb, 100% of animals (4/4)
were found to maintain titers of neutralizing antibody following
challenge with DENV-3 H87 (Fig. 6B). Animals that received the

TABLE 3 Geometric mean titers from PRNT,"

HR DENV Vaccine Induces Immune Response in One Dose

HR-Tet vaccine also had higher GMT titers of neutralizing anti-
body with the maximal GMT of 2,560 at 4 days postchallenge
compared with mock animals that displayed a maximal GMT of
1,076 on day 3 postchallenge. As shown in Fig. 7B, 4 of 4 (100%)
HR-Tet-vaccinated animals retained their seroconverted status
following DENV-4 H241 challenge with high titers seen as early as
1 day postchallenge. While 4 of 4 (100%) mock-vaccinated ani-
mals did seroconvert against DENV-4, the majority of the animals
did not seroconvert until day 3 postchallenge. Furthermore, the
maximal GMT elicited by HR-Tet was found to be 1,810 (day 1)
compared to 160 for mock-vaccinated animals on day 3 postchal-
lenge.

To determine if the antibody elicited following challenge was
indicative of a memory response, sera from these animals were
used in an ELISA for serotype-specific DENV IgG on days 9 and 15
postchallenge. These results are presented as fold over control,
and an anamnestic response is defined as a titer >4-fold that of the
control. As shown in Fig. 8A, animals vaccinated with HR-Tet had
a DENV-1-specific Ab response approximately 14-fold greater
than that of control animals, whereas mock-vaccinated animals
had a <1-fold increase at 9 days postchallenge. This trend contin-
ued out to 15 days postchallenge, when HR-Tet-vaccinated an-
imals had an Ab response 8-fold greater than the control sam-
ples. However, mock-vaccinated animals were still only 2-fold
above the negative control (Fig. 8B). Animals inoculated with
the HR-Tet vaccine prior to challenge with DENV-2 S16803
had a >20-fold increase in dengue-specific Ab titer on day 9
following challenge, whereas mock-vaccinated animals had a
<1-fold increase at this time point (Fig. 8A). This trend con-
tinued out to day 15 postchallenge, when animals vaccinated
with HR-Tet exhibited a 5-fold increase in DENV-2-specific
IgG compared to mock-vaccinated animals, for which the fold
increase was just slightly more than 1 (Fig. 8B). Ab titers from
HR-Tet-vaccinated animals challenged with DENV-3 H87 on
day 9 postchallenge revealed an 8-fold increase compared to
the control, whereas the mock-vaccinated animals had a <1-
fold increase (Fig. 8A). This trend continued out to 15 days
postchallenge, when HR-Tet-vaccinated animals had a 6-fold
increase in DENV-3-specific Ab titer compared to the con-
trol and mock-vaccinated animals showed only a 1-fold in-
crease (Fig. 8B). HR-Tet-vaccinated animals challenged with
DENV-4 H241 displayed an 8-fold increase in DENV-4-spe-
cific IgG on day 9 postchallenge compared to the mock-vacci-
nated animals, which had a <I-fold increase (Fig. 8A). This
trend was sustained out to day 15 postchallenge, when it was
established that animals given the HR-Tet vaccine had a 4-fold

GMT

DENV-1 DENV-2 DENV-3 DENV-4
Inoculation Day Day Day Day Day Day Day Day Day Day Day Day Day Day Day Day
group (1) 0 14 30 62 0 14 30 62 0 14 30 62 0 14 30 62
WT-Tet (4) 10 705 1,280 640 10 160 538 905 10 269 905 2,560 10 18 1,810 135
HR-Tet (16) 10 104 123 538 10 100 269 129 10 252 123 91 10 21 742 247
Mock (16) 10 14 21 16 10 30 10 10 10 11 14 10 10 10 12 10

“ Following execution of plaque reduction neutralization tests (PRNT), the dilution of serum sufficient to reduce viral titer by 50% for each serotype was recorded for each animal.
For animals with a titer of <20, the value 10 was used to calculate GMT and report a lack of neutralizing antibody titer. There was no significant difference in antibody titer between
the groups on day zero. Beginning on day 14 for all serotypes, statistically significant differences in antibody titer for WT-Tet and HR-Tet when compared to Mock were observed.
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FIG 4 Viremia and neutralizing antibody titers following challenge with DENV-
viremia following challenge compared to mock-vaccinated animals challenged

-1(DV1). (A) HR-Tet animals challenged with DV1 HI had on average 1 log less
with the same dose of DV1 HI. A significant difference in viremia between the

groups was noted on days 2, 3, 6, and 9 (P < 0.02). Graphed titers are averages from four animals challenged with DV1 HI. (B) There was also a large difference
in neutralizing antibody titer in mock-vaccinated animals compared to HR-Tet animals following challenge. All animals given HR-TET had high neutralizing
antibody titers following challenge with DV1 HI. However, only 25% of mock-vaccinated animals developed neutralizing antibody titers following challenge with

DV1HIL

increase in DENV-4-specific IgG compared to mock-vacci-
nated animals, which demonstrated only a 1-fold increase (Fig.
8B). As a whole, these data suggest that the HR-Tet vaccine is
capable of eliciting a memory immune response following het-
erologous challenge.

DISCUSSION

In light of the recent failure of Sanofi’s CDY vaccine (30-32) to
protect against all four serotypes, enthusiasm for the success of a
live attenuated vaccine formulation to treat dengue fever has
waned. However, there is solid evidence that the most effective
epitopes are found on the native virion in serotype-specific qua-
ternary conformations (14). This type of epitope may not be pres-
ent in the CDY vaccine, which is a chimera virus that uses a yellow
fever backbone. Additionally, the fundamental importance of the
CD8™ T cell response to nonstructural proteins (nsP) during virus
replication underscores the importance of presentation of the cor-
rect homologous nsP epitopes to the immune system (16). All
these antigenic requirements can most successfully be presented
in the live attenuated virus. The HR mutants of DENV do not
share these deficits. The 4-amino-acid deletions in each mutant
are buried within the transmembrane domain. All exposed
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epitopes available to the host immune system are wild type in
sequence.

As shown in the present study, the use of HR mutations for the
development of a tetravalent formulation of DENV has met the
initial requirements for a safe and immunogenic vaccine in a sin-
gle dose in an AGM model. The vaccine strains are attenuated for
growth in vivo and elicit a strong postvaccination anamnestic
memory response that is balanced.

Following vaccination, The WT-Tet-vaccinated animals dis-
played viremia in a range that is expected for transmission from
insect vectors to infected hosts and corresponds with data previ-
ously found in naturally acquired human infections (33). Virus
titers from the HR-Tet-vaccinated animals are significantly lower
than those seen for the WT-Tet-inoculated animals. The viremic
period was prolonged past 14 days, but these animals were fighting
infection from four different, albeit related, viruses that may allow
for more viral replication. We elected to vaccinate in four separate
limbs to decrease viral interference during the initial period of
infection. As was shown by RT-PCR of the vaccinated animals, all
four HR-Tet strains were able to coexist in the animals on day 3
postvaccination. This was repeated on day 4 in 15 of the 16 ani-
mals. This result was not seen in the WT-Tet-inoculated animals
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FIG 5 Viremia and neutralizing antibody titers following challenge with DENV-2 (DV2). (A) HR-Tet animals challenged with DV2 S16803 had noticeably lower
viremia following challenge than did mock-vaccinated animals challenged with the same dose of DV2 S16803. Graphed titers are averages from four animals
challenged with DV2 S16803. (B) There was also a large difference in neutralizing antibody titer in mock-vaccinated animals compared to HR-Tet animals
following challenge. Animals given HR-Tet prior to challenge had much faster, stronger, and more-sustained neutralizing antibody production than did

mock-vaccinated animals challenged with DV2 S16803.

and may have resulted from the level of virus replication or from the
innate ability of the HR-Tet viral mutants to replicate without inter-
ference compared to the WT-Tet DENV infections, because all ani-
mals were vaccinated in the same manner (one serotype per limb).
One interesting observation was the fact that seroconversion to
DENV-2 and DENV-4 came much later for the majority of ani-
mals in the study than did seroconversion to DENV-1 and
DENV-3 (day 30 versus day 14; see Fig. S1 in the supplemental
material). When we look at expression of HR-Tet DENV-2 and
DENV-4 following vaccination in AGM serum for all animals
tested, DENV-2 was present on 7 of 8 days. Similarly, AGMs were
found to have circulating DENV-4 on 6 of the 8 days tested (Table
2). Both DENV-2 and DENV-4, but not DENV-1 or DENV-3,
were found in AGM serum at 11 days postvaccination, after which
viremia dropped below the limit of detection for RT-PCR. In con-
trast, AGMs were found to be infected with DENV-1 and DENV-3
on 3 and 5 of the 8 days tested, respectively, with neither serotype
present after 7 days postvaccination (Table 2). The extended vire-
mic period seen with DENV-2 and DENV-4 may help explain why
seroconversion for these serotypes was delayed compared to
DENV-1 and DENV-3, which were cleared much earlier. Indeed,
DENV-2 has been shown to be a subdominant dengue virus sero-
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type, which may also be contributing to delayed viral clearance
and increased length of time for seroconversion to occur (34).
The accuracy of the IgG response and the tests used to detect it
as an appropriate marker of protection has been the subject of
much debate (35, 36). Nonetheless, while the magnitude of the
response may not correlate with protection in humans, it is indic-
ative of the fact that the immune system has been engaged. It has
been suggested that levels of NAD that are protective will differ for
each virus serotype. This study found that the serospecific IgG
response induced by the HR-Tet vaccine was similar to that seen
to be induced by tetravalent WT DENV infection on day 30 post-
vaccination (Fig. 3A). We suspect that due to the prolonged length
of the viremia, this resulted in a change in the normal time frame
for IgG, as high levels of IgG were still detected on day 62 postvac-
cination (Fig. 3B). When the HR-Tet-vaccinated and the mock-
vaccinated groups were assayed for protection from challenge,
two parameters of protective immunity were measured. First,
viremia postchallenge was assayed by ICA. For DENV-4, there was
a clear 10- to 20-fold difference in the amount of viremia accom-
panied by a shorter period of virus replication compared to the
control (Fig. 7A). While the duration of viremia was not shortened
following challenge with DENV-1 and DENV-3, we did note a
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FIG 6 Viremia and neutralizing antibody titers following challenge with DENV-3 (DV3). (A) HR-Tet animals challenged with DV3 H87 had viremia on average
1loglower in titer following challenge than mock-vaccinated animals challenged with the same dose of DV3 H87. A significant difference in titer between the two
groups was noted on days 2, 3, 5, 6, and 9 (P < 0.02). Graphed titers are averages from four animals challenged with DV3 H87. (B) There was also a difference
in neutralizing antibody titer in mock-vaccinated animals compared to HR-Tet animals following challenge. Animals given HR-Tet prior to challenge had much
faster, stronger, and more-sustained neutralizing antibody production than did mock-vaccinated animals challenged with DV3 H87.

difference in the magnitude of viremia (Fig. 3A and 5A). However,
this was not the case for DENV-2 (Fig. 5A). It is paradoxical that
while DENV-2 displayed the highest NAb titers measured per
group/day for overall GMT, this serotype shows the least reduc-
tion in viremia after challenge. It is possible that during a tetrava-
lent infection, levels of non- or subneutralizing antibody were still
high on day 62 postvaccination. These Abs could hold the virus in
immune complexes that are less susceptible to neutralization, cre-
ating neutralization interference for a limited time. These findings
are confounding, since in contrast to the three other serotypes the
tetravalent DENV-2 infection produced the highest levels of NAb.
However, sera from DENV-2-challenged HR-Tet-vaccinated an-
imals were tested for their ability to be neutralized by exogenous
NAb. This virus population was able to be neutralized completely
when reacted exogenously with neutralizing monoclonal anti-
body (MAD) (data not shown). It is possible that there was also
immune interference with the other serotypes at an undetectable
level. Neutralization was DENV-2 specific, since serum from
DENV-1, -3, and -4 did not show any cross-neutralization (data
not shown). It is not surprising that during a tetravalent infection
all aspects of interference and possible cross-reactivity seen in
monovalent infections would be further complicated (37). In our
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monovalent study of HR DENV-2, challenge virus was efficiently
being cleared on day 6 postchallenge, suggesting that the phenom-
enon seen here is due to the tetravalent infection.

Recently, it has been reported that DENV-2 grown in insect
cells at 28°C can expand in diameter when heated to 37°C (38, 39).
This process was not reversible, and the virus retained the original
titer; thus, two conformational infectious intermediates were
identified. It was concluded that this ability of DENV-2 to expand
would explain the ability to identify known neutralizing epitopes
on the surface of the larger virus not exposed on the more com-
pacted virus. It was not determined by either group whether this
structural difference was a result of a difference in the host envi-
ronment or a function of the temperature of assembly. Insect
host-specific biochemistry, which functions optimally at 28°C,
may be responsible for assembly of the compact structure, which
can adopt a less compact form at 37°C (40). This temperature-
induced expansion phenomenon was not seen in dengue serotype
1 or 4 (39, 41). The ability of DENV-2 to adapt its structure in
response to temperature and possibly host environment may ex-
plain other aspects of DENV-2 secondary infections and our in-
ability to detect a significant decrease in viremia upon challenge in
the presence of significant PRNTj, titers.
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FIG 7 Viremia and neutralizing antibody postchallenge with DENV-4 (DV4). (A) HR-Tet animals challenged with DV4 H241 had lower viremia, which was
cleared more quickly, than mock-vaccinated animals challenged with the same dose of DV4 H241. A significant difference in titers between the two groups was
noted on days 3, 4, and 5 (P < 0.02). Graphed titers are averages from four animals challenged with DV4 H241. (B) There was also a difference in neutralizing
antibody titers in mock-vaccinated animals compared to HR-Tet animals following challenge. Animals given HR-Tet prior to challenge had much faster,
stronger, and more-sustained neutralizing antibody production than mock-vaccinated animals challenged with DV4 H241.

The total GMTs of all four serotypes postvaccination tell only
part of a complex story. Our prechallenge PRNT,;, GMTs from
day 14 to 62 HR-Tet serotype 1- to 4-vaccinated animals were not
significantly different from those of the homologous WT DENV
inoculation. In contrast, the total NAb PRNT;, titer of HR-Tet
tetravalent-vaccinated animals postchallenge showed a ranking
on day 77 postvaccination in the serodominance order of DENV 4
>3 > 1> 2. However, this metric changed when the total NAb
GMT titers were compared and showed dominance in the order
DENV 2 >3 >4 > 1. In theory, the significance of these IgG levels
reflects fluctuation in the amount of nonneutralizing antibody,
cross-reacting Ab and NAb. In the Sanofi/Mihadol vaccine,
DENV-3 16562 PGMK responses predominated (42, 43). In
Sanofi’s CDY vaccine, DENV-4 1228 responses were serodomi-
nant (44). DENV-1 45AZ5 was serodominant in the WRAIR
phase II clinical trial and also was antagonistic with the DENV-2
S16803 component (45). These studies are not comparable to the
one presented herein due to the differences in the host animal,
DENV serotype strain, and method of attenuation.

While no ideal animal model for dengue fever is available,
NHP have been shown to be a suitable model for proof of princi-
ple. As described in this study and previous work, AGMs are prov-
ing to be a useful model for dengue vaccine development (17, 46).
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Recent studies in humans have shown other dengue vaccines un-
able to fully protect against challenge from all 4 DENV serotypes
despite previous promising studies in rhesus macaques (6, 12, 45,
47-53). Additionally, investigations have shown that AGMs
model certain human diseases better than macaques (46, 54-56).
Indeed, some macaques are entirely resistant to DENV infection
(57). When infected with DENV-2, AGMs showed viremia in the
range of 1 to >14 days and a neutralizing antibody response in the
range of 100 to 500 PRNT 5, which is more similar to what is seen
in humans, and showed a longer period of viremia than that ob-
served in related experiments in rhesus and cynomolgus monkeys
(17, 58). Our group has previously been successful in using AGMs
in DENV vaccine trials (17, 21, 22). Furthermore, Vero cells,
which are the prototypic cell for DENV growth and testing, were
originally derived from the kidneys of AGMs (59). Thus, we
elected to use AGMs as a model for our study. It is also important
to note that the amount of LAV vaccine given to humans is nor-
mally several orders of magnitude less than what is given to NHP.
Future studies will determine whether the responses in AGMs are
more representative of the responses in humans.

In summary, the HR-Tet vaccine has several advantages that
display merit for development as a tetravalent dengue vaccine can-
didate. We demonstrate that one dose of HR-Tet is sufficient to
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FIG 8 Anamnestic immune response following challenge. On days 71 (A) and
77 (B) postvaccination (days 9 and 15 postchallenge), we looked for evidence
of a memory immune response by measuring the fold increase in IgG in ani-
mals given HR-Tet prior to challenge compared to IgG in mock-vaccinated
animals. An anamnestic response was defined as any response =4-fold greater
than that of the naive unchallenged control. Animals given HR-Tet prior to
challenge with one of the four serotypes of DENV developed a memory im-
mune response against all four serotypes starting at 9 days postchallenge (A,
gray bars), and this memory response continued out to 15 days postchallenge
(B, gray bars). No evidence of a memory response was seen in mock-vaccinated
animals following challenge at either time point (A and B, hatched bars).

tetravalently seroconvert 100% of AGMs within 62 days of vacci-
nation. HR-Tet was found to be attenuated for growth in AGMs
compared to wild-type parental strains of dengue virus. These
deletions do not change the biochemical structure of the virus or
its immunogenic epitopes. Importantly, because HR-Tet was cre-
ated through sequence deletion, there is virtually no chance of
reversion to the parental phenotype. Multiple passages of our
DENV-2AGVII mutant through insect and AGM cell culture as
well as virus isolated from AGM failed to show reversion to the
parental sequence (17, 29). Vaccination resulted in increased NAb
titers compared to those of nonvaccinated animals, a faster and
stronger antibody response following challenge, which is indica-
tive of an anamnestic response. One injection with HR-Tet was
sufficient to provide a memory response in terms of antibody
production upon challenge with heterologous strains of all four
DENV serotypes. The fact that the antibody response to all four
serotypes appears to be fairly evenly balanced is consistent with
the idea that the vaccine strains are attenuated for growth in mam-
mals and that there is no antigenic competition between the vac-
cine components. Animals given HR-Tet did not develop any ad-
verse effects due to vaccination, and there was no evidence of
reactogenicity at the site of vaccination. Preliminary studies with
wild-types strains of DENV indicate that the HR-Tet strains of
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DENV can be grown to adequate titers in Sf9 cells, which are a
clonal cell line of Spodoptera frugiperdia (Fall armyworm) and
have been used in the production of the FDA-approved live viral
vaccine FluBlok (60-62). Collectively, these data suggest that HR-
Tet warrants development as a LAV vaccine for use in humans.
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