Protective capacity of vaccine candidates against dengue
virus type 2 based on the capsid protein and
the oligodeoxynucleotide 39M
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ABSTRACT

Vaccine formulations of the chimeric DIIIC-2 protein with different ODNs displaying adjuvant capacity were tested in
mice against dengue virus serotype 2. DIIIC-2 comprises domain Il from the envelope protein fused to the N-terminal
region of the capsid protein. One of the ODNs, named ODN 39M, combines CpG motifs described as immunos-
timulatory active in mice, monkeys and human cells. The ODN sequence determined the immune response pattern
generated, since ODN 39M was the only ODN inducing a Th1 response similar to that induced by the viral infection
in mice. Hence, ODN 39M was aggregated with either the capsid protein of dengue-2 (C-2) or the DIIIC-2 protein,
and both formulations were adjuvanted in alum. Upon administration in two mice models and in non-human pri-
mates, both formulations induced protection after the viral challenge. This was the first demonstration of the protective
capacity induced by the vaccine formulation 39M-DIIIC-2 in non-human primates and in transgenic mouse models
which develop dengue-like clinical symptoms. Moreover, viremia levels were reduced in non-human primates with
the 39M-C-2 formulation. This was the first evidence ever on the induction of a functional immune response against
dengue virus by vaccination in non-human primates, regardless the presence of neutralizing antibodies. Moreover, this
was the first work describing protection in monkeys with a formulation that is suitable for human use and combines
recombinant proteins from dengue virus with alum. This research granted the 2014 Award of the Cuban National
Academy of Sciences.
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RESUMEN

Capacidad protectora de candidatos vacunales contra el virus dengue serotipo 2 basados en la proteina
de la capsida y el oligodesoxinucleétido 39M. Se evaluaron preparaciones de la proteina quimérica DIIIC-2 con
diferentes oligodesoxinucleétidos (ODN) con actividad adyuvante, contra el virus del dengue serotipo 2 en ratones.
DIIC-2 comprende el dominio Ill de la envoltura del virus dengue serotipo 2 fusionado al exiremo N-terminal de
la proteina de la capsida del mismo serotipo. Uno de los ODN, el 39M, combina en una misma molécula regiones
CpG descritas como inmunolégicamente activas en células de ratones, monos y seres humanos. La secuencia del
ODN determiné el patrén de respuesta inmune generado, pues solo el ODN 39M indujo un patrén de respuesta Th1
semejante al que se induce tras la infeccién viral en ratones. Basado en este hallazgo, se seleccion6 el ODN 39M y
se agregé con las proteinas DIIIC-2 y la de la capsida del dengue serotipo 2 (C-2), ambas formulaciones adyuvadas
en almina. Ambas formulaciones indujeron proteccién frente al reto viral en dos modelos animales de ratones y en
primates no humanos. Fue la primera vez que se demuestra la capacidad protectora de la preparacién 39M-DIIIC-2
tanto en ratones transgénicos que desarrollan sintomas similares al dengue como en primates no humanos. Ademas,
la reduccién de los niveles de viremia alcanzados en primates no humanos con la preparacion 39M-C-2 evidencio
por primera vez, en este modelo animal, la funcionalidad de una respuesta inmune independiente de anticuerpos
neutralizantes contra el virus dengue. Ademads, este fue el primer reporte de proteccién en monos con una formulacién
adecuada para ser administrada a seres humanos, que combina a proteinas recombinantes del virus dengue con
alumina. Este trabajo merecié el Premio Anual de la Academia de Ciencias de Cuba para el afo 2014.
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Introduction

Dengue virus (DENV) infection is a major emerging  symptoms ranging from mild fever to potentially fatal
disease of tropical and subtropical countries, transmit-  manifestations of dengue shock syndrome.

ted by the bite of infected mosquitoes. Each of the Our group has developed subunit vaccine candi-
four DENV serotypes causes a spectrum of clinical ~ dates based on the capsid protein of DENV-2 (C-2)
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and a fusion of this protein with the domain III of
the envelope protein (E) of the homologous serotype
(DIIIC-2). The resulting recombinant proteins were
efficiently produced in Escherichia coli and then
properly purified and folded. When presented as a
particulate aggregate, incorporating random oligo-
deoxynucleotides of 45 bases (45b-ODNs), DIIIC-2
induced antiviral and neutralizing antibodies, cell-
mediated immunity (CMI) and significant protection
in mice [1].

In the last years a high number of ODNs with ad-
juvant capacity have been identified. In 2001, Krug et
al. identified the ODN 2216 (5'-GGGGGACGATC-
GTCGGGGGG-3"), which has the capacity to induce
IFNo/B/y secretion in human peripheral blood mononu-
clear cells (PBMC) and mice splenocytes [2]. Verthe-
lyi et al. identified the ODN K3 (5-ATCGACTCTC-
GAGCGTTCTC-3") which showed the induction of
proliferation of humans B cells and the stimulation of
IgM and IL-6 secretion [3]. In addition, the adjuvant
capacity of the preparation IC31, a combination of a
polycationic peptide and the ODNla (5'-ICICICICI
CICICICICICICICIC-3") has evaluated [4]. ODNla
(named PolyIC) is a synthetic ODN of 26 bases com-
posed by 13 copies of the dinucleotide Inosine/Cyto-
sine (IC) joined by a phosphodiester bond. The prepa-
ration IC31 was able to potentiate the specific cellular
and humoral immune response induced in mice by an
ovalbumin peptide and murine tyrosinase [4].

Here we present results on the adjuvant effect of a
modified version of the ODN m2216, the ODN PolyIC
(without chemical modifications) and the 39M ODN,
formed by the fusion of the ODNs m2216 and K3, on
the recombinant protein DIIIC-2. After the selection
of the most immunogenic variant in mice, its ability
to induce a protective response was evaluated in mice
and monkeys for aggregates of DIIIC-2 with C-2 and
the selected ODNs. This research granted the 2014
Award of the Cuban National Academy of Sciences.

Results

The anti-DENV-2 immunoglobulin (Ig)G1/1gG2a ra-
tio was assessed in mice after the aggregation of the
protein with the three different ODNs (m2216, poly
IC and 39M) (Figure 1). A group of animals receiv-
ing the non-aggregated DIIIC-2 was included as a
control (without ODNs). As additional controls, three
groups were tested: one received a DIIIC-2 protein
aggregated with 45b ODN (45b-DIIIC-2), a placebo
formulation (negative control) and the last one was
inoculated with 105 plaque-forming units (p.f.u.) of
infective DENV-2 (positive control). No statistical
differences were observed in the antibody responses
among the groups of animals inoculated with either of
DIIIC-2 aggregates (p > 0.05) (Figure 1A). However,
only the [gG1/IgG2a ratios from the animals receiving
39M-DIIIC-2, m2216-DIIIC-2 or infective DENV-2
(positive control) were statistically lower than those
observed in the group immunized with the non-aggre-
gated DIIIC-2 (p < 0.05).

On the other hand, culture supernatants from mock-
treated or DENV-2-infected splenocytes from im-
munized animals were tested by ELISA to measure
the concentrations of IFN-y and interleukin (IL)-4
(Figure 1B). The IFN-y/IL-4 ratios were higher in
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Figure 1. Immunogenicity in mice of the DIIIC-2 vaccine antigen of Dengue virus serotype 2 (DENV-2)
formulated with different oligodeoxynucleotides (ODNs). A) Ratio of IgG1/ IgG2a antibody response.
Fifteen days after the third dose, the anti-DENV-2 IgG1 and IgG2a were detected by a capture ELISA.
In all cases, statistical analysis was performed by one-way analysis of variance, using Kruskal-Wallis
and Dunn multiple comparison test (* p < 0.05; ** p < 0.01; *** p < 0.001). B) IFNy/IL-4 ratio. Data
represent mean * s.e.m. (n = 8). Statistical analysis was performed by a one-way analysis of varian-
ce, using Newman-Keuls test (*p < 0.05; ** p < 0.01; *** p < 0.001). Modified from reference [5].

animals inoculated with 39M-DIIIC-2 or DENV-2,
with significant differences as compared to the other
groups (p < 0.05). These results were in accordance
with the low ratios of I[gG1/IgG2a observed in DIIIC-2

plus 39M and DENV-2 immunized animals.

Taking into account these results a second ex-
periment was performed to evaluate the protective
capacity induced by the protein aggregates contain-
ing the ODN 39M. Four groups were included, the
animals immunized with: 1) protein 39M-DIIIC-2;
2) C-2-39M; 3) placebo formulation (negative con-
trol); 4) infective DENV-2 (positive control).

One month after the last dose, protection was as-
sessed using the mouse model of dengue encephali-
tis. Animals were intracranially inoculated with 50
median lethal doses (LD,) of the live, neuro-adapted
DENV-2 strain A15. Eight animals from each im-
munized group were euthanized to measure viral
load in the brain. As shown in Figure 2A, the high-
est viral titers (10*° p.f.u./.mL) were detected in the
brain of animals from the placebo group. No brain
infection was observed in the positive control group.
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Figure 2. Protection of mice vaccinated with the DIIIC-2 vaccine antigen of Dengue virus serotype 2
(DENV-2) formulated with different oligodeoxynucleotide 39M, after viral challenge with DENV-2. A)
Viral load in brains from BALB/c mice, 7 days after the viral challenge with DENV-2 A15 strain. Data
represent mean * s.e.m. (n = 5). Statistical analysis was performed by one-way analysis of variance,
using Kruskal-Wallis and Dunn multiple comparison test (* p < 0.05; ** p < 0.01). B) Viral load in
sera from CD11c-Cre*”ifnar1% mice, 3 days after the viral challenge with DENV-2 D2Y98P produced
in C6/36 cells. Data represent mean * s.e.m. (n = 7). Statistical analysis was performed by the non-
parametric test Mann-Whitney (**: p < 0.01). Discontinuous line indicates the cutoff (twice the mean
viral load of the placebo group).
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The statistical analysis revealed significant differenc-
es between the C-2 and DIIIC-2 immunized animals
(p < 0.05) or DENV-2 group (p < 0.01) as compared
to placebo, respectively.

Therefore, the protective capacity of the formula-
tion 39M-DIIIC-2 was evaluated in an immunocom-
promised mouse model CD11c*-Cre™ifnar1¥, where
after the inoculation of non-mouse-adapted dengue
viral strains results in systemic dengue infection
(Figure 2B). Viral load was highly significantly re-
duced in mice immunized (lower than 10** p.f.u./mL;
p < 0.01) in respect to the placebo group (10*? p.fu./
mL) was observed.

On the basis of the preclinical studies in mice, the
DIIIC-2 aggregates were evaluated in non-human
primates. Green monkeys were divided into three
groups, receiving: 1) 39M-DIIIC-2 formulation; 2)
39M-C-2; 3) placebo (alum plus ODN 39M). Admin-
istrations were performed once every 2 months for
6-months.

To assess the protective efficacy of the recombi-
nant vaccine candidate, all animals were challenged
by subcutaneous inoculation of 10* p.f.u. of DENV-
2. Serum samples were collected after challenge and
viremia was quantified using Vero cells. All the pla-
cebo animals developed viremia with a mean dura-
tion of four days and maximum viral titers of 10>°,
10" and 10** p.f.u./mL (Figure 6A in reference [5]).
On the contrary, two out of three animals in the group
receiving DIIIC-2 plus 39M were totally protected,
whereas the animal M2140 (partially protected) de-
veloped a brief, low-level viremia (titer lower than 10
p-fu./mL) that lasted only 1 day (Figure 6B in refer-
ence [5]).

In turn, variable levels of viremia were detected
in the group immunized with 39M-C-2 (Figure 3B
in reference [6]). The animal M2072 had five days of
viremia with a maximum virus titer of 10" p.f.u./mL,
whereas the monkey M2126 exhibited three days
of viremia with maximum virus titer of 10" p.f.u./
mL. The monkey M2048 was completely protected.
Statistical analysis of mean viremia using a non-
parametric Mann-Whitney test showed high statisti-
cal differences between this group and placebo (p =
0.0077).

Discussion

In this study, we immunized mice with formulations
containing ODNs [2, 3] that had been previously re-
ported to have adjuvant capacity in mice, monkeys
and human cells. In addition, we evaluated the novel
ODN 39M, which contains CpG motifs and has poten-
tial immunostimulatory properties.

As expected, our results revealed the influence of
the ODN sequence on the immunogenicity of DIIIC-2,
as indicated by the subclass of IgG elicited and by the
secretion of IFN-y in mice. The addition of ODNs
to the formulations shifted the humoral immune re-
sponses toward a Th1 phenotype, despite using alum
as adjuvant. This effect was more pronounced with the
formulations containing the ODNs 39M and m2216.
In turn, immunization with the formulation contain-
ing the ODN 39M also induced a high-level secretion
of IFN-y and resulted in the highest IFN-y/IL-4 ratio.
These findings indicate that the overall magnitude of
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both, humoral and cellular immune responses is af-
fected by the ODN used for protein aggregation.

The protection assay in BALB/c mice was then
carried out with the 39M-DIIIC2 and 39M-C2 for-
mulations. In both cases, there was a significant re-
duction in virus titers in the brain of challenged mice.
The formulation 39M-DIIIC2 was also evaluated in
an immunocompromised mouse model CD11¢*-Cre*
ifnar1™". This animal model has the disadvantage that
use immunocompromised animals with a limited ca-
pacity of develop an efficient immune response after
the vaccination. Noteworthy, the main advantage of
this model is that it is possible to generate a systemic
infection in mice, with a non-neuro-adapted dengue
strain. There was a significant reduction in virus titers
in sera of challenged mice.

The successful results obtained in mice with 39M-
DIIC-2 and 39M-C-2 aggregates encouraged us to
conduct experiments in monkeys using these two for-
mulations. The immunogenicity of DIIIC-2 in mon-
keys was assessed by a protection assay. Two mon-
keys were fully protected, whereas the third one only
had a 1 day with low-titer viremia. This was the first
work describing protection with a formulation that is
suitable for human use and combines a recombinant
protein from DENV with alum. In our previous stud-
ies, protection was only provided by proteins emulsi-
fied in Freund’s adjuvant, whereas the formulations
containing alum did not conferred protection [7, 8].
This was also reported by Simmons et al. [9], show-
ing no protection in monkeys receiving the protein
MBP-domain III formulated with alum. Conversely,
a promising subunit vaccine candidate based on the
E protein and developed by Hawaii Biotech provided
solid protection when combined with ISCOMATRIX
and protein NS1 in a tetravalent formulation [10].
Nevertheless, when alum was used without any other
Th1-prone adjuvancity in a monovalent formulation,
none of the immunized monkeys was protected [10].

The formulation 39M-C-2 induced a reduction of
viral load after the viral challenge. Capsid protein
does not contain a high quantity of cell-mediated im-
munity (CMI) epitopes for monkeys. In fact, a very
recent study revealed in detail that the dengue capsid
is not the most immunodominant region for CMI in
humans, since it contains one region immunologically
identified by 4 % of responders as compared to other
viral antigens recognized by high magnitude T-cell
responses [11].

Both, the capsid protein and domain III from the
envelope protein are serotype specific viral frag-
ments, so, this supports the development of a tetra-
valent vaccine formulation, able to protect against the
four dengue serotypes.

Conclusions

The experiments conducted in this work using mice
and monkeys provide the proof of concept of a sub-
unit vaccine based on the capsid protein and the ODN
39M, which is effective in both animal models using
alum as adjuvant. Further studies should carefully
measure the duration of the functional immune re-
sponse. This issue should be addressed in upcoming
experiments in non-human primates and humans, us-
ing a tetravalent formulation.
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