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ABSTRACT
In this work we compared, in the same immunization schedule in mice, two vaccine candidates against Dengue-4 
based on the envelope protein domain III and the carrier P64k. Their molecular and antigenic features, immunoge-
nicity and protective capacity in the viral encephalitis murine model are assessed. Our study endorses the strategy 
of using both sites of inclusion within the same P64k molecule, in order to enhance the immunogenicity of protein 
fragments.
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RESUMEN
Evaluación inmunológica en ratones de dos candidatos vacunales basados en la proteína P64k y el domi-
nio III de la proteína de la envoltura del virus Dengue-4. En este trabajo comparamos en el mismo esquema 
de inmunización en ratones, dos candidatos vacunales contra el virus Dengue-4 basados en el dominio III de la 
proteína de la envoltura y la proteína portadora P64k. Además caracterizamos antigénicamente y molecularmente 
ambas variantes proteicas y evaluamos la inmunogenicidad y capacidad protectora en el modelo murino de encefalitis 
viral. Este estudio avala la estrategia de emplear a la misma vez, dos sitios de inclusión en la P64k como proteína 
portadora, con el objetivo de potenciar la inmunogenicidad de fragmentos proteicos heterólogos.
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Introduction
The envelope protein is the major surface protein of 
Dengue virus (DEN) and its domain III has been con-
sidered to function as the putative cellular receptor- 
binding domain [1]. This viral fragment has been wi-
dely evaluated in vaccine candidates against DEN 
employing the maltose binding protein from Esche-
richia coli, the protein A from Staphylococcus aureus 
and the trp-e gene from E. coli, as carriers [2- 4]. Un-
fortunately, the safety of these carrier proteins has not 
yet been evaluated in humans. On the other hand, in 
the purification protocols of these fusion constructs, 
affinity chromatography is required, which increase 
production costs of the antigens. As an alternative, the 
P64k protein has also been employed as a carrier for 
the domain III of DEN envelope protein [5-8].

The P64k protein is a lipoamide dehydrogenase 
from Neisseria meningitidis serogroup B [9]. Its safe-
ty in humans has been proved with successful results 
[10]. Due to its immunogenicity, availability and mo-its immunogenicity, availability and mo-
lecular weight, this protein has been widely evaluated 
as a carrier for weak immunogens such as synthetic 
peptides and the meningococcal serogroup C polysac-
charide [11-12]. 

Two sites inside the P64k protein for the inclusion 
of the DEN fragment have been reported: i) after the 
first 45 amino acids, within the region coding for the 
lipoil binding domain (LBD) (insertion variant), and 
ii) the C-terminus (fusion variant) [5- 8]. In 2003, the 
molecular characterization of the two protein variants 
corresponding to dengue serotype 4 (DEN4) was re-
ported. Both proteins showed similar antigenic featu-
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res by ELISA using polyclonal antibodies; however 
the insertion variant exhibited a high level of de-
gradation after the semi-purification process [8]. On 
the other hand, experiments conducted in monkeys 
showed that the fusion variant of P64k-domain III of 
DEN2 exhibited a higher immunogenicity and protec-
tive capacity than its insertion counterpart [7].

Based on these results, we selected the recombi-
nant protein resulting from the fusion of DEN4 enve-
lope domain III to the C-terminus of P64k (hereinafter 
PD19) to perform the immunological evaluations in 
animals (unpublished data). In agreement with pre-
vious findings for other DEN4 vaccine candidates [2, 
13, 14], PD19 resulted poorly immunogenic compa-
red with candidates for the remaining serotypes.  

Recently, we reported for the first time a recom-
binant protein for DEN4 (PD24), resulting from the 
inclusion of the envelope protein domain III in both 
sites within the P64k in order to increase the viral re-
presentation in the chimeric protein [15]. This mole-
cule was partially protective in mice after four doses; 
however, the phenomenon of degradation, previously 
observed for the insertion variants, affected the yield 
of the semi-purification process. 

The question then arises: which of the alternatives, 
PD19 or PD24, is the most suitable for developing a 
DEN4-vaccine candidate based on P64k as carrier? As 
a first attempt to answer this question, in this study we 
compared both candidates regarding their molecular 
and antigenic features, immunogenicity and protecti-
ve capacity in the viral encephalitis murine model. 
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Materials and methods

Viruses 
A preparation from suckling mice brain infected with 
DEN4 (H241 strain) was used as antigen for antibody 
detection [16]. A similar preparation obtained from 
brain of non-inoculated mice was used as negative 
control. For animal immunization and virus challenge 
a preparation of infective DEN4 virus (H241 strain) 
(4.5 × 105 pfu/mL) was employed. It was obtained by 
homogenization of suckling mice brain infected with 
DEN4 using the RPMI-1640 medium. For the neutra-
lization assay, clarified cell culture supernatant fluid, 
harvested from Vero cells infected with DEN4 virus 
(H241 strain) was used as viral stock. A concentra-
ted preparation of DEN4 (strain H241) was used for 
in vitro stimulation in the IFNγ detection assay. This 
preparation was obtained by centrifugation at 80 000 
x g, 4 h, 4 ºC of the supernatant from infected Vero 
cells (100 mL), followed by dissolving into 1 mL of 
phosphate-buffered saline (PBS). A mock preparation 
was similarly prepared from the supernatant of unin-
fected Vero cells. 

Recombinant fusion proteins 
The recombinant protein PD24 (the DEN4 envelope 
domain III inserted at two sites within the P64k) was 
obtained as inclusion bodies in E. coli and was subjec-
ted to a denaturation-renaturation procedure [15]. Af-
ter a process of semi-purification the protein reached 
a purity of 70%. A similar semi-purification process 
was developed for the recombinant protein PD19 (the 
DEN4 envelope domain III fused to the C-terminus of 
the P64k) [8]. 

SDS-PAGE 
Ten micrograms of each sample were loaded per lane 
and subjected to SDS-PAGE 12.5% as previously des-
cribed [17]. Proteins were solubilized in SDS-PAGE 
sample buffer containing 1% SDS, 66 mM Tris–HCl, 
1% Glycerol, 0.7% Bromophenol Blue and 10 mM 
β-mercaptoethanol pH 6.8 for 5 min at room tem-
perature. Samples in non-reducing conditions were 
solubilized in the sample buffer without 10 mM 
β-mercaptoethanol. The protein bands were visuali-
zed by staining with 0.1% Coomassie Brilliant Blue 
R-250 in 10% acetic acid and 30% methanol. 

Mouse immunization
Groups of 22 female Balb/c mice 7-week-old were 
purchased from CENPALAB (Havana City, Cuba), 
and housed in appropriate animal care facilities during 
the experimental period. The animals were handled 
according to international guidelines for experiments  
with animals. Mice were immunized by intraperito-
neal route on days 0, 15, 30 and 45 with 20 mg of 
semipurified PD24 or PD19 in 10 mM Tris, 6 mM 
EDTA adjuvanted in aluminum hydroxide. Similarly, 
negative control mice received 20 mg of the purified 
P64k (Placebo group). As positive control one dose of 
infective DEN4 virus (H241 strain) without adjuvant 
was administered to other 22 animals. Mice were bled 
15 days after the last dose and sera were collected for 
further immunological analysis.
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Enzyme linked immunosorbent assay (ELISA)
An amplified sandwich ELISA system was employed 
to determine the anti-DEN4 virus antibodies, as pre-
viously described [15]. For the antigenic characteri-
zation we selected four murine and two human sera 
with IgG titers against DEN4 higher than 1:320 000 
and neutralizing titers higher than 1:250. 

Plaque reduction neutralization test
Neutralizing antibody titers were measured by the 
plaque reduction neutralization test (PRNT) using the 
DEN4 H241 strain with BHK-21 cells, as previously 
described [18]. The neutralization titer was defined as 
the dilution yielding a 50% reduction in the maximum 
number of plaque forming units.

Animal protection assay
One month after the last inoculation, mice were injec-
ted intracranially with 20 mL of a preparation of infec-
tive DEN4 virus containing 50 median lethal doses. 
Mice were daily observed for 15 days for mortality. 
The maintenance and care of experimental animals 
used in this research complied with the international 
guidelines for the humane use of laboratory animals. 

Cell culture
Two months after the last dose, three mice per group 
were splenectomized in aseptic conditions. The cells 
were washed twice with 2% fetal bovine sera (FBS) 
in PBS and resuspended at 2x106 cells/mL in RPMI-
1640 medium (Sigma Aldrich, Ayrshire KA, UK) 
supplemented with 100 U/mL penicillin, 100 µg/mL 
streptomycin (Gibco), 2 mM glutamine (Glutamax, 
Gibco), 5x10-5 M 2-mercaptoethanol (Sigma St. Lo-
uis, MO) and 5% FBS. The cells (2 x 105 cells/well) 
were cultured in 96-well round bottom plates with the 
relevant antigens (dengue virus and mock prepara-
tion). Concanavalin A (ConA) (Sigma St. Louis, MO) 
was used as positive control. 

Cytokine detection
The culture supernatants of splenocytes previously sti-
mulated with DEN4 virus were analyzed in duplicate 
for INFγ-concentration by ELISA using monoclonal 
antibody pairs (Mabtech (INFγ; Nacía, Sweden). The 
ELISA protocol recommended by the manufacturers 
was used with slight modifications. The lowest limit 
of detection of the cytokine in this assay was 4 pg/mL.

Statistical analysis
The ELISA data were analyzed using a Kruskal Wallis 
non-parametric test with the Dunn’s Multiple Compa-
rison Test and a Mann Whitney test. The data from the 
protection assay were analyzed by the Logrank test. 
In all cases, the software application GraphPad Prism 
version 5.00 for Windows (GraphPad Software, San 
Diego California USA, http://www.graphpad.com was 
employed.

Results 
Molecular and antigenic characterization
In order to compare the conformational state of both 
recombinant proteins after the semipurification pro-
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cess, we performed an SDS-PAGE under reducing and 
non-reducing conditions (Figure 1). As a result, under 
non-reducing conditions, both proteins exhibited the 
same pattern of aggregation dependent on disulfide 
bonds, while the carrier protein did not show this be-
havior despite the six free cysteine residues within its 
structure [19].

Both recombinant proteins were recognized by 
murine and human sera (Figure 2). However, protein 
PD24 showed higher recognition levels by murine and 
human sera than protein PD19 (p < 0.05 and p < 0.001, 
respectively). These results indicate a higher antigeni-
city for PD24.  

Immunological evaluation
Each semi-purified protein was injected into mice to 
evaluate the induced immune response. Fifteen days 
after the fourth dose, 10 animals per group were bled 
for the analysis of the humoral response (Figure 3). 
As a result, only 3 mice immunized with PD19 de-
veloped antiviral antibody titers, while the animals 
immunized with PD24 exhibited titers that were sta-
tistically similar to those of the positive control group 
(p > 0.05). 

Despite the low levels of antiviral antibodies elici-
ted after the immunization with the recombinant pro-
teins we decided to evaluate the functionality of these 
antibodies by a plaque-reduction neutralization test 
against DEN4 virus. None of the sera showed neutra-
lizing activity.  

Animal protection assay
One month after the last dose, animals that were not 
bled were challenged with neurovirulent DEN4 virus. 
At the end of the observation period, 67% of animals 
immunized with PD24 in Al(OH)3 survived, and no 
statistical differences were observed between this 
group and the one immunized with the virus (p > 0.05). 
Only 3 mice survived from those immunized with 
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PD19, whereas 100% of the animals from the group 
immunized with the virus were protected (Figure 4).

Detection of IFNγ secretion
Regarding the lack of functional humoral response indu-
ced by the protein PD24 and the significant protection it 
afforded upon viral challenge, we performed an assay to 
determine the elicited cell-mediated immune response.  

Two months after the last dose, animals immunized 
with P64k, PD24 and VD4 were sacrificed. Spleno-
cytes from three mice per group were stimulated in 
vitro with infective DEN4 virus. After four days of 
incubation, culture supernatants were harvested and 
analyzed for mouse IFNγ using an (Figure 3). Evalua-
tion of the antiviral humoral response. 

PD24 (94 kDa) N   CDIII DIIIP64k

  PD19 (80 kDa)N   CDIIIP64k

1

A
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2 3 4 5 6

Figure 1. Analysis by SDS-PAGE 12.5% of the recombinant proteins, under reducing and none reducing conditions. The protein 
bands were visualized by staining with 0.1% Coomassie Brilliant Blue R-250 (A). Lanes: 1, P64k with reducing agent. 2, PD19 
with reducing agent. 3, PD24 with reducing agent. 4, P64k without reducing agent. 5, PD19 without reducing agent. 6, PD24 
without reducing agent. Diagram of the recombinant proteins PD19 and PD24 (B).  
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Figure 2. Antigenic characterization of the recombinant proteins by ELISA. HMAF, hyperimmune ascitic 
fluid. HS, human sera. Statistical significance was evaluated with the Mann Whitney test (*P < 0.05; 
ns *** < 0.001).
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Fifteen days after the last dose, 10 animals per 
group were bled. Sera were collected and analyzed for 
the presence of anti-DEN4 antibodies by ELISA. Sta-
tistical significance was evaluated with a Kruskal Wallis 
test and Dunn’s Multiple Comparison Test (**p < 0.01; 
*p < 0.05; ns p > 0.05). Data represent the mean ± 
SEM (n10 for each group).

ELISA. As a result, the splenocytes from the group 
of mice immunized with protein PD24 secreted higher 
levels of IFNγ than those from the group immunized 
with the protein carrier (Figure 5).

Discusion      
In a previous work we suggested that the insertion of 
two protein fragments within the P64k induced, in 
the final recombinant protein, an aggregation pattern 
dependent on disulfide bonds formation [15]. Results 
from the present study demonstrate that the cysteine-
mediated multimerization observed in PD24 is not a 
consequence of the insertion of an additional domain 
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III within the LBD of P64k. The fusion of DEN4 en-
velope protein domain III to the C-terminus of P64k 
induced the same phenomenon. Dissimilar results 
were obtained with the recombinant protein (fusion 
variant) corresponding to serotype 2 (PD5) [20, 21]. 
In this case the aggregation pattern was avoided em-
ploying the Zn2+ ion in the immobilized-metal-ion 
affinity-chromatography (IMAC) [20]. Considering 
that the semipurification process performed in our 
study was similar to that reported for PD5 [20], we 
can speculate that some intrinsic feature of the DEN4 
envelope domain III may lead to an improper confor-
mation of PD19 and PD24 after the refolding process. 
However, both recombinant proteins were recognized 
by murine and human sera, suggesting the correct con- 
formation of the DEN4 envelope domain III in the 
final molecule.     

Despite similarities in the molecular characteriza-
tion of PD19 and PD24, only the last one protected 
mice from the lethal challenge with DEN4. Consis-
tently, PD24 exhibited the highest antiviral response; 
however, none of the sera showed neutralizing capa-
city. 

In 2007, Volk et al. reported differences between 
the electrostatic charge on the surface of the DEN4-
domain III and the other serotypes, and demonstrated 
differences between their antigenicity employing two 
DEN complex-reactive MAbs [22]. In agreement, 
some studies have reported low immunogenicity 
for DEN4-domain III in tetravalent formulations [2]. 
Additionally, based on several epidemiological and 
immunological data, DEN4 has been described as a 
naturally attenuated virus [23]. Therefore, the lack of 
neutralizing antibodies in our study might have arisen 
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Figure 3. Evaluation of the antiviral humoral response Fifteen 
days after the last dose, 10 animals per group were bled. Sera 
were collected and analyzed for the presence of anti-DEN4 
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from the aggregated nature of the protein PD24 and 
the low antigenicity of the DEN4 virus. In fact, mice 
immunized with the infective virus did not elicit neu-
tralizing antibodies. 

Nevertheless, protein PD24 induced antiviral anti-
bodies. It is well known that the envelope protein is 
expressed on the surface of infected cells [24]. The-
refore the antibody-dependent cellular cytotoxicity, 
mediated by the antibodies elicited against the do-
main III, might be one of the mechanisms of survival 
involved. 

On the other hand, the cell-mediated immunity may 
be playing an important role in the results achieved 
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in our study. There are several studies demonstrating 
the role of the cellular immune response in protecting 
against dengue virus in the mouse encephalitis model 
[25-27]. The levels of IFNγ secretion in mice immuni-
zed with PD24 support this hypothesis. Accordingly, 
previous studies have found a relationship between 
CD8 cytotoxic activity and IFNγ secretion [27, 28]. 

Our study endorses the strategy of using both sites 
of inclusion within the same P64k molecule, in order 
to enhance the immunogenicity of protein fragments. 
Subsequent studies assessing tetravalent formulations 
will include the protein PD24 as the DEN4 vaccine 
candidate.    
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