
Citation: Tennakoon, M.N.S.; Ryu,

J.-H.; Jung, Y.-S.; Qian, Y.; Shin, H.-J.

Adenovirus-Mediated Expression of

Dengue Virus 2 Envelope Ferritin

Nanoparticles Induced Virus-Specific

Immune Responses in BALB/c Mice.

Microbiol. Res. 2024, 15, 1913–1923.

https://doi.org/10.3390/

microbiolres15030128

Academic Editor: Juan Ayala

Received: 29 July 2024

Revised: 27 August 2024

Accepted: 12 September 2024

Published: 15 September 2024

Copyright: © 2024 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Article

Adenovirus-Mediated Expression of Dengue Virus 2 Envelope
Ferritin Nanoparticles Induced Virus-Specific Immune
Responses in BALB/c Mice
M.S.B.W.T.M. Nipuna Sudaraka Tennakoon 1 , Ji-Hoon Ryu 2, Yong-Sam Jung 3, Yingjuan Qian 3

and Hyun-Jin Shin 1,2,*

1 Laboratory of Infectious Diseases, College of Veterinary Medicine, Chungnam National University,
Daejeon 34134, Republic of Korea; nipunatennakoon55@gmail.com

2 Research Institute of Veterinary Medicine, Chungnam National University, Daejeon 34134, Republic of Korea;
jihoon0855@gmail.com

3 MOE Joint International Research Laboratory of Animal Health and Food Safety, Jiangsu Foreign Expert
Workshop, College of Veterinary Medicine, Nanjing Agricultural University, Nanjing 210095, China;
ysjung@njau.edu.cn (Y.-S.J.); yqian@njau.edu.cn (Y.Q.)

* Correspondence: shin0089@cnu.ac.kr; Tel.: +82-42-821-6760

Abstract: This study provides a preliminary background for the development of a viral vector vaccine
for the dengue virus using genetic material encoded by dengue envelope ferritin nanoparticles.
Adenoviruses were generated for the recombinant envelope of dengue virus 2 (DENV2) and the
envelope human ferritin heavy chain using a two-vector adenovirus system. The primary immunos-
timulatory activity of the two viruses was analyzed in mice to determine the effect of envelope
ferritin nanoparticles. Transfection of a shuttle vector delivered the target gene and packaging vector
carrying the packaging signal, and recombinant adenoviruses (rAds) were generated and purified
using an ultracentrifugation method. Transduction efficiencies of the generated adenoviruses were
confirmed in A549 cells. Purified adenoviruses (8 × 106 PFU/mL) were immunized intramuscularly
into 6 weeks old BALB/c mice. Subsequently, the DENV2-specific IgG titer was evaluated 1 and
4 weeks after immunization. Envelope ferritin-immunized mice showed a significant IgG response
compared to envelope-only immunized mice at 1 and 4 weeks after immunization, revealing the
persistence of the dengue virus-specific IgG response. This method demonstrated the capability of the
viral vector vaccine to be used as a carrier for ferritin nanoparticles, instead of direct immunization
with ferritin nanoparticles.
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1. Introduction

Dengue is a highly contagious flavivirus that is transmitted through the bites of a few
species of mosquitoes, and viral infections cause dengue fever. Four serotypes of dengue
virus were identified as DENV-1, DENV-2, DENV-3, and DENV-4, according to the diverse
synergy between virus types and human serum. According to reports from the WHO, it
has been shown that the number of cases of dengue infection has increased over the last
five years. Therefore, the establishment of virus control and prevention measures and the
development of vaccines and antiviral drugs are essential for curtailing viral infection and
disease severity. Although few vaccines have been reported to be used against the dengue
virus, further development of vaccines with enhanced immune responses and safety is
required to address the prevalence of the disease.

The genome of the dengue virus encodes three dominant structural proteins: the cap-
sid, premembrane (prM), envelope, and seven non-structural proteins. Structural proteins
are important for viral entry process of viruses into host cells [1]. In the fusion machinery
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of flaviviruses, envelope proteins are the major structural elements exposed to the exterior
and interact with the host cell membrane [2]. Specifically, the capsid, prM, and enve-
lope proteins are strongly targeted antigenic elements by antibodies produced in infected
patients [3]. Consequently, envelope proteins have been utilized in the development of
different vaccine strategies and have demonstrated significant immune responses and
virus-neutralization activity [4].

Several vaccine strategies for the dengue virus have been reported, such as live at-
tenuated vaccines [5], inactivated virus vaccines [6], recombinant subunit vaccines [7],
viral vector vaccines [8], and DNA vaccines [9]. In most vaccine candidates, the DENV
envelope protein is used as the primary antigen [10]. As viral vector-based vaccines,
adenovirus, alphavirus, and vaccinia virus vectors have been used in previous studies
for the cloning of antigenic molecules and delivery into host cells. There have been re-
ported benefits of using these recombinant viruses to deliver antigenic molecules, including
durable immune responses, vaccine stability, large-scale manufacturing, eliciting robust
antibody responses, and the induction of cellular immune responses [11]. Importantly,
the ferritin nanoparticle vaccine and drug delivery systems are advanced bioengineering
technologies that can be used to efficiently deliver drugs and vaccine antigens to target
cells [12–15]. Although some vaccine strategies have been used with ferritin nanoparticles,
with the emergence of SARS-CoV-2, a plethora of vaccine strategies have been developed
using ferritin nanoparticles [16–18]. Furthermore, protein nanocages, such as ferritin, and
synthetic nanocages have been used to display single antigen molecules in multiple num-
bers to enhance the immune response and mimic virus morphology with better protein
stability [19–23]. Because of the similar morphological structure of the ferritin cage to the
viral structure, it has been shown that potent CD4+ and CD8+ T cell immune responses
are induced in mouse models [24]. Therefore, a ferritin nanoparticle-based vaccine deliv-
ery system is a well-established technique that provides significant immunostimulatory
activity against emerging pathogens. In our study, we delivered the dengue virus envelope
conjugated with the human ferritin heavy chain through the adenovirus vector system and
subsequently demonstrated an enhanced IgG response from envelope ferritin nanoparticles
compared to the envelope alone, revealing the formation of ferritin nanoparticles.

2. Materials and Methods
2.1. Cells and Viruses

Vero cells were maintained in Minimum Essential Medium (MEM) (WELGENE, Korea)
supplemented with 10% fetal bovine serum (FBS) (Biowest, Lakewood Ranch, FL, USA), 1%
antibiotic-antimycotic (AA) (Biowest, Lakewood Ranch, FL, USA), and 1% HEPES (Gibco,
USA). HEK 293T and 293A cells were maintained in Dulbecco’s modified Eagle’s medium
(DMEM) (Biowest, Lakewood Ranch, FL, USA) containing 10% FBS, 1% AA, and 1% HEPES.
A549 cells were maintained in RPMI 1640 medium (WELGENE, Korea) supplemented with
10% FBS, 1% AA. The DENV-2/KBPV-VR-29 strain was used in this study.

2.2. DENV2 Virus Propagation

DENV2 was inoculated into Vero cells in serum-free MEM in the presence of 2% FBS
and 1% AA and incubated for 3–5 days in a CO2 incubator at 37 ◦C. The virus culture was
maintained for 4–5 passages in the same manner, increasing the scale. Finally, the virus
was harvested and centrifuged at 12,000× g for 10 min at 4 ◦C to recover the supernatant.
The cell pellet was suspended in virus stock solution, lysed with three freeze–thaw cycles,
frozen in liquid nitrogen (LN2), and thawed in a 37 ◦C water bath to release intracellular
virus particles. The cells were then centrifuged at 12,000× g for 10 min to pellet cell
debris, and the virus-containing supernatant was mixed with the virus supernatant. The
viruses were purified and concentrated via centrifugation using a sucrose gradient. Briefly,
25 mL of virus supernatant was carefully decanted into 10 mL of 20% sucrose dissolved in
phosphate-buffered saline (PBS) and ultra-centrifuged in a Hitachi CP100NX ultracentrifuge
at 72,000× g for 5 h at 4 ◦C. The supernatant was aspirated and 200 µL of PBS containing
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1% FBS was added to the pellet, followed by incubation at 4 ◦C overnight. The next day,
the virus pellet suspended in the solution was aliquoted into microcentrifuge tubes and
stored at −80 ◦C.

2.3. Viral RNA Isolation, cDNA Preparation, and qPCR

Viral RNA was isolated from 300 µL of virus supernatant using Ribospin™ vRD
(GeneAll, Seoul, Republic of Korea) and cDNA was prepared using TOPscript™ RT DryMIX
(dN18/dN6) (Enzynomics, Daejeon, Republic of Korea). To confirm the cultured and
purified viruses, 1 µL of cDNA was used for qPCR analysis with 1 µL of each previously
reported primer; Primer 1, Primer 2 (Table 1) [25], and 10 µL of 2X Real-Time PCR Master
Mix (BioFACT ™, Daejeon Republic of Korea) in a total reaction mixture (20 µL). RT-qPCR
was performed using a QuantGene 9600 Real Time Thermal Cycler (Bioer, Binjiang, China),
with a standard two-step thermal cycling profile: initial denaturation at 95 ◦C for 5 min,
denaturation at 95 ◦C for 10 s, and annealing and extension at 60 ◦C for 20 s, with 40 cycles
of repeated denaturation and annealing. Relative expression levels were calculated using
cycle threshold (Ct) values.

Table 1. Primers used for the qPCR and plasmid construction.

Primer Sequence (5′ to 3′)

Primer 1 CAAACAGCAGGACCTTGG

Primer 2 ATCCATCCTCACCTCTGT

Primer 3 GGTACCCTCGAGATGGACTACAAAGACGATGACGACAAGGCAGCAATCCTGGCATAC

Primer 4 GGAATTCCAGATCCTCTTCTGAGATGAGTTTTTGTTCACGCGTTCCTTTCTTGAACCAGTT

Primer 5 GGAATTCAGCAGCGGCACGACCGCGTCCACCTCGCA

Primer 6 CGTCTAGATTAGCTTTCATTATCACTGTCTC

2.4. Plasmids Construction

To generate rAds for DENV2 virus envelope (E) and envelope ferritin heavy chain
genes (E-H), the RAPAd® CMV Adenoviral expression system (Cell Biolabs, San Diego, CA,
USA) was used, which includes two vectors: pacAd5 CMV K-N pA (shuttle vector) and
pacAd5 9.2–100 (packaging vector). Each E and E-H gene was cloned into the multi-cloning
sites of the shuttle vector. Initially, 93 nucleotides (31 amino acids) from the C-terminus of
the prM gene and 1185 nucleotides (395 amino acids) from the N-terminus of the envelope
gene were amplified from the prepared cDNA using Primer 3 and Primer 4 (Table 1) from
the prepared cDNA. An amplified fragment was inserted in between enzyme sites; XhoI
and EcoRI in pacAd5 CMV K-N pA vector and the generated plasmids were named pAd E.
To construct of envelope ferritin plasmid, the ferritin heavy chain gene which was amplified
from cDNA isolated from 293T cells using Primer 5 protruding a linker (SSG) at the 5′ end,
and Primer 6 (Table 1) was cloned in between EcoRI and XbaI enzyme sites downstream of
prM 31 envelope gene and obtained the pAd E-H plasmid.

2.5. Transfection of Recombinant Plasmids

The day before transfection HEK 293T cells (1 × 106 cells/well) were cultured in six-
well cell culture plates. When the cells achieved 80–90% confluence, 200 µL of transfection
mixture containing 3 µg of plasmid DNA and 9 µL of Polyethylenimine (PEI) was trans-
fected into the cells in serum-free media, after which the medium was replaced with cell
culture media 4 h post-transfection. The cells were incubated at 37 ◦C in a CO2 incubator
for 48 h and harvested for expression analysis.

2.6. Adenovirus Production, Amplification and Purification

For the generation of adenoviruses, 2.4 µg of shuttle vector containing the genes of
interest, and 1.2 µg of Ad backbone vector were digested with PacI enzyme for vector
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linearization. One day before transfection, 2 × 106 cells were seeded in a 60 mm-cell
culture dish without antibiotics. When the cells achieved 70–80% confluence, the shuttle
vector and backbone vector were co-transfected with Lipofectamine® 3000 transfection
reagent (ThermoFisher Scientific, Waltham, MA, USA) according to the manufacturer’s
instructions. The next day, the medium was aspirated and 4 mL of fresh culture medium
(DMEM supplemented with 10% FBS and 1% ampicillin) was added. Following incubation
in a CO2 incubator at 37 ◦C for 7–14 days, plaques were checked intermittently. The rAds
generated from pAd E and pAd E-H were named rAd E and rAd E-H, respectively.

When appropriate cytopathic effect (CPE)/plaques appeared (50% of the cells were
lifted), the cells and viral supernatant were harvested and centrifuged at 2000 rpm for
10 min. The cell pellet was suspended in the virus stock solution, and three freeze–thaw
cycles were performed to release the intracellular virus, followed by centrifuging at
12,000 rpm for 10 min. Then, the supernatant was mixed with the previous supernatant,
inoculated into a new 10 cm dish, and incubated in a CO2 incubator at 37 ◦C for 1–2 h.
Thereafter, the medium was replaced with 10 mL DMEM containing 5% FBS and 1% ampi-
cillin and subsequently kept in an incubator for 2–3 days until all cells were detached. After
repeating this inoculation procedure, 100 mL of the virus supernatant was obtained.

The virus supernatant was mixed with 50 mL of 20% PEG in a 2.5 mM NaCl solution. It
was then incubated overnight in an inverter at 4 ◦C to precipitate the virus. The precipitated
virus pellet was harvested after centrifugation at 7500 rpm for 30 min, and the supernatant
was discarded. The pellet was resuspended in 2 mL 20 mM Tris-HCl (pH 8.0) and cen-
trifuged at 12,000 rpm for 10 min to remove debris and recover the adenovirus-containing
supernatant. For density gradient ultracentrifugation, CsCl solutions with densities of
1.3 g/mL and 1.4 g/mL were prepared in 20 mM Tris-HCL (pH8). Sequentially, 1.5 mL
of 1.4 g/mL solution, 1 mL of 1.3 g/mL solution, and 2 mL of the recovered adenovirus
supernatant were added to the ultracentrifuge tube without disturbing each layer. Finally,
the mixture was centrifuged at 100,000× g for 20 h at 4 ◦C. The obtained ultra-viral band
was retrieved and inserted into a dialysis bag (molecular weight cutoff of 10,000) and dia-
lyzed against 10 mM Tris-HCl (pH 8.0) overnight. Viruses were filtered through a 0.2 µM
filter, aliquoted, and stored at −80 ◦C. To determine the titer of rAds, a TCID50 assay was
performed in 293A cells following a previously published method [26], and the TCID50
values were converted into PFU/mL.

2.7. Virus Transduction and Expression Check

One day before transduction, A549 cells (1.5 × 106 cells/well) were seeded in six-well
cell culture plates, followed by transduction of purified viruses into cells at different MOIs
(2.5, 25, and 250) and incubated in a CO2 incubator at 37 ◦C. Cells were harvested 48 h
post-transduction and protein expression was assessed by western blotting.

2.8. Western Blotting

Sample preparation and western blotting were performed according to previously
reported protocol [12]. Cells were lysed using Ottimolyse I lysis buffer (Jubiotech, Daejeon,
Republic of Korea), and similar amounts of protein samples prepared in the sample buffer
were boiled and subjected to sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE). The separated proteins were transferred to a PVDF membrane (MERCK,
Darmstadt, Germany), blocked with 5% skimmed milk, and treated with anti-Myc antibody
(CSB-PA000085, Cusabio, Wuhan, China) or ferritin heavy chain antibody (GT1149, Gene-
Tex, Hsinchu, Taiwan) and an anti-rabbit secondary antibody (PA489724 Cusabio, Wuhan,
China). The antibody-treated membrane was developed using a western blot enhancer and
the images were analyzed using a luminograph.

2.9. Mouse Immunization

Six-week-old Female BALB/c mice were maintained at the animal facility of Chung-
nam National University (CNU), Republic of Korea, in accordance with the guidelines of
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the Institutional Animal Care and Use Committee. Mice were divided into three groups,
with five mice in each group. rAds (8 × 106 PFU/mL) were prepared in PBS without
adjuvant. Mice in each group were immunized intramuscularly with 100 µL of rAd E, rAd
E-H, or PBS. Mice were immunized twice at 2-week intervals followed by blood being
collected by retro-orbital bleeding at 1 and 4 weeks after the second booster.

2.10. DENV2 Virus-Specific IgG ELISA

A hundred-fold diluted (10−1) dengue virus in PBS was added to each well of the
immunoplates (100 µL/well) and incubated at 4 ◦C overnight. The next day, the plate was
washed with PBS two times and blocked with 3% skimmed milk in PBS (blocking buffer)
for 1 h. After additional washing with PBS, the plates were incubated with diluted serum
samples (100 µL/well) in the blocking buffer for 2 h. A washing buffer was prepared using
1% Triton X-100 in PBS and the plates were washed three times. The plates were then
incubated with HRP-conjugated anti-mouse IgG (CSB-PA644737, Cusabio, Wuhan, China)
diluted (1:10,000) in blocking buffer for 1 h. After washing three times with PBS-T, 100 µL
of TMB substrate and stop solution were added sequentially. The absorbance values were
recorded at 450 nm using a plate reader (PerkinElmer, Hopkinton, MA, USA).

3. Results
3.1. Plasmid Construction and Expression Confirmation

A vector map of the packaging vector used to generate the adenoviruses is shown
in Figure 1a. Vector maps of the adenovirus shuttle vectors with representative gene
fragments are shown in Figure 1b. The 31 amino acids from prM and the envelope gene
with an N-terminal Myc tag were cloned into multiple cloning sites (MCS) of the shuttle
vector, following which the pAd E plasmid was obtained (Figure 1b left). The same gene
arrangement with the C-terminal linker and ferritin heavy chain gene was cloned into the
MCS of the shuttle vector to obtain the pAd E-H plasmid (Figure 1b right). The expression of
the respective envelope and envelope ferritin genes was confirmed in HEK 293T cells. The
respective protein size band (49 kDa) for the recombinant envelope protein was detected
with the Myc antibody in the western blot results, but the expression level of recombinant
envelope ferritin was not so significant (Figure 1c). The expected size band (68 kDa) for the
recombinant envelope ferritin gene was identified with the ferritin heavy chain antibody
with significant expression (Figure 1d).

3.2. rAds Generation, Purification, and Detection

Before transfection of adenovirus-specific plasmids into 293A cells, plasmid DNA
digested with the PacI enzyme was confirmed by running an agarose gel with non-digested
DNA. A specific cytopathic effect of rAds was observed after 12 days of transfection with
both pAd E and pAd E-H (Figure 2a). The virus replication rate was low at the first passage
stage, and from the third passage, it showed significant CPE within 3 days. To confirm
the presence of recombinant genes inside the virus, viral DNA was isolated, and PCR
amplification was performed using the respective primers, followed by the respective DNA
bands for the recombinant envelope. Envelope ferritin genes were confirmed using agarose
gel electrophoresis and there were no bands in the negative control (Figure 2b). After the
virus was separated from the culture supernatant, clear adenoviral bands were obtained for
rAd E and rAd E-H, and unpackaged viruses were observed over the clear packaged virus
band (Figure 2c). Optimal buffer conditions were provided for adenoviruses, using dialysis
and filtration to eliminate contamination. A clear CPE was observed after viral titration in
293A cells (Figure 2d). The titers for rAd E and rAd E-H were calculated and they were
4.64 × 1010 TCID50/mL and 3.16 × 108 TCID50/mL respectively. After converting these
TCID50 values into PFU, it was obtained 2.60 × 1010 PFU/mL and 1.77 × 108 PFU/mL
respectively.
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Figure 1. Plasmid construction and recombinant protein expression. (a) Representative vector
sequence of the packaging vector. (b) Envelope (E) and envelope ferritin (E-H) genes were cloned into
the MCS of the shuttle vector. (c) Envelope and envelope ferritin proteins were detected using Myc
antibody. (d) Envelope-ferritin protein was detected using a human ferritin heavy chain antibody.

3.3. rAds Transduction Efficiency

The in vitro generation of recombinant envelope and envelope proteins was evaluated
by transduction of adenovirus into A549 cells. Respectively to the transduced MOI values
the expression levels of proteins were also significantly differentiated and the pattern of
protein expression was also the same as the transfection expression (Figure 3). Thus, the
recombinant envelope was detected at the correct level, whereas the envelope ferritin was
detected very slightly using the anti-Myc antibody (Figure 3a). The expected size band of
recombinant envelope ferritin was detected using the ferritin heavy chain antibody, similar
to the transfection expression data (Figure 3b). Neither envelope nor envelope ferritin
proteins were detected with low MOI values (2.5 and 25, respectively), whereas 250 MOI
transduction induced significant expression of the two proteins (Figure 3).
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Figure 3. Confirmation of transduction efficiency in A549 cells. rAds were transduced into A549 cells
at different MOI, and their respective expression was analyzed using western blotting. (a) Expression
of rAd E was detected with Myc antibody. (b) Expressed rAd E-H was detected with ferritin heavy
chain antibody. The lower panels in both A and B indicate actin detection as a loading control.
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3.4. Dengue Virus-Specific IgG Response

Mouse immunization and serum collection schedules are shown in Figure 4a. The
cultured and purified DENV2 virus strain was confirmed by qPCR analysis of the serially
diluted virus samples and this virus was used as a coating antigen for virus-specific ELISA.
When analyzing the results of IgG ELISA, rAd E-H induced a significant virus-specific IgG
titer (p = 0.0009) compared to rAd E in BALB/c mice at 1 week after the final immunization
(Figure 4b). Similarly, even 4 weeks after immunization, rAd E-H showed a significant IgG
response (p = 0.0003) compared to the rAd E (Figure 4b). Furthermore, immune response
of E-H immunized groups were compared at 1 week and 4 weeks after immunization.
Even though the IgG titer was higher at 4 weeks post immunization, it was not significant
compared to the IgG tier of 1 week post immunization (Figure 4c).
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Figure 4. Mouse immunization and IgG ELISA. (a) Mice were immunized with 8 × 106 PFU/mL of
rAds through the intramuscular route and bled as mentioned intervals (1 week and 4 weeks) in figure
followed by ELISA was performed using the serum isolated from the blood. (b) For the DENV2
specific ELISA, DENV2 virus was coated in the plate and specific IgG response was analyzed using
the mice serum obtained at 1-week and 2-week intervals (c) Immune responses from the E-H group
at both time points were compared. (p < 0.001 determined by a Student’s t-test and it was indicated
as ***, p > 0.05 = ns).

4. Discussion

Ferritin nanoparticle vaccines are promising candidates for the enrichment of vaccine
efficacy compared to single-antigen subunit vaccines. The preliminary procedure for
ferritin-based vaccine development is the genetic fusion of antigenic molecules with ferritin
and immunization of purified proteins. Furthermore, some studies demonstrated that
ferritin nanoparticle vaccines can be generated through the delivery of mRNA encoding
the antigen and ferritin [27]. However, strategies to develop ferritin vaccines using viral
vector systems have not yet been established, although one study revealed that ferritin is
overexpressed in an adenovirus system [28]. Our study provides preliminary data for the
development of future vaccine strategies using ferritin and viral vectors.

To obtain better expression of the recombinant protein and enhance the immune
response, careful selection of the antigenic molecules is important. When we cloned only
the envelope protein into the adenovirus vector, the expression of the envelope protein
was significantly reduced. It has been reported that a combination of 31 amino acids in the
C-terminal region of the prM with the N-terminal region of the envelope protein can induce
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robust expression of the dengue envelope protein in mammalian cells [29]. Furthermore,
it has been reported that C-terminal truncation of envelope proteins can induce robust
immunogenicity compared with full-envelope protein immunization [30]. Therefore, our
envelope-only construct was groomed using the aforementioned modifications, and robust
expression was demonstrated in the adenovirus system (Figure 1c). Studies have reported
that peptides or molecules can be fused with human ferritin heavy chains both n-terminally
and c-terminally; however, N-terminal conjugation is effective considering the stability of
the ferritin cage [31]. Therefore, we linked the modified envelope protein to the N-terminal
region of the human ferritin heavy chain using an immunogenic linker (SSG).

Both HEK 293T and A549 cells were used to demonstrate the transduction efficiency
of the adenoviruses. Based on the medium titer of rAds, the highest MOI (250) should be
transduced to induce efficient in vitro protein expression, suggesting the use of a maximum
titer for immunization. To immunize rAds, we used the maximum possible viral titer
that could be used for both rAds (8 × 106 PFU/mL); thus, we observed a robust immune
response from rAd E-H immunization compared with rAd E immunization. We speculated
that rAd E could also induce a significant immune response compared to the PBS control
group if it was immunized with an enhanced virus titer. Moreover, adenovirus vaccines are
better candidates for the development of long-lasting immunity [32,33]. Thus, our results
also elucidated that the longevity of the rAd E-H immune response was at least one month
(Figure 4).

This preliminary study elucidates the combination of two vaccine strategies (aden-
ovirus and ferritin nanoparticles) to obtain a robust immune response. We used preliminary
purification techniques for adenoviruses; however, viral titers were speculated to be en-
hanced using high-throughput purification strategies. Furthermore, these data can be
used to develop an adenovirus-mediated ferritin tetravalent vaccine that fuses the highly
immunogenic antigenic domains of the envelope proteins of all dengue virus serotypes.
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