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Abstract
Dengue virus (DENV) is a vector-borne human pathogen that usually causes dengue fever; however, sometime it leads to deadly
complications such as dengue with warning signs (DWS+) and severe dengue (SD). Several studies have shown that fusion (Fu)
and bc loop of DENV envelope domain II are highly conserved and consist some of the most dominant antigenic epitopes.
Therefore, in this study, Fu and bc loops were joined together to develop a short recombinant protein as an alternative of whole
DENVenvelope protein, and its immunogenic potential as fusion peptide was estimated. For de novo designing of the antigen, Fu
and bc peptides were linked with an optimised linker so that the three dimensional conformation was maintained as it is in DENV
envelope protein. The redesigned Fubc protein was expressed in E. coli and purified. Subsequently, structural integrity of the
purified protein was verified by CD spectroscopy. To characterise immune responses against recombinant Fubc protein, BALB/c
mice were subcutaneously injected with emulsified antigen preparation. It was observed by ELISA that Fubc fusion protein
elicited higher serum IgG antibody response either in the presence or in absence of Freund’s adjuvant in comparison to the
immune response of Fu and bc peptides separately. Furthermore, the binding of Fubc protein with mice antisera was validated by
SPR analysis. These results suggest that Fu and bc epitope-based recombinant fusion protein could be a potential candidate
towards the development of the effective subunit vaccine against DENV.
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Introduction

In the recent decades, dengue has emerged as one of the
world’s most dominant tropical diseases (Guzman et al.
2016) with around 390 million (95% credible interval 284 to
528 million) cases recorded per year, of which only 96 million
(95% credible interval 67 to 136 million) cases were manifest-
ed clinically (Giraldo-García and Castaño-Osorio, 2019; Bhatt
et al. 2013). According toWorld Health Organization (WHO),
an estimate of 3.9 billion people in 128 countries are living in

areas with a high risk of dengue infection (Brady et al. 2012).
The recently estimated annual 390 million dengue cases re-
veals that the dengue disease burden has tripled as compared
to previous predictions of 50 to 100 million reported cases
without dengue warning signs. Nonetheless, 250,000 to
500,000 patients were hospitalised due to dengue with warn-
ing signs (DWS+) and severe dengue (SD), and the total an-
nual cost of dengue burden was estimated globally around
US$ 8.9 billion (Giraldo-García and Castaño-Osorio, 2019;
Guzman et al. 2016). In spite of having paucity of effective
vaccines and drugs to expel dengue comprehensively, still it’s
enduring a big challenge to human (Martina et al. 2009).
Therefore, next-generation vaccine strategies such as
inactivated purified virus, DNA or protein-based subunit vac-
cines, and their fusion chimeras are now going under investi-
gation and some of them even under clinical trials (Coller et al.
2011; Danko et al. 2011; Liu et al. 2015).

Recently, Dengvaxia (CYD-TDV), a tetravalent live atten-
uated vaccine has been approved for use in some of the highly
dengue endemic areas where the sero-prevalence is higher
than 70% (Guy et al. 2015; Pang et al. 2018). According to
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WHO, it has shown significant efficacy and acceptable safety
profile during clinical trials in seropositive individuals; how-
ever, it carries a risk of severe dengue infection in seronegative
individuals, and also failed to confer subsequent protection in
DENV-2 positive people in areas with less exposure of dengue
(Arredondo-García et al. 2018; Durbin et al. 2011; Guy et al.
2011). Several other vaccine candidates were also formulated
based on live-attenuated dengue viruses (e.g. TV003, TV005)
and inactivated purified virus (e.g. DPIV), of which some
have already completed clinical trials and some are currently
going under phase II to III clinical trials (Whitehead et al.
2017; Diaz et al. 2018). On the other hand, DNA or protein-
based alternative subunit vaccines (e.g. TVDV, DEN-80) and
dengue-flavivirus chimeras (e.g. EDIII-p64k, 80E-STF2,
EDIII-HbsAg) are going either under preclinical study or
phase I clinical test (Govindarajan et al. 2015; Danko et al.
2018; Castaño-Osorio et al., 2019). Although, still most of
them are seemed to be slow immunity booster and require a
strong adjuvant and longer immunisation to achieve full pro-
tection against each of the dengue serotype, which all make
them ill-suited for universal vaccine licence (Castaño-Osorio
et al., 2019).

The dengue envelope (E) protein is composed of three
ecto-domains, a membrane-proximal stem and a transmem-
brane anchor (Klein et al. 2013). Various crystal structures
have shown that the ecto-domains are arranged into three an-
tiparallel dimer on virus surface in a icosahedral symmetry,
where ecto-domain I (EI) is located at the centre holding do-
main II (EDII) and III (EDIII) in two opposite sites in each of
the monomer of a dimeric unit (Fibriansah et al. 2015; Kuhn
et al. 2002; Modis et al. 2004). Most of the protective anti-
bodies against dengue virus are identified to domain III, and
initially were thought to be a potential subunit vaccine target
(Murphy and Whitehead 2011; Sukupolvi-Petty et al. 2010).
Although, recombinant EDIII domain injected by plasmid
DNA or purified from bacterial expression systems was found
to be poorly immunogenic, and has shown low protective
efficacy in animal model (Guzman et al. 2010). On the other
hand, EDII has been reported as the dimerisation domain and
consists of the most conserved fusion (Fu) and bc loop (Li
et al. 2019; Zhang et al. 2004). Several studies have also
shown that the conserved Fu loop is highly immunogenic
(Lai et al. 2008; Cherrier et al. 2009; Smith et al. 2013), and
induces cross-reactive antibodies, of which some are cross-
talk with adjacent bc loop (Gallichotte et al., 2015; Cherrier
et al. 2009). Moreover, during endocytosis, both of the loops
are found to involve in tertiary conformation of membrane
fusion (Nayak et al. 2009; Sukupolvi-Petty et al. 2010).
Therefore, it has been anticipated that both of the loops might
have integrated role for boosting cross-neutralizing immunity.

In this study, we aim to develop an alternative vaccine by
combining Fu and bc loop together in a single ORF for pro-
duction of a fusion antigen. Although, the recombinant

antigen in isolation tends to be poorly immunogenic in vivo;
the use of potent immunomodulating compounds, fusion part-
ner or suitable delivery systems improve specific immune
response (Higgins et al. 2007; Garçon et al. 2011). Herein,
we have expressed the recombinant Fubc antigenic protein,
optimised its large-scale purification protocol and finally eval-
uated its protein-specific immune response in BALB/c mice.
Prior to the animal challenge, its secondary structure was
checked by CD spectroscopy, and binding specificity was
cross-checked with a characterised anti-fusion loop scFv anti-
body (Rathore et al. 2019).

Materials and methods

Animals

All of the male and female BALB/c mice were obtained from
National Institute of Nutrition, Telangana, Hyderabad, India
and were maintained in standard light: dark (12:12) cycle with
the supplement of adequate standard food, and water was
provided from ad libitum. All of the animals were acclimated
and randomly distributed into different experimental groups.
Furthermore, all the in vivo experiments were performed in
accordance with the committee for the purpose of control and
supervision on experiments on animals (CPCSEA) guidelines
andwere approved by the SouthAsian University Institutional
Animal Ethics Committee (IAEC) that was responsible for the
care and use of laboratory animals.

Construction and cloning of Fubc gene

The DNA sequence of Fubc gene was retrieved from fusion
(Fu) and bc loop of DENV serotype 2 envelope protein de-
posited in the protein data bank (PDB: 1OAN). In order to
construct stable and immunogenic protein, highly conserved
fusion (Fu) and bc loops and their neighbouring residues (ami-
no acid residues 62 to 122) were selected by using antigen
variability analyser (AVANA), pBLAST and multiple se-
quence alignment tool of NCBI. For convenient expression
in bacteria, all of the oligos were codon optimised for
E. coli, using codon optimisation tool of Integrated DNA
Technology. Complete Fubc gene was constructed by assem-
bly PCR reactions using four 60 nucleotide long overlapping
oligonucleotides. For cloning into pET28a expression vector,
two unique restriction sites, EcoRI and XhoI, were also incor-
porated at the 5′ and 3′ ends respectively during the final
amplification of Fubc full-length gene using forward and re-
verse primers. Initially, the full-length Fubc gene was cloned
into a TA cloning vector using InsTAclone kit (Thermo
Scientific). Positive clones were screened using X-gal blue-
white screening method and digested with EcoRI and XhoI
restriction enzymes. The digested Fubc gene was further sub-
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cloned into a pET28a expression vector. The recombinant
plasmid (Fubc + pET28a) was transformed into E. coli XL-
10 GOLD for cloning, and subsequently into E. coli BL-21
Rosetta (DE3) for protein expression.

Expression of recombinant Fubc protein

The E. coli BL-21 (Rosetta) cells carrying Fubc gene in
pET28a vector were grown overnight at 37 °C in 10 ml LB
broth (Luria-Bertani medium) containing 50 μg/ml kanamy-
cin (Sigma, USA). Overnight grown 1 ml primary culture was
used to inoculate kanamycin containing 100 ml secondary
culture and was further incubated at 37 °C. The incubated
secondary culture was induced by 0.5 mM isopropyl β-D-1-
thiogalactopyranoside (IPTG) when its OD600 reached at
around 0.5, and the culture was grown for another 4 h at
37 °C. The cells were harvested by centrifugation at
4000 rpm for 10 min. The resulting cell pellet was re-
suspended in lysis buffer containing 50 mM Tris-HCl
pH 8.0, 1 mM CaCl2, with 0.5% Triton X-100, Lysozyme
0.1 mg/ml, 1 mM EDTA and 1 mM PMSF. Then, the resus-
pended cells were kept on a rocker for an hour at room tem-
perature, and sonication was done using 30% amplitude for
five times 30 s on/off pulse. The lysed sample was separated
into supernatant and pellet by centrifugation at 10,000 rpm for
10 min at 4 °C. Finally, Fubc expression level in supernatant
and pellet were checked on 15% SDS-PAGE.

Solubilisation and purification of Fubc protein

A major fraction of the Fubc protein was observed in pellet
after a number of efforts made to recover it in a soluble form.
Then, it was decided to recover soluble protein from pellet
fraction. The resulting pellet protein was washed 4 to 5 times
with TE 50/20 (50 mM Tris pH 8.0 and 20 mM EDTA 20)
buffer to remove impurities and extra salts. The remaining
pellet was re-solubilised using mild denaturing agent such as
4.0M urea and 5% n-propanol along with PBS buffer (pH 8.1)
(Sarker et al. 2019) and was centrifuged at 20,000 rpm for
10 min. The soluble protein fraction was initially purified by
using Ni-NTA agarose beads and was confirmed by western
blot using anti-His antibody. However, the purity and yield
were not sufficient. Therefore, soluble protein fraction was
subjected to gel filtration in Superose 6 10/300 column by
using fast protein liquid chromatography (FPLC) for large-
scale good quality protein production. The column was pre-
equilibrated with PBS (50 mM phosphate buffer pH 7.4 and
150 mM NaCl), and the protein sample was eluted with the
same PBS buffer. 0.5 ml protein sample was injected in each
run by using 0.5 ml loop at 0.4 ml/min flow rate. The elution
profile of injected protein was followed by monitoring UV
absorbance at 280 nm on the AKTA FPLC system with U9-
L UV monitor. Different peaks greater than 20 mAU were

collected in fraction collector and checked using a 15% SDS
PAGE. Multiple runs of FPLC were carried out, and the frac-
tion containing Fubc protein was pooled together. Finally,
Fubc was concentrated and desalted by using 0.5 ml
Millipore-Amicone filter with a cut-off of 3 kDa.
Concentration of the purified Fubc was also measured by
using BCA protein assay kit.

CD spectroscopy of recombinant Fubc protein

In order to assure the proper folding of purified (> 95%) Fubc
protein, secondary structure was analysed by CD spectrosco-
py at far UV wavelength ranging from 180 to 260 nm. To
achieve the best conformational reading, CD spectrum was
obtained at the different protein and buffer concentrations,
because the CD spectrum of a protein needs to be adequately
intense for interpreting the data as the intensity of a CD spec-
trum directly relies on the protein and buffer concentration
(Kelly et al. 2005; Miles and Wallace 2006). The CD spectra
of PBS buffer and Fubc protein samples at 0.1 mg/ml and
0.2 mg/ml concentrations (diluted in 50 mM and 10 mM
PBS buffer, pH 7.4) were recorded at far UV spectra ranging
from 200 to 280 nm with a step size of 1 nm to bandwidth
1 nm. The measurement was performed at room temperature
(22 °C), and the UV spectra were recorded for each sample
with five scans. The baseline CD spectrum of the buffer was
deducted from the spectrum containing the protein to yield the
actual Fubc protein CD spectrum. The mean residue ellipticity
[θ] mrw at wavelength λ was quoted in units of degree cm2/
dmol, and was calculated as [θ] mrw, λ =MRW× θλ/10 × d ×
c, where θ is the observed ellipticity (degrees) at wavelength
λ, d is the path length (cm) and c is the concentration (g/ml).
MRW is the mean residual weight for the peptide bond which
is given as MRW=M/(N − 1); whereM is the molecular mass
of the polypeptide chain (in Da), andN is the number of amino
acids in the chain; the number of peptide bonds is N − 1.

Adjuvants and preparation of Fubc immunogens

Complete and incomplete Freund’s adjuvant (Sigma, USA)
was used for primary (day 0) and booster immunisation (days
7, 14 and 21) respectively. To prepare a primary dose of the
immunogen, complete Freund’s adjuvant (FA) was mixed
with equal volume of purified Fubc (25 μg) in PBS and emul-
sified by vigorous vortex. Similarly, three booster doses of
immunogen were prepared with an equal volume of Fubc
protein (25 μg) and incomplete Freund’s adjuvant. All of the
immunogens were prepared according to the protocol
“Immunization of Mice” by Maira-Litrán, 2017. Finally,
emulsified Fubc immunogens were checked by observing sta-
ble droplet on the water surface.
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Experimental design for mice immunisation

Healthy BALB/c mice (10 weeks old, male and female) were
randomly distributed into four different groups. Each group
was immunised with different antigen preparations. Out of the
four, two groups were immunised with Fubc antigen: one
group was injected with Fubc protein with adjuvant and other
was with Fubc protein without adjuvant. Rest of the two
groups were immunised with Fu and bc peptide: one group
was injected with Fu and Bc peptides with adjuvant, and other
was Fu and bc peptide without adjuvant. Each of the groups
was also subdivided into male and female sets, and with each
set, one adjuvant control was used replacing adjuvant with
PBS buffer. The mice of each group were subcutaneously
immunised with emulsified antigen preparations, first dose
(day 0) with CFA and three subsequent booster doses (at days
7, 14 and 21) with IFA (according to protocol Maira-Litrán
2017). After 5 days of the final booster dose, blood samples
were collected by retro-orbital cavity, and all the antisera iso-
lated from blood were stored at − 80 °C for further analysis.

ELISA to check murine IgG response against Fubc
protein

Recombinant Fubc protein-specific IgG was measured by
indirect ELISA. For this, 96 well ELISA plates were coat-
ed by incubating overnight at 4 °C with Fubc protein (1 μg/
well) in 50 mM sodium carbonate-bicarbonate buffer
pH 9.5. Blocking was done for 2 h with 2% BSA in
PBST (PBS plus 0.05% Tween 20). Serum collected from
immunised and control mice were incubated for 1 h at
37 °C after making 7 double dilutions in PBST starting
from 1/500 μl. Subsequently, the ELISA plate was washed
once with PBST, and 100 μl of anti-mouse HRP-conjugat-
ed secondary antibody (1:1000 dilution in PBST) was
added and incubated for 30 min at room temperature.
Then, the plate was washed three more times with PBST,
and the binding reaction was developed by adding 200 μl/
well OPD substrate (prepared in a phosphate-citrate buffer,
0.05 M, pH − 5.0 plus 0.03% H2O2). The reaction was
stopped by adding 50 μl of 2.5 M H2SO4 just after observ-
ing an optimum colour, and the absorbance was measured
at 492-nm wavelength using BioTek Synergy HT micro-
plate reader (Winooski, VT). Mean absorbance was plotted
against anti-sera dilutions, and two-way ANOVA was per-
formed to find a statistically significant difference between
two groups. Comparison of the immune response in differ-
ent groups of antisera was made by converting each ELISA
curve to linear equations (y = mx + c), and computing se-
rum dilutions for a fixed ELISA absorbance. The data are
expressed as mean ± standard deviation (SD). p values of
< 0.05 were considered statistically significant.

Validation of Fubc immune response by SPR

To validate the immune response generated by recombinant
Fubc, collected mice anti-sera were allowed for SPR interac-
tion experiment with a Autolab ESPRIT instrument. Similar to
ELISA, here also recombinant Fubc protein of DENV enve-
lope was immobilised on a gold plate of SPR device. For
coupling of Fubc protein on gold disc, 1-Ethyl-3-(3-
dimethylaminopropyl) carbodiimide (EDAC) and N-
hydroxysuccinimide (NHS) were applied for activation.
NHS activates the carboxymethyl groups by creating a highly
reactive succinimide ester on the disc surface, which reacts
with amine and other nucleophilic groups on proteins that
subsequently help to bind the target protein on activated disc
surface. Ethanolamine was added to block the remaining ac-
tivated carboxymethyl group. For the qualitative assay, all of
the serum samples (diluted in running buffer) were applied at a
flow rate of 20 μl/min over 2 min. In between injections, the
surface of the sensor chip was regenerated by injecting 2 M
NaCl at the same flow rate for 15 s. In addition, surface cou-
pling was done by using buffer (150 mMNaCl, 3 mM EDTA,
0.005% surfactant P20 and 10 mMHEPES-NaOH) at pH 7.4,
and the buffer containing 50 mM phosphate and 150 mM
NaCl at pH 7.1 was used for sample running. Initially, a series
of serum dilutions were applied as analytes to find an opti-
mum refractive index. It was observed that the refractive index
at 1:500 dilution was within the detection limit among the
series of serial dilutions (Fig. 6a). Therefore, 1:500 dilution
of different experimental samples was applied as standard for
further comparative analysis between Fubc immune response
with and without Freund’s adjuvant. Serum control (the serum
collected before immunisation) sample with the identical di-
lution was also applied to find the basal (non-specific) im-
mune response of serum. Finally, refractive index was then
analysed from association and dissociation curve of the SPR
sensorgram.

Accession number

The Fubc synthetic gene sequence was deposited in GenBank
database with accession number MN781186.

Results

Designing of recombinant Fubc antigen

Generally, dengue envelope (E) folded into three distinct do-
mains (designated by domain I, II and III), membrane proxi-
mal stem and a transmembrane anchor (Klein et al. 2013).
Throughout these structural element, four highly conserved
regions have been identified by in silico sequence analysis,
and two of them were found in the domain II with a very less
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informational entropy (Rathore et al. 2019). Further studies
have revealed that these conserved regions are the part of
previously characterised flavivirus fusion (Fu) and bc loop
(Kuhn et al. 2002). During the process of endocytosis, this
hydrophobic fusion loop remains buried at the dimer interface
in the prefusion state and forms cluster into larger hydropho-
bic surface at one end to form trimer at later state that finally
initiates membrane fusion (Klein et al. 2013). In addition to
this structural property, Fu and bc regions consist some of the
most potent antigenic epitopes that were identified by DENV
neutralising conformation sensitive anti-DENV hMAbs
(Goncalvez et al. 2007; Costin et al. 2013; Yamanaka et al.
2013). Therefore, these two conserved Fu and bc loops have
been selected to design a recombinant Fubc antigenic protein
for the development of dengue subunit vaccine.

In this study, an alignment of the domain II amino acid
sequences of DENV1–4 envelope proteins spanning resi-
dues from 61 to 120 was used to find optimum conserved

sequence for the development of Fubc fusion protein
(Fig. 1a). The structural details of truncated Fubc protein
compare to whole envelope in dengue and Fu, and bc
peptides were also analysed by modelling each of their
three dimensional structure. It reveals that the presence
of three anti-parallel β-strands and one disulphide linkage
play a crucial role in preserving the three dimensional
conformations of truncated Fubc protein same as in orig-
inal DENV envelope protein (Fig. 1b, c). Ironically, due to
the absence of anti-parallel β-strands and a single protein
frame of Fu and bc loops, these two separately expressed
peptides fail to form similar three-dimensional conforma-
tion as in original DENV envelop (Fig. 1c). The electro-
static and solvent accessible areas of Fubc truncated pro-
tein are also comparable with original dengue envelope.
Hence, it is speculated that the recombinant Fubc protein
would be an alternative vaccine target of whole dengue
envelope.

Fig. 1 Sequence conservation and three dimensional conformation of Fu
and bc loops in dengue virus envelope (DENV) protein, Fubc protein and
as Fu peptide and bc peptides. a Sequence alignment of DENVenvelope
proteins of all the four serotypes showing conserved Fu and bc loops. b, c
Fu loop is shown in orange and bc loop is shown in yellow. b in DENV
envelope, the Fu and bc loops are present at the end of domain II and are
linked by the di-sulphide linkage that holds both loops together to form a
stable structure that can also work as an epitope. c When the structure of
Fubc is compared to original DENV envelope, it is plausible that the
presence of three anti-parallel β-strands present in Fubc protein (same

as DENV protein) plays a crucial role in maintaining the three dimen-
sional conformation of Fubc protein as it is in DENV protein. Another
major factor that plays in conformation of Fu and bc loops is the di-
sulphide linkage between the two highly conserved loop in the Fubc
protein that ensures the same conformation of DENV envelope as it is
shown in b and c, and d due to the lack of anti-parallelβ-strands and same
protein frame while these peptides are expressed separately, it is unlike to
form di-sulphide linkage and fold in the same conformation as reside in
DENVenvelope and Fubc proteins
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Development of recombinant Fubc gene

For in vitro synthesis of short antigenic protein, a recombinant
Fubc gene was constructed by assembly PCR using overlap-
ping oligonucleotides, designed from Fu and bc loop
encoding DNA sequences of dengue envelope. Therefore, full
length of Fubc gene was amplified by using 5 and 3 end
primers flanked by EcoRI and XhoI restriction sites. The
Fubc gene was then cloned into a TA cloning vector, and the
clones were screened by colony PCR using Fubc gene specific
end primers. Two positive clones were then confirmed by
restriction digestion using EcoRI and XhoI enzymes (Fig.
S1a–d). The digested and purified Fubc insert gene was fur-
ther sub-cloned into pET28a expression vector, and the posi-
tive clones were confirmed by restriction digestion (Fig. S2b)
and Sanger sequencing.

Expression and purification of recombinant Fubc
protein

Primarily, the recombinant Fubc protein expression was ob-
served only in pellet fraction; there was no such Fubc equiv-
alent protein band in supernatant fraction, while they were
separated on SDS PAGE (Fig. S2c). Therefore, Fubc expres-
sion level was checked further by lowering growth tempera-
ture and IPTG concentration, but no significant change was
noticed in supernatant fraction. Chaperone-assisted folding
system did not help remarkably to express the Fubc recombi-
nant protein in the soluble form. Therefore, the insoluble pellet
fraction of Fubc protein was further utilised in mild
solubilisation process (Sarker et al. 2019) to recover soluble
Fubc protein. Initially, the recovered soluble Fubc protein
fraction was purified by using Ni-NTA agarose beads, and
the purified protein band was confirmed byWestern blot anal-
ysis using anti-His tag monoclonal antibody (Fig. S3).
Although, Ni-NTA affinity chromatography has not revealed
good purification quality and the yield was also not sufficient.
Furthermore, gel filtration chromatography was used to recov-
er good quality large-scale recombinant protein, and single
distinct peak greater than 20 mAU was observed at approxi-
mately 20.57 ml position for all of injected Fubc protein sam-
ples (Fig. 2a). After pooling together, the peak fractions were
separated on 15% SDS-PAGE, and single bright band was
observed at molecular weight 11.5 kDa (Fig. 2b).

Structural studies of recombinant Fubc protein

Originally, the Fu and bc loop of dengue envelope is com-
posed of three anti-parallel β-sheets. And the formation of
recombinant Fubc secondary structure was characterised here
by negative bending at 208 nm and 222 nm wavelength
(Kumagai et al. 2017). The CD spectrum of recombinant
Fubc protein has showed significantly decreased spectral

peaks around 222 and 208 nm that signify the formation of
β-sheet (Fig. 3). In addition, it was noticed that the acquired
CD spectrum of Fubc at a protein concentration of 0.1 mg/ml
in 10 mM PBS buffer was adequately intense (Fig. 2).
Therefore, it can be inferred from Fig. 3 (lower panel) that
Fubc at concentrations of 0.2 mg/mL and 0.1 mg/mL in
10 mM PBS retained the best globular folded state as com-
pared to other conditions.

Immune response to the purified Fubc protein
in BALB/c mice

From indirect ELISA, it was observed that the serum IgG
levels in both male and female groups treated with Fubc pro-
teins were significantly higher than those treated with only
adjuvant and PBS control (Fig. 4a, b). In addition, the re-
sponse with only Fubc recombinant protein (without adju-
vant) in the female group was also observed higher than their
male counterpart group (Fig. 4b). All of the ELISA data were
also found statistically significant by two-way ANOVA
(Table S1). Similarly, by SPR assay, high level immune re-
sponse was also observed for serum injected with recombinant
Fubc protein along with adjuvant, and without any adjuvant,
the response was also higher than the control (serumwith PBS
only) (Fig. 6b).

Discussion

In post-dengue infection, most of the circulating antibodies
are non-neutralizing and found to be raised against dengue
envelope E protein and the prM protein (Wahala and de
Silva 2011). Due to the absence of highly specific neutralising
antibodies in secondary infections, cross-reactive non-
neutralising antibodies usually enhance the dengue
severity (De Alwis et al. 2014). According to the revised den-
gue case classification (DENCO), 2 to 3% of secondary infec-
tions with another serotype causes life threating dengue with
warning signs (DWS+) and severe dengue (SD). It was report-
ed that serotype-cross-reactive non-neutralising antibodies en-
hance the entry of dengue genome into Fc receptor-bearing
monocyte cells and promote disease severity by a process
known as antibody-depended enhancement (ADE) (Castaño-
Osorio et al. 2019; Flipse et al. 2013). That means nature of
the antibody response to DENV is most likely to play a major
role in defining disease outcome. Therefore, it is predictable
that antibodies that recognise specific neutralizing epitopes
help in virus clearance and reduce symptoms; however, anti-
bodies that recognise non-neutralising epitopes lead to more
severe forms of disease like DWS+/SD. Hence, there is an
urgent need for an advanced vaccine which could generate
highly specific and cross-neutralising antibody (Costin et al.
2013).
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Recently, several attempts have been made towards the
development of a potent dengue vaccine. The most advanced
candidate, Dengvaxia (CYD-TDV), was licenced in some of
the dengue endemic countries (Imai and Ferguson 2018).
However, it was revealed risky in children or naïve dengue
patient with severe infection as they were vaccinated
(Arredondo-García et al. 2018). Therefore, considering safety
issues, production of recombinant subunit vaccine with effi-
cient immune protective properties is looking attractive
(Govindarajan et al. 2015). Meanwhile, an admixture of four
live attenuated recombinant dengue vaccine TV003/TV005

have completed Phase III clinical trial and licenced to several
manufacturers including Butantan, VaBiotech and Merk
(Whitehead et al. 2017). Moreover, some recombinant tetra-
valent vaccines (e.g. DEN-80E, TVDV) expressing the prM
and E genes of each of the four DENV serotypes from plasmid
DNA, have already completed phase I clinical trial
(Govindarajan et al. 2015; Danko et al. 2018). It has also been
shown that the recombinant dengue envelope domain III can
inhibit dengue infectivity, and induce dengue-neutralising im-
munoglobulin in mice (Hermida et al. 2006). In addition, a
number of antibodies which were raised in mice and

Fig. 3 CD spectra of recombinant
Fubc protein at different buffer
concentrations were recorded and
analysed with CAPITO tool. The
graphical output for its area
difference method is also shown.
The best matching of reference
datasets is 0.2 mg/ml and
0.1 mg/ml Fubc in 10 mM PBS
while Fubc 0.2 mg/ml and
0.1 mg/ml in 50 mM PBS have
not hit with reference data at all.
Lower panel shows the CD values
at 200 nm plotted against the CD
values at 222 nm to deduce the
folding state of Fubc at different
buffer concentrations

a

b

Fig. 2 Purification of
recombinant Fubc protein by size
exclusion chromatography. a
FPLC chromatogram of Fubc
protein expressed in E. coli
inclusion bodies. Three distinct
peaks at 19.88 ml, 20.57 ml and
22.57 ml position were collected
separately. b Gel image of un-
purified and purified Fubc protein
sample separated on 15% SDS-
PAGE. Lanes 1 and 2 represent
the un-purified sample and lanes 3
and 4 represent purified protein
sample collected from peak at
position 20.57 ml fraction
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chimpanzees against dengue domain II fusion loop were
found cross-reactive to other flaviviruses (Goncalvez et al.
2004; Stiasny et al. 2006). Although, the hMABs specific to
dengue domain II fusion loopwere not found equally effective
on other flaviviruses including WNV, YFV and other DENV
strain (Costin et al. 2013). Therefore, it was conjectured that
adjacent to the fusion loop, additional contact residues of orig-
inal domain II surface structure might be involved to raise
cross-neutralizing antibodies.

Several studies have identified that adjacent to the fusion
loop, another similar loop exists in most of the flaviviral (e.g.
WNV, TBE, JEV, YFV) envelope (Fibriansah and Lok, 2016;
Li et al. 2019). Our previous bioinformatics studies have also
shown that the envelope of all DENV serotype consists of four
conserved regions (> 90%), and two of them were found in
domain II, in which one is fusion loop (Fu) with more than
99% conservation and another is its nearby bc loop (Fig. 1a)
(Rathore et al. 2019). Therefore, these two highly conserved

loops were targeted in this study for the development of a
fusion protein. By using reverse DNA technology, we have
previously shown the structural integrity (Fig. 1b–d) and bind-
ing specificity of Fubc protein with an anti-fusion loop scFv
antibody, derived from dengue and WNV-specific MAb E53
(Rodenhuis-Zybert et al. 2011; Rathore et al. 2019).

The very early challenge of subunit vaccine design is to
produce large quantities of functional protein. Hereby, we
have successfully optimised the expression and purification
methods for the production of large-scale high-quality recom-
binant Fubc protein. The E. coli expression system was used
here, and the recombinant protein was found to be expressed
in higher quantity, though most of the protein was extracted
initially in pellet fraction. No significant change was noticed
by altering regular growth temperature and inducer concentra-
tion. Therefore, we have utilised the mild-solubilisation meth-
odology to recover soluble Fubc protein from insoluble pellet
protein. For purification, firstly, we have used convenient Ni-

Fig. 6 Sensorgram of IgG antibody response of different serum samples
against recombinant Fubc protein. a The refractive index of the series of
serum dilutions of Fubc without FA. b Relative refractive index of

recombinant Fubc immune response with and without (w/o) Freund’s
adjuvant

a b

Serum Titer Serum Titer

Fig. 4 Serum IgG antibody level to purified Fubc recombinant protein in
BALB/c mice. a Immune response of four different groups of male mice.
Fubc + FA (blue diamond): Primary immunisation of mice with Fubc
protein along with complete Freund’s adjuvant, and booster
immunisation with a lower dose of Fubc and incomplete Freund’s adju-
vant. Fubc without FA (orange full square): Mice immunised without

Freund’s adjuvant. Serum control (black up-pointing triangle): Serum
obtained from prebleed of mice (blood harvested from mice before
immunisation). FA control (yellow capital letter X): Mice immunised
with only Freund’s adjuvant without protein. b IgG level of four different
groups of female mice
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NTA affinity purification method, and by adjusting the lysis
and elution buffer, we were able to purify recombinant Fubc
protein to some extent but the quality and quantity was not
sufficient. Finally, to scale up the quality protein production,
size exclusion chromatography was used in AKTA FPLC sys-
tem. To confirm the recombinant protein expression, simple
western blot was performed by using anti-His monoclonal
antibody as primary. Furthermore, in vitro structural integrity
and functional authenticity of the experimental Fubc protein
were also verified by CD spectroscopy (Fig. 3) and indirect
ELISA (Fig. 4).

However, most of the hMABs identified earlier from
dengue patient serum were predominantly cross-reactive
and recognise epitopes containing highly conserved resi-
dues at the Fu loop of domain II (Lai et al. 2008).
However, having such sequence homology in Fu loop of
all flaviviruses, these hMABs are non-neutralizing against
heterologous serotypes (Lai et al. 2008; Smith et al. 2013)
and thus was found to be responsible for ADE in animals
(Goncalvez et al. 2007). Previously, it has also been stated
that this scenario might happen due to the cryptic nature
and poor accessibility of the fusion loop epitope on the
surface of the mature virion (Lai et al. 2008; Cherrier
et al. 2009). However, in addition to the partially exposed
fusion loop on immature flaviviruses, some neutralizing
hMAbs were also found to bind with bc loop (Costin et al.
2013). Therefore, it is suggestive that along with con-
served fusion loop, adjacent less conserved linker se-
quence and bc loop might be required to be exposed as
a whole to generate effective cross-neutralizing immunity.
Our current mouse immunisation experiment also sup-
ports this idea as it was observed that the antibody re-
sponse to full length Fubc protein was stronger than the

response elicited by the Fu and Bc peptides in separate
(Figs. 4 and 5).

Moreover, without Freund’s adjuvant, recombinant
Fubc protein was found immunogenic, and the response
in female mice was stronger than in male (Figs. 4 and
5). These observations were also symmetrical with other
studies where it was stated that female mice have a
better immune response due to the higher number of
leukocytes occupying the naive peritoneal and pleural
cavities, and also have a number of T- and B-
lymphocytes as well as macrophages (Terres et al.
1968; Weinstein et al. 1984; Klein et al. 2015).
Therefore, we have used female mice serum samples
for further qualitative ELISA and SPR test to quantify
immune response of recombinant Fubc protein. It was
noticed that IgG antibody response to Fu, and bc pep-
tides were significantly lower than the response ob-
served to Fubc recombinant protein, and the immune
response achieved to Fu and Bc peptide with Freund’s
adjuvant was significantly higher as compared to the
peptides without adjuvant and serum control (Fig. 5).
Two-way ANOVA was also performed to analyse the
significance of IgG immune responses between Fubc +
FA and Fubc without FA; Fu, bc Peptide + FA and Fu,
bc Peptide without FA. From F values and P values
obtained by ANOVA test, it can be interpreted that the
difference between Fubc protein with Freund’s adjuvant
and Fu, bc Peptide with Freund’s adjuvant were signif-
icantly higher than protein and peptides injected without
Freund’s adjuvant (Table S2). Also, the IgG response to
recombinant Fubc protein was recorded better than Fu
and bc peptides in both cases either with or without
adjuvant. In addition, the p value of IgG immune re-
sponse between Fubc protein with FA and without FA
was found insignificant (p = 0.1740 > 0.05) that suggests
that Fubc without any adjuvant is sufficient to elicit
significant immune response (Table S2). Consistently, it
was observed by SPR experiment that the refractive index of
Fubc + FA was significantly higher than Fubc + without FA
and serum control (Fig. 6b).

Since, the newly developed Fubc recombinant protein
expresses vastly in E. coli and induces significant immune
response in mice, it might be a good agent of dengue sub-
unit vaccine development. Due to the presence of highly
conserved fusion loop epitope, overlapping less conserved
linker sequences and also bc epitope, this fusion protein
might induce cross-neutralisation immunity against heterol-
ogous dengue serotypes. Though, still a lot of investigations,
like the evaluation of a proper adjuvant to induce robust
immune response, the memory immune response generated
against the Fubc protein both by humoral and cell-mediated
immunity, and whether this memory response will provide
protection against a secondary encounter with DENV, are

-0.1

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1: 500 1:1000 1: 2000 1: 4000 1: 8000 1: 16000 1: 32000

O
D

4
9
0

n
m

Serum Titer

Fig. 5 Comparative analysis of immune response between Fubc
recombinant protein and Fu, bc peptides: Serum IgG antibody level was
recorded by ELISA using five different groups of serum samples. (1)
Fubc protein + FA (blue diamond), (2) Fubc protein without FA (orange
full square), (3) Fu, bc peptides + FA (black up-pointing triangle) (4) Fu,
bc peptide without FA (yellow capital letter X), and (5) serum control as a
baseline (blue asterisk)
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required before going clinical trial. Nevertheless, the produc-
tion process and immune response of this fusion protein
would provide new insight for the development of dengue
subunit vaccine.
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