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Enterovirus 71 B5 subgenotype (EV-A71B5) is a primary human pathogen of hand, foot, and mouth disease. In
this study, we aimed to prepare a novel recombinant protein polyprotein (P1) and 3D polymerase (3DP®!) protein of
EV-A71B5 and determine mice immunogenicity and neutralization activity against EV-A71 of the B5 subgenotype
commonly found in Thailand. Using a dual promoter system and investigating its expression in Sf9 cells, we

constructed a novel recombinant protein containing P1 and 3DP°! protein. The purified P1-3DP°! was observed by
western blotting and transmission electron microscopy (TEM) to determine the particle size. Furthermore, we
determined the immunogenicity and neutralization activity against EV-A71 of the B5 subgenotype using concatenation
of Bagg and Albino (BALB/c) mice. The results revealed that P1-3DP°! was expressed in Sf9 cells. We used TEM to
visualize the particle size of P1-3DP°' to be approximately 33 nm. P1-3DP°! had the potential to elicit the production
of immunoglobulin G and immunoglobulin M antibodies and the T helper type 1-dominant cytokine interferon-y
after immunizing BALB/c mice and inducing neutralization antibodies against EV-A71B5. Our results demonstrated
that Sf9 cells successfully produced P1-3D?°!, which can leverage immune efficacy in BALB/c mice and be used to
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develop vaccines against the EV-A71BS5 strain prevalent in Thailand.

INTRODUCTION

Enterovirus A71 (EV-A71) is a member of the
Picornaviridae family and is one of the main human pathogens
causing hand, foot, and mouth disease. It is highly infectious,
mainly affecting young children, and can be fatal in patients aged
36—60 months (Ooi et al., 2010). The virus spreads between people
via direct contact with nose and throat discharges and blister fluid,
and it can also be transmitted through an orofecal route (Tang and
Holmes, 2017). In Thailand, the EV-A71 B5 subgenotype (EV-
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A71B5) was identified as the cause of the large-scale hand, foot,
and mouth disease epidemic that occurred in 2012. There are no
existing vaccines to protect Thai children against EV-A71BS5.
In mainland China, three inactivated vaccines that prevent the
EV-A71 C4 subgenotype were submitted to the China Food and
Drug Administration between 2015 and 2016 for approval, which
have since been approved for commercial use (Mao et al., 2016;
Zhou et al, 2016). However, inactivated vaccines have some
disadvantages, such as unfavorable immunogenicity effects due
to the inactivation process using chemical or physical methods
(DeZure et al., 2016) and potentially unwanted adverse effects
(Lin et al., 2015a). Several EV-A71 vaccines without the risk
of virulence reversion to their pathogenic forms as well as more
effective vaccines, such as virus-like particle (VLP)-based (Kim
et al., 2019), recombinant protein (Han et al., 2014), and subunit
protein vaccines (Cao et al., 2013), are currently being developed.

© 2023 Nipatha Issaro ef al. This is an open access article distributed under the terms of the Creative Commons Attribution 4.0 International License

(https://creativecommons.org/licenses/by/4.0/).
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EV-A71 is a nonenveloped, single-stranded, positive
RNA virus with a particle diameter of approximately 25-40 nm
(Wang et al., 2016; Xue et al., 2017). The single open reading
frame of EV-A71 produces three polyproteins: P1, P2, and P3.
During viral replication, the P1 structural polyprotein is divided
into VPO, VP1, and VP3. VPO is then further autocatalyzed into
VP2 and VP4 during virus maturation (Wang et al., 2012). P2
encodes nonstructural proteins 2A, 2B, and 2C, whereas P3
encodes nonstructural proteins 3A, 3B, 3C, and 3D (Solomon
et al., 2010). Since the P1 structural polyprotein (VP1-VP4)
conserves the region of several immunodominant epitopes
(Foo et al., 2008; Kiener et al., 2012, 2014; Zhao et al., 2013),
comprises major targets for EV-A71-specific immunoglobulin
(Ig) M and IgG antibodies (Aw-Yong et al., 2016), and has the
potency to stimulate robust immunogenicity and heterotypic
immunity against different the subgenotypes of EV-A71, it can
serve as a candidate for EV-A71 vaccine development (Han
et al., 2014). 3D*°' (RNA-dependent RNA polymerase) consists
of RdRp-specific T-cells responses to protect against EV-71
infection (Dang ef al., 2014) and improves the safety and stability
of live-attenuated vaccines (Li et al., 2021). No evidence was
available regarding the expression of P1 and 3D"! to develop an
EV-A71 vaccine.

The baculovirus expression system (BES) has been
broadly utilized for vaccine production. Previous studies have
reported that the structural proteins of EV-A71 can self-assemble
into VLPs in BES via the expression of recombinant P1 and
3CD proteins under the regulation of polyhedron and various
exogenous promoters (Kim et al., 2019; Lin et al., 2015a).
The polyhedron promoter (pPH) is one of the strongest known
promoters (Cox, 2012), and GP41 was designed to regulate
3CD protease proteins, which can enhance the processing of P1
proteins into mature VLPs and convert these into self-assembling
VLPs that produce higher VLP yield (Kim et al., 2019). Further,
the VLPs of the various subgenotypes of EV-A71 have been
produced in insect cells, namely, Sf9, Hi5, and Sf21 (Kim et al.,
2019; Lin et al., 2015a; Zhao et al., 2017), using different protein
purification processes, such as ultracentrifugation and multistep
chromatography (Zhao et al., 2017). Similarly, using 6 x His-
tag (His6) affinity chromatography and tobacco etch virus (TEV)
protease for fusing two proteins of interest can be an alternative
yet a simple and common method for purifying recombinant
fusion proteins (Goh et al., 2017).

Our purpose was to prepare a novel recombinant protein
P1-3DP°! of EV-A71B5 using BES under a dual promoter system
(pPH and GP41) and study its production and expression in
Spodoptera frugiperda (S19) cells. Finally, we evaluated protein
purification using gravity affinity chromatography, and the particle
size was determined by a transmission electron microscope (TEM).
Using concatenation of Bagg and Albino (BALB/c) mice, we also
determined immunogenicity and neutralization activity against
EV-A71 of the BS subgenotype commonly found in Thailand.

MATERIALS AND METHODS

Cell media and reagents

Fetal bovine serum (FBS), pFastBacl transfer vector,
S£-900 II SFM, Cellfectin® II reagent, and Roswell Park Memorial

Institute (RPMI) 1640 Medium were obtained from Invitrogen,
Waltham, MA. TEV protease enzyme was obtained from Applied
Biological Materials, Richmond, Canada. Phenylmethylsulfonyl
fluoride (PMSF) and Ni-NTA agarose resin were obtained from
Gold Biotechnology, St. Louis, MO, and western blotting luminal
reagent was obtained from Santa Cruz Biotech, Heidelberg,
Germany.

Gene design, gene optimization, and recombinant bacmid
P1-3Dr°! construction

The His6 and the TEV protease cleavage site were
fused to P1 polyprotein under the control of pPH and contained
a poly(A) tail. The 3D polymerase gene was regulated by
an additional GP41 promoter and contained a poly(A) tail.
The coding sequence of the fusion gene was optimized for S.
frugiperda MNPV codon usage and synthesized by the Beijing
Genomics Institute (Beijing, China). The gene sequences for
P1 and 3Dr°' of the EV-A71B5 were submitted to GenBank
(accession no. MT944986). We cloned five His6 genes, the
TEV protease cleavage site, P1, GP41, and 3DP°' into a pUC57
vector to construct pUC57-His6-TEV-P1-GP41-3DP°!, which
was then transformed in Escherichia coli DH5a. The pUC57-
His6-TEV-P1-GP41-3Dr°' plasmid was extracted and digested
using EcoRIl and Hindlll to release the His6-TEV-P1-GP41-
3Dr°!  fragment. The His6-TEV-P1-GP41-3DP°' fragment
was cloned into a pFastBacl vector under the regulation of
a pPH and transformed in E. coli DH5a to create the pFBac-
His6-TEV-P1-GP41-3Dr°" expression cassette (Fig. 1). To
confirm correct gene insertion, we used restriction enzyme for
digestion and subsequently transformed the inserted gene into
E.coli DH10Bac to generate the recombinant bacmid P1-3DP°!,
The positive clones, which produced large white colonies as
opposed to blue colonies (nonrecombinant bacmid DNA) were
selected and confirmed by polymerase chain reaction (PCR).
We identified the recombinant bacmid P1-3DP*! via PCR using a
TaKaRa Ex Tag™ kit (Takara, Japan) with M 13 forward (M13F;
5'-GTTTTCCCAGTCACGAC-3") and M13 reverse (M13R;
5'-CAGGAAACAGCTATGAC-3') and specific primers P1_3DF
(5'-GAATTCATGAGCTACTATCACCACCATCAC-3")and
P1 3DR (5-AAGCTTTTAGAAGA GCTCGAGCCAGTTG-3")
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Figure 1. Schematic representation of pFBac-His6-TEV-P1-GP41-3D"!
construction (modified picture from Invitrogen, USA).
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to recognize His6-TEV-P1-GP41-3D°!, The parameters for PCR
with M13F and M13R were as per a previously reported method
(Issaro et al., 2019). PCR with other gene-specific primers was
performed in the following condition: initial denaturation at
94°C for 10 minutes; 25 cycles of denaturation at 94°C for 30
seconds, annealing at 60°C—62°C for 30 seconds, and extension
at 72°C for 1 minute 30 seconds; final extension at 72°C for 20
minutes.

Expression of the recombinant bacmid P1-3D*' in Sf9 cells
and protein purification using Ni-NTA agarose resin

The recombinant bacmid P1-3D?°! was transfected into
S19 cells to generate recombinant baculoviruses and create viral
stocks. Each viral stock was amplified and examined by an end-
point dilution method (O’Reilly ef al., 1992). To optimize the
conditions for P1-3DP°! expression, we investigated the multiplicity
of infection (MOI), cell density, and harvest time in 125 ml shaker
flasks containing 22.5 ml Sf-900 IT SFM (Invitrogen, USA) at
27.3°C + 0.5°C with shaking at 105.0 £ 0.5 rpm. We evaluated
harvest time at an MOI of 10 and cell density of 1.5 x 10° cells/ml,
after which cells were collected at 24, 48, 72, 96, and 120 hours
after infection. The protein samples were harvested from each
supernatant and cell lysate layer and were then separated by 12%
(v/v) sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and characterized by western blotting. The P1-3DP°!
protein was produced in Sf9 cells at the highest level and purified
under native conditions using gravity affinity chromatography
(Ni-NTA agarose).

We used a slightly modified version of the protein
purification procedure reported by Issaro ef al. (2019) and Shah
et al. (2013). First, we harvested and separated the cell culture
supernatant from the Sf9 cell pellet by centrifugation. The cell
culture supernatant was then filtered through a 0.22 um filter
followed by buffer exchange using the binding buffer (50 mM
Tris-Base, 100 mM NaCl, 10 mM imidazole, 10% glycerol, and
1 mM PMSF, pH 8.0) in ultrafiltration (Merck Millipore, USA).
Next, the Sf9 cell pellet was collected and equilibrated in the
binding buffer on ice for 30 minutes, following which the cells
were freeze-thawed and homogenized on ice three times (1-2
minutes each time). The mixture was then incubated on ice for
20 minutes before centrifugation at 15,000 rpm at 4°C for 30
minutes to harvest the clear supernatant. The clear supernatant
from the cell lysate or cell culture supernatant was exchanged
in the binding buffer and then mixed with Ni-NTA agarose. The
mixture was incubated at 4°C overnight with gentle shaking and
loaded onto a column for gravity chromatography. The column
was washed using a washing buffer with increasing imidazole
concentration (10—100 mM in Tris buffer at pH 8.0). We then
treated P1-3DP°! on resin with TEV protease and incubated it at
4°C overnight to remove His6-TEV. The reaction mixture was
applied to the column and the native of P1-3DP°! protein was
collected in the flow-through fraction. The P1-3DP°! protein was
dialyzed and concentrated with a 10 kDa molecular weight cutoff
membrane (Merck Millipore, USA). The P1-3D?°' protein was
detected via 12% (v/v) SDS-PAGE, analyzed through western
blotting, and quantified using a bicinchoninic acid protein assay
kit (Merck Millipore, USA).

Protein transfer and immunoblotting

Proteins were separated via 12% (v/v) SDS-PAGE. P1-
3Dr! expression was determined at 24, 48, 72, 96, and 120 hours
after infection at MOI 10. The protein bands were stained using
Coomassie Brilliant Blue R-250 (PanReac, Spain). For western
blotting, the proteins were transferred onto polyvinylidene
difluoride membranes (Bio-Rad, Hercules, CA, USA) and blocked
with 5% skim milk in Tris-buffered saline (TBS) with 1% tween
(TBS-T) for 1 hour. The membranes were then probed with
goat anti-mouse monoclonal antibody against VPO (MAB 979,
Merck Millipore, USA) or goat anti-mouse monoclonal antibody
against VP1 (MAS5-16317, Thermo Fisher Scientific, Waltham,
MA) for 16 hours at 4°C. The membrane was then washed with
TBS-T and subsequently incubated with a goat anti-mouse horse
radish peroxidase- (HRP-) conjugated antibody (12-349, Merck
Millipore, USA) for 1 hour at room temperature. Proteins bands
were developed using western blotting luminal reagent (Santa
Cruz Biotech, Germany) and imaged using a gel documentation
system (GE, ImageQuant LAS500). The intensity of the PI1-
3Dr°! protein band was assessed using ImagelJ software (National
Institutes of Health, Bethesda, MD).

Electron microscopy detection

To observe the formation of purified P1-3DP°! protein,
we deposited 10 pl of P1-3DP°' sample onto a Formvar-coated,
300-mesh Cu grid. The P1-3DP°' sample was added onto the Cu
grid and incubated at 4°C for 2 minutes and a filter paper was
then used to get rid of the overspilled solution. The Cu grid was
negatively stained with 2% uranyl acetate solution for 2 minutes,
which was then removed using filter paper. The stained grid was
dried for 16—18 hours and observed under a TEM at 80 kV (Philips/
TECNALI 20, Holland). The diameter of the particle size of P1-
3Dr°! proteins was determined using ImagelJ software (National
Institutes of Health).

Mouse immunization and P1-3DPo' protein-specific IgG and
IgM antibody responses

Six- to eight-week-old BALB/c female mice in each
group (n = 5 per group) were immunized via intramuscular
injection with one of the following: 5 pg or 10 pug of P1-3D?°' and
phosphate-buffered saline (PBS) formulated with Imject™ Alum
Adjuvant (Thermo Fisher Scientific). Mice were immunized with
the same dose at days 0, 14, and 28, following which their blood
was harvested on day 0 and every 14 days thereafter (Fig. 7A).
Mice sera were inactivated before storage at —80°C. IgG and IgM
antibodies against P1-3DP°! proteins were detected in all mouse
serum samples using indirect enzyme-linked immunosorbent
assay (ELISA). Briefly, a 96-well microtiter plate was coated with
50 pl of 5.0 and 0.625 pg/ml P1-3DP° protein, followed by 50 ul of
1:200 and 1:800 serum diluted in coating buffer for the detection
of IgG and IgM, respectively. Subsequently, 50 ul of a 1:10,000
dilution of goat anti-mouse IgG (Merck Millipore, Burlington,
MA) and a 1:5,000 dilution of goat anti-mouse IgM (Boster Bio,
USA) were conjugated with HRP and visualized using 100 pl of
3,3'.5,5'"-tetramethylbenzidine substrate (Biolegend, San Diego,
CA). A100-ul aliquot of 2 N H,SO, was added to stop the reaction.
The color density was read within 30 minutes at 450 nm using a
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Fluostar Omega microplate reader (Biomedizinische Gerite Prof.
Gurath Labtech, Ortenberg, Germany). For western blotting, the
pooled sera from each group were collected on day 42 to confirm
the presence of P1-3DP°! protein-specific IgG and IgM antibodies
at a dilution of 1:300 and 1:150, respectively.

Measuring interferon (IFN)-y and interleukin (IL)-4 levels in
mouse serum using ELISA

Serum samples were collected on day 42 in each group
after the last immunization to examine the levels of IFN-y and IL-4
using two-site sandwich ELISA kits (EliKine™, Abbkine, China)
according to the manufacturer’s instructions. The corresponding
standards for IFN-y and IL-4 levels were provided in the kit and
a standard curve was drawn. This curve was used to calculate the
concentrations of [FN-y and IL-4 levels in mouse serum.

Cell lines, virus strains, and microneutralization assay

Vero E6 cells (ATCC®, CRL-1586™) were cultured in
minimum essential media (MEM; Gibco BRL, USA) with 10%
heat-inactivated FBS, 1% glutamine, 100 U/ml penicillin, and 100
pg/ml of streptomycin. EV-A71B5 was propagated and titrated in
Vero cells using the focus assay.

The virus titer was determined using a focus assay
performed in quadruplicate. Briefly, the Vero cells were treated
with 50 pl of the 10-fold serially diluted virus. After incubation at
37°C for 2 hours, 100 ul of 2% carboxymethyl cellulose (CMC)
overlay medium in MEM supplemented with 2% heat-inactivated
FBS and 100 U penicillin and streptomycin was added to each
well. The plates were incubated at 37°C for 3 days, and all media
were subsequently removed. The infected cells were fixed with
3.7% formaldehyde and 1% Triton X-100 in PBS. Next, 1:5,000
dilution of rabbit polyclonal antibody (GTX124261, GeneTex,
USA) to EV71 and 1:1,000 dilution of anti-rabbit IgG HRP-linked
antibody (7074, Cell signaling technology, USA) were added.
Lastly, HRP substrate (3,3’-diaminobenzidine; Sigma, USA) was
added to each well.

A microneutralization assay was performed using Vero
cells to quantify the neutralizing antibodies. Briefly, the Vero cells
were incubated for 18-24 hours at 37°C with 5% CO,. The serum
samples to be assayed were heat-inactivated at 56°C for 30 minutes
and then twofold serially diluted with RPMI. The heat-inactivated
sera were mixed with the calibrated virus dose (2,000 FFU/ml) atan
equal volume and incubated at room temperature for 1 hour. After
incubation, the mixture was transferred to Vero cells, followed by
incubation at 37°C with 5% CO, for 90 minutes. Subsequently, a
2% CMC overlay medium in MEM supplemented with 2% heat-
inactivated FBS and 100 U penicillin and streptomycin was added
to each well. The plates were subsequently incubated at 37°C for 3
days. Finally, the infected cells were fixed and stained as described
above. The cells and virus control were analyzed simultaneously.
The neutralization titer was defined as the reciprocal of the
serum dilution that resulted in 50% inhibition of viral replication
compared with the virus control.

Statistical analysis

All data were analyzed using a two-way analysis of
variance, followed by a Bonferroni post hoc test. A p-value of
<0.05 indicated statistical significance. All visualization and

statistical analyses were analyzed using the GraphPad Prism
software version 9.0 for Windows (GraphPad Software, San
Diego, CA).

RESULTS

Construction of recombinant bacmid P1-3DP°' and baculovirus
generation

We cloned the His6-TEV-P1-GP41-3Dr°! with EcoRI
and HindIll restriction sites into the pUC57 vector. The double
digestion of the pUCS57 vector using EcoRI and Hindlll released
a 4.5-kb fragment of His6-TEV-P1-GP41-3Dr°! (Fig. 2A lanes 2
and 3 and B lane 1). The gene fragment of His6-TEV-P1-GP41-
3Dr°! was then cloned into a pFastBac vector (4.8 kb in size;
Fig. 2A lanes 5 and 6 and B lane 3). The correct transfer vector
was transformed and manipulated in E. coli DHS5a to create
pFBac-His6-TEV-P1-GP41-3Dr°! of 9.3 kb after digestion using
only one restriction enzyme (Fig. 3A) and was then transformed
into E. coli DH10Bac. The largest white colony containing
recombinant bacmid DNA was selected as opposed to blue
colonies containing nonrecombinant bacmid DNA, following
which PCR was performed using M13F and M13R primers as well
as specific primers to identify His6-TEV-P1-GP41-3Dr°. PCR of
the recombinant bacmid DNA yielded a 4.5 kb fragment for His6-
TEV-P1-GP41-3DP°! amplified using the P1 3DF and P1 3DR
primers and a 300 bp fragment for nonrecombinant bacmid DNA
(negative control) amplified using M13F and M13R primers
(Fig. 3B). The produced recombinant bacmid P1-3D?°' production
was then used for transfecting Sf9 cells.

Optimization of protein expression in Sf9 cells

To set the optimal conditions for P1-3D?°! expression, we
assessed the expression levels in the supernatant and cells using
western blotting at various time points after infection at MOI 10
with a titer of 5.1 x 107 pfu/ml and a cell density of 1.5 x 10° cells/
ml. The P1-3Dr°! bands were detected using goat anti-VP1 mouse

—

Figure 2. Agarose gel electrophoresis analysis of His6-TEV-P1-GP41-3D*°! and
pFastBac vectors double-digested using EcoRI and HindlIl. (A) Lane 1: 1.0 kb
DNA ladder. Lanes 2-3: approximately 4.5 kb pUC57-His6-TEV-P1-GP41-3D°!
vector double-digested with EcoRl and HindIll. Lane 4: 1.5 kb DNA ladder.
Lanes 5-6: approximately 4.8 kb pFastBac vector double-digested with EcoRI
and Hindlll. (B) Lane 1: purified PCR product of His6-TEV-P1-GP41-3D°". Lane
2: 1.5 kb DNA ladder. Lane 3: purified PCR product of pFastBac vector.
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Figure 3. Agarose gel electrophoresis of pFBac-His6-TEV-P1-GP41-3D°!
expressed in E. coli DH5a and PCR amplification of the recombinant bacmid
DNA in DH10Bac cells. (A) Agarose gel electrophoresis of pFBac-His6-TEV-
P1-GP41-3Dr°! after digestion with EcoRI. Lane 1: 1.5 kb DNA ladder. Lanes
2-5: approximately 9.3 kb pFBac-His6-TEV-P1-GP41-3Dr°' digested with
EcoRl. (B) Agarose gel electrophoresis of PCR products. Lanes 1-4: pFBac-
His6-TEV-P1-GP41-3Dr°" amplified using the P1_3DF and P1_3DR primers;
the expected size of the PCR product was approximately 4.5 kb. Lane 5: 1.5
kb DNA ladder. Lanes 6: 1.5 kb DNA ladder. Lane 7: nonrecombinant bacmid
control amplified using the M 13 forward and reverse primers; the expected size
of the PCR product was 300 bp.

monoclonal antibody (Fig. 4A). The highest production levels of
the recombinant P1-3DP°! protein were obtained at 96 hours, as
determined by the ratio of band intensities on the western blot of
P1-3Dr°! in the supernatant to that in the cell lysate (Fig. 4B).

Protein purification and western blotting

The supernatants and cell lysates of Sf9 cells at 96 hours
postinfection were harvested (35 ml) and purified via gravity
chromatographyusingNi-NTAagaroseresin.(Supplementary Figure
S1). The purified protein was indicated by the band pattern on 12%
(v/v) SDS-PAGE after cleavage using TEV protease (Fig. 5A). Goat
anti-mouse EV71 antibody detected VPO and VP1 at sizes of 36 kDa
(Fig. 5B and C).

Additionally, bands of intermediate proteins (VPO
+ VP3) were observed at approximately 60 kDa (Fig. 5B and
Supplementary Figure S2), and the protein profile in Figure
5C shows faint bands of VP1 protein, resulting from the low
concentration of antigen along with low expression levels of VP1
in the sample. The total yield of purified P1-3Dr°! protein was 0.17
mg/ml, and it was stored at —80°C without any loss of activity.

Characterization of P1-3Dr°!

Using TEM, we examined the purified P1-3D?°! protein
after infecting Sf9 cells with recombinant bacmid P1-3D" to
generate VLPs. Spherical-shaped structures were observed, with
the average diameter of P1-3D°! protein being 33 nm (Fig. 6A
and B). Particles are indicated using a black arrow and the bar size
was 50 and 200 nm (Fig. 6A). The results demonstrated that the
recombinant protein P1-3DP°, i.e., P1-3DP°! protein successfully
assembled under the expression of Pl polyprotein with 3D
polymerase protein using a strong GP41 promoter upstream of the
3D polymerase.
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Cell lysate

°
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o o
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Ratio of recombinant P1-3DP' protein intensity

o

Figure 4. Optimization of P1-3Dr°' expressed in insect cells at MOI 10 pfu/
ml and different postinfection time points (24-120 hours) in cell culture
supernatants and cell lysates. (A) Western blotting of P1-3DP°! expressed at MOI
10 pfu/ml in cell culture supernatants and cell lysates. (B) Western blot analysis
shows the ratio of protein intensity of P1-3D"°' in the supernatant to that in the
cell lysate at 24, 48, 72, 96, and 120 hours postinfection.

M P1-3DP0!

P1-3DP!

Figure 5. SDS-PAGE and western blotting of P1-3D*°' purification under
native conditions. (A) SDS-PAGE of purified P1-3D"°' using Ni-NTA resin after
cleavage with TEV protease. (B and C) Western blotting of P1-3D"°' with VPO
and VP1 anti-mouse monoclonal EV71 antibody, respectively.

Immunogenicity of P1-3Dr°'

Indirect ELISA was used to measure the levels of IgG
and IgM antibodies in mice immunized with either 5 or 10 pg/
mouse P1-3Dr°! formulated with Imject™ Alum adjuvant or PBS
formulated with Imject™ Alum adjuvant. IgG levels reached a
maximum at day 28 after the primary booster, but IgG was not
induced in control mice injected with PBS formulated with Imject™
Alum adjuvant. Both dose regimes formulated with Imject™
Alum adjuvant induced significantly higher levels of IgG at day
28 than PBS formulated with Imject™ Alum adjuvant (p < 0.0001)
(Fig. 7B). In addition, IgG levels induced by a dose of 10 pg/mouse
P1-3DP°! with Imject™ Alum adjuvant were higher than those
induced by 5 pg/mouse P1-3DP°! with Imject™ Alum adjuvant
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Figure 6. TEM analysis of VLP at 80 kV. Bar = 200 and 50 nm. (A) TEM image of purified P1-3D?*! protein. (B)

Histogram of the size distribution of P1-3Dr°!,

(p <0.001). While the IgM levels in mice immunized with 10 pg/
mouse P1-3DP°! formulated with Imject™ Alum adjuvant reached
a maximum on day 28 and declined by day 42. In contrast, [gM
levels in mice immunized with 5 pg/mouse P1-3DP°! formulated
with Imject™ Alum adjuvant increased continuously and reached
the maximum on day 42. Apart from this, no significant differences
were noted between the two dosages in terms of IgM levels
(p <0.05) (Fig. 7C).

To verify the presence of P1-3Dr°-specific antibodies,
the western blot results of anti-P1-3DP°' mouse IgG and IgM were
analyzed, and P1-3DP*! at dosages of 5 and 10 pg/mouse was
identified after 42 days in pooled sera samples from immunized
mice, as assessed by the presence of a band at approximately 36
kDa, which reacted with P1-3D?°' protein (Fig. 8A, B, E, and F).
Further, anti-P1-3Dr°! mouse 1gG and IgM could not be identified
in the pooled sera of mice injected with PBS formulated with
Imject™ Alum adjuvant (Fig. 8C and D).

IFN-y and IL4 levels in mouse serum

To detect cellular immune responses in immunized
mice, two-site sandwich ELISA was used to detect changes in
IFN-y [T helper type 1 (Thl) cytokine] and IL-4 [T helper type 2
(Th2)] cytokine in the sera of mice injected with 5 or 10 pg/mouse
P1-3DP°!' and PBS formulated with Imject™ Alum adjuvant. The
concentrations of [FN-y and IL-4 in mouse sera were examined on
day 42 (Fig. 9). The results showed that IFN-y levels in the sera
of mice injected with 10 pg/mouse P1-3D?°! with Imject™ Alum
adjuvant were significantly increased compared with those in the
sera of mice injected with PBS with Imject™ Alum adjuvant as the
negative control (p < 0.01, Fig. 9A). Furthermore, although IL-4
levels in the sera of mice injected with 10 pg/mouse P1-3DP' with
Imject™ Alum adjuvant were increased compared with those in
the sera of mice injected with PBS Imject™ Alum adjuvant, this
increase was not significant (Fig. 9B). Hence, the administration
of P1-3D°" at dosages of 10 pg/mouse could effectively induce
IFN-y in mouse sera.

Neutralizing antibody titer in mouse serum

Mouse serum was collected on days 0, 14, 28, and 42
after immunization with PBS (negative control), 5 pg/mouse
P1-3Dr°! protein, or 10 pg/mouse P1-3DP°! protein. Both 5 and
10 pg/mouse P1-3DP°' formulated with Imject™ Alum adjuvant
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Figure 7. Immunogenicity profile of immunized and control mice. (A)
Schematic diagram of the immunization and mice bleeding schedule (n = 5). (B
and C) IgG and IgM induced by PBS and 5 or 10 P1-3D°! ng/mouse. The sera
were harvested at days 0, 14, 28, and 42 after immunization. Data are expressed
as mean (+ SD) of optical density values at 450 nm (n = 5), *p <0.05, **p <0.01,
***p < 0.001, ****p < 0.0001, and ns, not significant. Asterisks (*) above the
bar indicate statistically significant differences compared with PBS.

induced a significantly greater number of neutralizing antibodies
than PBS (p <0.0001) (Fig. 10). Conversely, PBS formulated with
Imject™ Alum adjuvant did not induce the neutralizing antibodies.
These results indicate that the antibody of P1-3DP°! protein at a
dosage of 5 and 10 pg/mouse was effective in neutralizing the EV-
A71BS5 virus. The neutralization titer against EV-A71B5 was not
significantly different between dosages of 5 pg/mouse and 10 pg/
mouse (p > 0.05) (Fig. 10).

DISCUSSION

We used a simplified strategy for producing P1-3D?°! of
EV-A71BS5 in Sf9 cells under the BES system. The gene construct
comprised His6 with a TEV protease cleavage site, P1 under
pPH control with a poly(A) tail, and 3D polymerase under GP41
promoter control with a poly(A) tail in the same recombinant
DNA molecule. Two poly(A) tails are important for simultaneous
gene expression (Wu et al., 2012) in two different promoter
systems. Our results corroborate those of previous studies using
a dual promoter system to successfully express VLPs employing
baculovirus expressing the structural proteins P1 and 3CD
in various insect cells (Kim ef al., 2019; Lin ef al, 2015a). In
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Figure 8. Western blotting for analyzing IgG and IgM reactivity against P1-
3D protein. (A—C) Western blotting for analyzing the IgG reactivity of each
group against P1-3DP! protein in the pooling sera and then diluting at 1:300. (A)
Lane M: protein ladder; lane 1: mice immunized with 5 pg/mouse P1-3D°". (B)
Lane M: protein ladder; Lane 1: mice immunized with 10 pg/mouse P1-3DP°!.
(C) Lane M: protein ladder; mice immunized with PBS. (D-F) Western blotting
for analyzing the IgM reactivity of each group against P1-3DP°' protein in the
pooling sera and then diluting at 1:150. (D) Lane M: protein ladder; Lane 1: mice
immunized with PBS. (E) Lane M: protein ladder; Lane 1: mice immunized with
5 pg/mouse P1-3D°! (F) Lane M: protein ladder; Lane 1: mice immunized with
10 pg/mouse P1-3Dr°L

summary, using a dual promoter system containing pPH and GP41
led to high levels of protein expression (Kim et al., 2019).

To further upgrade this protein purification method,
we used His6 and TEV protease enzymes in the dual promoter
system. This method made the protein easier to purify at a
laboratory scale and could be used for developing a vaccine
against EV-A71B5. The recombinant bacmid P1-3DP°! expressed
in S9 cells was evaluated at different postinfection time points
at MOI 10. The highest and most efficient protein production was
observed at 96 hours (Fig. 4). Hence, this time point can be used
for P1-3D°' protein expression. Further, along with P1-3Dr°!
of EV-A71B5, P1, and 3DP°! were efficiently expressed under
pPH and GP41 promoter control, respectively, and the P1-3Dr°!
protein could be purified using gravity affinity chromatography
(Ni-NTA agarose). We used SDS-PAGE and western blotting
to characterize the banding pattern of purified P1-3DP°! after
the cleavage of His6 using TEV protease. More interestingly,
we found that P1-3DP°! could convert to capsid proteins VPO
and VP1 at the same size of 36 kDa (Fig. 5B and C) without
EV-A71 3C protease mediating the cleavage of P1; however,
the mechanism underlying this phenomenon is unclear. In the
protein profile shown in Figure 5B, we can observe a protein
band with a size of approximately 60 kDa that could correspond
to EV71 proteins of VPO + VP3 intermediates derived from the
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Figure 9. Two-site sandwich ELISA for assessing the levels of IFN-y and IL-4
in the three groups of BALB/c mice. (A) The levels of IFN-y and (B) IL-4 in the
sera of mice injected with PBS, 5 pg/mouse P1-3D?°!, or 10 pg/mouse P1-3D°!
on day 42. The level of IFN-y and IL-4 are represented as mean (+SD) values
(n=15), *p < 0.05. Asterisk (*) above the bar represents statistically significant
differences compared with PBS.
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Figure 10. Titers of neutralizing antibodies in the three groups of BALB/c mice
injected with PBS, 5 pg/mouse P1-3DP°!, or 10 pg/mouse P1-3DP°. The serum
antibody samples were collected on days 0, 14, 28, and 42 after immunization.
The data represent the mean (£SD) values (n = 5), *p < 0.05, **p < 0.01, ***p
< 0.001, ****p < 0.0001, and ns, not significant. Asterisks (*) above the bar
represent statistically significant differences compared with PBS.

partially processed structure of EV-A71 VLP produced in Sf9
cells (Luo et al., 2021; Somasundaram et al., 2016). In this study,
faint bands of VP1 protein, caused by the low concentration of
antigen and low expression levels of VP1 in the sample, were
observed (Fig. 5C) after cleavage using TEV protease and
purification steps. The low protein expression level may be
attributed to the gene construction method, insect cell lines,
and the culture conditions used (Kim ef al., 2019; Yang et al.,
2020). Furthermore, some differences in the particle size were
found in this study (Fig. 6B), which may result in the different
assembly pathways that affect the natural stability of protein—
protein interactions (Lin et al., 2015b) and may be related to
our gene construction. In addition, the process design includes
the cell culture system and protein storage conditions, such as
pH, temperature, and ionic strength, which affect the properties
of protein conformation (Effio and Hubbuch, 2015; Fernandes
et al., 2013; Kim and Kim, 2017). We believed that the protein—
protein interactions of gene construction, cell culture type, and
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purification process affected the production levels of P1-3DP°!
and its particle size, consequently affecting its antigenicity and
immunogenicity (Zhao et al., 2017). Hence, this is the first study
to develop a novel recombinant protein, P1-3Dr°!, specific to
the BS subgenotype of EV-A71 (Thailand strain) through gene
expression encoding for genes encoding for P1 and 3Dr°' with
exogenous promoters in Sf9 cells.

To date, there are no reports about P1 and 3D"' of EV-
AT71BS that can process the polyprotein into the structure proteins
VP1 and VPO to candidate EV-A71 vaccine. 3D is involved in the
RdRp-specific T-cell responses against EV-71 infection (Dang et al.,
2014), improves the safety and stability of live-attenuated vaccines
(Liet al., 2021), and stimulates both cellular and humoral immune
responses (Collen et al., 1998). To study mice immunogenicity
of P1-3D?°! using the injecting BALB/c mice with doses of 5 and
10 pg/mouse P1-3DP' formulated with Imject™ Alum adjuvant
induced a strong humoral immune response. Mice injected with
10 pg/mouse EV-A71B5 P1-3Dr°! formulated with Imject™ Alum
adjuvant produced higher levels of IgG and IgM than those injected
with 5 pg/mouse P1-3Dr°. Therefore, the dosage of P1-3DP' is
crucial for stimulating an effective immune response in mice. In
addition, western blotting of IgG and IgM against P1-3D"®' in
mouse serum samples revealed that P1-3DP°! had good antigenicity.
Anasir ef al. (2019) summarized the data of IgG- and IgM-binding
epitopes of EV-A71 found in the VP1 region. Our results showed
that VP1 protein promotes humoral immune response.

Both Thl and Th2 responses are essential immune
responses against antigens, and the production of major cytokines,
such as IFN-y, IL-2, IL-4, and IL-10, plays a vital role in the
immune response against EV-A71 (Chung et al., 2008; Zhou et al.,
2015). IFN-y, a Thl cytokine, is critical for a cellular immune
response involving the intracellular killing of EV-A71 (Chang
et al., 2006), whereas IL-4, a Th2-type cytokine, is related to the
humoral immune responses (Ch'ng et al., 2011). In our study,
10 pg/mouse P1-3DP°' formulated with Imject™ Alum adjuvant
induced the highest IFN-y levels and neutralizing antibody titer,
but IL-4 levels were low, which was similar to the results reported
previously (Wang et al., 2013). Notably, In et al. (2017) reported
that an inactivated vaccine dosage of 10 pg formulated with
adjuvants resulted in excellent induction of neutralization antibody
titer and a mixed Th1/Th2 immune response. Cytokines play an
important role in activating Th cells (Paintlia ez a/., 2002) and are
commonly known as inflammatory metabolites as IFN-y plays a
crucial role in preventing pathogenic infection and is responsible
for activating Thl cells (Xu et al., 2016). In our study, we found
that P1-3DP°' induces the expression of IFN-y, indicating that the
P1-3DP°! protein is responsible for the Thl immune responses
and is associated with the antigen-induced immune response
against viral antigens that is effective in inducing CD8" IFN-y-
specific immune responses against EV-A71 and neutralizing titer
(Chung et al., 2008; Lin et al., 2009a, 2009b). In contrast, 1L4
is a marker of Th2 cells and results in the stimulation of B cells,
including cell proliferation, differentiation, and maturation. Th2
cell responses to antibody production influenced the proliferation
of CD4* T-cells (Debock et al., 2013). In this study, a dosage of
10 pg/mouse P1-3Dr°! protein was able to induce IFN-y and was
superior to a dosage of 5 pg/mouse P1-3DP°! protein. This finding

indicates that 10 ug/mouse P1-3DP°! protein could induce a Thl-
type cytokine (IFN-y). Moreover, P1-3DP°!' induced the production
of IgG and IgM after mice immunization, as confirmed by ELISA
and western blotting. Finally, they successfully induced both IgG
and IgM antibodies, the Thl cytokine IFN-y, and a neutralization
titer against EV-A71B5 ata 10 pg/mouse dose. Our results support
that 10 pg/mouse P1-3DP°' formulated with Imject™ Alum
adjuvant warrants further study.

CONCLUSION

We successfully constructed a novel recombinant
bacmid P1-3DP°, expressed it in Sf9 cells, and described a
simplified strategy for P1-3DP°' protein purification using
gravity affinity chromatography at the laboratory scale. The
results demonstrated the effectiveness of P1-3DP°! in eliciting
the production of neutralizing antibodies, IgG, and IgM, as
well as the Thl-cytokine IFN-y, which provides a basis for the
development of vaccines against EV-A71B5 commonly found
in Thailand.
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