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Abstract: Hand, foot and mouth disease (HFMD) is a childhood disease caused by enterovirus A71 (EV-A71)
and coxsackievirus A16 (CV-A16). We hypothesize that capsid loops are important epitopes for EV-A71 and CV-
A1l6. Seven chimeric EV-A71 (ChiE71) involving VP1 BC, DE, EF, GH and HI loops, VP2 EF loop, and VP3 GH
loop were substituted with corresponding CV-A16 loops. VP3 GH loop is the most conserved (91.3%) while VP1
BC loop has only 45.5% similarity. Only ChiE71-1-BC, ChiE71-1-EF, ChiE71-1-GH and ChiE71-3-GH were viable.
EV-A71 and CV-A16 antiserum neutralized ChiE71-1-BC and ChiE71-1-EF. Mice immunized with inactivated
ChiE71 elicited high IgG, IFN-y, IL-2, IL-4 and IL-10. Neonatal mice receiving passive transfer of WT EV-A71,
ChiE71-1-EF and ChiE71-1-BC immune sera had 100%, 80.0% and no survival, respectively, against lethal
challenges with EV-A71, suggesting that the substituted CV-A16 loops disrupted EV-A71 immunogenicity.
Passive transfer of CV-A16, ChiE71-1-EF and ChiE71-1-BC immune sera provided 40.0%, 20.0% and 42.9%
survival, respectively, against CV-A16. One-day-old neonatal mice actively immunized with WT EV-A71,
ChiE71-1-BC, ChiE71-1-EF and CV-A16 achieved 62.5%, 60.0%, 57.1% and no survival respectively, after the
EV-A71 challenge. Active immunization using CV-A16 provided full protection while WT EV-A71, ChiE71-1-
BC, ChiE71-1-EF immunization showed partial cross-protection in CV-A16 lethal challenge with survival rates
of 50.0%, 20.0%, and 40%, respectively. Taken together, the EV-A71 VP1 BC loop is essential in immunogenicity
of EV-A71 and substitution with CV-A16 VP1 BC loop was insufficient to confer protection against CV-A16. The
EF loop maintains the cross-protective immune responses. Disruption of a capsid loop could affect virus
immunogenicity, and future vaccine design should include conservation of the enterovirus capsid loops.

Keywords: enterovirus A71; coxsackievirus A16; enterovirus; hand, foot and mouth disease; capsid loop;
vaccine; immunogenicity

1. Introduction

Hand, foot and mouth disease (HFMD) is a common disease in children aged below 5 years old
worldwide, especially in the Asia-Pacific region [1]. Enterovirus A71 (EV-A71), coxsackievirus A16
(CV-A16), CV-A2, CV-A4, CV-A6 and CV-A10 are common causative agents of HFMD. Amongst
these viruses, EV-A71, CV-A6 and CV-A16 are most frequently associated with HFMD in Malaysia
[2-4]. Unlike other enteroviruses causing HFMD, EV-A71 can be associated with severe neurological
complications, including aseptic meningitis, brainstem encephalitis, and pulmonary edema with high
fatality rates [5]. To date, no vaccine is available for HFMD-associated enteroviruses other than EV-
A71. Furthermore, the inactivated EV-A71 vaccine is currently only marketed in China.

© 2023 by the author(s). Distributed under a Creative Commons CC BY license.
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EV-A71 and CV-A16 are positive-stranded RNA viruses under the family of Picornaviridae and
genus of enterovirus. The genomic RNA comprises of a single open reading frame flanked by 5 and
3’ untranslated regions. Translation of genomic RNA produces a single polypeptide which is further
cleaved into structural capsid (VP1-VP4) and non-structural (2A-2C and 3A-3D) proteins [6]. Only
VP1-3 capsid proteins are exposed, whereas VP4 is completely buried. Capsids are important for host
receptor binding and can trigger host immune responses.

For EV-A71, both IgM and IgG from EV-A7l-infected patients recognize all the structural
proteins. Of these, the VP1 protein of EV-A71 is the most immunodominant viral protein recognized
by HFEMD patients [7]. Other than immunodominant binding epitopes, neutralization epitopes are
usually located in the capsid surface exposed loops, where neutralizing antibodies bind, leading to
inactivation of the virus. In other enteroviruses such as the poliovirus, all the neutralizing sites are
located at the capsid loops, and recent studies showed that both the D antigen (infectious virus) and
C antigen (non-infectious empty particles) are immunogenic [8-10]. In total, there are seven well-
characterized loops, namely the VP1 BC, DE, EF, GH and HI loops, VP2 EF loop and VP3 GH loop.

Most enterovirus neutralizing epitopes are located within the capsid loops in the form of
conformational or linear epitopes. Both EV-A71 and CV-A16 have some similar neutralizing epitopes
at VP1 EF loop (SP55 of EV-A71 and PEP 55 of CV-A16) [7,11-13] and GH loop (SP70 of EV-A71 and
PEP71 of CV-A16) [12,14]. The PEP27 spanning part of VP1 DE loop (aa 142-156) was also reported
as an IgM neutralizing epitope of EV-A71 [7]. Previous studies also reported several other CV-A16
neutralizing epitopes within the capsid loops, such as aa 94-108 in the VP1 BC loop and aa 176-190 in
the VP3 GH loop. However, these are linear epitopes and study on EV-A71 and CV-A16
conformational epitopes is limited and would benefit the future development of broad-spectrum
HEMD vaccine design.

Reverse genetics have been used to engineer chimeric EV-A71 (ChiE71) to identify neutralization
epitopes, antigenicity and virulence in other picornaviruses [14-16]. Previous studies have shown
that poliovirus capsid loop engineered with HIV-1 gp41 epitopes could elicit neutralizing antibodies
against HIV-1 [17]. Human poliovirus 3 which is one of the three serotypes of poliovirus could also
tolerate insertion at the BC loop without affecting virus production [18]. We hypothesized that the
capsid loops between enteroviruses can be exchanged, and substitution of capsid loops of CV-A16
intoEV-A71 will not alter its immunogenicity. In this study, chimeric EV-A71 (ChiE71) carrying
capsid loops of CV-A16 were constructed and characterized. We further evaluated the homologous
and heterologous immune responses and protection efficacy against ChiE71 in a mouse model. At the
end, we will decipher the role of BC and EF loops in immunogenicity of EV-A71 and CV-A16.

2. Materials and Methods
2.1. Cells and plasmids

Rhabdomyosarcoma (RD) cells (ATCC no. CCL136) were grown in Dulbecco’s Modified Eagles
Medium (Gibco, USA), supplemented with 10% fetal bovine serum (Thermo Fisher Scientific, USA.
L-929-hSCARB?2 cells (a gift from Satoshi Koike, Tokyo Metropolitan Institute of Medical Science,
Tokyo Metropolitan Organization for Medical Research, Japan) were cultured in Dulbecco’s Modified
Eagles Medium supplemented with 5% fetal bovine serum and 4 pg/mL of puromycin. Both cells
were grown at 37°C and 5% CO2.

2.2. Mice

The use of mice in this study was approved by the Institutional Animal Care and Use Committee,
Universiti Putra Malaysia (IACUC Number: R046/2020). SPF BALB/c mice were acquired from
Malaysian Institute of Pharmaceuticals and Nutraceuticals and used throughout the study. All
animals were housed in a barrier facility in individually ventilated cages at Comparative Medicine
and Technology Unit, Institute of Bioscience, Universiti Putra Malaysia. Mice were provided with
sterile water and standard laboratory rodent diet ad libitum. The mice were monitored daily for
health and clinical signs. All procedures performed in the study were in accordance with the
guidelines and ethical standards of IACUC.

2.3. Construction of chimera infections clones and virus
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The ChiE71 were designed based on the EV-A71 strain 41 (subgenotype B4 virus; GenBank
accession number AF316321) and CV-A16 virus strain 22159 (GenBank accession number JQ746673)
(Figure S1). The ChiE71 infectious clones were constructed based on previously published pCMV-
EV-A71 as the backbone [19]. To substitute the capsid loop sequences on EV-A71 with that of CV-
Al6, site-directed mutagenesis was performed with pCMV EV-A71 using high fidelity Q5
polymerase (NEB, UK) and different primer pairs (Table S1). Corresponding loop regions were
substituted, and the blunt end amplified DNA products were ligated into the plasmids. The ligated
products were transformed into competent Escherichia coli XL-10 Gold. The plasmids were purified
using endotoxin-free PureLink HiPure Plasmid DNA purification mini kit (Invitrogen, USA). All
constructs were confirmed by Sanger sequencing. The resulting infectious clones were wild types
(WT) EV-A71 and WT CV-A16, and clones named after the replaced capsid loop region: pCMV-
ChiE71-1-BC, pCMV-ChiE71-1-DE, pCMV-ChiE71-1-EF, pCMV-ChiE71-1-GH, pCMV-ChiE71-2-EF
and pCMV-ChiE71-3-GH.

DNA transfection was performed in RD cells using lipofectamine LTX with PLUS reagent
(Invitrogen, USA) to generate viable ChiE71. On day 5 post-transfection, the supernatants were
harvested by freeze-thawing of transfected RD cells and reinfection was performed to obtain P1 virus
stock.

2.4. One-step growth curve and plaque morphology

To compare the replication kinetics among ChiE71 and WT viruses, MOI of 0.1 was used to infect
RD cells in duplicates. Viral titers of each ChiE71 at 0, 12, 24, 48, 72, and 96 hours-post inoculations
were determined based on TCIDso from the collected supernatants.

A plaque assay was performed to compare the plaque morphologies of WT and ChiE71. Briefly,
1 mL of 10-fold serial diluted ChiE71-1-BC, ChiE71-1-EF, ChiE71-1-GH and WT EV-A71 were added
to monolayers of RD cells seeded on a 6-well plate and incubated at 37°C for 1 hour. The inoculum
was removed and replaced with 1 ml of 2% FBS DMEM in 0.8% CMC. The plate was incubated for 3
days at 37°C with 5% COz. The cell supernatant was discarded and rinsed twice with PBS followed
by fixation using 3.7% paraformaldehyde at room temperature for 10 min on a rocker. The plate was
rinsed followed by staining with crystal violet. The sizes of 10 single plaques of each virus were
measured.

2.5. Viruses

ChiE71-1-BC, ChiE71-1-EF and WT EV-A71 and WT CV-Al6 were concentrated using a
centrifugal filter unit (Merck, Germany). The tubes with virus concentrate and 30% sucrose cushion
were loaded to an SW41 Ti Swinging-Bucket Rotor (Beckman Coulter, USA) and ultracentrifuged at
125,000 x g for 4 hours at 4°C. The viral pellet was resuspended in 500 uL of PBS. The partially purified
viruses were inactivated with 0.25% (v/v) formaldehyde at 37°C for 7 days [20,21]. Then, the
inactivated viruses were subjected to protein quantification using a bicinchoninic acid (BCA) protein
assay kit (Thermo Fisher Scientific, USA).

The lethal dose was first determined for each challenge virus. We used the mouse-adapted EV-
A71 strain MP4 (obtained through BEI Resources, NIAID, NIH: enterovirus A71 MP4, NR-472) rather
than WT EV-A71, for which we previously reported that the VP1 145Q mutation rendered it non-
lethal to mice [15,16]. Survival and clinical symptoms of one-day-old mice were observed following
inoculation with MP4 EV-A71 or WT CV-A16 at doses ranging from 102-10* TCIDs0 and 1-0.001
TCIDso, respectively (Figure S2). The doses for subsequent virus challenge were fixed at 10 LDso of
MP4 EV-A71 (10¢ TCIDso) and clone-derived WT CV-A16 (0.1 TCIDso).

2.6. Immunization of adult mice and passive transfer of anti-ChiE71 sera

Groups of six-week-old adult female BALB/c mice (n=5) were immunized with two doses of
different inactivated viruses at 14-day intervals. Each dose (100 pL/mouse) consisted of 10 pg of
antigen and 3.25 mg of Alhydrogel 2% (InvivoGen, USA) as an adjuvant. On the day of immunization,
the antigen was mixed with adjuvant and topped up to 100 uL with sterile PBS. The mixture was
mixed well with a shaker for 1 hour at 4°C to allow effective adsorption of antigen with adjuvant. The
mouse was injected intraperitoneally with the antigen. Booster antigen with the same dose was given
to the mice after 14 days. Blood collection was performed on days 0, 14 and 28 through ocular
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bleeding to obtain serum for further analysis. Anesthesia using 0.1 g/kg of ketamine and 10 mg/kg of
xylazine was performed on mice before ocular bleeding.

On day 35, cardiac puncture was performed to collect the blood from the anesthetized
immunized mice. Approximately 1 mL of blood was collected from each mouse. The mice were then
euthanized by injection with 1g/kg of ketamine and 100mg/kg of xylazine. Mice spleens were
collected for cytokine assays.

To evaluate the protective efficacy of passive transfer of antibodies, groups of one-day-old
BALB/C mice (n=5-7) were intraperitoneally inoculated with 100 uL of heat-inactivated pooled serum
from the immunized mice. After 1 hour, the mice were challenged intraperitoneally with 10 LDso of
EV-A71 MP4 or WT CV-A16. The mice were weighed daily and monitored for clinical scores and
survival for 14 days. Similar to previous studies [15], the clinical signs were graded as 0, healthy; 1,
weak or less active; 2, hunched posture and lethargy; 3, one-limb paralysis; 4, two-limb paralysis; 5,
moribund or dead.

2.7. Active immunization in neonatal mice

To evaluate the efficacy of ChiE71 in eliciting immune responses in neonatal mice, we performed
intraperitoneal immunization of groups of one-day-old mice (n=5-7) with 1 x 105 TCID50 live ChiE71-
1-BC, ChiE71-1-EF or WT EV-A71. Inactivated WT CV-A16 was used for immunization as live CV-
A16 is highly lethal to mice. After 7 days, the mice were challenged with 10 LDso of MP4 EV-A71 (104
TCID50) or WT CV-A16 (0.1 TCID50). The mice were monitored for clinical scores and survival for
14 days (Figure S2).

2.8. Virus neutralization assay

A virus neutralization assay was performed using sera from human HFMD patients and adult
immunized mice to determine the neutralizing capacity of each serum against WT EV-A71, WT CV-
A16 and the ChiE71. In brief, each serum sample was two-fold serial-diluted starting with 1:8 dilution
using SFM until 1:256. Volumes of 100 pL sera were mixed with 100 pL of ChiE71 (1 x 103 TCIDso /mL)
and incubated for two hours at 37°C. The mixture of each dilution was inoculated in triplicates to a
monolayer of RD cells seeded on a 96-well plate, followed by incubation for one hour at 37°C. The
inoculum was replaced by 2% FBS DMEM and the cells were monitored for 7 days for the presence
of CPE. The neutralizing titer of the serum against the virus was defined as the end-point dilution of
serum that inhibited the presence of CPE on cells.

2.9. Whole-virus and protein VP1 ELISA for IgG detection

Collected adult mice serum samples were subjected to ELISA to measure total virus-specific IgG.
Each well was coated with 10 ng/uL of formaldehyde-inactivated purified WT EV-A71, WT CV-A16
or WT EV-A71 VP1 protein diluted in 50 mM carbonate-bicarbonate buffer (15 mM Na2CO3, 35 mM
NaHCO3, pH 9.6). Mouse serum was pooled together and diluted at 1:20 with 1% bovine serum
albumin (BSA) in PBS with 0.05% Tween 20 (PBST). After blocking the plate with 5% BSA, diluted
serum was incubated for two hours. Streptavidin-horse radish phosphatase (HRP)-conjugated goat
anti-mouse IgG diluted at 1:10,000 with 1% (w/v) BSA in PBST was added to the wells and incubated
for one hour at 37°C. After color development with the TMB peroxidase substrate system (KPL, USA),
the plate was read for absorbance at 450 nm.

2.10. Splenocyte isolation and Th1/Th2 cytokine assay

To isolate splenocytes, the spleen was cut into small pieces and gently pressed through a 70 um
strainer. The obtained mouse splenocytes were mixed with 5 mL of RPMI growth medium. The cell
suspension was centrifuged at 500 x g at 4°C for 5 min. After discarding the supernatant, the cell
pellet was resuspended in 5 mL of ammonium-chloride-potassium lysis buffer and incubated on ice
for 5 min to lyse the red blood cells. The lysis reaction was stopped by adding 5 mL of cold PBS and
the mixture was spun at 500 x g at 4°C for 5 min. The pellet was resuspended with 5 mL of growth
media. The 96-well cell culture plate was seeded with 3 x 10¢ cells/well of live splenocytes. To
stimulate the splenocytes, 10 ug of inactivated WT EV-A71 or WT CV-A16 was added as antigen for
the splenocyte culture. After culture for 48 hours at 37°C with 5% COz, the cell supernatants were
collected, frozen and stored at -20°C for the cytokines assay.

do0i:10.20944/preprints202307.0846.v1
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The T-helper cell-related cytokines IFN-y, IL-2, IL-4 and IL-10 produced by active immunization
in mice were measured using a mouse Th1/Th2 ELISA kit (Invitrogen, USA). After plate coating and
blocking, 50 uL of 1:8 diluted splenocyte samples, standards and ELISA diluent as blank were added
to the well in replicates and incubated for 2 hours. The biotin-conjugated anti-mouse IFN-v, IL-2, IL-
4 and IL-10 antibodies were added followed by incubation for one hour. After washing, streptavidin-
conjugated HRP was added to each well and incubated for 30 minutes. After color development, the
absorbance was read at 450 nm.

2.11. Thermal stability of ChiE71

To determine the thermal stability of ChiE71 particles, we performed a particle stability thermal
release assay (PaSTRY). In brief, 2 ug of the partially purified virus with double sucrose gradient
ultracentrifugation, including ChiE71-1-BC, ChiE71-1-EF, WT EV-A71, and WT CV-A16, were treated
with RNAse followed by RN Ase inhibitor to remove residual RNA in the supernatant, leaving only
intact virus particles. SYBR green II dye was added as a marker of RNA release. The mixture was
analyzed in a StepOnePlus Real-Time PCR System (Thermo Fisher Scientific, USA) and heated from
24°C to 95°C. Derivative melt curves of each virus were plotted and melting temperatures (Tm) were
determined.

2.12. Molecular modeling

The three-dimensional models of ChiE71 were constructed based on the EV-A71 capsid structure
(PDB ID: 3VBS) uploaded to the SWISS-MODEL server [22]. All ChiE71 structure models generated
were further characterized and analyzed. ChiE71 3D capsid structures were first superimposed with
that of WT EV-A71 to calculate the average distance between C-at atoms of the chimeric structure
model with WT EV-A71 in root mean square deviation (RMSD) using PyMOL version 2.0
(Schrodinger, LLC). To evaluate the flexibility of ChiE71 capsid proteins, the root means square
fluctuation (RMSF) of the structures was computed using trajectories collected from 10 ns long
molecular dynamics (MD) simulations. All the ChiE71 capsid structures were subjected to
protonation state prediction at pH 7.0 using a PDB2PQR server [23] prior to solvation in an octahedral
box with TIP3P water models and counterions for charge neutralization. The molecular properties of
the structures were described by the ff19SB force field under the AMBER20 program. Trajectory
analysis was conducted using the CPPTRA] module [24].

To predict how the substitution of loops affects the possible binding of ChiE71 with anti-EV-A71
and CV-Al6 antibodies, we performed molecular docking simulations to predict the binding
structures of ChiE71-1-BC, ChiE71-1-EF, WT EV-A71 and WT CV-A16 with EV-A71 antibody D5
(PDB ID: 3JAU) and CV-A16 antibody NAD97 (PDB ID: 6LHQ) using the HADDOCK server [25,26].
Protein-protein interactions between the antibodies and ChiE71 including salt bridges, hydrogen
bonds, and electrostatic and hydrophobic charges were dissected and analyzed using the
visualization tools UCSF Chimera [27] and Discovery Studio 2020 visualizer version v20.1.0.19295
(BIOVIA, San Diego, CA, USA) [28].

2.13. Statistical analysis

The EV-A71 and CV-A16 specific IgG antibody levels in mice sera were compared using a two-
way analysis of variance (ANOVA) with the Bonferroni post-hoc test. The Th1/Th2 cytokines levels
in mouse serum were compared using one-way ANOVA with Bonferroni post-hoc test. Survival rates
of mice after lethal challenge were calculated using the Mantel-Cox log-rank test or Gehan-Breslow-
Wilcoxon tests with corrected Bonferroni a value as a post-hoc test.

All graphs were plotted, and statistical analyses were completed using GraphPad Prism version
5.0 (GraphPad Software, La Jolla, CA). All quantitative data were presented in mean + SD. A p-value
<0.05 was considered statistically significant.
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3. Results
3.1. Construction of ChiE71 and structural modeling

Seven ChiE71 were designed by substituting the EV-A71 capsid loops with the corresponding
CV-A16 capsid loops (VP1 BC, DE, GH and HI loop, VP2 EF loop, and VP3 GH loop) (Figure 1A).
The ChiE71 were named based on the capsid loop region substituted.

The percentage of conservation of the loops may affect the configuration. Multiple amino acid
alignments of capsid loops showed that the VP3 GH loop was the most conserved (91.3%), followed
by the VP1 GH loop (87.3%), VP1 EF loop (85.0%) and VP2 EF loop (76.0%). VP1 BC loop was the
least conserved with only 45.5% similarity (Figure 1B). The effects of loop exchange on the stability
and flexibility of the capsids were examined. The structural deviation after loop exchange inferred
by RMSD of the superimposed protomer structures to 3VBS and corresponding ChiE71 loops were
calculated using the software PyMol. Only small structural deviations ranging between 0.064 - 0.094
A were observed in all the ChiE71 indicating that the exchanged loops did not affect the protomer
structure (Figure 1B). ChiE71-1-BC sequences and RMSF analysis of the loop region are similar to
CV-A16 rather than EV-A71, indicating that the exchange of the VP1 BC loop caused the ChiE71-1-
BC capsid structure to shift its structural flexibility to higher similarity with CV-A16 (Figure S3).
RMSF analyses of ChiE71-1-DE, ChiE71-1-EF, ChiE71-1-GH and ChiE71-1-HI revealed similar
flexibility to EV-A71 across the capsids. Notably, ChiE71-2-EF and ChiE71-3-GH had lower overall
RMSF across VP2 and VP3 compared to both EV-A71 and CV-Al6, suggesting lower flexibility of
these ChiE71.

Figure 1. A. Schematic representation of location of capsid loops involved in this study. The figure illustrates
pentamer and protomer model of EV-A71 (PDB ID: 3VBS) with highlighted capsid loops involved in this
study, including VP1 BC, DE, EF, GH and HI loops (red), VP2 EF loop (green) and VP3 GH loop (purple).

do0i:10.20944/preprints202307.0846.v1
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Figure 1. B. Loop sequences of ChiE71 substituted by CV-A16. Columns from left to right represent the
multiple sequence alignments and stereo view superpositions of corresponding loop regions of VP1 of ChiE71,
WT EV-A71 and WT CV-A16. ChiE71, WT EV-A71 and WT CV-A16 are depicted in red, blue and orange,
respectively. The ChiE71 designed in this study include ChiE71-1-BC, ChiE71-1-DE, ChiE71-1-EF, ChiE71-1-
GH, ChiE71-1-HI, ChiE71-2-EF and ChiE71-3-GH. The alignments were performed using Clustal Omega. The
superpositions of ChiE71-1-BC, ChiE71-1-DE, ChiE71-1-EF, ChiE71-1-GH, ChiE71-1-HI, ChiE71-2-EF and
ChiE71-3-GH with WT EV-A71 showing structural variations upon replacement with the corresponding CV-
Al6 VP1 BC, DE, EF, GH, HI, VP2 EF and VP3 GH loops, respectively.

3.2. Growth characteristics of ChiE71

Other than clone-derived WT EV-A71 and WT CV-A16, we successfully constructed viable
ChiE71 ChiE71-1-BC, ChiE71-1-EF, ChiE71-1-GH and ChiE71-3-GH. Three ChiE71, ChiE71-1-DE,
ChiE71-1-HI and ChiE71-2-EF, however, did not yield viable viruses suggesting that the replacement
of these loops was lethal. The replication kinetics and plaque morphology of the viable ChiE71 were
further analyzed by one-step growth curve and plaque assay, respectively (Figure 2A & 2B).

The growth curves of all viable ChiE71 showed comparable trends with WT EV-A71 in the first
48 hours (Figure 2A). All ChiE71 viruses yielded virus titers of about 105 to 107 TCIDso/ml on day one
post-infection. Over time, the WT EV-A71 yielded higher virus titers of 108 TCIDso/ml on day three
post-infection. The WT EV-A71, ChiE71-1-GH and ChiE71-3-GH produced similar plaque
morphologies with a mean plaque size of 2.9 mm (Figure 2B). The ChiE71-1-EF plaque size was 25%
smaller and ChiE71-1-BC showed a reduction of up to 80% in plaque size. The altered plaque sizes
indicated that the exchange of VP1 EF and BC loop may alter the growth phenotype of EV-A71.
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Figure 2. Characteristics of ChiE71. (A) One-step growth curves of the ChiE71. The RD cells were infected with
0.1 MOI of WT EV-A71 and ChiE71. The cell supernatants were harvested at 0, 12, 24, 48 and 96 hours post-
infection and viral titers were determined. The data are presented as mean of three replicates with standard

deviation as the error bar. (B) Plaque morphology and plaque diameters of the WT EV-A71 and ChiE71 at
passage 1 in RD cells. Data are presented as a mean of at least five replicates with standard deviation. (C) Heat
map of neutralization capacity of each human anti-EV-A71 positive or negative serum against ChiE71, EV-A71
and CV-A16. The nine serum samples are shown on the left vertical axis, samples 1-6 are anti-EV-A71 positive
and 7-9 are seronegative. The color gradient represents anti-log of base 2 neutralization titer. The lowest serum
dilution was 1:23,

3.3. Neutralization capacity of human antisera against ChiE71

Next, we compared the neutralization properties of nine adult human sera against the ChiE71,
WT EV-A71 and WT CV-A1l6 (Figure 2C). The EV-A71 positive sera (serum samples 1-5) cross-
neutralized CV-A16 with titers of at least 1:16 suggesting co-presence of anti-CV-A16. Similarly,
serum samples 7 and 8, which were negative for anti-EV-A71 antibodies, neutralized CV-A16 at 1:32
and 1: 16, respectively. Serum sample 8 also could neutralize ChiE71-1-BC at a titer of 1: 32. The EV-
A71 antisera also neutralized ChiE71-1-BC, ChiE71-1EF and ChiE71-1-GH consistently with similar
or 2-8-fold higher titers. The anti-EV-A71-positive human sera demonstrated lower neutralizing
capacity against ChiE71-3-GH, suggesting that the exchange of the VP3 GH loop may confer partial
neutralization escape. Since the exchange of the VP1 BC loop and EF loop did increase the
neutralization capacities of the antisera towards ChiE71, these were chosen for in vivo studies.
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3.4. Protein-protein interactions between ChiE71 and EV-A71 and CV-A16 antibodies

Prior to the in vivo studies, we determined if the ChiE71 could still bind to EV-A71 D5 and CV-
A16 NA9D7 antibodies in silico (Figure 3). D5 and NA9D?7 are monoclonal antibodies with well-
reported interaction sites and provide 100% protection against lethal EV-A71 and CV-A16 challenge
in neonatal mice model, respectively. Furthermore, D5 is reported to be able to broadly neutralize
EV-A71 [29]. EV-A71 mainly interacted with D5 via VP1 residues 213, 215, 216, 217, 218 and 220
located at the VP1 GH loop, which is conserved and important for hSCARB2 receptor binding (Figure
3A-C). Similarly, NA9D7 shows broad neutralizing activities against CV-A16 (Figure 3H) [30]. Hence,
EV-A71 D5 and CV-A16 NA9D7 were selected as the reference antibodies to study the changes in
protein interaction between the chimeric capsid and these antibodies. Compared to the WT EV-A71
which formed 13 hydrogen bonds, ChiE71-1-BC and ChiE71-1-EF formed 7 and 11 hydrogen bonds
with antibody D5, respectively. EV-A71 and both ChiE71-1-BC and ChiE71-1-EF formed common
interaction sites when docked with D5, including residues 215, 217, and 220 which are all located
within the VP1 GH loop. On residue 215, both ChiE71-1-BC and WT EV-A71 forms electrostatic
interaction while the hydrophobic bond was observed in ChiE71-1-EF during interaction with D5.
ChiE71 showed different interactions with the D5 antibody, which indicates that modifications on
capsid loops altered epitope-antibody interactions. We also simulated the CV-A16 virus capsid
complexing with antibody D5, which showed no strong intermolecular interactions such as salt
bridges or attractive charges, indicating lack of binding affinity (Figure 3D).

Comparing interactions with NA9D7, the common interaction sites of ChiE71-1-BC and ChiE71-
1-EF complexes were VP1 residues 108, 110, 217 and 220, and VP2 residues 142 and 143. The ChiE71-
1-BC-NA9D7 complex consists of 9 hydrogen bonds which was similar to the CV-A16-NA9D?7
complex (Figure 3E & 3H). CV-A16 interacts with NA9D7 via VP1 residues 108, 110, 216, 217, 218,
220, 224 and 275, VP2 residues 142, 143 and 145, and VP3 residue 242 (Figure 3H). The EV-A71-
NAD97 complex forms 18 hydrogen bonds and the ChiE71-1-EF-NA9D7 complex consists of 20
hydrogen bonds, showing altered interaction sites when binding to the antibodies (Figure 3F & 3G).

do0i:10.20944/preprints202307.0846.v1
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Figure 3. Interaction sites of docked chimeras with anti-EV-A71 or anti-CV-A16 mono-clonal antibodies. WT
EV-A71, WT CV-A16 and ChiE71-1-BC and ChiE71-1-EF models were docked with anti-EV-A71 D5 (PDB:
3JAU) or anti-CV-A16 D110 (PDB: 6LHQ). Each ChiE71 is presented as a protomer with four capsid proteins
VP1 (blue), VP2 (cyan), VP3 (green) and VP4 (orange). Docked antibodies are presented as red strands.

3.5. Thermal stability of ChiE71

The partially purified ChiE71 were analyzed by Western blot with monoclonal antibody MAb979
(Figure 4A). VPO (36kDa) and VP2 (28kDa) proteins were detected in WT EV-A71, ChiE71-1-BC and
ChiE71-1-EF but not in WT CV-A16 (Figure 4A). Notably, the VP2 protein was less abundant in
ChiE71-1-BC and ChiE71-1-EF. This indicates that ChiE71-1-BC with CV-A16 VP1 BC loop and
ChiE71-1-EF with CV-A16 EF loop may have affected the maturation of the viral proteins.

To evaluate the thermal stability of the selected ChiE71, we performed PaSTRY with the double
sucrose gradient purified viruses to determine the RNA release of the viral genome over a
temperature gradient. As the temperature increases from 24 to 95°C, viral RNA will be released due
to the unfolding of virus capsid protein. ChiE71-1-BC is more stable (Tm = 61.14°C) than WT EV-A71
(Tm =59.75°C) and CV-A16 (Tm =59.75°C) and ChiE71-1-EF (Tm =54.19°C) (Figure 4B). This suggests
that ChiE71-1-BC has better capsid stability while ChiE71-1-IEF has lower thermal stability.
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Figure 4. Characterization of ChiE71-1-BC and ChiE71-1-EF. (A) Western blot of partially-purified WT CV-A16
(lane 1), WT EV-A71 (lane 2), ChiE71-1-BC (lane 3) and ChiE71-1-EF (lane 4). (B) Particle stability thermal
release assay (PaSTRY). Partially purified viruses were mixed with SYBR green II and heated from 25 to 95°C
in a StepOnePlus Real-Time PCR System. Derivative melt curves for ChiE71-1-BC, ChiE71-1-EF, EV-A71 and
CV-A16 were plotted.

3.6. ChiE71 induces humoral immune responses against both EV-A71 and CV-A16

Groups of five female mice (6-8 weeks old) were subjected to 10 pig/dose of immunization of the
inactivated viruses ChiE71-1-BC, ChiE71-1-EF, WT EV-A71 and WT CV-A16, and PBS as control
(Figure 5A). EV-A71-specific and CV-Alé6-specific IgG levels of mice sera were evaluated using
ELISA. As expected, PBS-immunized mice did not produce any virus-specific IgG. Both anti-EV-A71-
specific and CV-A16-specific antibodies were detected in mice sera after the first immunization with
all viruses and antibody levels remaining high after the booster immunization (Figure 5B).

The immunized mouse sera collected through cardiac puncture were pooled in equal parts for
neutralization assay against EV-A71 and CV-A16. Sera from all the viruses including both ChiE71-1-
BC and ChiE71-1-EF neutralized CV-A16 at a titer of at least 1:16 (Figure 5C).

ChiE71-1-BC serum has partial loss of the neutralizing capacity against EV-A71 but gained
neutralizing capacity against CV-A16. Compared to the EV-A71l-immunized mouse serum, the
ChiE71-1-BC-immunized mouse pooled serum had a two-fold reduction of neutralizing capacity
against WT EV-A71 (Figure 5C). This result indicates that the antibody elicited by ChiE71-1-BC has
lowered neutralizing activity towards EV-A71, similar to the earlier reduction of neutralizing
capacity shown against the human sera. Interestingly, compared to WT EV-A71, ChiE71-1-EF-
immunised pooled serum obtained higher cross-neutralizing titers of 1:16 against CV-A16, which is
comparable with CV-Al6-immunised mouse serum, while neutralizing EV-A71 at the same titer of
1:32 (Figure 5C). This suggests that the chimera virus with the exchange of VP1 EF loop did not have
compromised neutralizing capacity against EV-A71, in addition to the gain of cross-neutralization
against CV-Al6.

The EV-A71 VP1-specific IgG levels were detected by performing ELISA with coated EV-A71
VP1 protein (Figure 5D), and ChiE71-1-EF and EV-A71 immunized mice serum contained a high level
of EV-A71 VP1-binding IgG. This indicates ChiE71-1-EF elicited IgG that can cross-react to EV-A71
VP1. ChiE71-1-BC and CV-A16 immunized mouse serum contained very low levels of EV-A71 VP1
binding IgG, indicating the IgG in these two sera did not bind to EV-A71 VP1 protein.
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Figure 5. Inmunogenicity of inactivated viruses in adult mice. (A) Schematic of the in vivo experiment to
evaluate immune responses following ChiE71-1-BC and ChiE71-1-EF im-munization. Each group of female
adult BALB/C mice (n=5) received prime injection and one booster of 10 pg of inactivated virus at indicated

times. (B) Virus-specific IgG analysis of immunized mice sera on days 0, 14 and 28 using ELISA. (C) Heat map
of EV-A71 and CV-A16 neutralization titers of immunized mice sera (after booster immunization). The lowest

dilution of serum was 1:23. (D) EV-A71 VP1-specific IgG analysis of immunized mouse serum. The day 28

immunized mice sera were subjected to EV-A71 VP1-coated ELISA. (E) Inactivated ChiE71, WT EV-A71 and

WT CV-A16 cellular immune responses in mice. Inmunized mouse splenocytes were stimulated by 1ug of

inactivated WT EV-A71 or WT CV-A16. The cytokine (IFN-y, IL-2, IL-4 and IL-10) concentrations in the cell

culture supernatant were detected using ELISA. Each dot represents serum from an individual mouse. Data
are presented as mean (+SD) of mice in each group. **, p<0.01; ¥, p<0.05.

3.7. ChiE71 induce cellular immune responses against EV-A71 and CV-A16

To evaluate the cellular immune responses induced by ChiE71 in adult mice, the concentrations
of the Th1 type (IFN-y and IL-2) and Th2 type (IL-4 and IL-10) cytokines in immunized mice spleens
following viral stimulation were further analyzed using ELISA. Compared to the control group, all
mice immunized with inactivated EV-A71, CV-A16, ChiE71-1-BC and ChiE71-1-EF elicited high IFN-
v, IL-2, IL-4 and IL-10 production (Figure 5E).

Comparing ChiE71-1-BC, ChiE71-1-EF, CV-A16 and EV-A71 immunized mice, the IL-2 level
detected in ChiE71-1-BC was the highest, although not significant. After stimulation by either EV-
A71 or CV-A16 antigen, IL-4 levels detected in ChiE71-1-EF were the lowest among the four groups,
though not significant. There was no significant difference between IL-10 levels induced by ChiE71-
1-BC, ChiE71-1-EF, EV-A71 and CV-A16 immunization. Notably, the IFN-vy level against CV-A16 in
ChiE71-1-EF immunized mouse spleens was the lowest and significantly lower than that of ChiE71-
1-BC immunized mouse spleens. Taken together, active immunization using ChiE71-1-BC, ChiE71-1-
EF, WT EV-A71 and WT CV-A16 elicited good Thl and Th2 responses in mice.

3.8. Passive transfer of Chi-E71-immunized mouse sera

To evaluate the protective efficacy of the sera derived from mice immunized with ChiE71,
groups of one-day-old neonatal mice were passively transferred antisera and challenged 1 hour later
with either WT CV-A16 or MP4 EV-A71. The mice were then monitored for clinical symptoms for 14
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days (Figure 6A). The control group of mice injected with PBS-immunized mouse sera showed severe
symptoms and 100% mortality upon MP4 EV-A71 or WT CV-A16 challenge. After the MP4 EV-A71
challenge, the neonatal mice immunized with WT EV-A71-immunized mouse sera exhibited no
clinical symptoms, all the mice survived and were protected from disease. However, the neonatal
mice immunized with sera from the ChiE71-1-EF- and ChiE71-1-BC- immunized mice showed 80%
and no survival, respectively, after the MP4 EV-A71 challenge (Figure 6B). This indicates that the
substituted CV-A16 loops especially the BC loop altered the EV-A71 immunogenicity. When the
neonatal mice were challenged with CV-A16, the survival rate of mice immunized with CV-Al6-
immunized mouse sera was 40% at 14 day post-infection, suggesting mice only retained partial
protection against the lethal CV-A16 challenge (Figure 6B). Similarly, the neonatal mice receiving sera
from ChiE71-1-BC-immunized had 42.9% survival after the CV-A16 challenge, but this was only
20.0% in ChiE71-1-EF (Figure 6B). Due to small sample sizes, the difference was not statistically
significant.

3.9. Active immunization of ChiE71 in neonatal mice

For active immunization, one-day-old neonatal mice were immunized with 105 TCID50 of WT
EV-A71, inactivated CV-A16, ChiE71-1-BC or ChiE71-1-EF (Figure 6C). Better protection was
observed with active immunization than passive immunization. Upon MP4 EV-A71 challenge,
ChiE71-1-BC, ChiE71-1-EF and EV-A71-immunized mice achieved 60.0%, 57.1% and 62.5% of
survival, respectively (Figure 6D). This indicates that both ChiE71 retained partial immunogenicity
upon MP4 EV-A71 lethal challenge, similar to the WT EV-A71. In contrast, no CV-A16 immunized
neonatal mice survived the MP4 EV-A71 challenge (Figure 6D).

As expected, all CV-Al6-immunized neonatal mice survived the CV-A16 lethal challenge.
Interestingly, EV-A71 immunization cross-protected neonatal mice from the CV-A16 challenge with
a survival rate of 50% suggesting natural cross-protection (Figure 6D). Both ChiE71-1-BC and ChiE71-
1-EF-immunized neonatal mice were partially protected from CV-A16 lethal challenge with survival
rates of 20% and 40% respectively (Figure 6D). This suggests that the substitution of CV-A16 loops
especially the BC loop reduced the natural cross-protection of EV-A71 against CV-A16.
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Figure 6. In vivo protection following ChiE71 immunization of neonatal mice. (A) Schematic of in vivo
experiment involving passive immunization of one-day old neonatal mice with ChiE71-1-BC-, ChiE71-1-EF-,
WT EV-A71- or WT CV-Al6-immunised mouse sera followed by lethal MP4 EV-A71 or CV-A16 challenge. (B)
Survival curves of the mice after passive immunization (C) Schematic of in vivo experiment involving active
immunization of one-day old neonatal mice with live ChiE71-1-BC, ChiE71-1-EF, WT EV-A71 or inactivated
CV-A16 followed by lethal MP4 EV-A71 or CV-A16 challenge on day 7. (D) Survival curves of the mice after
active immunization. Survival curves were compared, and the significance were determined based on P values
of Gehan-Breslow-Wilcoxon tests with corrected Bonferroni o values. Asterisk (*) indicates significant
difference.

4. Discussion

Both EV-A71 and CV-A16 shared > 85% nucleotide and 90% amino acid similarities suggesting
the possibility of substituting their genes without lethal effects. In this study, the capsid loops of EV-
A71 were substituted with the corresponding loops of CV-A16. Our in vivo study in mice further
demonstrated the importance of VP1 BC and EF loops as epitopes of EV-A71 and CV-A16. Seven
ChiE71 were constructed, of which four were viable (ChiE71- ChiE71-1-BC, ChiE71-1-EF, ChiE71-1-
GH and ChiE71-3-GH), confirming that EV-A71 VP1 BC, EF, GH and VP3 GH capsid loops could be
replaced with closely related species of enterovirus such as CV-A16. Interestingly, the viability of the
chimeras did not correlate with sequence conservation as ChiE71-BC with the highest differences was
still viable but not the more conserved ChiE71-2-EF.

Although the four ChiE71 were viable, the ChiE71 had changes in plaque growth, structural
stability and flexibility, thermal stability, and immunogenicity. We monitored the sequence
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adaptations over five passages, and all ChiE71 had no sequence changes and were stable (data not
shown). Capsid loops are often exposed on the virus particle surface and play multiple roles
including cell tropism, receptor binding, and virus uncoating, and act as antigenic sites to stimulate
the immune responses [31]. Specifically, VP1 BC and HI loops are associated with neural cell tropism
[32,33]. In poliovirus, these loops also control host range and mouse neurovirulence [34-36]. We did
not test these roles specifically in this study, but when the BC loop of EV-A71 was substituted with
the corresponding region of CV-A16, it shifted the flexibility of loop structure and thermal stability
and affected antibody neutralization and immune protection. Consistently, ChiE71-1-BC-immunized
mouse sera provided no protection against EV-A71 challenge despite a high amount of IgG and good
cellular Thl and Th2 responses but had partial protection against CV-A16. In contrast, active
immunization of ChiE71-1-BC, which enabled stimulation of both humoral and cellular immune
responses was able to protect against EV-A71 but with much lower protection against CV-A16
challenge. These results suggest that BC loop is important for immunogenicity of EV-A71 and CV-
A16 and provide virus-specific immune protection against EV-A71 and CV-A16, respectively. Here
we also showed that both passive and active immunization of ChiE71-1-EF with the CV-A16 VP1 EF
loop provided similar immune protection against EV-A71, behaving like to WT virus. The EF loop
maintains the cross-protective immune responses against EV-A71 and CV-A16. As the VP1 EF loop
is highly conserved in EV-A71 and CV-A16 (85.0% identical) and with minimal changes in structure
flexibility, the antibodies could neutralize against both EV-A71 and CV-A16 challenges. This is
expected as previous studies reported that the VP1 EF loop contains conserved epitopes of both EV-
A71 and CV-Al6 [11,37].

Both EV-A71 and CV-A16 cause HFMD, and our data showed that active immunization of WT
EV-A71 also protected against CV-Al16 challenge. This natural cross-protection has also been
previously reported [4,38-40]. However, real-life effectiveness study of the monovalent EV-A71
vaccine in China showed reduced severe HFMD cases, but found more cases of CV-A16 and other
enteroviruses, suggesting limited or short-lived cross-protection between these enteroviruses [41].
Hence, the development of multivalent vaccines which cover broad enterovirus serotypes will be
needed to further reduce the burden of other enterovirus-associated HFMD.

Findings from this study showed that capsid loops are important epitopes, and the information
can be used to develop future HFMD vaccines. Both EV-A71 and CV-A16 in the form of inactivated
viruses or virus-like particles inoculated in monkeys and mice provided dual humoral immune
responses [42,43]. These previously co-administered, bivalent, trivalent or tetravalent HFMD vaccines
showed strong neutralization antibody responses and no immune interference between the different
enteroviruses [43-45]. Chimeric flavivirus multivalent vaccine candidates with different backbones
such as dengue 2 virus, Japanese encephalitis virus and yellow fever virus, and genes encoding
envelope proteins replaced with corresponding genes of another flavivirus have been successfully
developed [46—48]. ChiE71-1-BC and ChiE71-1-EF stimulated good Thl and Th2 responses (similar
to the WT), but substitution with CV-A16 loops altered the immunogenicity of EV-A71 and reduced
the natural cross-protection against CV-A16. As capsid loops are important for immunogenicity,
future vaccine design should be carefully designed for conservation of the enterovirus capsid loops.

A limitation of the study is that full protection could not be achieved by WT EV-A71 active
immunization against the MP4 EV-A71 challenge. This could be due to the use of mouse-adapted
MP4 belonging to genotype C4 while WT EV-A71 belongs to genotype B4. This study only explored
both capsid BC and EF loops. Another potential loop is the VP1 GH loop, a SCARB2 receptor binding
site, that acts as a sensor-adaptor during uncoating, and is highly conserved [49]. Both EV-A71 and
CV-A16 also utilize SCARB2 as an entry receptor [50] and therefore the substitution is unlikely to
affect the receptor binding.

A study reported that the replacement of multiple CV-A16 epitopes into EV-A71 virus-like
particles elicited higher neutralizing antibody titer than the use of a single epitope [51]. Other studies
have reported that many EV-A71 and CV-A16 capsid loops act as epitopes including VP1 EF, GH and
VP2 EF loops [11,52,53]. Further investigations should include simultaneous addition of capsid loops
on EV-A71 or CV-A16 to provide additional cross-protection. ChiE71 can also be used for future
chimera applications, for example, the engineered poliovirus chimera with HIV epitopes elicited
good HIV-1 neutralizing antibodies [17] and the polio-rhinovirus chimera (PVSRIPO) as oncolytic
virus therapy for glioblastoma [54,55].
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In conclusion, this is a proof-of-concept study demonstrating the feasibility of replacing
corresponding capsid loops between enteroviruses to study the role of these loops in protective
immune responses involving both humoral and cellular. Both VP1 BC and EF loops contribute to the
immunogenicity of EV-A71 and natural cross-protection of EV-A71 against CV-Aleé.
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Author Contributions: Conceptualization, X. H.T., I-C.S and. Y.F.C..; methodology, X.H.T. and Y.F.C.; software,
X.H.T. and W.L.C,; validation, Y.F.C,, I-C..S. and V.S.L.; formal analysis, X.H.T, Y.F.C., I-C..S.; investigation,
X.H.T, W.L.C., K]J. and 5.Q.S. ; resources, S.A., I-C.S and. Y.F.C; data curation, X. H.T. and W.L.C..; writing—
original draft preparation, X.H.T.; writing—review and editing, X.H.T., VS.L.,, S.A,, D.P,, I-CS. and Y.F.C;
visualization, X.H.T. and W.L.C..; supervision, Y.F.C. and I-C.S. ; project administration, X.H.T. and Y.F.C,;
funding acquisition, D.P., I-C.S. and Y.F.C. This study is part of the Master theses of X.H.T. All authors have read
and agreed to the published version of the manuscript.

Funding: This research was funded by MINISTRY OF HIGHER EDUCATION, MALAYSIA, grant number
FRGS/1/2018/SKK11/UM/02/2.

Institutional Review Board Statement: The animal study protocol was approved by the Institutional Animal
Care and Use Committee of UNIVERSITI PUTRA MALAYSIA (protocol code R046/2020 and date of approval 23
October 2020)

Data Availability Statement: All data is contained within the article and Supplementary Material.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1.  Chiu, M.L,, et al., Establishment of Asia-Pacific network for enterovirus surveillance. ] Vaccine, 2020. 38(1):
p- 1-9, DOI: 10.1016/j.vaccine.2019.09.111.

2.  Lee, M.H.P,, et al., Detection of enteroviruses during a 2018 hand, foot and mouth disease outbreak in
Malaysia. Trop Biomed, 2021. 38(1): p. 150-153, DOI: 10.47665/tb.38.1.026.

3. Chan, Y.F, et al,, Comparative genetic analysis of VP4, VP1 and 3D gene regions of enterovirus 71 and
coxsackievirus A16 circulating in Malaysia between 1997-2008. Tropical Biomedicine, 2012. 29(3): p. 451-66.

4. NikNadia, N.M.N,, et al., Cyclical patterns of hand, foot and mouth disease caused by enterovirus A71 in
Malaysia. PLOS Negl Trop Dis, 2016. 10(3): p. €0004562, DOI: 10.1371/journal.pntd.0004562.

5. Ooi, M.H,, et al., Clinical features, diagnosis, and management of enterovirus 71. Lancet Neurology, 2010.
9(11): p. 1097-1105, DOI: 10.1016/S1474-4422(10)70209-X.

6. Jiang, P, et al., Picornavirus morphogenesis. Microbiology and molecular biology reviews, 2014. 78(3): p.
418-437, DOI: 10.1128/MMBR.00012-14.

7. Aw-Yong, KL., et al, Immunodominant IgM and IgG epitopes recognized by antibodies induced in
enterovirus A71-associated hand, foot and mouth disease patients. PLoS ONE, 2016. 11(11): p. e0165659,
DOI: 10.1371/journal.pone.0165659.

8. Minor, P.D,, et al., Antigenic structure of polioviruses of serotypes 1, 2 and 3. ] Gen Virol, 1986. 67 ( Pt 7):
p- 1283-91, DOI: 10.1099/0022-1317-67-7-1283.

9.  Fox, H, etal., Genetically Thermo-Stabilised, Immunogenic Poliovirus Empty Capsids; a Strategy for Non-
replicating Vaccines. PLOS Pathogens, 2017. 13(1): p. 1006117, DOI: 10.1371/journal.ppat.1006117.

10. Bahar, M.W,, et al., Mammalian expression of virus-like particles as a proof of principle for next generation
polio vaccines. npj Vaccines, 2021. 6(1): p. 5, DOI: 10.1038/s41541-020-00267-3.

11. Foo, D.G.W,, et al., Identification of neutralizing linear epitopes from the VP1 capsid protein of Enterovirus
71 using synthetic peptides. Virus Research, 2007. 125(1): p. 61-68, DOI: 10.1016/.virusres.2006.12.005.

12. Liu, C.C, et al, Identification and characterization of a cross-neutralization epitope of enterovirus 71.
Vaccine, 2011. 29(26): p. 4362-72, DOI: 10.1016/j.vaccine.2011.04.010.

13.  Anasir, M.I. and C.L. Poh, Advances in antigenic peptide-based vaccine and neutralizing antibodies against
viruses causing hand, foot, and mouth disease. Int ] Mol Sci, 2019. 20(6): p. 1256, DOI: 10.3390/ijms20061256.

14. Murdin, A.D. and E. Wimmer, Construction of a poliovirus type 1/type 2 antigenic hybrid by manipulation
of neutralization antigenic site II. J Virol, 1989. 63(12): p. 5251-5257, DOIL:;, DOI:10.1128/jvi.63.12.5251-
5257.1989.


https://doi.org/10.20944/preprints202307.0846.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 July 2023 do0i:10.20944/preprints202307.0846.v1

17

15. Lee, M.H.P,, et al., Vaccine candidates generated by codon and codon pair deoptimization of enterovirus
A71 protect against lethal challenge in mice. Vaccine, 2021. 39(12): p. 1708-1720, DOI:
10.1016/j.vaccine.2021.02.024.

16. Tee, HK, et al., Electrostatic interactions at the five-fold axis alter heparin-binding phenotype and drive
enterovirus A71 virulence in mice. PLoS Pathogens, 2019. 15(11): p. 1007863, DOI:
10.1371/journal.ppat.1007863.

17.  Evans, D.J,, etal,, An engineered poliovirus chimaera elicits broadly reactive HIV-1 neutralizing antibodies.
Nature, 1989. 339(6223): p. 385-8, 340, DOLI: 10.1038/339385a0.

18. Colbere-Garapin, F., et al., Addition of a foreign oligopeptide to the major capsid protein of poliovirus.
PNAS, 1988. 85(22): p. 8668-8672, DOI: 10.1073/pnas.85.22.8668.

19. Tan, C.W,, et al., Enterovirus A71 DNA-launched infectious clone as a robust reverse genetic tool. PLoS
ONE, 2016. 11(9): p. 0162771, DOI: 10.1371/journal.pone.0162771.

20. Ong, K.C, et al., Formaldehyde-Inactivated Whole-Virus Vaccine Protects a Murine Model of Enterovirus
71 Encephalomyelitis against Disease. Journal of Virology, 2010. 84(1): p. 661-665, DOI: 10.1128/jvi.00999-
09.

21. Liu, C.-C,, et al., Purification and Characterization of Enterovirus 71 Viral Particles Produced from Vero
Cells Grown in a Serum-Free Microcarrier Bioreactor System. PLOS ONE, 2011. 6(5): p. €20005, DOI:
10.1371/journal.pone.0020005.

22. Waterhouse, A., et al., SWISS-MODEL: homology modelling of protein structures and complexes. Nucleic
Acids Res, 2018. 46(W1): p. W296-W303, DOI: 10.1093/nar/gky427.

23. Jurrus, E,, et al., Improvements to the APBS biomolecular solvation software suite. Protein Sci, 2018. 27(1):
p- 112-128, DOI: 10.1002/pro.3280.

24. Roe, D.R. and T.E. Cheatham, PTRAJ and CPPTRA]J: software for processing and analysis of molecular
dynamics trajectory data. Journal of Chemical Theory and Computation, 2013. 9(7): p. 3084-3095, DOIL:
10.1021/ct400341p.

25. van Zundert, G.C.P., et al, The HADDOCK2.2 web server: user-friendly integrative modeling of
biomolecular complexes. ] Mol Biol, 2016. 428(4): p. 720-725, DOI: 10.1016/j.jmb.2015.09.014.

26. de Vries, S.J., M. van Dijk, and A.M. Bonvin, The HADDOCK web server for data-driven biomolecular
docking. Nat Protoc, 2010. 5(5): p. 883-97, DOI: 10.1038/nprot.2010.32.

27. Pettersen, E.F., et al., UCSF Chimera--a visualization system for exploratory research and analysis. ]
Comput Chem, 2004. 25(13): p. 1605-12, DOI: 10.1002/jcc.20084.

28. Biovia, D.S., Discovery studio modeling environment. 2017, Release.

29. Ye, X, et al., Chimeric virus-like particle vaccines displaying conserved enterovirus 71 epitopes elicit
protective neutralizing antibodies in mice through divergent mechanisms. Journal of Virology, 2014. 88(1):
p- 72-81, DOI: 10.1128/jvi.01848-13.

30. He, M., et al, Identification of antibodies with non-overlapping neutralization sites that target
coxsackievirus A16. Cell Host & Microbe, 2020. 27(2): p. 249-261.e5, DOI: 10.1016/j.chom.2020.01.003.

31. Teilum, K,, ]J.G. Olsen, and B.B. Kragelund, Functional aspects of protein flexibility. Cell Mol Life Sci, 2009.
66(14): p. 2231-47, DOI: 10.1007/s00018-009-0014-6.

32. Cordey, S,, et al., Identification of site-specific adaptations conferring increased neural cell tropism during
human enterovirus 71 infection. PLoS Pathogens, 2012. 8(7): p. €1002826, DOL
10.1371/journal.ppat.1002826.

33. Zaini, Z.,, P. Phuektes, and P. McMinn, Mouse adaptation of a sub-genogroup B5 strain of human
enterovirus 71 is associated with a novel lysine to glutamic acid substitution at position 244 in protein VP1.
Virus Research, 2012. 167(1): p. 86-96, DOLI: 10.1016/j.virusres.2012.04.009.

34. Lu, HH, et al., Mouse neurovirulence determinants of poliovirus type 1 strain LS-a map to the coding
regions of capsid protein VP1 and proteinase 2Apro. ] Virol, 1994. 68(11): p. 7507-15, DOIL:
10.1128/jvi.68.11.7507-7515.1994.

35. Murray, M.G,, et al., Poliovirus host range is determined by a short amino acid sequence in neutralization
antigenic site I. Science, 1988. 241(4862): p. 213-215, DOI: 10.1126/science.2838906.

36. Moss, E.G. and V.R. Racaniello, Host range determinants located on the interior of the poliovirus capsid.
Embo J, 1991. 10(5): p. 1067-74, DOI: 10.1002/j.1460-2075.1991.tb08046.x.

37. Shi, J., et al, Identification of conserved neutralizing linear epitopes within the VP1 protein of
coxsackievirus A16. Vaccine, 2013. 31(17): p. 2130-2136, DOI: 10.1016/j.vaccine.2013.02.051.

38. Chou, A.H,, et al.,, Immunological evaluation and comparison of different EV71 vaccine candidates. Clin
Dev Immunol, 2012. 2012: p. 831282, DOI: 10.1155/2012/831282.

39. Chou, A.H, et al, Formalin-inactivated EV71 vaccine candidate induced cross-neutralizing antibody
against subgenotypes B1, B4, B5 and C4a in adult volunteers. PLoS ONE, 2013. 8(11): p. 79783, DOI:
10.1371/journal.pone.0079783.

40. Imura, A, etal., Development of an Enterovirus 71 Vaccine Efficacy Test Using Human Scavenger Receptor
B2 Transgenic Mice. 2020. 94(6): p. e01921-19, DOIL, DOI:10.1128/JV1.01921-19.


https://doi.org/10.20944/preprints202307.0846.v1

Preprints (www.preprints.org) | NOT PEER-REVIEWED | Posted: 13 July 2023 do0i:10.20944/preprints202307.0846.v1

18

41. Hong, ], etal., Changing epidemiology of hand, foot, and mouth disease in China, 2013-2019: a population-
based study. The Lancet Regional Health — Western Pacific, 2022. 20: p. 100370, DOI:
10.1016/j.lanwpc.2021.100370.

42. Yang, T, etal., Safety and immunogenicity of an experimental live combination vaccine against enterovirus
71 and coxsackievirus A16 in rhesus monkeys. Human vaccines & immunotherapeutics, 2020. 16(7): p.
1586-1594, DOI: 10.1080/21645515.2019.1709353.

43. Sun, S, et al., Evaluation of monovalent and bivalent vaccines against lethal enterovirus 71 and
eoxsackievirus Al6 infection in newborn mice. Human Vaccines & Immunotherapeutics, 2014. 10(10): p.
2885-2895, DOLI: 10.4161/hv.29823.

44. Cai, Y., etal.,, A combination vaccine comprising of inactivated enterovirus 71 and coxsackievirus A16 elicits
balanced protective immunity against both viruses. Vaccine, 2014. 32(21): p. 2406-2412, DOI:
10.1016/j.vaccine.2014.03.012.

45. Ku, Z,, etal., A virus-like particle based bivalent vaccine confers dual protection against enterovirus 71 and
coxsackievirus Al6 infections in mice. Vaccine, 2014. 32(34): p. 4296-4303, DOL
10.1016/j.vaccine.2014.06.025.

46. Li, X.F,, etal., A chimeric dengue virus vaccine using Japanese encephalitis virus vaccine strain SA14-14-2
as backbone is immunogenic and protective against either parental virus in mice and nonhuman primates.
J Virol, 2013. 87(24): p. 13694-705, DOI: 10.1128/jvi.00931-13.

47. Huang, CY., et al, Dengue 2 PDK-53 virus as a chimeric carrier for tetravalent dengue vaccine
development. ] Virol, 2003. 77(21): p. 11436-47, DOI: 10.1128/jvi.77.21.11436-11447.2003.

48. Guirakhoo, F., et al.,, Safety and efficacy of chimeric yellow fever-dengue virus tetravalent vaccine
formulations in nonhuman primates. J Virol, 2004. 78(9): p. 4761-4775, DOI: 10.1128/JV1.78.9.4761-4775.2004.

49. Wang, X,, et al., A sensor-adaptor mechanism for enterovirus uncoating from structures of EV71. Nature
Structural & Molecular Biology, 2012. 19(4): p. 424-429, DOI: 10.1038/nsmb.2255.

50. Yamayoshi, S., et al, Human SCARB2-dependent infection by coxsackievirus A7, Al4, and Al6 and
enterovirus 71. ] Virol, 2012. 86(10): p. 5686-96, DOI: 10.1128/jvi.00020-12.

51. Luo, ], etal.,, Chimeric enterovirus 71 virus-like particle displaying conserved coxsackievirus A16 epitopes
elicits potent immune responses and protects mice against lethal EV71 and CA16 infection. Vaccine, 2021,
DOI: 10.1016/j.vaccine.2021.05.093.

52. Xu, L., et al., Protection against lethal enterovirus 71 challenge in mice by a recombinant vaccine candidate
containing a broadly cross-neutralizing epitope within the VP2 EF loop. Theranostics, 2014. 4(5): p. 498-
513, DOI: 10.7150/thno.7457.

53. Xu, L., et al., A broadly cross-protective vaccine presenting the neighboring epitopes within the VP1 GH
Loop and VP2 EF loop of enterovirus 71. Scientific Reports, 2015. 5(1): p. 12973, DOI: 10.1038/srep12973.

54. Gromeier, M. and S.K. Nair, Recombinant poliovirus for cancer immunotherapy. Annu Rev Med, 2018. 69:
p- 289-299, DOI: 10.1146/annurev-med-050715-104655.

55. Mosaheb, M.M,, et al., Genetically stable poliovirus vectors activate dendritic cells and prime antitumor
CD8 T cell immunity. Nature Communications, 2020. 11(1): p. 524, DOI: 10.1038/s41467-019-13939-z.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely
those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the
editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods,
instructions or products referred to in the content.


https://doi.org/10.20944/preprints202307.0846.v1

