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Abstract
Background
Enterovirus 71 (EV71) is major cause of hand, foot and mouth disease. Large epidemics of EV71 infection have been recently reported in the Asian-Pacific region. Currently, no vaccine is available to prevent EV71 infection.

Results
The peptide (VP4N20) consisting of the first 20 amino acids at the N-terminal of VP4 of EV71 genotype C4 were fused to hepatitis B core (HBcAg) protein. Expression of fusion proteins in E. coli resulted in the formation of chimeric virus-like particles (VLPs). Mice immunized with the chimeric VLPs elicited anti-VP4N20 antibody response. In vitro microneutralization experiments showed that anti-chimeric VLPs sera were able to neutralize not only EV71 of genotype C4 but also EV71 of genotype A. Neonatal mice model confirmed the neutralizing ability of anti-chimeric VLPs sera. Eiptope mapping led to the identification of a “core sequence” responsible for antibody recognition within the peptide.

Conclusions
Immunization of chimeric VLPs is able to elicit antibodies displaying a broad neutralizing activity against different genotypes of EV71 in vitro. The “core sequence” of EV71-VP4 is highly conserved across EV71 genotypes. The chimeric VLPs have a great potential to be a novel vaccine candidate with a broad cross-protection against different EV71 genotypes.
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Background
Human enterovirus 71 is a non-enveloped RNA virus of the Picornaviridae family. The virion is around 30 nm in diameter containing a single-stranded positive-sense RNA genome of approximately 7500 nucleotides [1–3]. The whole genome is translated into a single large polyprotein that can be subsequently processed by protease digestion to produce four capsid subunit proteins, VP1 to VP4 and other nonstructural proteins. The icosahedral capsid is composed of 60 sets structural proteins (VP1 to VP4). It has been shown that VP1-3 form a pseudo T = 3 icosahedral capsid that are located on the surface of viral capsid [4]. VP4 is located inside, which is approximately 70 amino acids in length and is myristoylated at the N terminus [5, 6]. Crystallographic analysis showed that the mature EV71 virus is structurally similar to other enteroviruses [7].
EV71 and coxsackievirus A16 (CA16) have been identified as the two major etiological agents of hand, foot and mouth disease (HFMD) [8, 9]. Large outbreaks of HFMD have recently been reported in the Asia-Pacific region, which is becoming a common acute viral disease in these areas and posing a serious health threat to children [10–13]. While HFMD is usually mild and self-limiting, it may lead to severe neurological complications and even death [14, 15]. However, no effective vaccine is yet available to prevent EV71 infection.
The evidence that maternal mice vaccinated with the EV71 virus-like particles (VLPs) can confer protection to neonatal mice against lethal challenge reveals an essential role of neutralizing antibody in the protection against infection [3]. To determine the immunodominant epitopes of EV71 capsid protein, antisera generated from animals immunized with formalin-inactivated EV71 vaccine were screened against a set of overlapping synthetic peptides covering the entire sequences of VP1, VP2 and VP3 of EV71. Several linear immunodominant neutralization epitopes have been successfully identified in VP1 and VP2 proteins [16–20]. Numerous studies reported that synthetic peptides containing neutralizing epitope of VP1 elicited neutralizing antibody response and protected neonatal mice against lethal challenges [17–20]. Therefore, the epitope-based vaccine has a great potential to be a successful vaccine to prevent EV71 infection.
In the present study, the peptide consisting of N-terminal residues 1–20 of EV71 VP4 of genotype C4 was fused to hepatitis B core antigen (HBcAg) and expressed in E. coli. The resulting fusion proteins were able to spontaneously assemble into chimeric VLPs, which elicited virus-neutralizing antibody response. We further identified a highly conserved linear neutralizing epitope in the N-terminus of EV71 VP4 by epitope mapping experiments. Our results suggest that chimeric HBcAg particles carrying a neutralizing epitope of EV71 VP4 could be a promising vaccine candidate against EV71 infection.

Results
Generation of chimeric particles carrying the peptide VP4N20
The gene sequence and amino acid sequence of peptide VP4N20 as well as its insertion position in HBcAg are shown in Figure 1. The plasmid vector pET22b (+) (Novagen) encodes a six-histidine tag at the C-terminal region of recombinant proteins for convenient purification by affinity chromatography as well as expression analysis by Western-blot. A carboxyl-terminally truncated HBcAg protein (149 aa, HBc-N149) and a fusion protein (HBc-N149-VP4N20) were expressed in E. coli, respectively.[image: A12866_2013_2152_Fig1_HTML.jpg]
Figure 1
                          Schematic presentation of the chimeric HBcAg protein construct. The shaded box represents the N-terminal 20 a.a. of VP4 of Bj08 and BrCr-TR. Italics letters indicate nucleotide sequences, and the percentages indicate the degree of conservation among the 100 strains of EV71 from Asia.




                
The efficient expression of both proteins was demonstrated by Western-blot after IPTG induction (Figure 2A). They were further purified using Ni Sepharose column. The purity of proteins was evaluated by densitometric analysis after staining with Coomassie blue and the representative samples of expressed proteins were shown in Figure 2B. Since HBcAg protein can form particles both in vivo and in vitro, we then investigated whether the recombinant proteins can form particles. Electron microscopy analysis showed that both HBc-N149 and HBc-N149-VP4N20 proteins were able to efficiently form particles with the size around 25–30 nm (Figure 3). The results suggest that the chimeric proteins can self-assemble to form VLPs.[image: A12866_2013_2152_Fig2_HTML.jpg]
Figure 2
                          Protein expression and purification. The expression of HBc-N149 and HBc-N149-VP4N20 protein was detected by Western blot. (A) Lane 1: HBc-N149-VP4N20. Lane 2: HBc-N149. Lane 3: Negative control. The protein purification was visualized by SDS-PAGE. (B) Lane 1: Uninduced bacteria expressing HBc-N149-VP4N20; Lane 2: Induced bacteria expressing HBc-N149-VP4N20; Lane 3: Purified HBc-N149-VP4N20.
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Figure 3
                          Electron microphotographs of HBc-N149 and HBc-N149-VP4N20 particles. (A) Particles assembled from HBc-N149. (B) Chimeric particles assembled from HBc-N149-VP4N20. Size bar: 50 nm.




                

Chimeric particle immunization elicited VP4N20 specific antibody responses in mice
To determine whether chimeric HBcAg particles were capable of eliciting anti-VP4N20 antibody, female BALB/c mice were immunized i.m. with either purified chimeric VLPs (HBc-N149-VP4N20) or HBcAg VLPs (HBc-N149) and received booster injections 3 weeks later. Mice immunized with PBS were used as negative controls. The immunized animals were bled at week 0, 2, 5, 8 for serological analysis. The results showed that anti-VP4N20 antibody became detectable in chimeric VLPs-immunized mice at 2 weeks after inoculation. The titers were enhanced by booster injection and reached a maximum at week 5. No anti-VP4N20 antibody response was detected in the HBcAg VLPs -immunized group and the PBS group. Our results indicated that chimeric particles were able to induce anti-VP4N20 immune responses (Figure 4).[image: A12866_2013_2152_Fig4_HTML.jpg]
Figure 4
                          Kinetics of antibody titer development in mice following immunization. Mice were immunized twice with 100 μl preparation containing 5 μg of different proteins on week 0 and 3, respectively, and were bled before immunization and at week 2, 5, 8 weeks after immunization for serological tests. BSA-VP4N20 was used to coat EIA plates to detect VP4N20-specific antibodies. Each bar represents the mean reciprocal log10 endpoint titers and standard error.




                

Chimeric VLPs were able to induce neutralizing antibodies against EV71
To evaluate whether the chimeric VLPs could induce neutralizing antibodies against EV71, sera from immunized mice were tested for the ability to neutralize live EV71 in vitro. EV71 (genotype C4) and a variant of the prototype strain of EV71, BrCr-TR (genotype A) were used for in vitro neutralization assay. As shown in Figure 5, the sera from the group immunized with chimeric VLPs were able to neutralize EV71 (Bj08 strain) and prevented RD cells from developing cytopathic effects. The highest neutralizing titre of around 1.36 × 102 was obtained at week 5 post-immunization (Figure 6), which was consistent with the antibody profile as shown in Figure 4. However, anti-chimeric VLPs sera had a neutralizing activity against EV71 of type A (BrCr-TR) with a neutralization titre similar to that against Bj08 strain (data not shown). Amino acid sequence alignment show that the N-terminal sequence of the Bj08 VP4 is identical to that of BrCr-TR (Figure 1). Compared to chimeric particles, HBcAg particles failed to induce neutralizing antibody responses against EV71 (Bj08 strain) (Figure 5) as well as EV71 BrCr-TR strain (data not shown). Our results indicate that immunization of chimeric VLPs can elicit neutralizing antibody responses against EV71 and the sera exhibit a cross-neutralizing activity against EV71 strains belonging to different genotypes in vitro.[image: A12866_2013_2152_Fig5_HTML.jpg]
Figure 5
                          Microneutralization assay results. The virus/antiserum mixtures were added into RD cells and incubated at 37°C. After 7 days, the cells were observed to evaluate the appearance of cytopathic effects (CPEs). (A) Uninfected cells. (B) EV71-bound cells were treated with the anti-HBc-N149-VP4N20 sera. (C) EV71-infected cells. (D) EV71-bound cells were treated with the anti-HBc-N149 sera.
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Figure 6
                          Kinetics of neutralizing antibodies to EV71 following immunization. Neutralizing antibodies in the sera of immunized mice to EV71 were measured by in vitro microneutralization assay. The neutralizing antibody titer was defined as the highest serum dilution that prevented the occurrence of cytopathic effects. Each bar represents the mean reciprocal log2 endpoint titers and standard error.




                

Neonatal mice as a model to verify in vitro neutralizing ability of chimeric VLP-immunized sera
EV71 BrCr-TR strain was used for viral infection because of its high virulence in neonatal mice. Groups of one-day-old BALB/c suckling mice (n =10 per group) were inoculated intraperitoneally (i.p.) with the virus-sera mixtures that had been incubated overnight at 37°C. After 7 days, control mice receiving EV71 with either PBS or anti- HBcAg VLPs sera started to show symptoms, such as reduced mobility, limb weakness, limb paralysis, and death (Figure 7A and B). The survival rates were 20% and 40% for the PBS and anti-HBcAg VLPs sera recipient groups, respectively, at 16 day post-inoculation (Figure 7C). In contrast, 90% of mice treated with mixture of anti- chimeric VLPs sera remained healthy and survived throughout the course. These observations confirmed previous experiments using RD cells, that immune sera elicited by chimeric particles neutralized EV71 infection.[image: A12866_2013_2152_Fig7_HTML.jpg]
Figure 7
                          Neonatal mice as a model to assess in-vitro neutralizing effects of anti-sera. Groups of one-day-old BALB/c suckling mice were inoculated intraperitoneally (i.p.) with the virus-sera and virus-PBS mixture. (A) Mice with different antiserum treatment at 11 days post-infection with EV71. The mouse on the left side received anti-chimeric VLPs sera and the one on the right side received anti-HBcAg VLPs sera. The appearance of limb paralysis in mouse is indicated by arrows. (B) Two representative mice in the PBS-treated group die at 7 days post-infection with EV71. (C) Survival rates were recorded daily after infection for 16 days. 10 mice were used for each group.




                

Identification of “core sequence” by epitope mapping
VP4N20 peptide can elicit neutralizing antibody and conferred cross-protection against EV71 strains belonging to different genotypes in vitro. We further investigated the most immunologically essential sequence of the peptide by epitope mapping experiments to find out the minimal peptide sequence showing the highest efficiency for inducing the production of neutralizing antibody. A panel of peptides corresponding to the N- and C-terminal truncations of VP4N20 peptide was used for epitope mapping. As shown in Figure 8, the polyclonal antibodies raised against the VP4N20 peptide were very sensitive to truncation of either end of the peptide. Once six (N-terminal) or ten (C-terminal) residues were clipped from either end of the inoculation peptide, the polyclonal antibodies were no longer able to bind. One interpretation of these results is that there is an essential “core” of the peptide that does not tolerate truncation. The “core sequence” is highly conserved amongst the VP4 sequences of EV71 strains from various genotypes based on the alignment data (Figure 1). Our results suggest that VP4N20 peptide may potentially elicit a pan-genotypic immune response once the right segment of VP4 is identified.[image: A12866_2013_2152_Fig8_HTML.jpg]
Figure 8
                          Effects of peptide length on recognition of VP4 peptides by antibodies raised against the first N-
                          terminal 20 residues of EV71 VP4. The top panel shows the ELISA reaction of the polyclonal serum to peptides truncated at the carboxyl end of the 20-mer. The bottom shows the same with the truncations at the amino end, and the highlighted yellow region shows the minimal apparent “core” of the peptide for antibody recognition. The plus signs on the right of the diagram illustrate whether the polyclonal serum binds to the peptide fragment. OD450: optical density at 450 nm.




                


Discussion
Gene mutation and genetic recombination were frequently observed during EV71 epidemics, resulting in substantial genetic variation of EV71 genome and the emergence of the various EV71 subgenotypes [21]. Virus variants which possess a selective advantage in terms of ability to evade host immune surveillance can spread and become established within human populations. EV71 is classified into 11 subgenogroups according to the genetic variation of VP1 gene [15]. EV71 genotype-related HFMD outbreaks were extensively reported previously. Genotype B1 was the major viral strain in circulation from 1970 to 1980 [22]. The co-circulation of four subgenotypes C1, C2, B3, and B4 were observed in Malaysia between 1997 and 2000 [22]. The genotypes B2, C4 and B5 were reported to be the circulating strains from 1998 to 2009 in Taiwan [22, 23]. One exceptional case was observed in China, where genotype C4 was identified as the dominant viral strain responsible for the HFMD outbreak from 2007–2011 [24, 25]. Thus, an ideal vaccine should elicit effective cross-neutralizing antibody responses against different genotypes of EV71.
Several different types of EV71 vaccine candidates have been investigated in animal model, including recombinant vaccines [3, 26–28], peptide vaccines [19, 20], live attenuated vaccines [29, 30] and formalin-inactivated virion vaccines [31–34]. Only inactivated EV71 vaccines are being evaluated in human clinical trials due to its superior immunogenicity and more matured manufacturing technologies. Inactivated EV71 virion vaccines have been found to be able to elicit cross-neutralizing antibody responses against EV71 strains of different genotypes in mouse model [34]. However, constant genetic evolution has been observed in EV71 genome [35], the efficiency of protective immunity elicited by currently used inactivated EV71 virion vaccines against novel EV71 variants thus still remain to be evaluated. Several linear neutralizing epitopes have been identified in the VP1 and VP2 proteins of EV71, which are very helpful for detailed understanding of broad immunoprotection elicited by inactivated EV71 virion vaccines and peptide-based vaccine design [16, 18–20].
Targeting conserved regions within the immunogens for vaccine development is an alternative approach to deal with high genetic diversity of pathogens. EV71 VP4 gene is more conserved than VP1, VP2 and VP3 genes. We therefore attempted to identify neutralization epitopes in VP4 gene. We found that the first 20 N-terminal amino acid residues are highly conserved amongst the VP4 sequences of EV71 strains from various genotypes. In the present study, the peptide consisting of first 20 a.a. at N-terminal of VP4 of EV71 genotype C4 (VP4N20) was fused to HBcAg protein. HBcAg particles have been extensively exploited as a carrier to improve the immunogenicity of foreign protein segments presented on their surface. As expected, the fusion proteins were able to assemble into chimeric VLPs in bacteria as efficient as unmodified HBcAg. Immunization of the chimeric VLPs was able to elicit VP4N20 specific antibody in mice. In vitro neutralization assay showed that antibodies raised against chimeric VLPs were able to not only neutralize EV71 of genotype C4 but also displayed a similar neutralizing activity against EV71 of genotype A, indicating that immunization of the first 20 N-terminal amino acids of VP4 of EV71 genotype C4 is able to elicit neutralizing antibody which exhibited a broad neutralizing activity against different genotypes of EV71 in vitro.
Neutralizing antibodies play an important role in the immune defense against picornavirus infection. In the case of poliovirus, antibodies raised against VP4 and the N termini of VP1 of poliovirus serotype I were capable of neutralizing the poliovirus virions [36, 37]. Similar results were reported in the studies on rhinovirus, antibodies against the N-terminus of VP4 were found to successfully neutralize viral infectivity in vitro[38]. VP4 played a pivotal role during picornavirus cell entry despite the fact that VP4 is buried in the interior of the capsid at the capsid-RNA interface [39], indicating that the picornavirus capsid structure is more dynamic than the suggested crystal structure. It has been shown that the attachment of picornavirus on the receptor can trigger conformational alteration of virus and lead to the externalization of VP4 and the N-terminus of VP1 [40, 41]. The egress of the myristylated VP4 is involved in the formation of channels responsible for the safe release of the picornavirus genome to the cell cytoplasm [42]. The exposure of VP4 to the outside of the capsid may potentially result in anti-VP4 antibody-mediated neutralization against picornavirus. However, our results on neutralizing responses elicited by N-terminus VP4 of EV71 are consistent with previous reports [38, 42]. Furthermore, we identified the “core sequence” of N-terminus VP4 of EV71 responsible for antibody recognition. The “core sequence” is highly conserved amongst the VP4 sequences of EV71 strains from various genotypes and that of CA16. Whether antibody responses elicited by the N-terminus of EV71 VP4 are capable of neutralizing CA16 virions still remains to be investigated.

Conclusions
In summary, this study identified an immunodominant epitope located at the N-terminal of EV71 VP4 protein. The fusion proteins of HBcAg and N-terminal of EV71 VP4-derived peptide were able to spontaneously assemble into chimeric VLPs. Mice immunization with these chimeric VLPs elicited neutralizing antibodies against EV71 of different genotypes. The “core sequence” responsible for immune stimulation was found to be highly conserved across different EV71 genotypes.

Methods
Plasmid constructions and bacterial strains
The peptide (VP4N20) that corresponds to first 20 residues at the N-terminal of VP4 of EV71 (Bj08) was inserted to HBcAg (HBc-N149) loop region between amino acids 78 and 79. The fusion protein was named as HBc-N149-VP4N20. To construct the plasmid expressing the fusion protein, DNA fragment encoding HBc-N149-VP4N20 was synthesized and amplified using primers P1u (5'- CCGCTCGAGCACCACGGTGGTT-3') and P1d (5'- GGAATTCCATATGGATATTGATCCGTATAAAG-3'). The PCR products were double-digested by XhoI and NdeI and subsequently inserted into the vector pET22b(+) (Novagen, USA). DNA fragment encoding HBc-N149 was amplified by using the primers P1u, P2d (5′-TGGGCAGCAATCTGGAAGATCCGGCGAGCCGCGAACTG-3′), P2u (5′- ACCAGTTCGCGGCTCGCCGGATCTTCCAGATTGCTGCCCA-3′) and P1d by using HBc-N149-VP4N20-encoding gene as a template and further inserted into the vector pET22b (+). The accuracy of the constructs was confirmed by sequencing. E. coli strain BL21 (DE3) (BeiJing TIANGEN BIOTECH, China) were used for protein expression.

Expression and purification of recombinant proteins
Overnight cultures of BL21 (DE3) cells harboring the recombinant plasmids were diluted 1:400 in 1 L of LB broth containing 100 μg/ml ampicillin, and grown until reaching an OD600 of 0.4-0.6. Protein expression was then induced by 0.1 mM of isopropyl-β-d-thiogalactopyranoside (IPTG). After shaking at 37°C for 5 h, the bacteria were collected by centrifugation at 12,000 rpm for 10 min at 4°C, and the pellets were resuspended in 100 ml of balance buffer (pH 8.0, 50 mM Tris, 100 mM NaCl, 10 mM imidazole). For protein purification, the bacterial cells were lysed by ultrasonication, followed by centrifugation at 13,000 rpm for 15 min at 4°C to remove bacterial debris. The clear supernatant was applied to a Ni Sepharose column (GE Healthcare Life Sciences, USA) according to the manufacturer’s recommendations. The columns were washed with washing buffer (pH 8.0, 50 mM Tris–HCl, 100 mM NaCl, 50 mM imidazole,) and bound proteins were eluted with elution buffer (pH 8.0, 50 mM Tris–HCl, 100 mM NaCl, 200 mM imidazole). The peak fractions were collected and analyzed by SDS-PAGE. The purity of the samples was determined by densitometric scanning. The proteins were dialyzed to PBS buffer (pH7.4) for 8 hours at RT and examined by electron microscopy and used for immunology studies.

SDS-PAGE and Western blotting
Electrophoresis was performed in 12% SDS polyacrylamide gels and the recombinant proteins were detected by Western blotting using a monoclonal antibody (mAb) against the polyhistidine (His) tag in the C-terminal region of the fusion protein. Briefly, the transferred PVDF membrane was blocked with 2% (w/v) BSA in TBS for 1 h at 37°C, and washed thrice with TBS – 0.05% (v/v) Tween 20, then the membrane was incubated with a 1:5,000 dilution of anti-His tag (mouse mAb, CWBIO, Beijing, China) in a 0.2% BSA-TBS – 0.05% Tween 20 solution for 1 h at 37°C, and washed thrice with TBS – 0.05% Tween 20. Protein bands were probed with 1:2,000 dilution of HRP-conjugated goat anti-mouse IgG (CWBIO, Beijing, China) and washed thrice as described above. Chemiluminescence was applied as instructed by the manufacturer (Li-COR Odyssey, USA).

Electron microscopy
The formation of HBcAg VLPs and chimeric VLPs (HBc-N149-VP4N20) was analyzed by negative staining electron microscopy according a previously described method [3]. Briefly, proteins were adsorbed to 230 mesh carbon-coated copper grids and incubated for 1 min. The grids were then washed once with PBS and stained for 45 s with 2% phosphotungstic acid. Specimens were evaluated using an electron microscope (H-7650, HITACHI, Japan).

Immunization of animals
Pathogen-free female BALB/c mice were purchased from Beijing HFK Bioscience Co. (Beijing, China). All animals were housed at pathogen-free conditions. Animal experiments were performed in accordance with current guidelines for the Care and Use of Laboratory Animals of Experimental Animal Center of Military Medical Sciences and approved by the center. For mice experiments, five female BALB/c mice (6–8 weeks) per group were vaccinated intramuscularly (i.m.) with recombinant proteins HBc-N149 (5 μg/mouse) or HBc-N149-VP4N20 (5 μg/mouse) at week 0. The second injection was performed at week 3. QuickAntibody™ from KBQ Biotechnology Co. (Beijing, China) was used as an adjuvant. Control group was immunized with PBS plus adjuvant. The immunized animals were bled at week 0, 2, 5, 8 for antibody detection.

ELISA
Direct ELISA was used for detection of antibodies in the sera of immunized animals. The peptide VP4N20 was synthesized by Scilight-Peptide (Beijing, China) and conjugated with Bull Serum Albumin (BSA-VP4N20). The peptides were purified using high-pressure liquid chromatography. ELISA plates (96-well) were coated with 250 ng/well of BSA-VP4N20 in coating buffer (50 mM Na2CO3–NaHCO3, pH 9.6) overnight at 4°C. After washing with PBS-0.05% (v/v) Tween 20 thrice, the plates were blocked with 2% (w/v) BSA in PBS for 2 h at 37°C. Sera were tested at 2-fold serial dilutions starting at 1:100. The plates were incubated at 37°C for 1 h and washed thrice with PBS-0.05% Tween 20. HRP-conjugated goat anti-mouse IgG (CWBIO, Beijing, China) was then added into each well in a 1:2000 dilution, and incubated at 37°C for 1 h. The plates were washed thrice and developed with TMB solution (Tiangen Biotech, Beijing, China) in a dark room for 15 min, and the enzyme reaction was stopped by adding 2 M H2SO4. The absorbance at 450 nm was measured using a microplate reader (Bio-Rad, USA).

Epitope mapping
Enzyme-linked immunosorbent assay (ELISA) protocols were used for all the epitope mapping experiments. Peptides truncated at the carboxyl end or the amino terminus were purchased from Scilight-Peptide (Beijing, China). The peptides were conjugated with Bull Serum Albumin (BSA). The purity was higher than 90%.

In vitro neutralization assay
EV71 BJ08 (genogroup C4) and BrCr-TR (genogroup A), were propagated in RD cells. Virus titers were determined using RD cells by the microtitration method and expressed as the 50% tissue culture infective dose (TCID50) according to the Reed–Muench method. Two-fold serial dilutions of sera were prepared using Minimum Essential Medium (MEM,Gibco®) containing 2% FBS. The EV71 stock was diluted to a working concentration of 100 TCID50/50 μl. The neutralization assay was conducted using 96-well plates. In each well, 50 μl of diluted serum sample was mixed with 50 μl of EV71 at 100 TCID50, and incubated overnight at 37°C. Next, 100 μl of cell suspension containing 10,000 RD cells was added to wells containing the virus/antiserum mixtures and incubated at 37°C. After 7 days, the cells were observed to evaluate the appearance of cytopathic effects. Neutralization titer was defined as the highest serum dilution that could completely protect cells from developing cytopathic effects.

Mouse protection assay
To evaluate protective efficacy of the immunized sera against EV71 infection, in vivo infection experiments were performed. Briefly, 50 μl of sera or PBS were incubated with 10 LD50 of EV71 BrCr-TR (50 μl in sterile RD cell supernatant) at 37°C for 2 hour. Groups of one-day-old BALB/c suckling mice (n = 10 per group) were inoculated intraperitoneally (i.p.) with the virus-sera mixture or virus-PBS mixture. All mice were monitored daily for clinical symptoms and death for up to 16 days after inoculation.


Acknowledgements
This work was supported by grants from International Science & Technology Cooperation (No. 2011DFG33200), National High Technology Research and Development Program of China (863 Program, No. 2012AA02A400), Program for New Century Excellent Talents in University (No. JU015001201001), Jilin Program for Development of Science and Technology (No.20106043) and Beijing Municipal Education Committee Foundation (JJ015001201301).

References
1.
Schmidt NJ, Lennette EH, Ho HH: An Apparently New Enterovirus Isolated from Patients with Disease of the Central Nervous System.
                  J Infect Dis 1974,129(3):304–309.PubMedCrossRef

2.
Brown BA, Pallansch MA: Complete nucleotide sequence of enterovirus 71 is distinct from poliovirus.
                  Virus Res 1995,39(2–3):195–205.PubMedCrossRef

3.
Chung Y-C, Ho M-S, Wu J-C, Chen W-J, Huang J-H, Chou S-T, Hu Y-C: Immunization with virus-like particles of enterovirus 71 elicits potent immune responses and protects mice against lethal challenge.
                  Vaccine 2008,26(15):1855–1862.PubMedCrossRef

4.
Tuthill T, Groppelli E, Hogle J, Rowlands D: Picornaviruses. In Cell Entry by Non-Enveloped Viruses. 343rd edition. Edited by: Johnson JE. Germany: Springer Berlin Heidelberg; 2010:43–89.CrossRef

5.
Chow M, Newman JFE, Filman D, Hogle JM, Rowlands DJ, Brown F: Myristylation of picornavirus capsid protein VP4 and its structural significance.
                  Nature 1987,327(6122):482–486.PubMedCrossRef

6.
Lewis JK, Bothner B, Smith TJ, Siuzdak G: Antiviral agent blocks breathing of the common cold virus.
                  Proc Natl Acad Sci 1998,95(12):6774–6778.PubMedCrossRef

7.
Wang X, Peng W, Ren J, Hu Z, Xu J, Lou Z, Li X, Yin W, Shen X, Porta C, et al.: A sensor-adaptor mechanism for enterovirus uncoating from structures of EV71.
                  Nat Struct Mol Biol 2012,19(4):424–429.PubMedCentralPubMedCrossRef

8.
McMinn PC: An overview of the evolution of enterovirus 71 and its clinical and public health significance.
                  FEMS Microbiol Rev 2002,26(1):91–107.PubMedCrossRef

9.
Suzuki Y, Taya K, Nakashima K, Ohyama T, Kobayashi JM, Ohkusa Y, Okabe N: Risk factors for severe hand foot and mouth disease.
                  Pediatr Int 2010,52(2):203–207.PubMedCrossRef

10.
Guan D, van der Sanden S, Zeng H, Li W, Zheng H, Ma C, Su J, Liu Z, Guo X, Zhang X, et al.: Population Dynamics and Genetic Diversity of C4 Strains of Human Enterovirus 71 in Mainland China, 1998–2010.
                  PLoS ONE 2012,7(9):e44386.PubMedCentralPubMedCrossRef

11.
Wu Y, Yeo A, Phoon MC, Tan EL, Poh CL, Quak SH, Chow VTK: The largest outbreak of hand; foot and mouth disease in Singapore in 2008: The role of enterovirus 71 and coxsackievirus A strains.
                  Int J Infect Dis 2010,14(12):e1076-e1081.PubMedCrossRef

12.
Iwai M, Masaki A, Hasegawa S, Obara M, Horimoto E, Nakamura K, Tanaka Y, Endo K, Tanaka K, Ueda J, et al.: Genetic changes of coxsackievirus A16 and enterovirus 71 isolated from hand, foot, and mouth disease patients in Toyama, Japan between 1981 and 2007.
                  Japanese journal of infectious diseases 2009,62(4):254–259.PubMed

13.
Chen S-C, Chang H-L, Yan T-R, Cheng Y-T, Chen K-T: An Eight-Year Study of Epidemiologic Features of Enterovirus 71 Infection In Taiwan.
                  AmJTrop Med Hyg 2007,77(1):188–191.

14.
Chen K-T, Chang H-L, Wang S-T, Cheng Y-T, Yang J-Y: Epidemiologic Features of Hand-Foot-Mouth Disease and Herpangina Caused by Enterovirus 71 in Taiwan, 1998–2005.
                  Pediatrics 2007,120(2):e244-e252.PubMedCrossRef

15.
Solomon T, Lewthwaite P, Perera D, Cardosa MJ, McMinn P, Ooi MH: Virology, epidemiology, pathogenesis, and control of enterovirus 71.
                  Lancet Infect Dis 2010,10(11):778–790.PubMedCrossRef

16.
Liu C-C, Chou A-H, Lien S-P, Lin H-Y, Liu S-J, Chang J-Y, Guo M-S, Chow Y-H, Yang W-S, Chang KH-W, et al.: Identification and characterization of a cross-neutralization epitope of Enterovirus 71.
                  Vaccine 2011,29(26):4362–4372.PubMedCrossRef

17.
Chang GH, Luo YJ, Wu XY, Si BY, Lin L, Zhu QY: Monoclonal antibody induced with inactived EV71-Hn2 virus protects mice against lethal EV71-Hn2 virus infection.
                  Virology journal 2010, 7:106.PubMedCentralPubMedCrossRef

18.
Foo DG, Alonso S, Phoon MC, Ramachandran NP, Chow VT, Poh CL: Identification of neutralizing linear epitopes from the VP1 capsid protein of Enterovirus 71 using synthetic peptides.
                  Virus Res 2007,125(1):61–68.PubMedCrossRef

19.
Foo DG, Alonso S, Chow VT, Poh CL: Passive protection against lethal enterovirus 71 infection in newborn mice by neutralizing antibodies elicited by a synthetic peptide.
                  Microbes and infection/Institut Pasteur 2007,9(11):1299–1306.PubMedCrossRef

20.
Liu JN, Wang W, Duo JY, Hao Y, Ma CM, Li WB, Lin SZ, Gao XZ, Liu XL, Xu YF, et al.: Combined peptides of human enterovirus 71 protect against virus infection in mice.
                  Vaccine 2010,28(46):7444–7451.PubMedCrossRef

21.
Yoke-Fun C, AbuBakar S: Phylogenetic evidence for inter-typic recombination in the emergence of human enterovirus 71 subgenotypes.
                  BMC microbiology 2006, 6:74.PubMedCentralPubMedCrossRef

22.
Huang SW, Kiang D, Smith DJ, Wang JR: Evolution of re-emergent virus and its impact on enterovirus 71 epidemics.
                  Experimental biology and medicine (Maywood, NJ) 2011,236(8):899–908.CrossRef

23.
Ho M, Chen ER, Hsu KH, Twu SJ, Chen KT, Tsai SF, Wang JR, Shih SR: An epidemic of enterovirus 71 infection in Taiwan.
                  Taiwan Enterovirus Epidemic Working Group. The New England journal of medicine 1999,341(13):929–935.

24.
Zhang Y, Zhu Z, Yang W, Ren J, Tan X, Wang Y, Mao N, Xu S, Zhu S, Cui A, et al.: An emerging recombinant human enterovirus 71 responsible for the 2008 outbreak of hand foot and mouth disease in Fuyang city of China.
                  Virology journal 2010, 7:94.PubMedCentralPubMedCrossRef

25.
Zhang Y, Tan X, Cui A, Mao N, Xu S, Zhu Z, Zhou J, Shi J, Zhao Y, Wang X, et al.: Complete genome analysis of the C4 subgenotype strains of enterovirus 71: predominant recombination C4 viruses persistently circulating in China for 14 years.
                  PLoS One 2013,8(2):e56341.PubMedCentralPubMedCrossRef

26.
Wu CN, Lin YC, Fann C, Liao NS, Shih SR, Ho MS: Protection against lethal enterovirus 71 infection in newborn mice by passive immunization with subunit VP1 vaccines and inactivated virus.
                  Vaccine 2001,20(5–6):895–904.PubMedCrossRef

27.
Chung CY, Chen CY, Lin SY, Chung YC, Chiu HY, Chi WK, Lin YL, Chiang BL, Chen WJ, Hu YC: Enterovirus 71 virus-like particle vaccine: improved production conditions for enhanced yield.
                  Vaccine 2010,28(43):6951–6957.PubMedCrossRef

28.
Tung WS, Bakar SA, Sekawi Z, Rosli R: DNA vaccine constructs against enterovirus 71 elicit immune response in mice.
                  Genetic vaccines and therapy 2007, 5:6.PubMedCentralPubMedCrossRef

29.
Chiu CH, Chu C, He CC, Lin TY: Protection of neonatal mice from lethal enterovirus 71 infection by maternal immunization with attenuated Salmonella enterica serovar Typhimurium expressing VP1 of enterovirus 71.
                  Microbes and infection/Institut Pasteur 2006,8(7):1671–1678.PubMedCrossRef

30.
Arita M, Nagata N, Iwata N, Ami Y, Suzaki Y, Mizuta K, Iwasaki T, Sata T, Wakita T, Shimizu H: An attenuated strain of enterovirus 71 belonging to genotype a showed a broad spectrum of antigenicity with attenuated neurovirulence in cynomolgus monkeys.
                  Journal of virology 2007,81(17):9386–9395.PubMedCentralPubMedCrossRef

31.
Dong C, Wang J, Liu L, Zhao H, Shi H, Zhang Y, Jiang L, Li Q: Optimized development of a candidate strain of inactivated EV71 vaccine and analysis of its immunogenicity in rhesus monkeys.
                  Human vaccines 2010,6(12):1028–1037.PubMedCrossRef

32.
Liu L, Zhang Y, Wang J, Zhao H, Jiang L, Che Y, Shi H, Li R, Mo Z, Huang T, et al.: Study of the integrated immune response induced by an inactivated EV71 vaccine.
                  PLoS One 2013,8(1):e54451.PubMedCentralPubMedCrossRef

33.
Dong C, Liu L, Zhao H, Wang J, Liao Y, Zhang X, Na R, Liang Y, Wang L, Li Q: Immunoprotection elicited by an enterovirus type 71 experimental inactivated vaccine in mice and rhesus monkeys.
                  Vaccine 2011,29(37):6269–6275.PubMedCrossRef

34.
Bek EJ, Hussain KM, Phuektes P, Kok CC, Gao Q, Cai F, Gao Z, McMinn PC: Formalin-inactivated vaccine provokes cross-protective immunity in a mouse model of human enterovirus 71 infection.
                  Vaccine 2011,29(29–30):4829–4838.PubMedCrossRef

35.
Brown BA, Oberste MS, Alexander JP Jr, Kennett ML, Pallansch MA: Molecular epidemiology and evolution of enterovirus 71 strains isolated from 1970 to 1998.
                  Journal of virology 1999,73(12):9969–9975.PubMedCentralPubMed

36.
Roivainen M, Piirainen L, Ryä T, Närvänen A, Hovi T: An Immunodominant N-Terminal Region of VP1 Protein of Poliovirion That Is Buried in Crystal Structure Can Be Exposed in Solution.
                  Virology 1993,195(2):762–765.PubMedCrossRef

37.
Li Q, Yafal AG, Lee YM, Hogle J, Chow M: Poliovirus neutralization by antibodies to internal epitopes of VP4 and VP1 results from reversible exposure of these sequences at physiological temperature.
                  J Virol 1994,68(6):3965–3970.PubMedCentralPubMed

38.
Katpally U, Fu TM, Freed DC, Casimiro DR, Smith TJ: Antibodies to the buried N terminus of rhinovirus VP4 exhibit cross-serotypic neutralization.
                  Journal of virology 2009,83(14):7040–7048.PubMedCentralPubMedCrossRef

39.
Hogle J, Chow M, Filman D: Three-dimensional structure of poliovirus at 2.9 A resolution.
                  Science 1985,229(4720):1358–1365.PubMedCrossRef

40.
Fricks CE, Hogle JM: Cell-induced conformational change in poliovirus: externalization of the amino terminus of VP1 is responsible for liposome binding.
                  J Virol 1990,64(5):1934–1945.PubMedCentralPubMed

41.
Greve JM, Forte CP, Marlor CW, Meyer AM, Hoover-Litty H, Wunderlich D, McClelland A: Mechanisms of receptor-mediated rhinovirus neutralization defined by two soluble forms of ICAM-1.
                  J Virol 1991,65(11):6015–6023.PubMedCentralPubMed

42.
Davis MP, Bottley G, Beales LP, Killington RA, Rowlands DJ, Tuthill TJ: Recombinant VP4 of human rhinovirus induces permeability in model membranes.
                  Journal of virology 2008,82(8):4169–4174.PubMedCentralPubMedCrossRef



Competing interests
The authors declare that they have no competing interests.

Authors’ contributions
The authors’ contributions to this research work are reflected in the order shown. MZ contributed to the majority of experimental works and the writing of the manuscript. YB and WL carried out protein expression and purification. YH and XX participated in virus preparation and their characterization. SC participated in in vivo neutralization assay. WS and XS directed the research, designed and coordinated the project, analyzed the data, and wrote the manuscript. PC and YZ conceived the study and participated in its design. All authors read and approved the final manuscript.


OEBPS/A12866_2013_2152_Fig6_HTML.jpg
antibodies titer (logy)

2N WA O N
P M T S S |

o
I

1 HBc-N149
@l HBc-N149- VP4N20

0 2 5 8

Weeks post first immunization





OEBPS/sidebar.gif





OEBPS/A12866_2013_2152_Fig3_HTML.jpg





OEBPS/contact.gif





OEBPS/A12866_2013_2152_Fig7_HTML.jpg
= HBC-N149-VPAN20
e HBCN149
-






OEBPS/A12866_2013_2152_Fig4_HTML.jpg
Anti-VP4AN20 titers (logio)

] PBS
HBc-N149

@R HBc-N149- VP4N20

N
\
N
N
2 5 8
Weeks post-immunization

N
\
\
N
0






OEBPS/A12866_2013_2152_Fig1_HTML.jpg
t.] L s d
HEC-N149 |HBc HBc 6 x His Tag

s 7 us

HBc |—] 6 x His Tag

terminal 20 aa of EV71 VP4

EV71-8j08: Gly Ser Gin Val Ser Thr Gin Arg Ser Gly Ser His Giu Asn Ser Asn
s a

1
HBC-N149-VP4N20 | HBc
Ser Ala Thr Glu

Ser Ala Thr Glu

e ey se%
EVIL-BCrTR: Gly Ser Gin Val Ser Thr Gin Arg Ser Gly Ser His Glu Asn Ser Asn






OEBPS/A12866_2013_2152_Fig2_HTML.jpg
26KDa

17kDa






OEBPS/A12866_2013_2152_Fig5_HTML.jpg





OEBPS/A12866_2013_2152_Fig8_HTML.jpg
3






