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Hand foot and mouth disease (HFMD) is a prevalent global disease commonly occurring 

in young children under 6 years of age.  Enterovirus 71 (EV-A71) and Coxsackievirus 16 

(CV-A16) have been isolated as the major causative agents for most HFMD outbreaks in 

the Asia Pacific region. Severe HFMD could lead to cardiopulmonary and neurological 

failure or death. Currently, there are no US-FDA approved HFMD vaccines or antiviral 

treatments available in the market. The current China FDA approved vaccine for HFMD 

is a monovalent inactivated vaccine targeting EV-A71 without providing protection 

against CV-A16. In this study, we attempt to design a trivalent DNA vaccine candidate 

that could be administered to confer cross protection against EV-A71 and CV-A16. 

Chitosan-TPP Nanoparticles encapsulation of plasmid vaccine candidate was carried out 

to enhance immune response and prevent degradation. The VP1, VP2 genes of EV-A71 

and VP1 gene of CV-A16 were cloned into the pIRES2-AcGFP1vector to form the 

recombinant plasmid pIRES-VP121. Chitosan TPP nanoparticles (NPs) encapsulating the 

trivalent pDNA were synthesized through ionic gelation followed by in vitro 

characterization. In vivo immunization of 4 weeks old ICR mice was carried out to 

evaluate the immunologic enhancement of Chitosan Nanoparticles. The formulated 

chitosan TPP (CS-TPP-NPs (pIRES-VP121)) were highly monodispersed with an 

average size of ~200nm. Chitosan TPP NPs encapsulating the pDNA showed >70% 

encapsulation efficiency and good cellular uptake in mice macrophage cells were 

observed. The plasmid DNA vaccine was protected from DNase I digestion by chitosan 

TPP NPs. In vivo immunization studies demonstrated enhanced immunogenic responses 

by CS-TPP-NPs (pIRES-VP121) due to self adjuvanting properties of chitosan 

nanoparticles. Mice administered with CS-TPP NPs (pIRES-VP121) intramuscularly 

were observed to have the highest IFN-γ response (~15-fold increment). Sera from mice 

immunized with the naked pDNA and CS-TPP-NPs (pIRES-VP121) demonstrated good 

viral clearance against wild-type EV-A71 and CV-A16 in RD cells. Unfortunately, 

murine sera administered with naked pDNA and CS-TPP-NPs (pIRES-VP121) showed 

reduced ability to neutralize mouse adapted virus (MAV) strains of EV-A71 and CV-A16. 

CS-TPP-NPs (pIRES-VP121) could serve as a prototype for future development of 

multivalent HFMD DNA vaccine candidates. 
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CHAPTER 1 INTRODUCTION 

1.1 Background of HFMD 

Human hand foot and mouth disease (HFMD) is a global pandemic generally caused by 

viruses which belong to the Picornaviridae family in the genus Enterovirus including 

Enterovirus A71 (EV-A71), Coxsackievirus A6 (CV-A6), CV-A10 and CV-A16 

(Pozzetto & Gaudin, 1999; Osterback et al., 2009). Picornaviruses are non-enveloped, 

icosahedral single-stranded RNA viruses composed of 4 virus capsid proteins (VP1-VP4) 

and possess the same fundamental architecture across all family members (Smyth & 

Martin, 2002). Patients with HFMD are usually characterized with fever, rashes and 

vesicles manifestations in the mouth, hands and feet. Severe complications such as acute 

encephalomyelitis, cardiopulmonary failure, acute flaccid paralysis leading to fatal 

outcomes could occur when virulent EV-A71 strains were involved (Fang & Liu, 2018). 

At recent years, reports of HFMD outbreaks in Asia-pacific region have been more and 

more frequent especially in Malaysia, Thailand, Vietnam, Japan, China, and India (Nhan 

et al., 2018; Laor et al., 2020; Xie et al., 2020; Fong et al., 2021; Farahat et al., 2022; Niu 

et al., 2022). This was supported by surveillance reports of HFMD cases in Asia-pacific 

countries by WHO up until august of 2018 (Fig. 1.1); Hong Kong reported 212 cases; 

Macau reported 2323 cases; Singapore reported 26,252 cases; Vietnam reported 32,956 

cases where 50% of patients were hospitalized; Japan reported 69,041 cases and China 

reported 1,381,685 cases including 26 deaths (World Health Organization. Regional 

Office for the Western, 2018). Health director of Malaysia have reported weekly HFMD 

cases to exceeded the national alert level of 1,150/week, as of week 19 (May 7-13) of 

2023 (malaymail, 2023). This highlights the fact that HFMD is still a threat in Asia and 

development of an effective HFMD vaccine would be beneficial. 

1.2 Challenges faced by HFMD vaccines 
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In 1975, The first experimental formalin inactivated vaccine (IV) against EV-A71 was 

developed in Moscow during a “Polio-Like Disease” epidemic in Bulgaria. Unfortunately, 

the clinical efficacy of whole virus EV-A71 IV was not assessed further due to the lack 

of subsequent outbreaks (Chumakov et al., 1979; Chong & Klein, 2018).  

 

Currently, there are no US-FDA approved HFMD vaccines or antiviral treatments 

available on the market (Lalani et al., 2021). There are however 3 formalin inactivated 

EV-A71 vaccines commercially available and approved by the China FDA with an 

estimated average of 94.8 % efficacy assuming there is 85% vaccination coverage across 

the country (Van Boeckel et al., 2016). However, these IV failed to provide cross 

immunization against HFMD infections caused by CV-A16, CV-A10 and CV-A6. Aside 

from the use of highly toxic formaldehyde, IV generally require multiple purification in 

the vaccine manufacturing process and periodical boosters after the initial administration 

(Aswathyraj et al., 2016). Recent research activities have developed a wide range of 

experimental vaccines against HFMD pathogens including the virus like particle-based 

vaccines (VLP), live attenuated vaccine (LAV), recombinant protein-based vaccine, viral 

vectored vaccine and DNA vaccine, each with their advantages and disadvantages. The 

only DNA vaccine candidate against EV-A71 designed by Tung et.al was able to induce 

strong IgG levels but the antibody levels declined upon administration of second booster 

(Tung et al., 2007).  LAV vaccine was reported to induce neurological symptoms in 

monkey, thus suggesting the possible reversion of vaccine to wild type genotype (Arita 

et al., 2007). Recombinant peptide vaccine candidates were generally administered 

together with complete and incomplete Freund’s adjuvants (CFA/IFA) and previous 

studies were mostly conducted in murine models (Wu et al., 2001; Y. X. Li et al., 2014). 

The use of IFA was discontinued in clinical trials of humans due to safety concerns 

(Alving, 2002; Chong, Hsieh, et al., 2012). Same site vaccination using IFA have been 
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reported to create tertiary lymphoid structures (TLS), cancer and infections were 

commonly associated with the presence of TLS (Slingluff et al., 2021; Sato et al., 2023). 

Tetravalent VLP vaccine was able to provide long lasting antibody response against all 4 

serotypes (EV-A71, CV-A16, CV-A10, CV-A6), the purification and expression of 

recombinant proteins and VLP were however costly and laborious (Lin et al., 2012; Zhang 

et al., 2018). Viral vectored EV-A71 vaccine was able to protect mice from lethal 

challenges but less efficient in comparison to EV-A71 IV (Tian et al., 2012). The 

protective efficacy provided by current licensed vaccines will eventually decline due to 

the constant mutations and evolution of EV-A71 (Wang et al., 2021). Enteroviruses that 

were quiescent for a long period could also reemerge as the predominant strain or sub-

genotype again (Liu et al., 2014). Therefore, development of new multivalent vaccines is 

important to match the antigenic evolution of HFMD enteroviruses and to prepare for 

emergence of new dominant strains or sub-genotypes.  

In this study, the concept of constructing a trivalent DNA vaccine would lay down the 

foundation to develop multivalent HFMD DNA vaccine in future by incorporation of 

more genes encoding for the relevant enterovirus antigens. 
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Figure 1.1: Distribution of HFMD cases in Asia-pacific region, referenced from the surveillance summary of HFMD by World Health organization 

(WHO) in 2018 (World Health Organization. Regional Office for the Western, 2018). 
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CHAPTER 2 LITERATURE REVIEW 

2.1 EV-A71 and CV-A16 as HFMD causative agents 

Hand, foot, and mouth disease (HFMD) is a highly contagious viral disease worldwide 

that is prevalent in the Asia-Pacific region (Ang et al., 2009; Repass et al., 2014). This 

disease generally affects infants and young children (<6 years of age), but it can also 

occur in older kids and adults.  HFMD is generally characterized with symptoms such as 

fever, mouth ulcers, rashes or vesicle manifestations on palms and feet. In severe cases, 

some patients might develop serious cardiopulmonary and neurological complications 

which could result in fatal outcomes (Wong et al., 2010; Zhang et al., 2010). Fatal EV-

A71 HFMD infections could also lead to social economic burdens due to premature death 

of patients at a young age, losses are estimated at $80,000 - $150,000 for each fatal case 

(Xing et al., 2014). Enterovirus 71 (EV71) and coxsackievirus A16 (CVA16) have always 

been known as the common causative agents of HFMD (Fujimoto, 2018). In 1951, CV-

A16 prototype strain G10 was first isolated in South Africa and only sequenced in 1994 

(Sickles et al., 1955; Hagiwara et al., 1978; Pöyry et al., 1994). Since the first study of 

EV-A71 isolation was recorded in 1969 in the United States, EV-A71 was subsequently 

accounted as the major causative agent of HFMD outbreaks in the Asia Pacific region 

starting from the 1990s (Schmidt et al., 1974; Puenpa et al., 2019).  

However, vaccine design and in vivo studies of HFMD were more prioritized on EV-A71 

due to its association with more severe or fatal CNS complications. HFMD cases caused 

by CV-A16 infection were generally characterized as self-limiting with mild symptoms 

(Mao et al., 2014; Hooi et al., 2020). Despite being less common in comparison with EV-

A71, CV-A16 have been previously reported to be causing severe CNS complications 

including rhombencephalitis, pneumonitis and aseptic meningitis (Eyckmans et al., 2014; 

Chen et al., 2015; Zhang et al., 2015). In 2018, a major HFMD outbreak have infected 

over 76,000 children in Malaysia. PCR genotyping of 89 samples originating mostly from 
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children <3 years of age revealed CV-A16 (40%) and CV-A6 (44%) as the predominant 

serotypes in comparison with EV-A71 (10%) (Lee et al., 2021). Therefore, we have 

included CV-A16 in the design of our trivalent vaccine candidate as protection against 

EV-A71 alone would be insufficient. 

2.2 Structure of HFMD etiological agents 

Enteroviruses and coxsackieviruses including EV-A71, CVA16, CV-A10 and CV-A6 all 

belong under the Picornaviridae family, classified under Enterovirus species A. 

Picornaviruses are non-enveloped, icosahedral single-stranded RNA viruses composed of 

4 virus capsid proteins (VP1-VP4) and possess the same fundamental architecture across 

all family members (Brown & Pallansch, 1995; Smyth & Martin, 2002).  

The positive-sense RNA genome encompasses a single open reading frame (ORF) which 

was flanked by a 5’- untranslated region (UTR) on the front and 3’-UTR with poly-A tail 

at the terminus (Lu et al., 2011). The ORF encodes a large polyprotein that would be 

subsequently cleaved into P1, P2 and P3 precursor proteins which would be processed 

into 4 structural proteins and 7 non-structural proteins. P1 was cleaved to further form 

VP1, VP2, VP3 and VP4 structural proteins, VP4 was hidden inside the capsid whereas 

VP1, VP2 and VP3 were exposed on the external surface. Cleavage of P2 and P3 would 

form 2A-2C and 3A-3D non-structural proteins, respectively. During the Enterovirus 

lifecycle, structural proteins VP0, VP1 and VP3 would assemble into a protomer in the 

cytoplasm. VP0 served as the precursor protein of VP2 and VP4. A pentamer was 

assembled by 5 protomers and 12 pentamers would form the icosahedral pro-virion upon 

acquiring the viral genome. VP0 was subsequently cleaved through an autocatalytic 

mechanism into VP2 and VP4, mature virus particles were completely formed and would 

be released from infected cells (Anasir & Poh, 2019; Wang et al., 2021; Swain et al., 

2022). 
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The human neutralizing antibodies mainly targets the VP1, VP2 and VP3 capsid proteins 

with VP1 being extremely valuable to assess vaccine potency as the majority of 

neutralizing epitopes were mapped to VP1. Despite the architectural similarity, VP2 and 

VP3 proteins contribute to less neutralizing epitopes in comparison to VP1 (Anasir & Poh, 

2019). EV-A71 was classified into genogroups A-G based on their VP1 protein, 

genogroup A was the designation for prototype strain BrCr-CA-70. Genogroups B and C 

were further classified as B0-B7 and C1-C6 respectively (Chang et al., 2016; Si et al., 

2022). Based on genetic diversity of VP1, CV-A16 could be classified into 3 genogroups 

A, B and D, genogroup A was denoted for the prototype strain G10. CV-A16 genogroup 

B could be divided further into sub-genotype B1 (B1a-B1c), B2 and B3 (Wang et al., 

2018; Hu et al., 2021). Studies have shown both EV-A71 and CV-A16 consists of 80% 

sequence identity with largely overlapping neutralizing epitopes, indicating both 

enteroviruses to be highly conserved (Anasir & Poh, 2019). 

 

Figure 2.1: Schematic representation of enterovirus genome (image generated through 

biorender software), generated image referenced from Mandary and Poh (2018). 

 

2.3 Cyclical occurrence of HFMD 

HFMD caused by EV-A71 had an epidemiological pattern of outbreaks occurring every 

2-4 years which varies between country (Yip et al., 2013; Chong et al., 2015). HFMD 

outbreaks in Malaysia occur in a 3-year cyclical pattern since the first documented EV-

A71 emergence in 1997, followed by late 2000, 2003, 2006, 2009 and 2012 (Chan et al., 

2012; Sham et al., 2014; NikNadia et al., 2016). The recent 2018 outbreak of HFMD in 
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Sarawak also occurred after 3 years of non-outbreak period in 2015, 2016 and 2017. There 

was a 2.7-fold increase of HFMD cases and incidence rate (per 100,1000) when 

comparing between year 2017 and 2018 (Fong et al., 2021). A previous study has showed 

the epidemic years of HFMD in Singapore to also occur in a cyclical pattern (Ang et al., 

2015). Since 2011, large scale epidemics of HFMD were predicted to be in a 2-year 

recurrent cycle in Japan instead (Yoshida et al., 2022). EV-A71 outbreaks in Taiwan were 

associated with genotype change at a recurring rate of every 3-5 years (Huang et al., 2009). 

This cyclical occurrence of HFMD could be attributed to the unpredictable switching of 

genotypes/sub-genotypes and recombination events between serotypes thereby producing 

new variants (Chong & Klein, 2018). HFMD enteroviruses are RNA virus which are more 

prone to mutation, resulting in high genetic diversity (Sanjuán et al., 2010; Duffy, 2018). 

Most HFMD outbreaks were also associated with peaks of EV-A71 genetic diversity 

(NikNadia et al., 2016; Chong & Klein, 2018). Intergenotypic shifts were observed in 

Taiwan where the predominant strain shifted from C2 to B4, later C5 to B5 over the years 

(1998-2009); Intra-genotypic shifts have been reported in Korea as sub-genotype C3 

shifted to C4 (2000-2003/2009) (Yip et al., 2013). EV-A71 C4 was reported to have 

constantly evolved and persisted through accumulation of amino acid substitutions 

throughout the outbreak (2008–2012) and non-outbreak (2004–2007) periods in China 

(Zhang et al., 2013). 

EV-A71, CV-A16, CV-A10 and CV-A6 were able to co-circulate which could lead to 

viral co-infection and possible genetic recombination, thus making HFMD outbreaks 

even harder to control (Lin et al., 2012; He et al., 2013). Previous studies have reported 

the emergence of new recombinant variants during outbreaks due to intertypic or 

intratypic genetic recombination resulting from co-circulation between multiple EV-A71 

and CV-A16 genotypes (Yip et al., 2013; Huang et al., 2014; Liu et al., 2014; Mizuta et 

al., 2014; Chong et al., 2015). Liu et al. (2014) have also reported the reemergence of EV-
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A71 C4b and CV-A16 B1b that was previously quiescent for a long period due to possible 

co-circulation during a large epidemic in China (Liu et al., 2014). Population immunity 

or seroprevalence was also reported to be higher in older children and during HFMD 

epidemics. However, susceptible young children would accumulate again over the 2-3 

years of non-outbreak period, therefore HFMD outbreak could recur when population 

seroprevalence reached a lower point (NikNadia et al., 2016). It is therefore important to 

develop new HFMD vaccines periodically to prepare against new variants which escaped 

or adapted to the herd immunity. 

2.4 Status of HFMD vaccine development 

2.4.1 China FDA approved inactivated HFMD vaccines and aftermath of IV 

implementation 

Inactivated whole virus vaccines (IV) would be the first choice among various vaccine 

candidates since the inactivated poliovirus (PV) vaccine was successfully 

commercialized and nearly eradicated polio outbreaks. This suggests that IV can be 

developed as an effective vaccine against enteroviruses (Heinsbroek & Ruitenberg, 2010; 

Shen et al., 2016). There are currently 3 different vaccine manufacturers for the 

monovalent EV-A71 vaccine [Sinovac Biotech Co., Ltd., Beijing Vigoo Biological Co., 

Ltd., and the Chinese Academy of Medical Sciences (CAMS, Kunming Institute)] (Table. 

2.1). Phase III clinical trials of these formalin inactivated, whole virus alum-adjuvanted 

EV-A71 vaccines have been successfully completed (Zhu et al., 2013; R. Li et al., 2014; 

Zhu et al., 2014). These clinical trials involved more than 30,000 children ranging from 

6 to 59 months and two doses were administered 4 weeks apart. The efficacy against EV-

A71 associated HFMD infections were reported to be more than 90% (Yi et al., 2017). 

The IV manufactured by these three companies were approved by the China Food and 

Drug Administration (CFDA) for human use and licensed by the China Medical Products 

Authority to be sold in China (Wang et al., 2019; Yee et al., 2019). However, monovalent 
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EV-A71 inactivated vaccines could not provide cross protection against the other 3 

enterovirus serotypes (CV-A16, CV-A10, CV-A6) and patients require multiple boosters 

every 6-12 months due to reliance on humoral immunity for protection (Aswathyraj et al., 

2016; Fang & Liu, 2018). Additionally, all three EV-A71 IVs were designed against the 

C4 subgenotype as it was the most common genotype in China. Failure of EV-A71 IV by 

CAMS and Sinovac to confer protection against CV-A16 suggest that the vaccines could 

be genotype specific (X. He et al., 2021). Besides China, Taiwan had been evaluating an 

EV-A71 IV targeting the B3 sub-genotype in phase II clinical trials. Long lasting 

seroprotection efficacy were observed in 365 patients between the age of 2 months~11 

years, cross reaction was also observed against the other genotypes of EV-A71 (B5, C4a, 

C4b, and C5) (L. M. Huang et al., 2019). 

Since the implementation of EV-A71 IV in China, a surveillance study focusing on the 

capital Nanchang have observed a gradual decrease of HFMD cases from EV-A71 

infection. EV-A71 was only identified in 22.5% of HFMD cases in 2017, followed by 

0.5% in 2018 and was absent in 2019; there have also been less than 1% of severe cases 

commonly associated with EV-A71 reported since 2018. CV-A6 have replaced EV-A71 

as the most prevalent HFMD serotype as of 2019 in China (R. Li et al., 2014; F. He et al., 

2021). 

However, herd immunity that was gained through mass vaccination may wane over time 

and act as evolutionary pressure which provokes the mutation of pathogen (Rodpothong 

& Auewarakul, 2012; Dassarma et al., 2022). EV-A71 could continue to persist and give 

rise to novel strain through the cooperation of inter- or intra-typic recombination, 

antigenic changes, and genotype shifts (S. W. Huang et al., 2019). New variants of EV-

A71 that escape population immunity could reemerge as the dominant strain during future 

HFMD outbreaks (NikNadia et al., 2016). Previously, EV-A71 C4b that was inactive for 

six years was identified to be one of the main causative agents responsible for a large 

outbreak in China (2011-2012) (Liu et al., 2014). 
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Table 2.1: China FDA approved formalin inactivated vaccines. Table adapted from X. He et al. (2021). 
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2.5 Experimental HFMD vaccines 

2.5.1 Inactivated vaccine (IV) 

Recent research activities have developed a wide range of experimental vaccines against 

multiple HFMD pathogens in the vaccine formulation including studies of the tetravalent 

inactivated vaccine (IV) and tetravalent Virus like particle-based vaccines (VLP). (Liu et 

al., 2016; Zhang et al., 2018). The tetravalent IV vaccine candidate was formulated 

through mixing of formalin inactivated EV-A71, CV-A16, CV-A10 and CV-A6 virus 

particles. Both mice and rabbit immunized with the combination of EV-A71, CV-A16, 

CV-A10 and CV-A6 IV particles exhibited cross neutralizing capabilities against all four 

enteroviruses. However, the neutralizing antibody titer induced by the tetravalent IV 

against EV-A71 were reported to be significantly higher in comparison to the neutralizing 

titers against CV-A16, CV-A10 and CV-A6 enteroviruses (Liu et al., 2016). 

There was also an experimental trivalent IV study targeting the EV-A71, CV-A16 and 

CV-A6 enteroviruses (Caine et al., 2015). Murine models that received the trivalent 

vaccine were protected from lethal challenges of both mouse-adapted EV-A71 and CV-

A16 whereas their monovalent vaccine counterparts were unable to provide cross 

immunization. Protection against CV-A6 was also observed in passive immunization 

study where murine models were injected with mouse antisera raised against the trivalent 

vaccine. However, lower neutralizing antibody levels were detected in the trivalent 

vaccine group in comparison to their monovalent vaccine counterpart. The explanation 

given was immunologic interference due to immune system needing to build response 

against 3 viruses instead of one. Immunologic interference is a common issue often found 

during formulation of multivalent/combined vaccines and was reported previously from 

trivalent poliovirus and tetravalent dengue vaccine studies (Coller & Clements, 2011; 

Chokephaibulkit & Perng, 2013). 
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2.5.2 Virus like particle (VLP) vaccine 

Due to their high safety and immunogenicity, recombinant virus-like particles (VLP) 

vaccines are also considered as an attractive alternative besides IV. The human 

papillomavirus and hepatitis B virus vaccines are both good examples of successfully 

commercialized VLP-based vaccines (Roldão et al., 2010; Kushnir et al., 2012). A recent 

study employed Baculovirus-insect cell expression system to produce monovalent EV-

A71-VLP, CV-A16-VLP, CV-A6-VLP and CV-A10-VLP, all 4 monovalent VLP were 

then combined to construct a tetravalent VLP vaccine (Zhang et al., 2018). Immunization 

studies of mice showed that the tetravalent VLP vaccine formulation was able to provide 

broad neutralization against both single and mixed infections of EV-A71, CV-A16, CV-

A10 and CV-A6 virus while monovalent VLP did not provide protection against 

heterotypic challenges. Moreover, neutralizing antibody titers induced by the tetravalent 

VLP was comparable with their corresponding monovalent counterparts, indicating all 4 

VLP components had good compatibility. However, immunologic interference was again 

observed as CV-A10 and CV-A6 monovalent vaccines demonstrated lower neutralization 

titers in comparison with both EV-A71 and CV-A16 monovalent vaccine. This immune 

interference phenomenon correlated with the findings by Liu et al. (2016) but the exact 

underlying mechanism remained unknown. The author theorized that EV-A71 antigens 

might consist of strong T cell epitopes not found in other enteroviruses.   

 

 

 

2.5.3 Live attenuated vaccine (LAV) 
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Live attenuated vaccines (LAVs) are the weakened version of virus with reduced 

virulence while maintaining its antigenic properties (O'Connell & Douam, 2020). LAVs 

were successfully implemented in vaccination against poliovirus, influenza, rabies, 

mumps, and measles previously, LAVs administration could also be carried out locally 

without the need for multiple boosters or aid of adjuvants (Lim & Poh, 2019; Yee et al., 

2019; Lin et al., 2020; Nouailles et al., 2023) LAV is capable of mimicking the natural 

course of infection to elicit lifelong protection thus being more effective in comparison 

with other vaccine platforms (Lim & Poh, 2019; Nouailles et al., 2023). 

Firstly, Arita et al. (2005) constructed an attenuated strain EV71(S1-3′) by introduction 

of mutations in the 3D polymerase, 3’- and 5’- untranslated regions (UTR) of the EV-

A71 prototype strain BrCr (genotype A) (Arita et al., 2005). In vitro neutralization assay 

of a subsequent study showed that monkey sera immunized with EV71(S1-3′) was able 

to cross-neutralize against multiple EV-A71 sub-genotypes (A, B1, B4, C2 and C4), 

exhibiting highest and lowest neutralizing titers against the parental strain BrCr and 

genotype C2, respectively. Inoculation of monkeys with the EV71(S1-3′) LAV candidate 

was able to protect them from lethal challenges of virulent EV-A71 BrCr. However, 3 out 

of 5 monkeys inoculated with the attenuated EV71(S1-3′) through intravenous route 

exhibited tremors and weakness in the leg suggesting possible reversion of the LAV to 

neurovirulence (Arita et al., 2007).  

Subsequently, Yee et al. (2019) designed two LAV vaccine candidates that were named 

as MMS and pIY. The multiply mutated strain (MMS) was constructed by introduction 

of nucleotide substitution at 5’-non translated region (NTR), amino acid replacements at 

VP1, single mutation (G64R) at 3D Polymerase (3DPol) of a previously identified EV-

A71 mutant (Yee et al., 2016). The EV-A71 mutant (sub-genotype B4) carried partial 

deletion (PD) at the 5’-NTR (11bp). pIY was constructed by introduction of two micro-

RNA genes into the same EV-A71 mutated (PD) strain with a G64R mutation. MMS or 
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pIY administration in mice were able to confer 100% protection against a mouse-adapted 

EV-A71 virus with no weight loss or hind limb paralysis observed. ELISpot results of 

both MMS and pIY showed higher amounts of ex vivo IFN-γ in murine splenocyctes when 

compared with an inactivated EV-A71 vaccine, indicating good cellular immunity (Yee 

et al., 2019). 

A study by Yang et al. (2020) evaluated the immune response of a CV-A16 attenuated 

strain (K168-8Ac) at different passages including P35, P50, P60 and P70 in monkey 

models via intramuscular (IM.), oral or intranasal route. The K168-8Ac strain of CV-A16 

started exhibiting attenuated virulence in mice models at the 17th passage (P17) in a 

previous study (Yang, 2015). Monkeys immunized by different passages of K168-8Ac 

did not exhibit any neurological symptoms classified under HFMD. Mild fever was 

observed in monkeys immunized via oral and IM route (P35, P50). However, 

immunization through nasal route or with higher passages (P60 and P70) did not induce 

any fever in monkeys. IM administration of K168-8Ac at all passages were able to induce 

significantly higher levels of neutralizing antibody in comparison to oral and intranasal 

route. Immunized monkeys had reduced faecal viral shedding and reduced pulmonary 

injury in comparison with mock monkeys upon challenged with infection of CV-A16 

strain K154. However, vaccination was associated with symptoms of viremia and 

histopathological damages were not eliminated completely (Yang et al., 2020). 

Therefore, inactivated virus, recombinant peptides/proteins, virus-like particles, and 

genetic based vaccines were more preferred in HFMD vaccine development due to the 

risk of potential wild-type reversion in LAVs (Chong & Klein, 2018). Administration of 

LAV in pregnant patients or immunocompromised individual could also lead to increased 

virulence of the attenuated strain thereby causing severe disease manifestations (Torresi 

& Kollaritsch, 2019).  
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2.5.4 Epitope mapping and recombinant peptide/protein vaccines against HFMD 

2.5.4.1 Immunogenic epitopes and recombinant vaccines of EV-A71  

Most of the crucial epitopes contributing to neutralization of EV-A71 enterovirus was 

first discovered on the VP1 capsid protein comprised of 297 amino acids, VP1 was 

located at the most external part of viral capsid (Anasir & Poh, 2019). Previous study 

reported VP1 to bind with host receptors such as PSGL-1 and SCARB2 upon EV-A71 

infection, thereby causing EV-A71 destabilization as a prelude for the release of genome 

(Plevka et al., 2012; Tan et al., 2013). VP1-145 was reported to act as a molecular switch 

during receptor binding by modulation of VP1-244K exposure which affects binding to 

PSGL-1 (Nishimura et al., 2013). Mutations located at VP1-242 and VP1-244 were also 

discovered to greatly reduce or completely removed binding capabilities to PSGL-1 

receptor, respectively (Nishimura et al., 2013). Early studies have also focused on 

development of recombinant VP1 as a vaccine candidate due to less safety concern and 

their cost-effective production (Lim & Poh, 2019).  

Wu et al. (2001) experimented with a recombinant VP1 protein vaccine expressed through 

an E.coli host system in comparison with a heat inactivated EV-A71 vaccine (IV). 

Immunization of newborn mice with inactivated EV-A71 was able to confer 80% 

protective efficacy against virus challenge at higher lethal dosage (LD50) (2.3 × 103) 

whereas 100% mortality was observed at 6 days post infection in mice group that received 

recombinant VP1 protein. However, recombinant protein vaccine immunization was able 

to protect the mice at a lower LD50 (2.2 × 103) with 95% survival rate at 10 days post 

infection. Murine immunization with the IV was also generated significantly greater 

magnitude of IgG levels in comparison with group that received recombinant VP1 protein; 

Higher IgG titres of >32-fold and >256-fold was reported at 3 weeks and 7 weeks post 

immunization, respectively (Wu et al., 2001). 
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A study by Foo et al. (2007) had identified two linear cross sub-genotype neutralizing 

epitopes at the VP1 region of EV-A71 B4 strain 41 and they were designated as SP55 

(163-177 aa) and SP70 (208-222 aa), respectively. Both synthetic peptides SP55 and 

SP70 demonstrated good neutralizing effects against heterologous strains of EV-A71 sub-

genotype B2, B5, C2 and C4 with 1:16 and 1:32 dilutions as the neutralizing titers by 

SP70 whereas 1:8 dilution was reported for SP55 for viral clearance. Additionally, 

antisera isolated from mice immunized with SP70 were able to provide protection against 

lethal challenge of clinical strain EV-A71 in neonatal mice models through passive 

immunization (Foo et al., 2007).  

Subsequently, a study by Yong et al. (2016) synthesized 63 immunogenic peptides based 

on in silico prediction of potential EV-A71 B-cell epitopes. A total of 4 IgG-specific and 

22 IgM-specific immune-dominant epitopes were identified through screening of sera 

from children infected with EV-A71. Overall, PEP27 was reported with the highest mean 

OD value (IgM titers) when screened against serum samples of patients infected with EV-

A71 and thus the best IgM dominant epitope. PEP27 mapped to the 142-156 of VP1 was 

also EV-A71 specific as there were no cross-reactivity to serum samples of patients 

infected with other non-EV-A71 enteroviruses. The most dominant linear epitope 

recognized by EV-A71 reactive IgG antibodies denoted as PEP23 was located within VP1 

protein, corresponding to amino acid residues 141-155 and highly specific to EV-A71 

(Aw-Yong et al., 2016).  

Liu et. al (2011) identified another linear cross sub-genotype neutralizing epitope in the 

VP2 region of EV-A71 which was named as VP2-28 (136-150 aa). VP2-28 was able to 

bind with an antibody (MAB979) capable of cross-neutralizing multiple EV-A71 sub-

genotypes, thereby inhibiting the binding of MAB979 to live EV-A71 virion. The author 

reported that their formalin inactivated EV-A71 vaccine (IV) had a dose dependent 

relationship between the neutralizing magnitude of immunized rabbit and mice sera with 
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the number of VP2-28 epitope units found in the IV. VP2-28 synthetic peptide 

immunization alone in this study failed to elicit virus neutralizing antibody response in 

murine models (unpublished data). The author suggested that VP2-28 epitope could be 

immunodominant in rabbits but cryptic in mice (C. C. Liu et al., 2011).  

However, a multiple tandem linear neutralizing epitope (mTLNE) vaccine candidate was 

constructed through the linking of 3 synthetic peptide epitopes including VP1-SP55, VP1-

SP70 and VP2-SP28 of EV-A71(Y. X. Li et al., 2014). Antisera from the immunized 

BALB/c mice were reported to show cross reactivity with 3 capsid proteins of EV-A71 

(VP0, VP1 and VP2) in western blot analysis. Cross sub-genotype neutralizing effects 

were observed as strong neutralizing antibody titers were elicited by mice immunized 

with 3 doses of the mTLNE vaccine against EV-A71 genotype C4 and EV-A71 genotype 

A.  

In addition, subsequent study by Xu et al. (2014) identified a linear VP2 cross neutralizing 

epitope that was mapped to a region (141-155 aa) overlapping with the findings of Liu et 

al. (2011) (Xu et al., 2014). Gene sequence encoding amino acid residues 141-155 was 

inserted into the genome of an immune enhancing carrier derived from truncated Hepatitis 

B virus core protein (HBc-VP2) to generate a chimeric protein HBc-VP2(aa141-155). 

Antisera of mice immunized with HBc-VP2 (aa141-155) was able to protect newborn 

BALB/c mice from lethal challenge of mouse-adapted EV-A71 virus (pSVA-MP4) with 

100% survival rate at 20 days post infection. The fusion epitope HBc-VP2 (aa141-155) 

was also proposed to be immunodominant in human as VP2(aa141-155) antibodies were 

able to inhibit 60% of human sera (EV-A71-infected) from binding with EV-A71 virus 

sub-genotype C4. Therefore, both the VP1 and VP2 DNA sequences were included in the 

design of our plasmid vaccine in attempt to improve the T cell and B cell immune 

response against EV-A71. 
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2.5.4.2 Neutralizing epitopes identified in CV-A16  

The neutralizing linear epitopes of CV-A16 were not as commonly studied in comparison 

with EV-A71 (Anasir & Poh, 2019).  Chong et al. (2012) have screened the antisera of 

mice or rabbit that were immunized with formalin-inactivated P- or R- viral particles of 

CV-A16 against a series of overlapping peptides spanning the 4 structural proteins VP1, 

VP2, VP3 and VP4. P- and R- particles were defined as pseudo-defective and infectious 

viral particles, respectively by the author based on their viral, immunological, and 

biochemical properties. A single linear epitope was identified in the VP3 region (176-190 

aa) of CV-A16. However, only the murine antisera raised against inactivated CV-A16 R-

particle weakly cross-reacted with the corresponding peptide epitope VP3-41 in peptide-

ELISA assay. Antisera of rabbits raised against P- or R- particles of CV-A16 failed to 

recognize any of the 153 synthetic peptides (Chong, Guo, et al., 2012). 

Subsequently, Shi et al. (2013) tested a series of overlapping synthetic peptides with full 

coverage over the CV-A16 VP1 protein amino acid sequence. Among the 95 peptides, a 

total of six non-overlapping peptides including PEP32, PEP37, PEP55, PEP63, PEP71 

and PEP91 were identified as neutralizing epitopes. Antisera derived from mice 

immunization with these six peptides were all able to cross react with inactivated CV-

A16 and VP1 bands were detected in western blot. Neutralization assays have shown that 

mice antisera harvested post-immunization by these six peptides to be able to neutralize 

both the homologous (CA16-SZ05) and heterologous strain of CV-A16 (CA16-G08). 

Furthermore, the author had screened all six peptide epitopes against 11 CV-A16 

representative strains including the genotype A (prototype strain G10), genotype B1 (B1a 

and B1b), and genotype B2 for homology comparison of the VP1 sequences. Three 

peptide epitopes (PEP55, PEP63 and PEP91) were found to be identical, whereas peptides 

PEP32 and PEP37 were highly conserved (93.3%) among all eleven strains of CV-A16. 

However, alignment of peptide epitope PEP71 resulted in low homology among the 
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eleven strains which was due to the CV-A16 prototype strain G10. The corresponding 

PEP71 epitope sequences when aligned were found to be identical in the other 10 non-

genotype-A CV-A16 strains. PEP71 epitope was located at amino acid residues 211-225 

which overlapped with several known EV-A71 VP1 neutralizing epitopes including the 

VP1 epitope SP70 (208-222 aa) and VP1-43 (211-220 aa) (Shi et al., 2013). SP70 was 

established as a cross genotype neutralizing epitope whereas VP1-43 was recognized as 

an EV-A71 strain-specific epitope (Foo et al., 2007; C. C. Liu et al., 2011). Therefore, 

the VP1 gene of CV-A16 was included in the design of our trivalent plasmid vaccine to 

confer immune response against CV-A16. 

2.5.5 Plasmid DNA vaccine 

Tung et al. (2007) constructed a monovalent DNA vaccine by cloning the EV-A71 VP1 

gene into a eukaryotic expression vector pVAX1. The viral VP1 protein was successfully 

expressed in vitro in a mammalian cell line (Vero), VP1 expression was confirmed 

through western blot and indirect immunofluorescence assay (IFA). The recombinant 

DNA construct was subsequently used to immunize mice models, virus neutralization 

assay results of the pVAX1-VP1 immunized mice sera demonstrated broad neutralizing 

abilities as only 50% of cytopathic effect (CPE) was observed in Vero cells infected with 

EV-A71. ELISA results of the immunized mice sera showed significant increase of anti-

VP1 IgG levels after the first booster but declined following the second booster. The 

author provided a possible explanation which was due to the shifting of humoral 

immunity to cellular immune response, this was usually accompanied with an increase of 

cytolytic T cells (Tung et al., 2007). A similar observation was made by Tanghe et al. 

(2000) as mice immunized with tuberculosis vaccine have decreased antibody levels after 

the second booster which was accompanied with increased IFN-γ and IL-2 levels (Tanghe 

et al., 2000). Therefore, this calls for a novel multivalent DNA vaccine that targets more 

than one HFMD pathogens.  
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2.6 Background of plasmid vaccine  

 In 1990, the ability of plasmid DNA (pDNA) to transfect cells was first reported from a 

simple experiment of pDNA vectors carrying foreign genes which were injected into 

murine skeletal muscle resulting in the expression of foreign proteins (Wolff et al., 1990). 

The potential immunogenicity of pDNA expressed proteins gave rise to the technology 

of DNA vaccination involving the delivery of pDNA either through intranasal, dermal, 

intramuscular, rectal, or oral route (Hobson et al., 2003). Upon internalization, DNA 

vaccines would be transcripted into mRNA in the nucleus and later transferred to the 

cytoplasm for translation into protein (Bai et al., 2017). 

2.7 Mechanism of plasmid antigen presentation in vivo 

Antigenic peptides originating from extracellular source (exogenous) were almost 

exclusively loaded onto MHC class II molecules and presented to CD4+ helper T cells; 

This in turn stimulate B cells leading to neutralizing antibody response and complete 

activation of CD8+ T cells (den Haan et al., 2014). MHC class II molecules were 

commonly found on the surface of professional antigen presenting cells (APCs) such as 

B cells, dendritic cells, thymic epithelial cells and macrophages (Roche & Furuta, 2015). 

Endogenous antigens derived from intracellular proteins originating from the cytosol or 

nucleus were instead loaded on MHC class I molecules that were present on the surface 

of all nucleated cells (Leung, 2015). Viral specific cytotoxic T lymphocytes (CTL) 

differentiated by CD8+ T cells were able to recognize peptide-MHC class I complexes 

(pMHCI) expressed by the infected cells and eradicate them to prevent the spread of virus 

(Hewitt, 2003; Wieczorek et al., 2017). However, cross-presentation could also occur as 

exogenous antigens were presented by MHC class I molecules of specific subpopulations 

of dendritic cells to initiate CD8+ T cell immunity (Joffre et al., 2012). 

There are three antigen presentation mechanism of administered plasmid DNA compiled 

by Qin et al. (2021) (Fig. 2.1): 1) Internalized plasmid DNA could be taken up by resident 
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somatic cells including muscle or epithelial cells depending on the administration route. 

The somatic cells would subsequently secrete the expressed antigens leading to B cells 

activation. 2) DNA vaccines can directly transfect professional antigen presenting cells 

(APC) such as macrophages and dendritic cells (DC), leading to direct antigen 

presentation to the respective CD4+ and/or CD8+ T cells through both MHC class I and 

II complexes. 3) Professional APCs take up the antigens expressed by transfected somatic 

cells; pDNA transfected somatic cells that underwent apoptosis could also be 

phagocytosed by APCs. Antigens were subsequently presented to CD4+ and CD8+ T cells 

upon migration of APCs into the draining lymph nodes, triggering both humoral and 

cellular immunity. This is also the pathway where cross-presentation occurs as exogenous 

antigens were processed and presented on MHC class I molecules (Donnelly et al., 2000; 

Joffre et al., 2009; Coban et al., 2013; Langer et al., 2013). Dendritic cells were the most 

efficient in carrying out this process despite other APCs such as monocytes were also 

reported with cross priming capabilities (Leirião et al., 2012).  CD4+ T cells were involved 

in B cells activation along with differentiation into plasma cells responsible for antibody 

secretion and formation of memory B cells (Tay et al., 2019). On the other hand, cytotoxic 

CD8+ T cells serve as an effector of host cellular immunity which kills off infected cells 

(Zhang & Bevan, 2011). Aside from binding with the same antigen carrying APC, 

interactions between CD4+ and CD8+ T lymphocytes were also crucial in establishing 

protective immunity against infection. DNA vaccination studies in early 1997 and 1998 

have shown that CD8+ cytotoxic T cells activation were highly dependent on CD4+ helper 

T cells and dendritic cells derived from bone marrow instead of tissue-specific cells 

(Iwasaki et al., 1997; Maecker et al., 1998). This was further supported by studies 

showing the inability of CD8+ T cells to develop into CD8+ memory cells at the absence 

of CD4+ signalling (CD40 deficiency) despite repeated priming (Bourgeois et al., 2002; 

Rapetti et al., 2008). A study by Barinov et al. (2017) has also shown that presence of 

CD8+ would modulate and accelerate the activation as well as division of CD4+ T cells in 
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vivo. Upon contact with Dendritic cells carrying antigenic peptide, CD8+ T cells were 

able to physically extract a small fragment of the DC membrane carrying MHC class II 

molecules, this process is known as trogocytosis. The CD8+ T cell was capable of directly 

presenting the immunogenic peptide to naïve CD4+ T cells thereby stimulating their 

differentiation in vitro (Barinov et al., 2017). Therefore, DNA vaccination is capable of 

inducing a strong protective immune response by activating both the cellular and humoral 

branch of adaptive immunity (Nguyen et al., 2009).  
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Figure 2.2: DNA vaccine was able to induce humoral immune response by transfection of somatic cells followed with B cells activation leading 

to antibody production, CD4+ T cells were also able to stimulate B cells division. APCs could be activated by direct transfection or indirectly by 

cross-priming, followed by activation of CD8+ T cells through MHC class I molecules thereby inducing cellular immune response. Image was 

generated with biorender.com.
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2.8 IRES sequences and translation of plasmid DNA 

The process of eukaryotic mRNAs translation to protein were mainly initiated through a 

cap-dependent manner. Ribosomes would first bind to the 7-methylguanosine cap located 

at the 5’ end of mRNA and scan for the initiation codon (AUG) to begin the translation 

process (Cooper & Hausman, 2000). However, specific internal ribosome entry site 

(IRES) sequences were discovered to be able to direct the internal binding of 40s 

ribosomal subunits to downstream AUG start codon thereby initiating the translation 

process in a cap-independent manner (Ambrosini et al., 2021). IRES sequence was first 

discovered in the noncoding region (5’ UTR) of poliovirus followed by (picornavirus) 

encephalomyocarditis virus (EMCV) mRNA (Pelletier & Sonenberg, 1988; Jang & 

Wimmer, 1990). Aside from viral mRNA, some cellular mRNAs were also found to 

consists of IRES sequence which was first identified in an immunoglobulin heavy chain 

binding protein (BiP) (Yang & Sarnow, 1997). To date, poliovirus and EMCV derived 

IRES elements were commonly used in commercial and experimental construction of 

polycistronic vectors for expression of heterologous proteins, gene transfer or gene 

therapy (Hennecke et al., 2001; Bochkov & Palmenberg, 2006). Expression of protein 

was also reported to be higher when the cytokine gene was positioned as the first cistron 

in the bicistronic plasmid (Hennecke et al., 2001). IRES elements derived from EMCV 

were reported to be of similar or stronger translation strength when compared to IRES 

sequences of other origin including rhinovirus, poliovirus and foot and mouth disease 

(Borman et al., 1997). However, the expression of EMCV IRES dependent second gene 

were also documented at range of 20% to 50% in relative of the first cistron (Mizuguchi 

et al., 2000; Wang et al., 2005). Prior to the discovery of IRES sequences, co-expression 

of two heterologous genes were mainly achieved through insertion of two separate 

promoters in a single vector. However, transcriptional interference and/or suppression of 

gene expression could occur as the activation of first promoter could supress or inactivate 

the second promoter which have been observed in studies (Cullen et al., 1984; Emerman 
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& Temin, 1984, 1986). This phenomenon of promoter interference leads to a subset of 

transfected cells actively expressing only one of the target gene instead of both genes. 

Aside from the use of multiple promoters, two or more genes could be linked or fused 

together into a chimeric gene sequence and target genes were co-expressed in the form of 

fusion protein (Huang et al., 2018; Jeong et al., 2021). However, there is still concerns on 

misfolding of the proteins which leads to expression of largely inactive chimeric proteins 

(Randall, 2010). Therefore, IRES sequence is favourable for simultaneous expression of 

multiple genes as translation of the first cistron would be initiated by cap-dependent 

translation whereas the second or following cistron would be translated independently 

through an IRES mediated mechanism (Kozak, 1995; Al-Allaf et al., 2019). We have 

implemented two IRES sequences derived from poliovirus for expression of the second 

and third enterovirus genes in the design of our trivalent HFMD plasmid vaccine 

candidate. 

2.9 Advantages of DNA vaccine 

Recently, there have been a rise of interest in studies of DNA vaccine candidates since 

the SARS-CoV-2 infection outbreaks and COVID-19 cases that have been terrorizing the 

globe.  A study in Thailand constructed 3 DNA vaccines each encoding the 1) full length 

SARS-CoV-2 spike (S) protein, 2) S1 and 3) S2 regions of S protein. These recombinant 

plasmids were administered via TriGrid delivery system into mice models through 

intramuscular route. This study provided insight where SARS-COV-2 full length S 

protein induced cellular and humoral immunity were much more potent than that of 

truncated S1 or S2 immunogen (Prompetchara et al., 2021). 

In contrary to conventional vaccines such as inactivated and live attenuated vaccines, 

DNA vaccination is an attractive alternative due to its advantages including: (1) a safer 

platform by directly working with the transgene, without the need to handle virulent 

pathogen during vaccine synthesis (Liu, 2011), (2) induction of antibody and cell-
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mediated immunity through closely mimicking live pathogens without the risk of 

reversion to wild type (Nguyen et al., 2009; Jazayeri & Poh, 2019), (3)  fairly stable at 

room temperature thereby saving the costs for cold storage and transportation (Quaak et 

al., 2010; Liu, 2011), (4) relatively fast and low manufacturing cost for large inventory 

doses in a scalable manner (Cai et al., 2009; Khan et al., 2014) , (5) no further purification 

of recombinant protein is required as protein antigens of interest will be directly expressed 

in host cells (Liu, 2011) and (6) transgene sequence can be easily manipulated to adapt to 

fast emerging new disease variants, optimize antigen specificity and improve 

immunogenicity (Coban et al., 2011; Deering et al., 2014; Iurescia et al., 2014).  

2.10 Vaccination strategies 

2.10.1 Limitations of DNA vaccine 

Currently, there were three DNA vaccines licensed for veterinary applications in fish, 

horse and dogs with a fourth vaccine that was approved for hormonal therapy in pigs. All 

four DNA vaccines were administered through injection of naked plasmid by the 

intramuscular (IM) route (Liu, 2011). IM or intradermal delivery of DNA vaccines 

through parental route were able to provide protection and induce systemic immunity in 

multiple studies involving murine models (Hobson et al., 2003). However, most cases of 

standard IM injection only conferred weak immune responses and rarely provide mucosal 

immunity (Hobson et al., 2003; Nguyen et al., 2009). Additionally, rodent models had 

limited amount of muscle mass and the transfections were therefore aided by physical 

pressure during IM injection. Higher order mammals would instead require adjuvants or 

transfection aids such as intramuscular electroporation (Khan et al., 2014).  

There are still limitations of DNA vaccine as high immunogenicity results observed in 

small animal models may not be replicated in large animal models (Jazayeri & Poh, 2019). 

Additionally, pDNA delivery needs to occur in appropriate tissues or cell types for 

effective innate and adaptive immune response coordination (Nguyen et al., 2009). 
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Therefore, it is important to choose a suitable route for DNA vaccine administration using 

a potent delivery platform. 

2.10.2 Nanoparticles as delivery platform for plasmid DNA 

The formulation of pDNA vaccine into micro or nanoscale particles could provide 

controlled, target cell and site-specific release (Farris et al., 2016). Vaccine efficacy is 

greatly affected by characteristics of particles including the surface charge, 

hydrophobicity, surface modification and particle size. Microparticles would allow 

sustained exposure of pDNA to cells due to its bulky size (>0.5 μm) and they were mainly 

taken up by macrophages through phagocytosis (O'Hagan et al., 2004; Hajizade et al., 

2014). In comparison, nanoparticles (20~200 nm) were mainly taken up by DCs through 

endocytosis and could directly enter lymph nodes to achieve higher transfection efficacy 

(Prabha et al., 2002; Nguyen et al., 2009). Nanoparticles were also shown to be more 

cytotoxic when compared with microparticles due to its relatively larger surface area 

while having a smaller size (Sahu et al., 2016). Cationic particles were preferentially 

taken up by non-phagocytic cells while anionic particles were mainly ingested by 

phagocytic cells. Additionally, cationic nanoparticles such as chitosan are highly 

cytotoxic in comparison with anionic particles such as PLGA (Fröhlich, 2012).  

Nanoparticles surface can also be engineered with immunostimulatory ligands that 

mimics pathogen associated molecular patterns (PAMPs) to promote immunity and 

inflammatory response (Hajizade et al., 2014). There are three methods for attachment of 

nanoparticles with pDNA which includes adsorption, conjugation and encapsulation 

(Hajizade et al., 2014).  

2.10.3 Chitosan as nanocarrier for plasmid vaccine 

Chitosan is one of the most important derivatives of chitin found on the shells of 

crustaceans like prawns and crabs. It is a naturally occurring polysaccharide, cationic and 

highly basic and it has been approved by the U.S. FDA for tissue engineering and wound 
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healing functions (Elieh-Ali-Komi & Hamblin, 2016; Kumar et al., 2017). Chitosan is 

well-known for their mucoadhesive properties that prevent nasal clearance as it interacts 

with the negatively charged mucus by forming a complex through ionic bonding or ionic 

interactions, therefore increasing the antigen retention time in the nasal mucosa 

(Aderibigbe & Naki, 2019). Chitosan can be an ideal nanomaterial used for DNA vaccine 

delivery due to its cationic nature as it causes electrostatic binding to the anionic structure 

of DNA leading to the formation of polymer-DNA complexes that will protect the DNA 

from enzyme degradation (Cao et al., 2019). Chitosan-based nanoparticles have been 

widely investigated in vaccine development against several infectious diseases such as 

influenza and Newcastle disease. 

Bande et al. (2020) constructed a bivalent plasmid DNA vaccine against an economically 

important poultry disease known as infectious bronchitis (IB). The plasmid DNA was 

encapsulated in chitosan-saponin nanoparticles. Chitosan encapsulation of the bivalent IB 

vaccine candidate was shown to improved protection efficacy against two strains of IB 

virus challenges. Additionally, chickens immunized with the chitosan-saponin 

encapsulated pDNA vaccine displayed comparable amount of antibody titer and virus 

shedding reduction despite receiving a single booster in comparison with chickens 

immunized with naked pDNA which received two booster doses. 

Chitosan nanoparticle encapsulated inactivated whole influenza virus with CpG 

oligonucleotide (CpG ODN) or with the Quillaja saponin (QS) adjuvant have been shown 

to induce Th1 type responses in immunized rabbits (Fig. 2.2i). The dry powder 

nanosphere vaccine was administered intranasally to the rabbit on days 0, 45, 60, followed 

by intramuscular (IM) injection as the final booster on day 75. Both chitosan encapsulated 

whole inactivated virus with CpG (CH+ WV+ CpG) and chitosan encapsulated whole 

inactivated virus with QS (CH+WV+QS) stimulated significantly higher levels of IgG 

than the mock group, with the CH+WV+CpG group induced the highest IgG antibody 
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level amongst all the group. This finding is in line with the detection of the IgG result 

where the CH+WV+CpG group induced the highest IgG antibody in the group 

immunized with this vaccine formulation. Similarly, the CH+WV+ CpG group elicited 

the highest sIgA titers in the nasal swab of the immunized rabbits. For the cellular 

mediated responses, a Th-1 biased response was observed in the group immunized with 

CH+WV+CpG as indicated by an increase of IL-2 and IFN-γ secretions than the mock 

group. This could be attributed to the mucoadhesive effect of the chitosan and the 

adjuvant effect of the CpG. Thus, the vaccine formulation of chitosan encapsulated 

inactivated influenza whole virus and CpG (CH+WV+CpG) elicited the best humoral and 

cellular mediated responses against influenza virus (Dehghan et al., 2014).  

The enhanced protective efficacy of a Newcastle disease virus (NDV) DNA vaccine 

encapsulated in chitosan (pFNDV-CS-NPs) was investigated in pathogen free chickens 

(Zhao et al., 2014). Chickens administered with pFNDV-CS-NPs through intramuscular 

(IM) and intranasal (IN) route demonstrated peak IgG levels at fifth week post 

immunization and maintained relatively high IgG titers till the seventh week. In 

comparison, the IgG antibody titers of chickens immunized with naked NDV DNA 

vaccine peaked at the fourth week post immunization. Mucosal sIgA antibody titers were 

also found to be significantly higher while maintaining a longer sIgA secretion period in 

chickens administered with pFNDV-CS-NPs through the IN route compared to other 

groups. Lymphocyte proliferation assay was carried out in chickens on 2-, 4- and 6-weeks 

post immunization to assess the cell mediated immune responses. pFNDV-CS-NPs was 

found to enhance significantly higher T lymphocytes immunity than the control group at 

fourth- and sixth-week post IM and IN injection. Therefore, it can be concluded that a 

stronger immune response was induced by pFNDV-CS-NPs.  

An investigation of the immunogenicity of multivalent DNA vaccines encapsulated in 

chitosan nanoparticles against Trueperella pyogenes was undertaken (Huang et al., 2018). 
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Four different genes (plo, cbpA, fmA or nanH) of T. pyogenes TP8 strain were 

incorporated into the pVAX1 plasmid vector to prepare the multivalent plasmid vaccines 

pVAX1-PC, pVAX1-PCF, pVAX1-PCFN as well as pPCFN-CpG (Fig 2.2ii). The CpG 

oligonucleotide (ODN)1826 motif was included in the vaccine formulation to enhance 

the immunity of chimeric genes. These bivalent or multivalent plasmids were compared 

to the chitosan encapsulated DNA vaccine pPCFN-CpG-CS-NPs through immunization 

of mice via intramuscular administration. The specific IgG antibody against target 

antigens. pPCFN-CpG-CS-NPs was found to induce the highest antibody levels in 

comparison with the other naked plasmid immunized mice groups. Potent lymphocyte 

proliferations induced by the mice group immunised with the  pPCFN-CpG-CS-NPs were 

also supported by the ELISA analysis showing a higher IFN-γ, IL-2, and IL-4 levels 

observed in mice immunized with pPCFN-CpG-CS-NPs in comparison with mice 

immunized by naked plasmids These findings indicated that chitosan encapsulated 

plasmid DNA were able to provide efficient mucosal as well as cellular immune responses 

while coupled with CpG ODN that functions as a molecular adjuvant. Challenge study 

was carried out using T. pyogenes T8 and T. pyogenes T7, mice group immunized with 

pPCFN-CpG and pPCFN-CpG-CS-NPs both resulted in the lowest mortality rate in both 

challenges. The survival rate was 100% in both mice groups when challenged against T. 

pyogenes T8 with no clinical symptom observed for all the mice. Additionally, almost 50% 

of the mice immunized with pPCFN-CpG or pPCFN-CpG-CS-NPs were able to survive 

against the highly virulent T. pyogenes T7. In conclusion, the chitosan encapsulated 

chimeric gene plasmid vaccine was indicated to be able to provide more efficient 

protection against T. pyogenes infection.  

Therefore, our concept of constructing a trivalent recombinant DNA vaccine against EV-

A71 and CV-A16 would provide proof of concept to develop a tetravalent HFMD DNA 

vaccine in future by incorporation of more genes encoding for the relevant enterovirus 

antigens. In this study, 3 enterovirus genes were inserted into a mammalian vector 
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pIRES2-AcGFP1 for expression of VP1 and VP2 gene of EV-A71, as well as VP1 gene 

of CV-A16 in the recombinant trivalent plasmid vaccine. Both VP1 and VP2 genes of 

EV-A71 were included as part of our vaccine design to boost the overall neutralizing 

antibody response by addition of extra cross sub-genotype neutralizing epitopes. 

 

 

 

Figure 2.3: Schematic representation of i) Chitosan encapsulating inactivated whole 

influenza virus and ii) Chitosan encapsulating plasmid DNA vaccine. Image was 

generated with biorender.com. 

 

 

Chapter 3 Materials and method 

3.1 Mammalian and murine cell lines 

3.1.1 Revival and culture of cells 

Human 293T cells (ATCC-CRL-3216TM) and the murine macrophage cells J774A.1 

(ATCC-TIB-67™) were acquired from ATCC (Georgia, USA). The cell stocks were 
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stored in liquid nitrogen tank for long-term storage. Revival of both cell lines were carried 

out with the same protocol. First, vial containing the cells were thawed at room 

temperature followed by gentle centrifugation at 500xg for 5 min, the supernatant was 

discarded to remove the toxic DMSO in freeze medium. The cells were resuspended in 1 

ml of prewarmed complete media [Dulbecco’s Modified Eagles Medium (DMEM) 

(Invitrogen, USA) comprising 10% fetal bovine serum (FBS) (Invitrogen, USA) and 1% 

antibiotic [(Penicillin/Streptomycin) (GIBCO, Invitrogen, USA)] and transferred into a 

T25 culture flask (25cm2) (Thermofischer, USA) containing 4ml of complete media. The 

cell lines should be passaged for at least two more generations before being subjected for 

future studies.  

3.1.2 Subculture and maintenance of cell lines 

3.1.2.1 293T cells 

293T cells were maintained in T75 culture flask (75cm2) (Thermofischer, USA) 

supplemented with complete media [Dulbecco’s Modified Eagles Medium (DMEM) 

(Invitrogen, USA) comprising 10% fetal bovine serum (FBS) (Invitrogen, USA) and 1% 

antibiotic [(Penicillin/Streptomycin) (GIBCO, Invitrogen, USA)], grown at 37°C in 5% 

CO2 until 80%-90% confluency was reached. 293T are adherent cells that require 

trypsinization during sub-culturing process. First, media in the flask were discarded using 

a serological pipette followed by addition of 1x phosphate buffer saline (PBS) to gently 

rinse the cells and remove any residual media. PBS was discarded and 1.5ml of trypsin 

EDTA (1x) was added, the flask was placed in incubator at 37°C until the cells were fully 

detached. Equal volume of complete media was added into the flask to inactivate the 

trypsin. Cell suspension was transferred into a tube for centrifugation at 1,000xg for 5 

min, the supernatant was discarded. Cell pellet was resuspended with 1ml of complete 

media and transferred back into the flask, complete media was added to topped it up to 

total volume of 10ml. 
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3.1.2.2 J774A.1 cells 

J774A.1 murine macrophage cells were maintained in T25 culture flask (25cm2) 

(Thermofischer, USA) supplemented with complete media [Dulbecco’s Modified Eagles 

Medium (DMEM) (Invitrogen, USA) comprising 10% fetal bovine serum (FBS) 

(Invitrogen, USA) and 1% antibiotic [(Penicillin/Streptomycin) (GIBCO, Invitrogen, 

USA)], grown at 37°C in 5% CO2 until 80%-90% confluency was reached. J774A.1 are 

suspension cells which would be loosely attached to the walls of flask upon confluency. 

Old culture media was first discarded followed by addition of 3ml fresh media into the 

flask, cells at bottom of the flask was gently scraped off using a cell scraper. 1 ml of the 

cell suspension would be added into a new flask and topped up to final volume of 5ml 

with fresh complete media.  

3.1.3 Storage of 293T and J774A.1 

Cryopreservation of both 293T and J774A.1 cell lines were carried out using similar 

methods periodically to ensure the cell lines used in experiments were not more than 30 

passages. The old culture media was discarded and confluent monolayer of 293T and 

J774A.1 cells were washed with 1x PBS. 293T cells were detached using 1.5ml of trypsin 

EDTA, J774A.1 cells were detached through gentle cell scraping instead. The cells were 

added with 2ml of media followed by centrifugation at 800xg for 10min, the supernatant 

was discarded. The cell pellet of both cell lines was resuspended in 1ml of freezing 

medium (90% FBS, 10% DMSO). The vials containing cell suspensions were kept in Mr. 

FrostyTM freezing container at -80°C for 48h before being transferred for long term 

storage in liquid nitrogen tank.  

3.2 Construction of recombinant plasmid DNA 

pIRES2-AcGFP1 expression vector (Thermo Fisher Scientific) was used to construct 

DNA plasmid using VP1 and VP2 genes of Enterovirus 71 (EV-A71) virus strain 
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5865/Sin/000009 (GenBank accession number: AF316321) and VP1 gene of 

Coxsackievirus 16 (CV-A16) virus strain G10 (GenBank accession number: U05876). 

The VP1 and VP2 genes were synthesized and cloned into the pIRES2-AcGFP1 vector’s 

multiple cloning site (MCS) located downstream of the CMV promoter (GenScript, USA). 

The trivalent plasmid comprised of the VP1, VP2 genes of EV-A71 and VP1 gene of CV-

A16 (pIRES2/VP1s/A71/A16/VP2/A71). A FLAG-tag, HA-tag and His-tag were also 

cloned in close proximity to VP1, VP2 genes of EV-A71 and VP1 gene of CV-A16, 

respectively.  

3.3 Transformation of trivalent plasmid into E. coli 

A single colony of Escherichia coli strain TOP10 was grown in LB broth to an optical 

density of 0.4~0.5 at OD600nm and resuspended in ice-cold ultrapure H2O. The pIRES-

VP121 trivalent plasmid was transformed into E. coli competent cells using heat shock 

method as described by Sambrook et al. (1989). The transformed cultures were plated 

onto LB plates containing kanamycin (50 μg/ml). Kanamycin resistant colonies 

harbouring the DNA vaccine were isolated and stored at -80°C the presence of trivalent 

plasmids was confirmed by PCR and DNA sequencing.  

 

3.4 Plasmid isolation and purification 

Following the manufacturer's recommended protocol, the overnight culture of 

recombinant E. coli harbouring trivalent plasmid were subjected to plasmid extraction 

using Maxi Plasmid Purification Kit (QIAGEN, Calif., USA) involving centrifugation 

and column filtering. Extracted plasmids were diluted with TE buffer and stored at -20°C 

for future experiments. Plasmid concentrations were measured using NanoDrop™ 

One/OneC Microvolume UV-Vis Spectrophotometer (Thermo Scientific™). 
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3.5 Transfection of 293T cells with the recombinant DNA plasmid 

293T cells (ATCC-CRL-3216TM) were seeded into 6-well plate (5x105cfu/ml) and 

incubated overnight in complete media [Dulbecco’s Modified Eagles Medium (DMEM) 

(Invitrogen, USA) comprising 10% fetal bovine serum (FBS) (Invitrogen, USA) and 1% 

antibiotic [(Penicillin/Streptomycin) (GIBCO, Invitrogen, USA)] at 37°C. Upon reaching 

60-80% cell confluency, transfection was carried out according to the manufacturer’s 

protocol using Xfect™ Transfection Reagent (TAKARA Bio, USA). Cells were washed 

with PBS and added with 100µl of transfection mixture per well. The transfection mixture 

was first added with desired concentration of plasmid DNA, followed by Xfect™ polymer 

(0.3µl per µg of pDNA) and topped up with Xfect™ buffer to a final volume of 100µl. 

Cells were cultured in DMEM media with 2% FBS and 1% antibiotic, incubated at 37°C 

in an incubator containing 5% CO2. 

3.6 Confirmation of plasmid and protein expression in vitro  

The pIRES2-AcGFP1 plasmid is consisted with a green fluorescent protein (AcGFP1) 

from Aequorea coerulescens with an excitation range of 475~505nm. Fluorescence 

microscopy was carried out using Nikon Inverted Microscope Eclipse Ti-S (Nikon, Japan) 

to confirm the success of plasmid transfection, blue light was used for excitation and 

green light was observed to be emitted.  

For confirmation of viral VP1 and VP2 protein expression by the trivalent pIRES2-VP121 

plasmid, SDS gel electrophoresis and western blot were carried out. Twenty-four and 

fourty-eight hours after transfection of 293T cells in 24 well plates, cells were harvested 

through scraping of the wells and kept in microcentrifuge tube. The tube was centrifuged 

for 300rpm for 5 minutes and the supernatant (media) was discarded. 1x PBS was added 

to wash the cells followed by centrifugation for 5 minutes at 300rpm, the supernatant was 

discarded. The cell pellet was then resuspended in 100µl of RIPA buffer, The tube was 
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kept on ice for 1 hour and vortexed every 15 minutes to ensure the cells were completely 

lysed. Equal amount of protein lysates was loaded into each well of the SDS gel followed 

by electro-blotting onto Immun-Blot® PVDF Membrane (Biorad, US). The membrane 

was blocked in TBST buffer (5% BSA) for 1 hour at room temperature followed by 

incubation of primary antibodies at 4°C overnight. Incubation was carried out using 

monoclonal antibody targeting the specific EV-A71 VP1 protein (RRID: AB_930697) 

and polyclonal antibody targeting the EV-A71 VP2 protein (RRID:  AB_2866733), both 

antibodies were purchased from Invitrogen (Thermo Fisher Scientific, USA). Monoclonal 

His tag antibody (#SC-8036, Santa cruz, US) was employed to detect the CV-A16 VP1 

protein. The membranes were each subsequently incubated in goat anti mouse (EV-A71 

VP1, CV-A16 VP1 detection) (#HAF007, R&D Systems, Minneapolis, USA) or goat anti 

rabbit (EV-A71 VP2 detection) (#HAF008, R&D Systems, Minneapolis, USA) 

secondary antibody conjugated with HRP. Signals were developed with WesternBright 

ECL HRP substrate (Advansta, US) and images were captured with Syngene™ G: BOX 

Chemi XX9 (Syngene, UK).  

 

3.7 Preparation of chitosan solutions and plasmid DNA-TPP solutions 

Both the preparation and synthesis of chitosan TPP nanoparticles were devised from a 

study reported by Kuen et al. (2017) with slight modifications according to other studies 

(Nunes et al., 2022). Commercial low molecular weight chitosan (50-190kDa) with 

deacetylation degree of 75-85% was purchased from Sigma-Aldrich (Sigma-Aldrich (M) 

Sdn Bhd). Chitosan powder (5mg) was first dissolved in 5ml of acetic acid (1%) for 

preparation of 1mg/ml chitosan solution by magnetic stirring on a hot plate for ~16 hours 

at room temperature. The chitosan solution was then diluted with 5 ml of ddH2O to a 

final concentration of 0.5mg/ml and stirred for 1 hour with a magnetic bar. The chitosan 
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solution was subsequently adjusted to a final pH of 5.0 using 1M NaOH and filtered using 

a 0.25µm cellulose acetate syringe filter (Bioflow Lifescience, Malaysia).  

Sodium tripolyphosphate (TPP) purchased from Sigma-Aldrich (Sigma-Aldrich (M) Sdn 

Bhd) was dissolved in ddH2O to reach a final concentration of 0.7mg/ml. The TPP 

solution was then adjusted to pH2 using 1M HCL. For experiments encapsulating the 

plasmid DNA, plasmid stock was diluted in 200µl of TPP solution to reach the required 

concentration. 

3.8 Synthesis of chitosan TPP nanoparticles (chitosan NPs) through ionic gelation 

Chitosan NPs encapsulating plasmid DNA were prepared through ionotropic gelation 

method with chitosan acting as the polymer and TPP acting as the crosslinker. Chitosan 

solution (600ul) was prepared in a 10 ml universal bottle and the plasmid-TPP solution 

was added dropwise at a constant rate of 60µl/min using a pipette. To ensure the 

consistency of chitosan NPs that were synthesized, 10µl of TPP-plasmid solution was 

added every 10s using 100µl pipette tips for all experiments. At the same time, chitosan 

solution was stirred on a magnetic hotplate at constant rate of 750rpm until all the TPP-

plasmid solution was consumed and the final product was stirred for another 30 min at 

room temperature. For positive control, blank chitosan NPs were prepared with the same 

method, but TPP solution was added without the addition of plasmid DNA instead. These 

chitosan TPP NPs encapsulating plasmid DNA were named as CS-TPP-NPs (pIRES-

VP121) while blank chitosan NPs were named as blank-CS-TPP-NPs. 

3.9 Characterization of the chitosan encapsulating plasmid DNA 

3.9.1 Encapsulationg efficacy of the nanospheres  

Estimation of plasmid DNA encapsulated in the chitosan NPs was carried out using the 

protocol described by Nunes et al. (2021). The CS-TPP-NPs (pIRES-VP121) solution 
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was subjected to centrifugation at 10,000 rpm at 4°C for 20 min, DNA concentration in 

the supernatant would be measured using the NanoDrop™ One/OneC Microvolume UV-

Vis Spectrophotometer (Thermo Scientific™). Therefore, indirect encapsulation 

efficiency (iEE%) could be calculated by using the following formula where c (total) was 

the nucleic acid concentration used during the chitosan encapsulation process and c(sp) 

was the DNA concentration of supernatant measured after centrifugation: 

𝒊𝑬𝑬% =
𝒄(𝒕𝒐𝒕𝒂𝒍) − 𝒄(𝒔𝒑)

𝒄(𝒕𝒐𝒕𝒂𝒍)
 

 

3.9.2 Morphology, size, polydispersity index, and zeta potential of the chitosan NPs 

The average size, polydispersity index (PDI) of blank-CS-TPP-NPs and CS-TPP-NPs 

(pIRES-VP121) were measured through dynamic light scattering using The Litesizer™ 

500 by Anton Paar (Anton Paar Malaysia Sdn Bhd).  The experiment was repeated three 

times independently to ensure consistency of the data collected. 

The Litesizer™ 500 was also used to measure the zeta potential of blank-CS-TPP-NPs 

and CS-TPP-NPs (pIRES-VP121) using novel patented electrophoretic light scattering 

optics known as the Continuously Monitored Phase-Analysis Light Scattering (cmPALS, 

European patent EP2 735 870). Experiments were repeated three times independently and 

readings were done in triplicates to ensure consistency of the data collected. 

The morphology of blank-CS-TPP-NPs and CS-TPP-NPs (pIRES-VP121) were 

evaluated using scanning electron microscopy (SEM). Briefly, the blank-CS-TPP-NPs 

and CS-TPP-NPs (pIRES-VP121) solution were diluted from 1:10 to 1:100 in ddH2O. An 

aliquot (10µl) of the diluted solution was pipetted onto a 10mm cover slip and air dried 

in the biosafety cabinet (BSC) for 1 to 2 hours. The cover slip was then attached to double 
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sided adhesive carbon tape and subjected to sputter coating with platinum using the SPT-

20 - Ion Sputter Coater (COXEM, Korea). A scanning electron microscope TESCAN 

VEGA3 (TESCAN, USA) was used to capture the morphology of the chitosan samples 

at various magnifications. 

3.10 Transfection of chitosan encapsulated pIRES-VP121 

Transfection of chitosan-DNA complexes was carried out following study by Nimesh et. 

al (2010) with slight modifications (Nimesh et al., 2010). DMEM media supplemented 

with 10% FBS was first prepared at pH 6.5 and pH 7.4 respectively with 1M HCL. 

J774A.1 macrophage cells (ATCC-TIB-67™) were seeded in 24-well culture plate at 

concentration of 1x105 cfu/ml for 24h. Formulated CS-TPP-NPs (pIRES-VP121) was 

centrifuged for 10,000 xg for 10 min, the pellet was resuspended in transfection media 

(pH6.5, supplemented with 10% FBS) to a concentration of 5µg pDNA/ml. Upon 

reaching 60% confluency, the seeded J774A.1 cells were washed with PBS and 1ml of 

the diluted chitosan-DNA complexes were added to each well. At 8h post transfection, 

the cells were washed with PBS and 1ml of DMEM media (pH 7.4, supplemented with 

10% FBS) was added to each well. At 24h,48h and 72h post transfection, Nikon Inverted 

Microscope Eclipse Ti-S (Nikon, Japan) was used to confirm the success of plasmid 

transfection, blue light was used for excitation and green light was observed to be emitted.  

3.11 Hemolysis assay 

ICR mice blood was collected in heparin tube and centrifuged for 5 minutes at 500xg, the 

yellowish plasma layer (upper layer) and the lower reddish hematocrit levels were both 

marked on the tube. Micropipette was used to gently discard the plasma into bleach filled 

biohazard waste.  150mM NaCl solution was added up to the original line that was marked 

for the plasma layer, followed by mixing through gently inverting the tube and 

centrifugation for 5 minutes at 500xg. The supernatant was once again discarded and 
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filled to the line of original plasma layer using PBS (pH 7.4), the tube was gently inverted 

to mix. 1 ml of the prepared erythrocytes was diluted to a 1:50 ratio using PBS which 

would be ready for hemolysis assay. Samples diluted to 400µg/ml with PBS, including 

chitosan polymer solution, blank CS-TPP-NPs, and CS-TPP-NPs (pIRES-VP121) were 

each added to microcentrifuge tubes containing the prepared erythrocytes. Equal amount 

of triton-x and PBS would be added to the prepared erythrocytes serving as the positive 

and negative control, respectively. Sample tubes were centrifuged for 5 minutes at 500xg 

followed by transferring of 100µl of supernatant into 96 well plate for absorbance reading 

at 527nm. The hemolysis rate of each sample was calculated using the formula below:  

𝑯𝒆𝒎𝒐𝒍𝒚𝒔𝒊𝒔 (%) =
𝒔𝒂𝒎𝒑𝒍𝒆 (𝑶𝑫) − 𝒏𝒆𝒈𝒂𝒕𝒊𝒗𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 (𝑶𝑫)

𝒑𝒐𝒔𝒊𝒕𝒊𝒗𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 (𝑶𝑫) − 𝒏𝒆𝒈𝒂𝒕𝒊𝒗𝒆 𝒄𝒐𝒏𝒕𝒓𝒐𝒍 (𝑶𝑫)
 

 

 

 

3.12 Cytotoxic assay of chitosan NPs  

J774A.1 cell line (ATCC® TIB-67™) was purchased from ATCC and cultured in DMEM 

media with 10% FBS and 1% antibiotic [(Penicillin/Streptomycin) (GIBCO, Invitrogen, 

USA)]. Cell viability assay were carried out using CellTiter 96® AQueous One Solution 

Cell Proliferation Assay (MTS) (PROMEGA, USA) following the manufacturer’s 

protocol. MTS assay was performed in 96 well plates seeded with 1x10^5 of J774A.1 

cells per well. Half-fold serial dilutions of the blank-CS-TPP-NPs and CS-TPP-NPs 

(pIRES-VP121) with a final concentration of (100, 200 and 400 μg/mL) was carried out 

using DMEM media (2% FBS and 1% antibiotic) as the diluent. Diluted chitosan NPs 

solution were pipetted into respective wells of the seeded 96 well plate followed by 
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incubation at 37°C, 5% CO2. At 48h post incubation, 20ul of the MTS reagent was added 

into each of the respective wells while avoiding light exposure and again incubated for 1 

h at 37°C, 5% CO2. After the incubation, the absorbance of each sample within the 96 

well plate was read at 490nm using a microplate reader [Infinite® 200 PRO (TECAN, 

Switzerland)].  

3.13 Stability of plasmid DNA in the chitosan-NPs  

Stability of CS-TPP-NPs (pIRES-VP121) was evaluated based on the protocol described 

by Huang et al. (2018). An aliquot of DNase I (1.0 U/mL) was used to incubate 1) 

suspension of chitosan NPs encapsulating pDNA (2µg), 2) naked plasmid DNA (2µg) 

(5.0 mmol/L Na2SO4) and 3) blank-CS-TPP-NPs for 30 min at 37°C, respectively. 

Termination solutions (400 mmol/L NaCl, 100 mmol/L ethylenediaminetetraacetic acid 

[EDTA], pH 8.0) were added for 10 min at 65°C to terminate the reaction. Lysozyme 

(0.2U/mL) and chitosanase (0.2 U/mL) (Merck, USA) were added followed by incubation 

for 4h in a water bath at 37°C. Agarose gel electrophoresis (0.8%) was carried out to 

analyse the integrity of plasmid DNA encapsulated in chitosan NP with the blank-CS-

TPP-NPs and naked pDNA both serving as negative controls. 

3.14 Mice immunization 

The ICR mice (3 weeks old) used in this study were divided into 2 sets (set A and B) each 

containing 3 groups (n=4). The 3 groups of mice in set A (Fig. 4.15a) were administered 

with: 1) naked pDNA (50µg) and 2) naked pDNA (100µg) through intramuscular route 

with the third group of naïve mice serving as the negative control. A single booster was 

administered at 2 weeks post-immunization. The 3 groups of mice in set B (Fig. 4.15b) 

were administered with: 1) naked pDNA (100µg) and 2) CS-TPP-NPs (pIRES-VP121) 

(100µg) through intramuscular route with the third group of naïve mice serving as the 

negative control. A total of 2 booster doses were administered at a 2-week interval post-
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immunization. At day 35 (Set A) and day 49 (Set B) respectively, the blood and spleen 

of mice were harvested. Immune sera would be collected by centrifugation of blood at 

6000xg for 15 minutes, the sera were stored at -80°C for future use.  

3.15 Neutralizing antibody assay 

In vitro microneutralization test was carried out in Rhabdomyosarcoma (RD) cells of 

skeletal muscle origin to detect the presence of neutralizing antibodies in immune sera 

following the protocol of Foo et al. (2007). The complement in mouse serum samples was 

first inactivated by incubation at 56 °C for 30 min. Two-fold serial dilutions (1:2, 1:4, 1:8 

and 1:16) of sera (50μl) were mixed with equal volumes of enteroviruses EV-A71 or CV-

A16 in 96 well microtiter plate and RD cells (5x104cfu/ml) would be seeded after 2 hours. 

The plates were incubated at 37 °C and cell CPE condition would be monitored daily up 

to 96h, the highest dilution of serum that was able to inhibit viral growth would be read 

as the neutralizing antibody titer. Assays were performed in quadruplicates to ensure 

consistency of data. Enteroviruses that were used in neutralization assay includes wild 

type EV-A71 sub-genotype B4 (GenBank accession number: AF376067.1) and CV-

A16/N132 sub-genotype B1, as well as mouse-adapted virus (MAV) strains of EV-A71 

sub-genotype B3 (GenBank accession number: OP585372.1) and CV-A16/N132 sub-

genotype B1 (GenBank accession number: OP651899.1) which were all acquired from 

collaboration with University Malaya (UM) (Ong et al., 2008; Ong et al., 2010; Hooi et 

al., 2020). Monoclonal EV-A71 antibodies derived from splenocytes of mice immunized 

with EV-A71 sub-genotype B3 (GenBank accession number: OP585372.1) would serve 

as positive controls against the wild type and MAV EV-A71 enteroviruses (Tan et al., 

2016).  

3.16 Flow cytometry 
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Splenic tissues harvested from mice were passed through a 70µm cell strainer while 

applying force through the piston of sterile syringe and occasional rinsing with RPMI-

1640 media. The spleen cells collected in a 50ml falcon tube were centrifuged at 3000x 

rpm for 3 min, 4°C. The supernatant was discarded followed by gentle tapping of the tube 

to dislodge the pellet, red blood cell (RBC) lysis buffer was added followed by incubation 

at RT for 4 min. Complete RPM1media (10%FBS, 1% antibiotic) was added to neutralize 

the RBC lysis buffer.  The tube was centrifuged at 3000x rpm for 3 min, 4 °C. The 

supernatant was discarded followed by resuspension of pellet in warm complete RPMI 

for cell counting. 

The splenocytes were diluted by 10-fold and stained with equal amount of trypan blue. 

Hemocytometer was used for counting of the stained splenocytes and unstained live cells 

followed by calculation of cell concentration using the following formula: 

𝑣𝑖𝑎𝑏𝑙𝑒 𝑐𝑒𝑙𝑙𝑠 (𝑐𝑒𝑙𝑙𝑠/𝑚𝑙) =
𝑇𝑜𝑡𝑎𝑙 𝑛𝑜. 𝑜𝑓 𝑙𝑖𝑣𝑒 𝑐𝑒𝑙𝑙𝑠

𝑁𝑜. 𝑜𝑓 𝑞𝑢𝑎𝑑𝑟𝑎𝑛𝑡𝑠
× 𝑑𝑖𝑙𝑢𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟 × 10^4 

4 x 10^6 cells were seeded into each well of a 24-well plate followed by stimulation with 

50 ng/ml of PMA, 1µg/ml of Ionomycin and golgi plug, the plate was placed in a cell 

incubator for 5h at 37°C.  

The cells in 24-well plate were each pipetted into different centrifuge tubes and 500 µl of 

FACS buffer (PBS containing 1% FBS) were added into each well to wash off the 

remaining cells. The tubes were centrifuged at 3000x rpm for 3 min, 4°C. Viability stain 

master mix was prepared by mixing BD Horizon™ fixable viability stain 780 (FVS-780) 

and FACS buffer to a 1:200 ratio, the supernatant from each tube was discarded and 

resuspended with 50µl of the viability stain master mix. The tubes were incubated in dark 

for 10-15 min at RT, 300µl of FACS buffer was added to remove excessive stain. The 

tubes were centrifuged at 3000x rpm for 3 min, 4°C. Surface stain master mix (CD3, CD4 

and CD8) was prepared by mixing all the surface stains (anti-CD3 APC conjugated 
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antibody/ anti-CD4 BV786 APC conjugated antibody/ anti-CD8 BB515 conjugated 

antibody) and the FACS buffer at a 1:200 ratio. The supernatant from each tube was 

discarded and resuspended with 50µl of the surface stain master mix. The tubes were 

incubated in dark for 20-30 min on ice, 300µl of FACS buffer was added to remove 

excessive stain. The tubes were centrifuged at 3000x rpm for 3 min, 4°C. The supernatant 

from each tube was discarded and resuspended with 100 µl of Cytofix™ fixation buffer 

(BD biosciences, NJ, USA) followed by incubation for 20-30 min on ice. 300 µl of BD 

Perm/Wash™ Buffer (BD biosciences, NJ, USA) was added to each tube and the tubes 

were centrifuged at 4000x rpm for 3 min, 4°C. Intracellular stain master mix (IFN-y) was 

prepared by mixing the anti-IFN-γ PerCP conjugated antibody and the BD Perm/Wash™ 

Buffer (BD biosciences, NJ, USA) at a 1:400 ratio. Antibodies used for surface staining 

and intracellular cytokine staining (ICS) were all acquired from BD biosciences (NJ, 

USA). The supernatant from each tube was discarded and resuspended with 100µl of the 

intracellular stain master mix. The tubes were incubated in dark for 40-60 min on ice, 

300µl of FACS buffer was added to remove excessive stain. The tubes were centrifuged 

at 3000x rpm for 3 min, 4°C.The supernatant from each tube was discarded and the pellet 

resuspended with 300-500µl of FACS buffer. The solutions from each tube were 

transferred to FACS tube on ice and ready to be read by the BD FACSCelesta™ flow 

cytometer (BD biosciences, NJ, USA). Flow cytometry results were analysed through 

Kaluza analysis software (RRID:SCR_016182) (Beckman Coulter, Kaluza, Brea, CA, 

USA). The seeding and processing of mice splenocytes in each experimental groups were 

carried out in quadruplicates. 

3.17 ELISA 

Enzyme-linked immunosorbent assay (ELISA) kit for IFN- γ detection was purchased 

from (Mabtech AB, Sweden) and ELISA was carried out following the manufacturer’s 

protocol. An aliquote (100µl) of mouse antibodies (mAb) AN18 (1µg/ml, diluted in PBS) 

was added to each well of the ELISA plate, followed by incubation overnight at 4°C. The 
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plate was emptied and 200µl of incubation buffer (PBS containing 0.1% BSA and 0.05% 

Tween 20) was added to each well followed by incubation at RT for 1h. The plates were 

washed 5 times using 300µl of wash buffer (PBS containing 0.05% Tween 20) for each 

wash. Splenocytes or standards were diluted in incubation buffer and added to the plates 

(100µl/well) followed by incubation for 2h at RT. The plates were washed 5 times using 

300µl wash buffer (PBS, 0.05% Tween 20) for each wash. Diluted streptavidin-HRP 

(100µl) (1:1000, diluted with incubation buffer) was added to each well followed by 

incubation for 1h at RT. The plates were washed 5 times using 300µl wash buffer (PBS 

containing 0.05% Tween 20) for each wash. An aliquot of TMB substrate (100µl) was 

added to each well, followed by incubation for 15min at RT and 100µl of H2SO4 (0.2M) 

was added to each well to stop the reaction. The absorbance of ELISA plate was recorded 

at 450nm using the microplate reader Infinite® 200 PRO (TECAN, Switzerland). 

3.18 Statistical analysis 

GraphPad Prism software (GraphPad Software version 7.3, USA) was used to carry out 

statistical analysis of data from flow cytometry and ELISA assays. Data were presented 

in mean ± standard error of mean from mice (n=4) in each group. Unpaired t-test was 

performed to determine the statistical significance of data. A statistical level like p < 0.05 

is considered as significant. 

3.19 Ethics statement 

All animal studies were approved and carried out in accordance with the guideline 

approved by the Animal Institutional Animal Care and Use Committee (Approval code: 

2022-230113-/SUNWAY/R/YJS) of University Malaya and Sunway Research Ethics 

Committee (Approval code: PGSUREC2020/069). All mice were housed in a 

temperature-controlled biosafety level 2 (BSL-2) animal facility at the Animal 

Experimentation Unit located in University of Malaya.  
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CHAPTER 4 RESULTS 

4.1 Design and construction of the trivalent plasmid vaccine candidate 

The VP1 and VP2 genes of EV-A71 as well as VP1 gene of CV-A16 were successfully 

cloned into the eukaryotic pIRES-VP121 vector through confirmation by gene 

sequencing. The recombinant plasmid was generated using SnapGene viewer (version 

6.2.1) based on the sequencing results (Fig. 4.1). All 3 genes inserted in pIRES-VP121 

were expressed independently as the EV-A71 VP1 gene located downstream of the 

human CMV promoter would be expressed through cap dependent translation. 

Expression of EV-A71 VP2 and CV-A16 VP1 protein were dependent on the internal 

ribosome entry site (IRES) sequences IRES1 and IRES2, respectively through cap 

independent translation (Fig. 4.2). Additionally, a FLAG tag, HA tag and 6x His tag was 

each linked to the end of EV-A71 VP1, EV-A71 VP2 and CV-A16 VP1 gene, 

respectively (Fig. 4.2).
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Figure 4.1: Recombinant pIRES VP121 trivalent plasmid construct harbouring the pIRES2-AcGFP1 plasmid vector carrying VP1, VP2 genes of EV-

A71 and VP1 gene of CV-A16. 
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Figure 4.2: Gene sequences inserted into the multiple cloning site of the pIRES2-AcGFP1 plasmid vector. 
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4.2 Sequencing of the VP121 genes inserted           

     

DNA sequencing was carried out through Firstbase sequencing service provided by 

Apical (Apical, Singapore) to confirm the genomic sequence of plasmid vaccine 

candidate pIRES-VP121. VP1, VP2 genes of EV-A71 and VP1 gene of CV-A16 were 

successfully cloned into the plasmid vector pIRES2-AcGFP1 along with two IRES 

sequence which would allow cap-independent translation of the viral genes EV-A71 VP2 

and CV-A16 VP1 downstream of the CMV promoter and EV-A71 VP1 gene. The FLAG 

tag, HA tag and His tag sequences attached to the end of each of the three enterovirus 

genes were also successfully detected (Fig. 4.3).  
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Figure 4.3: Complete sequence of the genes inserted into the multiple cloning site. 
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Figure 4.3 continued: Complete sequence of the genes inserted into the multiple cloning 

site. 

 

 

 

 

 

 

 

4.3 Expression of the recombinant plasmid pIRES VP121 in 293T cells 
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The pIRES2-AcGFP1 plasmid vector is consisted of a gene encoding the green 

fluorescent protein (AcGFP1) from Aequorea coerulescens and it fluoresces within an 

excitation range of 475~505nm. Fluorescent microscopy was carried out to confirm 

plasmid transfection, blue light was used for excitation and green light was emitted. Green 

fluorescence signal was emitted by 293T cells at 48 hours after transfection with the 

recombinant pIRES-VP121 plasmid at 1µg (Fig. 4.4f), 2µg (Fig. 4.4g) and 3µg (Fig. 

4.4h), respectively, in comparison to the non-transfected 293T cells (Fig. 4.4e) (negative 

control). Dose dependent relationship between the amount of pDNA used in transfection 

and fluorescence signal intensity was observed. There was an apparent increase of 

fluorescence intensity as the concentration of the recombinant plasmid used for 

transfection was increased from 1µg to 3µg (Fig. 4.4f, 4.4g and 4.4h). 
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Figure 4.4: Fluorescent microscopy images of 293T cells transfected with 1µg (b, f, j), 2µg (c, g, k) and 3µg (d, h, l) of pIRES-VP121 recombinant plasmid 

with non-transfected cells (a, e, i) serving as the negative control. From top to bottom, Images were captured under 20x magnification (500 µm scale bar) in 

(I) brightfield, (II) FITC and (III) merged channels respectively.
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4.4 Viral protein expressions of pIRES VP121 in 293T mammalian cells 

HEK 293T cells were transfected with the pIRES-VP121 recombinant plasmid. At 24h 

and 48h post transfection, 293T cells were lysed and subsequently analysed for protein 

expression based on SDS page, with the non-transfected 293T cells serving as the 

negative control. However, SDS page results were inconclusive as there were no clear 

protein bands observed. This could be due to the unpurified lysate proteins causing a high 

amount of background bands (Fig. 4.5a, 4.5b). Therefore, western blot was carried out 

using 293T cell lysates at 48h post transfection. Detection was carried out with specific 

antibodies that target the 3 enteroviruses genes or tags that were inserted into the pIRES-

VP121 plasmid. 

Western blot using monoclonal anti EV-A71 VP1 antibody revealed the presence of a 

protein band at ~35kDa indicating the expression of EV-A71 VP1 protein (Fig. 4.6A). 

From the western blot, dose dependent relationship between the amount of pDNA used 

in transfection and the intensity of bands in western blot were also observed from lane 1 

(1µg pDNA) to lane 6 (10µg pDNA) (Fig. 4.6A). No bands were observed in the non-

transfected cells as shown in lanes labelled as negative control. Western blot generated 

after incubation with polyclonal EV-A71 VP2 antibody showed a clear protein band at 

~28kDa with faint background bands (Fig. 4.6B). Since the EV-A71 VP2 was detected 

using polyclonal antibodies, it might cross react with non-target antigens thereby causing 

the protein backgrounds. Western blot image generated after incubation with anti-His-tag 

antibody showed a clear protein band of ~35kDa at lane C1 and C2, indicating the 

expression of the CV-A16 VP1 protein. No 35kDa band was observed in lane C3 for the 

non-transfected 293T cells serving as the negative control (Fig. 4.6C).
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Figure 4.5: SDS PAGE gels loaded with 293T cell lysates harvested at 24h (a) and 48h (b) after transfection with 1µg,2 µg and 10 µg of 

recombinant pIRES-VP121, with non-transfected 293T cell lysates that served as negative controls. *Protein ladder: Precision Plus Protein™ 

unstained protein standards (Bio-Rad, California, USA) 
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Figure 4.6: Western blots of recombinant protein expression by 293T cells transfected with pIRES-VP121 trivalent pDNA. Western blot 

analysis was carried out using primary A) EV-A71 VP1 monoclonal antibody, B) EV-A71 VP2 polyclonal antibody and C) His tag antibody. 

*Protein ladder: PM2610 (Smobio, Taiwan). 
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4.5 Characterization of the chitosan TPP nanoparticles 

4.5.1 Encapsulation efficiency of chitosan nanoparticles correlate to the 

concentration of plasmid encapsulated 

Encapsulation efficiency of the chitosan TPP nanoparticles encapsulating recombinant 

plasmid CS-TPP-NPs (pIRES-VP121) was evaluated by encapsulating pDNA at different 

concentrations. After high-speed centrifugation at 10,000xg, the pDNA present in the 

supernatant is considered as the amount of pDNA that was not encapsulated. The indirect 

encapsulation efficiency of CS-TPP-NPs (pIRES-VP121) was observed to increase from 

~70% to 90% with the increment of pDNA concentration from 50 to 100µg during the 

encapsulation process (Table 4.1). Therefore, the maximum encapsulation efficiency of 

90% was achieved by encapsulating 100µg of pIRES-VP121 using chitosan TPP 

nanoparticles. 
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Table 4.1: Encapsulation efficiency of chitosan TPP nanoparticles encapsulating different concentration of plasmid DNA. 

Samples pDNA (µg) Encapsulation Efficiency (%) Encapsulated pDNA (µg) 

Blank-CS-TPP-NPs - -  

CS-TPP-NPs (pIRES-VP121) 50 70 ± 5  

CS-TPP-NPs (pIRES-VP121) 100 90 ± 10  

 

                  *Blank-CS-TPP-NPs referred to the empty chitosan TPP nanoparticles 
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4.5.2 Morphology, size, polydispersity index, and zeta potential of the chitosan TPP 

NPs 

SEM images of the CS-TPP-NPs (pIRES-VP121) have shown uniform morphology with 

some spherical and oval shaped chitosan NPs being observed (Fig. 4.7). The average size 

of Chitosan TPP NPs encapsulating 50µg and 100µg pDNA were detected to be at 

~180nm and ~190nm each while both being monodisperse (PDI≤0.25) (Fig 4.8B, 4.8C). 

Instead, the blank chitosan TPP NPs serving as control had a smaller size in comparison 

with CS-TPP-NPs (pIRES-VP121) at ~145nm. The blank chitosan-TPP NPs also 

displayed favourable monodisperse characteristics with PDI value of ~0.25. (Fig. 4.8A). 

Blank chitosan-TPP nanoparticles exhibited the highest surface charge out of all 3 

samples with an average zeta potential of ~+15mV (Fig. 4.9A). CS-TPP-NPs (pIRES-

VP121) encapsulating 50µg and 100 µg of pDNA were also shown to have weak cationic 

charge with zeta potential of ~+12.5mV (Fig. 4.9B) and ~+10.5mV (Fig. 4.9C), 

respectively. Overall, there was no significant zeta potential differences between the 

blank nanoparticles (Fig. 4.9A) being observed when compared to the CS-TPP-NPs 

(pIRES-VP121) encapsulating 50µg (Fig. 4.9B) or 100µg (Fig. 4.9C) of pDNA 

respectively. Data acquired from zetasizer validating the size, PDI and zeta potential of 

chitosan TPP nanoparticles (experiments carried out three times independently) were 

averaged and compiled (Table 4.2). 
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Figure 4.7: Morphology of the CS-TPP-NPs (pIRES-VP121) were visualized from SEM imaging: CS-TPP-NPs(pIRES-VP121) (100µg) at 

magnification of 12kx (1µm scale bar).  
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Figure 4.8: Average diameter and polydispersity index of A) blank CS-TPP-NPs, B) CS-TPP-NPs (pIRES-VP121) (50µg pDNA) and C) CS-

TPP-NPs (pIRES-VP121) (100µg pDNA). 
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Figure 4.9: Zeta potential of A) blank CS-TPP-NPs, B) CS-TPP-NPs (pIRES-VP121) (50µg pDNA) and C) CS-TPP-NPs (pIRES-VP121) 

100µg pDNA) 



64 
 

 

 

Table 4.2: Characteristics of Chitosan TPP nanoparticle formulations encapsulating different concentrations of recombinant plasmid DNA pIRES-

VP121. 

Samples pDNA (µg) Mean size (nm) Polydispersity index 

(PDI) 

Zeta potential (mV) 

Blank-CS-TPP-NPs - 140 ± (5) 0.25 ± (0.01) +15 ± (0.5) 

CS-TPP-NPs (pIRES-VP121) 50 180 ± (10) 0.21 ± (0.01) +12.5 ± (0.5) 

CS-TPP-NPs (pIRES-VP121) 100 190 ± (10) 0.14 ± (0.01) +10.5 ± (0.4) 

 

*Data were derived from experiments repeated 3 times independently to ensure consistency. 
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4.6 Chitosan TPP NPs were able to protect encapsulated pDNA from digestion by 

DNase I 

In order to study the stability of pDNA after being formulated into CS-TPP-NPs (pIRES-

VP121), the protective capabilities of chitosan TPP nanoparticles were evaluated by 

incubation with DNase I followed by chitosanase solution (Fig. 4.1). The pDNA 

encapsulated in chitosan TPP NPs were not degraded by DNase I as an intact band of 

~9000bp was observed at the same position as the untreated pDNA (Fig. 4.1, lane 1 and 

lane 4) after incubation of DNase I and chitosanase. A clear band was observed on the 

well (Fig. 4.1, lane 6) just like the untreated chitosan nanoparticles (Fig. 4.1, lane 2) as 

the CS-TPP-NPs (pIRES-VP121) complexes were unable to migrate in agarose. This 

indicates that the CS-TPP-NPs (pIRES-VP121) were not degraded by DNase I incubation. 

Instead, naked pDNA incubated with DNase I (Fig. 4.1, lane 5) alone or incubated with 

DNase I followed by chitosanase (Fig. 4.1, lane 7) were completely degraded with no 

bands being observed. Therefore, we conclude that encapsulation with chitosan TPP 

nanoparticles were able to protect the trivalent plasmid vaccine from DNase I degradation.  
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Figure 4.10: Agarose gel electrophoresis image of plasmid DNA and CS-TPP-NPs 

(pIRES-VP121) complex: Lane 1: untreated pDNA (control); lane 2: untreated CS-TPP-

NPs (pIRES-VP121); lane 3: DNA marker - TrackIt™ 1 Kb Plus DNA Ladder 

(Thermofisher, USA); lane 4: CS-TPP-NPs (pIRES-VP121) treated with DNase I 

followed by chitosanase; lane 5: pDNA treated with DNase I followed by chitosanase; 

lane 6: CS-TPP-NPs (pIRES-VP121) treated with DNase I; lane 7: pDNA treated with 

DNase I
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4.7 Chitosan TPP NPs were suitable nanocarriers for cellular uptake of pDNA into 

murine macrophage cells. 

To verify expression of the trivalent plasmid vaccine candidate encapsulated by chitosan 

TPP NPs in murine cells prior to immunization in mice, fluorescent microscopy was 

performed on J774A.1 murine macrophage cells transfected with chitosan TPP 

nanoparticles encapsulating pDNA.  J774A.1 cells transfected for 48h with pDNA using 

XfectTM transfection served as the positive control (Fig. 4.11h) and J774A.1 cells 

transfected or incubated with naked pDNA alone served as the negative control (Fig. 

4.11e). Significant fluorescent signals were first observed in J774A.1 cells at 48h post 

transfection (Fig. 4.11f). Additionally, fluorescent signal intensity was observed to have 

increased at 72h post transfection (Fig. 4.11g). Taken together, these data suggested that 

chitosan TPP NPs were able to be taken up by murine macrophage cells, followed with 

successful expression of the encapsulated pDNA. However, the transfection efficiency of 

chitosan TPP NPs were observed to be less significant in comparison with cells 

transfected using the commercial transfection kit as evident from the differences in 

fluorescent signal intensity (Fig. 4.11f, 4.11g and 4.11h). 
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Figure 4.11: Fluorescent microscopy images of J774A.1 macrophage transfected with naked pDNA (a, e, i), CS-TPP-NPs (pIRES-VP121) (5µg/ml, 48h) 

(b, f, j), CS-TPP-NPs (pIRES-VP121) (5µg/ml, 72h) (c, g, k) and Xfect™ reagent (5µg/ml, 48h) (d, h, l) were captured under 10x magnification (scale 

bar 500µm); I. images from BF channel, II. images from FITC channel and III. images merged from the FITC and BF channel.
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4.8 Chitosan TPP NPs and chitosan polymer did not have hemolytic effects on 

RBCs of ICR mice even at high concentrations. 

To ensure the safety of chitosan TPP nanoparticles encapsulating pDNA prior to 

administration in murine models, the hemolytic properties of chitosan TPP NPs were 

evaluated in RBCs harvested from ICR mice (Fig. 4.12). CS-TPP-NPs (pIRES-VP121), 

blank chitosan NPs and chitosan polymer solution at a concentration of 400µg/ml were 

observed to have no hemolytic effects on RBCs as the color of the supernatants from 

sample tube a, b and c remained the same as the negative control (tube e) after 

centrifugation. Instead, red color supernatant was observed in the positive control (tube 

d) which indicates the effect of hemolytic agent Triton X-100. 

Absorbance of hemolysis assay measured at 527nm have also revealed the exact degree 

of hemolysis after incubation with CS-TPP-NPs (pIRES-VP121), blank chitosan NPs and 

chitosan polymer solution (Fig. 4.13). Results showed that all 3 samples did not induce 

hemolysis rate of more than 5%. We concluded that CS-TPP-NPs (pIRES-VP121) would 

not induce hemolysis upon injection in mice as only hemolytic degree (>5%) was 

considered significant according to ASTM E2524-08 standards (Jesus et al., 2020). 
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Figure 4.12: Murine RBCs were incubated with (a) blank Chitosan TPP NPs, (b) CS-

TPP-NPs (pIRES-VP121) and (c) chitosan polymer at a concentration of 400µg/ml. (d) 

Triton-X and (e) PBS solution mixed with RBCs served as the positive and negative 

control, respectively. Hemolysis images of samples were taken after OD reading. 

Experiments were performed in quadruplicates for each sample. 
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Figure 4.13: Hemolysis rate of HCR mice red blood cells (RBCs) following incubations with blank Chitosan NPs, CS-TPP-NPs (pIRES-VP121), and 

chitosan polymer at a concentration of 400µg/ml. Experiment was performed in quadruplicates for each sample, data were presented as mean ± SD with 

error bar indicating the standard deviation. Triton-x represents 100% hemolysis (positive control) and PBS represents the absence of hemolysis (negative 

control). 
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4.9 Chitosan TPP nanoparticles and chitosan polymer were not cytotoxic in 

murine macrophage cells. 

MTS metabolic activity assay was carried out with the chitosan polymer, blank CS-TPP-

NPs, and CS-TPP-NPs (pIRES-VP121) over different concentrations (100µg/ml, 

200µg/ml, and 400µg/ml). Chitosan polymer was observed to induce the highest 

cytotoxicity (~20%) out of all 3 samples including CS-TPP-NPs (pIRES-VP121), blank 

chitosan NPs and chitosan polymer solution. However, results showed that all 3 samples 

could be considered as non-cytotoxic as the cell viability of J774A.1 murine macrophages 

did not drop below 80% across all 3 samples even when incubated at the highest 

concentration of 400µg/ml (Fig. 4.14). Therefore, immunization of mice could be carried 

out without the risk of cytotoxic effects. 
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Figure 4.14: J774A.1 mice macrophages evaluated by MTS assay after 48h incubation with blank Chitosan NPs, CS-TPP-NPs (pIRES-VP121) and 

chitosan polymer at different concentrations (400µg/ml, 200µg/ml, 100µg/ml). Experiments were performed three times independently with similar results, 

media alone served as the control. Data was presented as mean ± SD, error bar indicates the standard deviation. 
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4.10 Chitosan TPP NPs encapsulation of the trivalent pDNA vaccine candidate 

enhanced cellular immune response. 

Flow cytometry was performed to investigate the changes of CD4+ and CD8+ T cells 

lymphocyte populations in the splenocytes harvested from mice immunized with a single 

booster dose at 2 weeks interval (Fig. 4.15A). The CD3+CD4+ and CD3+CD8+ T cells 

populations were identified in kaluza software using specific gating strategy (Fig. 4.16). 

In mice immunized with 50 µg of naked pDNA and followed with single booster dose, a 

slight population increase of CD4+ and CD8+ T cells expressing IFN-γ was observed 

when compared with the naïve mice group (Fig. 4.17B). In contrast, there was a 

significant increment (~2-fold) of IFN-γ expressing CD4+ T cells in group of mice 

immunized with 100µg of naked pDNA when compared to the group of mice that 

received 50 µg of naked pDNA (Fig. 4.17B). Comparison between the two vaccinated 

mice groups have also shown an almost two-fold increment of CD8+ T cells expressing 

IFN-γ (Fig. 4.18B). We have concluded that there is a dose dependent relationship 

between the amount of vaccine administered and the degree of cellular immune response 

elicited in immunized mice.  

Flow cytometry was used to assess the percentage population of IFN- γ secreting CD4+ 

(Fig. 4.19A) and CD8+ (Fig. 4.20A) T cells of splenocytes harvested from mice 

immunized with naked pDNA (100 µg), CS-TPP-NPs (pIRES-VP121) (100µg pDNA), 

with naïve mice group serving as negative control. Mice in group B received a total of 2 

booster doses post-immunization at a two-week interval (Fig. 4.15B).  

There was a slight increase observed in IFN-γ secreting CD4+ (Fig. 4.19B) and CD8+ (Fig. 

4.20B) populations of splenocytes from mice vaccinated with 100µg of naked pDNA in 

comparison with the naïve mice group. Highest percentage of CD4+ and CD8+ T cells 

expressing IFN-γ were observed in mice group immunized with CS-TPP-NPs (pIRES-

VP121) (100µg pDNA) when compared to the naïve mice splenocytes (~2 fold increment). 
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To conclude, encapsulation of trivalent plasmid vaccine pIRES-VP121 in chitosan 

nanoparticles was able to boost T cell IFN- γ response in murine models. 
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Figure 4.15: Timeline of A) groups of mice receiving a single booster dose post-immunization B) groups of mice receiving two booster doses post-

immunization. Image was generated using Biorender.com. 
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Figure 4.16: Gating strategy performed in Kaluza software to identify the live CD3+CD4+ and live CD3+CD8+ T cells populations. 



78 
 

  

 

Figure 4.17: Dot plots from flow cytometry analysis (A) showing the subsets of IFN-γ expressing CD4+ T cells from splenocytes of naïve mice and mice 

immunized with 50µg or 100µg of naked pDNA, followed by 1 booster dose. IFN-γ expressing CD4+ from each group of mice (population %) were 

presented on bar chart (B) indicating mean ± SD with error bar representing the standard deviation. Statistical significance was analysed with unpaired t-

test: *P≤0.05 against naïve splenocytes, **P≤0.01 against naïve splenocytes, ***P≤0.001 against naïve splenocytes and ****P≤0.0001 against naïve 

splenocytes. Experiment was performed in quadruplicates for each sample. 
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Figure 4.18: Dot plots from flow cytometry analysis (A) showing the subsets of IFN-γ expressing CD8+ T cells from splenocytes of naïve mice and mice 

immunized with 50µg or 100µg of naked pDNA, followed by 1 booster dose. IFN-γ expressing CD8+ from each group of mice (population %) were 

presented on bar chart (B) indicating mean ± SD with error bar representing the standard deviation. Statistical significance was analysed with unpaired t-

test: *P≤0.05 against naïve splenocytes, **P≤0.01 against naïve splenocytes, ***P≤0.001 against naïve splenocytes and ****P≤0.0001 against naïve 

splenocytes. Experiment was performed in quadruplicates for each sample. 
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Figure 4.19: Dot plots from flow cytometry analysis (A) showing the subsets of IFN-γ expressing CD4+ T cells from splenocytes of naïve mice, mice 

immunized with naked pDNA (100µg, 2 booster) and CHI-pDNA-NPs (100µg, 2 booster). IFN-γ expressing CD4+ from each group of mice (population %) 

were presented on bar chart (B) indicating mean ± SD with error bar representing the standard deviation. Statistical significance was analysed with 

unpaired t-test: *P≤0.05 against naïve splenocytes, **P≤0.01 against naïve splenocytes, ***P≤0.001 against naïve splenocytes and ****P≤0.0001 against 

naïve splenocytes. Experiment was performed in quadruplicates for each sample. 
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Figure 4.20: Dot plots from flow cytometry analysis (A) showing the subsets of IFN-γ expressing CD8+ T cells from splenocytes of naïve mice, mice 

immunized with naked pDNA (100µg, 2 booster) and CHI-pDNA-NPs (100µg, 2 booster). IFN-γ expressing CD8+ from each group of mice (population %) 

were presented on bar chart (B) indicating mean ± SD with error bar representing the standard deviation. Statistical significance was analysed with unpaired 

t-test: *P≤0.05 against naïve splenocytes, **P≤0.01 against naïve splenocytes, ***P≤0.001 against naïve splenocytes and ****P≤0.0001 against naïve 

splenocytes. Experiment was performed in quadruplicates for each sample. 
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4.11 Chitosan encapsulation of pIRES-VP121 enhanced the levels of IFN-γ secretion 

IFN-γ concentrations secreted by the splenocytes from immunized mice were quantified 

using ELISA assays. Results showed a dose dependent relationship between the amount 

of naked pDNA vaccine administered and the magnitude of IFN-γ response. A gradual 

increase of IFN-γ levels at 0.05pg/ml was observed, starting from mice immunized with 

50µg naked pDNA followed with a single booster at 2 weeks interval. The amount of 

naked pDNA administered was increased to 100µg at day 0, followed by a booster at 2 

weeks later and IFN- γ secreted was observed to have a ~2-fold increment (0.11pg/ml). 

When mice were immunized with 100µg of naked pDNA but further administered with 

2 booster doses at 2 weeks intervals, there was only a slight increase in IFN-γ production 

at 0.13pg/ml. The IFN- γ expression pattern of mice immunized with the naked plasmid 

vaccine further supported the findings from flow cytometry analysis. However, mice 

immunized with the CS-TPP-NPs (pIRES-VP121) followed by 2 booster doses (2 weeks 

interval) exhibited significantly higher concentration of IFN-γ levels (1.91pg/ml). There 

was ~15-fold of IFN-γ increment in comparison to all groups of mice immunized with 

the naked pDNA alone (Fig. 4.21). The measurements from ELISA analysis provided 

further evidence that chitosan TPP nanoparticles enhanced cellular immune response of 

the trivalent recombinant plasmid vaccine candidate. 
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Figure 4.21: The amount of IFN-γ (pg/ml) secreted by splenocytes from mice immunized with 50µg pDNA, 100µg pDNA at one booster dose, 100µg 

pDNA or CS-TPP-NPs (pIRES-VP121) at two booster doses in comparison with the naïve mice from ELISA assay. Experiment was carried out in 

triplicates and repeated 3 times independently using the same settings. Data were presented as mean ± SD and error bar indicates standard deviation. 

Significance value was analysed with unpaired T test: *P≤0.05, **P≤0.01, ***P≤0.001 and ****P≤0.0001 against naïve splenocytes.
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4.12 Chitosan encapsulation of pIRES-VP121 enhanced neutralization against the 

wild-type EV-A71 and CV-A16 

RD cells were incubated with antisera harvested from mice immunized with the naked 

pIRES-VP121 and CS-TPP-NPs (pIRES-VP121) at a total of 3 doses in experimental group 

B (Fig. 4.15b). The neutralizing efficacy of immunized mice sera at 1:16 dilution was 

determined by a classical read-out of the cytopathic effects (CPE) in monolayer RD cells. 

RD cells were each infected with four different enteroviruses including the wild-type EV-

A71 B4, mouse-adapted EV-A71 B3 (MAV), wild-type CV-A16 N/132 and mouse-

adapted CV-A16 N/132 (MAV) to determine the neutralizing capabilities of immune sera. 

Naïve sera and purified EV-A71 monoclonal antibodies would serve as the negative and 

positive control, respectively. EV-A71 monoclonal antibodies were able to inhibit CPE 

manifestations in RD cells infected with the wild type (Fig. 4.22m) or MAV (Fig. 4.22n) 

strains of EV-A71 to below 5% (Fig. 4.23). 

RD cells incubated with sera from naïve mice were observed to show 80-90 % CPE 

indicating severe cell death upon infection of wild-type EV-A71 (Fig. 4.22a) or CV-A16 

(Fig. 4.22d). Against MAV strains of EV-A71(Fig. 4.22g) and CV-A16 (Fig. 4.22j), RD 

cells incubated with naïve sera also produced extensive CPE (80-90%) (Fig 4.23). Sera of 

mice immunized with the naked plasmid DNA exhibited 30% and 50% CPE in RD cells 

against infection of wild-type EV-A71 (Fig. 4.22b) and CV-A16 (Fig. 4.22e), respectively. 

However, these sera failed to protect RD cells from mouse-adapted EV-A71 (Fig. 4.22h) 

and CV-A16 (Fig. 4.22k) infections as CPE of 75~80% was observed (Fig. 4.23). However, 

mice immunized with CS-TPP-NPs (pIRES-VP121) were able to produce sera that could 

inhibit CPE to 10% and 15% in RD cells infected with the wild-type EV-A71(Fig. 4.22c) 

and CV-A16 (Fig. 4.22f), respectively. In contrary, there were no significant neutralizing 

effects elicited by the chitosan TPP encapsulated pDNA vaccine in RD cells infected with 

either MAV EV-A71 (Fig. 4.22i) or CV-A16 (Fig. 4.22l). Both RD cell sample wells 

exhibited CPE percentage remaining at ~60% (Fig. 4.23).  



85 
 

To conclude our findings, encapsulation of trivalent pDNA vaccine candidate in chitosan 

TPP nanoparticles were able to improve its neutralizing efficacy against wild-type EV-A71 

and CV-A16 in comparison with the naked pIRES-VP121. However, immunization of mice 

with the trivalent pIRES-VP121 vaccine candidate produced sera which was unable to 

neutralize both MAV strains of EV-A71 and CV-A16 even with encapsulation of chitosan 

TPP NPs. 
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Figure 4.22:  Representative micrographs showing the CPE condition of RD cells at 96h post infection with (I.) wild type EV-A71 B4, (II.) wild type 

CV-A16/N132, (III.) EV-A71 B3 (MAV) and (IV.) CV-A16/N132 (MAV), respectively. RD cells were also incubated with 1:16 dilution of naïve mice 

sera (a,d,g,j), sera of mice immunized with naked pIRES-VP121 (b,e,h,k), and antisera of mice immunized with CS-TPP-NPs (pIRES-VP121) (c,f,i,l), 

respectively prior to enterovirus infection. RD cells incubated with monoclonal EV-A71 antibodies (m,n) followed by incubation with wild-type or mouse 

adapted EV-A71 would serve as the positive controls.  Images were taken at 5x magnification with 100µm scale bar.
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Figure 4.23: CPE present in RD cells post incubation with murine sera (1:16) derived from mice immunized with 3 doses of naked pIRES-VP121, CS-

TPP-NPs (pIRES-VP121) and infected with an equal amount of wild-type EV-A71, CV-A16 and mouse adapted EV-A71, CV-A16 enteroviruses.  Naïve 

murine sera and EV-A71 monoclonal antibodies incubated with an equal volume of wild-type and mouse adapted EV-A71, CV-A16 enteroviruses served 

as the positive and negative controls, respectively. Neutralizing assay was carried out in triplicates for each sample, data was presented as mean ± SD 

and error bar indicates the standard deviation. * NA= not tested. 
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4.13 Molecular analysis of wild type and mouse adapted EV-A71, CV-A16 

The VP1 regions of EV-A71 and CV-A16 and VP2 region of EV-A71 was aligned using 

clustal omega followed by snapgene software (version 7.0) to investigate the nucleotide 

and amino acid differences between both wild type and mouse adapted enteroviruses 

(Goujon et al., 2010). Genome alignment of EV-A71 B4 (wild-type) and EV-A71 B3 

(MAV) revealed a total of 57 nucleotide differences in the VP1 region and 37 nucleotide 

differences in VP2 region, respectively. Protein alignment of EV-A71 VP1 region 

revealed a total of 3 amino acid differences at residue 145 (Q-E), 147 (F-E) and 292 (T-

K), respectively (Fig. 4.24A). A single amino acid residue change was identified at 

position 149 (K-I) in alignment results between the wild-type EV-A71 B4 and MAV EV-

A71 B3 VP2 protein (Fig. 4.24B).  There was a single nucleotide change identified in 

genome alignment of wild type and MAV CV-A16/N132 VP1 DNA sequences (Fig. 

4.24C). However, there were no amino acid change discovered at the VP1 region of both 

CV-A16/N132 enteroviruses. 
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Figure 4.24: A) VP1 protein alignment between EV-A71 B4 (wild-type) and EV-A71 B3 (MAV) revealed a total of 3 amino acid differences at position 

145 (Q-E), 147 (F-E) and 292 (T-K), respectively. B) VP2 protein alignment between EV-A71 B4 (wild-type) and EV-A71 B3 (MAV) revealed single 

amino acid difference at position 149 (K-I). C) VP1 genome alignment between CV-A16 N132 (wild-type) and CV-A16 N132 (MAV) revealed single 

nucleotide change at position 33 (C-T).
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CHAPTER 5 DISCUSSION 

Hand foot and mouth disease has been a global plague since the 1990s in Asia pacific 

region. Currently, the monovalent inactivated vaccine commercially available in China 

was not able to protect against the other enteroviruses serotypes and cross EV-A71 

genotype protection were not evaluated as well. The only HFMD pDNA vaccine study 

published was by Tung et al.(2007) experimenting with a monovalent EV-A71 plasmid 

vaccine candidate that was able to neutralize against homologous EV-A71 B4 live virus 

(Tung et al., 2007). Therefore, our design of trivalent plasmid HFMD vaccine candidate 

would lay down the foundation for future design of multivalent HFMD DNA vaccine. 

Upon internalization, DNA vaccines would be transcripted into mRNA in the nucleus and 

later transferred to the cytoplasm for translation into protein (Bai et al., 2017). Eukaryotic 

mRNAs translation to protein were mainly initiated through a cap-dependent manner as 

ribosome would bind to the 5’ cap of genome (Cooper & Hausman, 2000). However, 

specific internal ribosome entry site (IRES) sequences were discovered to be able to direct 

the internal binding of 40s ribosomal subunits to downstream AUG start codon thereby 

initiating the translation process in a cap-independent manner (Ambrosini et al., 2021). 

IRES sequence was first discovered in the noncoding region (5’ UTR) of poliovirus 

followed by (picornavirus) encephalomyocarditis virus (EMCV) mRNA (Pelletier & 

Sonenberg, 1988; Jang & Wimmer, 1990). To date, poliovirus and EMCV derived IRES 

elements were commonly used in commercial and experimental construction of 

polycistronic vectors for expression of heterologous proteins, gene transfer or gene 

therapy (Hennecke et al., 2001; Bochkov & Palmenberg, 2006). 

It is observed that the protein lysates of transfected 293T cells successfully cross reacted 

with EV-A71 VP2 antibody and His-tag antibody (CV-A16 VP1 detection) producing a 

~28kDa and ~35 kDa band respectively. However, the relative band intensities of both 

blots were observed to be significantly weaker in comparison to the band detected on the 
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EV-A71 VP1 blot despite the same concentration of pDNA (10µg) was used in 

transfection and same amount of protein lysates were loaded during SDS gel 

electrophoresis. The pIRES-VP121 tricistronic vaccine candidate was designed with two 

IRES sequences (IRES1 and IRES2) that were almost identical, both derived from a 

pTrident vector and alignment with NCBI BLAST database showed >90% homology 

with human poliovirus 1 (Fussenegger et al., 1998; Lee et al., 2020). The reduced 

expression of recombinant protein translated through mediation of IRES elements in 

comparison to protein expressed by cap dependent translation were well recorded in 

previous studies. Lower translation efficiency (~3 fold) was reported in a second cistron 

translated by poliovirus derived IRES sequence when compared to cap dependent 

translation (Dirks et al., 1994). Another study also reported 3-to-10-fold lower cytokine 

protein expression by the second poliovirus IRES dependent cistron in a bicistronic 

setting, in contrast to monocistronic translation of same gene (Hennecke et al., 2001). The 

concentration of EV-A71 VP2 and CV-A16 VP1 recombinant proteins could be lower in 

comparison with the EV-A71 VP1 protein expressed by cap dependent mechanism.  

Due to its biodegradable, biocompatible and non-toxic nature, chitosan derivatives have 

been widely utilized in the drug formulation and pharmaceutical industry (Boroumand et 

al., 2021). Chitosan was known to enhance the penetration of loaded drugs and improve 

intracellular uptake by opening of tight intercellular junctions (van der Lubben et al., 2001; 

Wang et al., 2017). Chitosan is capable of transmucosal delivery such as oral or nasal 

administration routes due to its mucoadhesive properties (Watts et al., 2014; TM et al., 

2018). The mucoadhesive nature of chitosan also allowed prolonged adhesion or contact 

time with bloodstream capillaries, thereby improving the uptake of plasmid vaccine or 

antigenic proteins (Gupta et al., 2006). 

The indirect encapsulation efficiency of Chitosan TPP nanoparticles was observed to have 

a ~20% increment when the pDNA concentration was increased from 50µg to 100µg. The 
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same trend was observed in a previous study where increasing the pDNA concentration 

leads to higher encapsulation efficiency of chitosan TPP nanoparticles (Nunes et al., 

2021). Chitosan TPP nanoparticles encapsulating 100µg of recombinant pDNA were 

visualized with a spherical morphology and an average diameter of ~190nm. Oval and 

spherical shaped nanoparticles at sub 200nm were described in several literatures to be 

ideal for transfection or cellular uptake in comparison with rod shaped nanoparticles 

(Chithrani et al., 2006; Zhang et al., 2008). However, the SEM images displayed a few 

Chitosan NPs to be of larger size while having a longer, uneven structure and clustering 

between NPs were also observed. This occurrence could be due to agglomeration of 

chitosan-TPP NPs during formulation or after dilution in ddH2O (pH of system: 6.5~7) 

for better visualization under SEM. Chitosan had a pKa of 6.3 and is therefore easily 

soluble in low pH environment while being insoluble in basic environment. Self-

aggregation of chitosan was also reported at pH of 6.0- 6.5 in several publications (Kumar 

et al., 2004; Othman et al., 2018). This phenomenon was further supported by previous 

study stating physiological or slightly alkaline pH environment being able to disrupt the 

colloidal stability of chitosan/TPP NPs due to chitosan’s pH-dependent nature (Cai et al., 

2020). Clustering between CS-TPP NPs into macroscopic aggregates during the 

formulation process would be attributed to the crosslinker TPP which is a flocculating 

agent that promotes the aggregation between particles (Masarudin et al., 2015; Huang & 

Lapitsky, 2017).  

There was also an increase in the size of NPs upon addition of pDNA which was expected 

and reported in a previous study (Nunes et al., 2022). The CS-TPP-NPs (pIRES-VP121) 

(100µg pDNA) had a PDI value of ~0.14 indicating the chitosan TPP nanoparticles 

population to be highly monodisperse. In common practice of polymer-based 

nanoparticles, PDI values of 0.2 and below were deemed as generally acceptable (Clarke, 

2013). Chitosan nanoparticles with low PDI value were described with higher stability 

while high PDI nanoparticles would have lower stability (Masarudin et al., 2015). In this 
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study, majority of the chitosan TPP nanoparticles encapsulating pDNA formulated 

through ionic gelation method were uniform in size with only a small fraction of the 

nanoparticles being agglomerated.  

High zeta potential values indicated stability of the nanosuspension due to repulsion of 

similar electrostatic charges created between nanoparticles, aggregation and formation of 

precipitates would then be minimal (Hallaj-Nezhadi et al., 2011; Nunes et al., 2022). 

Generally, suspensions of nanoparticles with pronounced zeta potential either above 

+10mV or below -10mV were reported to have good stability (Al-nemrawi et al., 2018). 

Chitosan TPP nanoparticles in this work were all cationic holding similar charges 

between +10.5 to +15 mV, indicating the stability of nanosuspension. As expected, 

chitosan TPP NPs surface zeta potential value decreased upon addition of pDNA. The 

global negative charge of nanosuspension could increase due to the anionic phosphate 

backbone of pDNA (Iswanti et al., 2019; Ma et al., 2019); non-encapsulated free pDNA 

could also adhere to the surface of already formed chitosan TPP NPs during ionic gelation. 

Increased concentration of DNA encapsulated was also reported to reduce zeta potential 

of chitosan NPs suspension system previously (Hallaj-Nezhadi et al., 2011). The positive 

charges of chitosan were reported to facilitate the increment of paracellular permeability 

and reduction of trans-epithelial electrical resistance of cell monolayers upon adherence 

to cell membrane (Bowman & Leong, 2006; Guadarrama-Escobar et al., 2023). Efficient 

gene delivery would be achieved as intracellular uptake was improved by electrostatic 

attraction between positively charged chitosan TPP nanoparticles and the anionic cell 

membrane (Hallaj-Nezhadi et al., 2011; Valente et al., 2021).  

Chitosan TPP NPs in this study successfully mediated the internalization and expression 

of plasmid pIRES-VP121 in murine macrophage J774A.1 cells and the strongest 

expression of fluorescence signal was observed at 72h post transfection. Plasmid/chitosan 

complex have been reported in multiple studies with lower transfection level when 

compared with commercially available plasmid carriers including lipofectamine and PEI 
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(MacLaughlin et al., 1998; Hashimoto et al., 2006; Fernández Fernández et al., 2016). 

Therefore, the transfection of CS-TPP-NPs (pIRES-VP121) took inspiration from a 

previous study reporting ~42% of cells being transfected and protein expression higher 

than lipofectamine (Nimesh et al., 2010). The author reported that optimal cellular uptake 

and gene expression was achieved through transfection media at pH 6.5 (10% serum), 

followed by replacement of pH 7.4 media (10% serum) at 8,12 or 24h post transfection. 

Similar studies by Sato et al.(2001) and Zhao et al.(2006) both reported higher 

transfection or expression levels of chitosan-DNA complexes at a slightly acidic 

environment (pH 6.8~7.0) as opposed to transfection medium with higher pH (pH 7.4~7.6) 

(Sato et al., 2001; Zhao et al., 2006).  

Due to the pKa of chitosan being ~6.5, transfection media at a more acidic pH would lead 

to higher degree of chitosan protonation thereby promoting the adherence to anionic cell 

surface and plasmid DNA (Anthonsen & Smidsrød, 1995; Filion et al., 2007; Nimesh et 

al., 2010). In contrast, the zeta potential of chitosan/DNA nanosuspension were reported 

to decrease at a more basic pH due to amine group neutralization (Ishii et al., 2001; Mao 

et al., 2001; Lavertu et al., 2006). Additionally, TPP being buffered in a high pH 

environment with less positive (H+) ions would be more cross-reactive thereby promoting 

self-aggregation between chitosan-TPP NPs which leads to size increment and reduced 

cellular uptake (Masarudin et al., 2015). Nimesh et al. (2010) also stated that replacement 

of media to pH 7.4 after 8,12 or 24h post transfection with pH6.5 media would allow the 

cells to return to their metabolically active state for efficient processing of internalized 

chitosan/DNA complex (Nimesh et al., 2010). Reduced cell viability and cell metabolism 

at slightly lower pH environment were previously reported in multiple studies (Sauer et 

al., 2000; Nimesh et al., 2010; Kang et al., 2012). 

However, CS-TPP-NPs (pIRES-VP121) in this study failed to exhibit stronger GFP 

expression in comparison to the Xfect™ Transfection Reagent (TAKARA Bio, USA). 

Aside from the pH environment, transfection efficiency of chitosan-plasmid complex was 
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also highly dependent on the NPs size and cell line (Aibani et al., 2021). A previous study 

shown that dendritic cells and RAW 264.7 macrophage favoured the uptake of 1µm 

chitosan nanoparticles in comparison to smaller sized (300nm) and larger sized (3 µm) 

NPs (Koppolu & Zaharoff, 2013). There was no significant fluorescent signal being 

observed in J774A.1 cells at 24h post transfection (unpublished image) and maximum 

GFP expression was observed at 72h post transfection instead of 48h. A possible 

explanation was that the chitosan we used had a higher molecular weight (MW) (50-190 

kDa) in comparison with Nimesh et.al (2010) (10 kDa). In general, chitosan with high 

MW would have higher stability and slow degradation in vivo was well recorded 

(Nakamura, 1992; Mucha & Pawlak, 2002). 

Generally, cationic polymers were found with the highest cytotoxicity followed by 

polymers with neutral or negative charges (Jevprasesphant et al., 2003; McConnell et al., 

2016). Cationic polymers would undergo strong electrostatic attraction with anionic 

plasma membrane proteins, triggering the disruption of cell membrane integrity and 

eventually cell membrane rupture (Fischer et al., 2003). Size-dependent cytotoxicity of 

NPs were more profound at lower ranged-size below 100nm due to their relatively higher 

surface area to volume ratio (Sahu et al., 2016; Moraru et al., 2020). Smaller sized-NPs 

were able to be taken up easily in large quantities, thereby inducing higher secretion of 

hydrolytic enzymes and reactive oxygen species (ROS) as part of the cellular mechanism 

in removing foreign substances. Prolonged ROS production would trigger chronic 

inflammation and oxidative stress leading to cell death (Huang et al., 2017; Moraru et al., 

2020). Several studies have shown ultrafine NPs (<100nm) to induce higher levels of 

ROS in comparison to their larger NPs counterpart (Stone et al., 1998; Wilson et al., 2002; 

Sioutas et al., 2005).A review by Frigaard et al. (2022) compiled the findings of 25 articles 

investigating the ex-vivo (4), in-vivo (1) and in-vitro (20) cytotoxicity of chitosan-TPP 

nanoparticles (Frigaard et al., 2022). More than 80% cell viability was reported by 24 

papers evaluating the in vitro cytotoxicity of chitosan TPP nanoparticles with 
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concentrations and size over the range of 0.01-10,000 µg/ml and 126-1000nm, 

respectively. The only study with low cell viability was reported by Ye et al. (2013), Calu-

6 cells were incubated with 250 and 500 µg/ml of freeze-dried chitosan TPP nanoparticles 

for 24h (Ye et al., 2013). The explanation given was due to the anti-tumor apoptosis 

induced by chitosan as calu-6 was derived from lung cancer cell line (Qi & Xu, 2006; 

Abedian et al., 2019). As expected, our chitosan-TPP NPs encapsulating pDNA with 

spherical morphology at ~190nm while being mildly cationic (+10 mV) was found to be 

non-cytotoxic when tested against murine macrophage cell line J774A.1 for up to 48h. 

Nunes et. al (2022) have reported similar findings where chitosan-TPP NPs at <180nm 

carrying zeta of ~+20mV did not exhibit cytotoxicity in RAW macrophage cells (Nunes 

et al., 2022) Additionally, CS-TPP-NPs complexes and chitosan polymer in this study 

were found to be non-hemolytic upon incubation in  ICR mice red blood cells. 

Our study attempt to mimic the physiological challenges including DNase I, chitosanase 

and lysozyme that were faced by CS-TPP-NPs (pIRES-VP121) (100µg pDNA) upon 

intramuscular administration in murine models. Degradation of DNA in blood was well 

established and multiple authors have reported a higher yield of circulating DNA in 

cancer patients with lower blood DNase activity (Herriott et al., 1961; Tamkovich et al., 

2006; Cherepanova et al., 2008). Deoxyribonuclease I (DNAse I) is the most prominent 

nuclease present in blood and its components including the plasma and serum. DNase I 

is responsible for the nucleolysis of extracellular DNA circulating in the serum, which 

were mainly derived from blood cells and tissues that underwent necrosis, apoptosis, or 

during the formation of neutrophils extracellular traps (NETosis) (Hartmann, 2017; 

Lauková et al., 2020). Chitosan was known to be degraded in vivo mainly by a non-

specific protease-lysozyme that was present within leucocytes and lysosomes 

(Lončarević et al., 2017; Ferraboschi et al., 2021). Chitosanase, glucosidase, proteases 

and colonic bacterial enzymes were also able to break down chitosan in human body 

(Shukla et al., 2022). The transportation of chitosan particles across cell membrane were 
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mainly mediated through an active endocytosis mechanism involving two different 

pathways (phagocytosis and pinocytosis) (Foroozandeh & Aziz, 2018; Aibani et al., 

2021). If taken up by macrophage or dendritic cells, both uptake pathways would lead to 

delivery of cargo to lysosome for digestion and processing of antigens for presentation 

(Hipolito et al., 2018). Previous studies have reported the protective capabilities of 

chitosan-DNA complexes at preventing DNase I degradation in vitro (Tan et al., 2009; 

Tu et al., 2013). As expected, CS-TPP-NPs (pIRES-VP121) were able to protect the 

encapsulated plasmid DNA from cleavage of DNase I. Chitosan degradation with 

chitosanase and lysozyme further revealed an intact DNA band on agarose gel.  

Flow cytometry data in this study showed a dose dependent relationship as the 

concentration of naked pDNA increased from 50µg to 100µg, the frequency of IFN-γ 

secreting CD4+ and CD8 T cells also increased. The highest population of IFN-γ secreting 

CD4+ and CD8+ T cells was observed in mice immunized with three dosages of CS-TPP-

NPs (pIRES-VP121) (100µg pDNA). A previous study reported similar results where 

cytokine (IFN-γ) expressing CD4+ and CD8+ T cells population was the highest in groups 

vaccinated with antigens coupled with chitosan compared to mice receiving antigens 

alone (Highton et al., 2016). Chitosan-TPP nanoparticles encapsulating OVA also 

resulted in the highest number of IFN-γ expressing CD8+ T cells in comparison to 

antigens alone (Han et al., 2016).  

A dose dependent relationship was also observed between the IFN-γ secreted by 

splenocytes and the naked pDNA concentration used in vaccination. Mice groups 

vaccinated with three dosages of 100µg naked pDNA also expressed higher IFN-γ levels 

in comparison to mice vaccinated with two dosages of 100µg naked pDNA. However, 

IFN-γ secretion by splenocytes of mice vaccinated with three dosages of CS-TPP-NPs 

(pIRES-VP121) had increment up to ~15 fold over the second highest group which 

received three dosages of naked pDNA (100 µg). A study by Heffernan et al. (2011) 

reported a 9-10-fold increment of IFN-γ secretion in splenocytes of mice receiving 
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antigens coupled with chitosan solutions and IL-12 (Heffernan et al., 2011). The 

significant increment of IFN-γ levels in vaccinated groups receiving three dosages of CS-

TPP-NPs(pIRES-VP121) was inconsistent with flow cytometry results that only observed 

a gradual increase of IFN-γ secreting CD4+ and CD8+ T cells in comparison to the other 

vaccinated groups. The secretion of interferon-gamma (IFN-γ) was mainly by activated 

lymphocytes including the CD4+ T helper cells and CD8+ cytotoxic T cells, natural killer 

(NK) cells and γδ T cells (Corthay et al., 2005; Ribot et al., 2009; Keppel et al., 2015; 

Castro et al., 2018). In addition, B cells, natural killer T cells and antigen-presenting cells 

(APCs) were also able to secrete IFN-γ but at a lesser extent (Darwich et al., 2009; Bao 

et al., 2014). Therefore, the 15-fold increment of IFN-γ concentration detected in ELISA 

assay post immunization with CS-TPP-NPs (pIRES-VP121) (100µg pDNA) was due to 

ELISA kit quantifying the total concentration in murine splenocytes. In contrast, flow 

cytometry was quantifying the percentage of IFN-γ expressing CD4+ and CD8+ T 

lymphocytes. Therefore, ELISA results in this study were directly correlated with data 

obtained from flow cytometry. 

Neutralizing data shown that serum (1:16) derived from immunization with naked pIRES-

VP121, and CS-TPP-NPs(pIRES-VP121) were able to inhibit CPE manifestations upon 

wild-type EV-A71 B4 infection.  Serum at 1:2, 1:4 and 1:8 dilution was causing poor cell 

growth and cell death possibly due to high serum concentration. Tung et al. (2007) 

reported similar results where serum at 1:2 and 1:4 dilutions were causing cell death 

without CPE (Tung et al., 2007).  Extremely high or low serum concentration have been 

reported to inhibit cell proliferation previously (M. Liu et al., 2011).  

However, serum of mice vaccinated with naked pDNA, and chitosan NPs encapsulated 

pDNA failed to exhibit neutralization effects against the mouse adapted strain of EV-A71 

B3. A possible explanation might be that the mouse adapted EV-A71 B3 was more 

virulent in comparison with the wild-type EV-A71 B4. Previously, Ong et al. (2010) 

carried out a formaldehyde whole-virus inactivated vaccine (IV) study, wild-type EV-
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A71 B4, wild-type EV-A71 B3 and its mouse adapted counterpart were designed into 3 

different IV (MAV) (Ong et al., 2010). Mice sera post immunization with the 3 IVs were 

tested against clinical isolates of EV-A71 sub-genotype B3, B4, C1, C2, C3, C4 and C5. 

Sera of mice immunized with IVs derived from wild-type EV-A71 B3 and B4 displayed 

neutralizing titers of 1:32 against infection with wild-type EV-A71 B4 virus, both antisera 

was ineffective against EV-A71 sub-genotype C1-C5. In contrast, antisera generated from 

vaccination with EV-A71 B3 (MAV) IV not only displayed significantly higher 

neutralizing titers of 1:512 against EV-A71 genotype B3 and B4 but was able to cross-

neutralize against all EV-A71 sub-genotypes C1-C5. Therefore, genome and protein 

alignments of the VP1 and VP2 regions were carried out to identify possible nucleotide 

or amino acid differences that would contribute to the stronger immunogenicity of EV-

A71 B3 MAV virus. 

 

Amino acid residue 145 of VP1 capsid protein (VP1-145) of EV-A71 was identified to 

be important for antigenic phenotyping and determination as it is in close contact with 

SCARB2 and PSGL-1 receptor binding amino acid residues (Huang et al., 2015). Human 

scavenger receptor B2 (hSCARB2) was established as the most important receptor for 

infection of all EV-A71 enterovirus strains (Hu et al., 2023). hSCARB2 mediates the 

virion attachment to cell surface, followed by internalization and uncoating of the virion 

(Fujii et al., 2018). PSGL-1 is also a key EV-A71 receptors that was involved in 

attachment but not the uncoating process (Yamayoshi et al., 2013). PSGL-1 is important 

for the neurologic and pulmonary invasion of EV-A71 as PSGL-1 was only found on 

immune cells including dendritic, lymphoid, and myeloid cells (Zarbock et al., 2009; Gu 

et al., 2017). Substitutions of VP1-145Q/G to E have been an implication of mouse-

adapted virulence as multiple studies have reported VP1-145E to be more virulent in 

neonatal murine models (Wang et al., 2004; Chua et al., 2008; Wang et al., 2011; Huang 

et al., 2012; Zaini & McMinn, 2012). VP1-Q145E have been reported by Huang et al. 
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(2012) to enhance viral binding to murine neuroblast cells. The author also reported a 

combination of two mutations between VP1-145E and VP2-K149M which enhanced the 

accumulation of viral RNA leading to increased viral cytotoxicity with in vivo mouse 

lethality (Huang et al., 2012). VP1-Q145E mutation was also found to be able to reduce 

the antiviral efficacy of Suramin by ~30 fold (Ren et al., 2017). Suramin is an FDA-

approved medication for parasites that could inhibit the viral entry of EV-A71 (Ren et al., 

2014). Suramin have shown promising results in mice and monkey models with reduced 

mortality rate upon challenged with lethal strains of EV-A71 (Ren et al., 2017). VP1-

145E was also responsible for viremia coupled with neuropathogenesis development in a 

non-human primate model (Kataoka et al., 2015). In vitro neutralization assay had 

revealed VP1-145E EV-A71 to be relatively resistant to two polyclonal EV-A71 

neutralizing antibodies in comparison with VP1-145G EV-A71 virus (Fujii et al., 2018).   

VP2-149 residue is positioned at an established cross-sub-genotype linear neutralizing 

epitope VP2-28 (136-150aa) which is highly conserved (C. C. Liu et al., 2011). VP2-28 

was also speculated to form a potential receptor binding site (C. C. Liu et al., 2011; Zaini 

et al., 2012; Fujii et al., 2013). VP2-K149I hydrophobic isoleucine mutation was reported 

to be responsible for enhanced virulence of EV-A71 in neonatal mice by Wang et al. 

(2004) and Chua et al. (2008) (Wang et al., 2004; Chua et al., 2008). This VP2-149I EV-

A71 mutant virus could be circulating in humans at a low frequency as it has been isolated 

from human samples previously without adaptation in mice (Xu et al., 2017). Chua et al. 

(2008) have also reported enhanced viral replication in CHO cells due to VP2-149I 

mutation (Chua et al., 2008). Artificial introduction of VP2- K149I mutation in EV-A71 

C4 enterovirus transformed the avirulent strain to be highly virulent in 14-day old mice 

(Xu et al., 2017). Xu et al. (2017) also speculated that the VP2-K149I mutation being 

located at VP2-28 could have improved the binding with murine PSGL-1 transmembrane 

receptor thereby improving the cross-species transmission of EV-A71.  
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Antisera of mice (1:16) immunized with naked pDNA alone or CS-TPP-NPs (pIRES-

VP121) exhibited neutralizing effects against the wild-type CV-A16/N132 enterovirus 

but not against its MAV counterpart. Protein alignment revealed the VP1 amino acid 

sequence of wild-type and MAV strain of CV-A16/N132 to be identical. However, it is 

possible that there were nucleotide or amino acid mutations on the other capsid proteins 

(VP2-VP4) which could have contributed to enhanced virulence. Therefore, the exact 

reason of pIRES-VP121 and CS-TPP-NPs(pIRES-VP121) vaccination being able to 

neutralize the wild-type CV-A16/N132 but not its MAV counterpart remained elusive.  

 

 

 

CHAPTER 6 CONCLUSION 

Recombinant plasmid pIRES-VP121 in this study was able to express viral capsid 

proteins by all 3 genes at a sufficient concentration in mammalian 293T cells. Chitosan 

nanoparticles was deployed as a self-adjuvanting nanocarrier for the trivalent pDNA due 

to it being non-toxic and biodegradable. Ionotropic gelation deployed in this study 

successfully generated chitosan TPP nanoparticles encapsulating the trivalent 

recombinant plasmid at sub 200nm, which was non-cytotoxic, non-hemolytic and capable 

of transfecting murine macrophage in vitro. Chitosan encapsulation of the plasmid 

pIRES-VP121 prevented plasmid degradation by DNase I in vitro. CS-TPP-NPs (pIRES-

VP121) as a candidate vaccine displayed the strongest cellular immune response in vivo 

in comparison with naked pIRES-VP121 alone. Neutralizing results of antisera of mice 

vaccinated with CS-TPP-NPs (pIRES-VP121) displayed the highest neutralization 

efficacy in comparison with naked pDNA against wild-type EV-A71 and CV-A16 

enteroviruses. However, sera derived from CS-TPP-NPs (pIRES-VP121) and naked 

pIRES-VP121 mice immunization did not exhibit cross-neutralization against the mouse-
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adapted strains of EV-A71 and CV-A16. Sequence alignments revealed several 

nucleotide and amino acid differences/mutations between the wild-type and mouse 

adapted strains of EV-A71 and CV-A16. These differences could have contributed to the 

increased virulence of mouse-adapted strains of enteroviruses alone or in combination 

with other unknown factors which would require further investigation. Overall, the CS-

TPP-NPs (pIRES-VP121) could serve as a useful prototype for future development of a 

multivalent HFMD plasmid vaccine with stronger cross-reactive immunogenicity. 
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