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ABSTRACT 

Hand, foot and mouth disease (HFMD) is a common childhood disease caused by many 

enteroviruses, including enterovirus A71 (EV-A71). Understanding the adaptive 

immune responses in EV-A71 infection is critical for the development of diagnostic 

tools, and potential therapeutics and vaccines. The first objective of the study was to 

determine the antibody responses in HFMD patients. EV-A71-specific IgM antibodies 

in serum samples from 89 patients with HFMD were detected by commercial IgM-

capture enzyme-linked immunosorbent assay (ELISA) and IgM-colloidal gold 

immunochromatographic assay (GICA). The sensitivity, specificity, positive predictive 

value, and negative predictive value rates were 78.4, 80.8, 74.4, and 84.0%, respectively, 

for the IgM-capture ELISA, and 75.7, 76.9, 70.0, and 81.6% for the IgM GICA. 

Concordance between the two assays was 91.1%. The overall performance suggests that 

both commercial diagnostic kits are suitable for early diagnosis of HFMD caused by 

EV-A71 in Malaysia. For the second objective, these sera were subsequently used to 

characterize antibody responses against the structural and non-structural proteins of EV-

A71. Each viral protein was cloned and expressed in either bacterial or mammalian 

systems, and tested with antisera by Western bloting. The results revealed that all 

structural proteins (VP1-4), and non-structural proteins 2A, 3C and 3D were targets of 

EV-A71 IgM, whereas EV-A71 IgG recognized all the structural and non-structural 

proteins. Subsequent characterization of linear B-cell epitopes on EV-A71 was 

performed with 63 biotinylated peptides predicted to be immunogenic in silico. In total, 

22 IgM and 4 IgG dominant linear epitopes were identified. The amino acid sequences 

of these epitopes were then aligned with 12 enterovirus species, and peptides were 

further tested with individual serum and mapped to their structural localization. PEP27 

(VP1 142-156) and PEP23 (VP1 41-55) were identified as EV-A71 IgM-specific and 

IgG cross-reactive immunodominant epitopes, respectively. In addition to the antibody 
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responses, T cells have important functions in immune protection against viral diseases. 

Hence the final objective was to examine the T cell responses in enterovirus infection. 

Peripheral blood mononuclear cells collected from HFMD patients were stimulated with 

EV-A71, and T-cell markers and cytokines were analysed by flow cytometry. EV-A71-

infected and coxsackievirus A6 (CV-A6)-infected patients showed similar T cell 

responses suggesting that the induced T-cell responses were cross-reactive. A higher 

frequency of IFN-γ expressing CD4
+
 T cells was observed in children, but a higher 

frequency of IFN-γ expressing CD8
+
 T cells was observed in adults. This may be 

because CD4
+
 cells are involved in responses to primary infections, which mostly occur 

in children, while the CD8
+
 responses in adults represent immune memory. Cytolytic 

enzymes such as granzyme B and perforin, which are critical mediators for anti-viral 

immunity, were expressed in both children and adults. Higher granzyme B compared to 

perforin was expressed in CD8
+
 T cells in both children and adults, suggesting that a 

proportion of EV-A71-specific CD8
+
 T cells may not be directly cytotoxic. Similar 

expression of CD57
+
 CD8

+
 T cells was observed in children and adults. The expression 

of CD57 cells suggests that immunosenescence common in chronic infection may also 

play a role in EV-A71 T-cell immunity. Overall, this study provides new knowledge in 

the immunoprotection mechanisms against EV-A71. 
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ABSTRAK 

Penyakit kaki, tangan dan mulut (HFMD) merupakan penyakit kanak-kanak biasa yang 

disebabkan oleh banyak jenis enterovirus, termasuk enterovirus A71 (EV-A71). Oleh 

itu, memahami respon imun adaptif dalam jangkitan EV-A71 adalah penting untuk 

perkembangan alat diagnostik, terapeutik dan vaksin yang berpotensi. Objektif pertama 

untuk kajian ini adalah untuk menentukan respon antibodi pesakit HFMD. Antibodi 

IgM-spesifik EV-A71 dalam sampel serum daripada 89 pesakit HFMD telah dikesan 

oleh komersial asai imunojerapan berpaut enzim penangkapan IgM (ELISA) dan asai 

imunokromatografi koloid emas IgM (GICA). Kadar kepekaan, kekhususan, nilai 

ramalan positif dan nilai ramalan negatif adalah 78.4, 80.8, 74.4, and 84.0% bagi 

ELISA penangkapan IgM, manakala kadar untuk IgM GICA adalah 75.7, 76.9, 70.0, 

dan 81.6% . Keselarasan antara dua asai tersebut adalah 91.1%. Prestasi keseluruhan 

menunjukkan bahawa kedua-dua alat diagnostik komersial sesuai untuk digunakan di 

Malaysia bagi diagnosis awal HFMD yang disebabkan oleh EV-A71. Bagi objektif 

kedua, sera ini digunakan untuk mencirikan respon antibodi terhadap protein struktur 

dan bukan struktur EV-A71. Setiap protein virus telah diklon dan diekspreskan sama 

ada dalam sistem bakteria atau mamalia, dan diuji dengan antisera oleh pemedapan 

western. Hasil kajian menunjukkan bahawa semua protein struktur VP1-4 dan protein 

bukan struktur 2A, 3C dan 3D merupakan sasaran  IgM EV-A71, manakala IgG EV-

A71 mengecam semua protein struktur dan bukan struktur. Seterusnya, pencirian epitop 

linear B-sel pada EV-A71 dilakukan dengan 63 peptida biotinylated yang diramalkan 

imunogenik in silico. Keseluruhannya, 22 epitop linear IgM and 4 epitop linear IgG  

dominan telah dikenal pasti. Jujukan asid amino epitop dijajarkan dengan 12 spesies 

enterovirus, dan diuji dengan serum individu, dan dipetakan kepada penyetempatan 

struktur mereka. PEP27 (VP1 142-156) dan PEP23 (VP1 41-55) telah dikenal pasti 

sebagai epitop dominan imun spesifik IgM dan reaksi silang IgG bagi EV-A71. Sebagai 
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tambahan kepada respon antibodi, sel-sel T mempunyai fungsi penting dalam 

perlindungan imun terhadap penyakit-penyakit virus. Oleh demikian, objektif akhir 

kajian adalah untuk mengkaji respon sel-sel T dalam jangkitan enterovirus. Sel-sel 

mononuklear darah periferi daripada pesakit HFMD dirangsangkan dengan EV-A71, 

dan penanda sel T dan sitokin dianalisis dengan sitometri aliran. Pesakit yang dijangkiti 

oleh EV-A71 dan coxsackievirus A6 (CV-A6) menunjukkan respon sel T yang sama, 

menunjukkan respon sel T teraruh mempunyai tindak balas bersilang. Frekuensi IFN-γ 

sel CD4
+
 T adalah lebih tinggi pada kanak-kanak, tetapi frekuensi IFN-γ CD8

+
 T adalah 

lebih tinggi pada orang dewasa. Hal ini mungkin disebabkan oleh sel-sel CD4
+
 terlibat 

dalam respon kepada jangkitan primer yang kebanyakannya berlaku pada kanak-kanak, 

manakala respon CD8
+
 dalam orang dewasa merupakan memori imun. Enzim sitolisis 

seperti granzyme B dan perforin yang merupakan pengantara kritikal untuk imuniti anti-

virus turut diekspreskan dalam kanak-kanak dan orang dewasa. Frekuensi granzyme B 

yang lebih tinggi berbanding dengan perforin diekspreskan dalam sel-sel CD8
+
 T dalam 

kanak-kanak dan orang dewasa, menunjukkan bahawa sebahagian daripada sel-sel 

CD8
+
 T spesifik EV-A71 mungkin tidak sitotoksik secara langsung. Pengekspresan 

yang serupa diperhatikan pada kanak-kanak dan orang dewasa. Pengekspresan sel CD57 

menunjukkan bahawa imun senesens yang biasa dalam jangkitan kronik juga 

memainkan peranan dalam imuniti sel T EV-A71. Secara keseluruhan, kajian ini 

memberikan pengetahuan baru dalam mekanisme perlindungan imun terhadap EV-A71. 
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CHAPTER 1 

INTRODUCTION 

1.1 Introduction 

Hand, foot and mouth disease (HFMD) is a common viral infection frequently occurring 

in infants and children. HFMD usually results in mild and self-limiting illness, 

characterized by fever and the development of vesicular lesions on the palms and soles, 

and oral ulcers. The causative agents of HFMD are viruses from the genus of 

Enterovirus within the family of Picornaviridae, with enterovirus A71 (EV-A71) and 

coxsackievirus A16 (CV-A16) being the most commonly detected viruses. Over the last 

decade, EV-A71 was responsible for several large HFMD epidemics in the Asia Pacific 

region, raising serious public health concerns (Solomon et al., 2010). Unlike other 

enteroviruses that cause HFMD, EV-A71 infection may result in fatality and severe 

neurological complications such as encephalitis, myocarditis, acute flaccid paralysis and 

aseptic meningitis, especially in children below 5 years old (Ooi et al., 2010). To date, 

no effective licensed antivirals and vaccines are available to combat EV-A71 infection 

(Tan et al., 2014). 

Co-circulation of various enteroviruses was observed in several large HFMD outbreaks, 

such as Singapore (Ang et al., 2009), Thailand (Linsuwanon et al., 2014), China (Lu et 

al., 2012, He et al., 2013), Taiwan (Wei et al., 2011) and Malaysia (Chua and Kasri, 

2011, Ling et al., 2014). However, the HFMD clinical manifestations caused by these 

enteroviruses are generally indistinguishable. Therefore, proper laboratory diagnosis is 

essential for prompt public health measures to provide appropriate treatment, control the 

spread of virus and minimize the risk of fatality. Traditionally, the standard laboratory 

diagnosis of EV-A71 was achieved by virus isolation, immunofluorescence assay and 

neutralization test (reviewed in Muir et al., 1998). However, these approaches are time-
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consuming and labour-intensive. Therefore there is a need for a more accessible, 

reliable and rapid diagnostic assay for EV-A71 during the HFMD outbreaks. In this 

study, the performance of the commercial EV-A71 IgM-capture enzyme-linked 

immunosorbent assay (ELISA) and EV-A71 IgM-colloidal gold 

immunochromatographic assay (GICA) was evaluated. This study further hypothesized 

that both diagnostic assays are suitable for the screening for EV-A71 during HFMD 

outbreaks in Malaysia. 

Epitopes, which also known as antigenic determinants, are the parts of an antigen that 

are recognized by antibodies, B cells or T cells to stimulate immune responses against 

an infective microorganism. In EV-A71, a majority of the reported epitopes have been 

mainly identified with immunized animal antisera (Foo et al., 2007b, Li et al., 2009, Liu 

et al., 2011, Gao et al., 2012, Lim et al., 2012, Kiener et al., 2014) and only one study 

of EV-A71 immunogenic epitopes has been conducted using human sera (Gao et al., 

2012). To date, all the reported EV-A71 epitopes focused only on EV-A71 structural 

proteins. Two main EV-A71 immunogenic sites were identified: the epitopes spanning 

amino acid positions 208-222 in VP1 (Foo et al., 2007b, Li et al., 2009, Chang et al., 

2011, Lim et al., 2012, Deng et al., 2015) and positions 136-159 in the VP2 capsid 

protein (Liu et al., 2011, Gao et al., 2012, Xu et al., 2014). However, the 

immunogenicity of EV-A71 non-structural proteins remains unknown. This study is the 

first to characterize human antibody responses against the structural and non-structural 

proteins of EV-A71 with well-characterized EV-A71-infected patient sera. This study 

further hypothesized that the screening of 63 synthetic peptides (predicted as potential 

EV-A71 immunogenic epitopes) covering the structural and non-structural proteins of 

EV-A71 will enable identification of EV-A71-specific IgM and IgG immunogenic 

epitopes. 
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T cells play an important role in protecting the host from viral infections. Others have 

demonstrated that cellular rather than humoral immunity is correlated with clinical 

outcome of EV-A71 infection (Chang et al., 2006). Interferon-gamma (IFN-γ) levels 

were reported to be high in the serum and cerebrospinal fluid samples of HFMD 

patients with pulmonary edema (PE) (Wang et al., 2003, Wang et al., 2007), but lower 

in peripheral blood mononuclear cells (PBMCs) stimulated with EV-A71 (Chang et al., 

2006). Nevertheless, the production and accumulation of IFN-γ in T cells after 

stimulation remain unknown. Granzyme B plays an important role in antiviral immunity 

by activation of programmed cell death in the presence of perforin (Tarpani et al., 1998), 

and is generally produced by cytotoxic T cells and natural killer (NK) cells (Cullen et 

al., 2010). Moreover, granzyme B and perforin have also been linked to CD57, a critical 

molecule associated with replicative senescence (Chattopadhyay et al., 2009). The 

association of granzyme B, perforin and CD57 has been well studied in human 

immunodeficiency virus (HIV) infection, but largely remain unclear in EV-A71 

infection. This knowledge gap of T cell immune responses in EV-A71 infection led to 

this first preliminary analysis of IFN-γ expression in CD4
+
 and CD8

+
 T cells and the 

association of granzyme B, perforin and CD57 with EV-A71 infection. 

In summary, this study provides new knowledge in the immunoprotection mechanisms 

against EV-A71 infection, which may be beneficial in the development of diagnostic 

tools, potential therapeutics and vaccine candidates.  
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1.2 Objective of the study 

Adaptive immunity plays an important role in protection against EV-A71 infection. The 

underlying B cell and T cell immune responses in EV-A71 infection are still not fully 

understood. Hence, the main objective was to study different aspect of humoral and 

cellular responses in EV-A71 infection. 

 

The specific aims of the present study are as follows: 

1. To identify causative agents of HFMD in University Malaya Medical Centre, 

Kuala Lumpur, in 2012-2013 

2. To characterize EV-A71 IgM responses in patients with HFMD using 

commercial EV-A71 IgM assays for diagnosis  

3. To characterize human antibody responses against EV-A71 structural and non-

structural proteins with well-characterized EV-A71-infected patient sera 

4. To identify EV-A71-specific IgM and IgG antigenic epitopes within EV-A71 

structural and non-structural proteins  

5. To examine the T cell responses in enterovirus infection 
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CHAPTER 2 

LITERATURE REVIEW 

2.1 The virology of enterovirus A71 

2.1.1 Classification of enteroviruses  

At present, the family of Picornaviridae consists of 50 species grouped into 29 genera, 

which includes Aphthovirus, Aquamavirus, Avihepatovirus, Avisivirus, Cardiovirus, 

Cosavirus, Dicipivirus, Enterovirus, Erbovirus, Gallivirus, Hepatovirus, Hunnivirus, 

Kobuvirus, Megrivirus, Mischivirus, Mosavirus, Oscivirus, Parechovirus, Pasivirus, 

Passerivirus, Rosavirus, Salivirus, Sapelovirus, Senecavirus, Teschovirus, Tremovirus, 

and three newly designated genera of Kunsagivirus, Sakobuvirus and Sicinivirus 

(Adams et al., 2015). 

Originally, the human enteroviruses were classified based on antigenic differences and 

their natural and experimental pathogenesis, and subdivided into poliovirus, 

coxsackievirus A (CV-A) and CV-B, and echovirus (reviewed in Muir et al., 1998). 

However, based on molecular and biological properties of the viruses, human 

enteroviruses have been reclassified into four species, human enterovirus A-D. 

Classification based on phylogenetic and molecular analysis has led to a recent proposal 

to remove references to host species name from the enterovirus species nomenclature 

(Adams et al., 2013). To date, the genus of enterovirus consists of 12 species: 

Enterovirus A-H, Enterovirus J and Rhinovirus A-C.  

Enterovirus A consists of 25 serotypes, which includes coxsackievirus A2-A8, A10, 

A12, A14, A16, enterovirus A71, A76, A89-A92, A114, A119-A121, simian 

enteroviruses SV19, SV43, SV46 and baboon enterovirus BA13. EV-A71 is classified 

as a member of the species of enterovirus A. 
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2.1.2 Genomic and structural components of enterovirus A71 

Similar to other picornaviruses, EV-A71 is a small (30 nm), non-enveloped, single-

stranded, positive-sense RNA virus of approximately 7.4 kb in size. The EV-A71 

genome comprises a 5’ untranslated regions (UTR), single open reading frame (ORF) 

encoding a polyprotein of 2193 amino acids, a short 3’ UTR and a poly-adenylated tail 

(Figure 2.1A). The polyprotein is subdivided into three regions, P1, P2 and P3. The P1 

region encodes four structural proteins (VP1, VP2, VP3 and VP4), while the P2 and P3 

regions encode seven non-structural proteins (2A, 2B, 2C and 3A, 3B, 3C, 3D, 

respectively) (Brown and Pallansch, 1995). 

The 5’ UTR of EV-A71 contains six putative stem-loop structures (Figure 2.1B). Stem-

loop I (cloverleaf) is involved in viral RNA synthesis and stem-loop II-VI comprise the 

type I internal ribosome entry site (IRES) which plays an important role in cap-

independent viral RNA translation (Thompson and Sarnow, 2003). The 3’ UTR of EV-

A71 contains three putative stem-loop structures (X, Y, Z), followed by a poly-

adenylated tail which is important for genome replication (Rohll et al., 1995). A small 

viral protein, VPg is covalently linked to the end of 5’ UTR. 

The EV-A71 virus particle consists of an icosahedral capsid with 60 identical units 

(promoters) each consisting of the four structural proteins VP1, VP2, VP3 and VP4 

(Figure 2.2). VP1, VP2 and VP3 capsid proteins are the main structural components of 

the virion, whereas VP4 is located internally. VP1, VP2 and VP3 capsid proteins are 

exposed to the surface, hence they are most likely to be responsible for host receptor 

binding and antigenicity (Brown and Pallansch, 1995). The non-structural proteins 

mediate genomic RNA replication. 2A
pro

 and 3CD
pro

 are involved in polyprotein 

processing. 2B viroporin is involved in the integration of viral protein into the 

endoplasmic reticulum membrane. This alters the permeability of host cell membranes 
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to promote virus release (Martinez-Gil et al., 2011). 2C
ATPase

 has several important 

functions in viral RNA replication, such as host membrane rearrangements associated 

with the formation of replication complexes, RNA binding domains, ATPase activity 

for the initiation of negative-stranded RNA synthesis and VPg uridylylation (reviewed 

in Steil and Barton, 2009). Protein 3A contains hydrophobic domains that facilitate 

anchoring of the replication complex to the virus-induced vesicles (Lin et al., 2009a). 

The uridylylated VPg (viral protein 3B) primes RNA replication initiation whereas 

3D
pol

 functions as the RNA dependent RNA polymerase (RdRp) which is involved in 

RNA elongation. However 3D
pol

 is error-prone with no proofreading, resulting in rapid 

virus mutation and evolution (reviewed in Solomon et al., 2010). 
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Figure 2.1: Schematic illustration of the EV-A71 genome. (A) Structure of the EV-A71 

genome. The EV-A71 genome consists of a single ORF flanked by 5’ UTR and 3’ UTR. 

VP1-VP4 are structural proteins, while 2A-2C and 3A-3D are non-structural proteins.  

Image was adapted with modifications from Hober et al. (2013). (B) Schematic 

representation of EV-A71 5’ UTR. The roman numerals (I-VI) represent the six putative 

stem-loop structures. Cloverleaf (stem-loop I) is involved in viral RNA synthesis while 

IRES (stem-loop II-VI) involved in cap-independent viral RNA translation. Image 

modified from Shih et al. (2011). 
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Figure 2.2: Enterovirus A71 virion structure. VP1, VP2 and VP3 capsid proteins are 

the main structural components of the virion, whereas VP4 is located internally. Image 

modified from Solomon et al. (2010) and ViralZone of Swiss Institute of Bioinformatics. 
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2.2 Clinical manifestations of enteroviruses infections 

2.2.1 Hand, foot and mouth disease and herpangina 

HFMD is a common viral infection in children and usually results in mild and self-

limiting illness, characterized by fever and the development of papulo-vesicular lesions 

on the palms and soles, and oral ulcers. Other clinical symptoms frequently experienced 

include poor appetite, sleep disturbance, vomiting, and lethargy (Liu et al., 2000). 

HFMD is commonly caused by EV-A71 and CV-A16, and other enterovirus serotypes 

such as CV-A4, A5, A10, B2 and B5 (reviewd in Chan et al., 2011). The HFMD 

clinical manifestations caused by these enteroviruses are generally indistinguishable.  

However based on clinical observations in Japan, Malaysia and Western Australia, CV-

A16 infection form larger papular and/or petechial vesicles, and are often located on the 

trunk and limbs (reviewed in McMinn, 2002). The HFMD clinical manifestations of 

CV-A6 are generally similar to those caused by EV-A71 and CV-A16, but more severe 

skin manifestations have been observed in CV-A6 infection (Kobayashi et al., 2013, 

Puenpa et al., 2013). The atypical CV-A6-associated HFMD outbreaks in Finland, 

Taiwan and Japan were associated with onychomadesis 1-2 months after illness 

(Fujimoto et al., 2012, Kobayashi et al., 2013, Osterback et al., 2009, Wei et al., 2011). 

Occurrence of onychomadesis suggested that CV-A6 virus replication damaged nail 

matrix and resulted in temporary nail dystrophy (Osterback et al., 2009). 

In addition to HFMD, enteroviruses also can cause herpangina, which is characterized 

by an abrupt onset of fever and the development of multiple oral ulcers on anterior 

pharyngeal folds, uvula, tonsils and soft palate (reviewed in Ooi et al., 2010). 

Herpangina was the second most common diagnosis after HFMD during the Taiwan 

epidemic in 1998 (Ho et al., 1999). Herpangina has been associated most with acute 
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coxsackievirus A infections, with CV-A8, CV-A10 and CV-A16 being most frequently 

implicated (reviewed in McMinn, 2002). 

 

2.2.2 Neurological complications 

More frequently, EV-71 has been associated with severe clinical presentations and 

potentially fatal neurological complications such as encephalitis, myocarditis, acute 

flaccid paralysis and aseptic meningitis, especially in children less than 5 years old 

(reviewed in Ooi et al., 2010, Solomon et al., 2010).  

EV-A71 encephalitis generally involves the brainstem, cerebellum and spinal cord, and 

presents with myoclonic jerks, reduced consciousness, ataxia and cranial nerve palsies 

(reviewed in Chan et al., 2011). Similar to poliomyelitis, EV-A71 encephalitis is 

frequently associated with severe cardiorespiratory symptoms such as pulmonary edema 

(PE) (reviewed in Ooi et al., 2010). In Sarawak, where several epidemics occurred from 

2000 to 2006, up to 10-30% of children hospitalized with EV-A71-associated HFMD 

also developed central nervous system (CNS) complications (Ooi et al., 2007, Ooi et al., 

2009). Acute flaccid paralysis associated with EV-A71 infection was generally milder 

and had higher complete recovery rates than poliovirus infection (reviewed in McMinn, 

2002). 

Deaths caused by EV-A71 typically present with febrile illness, neurological syndromes, 

acute refractory cardiac dysfunction and fulminant pulmonary edema (Ooi et al., 2009). 

Most of them died within a few hours after hospital admission (Lum et al., 1998). 
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2.3 Epidemiology of enteroviruses 

2.3.1 Outbreaks of hand, foot and mouth disease 

Over the last decade, numerous large HFMD epidemics have occurred in the Asia-

Pacific region. The common causative agents include EV-A71, CV-A16 and CV-A6.  

 

2.3.1.1 Enterovirus A71 outbreaks 

EV-A71 was first isolated in California in 1969 from the stool of a 9-month-old infant 

with encephalitis (Schmidt et al., 1974). Since then, EV-A71 spread to Europe and 

caused outbreaks in Sweden (1973), Bulgaria (1975) and Hungary (1978) (Blomberg et 

al., 1974, Chumakov et al., 1979, Nagy et al., 1982). Outbreaks of EV-A71 infection 

were also reported in Asia, such as Japan in 1973 (Hagiwara et al., 1978) and Australia 

in 1986 (Gilbert et al., 1988). 

Over the last decade, EV-A71 has become endemic in the Asia-Pacific region, and large 

HFMD epidemics have been reported in Malaysia (AbuBakar et al., 1999), Singapore 

(Wu et al., 2010), Taiwan (Wu et al., 1999, Huang et al., 1999), Korea (Ryu et al., 

2010), Japan (Hagiwara et al., 1978, Hosoya et al., 2006), Hong Kong (Ng et al., 2001), 

Brunei (AbuBakar et al., 2009) and China (Zheng et al., 1995). 

In mid-1997 in Sarawak, Malaysia, there was a large outbreak of HFMD caused 

primarily by EV-A71, with 34 children aged <6 years old dying of rapidly progressive 

cardiorespiratory failure (Cardosa et al., 1999). In the same year, HFMD outbreaks were 

reported in Peninsular Malaysia and four children with sudden cardiopulmonary 

collapse also died within a few hours of admission (Lum et al., 1998). In 1998, 129,106 

EV-A71 cases were reported in Taiwan. A total of 405 children with serious 
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neurological complications were admitted to hospital and 78 of them died (Ho et al., 

1999).  

In 2000, Singapore experienced large HFMD outbreaks with 3,790 cases and 5 deaths 

reported (Chan et al., 2003). Another fatal HFMD outbreak was reported in Malaysia in 

2000. Three children with CNS infection and rapid cardiorespiratory decompensation 

were admitted to hospital, two of whom died (Lum et al., 2002). In addition to EV-A71, 

echovirus 7 was identified as another possible causative agent for these three cases. The 

fatal HFMD outbreaks caused by EV-A71 continued to be seen in Sarawak in 2000, 

2003, 2006 and 2008/2009 (Ooi et al., 2009, Ooi et al., 2010, Solomon et al., 2010). 

The largest EV-A71 epidemics were reported in China in 2008, with 488,955 HFMD 

cases and 126 fatal cases reported (Yang et al., 2009). The outbreak continued in 2009, 

with 1,161,131 HFMD cases and 353 fatalities reported (Tan et al., 2011). In addition, 

200 deaths and 567 fatality cases were reported in Vietnam in 2011/2012 (Khanh et al., 

2012) and in China in 2012 (Wang et al., 2015b). The emergence of EV-A71 outbreaks 

shows that EV-A71 has become a serious public health threat with pandemic potential. 

 

2.3.1.2 Coxsackievirus A16 outbreaks 

HFMD caused by CV-A16 infection is generally milder and self-limiting, therefore 

reports of CV-A16 outbreaks are limited. In Singapore, CV-A16 has become the 

predominant etiological agent of HFMD for three epidemic years (2000, 2005 and 

2007), whereas EV-A71 was responsible for the 2006 epidemic (Ang et al., 2009). 

Similarly in Vietnam in 2005, 52% of the HFMD cases were caused by CV-A16 and   

42% were caused by EV-A71 (Tu et al., 2007). In China, EV-A71 and CV-A16 often 

circulated alternatively or together (Mao et al., 2014). In Beijing, CV-A16 were 
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responsible for a HFMD outbreak in 2007, then EV-A71 became the predominant 

causative agent in 2008 and 2009 (Zhu et al., 2013). In Guangzhou, EV-A71 was the 

predominant agent for HFMD in 2008 and 2010, while CV-A16 was the main agent in 

2009 (Zou et al., 2012). 

The clinical symptoms of HFMD caused by EV-A71 and CV-A16 are very similar, but 

EV-A71 infection can potentially cause more severe and fatal infections in children less 

than 5 years old (reviewed in Ooi et al., 2010, Solomon et al., 2010). However, severe 

and fatal CV-A16 cases also have been reported in the United States (Wright et al., 

1963), France (Legay et al., 2007), Japan (Goto et al., 2009), China (Xu et al., 2012) 

and Taiwan (Wang et al., 2004b). Rhombencephalitis associated with HFMD, which is 

a combination of brainstem encephalitis and cerebellitis was diagnosed in a 23-month-

old infant with CV-A16 infection (Goto et al., 2009). Of the 92 HFMD patients with 

nervous system damage in Shenyang, China, 19 were infected with CV-A16; two 

patients had brainstem encephalitis and one had acute flaccid paralysis (Xu et al., 2012). 

Recently, a case of sudden unexpected death in infancy attributable to CV-A16 

infection was reported in Denmark (Astrup et al., 2016). The 3 and ½ months old infant 

displayed no symptoms before the sudden death. The post mortem investigation 

concluded that pulmonary involvement of a systemic infection with CV-A16 was the 

most likely cause of death (Astrup et al., 2016). 

 

2.3.1.3 Coxsackievirus A6 and other enterovirus outbreaks 

In recent years, other enteroviruses have emerged as causative agents for large HFMD 

outbreaks. Since 2008, unusual HFMD outbreaks caused by CV-A6 have been reported 

in Finland (Osterback et al., 2009, Blomqvist et al., 2010), Singapore (Wu et al., 2010), 

Taiwan (Lo et al., 2011, Wei et al., 2011), China (Lu et al., 2012, He et al., 2013), 
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Japan (Fujimoto et al., 2012), France (Mirand et al., 2012), United States (Flett et al., 

2012), Spain (Montes et al., 2013), Thailand (Puenpa et al., 2013), Malaysia (Ling et al., 

2014), Cuba (Fonseca et al., 2014) and most recently Israel (Renert-Yuval et al., 2015). 

In countries such as Cuba, Thailand and China, CV-A6 has been replaced CV-A16 as 

the second most common agent after EV-A71 for HFMD epidemics (Fonseca et al., 

2014, Puenpa et al., 2013). In many of these outbreaks, more severe skin manifestations 

were observed (Kobayashi et al., 2013, Puenpa et al., 2013). Immunocompetent adults 

with CV-A6-induced HFMD have also been reported (Lott et al., 2013, Shea et al., 

2013, Stewart et al., 2013, Downing et al., 2014).  

Co-circulation of CV-A6 and CV-A10 has been increasingly associated with HFMD 

outbreaks in China (2008-2012), Finland (2008) and France (2010) (He et al., 2013, 

Blomqvist et al., 2010, Mirand et al., 2012, Lu et al., 2012). In addition, co-circulation 

of CV-A10 and CV-A5 has also been reported in Thailand (Linsuwanon et al., 2014). 

Other enterovirus serotypes such as CV-A2, CV-A4, CV-A5, CV-B5, echovirus 4 and 

echovirus 30 were identified in Taiwan (Wei et al., 2011). Lu et al. (2012) identified 16 

enterovirus serotypes that caused HFMD outbreaks in China in 2009-2011, in addition 

to the common causative agents of EV-A71, CV-A16, CV-A6 and CV-A10. 

 

2.3.2 Molecular epidemiology of enteroviruses 

2.3.2.1 Molecular epidemiology of enterovirus A71 

EV-A71 is classified into three genotypes, A, B (B1-B5) and C (C1-C5), based on the 

first phylogenetic analysis of structural VP1 gene, with nucleotide sequence divergence 

of 16-20% between genotypes and of ≤12% between subgenotypes (Brown et al., 1999). 

Genotype A is represented by the prototype EV-A71 strain BrCr (GenBank accession 
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number: U22521), which was first isolated from an infant with encephalitis in 

California in 1969 (Schmidt et al., 1974). No circulation of genotype A has been 

detected thereafter but in 2008, five EV-A71 isolates with 97.4% sequence identity were 

isolated in Anhui province of China (Yu et al., 2010). Genotype B is predominant in 

Malaysia and Singapore (reviewed in Solomon et al., 2010). Subgenotype B1 was 

predominant in the United States and Australia in 1980s, whilst subgenotype B2 was 

circulating in the United States in 1981-1987 (Brown et al., 1999). EV-A71 

subgenotypes B3 and B4 have circulated in Singapore, Malaysia and Japan since 1997 

(Cardosa et al., 2003, Podin et al., 2006), whereas subgenotypes B5 was circulating in 

Malaysia and Singapore in 2000 (Chan et al., 2012), Japan and Taiwan in 2003 (Huang 

et al., 2009), Brunei in 2006 (AbuBakar et al., 2009, Zaini and McMinn, 2013) and 

Thailand in 2008 (Linsuwanon et al., 2014). Genotype C has been predominant in east 

Asia, especially in Taiwan, China and Vietnam (reviewed in Solomon et al., 2010). 

Subgenotype C1 replaced genotype B as the predominant genotype in the United States 

and Europe from 1987 (Brown et al., 1999, McMinn, 2012). Subgenotype C2 emerged 

in the United States and Australia from 1995 to 1998 (Brown et al., 1999) and 

subgenotype C3 was reported in Korea in 2003 (Cardosa et al., 2003). Subgenotype C4 

has emerged as the predominant circulating subgenotype in China since 2000, and has 

been reported in Taiwan, Japan, Thailand and Vietnam (Zhang et al., 2010b, Lin et al., 

2006, Tu et al., 2007, Yip et al., 2013). Subgenotype C5 was reported in Vietnam in 

2005 and Taiwan in 2006-2007 (Tu et al., 2007, Huang et al., 2008). 

In Malaysia, only subgenotypes B3, B4, B5, C1 and C2 have been reported (Chan et al., 

2012). In mid-1997, a large HFMD outbreak with fatalities was reported. EV-A71 

subgenotype B3 was the predominant genotype in that outbreak and was co-circulating 

with other subgenotypes B4, C1 and C2. In the 2000 HFMD outbreak, subgenotypes C1 

and B4 were found. Since 2005, subgenotype B5 has been predominantly circulating in 
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both Peninsular Malaysia and Sarawak (Cardosa et al., 2003, Chua et al., 2007, Chan et 

al., 2012, Solomon et al., 2010). 

 

2.3.2.2 Molecular epidemiology of coxsackievirus A16 

CV-A16 is classified into two genotypes, A and B, with genotype B further divided into 

subgenotypes B1a, B1b, B1c, B2a, B2b and B2c. Based on VP1 nucleotide sequence 

analysis, the nucleotide sequence divergence of CV-A16 was 27.5-30.2% between 

genotypes and 11.8% between subgenotypes B1 and B2 (Zhang et al., 2010a). 

Genotype A is represented by the prototype CV-A16 strain G10 (GenBank accession 

number: U05876). Subgenotypes B1a and B1b were predominant in Australia and 

China from 1999 to 2006 and 1999 to 2008, respectively (Zhou et al., 2011, Zhang et al., 

2010a). These were renamed as subgenotype B2a and B2b based on the chronological 

year of isolation (Zong et al., 2011). Subgenotype B2 was predominant in Malaysia 

from 1981 to 2000 (Chan et al., 2012).  

In Malaysia, only subgenotypes B1, B2a and B2c have been reported (Chan et al., 

2012). The CV-A16 isolates in Sarawak from 1998 and 2000 belonged to subgenotype 

B1, and were subsequently replaced by subgenotypes B2a and B2c. Subgenotype B2a 

was dominant in 1997-2003, 2005 and 2007, whereas subgenotype B2c only emerged 

after 2005. In 2012/2013, subgenotype B2b was reported in Seri Kembangan (Ling et 

al., 2014). 
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2.3.2.3 Molecular epidemiology of coxsackievirus A6 

Classification of CV-A6 into genotypes and subgenotypes has not yet been standardized. 

Lu and his colleagues identified distinct geographic clusters of CV-A6 (Lu et al., 2012), 

while other studies distinguish CV-A6 genotypes with cut-off values of ≥15% in the 

VP1 gene (He et al., 2013). 

 

2.4 Laboratory diagnosis 

During a HFMD outbreak, rapid laboratory diagnosis is critical to identify the causative 

agents and prompt public health to control the spread of virus and minimize the risk of 

fatality.  

 

2.4.1 Virus isolation and immunofluorescence assay 

The gold standard laboratory diagnosis of enteroviruses is by virus isolation with 

subsequent confirmation using specific monoclonal antibodies by indirect 

immunofluorescence assay. Clinical specimens such as throat swabs, ulcer swabs, 

vesicle swabs, cerebrospinal fluid, rectal swabs, stool and brain tissues are suitable for 

virus isolation (reviewed in Chan et al., 2011). Mammalian cell cultures such as Vero 

(African green monkey kidney) cells, human rhabdomyosarcoma (RD) cells, MRC-5 

(human foetal lung fibroblast) cells, and Vero cells are used for culture and isolation of 

enteroviruses (Ho et al., 1999, Wang et al., 2000). Cytopathic effects (CPE) can be 

observed within a few days under optimal conditions. However, a presumptive 

diagnosis may require more than two weeks when samples contain mixture of viruses 

(reviewed in Muir et al., 1998). Additionally, the yield of enteroviruses from clinical 

specimens may be low, as some enteroviruses, particularly the coxsackievirus A group, 
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do not readily grow in cell culture (Lipson et al., 1988). Furthermore, type and quality 

of the specimens, the timing of specimen collection as well as the adequacy of specimen 

storage before laboratory processing greatly affect the sensitivity of the tests (reviewed 

in Muir et al., 1998). 

Indirect immunofluorescence assay is used for virus identification by the use of specific 

monoclonal antibodies. In the diagnostic virology laboratory of University Malaya 

Medical Centre (UMMC), enterovirus-infected cells are immunostained with Light 

Diagnostics Pan-Enterovirus Blend (Millipore, USA) and the antigen-antibody complex 

is detected with a capture FITC-labeled antibody conjugate. However, the Pan-

Enterovirus Blend of anti-EV-A71 monoclonal antibodies was reported to cross-react 

with CV-A16 (Yan et al., 2001). Overall, these approaches are time-consuming, labour 

intensive and insensitive. 

 

2.4.2 Neutralization assay  

Neutralization test is used to detect specific antibodies that inhibit viral-induced CPE 

(reviewed in Muir et al., 1998). The result is considered positive when a fourfold 

increase in neutralizing antibody titers against EV-A71 is observed in paired sera 

collected from patients during acute and convalescent phases (Shindarov et al., 1979). 

However, the neutralization test is not widely used for diagnosis purposes as it is 

difficult to perform, labor intensive, time-consuming (6-8 days), requires the use of 

infectious virus in a biosafety level II laboratory, and requires paired patient sera to 

confirm seroconversion.  
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2.4.3 Enzyme-linked immunosorbent assay 

A serological test such as ELISA is an alternative diagnostic method as the results can 

be obtained in 2-3 hours and most diagnostic laboratories will have access to the 

equipment, and IgM can be detected early in EV-A71 infection (Zhao et al., 2011). 

However, cross-reaction between enteroviruses is an important issue for specificity as 

human enteroviruses shared high protein homology (Mao et al., 2014). For example, 

EV-A71 is genetically closely related with CV-A16, with both sharing relative high    

77% nucleotide and 89% amino acid similarities (Brown et al., 1999). Commercial 

IgM-capture ELISA assays are now available for EV-A71 and CV-A16 diagnosis (Yu 

et al., 2012).  

 

2.4.4 Molecular diagnosis 

Molecular diagnosis methods such as reverse transcription polymerase chain reaction 

(RT-PCR) are far more sensitive and quicker, and are the new “gold standard” for 

enterovirus detection (Hamilton et al., 1999, Robinson et al., 2002). Highly conserved 5’ 

UTR is frequently used for enterovirus typing, whereas VP1 is mainly used for 

genotyping (reviewed in Chan et al., 2011). 5’ UTR is not suitable for genotyping as 

this region is a hot spot of recombination in enteroviruses (van der Sanden et al., 2011, 

Santti et al., 1999). Most of the phylogenetic analyses are performed based on the VP1 

gene as it shows a high degree of genetic diversity and no homologous recombination 

has been reported (Oberste et al., 1999). However molecular diagnosis may not be 

widely available throughout developing countries where EV-A71 is more common, as it 

requires specialized equipment and well-trained personnel.  
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2.5 Potential treatment and vaccines 

Currently there are no effective antivirals and vaccines against EV-A71 and other 

enteroviruses (Tan et al., 2014). Treatment is generally not required for HFMD. 

Occasionally, symptomatic treatment is required. In more severe infection, intravenous 

immunoglobulin (IVIg) has been used as treatment. IVIg is the intravenous injection of 

polyvalent IgG antibodies purified from collectively pooled plasma from thousands of 

healthy donors, which functions as a treatment in providing protection against viral 

infection (Jolles et al., 2005). In Taiwan and Malaysia, IVIg has been used on HFMD 

patients with CNS complications (particularly those with encephalitis and acute flaccid 

paralysis) to reduce mortality rate (Ooi et al., 2009, Wang et al., 2006). Among children 

with EV-A71 in Sarawak, 95% of the children with severe central nervous 

complications survived after IVIg treatment (Ooi et al., 2009). Infection biomarkers 

such as IFN-γ, interleukin-6 (IL-6), IL-8, IL-10 and IL-13 levels were significantly 

decreased in plasma of patients with PE after IVIg administration, while decreasing of 

plasma levels of IL-6 and IL-8 were observed in patients with autonomic nervous 

system dysfunction after administration of IVIg (Wang et al., 2006). 

Presently, at least 58 natural products such as flavonoids, polyphenols, terpenoids, 

steroids and alkaloids have been tested for anti-EV-A71 effect. Most of these natural 

products are derived from territorial plants, while the remaining five are from marine 

sources (reviewed Wang et al., 2015a). Further investigations will be required to 

explore the potential of these natural antiviral compounds as drug candidate for EV-A71 

and other enteroviruses.  

A number of potential antiviral drugs with significant antiviral activities against 

enterovirus infection have been discovered. Ribavirin is a conventional nucleoside 

analogue that exhibited remarkably broad spectrum antiviral activity against 
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picornaviruses (Kirsi et al., 1983, Kishimoto et al., 1988). Ribavirin demonstrated 

protective effect by reducing EV-A71 replication in vitro and in vivo (Li et al., 2008). 

Pleconaril has broad spectrum antiviral activity against enteroviruses in vitro and in vivo 

(Pevear et al., 1999), but failed to inhibit the CPE induced by EV-A71 (Chen et al., 

2008). Other antiviral compounds with anti-EV-A71 activity include lactoferrin, pyridyl 

imidazolidinone, BTA39/BTA188, amantadine, quinacrine, siRNA/ShRNA, rupintrivir, 

fisetin, rutin, DIDS, metrifudil, GW5074, 17-AAG and so forth (reviewed in Tan et al. 

2014).  

Several EV-A71 and CV-A16 vaccine candidates have been investigated in animal 

models, such as recombinant viral proteins (Ch'ng et al., 2011, Wang et al., 2013), 

virus-like particles and DNA vaccines (Lin et al., 2012, Tung et al., 2007), peptide 

vaccines (Foo et al., 2007a, Liu et al., 2010), live attenuated vaccines (Chiu et al., 2006, 

Arita et al., 2007) and formalin-inactivated whole virus vaccines (Dong et al., 2011, 

Bek et al., 2011, Ong et al., 2010). However in human clinical trials, only inactivated 

EV-A71 vaccines have been evaluated (Zhao et al., 2013). To date, five EV-A71 

vaccine candidates have been evaluated in China, Singapore and Taiwan. Inactivated 

EV-A71 vaccines by National Health Research institutes (NHRI), Taiwan and Inviragen 

of Singapore have completed their Phase I clinical trials, whereas Vigoo, Sinovac and 

Chinese Academy of Medical Sciences from China have completed their Phase III 

clinical trials in more than 30,000 infants and children, and are currently waiting for 

approval from the appropriate authorities (reviewed in Liang et al., 2013, Liang and 

Wang, 2014, Ng et al., 2015). All three vaccine candidates were reported to have good 

safety and > 90% vaccine efficacy for EV-A71-associated HFMD in Phase III clinical 

trials (reviewed in Li et al., 2015a). 
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Despite the fact that Phase III clinical trials reported good efficacy against EV-A71, the 

effectiveness of vaccines containing a single subgenotype when deployed worldwide 

against multiple different genotypes is unknown. To understand the cross-neutralizing 

immunity, 119 sera collected from infants and children aged 6 months to 11 years in 

two clinical trials of EV-A71 subgenotype C4 vaccines were used to detect neutralizing 

antibody against the worldwide prominent epidemic EV-A71 strains. The results 

revealed that the antibodies of vaccinated children have broad cross-neutralizing activity 

against EV-A71 subgenotypes B4, B5, C2, C4 and C5 (Mao et al., 2013). Similar 

results were observed by Liu et al. (2015), where 160 sera collected from vaccinated 

children aged 6 to 71 months showed remarkable cross-neutralizing activity against nine 

EV-A71 strains (A, B3, B4, B5, C1, C2, C3, C4 and C5). Overall, these studies 

indicated that inactivated EV-A71 vaccines composed of a single genotype strain were 

capable of inducing adequate protective immunity against EV-A71 infection by 

different genotypes. 

 

2.6 Immune responses to enterovirus A71 infection 

2.6.1 Immune responses in animal models 

Appropriate animal models are required for the understanding of EV-A71 pathogenesis 

and immune responses to develop effective antivirals and vaccines. Non-human 

primates such as cynomolgus and rhesus monkeys are susceptible to EV-A71 infection 

(Hashimoto et al., 1978, Hashimoto and Hagiwara, 1982, Chumakov et al., 1979). 

Although non-human primate models mimic human disease closely, they have not been 

used extensively due to financial and ethical constraints (reviewed in McMinn, 2012). 

Murine models such as BALB/c and ICR mice are frequently used for studying the 

pathogenesis and immune responses related to EV-A71 infection. Neonatal mice are 
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susceptible to EV-A71 clinical isolates (Yu et al., 2000), while mice aged more than 2 

weeks are generally resistant to EV-A71 regardless of the route of infection (reviewed 

in Wang and Yu, 2014), suggesting that mice show age-dependent susceptibility to EV-

A71 infection (Chua et al., 2008, Fujii et al., 2013). Mouse-adapted EV-A71 strains are 

required for infection of mice, hence the murine model is not an appropriate model to 

evaluate and characterize the virulence of clinical isolates (Chen et al., 2004). However 

it can be used to understand the protective immunity against EV-A71 infection in mice 

(Wu et al., 2007). Type I IFNs are produced, which activate several antiviral effectors to 

provide protection against viral infection (Takaoka and Yanai, 2006). Pretreatment of 

mice with the potent IFN inducer polyriboinosinic: polyribocytidylic acid (poly (I:C)) 

was shown to improve the survival rates and decrease tissue viral titres after EV-A71 

challenge (Liu et al., 2005). Early administration of recombinant mouse IFN-αA 

protected mice against lethal EV-A71 infection, suggesting that type I IFNs play an 

important role in exerting direct protective effect on EV-A71 (Liu et al., 2005). 

IL-6 is a pleiotropic cytokine typically induced during pathogen stimulation as part of 

innate inflammatory responses, and it functions as the main inducer of the acute phase 

response, T cells and B cells stimulation (Kanda et al., 1996). Khong et al. (2011) 

discovered sustained high levels of IL-6 led to severe tissue damage and death in a 

neonate mouse model. Administration of anti-IL-6 neutralizing antibodies increased the 

survival rates and clinical scores, and subsequently protected the mice by reduced tissue 

destruction, absence of splenic atrophy, increased immune cell activation and marked 

elevated systemic levels of IL-10 (Khong et al., 2011). The protective effect of anti-IL-6 

neutralizing antibodies was independent of viral load. This finding suggests that anti-IL-

6 antibody treatment is a potential therapeutic approach to protect against severe EV-

A71 complication. 
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Shen and colleagues found that EV-A71 infection significantly enhanced interferon-

gamma-inducible protein 10 (IP-10) expressions in the serum and brains of infected 

mice. Moreover, IP-10 deficiency significantly reduced monokine induced by IFN-γ 

levels in serum, and IFN-γ levels and CD8
+
 T cell counts in the mice brains. Absence of 

IP-10 also increased the mortality rates of infected mice and reduced virus clearance in 

several tissues (Shen et al., 2013). 

Neutralizing antibodies are produced in animals immunized with EV-A71 (see section 

2.6.3.1). These antibodies can efficiently bind and neutralize the virus, hence 

neutralizing antibodies play a critical role in protection against EV-A71 infection. 

Passive administration of neutralizing antibodies protects animals against lethal 

challenge (Foo et al., 2007a, Chang et al., 2010, Lim et al., 2012).  

The virus load, B cells, CD4
+
 T cells and CD8

+
 T cells in brains and antibody titer in 

sera were increased when the mice succumbed to death, similar to those observed in 

fatal EV-A71-infected patients (Lin et al., 2009b). The study showed that lymphocytes 

and antibody responses protect mice from EV-A71 infection and reduced the disease 

severity, mortality and tissue viral loads. Wang et al. (2012) further demonstrated that 

CD4
+
 T cell-deficient mice were resistant to EV-A71 infection, although B cell-

deficient mice were highly susceptible to viral infection. Infected CD4
+
 T cell-deficient 

mice produced EV-A71-specific neutralizing antibodies, which also protected B cell-

deficient mice from viral infection by decreasing tissue viral loads (Wang et al., 2012). 

This study concluded that B cells rather than CD4
+
 T cells play a critical role in 

mediating protective effects against EV-A71 infection. However the results are 

contradicted by studies in humans, where cellular but not humoral immunity has been 

correlated with clinical outcome and disease progression of EV-A71 (Yang et al., 2001, 

Chang et al., 2006).  
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2.6.2 Immune responses in humans  

Cardiopulmonary failure or PE occurs during the initial stages of EV-A71 CNS 

involvement (Chang et al., 1999). High levels of the proinflammatory cytokine IL-6 

have been detected in the early stages of CNS infection (Lin et al., 2002, Lin et al., 

2003, Wang et al., 2007), suggesting that the combination of CNS and systemic 

inflammatory response may play an important role in the development of EV-A71-

related cardiopulmonary collapse (Lin et al., 2003). The secretion of IFN-γ was found to 

enhance IL-6 transcription and protein expression in monocytes (Biondillo et al., 1994), 

suggesting that IFN-γ may play an important role in modulating the secretion of other 

cytokines during inflammatory processes. Significant elevation of IFN-γ in serum and 

cerebrospinal fluid samples from EV-A71 patients with PE and autonomic nervous 

system dysregulation has been reported (Wang et al., 2003, Wang et al., 2007). Other 

cytokines such as IL-1β, IL-6, IL-10, IL-13 and tumor necrosis factor-α were also 

reported to be high in PE patients (Lin et al., 2002, Lin et al., 2003, Wang et al., 2007). 

Maternal antibodies are important to protect neonates and young infants from infectious 

diseases during the time of maturation of their immune system. In humans, maternal 

antibodies are transferred before birth transplacentally. A study conducted in Taiwan 

demonstrated that EV-A71 antibody titers in seropositive neonates were strongly 

associated with the EV-A71 antibody titers in their mothers, however the maternal 

neutralizing antibodies declined to almost undetectable levels by 6 months of age (Luo 

et al., 2009). Furthermore, younger children (<6 months of age) were more likely to 

develop asymptomatic EV-A71 infections (Lee et al., 2012, Chang et al., 2002). 

Neutralizing antibodies bind and neutralize virus efficiently, thus preventing further 

progression of disease. Hence neutralizing antibodies play an important role in 

immunoprotection from viral infection. Humoral immune response was elicited when 
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clinical symptoms appeared and 80% of HFMD patients became positive for 

neutralizing antibodies against EV-A71 one day after the onset of illness (Yang et al., 

2011). High levels of neutralizing antibodies were reached within 3-6 days after disease 

onset (Wang et al., 2015b). Notably, the antibody titers in the patients with mild HFMD 

were not significantly different from those of patients with CNS involvement or PE, 

suggesting that neutralizing antibody response was not correlated with disease severity 

(Yang et al., 2011, Chang et al., 2006). Conversely, Xie et al. (2010) revealed that B 

cells and IgG levels were significantly elevated in severe cases in the acute stages of 

EV-A71 infection, before both recovered to normal levels during the convalescent phase, 

with an increase in EV-A71-specific neutralizing antibody titres.  

Virus-specific antibody-secreting B cells (ASCs) in adults are derived from pre-existing 

memory B cell subsets that have undergone activation, differentiation and proliferation 

upon repeated viral exposure; however the percentage of memory B cell subsets are 

lower in children (Li et al., 2012, Morbach et al., 2010). An EV-A71-specific ASC 

response was detected as early as the first day and became predominant on days 4-7 

after illness onset. EV-A71-specific ASCs in children aged ≥3 years produced IgG 

predominantly, whereas EV-A71-specific ASCs produced IgM predominantly in 

younger children (Huang et al., 2015). EV-A71 ASC responses also correlated with 

throat viral load, fever duration and serological genotype-specific neutralizing titer in 

EV-A71 infected children. 

T cell immunity plays an important role in protection against EV-A71 infection. Some 

studies have demonstrated that cellular but not humoral immunity is correlated with 

disease progression and clinical outcome of EV-A71 (Chang et al., 2006, Yang et al., 

2001). Significant increase of Th1 and proinflammatory cytokines was observed when 

PBMCs were stimulated with EV-A71. PBMCs collected from patients with PE had 
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significantly lower IFN-γ, IL-1β, IL-6, TNF-α and macrophage inflammatory protein-1α 

in response to inactivated EV-A71 stimulation (Chang et al., 2006). Children who died 

of encephalitis and PE also demonstrated low expression of IFN-γ, IL-4 and CD40-L 

(Yang et al., 2001). This suggests an inverse correlation between antigenic-specific T 

cell responses and disease severity (Chang et al., 2006).  

Host genetic factors may play an important role in EV-A71 disease severity. Cytokine T 

lymphocyte antigen-4 (CTLA-4) polymorphism is an important negative regulator for T 

cell cytotoxicity. Polymorphism of CTLA-4 exon 1 at position 49 with A or G genotype 

was reported to be associated with autoimmune diseases (Marron et al., 1997). In one 

Taiwan study, children with EV-A71 meningoencephalitis had higher frequency of the 

G/G allele in the CTLA-4 polymorphism at position 49 of exon 1, suggesting that 

altered cellular immunity associated with CTLA-4 polymorphism may correlate with 

disease severity (Yang et al., 2001). Another recent study showed that chemotactic 

chemokine ligand 5 polymorphism may contribute to severe EV-A71 infection (Li et al., 

2015b). 

Patients with PE had lower circulating CD4
+
 T cells, CD8

+
 T cells and NK cells (Wang 

et al., 2003). Similarly, circulation of total CD3
+
 T cells, CD4

+
 T cells, CD8

+
 T cells 

and NK cells was decreased in patients with autonomic nervous system dysregulation 

and was lowest in PE patients (Fu et al., 2009). A study performed by Li et al. (2013) 

revealed that HFMD patients have an imbalance in peripheral T lymphocyte subsets. 

Th1 cells, Tc1 cells, Th1/Th2 ratio and IFN-γ levels were significantly higher in mild 

and severe patients, while Th17 cells, IL-17A levels and Th17/Treg cell ratio were 

highest in severe HFMD patients. This suggests that the imbalance of Th1/Th2 and 

Th17/Treg is involved in the pathogenesis of EV-A71 infection, and could serve as a 

potential biomarker for severe HFMD (Li et al., 2014). 
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T follicular helper cells (TFH) are a subset of specialized CD4
+
 T cells, localized to B 

cell follicles of the germinal centers to regulate humoral immune responses (Ma et al., 

2009). In the acute stage of EV-A71 infection, TFH with inducible costimulator 

(ICOS
high

) and programmed death-1 (PD-1
high

) expression were significantly increased 

in patients and positively correlated with levels of IL-21, IL-6 and neutralizing 

antibodies against EV-A71, suggesting that TFH cells might play a critical role in 

modulating the humoral response during pathogenesis of EV-A71 infection (Wu et al., 

2014). 

 

2.6.3 Epitopes and neutralizing antibodies 

2.6.3.1 Enterovirus A71 neutralizing antibodies produced by animals 

Passive transfer of specific antibodies reduces the severity of viral infections, as shown 

in Japanese encephalitis infection (Kimura-Kuroda and Yasui, 1988), varicella infection 

(Huang et al., 2001) and coxsackievirus infection (Geller and Condie, 1995). In EV-

A71, passive transfer of mouse anti-SP70 sera (Foo et al., 2007a), mAb 4E8 (Chang et 

al., 2010) and mAb 51 (Lim et al., 2012) demonstrated up to 100% in vivo passive 

protection against lethal EV-A71 infection. Hence mAbs with high specificity, avidity 

and neutralizing activity are promising candidates for treatment of EV-A71 infection.  

SP70 (amino acids 208-222) in VP1 region was identified as a neutralizing epitope (Foo 

et al., 2007b). Neutralizing anti-SP70 antibodies were able to confer 80% in vivo 

protection against a lethal dose of 1000 50% tissue culture infective dose (TCID50) of 

EV-A71 (Foo et al., 2007a). Another study conducted in China also demonstrated that 

monoclonal antibody (mAb; clone 22A12) generated by SP70-immunized mice and 

mAb 2G8 generated from EV-71 strain AH/08/06-immunized mice elicited potent 
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neutralizing activity against EV-A71 in an in vitro neutralization assay (Li et al., 2009, 

Deng et al., 2015).  Moreover, mAb 51 derived from mice immunized with inactivated 

EV-A71 strain NUH0083/SIN/08 further identified KQEKD (amino acids 215-219, 

Table 2.1) located within SP70, with neutralizing activity against homologous and 

heterologous EV-A71 (Lim et al., 2012). 

Kiener et al. (2012) demonstrated that mAb 7C7 derived from mice immunized with an 

inactivated EV-A71 B5 strain was mapped to EDSHP (amino acids 142-146, Table 2.1) 

in the EF loop of VP2, within the VP2-28 previously reported as a cross-neutralization 

epitope. Mutation analysis showed that the aspartic acid to asparagine mutation for EV-

A71 genotype A (BrCr prototype strain) at position 143 of VP2 did not interfere with 

antibody recognition, however a serine to threonine mutation for the EV-A71 

subgenotype C4 Fuyang-08 strain at position 144 of VP2 abolished the antigenicity of 

VP2 protein (Kiener et al., 2012). 

Although VP4 capsid proteins were located internally, Zhao et al. (2013) proven that 

the immunization of the N-terminus of VP4 was able to elicit cross-protective antibody 

responses. Immunization of chimeric virus-like particles (HBc-N149-VP4N20) in a 

mouse model was able to produce VP4N20 specific antibodies and neutralize EV-A71. 

Furthermore, passive transfer of mice anti-chimeric VLP sera was able to protect 90% 

of neonatal mice against EV-A71 infection (Zhao et al., 2013). 

 

2.6.3.2 B-cell epitopes recognized by immunized animal antisera 

VP1 protein is known to be the most immunogenic viral protein. Sera from rabbits 

immunized with inactivated EV-A71 BJ08 strain (subgenotype C4) identified four 

rabbit anti-EV-A71 IgG epitopes which mapped to VP1 (Gao et al., 2012). Anti-rabbit 
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serum raised following injection of the N-terminal region of VP1 protein (1-100) in a 

Newcastle disease virus backbone elicited strong immune responses against the EV-

A71 VP1 protein (Sivasamugham et al., 2006). Mice antisera raised against 95 

overlapping synthetic peptides spanning the VP1 capsid protein of EV-A71 strain 41 

(subgenotype B4) were used for characterization of neutralization epitopes. Two 

synthetic peptides, SP55 and SP70 (Table 2.2) were capable of inducing neutralizing 

antibodies against EV-A71 in an in vitro microneutralization assay (Foo et al., 2007b). 

The antisera from SP70-immunized mice shown better neutralizing activity compared to 

the SP55-immunized mice antisera. Moreover, passive transfer of mouse anti-SP70 

antisera was able to protect 80% of sucking Balb/c mice against lethal EV-A71 

infectivity (Foo et al., 2007a).  

Sera generated from mice and rabbits immunized with formalin-inactivated EV-A71 

E59 strains (subgenotype B4) vaccine identified two epitopes (located at VP1) and four 

epitopes (one mapped to VP1 and the remaining mapped to VP2), respectively (Liu et 

al., 2011). VP2-28 and VP1-43 (Table 2.2) were recognized as a cross-neutralization 

epitope and a genotype-specific neutralization epitope, respectively. VP2-28 was only 

recognized by neutralizing antisera from immunized rabbit but not by antisera from 

immunized mice and rats.  

 

2.6.3.3 B-cell epitopes recognized by human antibodies 

A screening study based on ELISA revealed that human sera with high titres of 

neutralizing antibodies (1:640) against EV-A71 were found to react strongly with the N-

terminal half of VP1 protein (Tan and Cardosa, 2007). Capsid proteins VP1, VP2 and 

VP3 are exposed on the virion surface, and are responsible for host-receptor binding and 

immune responses (Brown and Pallansch, 1995). Nine enterovirus IgG linear epitopes 
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were identified with sera from patients with aseptic meningitis, where most reactive E1, 

E2 and E4 peptides were derived from the conserved region of VP1 N-terminal (Table 

2.3, Cello et al., 1993). The study also demonstrated that peptides from structural capsid 

proteins VP2, VP3 and VP4, and non-structural protein 3D RNA polymerase show no 

or poor reactivity. However, this study was unable to identify IgM linear epitopes by 

indirect IgM assays due to the high background problems (Cello et al., 1993). 

Gao and his colleagues (2012) synthesized 256 partial overlapping peptides covering 

external capsid proteins VP1, VP2 and VP3 to identify IgM and IgG epitopes in EV-

A71 infected children at acute or recovery phase. Ten human anti-EV-A71 IgM 

epitopes were identified in the acute phase sera, mainly mapped at VP2 and VP3 (Table 

2.3, Gao et al., 2012). However, only one human IgG epitope in VP1 was identified in 

the recovery phase sera.  

 

2.6.3.4 CD4
+
 T-cell epitopes 

T cells recognize linear epitopes derived from peptides that are processed by antigen 

presenting cells (APCs). Proteolytic enzymes in APCs cleave the antigenic proteins into 

peptide fragments and only 2% with the right amino acid side chains are presented on 

the surface of APCs and bind to major histocompatibility complex (MHC). Therefore, 

the binding affinity of T-cell epitopes to MHC molecules is one of the important 

determinants of immunogenicity (Weber et al., 2009).  

Three synthetic peptides (SP1, SP2 and SP3) located at the VP1 protein were predicted 

to bind more than 25 HLA-DR alleles by the ProPred algorithm. These peptides induced 

CD4
+
 T-cell proliferative responses from EV-A71-positive volunteers with different 

HLA-DR alleles (Foo et al., 2008). Significant levels of IL-2 and IFN-γ were produced, 
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indicating that CD4
+
 T cells undergo Th-1-subtype differentiation. Among the three 

peptides tested, SP2 (Table 2.4) was identified as the main immunodominant MHC 

class II-restricted CD4
+
 T-cell epitope (Foo et al., 2008). 

Subsequently, 37 epitopes were predicted by EpiMatrix, 15 were identified as CD4
+
 T-

cell epitopes, and 3 of them (A3, A8 and A14) were dominant EV-A71 epitopes (Table 

2.4, Wei et al., 2012). Of the three dominant epitopes, A3 (mapped to VP2) and A8 

(mapped to VP3) are conserved amongst EV-A71 isolates. These distributions of CD4
+
 

T-cell epitopes are consistent with the study by Cello et al. (1996). Moreover, A3 is 

identified to be highly conserved among human enteroviruses (Table 2.4). 

A comprehensive screening study based on four EV-A71 structural proteins was 

performed to identify CD4
+
 T-cell epitopes in a non-HLA-restricted manner. A total of 

31 epitopes were identified, with VP2 antigens dominating the T cell responses with a 

broad distribution of immunogenic peptides (n=13), followed by VP1 (n=9), VP3 (n=7) 

and VP4 (n=2) (Table 2.4, Tan et al., 2013).  The study also demonstrated that T cells 

responsive to VP2 were mainly CD4
+
 T cells. Furthermore, identification of the VP2-24 

(amino acids 176-193) epitope is consistent with the highly conserved dominant A3 

epitopes reported in the study by Wei et al. (2012). 

Another comprehensive study based on the VP1 structural protein and RdRp non-

structural protein (also known as 3D protein) was conducted with ex vivo IFN-γ 

ELISPOT analysis. CD4-dependent RdRp-specific responses were observed in most of 

the EV-A71-infected children, at rates of 82% for individuals in the acute phase, 84% 

for those in the convalescent phase, and 100% for those with past exposure (Table 2.4, 

Dang et al., 2014). The VP1-33 and VP1-19 epitopes were also found to be consistent 

with previously reported T-cell epitopes (Foo et al., 2008).  
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CHAPTER 3 

MATERIALS AND METHODS 

3.1 Mammalian cell lines and viruses 

3.1.1 Mammalian cell lines 

Established adherent mammalian cell lines purchased from American Type Culture 

Collection (ATCC, USA) were used in this study. Human RD cells (ATCC CCL-136) 

and human embryonic kidney cells (HEK293, ATCC CRL-1573) were cultured in 

Dulbecco’s Modified Eagle Medium (DMEM) supplemented with growth medium 

containing 10% heat-inactivated fetal bovine serum (FBS; Hyclone, USA), 2 mM L-

glutamine (Hyclone, USA), 1X non-essential amino acids (NEAA; Hyclone, USA), 100 

U/ml penicillin and 100 µg/ml streptomycin (Hyclone, USA). Growth media for 

HEK293 cells requires additional 1 mM sodium pyruvate (Hyclone, USA). All cell lines 

were maintained at 37°C in the presence of 5% CO2. 

 

3.1.2 Viruses 

3.1.2.1 Virus strains and propagation 

The virus strain used in this study was EV-A71 isolate UH1/PM/1997 (GenBank 

accession number: AM396587), of subgenotype B4. EV-A71 isolate UH1/PM/1997 was 

propagated in RD cells with DMEM supplemented with 2% FBS (Hyclone, USA), 2 

mM L-glutamine (Hyclone, USA), 1X NEAA (Hyclone, USA), 100 U/ml penicillin and 

100 µg/ml streptomycin (Hyclone, USA). The culture supernatants were harvested and 

freeze-thawed when more than 70% of CPE was observed. The culture supernatants 
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were centrifuged at 40,000 x g for 20 minutes at 4°C to remove cell debris. The virus 

supernatants were kept at -80°C until later use. 

 

3.1.2.2 Virus sucrose cushion purification 

A volume of 32 ml of virus supernatant was carefully layered over 4 ml of sucrose-TNE 

buffer (30% sucrose, 50 mM Tris-HCl, 100 mM NaCl, 0.5 mM EDTA, pH7.4) in a 

ultracentrifuge tube. The sample was centrifuged at 125,000 x g for 4 hours at 4°C. 

After 4 hours, the supernatant was removed and 400 µl of TE buffer (10 mM Tris-HCl, 

1 mM EDTA) was added to the pellet, followed by 30 minutes incubation on ice. The 

pellet was resuspended with TE buffer and kept at -80°C. The virus titers were 

determined by plaque assay. 

 

3.1.2.3 Virus RNA extraction 

Viral RNA was extracted from throat swabs in viral transport medium using QIAamp 

Viral RNA Mini Kit (Qiagen, Germany) according to the manufacturer’s instructions. 

Briefly, 140 µl of the viral transport medium was lysed with 560 µl of buffer AVL 

containing carrier RNA, followed by 560 µl of absolute ethanol. The viral RNA-

containing mixture was then added to the column and washed with 500 µl of buffer 

AW1 and buffer AW2. The viral RNA was eluted with 50 µl Ambion RNA storage 

solutions (Life Technologies, USA) and kept at -80°C until later use. 
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3.1.2.4 Plaque assay 

RD cells were seeded in a 24-well plate with 1.5 x 10
5
 cells/well and incubated 

overnight at 37°C in 5% CO2. Ten-fold serially diluted virus sample was prepared in 

serum-free medium. The growth medium was removed and an aliquot of 100 µl of each 

virus dilution was inoculated onto RD cells for 1 hour at room temperature with gentle 

rocking. The excess inocula were removed after 1 hour of incubation and replaced with 

500 µl of plaque medium (DMEM supplemented with 2% FBS and 0.9% 

carboxylmethyl cellulose). After 3 days of incubation, the plaque medium was removed, 

and the cells were fixed with 3.7% formaldehyde and subsequently stained with 0.5% 

crystal violet. Plaque forming units per milliliter (PFU/ml) were calculated with the 

following formula: 

PFU/ml =  

 

3.2 Clinical specimen processing and virus identification 

3.2.1 Clinical specimens 

From May 2012 to September 2013, blood and throat swabs specimens were collected 

from children clinically diagnosed with HFMD at the Paediatric Trauma and 

Emergency Department of UMMC, Kuala Lumpur. BD vacutainer blood collection 

tubes with lithium heparin (Becton Dickinson, USA) were used to prevent blood 

clotting. The throat swabs were placed in viral transport medium to maintain virus 

viability during transport to the laboratory. Demographic and clinical data were 

reviewed retrospectively from the medical notes. This study was approved by the 

UMMC Medical Ethics Committee (reference number: 932.17). 

 

Number of plaque × dilution factor 

Volume of inoculum (ml) 
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3.2.2 Virus identification 

3.2.2.1 Virus isolation 

Throat swabs in viral transport media were used for virus isolation. Specimens were 

inoculated into RD cell cultures in a 24-well plate. Viral cultures showing CPE were 

harvested and kept in -80°C for further analysis. 

 

3.2.2.2 Reverse transcription polymerase chain reaction 

To detect any enterovirus, the 5’ UTR was amplified with primers CoxbanS and 

CoxbanR (Arola et al., 1995) using Access RT-PCR system (Promega, USA). The 

reaction mix was prepared as stated in Table 3.1. Each reaction was subjected to reverse 

transcription at 42°C for 60 minutes and reverse transcriptase inactivation at 94°C for 2 

minutes, followed by 40 cycles of 94°C for 30 s, 50°C for 1 minute, and 68°C for 2 

minutes, and final extension of 68°C for 7 minutes. Detection and genotyping of EV-

A71, CV-A16 and CV-A6 were performed with previously published primer sets (Table 

3.2) and protocols. The electrophoresis was performed with agarose gel pre-stained with 

GelRed nucleic acid stain (Biotium Inc, USA) prepared in 0.5X TAE buffer (20mM 

Tris, 10mM acetic acid, 0.5mM EDTA). Electrophoresis was carried out at 80 V and the 

expected PCR products of 502 bp (enteroviruses), 835 bp (EV-A71), 989 bp (CV-A16) 

and 657 bp (CV-A6) were visualized under ultraviolet transillumination. 

The amplicons were purified using the Expin Combo GP (GeneAll, Korea) according to 

the manufacturer’s instructions. Briefly, the DNA bands of interest were excised from 

the agarose gel using a clean blade. Buffer GB was added to the agarose gel slide (300 

µl per 100 mg of gel), followed by 10 minutes incubation at 50°C. The DNA-containing 

mixture was then added to the column and washed with 700 µl of buffer NW. The DNA 
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was eluted with 50 µl buffer EB and kept at -20°C. The concentration of purified DNA 

was quantified using an Epoch microplate spectrophotometer (BioTek Instruments, 

USA) with Gen5 3.0 software. 

 

3.2.2.3 Virus genotyping 

The purified amplicons were sequenced by First BASE Laboratories (Selangor, 

Malaysia) using BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems, 

USA) with a 3730xl DNA Analyzer (Applied Biosystems, USA). Sequencing results 

were subjected to BLAST analysis to identify the enterovirus serotypes. 

Sequences were trimmed and assembled using Geneious R6 (Biomatters Ltd., New 

Zealand), and aligned with relevant sequences available in the GenBank. The best 

substitution model was determined using the jModelTest v2 (Posada, 2008). 

Phylogenetic trees were constructed for enteroviruses and EV-A71 using the partial 5’ 

UTR and complete VP4 sequences, while for CV-A16 and CV-A6, complete and partial 

VP1 sequences were used, respectively. The phylogenetic trees were constructed using 

the Bayesian Markov chain Monte Carlo (MCMC) method implemented in the BEAST, 

version 1.7.4 (Drummond and Rambaut, 2007), run for 30 million generations with a  

10% burn-in. All runs reached convergence with estimated sample sizes of > 200. The 

tree prior was coalescent GMRF Bayesian Skyride and the clock model was 

uncorrelated lognormal relaxed. The maximum clade credibility tree was viewed using 

the FigTree v1.4.0 (Rambaut, 2012). Substitution rates with 95% highest posterior 

density (HPD) intervals were determined by using Bayesian uncorrelated lognormal 

relaxed molecular clock model. 
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Table 3.1: Reaction mix preparation for RT-PCR 

 

  

Reagent Volume Final concentration 

Nuclease-free water 10 µl - 

AMV/Tfl 5X reaction buffer   5 µl  1X 

dNTP mix (10 mM each dNTP)   1 µl 0.2 mM 

30 µM forward primer   1 µl 1.2 µM 

30 µM reverse primer   1 µl 1.2 µM 

25mM MgSO4   1 µl 1 mM 

AMV reverse trancriptase (5 u/µl) 0.5 µl 0.1 u/µl 

Tfl DNA polymerase (5 u/µl) 0.5 µl 0.1 u/µl 

RNA sample   5 µl - 

Total 25 µl  
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3.2.2.4 Nucleotide accession numbers 

The sequences reported in this study have been deposited into the GenBank with the 

accession numbers KJ815033-KJ815044 and KT908004-KT908038 (Appendix I). 

 

3.3 Cloning and expression of enterovirus A71 proteins 

3.3.1 Cloning  

3.3.1.1 Bacterial strains and plasmid vectors 

Bacterial strains used in this study were Escherichia coli TOP10F (Invitrogen, USA) 

and E. coli BL21 (DE3) (New England Biolabs, USA). The plasmid vectors used in this 

study were pUC57 (GenScript standard vector), pET-52b(+) (Novagen, Germany) and 

pEGFP-N1 (Clontech Laboratories Inc., USA). The restriction maps of plasmid vectors 

are shown in Appendix II, Appendix III and Appendix IV. 

 

3.3.1.2 Design and synthesis of enterovirus A71 genes 

Codon-optimized cDNA clones encoding the entire EV-A71 isolate UH1/PM/1997 

proteome (both structural and non-structural) based on consensus sequence alignments 

of different EV-A71 sequences were synthesized (GenScript, USA). An additional 

cassette with domain linker, StrepTag II, FLAG Tag and 8X His-Tag functions was 

designed and synthesized (Figure 3.1). The synthesized plasmid DNAs were 

reconstituted with 20 µl of sterile water and subcloned into pEGFP-N1 vector to form 

pEGFP-N1-cassette-VP1, -VP2, -VP3, -VP4, -3C and -3D expression plasmids. The 

pEGFP-N1-2B, -2C and -3AB expression plasmids were obtained from the laboratory. 

The synthesized 2A plasmid DNA was then subcloned into pET-52b(+) to form a pET-
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52b(+)-2A expression plasmid. The workflow of preparation of plasmid DNAs for the 

mammalian expression system and the bacterial expression system are shown in Figure 

3.2. 

 

3.3.1.3 Transformation of competent Escherichia coli 

E. coli TOP10F was transformed with pEGFP-N1 expression plasmids and pUC57 

expression plasmids whereas E. coli BL21 (DE3) was transformed with pET-52b(+) 

expression plasmids. In brief, E. coli strains were cultured in 5 ml Luria Bertani (LB) 

broth (supplemented with 12.5 µg/ml tetracycline for E. coli TOP10F) for 6 hours at 

37°C. The E. coli culture was aliquoted into 1.5 ml centrifuge tubes and pelleted by 

centrifugation at 1,000 x g for 3 minutes. The E. coli pellet was resuspended with 1.5 ml 

of 100 mM calcium chloride and incubated overnight at 4°C. The cells were pelleted 

with centrifugation at 1,000 x g for 3 minutes and resuspended with 80 µl of fresh 100 

mM calcium chloride. Then, 1 µl of reconstituted plasmid DNAs or 4 µl of ligation 

mixtures were added to the cells, followed by incubation on ice for 45 minutes. The 

mixture was heat shocked at 42°C for 1 minute and immediately placed on ice for 

another 5 minutes. An aliquot of 1 ml of LB broth was added to the transformed E. coli 

strains and incubated at 37°C for 1 hour. The transformed E. coli was pelleted and 

resuspended with 80 µl of fresh LB broth. Approximately 40 µl of transformed E.coli 

was spread on LB agar plate supplemented with antibiotics (50 µg/ml kanamycin for 

pEGFP-N1 expression plasmids; 100 µg/ml ampicillin for pET-52b(+) and pUC57 

expression plasmids). The plate was incubated overnight at 37°C and stored at 4°C. All 

positive clones were screened by restriction enzyme digestion analysis and confirmed 

by DNA sequencing.  
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3.3.1.4 Restriction endonuclease digestion of DNA 

Digestion of DNA was carried out with specific FastDigest restriction endonuclease 

(Thermo Scientific, USA) according to the manufacturer’s instructions. Restriction 

enzymes BglII, BamHI and PacI were used in pEGFP-cassette expression plasmids, 

while restriction enzymes SmaI and NotI were used in pET-52b(+) expression plasmids 

(Figure 3.2). In brief, the reaction was carried out with 1-3 µg of DNA, FastDigest 

restriction enzymes and 1X FastDigest buffer in a thin-wall PCR tube. All reactions 

were incubated for 1 hour at optimal temperatures suggested by the manufacturer. The 

double digested DNA was purified using the Expin Combo GP as mentioned in section 

3.2.2.2.  

 

3.3.1.5 DNA ligation 

DNA ligation was carried out with 150 ng of purified DNA and 120 ng of purified 

vector, 1X T4 DNA ligase buffer and 1 U T4 DNA ligase (Thermo Scientific, USA) in 

a thin-wall PCR tube and incubated at 4°C for overnight. The ligated DNA was used for 

bacterial transformation as mentioned in section 3.3.1.3. 

 

3.3.1.6 Plasmid extraction and confirmation 

The endotoxin-free plasmid DNA maxi-preparation kit (BioTeke Corporation, China) 

was used for large scale plasmid DNA extraction. The plasmid DNA purification was 

carried out according to the manufacturer’s instructions. A volume of 500 ml of 

bacterial culture was pelleted by centrifugation for 10 minutes at 8,000 x g. The 

bacterial cell pellet was resuspended with 9 ml of Buffer P1 supplemented with RNase 

A. The cell pellet was lysed with 9 ml of Buffer P2 for 5 minutes, and then neutralized 
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with 14.4 ml of Buffer P3. The resulting precipitate was removed through centrifugation 

for 15 minutes at 8,000 x g. The plasmid-containing supernatant was added to the 

column and then washed with 10 ml of Buffer PE, followed by 10 ml of Buffer WB 

twice. The plasmid DNA was eluted with 1.5 ml of Buffer EB. The eluted plasmid 

DNA was filtered using the purification-column ED and concentrated to around 500 µl 

by incubation at 50°C for a few hours. Concentration of the purified plasmid DNA was 

quantified using an Epoch microplate spectrophotometer (BioTek Instruments, USA). 

The integrity of the plasmid DNA was then verified by agarose gel electrophoresis and 

its nucleotides were sequenced by First BASE Laboratories (Selangor, Malaysia) with 

primers pEGFP-CMV (5’-TAA CAA CTC CGC CCC ATT-3’) and pEGFP-rev (5’-

GTC CAG CTC GAC CAG GAT GGG-3’). 

 

3.3.2 Transfection of enhanced green fluorescent protein-expressing enterovirus 

A71 genes 

The pEGFP-cassette-VP1, -VP2, -VP3, -VP4, -3C and -3D and pEGFP-N1-2B, -2C and 

-3AB plasmids were used for transfection. HEK293 cells were seeded in 75cm
2
 tissue 

culture flasks at a density of 4 x 10
6
 cells and incubated overnight at 37°C in 5% CO2. 

The transfection mixture was prepared with a ratio of plasmid DNA to lipofectamine 

LTX reagent (Invitrogen, USA) of 1:3. Cells were transfected (16 µg of plasmid DNA 

per 4 x 10
6
 cells) in Opti-MEM (Invitrogen, USA) for 24 hours at 37°C in 5% CO2. The 

transfection medium was removed and replaced with fresh maintenance medium for 

another 24 hours incubation.  
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3.3.3 Protein expression 

3.3.3.1 Protein extraction and purification from the mammalian expression system 

Enhanced green fluorescent protein (EGFP)-expressing recombinant proteins were 

harvested at 48 hours post-infection. Cells were washed with PBS (137 mM NaCl, 2.7 

mM KCl, 10mM Na2HPO4, 1.8 mM KH2PO4) twice and lysed with ice cold lysis buffer 

(20 mM HEPES (pH 7.5), 280 mM KCl, 1 mM EDTA, 1% Triton X-100) containing 

protease inhibitors (Sigma Aldrich, Germany). The recombinant protein was vortexed 

vigorously for 30 minutes at 4°C. The cell debris was removed through centrifugation at 

20,000 x g for 10 minutes at 4°C. The protein lysate was kept at -20°C. 

Recombinant EV-A71-EGFP proteins were purified using the µMACS GFP isolation 

kit (Miltenyi Biotec, Germany) according to the manufacturer’s instructions. Briefly, 50 

µl of anti-GFP microbeads were added to the protein lysate to magnetically label the 

epitope-tagged target protein and incubated on ice for 30 minutes. The column was 

placed in the magnetic field of the µMACS separator, followed by addition of 200 µl of 

lysis buffer into the column. The protein lysate-microbeads mixture was then added to 

the column and washed with 800 µl of Wash Buffer 1 and 100 µl of Wash Buffer 2. The 

denatured protein was eluted with 70 µl of pre-heated 95°C hot elution buffer. The 

purified proteins were kept at -20°C. 

 

3.3.3.2 Protein expression and purification from the bacterial expression system  

Colony of the pET-52b(+)-2A expression bacteria was inoculated in 5 ml of LB broth 

supplemented with 100 µg/ml ampicillin at 37°C overnight. About 2 ml of overnight 

bacteria culture was inoculated into 200 ml of fresh LB broth supplemented with 100 

µg/ml ampicillin for 2 hours 15 minutes at 37°C. Protein expression was induced with 
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isopropyl-beta-D-thiogalactopyranoside (Vivantis Technologies, Malaysia) to a final 

concentration of 1 mM and incubated for 4 hours 30 minutes at 37°C. The bacteria 

culture was pelleted by centrifugation at 8,000 x g for 10 minutes. The cell pellet was 

lysed with denatured lysis buffer (8 M urea, 50 mM NaH2PO4, 300 mM NaCl, 10 mM 

imidazole, pH 8.0), followed by sonication, and centrifugation at 14,000 x g for 1 hour 

to remove the insoluble cell pellet. Profinity IMAC Ni-charged resins (Bio-Rad, USA) 

were added to a polypropylene column (Qiagen, Germany) and the column was 

activated with lysis buffer. Protein supernatant was added into the column and 

incubated for 30 minutes at 4°C with gentle rocking. The flow-through was discarded 

and the column was washed twice with denatured washing buffer (8 M urea, 50 mM 

NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0). The purified protein was eluted 

with 4 ml elution buffer (8 M urea, 50 mM NaH2PO4, 300 mM NaCl, 300 mM 

imidazole, pH 8.0). 

 

3.4 Identification of immunogenic proteins and peptides 

3.4.1 Human sera 

Four panels of human sera were used in present study. Panel A consisted of 36 residual 

serum samples obtained during 2000 HFMD outbreaks, and panel B consisted of 53 

sera prospectively collected during the 2012-2013 outbreak. All patients from panel A 

and B showed clinical signs of HFMD (including ulcers in the mouth/tongue, 

rash/vesicles on the palms and soles, with/without fever), and were positive for EV-A71 

or non-EV-A71 enteroviruses by virus culture (or PCR, for panel B) from throat swabs, 

vesicle swabs and/or rectal swabs. Panel C, the non-HFMD (negative control) samples, 

consisted of 47 residual serum samples which previously tested positive for IgM for 

other viral infections, such as dengue, chikungunya, measles, herpes simplex virus or 
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varicella-zoster virus. Samples from panels A-C were obtained from the diagnostic 

virology laboratory, UMMC. Panel D consisted of 5 healthy adult volunteer donors.  

 

3.4.2 Antibody detection 

3.4.2.1 Enterovirus A71 IgM-capture enzyme-linked immunosorbent assay 

EV-A71 specific-IgM antibody in serum specimens were detected using the EV-A71 

IgM-capture ELISA (Beijing Wantai Biological Pharmacy Enterprise CO., Ltd., China) 

according to the manufacturer’s instructions. In brief, 100 µl of diluent and 10 µl of sera 

were mixed in an anti-human IgM µ-chain microplate, followed by 30 minutes 

incubation at 37°C. The plate was washed with diluted washing buffer (PBS) five times. 

Then, 50 µl of purified EV-A71 antigens and 50 µl of horseradish peroxidase (HRP)-

conjugate anti-EV-A71 monoclonal antibody were added into the microplate and 

incubated for 30 minutes at 37°C. The plate was washed, followed by addition of 50 µl 

of urea peroxidase and 50 µl of TMB substrate, and further incubated in the dark for 15 

minutes at 37°C. The reaction was terminated with 50 µl of 2.0 M sulfuric acid. Optical 

density (OD) of each well was measured at 450 nm with a reference filter of 630 nm 

with a microplate reader (BioTek Instruments, USA). The cut-off value was calculated 

as 0.1 + mean OD of the negative controls. If the mean OD of negative controls was 

lower than 0.05, the value was considered to be 0.05. Serum specimens were considered 

positive if the signal/cut-off (S/CO) value is ≥ 1.0. 
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3.4.2.2 Enterovirus A71 IgM-colloidal gold immunochromatographic assay 

EV-A71 specific-IgM antibody in serum specimens was detected with EV-A71 IgM 

GICA (Beijing Wantai Biological Pharmacy Enterprise CO., Ltd., China) according to 

the manufacturer’s instructions. An aliquot of 15 µl of serum was added to the 1.5 ml 

specimen diluent and mixed well. Aliquots of 80 µl of diluted samples were pipetted 

into the sample wells of the EV-A71 IgM GICA cassette and the results were read 

within 30 min. EV-A71 specific-IgM antibodies were captured by immobilized EV-A71 

antigen and formed an antibody-antigen complex on the test line. Serum specimens 

were considered positive if bands appeared at the test line and control line. 

 

3.4.2.3 IgG detection by Western bloting 

EV-A71 specific-IgG antibody in serum specimens was determined by immunoblotting 

analysis. The detailed methods were explained in sections 3.4.3.1 and 3.4.3.2. Briefly, 

the denatured proteins from the EV-A71 isolate UH1/PM/1997 were separated by 

sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) at 80 V for 2 

hours. The protein was then transferred onto a polyvinylidene fluoride membrane 

(Millipore, USA) using a semidry transfer method. The membrane was blocked with 

blocking buffer for 1 hour. The membrane was washed and clamped in a Mini-

PROTEAN II multiscreen apparatus (Bio-Rad, USA), which can quickly and efficiently 

screen up to 18 different sera per membrane. The 1:100 diluted serum specimens were 

added into each lane and incubated for 1 hour. The membrane was washed, then 

incubated with HRP-conjugated polyclonal rabbit anti-human IgG (1:1000; 

Dakocytomation, Denmark) antibodies for 1 hour. The immunoblots were developed 

with DAB substrate in stable peroxide substrate solution (Pierce Biotechnology, USA). 
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The sizes of the desired protein bands were determined based on the PageRuler 

prestained protein marker (Thermo Scientific, USA). 

 

3.4.2.4 Neutralization assay 

The neutralization activity of antibodies from healthy donor and HFMD patients was 

tested in triplicate and analysed by microneutralization assay as previously described 

(Ang et al., 2011), with some modifications. Briefly, the human serum samples were 

heat-inactivated at 56°C for 30 minutes. Two-fold serial dilutions from 1:8 to 1:32 were 

performed for all serum samples. An aliquot of 90 µl of each dilution was mixed with 

90 µl of 1000 TCID50 of EV-A71 isolate UH1/PM/1997. The virus-antibody mixtures 

were incubated for 2 hours at 37°C in the presence of 5% CO2. The virus-antibody 

mixtures were inoculated into a 96-well plate in triplicate. RD cells were added at a 

density of 1 x 10
4
 cells/well. Pooled positive sera of known titer were included as 

positive controls. Diluted serum, virus alone and uninfected RD cells were also included 

as controls. The plates were incubated for 5 days at 37°C in the presence of 5% CO2. 

The CPE were observed and the neutralizing antibody titer was defined as the highest 

dilution that prevents the development of CPE in 50% of the inoculated wells. A serum 

sample was considered as positive if the neutralizing titer was ≥1:8 (Ji et al., 2012, Luo 

et al., 2009). 
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3.4.3 Antigenic protein identification 

3.4.3.1 Viral protein separation by sodium dodecyl sulfate-polyacrylamide gel 

electrophoresis  

Protein was separated by SDS-PAGE using a vertical slab gel unit in a Mini-Protean 

tetra cell (Bio-Rad, USA). The SDS-PAGE was casted with a 10% polyacrylamide 

separating gel and a 5% polyacrylamide stacking gel. An aliquot of the desired amount 

of protein samples was boiled with Laemmli loading buffer (375 mM Tris, 12% SDS, 

60% glycerol, 0.6 M DTT, 0.3% bromophenol blue) at 100°C for 10 minutes and loaded 

into each well. The denatured proteins were separated in Laemmli electrophoresis 

running buffer (25 mM Tris, 192 mM glycine, 0.1% SDS) at 80 V for 2 hours. The 

SDS-PAGE gel was either stained for visualization of the separated proteins, or 

processed further for Western blot analysis (section 3.4.3.2). For visualization, the SDS-

PAGE gel was stained in Coomassie brilliant blue R-250 staining solution (0.025% 

Coomassie brilliant blue R-250, 40% methanol and 7% acetic acid) for 1 hour with 

gentle rocking. Then, the stained gels were destained in destaining solution (40% 

methanol and 7% acetic acid) for 30 minutes. The gels were washed with deionized 

water overnight and gel images were captured by a GS-800 Calibrated Densitometer 

(Bio-Rad, USA) with Quantity One 1D Analysis software version 4.6.9 (Bio-Rad, USA).  

 

3.4.3.2 Western blot analysis by chemiluminescence detection 

The proteins in the SDS-PAGE gel were transferred onto an Amersham Hybond ECL 

nitrocellulose membrane (GE Healthcare, Germany) using a Trans-Blot SD semi-dry 

transfer cell (Bio-Rad, USA). The assembly of the protein transfer sandwich was in the 

following order, starting from the bottom: two layers of filter papers pre-wetted in 
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chilled anode buffer I (0.3 M Tris, 10% methanol, pH 10.4), followed by a layer of filter 

paper pre-wetted in chilled anode buffer II (25 mM Tris, 10% methanol, pH 10.4), 

nitrocellulose membrane pre-wetted in chilled anode buffer II, SDS-PAGE gel pre-

soaked in chilled cathode buffer ( 25 mM Tris, 40 mM glycine, 10% methanol, pH 9.4) 

and three layers of filter papers pre-wetted in chilled cathode buffer. Proteins were 

transferred onto the membrane at 10 V for 30 minutes and 1 hour for the 0.75 mm and 

1.5 mm gels, respectively.  

The membrane was blocked with 5% skimmed milk in 0.05% Tween-20 phosphate 

buffered saline (0.05% PBST) for 1 hour. The membrane was washed thrice with 0.05% 

PBST, with 5 minutes per wash with rocking. For IgM specific antibody detection, the 

pooled human serum samples were pre-treated additionally with RIDA RF-Absorbens 

(R-Biopharm AG, Germany). For IgG specific antibody detection, the pooled human 

serum samples were pre-treated with DTT (Invitrogen, USA) to a final concentration of 

5 mM prior to primary antibody incubation. The membrane was then incubated with 

1:5000 diluted anti-GFP-HRP (Miltenyi Biotec, Germany), 1:300 diluted pooled human 

serum, 1:100 diluted Light Diagnostics EV-A71 monoclonal antibody 3323 (Millipore, 

USA), 1:1000 diluted EV-A71 specific monoclonal antibody 979 (mAb 979; Millipore, 

USA) or 1:100 diluted mouse sera immunized with inactivated EV-A71 (a gift from Dr. 

Ong Kien Chai, University Malaya) for 1 hour at room temperature with rocking. The 

membrane was washed thrice with wash buffer, followed by incubation with the 1:5000 

diluted HRP-conjugated polyclonal rabbit anti-human IgM (KPL, USA), 1:3000 diluted 

Amersham ECL human IgG, HRP-linked whole Ab from sheep (GE Healthcare, USA) 

or 1:5000 diluted HRP-conjugated goat anti-mouse (Gene Tex, USA) antibody for 1 

hour at room temperature. The immunoblot was developed with Clarity Western ECL 

Substrate (Bio-Rad, USA) and detected by chemiluminescence. The protein size was 

determined using the Precise Plus Protein Western C Standard (Bio-Rad, USA). 
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3.4.4 Identification of B-cell epitopes 

3.4.4.1 Design and synthesis of synthetic peptides 

A total of 63 biotinylated peptides consisting of 15-mer peptides (Pepscan, Netherlands) 

were generated from consensus alignment of different EV-A71 amino acid sequences. 

The synthetic biotinylated peptides were either potential EV-A71 antibody epitopes 

predicted by the Emini surface accessibility scale (Emini et al., 1985) or published EV-

A71 epitope sequences. The calculation of Emini surface accessibility scale was based 

on surface exposure of a product instead of an addition within the window. The 

accessibility profile was obtained using the formula Sn = (∏        
   ) × (0.37)

-6
 

where Sn is the surface probability, δn is the fractional surface probability value, and 

i varies from 1 to 6. A hexapeptide sequence with Sn greater than 1.0 indicates an 

increased probability for being found on the surface (Emini et al., 1985). The detailed 

information and the schematic illustration of the 63 biotinylated synthetic peptides are 

shown in Table 3.3 and Figure 3.3. All synthetic peptides were dissolved in dimethyl 

sulfoxide (DMSO) to obtain a final concentration of 15 µg/ml. 

 

3.4.4.2 Virion-based ELISA and sera isotyping 

Polystyrene 96-well Maxisorp Nunc-immuno plates (Thermo Scientific, Denmark) were 

coated with 10 µg/ml of purified EV-A71 and incubated at 37°C for 1 hour with gentle 

rocking. The plates were washed with 0.05% PBST and subsequently blocked with 3% 

bovine serum albumin (BSA) diluted in 0.05% PBST for 1 hour. Pooled human sera 

were pre-treated with RIDA RF-Absorbens to obtain IgM specific antibody prior to 

primary antibody incubation. The plates were washed and pooled human sera were then 

diluted at 1:100 to 1:8000 in 1% BSA-0.05% PBST and incubated for 1 hour at 37°C. 
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The plates were washed and incubated for 1 hour with 1:5000 diluted HRP-conjugated 

polyclonal rabbit anti-human IgM (KPL, USA), 1:5000 diluted HRP-conjugated 

polyclonal rabbit anti-human IgG (Dakocytomation, Denmark) or 1:500 diluted HRP-

conjugated isotype IgG1 (Molecular Probe, USA), IgG2 (Invitrogen, USA), IgG3 

(Invitrogen, USA), and IgG4 antibodies (Molecular Probe, USA). Readout was detected 

with TMB microwell peroxidase substrate (KPL, USA) and terminated with 1 M 

phosphoric acid after 10 minutes. Absorbance was measured at 450 nm with a reference 

filter of 630 nm. The OD values were plotted as means ± standard deviation (SD). 

 

3.4.4.3 Peptide-based ELISA 

All synthetic peptides were screened in triplicate and analysed by indirect ELISA. 

Briefly, streptavidin high binding capacity coated plates (Pierce Biotechnology, USA) 

were first washed with 0.05% PBST and blocked with 3% BSA diluted in 0.05% PBST 

for 1 hour. The plates were washed and subsequently coated with synthetic peptides 

diluted at 1:1000 in 0.05% PBST. The plates were incubated at room temperature for 1 

hour with gentle rocking. Pooled human sera were pre-treated with RIDA RF-

Absorbens to obtain IgM specific antibody. The plates were then washed with 0.05% 

PBST before incubating with 1:500 diluted pooled human sera with 1% BSA-0.05% 

PBST for 1 hour. The plates were washed, then incubated with the 1:5000 diluted HRP-

conjugated polyclonal rabbit anti-human IgM (KPL, USA) or polyclonal rabbit anti-

human IgG (1:5000) antibodies for 1 hour. For visualization, 100 µl of TMB microwell 

peroxidase susbstrate (KPL, USA) was added to each well and incubated for 10 minutes. 

The OD was measured at 450 nm with a reference filter of 630 nm after termination 

with 1 M phosphoric acid. The cut-off value was calculated as mean OD of the negative 

controls. If the mean OD of negative controls was lower than 0.105, the value was 
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considered to be 0.105. Data was presented as S/CO values, with a value <2.1 scored as 

negative, a value of 2.1-4.9 scored as weakly positive, and a value ≥5 scored as strongly 

positive. 

 

3.4.4.4 Three-dimensional structure and sequence analysis 

The crystal structure of EV-A71 was retrieved from Protein Data Bank (PDB) 

(identifiers 3VBS) and visualized using the UCSF Chimera software version 1.10.1 

(Pettersen et al., 2004). For sequence analysis, sequences from different enteroviruses 

were downloaded from GenBank and were aligned using the Geneious R6 (Biomatters 

Ltd., Auckland, New Zealand). 
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Table 3.3: List of the 63 synthetic biotinylated peptides 

Name Sequence Location Region Prediction / Reference 

PEP1 STQRSGSHENSNSAT 6-20 VP4 Predicted by EMINI in this study 

PEP2 TEGSTINYTTINYYK 20-34 VP4 Predicted by EMINI in this study 

PEP3 YTTINYYKDSYAATA 27-41 VP4 Predicted by EMINI in this study 

PEP4 AGKQSLKQDPDKFAN 41-55 VP4 Predicted by EMINI in this study 

PEP5 

 

LTIGNSTITTQEAAN 

 

85-99 VP2 Predicted by EMINI in this study 

VP2-6 (Gao et al., 2012) 

PEP6 VDKPTRPDVSVNRFY 119-133 VP2 Predicted by EMINI in this study 

PEP7 DVSVNRFYTLDTKLW 126-140 VP2 VP2-21 (Gao et al., 2012) 

PEP8 YTLDTKLWEKSSKGW 133-147 VP2 Predicted by EMINI in this study 

PEP9 QGALLVAILPEYVIG 188-202 VP2 VP2-40 (Gao et al., 2012) 

PEP10 

 

 

TVAGGTGTEDSHPPY 

 

 

203-217 VP2 Predicted by EMINI in this study 

VP2-27 (Liu et al., 2011) 

VP2-28 (Liu et al., 2011) 

PEP11 

 

GTEDSHPPYKQTQPG 

 

209-223 VP2 Predicted by EMINI in this study 

VP2-29 (Liu et al., 2011) 

PEP12 

 

PYKQTQPGADGFELQ 

 

216-230 VP2 Predicted by EMINI in this study 

VP2-50 (Gao et al., 2012) 

PEP13 VTQGFPTEPKPGTNQ 321-335 VP2-VP3 Predicted by EMINI in this study 

PEP14 

 

IHIPGEVRNLLELCQ 

 

357-371 VP3 VP3-10 (Gao et al., 2012) 

VP3-12 (Gao et al., 2012) 

PEP15 RNLLELCQVETILEV 364-378 VP3 VP3-15 (Gao et al., 2012) 

PEP16 RFPVSAQAGKGELCA 393-407 VP3 VP3-24 (Gao et al., 2012) 

PEP17 FRADPGRDGPWQSTM 409-423 VP3 Predicted by EMINI in this study 

PEP18 PGGPLPKDRATAMLG 461-475 VP3 Predicted by EMINI in this study 

PEP19 WISNTHYRAHARDGV 494-508 VP3 Predicted by EMINI in this study 

PEP20 

 

QTASIQGDRVADVIE 

 

560-574 VP3-VP1 Predicted by EMINI in this study 

VP1-01 (Liu et al., 2011) 

PEP21 PTGQNTQVSSHRLDT 592-606 VP1 Predicted by EMINI in this study 

PEP22 VSSHRLDTGEVPALQ 599-613 VP1 VP1-14 (Gao et al., 2012) 

PEP23 TGEVPALQAAEIGAS 606-620 VP1 VP1-15 (Gao et al., 2012) 

PEP24 VLNSHSTAETTLDSF 634-648 VP1 Predicted by EMINI in this study 

PEP25 

 

 

PLEGTTNPNGYANWD 

 

 

661-675 VP1 Predicted by EMINI in this study 

BC loop 

VP1-31 (Gao et al., 2012) 

PEP26 ITGYAQMRRKVELFT 678-692 VP1 Predicted by EMINI in this study 

PEP27 

 

PTGEVVPQLLQYMFV 

 

707-721 VP1 Predicted by EMINI in this study 

DE loop 

PEP28 

 

 

VPPGAPKPESRESLA 

 

 

721-735 VP1 Predicted by EMINI in this study 

SP55 (Foo et al., 2007b) 

VP1-54 (Gao et al., 2012) 
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Table 3.3, continued.    

Name Sequence Location Region Prediction / Reference 

PEP29 

 

 

 

 

YPTFGEHKQEKDLEY 

 

 

 

 

773-787 VP1 Predicted by EMINI in this study 

SP70 (Foo et al., 2007b) 

VP1-71 (Gao et al., 2012) 

VP1-42 (Liu et al., 2011) 

VP1-43 (Liu et al., 2011) 

PEP30 VGSSKSKYPLVVRIY 803-817 VP1 HI loop 

PEP31 PRPMRNQNYLFKANP 828-842 VP1 Predicted by EMINI in this study 

PEP32 NYLFKANPNYAGNSI 835-849 VP1 Predicted by EMINI in this study 

PEP33 VYYCNSKRKHYPVSF 924-938 2A Predicted by EMINI in this study 

PEP34 YVEASEYYPARYQSH 945-959 2A Predicted by EMINI in this study 

PEP35 NLEQSAASQEDLEAM 1173-1187 2C Predicted by EMINI in this study 

PEP36 KRMNNYMQFKSKHRI 1217-1231 2C Predicted by EMINI in this study 

PEP37 LPPDPDHFDGYKQQV 1268-1282 2C Predicted by EMINI in this study 

PEP38 DAIRRRFYMDCDIEV 1347-1361 2C Predicted by EMINI in this study 

PEP39 YMDCDIEVTDSYKTD 1354-1368 2C Predicted by EMINI in this study 

PEP40 KLCSENNTANFKRCS 1379-1393 2C Predicted by EMINI in this study 

PEP41 LRDRKSKVRYSVDTV 1403-1417 2C Predicted by EMINI in this study 

PEP42 VVSELIREYNSRSAI 1417-1431 2C Predicted by EMINI in this study 

PEP43 GPPKFRPIRISLEEK 1441-1455 3A Predicted by EMINI in this study 

PEP44 IPETPTNVERHLNRA 1484-1498 3A Predicted by EMINI in this study 

PEP45 LRRNIRQVQTDQGHF 1559-1573 3C Predicted by EMINI in this study 

PEP46 RHSQPGKTIWVEHKL 1587-1601 3C Predicted by EMINI in this study 

PEP47 VTLDTNEKFRDITKF 1623-1637 3C Predicted by EMINI in this study 

PEP48 NLSGKPTHRTMMYNF 1674-1688 3C Predicted by EMINI in this study 

PEP49 GRQGFCAGLKRSYFA 1714-1728 3C Predicted by EMINI in this study 

PEP50 VKPNKETGRLNINGP 1737-1751 3D Predicted by EMINI in this study 

PEP51 GRLNINGPTRTKLEP 1744-1758 3D Predicted by EMINI in this study 

PEP52 AVLTSKDPRLEVDFE 1772-1786 3D Predicted by EMINI in this study 

PEP53 EPDEYVTQAALHYAN 1800-1814 3D Predicted by EMINI in this study 

PEP54 NQLKQLDINTSKMSM 1814-1828 3D Predicted by EMINI in this study 

PEP55 IKKRDILDPTTRDVS 1856-1870 3D Predicted by EMINI in this study 

PEP56 SKMKFYMDKYGLDLP 1870-1884 3D Predicted by EMINI in this study 

PEP57 PYSTYVKDELRSLDK 1884-1898 3D Predicted by EMINI in this study 

PEP58 DELRSLDKIKKGKSR 1891-1905 3D Predicted by EMINI in this study 

PEP59 INHTHHVYRNKTYCV 2000-2014 3D Predicted by EMINI in this study 

PEP60 LELAKTGKEYGLTMT 2073-2087 3D Predicted by EMINI in this study 

PEP61 ESIRWTKDARNTQDH 2131-2145 3D Predicted by EMINI in this study 

PEP62 LAWHNGKDEYEKFVS 2152-2166 3D Predicted by EMINI in this study 

PEP63 AIPNFENLRRNWLEL 2178-2192 3D Predicted by EMINI in this study 
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A 

       

 
 
B 

 

Figure 3.3: Schematic illustration of 63 synthetic biotinylated peptides. The distribution 

of the peptides is shown in the EV-A71 whole genome (A) and in each EV-A71 gene 

(B).  
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3.5 Determination of cellular responses in HFMD patients with specific reference 

to enterovirus A71 

3.5.1 Study subjects 

A total of 56 individuals were recruited for the intracellular cytokine staining analysis. 

Children clinically diagnosed as HFMD were enrolled, and were further divided into 

EV-A71-infected children (n=7) and CV-A6-infected children (n=7). Children from 

outpatient clinic with no infection in the last two weeks and neutralization titers <8 were 

categorized as seronegative children (n=8). All the adult subjects displayed no 

symptoms of HFMD during the sampling period. Healthy adult subjects were further 

divided into two categories: seropositive (n=22; neutralization titer ≥1:8) and 

seronegative (n=11; neutralization titer <1:8). All child participants were recruited 

through UMMC, Kuala Lumpur, whereas healthy adult subjects were volunteers from 

the Department of Medical Microbiology and the Department of Pathology, University 

of Malaya. This study was approved by the UMMC Medical Ethics Committee 

(reference number: 932.17).  

 

3.5.2 Peripheral blood mononuclear cells isolation and cryopreservation 

PBMCs were isolated from whole blood by density gradient centrifugation. Blood 

samples were diluted with the Roswell Park Memorial Institute 1640 medium (RPMI-

1640) containing 2 mM EDTA. A volume of 20 ml of diluted blood sample was layered 

over 7 ml of Ficoll-Paque PLUS (GE Healthcare, Sweden) in a 50 ml conical tube. The 

conical tube was centrifuged at 970 x g for 22 minutes at 22°C in a swinging-bucket 

rotor without brakes. The upper layer of plasma was removed and the buffy coat 

containing PBMCs over the Ficoll layer was transferred to a new conical tube, as shown 
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in Figure 3.4. The PBMCs were washed with 30 ml of RPMI-1640 with 2 mM EDTA 

and centrifuged at 650 x g for 10 minutes at 4°C. The supernatant was removed and the 

washing steps were repeated with centrifugation at 450 x g and 300 x g for 10 minutes 

each at 4°C. The supernatant was removed and 5 ml of RPMI-1640 supplemented with 

10% FBS was added. Cell count was performed and the PBMCs were cryopreserved 

with freezing medium (FBS with 10% DMSO). 

 

3.5.3 Intracellular cytokine staining 

PBMCs were seeded in a 6-well plate at a density of 1 x 10
6
 cells/well and rested for 2 

days at 37°C in 5% CO2. PMBCs were then stimulated with sucrose cushion purified 

EV-A71 at a multiplicity of infection (MOI) of 1 for 24 hours supplemented with 50 

IU/ml of rIL-2 (Sigma Aldrich, Germany). The cell culture was stimulated with 10 

µg/ml of phytohemagglutinin (PHA; Sigma Aldrich, Germany) positive control. The 

stimulated PBMCs were subsequently incubated for an additional 3 hours with 

Brefeldin A (Sigma Aldrich, Germany) at a final concentration of 10 µg/ml. The cells 

were harvested and washed twice with staining buffer (PBS supplemented with 2% 

FBS). The cells were then stained with fluorescent mouse anti-human monoclonal 

antibodies specific for CD3-APC (clone UCHT1), CD4-PerCP-Cy5.5 (clone RPA-T4) 

and CD8-PE (clone HIT8a) as surface markers for 30 minutes at 4°C. Later, the cells 

were washed before fixation and permeabilization with BD Cytofix/Cytoperm 

Fixation/Permeabilization Kit (BD Bioscience, USA) for 30 minutes at 4°C. The cells 

were washed with BD perm/wash buffer and stained with IFN-γ FITC antibody (clone 

4S.B3) for 30 minutes at 4°C. To analyze the function of granzyme B, perforin and 

CD57 in HFMD patient samples, the PBMCs were stained with antibodies specific for 

CD3-PerCP-Cy5.5 (clone SK7), CD8-APC (clone SK1) and CD57-FITC (clone HNK-1) 
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as surface markers, and then intracellularly stained with perforin-AlexaFluor 647 (clone 

δG9) and granzyme B-PE (clone GB11). All antibodies were from BD Bioscience, USA. 

All fluorescent lymphocytes were analyzed using a FACSCanto II flow cytometer (BD 

Biosciences, USA). Approximately 30,000 events were acquired for each sample. 

Acquisition was performed with BD FACSDiva software v6.1.3 (BD Biosciences, 

USA). Data were analyzed using the FlowJo software version 9.3.1 (Tree Star, San 

Carlos, CA). 

 

3.6 Statistical analysis 

Clinical data of EV-A71 and CV-A6 patients were analysed using IBM SPSS statistics 

22.0 (IBM, New York, USA), and the categorical variables were compared using 

Fisher’s exact test or chi-square test. The sensitivity, specificity, positive predictive 

value (PPV), and negative predictive value (NPV) of EV-A71 IgM-capture ELISA and 

EV-A71 IgM GICA were calculated, and compared using Fisher’s exact test. The S/CO 

values of EV-A71 IgM-capture ELISA for EV-A71-positive sera and false-positive 

samples were compared using the Mann-Whitney U test or one-way ANOVA with the 

Kruskal-Wallis test. The EV-A71-specific IgM and IgG antibody detection with 

individual serum were compared using one-way ANOVA with the Kruskal-Wallis test. 

The expression levels of CD3
+ 

IFN-γ
+
, CD4

+
 IFN-γ

+
, CD8

+
 IFN-γ

+
, CD8

+
 granzyme B

+
, 

CD8
+
 perforin

+
 and CD8

+
 CD57

+
 were compared using the Mann-Whitney U test.  

Cohen’s kappa (κ) was used to estimate inter-assay concordance between EV-A71 IgM 

capture ELISA and EV-A71 GICA, with a value ranging between 0 (no agreement) to 1 

(complete agreement). Correlation analysis among granzyme B, perforin and/or CD57 

was performed using Spearman rank correlation analysis. 
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All of the graphs were plotted and statistical analyses were performed using GraphPad 

Prism version 5.0 (GraphPad software, La Jolla, CA). Statistical significance was 

calculated using appropriate statistical tests (Fisher’s exact test, chi-square test, Mann-

Whitney U test, one-way ANOVA with the Kruskal-Wallis test, Cohen’s kappa or 

Spearman rank correlation analysis). A p value of <0.05 was considered as statistically 

significant. 
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Figure 3.4: Schematic illustration of PBMCs isolation. Diluted blood sample was 

layered over Ficoll-Paque PLUS in a 50 ml conical tube. After centrifugation, blood 

sample was separated into few layers as the following components from the top: plasma, 

PBMCs (lymphocytes and monocytes), Ficoll-Paque PLUS and erythrocytes.  
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CHAPTER 4 

RESULTS 

4.1 Enterovirus identification in HFMD patients 

4.1.1 Enterovirus identification 

To determine the humoral and cellular immune responses in HFMD patients, well-

characterized sera are required. From May 2012 to September 2013, enteroviruses were 

detected in 25 out of 42 (59.5%) throat swab specimens collected from children with 

suspected HFMD who attended at UMMC, Kuala Lumpur. Based on the results of 

sequencing the 5' UTR gene, the predominant serotypes were EV-A71 (n=12; 48%) and 

CV-A6 (n=12; 48%), followed by CV-A16 (n=1; 4%). This confirms that multiple 

enteroviruses co-circulate endemically.   

 

4.1.2 Epidemiology and clinical manifestations 

The complete demographic and clinical data of 11 EV-A71 and 11 CV-A6 patients were 

available for comparison (Table 4.1). The EV-A71-infected children (mean, 3.3 years) 

were significantly older than the CV-A6-infected patients (mean, 2.1 years; p=0.001). 

There was a non-significant trend towards hospitalization for CV-A6 patients, with 4 

patients admitted for 0.5 ± 0.82 days, while none of the EV-A71-infected patients 

required hospital admission. Both sets of patients had the classical symptoms of HFMD 

including mouth/throat ulcers and/or hand/feet lesions. There were no significant 

differences in the clinical presentations. Only one patient was confirmed as CV-A16-

infected patient in this study, and hence was not included in the analysis. 
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Table 4.1: The demographic and clinical characteristics of patients with EV-A71 and 

CV-A6 infection 

 EV-A71 (n=11) CV-A6 (n=11)  

 n % n % p value 

Demographic      

Male: female ratio 1:1.8  2.7:1  0.198 

Ethnicity: 

(a) Malay 

(b) Chinese 

(c) Indian 

(d) Others 

 

9 

1 

1 

- 

 

81.8 

  9.1 

  9.1 

  - 

 

8 

- 

2 

1 

 

72.7 

- 

18.2 

  9.1 

0.495 

Mean age ± SD at 

enrolment (years) 

3.29 ± 0.85  2.08 ± 2.29  0.001* 

Clinical manifestations      

Length of history: 

(a) 1 – 2 days 

(b) 3 – 4 days 

 

7 

3 

 

63.6 

27.3 

 

5 

5 

 

45.5 

45.5 

0.650 

Hospitalized 0 0 4 36.4 0.090 

Fever 8 72.7 10 90.9 0.586 

Mouth/throat ulcers 11 100 9 81.8 0.476 

Hand lesions: 

(a) Palms 

(b) Dorsum and palms 

(c) No lesions 

 

8 

2 

1 

 

72.7 

18.2 

  9.1 

 

7 

- 

1 

 

63.6 

  - 

  9.1 

0.442 

Foot lesions 6 54.5 9 81.8 0.361 

 

* Significant difference 
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4.1.3 Phylogenetic analyses  

To identify the enterovirus serotype, the partial 5’ UTR gene (positions 127 to 553) for 

each isolate was sequenced and aligned with relevant sequences available in the 

Genbank. Phylogenetic analysis of 5’ UTR showed that the isolates were grouped into 

EV-A71 (n=11), CV-A16 (n=1) and CV-A6 (n=10) (Figure 4.1), similar to the BLAST 

result. Three isolates could not be sequenced, and were not included in the phylogenetic 

analysis. Based on the 5’ UTR phylogenetic tree, EV-A71 was divided into 2 groups, 

where the first group is belonged to genotype C, while the another group with EV-A71 

isolates from this study is belonged to genotype B (Figure 4.1). The segregation is 

probably due to recombination among enteroviruses.  

Next, the VP4 gene for EV-A71 isolates, and VP1 gene for CV-A16 and CV-A6 

isolates were sequenced for genotyping. EV-A71 VP4 sequences from the present study 

(n=12) were aligned with other previously published EV-A71 sequences from Malaysia. 

Based on the VP4 phylogenetic tree, isolates from this study were solely grouped in a 

distinct cluster within subgenotype B5 (Figure 4.2). Similarly, the sequence of CV-A16 

isolate from this study (n=1) was aligned with other previously published CV-A16 

sequences from Malaysia. Based on the VP1 phylogenetic tree, CV-A16 isolate was 

grouped into subgenotype B2b (Figure 4.3). This shows the EV-A71 B5 strains and CV-

A16 B2b strains continue to evolve since its emergence in Malaysia in 2000 and 2003, 

respectively.  

There are limited CV-A6 sequences available, hence only those from China, France, 

Japan, Spain and Taiwan were used for comparison. The phylogenetic tree of CV-A6 

based on these 168 partial VP1 sequences (Figure 4.4) showed the same topology with 

the CV-A6 phylogenetic trees constructed by He et al. (2013). Based on this genotyping, 

CV-A6 is grouped into four major clusters, denoted as B, C and D, with genotypes C 

Univ
ers

ity
 of

 M
ala

ya



76 

 

and D further divided into genotypes C1, C2, D1 and D2. Five Malaysian sequences in 

present study were clustered into genotype D1 while seven sequences were clustered 

into genotype D2. Within both clusters, Malaysian sequences in present study were 

closely related to isolates from Seri Kembangan, Malaysia and China. Co-circulation of 

multiple clusters was observed in countries like Malaysia, China, and France. Globally, 

genotype B circulated from 1992-2004 and was replaced by genotypes C1 and C2, 

which were found between 1999-2011; in turn, these were replaced by genotypes D1 

and D2, the dominant genotypes in all the recent outbreaks in Taiwan, Spain, France, 

China and Malaysia (Figure 4.4). This study demonstrates a high diversity of the 

circulating CV-A6 genotypes which possibly promoted the rapid spread of CV-A6 

globally in recent years.  

 

4.1.4 Evolutionary rates 

To understand the evolutionary dynamics of EV-A71, CV-A16 and CV-A6, a Bayesian 

uncorrelated lognormal relaxed molecular clock model was used to estimate the 

evolutionary rate of these enteroviruses. In EV-A71, the evolutionary rate of VP4 gene 

is 7.8 x 10
-3

 (highest posterior density, HPD, 6.0-9.6 x 10
-3

) substitutions per site per 

year. The VP1 gene evolutionary rates of CV-A16 and CV-A6 were 4.8 x 10
-3

 (HPD, 

3.8-5.8 x 10
-3

), and 6.8 x 10
-3

 (HPD, 5.6-8.3 x 10
-3

) substitutions per site per year, 

respectively. 
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Figure 4.1: Phylogenetic analysis of enteroviruses based on partial 5’ UTR gene 

sequences (434 bp). The phylogenetic tree was constructed using the Bayesian MCMC 

method implemented in BEAST with a TIM2EF+I+G nucleotide substitution model. 

Only bootstrap values over 70% are shown. The dots (●) indicate sequences from the 

present study. 
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Figure 4.2: Phylogenetic analysis of EV-A71 based on VP4 gene sequences (207 bp). 

The phylogenetic tree was constructed using the Bayesian MCMC method implemented 

in BEAST with a HKY+G nucleotide substitution model. Only bootstrap values over 70% 

are shown. The dots (●) indicate EV-A71 strains from the present study. 
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Figure 4.3: Phylogenetic analysis of CV-A16 based on VP1 gene sequences (891 bp). 

The phylogenetic tree was constructed using the Bayesian MCMC method implemented 

in BEAST with a TIM2+I+G nucleotide substitution model. Only bootstrap values over 

70% are shown. The dot (●) indicates the CV-A16 strain from the present study.  
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Figure 4.4: Phylogenetic analysis of CV-A6 based on partial VP1 gene sequences (657 

bp). The phylogenetic tree was constructed using the Bayesian MCMC method 

implemented in BEAST with a K80+G nucleotide substitution model. Only bootstrap 

values over 70% are shown. The sequences were divided into five clusters: genotypes B, 

C1, C2, D1 and D2. The dots (●) indicate the CV-A6 strain from the present study. 

 

 

 

 

 

 

 

 

 

 

Univ
ers

ity
 of

 M
ala

ya



83 

 

4.2 Antibody detection in HFMD patients 

Well-characterized sera are required to determine the adaptive immune responses in 

HFMD patients. In the present study, the levels of anti-EV-A71 IgM and IgG, and 

neutralization titers against EV-A71 in patients clinically diagnosed as HFMD were 

determined. Subsequently, we characterized the sera into three categories: acute, early 

convalescent and late convalescent to investigate the humoral and cellular immune 

responses at different stages of HFMD. 

 

4.2.1 Anti-EV-A71 IgM antibody detection 

4.2.1.1 Grouping of serum samples 

A total of 89 HFMD sera (36 sera from panel A and 53 sera from panel B) and 47 non-

HFMD sera (panel C) were used for IgM detection (Table 4.2). Of these, 37 HFMD sera 

were from EV-A71-positive patients (confirmed by RT-PCR or culture), and 24 sera 

were from patients positive for non-EV-A71 enteroviruses, which consisted of CV-A4 

(n=1), CV-A6 (n=10), CV-A16 (n=2), CV-B (n=1), echovirus 7 (n=6), rhinovirus (n=1) 

and untyped enteroviruses (n=3). The remaining HFMD sera were enterovirus RT-PCR-

/culture-negative (n=28). 

 

4.2.1.2 Performance characteristics of IgM-capture ELISA and IgM GICA 

Two commercially available IgM diagnostic kits, EV-A71 IgM-capture ELISA and EV-

A71 IgM GICA were used. Both diagnostic kits had previously only been assessed in 

China (Xu et al., 2010, Yu et al., 2012, Wang et al., 2015b, Zhang et al., 2016). It is 
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critical to evaluate assays in different geographical settings, where there may be 

potential differences in circulating EV-A71 genotype and patient immune responses. 

Overall, sensitivity and specificity rates were moderately good. The sensitivity rates for 

ELISA and GICA were 78.4% and 75.7%, respectively, and specificity rates were    

89.9% and 85.9%, respectively (Table 4.3). Negative predictive value (NPV) rates 

were >90%, but positive predictive value (PPV) rates were moderate for ELISA (74.4%) 

and GICA (66.7%). Performances of the assays were also determined just for the 

HFMD cases, as this is the most likely group to be tested for EV-A71 IgM. Specificity 

(ELISA, 80.8% and GICA, 76.9%) and NPV (ELISA, 84.0% and GICA, 81.6%) 

decreased, while PPV remained similar. There were no significant differences in 

sensitivity, specificity, PPV and NPV rates between the two assays. 

Concordance between the results of the two assays for each category of sera is shown in 

Table 4.4. The overall concordance was 91.1%, with a κ value of 0.805. The 

concordance for testing the HFMD sera (panels A and B) was 92.1%, with a κ value of 

0.841. The concordance for testing EV-A71-positive sera was 97.3%, with a κ value of 

0.924 indicating almost perfect agreement, whereas the concordance for testing EV-A71 

negative control subjects was 91.9%, with a κ value of 0.622. 

 

4.2.1.3 False positive rates of IgM-capture ELISA and IgM GICA 

Next, the false positive rates in sera obtained from patients who tested negative for EV-

A71 were compared. In HFMD sera, anti-EV-A71 IgM was detected in 10/52 (19.2%) 

and 12/52 (23.1%) with IgM-capture ELISA and IgM GICA, respectively. Of those 

with confirmed enterovirus (other than EV-A71) infection, anti-EV-A71 IgM was 

detected in 3/24 (12.5%) and 4/24 (16.7%) with IgM-capture ELISA and IgM GICA, 
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respectively (Table 4.5). These false positives were detected in patients infected with 

echovirus 7 (n=2) and CV-A16 (n=1) in the IgM-capture ELISA assay, whereas the 

false positives in the IgM-GICA assay were seen in patients with echovirus 7 (n=1), 

CV-A16 (n=1) and CV-A6 (n=2). Two samples (one each with echovirus 7 and CV-

A16) were positive with both assays. In enterovirus RT-PCR-/culture-negative sera, 

anti-EV-A71 IgM was detected in 7/28 (25.0%) and 8/28 (28.6%) with IgM-capture 

ELISA and IgM GICA, respectively. For the non-HFMD sera, only the IgM GICA 

recorded false positives, in 2/47 (4.3%) samples.  

Overall, the mean S/CO value (0.76 ± 2.37) of the false-positive samples was 

significantly lower than the mean S/CO value of 4.70 ± 3.91 for the EV-A71-positive 

sera (Figure 4.5). Furthermore, the mean S/CO values of EV-A71-positive sera was also 

significantly higher than the mean S/CO values of non-EV-A71 enterovirus-positive 

sera, enterovirus RT-PCR-/culture-negative sera and non-HFMD sera, at 1.29 ± 3.27, 

1.38 ± 3.15 and 0.11 ± 0.14, respectively. 

 

4.2.2 Anti-EV-A71 IgG antibody detection 

EV-A71-specific IgG antibody in serum specimens was also determined by 

immunoblotting analysis. Due to insufficient volume of remaining samples, 70 out of 89 

HFMD sera were tested for anti-EV-A71 IgG detection (Appendix V). Of these, anti-

EV-A71 IgG was detected in 54/70 (77.1%). Anti-EV-A71 IgG was detected in 31/35 

(88.6%) of EV-A71-positive patients, 9/12 (75.0%) of non-EV-A71 enterovirus-positive 

patients, and 60.9% (14/23) of enterovirus RT-PCR-/culture-negative patients.  
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Table 4.2: Classification of serum samples used for the evaluation of EV-A71 

commercial diagnostic kits 

Group Panel A 

2000 

outbreak 

Panel B 

2012-2013 

outbreak 

Panel C 

non-

HFMD 

controls 

Total 

EV-A71
a 24 13 N/A 37 

Non-EV-A71 enterovirus
a,b 12 12 N/A 24 

Enterovirus RT-PCR-/culture 

negative
a 

N/A 28 N/A 28 

Non-HFMD N/A N/A 47 47 

Total 36 53 47 136 

 

a 
tested on throat swabs, vesicle swabs and/or rectal swabs from the same patient; all 

patients in panels A and B had suspected HFMD 

b 
CV-A4 (n=1), CV-A6 (n=10), CV-A16 (n=2), CV-B (n=1), echovirus 7 (n=6), 

rhinovirus (n=1), untyped enteroviruses (n=3). 

N/A, not applicable 
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Table 4.5: Specificity and cross-reactivity of IgM anti-EV-A71 in subjects testing 

negative for EV-A71 

  EV-A71 IgM-capture 

ELISA 
EV-A71 IgM-GICA 

 Total 

no. 

IgM 

positive 

Specificity, %  

(95% CI) 

IgM 

positive 

Specificity, %  

(95% CI) 

Non-EV-A71 

enterovirus 
24 3 87.5 (68.2-96.5) 4 83.3 (63.5-93.9) 

Enterovirus RT-

PCR/culture-

negative 

28 7 75.0 (56.4-87.6) 8 71.4 (52.8-84.9) 

Non-HFMD 47 0 100 (91.0-100) 2 95.7 (85.0-99.6) 
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Figure 4.5: Signal/cut-off (S/CO) values for EV-A71 IgM-capture ELISA. (A) 

Comparison of S/CO values for EV-A71-positive sera and overall false-positive 

samples. (B) Comparison of S/CO values for EV-A71-positive sera and other groups of 

false-positive sera. Red solid lines represent medians and dotted straight lines represent 

the cut-off value (S/CO value: 1). Values above the cut-off value were scored as 

positive. Mann-Whitney U test and one-way ANOVA with Kruskal-Wallis test were 

used for statistical analysis (*P<0.05, ***P<0.001). 
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4.2.3 Neutralization titers 

Serum specimens were considered seropositive if the neutralizing titer was ≥1:8. Of the 

70 HFMD sera tested for both EV-A71 IgM and IgG, 11 were not tested for 

neutralization test as the sera obtained were limited. Overall, 52/59 (88.1%) of HFMD 

sera were found to be seropositive. In the EV-A71 positive sera, 24/29 (82.8%) were 

seropositive, and 16/24 (66.7%) sera had neutralization titers ≥32. Interestingly, 9/10 

(90.0%) of non-EV-A71 enterovirus sera and 19/20 (95.0%) of enterovirus RT-PCR-

/culture-negative sera were seropositive. 

 

4.2.4 Summary of antibody profiles 

The complete profile of IgM and IgG antibodies, and neutralization titers for 89 HFMD 

sera is shown in Appendix V. Only sera from patients with PCR- or culture-confirmed 

EV-A71 were selected for subsequent experiments to characterize immune responses to 

EV-A71 and identification of immunogenic proteins. The antibody profiles for the EV-

A71 positive sera are shown in Figure 4.6. The selected samples were then divided into 

3 groups. Sera positive for EV-A71-specific IgM but negative for EV-A71-specific IgG, 

and with neutralization titers <8 were grouped as IgM
+
IgG

-
 (n=2). This group is likely 

to comprise the acute infection samples, as IgM is present but IgG has not yet been 

produced at detectable levels. IgM
+
IgG

+
 sera (n=15) were those that were positive for 

EV-A71-specific IgM and IgG, with neutralization titers of ≥32, and these represent 

early convalescent infection, when IgG has become detectable. IgM
-
IgG

+
 sera (n=6) 

were those which were negative for EV-A71-specific IgM but positive for EV-A71-

specific IgG, with neutralization titers ≥8, which represent the late convalescent stage of 

infection.  
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Figure 4.6: Antibody profiles for EV-A71-infected patient sera. Serum IgM and IgG 

antibodies, and neutralization (Nt) titers were characterized for patients with PCR- or 

culture-confirmed EV-A71 infections. 
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4.3 Identification of antigenic proteins and peptides 

4.3.1 Transfection and protein expression of EGFP-expressing EV-A71 genes 

Individual expression plasmids encoding each structural (VP1-4) and non-structural 

(2A-C, 3A-D) gene of the EV-A71 UH1/PM/1997 proteome were generated. An 

additional cassette with domain linker, StrepTag II, FLAG Tag and 8X His-Tag 

functions was included in pEGFP-cassette-VP1, -VP2, -VP3, -VP4, -3C and -3D 

expression plasmids. The domain linker is a short peptide sequence composed of 

flexible residues such as glycine and serine to allow the recombinant proteins to rotate 

independently from the C-terminus EGFP. StrepTag II and 8X-His Tag were also 

inserted for protein purification, while FLAG Tag allows detection with an anti-FLAG 

monoclonal antibody (mAb). 

After transient transfection in HEK293 cells, all recombinant EV-A71 EGFP proteins 

were successfully expressed, except recombinant EV-A71 2A protein (Figure 4.7). To 

resolve this problem, recombinant EV-A71 2A protein was expressed in a bacterial 

expression system with pET-52b(+)-2A expression plasmids. EV-A71 virions were 

purified by sucrose cushion purification and lysates were prepared under reducing 

conditions. EV-A71 viral proteins were then stained with Coomassie brilliant blue R-

250 and immunoblot analysis was performed with mAb 3323 (Millipore, USA) and 

mAb 979 (Millipore, USA) (Figure 4.8A). Both EV-A71-specific mAb detected VP0 

(36 kDa) and VP2 (28 kDa) proteins, and mAb 979 further detected P1 proteins (95 

kDa), VP4+VP2+VP3 proteins (62 kDa) and another protein of approximately 25 kDa 

that could be the proteolytic product of P1 protein. All recombinant EV-A71 EGFP 

proteins were purified and confirmed by immunoblotting with anti-GFP antibody 

(Figure 4.8B), whereas EV-A71 2A proteins were assessed by immunoblotting with 
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Coomassie brilliant blue R-250 staining (Figure 4.8C). In summary, all recombinant 

proteins were successfully expressed. 

 

4.3.2 Identification of antigenic protein 

4.3.2.1 Antigen recognition by EV-A71-infected patient sera 

Sera characterized in section 4.2 were used. EV-A71-specific IgM antibody (from IgM
+
 

IgG
-
 sera and IgM

+
 IgG

+
 sera) recognized all structural proteins (VP1 to VP4) and non-

structural proteins 2A, 3C and 3D (Figure 4.9A and B). EV-A71-specific IgG antibody 

(from IgM
+
 IgG

+
 sera and IgM

-
 IgG

+
 sera) recognized all structural and non-structural 

proteins (Figure 4.9C and D). As a parallel control, all these patient sera recognized 

VP0 protein and an unidentified protein at ≈25 kDa in the EV-A71 virion proteins. 

 

4.3.2.2 Antigen recognition by sera from mice immunized with inactivated EV-A71 

Antibodies from sera collected from mice immunized with inactivated EV-A71 (kind 

gift from Kien-Chai Ong from University Malaya) recognized multiple bands in the 

EV-A71 virion proteins (Figure 4.10). The mouse sera also recognized all structural and 

non-structural proteins, similar to EV-A71-infected patient sera. This suggests that the 

immune profile generated from the inactivated EV-A71 mimicked the natural infection.  
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Figure 4.7: EGFP expression of recombinant EV-A71-EGFP proteins. HEK-293 cells 

were transiently transfected with structural and non-structural EV-A71 gene-pEGFP 

plasmids and EGFP expression was observed 48 hours post-infection. The EGFP signal 

was detected using a fluorescence microscope at an excitation wavelength of 488 nm. 
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Figure 4.8: Detection of EV-A71 virion proteins and recombinant EV-A71-EGFP 

proteins. (A) EV-A71 virion lysates were subjected to SDS-PAGE gel electrophoresis 

with Coomassie brilliant blue R-250 staining or immunodetection with EV-A71-specific 

mAb 3323 (Millipore, USA) and mAb 979 (Millipore, USA), followed by secondary 

anti-mouse IgG-HRP. (B) Recombinant EV-A71-EGFP proteins (structural and non-

structural proteins) were subjected to SDS-PAGE gel electrophoresis and probed with 

anti-GFP-HRP. (C) Recombinant EV-A71 2A proteins were subjected to SDS-PAGE 

gel electrophoresis and stained with Coomassie brilliant blue R-250. The expected band 

for each individual recombinant protein is indicated by red solid arrows and the protein 

size is shown. 
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Figure 4.9: Antigenic profiles of the human anti-EV-A71 antibodies. The amount of 

EV-A71 structural and non-structural protein cell lysates loaded into SDS-PAGE gel 

electrophoresis was normalized with anti-GFP-HRP since the presence of inhibitory 

factors affected accurate quantitation of total proteins. The EV-A71 protein cell lysates 

and EV-A71 virion lysates were subjected to SDS-PAGE gel electrophoresis and 

probed with pooled human sera at a dilution of 1:300. (A) IgM
+
IgG

-
 sera (n=2) and (B) 

IgM
+
IgG

+
 sera (n=12) were used for EV-A71-specific IgM antibody detection. (C) 

IgM
+
IgG

+
 sera (n=12) and (D) IgM

-
IgG

+
 (n=5) sera were used for EV-A71-specific IgG 

antibody detection. The immunoblot was developed with Clarity Western ECL substrate 

and detected by chemiluminescence. The antigens recognized by EV-A71-infected 

patient sera are indicated by red solid arrows.  
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Figure 4.10: Antigenic profiles of the mouse anti-EV-A71 antibodies. The amount of 

EV-A71 structural and non-structural protein cell lysates loaded into SDS-PAGE gel 

electrophoresis was normalized with anti-GFP-HRP. The EV-A71 protein cell lysates 

and EV-A71 virion lysates were subjected to SDS-PAGE gel electrophoresis and 

probed with mouse sera immunized with inactivated EV-A71 at a dilution of 1:100, 

followed by secondary anti-mouse IgG-HRP. The immunoblot was developed with 

DAB substrate in stable peroxide substrate solution. The antigens recognized by EV-

A71-infected patient sera are indicated by red solid arrows. 
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4.3.3 Identification of antigenic peptides 

4.3.3.1 Isotyping of EV-A71-specific antibodies  

Sera were tested individually with purified EV-A71 virion-based ELISA, and only those 

with high absorbance values were selected for this analysis. The selected EV-A71-

infected sera were categorized into IgM
+
IgG

+
 (n=5) and IgM

-
IgG

+
 (n=3) sera. Healthy 

adult sera (n=5) with neutralization titers ≥16 and non-HFMD children sera (n=4) were 

also included in the analysis. 

The amount of IgM and IgG present in EV-A71-infected patient sera were quantified by 

the purified EV-A71 virion-based ELISA. IgM
+
IgG

+
 sera had good antibody responses 

for EV-A71-specific IgM antibody, even at high dilution (Figure 4.11A). All human 

sera showed weak IgG antibody responses at higher dilution (Figure 4.11B). Therefore, 

the human pooled sera were optimized at dilutions of 1:2000 and 1:500 for EV-A71-

specific IgM and IgG antibodies detection, respectively, in the following experiments. 

IgG1 subclass was the predominant isotype in the EV-A71-infected patient sera and 

adult sera (Figure 4.12). A stronger IgG3 subclass response was observed in EV-A71-

infected children (IgM
+
IgG

+
 and IgM

-
IgG

+
 samples), but not in adults. No patterns were 

observed in negative control sera.  
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Figure 4.11: Measurement of EV-A71-specific antibodies. (A) EV-A71-specific IgM 

antibody titers and (B) EV-A71-specific IgG antibody titers were determined by virion-

based ELISAs. EV-A71-infected patient pooled sera were assayed by serial dilution and 

subjected to virion-based ELISA. Non-HFMD children sera were used as negative 

controls. Each point represents mean ± SD of 3 replicates. 
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Figure 4.12: Isotyping of EV-A71 specific antibodies. EV-A71-specific IgG isotype 

titers in pooled sera were determined at dilutions of 1:100 using specific secondary 

antibodies. Data are presented as means ± SD of 3 replicates. 
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4.3.3.2 Mapping of EV-A71 specific peptides 

A total of 63 peptides were studied as potential EV-A71 B-cell epitopes, based on 

prediction using EMINI surface accessibility scale or previous publications (Table 3.3). 

Peptide-based ELISAs using these 63 biotinylated peptides were initially performed 

with pooled sera using an optimized plasma dilution of 1:2000 and 1:500 for IgM and 

IgG antibodies detection, respectively. Interestingly, a majority of the peptides were 

recognized as EV-A71-specific IgM linear epitopes at S/CO above 2.1 (Figure 4.13A). 

IgM
+
IgG

+
 sera recognized eight EV-A71-specific IgG linear epitopes covering VP1, 

VP3, VP4, 2A, 3C and 3D proteins. Two dominant linear epitopes were recognized, 

PEP47 and PEP62 (Figure 4.13B). IgM
-
IgG

+
 sera showed similar EV-A71-specific IgG 

epitope profiles as adult sera, with eight and thirteen linear epitopes recognized, 

respectively. Both sets of sera strongly recognized PEP23 as the dominant linear epitope, 

and adult sera also recognized PEP30 as additional dominant linear epitope (Figure 

4.13C and D). Both PEP23 and PEP30 are located at VP1 protein. 

All identified B-cell linear epitopes are summarized in Figure 4.14. For the EV-A71-

specific IgM linear epitopes, only dominant linear epitopes (S/CO ≥5) were selected for 

further analysis. Results were expressed as the percentage of antibody recognition 

within the whole EV-A71 proteome. A total of 22 EV-A71-specific IgM dominant 

linear epitopes were identified and the average percentage of peptide recognition by the 

sera was very similar (range 3.47% to 6.23%). Eight EV-A71-specific IgG linear 

epitopes were recognized by IgM
+
IgG

+
 pooled sera, the most strongly recognized being 

the PEP62 on the 3D protein and PEP47 on the 3C protein, at 31.49% and 17.35% of 

total antibody recognition, respectively. IgM
-
IgG

+
 sera and adult sera displayed similar 

antibody recognition profiles, recognizing eight and thirteen IgG linear epitopes, 

respectively. Both pooled sera had strongest detection signals in the VP1 protein, with 
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PEP23 identified as the dominant linear epitope, with 26.82% (IgM
-
IgG

+
 sera) and 

26.29% (adult sera) of the total antibody recognition. Adult sera further recognized 

PEP30 (located in the VP1 protein) as another dominant linear epitope, at 10.41% of 

antibody recognition. No recognizable linear epitopes were found in the VP3 protein for 

both pooled sera. PEP23, PEP33 and PEP49, located within the VP1, 2A and 3C 

proteins, respectively, were recognized by EV-A71-specific IgG antibodies from all 3 

groups of sera. Of these commonly recognized epitopes, PEP23 was identified as the 

dominant linear epitope, at 9.85, 26.82 and 26.29% of antibody recognition by 

IgM
+
IgG

+
, IgM

-
IgG

+
 and adult pooled sera, respectively, followed by PEP33 (7.53, 

13.88 and 8.93) and PEP49 (6.87, 8.90 and 4.67%). 

 

4.3.3.3 Seroprevalence of IgM and IgG to specific peptides  

Of the 22 EV-A71-specific IgM dominant linear epitopes, 13 peptides were IgM-

specific epitopes. These peptide sequences were subsequently aligned to the 

corresponding sequences from 12 different enteroviruses (EV-A71, CV-A2 to CV-A8, 

CV-A10, CV-A12, CV-A14 and CV-A16). Epitopes with conserved sequences 

(Appendix VI) were removed as these would likely cross-react with antibodies from 

other enteroviruses. The remaining five epitopes, for which EV-A71 sequences varied 

from other enteroviruses (Figure 4.15), were selected for study of seroprevalence in 

HFMD-infected patients. These were PEP12, PEP19, PEP21, PEP25 and PEP27. 

To further validate the specificity of the selected IgM epitopes as suitable early 

detection targets, serum samples from patients infected with EV-A71 (n=22) and non-

HFMD children (n=10) were screened. All IgM linear epitopes showed good responses 

for EV-A71-infected patient sera, particularly for PEP27, which had the highest mean 

OD values of 0.85±0.47 (Figure 4.16A). The OD values of EV-A71-infected patient 
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sera were significantly higher than non-HFMD children sera for PEP12, PEP19, and 

PEP27, suggesting that these IgM epitopes are suitable for distinguishing EV-A71 and 

non-HFMD patients. To determine if the antibodies from patients infected with other 

enteroviruses cross-reacted with EV-A71 IgM epitopes, peptide-based ELISA was 

further performed using 12 serum samples from patients infected with non-EV-A71 

enteroviruses. Serum samples from patients infected with non-EV-A71 enteroviruses, 

namely CV-A4, CV-A6, CV-A16, echovirus 7 and untyped enteroviruses, showed 

cross-reactivity to PEP12, PEP19 and PEP25. This cross-reactivity suggests that these 

IgM epitope recognitions are not EV-A71-specific. Significant differences between the 

OD values of EV-A71-infected and non-EV-A71-infected patient sera were observed in 

PEP21 and PEP27, suggesting that these IgM epitopes are EV-A71 specific. Overall, 

PEP27 is the best EV-A71-specific IgM epitope among the five IgM epitopes. 

For the EV-A71-specific IgG epitopes, PEP23 was selected for individual serum testing, 

as it is the dominant linear epitope that was commonly recognized by the three sets of 

sera in the previous section. All individual serum selected was positive for EV-A71-

specific IgG. No statistical differences were observed, as shown in Figure 4.17A. These 

results also suggest the EV-A71 IgG epitope PEP23 may be highly cross-reactive.    
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Figure 4.13: Mapping of EV-A71 B-cell epitopes within the EV-A71 proteome. Pooled 

human sera, at an optimized dilution of 1:2000 (IgM) and 1:500 (IgG), were subjected 

to peptide-based ELISA. (A) IgM
+
IgG

+
 sera (n=5) were used for EV-A71-specific IgM 

antibody detection. (B) IgM
+
IgG

+
 sera (n=5), (C) IgM

-
IgG

+
 (n=3) sera, and (D) adult 

sera (n=5) were used for EV-A71-specific IgG antibody detection. Non-HFMD children 

sera (n=4) were used as negative controls. Data are presented as mean ± SD of 3 

replicates. Values above the solid black line (S/CO=2.1) were scored as weakly positive 

and values above the dotted line (S/CO=5) were scored as strongly positive reactions. 

Red bars represent weakly positive human anti-EV-A71 epitopes and green bars 

represent strongly positive human anti-EV-A71 epitopes. 
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Figure 4.14: Analysis of anti-EV-A71 antibodies recognizing linear B-cell epitopes. (A) 

IgM antibody determinants identified from IgM
+
IgG

+
 sera. IgG antibody determinants 

identified from (B) IgM
+
IgG

+
 sera, (C) IgM

-
IgG

+
 sera, and (D) adult sera. Regions of 

amino acid sequences corresponding to the identified linear B-cell epitopes are 

indicated in the schematic diagrams of the EV-A71 genome. The percentage of antibody 

recognition contributed by each individual EV-A71 epitope is indicated in the pie charts, 

and was calculated according to the following equation: % antibody recognition = 100 x 

(OD values from individual peptide group/sum of the OD values from all peptide 

groups). Peptides are colour-coded according to the respective viral proteins. 
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Figure 4.15: Amino acid sequence alignment of peptides with enteroviruses. The 

selected peptides (PEP12, PEP19, PEP21, PEP23, PEP25 and PEP27) were aligned to 

the corresponding sequences from 12 enterovirus prototype and consensus sequences 

(EV-A71, CV-A2 to CV-A8, CV-A10, CV-A12, CV-A14 and CV-A16). Conserved 

amino acids are indicated by a ‘–’ and alignment gaps are shown in grey. The consensus 

sequences represent the current circulating strains while BrCr, Fleetwood, Olson, High 

Point, Swartz, Gdula, Parker, Donovan, Kowalik, Texas, G14 and G10 are prototype 

virus strains. 
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Figure 4.17: EV-A71-specific IgG antibody determinant. (A) EV-A71-specific IgG 

antibody detection in sera (n=38) at a dilution of 1:500 was determined by peptide-

based ELISA. Sera were categorized into EV-A71-infected patients (n=25), non-EV-

A71 enterovirus-infected patients (n=8) and healthy adults (n=5). Red solid line 

represents median. One-way ANOVA with Kruskal-Wallis test was used for statistical 

analysis. (B) Schematic representation of the location of the PEP23 in the VP1 protein, 

based on structural data retrieved from PDB records (identifier 3VBS). 
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4.3.3.4 Structural localization of the antigenic peptides 

Epitope-containing sequences were next mapped onto the available three-dimensional 

crystal structures of the VP1, VP2 and VP3 proteins (PDB identifier: 3VBS). For the 

EV-A71-specific IgM epitopes, PEP12 is located in the solvent-exposed region of VP2, 

whereas PEP19 is partially embedded in the VP3 protein (Figure 4.16B). Similar 

analyses for the VP1 protein revealed that PEP21 and PEP25 are located in the solvent-

exposed region, while PEP27 is partially concealed in the folder protein (Figure 4.16B). 

The EV-A71-specific IgG epitope PEP23 is prominently exposed on the surface of the 

virus (Figure 4.17B). 

 

4.4 Determination of T-cell responses to EV-A71 in HFMD patients  

4.4.1 Study subjects 

Of a total of 56 individuals recruited for the intracellular cytokine staining analysis, 14 

were RT-PCR confirmed enterovirus-infected patients, with EV-A71-infected (n=7) and 

CV-A6-infected children (n=7). The remaining eight children showed no infection in 

the last two weeks and had neutralization titers <8, and were categorized as 

seronegative children. Healthy adults were further divided into seropositive (n=22; 

neutralization titers ≥8) and seronegative adults (n=11; neutralization titer <8) based on 

neutralization test. PBMCs were extracted and stimulated with EV-A71 as mentioned in 

the section 3.5.3. 
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4.4.2 IFN-γ analysis 

IFN-γ is a pro-inflammatory Th1 cytokine that plays an important role in both innate 

and adaptive immunity, especially against viral infections. Besides, IFN-γ can also be 

secreted by helper cytotoxic T cells (CD8
+
 T cells) and NK cells in response to antigens. 

Here, the frequency of IFN-γ-expressing CD4
+
 and CD8

+
 T cells during EV-A71 

infection was investigated. The differential expression of IFN-γ was gated on the T-cell 

subsets as shown in Figure 4.18A. A different gating pattern but similar strategy was 

applied to samples from children and adults, as lymphocytes of children increase in size 

after virus stimulation (lymphoblasts). Results with the positive control PHA-stimulated 

samples (Appendix VII), confirmed that CD8
+
 T cells of HFMD patients and adult 

donors could robustly express IFN-γ upon stimulation. 

Firstly, IFN-γ expression by the T-cell subsets in EV-A71-infected and CV-A6-infected 

patients were compared, and were found to show similar T cell responses (Figure 

4.18B). There were no significant differences observed in infected and healthy children 

(data not shown) due to the low number of samples, and hence both samples were 

combined for subsequent analysis. Overall, a higher frequency of IFN-γ-expressing 

CD4
+
 T cells was observed in children, and a higher frequency of IFN-γ-expressing 

CD8
+
 T cells was seen in adults (Figure 4.18B).  

 

4.4.3 Granzyme B, perforin and CD57 in CD8
+
 T cells  

Next, the levels of granzyme B and perforin were studied, as these molecules are known 

to induce caspase-independent cell-death, allowing CD8
+
 T cells to kill virus-infected 

cells. The expression of the terminal differentiation marker, CD57 on CD8
+
 T cells, 

which indicates replicative senescence, was also analyzed. The expressions of granzyme 
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B, perforin and CD57 were gated on the CD8
+
 T cells, as shown in Figure 4.19A. 

Similarly, a different gating pattern but similar strategy was applied to samples of 

children and adults. Results with the positive control PHA-stimulated samples 

(Appendix VIII), confirmed that CD8
+
 T cells of HFMD patients and adult donors could 

robustly express the T-cell markers following stimulation. 

Granzyme B and perforin were expressed in both children and adults (Figure 4.19B). 

Similar expression of CD57
+
 CD8

+
 T cells was observed in children and adults. The 

expression of CD57 cells suggests that immunosenescence, which is common in chronic 

infections, may also play a role in EV-A71 T-cell immunity. No significant differences 

were observed in the expression of granzyme B, perforin and CD57 on CD8
+
 T cells in 

adults and children. Next, we compared the expression levels of different markers on 

CD8
+
 T cells within the same group of samples (Figure 4.19C). Overall, higher 

granzyme B compared to perforin was expressed in CD8
+
 T cells in both children and 

adults. The frequency of CD57
+ 

CD8
+
 T cells positively correlated with granzyme B

+ 

CD8
+
 T cells (r=0.7940; P<0.0001) (Figure 4.19D). The expressions of perforin, 

granzyme B and CD57 on CD8
+
 T cells all correlated significantly with each other.  
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Figure 4.18: IFN-γ expression by T-cell subsets following stimulation with EV-A71 in 

the study population. (A) Depiction of the gating strategy used to identify T cells in the 

study. Lymphocytes were selected on the basis of forward-(FSC) and side-scatter (SSC) 

characteristics. T cells were defined using the expression of CD3. Next, T cells were 

segregated to CD4
+
 helper and CD8

+
 cytotoxic T cells. (B) The left plots show the 

gating strategy for expression of IFN-γ by T-cell subsets. The scatter plots on the right 

show the frequencies of CD3
+ 

IFN-γ
+
, CD4

+ 
IFN-γ

+
 and CD8

+ 
IFN-γ

+
 T cells in EV-

A71-infected and CV-A6-infected patients, and in children and adult samples. Each 

symbol represents an individual, and for each plot the median is represented by the 

horizontal red line. Differences between any two groups were calculated using the 

Mann-Whitney test (*P<0.05, **P<0.01, ***P<0.001). 
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Figure 4.19: Expression level of different markers by CD8
+
 T cells following 

stimulation with EV-A71 in the study population. (A) Depiction of the gating strategy 

used to identify CD8
+
 T cells. Lymphocytes were selected on the basis of forward (FSC) 

and side-scatter (SSC) characteristics. T cells were defined by CD3 expression and later 

plotted for CD8
+
 T cells. (B) The left plots show the representative gating strategy for 

expression of different markers by CD8
+
 T cells. The scatter plots on the right show the 

frequencies of CD8
+
 T cells expressing granzyme B, perforin and CD57 in EV-A71-

infected and CV-A6-infected patients, and in children and adult samples. (C) The 

percentages of expression of different markers in CD8+ T cells. Each symbol represents 

an individual, and for each plot the median is represented by the horizontal red line. 

Differences between any two groups were calculated using the Mann-Whitney test 

(*P<0.05, **P<0.01, ***P<0.001). (D) Relationship between CD57 and granzyme B 

expressions, between CD57 and perforin expressions, and between granzyme B and 

perforin expressions in CD8
+
 T cells. Correlation analysis was performed using 

Spearman rank correlation analysis. 
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CHAPTER 5 

DISCUSSION 

5.1 Enterovirus identification in HFMD patients 

Prior to 2012, EV-A71 and CV-A16 were the main causative agents of HFMD in 

Malaysia (Chan et al., 2012). However, CV-A6 has recently emerged to be the main 

cause of unusual HFMD outbreaks in Europe (Osterback et al., 2009, Mirand et al., 

2012) and Asia (Wu et al., 2010, Lu et al., 2012, Fujimoto et al., 2012), and is often 

found co-circulating with other enteroviruses. In this study, three human enteroviruses, 

EV-A71, CV-A16 and CV-A6 were found to co-circulate in Malaysia. With the co-

circulation of various enteroviruses and the potential for viral co-infection and 

recombination, enteroviruses other than EV-A71 and CV-A16 also have the propensity 

to cause HFMD outbreaks (Yoke-Fun and AbuBakar, 2006, Chan and AbuBakar, 2004). 

In the present study, there were no significant differences in clinical manifestations 

between CV-A6 and EV-A71 patients. A few studies have reported that CV-A6 was 

more commonly associated with herpangina than HFMD (Lo et al., 2011, Mirand et al., 

2012, Chen et al., 2012), and that CV-A6 causes more severe and widespread skin 

manifestations, involving sites such as knees, elbows, trunk and neck (Puenpa et al., 

2013, Kobayashi et al., 2013). The rash in CV-A6 may be vesiculobullous and form 

scabs (Feder et al., 2014). Onychomadesis, or painless nail shedding, has been reported 

as a hallmark for CV-A6-infected HFMD patients 1-2 months after the onset of disease 

(Osterback et al., 2009, Fujimoto et al., 2012, Kobayashi et al., 2013, Wei et al., 2011). 

This observation could not be confirmed in the current study as no patient follow-up 

was performed. However, CV-A6 patients were younger than EV-A71 patients, similar 

to other studies (Lu et al., 2012, He et al., 2013). 
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Highly conserved 5’ UTR is used for broad-range detection of enteroviruses (Hyypia et 

al., 1989, de Vries et al., 2008, Zhou et al., 2014). In the present study, EV-A71, CV-

A16 and CV-A6 were identified based on 5’ UTR phylogenetic analysis. The results 

suggest that 5’ UTR is suitable for initial identification of enteroviruses during HFMD 

outbreaks, as co-circulation of various enteroviruses occurs frequently. As 5’ UTR is a 

hotspot for recombination, specific capsid genes such as VP1 and VP4/VP2 were 

required to further confirm genotypes. 

EV-A71 subgenotype B5 and CV-A16 subgenotype B2 have been the genotypes 

circulating in Malaysia since 2000 and 2003, respectively (Chan et al., 2012). In this 

study, EV-A71 and CV-A16 isolates were still from subgenotypes B5 and B2b, 

respectively, similar to previous reports (Chua and Kasri, 2011, Ling et al., 2014, Yusof 

et al., 2014). This suggests that persistence of previous circulating EV-A71 and CV-

A16 genotypes in Malaysia. For CV-A6, Malaysian sequences obtained in the current 

study were clustered into genotypes D1 and D2, and were closely related to isolates 

from Seri Kembangan, Malaysia and China.  

Many estimated substitution rates have been published for enteroviruses, especially for 

the VP1 region. The VP1 of CV-A6 is 915 bp, but only 897 bp in both EV-A71 and 

CV-A16.  He et al. (2013) used 234 CV-A6 isolates and 31 reference sequences of 269 

bp lengths in their analysis, whereas 12 CV-A16 isolates and 156 reference sequences 

of 657 bp lengths were used in the present study for evolutionary rate estimation 

analysis. In this study, the CV-A6 evolutionary rate of VP1 gene was estimated at 6.8 x 

10
-3

 substitutions per site per year, which is higher than the previously reported rate of 

4.4-4.5 x 10
-3

 (He et al., 2013). The greater lengths of VP1 sequences used in this study 

are more phylogenetically informative and likely to provide a better estimate. The CV-

A16 evolutionary rate of 4.8 x 10
-3

 substitutions per site per year is also higher than the 
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reported rate of 4.0-4.1 x 10
-3

 (He et al., 2013). However, the EV-A71 evolutionary rate 

of 7.8 x 10
-3

 in this study was not comparable with the reported rate of 4.2-4.5 x 10
-3

 

(Tee et al., 2010), as different capsid genes were used for analysis. Overall, the CV-A6 

evolutionary rate was found to be higher than the evolutionary rate of CV-A16. This 

higher evolutionary rate could lead to beneficial mutations that increase infectivity or 

enable escape from immune responses, which may explain the recent increase of CV-

A6 HFMD outbreaks observed, and explain the replacement of CV-A16 as the second 

most common causative agent of HFMD in Malaysia. 

In summary, EV-A71, CV-A16 and CV-A6 were detected from patients clinically 

diagnosed with HFMD in Kuala Lumpur, Malaysia. This study also demonstrates that 

CV-A6 is emerging as a new and important cause of epidemic HFMD in Malaysia, in 

addition to EV-A71 and CV-A16. In the subsequent work, the patient sera collected 

during this 2012-2013 HFMD outbreaks were used to investigate the humoral and 

cellular immune responses against EV-A71. 

 

5.2 EV-A71 antibody detection in HFMD patients 

Well-characterized sera are required to determine humoral and cellular immune 

responses to EV-A71 in HFMD patients. Anti-EV-A71 antibody responses were 

determined for serum samples collected during the 2000 and 2012-2013 HFMD 

outbreaks with two commercial available diagnostic kits, EV-A71 IgM-capture ELISA 

and IgM GICA, which had previously been evaluated only in China. It is important to 

evaluate the performances of these two commercial assays in different geographical 

settings where the circulating EV-A71 genotypes and patient immune responses may 

differ.  
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In Malaysia, HFMD is endemic and outbreaks of EV-A71 infection occur every 2-3 

years. Early social distancing resulted in reduced HFMD cases in Sarawak, Malaysia in 

2006 (Solomon et al., 2010). Therefore, early diagnosis of EV-A71 could enable early 

interventions to curb the spread of infection and appropriately observe patients for 

complications. While PCR will detect the virus at the earliest time, IgM has also been 

shown to be a good early indicator for EV-A71 infection, as it may be detectable as 

early as 1 day of illness, peaks on day 5 (Zhao et al., 2011), and is detectable for up to 

94 days (Wang et al., 2004b). Serological detection of IgM would be suitable for most 

laboratories which do not have PCR or viral culture facilities, but are more likely to 

have ELISA. More importantly, the rapid and more convenient GICA assay showed 

comparable performance to the ELISA-based assay, suggesting that it can be used in 

clinics or rural settings with no laboratory facilities.  

There are very few commercial EV-A71 IgM diagnostic kits available. EV-A71 IgM-

capture ELISA and IgM GICA assays were compared in Malaysian patients, and 

sensitivity rates (78.4% and 75.7%, respectively) were lower than the 93.6% and 94.1% 

(IgM-capture ELISA), and 93.3% and 97.6% (IgM-GICA) reported earlier in China (Xu 

et al., 2010, Yu et al., 2012, Wang et al., 2015b, Zhang et al., 2016). One possible 

reason might be the varying detection of antibodies resulting from different circulating 

EV-A71 genotypes found in Malaysia and China. In Malaysia, subgenotypes B4, B5 

and C1 circulated in 2000, and only subgenotype B5 has been present after 2005, 

whereas the current predominant EV-A71 in China is subgenotype C4 (Chan et al., 

2012). The purified EV-A71 antigen used in the diagnostic kits was subgenotype C4, 

which may explain the higher sensitivity reported in the China studies.  

When testing serum from children with HFMD, the assays showed specificity rates of 

80.8% and 76.9% for the IgM-capture ELISA and IgM GICA, respectively. These 
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specificity rates were lower than the 88.6% (IgM-capture ELISA) and 94.7% (IgM 

GICA) reported by Xu et al. (2010) and Zhang et al. (2016), but higher than the 69.6% 

reported for the IgM-capture ELISA by Yu et al. (2012) and the 50% for the IgM GICA 

reported by Wang et al. (2015b). The PPV rates of 74.4% (ELISA) and 70.0% (GICA) 

were moderate, although these rates would have been affected by the lower prevalence 

of EV-A71 in the HFMD outbreak in 2012-2013 (panel B), which had relatively more 

cases due to CV-A6. The false positives are likely due to detection of IgM which 

recognize common epitopes among enteroviruses (Xu et al., 2010, Yu et al., 2012). 

Increasing the cut-off values according to locally-determined background seropositive 

rates may improve specificity and PPV. 

PCR is known to be the most sensitive diagnostic assay for EV-A71 (Ooi et al., 2010); 

yet, in the present study, IgM was detected in 25.0% (ELISA) and 28.6% (GICA) of 

serum samples from patients with negative enterovirus RT-PCR. One possibility is the 

presence of low levels of virus RNA, which may be resolved by the use of real-time 

RT-PCR rather than the less sensitive conventional RT-PCR used in the present study. 

In addition, RT-PCR in this study is only limited to amplification of 5’UTR, so 

targeting other gene regions such as VP4/VP2 and VP1 should be considered.  

One of the limitations of the present study is that the timing of disease onset is not 

known, and cannot be correlated with the IgM response. However, the value in this 

study is the use of samples from patients with confirmed enterovirus infection, in a 

different geographical location with different circulating enteroviruses to other 

previously reported evaluations, which were limited to China. The circulation of 

different serotypes of EV-A71 in Malaysia likely explains the lower test sensitivities 

seen here. Both EV-A71 IgM-capture ELISA and EV-A71 IgM GICA had comparable 

performance characteristics and concordance, despite the fact that point-of-care tests are 
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generally felt to be inferior to ELISA-based assays. Therefore, the IgM GICA can be 

used in clinics or rural settings with no laboratory or ELISA facilities. Both diagnostic 

kits may be useful and convenient for the screening for EV-A71 infection during 

HFMD outbreaks in Malaysia, but confirmation (of patients with both positive and 

negative IgM results) with either culture or RT-PCR remains essential.  

The sera from HFMD children were then used to determine the anti-EV-A71 IgG level 

and neutralization titers against EV-A71. Overall, 89 HFMD sera were tested and 37 of 

them were samples from children confirmed to have EV-A71 by PCR or culture. These 

37 sera were further divided into three categories: acute infection (EV-A71 IgM
+
IgG

-
), 

early convalescent infection (EVA-71 IgM
+
IgG

+
) and late convalescent stage (EV-A71 

IgM
-
IgG

+
). There are a few possible explanations for the IgM

-
IgG

+ 
status in a patient 

with PCR- or culture-confirmed EV-A71 in the late convalescent stage, such as (1) 

persistent infection (with persistent shedding), (2) reinfection, or (3) false negative IgM 

results. In hepatitis B, IgG with the absence of IgM may be present in persistent chronic 

and resolved infections (World Health Organization, accessed February 7, 2016). 

Likewise, long term shedding of EV-A71 may result in low or transient IgM detection. 

The longest duration of EV-A71 shedding in throat swabs and fecal specimens of 

HFMD patients was 30 days and 54 days, respectively (Han et al., 2010). Furthermore, 

EV-A71 shedding correlated with disease severity (Li et al., 2013). Several studies 

demonstrated that rubella-specific IgM is generally absent or present at a low level 

transiently in reinfection cases, whereas the IgG response is highly elevated (Morgan-

Capner et al., 1985, Hamkar et al., 2009). False negative IgM results could be one of 

the conceivable explanations. Different circulating EV-A71 genotypes in Malaysia 

might vary the detection of IgM antibodies. Based on all the tests performed, these sera 

were subsequently selected for identification of immunogenic proteins and peptides. 
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5.3 Identification of antigenic proteins and peptides 

Understanding the immune responses against EV-A71 is important for the development 

of diagnostic tools and potential vaccine candidates. In the present study, the first 

comprehensive analysis of antibody responses against structural and non-structural 

proteins of EV-A71 was performed. Using EV-A71-infected patient serum samples 

from the HFMD outbreaks in Malaysia, all viral structural proteins (VP1-VP4) were 

found to be the targets for EV-A71-specific IgM and IgG antibodies. EV-A71-specific 

IgM antibody also recognized viral non-structural proteins 2A, 3C and 3D, whereas EV-

A71-specific IgG antibody recognized all the non-structural proteins. Further 

investigation will be required to identify the most appropriate antigen to distinguish the 

infection stages of the EV-A71 patient. Serum antibodies from mice immunized with 

inactivated EV-A71 showed similar results to patient sera, suggesting that the immune 

profile generated from the inactivated vaccine mimicked the nature infection. In foot-

and-mouth disease, non-structural proteins were used as a diagnostic antigen in ELISA 

to distinguish infected animals from vaccinated animals due to its high immunogenicity 

(Ma et al., 2011). Infected animals produced antibodies against both structural and non-

structural proteins, whereas vaccinated animals only developed antibodies against 

structural proteins since the inactivated vaccine had no replicating virus (Clavijo et al., 

2004). Among all the non-structural proteins, 3ABC was shown to be the most 

appropriate antigen to distinguish infection from vaccination (Bergmann et al., 2003, 

Sorensen et al., 2005, Bronsvoort et al., 2006). Similarly, when the EV-A71 vaccine is 

available, non-structural proteins 2A, 3C and 3D recognized by IgM, and 2A, 2B, 2C, 

3AB, 3C and 3D which are recognized by IgG antibody from EV-A71-infected patient 

sera, could be used as potential diagnostic antigens to differentiate vaccinated from 

naturally infected individuals. Further investigation will be required to determine which 

protein should be used for diagnostic antigens. 
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Different roles of human IgG subclasses in neutralization and antibody-dependent 

enhancement activities were well documented in dengue and West Nile virus studies 

(Hofmeister et al., 2011, Rodrigo et al., 2009). In EV-A71, IgG1 subclass demonstrated 

the strongest neutralizing ability and is found in human intravenous immunoglobulin 

(Cao et al., 2013). In the present study, IgG1 subclass was identified as the predominant 

isotype in EV-A71-infected patient sera. It has been shown that IgG3 subclass did not 

have neutralizing activity but enhanced EV-A71 infection in vitro (Cao et al., 2010). 

Interestingly, a stronger IgG3 subclass response was observed in EV-A71-infected 

children, but not in adults, and this could imply poorer neutralizing antibody protection 

in children compared to adults. 

IgM response detection is important for early diagnosis of infectious diseases. Therefore, 

a total of 63 biotinylated peptides were synthesized to determine EV-A71-specifc IgM 

linear epitopes using peptide-based ELISAs. Linear epitopes instead of discontinuous 

epitopes were the focus since they are more easily identifiable in a medium-throughput 

approach (Kam et al., 2012). Interestingly, 92.0% (58/63) of the peptides were 

recognized by IgM antibody from EV-A71-infected patient sera. All previously reported 

EV-A71 human IgM epitopes were also positive in the current study.  Overall, 22 

dominant human anti-EV-A71 IgM linear epitopes were identified, suggesting that anti-

EV-A71 IgM responses against multiple epitopes are induced during EV-A71 infection 

(Gao et al., 2012). The dominant linear epitopes with signal/cut-off levels of ≥5 were 

PEP12, PEP14 and PEP22, which were mapped at similar locations as the human IgM 

epitopes VP2-50, VP3-10, VP3-12 and VP1-14 reported by Gao et al. (2012).  To 

determine the seroprevalence of IgM against these EV-A71 epitopes, five unique 

epitopes with least similarity to other enteroviruses were screened with individual serum 

testing by using peptide-based ELISAs. Non-HFMD children sera were used to 

eliminate the non-specific epitopes, and these samples are likely to be from patients 
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without active EV-A71 infection based on the negative results obtained from EV-A71 

IgM-capture ELISA and EV-A71 GICA, and neutralization titers of <8. The OD values 

of EV-A71-infected patient sera tested against PEP12, PEP19 and PEP27 were 

significantly higher than the OD values of non-HFMD children sera, suggested that 

these IgM epitopes are enterovirus-specific epitopes. To further validate these IgM 

epitopes are EV-A71-specific, serum samples from patient infected with non-EV-A71 

enteroviruses were used. Cross-reactivity was observed in PEP12 and PEP19, 

suggesting that these epitope recognitions are not EV-A71-specific. The high cross-

reactivity is likely due to previous exposure to other enteroviruses, which can’t be rule 

out. However, since children can be infected with HFMD multiple times, it is not likely 

that the cross-reactivity will result in cross-immunoprotection against enteroviruses. 

Significant differences between the OD values of EV-A71-infected and non-EV-A71-

infected patient sera were observed in PEP27, suggesting that this epitope is EV-A71 

specific. Overall, PEP27 (amino acids 707-721) mapped at VP1 is the best candidate for 

an EV-A71-specific IgM epitope. However, the OD values of PEP27 in non-HFMD 

children sera was higher than the remaining four IgM epitopes, suggesting that the cut-

off could be improved. High population immunity to EV-A71 has been reported in 

Malaysian children, with EV-A71 seropositive rates in non-HFMD urban children 

increasing gradually from 47.1% at 1-3 years to 75.0% at 13-17 years (NikNadia et al., 

2016), suggesting that truly non-HFMD sera are required to establish the cut-off. PEP27 

was found to be mapped at a similar location as the reported CD4
+
 T-cell epitopes SP2 

and VP1-20 (Foo et al., 2008, Tan et al., 2013), suggesting that PEP27 is a EV-A71 

potential B-cell and T-cell epitope. 

Different human IgG epitopes were recognized by patient serum samples from early and 

late convalescence. Using EV-A71-infected patient sera from early convalescence 

(IgM
+
IgG

+
), we observed that PEP47 and PEP62, located at non-structural proteins 3C 
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and 3D, respectively, were identified as dominant anti-EV-A71 IgG linear epitopes. 

IgM
-
IgG

+
 sera (late convalescent) showed similar EV-A71-specific IgG epitope profiles 

as adult sera, as both sera strongly recognized PEP23 as the dominant IgG linear epitope, 

and adult sera also recognized PEP30 as an additional dominant linear epitope. 

Surprisingly, all the previously reported anti-EV-A71 IgG epitopes identified in rabbit 

and murine sera (in our panel of 63 peptides) were not recognized by EV-A71-infected 

patient sera, except PEP20, which mapped to a similar location as the reported VP1-01 

epitope (Liu et al.,2011). The synthetic peptide SP70, located at amino acids 208-222 in 

VP1, was identified as a neutralizing and protective EV-A71-specific B-cell epitope 

(Foo et al., 2007a, Foo et al., 2007b). Several studies have demonstrated that 

neutralizing mAbs generated by EV-A71-immunized mice can recognize SP70 (Li et al., 

2009, Deng et al., 2015, Chang et al., 2011, Lim et al., 2012). In addition, VP2-28 

(amino acids 136-150 in VP2) was also proven as a cross-neutralization epitope and is 

recognized by commercial mAb 979 and mAbs generated by immunized mice (Liu et 

al., 2011, Kiener et al., 2012, Xu et al., 2014). In the present study, EV-A71-infected 

human sera in early convalescent and late convalescent stage failed to recognize the 

EV-A71-specific neutralizing epitopes SP70 and VP2-28, represented by PEP29 and 

PEP10, respectively. This finding suggests that human sera may target different 

immunogenic epitopes compared with sera from immunized mice. Interestingly, PEP23 

(amino acids 606-620) was recognized by all anti-EV-A71 IgG antibodies from patient 

and adult sera. This PEP23 was the previously reported human IgG epitope, namely 

VP1-15 (Gao et al., 2012). This long-lasting immune response of anti-EV-A71 IgG 

antibody against PEP23 makes it an attractive candidate for seroepidemiology studies. 

However, cross-reactivity was observed in PEP23, suggest that this epitope may not 

EV-A71 specific. Further improvement such as the use of longer peptides or multiple 
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peptides may reduce the cross-reactivity in PEP23. Further development of a good 

peptide ELISA will be valuable for the evaluation of EV-A71 vaccine immunogenicity. 

In summary, comparison of the distribution of immune-reactive IgM and IgG linear 

epitopes showed that PEP27 (amino acids 142-156 in VP1) was identified as EV-A71 

IgM-specific immunodominant epitope, while PEP23 (amino acids 41-55 in VP1) was 

identified as IgG cross-reactive immunodominant epitope. This study revealed that the 

structural protein VP1 is the main immunodominant site targeted by anti-EV-A71 IgG 

and IgM antibodies.  

 

5.4 Determination of T-cell responses in HFMD patients 

T cells are known to play an important role in immune protection against viral infection. 

Some studies demonstrated that cellular rather than humoral immunity is correlated with 

clinical outcome of EV-A71 infection (Chang et al., 2006). IFN-γ is important in innate 

and adaptive immune responses, and can be secreted by CD4
+
 T cells, CD8

+
 T cells and 

NK cells in response to antigenic stimuli. High levels of IFN-γ have been reported in 

clinical HFMD (Li et al., 2014), whereas low expressions of IFN-γ and other cytokines 

have been detected in HFMD patients with pulmonary edema, suggesting an inverse 

correlation between antigen-specific T-cell responses and disease severity (Chang et al., 

2006, Yang et al., 2001).  

In the present study, the potential role of IFN-γ expressing CD4
+
 and CD8

+
 T cells 

across the patient groups was analyzed. The number of EV-A71 patients was small, and 

hence comparisons were also made with CV-A6 patients and adults who were 

previously infected with EV-A71. Enterovirus-induced T-cell responses were reported 

to be cross-reactive between different enteroviruses (Beck and Tracy, 1989, Mahon et 
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al., 1992, Cello et al., 1996). Our results showed that EV-A71-infected and CV-A6-

infected children showed similar T-cell responses when stimulated by EV-A71, 

suggesting that the induced T-cell responses are cross-reactive. Different immune 

profiles were observed in children and adults. A higher frequency of IFN-γ expressing 

CD4
+
 T cells was observed in children, while a higher frequency of IFN-γ expressing 

CD8
+
 T cells was observed in adults. This appears to indicate that CD4

+
 T cells are 

involved in responses to primary infections, which mostly occur in children, while 

CD8
+
 T-cell responses in adults likely reflect immune memory. The thymus is the 

central lymphoid organ responsible for the generation of T lymphocytes. The thymus 

begins to undergo atrophy with age, and hence the development of new T cells in the 

thymus slows down in adults, and T cell numbers are maintained through division of 

mature T cells outside of the central lymphoid organs (Janeway et al., 2001). In 

response to infection, children will generate CD4
+
 T cells from the new T cell clones in 

the thymus and activate antibody production during primary infection. Previously 

exposed adults will largely expand CD8
+
 T cell clones from pre-existing peripheral T 

cells due to thymic atrophy. Nonetheless, further confirmation may still be required to 

measure memory T cell responses from children and adults. 

Cytolytic enzymes such as granzyme A and B are critical to anti-viral immune 

responses by activation of cell death through caspase-dependent and caspase-

independent mechanisms (Trapani et al., 1998). Inactive granzyme B and perforin are 

packed within granules of cytotoxic T cells, NK cells and NKT cells (Cullen et al., 

2010). The efficiency of apoptosis in targeted cells is increased when granzymes are 

released in the presence of the pore-forming toxin perforin. Granzymes require the 

presence of perforin to induce apoptosis in target cells, and thus regulating perforin may 

obliterate the need for a tight control of the granzymes (Kagi et al., 1994). Others have 

shown that granzyme B-deficient mice induced apoptosis in target cells more slowly 
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than wild-type mice (Heusel et al., 1994), and that perforin-deficient mice were highly 

susceptible to viral infections (Kagi et al., 1994). In the present study, granzyme B and 

perforin were expressed both in children and adults in response to EV-A71 antigen. 

Discordant expression patterns between granzymes and perforin are common in chronic 

viral infections such as Epstein-Barr virus, HIV, cytomegalovirus and smallpox (Appay 

et al., 2000, Chen et al., 2001, Zhang et al., 2003, Rock et al., 2005). Notably, the 

circulating EV-A71-specific CD8
+
 T cells expressed significantly higher levels of 

granzyme B than perforin in both children and adults, suggest that these effector 

molecules are differentially regulated and a proportion of EV-A71-specific CD8
+
 T 

cells may not be directly cytotoxic.  

Cytolytic enzymes have also been linked to cellular maturity, especially senescence of 

immune cells. CD57 expression is a critical marker for replicative senescence/clonal 

exhaustion. In HIV infection, CD57
+
 T lymphocytes have been correlated with disease 

progression (Le Priol et al., 2006). Furthermore, expression of CD57 has also been 

correlated with concurrent expression of granzyme A, B and perforin (Chattopadhyay et 

al., 2009). In the current study, a similar profile of expression of CD57
+
 CD8

+
 T cells 

was observed in both children and adults. This suggests that immunosenescence 

common in chronic viral infections may also play a role in EV-A71 T-cell immune 

responses. Furthermore, the frequency of CD57
+
 CD8

+
 T cells positively correlates with 

the expression of granzyme B and perforin on CD8
+
 T cells, suggesting that CD57 

might be a marker associated with high cytolytic potential (Chattopadhyay et al., 2009). 

In summary, experiments performed in the current investigation represent a preliminary 

analysis of IFN-γ expression in CD4
+
 and CD8

+
 T cells and the association of granzyme 

B, perforin and CD57 in EV-A71 infection. 
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CHAPTER 6 

CONCLUSION 

This study identified three human enteroviruses, EV-A71, CV-A16 and CV-A6, co-

circulating during the 2012-2013 HFMD outbreaks. The highly conserved 5’ UTR is 

suitable for broad-range identification of enteroviruses, while specific capsid genes such 

as VP1 and VP4/VP2 are required for genotyping. Serological test of the sera collected 

during HFMD outbreaks suggested that the commercial EV-A71 IgM-capture ELISA 

and IgM GICA assays had comparable performance, thus both diagnostic kits are 

suitable for early diagnosis of HFMD caused by EV-A71 in Malaysia. Structural 

proteins (VP1-VP4) and non-structural proteins 2A, 3C and 3D were targeted by anti-

EV-A71 IgM and IgG antibodies in the human sera, whereas non-structural proteins 2B, 

2C and 3AB were solely detected by IgG antibodies. The screening of 63 biotinylated 

peptides representing predicted and previously characterized epitopes led to the 

discovery of 22 IgM and 4 IgG dominant linear epitopes. PEP27 (VP1 142-156) and 

PEP23 (VP1 41-55) were further identified as EV-A71 IgM-specific and IgG cross-

reactive immunodominant epitopes, respectively. In the study of the role of T-cell 

immunity, intracellular cytokine staining showed that IFN-γ expressing CD4
+
 T cells 

were predominant in children, whereas a higher frequency of IFN-γ expressing CD8
+
 T 

cells was observed in adults. Discordant expression of granzyme B and perforin was 

observed, implying a proportion of EV-A71-specific CD8
+
 T cells may not be directly 

cytotoxic. Overall, the findings from this study provide an insight into the role of 

humoral and cellular immunity against EV-A71 infection. 
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Appendix I: Nucleotide accession numbers of sequences reported in the present study 

 Accession number  

Isolate name 5’ UTR VP4 VP1 Genotype 

EV-A71     

MY-3898-12 KT908004 KT908026 NA B5 

MY-2949-12 NA KT908027 NA B5 

MY-8352-12 KT908005 KT908028 NA B5 

MY-5105-12 KT908006 KT908029 NA B5 

MY-5313-12 KT908007 KT908030 NA B5 

MY-5390-12 KT908008 KT908031 NA B5 

MY-4703-12 KT908009 KT908032 NA B5 

MY-4285-12 KT908010 KT908033 NA B5 

MY-9836-12 KT908011 KT908034 NA B5 

MY-6937-12 KT908012 KT908035 NA B5 

MY-0757-12 KT908013 KT908036 NA B5 

MY-6407-13 KT908014 KT908037 NA B5 

     

CV-A16     

MY-2235-12 KT908015 NA KT908038 B2b 

     

CV-A6     

MY-6046-12 KT908016 NA KJ815033 D1 

MY-8586-12 KT908017 NA KJ815034 D1 

MY-2429-12 KT908018 NA KJ815035 D1 

MY-0446-12 NA NA KJ815036 D1 

MY-3626-12 KT908019 NA KJ815037 D2 

MY-8299-13 KT908020 NA KJ815038 D2 

MY-6716-13 NA NA KJ815039 D2 

MY-4657-13 KT908021 NA KJ815040 D2 

MY-0017-13 KT908022 NA KJ815041 D2 

MY-9784-13 KT908023 NA KJ815042 D2 

MY-8698-13 KT908024 NA KJ815043 D2 

MY-0319-13 KT908025 NA KJ815044 D1 
 

NA, not available  
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Appendix II: Schematic illustration of pUC57 vector and the restriction endonuclease 

recognition sites 

 

 

This figure is adapted from the pUC57 information sheet in GenScript webpage, 

http://www.genscript.com/vector/SD1176-pUC57_plasmid_DNA.html. 
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Appendix III: Schematic illustration of pET-52b(+) vector and the restriction 

endonuclease recognition sites 

 

 

This figure is adapted from the pET-52b(+) information sheet (Novagen, Germany). 
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Appendix IV: Schematic illustration of pEGFP-N1 vector and the restriction 

endonuclease recognition sites 

 

 

This figure is adapted from the pEGFP-N1 information sheet (Clontech Laboratories 

Inc., USA). 
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Appendix V: Antibody profiles for HFMD sera 
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Appendix VI: Amino acid sequence alignment of peptides with enteroviruses 
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Appendix VI, continued. 

 

In PEP45, the amino acid at position 1559 (indicated as X) is unable to translate due to 

the reported nucleotide sequences for that region is NUA. The consensus sequences 

represent the current circulating strains while BrCr, Fleetwood, Olson, High Point, 

Swartz, Gdula, Parker, Donovan, Kowalik, Texas, G14 and G10 are prototype virus 

strains. 
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Appendix VII: IFN-γ analysis (positive control) 
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Appendix VIII: Granzyme B, perforin and CD57 in CD8
+
 T cells (positive control) 
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Abstract. Hand, foot and mouth disease (HFMD) is a common childhood infection caused by
many enteroviruses, including enterovirus A71 (EV-A71). As EV-A71 is associated with severe
neurological disease, early diagnosis is critical for clinical and public health management. In
developing countries such as Malaysia, laboratory capacity to carry out EV-A71 IgM detection
is greater than that of the gold standard methods of virus culture or molecular detection. This
study evaluated two diagnostic kits, EV-A71 IgM-capture enzyme-linked immunosorbent
(ELISA) and EV-A71 IgM-colloidal gold immunochromatographic assay (GICA), which had
previously only been assessed in China. The assays were tested with 89 serum samples from
patients with suspected HFMD. The sensitivity, specificity, positive predictive value, and
negative predictive value rates were 78.4%, 80.8%, 74.4%, and 84.0%, respectively, for the
IgM-capture ELISA, and 75.7%, 76.9%, 70.0%, and 81.6% for the IgM GICA. These performance
measures were similar between the two assays. Concordance between the two assays was
91.1%. The sensitivity rates were lower than those previously reported, likely because the
multiple circulating EV-A71 genotypes in Malaysia differ from the C4 subgenotype found in
China and used in the assays. Both assays had low false positive rates (12.5% and 16.7% for
ELISA and GICA, respectively) when tested on sera from patients confirmed to have
enteroviruses. Both diagnostic kits are suitable for early diagnosis of HFMD caused by EV-
A71 in Malaysia, but confirmation with culture or PCR is still important.

INTRODUCTION

Hand, foot, and mouth disease (HFMD) is a
common viral infection in children. HFMD
usually results in mild and self-limiting
illness, characterised by fever, vesicular
lesions on the palms and soles and oral ulcers.
The causative agents of HFMD are viruses
from the genus of Enterovirus within the
family of Picornaviridae, with enterovirus
A71 (EV-A71) and coxsackievirus A16 (CV-
A16) being the most commonly detected
viruses. Over the last decade, EV-A71 was
responsible for several large epidemics in

the Asia-Pacific region, raising serious public
health concerns (Solomon et al., 2010; Chan
et al., 2011). EV-A71 infection can cause
severe and potentially fatal neurological
complications such as aseptic meningitis,
brainstem encephalitis and acute flaccid
paralysis, especially in children below 5
years old (Ooi et al., 2010; Solomon et al.,
2010). Currently there are no effective
antivirals and vaccines against EV-A71 (Tan
et al., 2014), hence early diagnosis of EV-A71
infection is critical for prompt public health
measures to control the spread of virus and
minimize the risk of fatality.
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Traditionally, standard laboratory
diagnosis of EV-A71 was achieved by
immunofluorescence assay or virus culture
of samples from the lesions, throat or rectum
(Muir et al., 1998). However, immuno-
fluorescence is insensitive, and viral culture
is time-consuming and labour intensive.
Additionally, the yield of enteroviruses
from clinical specimens may be low, as
some enteroviruses, particularly the
coxsackievirus A group, do not readily
grow in cell culture (Lipson et al., 1988).
Neutralization test is used to detect specific
antibodies that inhibit viral-induced
cytopathic effect (CPE) (Muir et al., 1998),
but is not widely used as it is difficult to
perform, requires the use of infectious virus
in a biosafety level II laboratory, and
availability of paired patient sera to confirm
seroconversion. Molecular diagnosis
methods such as reverse transcription
polymerase chain reaction (RT-PCR) are far
more sensitive and quicker, and are the new
“gold standard” for enterovirus detection
(Hamilton et al., 1999; Robinson et al., 2002).
However it may not be widely available
throughout developing countries where
EV-A71 is more common, as it requires
specialized equipment and well-trained
personnel. Hence there is a need for a more
accessible, reliable and rapid diagnostic
assay for EV-A71 in laboratories without
access to RT-PCR. A serological test such as
enzyme-linked immunosorbent assay
(ELISA) is an alternative as results can be
obtained in 2-3 hours and most diagnostic
laboratories will have access to the
equipment, and IgM can be detected early in
EV-A71 infection (Zhao et al., 2011). The use
of two commercially available EV-A71 IgM
kits, EV-A71 IgM-capture ELISA and EV-A71
IgM-colloidal gold immunochromatographic
assay (GICA), have been reported in China
(Xu et al., 2010; Yu et al., 2012; Wang et al.,
2015) but it is critical to evaluate assays in
different geographical settings, where there
may be potential differences in circulating
EV-A71 genotype and patient immune
responses. In this study, we evaluated the
performances of these two commercial
assays in serum samples collected from
HFMD patients in Malaysia.

MATERIALS AND METHODS

Serum specimens

Three panels of human sera (n=136) were
used for the evaluation of EV-A71 IgM ELISA
and IgM GICA, and were obtained from the
diagnostic virology laboratory, University
Malaya Medical Centre, in Kuala Lumpur,
Malaysia. Panel A consisted of 36 residual
serum samples obtained during a HFMD
outbreak in 2000, and panel B consisted of 53
sera prospectively collected during an
outbreak in 2012-2013. All patients from
panels A and B showed clinical signs of
HFMD (including ulcers in the mouth/tongue,
rash/vesicles on the palms and soles, with/
without fever), and were considered positive
for EV-A71 or non-EV-A71 enteroviruses
according to the virus cultured from throat
swabs, vesicle swabs and/or rectal swabs.
Swabs from patients in panel B were also
tested by PCR for enteroviruses. Panel C, the
non-HFMD (negative control) samples,
consisted of 47 residual serum samples tested
positive for IgM for other viral infections, such
as dengue, chikungunya, measles, herpes
simplex virus and varicella-zoster virus. This
study was approved by the hospital’s Medical
Ethics Committee (reference number:
932.17). Our institution does not require
informed consent for retrospective studies of
anonymised samples.

Enterovirus detection and genotyping

Viral RNA was extracted using QIAamp Viral
RNA Mini Kit (Qiagen, Germany) according
to the manufacturer’s instructions. To detect
enterovirus, the 5’-untranslated region
(5’UTR) was amplified with primers CoxbanS
(5’-GTAMCYTTGTRCGCCWGTTT-3’) and
CoxbanR (5’-GAAACACGGACACCCAAA
GTA-3’, Arola et al., 1995) using Access RT-
PCR system (Promega, USA). The reaction
was subjected to reverse transcription at
42ºC for 60 min and reverse transcriptase
inactivation at 94ºC for 2 min, followed by 40
cycles at 94ºC for 30 sec, 50ºC for 1 min, and
68ºC for 1 min, and final extension of 68ºC
for 7 min. The expected PCR products of
502 bp were visualized with 1.5% agarose
gel stained with GelRed stain (Biotium Inc,
Hayward, USA) under ultraviolet trans-
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illumination. The purified amplicons were
then sequenced with a 3730xl DNA Analyzer
(Applied Biosystems). Sequencing results
were subjected to BLAST search to identify
the enterovirus serotypes.

Virus isolation

Clinical specimens (throat swabs, vesicle
swabs and/or rectal swabs) were used for
virus isolation. Specimens were inoculated
into human rhabdomyosarcoma (RD) cell
cultures in a 24-well plate. Viral cultures
showing CPE were harvested and
immunofluoresence assay was subsequently
performed.

Immunofluoresence assay

Viral cultures showing CPE were harvested
and centrifuged at 250 x g for 10 min. Cell
pellets were resuspended with phosphate-
buffered saline (PBS) and coated on poly-D-
lysine treated microscope slides. After air
drying, the cells were fixed with 3.7%
paraformaldehyde and incubated for 10
min. The fixed cells were washed and
permeabilized using 0.25% Triton X-100
(Sigma, USA) for 5 min. The cells were
subsequently blocked with Image-iT FX
Signal Enhancer (Invitrogen, USA) for 1 h.
Enterovirus-infected cells were immuno-
stained with Light Diagnostics Pan-
Enterovirus Blend (Millipore, USA) as the
primary antibody and FITC-labeled anti-
mouse IgG conjugate (Millipore, USA) as the
secondary antibody for 1 h at 37ºC in a
humidified chamber. Immunofluorescence
was detected with a fluorescence micro-
scope. All enterovirus-positive samples were
further tested with Light Diagnostics EV-A71
monoclonal antibody 3324 (Millipore, USA)
to confirm EV-A71.

EV-A71 IgM-capture ELISA

EV-A71 specific-IgM antibody in serum
specimens were detected using EV-A71
IgM-capture ELISA (Beijing Wantai, China)
according to the manufacturer’s instructions.
Briefly, aliquots of 100 µl/well of diluent and
10 µl/well of serum were sequentially added
into microplates coated with anti-human IgM
µ-chain, followed by 30 min incubation at

37ºC. After washing five times with PBS,
50 µl of purified EV-A71 antigen and 50 µl of
horseradish peroxidase (HRP)-conjugate
anti-EV-A71 monoclonal antibody were
added to the microplate, which was then
incubated for 30 min at 37ºC. The plate was
washed five times with PBS, followed by
addition of 50 µl of urea peroxide and 50 µl of
TMB substrate, and further incubated for 15
min at 37ºC in the dark. The reaction was
terminated with 50 µl of 2.0 M sulfuric acid.
Optical density (OD) of each well was read
at 450 nm with a 630 nm reference filter with
a microplate reader (BioTek Instruments,
USA). The cut-off value was calculated as
0.1 + mean OD of the negative controls. If
the mean OD of negative controls was lower
than 0.05, this was treated as 0.05. A serum
specimen was considered positive with a
signal/cut-off (S/CO) value of > 1.0.

EV-A71 IgM GICA

Serum EV-A71 specific-IgM was detected
with EV-A71 IgM GICA kit (Beijing Wantai,
China) according to the manufacturer’s
instructions. An aliquot of 15 µl of serum was
added to the specimen diluent and mixed
well. Aliquots of 80 µl of diluted samples were
pipetted into the sample wells of the EV-A71
IgM GICA cassette and the results were
read within 30 min. EV-A71-specific IgM
antibodies were captured by immobilized EV-
A71 antigen and formed an antibody-antigen
complex on the test line. Serum specimens
were considered positive if bands appeared
at the test line and control line.

Statistical analysis

The sensitivity, specificity, positive
predictive value (PPV), and negative
predictive value (NPV) of EV-A71 IgM-
capture ELISA and EV-A71 IgM GICA were
calculated, and compared using Fisher’s
exact test. Statistical analyses were
performed using GraphPad Prism version
5.0 (GraphPad Software, La Jolla, CA).
Cohen’s kappa (κ) was used to estimate
inter-assay concordance, with a value of 1
indicating complete agreement. A P-value
of <0.05 was considered significant.
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RESULTS

Sera grouping

A total of 89 HFMD sera (36 sera from panel
A and 53 sera from panel B) and 47 non-HFMD
sera (panel C) were used for the evaluation
(Table 1). Of these, 37 HFMD sera were from
EV-A71-positive patients (confirmed by RT-
PCR or culture), and 24 HFMD sera were
positive for non-EV-A71 enteroviruses, which
consist of CV-A4 (n=1), CV-A6 (n=10), CV-A16
(n=2), CV-B (n=1), echovirus 7 (n=6),
rhinovirus (n=1) and untyped enteroviruses
(n=3). The remaining HFMD sera were
enterovirus RT-PCR-/culture-negative
(n=28).

Performance characteristics

Overall sensitivity and specificity rates were
moderately good for EV-A71 IgM-capture
ELISA and IgM GICA, with 78.4% and 75.7%
sensitivity and 89.9% and 85.9% specificity,
respectively (Table 2). NPV rates were >90%,
but PPV rates were moderate for ELISA
(74.4%) and GICA (66.7%). Performances of
the assays were also determined just for the
HFMD cases, as this is the most likely group
to be tested for EV-A71 IgM. Specificity
(ELISA, 80.8% and GICA, 76.9%) and NPV
(ELISA, 84.0% and GICA, 81.6%) decreased,
while PPV were similar. There were no
significant differences in sensitivity,
specificity, PPV and NPV rates between the
two assays.

Concordance between the results of
the two assays for each category of sera is
shown in Table 3. The overall concordance
was 91.1%, with a κ value of 0.805. The
concordance for testing the HFMD sera
(panels A and B) was 92.1%, with a κ value
of 0.841. The concordance for testing
samples from EV-A71-positive cases was
97.3%, with a κ value of 0.924, whereas the
concordance for testing EV-A71 negative
cases was 91.9%, with a κ value of 0.622.

False positive rates of IgM-capture

ELISA and IgM GICA

In sera from patients with HFMD but no
confirmed EV-A71, anti-EV-A71 IgM was
detected in 10/52 (19.2%) and 12/52 (23.1%)
with IgM-capture ELISA and IgM GICA,
respectively. Of those with confirmed non-
EV-A71 enterovirus infection, anti-EV-A71
IgM was detected in 3/24 (12.5%) and 4/24
(16.7%) with IgM-capture ELISA and IgM
GICA, respectively. These false positives
were detected in patients confirmed to have
echovirus 7 (n=2) and CV-A16 (n=1) using
the IgM-capture ELISA assay, whereas the
false positives in the IgM-GICA assay were
seen in patients with echovirus 7 (n=1), CV-
A16 (n=1) and CV-A6 (n=2). Two samples
(one each with echovirus 7 and CV-A16) were
positive with both assays. For the non-HFMD
sera, only the IgM GICA recorded false
positives, in 2/47 (4.3%) samples. Overall, the
mean S/CO value (0.76±2.37) of the false-

Table 1. Classification of serum samples used for the evaluation of EV-A71 commercial
diagnostic kits

Group Panel A Panel B Panel C Total

EV-A71a 24 13 N/A 37
Non-EV-A71 enterovirusa,b 12 12 N/A 24
Enterovirus RT-PCR-/culture-negativea N/A 28 N/A 28
Non-HFMD N/A N/A 47 47

Total 36 53 47 136

atested on throat swabs, vesicle swabs and/or rectal swabs from the same patient; all patients had
suspected HFMD
bCV-A4 (n=1), CV-A6 (n=10), CV-A16 (n=2), CV-B (n=1), echovirus 7 (n=6), rhinovirus (n=1), untyped
enteroviruses (n=3).
N/A, not applicable
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positive samples was significantly lower than
the mean S/CO value of 4.70±3.91 for the
EV-A71-positive sera (data not shown).

DISCUSSION

In Malaysia, HFMD is endemic and outbreaks
of EV-A71 infection occur every 2-3 years
(NikNadia et al., 2016). Early social
distancing resulted in reduced HFMD cases
in Sarawak, Malaysia in 2006 (Solomon et al.,
2010). Therefore, early diagnosis of EV-A71
would enable early interventions to curb the
spread of infection and appropriately observe
patients for complications. While PCR will
detect the virus earliest, IgM has also been
shown as a good early indicator for EV-A71
infection, as it may be detectable as early as
1 day of illness and peaks on day 5 (Zhao et

al., 2011), and is detectable for up to 94 days
(Wang et al., 2004). Serological detection of
IgM would be suitable for most laboratories
which do not have PCR or viral culture
facilities. More importantly, the rapid and
more convenient GICA assay showed
comparable performance to the ELISA-based
assay, suggesting that it can be used in clinics
or rural settings with no laboratory facilities.

There are very few commercial EV-A71
IgM diagnostic kits available. In this study,
we compared EV-A71 IgM-capture ELISA and
IgM GICA assays in Malaysian patients, and
found sensitivity rates (78.4% and 75.7%,
respectively) that were lower than the 93.6%

and 94.1% (IgM-capture ELISA), and 93.3%
(IgM-GICA) reported earlier in China (Xu
et al., 2010; Yu et al., 2012, Wang et al., 2015).
One possible reason might be the varying
detection of antibodies resulting from
different circulating EV-A71 genotypes found
in Malaysia and China. In Malaysia,
subgenotypes B4, B5 and C1 circulated in
2000, and only subgenotype B5 has been
present after 2005, whereas the current
predominant EV-A71 in China is subgenotype
C4 (Chan et al., 2011; Chan et al., 2012). The
purified EV-A71 antigen used in the diagnosis
kits was subgenotype C4, hence this may
explain the higher sensitivity reported in the
China studies.

When testing serum from children with
HFMD, the assays showed specificity rates
of 80.8% and 76.9% for the IgM-capture ELISA
and IgM GICA, respectively. These specificity
rates were lower than the 88.6% reported
by Xu et al. (2010), but higher than the 69.6%
reported for the IgM-capture ELISA by Yu
et al. (2012) and the 50% for the IgM GICA
reported by Wang et al. (2015). The PPV rates
of 74.4% (ELISA) and 70.0% (GICA) were
moderate, although these rates would have
been affected by the lower prevalence of
EV-A71 in the HFMD outbreak in 2012-2013
(panel B), which had relatively more cases
due to CV-A6. The false positives are likely
due to detection of IgM which recognize
common epitopes among enteroviruses
(Xu et al., 2010; Yu et al., 2012). Increasing
the cut-off values according to locally-

Table 3. Concordance between EV-A71 IgM-capture ELISA and EV-A71 IgM GICA
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determined background seropositive rates
may improve specificity and PPV.

PCR is known to be the most efficient
diagnosis for EV-A71 (Ooi et al., 2010); yet,
in the present study, IgM was detected in
25.0% (ELISA) and 28.6% (GICA) of serum
samples from patients with negative
enterovirus RT-PCR. One possibility is the
presence of low levels of virus RNA, which
may be resolved by the use of real-time RT-
PCR rather than the less sensitive
conventional RT-PCR used in the present
study. In addition, our RT-PCR is only limited
to amplification of 5’UTR, so targeting other
gene regions such as VP4/VP2 and VP1 should
be considered.

One of the limitations of the present study
is that the timings of disease onset are not
known, and cannot be correlated with the IgM
response. However, the value in this study is
the use of samples from patients with
confirmed enterovirus infection, in a different
geographical location with different
circulating enteroviruses to other previously
reported evaluations, which were limited to
China. The circulation of different serotypes
of EV-A71 in Malaysia likely explains the
lower test sensitivities seen here. Our
study also showed that both EV-A71 IgM-
capture ELISA and EV-A71 IgM GICA had
comparable performance characteristics and
concordance, despite the fact that point-of-
care tests are generally felt to be inferior
to ELISA-based assays. Therefore, the IgM
GICA can be used in clinics or rural settings
with no laboratory or ELISA facilities. Both
diagnostic kits may be useful and convenient
for the screening for EV-A71 infection
during HFMD outbreaks in Malaysia, but
confirmation (of patients with both positive
and negative IgM results) with either culture
or RT-PCR remains essential.
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ABSTRACT 

Hand, foot and mouth disease (HFMD) is a childhood illness, commonly caused by 

enterovirus A71 (EV-A71) and coxsackievirus A16 (CV-A16). In recent years, unusual 

HFMD outbreaks caused by coxsackievirus A6 (CV-A6) have been reported. From May 

2012 to September 2013, enteroviruses were detected in 25 HFMD patients in 

University Malaya Medical Centre, Kuala Lumpur, Malaysia. The predominant 

serotypes were EV-A71 (48%) and CV-A6 (48%), followed by CV-A16 (4%). CV-A6 

patients (mean age, 2.1) were significantly younger than EV-A71 patients (mean age, 

3.3). There were no significant differences observed in clinical features between EV-

A71 and CV-A6 patients. Since enteroviruses are difficult to differentiate clinically, the 

conserved 5’ untranslated region (5’ UTR) was used to identify enterovirus serotypes. 

Phylogenetic analysis of 5’ UTR showed distinct clustering of viruses as EV-A71, CV-

A16 and CV-A6. Further genotyping with capsid genes showed that all the EV-A71 

sequences belonged to subgenotype B5, while the CV-A16 sequence belonged to 

subgenotype B2b. CV-A6 sequences were clustered into genotypes D1 and D2, with 

recent isolates from Seri Kembangan, Malaysia and China. In summary, 59.5% of 

HFMD cases in our centre in 2012-2013 were caused by EV-A71, CV-A16 and the 

newly emerging CV-A6. This study also demonstrated that 5’ UTR is suitable for 

preliminary identification of enteroviruses during HFMD outbreaks, but specific capsid 

genes such as VP1 and VP4/VP2 are required for further genotyping. Apart from 

measures to control the spread of the virus during an outbreak of HFMD, identification 

of EV-A71 as the aetiological agent is important as EV-A71 is a major cause of severe 

neurological complications and potentially fatal. 
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Hand, foot and mouth disease (HFMD) is a common illness frequently occurring in 

infants and children. HFMD is characterized by fever, vesicular lesions on the palms 

and feet, ulcers in the oral mucosa, and sore throat. In Malaysia, the predominant 

etiological agents causing HFMD are enterovirus A71 (EV-A71) and coxsackievirus 

A16 (CV-A16). Lately, unusual HFMD outbreaks caused by coxsackievirus A6 (CV-

A6) have been reported in Singapore, Taiwan, China, Japan, Finland, United States, 

Spain, and most recently in Thailand. Hence in the present study, we wanted to verify 

the occurrence of CV-A6-associated HFMD in Malaysia. From May 2012 to April 2013, 

a total of 35 throat swab specimens from HFMD patients were collected from the 

Paediatric Trauma and Emergency Department of the University Malaya Medical 

Centre, Kuala Lumpur. Viral RNA was extracted from the specimens. To identify 

enterovirus type in the specimens, we performed one step reverse transcription-PCR 

which amplified the 5’ untranslated region of the viruses. Enteroviruses were detected 

in specimens from 20 HFMD patients (57.1%). Sequencing was performed for the 20 

specimens. EV-A71 was detected in 12 patients (60%), CV-A16 was detected in 1 

patient (5%), and CV-A6 was detected in 7 patients (35%). In conclusion, reports of 

HFMD outbreaks associated with CV-A6 are increasing. This study demonstrates that 

CV-A6 may be emerging as a new and major cause of epidemic HFMD, in addition to 

EV-71 and CV-A16. 
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