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Abstract: Enterovirus 71 (EV71) has become an important public health problem in the Asia‐Pacific 

region in the past decades. EV71 infection might cause neurological and psychiatric complications 

and even death. Although an EV71 vaccine has been currently approved, there is no effective 

therapy for treating EV71‐infected patients. Virus infections have been reported to shape host T cell 

receptor (TCR) repertoire. Therefore, understanding of host TCR repertoire in EV71 infection could 

better the knowledge in viral pathogenesis and further benefit the anti‐viral therapy development. 

In this study, we used a mouse‐adapted EV71 (mEV71) model to observe changes of host TCR 

repertoire in an EV71‐infected central nervous system. Neonate mice were infected with mEV71 and 

mouse brainstem TCRβ repertoires were explored. Here, we reported that mEV71 infection 

impacted host brainstem TCRβ repertoire, where mEV71 infection skewed TCRβ diversity, changed 

VJ combination usages, and further expanded specific TCRβ CDR3 clones. Using bioinformatics 

analysis and ligand‐binding prediction, we speculated the expanded TCRβ CDR3 clone harboring 

CASSLGANSDYTF sequence was capable of binding cleaved EV71 VP1 peptides in concert with 

major histocompatibility complex (MHC) molecules. We observed that mEV71 infection shaped 

host TCRβ repertoire and presumably expanded VP1‐specific TCRβ CDR3 in mEV71‐infected 

mouse brainstem that integrated EV71 pathogenesis in central nervous system. 
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1. Introduction 

Viral infections are always one of the main challenges in public health. Recently, African swine 

fever, avian influenza and enterovirus 71 (EV71) impacted pork industries and human health [1–3]. 

In particular, EV71 belonging to the Picornaviridae family has become a life‐threatening pathogen in 

the Asia‐Pacific region since 1997 [4]. EV71 was first identified in California in 1969, and several 

outbreaks with dozens of fatalities were reported in Malaysia, Japan, Taiwan, Singapore and China 

[5]. EV71 infects humans through the fecal‐oral route, resulting in typical hand‐foot‐and‐mouth 

disease, encephalomyelitis, brainstem encephalitis, pulmonary edema, poliomyelitis‐like paralysis or 

even neurological and psychiatric complications [4,6,7]. EV71 infects the central nervous system 

(CNS) within two to five days after skin or mucosal lesions or fever, and most survivors from CNS 
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damage have long‐term neurological sequelae or impaired cognitive function [4]. We found that miR‐

141, miR‐146a and miR‐370 play critical roles in EV71 pathogenesis involved in host protein synthesis 

shutdown, apoptosis and immune escape [8–10]. However, other than supportive treatment, there is 

no effective therapy for treating EV71‐infected patients, although an EV71 vaccine has been proved 

and administered in China routinely that provides promising protection against EV71 infection in 

infants and young children [11,12]. It is worth noting that a single EV71 genotype was used as the 

vaccine strain and the cross‐neutralization efficacy of each EV71 vaccine should be explored [13]. 

The adaptive immunity is critical for establishing defense mechanisms against pathogen 

infections where T cell receptors (TCRs) and B cell receptors (BCRs) are the key molecules to 

recognize specific antigens [14,15]. The foundation of a mature adaptive immunity is based on the 

enormous diversities of TCR and BCR repertoires. It has been demonstrated that cellular immunity 

was more related to the clinical outcomes of EV71‐infected subjects than humoral immunity [16]. 

Besides, several studies indicated that interleukin 1β (IL1β), IL6, IL10, IL13, tumor necrosis factor α 

(TNFα) or interferon γ (IFNγ) were highly elevated in EV71‐infected patients with diverse 

manifestations, including brainstem encephalitis, poliomyelitis‐like syndrome, meningitis and 

pulmonary edema [17,18]. This evidence suggests that immune responses might contribute to EV71 

pathogenesis. However, the role of host TCR repertoire on EV71 pathogenesis, especially in the 

central nervous system, was not clearly explored. 

Next‐generation sequencing (NGS) technologies are the powerful tools for genomic studies. 

NGS technology can provide a huge data set that supports researchers to address complicated 

biological topics such as epigenetic modification, immune repertoire and metagenomics [19–21]. 

TCRs and BCRs are comprised of variable (V), diversity (D), joining (J), and constant (C) gene 

segments. TCR and BCR repertoires are highly complicated and diverse due to their V(D)J 

rearrangement and NGS is required to explore immune repertoire. Most of TCRs consists of α‐chain 

and β‐chain which have three complementary determining regions (CDRs), respectively. Among 

CDRs, CDR1α, CDR1β, CDR2α, and CDR2β are determined to interact with MHC molecules while 

CDR3α and CDR3β are defined to interact with antigen peptides [22,23]. CDR3β shows greater 

diversity than CDR3α that suggests CDR3β is the key determinant for antigen recognition [24]. 

In this study, we utilized mouse‐adapted EV71 (mEV71) as the experimental model to observe 

the changes of host T cell receptor β (TCRβ) repertoire in EV71 infection [9]. TCRβ repertoire in the 

brainstem of mEV71‐infected mice was characterized by NGS technology and the viral protein‐

specific TCRβ CDR3 clones expansion in mEV71‐infected subjects were also identified. Consequently, 

this could better our knowledge in EV71 pathogenesis especially in the central nervous system and 

might potentially benefit the anti‐viral therapy development. 

2. Results 

2.1. EV71 Infection Skewed the Host TCRβ Repertoire 

To investigate the host TCRβ repertoire in EV71 infection, an established mouse‐adapted EV71 

(mEV71) was used in this study according to our previous report [9]. We infected 5‐day‐old neonate 

C57BL/6 mice with 1 × 108 plaque‐forming units (PFUs) of mEV71 to generate mEV71‐infected mice 

with different disease severities. The mEV71‐infected mice were divided into three groups, from 

grade 1 to grade 3 (designated G1, G2 and G3 hereafter), based on the severity assessment (Figure 1). 

The titers of viruses isolated from the brainstem of virus‐infected mice in the G2 and G3 groups were 

significantly higher than those in the G1 group (Table 1). Likewise, the average body weight in the 

G3 group was significantly decreased compared with that in the mock infection group. Furthermore, 

the virus titer and body weight loss were significantly positively correlated with the severity of 

mEV71 infection (p value of trend test < 0.001). It is known that virus infection might impact host local 

or systemic TCRβ repertoires [25]. Hence, the brainstem TCRβ profiles of mock‐ and virus‐infected 

mice were assessed by iRepertoire (iRepertoire, Inc.) and NGS (Figure 1). Paired‐end sequencing 

reads were first merged by the BLAT (BLAST‐like alignment tool) algorithm [26], and the merged 

reads were mapped to the IMGT (ImMunoGeneTics) database [27]. The average of mapped 
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sequencing reads for every severity grade was approximately 1.11 M (Supplementary Table S1). We 

then evaluated TCRβ sequence diversity in each group, and the cumulative frequencies of TCRβ 

clone types in the brainstem were calculated [28]. The results showed that TCRβ repertoire diversities 

in the G1 and G2 groups increased with severity but decreased in the G3 group, indicating that certain 

TCRβ clone types emerged drastically in the G3 group and gave rise to the worst severity (Figure 

2A). Next, to determine whether mEV71 infection influences host TCRβ VJ combination usage, the 

VJ combination usages were analyzed. Twenty‐eight significantly altered VJ combinations were 

identified and correlated with grading in mEV71 infection (p value of trend test < 0.05) (Figure 2B and 

Supplementary Figure S1). Among 28 altered VJ combinations, 12 VJ combinations were increased 

and 16 VJ combinations were decreased. We further analyzed the usages of TRBV and TRBJ and 

identified the TRBV and TRBJ families with significant alteration in mEV71 infection interpreting by 

trend p value (<0.05). The frequencies of three TRBV gene families were significantly increased 

(TRBV14, TRBV16 and TRBV3) and those of two families, TRBV13‐1 and TRBV5, were decreased 

(Figure 2C). Regarding TRBJ usage, two altered TRBJ gene families were identified; TRBJ2‐4 increased 

and TRBJ1‐4 decreased (Figure 2C). Taken together, these data indicated that mEV71 infection 

influences host TCRβ VJ combination usage, alters clone type diversities and further impacts the 

TCRβ repertoire. Importantly, alteration of the host TCRβ repertoire was associated with disease 

severity. 
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Figure 1. The schematic diagram for exploration of the alteration of host TCRβ repertoire in mEV71 

infection. Mice were first infected with 1 × 108 plaque‐forming units (PFUs) of mEV71 and grouped 

by severity assessment (Grade 1, Grade 2, and Grade 3). RNAs obtained from the mouse brainstem 

were subjected to TCRβ repertoire profiling using iRepertoire technology and next‐generation 

sequencing (NGS). Viruses isolated from the brainstem were titrated by plaque assays. Pair‐end 

sequencing reads were merged and translated to yield TCRβ CDR3 repertoire data. The TCRβ 

diversities, TCRβ VJ combination usages, and expanded TCRβ CDR3 sequence consensus as well as 

their prevalence were determined in this study. mEV71: mouse‐adapted EV71. 
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Figure 2. Diversities and VJ combination usages of TCRβ repertoires in the brainstems of mEV71‐

infected mice. (A) The TCRβ diversities in the brainstem of mEV71‐infected mice. The TCRβ 

cumulative frequencies of mice with different symptom severities were plotted. The diversities of the 

TCRβ repertoire in the brainstem were increased in Grade 1 and Grade 2 but decreased in Grade 3. 

The right figure is a close view of the rectangular region in the left figure. (B) The relative frequencies 

of VJ combination usages in mice with different symptom severities. The usage of VJ combinations 

with a significant p value of trend test < 0.05 in mEV71 infection was identified. The relative 

frequencies of 12 VJ combination usages were increased while 16 VJ combination usages were 

decreased in mEV71 infection. The frequencies presented in the heatmap were scaled by row. (C) The 

TRBV and TRBJ frequencies in mice with different symptom severities. The frequencies of the TRBV 

and TRBJ gene families with significant alterations (p value of trend test < 0.05) in mEV71 infection 

were identified and illustrated. Five TRBV gene families and 2 TRBJ gene families were differentially 

expressed with severity grading in mEV71‐infected mice compared to those in mock infection group. 

p value of trend test < 0.05. 
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Table 1. Biological significances between each severity classified group. 

 
 Severity Grade  p Value of 

Trend Test   Mock Infection    Grade 1    Grade 2    Grade 3 

Mice No.  9  8  9  10   

Averaged viral titer (log10 PFUs/g)  −  3.28 ± 1.68  5.83 ± 0.34  6.41 ± 0.71  
<0.001 

Viral titer significance (p value)a  −  −  <0.001  <0.001  

Average body weight (g)  4.87 ± 0.55  4.16 ± 1.01  3.89 ± 0.90  3.52 ± 0.60  
<0.001 

Body weight significance (p value)b  −  0.2489  0.0532  0.0032  

aEach viral titer significance was compared against Grade 1 group. bEach body weight significance 

was compared against Mock infection group. 

2.2. The Expanded TCRβ CDR3 Clones Prevailed in mEV71‐Infected Mouse Brainstems 

Brainstem involvement is one of the main causes of EV71‐induced fatalities; therefore, we 

speculated that TCRβ CDR3 alterations might be involved in viral pathogenesis. To identify the 

potential expanded TCRβ CDR3 clones in response to EV71 infection, the amino acid sequences of 

the hypervariable CDR3 of the TCRβ chain were analyzed. TCRβ sequencing reads were first 

translated into six frames to acquire corresponding amino acid epitopes, and the TCRβ CDR3 clones 

with significant alteration in mEV71 infection comparing to those in mock infection were identified. 

A total of 99 TCRβ CDR3 clones with significant alteration in the brainstem were identified, and 

potential expanded TCRβ CDR3 clusters were generated by the neighbor‐joining method. As shown 

in Figure 3A, the cluster circled in the rectangle containing 21 TCRβ CDR3 clones was selected for 

further analysis due to the slower rate of amino acid substitution within the cluster. Hence, we 

hypothesized that this specific TCRβ CDR3 clone cluster might be stimulated by the viral peptides. 

To address our hypothesis, we determined the prevalence of the 21 TCRβ CDR3 clones in the 

brainstems of mEV71‐infected mice in the cluster. The results suggested that the 21 TCRβ CDR3 

clones were stimulated in response to mEV71 infection, particularly those in the G3 group (Figure 

3B). The consensus TCRβ CDR3 sequence, CASSLGANSDYTF, was deduced from the 21 TCRβ clones 

by WebLoGo (Figure 3C) [29,30]. 
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Figure  3. The expanded TCRβ CDR3 clones in the brainstems of mEV71‐infected mice. (A) The 

clustering of expanded TCRβ CDR3 clones. The merged sequencing reads were first translated into 

amino acid sequences, and the amino acid sequences located in the hypervariable CDR3 of the TCRβ 

chain were used for expanded CDR3 clone identification. A total of 99 TCRβ CDR3 clones which 

significantly expanded in virus infection groups comparing to the mock infection group were 

identified, and 21 TCRβ CDR3 clones were clustered, which were circled in the rectangle, by the 

neighbor‐joining method. (B) The expanded TCRβ CDR3 clones prevailed with grading among 

mEV71 infection groups. Twenty‐one TCRβ CDR3 clones in the cluster were stimulated in response 

to mEV71 infection. The brown grid represents a detectable expression level; the gray grid represents 

an undetectable expression level. (C) The core CDR3 sequence of the expanded TCRβ cluster. The 

CDR3 sequence CASSLGANSDYTF represented the core TCRβ CDR3 clone. 
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2.3. The Expanded TCRβ CDR3 Clones Were Elicited by EV71 Viral Protein 1 

EV71 viral protein 1 (VP1) is one of the major antigenic targets for anti‐EV71 vaccines and is also 

regarded as an antigenic determinant for T cell responses [16,31]. VP1 is located on the outer side of 

the capsid, used for EV71 genotyping and considered the key epitope of EV71 [16,31]. To investigate 

the importance of the CASSLGANSDYTF TCRβ CDR3 clone for the binding of EV71 VP1, we 

conducted in silico viral peptide binding prediction. First, the full‐length amino acid sequence of VP1 

protein of EV71 strain Tainan/5746/9 (AF304457.1) was used to predict the potential cleaved EV71 

VP1 peptides presented by major histocompatibility complex (MHC) I and MHCII (Supplementary 

Table S2,3). We then selected the potential viral peptides by considering the number of binding (NB) 

to mouse MHC of greater or equal to two for further analysis. The NB of four MHCI‐favored 

(FTYMRFDAEFTF, LAWQTATNPSVF, IYMRMKHVRAWI, and SFFSRAGLVGEI) and one MHCII‐

favored cleaved VP1 peptides (VSRALTRALPAPTGQ) of mEV71 were greater than or equal to two 

(Supplementary Table S2,3). In addition to EV71 VP1, it was reported that EV71 VP2 showed a broad 

distribution of immunogenic peptides that could dominate T cell responses against EV71 [32]. 

Therefore, we analyzed the potential cleaved EV71 VP2 epitopes presented by mouse MHCI and 

MHCII (Supplementary Table S4,5). Based on the same selection criteria, four cleaved EV71 VP2 

peptides (CGYSDRVAQLTI, CNASKFHQGALL, DSALNHCNFGLL, and SALNHCNFGLLV) 

favored mouse MHCI with a NB equal to two, while none of the cleaved VP2 peptides favored mouse 

MHCII with a NB greater than or equal to two (Supplementary Table S4,5).  

Regarding the NB of each cleaved viral peptide with a NB greater than or equal to two, the 

identified cleaved VP1/VP2 peptides fitted to the criterion were adapted to binding potential 

prediction with the TCRβ‐MHCI/II complex containing a CASSLGANSDYTF CDR3 sequence. The 

ligand‐binding prediction between the TCRβ‐MHC protein complex and cleaved EV71 VP1 peptides 

was carried out by ClusPro [33–35]. The results indicated that the binding potential highly favored 

MHCI‐VP1 peptide complexes but not MHCII‐VP1 peptide complexes [36,37] (Table 2). For EV71 

VP2 peptides, only three MHCI‐favored viral peptides performed binding potential with the TCRβ‐

MHCI complex (Supplementary Table S6). Collectively, four MHCI‐favored cleaved VP1 peptides 

and three out of four MHCI‐favored cleaved VP2 peptides showed binding potential with the TCRβ‐

MHCI complex (Table 2 and Supplementary Table S6), while none of MHCII‐favored cleaved VP1 or 

VP2 peptides performed binding potential with TCRβ‐MHCII complex. We then determined the 

ligand‐binding energies between cleaved EV71 VP1 peptides and the TCRβ‐MHCI complex. The four 

MHCI‐favored cleaved VP1 peptides of mEV71 (FTYMRFDAEFTF, LAWQTATNPSVF, 

IYMRMKHVRAWI, and SFFSRAGLVGEI) were aligned to EV71 strain Tainan/5746/9. The alignment 

showed that the amino acid sequences of all cleaved mEV71 VP1 peptides were identical to EV71 

strain Tainan/5746/9 (Supplementary Figure S2). The binding energies between the EV71 VP1 peptide 

and the TCRβ‐MHCI complex were predicted by DOCK6 since the scores implemented from the 

ClusPro service cannot be used to compare the binding energy among peptide‐bound TCRβ‐MHCI 

complexes (https://cluspro.bu.edu/help.php). The results suggested that stable binding was predicted 

between four cleaved EV71 VP1 peptides and the CASSLGANSDYTF‐bearing TCRβ‐MHCI 

complexes (Table 3) [36,37]. To scrutinize the spatial arrangements of the CDR3 loop with the viral 

peptide bound, force‐field molecular dynamics were applied to the four stable peptide‐bound protein 

complexes. Our analyses suggested that the CDR3 loop secures if not interacts with the viral peptides 

in the binding groove. In other words, the CDR3 loop functions as a gate to prevent the viral peptide 

from escaping and, in a few complexes, exerts hydrophobic interactions on the amino acids of the 

viral peptide (Figure 4 and Supplementary Figure S3).  
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Figure 4. The binding complex between TCRβ CDR3, EV71 VP1 peptide and major histocompatibility 

complex (MHC) class I. The binding complexes composed of TCRβ CDR3 CASSLGANSDYTF, MHC 

class I molecule and cleaved EV71 VP1 peptide were illustrated, where distances between interacting 

side chains were not considered. The binding complexes were composed of the cleaved EV71 VP1 

peptides FTYMRFDAEFTF (A), LAWQTATNPSVF (B), IYMRMKHVRAWI (C), and SFFSRAGLVGEI 

(D). The green dashed line represents hydrogen binding; the red spike represents hydrophobic 

interactions; the alphabet in parenthesis represents the chain ID in the protein complex; the ball and 

stick in black and purple represent the cleaved EV71 VP1 peptide. 

Table 2. The predicted binding potential between a cleaved EV71 VP1 peptide and TCRβ‐MHCI/II 

complex containing a CASSLGANSDYTF CDR3 sequence. 

MHC Presenting EV71 VP1 Peptide    Binding Energy 

MHC Class I‐EV71 VP1 Peptide    

FTYMRFDAEFTF  −1193.3a 

LAWQTATNPSVF  −924 

IYMRMKHVRAWI  −872.3 

SFFSRAGLVGEI  −881.4 

MHC Class II‐EV71 VP1 Peptide    

VSRALTRALPAPTGQ  − 

aThe scores, implemented from ClusPro service, are not suitable to compare the binding energy 

among peptide‐bound TCRβ‐MHCI/II complexes. 

 

Table 3. Predicted binding energies in silicon between a cleaved EV71 VP1 peptide and the TCRβ‐

MHCI complex. 
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  Cleaved EV71 VP1 Peptidea 
 FTYMRFDAEFTF   LAWQTATNPSVF   IYMRMKHVRAWI   SFFSRAGLVGEI 

HA_RMSDm  0.39  0.17  0.93  0.60 

Grid score  −180.63  −164.19  −118.01  −155.11 

Grid_vdw  −151.80  −153.65  −96.85  −117.20 

Grid_es  −28.83  −10.54  −21.16  −37.91 

Int. energy  89.50  63.30  120.48  86.70 

aThe score indicates the binding energy between the peptide and the TCRβ‐MHCI complex. 

2.4. Scrambled CDR3 Sequences Disturbed the Stable Binding of TCRβ‐MHC‐Viral Peptide Complex 

A scrambled CASSLGANSDYTF CDR3 sequence was used to substitute the CDR3 loop of the 

TCRβ protein and to measure whether the binding stability between the scrambled TCRβ‐MHCI 

complexes and viral peptides was disturbed. A DOCK6 prediction showed that the scrambled CDR3 

sequences reduced the energy of viral peptide binding [38], caused a confirmation change and finally 

destabilized the binding between CDR3 and EV71 VP1 peptides (Table 4 and Supplementary Figure 

S4).  

LIGPLOT [39] visually suggested that scrambled CDR3 sequences were associated with drastic 

conformational changes in the binding groove, giving rise to binding instability (Supplementary 

Figure S4). Nonetheless, computationally, we are unable to distinguish the causality between 

conformational changes and binding instability. For example, when the viral peptide 

FTYMRFDAEFTF bound to the CASSLGANSDYTF‐containing TCRβ‐MHC protein complex, 

LIGPLOT indicated an environment with side chains in proximity between the viral peptide and the 

protein complex (Figure 4 and Supplementary Figure S3). In contrast, once the scrambling took place 

a huge cavity appeared, resulting in weakened hydrogen‐bonding energy and abolishment of several 

hydrophobic interactions. These phenomena undermined the stability and, accordingly, were 

reflected in Grid scores using DOCK6 (Table 4 and Supplementary Figure S4). Taken together, these 

data showed that the stable binding between the identified expanded CDR3 clone and viral peptide‐

MHCI might be highly associated with a specific combination of amino acids in the CDR3 loop.  

Table 4. The predicted binding energy between a cleaved EV71 VP1 peptide and a scrambled CDR3 

sequence. 

Cleaved EV71 VP1 

Peptide 
  CASSLGANSDYTF 

CDR3 scramble 
 HA_RMSDm   Grid Score   Grid_vdw   Grid_es    Int. Energyb 

FTYMRFDAEFTF 

 CASSLGANSDYTF  0.39  −180.63  −151.80  −28.83  89.50 
 CANSGLSSDAYTF  1.45  483.15  486.10  −2.96  260.33 
 CGAYLANSSSDTF  0.51  −117.71  −80.91  −36.81  97.31 
 CGSNALYSTDASF  5.88  −14.21  −20.92  6.71  86.97 

LAWQTATNPSVF 

 CASSLGANSDYTFa  0.17  −164.19  −153.65  −10.54  63.30 
 CLATGNSAYDSSF  1.37  9095.05  9114.54  −19.49  1037.36 
 CLSYATASNGSDF  0.42  −137.52  −130.43  −7.09  84.10 
 CTSNGAASSDLYF  2.80  58013.92  58035.42  −21.50  1905.18 

IYMRMKHVRAWI 

 CASSLGANSDYTF  0.93  −118.01  −96.85  −21.16  120.48 
 CAALYTDSSGSNF  4.30  1423.73  1409.09  14.63  157.11 
 CLTAAGNDYSSSF  0.60  −65.99  −41.48  −24.51  142.61 
 CSTSNDSAYLGAF  0.50  166.10  199.76  −33.66  114.02 

SFFSRAGLVGEI 

 CASSLGANSDYTF  0.60  −155.11  −117.20  −37.91  86.70 
 CAADGLNSSSTYF  0.46  124.89  162.56  −37.67  85.43 
 CASNGSTASLDYF  0.46  −43.34  3.89  −47.22  82.62 
 CNSYSALTGDASF  0.54  750.47  778.18  −27.71  81.88 

aCASSLGANSDYTF serves as the original form of the identified CDR3 clone. bInt. Energy represents 

internal energy that could reduce the occurrence of internal clashes during the torsional optimization. 

3. Discussion   
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T cell‐mediated antiviral immunity is principally composed of T cells, MHC molecules and viral 

peptides, wherein T cells play a pivotal role in antigen recognition and immune attack [40]. Virus 

infections have been demonstrated to shape the host T cell receptor repertoire, including those by 

influenza virus, human cytomegalovirus (HCMV) and Epstein‐Barr virus (EBV) [25,41–43]. To the 

best of our knowledge, this is the first report exploring the impacts of the host TCRβ repertoire in 

EV71 infection. We determined TCRβ repertoire diversities in the brainstem of mEV71‐infected mice, 

and the diversities were approximately increased with severity grading but were dominated by 

expanded TCRβ CDR3 clones in the severest group (Figure 2A and Figure 3B). Shifrut et al. reported 

a more skewed TCRβ repertoire in old mice (17–20 months old) than in young mice (6–8 weeks old) 

[28]. The neonate mice showed the most skewed repertoire compared to that of either young or old 

mice, although virus infection increased TCRβ repertoire diversities (Figure 2A). Moreover, the 

diversity of the splenic TCRβ repertoire was greatly reduced compared with that of the bone marrow‐

derived TCRβ repertoire in the same‐age mice [28]. This evidence indicated that TCRβ repertoires are 

sensitive to age, repertoire location and stimulation (Figure 2A) [28,44]. 

EV71 infection is an important public health problem with life‐threatening impacts in 

southeastern Asia. To solve this problem, numerous studies have focused on vaccine development 

in the past decade [45–49], and inactivated EV71 vaccines, providing an invaluable gift for children, 

were developed successfully [11,12,50]. Several EV71 genotypes such as C4a, B5, C2 were circulating 

in the Asia‐Pacific Region in the past decade and EV71 genotypes might be the key factor to affect 

vaccine cross‐neutralization [51–55]. Hence, it would be further investigated whether EV71 vaccines 

developed using a single EV71 strain could provide strong cross‐protection against other EV71 

strains. Although EV71 vaccine evaluation has been completed in phase III clinical trials and 

approved in China, there is still no effective therapy for treating EV71‐infected patients other than 

supportive treatment [11,12,50]. It is well‐documented that highly elevated proinflammatory 

cytokines, such as IL1β, IL6, IL10, IL13, TNFα or IFNγ, are detected in cases of EV71‐infected patients 

with severe manifestations as well as in fatal cases [17,18]. T cell‐mediated immunity and 

proinflammatory cytokines are considered attackers against virus infections, while an uncontrollable 

immune reaction is stimulated in EV71 infection and even in other enterovirus infections to cause 

severe manifestations [5,17,18,56]. Therefore, regulating and suppressing elevated proinflammatory 

cytokines might be the key to protecting virus‐infected subjects from such severe manifestations, at 

least in part. The skewed TCRβ repertoire was observed in our study and, to our best knowledge, 

that is one of the potential reasons to explore why elevated proinflammatory cytokines were found 

in EV71‐infected subjects.  

Multiple sclerosis (MS) is an immune‐mediated demyelinating disease in which the patient’s 

immune system destroys the myelin sheath and causes disability and neurodegeneration [57]. 

Natalizumab, an FDA‐approved monoclonal antibody drug for MS, serves as an immunosuppressive 

agent to block activated lymphocytes from crossing the blood‐brain barrier and significantly reduces 

MS‐caused disability [58]. We identified an expanded TCRβ CDR3 clone cluster in mEV71‐infected 

mice and characterized the core TCRβ CDR3 clone harboring the CASSLGANSDYTF CDR3 sequence 

(Figure 3). As a strategy against MS, manipulation of such expanded TCRβ CDR3 clones by 

neutralization antibodies or specific inhibitors might be considered as a new approach for controlling 

EV71 infection [59,60].  

In summary, we have determined the impacts of EV71 infection on the host TCRβ repertoire 

wherein EV71 infection altered host TCRβ diversity, changed VJ combination usages and expanded 

viral protein‐specific TCRβ CDR3 clones. Bioinformatics analysis and molecular modeling speculated 

that EV71 VP1 peptides would be presented by MHC class I to stimulate specific TCRβ CDR3 clone 

expansion. Our findings suggested EV71 infection could skew host TCRβ repertoire and also expand 

VP1‐specific TCRβ CDR3 clones. Although these results may not adapt to other EV71 infection mouse 

models directly [61–63] and could not completely reflect natural situations in human beings due to 

the limited experimental mouse model and bioinformatic prediction, these findings could partly 

broaden our knowledge in EV71 pathogenesis and provide an insight in the anti‐viral therapy 

development potentially via manipulating expanded TCRβ CDR3 clones in virus infection. 
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4. Materials and Methods 

4.1. Ethics Statement 

The National Taiwan University College of Medicine and College of Public Health Institutional 

Animal Care and Use Committee (IACUC) approved all animal protocols with the identification 

number 20140264. All animal experiments were in strict accordance with the Guidebook for the Care 

and Use of Laboratory Animals, 3rd Ed., 2007, published by The Chinese‐Taipei Society of Laboratory 

Animal Sciences. 

4.2. mEV71 Propagation   

mEV71 was established referring to a report published by Wang, Y. F. in 2004 [64]. mEV71 was 

generated after four serial passages in neonate mice started from parental human EV71. Parental 

human EV71 was injected intraperitoneally and next generation mEV71, called 1st mEV71, was 

isolated from neonate mice brainstem tissue at 3 days post‐infection (d.p.i.). The isolated 1st mEV71 

was then propagated in RD cells, a human rhabdomyosarcoma cell line, with serum‐free condition. 

The passage procedures were repeated for four times as our previous report [9]. Aliquots of viral 

stocks were stored at –80 °C.  

4.3. RNA Extraction 

Total RNAs of the brainstem from each mouse were extracted by GeneJETTM RNA Purification 

Kit (Fermentas, Waltham, Massachusetts, USA) according to manufacturer’s protocol. Briefly, tissues 

obtained from mice were first homogenized by TissueLyser LT (Qiagen, Hilden, Germany) and the 

lysates were then reacted with lysis buffer containing β‐mercaptoethanol and proteinase K. The 

lysates were transferred into GeneJET RNA purification column for RNA binding and washed with 

washing buffer. Total RNAs were eluted with nuclease‐free water and applied to TCRβ iRepertoire 

library construction.  

4.4. Plaque Assay 

EV71 plaque assays were carried out in triplicate in 6‐well plates. RD cells were infected with 

100 μl/per well of diluted viral stocks. After 1 h absorption, the monolayer cells were washed with 

phosphate buffered saline (PBS) and incubated for 3 days in 0.3% agarose medium overlay. Cells 

were fixed with formaldehyde and stained with crystal violet. Plaques were counted. 

4.5. mEV71 Infection 

C57BL/6 mice were provided by the Knockout Mouse Core Laboratory of National Taiwan 

University Center of Genomic Medicine, housed in specific pathogen‐free animal rooms, and treated 

according to guidelines from the National Taiwan University College of Medicine and College of 

Public Health IACUC. For mEV71 inoculation, five‐day‐old wild‐type C57BL/6 mice housed in the 

same cage were infected with 1 × 108 plaque forming units (PFUs) of mEV71 through the oral route 

(Figure 1). Mice in mock infection group were fed with culture medium. The animals were monitored 

hourly (from 7:00 a.m. to 9:00 p.m.) for clinical signs and mortality and the mice with events such as 

death occurred out of the interval (from 7:00 a.m. to 9:00 p.m.) were excluded. The mouse was divided 

into the specific group according to severity assessment described as follows [9]. All mouse tissues 

were obtained from scarified mice and further assayed for TCRβ repertoire library construction and 

plaque assay.  

4.6. Severity Assessment 

Mice infected with mEV71 or fed with culture medium were sacrificed at 5 d.p.i. and separated 

into four groups. The mice were monitored from 7:00 a.m. to 9:00 p.m. daily for clinical signs and 

mortality and the mouse brainstems were obtained from scarified mice with significant clinical illness 
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signs or death or at 5 d.p.i. if mice without any significant illness signs. The Grade 1 group consisted 

of mEV71‐infected mice which had no signs of serious illness or physical impairment at 5 d.p.i. The 

Grade 2 group consisted of mEV71‐infected mice which were alive but with low vitality or mobility 

but no paralysis observed at 5 d.p.i. The Grade 3 group consisted of mEV71‐infected mice with 

paralysis in limbs or death before or at 5 d.p.i. The body weights of mice were recorded at sacrifice 

or at 5 d.p.i. but not as a criterion for severity grade assignment. 

4.7. TCRβ Library Preparation and NGS 

Total RNAs extracted from the brainstems were applied to iRepertoire TCRβ library preparation 

according to manufacturer’s instructions (iRepertoire, Inc.). Briefly, a two‐step PCR reaction was used 

to amplify the immune repertoire. Template RNAs were combined with iRepertoire primer mix 

including Fout, Fin, Rout and Rin, RT‐PCR enzyme mix, dNTP and buffer and then reacted with the 

PCR cycling as following: 50 °C for 40 min for reverse transcription reaction, 95 °C for 15 min and 94 

°C for 30 sec, 60 °C for 5 min and 72 °C for 30 sec for 10 cycles; 94 °C for 30 sec and 72 °C for 3 min 

for another 10 cycles, and 72 °C for 10 min. In the first PCR, gene‐specific primers targeting to the V 

or C regions were used. The forward primers, Fout and Fin, are located in the V region while the 

reverse primers, Rout and Rin, are located in the C region. The Fin and Rin primers were conjugated 

with sequencing adaptors B and A as universal sequences for second PCR annealing, respectively. 

The second PCR is carried out using universal primers B and A. After amplification, PCR products 

were adapted to gel purification and the resulting products were sequenced on MiSeq with MiSeq 

Reagent Kit v3 (600‐cycle) (Illumina, San Diego, California, USA).  

4.8. NGS Data Processing 

Each pair of 300 bp paired‐end reads were merged to produce a single long read if BLAT found 

an overlap whose sequence identity was > 95%, and whose base quality of each nucleotide was > Q20 

[26]. Next, the segments of Vβ and Jβ region were identified using BLAT against the IMGT repertoire 

for Mus musculus (Release 201827‐0) [65]. Nucleotide sequences immediately upstream from Vβ 

genes and downstream from Jβ genes were excised for barcode identification. Properly barcoded 

sequences were kept for CDR3 analysis. 

4.9. Identification of mEV71 Infection‐Related CDR3 Clones 

The TCRβ CDR3 region was recognized following the protocol established by the IMGT 

collaboration [65]. Sequences that did not meet the standard mentioned in the protocol [65] or that 

contained stop codons after translation were removed. 

The read count of each TCRβ CDR3 clone in a mouse was first normalized against total 

corresponding read count to obtain the expression level of each CDR3 clone. To identify mEV71 

infection‐related CDR3 clones, the expression levels were converted to 1, if there was a detectable 

expression level, or 0, if there was no detectable expression level. Fisher’s exact test was applied to 

calculate the p values of each TCRβ CDR3 clone between mEV71‐infected and mock infection groups. 

Ninety‐nine clones were identified with p value < 0.05. CDR3 sequences are aligned by the clustal 

omega algorithm of the European Molecular Biology Laboratory (EMBL, 

https://www.ebi.ac.uk/Tools/msa/clustalo/) and then the phylogenetic tree is constructed by the 

neighbor‐joining method. 

4.10. Ligand‐Binding Prediction 

Full EV71 VP1 and VP2 protein sequences, from the mRNA of Tainan/5746/98 strain under the 

accession number of AF304457, were applied to the NetMHCpan 2.4 and the NetMHCIIpan 3.0 

servers [33–35]. Based on the number of binding (NB) to mouse MHC greater or equal to 2, the cleaved 

viral peptides from each server were identified for further analysis. The crystal structure of TCRαβ‐

MHCI protein complex was adapted from that of BM3.3 ScFV TCR in complex with the PBM8‐H‐

2KBM8 MHCI molecule (PDB: 2OL3). Likewise, the crystal structure of MHCII protein was from that 
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of mouse MHC class II I‐Ab/3K peptide complexed with mouse TCR B3K506 (PDB: 3C5Z). The 3D 

models of cleaved viral peptides and the TCRβ‐MHCI/II protein complex were uploaded to the 

ClusPro 2.0 server for binding prediction, and considered binding occurring if two or more models 

suggested viral peptides being bound in the binding groove [36,37]. Nonetheless, due to the 

drawback where the binding scores in the ClusPro did not truly reflect the energy occurring during 

the peptide binding, the rigid‐body docking was carried out using DOCK6 to assess binding affinity 

[66]. To elucidate the specificity of CASSLGANSDYTF, the randomly scrambled amino acid 

sequences by a word scramble generator (https://www.superteacherworksheets.com/generator‐

word‐scramble.html) were used to substitute ASSLGANSDYT in the TCRβ CDR3 molecule of the 

TCRβ‐MHCI/II complexes using Modeller [67]. 

4.11. Molecular Dynamics Analysis 

The following protocol was adapted from that by M. H. Chen et al. [68]. Homology modeling of 

TCRβ protein fused with desired CDR3β sequence was conducted using SWISS‐MODEL webserver 

[69–71], and the missing hydrogen atoms were patched using MolProbity4 [72,73]. Each complete 

homology model was minimized for 4000 steps using Nanoscale Molecular Dynamics (NAMD) [74] 

and solvated with water molecules (TIP3) using Visual Molecular Dynamics (VMD) [75]. The fully 

solvated system was 80 Å × 80 Å × 125 Å in size. All molecular dynamic simulations were carried out 

with full Particle Mesh Ewald (PME) calculations for electrostatic interactions. To ensure that the 

system was relaxed systematically, simulations were carried out using a Langevin bath as follows:  

25 ps with the protein fixed, 25 ps with the entire protein harmonically constrained, 25 ps with the 

peptide backbone harmonically constrained, and 25 ps with α‐carbons harmonically constrained. 

NPT ensemble, constant pressure and temperature, simulation was then performed for 2 ns. The 

binding of the ligand to the final homology model was visualized using UCSF Chimera [76]. 

4.12. Statistical Analysis 

According to sequencing reads merged by the BLAT algorithm and mapped to the IMGT 

database, TCRβ VJ combination usages were estimated by read counts normalized with sequencing 

throughput in 4 different groups. In order to identify the TCRβ VJ combination usages associated 

with different severity groups, simple liner regression was applied to estimate p values of the liner 

trend of usages among groups. Cut‐point of the p value was 0.05. Further, the linear trend of the 

usages of TRBV and TRBJ individually were also evaluated.  

Among TCRβ VJ combinations with significantly linear tread in usages across 4 different groups, 

averages of TCRβ VJ combination usages in groups were scaled and depicted by heatmap. 

Supplementary Materials: The following are available online at www.mdpi.com/xxx/s1, Figure S1: Differential 

usages of VJ combinations in brainstems of mEV71‐infected mice, referred to Figure 2; Figure S2: Amino acid 

sequences of cleaved mEV71 VP1 peptides; Figure S3: The binding complex between TCRβ CDR3, EV71 VP1 

peptide and MHC class I referred to Figure 4; Figure S4: The binding complex between scrambled TCRβ CDR3, 

cleaved EV71 VP1 peptide and MHC class I, referred to Figure 4; Table S1: The statistics of mapped sequencing 

reads in each severity‐classified group; Table S2: Potential cleaved EV71 VP1 epitopes presented by MHCI 

according to mouse alleles; Table S3: Potential cleaved EV71 VP1 epitopes presented by MHCII according to 

mouse alleles; Table S4: Potential cleaved EV71 VP2 epitopes presented by MHCI according to mouse alleles; 

Table S5: Potential cleaved EV71 VP2 epitopes presented by MHCII according to mouse alleles; Table S6: The 

predicted binding potential between a cleaved EV71 VP2 peptide and TCR‐MHCI/II complex containing a 

CASSLGANSDYTF CDR3 sequence. 
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