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ABSTRACT 33 

Since the discovery of enterovirus-A71 (EV-A71) half a century ago, it has caused 34 

large-scale outbreaks of hand-foot-and-mouth disease worldwide, in particular in the 35 

Asia-Pacific region, causing a great concern of public health and economic burden. 36 

Detailed mechanisms on the modulation of immune responses after EV-A71 infection 37 

have not been fully known, and the lack of appropriate models hinders the 38 

development of promising vaccines and drugs. In the present study, NOD-scid IL2Rγ
-/-

 39 

(NSG) mice with human immune system (humanized mice) at the age of 40 

four-week-old were found to be susceptible to a human isolate of EV-A71 infection. 41 

After infection, humanized mice displayed limb weakness, which is similar to the 42 

clinical features found in some of the EV-A71-infected patients. Histopathological 43 

examination indicated the presence of vacuolation, gliosis or meningomyelitis in brain 44 

stem and spinal cord, which were accompanied by high viral loads detected in these 45 

organs. The numbers of activated human CD4
+
 and CD8

+
 T cells were upregulated 46 

after EV-A71 infection and EV-A71-specific human T cell responses were found. 47 

Furthermore, the secretion of several proinflammatory cytokines, such as human 48 

IFN-γ, IL-8 and IL-17A was elevated in the EV-A71-infected humanized mice. Taken 49 

together, our results suggested that the humanized mouse model permits insights into 50 

the human immune responses and the pathogenesis of EV-A71 infection, which may 51 
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provide a platform for the evaluation of anti-EV-A71 drug candidates in the future. 52 

 53 

IMPORTANCE Despite causing self-limited hand-food-and-mouth disease in 54 

younger children, EV-A71 is consistently associated with severe forms of 55 

neurological complications and pulmonary edema. Nevertheless, only limited 56 

vaccines and drugs have been developed over the years, which is possibly due to a 57 

lack of models that can more accurately recapitulate human specificity, since human 58 

is the only natural host for wild type EV-A71 infection. Our humanized mouse model 59 

did not only mimic histological symptoms in patients, but also allows us to investigate 60 

the function of human immune system during the infection. It was found that human 61 

T cell responses were activated, accompanied by an increase in the production of 62 

proinflammatory cytokines in EV-A71-infected humanized mice, which might 63 

contribute to the exacerbation of disease pathogenesis. Collectively, this model allows 64 

us to delineate the modulation of human immune responses during EV-A71 infection 65 

and may provide a platform to evaluate anti-EV-A71 drug candidates in the future. 66 

  67 
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INTRODUCTION 68 

Enterovirus-A71 (EV-A71) is a non-enveloped, single-stranded positive-sense 69 

RNA virus, which belongs to human Enterovirus A species of Enterovirus genus, 70 

within the family of Picornaviridae (1). Upon its discovery in 1969 and initial 71 

description in 1974, EV-A71 has been regarded as one of the common causes of 72 

epidemics of hand-food-and-mouth disease (HFMD) (2, 3). Ever since then, outbreaks 73 

of EV-A71 infection have periodically occurred worldwide (2). More recently, 74 

epidemic and sporadic outbreaks of EV-A71 infection have been reported in the 75 

Asia-Pacific region, including China, Hong Kong, Korea and Taiwan (4-9). 76 

In general, EV-A71 causes mild infection in children, which is usually 77 

asymptomatic, or may cause fever, diarrhea, rashes, herpangina or HFMD (10). 78 

Although the initial viral infection is self-limited, it may be followed by acute flaccid 79 

paralysis, aseptic meningitis, meningoencephalitis, myocarditis, pulmonary edema, or 80 

combination of these conditions (10-12). Notably, younger children less than four 81 

years old are more susceptible to severe forms of EV-A71-associated neurological 82 

diseases, such as meningitis, brain stem or cerebellar encephalitis and 83 

poliomyelitis-like paralysis, and these neurological complications may occasionally 84 

result in permanent paralysis or even death (13-15). Recently, it was proposed that 85 

HFMD mainly affects infants and children rather than adults, which may be the 86 
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consequence of weaker immune system in the infants and children (16). To date, a 87 

vast number of animal models, including non-human primates and small rodents have 88 

been developed to determine the prevention, the pathogenesis and the treatment of 89 

diseases caused by EV-A71. Nonetheless, each of these models has its corresponding 90 

limitations (17). EV-A71-infected rhesus monkeys developed neurological 91 

complications similar to human, but this model is not suitable for the assessment of 92 

neurovirulence level. Moreover, this model is always associated with ethical and 93 

economic issues (18, 19). Neonatal mice were found to be susceptible to either 94 

mouse-adapted or non-mouse-adapted strain of EV-A71 infection (20-23). In addition, 95 

it was proposed that massive production of various proinflammatory cytokines, 96 

including mouse interferon (IFN)-γ, interleukin (IL)-1β, IL-6, IL-13 and tumor 97 

necrosis factor (TNF)-α, may contribute to the pathogenicity of EV-A71 infection, 98 

which is in concordance with the clinical severity in EV-A71-infected patients (24-27). 99 

However, the immune system in the neonatal mice has not yet been matured, while 100 

adult mice are generally not susceptible to EV-A71 infection (17). Furthermore, the 101 

use of mouse-adapted EV-A71 strains may reduce the clinical relevance, and hinders 102 

the development of vaccines and drugs (28). Therefore, appropriate animal models are 103 

warranted to dissect the precise immunopathological mechanisms for EV-A71 104 

infection, which may facilitate the identification and screening of effective drug 105 
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candidates. 106 

In the present study, NOD-scid IL2Rγ
-/-

 (NSG) mice with human immune system 107 

(hereafter referred to as humanized mice) were successfully infected with a 108 

non-mouse-adapted strain of EV-A71. Four-week-old humanized mice after EV-A71 109 

infection showed a decrease in the neurobehavioral scores and displayed 110 

meningomyelitis and meningitis in brain and spinal cord, which were accompanied by 111 

an accumulation of virus in these organs. In addition, there was an increase in the 112 

number of activated human CD4
+
 and CD8

+
 T cells in the circulation and the spleen, 113 

and human EV-A71-specific T cell responses could be found in this model. 114 

Intriguingly, the secretion of various proinflammatory cytokines, including IFN-γ, 115 

IL-8 and IL-17A was augmented, which may contribute to the disease pathogenesis in 116 

the humanized mice after EV-A71 infection. 117 

  118 
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RESULTS 119 

Four-week-old humanized mice are susceptible to EV-A71 infection. EV-A71 120 

usually causes mild infections in children, and those who are younger than four years 121 

old are generally more susceptible to EV-A71 infection (15). Majority of animal 122 

studies also reported that younger mice, usually less than three weeks old, are more 123 

susceptible to EV-A71 infection (17). In the present study, humanized mice at 124 

different ages were infected intraperitoneally (i.p.) with 10
8
 PFU of a 125 

non-mouse-adapted, human isolate EV-A71 strain 41, and their survival rate was 126 

recorded weekly. Ten-week-old humanized mice did not succumb to EV-A71 127 

infection, with 100% survival and no observable clinical manifestations. Three- to 128 

five-week-old humanized mice showed different susceptibility to EV-A71 infection, 129 

with three-week-old humanized mice showing the greatest susceptibility to EV-A71 130 

infection as reflected by the shortest life expectancy (Fig. 1A). Some clinical signs, 131 

including limb weakness and paralysis, were also observed in the EV-A71-infected 132 

mice. Nevertheless, 80% of the mice died within 2 weeks post infection, and all of the 133 

mice died by the third week of infection. The survival rate of four-week-old 134 

humanized mice decreased significantly after EV-A71 infection when compared to the 135 

age-matched mock-infected humanized mice (Fig. 1A), which was 60% after 7 weeks 136 

of EV-A71 infection. On the other hand, five-week-old humanized mice did not show 137 
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significant change in their survival rate when compared to their mock-infected 138 

counterparts. Hence, four-week-old humanized mice were chosen as the model for the 139 

subsequent experiments. In addition, the survival rate of humanized mice was 140 

compared with the age-matched NSG mice after infection (Fig. 1B to E). It was found 141 

that the survival rate of the three- and four-week-old humanized mice was lower than 142 

their respective counterparts, suggesting a role of the human immune system in the 143 

EV-A71 infection. Besides, limb paralysis was observed in the infected humanized 144 

mice within a week prior to death (data not shown). Using this criterion, mice were 145 

categorized as moribund mice (predicted to die) or surviving mice (predicted to 146 

survive). The neurobehavioral scores, which are determined by seven tests to evaluate 147 

the neurobehavioral function, decreased significantly in both group of 148 

EV-A71-infected mice when compared to the mock-infected mice (Fig. 1F and Table 149 

S1), indicating that humanized mice infected at four-week-old showed a decrease in 150 

neurobehavioral function and displayed various clinical signs after EV-A71 infection. 151 

 152 

Histopathological examination of the EV-A71-infected humanized mice. 153 

Severe forms of EV-A71-associated neurological complications were found in 154 

EV-A71-infected moribund mice, which are similar to those reported in patients, such 155 

as aseptic meningitis, brainstem and cerebellar encephalitis (29). Histopathological 156 
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condition of EV-A71-infected surviving mice and moribund mice was examined by 157 

hematoxylin and eosin (H&E) staining. Extensive vacuolation, gliosis or 158 

meningomyelitis were present in brain stem and spinal cord in the EV-A71-infected 159 

moribund mice (Fig. 2), which is similar to the pattern of EV-A71-induced acute 160 

flaccid paralysis in patients (30), and meningitis was also observed at the membrane 161 

of cerebral cortex in the moribund mice. Besides, the presence of interstitial 162 

mononuclear cell infiltrate and polymorphonuclear cell infiltrate were observed in 163 

muscle and lung, respectively, and intra-alveolar hemorrhage was found in the 164 

moribund mice (Fig. 2). No observable pathological changes were present in other 165 

organs in the humanized mice after EV-A71 infection and microscopic lesions were 166 

also absent in these organs.  167 

 168 

Presence of EV-A71 in blood and in various organs in EV-A71-infected 169 

humanized mice. Blood samples were collected from mock-infected and 170 

EV-A71-infected humanized mice at regular intervals after infection, and qPCR was 171 

performed for the detection of EV-A71 viremia. The EV-A71 titer in the blood of the 172 

moribund mice was higher, although there were no significant differences between the 173 

surviving mice and the moribund mice (Fig. 3A). Various organs from the mice were 174 

also harvested at different time points for the determination of viral loads. In 175 
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moribund mice, the viral titers in some of the organs, such as the spinal cord and brain 176 

stem, were significantly higher than those in the surviving mice (Fig. 3B to D). 177 

Immunohistochemical (IHC) staining using an anti-EV-A71 monoclonal antibody, 178 

which stains the viral capsid protein VP1, confirmed that more viral particles were 179 

present in the organs of moribund mice than those in the surviving mice, while none 180 

of the organs from the mock-infected mice were positively stained with EV-A71 (Fig. 181 

4). 182 

 183 

EV-A71 infection activates human T cells. To investigate the numerical and 184 

phenotypical changes in human immune cells after EV-A71 infection, flow cytometric 185 

analysis on peripheral blood mononuclear cells from humanized mice was performed. 186 

As shown in Fig. 5A and B, the number of human immune cells, in particular human 187 

CD3
+
 T cells was elevated in the circulation after EV-A71 infection. It was found that 188 

CD4
+
 and CD8

+
 T cells were significantly increased between 3 weeks and 7 weeks 189 

post infection when compared to the mock-infected humanized mice (Fig. 5C and D). 190 

Intriguingly, one week after EV-A71 infection, there was a significant increase in the 191 

number of CD4
+
CD69

+
 cells (Fig. 5E), which represents an early activation of the 192 

CD4
+ 

T cells, followed by an increase in the number of CD4
+
HLA-DR

+
 activated T 193 

cells (Fig. 5F). Similarly, the number of CD8
+
CD69

+
 and CD8

+
HLA-DR

+ 
activated T 194 
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cells was upregulated at 3 weeks post infection (Fig. 5G and H).  195 

The immune cells profile of the spleen was also analyzed by flow cytometry. 196 

Notably, there was a significant increase in the number of CD4
+
CD69

+
, CD8

+
CD69

+ 197 

and CD8
+
HLA-DR

+
 T cells in the spleen after EV-A71 infection (Fig. 6A). 198 

Furthermore, human IFN-γ T cell ELISPOT assay was carried out to determine the 199 

presence of EV-A71-specific human T cell responses. Splenocytes from 200 

mock-infected mice and EV-A71-infected mice were harvested and stimulated with 201 

UV-inactivated EV-A71, while splenocytes stimulated with phytohaemagglutinin 202 

(PHA) served as positive control. The number of IFN-γ-producing spot-forming units 203 

(SFU) was augmented in the splenocytes from the EV-A71-infected group, while the 204 

splenocytes from the mock-infected group barely responded to the inactivated 205 

EV-A71 (Fig. 6B and C), suggesting that the EV-A71-specific human T cell responses 206 

were present in this model. 207 

 208 

EV-A71 infection leads to infiltration of human immune cells in various 209 

organs. An earlier report from Lin et al. demonstrated the infiltration of CD20
+ 

B 210 

cells, CD4
+
 and CD8

+
 T cells in the spinal cord from a patient with EV-A71 infection. 211 

In addition, infiltration of B cells and T cells was only observed in the brain of 212 

EV-A71-infected mice, but not in the brain of mock-infected mice (31). To examine 213 
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whether human immune cells were present in various organs after EV-A71 infection, 214 

flow cytometric analysis was performed. Consistently, there was a significant increase 215 

in the number of CD45
+ 

cells, CD3
+ 

and CD3
+
CD8

+
 T cells in the brain and the lung 216 

after EV-A71 infection, while the number of CD3
+
CD4

+
 T cells and CD14

+ 217 

monocytes was also elevated in the brain (Fig. 7A and B). IHC staining, using an 218 

anti-human CD45 antibody further revealed the infiltration of human CD45
+ 

cells in 219 

the brain and the spinal cord of the EV-A71-infected moribund mice. In contrast, no 220 

infiltration or minimal infiltration, if any, was found in the mock-infected mice and 221 

the EV-A71-infected surviving mice (Fig. 7C). On the other hand, more infiltrating 222 

human CD45
+ 

cells were present in the lung of the moribund mice when compared to 223 

the mock-infected mice and the surviving mice (Fig. 7C). Collectively, these results 224 

confirmed that human immune cells were infiltrated into the brain and the lung in the 225 

EV-A71-infected humanized mice. 226 

 227 

Upregulation of proinflammatory cytokines secretion in humanized mice 228 

after EV-A71 infection. It has been reported that the production of various cytokines 229 

is enhanced in patients after EV-A71 infection (32). To dissect human cytokine 230 

responses to EV-A71 infection, human IFN-γ, IL-8 and IL-17A level in serum was 231 

monitored at regular intervals after infection. In concordance with the clinical studies, 232 
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the level of the human proinflammatory cytokines, namely IFN-γ and IL-8, was 233 

significantly upregulated in the EV-A71-infected humanized mice at one week post 234 

infection (Fig. 8A and B). The serum level of IFN-γ and IL-8 in the infected mice was 235 

higher than the mock-infected mice until the experimental end point, albeit the 236 

increase in IL-8 level was not statistically significant at a later time point. 237 

Interestingly, human IL-17A level was also elevated after EV-A71 infection (Fig. 8C), 238 

which is in line with the finding of Chen et al, showing that the plasma IL-17 239 

concentration was higher in EV-A71-infected patients when compared to healthy 240 

controls (33). 241 

  242 
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DISCUSSION 243 

Since the discovery of EV-A71 in 1969, it has caused large-scale outbreaks of 244 

HFMD worldwide, in particular in the Asia-Pacific region, causing a great concern of 245 

public health and economic burden (34). Currently, only limited EV-A71 vaccines are 246 

available worldwide and anti-EV-A71 drugs are still under development for clinical 247 

treatment after infection (35-37). The major clinical signs of EV-A71 infection are the 248 

HFMD and herpangina in children, although other members of Enterovirus can also 249 

cause HFMD in patients. Nevertheless, EV-A71 is associated with the severe forms of 250 

neurological diseases, including brainstem encephalitis, autonomic nervous system 251 

dysregulation and pulmonary edema (12), and younger children are more susceptible 252 

to the severe forms of EV-A71-associated neurological diseases. Similarly, we 253 

demonstrated that younger humanized mice at the age of four-week-old were more 254 

susceptible to the non-mouse-adapted strain of EV-A71 infection, whereas the mice at 255 

10 weeks old did not succumb to the infection. Consistently, previous reports have 256 

shown that mice more than 4 weeks old were generally not susceptible to EV-A71 257 

infection (17), while some studies reported that ten-week-old AG129 258 

immunocompromised mice were susceptible to a mouse-adapted strain of EV-A71 259 

infection, which might be the consequence of the mutation of VP1 protein (38, 39). In 260 

addition, we found that four-week-old humanized mice was more susceptible to 261 
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EV-A71 infection when compared to the age-matched EV-A71-infected NSG mice, as 262 

reflected by a decrease in the survival rate of the humanized mice, suggesting a role of 263 

the human immune system in the EV-A71 infection. 264 

Similar to the clinical features in some of the EV-A71-infected patients, 265 

moribund mice after EV-A71 infection showed hind limb weakness and paralysis 266 

prior to death, accompanied by a significant decrease in the neurobehavioral scores 267 

when compared to the mock-infected mice. Histopathological examination further 268 

revealed the presence of vacuolation, gliosis or meningomyelitis in brain stem and 269 

spinal cord, and meningitis was observed at the membrane of cerebral cortex in the 270 

EV-A71-infected moribund mice, suggesting that central nervous system (CNS) was 271 

infected by EV-A71 as observed in humans. Intriguingly, pulmonary edema, which is 272 

a hallmark feature in EV-A71 patients with severe complications (40), was not 273 

observed in the EV-A71-infected humanized mice, despite the presence of interstitial 274 

mononuclear cell infiltrate and polymorphonuclear cell infiltrate, and intra-alveolar 275 

hemorrhage in the mice. From our results, EV-A71-infected moribund mice showed a 276 

higher level of viremia when compared to the surviving mice, although the difference 277 

was not statistically significant. This is in parallel with a clinical report which 278 

suggested that viremia does not have a significant impact on the distribution of 279 

clinical severity of EV-A71 cases (41). On the other hand, the virus exhibited strong 280 
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neurotropism at the CNS in the EV-A71-infected moribund mice, in which the virus 281 

preferentially accumulated in the brain and the spinal cord. The high titer of virus 282 

found in the CNS might be one of the factors leading to the moribund status of the 283 

mice, and the neurotropism is consistent with the encephalomyelitis observed in 284 

EV-A71 patients (11). Apart from the brain and the spinal cord, EV-A71 was also 285 

detected in the lung and the hind limb as indicated by IHC staining. Consistently, 286 

EV-A71-infected AG129 mice showed an accumulation of virus in the limb muscles 287 

(28). It is generally proposed that skeletal muscle supports enterovirus infection and 288 

the virus spreads from the muscle to the CNS through nervous pathways (28, 42), and 289 

our model is capable to demonstrate the systemic spread of EV-A71 into multiple 290 

organs, including the muscle, the spinal cord and the brain of the infected mice. 291 

It has been suggested that cellular immunity, rather than humoral immunity, is 292 

associated with the clinical outcomes of EV-A71 infection (43). In addition, previous 293 

reports have shown that the number of circulating immune cells, including T follicular 294 

helper cells, type 1 helper and cytotoxic T cells, and T helper 17 and 22 cells increases 295 

with the severity of HFMD after EV-A71 infection, accompanied by an increase in the 296 

secretion of various cytokines, such as IL-6, IL-17, IL-21, IL-22 and TNF-α (44-46). 297 

In another report, a decrease in the number of CD4
+
 and CD8

+
 T cells, and NK cells 298 

was observed when the patients advanced from autonomic nervous system 299 
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dysregulation to pulmonary edema (27), suggesting that cellular immunity is one of 300 

the factors that governs the disease severity. In the present study, the number of 301 

human CD45
+
, CD3

+
, CD4

+
 and CD8

+
 cells was significantly increased in the 302 

humanized mice at 3 weeks to 7 weeks post infection. Intriguingly, the number of 303 

activated T cells (CD69
+
 or HLA-DR

+
 T cells) was significantly upregulated within 5 304 

weeks of EV-A71 infection, proposing a role of activated T cells in the early phase of 305 

disease pathogenesis, which plausibly involved the secretion of inflammatory 306 

cytokines. Remarkably, HLA-DR is a human-specific molecule that is upregulated in 307 

human T cells and NK cells after activation (47, 48). Therefore, HLA-DR
+
 T cells 308 

were present in our humanized mouse model after EV-A71 infection, but unlikely in 309 

other mouse model. In consistent with the immune cells profile in the circulation, the 310 

number of activated T cells in the spleen was also elevated. Besides, the presence of 311 

EV-A71-specific human T cell responses also provided a concrete evidence of 312 

EV-A71 infection in our humanized mice. Of note, the human immune system in the 313 

humanized mice is still naïve when the mice were infected with EV-A71 at the age of 314 

four-week-old. On one hand, the naïve immune system in the mice is similar to the 315 

immature immune system in younger children, which allows us to investigate the 316 

modulation of the immune system after the EV-A71 infection. On the other, careful 317 

interpretation of the immune response is required as there is a lack of some immune 318 
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cell subsets at the time of EV-A71 infection.  319 

Besides, infiltrating immune cells, including CD4
+
 and CD8

+
 T cells, and CD20

+
 320 

B cells were found in spinal cord in one fatal EV-A71-infected patient, which was 321 

accompanied by an increase in the viral load in brain (31). In the same study, 322 

EV-A71-infected neonatal mice, including ICR mice and C57Bl/6 mice possessed a 323 

higher number of infiltrating CD4
+
 and CD8

+
 T cells, and CD19

+ 
B cells in their brain 324 

after the third day of infection when compared to their uninfected counterparts (31). 325 

By flow cytometric analysis, our results revealed an elevation in the number of CD4
+
 326 

and CD8
+
 human T cells in brain and lung after EV-A71 infection. Furthermore, there 327 

was a significant increase in the number of CD14
+
 cells in the brain. It has been 328 

demonstrated that EV-A71 has the ability to replicate in CD14
+
 cells, and the infected 329 

CD14
+
 cells are capable to stimulate the proliferation of T cells and further stimulate 330 

the release of functional cytokines in rhesus monkeys (49). The functional role of 331 

CD14
+
 cells in our humanized mouse model warrants further investigation.   332 

The occurrence of brainstem encephalitis in EV-A71-infected patients was found 333 

to be associated with the local production of proinflammatory cytokines, and a 334 

number of clinical reports also suggested that an increase in serum IFN-γ, IL-6, IL-10 335 

and IL-13 level was associated with the development of pulmonary edema in the 336 

infected patients (27, 50, 51). In the current study, the secretion of various 337 
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proinflammatory cytokines, including human IFN-γ, IL-8 and IL-17A was stimulated 338 

in the EV-A71-infected humanized mice, while there were no significant changes in 339 

the IL-6 level in blood. In particular, IFN-γ and IL-6 are thought to be involved in the 340 

development of pulmonary edema in mice during EV-A71 infection (24, 25), although 341 

the role of IFN-γ is still inconclusive (52, 53). In the EV-A71-infected humanized 342 

mice, there was only a subtle increase in the IFN-γ level, which might account for the 343 

absence of pulmonary edema in the humanized mice albeit high viral loads and 344 

infiltrating lymphocytes were present in the brain and the lung. Recent findings 345 

suggested that patients with EV-A71 encephalitis have significant higher frequency of 346 

IL-8-251TT genotype and IL-8-251T alleles when compared to the patients with 347 

EV-A71-related HFMD without encephalitis, and patients with ANS dysregulation 348 

have higher plasma level of IL-8 than patients with pulmonary edema (32, 54). To the 349 

best of our knowledge, this is the first report showing that human IL-8 level was 350 

detected in the EV-A71-infected humanized mouse model. Importantly, human IL-8 is 351 

involved in leukocyte migration, in particular the recruitment of neutrophil. Yet, no 352 

true homologue for human IL-8 has been found in mice (55). Further elucidation of 353 

the precise role and mechanism of IL-8 may provide a better insight in unraveling the 354 

modulation of immune responses during EV-A71 infection. 355 

Collectively, we demonstrated that four-week-old humanized mice were 356 
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susceptible to a non-mouse-adapted strain of EV-A71 infection. From our results, 357 

EV-A71-infected humanized mice displayed limb weakness and paralysis, which were 358 

accompanied by a decrease in their neurobehavioral scores. The occurrence of 359 

pathogenic condition in brain and spinal cord might be correlated to high viral loads 360 

in these organs. Notably, there was an increase in the number of activated human 361 

CD4
+
 and CD8

+
 T cells in the circulation and in the spleen, and the number of 362 

infiltrating T cells was elevated in the brain and the lung. The secretion of various 363 

proinflammatory cytokines, including human IFN-γ, IL-8 and IL-17A was enhanced, 364 

which might contribute to the exacerbation of disease pathogenesis. Although 365 

pulmonary edema was not developed in our humanized mice possibly due to 366 

inadequate proinflammatory cytokines level, this mouse model allows us to delineate 367 

the modulation of immune responses during EV-A71 infection, which may provide a 368 

platform for the evaluation of anti-EV-A71 drug candidates in the future. 369 

  370 
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MATERIALS AND METHODS 371 

Isolation of human CD34
+
 cells. Human fetal livers were obtained from aborted 372 

fetuses at 15-23 weeks of gestation in strict accordance with the institutional ethical 373 

guidelines of KK Women’s and Children’s Hospital, Singapore, with written consent 374 

from the donors. SingHealth and National Health Care Group Research Ethics 375 

Committees Singapore specifically approved this study (IRB#: 2012/064/F). Fetal 376 

livers were processed and purified under sterile condition with the use of Human CD34 377 

Positive Selection kit (Stem Cell Technologies) as previously described (56).  378 

 379 

Mice and transplantation of CD34
+
 cells. NOD-scid IL2Rγ

−/− 
(NSG) mice were 380 

purchased from The Jackson Laboratory and bred in a specific pathogen-free condition 381 

at the Biological Resource Centre (BRC) in Agency for Science, Technology and 382 

Research (A*STAR), Singapore. To generate humanized mice, one- to three-day-old 383 

NSG pups were sub-lethally irradiated at 1 Gy and CD34
+
 human fetal liver cells (2 x 384 

10
5
) were inoculated into the pups by intrahepatic injection. The presence of human 385 

CD34
+ 

stem cells were detected in bone marrow of the mice by FACS analysis (data not 386 

shown), which was also shown in our previous study (57). All animal experiments were 387 

conducted in strict accordance to the guidelines on the Care and Use of Animals for 388 

Scientific Purposes, which is released by the National Advisory Committee on 389 
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Laboratory Animal Research, Agri-Food & Veterinary Authority of Singapore, and the 390 

International Animal Care and Use Committee (IACUC) at A*STAR, and the IACUC 391 

specifically approved this study (IACUC#151060).  392 

 393 

Cell and virus. Human rhabdomyosarcoma (RD) cells (ATCC CCL-136) were 394 

maintained in Dulbecco’s modified minimal essential medium/Ham’s F-12 395 

(DMEM/F-12, Invitrogen), supplemented with 10% fetal bovine serum (FBS, Gibco) 396 

in a humidified incubator containing 5% CO2 at 37
o
C. The EV-A71 strain 397 

(5865/SIN/00009; accession number: AF316321; designated as Strain 41) belongs to 398 

the subgenogroup B4 and was isolated from a fatal case during the HFMD outbreak in 399 

Singapore in 2000 (58). EV-A71 was prepared by infecting monolayer of human RD 400 

cells and cultured in DMEM/F-12, supplemented with 2% FBS in a humidified 401 

incubator containing 5% CO2 at 37
o
C for 48 h. After incubation, human RD cells and 402 

supernatant were harvested, followed by three freeze-thaw cycles. Afterwards, the cell 403 

debris was removed by centrifugation at 10,000 x g at room temperature for 20 mins. 404 

 405 

Virus quantification. Human RD cell monolayer seeded in the well of a 24-well 406 

plate (Nunc) was infected with 10-fold serially diluted viral suspensions in 407 

DMEM/F-12 in a humidified incubator containing 5% CO2 at 37
o
C for 1 h. After 408 
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incubation, the cells were then washed with PBS (pH 7.4) to remove unbound viral 409 

particles and overlaid with medium containing 2% FBS and 0.5% agarose. The cells 410 

were further incubated at 37°C for 48 h before they were fixed with 4% 411 

paraformaldehyde and stained with crystal violet. Plaques were counted visually and 412 

the infectious viral titer was calculated, expressed as the average number of 413 

plaque-forming unit per milliliter (PFU/ml) of sample. 414 

 415 

Mice infection. Humanized mice and NSG mice of different ages were infected 416 

with EV-A71 by i.p. injection (10
8
 PFU in 1 ml PBS/mouse). Total limb paralysis was 417 

used as a criterion for early euthanasia, and the mice were categorized as predicted to 418 

die (moribund mice) or predicted to survive (surviving mice) using the criterion 419 

described above. 420 

 421 

Neurological evaluation. Neurobehavioral scores were blindly evaluated using 422 

modified Garcia test as described elsewhere (59). The evaluation consists of seven 423 

tests, including beam balance (0-4), body proprioception (1-3), climbing (1-3), 424 

forepaw outstretching (0-3), spontaneous activity (0-3), symmetrical movement of all 425 

four limbs (0-3) and responsiveness to whisker stimulation (1-3). The data are 426 

expressed as the average scores of three consecutive trials. Higher scores indicate 427 
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better condition of the mice. 428 

 429 

Hematoxylin and eosin staining and immunohistochemical staining. 430 

Mock-infected humanized mice and EV-A71-infected humanized mice were sacrificed 431 

at different time points. Brain, spinal cord, lung and limb were harvested and fixed with 432 

10% formalin (Sigma) at room temperature for 72 h. For H&E staining, the fixed 433 

tissues were paraffin embedded, sectioned (Leica) and stained with hematoxylin and 434 

eosin. The IHC staining was performed according to the manufacturers’ instructions in 435 

the Rabbit-specific IHC Polymer Detection kit HRP/DAB (Abcam) and Mouse on 436 

Mouse Polymer IHC kit (Abcam), respectively. Stained images were captured using 437 

ZEN fluorescence microscope (Zeiss) using ZEN 2 acquisition software (Zen Blue 438 

Version), and evaluated by qualified pathologist in the Advanced Molecular 439 

Pathology Lab of IMCB. 440 

 441 

Quantification of EV-A71 RNA in blood and various organs. Various organs 442 

from mock-infected humanized mice and EV-A71-infected humanized mice were 443 

harvested at different time points and homogenized in Roswell Park Memorial 444 

Institute (RPMI)-1640 medium (Gibco) as described elsewhere (28). Viral RNA from 445 

serum and clarified homogenates from various organs was extracted using QiaAmp 446 
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Viral RNA kit (Qiagen, Valencia, CA) and cDNA was synthesized using QuantiTect 447 

Reverse Transcription kit (Qiagen) according to manufacturers’ instructions. The 448 

sequence of the forward primer is 5’-CCTCCGGCCCCTGAATGCGGCTAAT-3’ and 449 

the reverse primer is 5’-ATTGTCACCATAAGCAGCCA-3’, which were designed to 450 

amplify a 154 bp region in VP1 gene in the EV-A71. Quantitative RT-PCR was 451 

performed on Bio-Rad iCycler IQ5 thermal cycler (Bio-Rad) using QuantiTect SYBR 452 

Green RT-PCR kit (Qiagen). A standard curve was constructed to quantify the viral 453 

RNA in the samples, which was generated using serially-diluted EV-A71 viral stock.  454 

 455 

Flow cytometry. Mononuclear cells (MNC) were stained with LIVE/DEAD
TM

 456 

Fixable Blue stain (Sigma) at room temperature for 30 mins prior to staining with the 457 

following antibodies at 4
o
C for 20 mins: anti-mouse CD45.1 antibody (Becton 458 

Dickinson), anti-human CD3 (Becton Dickinson), anti-human CD4 (Becton 459 

Dickinson), anti-human CD8 (Becton Dickinson), anti-human CD14 (Biolegend), 460 

anti-human CD19 (Becton Dickinson), anti-human CD34 (Miltenyi Biotec),  461 

anti-human CD45 (Biolegend), anti-human CD56 (Biolegend), anti-human CD69 462 

(Biolegend), anti-human CD133 (Miltenyi Biotec) and anti-human HLA-DR 463 

antibodies (Becton Dickinson). Flow cytometric analysis was performed on a LSRII 464 

flow cytometer using FACSDiva software (Becton Dickinson). 10,000 events were 465 
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collected per sample and analyzed using Flowjo software 7.5.5 (Treestar).  466 

 467 

Human IFN-γ T cell enzyme-linked immunospot (ELISPOT) assay. ELISPOT 468 

assay was performed according to the manufacturer’s instructions (U-CyTech 469 

BioSciences). In brief, splenocytes were isolated from mock-infected humanized mice 470 

and EV-A71-infected humanized mice at 9 weeks post infection, and were resuspended 471 

in RPMI-1640 medium. Splenocytes (4 x 10
6
 cells/well) seeded in the well of a 24-well 472 

plate were pre-incubated with UV-inactivated EV-A71 in a humidified incubator 473 

containing 5% CO2 at 37
o
C for 24 h. After incubation, splenocytes were washed three 474 

times with serum-free RPMI-1640 medium and the splenocytes (10
4 

cells/well) were 475 

further incubated with UV-inactivated EV-A71 (10
6
 PFU/well) in a pre-coated 96-well 476 

ELISPOT plate in a humidified incubator containing 5% CO2 at 37
o
C for 72 h. 477 

Splenocytes stimulated with PHA were used as positive control. The number of spots 478 

in each well, which represents the human IFN-γ producing cells, was counted using 479 

an ELISPOT reader (Bioreader
®

 4000 Pro-B, Biosys). The data are expressed as 480 

spot-forming units per 10
4
 splenocytes. 481 

 482 

Isolation of mononuclear cells from various organs in humanized mice. 483 

Brain and lung of mock-infected humanized mice and EV-A71-infected humanized 484 
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mice were harvested at 9 weeks post infection, and MNC were isolated as previously 485 

described with slight modification (56). In brief, brain tissue was cut into small pieces 486 

and meshed in RPMI-1640 medium. Lung tissue was cut into small pieces and digested 487 

with collagenase IV (0.8 mg/ml, Worthington), supplemented with DNAse I (1 μg/ml, 488 

Roche) in a humidified incubator containing 5% CO2 at 37
o
C for 1 h. Afterwards, cells 489 

from the brain and the lung were filtered through a 70 μm cell strainer (Fisher 490 

Scientific) and centrifuged at 300 x g for 5 mins. The cell pellet was resuspended in 491 

RPMI-1640 medium, overlaid on 35% Percoll-PBS solution (GE Healthcare) and 492 

centrifuged at 1200 x g for 20 mins without brake. MNC were collected as the cell 493 

pellet, which was resuspended in RPMI-1640 for subsequent flow cytometric 494 

analysis. 495 

 496 

Cytokines quantification. Cytokines level in the serum from mock-infected 497 

humanized mice and EV-A71-infected humanized mice was determined by 498 

LEGENDplex
TM

 Human Inflammation Panel (13-plex) (BioLegend) according to the 499 

manufacturer's instructions. The cytokine profile was analyzed by flow cytometry 500 

(LSRII, Becton Dickinson) and the LEGENDplex
TM

 data analysis software 501 

(BioLegend). 502 

 503 
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Statistical analysis. All statistical analysis was performed using GraphPad Prism 504 

(GraphPad, Inc.) and the data are expressed as mean ± standard error of mean (SEM). 505 

Kaplan-Meier survival curves were analyzed by a log rank test, while unpaired 506 

Student’s t-test was used for statistical analysis between mock-infected humanized 507 

mice and EV-A71-infected humanized mice for other experiments. The differences are 508 

considered as statistically significant at P< 0.05. 509 

  510 
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FIGURE LEGENDS 723 

FIG 1 EV-A71 infection increases the mortality of humanized mice, accompanied by 724 

a decrease in the neurobehavioral scores. (A) Humanized mice at different ages were 725 

inoculated i.p. with or without EV-A71 (10
8
 PFU/mouse). The survival rate of 726 

mock-infected mice (n = 10) and EV-A71-infected mice (n = 10 for four-week-old 727 

and five-week-old groups; n = 5 for the remaining groups) at the indicated weeks post 728 

infection is shown. (B-E) Humanized mice and NSG mice at different ages were 729 

inoculated i.p. with EV-A71 (10
8
 PFU/mouse). The survival rate of humanized mice 730 

(n = 8 for four-week-old group; n = 5 for the remaining groups) and NSG mice (n = 731 

10 for four-week-old group; n = 5 for the remaining groups) at the indicated weeks 732 

post infection is shown. The survival rate of mice between two groups is compared by 733 

Kaplan-Meier analysis via a log-rank test. (F) Humanized mice at four-week-old were 734 

inoculated i.p. with or without EV-A71 (10
8
 PFU/mouse). The neurobehavioral scores 735 

of mock-infected mice (n = 10), EV-A71-infected surviving mice (n = 6) and 736 

moribund mice (n = 4) at the indicated weeks post infection are shown. Data are 737 

expressed as means ± SEM. *P< 0.05; **P< 0.01 (Relative to the mock-infected 738 

group). 739 

 740 

FIG 2 EV-A71 infection induces pathogenesis in various organs in humanized mice. 741 
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Four-week-old humanized mice were inoculated i.p. with or without EV-A71 (10
8
 742 

PFU/mouse). Representative photomicrographs of H&E staining of different organs 743 

among mock-infected mice (n = 5), EV-A71-infected surviving mice (n = 6) and 744 

moribund mice (n = 4) are shown. Pathological changes were detected mainly in the 745 

organs of the EV-A71-infected moribund mice. Note the presence of vacuolation 746 

(black arrow) and gliosis (blue arrow) in brain stem; polymorphonuclear meningitis 747 

(black arrow) at the membrane of cerebral cortex; vacuolation (black arrow), gliosis 748 

(blue arrow) and polymorphonuclear or mononuclear meningomyelitis in spinal cord 749 

(red arrow); diffuse interstitial polymorphonuclear cell infiltrate (black arrow) and 750 

focal intra-alveolar hemorrhage (blue arrow) in lung; focal interstitial mononuclear 751 

cell infiltrate (black arrow) in muscle. Bars: 100 μm. 752 

 753 

FIG 3 Detection of EV-A71 in blood and in various organs in humanized mice after 754 

infection. Four-week-old humanized mice were inoculated i.p. with or without 755 

EV-A71 (10
8
 PFU/mouse). (A) Viral titers in the blood of surviving mice (n = 4) and 756 

moribund mice (n = 4) were determined by qPCR. Data are expressed as means ± 757 

SEM. n.s., not significant. (B) Viral titers in various organs of surviving mice (n = 4) 758 

and moribund mice (n = 4) at different endpoint were determined by qPCR. (C-D) 759 

Viral titers in different organs of surviving mice (n = 2 for each time point) and 760 
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moribund mice (n = 2 for each time point) at 4 weeks (C) and 6 weeks (D) after 761 

EV-A71 infection are shown. Data are expressed as means ± SEM. *P< 0.05; **P< 762 

0.01. 763 

 764 

FIG 4 Presence of viral VP1 protein in various organs in humanized mice after 765 

EV-A71 infection. Four-week-old humanized mice were inoculated i.p. with or 766 

without EV-A71 (10
8
 PFU/mouse). Representative photomicrographs of 767 

immunohistochemistry for different organs among mock-infected mice (n = 5), 768 

EV-A71-infected surviving mice (n = 6) and moribund mice (n = 4) are shown. 769 

VP1-positive signals were detected in different organs in the EV-A71-infected 770 

surviving mice and moribund mice. The boxes depict magnified areas. Bars: 100 μm. 771 

 772 

FIG 5 Activation of human T cell responses in the circulation of the EV-A71-infected 773 

humanized mice. Four-week-old humanized mice were inoculated i.p. with or without 774 

EV-A71 (10
8
 PFU/mouse). (A-H) Blood samples from mock-infected (n = 4) and 775 

EV-A71-infected humanized mice (n = 4) were collected at the indicated weeks post 776 

infection and the cells were analyzed by flow cytometry. The total number of different 777 

immune cell types in the mice is indicated in the graphs. Data are expressed as means 778 

± SEM. *P< 0.05; **P< 0.01. 779 
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 780 

FIG 6 Activation of human T cells and the presence of EV-A71-specific T cell 781 

responses in the spleen of humanized mice after EV-A71 infection. Four-week-old 782 

humanized mice were inoculated i.p. with or without EV-A71 (10
8
 PFU/mouse). (A) 783 

Mononuclear cells (MNC) were isolated from spleen at 9 weeks post infection for 784 

FACS analysis. The total number of different immune cell types in the spleen of the 785 

mock-infected (n = 4) and EV-A71-infected humanized mice (n = 4) is indicated in 786 

the graph. Data are expressed as means ± SEM. *P< 0.05; **P< 0.01. (B and C) 787 

MNC from mock-infected (n = 4) and EV-A71-infected humanized mice (n = 4) were 788 

isolated from the spleen at 9 weeks post infection and 10
4
 MNC were stimulated with 789 

inactivated EV-A71 for 72 h for human IFN-γ ELISPOT assay. Representative 790 

ELISPOT results for non-stimulated and inactivated EV-A71-stimulated MNC from 791 

mock-infected and EV-A71-infected humanized mice are shown. PHA-stimulated 792 

cells were used as positive control. The human IFN-γ T cell responses from each 793 

group are shown as spots forming units (SFU) per 10
4
 MNC. Data are expressed as 794 

means ± SEM. **P < 0.01. 795 

 796 

FIG 7 Infiltration of human CD45
+
 immune cells in various organs in 797 

EV-A71-infected humanized mice. Four-week-old humanized mice were inoculated 798 
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i.p. with or without EV-A71 (10
8
 PFU/mouse). The total number of different immune 799 

cell types in the brain (A) and the lung (B) of the mock-infected (n = 4) and 800 

EV-A71-infected humanized mice (n = 4) is indicated in the graphs. Data are 801 

expressed as means ± SEM. *P< 0.05; **P< 0.01. (C)  Representative 802 

photomicrographs of immunohistochemistry for different organs among 803 

mock-infected (n = 5), EV-A71-infected surviving mice (n = 6) and moribund mice (n 804 

= 4) are shown. Only a few human CD45
+
 immune cells (black arrow) were present in 805 

the lung of the mock-infected mice, while the EV-A71-infected mice showed a 806 

marked increase in the number of infiltrating human CD45
+
 cells in brain, spinal cord 807 

and lung. The boxes depict magnified areas. Bars: 100 μm.  808 

 809 

FIG 8 EV-A71 infection stimulates the secretion of proinflammatory cytokines in 810 

humanized mice. Four-week-old humanized mice were inoculated i.p. with or without 811 

EV-A71 (10
8
 PFU/mouse). Serum samples were collected at the indicated weeks post 812 

infection. Serum level of human IFN-γ (A), IL-8 (B) and IL-17A (C) was determined 813 

by LEGENDplex
TM

 Human Inflammation Panel (n = 4 for mock-infected group; n = 8 814 

for EV-A71-infected group). The dotted line in each graph represents the minimum 815 

detectable concentration of each cytokine. Data are expressed as means ± SEM. *P< 816 

0.05; **P< 0.01. 817 


















