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ABSTRACT Since the discovery of enterovirus A71 (EV-A71) half a century ago, it
has been recognized as the cause of large-scale outbreaks of hand-foot-and-mouth
disease worldwide, particularly in the Asia-Pacific region, causing great concern for
public health and economic burdens. Detailed mechanisms on the modulation of
immune responses after EV-A71 infection have not been fully known, and the lack of
appropriate models hinders the development of promising vaccines and drugs. In
the present study, NOD-scid IL2Ry=/~ (NSG) mice with a human immune system
(humanized mice) at the age of 4 weeks were found to be susceptible to a human
isolate of EV-A71 infection. After infection, humanized mice displayed limb weak-
ness, which is similar to the clinical features found in some of the EV-A71-infected
patients. Histopathological examination indicated the presence of vacuolation, glio-
sis, or meningomyelitis in brain stem and spinal cord, which were accompanied by
high viral loads detected in these organs. The numbers of activated human CD4*
and CD8* T cells were upregulated after EV-A71 infection, and EV-A71-specific hu-
man T cell responses were found. Furthermore, the secretion of several proinflam-
matory cytokines, such as human gamma interferon (IFN-v), interleukin-8 (IL-8), and
IL-17A, was elevated in the EV-A71-infected humanized mice. Taken together, our re-
sults suggested that the humanized mouse model permits insights into the human
immune responses and the pathogenesis of EV-A71 infection, which may provide a
platform for the evaluation of anti-EV-A71 drug candidates in the future.

IMPORTANCE Despite causing self-limited hand-food-and-mouth disease in younger
children, EV-A71 is consistently associated with severe forms of neurological compli-
cations and pulmonary edema. Nevertheless, only limited vaccines and drugs have
been developed over the years, which is possibly due to a lack of models that can
more accurately recapitulate human specificity, since human is the only natural host
for wild-type EV-A71 infection. Our humanized mouse model not only mimics histo-
logical symptoms in patients but also allows us to investigate the function of the
human immune system during infection. It was found that human T cell responses
were activated, accompanied by an increase in the production of proinflammatory
cytokines in EV-A71-infected humanized mice, which might contribute to the exacer-
bation of disease pathogenesis. Collectively, this model allows us to delineate the
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modulation of human immune responses during EV-A71 infection and may provide
a platform to evaluate anti-EV-A71 drug candidates in the future.

KEYWORDS enterovirus A71, human immune responses, humanized mice

nterovirus A71 (EV-A71) is a nonenveloped, single-stranded, positive-sense RNA

virus that belongs to human enterovirus A species of the Enterovirus genus, within
the family Picornaviridae (1). Since its discovery in 1969 and initial description in 1974,
EV-A71 has been regarded as one of the common causes of epidemics of hand-food-
and-mouth disease (HFMD) (2, 3). Ever since then, outbreaks of EV-A71 infection have
periodically occurred worldwide (2). More recently, epidemic and sporadic outbreaks of
EV-A71 infection have been reported in the Asia-Pacific region, including China, Hong
Kong, South Korea, and Taiwan (4-9).

In general, EV-A71 causes mild infection in children, which is usually asymptom-
atic, or may cause fever, diarrhea, rashes, herpangina, or HFMD (10). Although the
initial viral infection is self-limited, it may be followed by acute flaccid paralysis,
aseptic meningitis, meningoencephalitis, myocarditis, pulmonary edema, or a com-
bination of these conditions (10-12). Notably, younger children less than 4 years old
are more susceptible to severe forms of EV-A71-associated neurological diseases,
such as meningitis, brain stem or cerebellar encephalitis, and poliomyelitis-like
paralysis, and these neurological complications may occasionally result in perma-
nent paralysis or even death (13-15). Recently, it was proposed that HFMD mainly
affects infants and children rather than adults, which may be a consequence of
weaker immune systems in infants and children (16). To date, a vast number of
animal models, including nonhuman primates and small rodents, have been devel-
oped to determine the prevention, pathogenesis, and treatment of diseases caused
by EV-A71. Nonetheless, each of these models has its corresponding limitations (17).
EV-A71-infected rhesus monkeys developed neurological complications similar to
those of humans, but this model is not suitable for the assessment of neuroviru-
lence level. Moreover, this model is always associated with ethical and economic
issues (18, 19). Neonatal mice were found to be susceptible to either mouse-
adapted or non-mouse-adapted strains of EV-A71 (20-23). In addition, it was
proposed that massive production of various proinflammatory cytokines, including
mouse gamma interferon (IFN-v), interleukin-18 (IL-1B), IL-6, IL-13, and tumor
necrosis factor alpha (TNF-a), contribute to the pathogenicity of EV-A71 infection,
which is in concordance with the clinical severity in EV-A71-infected patients
(24-27). However, the immune system in neonatal mice has not yet matured, while
adult mice are generally not susceptible to EV-A71 infection (17). Furthermore, the
use of mouse-adapted EV-A71 strains may reduce the clinical relevance and hinders
the development of vaccines and drugs (28). Therefore, appropriate animal models
are warranted to dissect the precise immunopathological mechanisms for EV-A71
infection, which may facilitate the identification and screening of effective drug
candidates.

In the present study, NOD-scid IL2Ry~—/~ (NSG) mice with human immune systems
(here referred to as humanized mice) were successfully infected with a non-mouse-
adapted strain of EV-A71. Four-week-old humanized mice after EV-A71 infection
showed a decrease in neurobehavioral scores and displayed meningomyelitis and
meningitis in brain and spinal cord, which were accompanied by an accumulation of
virus in these organs. In addition, there was an increase in the number of activated
human CD4" and CD8* T cells in the circulation and the spleen, and human EV-A71-
specific T cell responses could be found in this model. Intriguingly, the secretion of
various proinflammatory cytokines, including IFN-v, IL-8, and IL-17A, was augmented,
which may contribute to disease pathogenesis in the humanized mice after EV-A71
infection.
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RESULTS

Four-week-old humanized mice are susceptible to EV-A71 infection. EV-A71
usually causes mild infections in children, and those who are younger than 4 years old
are generally more susceptible to EV-A71 infection (15). The majority of animal studies
also reported that younger mice, usually less than 3 weeks old, are more susceptible to
EV-A71 infection (17). In the present study, humanized mice at different ages were
infected intraperitoneally (i.p.) with 108 PFU of a non-mouse-adapted, human isolate
EV-A71 strain 41, and their survival rate was recorded weekly. Ten-week-old humanized
mice did not succumb to EV-A71 infection, with 100% survival and no observable
clinical manifestations. Three- to 5-week-old humanized mice showed different suscep-
tibilities to EV-A71 infection, with 3-week-old humanized mice showing the greatest
susceptibility to EV-A71 infection, as reflected by the shortest life expectancy (Fig. 1A).
Some clinical signs, including limb weakness and paralysis, were also observed in the
EV-A71-infected mice. Nevertheless, 80% of the mice died within 2 weeks postinfection,
and all of the mice died by the third week of infection. The survival rate of 4-week-old
humanized mice decreased significantly after EV-A71 infection compared to that of the
age-matched mock-infected humanized mice (Fig. 1A), which was 60% after 7 weeks of
EV-A71 infection. On the other hand, 5-week-old humanized mice did not show
significant change in their survival rate compared to that of their mock-infected
counterparts. Hence, 4-week-old humanized mice were chosen as the model for the
subsequent experiments. In addition, the survival rate of humanized mice was com-
pared with that of the age-matched NSG mice after infection (Fig. 1B to E). It was found
that the survival rate of the 3- and 4-week-old humanized mice was lower than that of
their respective counterparts, suggesting a role of the human immune system in
EV-A71 infection. In addition, limb paralysis was observed in the infected humanized
mice within a week prior to death (data not shown). Using this criterion, mice were
categorized as moribund (predicted to die) or surviving (predicted to survive). The
neurobehavioral scores, which are determined by seven tests to evaluate the neurobe-
havioral function, decreased significantly in both groups of EV-A71-infected mice
compared to those of the mock-infected mice (Fig. 1F; see also Table S1 in the
supplemental material), indicating that humanized mice infected at 4 weeks of age
showed a decrease in neurobehavioral function and displayed various clinical signs
after EV-A71 infection.

Histopathological examination of the EV-A71-infected humanized mice. Severe
forms of EV-A71-associated neurological complications were found in EV-A71-infected
moribund mice, which are similar to those reported in patients, such as aseptic
meningitis and brainstem and cerebellar encephalitis (29). The histopathological con-
dition of EV-A71-infected surviving mice and moribund mice was examined by hema-
toxylin and eosin (H&E) staining. Extensive vacuolation, gliosis, or meningomyelitis was
present in brain stem and spinal cord in the EV-A71-infected moribund mice (Fig. 2),
which is similar to the pattern of EV-A71-induced acute flaccid paralysis in patients (30),
and meningitis was also observed at the membrane of the cerebral cortex in the
moribund mice. In addition, the presence of interstitial mononuclear cell infiltrate and
polymorphonuclear cell infiltrate was observed in muscle and lung, respectively, and
intra-alveolar hemorrhage was found in the moribund mice (Fig. 2). No observable
pathological changes were present in other organs in the humanized mice after EV-A71
infection, and microscopic lesions were also absent from these organs.

Presence of EV-A71 in blood and in various organs in EV-A71-infected human-
ized mice. Blood samples were collected from mock-infected and EV-A71-infected
humanized mice at regular intervals after infection, and quantitative PCR (qPCR) was
performed for the detection of EV-A71 viremia. The EV-A71 titer in the blood of the
moribund mice was higher, although there were no significant differences between the
surviving mice and the moribund mice (Fig. 3A). Various organs from the mice were
also harvested at different time points for the determination of viral loads. In moribund
mice, the viral titers in some of the organs, such as the spinal cord and brain stem, were
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FIG 1 EV-A71 infection increases the mortality of humanized mice, accompanied by a decrease in the neurobe-
havioral scores. (A) Humanized mice at different ages were inoculated i.p. with or without EV-A71 (108 PFU/mouse).
The survival rate of mock-infected mice (n = 10) and EV-A71-infected mice (n = 10 for 4-week-old and 5-week-old
groups; n = 5 for the remaining groups) at the indicated weeks postinfection is shown. (B to E) Humanized mice
and NSG mice at different ages were inoculated i.p. with EV-A71 (108 PFU/mouse). The survival rate of humanized
mice (n = 8 for 4-week-old group; n = 5 for the remaining groups) and NSG mice (n = 10 for 4-week-old group;
n = 5 for the remaining groups) at the indicated weeks postinfection is shown. The survival rate of mice between
two groups is compared by Kaplan-Meier analysis via a log-rank test. (F) Humanized mice at 4 weeks of age were
inoculated i.p. with or without EV-A71 (108 PFU/mouse). The neurobehavioral scores of mock-infected mice (n =
10), EV-A71-infected surviving mice (n = 6), and moribund mice (n = 4) at the indicated weeks postinfection are
shown. Data are expressed as means = SEM. *, P < 0.05; **, P < 0.01 (relative to the mock-infected group).

significantly higher than those in the surviving mice (Fig. 3B to D). Immunohistochem-
ical (IHC) staining using an anti-EV-A71 monoclonal antibody, which stains the viral
capsid protein VP1, confirmed that more viral particles were present in the organs of
moribund mice than those in the surviving mice, while none of the organs from the
mock-infected mice were positively stained with EV-A71 (Fig. 4).
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FIG 2 EV-A71 infection induces pathogenesis in various organs in humanized mice. Four-week-old
humanized mice were inoculated i.p. with or without EV-A71 (108 PFU/mouse). Representative photo-
micrographs of H&E staining of different organs among mock-infected mice (n = 5), EV-A71-infected
surviving mice (n = 6), and moribund mice (n = 4) are shown. Pathological changes were detected
mainly in the organs of the EV-A71-infected moribund mice. Note the presence of vacuolation (black
arrow) and gliosis (blue arrow) in brain stem; polymorphonuclear meningitis (black arrow) at the
membrane of cerebral cortex; vacuolation (black arrow), gliosis (blue arrow), and polymorphonuclear or
mononuclear meningomyelitis in spinal cord (red arrow); diffuse interstitial polymorphonuclear cell
infiltrate (black arrow) and focal intra-alveolar hemorrhage (blue arrow) in lung; and focal interstitial
mononuclear cell infiltrate (black arrow) in muscle. Bars, 100 um.

EV-A71 infection activates human T cells. To investigate the numerical and
phenotypical changes in human immune cells after EV-A71 infection, flow cytometric
analysis on peripheral blood mononuclear cells from humanized mice was performed.
As shown in Fig. 5A and B, the number of human immune cells, in particular human
CD3™* T cells, was elevated in the circulation after EV-A71 infection. It was found that
CD4+ and CD8* T cells were significantly increased between 3 and 7 weeks postinfec-
tion compared to levels for the mock-infected humanized mice (Fig. 5C and D).
Intriguingly, 1 week after EV-A71 infection, there was a significant increase in the
number of CD4*+ CD69™ cells (Fig. 5E), which represents an early activation of the CD4*
T cells, followed by an increase in the number of CD4* HLA-DR*-activated T cells (Fig.
5F). Similarly, the number of CD8" CD69"- and CD8*+ HLA-DR*-activated T cells was
upregulated at 3 weeks postinfection (Fig. 5G and H).

The immune cell profile of the spleen was also analyzed by flow cytometry. Notably,
there was a significant increase in the number of CD4*+ CD69*, CD8* CD69*, and
CD8* HLA-DR* T cells in the spleen after EV-A71 infection (Fig. 6A). Furthermore,
human IFN-y T cell enzyme-linked immunosorbent spot (ELISPOT) assay was carried out
to determine the presence of EV-A71-specific human T cell responses. Splenocytes from
mock-infected mice and EV-A71-infected mice were harvested and stimulated with
UV-inactivated EV-A71, while splenocytes stimulated with phytohemagglutinin (PHA)
served as a positive control. The number of IFN-y-producing spot-forming units (SFU)
was augmented in the splenocytes from the EV-A71-infected group, while the spleno-
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FIG 3 Detection of EV-A71 in blood and in various organs in humanized mice after infection. Four-week-old humanized mice were inoculated i.p. with or
without EV-A71 (108 PFU/mouse). (A) Viral titers in the blood of surviving mice (n = 4) and moribund mice (n = 4) were determined by qPCR. Data are expressed
as means = SEM. n.s., not significant. (B) Viral titers in various organs of surviving mice (n = 4) and moribund mice (n = 4) at different endpoints were
determined by qPCR. (C and D) Viral titers in different organs of surviving mice (n = 2 for each time point) and moribund mice (n = 2 for each time point)
at 4 weeks (C) and 6 weeks (D) after EV-A71 infection are shown. Data are expressed as means *= SEM. *, P < 0.05; **, P < 0.01.

cytes from the mock-infected group barely responded to the inactivated EV-A71 (Fig.
6B and (), suggesting that the EV-A71-specific human T cell responses were present in

this model.

EV-A71 infection leads to infiltration of human immune cells in various organs.
An earlier report from Lin et al. demonstrated the infiltration of CD20* B cells as well
as CD4* and CD8™ T cells into the spinal cord from a patient with EV-A71 infection. In
addition, infiltration of B cells and T cells was only observed in the brain of EV-A71-
infected mice but not in the brain of mock-infected mice (31). To examine whether
human immune cells were present in various organs after EV-A71 infection, flow
cytometric analysis was performed. Consistent with the earlier report, there was a
significant increase in the number of CD45", CD3™, and CD3* CD8™ T cells in the brain
and the lung after EV-A71 infection, while the number of CD3* CD4* T cells and CD14+
monocytes was also elevated in the brain (Fig. 7A and B). IHC staining, using an
anti-human CD45 antibody, further revealed the infiltration of human CD457 cells in
the brain and the spinal cord of the EV-A71-infected moribund mice. In contrast, no
infiltration or minimal infiltration, if any, was found in the mock-infected mice and the
EV-A71-infected surviving mice (Fig. 7C). On the other hand, more infiltrating human
CD45 cells were present in the lung of the moribund mice than in the mock-infected
mice and the surviving mice (Fig. 7C). Collectively, these results confirmed that human
immune cells had infiltrated into the brain and lung in the EV-A71-infected humanized

mice.

Upregulation of proinflammatory cytokine secretion in humanized mice after
EV-A71 infection. It has been reported that the production of various cytokines is
enhanced in patients after EV-A71 infection (32). To dissect human cytokine responses
to EV-A71 infection, human IFN-v, IL-8, and IL-17A levels in serum were monitored at
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FIG 4 Presence of viral VP1 protein in various organs in humanized mice after EV-A71 infection.
Four-week-old humanized mice were inoculated i.p. with or without EV-A71 (108 PFU/mouse). Repre-
sentative photomicrographs of immunohistochemistry for different organs among mock-infected
mice (n = 5), EV-A71-infected surviving mice (n = 6), and moribund mice (n = 4) are shown.
VP1-positive signals were detected in different organs in the EV-A71-infected surviving mice and
moribund mice. The boxes depict magnified areas. Bars, 100 uwm.

regular intervals after infection. In concordance with the clinical studies, the level of the
human proinflammatory cytokines, namely, IFN-y and IL-8, was significantly upregu-
lated in the EV-A71-infected humanized mice at 1 week postinfection (Fig. 8A and B).
The serum level of IFN-y and IL-8 in the infected mice was higher than that in the
mock-infected mice until the experimental endpoint, although the increase in IL-8 level
was not statistically significant at a later time point. Interestingly, the level of human
IL-17A was also elevated after EV-A71 infection (Fig. 8C), which is in line with the finding
of Chen et al., showing that the plasma IL-17 concentration was higher in EV-A71-
infected patients than in healthy controls (33).

DISCUSSION

Since the discovery of EV-A71 in 1969, it has been recognized as the cause of
large-scale outbreaks of HFMD worldwide, in particular in the Asia-Pacific region,
causing great concern for public health and economic burdens (34). Currently, only
limited EV-A71 vaccines are available worldwide, and anti-EV-A71 drugs are still under
development for clinical treatment after infection (35-37). The major clinical signs of
EV-A71 infection are HFMD and herpangina in children, although other members of
Enterovirus can also cause HFMD in patients. Nevertheless, EV-A71 is associated with
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FIG 5 Activation of human T cell responses in the circulation of the EV-A71-infected humanized mice. Four-week-old humanized mice were
inoculated i.p. with or without EV-A71 (102 PFU/mouse). (A to H) Blood samples from mock-infected (n = 4) and EV-A71-infected humanized
mice (n = 4) were collected at the indicated weeks postinfection, and the cells were analyzed by flow cytometry. The total number of
different immune cell types in the mice is indicated in the graphs. Data are expressed as means = SEM. *, P < 0.05; **, P < 0.01.

severe forms of neurological diseases, including brainstem encephalitis, autonomic
nervous system dysregulation, and pulmonary edema (12), and younger children are
more susceptible to the severe forms of EV-A71-associated neurological diseases.
Similarly, we demonstrated that younger humanized mice at the age of 4 weeks were
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FIG 6 Activation of human T cells and the presence of EV-A71-specific T cell responses in the spleen of humanized mice after
EV-A71 infection. Four-week-old humanized mice were inoculated i.p. with or without EV-A71 (108 PFU/mouse). (A) Mono-
nuclear cells (MNC) were isolated from spleen at 9 weeks postinfection for FACS analysis. The total number of different immune
cell types in the spleen of the mock-infected (n = 4) and EV-A71-infected humanized mice (n = 4) is indicated in the graph.
Data are expressed as means + SEM. *, P < 0.05; **, P < 0.01. (B and C) MNC from mock-infected (n = 4) and EV-A71-infected
humanized mice (n = 4) were isolated from the spleen at 9 weeks postinfection, and 10* MNC were stimulated with inactivated
EV-A71 for 72 h for human IFN-y ELISPOT assay. Representative ELISPOT results for nonstimulated and inactivated EV-A71-
stimulated MNC from mock-infected and EV-A71-infected humanized mice are shown. PHA-stimulated cells were used as a
positive control. The human IFN-y T cell responses from each group are shown as spot-forming units (SFU) per 10* MNC. Data

are expressed as means = SEM. **, P < 0.01.

more susceptible to the non-mouse-adapted strain of EV-A71 infection, whereas the
mice at 10 weeks old did not succumb to the infection. Consistent with our findings,
previous reports have shown that mice more than 4 weeks old generally were not
susceptible to EV-A71 infection (17), while some studies reported that 10-week-old
AG129 immunocompromised mice were susceptible to a mouse-adapted strain of
EV-A71 infection, which might be the consequence of the mutation of VP1 protein (38,
39). In addition, we found that 4-week-old humanized mice were more susceptible to
EV-A71 infection than age-matched EV-A71-infected NSG mice, as reflected by a
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FIG 7 Infiltration of human CD45* immune cells in various organs in EV-A71-infected humanized mice. Four-week-old humanized
mice were inoculated i.p. with or without EV-A71 (108 PFU/mouse). The total number of different immune cell types in the brain (A)
and the lung (B) of the mock-infected (n = 4) and EV-A71-infected humanized mice (n = 4) is indicated in the graphs. Data are
expressed as means * SEM. *, P < 0.05; **, P < 0.01. (C) Representative photomicrographs of immunohistochemistry for different
organs among mock-infected mice (n = 5), EV-A71-infected surviving mice (n = 6), and moribund mice (n = 4) are shown. Only a few
human CD45* immune cells (black arrow) were present in the lung of the mock-infected mice, while the EV-A71-infected mice showed
a marked increase in the number of infiltrating human CD45+ cells in brain, spinal cord, and lung. The boxes depict magnified areas.
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decrease in the survival rate of the humanized mice, suggesting a role of the human
immune system in EV-A71 infection.

Similar to the clinical features in some of the EV-A71-infected patients, moribund
mice after EV-A71 infection showed hind limb weakness and paralysis prior to death,
accompanied by a significant decrease in neurobehavioral scores compared to those of
the mock-infected mice. Histopathological examination further revealed the presence
of vacuolation, gliosis, or meningomyelitis in brain stem and spinal cord, and meningitis
was observed at the membrane of cerebral cortex in the EV-A71-infected moribund
mice, suggesting that central nervous system (CNS) was infected by EV-A71, as ob-
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FIG 8 EV-A71 infection stimulates the secretion of proinflammatory cytokines in humanized mice.
Four-week-old humanized mice were inoculated i.p. with or without EV-A71 (108 PFU/mouse). Serum
samples were collected at the indicated weeks postinfection. Serum level of human IFN-+y (A), IL-8 (B), and
IL-17A (C) was determined by a LEGENDplex human inflammation panel (n = 4 for mock-infected group;
n = 8 for EV-A71-infected group). The dotted line in each graph represents the minimum detectable
concentration of each cytokine. Data are expressed as means = SEM. *, P < 0.05; **, P < 0.01.

served in humans. Intriguingly, pulmonary edema, which is a hallmark feature in EV-A71
patients with severe complications (40), was not observed in the EV-A71-infected
humanized mice, despite the presence of interstitial mononuclear cell infiltrate and
polymorphonuclear cell infiltrate and intra-alveolar hemorrhage in the mice. From our
results, EV-A71-infected moribund mice showed a higher level of viremia than the
surviving mice, although the difference was not statistically significant. This is in parallel
with a clinical report which suggested that viremia does not have a significant impact
on the distribution of clinical severity of EV-A71 cases (41). On the other hand, the virus
exhibited strong neurotropism at the CNS in the EV-A71-infected moribund mice, in
which the virus preferentially accumulated in the brain and the spinal cord. The high
titer of virus found in the CNS might be one of the factors leading to the moribund
status of the mice, and the neurotropism is consistent with the encephalomyelitis
observed in EV-A71 patients (11). Apart from the brain and the spinal cord, EV-A71 was
also detected in the lung and the hind limb, as indicated by IHC staining. Consistent
with this finding, EV-A71-infected AG129 mice showed an accumulation of virus in the
limb muscles (28). It is generally proposed that skeletal muscle supports enterovirus
infection and the virus spreads from the muscle to the CNS through nervous pathways
(28, 42), and our model is capable of demonstrating the systemic spread of EV-A71 into
multiple organs, including the muscle, the spinal cord, and the brain of infected mice.
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It has been suggested that cellular immunity, rather than humoral immunity, is
associated with the clinical outcomes of EV-A71 infection (43). In addition, previous
reports have shown that the number of circulating immune cells, including T follicular
helper cells, type 1 helper and cytotoxic T cells, and T helper 17 and 22 cells, increases
with the severity of HFMD after EV-A71 infection, accompanied by an increase in the
secretion of various cytokines, such as IL-6, IL-17, IL-21, IL-22, and TNF-« (44-46). In
another report, a decrease in the number of CD4* and CD8* T cells and NK cells was
observed when the patients advanced from autonomic nervous system dysregulation
to pulmonary edema (27), suggesting that cellular immunity is one of the factors that
governs disease severity. In the present study, the number of human CD45*, CD3,
CD4+, and CD8™ cells was significantly increased in the humanized mice at 3 weeks to
7 weeks postinfection. Intriguingly, the number of activated T cells (CD69+ or HLA-DR*
T cells) was significantly upregulated within 5 weeks of EV-A71 infection, suggesting a
role of activated T cells in the early phase of disease pathogenesis, which plausibly
involved the secretion of inflammatory cytokines. Remarkably, HLA-DR is a human-
specific molecule that is upregulated in human T cells and NK cells after activation (47,
48). Therefore, HLA-DR™ T cells were present in our humanized mouse model after
EV-A71 infection but was unlikely in other mouse models. Consistent with the profile of
immune cells in the circulation, the number of activated T cells in the spleen was also
elevated. In addition, the presence of EV-A71-specific human T cell responses also
provided concrete evidence of EV-A71 infection in our humanized mice. Of note, the
human immune system in the humanized mice is still naive when the mice were
infected with EV-A71 at 4 weeks of age. On the one hand, the naive immune system in
the mice is similar to the immature immune system in younger children, which allows
us to investigate the modulation of the immune system after EV-A71 infection. On the
other hand, careful interpretation of the immune response is required, as there is a lack
of some immune cell subsets at the time of EV-A71 infection.

Additionally, infiltrating immune cells, including CD4* and CD8* T cells and CD20*
B cells, were found in spinal cord in one fatally EV-A71-infected patient, which was
accompanied by an increase in the viral load in brain (31). In the same study, EV-A71-
infected neonatal mice, including ICR mice and C57BL/6 mice, possessed a higher
number of infiltrating CD4+ and CD8™" T cells and CD19+ B cells in their brain after the
third day of infection than their uninfected counterparts (31). By flow cytometric
analysis, our results revealed an elevation in the number of CD4* and CD8* human T
cells in brain and lung after EV-A71 infection. Furthermore, there was a significant
increase in the number of CD14* cells in the brain. It has been demonstrated that
EV-A71 has the ability to replicate in CD14* cells, and the infected CD14* cells are
capable of stimulating the proliferation of T cells and further stimulating the release of
functional cytokines in rhesus monkeys (49). The functional role of CD14™ cells in our
humanized mouse model warrants further investigation.

The occurrence of brainstem encephalitis in EV-A71-infected patients was found to
be associated with the local production of proinflammatory cytokines, and a number of
clinical reports also suggested that an increase in serum IFN-v, IL-6, IL-10, and IL-13
levels was associated with the development of pulmonary edema in the infected
patients (27, 50, 51). In the current study, the secretion of various proinflammatory
cytokines, including human IFN-y, IL-8, and IL-17A, was stimulated in the EV-A71-
infected humanized mice, while there were no significant changes in the IL-6 level in
blood. In particular, IFN-y and IL-6 are thought to be involved in the development of
pulmonary edema in mice during EV-A71 infection (24, 25), although the role of IFN-vy
is still undetermined (52, 53). In the EV-A71-infected humanized mice, there was only
a subtle increase in the IFN-y level, which might account for the absence of pulmonary
edema in the humanized mice, although high viral loads and infiltrating lymphocytes
were present in the brain and the lung. Recent findings suggested that patients with
EV-A71 encephalitis have significantly higher frequencies of IL-8-251TT genotype and
IL-8-251T alleles than patients with EV-A71-related HFMD without encephalitis, and
patients with ANS dysregulation have higher plasma levels of IL-8 than patients with
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pulmonary edema (32, 54). To the best of our knowledge, this is the first report showing
that a level of human IL-8 was detected in the EV-A71-infected humanized mouse
model. Importantly, human IL-8 is involved in leukocyte migration, in particular the
recruitment of neutrophils. However, no true homologue for human IL-8 has been
found in mice (55). Further elucidation of the precise role and mechanism of IL-8 may
provide better insight into unraveling the modulation of immune responses during
EV-A71 infection.

Collectively, we demonstrated that 4-week-old humanized mice were susceptible to
infection with a non-mouse-adapted strain of EV-A71. From our results, EV-A71-infected
humanized mice displayed limb weakness and paralysis, which were accompanied by
a decrease in their neurobehavioral scores. The occurrence of pathogenic conditions in
brain and spinal cord might be correlated to high viral loads in these organs. Notably,
there was an increase in the number of activated human CD4* and CD8* T cells in the
circulation and in the spleen, and the number of infiltrating T cells was elevated in the
brain and the lung. The secretion of various proinflammatory cytokines, including
human IFN-v, IL-8, and IL-17A, was enhanced, which might contribute to the exacer-
bation of disease pathogenesis. Although pulmonary edema was not developed in our
humanized mice, possibly due to inadequate proinflammatory cytokine levels, this
mouse model allows us to delineate the modulation of immune responses during
EV-A71 infection, which may provide a platform for the evaluation of anti-EV-A71 drug
candidates in the future.

MATERIALS AND METHODS

Isolation of human CD34+ cells. Human fetal livers were obtained from aborted fetuses at 15 to
23 weeks of gestation in strict accordance with the institutional ethical guidelines of KK Women'’s and
Children’s Hospital, Singapore, with written consent from the donors. SingHealth and National Health
Care Group Research Ethics Committees Singapore specifically approved this study (IRB no. 2012/064/F).
Fetal livers were processed and purified under sterile conditions with the use of a human CD34 positive
selection kit (Stem Cell Technologies) as previously described (56).

Mice and transplantation of CD34+ cells. NOD-scid IL2Ry~/~ (NSG) mice were purchased from The
Jackson Laboratory and bred under specific-pathogen-free conditions at the Biological Resource Centre
(BRC) at the Agency for Science, Technology and Research (A*STAR), Singapore. To generate humanized
mice, 1- to 3-day-old NSG pups were sublethally irradiated at 1 Gy, and CD34* human fetal liver cells
(2 X 10%) were inoculated into the pups by intrahepatic injection. The presence of human CD34+ stem
cells was detected in bone marrow of the mice by fluorescence-activated cell sorting (FACS) analysis
(data not shown), which was also shown in our previous study (57). All animal experiments were
conducted in strict accordance to the Guidelines of the Care and Use of Animals for Scientific Purposes,
which was released by the National Advisory Committee on Laboratory Animal Research, Agri-Food &
Veterinary Authority of Singapore (58), and the International Animal Care and Use Committee (IACUC) at
A*STAR. The IACUC specifically approved this study (IACUC no. 151060).

Cells and virus. Human rhabdomyosarcoma (RD) cells (ATCC CCL-136) were maintained in Dulbec-
co’s modified minimal essential medium-Ham'’s F-12 (DMEM-F-12; Invitrogen), supplemented with 10%
fetal bovine serum (FBS; Gibco), in a humidified incubator containing 5% CO, at 37°C. The EV-A71 strain
(5865/SIN/00009; GenBank accession number AF316321; designated strain 41) belongs to the subgeno-
group B4 and was isolated from a fatal case during the HFMD outbreak in Singapore in 2000 (59). EV-A71
was prepared by infecting monolayers of human RD cells and cultured in DMEM-F-12, supplemented
with 2% FBS, in a humidified incubator containing 5% CO, at 37°C for 48 h. After incubation, human RD
cells and supernatant were harvested, followed by three freeze-thaw cycles. Afterwards, the cell debris
was removed by centrifugation at 10,000 X g at room temperature for 20 min.

Virus quantification. Human RD cell monolayer seeded in the well of a 24-well plate (Nunc) was
infected with 10-fold serially diluted viral suspensions in DMEM-F-12 in a humidified incubator contain-
ing 5% CO, at 37°C for 1 h. After incubation, the cells were washed with phosphate-buffered saline (PBS)
(pH 7.4) to remove unbound viral particles and overlaid with medium containing 2% FBS and 0.5%
agarose. The cells were further incubated at 37°C for 48 h before they were fixed with 4% paraformal-
dehyde and stained with crystal violet. Plaques were counted visually and the infectious viral titer was
calculated, expressed as the average number of PFU per milliliter of sample.

Mouse infection. Humanized mice and NSG mice of different ages were infected with EV-A71 by i.p.
injection (108 PFU in 1 ml PBS/mouse). Total limb paralysis was used as a criterion for early euthanasia,
and the mice were categorized as predicted to die (moribund mice) or predicted to survive (surviving
mice) using the criteria described above.

Neurological evaluation. Neurobehavioral scores were blindly evaluated using a modified Garcia
test as described elsewhere (60). The evaluation consists of seven tests, including beam balance (0 to 4),
body proprioception (1 to 3), climbing (1 to 3), forepaw outstretching (0 to 3), spontaneous activity (0 to
3), symmetrical movement of all four limbs (0 to 3), and responsiveness to whisker stimulation (1 to 3).
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The data are expressed as the average scores from three consecutive trials. Higher scores indicate better
condition of the mice.

Hematoxylin and eosin staining and immunohistochemical staining. Mock-infected humanized
mice and EV-A71-infected humanized mice were sacrificed at different time points. Brain, spinal cord,
lung, and limb were harvested and fixed with 10% formalin (Sigma) at room temperature for 72 h. For
H&E staining, the fixed tissues were paraffin embedded, sectioned (Leica), and stained with hematoxylin
and eosin. The IHC staining was performed according to the manufacturers’ instructions with the
rabbit-specific IHC polymer detection kit HRP/DAB (Abcam) and mouse-on-mouse polymer IHC kit
(Abcam). Stained images were captured using a ZEN fluorescence microscope (Zeiss) with ZEN 2
acquisition software (Zen Blue Version) and evaluated by a qualified pathologist in the Advanced
Molecular Pathology Laboratory of IMCB.

Quantification of EV-A71 RNA in blood and various organs. Various organs from mock-infected
humanized mice and EV-A71-infected humanized mice were harvested at different time points and
homogenized in RPMI-1640 medium (Gibco) as described elsewhere (28). Viral RNA from serum and
clarified homogenates from various organs were extracted using a QiaAmp viral RNA kit (Qiagen,
Valencia, CA), and cDNA was synthesized using a QuantiTect reverse transcription kit (Qiagen) according
to the manufacturer’s instructions. The sequence of the forward primer is 5'-CCTCCGGCCCCTGAATGCG
GCTAAT-3’, and the reverse primer is 5'-ATTGTCACCATAAGCAGCCA-3'. They were designed to amplify
a 154-bp region in the VP1 gene in EV-A71. Quantitative reverse transcription-PCR (RT-PCR) was
performed on a Bio-Rad iCycler 1Q5 thermal cycler (Bio-Rad) using a QuantiTect SYBR green RT-PCR kit
(Qiagen). A standard curve was constructed to quantify the viral RNA in the samples, which was
generated using serially diluted EV-A71 viral stock.

Flow cytometry. Mononuclear cells (MNC) were stained with LIVE/DEAD fixable blue stain (Sigma) at
room temperature for 30 min prior to staining with the following antibodies at 4°C for 20 min: anti-mouse
CD45.1 antibody (Becton, Dickinson), anti-human CD3 (Becton, Dickinson), anti-human CD4 (Becton, Dickin-
son), anti-human CD8 (Becton, Dickinson), anti-human CD14 (BioLegend), anti-human CD19 (Becton, Dickin-
son), anti-human CD34 (Miltenyi Biotec), anti-human CD45 (BioLegend), anti-human CD56 (BioLegend),
anti-human CD69 (BioLegend), anti-human CD133 (Miltenyi Biotec), and anti-human HLA-DR (Becton, Dick-
inson). Flow cytometric analysis was performed on an LSRII flow cytometer using FACSDiva software (Becton,
Dickinson). A total of 10,000 events were collected per sample and analyzed using FlowJo software 7.5.5
(TreeStar).

Human IFN-y T cell ELISPOT assay. ELISPOT assay was performed according to the manufacturer’s
instructions (U-CyTech BioSciences). In brief, splenocytes were isolated from mock-infected humanized
mice and EV-A71-infected humanized mice at 9 weeks postinfection and were resuspended in RPMI 1640
medium. Splenocytes (4 X 106 cells/well) seeded in the well of a 24-well plate were preincubated with
UV-inactivated EV-A71 in a humidified incubator containing 5% CO, at 37°C for 24 h. After incubation,
splenocytes were washed three times with serum-free RPMI 1640 medium, and the splenocytes (10*
cells/well) were further incubated with UV-inactivated EV-A71 (10 PFU/well) in a precoated 96-well
ELISPOT plate in a humidified incubator containing 5% CO, at 37°C for 72 h. Splenocytes stimulated with
PHA were used as a positive control. The number of spots in each well, which represents the human
IFN-y-producing cells, was counted using an ELISPOT reader (Bioreader 4000 Pro-B; Biosys). The data are
expressed as spot-forming units per 10% splenocytes.

Isolation of mononuclear cells from various organs in humanized mice. Brain and lung of
mock-infected humanized mice and EV-A71-infected humanized mice were harvested at 9 weeks postin-
fection, and MNC were isolated as previously described, with slight modifications (56). In brief, brain
tissue was cut into small pieces and meshed in RPMI 1640 medium. Lung tissue was cut into small pieces
and digested with collagenase IV (0.8 mg/ml; Worthington), supplemented with DNase | (1 ug/ml;
Roche), in a humidified incubator containing 5% CO, at 37°C for 1 h. Afterwards, cells from the brain and
lung were filtered through a 70-um cell strainer (Fisher Scientific) and centrifuged at 300 X g for 5 min.
The cell pellet was resuspended in RPMI 1640 medium, overlaid on 35% Percoll-PBS solution (GE
Healthcare), and centrifuged at 1,200 X g for 20 min without braking. MNC were collected as the cell
pellet, which was resuspended in RPMI 1640 for subsequent flow cytometric analysis.

Cytokine quantification. Cytokine levels in the serum from mock-infected humanized mice and
EV-A71-infected humanized mice was determined by a LEGENDplex human inflammation panel (13-plex)
(BioLegend) according to the manufacturer’s instructions. The cytokine profile was analyzed by flow
cytometry (LSRII; Becton, Dickinson) and LEGENDplex data analysis software (BioLegend).

Statistical analysis. All statistical analyses were performed using GraphPad Prism (GraphPad, Inc.),
and the data are expressed as means = standard errors of the means (SEM). Kaplan-Meier survival curves
were analyzed by a log-rank test, while unpaired Student’s t test was used for statistical analysis between
mock-infected humanized mice and EV-A71-infected humanized mice for other experiments. The differ-
ences are considered statistically significant at a P value of <0.05.
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