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ABSTRACT

Like poliovirus infection, severe infection with enterovirus 71 (EV71) can cause neuropathology. Unlike poliovirus, EV71 is of-
ten associated with hand-foot-and-mouth disease (HFMD). Here we established three mouse models for experimental infection
with the same clinical isolate of EV71. The NOD/SCID mouse model is unique for the development of skin rash, an HFMD-like
symptom. While the NOD/SCID mice developed limb paralysis and death at near-100% efficiency, the gamma interferon recep-
tor knockout (ifngr KO) and stat-1 knockout mice exhibited paralysis and death rates near 78% and 30%, respectively. Produc-
tive infection with EV71 depends on the viral dose, host age, and inoculation route. Levels of infectious EV71, and levels of VP1-
specific RNA and protein in muscle, brain, and spinal cord, were compared side by side between the NOD/SCID and stat-1
knockout models before, during, and after disease onset. Spleen fibrosis and muscle degeneration are common in the NOD/SCID
and stat-1 knockout models. The main differences between these two models include their disease manifestations and cytokine/
chemokine profiles. The pathology of the NOD/SCID model includes (i) inflammation and expression of viral VP1 antigen in
muscle, (ii) increased neutrophil levels and decreased eosinophil and lymphocyte levels, and (iii) hair loss and skin rash. The
characteristic pathology of the stat-1 knockout model includes (i) a strong tropism of EV71 for the central nervous system, (ii)
detection of VP1 protein in the Purkinje layer of cerebellar cortex, pons, brain stem, and spinal cord, (iii) amplification of micro-
glial cells, and (iv) dystrophy of intestinal villi. Our comparative studies on these new models with oral or intraperitoneal (i.p.)
infection underscored the contribution of host immunity, including the gamma interferon receptor, to EV71 pathogenesis.

IMPORTANCE

In the past decade, enterovirus 71 (EV71) has emerged as a major threat to public health in the Asia-Pacific region. Disease
manifestations include subclinical infection, common-cold-like syndromes, hand-foot-and-mouth disease (HFMD), un-
complicated brain stem encephalitis, severe dysregulation of the autonomic nerve system, fatal pulmonary edema, and car-
diopulmonary collapse. To date, no effective vaccine or treatment is available. A user-friendly and widely accessible animal
model for researching EV71 infection and pathogenesis is urgently needed by the global community, both in academia and
in industry.

In the past decade, enterovirus 71 (EV71) has emerged as a major
threat to public health in the Asia-Pacific region (1, 2). As a

member of the Picornaviridae, EV71 is related to poliovirus (3),
hepatitis A virus (EV72) (4), and coxsackieviruses (5). It is likely
that both viral and host factors could contribute to the diverse
pathogenesis profiles, ranging from subclinical infection, com-
mon-cold-like syndromes, and hand-foot-and-mouth disease
(HFMD) to uncomplicated brain stem encephalitis, severe dys-
regulation of the autonomic nerve system, fatal pulmonary
edema, and cardiopulmonary collapse. To date, no effective vac-
cine or treatment is available (6, 7). A user-friendly and widely
accessible animal model for EV71 infection would be most con-
venient for the research community.

By serial passages through mouse brain, Wang et al. (8) re-
ported experimental infection of newborn ICR mice with a
mouse-adapted EV71 strain, MP4. In general, newborn mice (1 to
2 days old) are difficult to handle technically. A further adapted
strain, M2, can infect 12- to 14-day-old ICR mice (9). However, it
remains unclear if adaptive mutations associated with the various

mouse-adapted strains can be found in natural human infection.
For example, a G145E adaptive mutation at the VP1 of a mouse-
adapted EV71 strain is essential for hind-limb paralysis in 3- to
4-week-old NOD/SCID mice (10). Cynomolgus monkeys could
also serve as an animal model for the study of EV71 pathogenesis
(11). However, monkeys are not a convenient model and are not
easily accessible for most laboratories. AG129 mice are known to
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lack type I and II interferon receptors (IFNR) and therefore are
severely defective in innate immunity. Khong et al. (12) reported
that AG129 mice were susceptible to non-mouse-adapted EV71
infection via the intraperitoneal (i.p.) and oral routes. Infected
mice developed limb paralysis and death. An adapted strain of
EV71 that can infect adult AG129 mice has been reported (13).
Yamayoshi et al. (14) reported that human scavenger receptor B2
(SCARB2) can function as a receptor for EV71 entry in vitro. Sim-
ilarly, Nishimura et al. (15) reported that human P-selectin glyco-
protein ligand-1(PSGL-1) can also facilitate EV71 infection in
vitro. Recently, it was reported that human SCARB2 (hSCARB2)
transgenic (Tg) mice can serve as an animal model of EV71 infec-
tion (16, 17). While these receptor Tg mice can suffer limb paral-
ysis upon i.p. injection with EV71, no typical symptoms of HFMD
with skin rash were observed. In fact, acute flaccid paralysis is a
rare clinical event (0.31%) in natural human EV71 infection (1,
18). Furthermore, limb paralysis is not a unique phenotype of
EV71; many other viruses can also cause limb paralysis in animal
models (19, 20). Another important issue in the current SCARB2
receptor Tg model is its lack of oral infection (17). While oral
infection was observed in another SCARB2 Tg model, the effi-
ciency appeared to be very low using a so-called Isehara strain of
EV71 (success rate, only 2/50 in three experiments) (16). There-
fore, there is an urgent need to develop an animal model that can
closely mimic human natural infection, for example, producing
the HFMD-like phenotype via a more-efficient oral infection.

In the literature, the same animal model was infected with
different genotypes of EV71 (16, 17). In contrast, the use of the
same viral strain for the infection of different animal models re-
mains to be explored. Considering the outbred human popula-
tion, the effect of host genetic factors on viral pathogenesis needs
to be investigated.

In this study, by using the same clinical isolate of EV71 in three
newly established animal models susceptible to EV71 infection,
we demonstrated that these models with different genetic back-
grounds exhibited different disease profiles. Interestingly, in non-
obese diabetic mice with severe combined immunodeficiency dis-
ease (NOD/SCID mice), the infection and disease manifestations
appeared to be more systemic in multiple tissues than neu-
rotropic. In particular, spleen fibrosis, muscle inflammation and
destruction, and abnormal hematological features were evident in
the NOD/SCID model. Notably, no productive infection and dis-
ease were observed when UV-treated EV71 was inoculated. A ro-
bust oral infection system was established using the NOD/SCID
mouse model. In contrast, in the stat-1 knockout (KO) model,
EV71 infection was highly neurotropic, with striking VP1 expres-
sion and massive microglial cell amplification in the central ner-
vous system (CNS). Both pons and cerebellar Purkinje cells were
strongly targeted by EV71, suggesting a retrograde axonal trans-
port mechanism. While the strong neurotropism of EV71 in the
stat-1 KO model resembles what has been described in patients,
our studies in the NOD/SCID model suggest that EV71 might also
cause systemic-infection-like symptoms. Most likely, both muscle
and CNS infections could contribute to limb paralysis. We report
here that skin rash in NOD/SCID mice can be observed after in-
oculation by the i.p. or oral route. Furthermore, by using a gamma
interferon (IFN-�) receptor knockout (ifngr KO) mouse model,
we demonstrated that the IFN-� receptor is likely to be critical for
protection from EV71 infection and pathogenesis. Our new mod-

els provide a novel tool both for basic science research and for the
development of antivirals and vaccine candidates.

MATERIALS AND METHODS
Ethics statement. All animal experiments were conducted under proto-
cols approved by the Academia Sinica Institutional Animal Care and Uti-
lization Committee (ASIACUC protocol number 2010003). Research was
conducted in compliance with the principles stated in the Guide for the
Care and Use of Laboratory Animals (21).

Cells and virus preparation. Human rhabdomyosarcoma (RD) cells
(ATCC CCL-136) were grown in Dulbecco’s modified Eagle medium
(DMEM; Gibco) with 10% fetal bovine serum (FBS; HyClone) and 1%
penicillin-streptomycin (Gibco). EV71 clinical isolates were kindly pro-
vided by the Section of Clinical Virology and Molecular Diagnosis, De-
partment of Laboratory Medicine, Changhua Christian Hospital. For vi-
rus preparation, RD cells were infected with EV71 clinical isolate F23 at a
multiplicity of infection (MOI) of 0.01 and were maintained in DMEM
with 0.2% FBS. The virus was harvested by three free-thaw cycles and was
clarified by centrifugation at 3,000 � g for 30 min at 4°C. Virus in clarified
medium was concentrated by ultracentrifugation in Beckman SW28 ro-
tors at 121,896 � g (26,000 rpm) for 4 h at 4°C with a 30% sucrose cushion
and was resuspended in phosphate-buffered saline (PBS). The virus titer
was determined by a plaque assay before animal infection. In brief, RD cell
monolayers in 6-well plates (SPL Life Sciences) were infected with 10-fold
serially diluted virus in DMEM. After incubation at 37°C under 5% CO2

for 1 h, the virus was removed, and the cells were covered with 4 ml of
0.3% agarose (Lonza) in DMEM with 0.2% FBS. After incubation at 37°C
under 5% CO2 for 3 days, the cells were fixed by 3.7% formalin (Merck)
for 1 h and were stained with 0.5% crystal violet. For the UV inactivation
experiment, purified EV71 was UV irradiated at 750 mJ/cm2 using a CL-
1000 UV cross-linker (UVP). The residual viral titer after UV treatment
was determined by a plaque assay.

Experimental infection and antibody treatment. NOD/SCID mice
were purchased from Lasco Co., Ltd. (Taiwan). The stat-1 KO mice and
ifngr KO (129/Sv/Ev inbred) mice were provided by Chien-Kuo Lee and
John Kung, respectively. Mice were housed under specific-pathogen-free
conditions in individual ventilated cages. One-week-old NOD/SCID or
stat-1 KO mice were infected via the intraperitoneal (i.p.) or subcutaneous
(s.c.) route with EV71 clinical strain F23 at a dose of 105 to 108 PFU/
mouse. For oral infection, 108 PFU of EV71 was injected into each NOD/
SCID mouse (3 days old) with a 24-gauge feeding tube after 6 h of fasting.
Neutralizing antibodies against the IFN-� receptor or IFN-� (Bio X Cell)
were i.p. injected at a dose of 150 �g/mouse into 1-week-old wild-type
C57BL/6 mice (NAR Labs, Taiwan). EV71 infection (108 PFU/mouse) was
carried out via the i.p. route. The neutralizing antibody against the IFN-�
receptor was injected 1 day before EV71 inoculation, followed by repeti-
tive antibody treatments on days 1 and 3 postinoculation (1 and 3 dpi).
The neutralizing antibody against IFN-� was coinjected with EV71, fol-
lowed by repetitive antibody treatments on 1 and 2 dpi. Mice were mon-
itored daily for disease manifestations.

Histopathological and immunohistochemical (IHC) staining. Eu-
thanatized mice were perfused transcardially with PBS followed by 10%
neutral buffered formalin (Chin I Pao Co., Ltd., Taiwan). Tissues were
fixed in 10% neutral buffered formalin overnight. Fixed tissues were par-
affin embedded, sliced, and stained with hematoxylin and eosin (H&E) or
Masson’s trichrome stain by the Pathology Core Laboratory, IBMS, Aca-
demia Sinica. Xylene and ethanol were used for deparaffinization and
rehydration. Retrieval buffer (pH 6.0) and endogenous enzyme blocker
(both from Dako) were used for antigen retrieval and blocking steps. The
slides were washed with PBS containing 0.1% Tween 20 (PBST) and were
incubated with an anti-VP1 (Abnova), anti-F4/80 (GeneTex, Taiwan),
anti-keratin 6, anti-keratin 14 (Covance), anti-pan-collagen type I (Mil-
lipore), or anti-IBA1 (GeneTex, Taiwan) antibody. These slides were
washed with PBST and were incubated with an anti-rabbit or anti-rat
secondary antibody (both from Dako). A diaminobenzidine (DAB) sys-
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tem (Dako) was used to present the signal of each antigen. Sections were
counterstained with hematoxylin (J.T. Baker) and were mounted with
mounting reagent (Muto Pure Chemicals).

Tissue sampling and virus titration. After euthanasia, blood samples
were collected by heart puncture prior to PBS perfusion. Organs and
tissues were harvested, weighed, and homogenized by a mechanical ho-
mogenizer (Next Advance) in PBS. Viruses in supernatants of clarified
homogenates and blood serum were routinely first amplified by passaging
the tissue-derived virus through the RD cells for one round (24 h) before
reinfection with RD cells for the plaque assay. Viral titers were determined
by plaque assays and are expressed as PFU per gram (for tissue) or per
milliliter (for sera).

Real-time reverse transcription-PCR (RT-PCR). Total RNAs of tis-
sue homogenates were extracted with a WelPrep cell/tissue RNA kit (Wel-
GENE), and were used for reverse transcription by a High-Capacity cDNA
reverse transcription kit (Applied Biosystems). The synthetic cDNA was
subjected to real-time quantitative PCR (qPCR) analysis by an ABI 7500
system with a Power SYBR green PCR master kit (both from Applied
Biosystems). The specific primers for VP1 were CTAGAGGGTACCACC
AATCC (forward) and AACCTGGCCAGTAGGAGT (reverse). The
primer sequences of the internal control, glyceraldehyde-3-phosphate de-
hydrogenase (GAPDH), were GTTCCTACCCCCAATGTG (forward)
and CAACCTGGTCCTCAGTGTAG (reverse).

Cytokine quantification. Cytokines in tissue homogenates were mea-
sured by a Procarta immunoassay kit (Affymetrix) according to the man-
ufacturer’s instructions. The sensitivity of detection of the various cyto-
kines is described in the manufacturer’s protocol.

CBC. Blood samples from infected mice were collected with 1.5 mg/ml
of Na2EDTA. The complete blood counts (CBC) of mice were conducted
with an Abbott Cell-Dyn 3700 system.

Immunoblotting. Radioimmunoprecipitation assay (RIPA) buffer
was used to extract protein from tissue homogenates. VP1 protein and
tubulin were detected by an anti-VP1 antibody (Abnova) and an anti-
tubulin antibody (GeneTex, Taiwan), respectively.

Statistical analysis. All experimental results from two to six indepen-
dent experiments were analyzed by Student’s t test. Two-way analysis of
variance (ANOVA) was used to analyze the differences in HFMD-like
syndromes and limb paralysis between oral and nonoral routes of infec-
tion.

RESULTS

Host immunity plays an important role in resistance and clear-
ance of viral infection. For example, AG129 mice deficient in in-
terferon (IFN-�/� and IFN-�) signaling can be infected with
EV71 in vivo (12). To address the issue of immunity and host
defense against EV71, we tested several immunodeficient mouse
strains for susceptibility to infection with clinical isolates of EV71
(Fig. 1A). To our surprise, neither IFN-� receptor knockout (ifnar
KO) mice nor complement C5-deficient FVB mice could support
EV71 infection. Instead, we observed successful infection of stat-1
KO, NOD/SCID, and IFN-� receptor knockout (ifngr KO) mice.
Because we succeeded with the ifngr KO model only very recently,
our more detailed characterizations focused primarily on the
other two models. stat-1 KO mice lack the STAT1 gene and are
defective in IFN signaling (22), while NOD/SCID mice are known
to be defective in the innate immunity of NK cells as well as the
humoral immunity of T and B cells (23).

We injected EV71 (genotype B5, strain F23 [see Materials and
Methods]) i.p. into 1-week-old NOD/SCID mice and monitored
the time course of viral titers in the sera postinoculation (Fig. 1B).
On day 3 postinoculation (3 dpi), viral titers reached a peak, sug-
gesting that EV71 was replicating in the inoculated mice. How-
ever, viral titers began to decline on day 4 and became undetect-

able on day 8. We noted occasional (36%) hair loss (Fig. 1C) on
days 2 to 6 and skin rash (Fig. 1D; see also Fig. S1A in the supple-
mental material) after 9 dpi. In contrast, near-100% limb paralysis
was observed on days 8 to 12 postinoculation (Fig. 1E; see also Fig.
S1B in the supplemental material). These phenomena were not
detected in PBS-injected NOD/SCID controls. To test whether the
disease manifestation could be caused by the input virus without
viral proliferation in vivo, we performed a UV inactivation exper-
iment (Materials and Methods). Inoculation of UV-inactivated
virus produced neither plaques in RD cells (data not shown) nor
death and clinical scores in NOD/SCID mice (Fig. 1F and G). This
result strongly supports the correlation between viral replication
(Fig. 1B) and pathogenesis (Fig. 1F and G).

The survival rate and clinical score were dependent on the viral
dose (�106 PFU/mouse versus 107 to 108 PFU/mouse) (Fig. 1H
and I), host age (1 week versus 2 to 4 weeks) (Fig. 1J and K), and
injection route (oral, s.c., or i.p.) (Fig. 1L and M).When mice were
inoculated with a lower dose of EV71 (below 106 PFU), or at an
older age (2 to 4 weeks), no death or clinical score was ever ob-
served (Fig. 1H to K). Oral infection appeared to be less efficient
than infection via the i.p. or s.c. route in a highly reproducible
manner (Fig. 1N). Therefore, we established a reproducible pro-
tocol of in vivo infection with an EV71 clinical isolate (genotype
B5, strain F23) by the i.p., s.c., or oral route using the NOD/SCID
mouse system. The i.p. protocol was used in most of the NOD/
SCID studies described below.

Next, we examined the growth kinetics of the inoculated EV71
in different tissues at different time points postinoculation (Fig.
2A to H). Viral RNA extracted from various tissues was measured
by RT-qPCR analysis using GAPDH as an internal control, and
infectious virus titers were measured by standard plaque forma-
tion assays using human rhabdomyosarcoma (RD) cells (see Ma-
terials and Methods). Interestingly, we observed two general phe-
nomena in most tissues. (i) Viral titers tended to decline on day 2
in all eight tissues examined, and viral RNA levels tended to de-
cline on day 3 in most tissues, except for the kidney and heart. In
the kidney (Fig. 2C), the rapid drop in viral RNA levels occurred
earlier, on day 2 instead of day 3. In the heart tissue (Fig. 2D), we
observed no decline in the level of viral RNA throughout the time
course. In general, the decline in infectivity (as measured by PFU)
appeared to precede the decline in the viral RNA level. We also
noted that in muscle and brain (Fig. 2F and G), there were small
peaks of viral RNA at 2 dpi. Unlike intestine, spleen, and kidney
tissues, muscle and brain are anatomically distal to the i.p. injec-
tion site. Therefore, the viral RNA titers in the brain and muscle at
1 dpi were very low. In the first round of “tug of war” between the
host defense mechanism and the replicating virus in the brain and
muscle, at 2 to 3 dpi, the host defense of immunodeficient NOD/
SCID mice enjoyed a transient victory over the invading virus.
However, in the second round of “tug of war,” after 3 dpi, the
replicating virus began to take off. Overall, such a “fall-and-rise”
pattern of viral titers and viral RNA levels in most tissues at earlier
time points postinoculation strongly suggests an attempt by an
unknown host system to clear the input virus (tissue culture de-
rived) at the initial phase of viral infection. The subsequent trend
of steady increases in viral titers and RNA levels postinfection
provides strong support for in vivo EV71 replication in NOD/
SCID mice. (ii) At later time points before death (8 to 11 dpi),
infectious viral titers dropped to very low or undetectable levels in
most tissues, except for the spleen (Fig. 2B) and muscle (Fig. 2F).
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In sharp contrast, viral RNA levels at 8 to 11 dpi declined only
slightly in the spleen and brain and kept increasing in other tis-
sues. This discrepancy between infectious viral titers and viral
RNA levels seems to be paradoxical, and we interpret it as due to

the significantly delayed clearance of noninfectious viral RNA rel-
ative to the more-rapid clearance of infectious virus, which was
observed in the earlier phase at 2 to 3 dpi. These noninfectious
viral RNAs could originate from infectious virus that was inacti-

FIG 1 Studies on various parameters that affect disease manifestations in immunodeficient mice infected with a clinical isolate of EV71 (strain F23, genotype B5). (A)
Comparisons among various immune-deficient mouse models infected with EV71 via different routes (*, limb paralysis rate of�78%; **, limb paralysis rate of�31.3%).
(B) One-week-old NOD/SCID mice were infected with 108 PFU of EV71 strain F23. Serum samples were collected from a group of five mice on days 1, 2, 3, 4, 8, and 11,
respectively. Virus titers in serum were measured by plaque assays. (C through E) One-week-old NOD/SCID mice were infected with EV71 strain F23 (left) or normal
saline (right). Disease manifestations, including hair loss (C), skin rash (D), limb paralysis (E), and death, were monitored daily. (F through M) Comparisons were made
for different parameters of infection, including UV treatment (or no treatment) of EV71 (F and G), viral dose (�106 versus 107 to 108 PFU/mouse) (H and I), host age
(1 week versus 2 to 4 weeks) (J and K), and inoculation route (i.p., s.c., or oral) (L and M). Clinical scores were defined as follows: 0, healthy; 1, hair loss, wasting, or ruffled
hair; 2, limb weakness; 3, paralysis in only 1 limb; 4, paralysis in 2 to 4 limbs; 5, death. Error bars indicate standard deviations for 6 mice in each group. (N) Summary of
disease manifestations in NOD/SCID mice infected with EV71 at different viral doses and through different routes.
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vated by cytokines released during inflammation (see Discussion).
We speculate here that the amplification of viral titers before the
point of disease onset was reached could explain why the kinetics
of clearance of viral RNA lagged far behind that for infectious
virus. In other words, clearance of noninfectious viral RNA could
have been observed if the infected NOD/SCID mice had survived
longer.

We examined sectioned EV71-infected and mock-infected tis-
sues by H&E staining. The most-apparent pathologies were noted
in the spleen, muscle, spinal cord, and skin (Fig. 3A). In the spinal
cord, shrunken neurons with dark nuclei (indicated by arrows)
were consistent with degenerated neurons. In contrast to the con-

trol, infected muscle was atrophic and irregular in size. We noted
vacuoles (indicated by arrowheads) in the dermises of infected
mice with skin lesions, suggesting inflammation-related edema.
The spleens of infected mice revealed extensive dense collagen
bands on H&E-stained sections, indicative of fibrosis, which was
confirmed by Masson’s trichrome staining (Fig. 3B, blue depos-
its). Spleen atrophy was revealed by the reduced sizes (Fig. 3C, left)
and weights (Fig. 3C, right) of the dissected spleens of EV71-in-
fected NOD/SCID mice. EV71-encoded VP1 protein can be de-
tected by a brown color in the spleen, muscle, and skin by use of
immunohistochemical (IHC) staining with an anti-VP1 poly-
clonal antibody (Fig. 3D). We also detected a cell surface marker

FIG 2 “Fall-and-rise” pattern of viral RNA levels and infectious titers of EV71 at earlier time points postinoculation in various tissues of EV71-infected
NOD/SCID mice. One-week-old NOD/SCID mice were infected i.p. with 108 PFU of EV71 strain F23. On different days postinfection, mice were sacrificed. Viral
RNA levels (left) and virus titers (right) in the intestine (A), spleen (B), kidney (C), heart (D), lung (E), muscle (F), brain (G), and spinal cord (H) were
determined by quantitative RT-PCR and plaque assays. Fold changes of viral RNA copy numbers were detected by VP1 primers and were normalized by GAPDH
primers. The virus titer in each tissue was normalized by the weight (in grams) of dissected tissues. Dashed lines connect the average data points at the different
time points (see the text for further discussion). Asterisks indicate the time points of disease onset.
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of infiltrating macrophages by using an anti-F4/80 monoclonal
antibody (Fig. 3E). Using antibodies specific for keratin 6, keratin
14, and pan-collagen, we performed IHC staining of skin sections
and detected no apparent difference in the expression of keratin
and collagen between infected mice and mock-infected controls
(see Fig. S2 in the supplemental material).

We compared the hematological characteristics of infected
mice and mock-infected controls by complete blood counts (see
Materials and Methods) and detected no significant differences in
platelets and monocytes (data not shown), minor differences in
mean cell volume (MCV), mean cell hemoglobin (MCH), and red
blood cell volume distribution width (RDW), and more-signifi-

cant differences in the numbers of neutrophils, eosinophils, and
lymphocytes (Fig. 4). This reduction in lymphocyte numbers is
consistent with the interpretation that EV71 in the NOD/SCID
system could bias the differentiation of bone marrow cells toward
the myeloid over the lymphoid lineage. The significantly increased
neutrophil numbers and reduced eosinophil numbers also suggest
a strong influence of EV71 on the myeloid differentiation path-
ways toward neutrophils over eosinophils.

In addition to the NOD/SCID model, we succeeded in estab-
lishing stat-1 KO mice as a model susceptible to in vivo infection
with a clinical isolate of EV71 (genotype B5, strain F23). Although
we did not succeed in productive infection using the s.c. route, we

FIG 3 Pathological changes in EV71-infected NOD/SCID mice. One-week-old NOD/SCID mice were infected i.p. with 108 PFU of EV71 or normal saline.
Moribund mice were sacrificed on day 12 postinfection. Paraffin-embedded sections were examined at �200 with H&E stain (A), Masson’s trichrome stain (B),
anti-EV71 VP1 (D), and anti-F4/80 (E). (A) Multiple blue-stained cells in muscle could represent infiltrated macrophages (see panel E). Arrows (spinal cord)
indicate degenerated neurons. Arrowheads (skin and hair follicle, inset) highlight vacuous edema at a magnification of �400. (B) Blue color indicates collagen
deposits and spleen fibrosis. (C) (Left) Spleen atrophy was observed on day 11 postinfection. (Right) The weights of dissected spleens from infected mice were
determined and normalized to the weights of their hearts. Values are means � standard deviations for 6 mice in each group. Asterisks indicate a significant
difference (**, P 	 0.01) from the saline control by Student’s t test. (D) IHC staining detected VP1 protein in the spleen, muscle, and skin and hair follicles. (E)
Muscle-infiltrated macrophages can be visualized by IHC using an anti-F4/80 antibody.
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observed significant clinical scores upon i.p. injection of 108 PFU
EV71 into 1-week-old stat-1 KO mice (Fig. 5A). Again, host age is
a critical factor, since we have observed no productive infection or
disease manifestation in 2-week-old mice. Approximately 30% of
the infected mice developed limb paralysis around 7 dpi (Fig. 5B),
and no death was observed before sacrifice up to 3 weeks postin-
oculation (data not shown). We observed evident pathology on
H&E-stained sections from EV71-infected mice, including loss of
intestinal villi, disorganized muscle structure, and spleen fibrosis
(Fig. 5C). Although there was no significant pathology in the brain
stem and spinal cord by H&E staining (Fig. 5C), strong expression
of VP1 protein was observed by IHC staining in the pons of the
brain stem, cerebellar Purkinje cells, superior colliculus, and gray

matter of the spinal cord (Fig. 5D and E). In contrast to our find-
ings for the NOD/SCID model (Fig. 3D), we detected no VP1
protein or inflammation in muscles in the stat-1 KO model, al-
though the muscle exhibited a certain degree of dystrophy by H&E
staining (Fig. 5C and E), which could be a consequence, rather
than a cause, of limb paralysis. Injury of neuronal cells is often
associated with the amplification of adjacent microglial cells (24).
Indeed, strong expression of IBA1, a microglial-cell marker, was
detected in the brain and spinal cord by IHC staining using an
anti-IBA1 antibody (Fig. 5F).

Elevated cytokine levels are known to be associated with in-
flammation. Previously, increased levels of various combinations
of interleukin 6 (IL-6), IL-10, IFN-�-induced protein 10 (IP-10),

FIG 4 Hematological changes in NOD/SCID mice infected i.p. with EV71 (108 PFU) or injected with normal saline. Blood was collected on day 11 postinfection.
Complete blood counts were recorded by an Abbott Cell-Dyn 3700 system. MCV, mean cell volume; MCH, mean cell hemoglobin; RDW, red blood cell volume
distribution width. Values are means � standard deviations for 6 mice in each group. Asterisks indicate significant differences (*, P 	 0.05; **, P 	 0.01) from
the saline control by Student’s t test.
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FIG 5 Symptoms of stat-1 KO mice infected with an EV71 clinical isolate, strain F23. (A) Clinical scores of stat-1 KO mice infected with EV71 by intraperitoneal
or subcutaneous injection. (B) Limb paralysis occurred in stat-1 KO mice infected with EV71. (Left) stat-1 KO mouse infected with 108 PFU of EV71; (right)
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monocyte chemoattractant protein 1 (MCP-1), and tumor necro-
sis factor alpha (TNF-�) were detected in the sera or tissues of
EV71-infected mice or humans (12, 17, 25, 26). We examined the
cytokine profiles in spleen, muscle, brain, and spinal cord tissues
in the EV71-infected NOD/SCID model and in brain and spinal
cord tissues in the stat-1 KO model (Table 1; see also Fig. S3 and S4
in the supplemental material). Interestingly, the cytokine profiles
in the brains and muscles of EV71-infected NOD/SCID mice ex-
hibited a high degree of similarity to the serum cytokine profiles of
EV71-infected patients with pulmonary edema; cytokines found
both in patients and in NOD/SCID mice included IFN-�, IL-1�,
IL-10, IP-10, MCP-1, TNF-� (NOD/SCID mouse muscle), and
IL-6 (NOD/SCID mouse brain) (26). MCP-1 and IP-10 were re-
ported to be associated with neuronal injury in EV71-infected
patients with pulmonary edema (26). IP-10 might have a certain
degree of protective effect, since ip-10 KO mice infected with a
mouse-adapted EV71 variant displayed more-severe disease (27).
The biological significance of specific cytokines in the NOD/SCID
and stat-1 KO models will be discussed further in comparison with
that of cytokines in human patients and other mouse models.

To compare the growth kinetics of EV71 in these two mouse
models more closely, we performed experimental EV71 infection
of NOD/SCID and stat-1 KO mice side by side and compared viral
RNA copy numbers, infectivity, and viral protein expression in the
muscle, brain, and spinal cord at different time points postinfec-
tion (before disease onset, at onset, and after onset) (Fig. 6). The
viral RNA copy number increased, reached a peak around disease
onset, and declined after disease onset in both models (Fig. 6A).
The spinal cord of the stat-1 KO model contained a higher copy
number of viral RNA than did muscle and brain tissues at disease
onset. The infectious titers of EV71 in these three tissues were also
compared between these two models at different time points
postinfection (Fig. 6B). Major differences in plaque-forming ac-
tivity between these two models include the following: (i) at dis-

ease onset, no infectious titers could be detected in the brain and
spinal cord tissues of NOD/SCID mice, and (ii) after onset, while
infectious EV71 could still be detected in the muscles of NOD/
SCID mice, no infectious virus was detected in the muscles of
stat-1 KO mice. We also compared viral protein expression in
these two models (Fig. 6C). At disease onset, while VP1 protein
was detected in the muscles of NOD/SCID mice, it was not detect-
able in those of stat-1 KO mice (Fig. 6C, top). In contrast, while
VP1 protein was detected in the spinal cords of stat-1 KO mice, it
was not detectable in those of NOD/SCID mice (Fig. 6C, bottom).
No VP1 protein was detected in the brain tissue of either model at
disease onset (Fig. 6C, center). In summary, the results shown in
Fig. 6 support the general notion that the same clinical isolate of
EV71 exhibited different tissue tropisms in two different mouse
models: muscle tropism in the NOD/SCID model and neurotro-
pism in the stat-1 KO model.

It is known that stat-1 KO mice are defective in both IFN-� and
IFN-� signaling (28, 29). Since we did not observe any disease
development upon infection of ifnar KO mice with EV71 (Fig.
1A), we attempted to block IFN signaling in vivo by administering
antibodies specific for both the IFN-� receptor and IFN-� (see
Materials and Methods). One-week-old wild-type C57BL/6 mice
were coinjected once with 150 �g/mouse (each) of an anti-IFN-�
receptor and an anti-IFN-� antibody 1 day before inoculation
with EV71 (108 PFU/mouse). The antibody treatment was re-
peated two more times after EV71 inoculation. We observed no
disease development in this double-antibody experiment (data
not shown). As an alternative approach, we tested the effect of IFN
by using ifngr KO mice (30). As shown in Fig. 7, we observed a
more-rapid onset of disease and death in this model than in the
NOD/SCID and stat-1 KO models (Fig. 7A and B). The death and
paralysis rates for the ifngr KO model are generally higher than
those for the stat-1 KO model (78% versus 31%). Taking these

saline-treated control. (C) Histopathological examination of the brain, spinal cord, intestine, muscle, and spleen by staining with H&E and Masson’s trichrome
stain. While the brain showed no apparent pathology, the spinal cord showed some areas of higher cell density, suggesting amplification of microglia. The
intestine showed loss of villi. The muscle showed some dystrophy. The blue color of the spleen section by Masson’s trichrome staining represents collagen fiber
and spleen fibrosis. (D) VP1 protein was expressed in the brains of EV71-infected mice as detected by IHC staining. The upper and lower panels show brain
sections at a lower (�20) and a higher (�200) magnification, respectively. Numbers in the upper panels correspond to the regions of the brain with strong
expression of VP1 that are shown in the lower panels: 1, pons; 2, cerebellar Purkinje layer; 3, superior colliculus. (E) Preferential VP1 expression in the gray
matter, including the anterior horn, in spinal cords of EV71-infected mice. In contrast, no VP1 was detected in limb muscles. (F) Detection of the microglial
marker IBA1 in the brains and spinal cords of EV71-infected mice by IHC staining. Proliferation of microglia indicates neuronal-cell injury.

TABLE 1 Tissue cytokine profiles in EV71-infected mouse models and human patients

Model or patient groupa Tissue Cytokine profile

NOD/SCID mice Spleen IL-23, IL-10, TNF-�, IFN-�, MCP-1
Muscle IFN-�, IL-10, IP-10, IFN-�, MCP-1, IL-1�, IL-12, TNF-�, MIP2, VEGFA
Brain IFN-�, IL-10, IP-10, IL-6, MCP-1, IL-1�, IL-12, IFN-�, MIP2, VEGFA
Spinal cord IFN-�, IL-10, IP-10, IL-6, MCP-1, IL-23, IL-17F, IFN-�, MIP2

stat-1 KO mice Muscle IFN-�, IL-10, IFN-�
Spinal cord IL-17F, IFN-�, IP-10, IL-6

AG-129 mice Serum IFN-�, IL-10, TNF-�, IL-6, MIP2, IL-1�
h-SCARB2-Tg mice Brain and spinal cord CCL-3, TNF-�, IP-10, IL-6
Patients with pulmonary edema Serum and cerebrospinal fluid IFN-�, IL-10, IP-10, IL-6, MCP-1, IL-1�, TNF-�, Mig, IL-13
a One-week-old NOD/SCID or stat-1 KO mice were infected i.p. with 108 PFU of EV71. Mice were sacrificed on 4, 8, and 11 dpi. Various tissues from the spleen, muscle, brain, and
spinal cord were dissected and homogenized, and tissue cytokines were measured with a Luminex multiplex kit. Experimental results are shown in Fig. S3 and S4 in the
supplemental material. See reference 12 for AG-129 mice, reference 17 for h-SCARB2-Tg mice, and reference 26 for patients with pulmonary edema.
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findings together, IFN-� appears to be important for protection
against EV71 infection.

DISCUSSION

Here we established three models for in vivo EV71 infection using
NOD/SCID, stat-1 KO, and ifngr KO mice. Since these mice are
nontransgenic and contain no putative human SCARB2 receptor
for viral entry (14, 15), it is puzzling that they could support EV71
infection and replication (Fig. 1B, F, and G and 2). It is possible
that mouse SCARB2, which shares 99.9% amino acid sequence
similarity with human SCARB2, could serve as a surrogate recep-

tor for viral entry, albeit at a much lower efficiency (31). In addi-
tion, the susceptibility of these mice to EV71 infection must be
related to their immunodeficiency. NOD/SCID mice are deficient
not only in mature T and B cells but also in NK cells (23). Unlike
stat-1 KO or AG129 mice, NOD/SCID mice are not defective in
IFN signaling. The pathogenesis profiles of NOD/SCID and stat-1
KO mice, infected with the same EV71 clinical isolate, F23, are
very different and complementary to each other (see Table S1 in
the supplemental material).

In vivo viral replication and tissue tropism in the animal
models. The rapid “fall-and-rise” pattern of viral RNA copy num-

FIG 6 Side-by-side kinetic comparisons of viral RNA copy numbers, infectivity, and VP1 protein expression in muscle, brain, and spinal cord tissues between
NOD/SCID and stat-1 KO mouse models of experimental EV71 infection. One-week-old NOD/SCID and stat-1 KO mice were infected i.p. with EV71 (108

PFU/mouse). Various tissues (muscle, brain, and spinal cord) were collected for analyses of total EV71 VP1 RNA expression by RT-qPCR (A), extracellular
infectious virus titers by plaque-forming activity assays (see Materials and Methods) (B), and total VP1 protein expression by Western blotting (C) at three
different time points (before disease onset, at onset, and after onset). Lines in the graphs connect the average data points at the different time points. (A) The
general trends of the viral RNA profiles are similar for these two mouse models. Viral RNA copy numbers peaked at disease onset in both models. (B) Unlike the
viral RNA expression profiles shown in panel A, the infectious titers of EV71 were different in these two models. Infectious EV71 was not detectable by the PFU
assay at or after disease onset in the brains or spinal cords of NOD/SCID mice. In contrast, after onset, infectious virus could be easily detected in the muscles of
NOD/SCID mice but not in those of stat-1 KO mice. (C) At disease onset, while VP1 protein was detected in the muscles of NOD/SCID mice, it was not detectable
in those of stat-1 KO mice. In contrast, while VP1 protein was detected in the spinal cords of stat-1 KO mice, it was not detectable in those of NOD/SCID mice.
No VP1 protein was detected in the brain tissue in either model. The lower band of the VP1 doublet could represent a degradation product of the full-length
protein. PC, positive control, prepared from the culture medium of EV71-infected RD cells.
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bers and infectious titers in most tissues in the NOD/SCID model
provides strong support for active replication of EV71 in vivo (Fig.
2). The clearance of the infectious and noninfectious viral RNAs
(e.g., defective interfering-like particles [63]) appeared to lag far
behind the clearance of viral infectivity. By side-by-side compar-
ison of the growth curves of the inoculated virus in NOD/SCID
mice and stat-1 KO mice, it became clear that viral RNA titers
reached their peak at the point of disease onset in both models
(Fig. 6A). In contrast to the active viral growth shown in Fig. 2 and
6, UV-inactivated virus produced no disease and no clinical score
in NOD/SCID mice (Fig. 1F and G). Taken together, these results
strongly suggest in vivo synthesis of the viral RNA genome and
infectious virus titers before disease onset. The presence of infec-
tious virus titers in the muscle at 11 dpi (Fig. 2F) and the strong
presence of VP1 antigen by Western blotting at disease onset (8
dpi) (Fig. 6C) favor the notion of muscle tropism of EV71 in the
NOD/SCID model. In contrast, the detection of VP1 in the brain
and spinal cord by IHC (Fig. 5D and E) and in the spinal cord by
Western blotting (Fig. 6C) favors the notion of neurotropism of
EV71 in the stat-1 KO model.

HFMD-like skin rash. As shown in Table 2, we compared the
characteristics of several currently available mouse models for
EV71 infection, including ICR mice or IP-10 knockout mice, in-
fected with mouse-adapted EV71 variants (8, 27), SCARB2 Tg
mice (16, 17), and interferon-deficient AG129 mice (12). To our
knowledge, the NOD/SCID system is the only model that mimics
the cutaneous lesions or skin rash of human HFMD (Table 2),
which was found in about 70% of EV71-infected children with
disease manifestations (1, 2, 32, 33). No skin rash was observed in
previous mouse studies (8, 16, 17, 34, 35) or in the cynomolgus

monkey model (11, 36). In one hSCARB2 Tg model, hair loss, but
no skin rash, was observed (17). In our current NOD/SCID
model, both hair loss and skin rash were detected in 36% of mice
inoculated i.p. and in 14% of mice infected orally (Fig. 1N). We
observed VP1 expression by IHC in hair follicles (Fig. 3D) and
edema-like vacuoles in dermis (Fig. 3A) in the NOD/SCID model
of i.p. EV71 infection.

Spleen fibrosis. Spleen fibrosis, identified by Masson’s
trichrome staining, is common in both the NOD/SCID and stat-1
KO mouse models (Fig. 3B and 5C). However, only spleen atro-
phy (2, 12, 37, 38), not spleen fibrosis, has ever been reported in
mouse models and humans. Whether spleen fibrosis can be de-
tected in natural human infection deserves further investigation in
the future.

Limb paralysis due to myositis or CNS involvement? EV71
infection presents two major clinical features: HFMD and neuro-
logical disorder (2). In the AG129 and hSCARB2 Tg mouse mod-
els, viral protein and injury were found in both limb muscles and
the CNS (12, 17). It is therefore difficult to sort out definitively
whether limb paralysis is caused primarily by muscle or CNS in-
jury. As discussed below, we addressed this issue by using the same
virus strain in two complementary models of NOD/SCID and
stat-1 KO mice.

In the stat-1 KO model, we observed limb paralysis (30%), as
well as strong expression of viral VP1 antigen (Fig. 5D and E) and
inflammation (Fig. 5F, microglial IBA1 protein) only in the brain
stem and spinal cord, not in the limb muscle (Fig. 5C and E). In
this regard, EV71 is highly neurotropic rather than muscle tropic
in the stat-1 KO model, and limb paralysis is caused primarily by
neurological disease. In contrast, in the NOD/SCID model, we

FIG 7 Time course of disease manifestations of ifngr KO mice after EV71 infection. One-week-old ifngr KO mice were injected with 108 PFU of EV71 F23 via the
i.p. route. (A and B) The survival rate (A) and clinical score (B) were monitored daily. (C) Limb paralysis was observed at day 4 postinfection.
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obtained no direct evidence for EV71 neurotropism. Although
nearly 100% of infected NOD/SCID mice developed limb paraly-
sis, we detected no VP1 in the CNS of infected NOD/SCID mice by
IHC on 4, 8, and 12 dpi (data not shown). In addition, infectious
virus appeared to have been cleared from the CNS before 8 dpi
(Fig. 2G and H). Given the massive destruction and strong expres-
sion of VP1 in muscle (Fig. 3A and D), but not in the CNS (data
not shown), we interpreted these findings to mean that limb pa-
ralysis in the NOD/SCID model could be caused mainly by a mus-
cle problem rather than a neurological problem. Taking our find-
ings together, limb paralysis could be caused by either muscle or
neurological injury, depending on the immunogenetic back-
ground of the host animals.

Viral spread pathways. Based on IHC staining of VP1 in the
stat-1 KO model, VP1 was strongly expressed in all levels of the
spinal cord, including the anterior horn and all areas of the gray
matter (Fig. 5E). In addition, we detected VP1 in the pons of the
brain stem (Fig. 5D) but not in the cerebral cortex (data not
shown). This result supports retrograde axonal transport from the
peripheral nerves to the spinal cord ascending to the CNS, in a
manner similar to that of other enterovirus systems, including
mouse-adapted EV71 strains (35, 39, 40) and poliovirus (41). On
the other hand, we also detected VP1 expression in a small area of
the superior colliculus of the midbrain (Fig. 5D), which is not
anatomically or directly connected with the spinal cord. IL-17,
detected in the spinal cord (Table 1), has been reported to influ-
ence the permeability of the blood-brain barrier (42). The possi-
bility that EV71 could somehow pass through the blood-brain
barrier, perhaps at a lower efficiency, in infected mice cannot be
excluded. Further investigation is needed to address this issue.

Pulmonary edema. Pulmonary edema is associated with a high
mortality rate in EV71-infected patients with brain stem enceph-
alitis (32, 43–45). In cases of bulbar poliomyelitis, fatal pulmonary
edema has also been reported (46). So far, no pulmonary edema
has ever been observed in any animal models of EV71 infection
(12, 16, 17, 34), including our own NOD/SCID and stat-1 KO
mice (data not shown). While pulmonary edema has generally
been believed to be neurogenic, the possibility that pulmonary
failure could be caused in part by myositis involved in lung respi-
ration cannot be excluded. As discussed earlier, we observed no
apparent injury or viral protein in the CNS in our NOD/SCID
model (data not shown); however, massive muscle damage is ev-
ident (Fig. 3A), a phenomenon similar to that reported in a recent
study on pulmonary hypoventilation in 2-week-old ICR mice in-
fected with a mouse-adapted strain of EV71 (47).

Oral infection via a natural enteric route. Inoculation with
mouse-adapted strains of EV71 via the oral route can result in
productive infection and disease in mice (8, 34). In the human
SCARB2 Tg mouse model, neurological signs can be obtained by
inoculation via the i.p. route. However, when these mice were
inoculated with 107 50% tissue culture infective doses (TCID50)
via the intragastric (i.g.) route, only 1 out of 20 mice showed
neurological signs (16). In a separate experiment using 108

TCID50, no incidence of neurological signs (0/10 mice) was ob-
served. The reason for the very low efficiency of oral infection with
EV71 in the hSCARB2 Tg model (16) remains unclear. Using the
IFN-� receptor KO model, we obtained no productive infection
via the oral route, either (Fig. 1A). Recently, however, we suc-
ceeded reproducibly at oral infection of NOD/SCID mice (Fig. 1L
to N; Table 2). Similarly, AG129 mice, defective in both IFN-�/�T
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and IFN-� signaling, can be infected with EV71 via the oral route
(12). While we succeeded in establishing efficient in vivo infection
via the i.p. route using the ifngr KO model (Fig. 7), it remains
unclear whether we can establish oral infection using this model.
The potential role of IFN signaling in EV71 clearance and patho-
genesis remains to be elucidated (48).

Cytokine profiles and infiltrating macrophages. We noted
the striking similarity of cytokine profiles between the NOD/SCID
model (muscle, brain, and spinal cord) and patients (serum and
cerebrospinal fluid), including IFN-�, IL-10, IP-10, IL-6, MCP-1,
IL-1�, and TNF-� (26) (Table 1). Therefore, the NOD/SCID
model, despite its immunodeficiency, could serve as an animal
model resembling human EV71 infection, at least as far as cyto-
kine profiles are concerned. In the AG129 model (12), serum
IL-1� was induced by EV71 only via the oral route, not via the i.p.
route. In contrast, in our studies of infection via the i.p. route, we
detected IL-1� in the brain and muscle tissues of NOD/SCID
mice. Furthermore, it is interesting that IL-17F was detected in the
spinal cords of both EV71-infected NOD/SCID mice and EV71-
infected stat-1 KO mice (Table 1). IL-17 cytokines, including IL-
17F, are known to be involved in neuroinflammation in experi-
mental autoimmune encephalomyelitis (EAE) (49). We also
detected IL-23 in the spinal cord in the NOD/SCID model (Table
1). IL-23, a member of the IL-12 family of cytokines, can promote
Th17 cell development. The IL-23/IL-17 axis is well known to play
an important role in various inflammatory diseases (50). Finally,
the fact that we detected macrophage inflammation protein 2
(MIP2) in the CNS and muscle (Table 1), as well as F4/80 in the
muscle, in NOD/SCID mice (Fig. 3E) suggests that infiltrating
macrophages could contribute to inflammation and cytokine re-
lease in this model.

Gamma interferon signaling and viral infection. IFN-� is
known to exert pleiotropic effects on the immune system. In ad-
dition to its antiviral effect, IFN-� plays an immunomodulatory
role in macrophages, dendritic cells, and lymphoid cells (51–53).
Mice without the IFN-� receptor exhibited increased susceptibil-
ity to infection with Listeria monocytogenes, vaccinia virus (30),
lymphocytic choriomeningitis virus (LCMV) (54–56), and herpes
simplex virus 1 (HSV-1) (52), as well as to dengue infection-in-
duced paralysis (57). However, IFN-� and its receptor do not
seem to be important for infection with vesicular stomatitis virus
(VSV) (56, 58, 59). In the case of EV71, we demonstrated here a
protective role of the IFN-� receptor against virus-induced paral-
ysis and death (Fig. 7).

As shown in Table 1, we detected IFN-� in muscle, brain, and
spinal cord tissues of NOD/SCID mice as well as in the muscles of
stat-1 KO mice. The absence of IFN-� in the spinal cords of stat-1
KO mice is consistent with the strong presence of VP1 antigen in
the spinal cord by Western blotting (Fig. 6C, bottom). Similarly,
the presence of IFN-� in the brains and spinal cords of NOD/
SCID mice (Table 1) could explain the absence of detectable viral
antigen and pathology in their brains and spinal cords (Fig. 6C).
Although IFN-� can be detected in the muscles of NOD/SCID
mice, viral RNA, viral protein, and infectious titers can be detected
in the muscles of NOD/SCID mice at disease onset (Fig. 6). It is
possible that the level of IFN-� is too low to clear the virus effec-
tively.

It remains somewhat puzzling that stat-1KO mice, defective in
both IFN-�/� and IFN-� signaling, had a paralysis rate of �30%
and no death, while ifngr KO mice, defective only in IFN-�, not in

IFN-�, displayed paralysis and death rates near 78%. Because of
the difference in their respective genetic backgrounds (C57BL/6
for ifnar KO mice versus 129/Sv/Ev for ifngr KO mice), it is im-
possible to compare these two mouse systems at present. Another
issue that may be worth discussion is that we did not succeed in
inducing paralysis in our anti-IFN-� antibody experiment (data
not shown). However, ifngr KO mice displayed paralysis upon
infection with EV71. It is possible that the blockage of a cytokine
ligand may not have the same phenotype as the blockage of a
cytokine receptor. For example, there appeared to be no difference
in LCMV infection between IFN-� KO mice and wild-type mice
(60). However, increased susceptibility to LCMV infection was
reported for ifngr KO mice (56).

Age-dependent susceptibility. In humans, young age is a ma-
jor risk factor for natural infection with EV71 (1, 2). In animal
models, young age is also a crucial determinant of productive
infection, pathogenesis, and death. For example, in our NOD/
SCID and stat-1 KO models, we routinely inoculated 1-week-old
mice i.p. for most studies. In other models, mice younger than 2 or
3 weeks were susceptible to EV71 infection via various routes and
with various viral strains (12, 16, 17). Similarly, in one poliovirus
receptor (PVR) transgenic model, 2-week-old mice were 4 orders
of magnitude more susceptible to paralysis than adult mice (61).
What kind of viral or host factors could contribute to the age
dependency remains to be investigated; these may include the in-
ternal ribosome entry site of the virus (62) and the neonatal de-
velopment of the nerve, gut, and/or immune system.

Potential for translational research. One last question to be
addressed here is whether these immunodeficient mice are ade-
quate for EV71 vaccine research. Our answer is positive, since
these models can still provide an in vivo platform for the evalua-
tion of vaccine efficacy by passive transfer of neutralizing antibod-
ies. Such antibodies can be induced by vaccination in immuno-
competent animals or humans. Finally, these user-friendly mouse
models can be infected with clinical isolates of EV71 and thus
provide an opportunity for in vivo testing of antivirals.
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