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ABSTRACT Enterovirus A71 (EV-A71) is a human pathogen that causes hand, foot,
and mouth disease, which can progress to severe neurological disease. EV-A71
infects humans via the human scavenger receptor B2 (hSCARB2). It can also infect
neonatal mice experimentally. Wild-type (WT) EV-A71 strains replicate primarily in
the muscle of neonatal mice; however, susceptibility lasts only for a week after birth.
Mouse-adapted (MA) strains, which can be obtained by serial passages in neonatal
mice, are capable of infecting both muscle and neurons of the central nervous sys-
tem. It is not clear how the host range and tropism of EV-A71 are regulated and
why neonatal mice lose their susceptibility during development. We hypothesized
that EV-A71 infection in neonatal mice is mediated by mouse Scarb2 (mScarb2) pro-
tein. Rhabdomyosarcoma (RD) cells expressing mScarb2 were prepared. Both WT and
MA strains infected mScarb2-expressing cells, but the infection efficiency of the WT
strain was much lower than that of the MA strain. Infection by WT and MA strains in
vivo was abolished completely in Scarb2=/~ mice. Scarb2*/~ mice, in which Scarb2
expression was approximately half of that in Scarb2*/* mice, showed a milder pa-
thology than Scarb2*/* mice after infection with the WT strain. The Scarb2 expres-
sion level in muscle decreased with aging, which was consistent with the reduced
susceptibility of aged mice to infection. These results indicated that EV-A71 infection
is mediated by mScarb2 and that the severity of the disease, the spread of virus,
and the susceptibility period are modulated by mScarb2 expression.

IMPORTANCE EV-A71 infects humans naturally but can also infect neonatal mice.
The tissue tropism and severity of EV-A71 disease are determined by several factors,
among which the virus receptor is thought to be important. We show that EV-A71
can infect neonatal mice using mScarb2. However, the infection efficiency of WT
strains via mScarb2 is so low that an elevated virus-receptor interaction associated
with mouse adaptation mutation and decrease in mScarb2 expression level during
development modulate the severity of the disease, the spread of virus, and the sus-
ceptibility period in the artificial neonatal mice model.
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Outbreaks with many severe cases and even deaths have occurred repeatedly in Asia-
Pacific regions (6). Therefore, EV-A71 infection is a serious public health concern.

The natural host of EV-A71 is humans. Transmission of EV-A71 in humans is primar-
ily via the fecal-oral route. Initial viral replication occurs in the epithelial cells in the gas-
trointestinal tract (7). The virus then spreads through the body, and HFMD occurs as a
result of replication of the virus in the skin (8). In most cases, the patients recover and
the virus is cleared. However, infrequently, the virus enters the central nervous system
(CNS) through an unknown mechanism(s). Neurons in the CNS are the sites of viral rep-
lication. Severe lesions occur in the CNS of fatal cases but not in other organs (7).

Human rhabdomyosarcoma (RD) cells but not mouse L929 cells are susceptible
to EV-A71. The human scavenger receptor class B member 2 (hSCARB2) was identi-
fied as the essential receptor using this species-specific infection of EV-A71 (9).
L929 cells transfected with the human SCARB2 gene or cDNA showed full suscepti-
bility to infection (9-11). SCARB2 also plays an important role in EV-A71 infection in
vivo. In fatal human cases, SCARB2 expression is detected in EV-A71 antigen-posi-
tive cells, such as squamous epithelial cells of palatine tonsil and neurons in the
CNS (7). Transgenic (tg) expression of hSCARB2 in mice permits the replication of
EV-A71 in the CNS of adult mice, which are normally insusceptible, suggesting that
hSCARB2 expression is required for EV-A71 infection in vivo (12). The virus binding
site in hSCARB2 was investigated using chimeras of hSCARB2 and mScarb2. This
investigation revealed that a region encoded in exon 4 of the SCARB2 gene is nec-
essary for the establishment of efficient infection (13). The amino acid identity of
hSCARB2 and mScarb2 in this region is 76.2%, while that of the whole is 85.8%.
Subsequently, a more precise structure of the virus-receptor complex was revealed
by cryo-electron microscopy (14). The a-helices 4 and 5 in the apical region of the
SCARB2 form the binding site on the receptor side, and the EF loop of VP2 and GH
loop of the VP1 capsid proteins form the binding sites on the viral side. These
results suggested that the interaction between EV-A71 and SCARB2 receptor plays
an important role in determining host range.

Neonatal mice are susceptible to EV-A71 and other EV-A viruses (2) and have been
used widely as an animal model because they are easy to handle; however, after EV-
A71 infection, they do not exhibit the same pathological features as humans (15). First,
the tissue tropism of EV-A71 in neonatal mice is different from that of humans.
Neonatal mice show paralysis when the virus is inoculated intraperitoneally or subcuta-
neously. The main viral replication site of the virus is the skeletal muscle, as observed
for other EV-As (2). This muscle-tropic infection is not observed in humans. Viral repli-
cation is observed in neurons in the CNS of neonatal mice but to a lesser extent than
that in muscles. Second, the susceptibility of neonatal mice to infection is lost with
increasing age. Neonatal mice up to 1 week old are susceptible to EV-A71, but after
that, they lose susceptibility, and EV-A71 infection does not occur in adult mice. In
humans, HFMD patients are mainly children younger than 5 years old. Infection in
adults occurs, but it is rare because adults acquire immunity to EV-A71 through natural
infection in childhood and do not develop the disease thereafter. Third, artificial adap-
tation of the virus to mice can increase its pathogenicity. Mouse-adapted (MA) strains
have been obtained by passaging the virus several times in neonatal mice or rodent
cells (15-17). The adaptation can extend the window of susceptibility to 2 weeks after
birth and result in more extensive replication of the virus in the CNS. Many MA strains
have a common mutation of lysine (K) to isoleucine (I) or methionine (M) at amino acid
149 of capsid protein VP2 (VP2-149) (17-20). Thus, MA mutations make the susceptibil-
ity period longer and the tissue tropism wider. In addition, AG129 mice (21), which are
deficient in functional interferon /B (IFN-a/B) and IFN-y responses, show increased
susceptibility (22). In combination with MA strains and AG129 mice, susceptibility has
been shown to persist up to 10 weeks of age (23).

For a better understanding of in vivo EV-A71 infection at the molecular level, identi-
fication of the virus receptor and elucidation of the virus-receptor interaction are
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necessary. Since amino acid VP2-149 is in the EF loop of VP2 that binds hSCARB2 (14),
it was speculated that a K-to-l or a K-to-M mutation at VP2-149 would strengthen the
interaction between mutant viruses and mScarb2. A mouse L929 cell-adapted virus
was isolated after multiple passages in L929 cells, and L929 cells deficient in Scarb2
gene function were generated using the CRISPR-Cas9 system. Scarb2-deficient L929
cells were not susceptible to the L929-adapted strain, suggesting that mScarb2 can
serve as a receptor for this strain in vitro (24). This result also suggested strongly that
MA strains may infect neonatal mice in vivo using mScarb2 as their receptor; thus, we
decided to examine the possibility that mScarb2 would also act as a receptor for WT
strains under certain circumstances, albeit with lower efficiency. To this end, we investi-
gated the role of mScarb2 in cultured cells and neonatal mouse infection. Here, we
present data showing that WT EV-A71 can infect mScarb2-expressing cells but with
reduced efficiency and that the susceptibility of neonatal muscle and neurons to both
WT and MA strains of EV-A71 is completely lost in Scarb2~/~ mice. Taken together, the
results suggest that the infection efficiency of WT EV-A71 is borderline for the estab-
lishment of infection and that slight changes in the virus-receptor interaction and/or
mScarb2 expression level greatly modulate the pathogenicity of EV-A71 in neonatal
mice.

RESULTS

Both wild-type and mouse-adapted strains of EV-A71 use mouse Scarb2 as their
receptor with different efficiencies in vitro. We previously produced RD-ASCARB?2 cells,
which lack a functional SCARB2 gene and are completely resistant to EV-A71 infection
(25). To determine whether mScarb2 can serve as a receptor, either hSCARB2 or
mScarb2 ¢cDNA was expressed in RD-ASCARB?2 cells using retrovirus vectors, producing
RD-ASCARB2+hSCARB2-F and RD-ASCARB2-+mScarb2-F, respectively. For simplicity,
these cell lines are referred to as RDAS2, RD+hS2, and RD+mS2, respectively (Fig. TA).
Human RD cells are highly permissive for enterovirus replication. It is therefore possible
to evaluate the function of hSCARB2 and mScarb2 as receptors in the same human RD
cell background. The ectopic expression of FLAG-tagged hSCARB2 and mScarb2 pro-
teins was demonstrated by Western blotting using an anti-hSCARB2 antibody or an
anti-FLAG antibody in RD+hS2 and RD+mS2 cells, respectively (Fig. 1B). Flow cytome-
try analysis of nonpermeabilized cells with the anti-hSCARB2 antibody revealed that at
least some of the ectopically expressed receptor protein was present at the cell surface
(Fig. 10).

We prepared a representative of a wild-type (WT) and an MA strain using the SI/
Isehara/Japan/99 strain (12). The amino acid residue at VP2-149 is K in WT and | in MA
strains (referred to as VP2-149K and VP2-149I, respectively). We infected RD+hS2 and
RD+mS2 cells with VP2-149K or VP2-149I strains and compared the plaque formation
of the infected cells (Fig. 2A). The VP2-149K strain produced clear plaques on RD+hS2
cells but smaller numbers of turbid plaques on RD+mS2 cells. The VP2-149I strain pro-
duced clear plaques on both cell types. We then determined viral RNA copy number
by reverse transcriptase quantitative PCR (RT-qPCR) and calculated the infection effi-
ciency, defined as the number of plaques per RNA genome copy number (PFU/RNA
copy) (Fig. 2B). The VP2-149K strain infected RD+hS2 cells with high efficiency (107237
PFU/RNA copy) and RD+mS2 with approximately 60 times lower efficiency (10~412
PFU/RNA copy). The VP2-149I strain infected both cells with high efficiency, with
107217 PFU/RNA copy in RD+hS2 cells and a slightly lower 10-28* PFU/RNA copy in
RD+mS2 cells. Similarly, other EV-A71 WT (VP2-149K) strains, including N772-Sendai-
2003, 2716-Yamagata-03, and Y90-3896 (26), produced turbid plaques on RD+mS2
cells and their infection efficiencies on RD+mS2 cells were 53- to 133-fold lower than
that in RD+hS2 cells (data not shown). These results indicated that both WT (VP2-
149K) and MA (VP2-149I) strains can infect via mScarb2 but the infection efficiency of
WT strains via mScarb2 is much lower than that via hSCARB2.

Replication kinetics of the two strains in the two cell types were compared (Fig. 2C).
RD+hS2 or RD+mS2 cells (10° cells) were infected with VP2-149K or VP2-149I (103 PFU
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FIG 1 Preparation of RD cells expressing hSCARB2 or mScarb2. (A) hSCARB2 or mScarb2 cDNA was expressed in RDAS2 cells, in which the endogenous
hSCARB2 gene was disrupted, using a retrovirus vector. (B) Expression of SCARB2 protein in RD+hS2 and RD+mS2 cells was detected by Western blotting
using the anti-hSCARB2 antibody (top) or anti-FLAG antibody (middle). Bottom: The anti-B-actin antibody as a control. (C) FACS analysis of the SCARB2
protein using an anti-hSCARB2 antibody. Nonpermeabilized cells were stained with anti-hSCARB2 antibody and analyzed.

determined on RD+hS2 cells), and virus titer was monitored every 24 h for 5 days. As
expected, the VP2-149K and VP2-149I strains grew at similar rates in RD+hS2 cells. The
VP2-149I strain grew in the RD+mS2 cells, but the growth kinetics were retarded
slightly. The VP2-149K strain had more retarded growth kinetics in the RD+mS2 cells
and the maximum viral yield was more than 10 times lower than those of other cell-vi-
rus combinations. These results indicate that WT EV-A71 (VP2-149K) can infect via the
mScarb2 but that its replication is inefficient.

Preparation of mScarb2 knockout mice. We produced Scarb2 knockout mice
using the CRISPR-Cas9 system to determine whether EV-A71 infection in neonatal mice
is mediated by mScarb2 in vivo. We obtained three different knockout lines and used
line number 27 for further experiments. The number 27 knockout allele has a 2-nucleo-
tide deletion in exon 4. The amino acids at positions 165 to 182 were altered and
followed by a stop codon, resulting in the absence of a functional Scarb2 protein
(Fig. 3A). The WT and knockout alleles can be discriminated by allele-specific PCR
(Fig. 3B and C). Western blotting using an anti-mScarb2 antibody showed that the
mScarb2 protein was absent from the embryonic fibroblasts derived from Scarb2~/~ mice
and that the Scarb2 protein level in Scarb2*/~ was approximately half of that in Scarb2*/*
mice. (Fig. 3D and E). The expression level of the Scarb2 gene located on autosomes (chro-
mosome 5) should be dependent on gene dosage. Thus, these results demonstrated that
the Scarb2 gene had been disrupted correctly. Immunohistochemical staining of the
mScarb2 protein using the anti-mScarb2 antibody showed that Scarb2 is expressed widely
in all organs, including the muscle and the CNS of Scarb2*/* neonatal mice (Fig. 3F and
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FIG 2 Plaque morphology and infection efficiency of VP2-149K and VP2-149I strains in RD+hS2 and RD+mS2 cells. (A) The
plaques of VP2-149K and VP2-149I strains on RD+hS2 and RD+mS2 cells. Note that the plaques of the VP2-149K strain on
RD+mS2 cells are turbid. (B) Infection efficiency of the two strains on the two cell types. The copy number of the virus was
measured using RT-qPCR. The number of plaques was divided by the copy number. The experiments were repeated six times,
and the mean value is shown. The statistical significance of each value was determined by Student’s t test and corrected by
the Bonferroni method. *, P < 0.05; **, P < 0.01; ***, P < 0.001. (C) Growth kinetics of VP2-149K and VP2-149I strains in the
two cell types. Red and blue lines indicate the growth curve of the VP2-149K and VP2-149I strains, respectively. The solid lines
and dotted lines indicate those in RD+hS2 and RD+mS2 cells, respectively. The titer was determined three times and the

mean value * standard deviation is shown. dpi, days postinfection.

H). The expression profile of mScarb2 was the same as that of hSCARB2 in humans and
hSCARB2 in hSCARB2 tg mice, as reported previously (12). High levels of Scarb2 expression
were observed in neurons of the CNS and in skeletal muscle, lung pneumocytes, intestinal
epithelium, hepatocytes, renal tubular epithelium, and splenic germinal centers (data not
shown). Expression of Scarb2 was not observed in Scarb2—/— mice (Fig. 3G and ). These
results show that mScarb2 is expressed widely in WT mice but was absent from the knock-
out mice.

Knockout of mouse Scarb2 gene abolished infection of both VP2-149K and
VP2-149I viruses in vivo. We mated heterozygous Scarb2*/~ mice and obtained prog-
enies having all three possible genotypes. We infected the neonatal mice intraperito-
neally with either the EV-A71 VP2-149K or the VP2-149I strain (1.7 x 10° 50% tissue
culture infective dose [TCIDs,]) within 3 days after birth and recorded mortality. The
CVA6 1421-Yamagata-2013 strain (27) was used as a control whose infection is not
affected by the Scarb2 genotype. CAV6 also belongs to EV-A and causes HFMD or her-
pangina in young children and infants. EV-A members CVA2, 3, 4, 5, 6, 10, and 12 use
Kremen1 receptors to infect skeletal muscle and kill neonatal mice. The lethal infection
is abolished in neonatal Kremen1~/~ mice (28). A total of 43, 41, and 33 neonatal mice
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FIG 3 Generation of Scarb2 knockout mice. (A) The WT and knockout alleles of the mScarb2 gene. Partial nucleotide (top line) and amino acid (bottom
line) sequences of the exon 4 region are shown. The red letters indicate the position of sgRNA. The underline indicates the position of the PAM sequence.
The blue letters indicate the position of two nucleotides deleted in the knockout allele. The green letters indicate the 17 amino acids altered by the 2-
nucleotide deletion followed by the stop codon (asterisks). (B) Nucleotide sequences of the primers used for the WT and the knockout allele-specific PCR.
(C) Allele-specific PCR. The DNA of the pups was subjected to allele-specific PCR, and the PCR products of 253 and 215 bp were observed for WT and
knockout alleles, respectively. (D) Detection of mScarb2 protein. Fibroblasts were prepared from the embryos of each genotype and 200 ng of protein was
loaded per lane. The Scarb2 protein was detected by Western blotting using anti-mScarb2 (top). Note that the Scarb2 protein was not detected in Scarb2™/~
MEFs. The same membrane was reprobed by anti-3 actin antibody as a control (bottom). (E) Comparison of mScarb2 expression levels. The Scarb2 expression
level was normalized by the B-actin level and that of Scarb2™/* was set as 100%. The experiments were repeated three times and the mean value *+ standard
deviation is shown. The statistical significance of the difference in values for each condition, using Scarb2*/* as the standard, was determined by Student’s
t test. **, P < 0.01. (F to 1) Immunohistochemical staining of mScarb2 protein. Scarb2 protein expression was observed in neurons in the spinal cord of
Scarb2™’* mice (F) but not in the Scarb2™/~ mice (G). Typical neurons expressing high levels of mScarb2 (stained brown) were indicated by arrowheads.
Scarb2 protein expression was also observed in all muscle fibers of Scarb2*/* (H) but not in the Scarb2~’~ mice (l). The scale bars indicate 50 um.
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FIG 4 Scarb2 genotype and susceptibility. (A) Mortality of the mice of different Scarb2 genotypes after infection
with VP2-149K and VP2-149I strains. Stacked graph showing the proportion of dead mice (black) and surviving mice
without clinical signs (white). (B to Q) Hematoxylin and eosin (H&E) and anti-EV-A71 antibody staining of EV-A71-
infected mice. Scarb2™/* mice and Scarb2/~ mice were infected with the VP2-149K strain (top two rows) or VP2-
149! strain (bottom two rows). The first and third rows from the top were stained with H&E, and the second and
fourth rows were stained with EV-A71 antibody. Spinal cord (B, D, F, H, J, L, N, and P) and skeletal muscle (C, E, G, |,
K, M, O, and Q) are shown. Note that EV-A71 antigens were positive in many muscle fibers infected with VP2-149K
(G) and VP2-149I (O) and some neurons infected with VP2-149I indicated by arrowheads (N) in Scarb2*/* mice.

for each virus infection group were analyzed successfully. The relationship between ge-
notype and mortality is shown in Fig. 4A. All Scarb2*/* mice (10 dead mice/10 infected
mice) and 12% of Scarb2*/~ mice (3/25) infected with the VP2-149K strain died. All
Scarb2*/+ (18/18) and Scarb2*/~ (14/14) mice infected with the VP2-149I strain also
died. In contrast, none of the Scarb2~/~ mice infected with either strain died (0/8 and
0/9, respectively). In addition, no lesions or viral antigens were observed in the surviv-
ing Scarb2~/~ mice (Fig. 4D, E, H, |, L, M, P, and Q; Table 1). In the CVA6 control group,
almost all mice died irrespective of the Scarb2 genotype (Fig. 4A). These results showed
that the mice are susceptible to EV-A71 only when they have the WT Scarb2 allele and
that the Scarb2~/~ mice are resistant to infection. Thus, it is clear that the infection of
neonatal mice with WT (VP2-149K) and MA (VP2-149I) strains is mediated by mScarb2.

August 2022 Volume 96 Issue 15 10.1128/jvi.00561-22 7


https://journals.asm.org/journal/jvi
https://doi.org/10.1128/jvi.00561-22

Molecular Mechanism of EV-A71 Infection in Mice

TABLE 1 Histopathological examination of mice infected with VP2-149K and VP2-149I strains

No. of viral antigens in: No. of lesions in:
Virus Scarb2 genotype Brain Spinal cord Muscle Brain Spinal cord Muscle
VP2-149K  +/+ 0/5¢ 1/5 5/5 0/5°  0/5 5/5
+/— 0/5 0/5 2/5 0/5 0/5 2/5
—/—= 0/5 0/5 0/5 0/5 0/5 0/5
VP2-1491  +/+ 5/5 5/5 5/5 0/5 0/5 5/5
+/— 3/5 5/5 5/5 1/5 2/5 5/5
—/— 0/5 0/5 0/5 0/5 0/5 0/5

aNo. of mice antigen positive/no. of mice examined.
bNo. of mice lesion positive/no. of mice examined.

Spread of infection and severity of disease are modulated by virus-receptor af-
finity. Previous studies showed that MA strains are more virulent than WT strains (15), but
the reason for this difference in virulence has been unclear. Thus, we examined Scarb2*/*
mice that died after infection with either VP2-149K or VP2-149I. Histopathological examina-
tion on five of the dead Scarb2*/* mice infected with each strain showed massive tissue
destruction, inflammatory reactions, and EV-A71 antigens in the skeletal muscle and tongue
of all VP2-149K-infected mice but only rarely were (one out of five) pathological lesions and
viral antigens seen in the CNS (Fig. 4B, C, F, and G; Table 1). In contrast, viral antigens were
detected not only in the skeletal muscle but also in neurons in the spinal cord, brainstem,
midbrain, and hippocampus in all VP2-149l-infected mice (Fig. 4J, K, N, and O; Table 1).
Taken together, the different strains produced different tropism phenotypes, with the WT
strain showing muscle-tropic infection and the MA strains showing both muscle- and neuro-
tropic infection. The difference in virulence between the VP2-149K and VP2-149I strains was
also observed in Scarb2*/~ mice. The mortality rate of VP2-149K-infected mice was 12%,
while that of VP2-1491 was 100% (Fig. 4A). In WT ICR neonatal mice of 0 to 2 weeks old
infected intraperitoneally with 1.7 x 10° TCIDs, of either VP2-149K or VP2-149I, mortality was
higher after VP2-149I infection than that after VP2-149K infection, irrespective of the age of
the mice (Fig. 5A and B). Viral antigens were observed mainly in the muscle of VP2-149K-
infected mice, whereas they were detected in both muscle and neurons of VP2-149l-infected
mice (data not shown). These results suggested that the virus with higher infection efficiency
spread more easily, had broader tropism, and exhibited a more virulent phenotype.

EV-A71 pathogenicity is altered by Scarb2 expression levels. We next compared
the outcomes of VP2-149K infection in Scarb2*/* and Scarb2™/~ mice. Scarb2™/* mice
showed 2-fold higher Scarb2 expression than Scarb2*/~ mice and higher mortality (Fig.
3D and E). All of the Scarb2™/*mice died, whereas only 12% of the Scarb2™/~ mice died
(Fig. 4A). The result indicated that the severity of disease in neonatal mice infected
with VP2-149K is dependent on the expression level of mScarb2. In contrast to infec-
tion with VP2-149K, all Scarb2*/* and Scarb2™/~ mice infected with the VP2-149I strain
died. The results suggested that the expression level of Scarb2 is an important factor
influencing the susceptibility of muscle to EV-A71 infection, especially when the VP2-
149K strain is used.

Progressive loss of susceptibility with aging is associated with a decrease in
Scarb2 expression. The previous results led us to postulate that the age-associated
susceptibility change of mice to EV-A71 infection might be influenced by Scarb2
expression. We examined the changes in susceptibility and mScarb2 expression using
WT ICR neonatal mice. Most 0-week-old mice infected with the VP2-149K strain died
(mortality, 81.8% [18/22]), whereas the mortality of 1-week-old mice infected with the
VP2-149K strain was 29.2% (7/24). All mice older than 2 weeks of age survived without
clinical signs (Fig. 5A). Similarly, all 0- and 1-week-old mice infected with VP2-149I died
(Fig. 5B). All 2-week-old mice survived, but 50% of them showed clinical signs, such as
weak paralysis and wobbling. All 3-week-old and older mice survived without clinical
signs. The period of susceptibility to WT strain infection was shorter than that of the
MA strains and that 2 and 3 weeks after birth are critical points for the loss of suscepti-
bility, respectively.
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FIG 5 Age-associated decrease in susceptibility and Scarb2 expression. (A and B) The susceptibility of mice at different ages.
The neonatal mice at 0 week (3 days), 1 week (9 days), 2 weeks (15 days), and 3 weeks (22 days) and adult (6 weeks) mice
were infected intraperitoneally with 1.7 x 10° TCIDy, of VP2-149K (A) or VP2-149I (B) strains. The stacked graphs show the
proportion of dead mice (black) and surviving mice with clinical signs (gray) or surviving without clinical signs (white). (C)
Expression of Scarb2 in the muscle of different ages. The muscles from mice with above-indicated ages were isolated. Each
lane was loaded with 130 ng of protein, and the blots were subjected to Western blotting using anti-mScarb2. (D) Coomassie
brilliant blue staining of the same samples in B (4 wg/lane) as a loading control. (E) Relative amount of Scarb2 expression
during development. The Scarb2 expression level was measured by densitometry, and Scarb2 expression in 0-week-old mice
was set as 100%. The experiments were repeated three times, and the mean value * standard deviation is shown. The
statistical significance of the difference in values for each condition, using 0 weeks old as the standard, was determined by
Student’s t test and corrected by the Bonferroni method. ns, P > 0.05; **, P < 0.01; ***, P < 0.001.

Western blot analysis to determine Scarb2 expression levels showed that Scarb2
expression was high in the muscles of 0-week-old mice and then decreased progres-
sively with aging (Fig. 5C to E). At 2 weeks after birth, the Scarb2 expression level was
approximately half of that in 0-week-old mice, and in 3-week-old and older mice, the
expression level was 30% of that in 0-week-old mice. When these expression patterns
are compared with the difference in susceptibility of Scarb2*/* mice and Scarb2™/~
mice to infection (Fig. 3D and E and Fig. 4A), it appears that a reduction in Scarb2
expression of 50% leads to a significant reduction in susceptibility to WT viruses. Thus,
it is likely that the decrease in Scarb2 expression during development plays a role in
the loss of susceptibility in neonatal mice.

The VP2-149 mutation does not affect the virulence of EV-A71 in hSCARB2 tg
mice. VP2-149l and VP2-149M mutant strains are virulent in neonatal mice (17, 18), but
it is unknown whether these mutants are virulent in humans. Thus, we examined the
outcomes of infection with these strains in hSCARB2 tg mice, in which EV-A71 infection
is mediated by hSCARB2 (12, 29, 30). A group of 10 6-week-old hSCARB2 tg mice were
infected with the VP2-149K or VP2-149I strain, with doses ranging from 103 to 10°
TCIDs,. The mortality of mice infected with VP2-149K or VP2-149] was dose dependent,
and the mortality rates at each dose were similar regardless of strain (Fig. 6A). We fur-
ther defined the clinical scores of infected mice to compare the virulence of the two
strains. There was no significant difference in clinical scores between the VP2-149K-
and VP2-149l-infected groups at any inoculum dose (Fig. 6B). Viral antigens were
detected in neurons in the brain stem and spinal cord of paralyzed mice, and the
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FIG 6 Mortality of hSCARB2 tg mice after infection with VP2-149K and VP2-149I strains. (A) hSCARB2
tg mice (10 per group) were infected intravenously with different strains and concentrations of virus
as indicated. Mortality was monitored for 2 weeks. (B) Comparison of the clinical scores of the mice
infected with VP2-149K and VP2-149I strains. The clinical score of each mouse was shown with circles,
and the mean value of the infection group was shown as bars. No statistically significant differences
were detected between the VP2-149K- and VP2-149l-infected groups for each dose by two-way
ANOVA and Sidak’s multiple-comparison test (P > 0.1).

distributions of the viral antigens and pathological lesions were similar between the
two strains (data not shown). These results suggested that the virulence of the two
strains in hSCARB2 tg mice is comparable and the MA (VP2-149I) strain has a more viru-
lent phenotype only in neonatal mice due to the adaptation to mScarb2.

DISCUSSION

The mechanisms via which the host range, tissue tropism, and severity of EV-A71
disease are determined have remained unclear. WT EV-A71 cannot infect mouse L929
cells, although these cells express mScarb2, but it can infect L929 cells ectopically
expressing hSCARB2 (9, 11, 13). Therefore, it was thought that mScarb2 does not have
receptor activity. In this study, we have shown that both VP2-149K and VP2-149I strains
of EV-A71 can use the mScarb2 protein as a receptor; however, the efficiency of infec-
tion via mScarb2 was very low for WT strains but not for the MA strains (Fig. 2). We fur-
ther showed that infection with WT and MA strains was abolished in mice lacking a
functional Scarb2 gene (Fig. 4A). It is now clear that even WT strains of EV-A71 can use
mScarb2 as a receptor in vitro and in vivo, albeit with low efficiency. The ambiguity in
determining the host range of EV-A71 can be explained rationally by our experimental
results. The interaction between WT EV-A71 and hSCARB?2 is strong enough to estab-
lish infection in humans in vivo and in vitro. In contrast, the interaction between WT
EV-A71 and mScarb2 is weak and borderline for successful infection. The establishment
of infection, the spread of the virus, and severity of the disease can vary depending on
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a number of factors, as discussed below. The results of this study do not appear to be
consistent with those of previous studies using L929 that mScarb2 does not serve as
receptor (9, 11, 13). This difference may be because L929 cells have lower permissive-
ness than RD cells, which in turn is probably due to the intrinsic antivirus response in
L929 cells. We think that RD+hS2 and RD+mS2 cells are better systems to address this
issue.

Scarb2 expression is observed in all organs (12). Skeletal muscle and neurons of the
CNS, which are the main replication sites of EV-A71 in neonatal mice, do not express
particularly higher levels of Scarb2 than nontarget tissues (Fig. 3F and H). This finding
indicates that the tropism of viral infection is not determined by Scarb2 alone and that
the reason why EV-A71 shows muscle-tropic infection in neonatal mice cannot be sim-
ply attributed to receptor expression. The MA mutation, which enhances the virus-re-
ceptor interaction, alters the mode of infection in mice. The main replication site of the
WT strain is muscle; however, the MA strain infected both the CNS and the muscle (Fig.
4B to Q). We propose that the high-affinity interaction between the MA strain and
mScarb?2 facilitates the spread of infection from muscle to the CNS, resulting in the de-
velopment of the virulent phenotype. Conversely, the efficiency of infection of VP2-
149K and VP2-149I viruses via hSCARB2 is similar (Fig. 2B), and therefore, the two
viruses did not show any significant difference in tropism and virulence in hSCARB2 tg
mice (Fig. 6). These results suggest that apparent tropism and severity of the disease
are modulated by the difference in infection efficiency.

The Scarb2*/* mice showed more severe disease than Scarb2*/— mice (in which
mScarb2 expression is 50% lower than in Scarb2*/*) when they were infected with the
VP2-149K strain (Fig. 4A), indicating that mScarb2 expression levels affect virus pathogenic-
ity. This finding might also explain the progressive loss of viral susceptibility with aging
because the expression level of Scarb2 decreased gradually with aging. At 2 weeks of age,
Scarb2 levels were 50% lower than that at 0 weeks old (Fig. 5C to E), and this result was
associated with reduced susceptibility to the WT strain. Furthermore, at 3 weeks of age,
when the expression level of mScarb2 was 30% of that at 0 weeks old, the susceptibility to
MA strains was lost. The negative effect of reduced expression levels of Scarb2 on viral sus-
ceptibility was more pronounced with the WT strain than the MA strain (Fig. 5). It is likely
that the decrease in Scarb2 expression with aging strongly influences viral susceptibility in
mice. SCARB2 is required for the normal biogenesis and maintenance of lysosomes and
endosomes and has been identified as the sorting receptor for B-glucocerebrosidase (31).
Disruption of this gene results in action myoclonus-renal failure syndrome in humans (32,
33) and ureteric pelvic junction obstruction, deafness, and peripheral neuropathy in mice
(34). Scarb2 expression, which must be regulated to maintain normal physiological func-
tions, has been found to be controlled developmentally to decrease in skeletal muscle
during the first few weeks of life in mice. We can coincidentally use mice as an EV-A71
infection model only when Scarb2 expression level is high. However, this decrease may
not be the only reason for the age-associated decrease in susceptibility. Previous studies
have shown that AG129 mice exhibit more severe disease and have a longer susceptibility
period than WT mice (22), suggesting that IFN signaling induced by the maturation of
innate immune response also plays an important role. It is therefore possible that both the
decrease in Scarb2 expression and maturation of the innate immune response contribute
to the progressive decrease in susceptibility with aging. Consistent with this idea, AG129
mice as old as 10 weeks of age were still susceptible to EV-71 when a MA strain was used
(23). This result is probably because the high infection efficiency of the MA strain compen-
sates for the low levels of mScarb2 expression, facilitating the infection of adult AG129
mice. We propose that the age-associated reduction Scarb2 expression is one of the rea-
sons for the loss of susceptibility, in addition to maturation of innate immunity.

In this study, we have shown that EV-A7linfection in neonatal mice is mediated
by mScarb2. This interaction is weak and borderline for infection. Therefore, estab-
lishment of infection in mice is modulated by slight changes in virus-receptor affin-
ity and the expression levels of the receptor in tissues during the developmental
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stage. The host defense system may also modulate infection. All of these factors
shape the pathology and severity of the disease. Differences in pathogenicity
between the natural host and artificial animal models can be explained by the sta-
tuses of these factors in each host.

MATERIALS AND METHODS

Ethics statements. All experiments using recombinant DNA and pathogens were approved by the
Committee for Experiments using Recombinant DNA and Pathogens at the Tokyo Metropolitan Institute
of Medical Science (approval numbers 18-033, 19-009, and 20-003). All animal experiments were
approved by the Animal Use and Care Committee (approval numbers 20-008, 20-070, and 21-024) and
performed following the Guidelines for the Care and Use of Animals (Tokyo Metropolitan Institute of
Medical Science, 2011). Mice exhibiting severe paralysis in more than two limbs or losing more than
30% of their body weight during the infection experiments were sacrificed using an overdose of isoflur-
ane or by cervical dislocation.

Cells and viruses. Human rhabdomyosarcoma (RD-A) cells were provided from Hiroyuki Shimizu,
National Institute of Infectious Diseases, Japan, and maintained in Dulbecco’s modified Eagle’s medium
(DMEM) containing 5% fetal calf serum (FCS). RDAS2 cells were established previously (25). The retrovi-
rus vector plasmid (pQCIXP-hSCARB2-F) that expresses hSCARB2 with a FLAG tag was prepared as
described previously (25). Mouse Scarb2 ¢cDNA (13) was amplified using primers 5'-TCCGCGGCCGCACC
GGTACCATGGGCCGATGCTGCTT-3" and 5'-TCCGCGGCCGCGGTTCGAATGAGGGGTG-3" using PrimeSTAR
GXL DNA polymerase (TaKaRa). A retrovirus vector plasmid harboring mScarb2 (pQCIXP-mScarb2-F) was
constructed by replacing the hSCARB2 cDNA sequence of pQCIXP-hSCARB2-F (Notl-Notl fragment) with
the corresponding mScarb2 cDNA. The recombinant retrovirus was produced by transfecting pQCXIP-
hSCARB2-F or pQCXIP-mScarb2-F together with pVSV-G (Clontech) into GP2-293 cells (Clontech). RDAS2
cells were infected with the recombinant retroviruses. The cells expressing hSCARB2 (RD+hS2) and
mScarb2 (RD+mS2) were selected in DMEM containing 5% FCS and 1 ug/mL puromycin. These cells
were maintained in the same medium, and puromycin was omitted when they were used in the infec-
tion experiments.

Two cDNA fragments were amplified from the EV-A71 capsid region (position 1 to 1406 and 1388 to
1930) using PrimeSTAR GXL DNA polymerase, primers containing the VP2-1491 mutation (Notl-T7-SK-EV-5 22,
5'-CGGCGGCCGCGTAATACGACTCACTATAGGTTAAAACAGCCTGTGGGTTG-3', and VP2-149I-R, 5'-TGAGTCTG
GATGTAAGGGGGGTGA-3'; or VP2-149I-F, 5'-CCCCTTACATCCAGACTCAACCCG-3’, and Ise1930-R, 5'-CCGG
GAAGCGCAGCCTCTCC-3'), and pSVA-EV71-Isehara (25) as a template. The underline indicates the mutated
codon (K to I). The amplified fragments were fused by PCR using primers Notl-T7-SK-EV-5 22 and Ise1930-R.
The resulting fragment was digested with Notl and Xhol and cloned into the Notl-Xhol sites of pSVA-EV71-
Isehara (pSVA-EV71-Isehara VP2-149l). pSVA-EV71-Isehara and pSVA-EV71-Isehara VP2-149] were digested
with Sall and used as the template for in vitro transcription. Full-length RNAs of VP2-149K and VP2-149I
strains were produced using the MEGAscript T7 transcription kit (Thermo Fisher Scientific). The viruses were
recovered by transfecting the RNAs into RD-AEXT1+hSCARB2 cells (35) and propagated once.

Virus titer was determined by either microplate titration using RD-A cells or plaque assay on RD+hS2
and RD+mS2 cells, as described previously (25). The genome copy number of the virus was determined as
described previously (35). Briefly, viral RNA was extracted using the QIAamp viral RNA minikit (Qiagen) fol-
lowed by reverse transcription using PrimeScript RT master mix (TaKaRa). Quantitative PCR was conducted
using enterovirus universal primer pairs (36), Thunderbird SYBR gPCR mix (Toyobo), and the StepOnePlus
real-time PCR system (Applied Biosystems/Thermo Fisher Scientific).

Mice. Pregnant ICR mice were purchased from SLC Japan. Neonatal mice with the indicated ages
were used for infection experiments. Human SCARB2 tg mice [C57BL/6 Tg(hSCARB2)10] (12) were main-
tained in a specific-pathogen-free facility. Six- to 7-week-old mice were used for infection experiments.

Generation of knockout mouse strains. The Scarb2 knockout mouse strain was generated using
the CRISPR-Cas9 system (37-39). Scarb2 single guide RNA (sgRNA) was designed to target the sequence
5'-CACAAACAACTTCTGCTGAT(AGG)-3', where the protospacer-adjacent motif (PAM) is indicated by the
sequence in parentheses. To generate the DNA template for in vitro transcription, PCR amplification was
performed using a forward primer containing the T7 promoter and target sequences (5'-CTTAAGCT
AATACGACTCACTATAGGCACAAACAACTTCTGCTGATGTTTTAGAGCTAGAAATAGCAAGT-3'), reverse primer
(5"-AAAAGCACCGACTCGGTGCC-3'), and synthetic gene of the sgRNA sequence (40) as a template. sgRNA
was generated using the MEGAshortscript T7 transcription kit (Thermo Fisher Scientific) and purified using
the MEGACclear transcription clean-up kit (Thermo Fisher Scientific) according to the manufacturer’s instruc-
tions. The Cas9 protein and sgRNA were introduced into embryos using the electroporation method (41).
All surviving embryos were transferred into the oviducts of pseudopregnant female mice.

Scarb2 genotyping of mice. A small piece of tail was cut and lysed in 10 mM Tris-HCI, 50 mM KCl,
1.5 mM MgCl,, 0.45% Nonidet P-40, 0.45% Tween 20, 0.1% gelatin, and 0.5 mg/mL proteinase K at 55°C
for 2 h, and then the proteinase K was inactivated at 95°C for 20 min. A knockout allele and WT alleles of
Scarb2 gene were detected by allele-specific PCR of genomic DNA of the mice using TaKaRa Ex Taq hot
start version (TaKaRa) and primers WT-F (5'-ACTGGTTGGATTTTCTGTTTAGTC-3’) and WT-R (5'-GTGA
ATCACAAACAACTTCTGCTG-3') for the WT allele, and KO-F (5'-CCATGCTGAAAGCCTATCCAG-3’) and KO-
R (5'-AGGCAATTTTGGTCTTCGCC-3") for the Scarb2 knockout allele. The thermal cycle was 94°C for
5 min, and then 35 cycles of 94°C for 15 sec, 60°C for 20 sec, and 72°C for 30 sec. The WT and knockout
allele-specific primers produce 253- and 215-bp fragments, respectively.
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Infection experiments. For the analysis of the pathogenicity of the Isehara VP2-149K and VP2-149I
strains, 50 ulL of Isehara VP2-149K or VP2-1491 (1.7 x 10° TCIDy,) was inoculated intraperitoneally into
mice of 0 to 6 weeks old, and the survival was monitored for 2 weeks. Mortality in each age group was
scored. Histological lesions and viral antigens were examined.

The correlation between the Scarb2 genotype and susceptibility to infection was examined by inoculat-
ing the neonatal progeny of mated male and female Scarb2™’~ mice within 3 days of birth with either the
EV-A71 Isehara VP2-149K or the VP2-149I strain (1.7 x 10° TCIDy,) or with the CVA6 1421-Yamagata-2008
strain (21 TCID,,) and observing the mice over a period of 10 days. The tails of the dead and surviving mice
were isolated and subjected to genotyping. The hind limbs of the dead mice were removed, homogenized
in approximately 10 volumes of DMEM containing 5% FCS, and centrifuged at 10,000 x g for 20 min. The
presence of the virus was confirmed by inoculating the RD+hSCARB2 cells with the supernatants of the ho-
mogenates. Mice that died unexpectedly early (day 1 or 2 postinfection) and from which no replicating virus
was detected in their hind limbs were determined to have died accidentally and were excluded from the
analysis. The relationship between genotype and mortality was analyzed. The five Scarb2*/*mice that died af-
ter VP2-149K infection, the Scarb2™/*mice that died after VP2-149I infection, the Scarb2™~ and Scarb2~/'~
mice that survived VP2-149K infection, and the Scarb2~/~ mice that survived VP2-149l infection were sub-
jected to hematoxylin-eosin staining and detection of viral antigens.

For virulence analysis in hSCARB2 tg mice, 6-week-old hSCARB2 mice (10 mice per group) were ino-
culated intravenously with 200 uL of virus (10% to 10° TCID,,) and monitored for paralysis and survival
for 2 weeks. The clinical score (0, no clinical signs; 1, wobbling; 2, difficulty in moving limbs [incomplete
paralysis]; 3, complete flaccid paralysis of a limb or limbs; 4, moribund; 5, dead) of each mouse was
recorded daily and summed over the observation period. The moribund mice and mice showing paraly-
sis in more than two limbs were euthanized according to humane endpoint criteria.

Western blotting. For the analysis of Scarb2 expression in cells, 10° cells (RD, RDAS2, RD+hS2, RD+mS2
cells, or mouse embryonic fibroblasts (MEFs) prepared from an embryonic day 12.5 [E12.5] embryo of Scarb2*/*,
Scarb2™'~, and Scarb2~'~ mice) were lysed in 100 uL of radioimmunoprecipitation assay (RIPA) buffer (25 mM
Tris [pH 7.5], 150 mM Nacl, 1% NP-40, 1% sodium deoxycholate, 0.1% sodium dodecyl sulfate [SDS], T mM ethyl-
enediaminetetraacetic acid [EDTA], and protease inhibitor cocktail ([Rochel). For the analysis of Scarb2 expression
in muscle, muscle from the hindlimbs of mice with the indicated ages was removed and homogenized in a 10-
fold volume of RIPA buffer using a homogenizer (Cell destroyer PS2000; Bio Medical Science, Japan). Protein con-
tent was determined using the Pierce bicinchoninic acid (BCA) protein assay kit (Thermo Fisher Scientific). A total
of 200 ng (MEF samples) or 130 ng (muscle samples) of solubilized proteins were denatured in SDS sample buffer
(Bio-Rad) at 70°C for 10 min, subjected to SDS-polyacrylamide gel electrophoresis, and transferred to polyvinyli-
dene fluoride membranes. Proteins were detected using a goat anti-human LIMP-II/SR-B2 polyclonal antibody
(AF1966; R&D Systems), a rabbit anti-mouse LIMP-II/SR-B2 monoclonal antibody (MAB1888: R&D Systems), a
mouse anti-FLAG antibody conjugated with horseradish peroxidase (F7425; Sigma-Aldrich), or an anti-3-actin
antibody conjugated with horseradish peroxidase (AC74; Sigma-Aldrich). The expression levels of the Scarb2 pro-
tein in MEF cells were compared after normalization by dividing the signal of Scarb2 antibody by that of B-actin
antibody. For the muscle samples, the same samples were electrophoresed on a separate gel and stained by
Coomassie brilliant blue as a loading control. The intensity of Scarb2 signals in Western blot were compared
directly. The experiment was repeated three times to test for statistical significance.

Flow cytometry. RD, RD+hS2, and RD+mS2 cells (10°) were detached using phosphate-buf-
fered saline (PBS) containing 0.02% EDTA and incubated with goat anti-human LIMP-II/SR-B2 poly-
clonal antibody (1:33 dilution) for 1 h, washed with PBS twice, incubated with donkey anti-goat
19G H&L conjugated with Alexa Fluor 647 (1:33 dilution; ab150131; Abcam) on ice in the presence
of propidium iodide (PI; 1:100 dilution), and analyzed on a FACSCanto Il flow cytometer (BD
Biosciences).

Immunohistochemistry. Dead mice were fixed in 4% paraformaldehyde in PBS. Paralyzed mice
were euthanized by inhalation of high concentrations of isoflurane until respiratory arrest was con-
firmed. They were then fixed with 4% paraformaldehyde and the organs were removed. Organs
were immersed in 50% ethanol (three changes, each immersion lasting for 3 days) to remove fat
and in PBS containing 0.22 M EDTA and 71.3 mM citric acid monohydrate (three changes, each
immersion lasting for 3 days) for decalcification and then embedded in paraffin. Thin sections of 4-
um thickness were prepared, deparaffinized, and stained with hematoxylin-eosin according to
standard procedures. Virus antigens were detected using anti-EV-A71 rabbit polyclonal antibody, as
described previously (12).

Statistical analyses. Student’s t-tests were performed (Fig. 2B, 3E, and 5E). In multiple-comparison
tests, P values were adjusted by the Bonferroni method (Fig. 2B). Two-way analysis of variance (ANOVA)
and Sidak’s multiple-comparison test were performed (Fig. 6B).

Data availability. Nucleotide sequence data for EV-A71 Sl/Isehara/Japan/99, N772-Sendai-2006,
2716-Yamagata-2003, Y90-3896, and CVA6 1421-Yamagata-2013 strains are available in GenBank under
accession numbers LC375764.1, LC506513.1, LC375766.1, LC506514.1, and LC421628.1, respectively.
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