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ABSTRACT Enterovirus 71 (EV71) can cause a severe hand-foot-mouth disease in
children. However, the precise mechanism of EV71-associated disease, particularly
the neuropathogenesis and pulmonary disorder, is still not fully understood because
no suitable animal models are available. The human scavenger receptor class B,
member 2 (hSCARB2), is a cellular receptor for EV71. Here, we generated a novel
knock-in (KI) mouse model using the CRISPR/Cas9 system to insert the hSCARB2
gene into the mouse Rosa26 locus to study the pathogenesis of EV71. The hSCARB2
KI mice infected with clinical isolates of EV71 showed neurological symptoms, such
as ataxia, paralysis, and death. Viral replication was detected in mainly astrocytes
and a limited number of neurons and microglia, accompanied by gliosis. Vascular
leakage and alveoli filled with erythrocytes were detected, suggesting that edema
and hemorrhage, which are observed in human patients, also occurred in EV71-
infected KI mice. In addition, proinflammatory cytokines and chemokines were signif-
icantly increased in the serum of infected KI mice. These pathological features of the
KI mice after infection resembled those of EV71 encephalomyelitis in humans.
Therefore, our KI mouse model is suitable to study the pathogenesis of EV71 and is
of great significance for development of antiviral drugs and vaccines to treat or pre-
vent EV71 infection.

IMPORTANCE Enterovirus 71 (EV71) is associated with severe hand-foot-mouth dis-
ease. Recently, outbreaks of EV71 infection with high mortality have been reported
in the Asia-Pacific region, posing a great challenge for global public health. To date,
the precise mechanism of EV71-induced disease, particularly the neuropathogenesis
and respiratory disorders, is still not fully understood because no suitable animal
models are available. Human scavenger receptor class B, member 2 (hSCARB2), has
been identified as a cellular receptor for EV71. Here, we introduce a novel CRISPR/
Cas9-mediated hSCARB2 knock-in (KI) mouse model for the study of EV71 pathoge-
nesis, which is of great significance for the development of antiviral drugs and
vaccines.
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Hand-foot-mouth disease (HFMD) is extremely contagious and prevalent among
infants and children less than 5 years old. Enterovirus 71 (EV71) is a human entero-

virus species A of the genus Enterovirus, belonging to the family Picornaviridae (1).
EV71 is considered the main pathogen responsible for HFMD and has triggered several
disease outbreaks worldwide with high morbidity and mortality rates since its initial
isolation in 1969 (2). Two serious epidemics occurred in Malaysia and Taiwan in the
late 1990s, causing numerous infections in children, which were characteristically asso-
ciated with severe neurological complications and a high rate of fatality (3, 4). Most of
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those who died were young, and the majority of them died of cardiopulmonary failure
(3–5). Since then, the Asia-Pacific region, including Malaysia, Singapore, South Korea,
Japan, and China, has experienced more frequent large-scale EV71-related HFMD epi-
demics (2). EV71 infection is generally mild and self-limited, but occasionally such
infection leads to infection of the central nervous system (CNS) and development of
aseptic meningitis, brain stem encephalitis, and acute flaccid paralysis (2–4). Fatal
infections develop and progress rapidly and are frequently associated with severe neu-
ral complications, pulmonary edema, and hemorrhage, which make clinical manage-
ment challenging (2–4). To date, the precise mechanisms of EV71-induced disease, par-
ticularly neuropathogenesis and lung damage, are still not fully understood.

Nonhuman primate models develop neurological complications similar to those
observed in clinical cases, including ataxia, tremor, and flaccid paralysis (6, 7), and path-
ological lesions are present in the spinal cord, brain stem, cerebellar dentate nucleus,
and lung sections (6, 7). However, due to ethical and economic considerations, the use
of monkeys to model EV71 infection is not ideal. Neonatal mouse models using non-
mouse-adapted virus strains or immunodeficient or immunocompetent mice have
been used for EV71 vaccine development and pathogenesis study (8–10). Mouse-
adapted virus strains with increased virulence in mice were also developed (11, 12).
Unfortunately, the virus mutations, route of viral entry, and immunodeficiency in mice
cannot accurately reflect the pathogenesis of human diseases. Thus, a new experimen-
tal animal model must be established to overcome these limitations.

As a cellular receptor for EV71, human scavenger receptor class B, member 2
(hSCARB2) plays an essential role in the early steps of viral infection (13). SCARB2, also
known as lysosomal integral membrane protein 2, localizes mainly to lysosomes (14)
and acts as a receptor for lysosomal targeting of b-glucocerebrosidase (15). Mouse
L929 cells transformed with hSCARB2 are susceptible to all human enterovirus species
A strains (16, 17), facilitating virion binding, internalization, and uncoating (18),
whereas mouse SCARB2 does not function as a receptor for EV71. Importantly, SCARB2
is widely expressed in human tissues, including mouth, esophagus, stomach, duode-
num, jejunum, ileum, colon, lung, and brain, and is highly expressed in mucosal epithe-
lia, neurons, glial cells, blood vessels, and the perivascular tissues of the brain (19).
Relative to other candidate receptors, SCARB2 seems to be more effective in support-
ing viral infection (20). Transgenic mice expressing hSCARB2 based on a bacterial artifi-
cial chromosome (BAC) are susceptible to EV71 infection (21, 22). Here, we report the
generation of a new hSCARB2 knock-in (KI) mouse model using CRISPR/Cas9 for the
study of EV71 pathogenesis.

RESULTS
Generation of hSCARB2 KI F0 mice. To generate KI mice expressing hSCARB2, a

construct containing the hSCARB2 cDNA was inserted into the mouse Rosa26 locus
(23) through homologous recombination using the CRISPR/Cas9 system (Fig. 1A). As
described previously (24, 25), the guide RNA was prepared by in vitro transcription
(IVT), and potential off-target mutations were analyzed using the CRISPOR software.
Before microinjection of the CRISPR/Cas9 machinery designed specifically to target the
Rosa26 locus of B6 mice, fertilized eggs were prepared by superovulation of B6 female
mice aged 4 to 6weeks and fertilization with sperm cells from B6 male mice aged 10
to 12weeks. Two sets of specific guide RNAs and Cas9 mRNA were coinjected with the
targeting construct (Fig. 1B). The engineered eggs were developed in ICR outbred fos-
tered mice and genotyped using mouse tail tip DNA from newborns by PCR and gel
electrophoresis (Fig. 1B). As shown in Fig. 1C, 200 fertilized eggs were subjected to
microinjection, and 190 live eggs were transplanted, resulting in 10 mice with muta-
tions. To validate genome editing by gene-specific targeting, genomic DNA extracted
from tail biopsy specimens was analyzed by PCR. Of these 77 pups, 10 had the
hSCARB2 gene (Fig. 1D). These results indicated that hSCARB2 gene was successfully
targeted at the Rosa 26 locus using the CRISPR/Cas9 system.
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Expression profile of hSCARB2 in human and KI mouse tissues and BMM/. We
performed PCR, immunohistochemistry (IHC), and Western blot analysis of human and
mouse samples. As shown in Fig. 2A and B, all organs and tissues from hSCARB2 KI
mice at the indicated ages expressed hSCARB2 mRNA. In contrast, the expression of
hSCARB2 mRNA in the organs and tissues from wild-type (WT) mice was not detectable
(Table S2). The expression of hSCARB2 was detected in all tissues from KI mice using
IHC staining with a goat anti-hSCARB2 polyclonal antibody. Human tissues and

FIG 1 CRISPR/Cas9-mediated KI of hSCARB2 into the Rosa26 locus of C57BL/6 zygotes. (A) Diagram of CRISPR/Cas9-mediated KI of the
hSCARB2 gene into the Rosa26 locus. An expression cassette with the CAG promoter and hSCARB2 gene was inserted between
the homologous arms at the Rosa26 locus via the CRISPR/Cas9 system. Gene editing was achieved by homology-directed repair (HDR) using
the repair template vector for precise insertion of the new sequence. (B) Workflow of the production of hSCARB2 allele specific KI in F0
mice. (C) Numbers of injected and transferred embryos and newborns generated during establishment of KI mice using the CRISPR/Cas9
system. (D) Genotyping of F0-hSCARB2 KI mice by using PCR analysis.
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rhabdomyoma (RD) cells were used as a positive control (Fig. 2C). The hSCARB2 bands
with molecular weights ranging from 72 kDa to 95 kDa were detected in the tissues
and bone marrow-derived macrophages (BMMf ) from KI mice by Western blotting
(Fig. 2D), indicating that hSCARB2 is indeed expressed in KI mice.

Susceptibility of hSCARB2 KI mice to EV71 infection. To assess the susceptibility
of hSCARB2 KI mice to EV71 infection, we inoculated 5-, 7-, 10-, 14-, and 21-day-old
and adult KI and WT mice intracerebrally (i.c.), intramuscularly (i.m.), and intraperitone-
ally (i.p.) with EV71 (2� 106 PFU) and observed them for the development of clinical
signs. The WT and KI mice which were inoculated i.c., i.m., or i.p. with EV71 showed a
reduction in survival rate (Fig. 3A to C; Fig. 3G to I; also, see Table S3 in the supplemen-
tal material). Relative to WT mice, lower survival rates were observed in KI mice. After
EV71 infection via different routes, WT and KI mice at the indicated ages showed
ataxia, limb paralysis, and death (Fig. 3D to F; Fig. 3J and L; also, see Table S3).
However, the incidence of the above neurological symptoms in KI mice was much
higher than that in WT mice. KI mice were susceptible to infection via the i.c. route.

FIG 2 Expression profile of hSCARB2 in human and mouse samples. (A) Expression of hSCARB2 RNA in various tissues
from KI mice at indicated ages detected by PCR. (B) Relative expression of hSCARB2 RNA in various tissues from KI
mice at the indicated ages. (C) IHC analysis of hSCARB2 expression in human, WT mouse, and KI mouse tissues stained
with an anti-human SCARB2 antibody (brown) and counterstained with hematoxylin. (D) Western blot analysis of
hSCARB2 expression in various tissues and BMMf from WT and KI mice.
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FIG 3 The susceptibility of hSCARB2 KI mice to EV71 infection. (A to C) Five-day-old WT and KI mice were infected with EV71 by different routes (i.c. [A],
i.p. [B], and i.m. [C]). (D to F) Clinical scores of WT and KI mice after EV71 infection at indicated times. 0, healthy; 1, reduced mobility; 2, ruffled fur and

(Continued on next page)
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Under the conditions of i.m. and i.p. inoculation (Fig. 3H and I; Fig. 3K and L; Table S3),
WT mice were resistant to EV71 infection. Figure 3M and N show hind limb paralysis
and weight loss in 5- and 7-day-old KI mice after EV71 infection. The above results indi-
cated that hSCARB2 KI mice were more likely to develop neurological symptoms and
exhibited age-dependent changes in their susceptibility to EV71.

Histopathological examination of EV71-infected mice. Histopathological exami-
nations of 10-day-old WT and KI mice at 7 days postinfection (dpi) were performed
(Fig. 4). Brain tissues and spinal cord presented focal, moderate to severe neural
degeneration and gliosis in KI mice at 7 dpi; brain tissues and spinal cords from WT
mice displayed focal, minimal to slight changes. Skeletal muscle exhibited severe
necrotizing myositis with fragmentation of myofibers and inflammatory cell infiltration
in the limbs of KI mice at 7 dpi, but equivalent tissues in WT mice were only slightly
affected. No obvious pathological changes were found in myocardial tissues from WT
and KI mice. Large areas of hyperemia and necrosis-like lesions in liver tissues of KI
mice were found at 7 dpi; only hyperemia in liver tissues was observed in WT mice.
Spleen tissues from KI mice showed severe hyperemia and cavitation at 7 dpi, whereas
spleen tissues in WT mice displayed these histopathological features to a mild degree.
We also observed the rupture of the small intestine villi and vacuolation of the base-
ment membrane in KI mice at 7 dpi, but equivalent tissues in WT mice exhibited only
slight changes. Together, our data suggested that that EV71 could induce severe path-
ological changes in the CNS and skeletal muscle of hSCARB2 KI mice.

Pathology and apoptosis in EV71-infected lungs. Because cardiopulmonary fail-
ure is responsible for the death in severe EV71 infections, we focused our subsequent
studies on lung pathological changes. The images of lungs from 10-day-old KI mice
presented more severe hyperemia at 5 and 7 dpi (Fig. 5A). Through hematoxylin-and-
eosin (H&E) staining (Fig. 5A), we did not observe leukocyte infiltration, but vascular
leakage and alveoli filled with erythrocytes were noted, suggesting edema and hemor-
rhage in EV71-infected KI mice. However, WT mice displayed slight to mild changes in
these histopathological features. We detected neither inflammation nor hyperemia in
the lungs of uninfected control mice. Immunofluorescence microscopy revealed that
the number of TUNEL (terminal deoxynucleotidyltransferase-mediated dUTP-biotin
nick end labeling)-positive (apoptotic) cells in lung sections from KI mice was greatly
increased over that in WT mice at 5 and 7 dpi (Fig. 5B and C). Quantitative results
showed that the pathological score (Fig. 5D) and number of TUNEL-positive (apoptotic)
cells (Fig. 5E) in EV71-infected KI mice were higher than those in WT mice at 5 and
7 dpi. Together, our results suggested that EV71 infection caused severe lung damage
in hSCARB2 KI mice.

Viral replication and activation of glial cells in EV71-infected brains. EV71 infec-
tions are often accompanied by neurological complications. To further evaluate the
extent of CNS lesions in EV71-infected mice, we detected viral replication and glial cells
in brain sections. Through immunofluorescence double staining, we observed colocali-
zation between EV71 and caspase-3 (Fig. 6A), EV71 and NeuN-labeled neurons
(Fig. 6B), EV71 and GFAP (glial fibrillary acidic protein)-labeled astrocytes (Fig. 6C), and
EV71 and IBA-1 (ionized calcium-binding adaptor molecule 1)-labeled microglial cells
(Fig. 6D). The number of EV711 caspase-31 (Fig. 6E), EV711 NeuN1 (Fig. 6F), and EV711

GFAP1 (Fig. 6G) cells in EV71-infected brain tissue from KI mice was higher than that in
WT mice at 5 and 7 dpi, indicating the sensitivity of KI mice to EV71 in the CNS. EV71
mainly infected astrocytes and replicated in only a limited number of neurons and
microglial cells (Fig. 6H). The number of astrocytes (Fig. 6I) and microglial cells (Fig. 6J)
in EV71-infected brains from KI mice was higher than that in WT mice, suggesting

FIG 3 Legend (Continued)
hunched back; 3, ataxia and weight loss; 4, limb weakness; and 5, dying or death. (G to I) Ten-day-old WT and KI mice were infected with EV71 by different
routes (i.c. [G], i.p. [H], and i.m. [I]). (J to L) Clinical scores of WT and KI mice after EV71 infection at the indicated times. The log-rank test was used to
analyze the statistical difference of the survival rate of EV71-infected KI versus WT mice. (M and N) Clinical signs of 5- and 7-day-old KI mice after EV71
infection. n, number of mice per group.
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more severe CNS damage in KI mice. Together, our data indicated that hSCARB2 KI
mice were more sensitive to CNS damage caused by EV71 infection. It is possible that
the increased number of astrocytes and microglial cells might play a critical role in CNS
pathogenesis.

Leukocytes in the brains of EV71-infected KI mice. To characterize CNS inflamma-
tion, we examined the changes of immune cells in brain slices. Ten-day-old KI mice
were inoculated i.p. with the virus or RD cells, and the brains were harvested at 3, 5,
and 7dpi. Leukocyte infiltration was visualized by staining with anti-CD45 antibody,
and T cells, neutrophils, and monocytes/macrophages were detected by colocalization
of CD45 with CD3 (Fig. 6A), Ly6G (Fig. 7C), and CD11b (Fig. 7E), respectively. Only very
small numbers of T cells (Fig. 7B) and neutrophils (Fig. 7D) were detected in the brain
slices from KI mice after EV71 infection, but the number of monocytes/macrophages
was significantly increased around the blood-brain barrier at 3, 5, and 7 dpi. Our results
suggest that the increased number of monocytes/macrophages is a feature of CNS
inflammation induced by EV71 infection.

Cytokines in the serum of EV71-infected KI mice. Cytokine release plays an im-
portant role in EV71 pathogenesis. We evaluated the changes in the production of
cytokines in the serum of EV71-infected KI mice. Ten-day-old KI mice were inoculated

FIG 4 Histopathological examination of EV71-infected mice. Ten-day-old WT and KI mice were
infected via i.p. injection of EV71 at 2� 106 PFU. The animals were euthanized at 7 dpi, and paraffin-
embedded tissue sections of the organs were stained with H&E. The specimens are representatives of
5 to 7 mice in each group, with similar histology. The tissue damage (arrows) was assessed by a
pathologist. Bars = 50mm.
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FIG 5 Pathology and apoptosis in EV71-infected lungs. Ten-day-old WT and KI mice were infected via i.p. injection of EV71 at 2� 106 PFU. The animals
were euthanized at 3, 5, and 7 dpi, and lung tissues were removed (A). Stars indicate pulmonary congestion. Paraffin-embedded tissue sections of the lungs

(Continued on next page)

Jin et al.

March/April 2021 Volume 6 Issue 2 e01048-20 msphere.asm.org 8

https://msphere.asm.org


i.p. with the virus or RD cells, and blood was collected from the hearts at 1, 3, 5, and
7 dpi. A cytokine array was used to determine the relative levels of secreted cytokines
and chemokines. From the 40 cytokines included in the array, we detected only eight
cytokines in the serum of EV71-infected mice (Fig. 8A). Among them, the release of com-
plement 5 (C5)/C5a (Fig. 8B), interferon gamma-induced protein-10 (IP-10) (Fig. 8D), and
chemokine (C-X-C motif) ligand 9 (CXCL9) (Fig. 8E) was much increased by EV71 infection.
In addition, the release of soluble intercellular cell adhesion molecule-1 (sICAM-1) (Fig. 8C),
granulocyte–macrophage colony-stimulating factor (GM-CSF) (Fig. 8F), monocyte chemo-
tactic protein 1 (MCP-1) (Fig. 8G), CXCL12 (Fig. 8H), and tissue inhibitor of metalloprotei-
nase 1 (TIMP-1) (Fig. 8I) was also enhanced. These findings suggested that EV71 infection
induced the release of proinflammatory cytokines into the serum of hSCARB2 KI mice.

DISCUSSION

SCARB2 and P-selectin glycoprotein ligand 1 (PSGL-1) are human transmembrane
proteins which have been identified as functional receptors for the entry of EV71 (13,
26). PSGL-1 is a key factor involved in early inflammatory events on immune cells.
Transfection of mouse L929 cells with PSGL-1 enables EV71 entry and replication, as
well as the development of cytopathic effects. However, only a limited number of EV71
strains can use PSGL-1 as a receptor to enter cells (26), and the human PSGL-1 trans-
gene does not enhance the infectivity of clinical EV71 strains in mice (20). Unlike PSGL-
1, SCARB2 can be used by most EV71 strains as an entry receptor in nonsusceptible
mouse cells, suggesting that SCARB2 plays a crucial role in supporting viral infection
(13, 26). BAC-mediated hSCARB2 transgenic mice or chimeric mSCARB2/hSCARB2 mice
were previously used for EV71 study and developed neurological symptoms strikingly
resembling infection in humans (21, 22). Here, we generated a novel Rosa26-targeted
hSCARB2 KI mouse model via the CRISPR/Cas9 system. We demonstrated that the ex-
ogenous expression of hSCARB2 in mice conferred susceptibility to EV71 infection. The
infected KI mice displayed neurological and respiratory symptoms similar to severe
cases of human infection, which should be useful for studying the neuropathogenesis
and lung damage induced by EV71.

EV71 is considered a type of neurotropic virus (27). Inflammation and EV71 antigens are
detected mainly in the brain stem, spinal cord, hypothalamus, and cerebellar dentate
nuclei in fatal human encephalomyelitis (28). In the past decade, epidemiological studies
and relevant clinical reports have suggested that the CNS is the major target of EV71 infec-
tion (2, 3, 29). EV71 can cause different neurological manifestations in humans, such as en-
cephalomyelitis, polio-like acute flaccid paralysis, and meningitis (2). In primate models,
neurological manifestations were observed after EV71 inoculation via i.c., intravenous (i.v.),
respiratory, or digestive routes. Histopathological examinations confirmed viral replication
in the spinal cord, brain stem, cerebellar dentate nuclei, and cerebrum (7, 30). In compari-
son, hSCARB2 KI mice infected with EV71 via the i.c., i.v., or i.p. route demonstrated paraly-
sis, ataxia, and severe lesions. EV71 antigens were detected in the brain stem, spinal cord,
skeletal muscle, and lungs of most animals. Additionally, EV71 mainly infected astrocytes.
Only a limited number of neurons and microglial cells were affected. Our investigations
highlighted the similarities of EV71 neurotropism observed in human patients, monkeys,
and transgenic mice (7, 22, 28–30).

Young age at disease onset is associated with increased risk of HFMD severity (31).
Likewise, animal age also appears to be related to viral susceptibility. Up to the age of
2weeks, KI mice were susceptible to EV71 infection via the i.c., i.p. or i.m. route.
Previously, transgenic mice had also displayed a susceptibility to viral inoculation via
the i.v. and i.p. routes up to the age of 2weeks (21, 22, 32). These findings imply the
presence of host factors that limit infection through antiviral immunity. However,

FIG 5 Legend (Continued)
were stained with H&E (A) and TUNEL (B and C). The specimens are representative of 5 to 7 mice in each group. Pathological score (D) was determined by
a pathologist, and the number of TUNEL-positive cells (E) per slice was quantified with ImageJ software. Bar = 500 (B) and 50 (C) mm. (D and E) *, P, 0.05
versus WT; **, P, 0.01 versus WT.
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immunodeficient mice, for example, AG129 mice and NOD/SCID mice, also exhibited
age-dependent changes in their susceptibility to EV71 (33). Which host factors deter-
mine viral susceptibility remains to be investigated.

Several differences were observed between KI mice and previously described trans-
genic mice. Our hSCARB2 KI mice were less susceptible to oral infection and did not
display the typical skin lesions found in human infections (3). Yang et al. introduced a

FIG 6 Viral replication and activation of glial cells in EV71-infected brains. Ten-day-old WT and KI mice were
infected via i.p. injection of EV71 at 2� 106 PFU. The animals were euthanized at 3, 5, and 7dpi, and brain tissues
were removed. Paraffin-embedded tissue sections of the brains were stained to evaluate the virus antigen/
apoptotic cells (A), neurons (B), astrocytes (C), and microglial cells (D). Bars= 50mm. The number of EV711

caspase-31 cells (E), EV711 NeuN1 cells (F), EV711 GFAP1 cells (G), EV711 IBA-11 cells (H), astrocytes (I), and
microglial cells (J) per slice was quantified using ImageJ software. *, P, 0.05 versus WT; **, P, 0.01 versus WT.
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chimeric mSCARB2/hSCARB2 mouse model that was highly susceptible to oral infec-
tion (22). Compared with the minor damage in the skeletal muscle of mSCARB2/
hSCARB2 chimeric mice (22), severe lesions such as myolysis and necrosis were found
in EV71-infected KI mice. In fact, high viral titers and severe pathological changes in
skeletal muscle were observed in EV71-infected mouse models (8, 9, 12, 34). EV71 has
been suggested to replicate primarily in skeletal muscle and causes severe necrotizing
myositis, which further leads to respiratory failure due to necrotizing myositis of respi-
ratory-related muscles (35). Pulmonary hemorrhage and edema, which have been
reported to be one of the fatal outcomes of human infections (36–38), were also
observed in our KI mouse model. The histopathology of the lung from a fatal case
showed marked edema and hemorrhage with mild pneumonic changes (37), which
was detected in EV71-infected KI mice. Relative to WT mice, KI mice were more likely

FIG 7 Leukocytes in the brains of EV71-infected KI mice. Ten-day-old KI mice were infected via i.p. injection of EV71 at 2� 106

PFU. The animals were euthanized at 3, 5, and 7 dpi, and brain tissues were removed. Paraffin-embedded tissue sections of the
brains were stained to evaluate T cells (A), neutrophils (C), and monocytes/macrophages (E). Bars = 20mm. The number of CD451

CD31 cells (B), CD451 Ly6G1 cells (D), and CD451 CD11b1 cells (F) per slice was quantified with ImageJ software. *, P, 0.05
versus control; **, P, 0.01 versus control; ***, P, 0.001 versus control.
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to develop pulmonary hemorrhage and edema following EV71 infection. Compared
with other hSCARB2 transgenic mouse models, which did not display the typical lung
damage found in human infections (21, 22, 32), our KI mouse model can be used to
study lung pathogenesis caused by EV71 infection.

FIG 8 Cytokines in the serum of EV71-infected KI mice. Ten-day-old KI mice were infected via i.p. injection of EV71 at 2� 106 PFU. The animals were
euthanized at 1, 3, 5, and 7 dpi, and blood was collected from the heart. A mouse array analysis (A) was used to detect the relative levels of 40 cytokines
in the serum of mice. The release of C5/C5a (B), sICAM-1 (C), IP-10 (D), CXCL9 (E), GM-CSF (F), MCP-1 (G), CXCL12 (H), and TIMP-1 (I) was quantified with
ImageJ software. The results are representative of two mice in each group.
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Glial cells, such as astrocytes and microglia, play pivotal roles in the CNS response
to insults, whether physical, infectious, or neurodegenerative disease related (39).
Generally, the hallmark of these conditions is neuroinflammation, characterized by acti-
vation of glial cells and production of pro- and/or anti-inflammatory cytokines and che-
mokines (39). After EV71 infection, the numbers of astrocytes and microglia were
increased significantly in the brains from WT and KI mice, and EV71-infected KI mice
had more glial cells, suggesting the presence of severe lesions in KI mice. Our results
were in agreement with previous studies that show astrocyte and microglial activation
in the brains of EV71-infected mice (22, 40). Necropsy showed edema with an increase
in microglia and astrocytic proliferation in the cerebral tissue, but no lymphocytic infil-
tration was evident (37). In our study, in addition to the increase in monocytes/macro-
phages around the blood-brain barrier, we did not observe massive leukocyte infiltra-
tion, and only a limited number of T cells and neutrophils were found in EV71-infected
KI brains. Therefore, our KI mice are suitable for the study of the pathogenesis of CNS
lesions induced by EV71.

Cytokines play a significant role in the development of HFMD (41, 42). We examined
the cytokine release in the serum of EV71-infected KI mice. Of note, C5/C5a was
increased in response to EV71. Complement is a complex innate immune surveillance
system, acting as the first line of defense against pathogens (43). The fragment of C5/
C5a is an inflammation mediator which can induce local inflammation and cause tissue
damage (43). Targeted complement inhibition has been considered as a potential ther-
apeutic strategy for the inflammatory response induced by EV71 (44). IP-10 and CXCL9
are mainly generated from monocytes/macrophages and astrocytes upon infection
(45). GM-CSF and MCP-1 are mainly secreted by most leukocytes (46). sICAM-1 is
released by endothelial cells upon dysfunction, which is best known for regulating leu-
kocyte recruitment from the circulation to sites of inflammation (47). The increase of
IP-10, CXCL9, GM-CSF, MCP-1, sICAM-1, CXCL12, and TIMP-1 can recruit different leuko-
cyte subsets and further lead to local inflammation. Plasma levels of IP-10, GM-CSF,
and MCP-1 were significantly elevated in HFMD patients (42). In our previous study, we
found that the expression of ICAM-1 was increased in EV71-infected lungs (34).
Collectively, our study suggested that hSCARB2 KI mice can be used to study the
immunopathogenesis of EV71.

In summary, we generated a novel Rosa26-targeted hSCARB2 KI mouse model via
the CRISPR/Cas9 system. This murine model not only displayed neurological complica-
tions similar to human infections but also developed a respiratory syndrome. Thus, our
mouse model is suitable for the study of EV71 pathogenesis. In addition, this murine
model can be used to develop antiviral therapeutics and evaluate the efficacies of
EV71 vaccines in the future.

MATERIALS ANDMETHODS
Ethics statement. Experiments using genome editing and pathogens were reviewed and approved

by the Life Science Ethics Review Committee of Zhengzhou University, and the experiments were per-
formed strictly in accordance with the guidelines of Zhengzhou University for animal experiments. All
human histological samples used in this study were obtained ethically, and the protocols were approved
by the relevant ethics committee of Zhengzhou University.

Cells and viruses. Human rhabdomyoma (RD) cells and African green monkey kidney (Vero) cells
(ATCC CCL-81) were cultured in DMEM (Gibco, New York, NY, USA) supplemented with 10% fetal bovine
serum (FBS) (Gibco, New York, USA). As described previously, EV71 strain ZZ1350 (GenBank no.
KY886010) was isolated from a nonfatal case with CNS involvement in Children's Hospital of Zhengzhou
(Zhengzhou, Henan, China) (9).

Virus enrichment and titration. Approximately 1� 107 RD cells cultured in 3ml 2% (vol/vol) FBS-
Dulbecco’s modified Eagle medium (DMEM) were infected with EV71 at a multiplicity of infection of
0.01. The cells and medium were frozen at 72 h after infection. After thawing, the cell debris was
removed by centrifugation at 10,000� g for 20min at room temperature. Subsequently, the supernatant
was filtrated with a 0.22-mm filter. The viral titers were determined by plaque assay using RD cells (12).
Working stocks (108 PFU per ml) were stored at280°C.

Mice. C57BL/6N and ICR mice used in this study were purchased from Beijing Vital River Laboratory
Animal Technology Co., Ltd., and all mice were housed in individually ventilated cages (IVC; Fengshi
Group) in a specific-pathogen-free facility at the College of Public Health of Zhengzhou University; ani-
mals were on a 12-h light/dark cycle with ad libitum access to food and water.
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Generation of Rosa26-targeted hSCARB2 KI F0 mice via CRISPR/Cas9 in C57BL/6 zygotes. The
single-guide RNAs (sgRNAs) were designed using online software (http://crispor.tefor.net/). Two spe-
cific allele sites were selected as target sequences in introns 1 and 2 of the mouse Rosa26 locus. The
two target sequences were sgRNA1 (59-GAAGATGGGCGGGAGTCTTCTGG-39) and sgRNA2 (59-
CGCCCATCTTCTAGAAAGACTGG-39). The sgRNAs and Cas9 mRNA were produced by in vitro transcrip-
tion (IVT) as described previously (24). The targeting donor DNA was synthesized (GenScript
Biotechnology) containing homology arms for homologous recombination and hSCARB2 (GenBank no.
NM_005506) expression elements. The target fragment and pUC57Kan-R26 vector were linked by ho-
mologous recombination (Fig. S1). Four-week-old female C57BL/6N mice were intraperitoneally (i.p.)
injected with pregnant mare serum gonadotropin followed by human chorionic gonadotropin (10 U/
mouse) 48 h later and then mated with 12-week-old C57BL/6N male mice immediately. Fertilized
embryos were collected the next morning, and Cas9 mRNA (50 ng/ml), sgRNA (50 ng/ml), and
hSCARB2-targeting construct (10 ng/ml) were microinjected into the cytoplasm of fertilized embryos
by using a standard microinjection system (TransferMan 4r; Eppendorf, Germany). Surviving eggs were
cultured at 37°C in 5% CO2 overnight, and on the next day, they were transferred into the oviducts of
pseudopregnant ICR mice to obtain live pups. The resulting mice were screened by PCR analysis using
PCR primer sets (Table S1) for the hSCARB2 gene, and genomic DNA extracted from tail biopsy speci-
mens was used as a template. The expression of hSCARB2 mRNA in the different organs and tissues
from wild-type (WT) and KI mice and positive-control (PC) human RD cells was measured by quantita-
tive real-time PCR. The sample without template (ddH2O) was regarded as a negative control.

EV71 infection in mice.WT or KI mice (5, 7, 10, 14, and 21days old or adult) were infected with the
viruses (2� 106 PFU) or RD cell supernatant via intracranial (i.c.), intraperitoneal (i.p.), or intramuscular
(i.m.) inoculation and were observed for clinical signs. Control-infected mice were injected with the
same volume of RD cell culture supernatants. Clinical scores were defined as follows: 0, healthy; 1,
reduced mobility; 2, ruffled fur and hunched back; 3, ataxia and weight loss; 4, limb weakness; and 5,
dying or death. Blood was collected from the heart, and the organs and tissues were removed from eu-
thanized mice at the indicated time points and fixed with 4% paraformaldehyde at 4°C for 48 h. After fix-
ation, the organs and tissues were subjected to histopathological and immunohistochemical (IHC)
analysis.

Histopathological and IHC analysis. After fixation, paraffin-embedded organs and tissues were cut
into 5-mm sections and stained with hematoxylin and eosin (H&E). The expression of hSCARB2 in the
organs and tissues was detected by a standard immunoperoxidase procedure, as described previously
(48).

Immunofluorescence staining. Paraffin-embedded sections were stained to evaluate the virus anti-
gen/apoptotic cells (TUNEL staining or labeling with caspase-3), neurons (labeled with NeuN), glial cells
(microglia labeled with IBA-1; astrocytes labeled with GFAP), T cells (labeled with CD45 and CD3), neu-
trophils (labeled with CD45 and Ly6G), and monocytes/macrophages (labeled with CD45 and CD11b).
Immunofluorescence staining and scanning technical service were provided by Servicebio Biotech Co.,
Ltd. The number of positively staining cells per slice was quantified with ImageJ software.

Antibodies. The following primary antibodies were used in this study: goat anti-human SCARB2
antibody (R&D Systems; catalog no. AF1966), mouse anti-EV71 antibody (GeneTex, Inc.; catalog no.
GTX41306). Rabbit anti-IBA-1 antibody (catalog no. GB13105-1), NeuN antibody (catalog no. GB11138),
and caspase-3 antibody (catalog no. GB11138) were from Servicebio Biotech. Rabbit anti-CD3 antibody
(catalog no. ab133357), GFAP antibody (catalog no. ab7260), Ly6G antibody (catalog no. ab25377), rat
anti-CD45 antibody (catalog no. ab25386), and mouse anti-CD45 antibody (catalog no. ab33923) were
from Abcam, Inc.

BMM/ culture. Macrophages (BMMf ) used in this study were derived from the bone marrow cells
of WT C57BL/6J and KI mice. BMMf were cultured in RPMI 1640 supplemented with 20% L929 cell cul-
ture medium and 10% FBS for ;4 to 9 days, and then adherent cells were harvested for Western blot
analysis.

Western blot analysis. Total proteins from the organs and tissues of mice and RD cells were
extracted with a protein extraction kit (CWbio Company Ltd.) based on the manufacturer’s instructions.
For Western blot analysis, samples were separated by SDS-PAGE and transferred to polyvinylidene diflu-
oride (PVDF) membranes. After incubation with primary antibodies, PVDF membranes were washed
three times and incubated with anti-goat secondary antibodies. Finally, membranes were washed three
times and developed with an enhanced chemiluminescence kit (Absin Bioscience, Inc.).

Cytokines. R&D Systems mouse cytokine array panel A (catalog no. ARY006) was used to detect the
relative levels of 40 cytokines in the serum (70ml/mouse) of control and EV71-infected mice. The results
were quantified with ImageJ software.

Statistical analysis. Statistical analysis was performed with GraphPad Prism version 8.3 (GraphPad
8.3 Software, San Diego, CA, USA). The Mantel-Cox log rank test was used to compare the survival of dif-
ferent group mice. The results were expressed as the mean 6 standard deviation (SD). Differences in the
pathological score and positive-stained cell numbers were assessed using unpaired Student t test or
one-way analysis of variance (ANOVA). A P value of , 0.05 after two-tailed t testing was regarded as
significant.

SUPPLEMENTAL MATERIAL

Supplemental material is available online only.
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