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ABSTRACT Enterovirus 71 (EV71) is a causative agent of hand, foot, and mouth dis-
ease and sometimes causes severe or fatal neurological complications. The amino
acid at VP1-145 determines the virological characteristics of EV71. Viruses with glu-
tamic acid (E) at VP1-145 (VP1-145E) are virulent in neonatal mice and transgenic
mice expressing human scavenger receptor B2, whereas those with glutamine (Q) or
glycine (G) are not. However, the contribution of this variation to pathogenesis in
humans is not fully understood. We compared the virulence of VP1-145E and VP1-
145G viruses of Isehara and C7/Osaka backgrounds in cynomolgus monkeys. VP1-
145E, but not VP1-145G, viruses induced neurological symptoms. VP1-145E viruses
were frequently detected in the tissues of infected monkeys. VP1-145G viruses were
detected less frequently and disappeared quickly. Instead, mutants that had a G-to-E
mutation at VP1-145 emerged, suggesting that VP1-145E viruses have a replication
advantage in the monkeys. This is consistent with our hypothesis proposed in the
accompanying paper (K. Kobayashi, Y. Sudaka, A. Takashino, A. Imura, K. Fujii, and S.
Koike, J Virol 92:e00681-18, 2018, https://doi.org/10.1128/JVI.00681-18) that the VP1-
145G virus is attenuated due to its adsorption by heparan sulfate. Monkeys infected
with both viruses produced neutralizing antibodies before the onset of the disease.
Interestingly, VP1-145E viruses were more resistant to neutralizing antibodies than
VP1-145G viruses in vitro. A small amount of neutralizing antibody raised in the early
phase of infection may not be sufficient to block the dissemination of VP1-145E viruses.
The different resistance of the VP1-145 variants to neutralizing antibodies may be one
of the reasons for the difference in virulence.

IMPORTANCE The contribution of VP1-145 variants in humans is not fully under-
stood. In some studies, VP1-145G/Q viruses were isolated more frequently from se-
verely affected patients than from mildly affected patients, suggesting that VP1-
145G/Q viruses are more virulent. In the accompanying paper (K. Kobayashi, Y.
Sudaka, A. Takashino, A. Imura, K. Fujii, and S. Koike, J Virol 92:e00681-18, 2018,
https://doi.org/10.1128/JVI.00681-18), we showed that VP1-145E viruses are more vir-
ulent than VP1-145G viruses in human SCARB2 transgenic mice. Heparan sulfate acts as
a decoy to specifically trap the VP1-145G viruses and leads to abortive infection. Here,
we demonstrated that VP1-145G was attenuated in cynomolgus monkeys, suggesting
that this hypothesis is also true in a nonhuman primate model. VP1-145E viruses, but
not VP1-145G viruses, were highly resistant to neutralizing antibodies. We propose the
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difference in resistance against neutralizing antibodies as another mechanism of EV71
virulence. In summary, VP1-145 contributes to virulence determination by controlling
attachment receptor usage and antibody sensitivity.

KEYWORDS animal models, enterovirus, neutralizing antibodies, pathogenesis

Enterovirus 71 (EV71) is a member of the genus Enterovirus in the family Picornaviri-
dae and is classified as a human enterovirus species A (HEV-A) (1). EV71 and other

members of HEV-A are major causative agents of hand, foot, and mouth disease (HFMD)
(1). They usually cause mild or subclinical infection. However, in some patients, EV71
can cause severe neurological symptoms, including meningitis, brainstem encephalitis,
poliomyelitis-like paralysis, pulmonary edema, and death (2). However, virulence de-
terminants of EV71 have not been identified.

EV71 is a nonenveloped, positive-stranded RNA virus with a genome approximately
7,400 bases long (1). The EV71 RNA genome is enclosed within an icosahedral capsid
comprising 60 copies of each of four viral structural proteins, VP1 to VP4 (3, 4). Human
scavenger receptor B2 (hSCARB2) is the essential receptor for establishment of infection
of all EV71 strains (5). hSCARB2 supports attachment of the virion at the cell surface,
internalization, and initiation of virion uncoating (6, 7). hSCARB2 is speculated to bind
to the canyon of the virion like other picornavirus receptors that can initiate uncoating,
but this has not been experimentally proven. EV71 also uses molecules that support
attachment of the virion to the cell surface but not uncoating (6). These molecules,
including P-selectin glycoprotein ligand (PSGL-1) (8), heparan sulfate (HS) (9), annexin
II (10), sialic acid (11), nucleolin (12), and vimentin (13), are called attachment receptors
(14). HS, a highly sulfated glycosaminoglycan (GAG), is expressed as HS proteoglycan on
cell surfaces in its membrane-bound form and on the extracellular matrix in its secreted
form (15). Amino acid residue 145 of the capsid protein VP1 (VP1-145) is located within
the DE loop near the center of the 5-fold mesa of EV71 virions (3, 4) and is variable
among EV71 isolates. The viruses that have glycine (G), glutamine (Q), or glutamic acid
(E) at this position, which we refer to as VP1-145G, VP1-145Q, and VP1-145E, respec-
tively, have been isolated. VP1-145E is most common (81%), whereas VP1-145G (9%)
and VP1-145Q (9%) are less common (16). This amino acid variation also influences the
attachment receptor usage and the virulence of the virus. The region surrounding
VP1-145 is rich in positively charged amino acids, and VP1-145G and VP1-145Q viruses
bind HS (17) and PSGL-1 (16) via electrostatic interactions, whereas the negative charge
of the E residue in VP1-145E impairs these interactions. The contribution of this
variation to pathogenicity is not fully understood. Change of VP1-145G/Q to VP1-145E
is responsible for murine adaptations and/or virulence because VP1-145E strains of
EV71 are more virulent than VP1-145G/Q strains in different neonatal mouse models
(18–22). It is not clear whether this mutation is merely a murine adaptation determinant
or a virulence determinant in general. To elucidate PSGL-1-dependent viral replication
in vivo and pathogenesis, Kataoka et al. produced viruses that can and cannot bind
PSGL-1, namely, PSGL-1-binding (PB) (VP1-98E145G) and PSGL-1-nonbinding (non-PB)
(VP1-98K145E) strains, respectively, and used them to infect cynomolgus monkeys, a
nonhuman primate model (23). The results suggested that non-PB strains are mainly
responsible for the development of viremia and neuropathogenesis. In humans, VP1-
145G or VP1-145Q was isolated more frequently from severely affected patients than
from mildly affected patients, although the majority of viruses isolated from both
patient types have E at position 145 (24–27). In the accompanying paper (28), we
showed that VP1-145E is more virulent than VP1-145G in an hSCARB2 transgenic (tg)
mouse model. We found that VP1-145G viruses use HS as an attachment receptor but
that this binding capacity results in adsorption of the virus in nonsusceptible tissues.
Therefore, HS-binding capacity did not contribute to viral replication in vivo. We
proposed a mechanism of attenuation whereby VP1-145G virus is selectively adsorbed
by HS and undergoes abortive infection.

To investigate how VP1-145 residues contribute to pathogenesis of EV71 in a
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nonhuman primate model closely related to humans (29–34), we infected cynomolgus
monkeys with VP1-145 variants. We showed that VP1-145E viruses are more virulent
than corresponding VP1-145G viruses. VP1-145G viruses did not spread efficiently,
consistent with our hypothesis that HS-binding strains are trapped by HS. Furthermore,
VP1-145E viruses were more resistant to neutralizing antibodies than VP1-145G viruses.
We propose that the resistance to neutralizing antibodies is another determinant of
EV71 fitness in vivo and virulence.

RESULTS
Clinical symptoms in cynomolgus monkeys inoculated with VP1-145 viruses.

We generated recombinant viruses, based on the Isehara, C7/Osaka, and SK-EV006
strains, that have G or E at VP1-145 and determined the virulence of these viruses in an
hSCARB2 tg mouse model (28). VP1-145E resulted in greater virulence than VP1-145G
in all virus strains. To confirm whether VP1-145E is more virulent than VP1-145G in a
nonhuman primate model, we inoculated cynomolgus monkeys with VP1-145 mutants
of the Isehara and C7/Osaka strains. Four monkeys each were intravenously inoculated
with 106 50% tissue culture infective doses (TCID50) of Isehara-G or Isehara-E. Three
monkeys each were also intravenously inoculated with 106 TCID50 of C7-G or C7-E. After
inoculation, clinical manifestations of the monkeys were observed daily for 10 days (Fig.
1A). During the observation period, no monkeys in either group demonstrated very
severe clinical manifestations (Fig. 1B and C). Two monkeys inoculated with Isehara-E
(monkeys 5217 and 5218) exhibited tremors beginning 6 to 7 days postinoculation (dpi)
(Fig. 1B), as did two monkeys inoculated with C7-E (5257 and 5220) (Fig. 1C). One
monkey inoculated with C7-E (5258) exhibited tremors at 9 dpi (Fig. 1C). No monkeys
inoculated with Isehara-G or C7-G had apparent neurological manifestations. Neither
HFMD-like symptoms nor pulmonary edema was observed in any group. Thus, these
results indicated that VP1-145E viruses induce neurological symptoms more frequently
than VP1-145G viruses.

Histological analysis of CNS tissues and neurovirulence of VP1-145 viruses. The
monkeys were sacrificed at 10 dpi, and central nervous system (CNS) tissue samples
were histopathologically examined (Fig. 2). In the Isehara-E-inoculated group, extensive
inflammation was found in many areas of the CNS, including the spinal cord and gray
matter of the cerebrum in the two monkeys that exhibited neurological symptoms
(monkeys 5217 and 5218). There were mild neurodegenerations in the anterior horn of
the spinal cord (Fig. 2B). Viral antigen was detected in the anterior horn of the spinal
cord of monkey 5217 (Fig. 2A). Pathological changes were not found in the CNS tissues
of the two monkeys (5216 and 5219) with no neurological symptoms (Fig. 2A). In the
Isehara-G-inoculated group, no monkeys had any apparent CNS lesions (Fig. 2A,
monkeys 5212, 5213, 5214, and 5215). Similarly, in the C7-E-inoculated group, inflam-
mations were found in the CNS tissues of the two monkeys with tremors (5257 and
5220) (Fig. 2A). Although monkey 5258, inoculated with C7-E, exhibited mild neuro-
logical symptoms at 8 dpi, inflammation and neuronal degeneration were not found in
the CNS tissues (Fig. 2A). The monkeys inoculated with C7-G had no apparent CNS
lesions (Fig. 2A, monkeys 5254, 5255, and 5256). In conclusion, histopathological
analysis of CNS tissues at 10 dpi revealed that Isehara-E and C7-E induced inflammation
and neuronal damage, whereas Isehara-G and C7-G did not.

Virus isolation and viral RNA detection from clinical and tissue samples. To
monitor viral spread following intravenous inoculation, clinical samples (throat swabs,
rectal swabs, and sera) were collected at 0 (preinoculation), 1, 4, 7, and 10 dpi, and
autopsy samples were obtained at 10 dpi (Fig. 1A). As viral titers in clinical and autopsy
samples were low (23), we isolated viruses using RD-SCARB2 cells (28), which are
approximately 100-fold more susceptible to EV71 infection than RD-A cells. Almost all
cytopathic effects (CPEs) appeared during the second blind passage. We also per-
formed direct detection of viral RNA from clinical and autopsy samples by reverse
transcription-PCR (RT-PCR). The sensitivity of RT-PCR is higher than that of virus
isolation using RD-SCARB2 cells. Viral RNA was detected in all samples positive for viral
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isolation (Fig. 3). The samples positive for virus isolation and/or viral RNA detection are
indicated by colored boxes in Fig. 3.

Virus and viral RNA were detected in throat swabs at 1 and/or 4 dpi in the monkeys
inoculated with Isehara-E, C7-E, and C7-G. Virus and/or viral RNA was detected in rectal
swabs at 1 dpi and later in the monkeys inoculated with Isehara-E, C7-E, or C7-G. Virus
and/or viral RNA was not detected in throat or rectal swabs of monkeys inoculated with
Isehara-G. Transient viremia was detected at 1 and/or 4 dpi in monkeys infected with
all viruses (Fig. 3A).

We detected virus and/or viral RNA in various autopsy samples more frequently from
monkeys inoculated with Isehara-E and C7-E than from monkeys inoculated with
Isehara-G and C7-G, respectively (Fig. 3B). Notably, among VP1-145E-inoculated mon-

FIG 1 Experimental infection of cynomolgus monkeys with VP1-145 mutants and time course of clinical
observations. (A) Experimental schedule. Monkeys were intravenously inoculated with 1 ml of virus
solution containing 106 TCID50 of VP1-145G or VP1-145E virus at day 0, and the clinical manifestations
were observed daily for 10 days. Under anesthesia, clinical samples were collected on indicated days, and
postmortem tissue samples were collected at 10 dpi. (B) Monkeys 5212, 5213, 5214, and 5215 were
inoculated with Isehara-G and monkeys 5216, 5217, 5218, and 5219 with Isehara-E. (C) Monkeys 5254,
5255, and 5256 were inoculated with C7-G and monkeys 5257, 5258, and 5220 with C7-E.
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keys, the monkeys with clinical signs and histopathological changes (5217, 5218, 5257,
and 5220) retained detectable amounts of viral RNA in their CNS, whereas the other
monkeys did not. These results indicate that VP1-145E viruses are more virulent than
VP1-145G viruses as judged by clinical manifestation, histopathological changes, and
virus recovery.

In vivo genetic stability of VP1-145 viruses. To elucidate the genetic stability of
the viruses, we determined the VP1 sequences of all the samples in which viral RNA was
detected (Fig. 3). We found some mutations in the recovered viral sequences, and the
samples with mutations are indicated with the numbers in the boxes in Fig. 3.
Interestingly, a G-to-E mutation was found at VP1-145 (Fig. 3 and Table 1, viruses 1 and
2) in all 11 samples from monkeys inoculated with Isehara-G. In addition to this
mutation, VP1-77 Glu-to-Gly, VP1-150 Leu-to-Ser, and VP1-243 Ser-to-Pro mutations
were found in the pons of monkey 5212 (Fig. 3 and Table 1, virus 2). In all samples
recovered from monkeys that had been inoculated with Isehara-E, VP1-145 did not
change. In samples recovered from monkeys 5218 and 5219, we found a VP1-19
Ala-to-Ser mutation (Fig. 3 and Table 1, virus 3).

FIG 2 Histopathological comparison of CNS tissues in EV71-inoculated monkeys. (A) Distribution of
EV71-induced lesions. Postmortem CNS tissues at 10 dpi from monkeys inoculated with Isehara or
C7/Osaka are shown. Filled triangles and circles indicate viral antigen-positive and neuronal damage,
respectively. The gray areas show inflammation in the parenchyma and the meninges of the CNS. (B)
Histopathological findings in spinal cord. Typical histopathological changes in the spinal cords of
VP1-145E-inoculated groups are shown. Upper panels, histology of the lumbar part of the spinal cord of
a monkey inoculated with Isehara-G (monkey 5215) and monkeys inoculated with Isehara-E (5217 and
5218) or C7-E (5257 and 5220), stained using H&E. Lower panels, higher magnifications of the boxes in
the anterior horns in the upper panels. Prominent inflammatory infiltrations are indicated by arrowheads.
Neuronal degenerations were seen in the anterior horns of the spinal cords within the lesion (arrows).
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In samples inoculated with C7-G, viral RNA in the throat swab, rectal swab, and
serum samples at 1 dpi did not contain any mutations (Fig. 3A). However, viral RNA in
the rectal swab and serum of monkey 5255 at 4 to 7 dpi had a G-to-E substitution at
VP1-145 (Fig. 3A and Table 1, virus 4). VP1-145 of all samples recovered from C7-E-
inoculated monkeys was unchanged. We detected partial substitution of VP1-148 Pro
to Leu and VP1-233 Phe to Leu in monkeys 5257 and 5258 (Fig. 3 and Table 1, viruses
5 and 6).

Importantly, E at VP1-145 did not change in VP1-145E-inoculated groups but
VP1-145E variants emerged in the monkeys inoculated with VP1-145G viruses after 1

FIG 3 Schematic illustration of EV71 detection. Virus isolation and viral RNA detection from clinical
samples and autopsy samples are summarized. The VP1 region of the viral RNA was amplified, and the
sequence was determined. The samples positive for virus isolation and viral RNA with G at VP1-145 are
indicated by blue. The samples positive for virus isolation and viral RNA, or viral RNA alone, with E are
indicated by red and pink, respectively. The numbers in the boxes indicate the samples containing
mutations in the VP1 region, which are summarized in Table 1.
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dpi. These results indicated that VP1-145E is more stable than VP1-145G in cynomolgus
monkey and that a strong selection pressure for G-to-E mutation at VP1-145 operates
in vivo.

Induction of circulating cytokines. Innate immune responses, including type I
interferon (IFN) and proinflammatory cytokines, play important roles in host defense
against viral infection. Before comparison of innate immune responses in the monkey,
we verified type I IFN production in cultured monkey cells. We infected COS7 cells with
VP1-145 variants and measured amounts of IFN-�2 in culture supernatants by enzyme-
linked immunosorbent assay (ELISA). Under this condition, IFN-�2 was not detected in
the supernatant of mock-infected COS7 cells (Fig. 4A and B). Similar levels of IFN-�2
were detected in culture supernatants of both VP1-145G- and VP1-145E-infected cells
(Fig. 4A and B), suggesting that both VP1-145G and VP1-145E have IFN-inducing activity
in monkey cells in vitro. We measured serum IFN-�2 levels and cytokines using ELISA
following inoculations with VP1-145G and VP1-145E viruses. A significant increase in
serum IFN-�2 level was observed at 4 or 7 dpi in all monkeys inoculated with Isehara-E
or C7-E (Fig. 4C and D). In contrast, an increase in serum levels of IFN-�2 was not
evident in monkeys inoculated with Isehara-G or C7-G (Fig. 4C and D). These results
indicated that innate immune systems were induced from 4 dpi in VP1-145E-inoculated
groups but not in VP1-145G-inoculated groups under these experimental conditions.
We conclude that infection with VP1-145E viruses progresses more extensively than
that with VP1-145G viruses.

We also compared the serum levels of IFN-�, tumor necrosis factor alpha (TNF-�),
granulocyte colony-stimulating factor (G-CSF), and interleukin-6 (IL-6) during EV71
infection using a multiplex cytokine assay system (Fig. 4E and F). Significant increases
in serum levels of IFN-�, TNF-�, and G-CSF were observed at 7 to 10 dpi in monkey 5217
in the Isehara-E-inoculated group and in monkeys 5257 and 5220 in the C7-E-
inoculated group, all of which showed tremors and pathological changes (Fig. 4C and
F). In contrast, no increase in serum levels of the cytokines was observed in monkeys
inoculated with Isehara-G or C7-G viruses (Fig. 4E and F).

In summary, the induction of innate immune responses after infection with VP1-
145E and VP1-145G viruses was different. VP1-145E viruses can be detected more
frequently and in more tissues than VP1-145G viruses, suggesting that they disseminate
more widely. The strong cytokine secretions may be induced in response to progressive
infection by VP1-145E viruses.

Distribution of HS in cynomolgus monkeys. We hypothesized that HS acts as a
decoy to specifically adsorb VP1-145G viruses (28). The results above suggested that
this hypothesis is also true in cynomolgus monkeys. To test this, we examined the
distributions of HS and SCARB2 in the livers, kidneys, and spinal cords of monkeys 5212
and 5254 (Fig. 5). In all tissues, HS was strongly expressed on vascular epithelial cells,
where SCARB2 expression was undetectable (Fig. 5). In the liver, HS was detected
mainly in sinusoidal endothelial cells and vascular endothelial cells, while SCARB2 was
highly expressed in hepatocytes (Fig. 5A and B). In the kidney, HS was expressed in

TABLE 1 Mutations in VP1 regions of recovered viral genomes from EV71-infected
monkeys

No. in Fig. 3 Inoculated virus Nucleotide mutation Amino acid mutation

1 Isehara-G 2873 G ¡ A VP1-145 G ¡ E
2 Isehara-G 2671 A ¡ G VP1-77 E ¡ G

2873 G ¡ A VP1-145 G ¡ E
2890 T ¡ C VP1-150 L ¡ S
3168 T ¡ C VP1-243 S ¡ P

3 Isehara-E 2496 G ¡ T VP1-19 A ¡ S
3143 G ¡ A VP1-234 S ¡ S

4 C7-G 2876 G ¡ A VP1-145 G ¡ E
5 C7-E 2885 C ¡ C and T (mixed) VP1-148 P ¡ P and L (mixed)
6 C7-E 3139 T ¡ T and C (mixed) VP1-233 F ¡ F and L (mixed)
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vascular endothelial cells, renal tubules, and basement membranes surrounding renal
tubules, whereas SCARB2 was expressed mainly in renal tubules (Fig. 5C and D). In the
spinal cord, SCARB2 was expressed in neuronal cells but not in the vascular endothelial
cells (Fig. 5E and F). Therefore, HS is not expressed at high levels in SCARB2-positive
neuronal cells. The distributions of HS and SCARB2 in monkeys are similar to those in
hSCARB2 tg mice (28), suggesting that the HS attachment receptor does not contribute
to productive infection mediated by SCARB2 in neuronal cells in vivo.

Production of neutralizing antibody against EV71. Serum neutralizing antibodies
play an important role in preventing enterovirus infection and clinical symptoms (1,
35–37). We therefore examined whether the ability of VP1-145G and VP1-145E to
induce neutralizing antibodies differs after intravenous infection. We initially used
microneutralization assays to determine the neutralizing titer of the monkey sera (38).
However, it was difficult to determine the endpoint of serum dilution because dose
dependency was not clear. When we used Isehara-E or C7-E viruses as challenge viruses,
we often found that cells that had been challenged with viruses mixed with a higher
concentration of antiserum were not protected, whereas those that had been chal-
lenged with viruses with a lower concentration of the antiserum were protected. This
phenomenon was observed when we performed microneutralization assays using
several EV71 VP1-145E strains (data not shown). We suspected nonspecific virus ag-
gregation. However, neither sonication nor nonionic detergent treatment (39) of the
challenge viruses improved the situation (data not shown). These results suggested

FIG 4 Serum cytokine levels in the inoculated monkeys. (A and B) Production of IFN-�2 in culture supernatant of COS7 cells infected with VP1-145 variants of
the Isehara (A) or C7/Osaka (B) strain was analyzed using ELISA. The means � standard error for the two experiments are shown. (C and D) Serum levels of
IFN-�2 collected from the monkeys inoculated with the Isehara (C) or C7/Osaka (D) strain were analyzed using ELISA. (E and F) Serum levels of the cytokines
IFN-�, TNF-�, G-CSF, and IL-6 in the monkeys inoculated with the Isehara (E) or C7/Osaka (F) strain were analyzed using Luminex 200. Serum cytokine levels,
collected at 0 (preinoculation) and 1, 4, 7, and 10 dpi, from the VP1-145G virus-inoculated group are indicated in blue, and those from the VP1-145E
virus-inoculated group are indicated in red.
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that aggregation is not the main factor contributing to this phenomenon and that
VP1-145E viruses are relatively resistant to neutralizing antibodies and cannot be
completely neutralized with a large amount of antibody. We therefore decided to
determine the neutralizing titer by a plaque reduction neutralization test (PRNT) using
VP1-145G and VP1-145E viruses as challenge viruses. We defined the neutralizing titer
as the highest dilution at which plaque number reduction is more than 80%. In
monkeys inoculated with Isehara-G and Isehara-E, neutralizing antibodies against
Isehara-G appeared from 4 dpi (1:4 to 1:16), and the titer increased until 10 dpi (1:16 to
1:256) (Fig. 6A, versus Isehara-G). Neutralizing antibodies were also detected at 4 dpi
and beyond when Isehara-E was used as the challenge virus, but the titers were much
lower than those measured when Isehara-G was used as the challenge virus (Fig. 6A,
versus Isehara-E). Similar results were obtained in the C7 virus-inoculated group (Fig.
6B). Both VP1-145G and VP1-145E viruses elicited similar levels of neutralizing antibod-
ies with similar kinetics. These results suggested that infection by both VP1-145G and
VP1-145E viruses was successful enough to elicit neutralizing antibodies and that the
abilities of the two variants to induce neutralizing antibodies are not significantly

FIG 5 HS expression in cynomolgus monkeys. Serial tissue sections of liver (A and B), kidney (C and D), and
spinal cord (E and F) prepared from monkeys 5215 and 5254 were stained using H&E (A, C, and E) or
subjected to immunofluorescence staining with anti-HS (red) and anti-hSCARB2 (green) (B, D, and F). Nuclei
are stained with DAPI (blue). Blood vessels are indicated with asterisks (A to F). Sinusoidal endothelium
(arrowheads in panels A and B), renal tubules (arrowheads in panels C and D), glomeruli (arrows in panels
C and D), and neuronal cells (arrowheads in panels E and F) are labeled. The area surrounding the renal
tubules marked by a dashed box in D is enlarged in the inset. Scale bars indicate 50 �m.
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different. However, the neutralizing antibody titer against VP1-145E viruses was lower
than that against VP1-145G viruses; thus, Isehara-E and C7-E seem to be more resistant
to neutralizing antibodies.

Different resistant properties of EV71 strains to neutralizing antibodies. To
compare the resistance of VP1-145 variants in Isehara (subgenogroup C2), C7/Osaka
(subgenogroup B4), and SK-EV006 (subgenogroup B2) backgrounds to neutralizing
antibodies, we performed PRNT using three antibodies, �-1095, �-Y90-3205, and
MAB979. These antibodies were chosen because they can be used to test the effects of
a variety of epitopes that are homotypic or heterotypic with respect to VP1-145
variation and subgenogroup. We determined the 80% neutralization dose (ND80) of
�-1095, �-Y90-3205, and MAB979 against Isehara-G and Isehara-E (Fig. 7A). The ND80 of
antibodies against Isehara-E was significantly higher than that of antibodies against

FIG 6 Neutralization titer in sera of monkeys inoculated with the Isehara (A) or C7/Osaka (B) strain of
EV71. Serum samples were 4-fold serially diluted (1:4 to 1:256), and PRNT was performed using
corresponding VP1-145G and VP1-145E viruses as challenge viruses. The highest serum dilution that
achieved more than 80% plaque reduction was defined as the neutralizing titer. The neutralizing titers
against VP1-145G and VP1-145E are shown in the left (versus VP1-145G) and right (versus VP1-145E)
panels, respectively.
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Isehara-G for all three different antibodies. Similar results were observed in C7/Osaka
and SK-EV006 backgrounds (Fig. 7B and C). �-1095 is a rabbit polyclonal antibody raised
against EV71-1095/Shiga (subgenogroup C2, VP1-145G), �-Y90-3205 is a rabbit poly-
clonal antibody against EV71-Y90-3205 (subgenogroup B2,VP1-145E), and MAB979 is a
mouse anti-VP2 monoclonal antibody. The �-1095 and �-Y90-3205 antisera neutralized
all three viruses belonging to homo- and heterotypic subgenogroups, suggesting that
the neutralization observed in this experiment was not subgenogroup specific. The
�-1095 antiserum should contain VP1-145G-specific antibodies as well as antibodies to
epitopes in common to VP1-145E and VP1-145G variants, while the �-Y90-3205 anti-

FIG 7 Neutralization sensitivity of VP1-145G and VP1-145E viruses. Dose-response neutralization profiles were generated by incubating VP1-145 variants of
Isehara (A), C7/Osaka (B), or SK-EV006 (C) with serial dilutions of �-1095 rabbit antiserum, �-Y90-3205 rabbit antiserum, or MAB979 mouse monoclonal antibody
for 2 h at 37°C, followed by plaque assay. The number of plaques was counted, and the resulting data were fit by nonlinear regression to determine the ND80.
Error bars represent the standard error from two experiments. Dashed lines indicate the ND80. The means of ND80 � standard error against VP1-145G and
VP1-145E are shown in blue and red, respectively, below each panel. The significance of differences between ND80 against the VP1-145G and VP1-145E viruses
was determined using Student’s t test, and P values are indicated by asterisks (*, P � 0.5; **, P � 0.05).
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serum should contain VP1-145E-specific antibodies and antibodies to common
epitopes. The �-1095 antiserum neutralized homotypic VP1-145G viruses more effi-
ciently than VP1-145E viruses. However, the �-Y90-3205 antiserum also neutralized
heterotypic VP1-145G viruses more efficiently than VP1-145E viruses. This asymmetric
cross-neutralization of the VP1-145G virus by the serum raised against VP1-145E virus
suggested that the neutralization of the VP1-145G viruses by �-Y90-3205 antiserum
was not due to VP1-145G strain-specific antibody but was due to antibodies common
to both variants. Furthermore, MAB979 also neutralized VP1-145G viruses more effi-
ciently than VP1-145E viruses. The results suggested that VP1-145E viruses are more
resistant to neutralization than VP1-145G viruses irrespective of the antisera. Of note,
the VP1-145E viruses were not completely neutralized even at the lowest dilution.
These results indicated that VP1-145E viruses are more resistant to three different
antibodies than VP1-145G viruses, suggesting that VP1-145E viruses have better sur-
vival chances in the presence of neutralizing antibodies.

DISCUSSION

To reveal how VP1-145 residues contribute to EV71 pathogenesis, we compared the
virulence of VP1-145G and VP1-145E viruses using cynomolgus monkeys. VP1-145E, but
not VP1-145G, viruses induced neuropathological changes in the CNS and neurological
symptoms (Fig. 1 and 2). Viruses were frequently detected in tissues of monkeys
infected with VP1-145E viruses (Fig. 3). Viruses were less frequently detected in VP1-
145G virus-infected monkeys, and the detected viruses had a G-to-E mutation at
VP1-145 (Fig. 3 and Table 1). VP1-145E viruses induced more extensive innate immune
responses than VP1-145G viruses (Fig. 4). In addition to these results, Kataoka et al.
showed that a non-PB strain (corresponding to VP1-145E) exhibits a more virulent
phenotype than the PB strain (corresponding to VP1-145G) in cynomolgus monkeys
(23). We conclude that VP1-145E viruses have significant advantages in replication and
are more virulent than VP1-145G viruses in a nonhuman primate. Therefore, VP1-145 is
a virulence determinant in a nonhuman primate.

Using an hSCARB2 tg mouse model, Kobayashi et al. (28) found that VP1-145G
viruses bind to HS and that HS is expressed highly in cells that do not express SCARB2.
HSs act as decoys that trap the VP1-145G viruses and prevent their spread in vivo. We
hypothesize that this is a major mechanism of VP1-145G virus attenuation. Isehara-G
viruses were not detected in throat swabs, rectal swabs, or blood (Fig. 3). C7-G viruses
were detected in these clinical samples only at 1 dpi and then disappeared, being
replaced by VP1-145E mutants (Fig. 3 and Table 1). This was probably because VP1-
145G virus was adsorbed by HS as predicted from the results with hSCARB2 tg mice. HS,
but not SCABR2, is highly expressed in monkey vascular endothelial cells. Infection of
these cells is considered to be abortive. Renal tubules in the kidney are positive for both
HS and SCARB2. However, these cells are not permissive for EV71 infection for a number
of reasons, including the type I interferon response, as suggested by our previous work
on poliovirus (40). It is clear that HS expression does not contribute to infection in
neurons. Since the distributions of HS and SCARB2 are similar in hSCARB2 tg mice
and cynomolgus monkeys (Fig. 5), the hypothesis may be applicable to other
primate models and humans. Similar attenuation mechanisms have been reported
for many other viruses (41–53). However, this is, to our knowledge, the first report
using nonhuman primates.

VP1-145E viruses are more resistant to two different polyclonal antibodies than
VP1-145G viruses We believe that this difference is not due to strain- or subgenogroup-
specific antibodies dominantly present in the sera. Supporting this idea, VP1-145E
viruses are also more resistant to the monoclonal antibody MAB979, which recognizes
an epitope in VP2 conserved among the EV71 strains (54) (Fig. 7). Substitution of
VP1-145 affects sensitivity to MAB979 (Fig. 7). While we are not certain why variations
at VP1-145 affect antibody resistance, one possibility is that VP1-145 amino acid
substitution induces allosteric structural alteration of a number of epitopes on the
virion and changes sensitivity to neutralizing antibodies. A previous study using
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dengue virus showed that a single point mutation in the envelope protein affects
sensitivity to a monoclonal antibody by changing the conformation of an epitope in
another domain of the protein (55). In the case of norovirus, substitution of an amino
acid located outside the epitope affects sensitivity to neutralizing antibodies (56, 57).
Thus, VP1-145 of EV71 might be a key residue not only for surface charge around the
5-fold axis of the virion but also for the structural properties of the whole virion. We
found that relatively high concentrations of antisera failed to neutralize the VP1-145E
viruses completely (Fig. 7). When we performed microneutralization assays using
VP1-145E viruses, neutralization was sometimes successful in some wells but not in
other wells in the microplates due to the residual viruses. This may be the reason why
endpoint of dilution was not clearly determined.

When monkeys are immunized with an attenuated strain of EV71, they produce
sufficient amounts of neutralizing antibodies and are protected from challenge by
VP1-145E strains (58). This result indicates the importance of neutralizing antibodies in
clearing the infecting virus. In this study, the monkeys inoculated with EV71 began to
produce neutralizing antibodies at 4 dpi before the onset of the clinical symptoms (Fig.
6). At the same time, VP1-145G viruses disappeared (Fig. 3). However, VP1-145E viruses
were excreted in the feces and entered into the CNS even in the presence of neutral-
izing antibodies at 4 to 10 dpi (Fig. 3), suggesting that the VP1-145E viruses continued
to replicate in the presence of low levels of neutralizing antibodies. VP1-145E viruses
were more resistant to neutralizing antibodies than VP1-145G viruses in PRNTs (Fig. 7).
This phenomenon was not specific to Isehara, C7/Osaka, or SK-EV006 strains. The
resistance of other virulent EV71 strains, which are virulent in hSCARB2 tg mice, to
neutralizing antibodies was also observed (data not shown). It is possible that a small
amount of neutralizing antibody raised in the early phase of infection is not sufficient
to block the dissemination of VP1-145E viruses. In addition to differences in HS
adsorption, the different resistance of the VP1-145 variants to neutralizing antibodies
might be another reason for the differences in in vivo viral fitness and EV71 neuroviru-
lence.

In summary, VP1-145 influences the usage of attachment receptors. VP1-145G/Q
viruses can use HS as an attachment receptor. VP1-145 may also influence the three-
dimensional structure of the whole virion. Finally, VP1-145E viruses are resistant to
neutralizing antibodies. Thus, VP1-145 is a key amino acid residue that determines EV71
virulence through these mechanisms.

MATERIALS AND METHODS
Ethics statement. Animal experiments were conducted in compliance with Japanese legislation (Act

on Welfare and Management of Animals, 1973, revised in 2012) and guidelines under the jurisdiction of
the Ministry of Education, Culture, Sports, Science and Technology, Japan (Fundamental Guidelines for
Proper Conduct of Animal Experiments and Related Activities in Academic Research Institutions, 2006).
Animal care, housing, feeding, sampling, observation, and environmental enrichment were performed in
accordance with the guidelines. Every possible effort was made to minimize suffering. The protocols of
animal experiments were approved by the committee of biosafety and animal handling and the
committee of ethical regulation of the National Institute of Infectious Diseases, Japan (authorization
number 515001). Each animal was housed in a separate cage, received standard primate feed and fresh
fruit daily, and had free access to water at the National Institute of Infectious Diseases, Japan. Animal
welfare was observed on a daily basis. Sampling procedures were conducted under anesthesia (10 mg/kg
ketamine intramuscularly). Animals were sacrificed under excess anesthesia.

Cells. Vero, RD-A, and COS7 cells were maintained in Dulbecco’s modified Eagle’s medium (DMEM)
(Nissui) supplemented with 5% fetal bovine serum (FBS). Generation of RD-SCARB2 cells was as described
in the accompanying paper (28). RD-SCARB2 cells were cultured in DMEM supplemented with 5% FBS
and 1 �g/ml puromycin.

Viruses. Preparation of VP1-145 variants based on the Isehara, C7/Osaka, and SK-EV006 viruses
(Isehara-E, Isehara-G, C7-G, C7-E, SK-G, and SK-E) was as described in the accompanying paper (28). Viral
titers were determined by a microtitration assay using 96-well plates and Vero cells, as previously
described (59). Viral titers were expressed as 50% tissue culture infectious dose (TCID50).

Animals. Fourteen male cynomolgus macaques (Macaca fascicularis) imported from the Philippines
were used in this study. All monkeys were 3 years old. The average weight was 4.2 kg (range, 2.6 to 5.16
kg). All procedures were performed in a biosafety level 2 containment facility. Serological testing
revealed that all animals used in this study were free from infection with EV71.
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Inoculations. Eight monkeys were divided into two groups; one group received Isehara-G inocula-
tions (monkeys 5212, 5213, 5214, and 5215), and the other group received Isehara-E inoculations
(monkeys 5216, 5217, 5218, and 5219). The other six monkeys were divided into two groups; one group
received C7-G inoculations (monkeys 5254, 5255, and 5256), and the other group received C7-E
inoculations (monkeys 5257, 5258, and 5220). Virus inoculation and sampling procedures were con-
ducted under anesthesia (10 mg/kg ketamine intramuscularly). Before inoculation of virus (0 dpi),
manifestations were observed under anesthesia, including HFMD-like symptoms such as blisters within
the oral cavity, on the palms, and on the soles of the feet, and whole blood, throat swab, and rectal swab
samples were collected. One milliliter of EV71 virus solution containing 106 TCID50 of virus was
intravenously inoculated into the right tibial vein. Following inoculation, monkeys were observed daily
for 10 days to assess neurological manifestations. Clinical manifestations were observed in more detail
under anesthesia for HFMD-like symptoms at 1, 4, 7, and 10 dpi. Whole blood, throat swab, and rectal
swab samples were collected at these times for virological and immunological analyses (Fig. 1).

Monkeys were sacrificed under deep anesthesia at 10 dpi, and various parts of the CNS, main organs,
and lymph nodes were collected for histopathological and virological analyses. Ten percent (wt/vol)
homogenates of collected tissues were prepared in DMEM containing 5% FBS with MagNA Lyzer (Roche
Life Science) before centrifugation at 10,000 � g for 5 min at 4°C to remove tissue debris. The
supernatants were used for virus isolation in RD-SCARB2 cells and RNA extraction for viral RNA detection.

Histopathology and immunohistochemistry. Brain and spinal cord samples were fixed in 10%
formalin in PBS and embedded in paraffin. Paraffin-embedded sections were stained with hematoxylin
and eosin (H&E). Immunohistochemical detection of the EV71 antigen was performed on paraffin-
embedded sections using a labeled streptavidin-biotin method (Dako Denmark A/S). For antigen
retrieval, sections were heated to 121°C for 10 min in an autoclave with 10 mM citrate buffer solution (pH
6.0). A polyclonal antibody raised against denatured virus particles of EV71-1095/Shiga (subgenogroup
C2) was used as the primary antibody (33). Peroxidase activity was detected with 3,3-diaminobenzidine
(Sigma-Aldrich), and sections were counterstained with hematoxylin.

Virus isolation. For virus isolation, RD-SCARB2 cells inoculated with clinical sample preparations or
tissue homogenates were observed for CPEs for 1 week, and then blind passage was performed for
CPE-negative samples after freeze-thawing of the first-round passage. If no CPEs were observed during
first- and second-round cultures, the result of virus isolation was recorded as negative.

Viral RNA detection and sequencing. Before RNA extraction, swab samples were centrifuged at
2,000 rpm for 3 min, and the supernatants were used for RNA extraction. Viral genomic RNA was
extracted from clinical samples or 10% tissue homogenates of autopsy samples using the HighPure viral
RNA purification kit (Roche Life Science). Reverse transcription-PCR (RT-PCR) was performed using the
PrimeScript II one-step RT-PCR kit (TaKaRa Bio). Nested PCR was performed using TaKaRa Taq Hot Start
version (TaKaRa Bio). PCR products were purified using a PCR purification kit (Qiagen). The full length of
the VP1 sequence was analyzed using the primers listed in Table 2.

Cytokine and chemokine analyses. To examine production of IFN-�2 in COS7 cells, 105 COS7 cells
were infected with VP1-145 variants at 105 TCID50 (measured using Vero cells). After 48 h postinfection,
culture supernatants were collected and stored at �80°C. IFN-�2 concentrations in culture supernatant
or monkey serum were analyzed using the Cynomolgus/Rhesus IFN Alpha ELISA kit (PBL). Serum cytokine
concentrations were analyzed using Cytokine Monkey Magnetic 29-Plex panels (Life Technologies) on a
Luminex 200 (Luminex).

Immunofluorescence staining of monkey tissues. Paraffin-embedded sections of cynomolgus
monkeys were stained as described by Kobayashi et al. (28). Briefly, following the retrieval reaction at
121°C for 10 min in a 10 mM sodium citrate solution at pH 6.0, slides were blocked with 5% bovine serum
albumin (BSA) in PBS at room temperature for 1 h. A goat anti-SCARB2 antibody (R&D Systems; 1:200
dilution) and mouse IgM anti-HS antibody F58-10E4 (Amsbio; 1:200 dilution) or isotype control mouse
IgM MM-30 (BioLegend; 1:200 dilution) were incubated with the sections overnight at 4°C, followed by

TABLE 2 Primers for viral RNA detection and sequencing

Reaction Name Strand Sequence

RT-PCR con-2211F Forward 5=-ACCCTTGTAATACCATGGATCAGC-3=
DG-3393R Reverse 5=-CACCCGTTGAADTCYCACCARTTGGCG-3=

Second PCR Ise-2317F Forward 5=-TACGTGGTTCCAATTGGGGCACC-3=
Ise-3391R Reverse 5=-GGCGGTTAACCACTCTAAAGTTGCCCAC-3=
C7-2328F Forward 5=-TCCAATTGGGGCACCCAACA-3=
C7-3345R Reverse 5=-GCCGAACTTTCCAAGGGTAGTAAT-3=

Sequencing Ise-2317F Forward 5=-TACGTGGTTCCAATTGGGGCACC-3=
C7-2328F Forward 5=-TCCAATTGGGGCACCCAACA-3=
DG-2757F Forward 5=-GCHAAYTGGGAYATAGACATAAC-3=
DG-3046F Forward 5=-GGTTTTAYGACGGRTAYCC-3=
DG-2780R Reverse 5=-CCDGTTATGTCTATRTCCC-3=
DG-3046R Reverse 5=-GGRTAYCCGTCRTAAAACC-3=
C7-3345R Reverse 5=-GCCGAACTTTCCAAGGGTAGTAAT-3=
Ise-3391R Reverse 5=-GGCGGTTAACCACTCTAAAGTTGCCCAC-3=
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incubation with Alexa Fluor 488-conjugated donkey anti-goat IgG (Molecular Probes; 1:500 dilution) and
Cy3-conjugated goat anti-mouse IgM (Jackson ImmunoResearch; 1:500 dilution) for 1 h at 37°C, respec-
tively. The sections were mounted in Vectashield with DAPI (4=,6=-diamidino-2-phenylindole) (Vector
Laboratories), and images were captured using a fluorescence microscope (BZ-X700; Keyence).

PRNT. Serum samples were serially diluted in DMEM containing 5% FBS. The EV71 stock was diluted
to a concentration of 500 PFU/100 �l, and then 100 �l of diluted serum was mixed with 100 �l of EV71
solution in 96-well plates and incubated for 2 h at 37°C. Following incubation, 200 �l of serum-virus
mixtures was transferred to 6-well plates containing 106 RD-A cells and incubated for 1 h at 37°C. After
incubation, serum-virus mixtures were removed, and RD-A cells were overlaid with minimum essential
medium (MEM) containing 5% FBS and 1.2% methylcellulose. Neutralization titers were determined as
the highest serum dilution that reduced the plaque number to less than 20% of the original number.
Anti-EV71-1095/Shiga (subgenogroup C2) rabbit antiserum (�-1095 antiserum) was generated previously
(33). Anti-EV71-Y90-3205 (subgenogroup B2) rabbit antiserum (�-Y90-3205 antiserum) was generated as
follows. Y90-3205 was prepared as described previously (60). Virus was inactivated with 0.37% formalin
at 37°C for 2 h. A rabbit (New Zealand White, specific pathogen free, 11-week-old female; Kumagai-
shigeyasu Co., Ltd.) was subcutaneously injected with 1.6 ml virus fluid (approximately 107 to 108 TCID50)
with the same volume of Freund incomplete adjuvant (Difco Laboratories) at an interval of 1 week. Three
weeks after the fourth immunization, the rabbits were boosted by one subcutaneous injection of the
virus with the adjuvant. Serum samples were collected 1 week later and stored at �70°C after heat
inactivation (56°C for 30 min). Anti-VP2 monoclonal antibody MAB979 was purchased from Millipore.
These antibodies were used for comparison of sensitivity to neutralizing antibodies. The ND80 for each
neutralizing antibody was calculated by nonlinear regression analysis using Prism software (GraphPad
Software).
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