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Human scavenger receptor class B, member 2 (SCARB2), and P-selectin glycoprotein ligand-1 (PSGL1) have been identified to be
the cellular receptors for enterovirus 71 (EV71). We compared the EV71 infection efficiencies of mouse L cells that expressed
SCARB2 (L-SCARB2) and PSGL1 (L-PSGL1) and the abilities of SCARB2 and PSGL1 to bind to the virus. L-SCARB2 cells bound
a reduced amount of EV71 compared to L-PSGL1 cells. However, EV71 could infect L-SCARB2 cells more efficiently than
L-PSGL1 cells. The results suggested that the difference in the binding capacities of the two receptors was not the sole determi-
nant of the infection efficiency and that SCARB2 plays an essential role after attaching to virions. Therefore, we examined the
viral entry into L-SCARB2 cells and L-PSGL1 cells by immunofluorescence microscopy. In both cells, we detected internalized
EV71 virions that colocalized with an early endosome marker. We then performed a sucrose density gradient centrifugation
analysis to evaluate viral uncoating. After incubating the EV71 virion with L-SCARB2 cells or soluble SCARB2 under acidic con-
ditions below pH 6.0, we observed that part of the native virion was converted into an empty capsid that lacked both genomic
RNA and VP4 capsid proteins. The results suggested that the uncoating of EV71 requires both SCARB2 and an acidic environ-
ment and occurs after the internalization of the virus-receptor complex into endosomes. However, the empty capsid formation
was not observed after incubation with L-PSGL1 cells or soluble PSGL1 under any of the tested pH conditions. These results in-
dicated that SCARB2 is capable of viral binding, viral internalization, and viral uncoating and that the low infection efficiency of
L-PSGL1 cells is due to the inability of PSGL1 to induce viral uncoating. The characterization of SCARB2 as an uncoating recep-
tor greatly contributes to the understanding of the early steps of EV71 infection.

Enterovirus 71 (EV71) belongs to the genus Enterovirus within
the family Picornaviridae (1). The virus contains positive-

sense RNA surrounded by an icosahedral capsid assembled from
60 copies of the four structural proteins VP1, VP2, VP3, and VP4
(2–4). VP1, VP2, and VP3 create a canyon on the viral surface (3,
4) that is the site of attachment to the cellular receptor on many
enteroviruses (5). The first report of EV71 isolation was in patients
with neurological diseases, including fatal encephalitis and aseptic
meningitis, in California from 1969 to 1972 (6). Later studies re-
ported that EV71 was a causative agent of hand, foot, and mouth
disease (HFMD) in young children and infants (7, 8). The clinical
symptoms of HFMD due to EV71 are generally mild and self-
limiting; however, EV71 occasionally causes severe neurological
diseases, such as brainstem encephalitis and acute flaccid paralysis
(9). Recently, epidemic outbreaks of neurovirulent EV71 have
been reported mainly in Southeast and East Asia, including Tai-
wan, Malaysia, Singapore, Japan, and China (10–15). From 2008
to 2011, the epidemic outbreaks of EV71 in China resulted in
approximately 1,900 fatal cases (16). In 2011, the epidemic in
Vietnam resulted in 98 fatal cases (http://www.wpro.who.int
/vietnam/media_center/press_releases/hfmd_pr.htm).

Two molecules— human scavenger receptor class B, member 2
(SCARB2; also known as lysosomal integral membrane protein II
or CD36b like-2) (17), and human P-selectin glycoprotein li-
gand-1 (PSGL1; also known as selectin P ligand) (18)—were re-
ported to be the cellular receptors for EV71. SCARB2 belongs to
the CD36 family and has two transmembrane domains (19). Phys-
iologically, SCARB2 works as the receptor for �-glucocerebrosi-
dase (�-GC) transport from the endoplasmic reticulum to the
lysosome (20, 21) and plays an important role in the maintenance
of lysosomes (19). Mouse cells become susceptible to all tested
EV71 strains when they express human SCARB2 (17, 22). The

binding of SCARB2 to EV71 occurs within the luminal domain of
SCARB2 at amino acids 142 to 204 (23), and amino acids 144 to
151 were demonstrated to be particularly important (24). The EF
loop region of VP1, which lines the wall of the canyon on the viral
surface, was found to be important for binding to SCARB2 (24).
EV71 infection via the SCARB2-dependent pathway was inhibited
by a small interfering RNA (siRNA) treatment against the mole-
cules that are involved in the clathrin-dependent endocytic path-
way and by inhibitors of endosomal acidification (25, 26). In ad-
dition to EV71, coxsackievirus A7 (CVA7), CVA14, and CVA16
have utilized SCARB2 as a receptor for infection (17, 22). PSGL1 is
a sialomucin leukocyte membrane protein that is expressed as a
homodimer of disulfide-linked subunits and can bind to three
different selectins (P, E, and L) (27–29). Physiologically, PSGL1 is
expressed on myeloid cells and stimulated T lymphocytes (30) and
plays a critical role in the tethering and rolling of leukocytes for the
recruitment of these cells from blood vessels into inflamed tissues
(30). Several EV71 strains (PSGL1-binding strain EV71-PB) bind
to PSGL1, but other strains (PSGL1-nonbinding strain EV71-
non-PB) do not (18). The binding of EV71-PB to PSGL1 requires
tyrosine sulfations at the N-terminal region of PSGL1 (31). Mouse
cells that express PSGL1 are susceptible only to EV71-PB and
CVA16 (18). However, the transgenic expression of PSGL1 in
mice failed to confer susceptibility to EV71 in vivo (32).
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The mode of infection of picornaviruses varies for each type,
and each viral receptor plays a distinct role (33, 34). Poliovirus
(PV) receptor (PVR; also known as CD155) and intercellular ad-
hesion molecule 1 (ICAM-1) are cellular receptors for PV and the
major-group human rhinoviruses (HRVs), respectively (35–39).
These receptors play roles in viral attachment, internalization, and
uncoating (33, 34). The �v�1, �v�3, �v�6, �v�8, and �5�1 in-
tegrins are the receptors for foot-and-mouth-disease virus
(FMDV) (40), and members of the low-density-lipoprotein-re-
ceptor (LDL-R) family are the receptors for the minor-group
HRVs (41). These receptors have roles in viral attachment and
internalization but not in uncoating (33, 34). Several strains of
coxsackievirus B1 (CVB1), CVB3, and CVB5 have two receptors,
coxsackievirus and adenovirus receptor (CAR) (42, 43) and de-
cay-accelerating factor (DAF). CAR plays roles in viral attach-
ment, internalization, and uncoating, just like PVR and ICAM-1
in PV and major-group HRV infections, respectively. DAF can
bind to the virus but cannot initiate uncoating (33, 44–46). The
expression of CAR is sufficient for the establishment of infection
in most cultured cells. However, in polarized epithelial cells, CAR
is not located on the apical surface. DAF provides an initial attach-
ment site on the apical surface, and DAF-mediated signals permit
the virus to interact with CAR in the tight junctions (47).

Conformational alterations for the uncoating of picornavi-
ruses require their respective viral receptor and/or acidic condi-
tions. The uncoating of PV, CVB, and the major-group HRVs is
triggered by their receptors (34, 46, 48, 49). After the binding of
the receptor to the virion, the native virion releases VP4 and be-
comes an A particle at a neutral pH. After A-particle formation,
the A particle releases viral genomic RNA and becomes an empty
capsid. Another typical conformational alteration of the minor-
group HRVs and aphthoviruses, such as FMDV and equine rhini-
tis A virus (ERAV), is triggered by the acidic environment of en-
dosomes (34, 50, 51). Under an acidic pH, the native virion is
converted either into an A particle and then an empty capsid (32)
or into an empty capsid and then pentameric subunits for viral
RNA release (50, 52). The uncoating of HRV type 16 (HRV16) and
HRV14 requires both ICAM-1 and low pH (53).

Studies have reported that both EV71 receptors, SCARB2 and
PSGL1, can promote EV71 infection by acting as viral attachment
factors (17, 18). Recently, Chen et al. evaluated the role of SCABR2
and PSGL1 during uncoating, and they observed a shift in the viral
RNA peak to a more slowly sedimenting fraction in sucrose den-
sity gradient centrifugation after the virion was incubated with
SCARB2 at an acidic pH; this was not observed after incubation
with PSGL1 (24). However, the precise roles of the two receptors
and the mode of uncoating have not yet been reported. In this
study, we compared the infection efficiency of EV71 via the
SCARB2-dependent pathway with the infection efficiency via the
PSGL1-dependent pathway. Additionally, we evaluated the bind-
ing of EV71 to SCARB2 and PSGL1 and the internalization of
EV71 via these receptors. We also evaluated the process of the
conformational alteration of EV71 by these receptors.

MATERIALS AND METHODS
Cells. Rhabdomyosarcoma (RD) cells, Vero cells, and L929 cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM; Sigma) sup-
plemented with 5% fetal bovine serum (FBS) and a penicillin-streptomy-
cin solution (Life Technologies) (5% FBS–DMEM). L cells expressing
SCARB2 (L-SCARB2 cells) and L cells transfected with empty pCAGGS-

PUR vector (L-Empty cells) (17) were cultured in 5% FBS–DMEM sup-
plemented with puromycin (4 �g ml�1; Calbiochem).

Viruses. The EV71 strains SK-EV006/Malaysia/97 (SK-EV006; geno-
group B), BrCr/USA/70 (BrCr; genogroup A), 1095/Japan/97 (1095;
genogroup C), and EV71-GFP, which expresses green fluorescent protein
(GFP) upon viral replication, were used in this study (17, 23, 54). Unless
otherwise noted, we used EV71 strain SK-EV006 as a representative strain
of EV71. The poliovirus strain Mahoney was recovered from the infec-
tious cDNA clone pOM (55).

Plasmids. The cDNA fragment of PSGL1 was amplified from RD cells
by reverse transcription (RT)-PCR with the primers PSGL1-Eco(�) (CA
GAATTCACCATGCCTCTGCAACTCCTCC) and PSGL1-Xho(�) (CA
CACTCGAGCTAAGGGAGGAAGCTGTG), and the PCR product was
inserted into pCAGGS-PUR (56). The resulting construct was designated
pCA-PSGL1.

Establishment of L-PSGL1 cells. L929 cells were transfected with
pCA-PSGL1. After 24 h, the cells were passaged with 5% FBS–DMEM
containing 5 �g ml�1 puromycin for selection. A total of 5 independent
clones of the PSGL1-expressing transformant were tested for susceptibil-
ity to EV71-GFP. All of the PSGL1-expressing transformants were suscep-
tible to EV71-GFP at similar levels. We selected a representative clone
from these 5 clones to be the L cells expressing PSGL1 (L-PSGL1 cells).

Flow cytometry. We performed flow cytometry as previously reported
(17, 57), with some modifications. Briefly, we resuspended L-Empty cells,
L-SCARB2 cells, and L-PSGL1 cells in phosphate-buffered saline
[PBS(�)] (per liter, 8.00 g NaCl, 1.15 g Na2HPO4, 0.20 g KCl, 0.20 g
KH2PO4 [pH 7.4]) containing 0.02% EDTA, stained them with anti-hu-
man LIMPII/SR-B2 goat polyclonal antibody (R&D Systems) or anti-
human CD162 mouse monoclonal antibody (clone KPL-1; BD Pharmin-
gen) followed by Alexa Fluor 488 donkey anti-goat IgG (H�L) or Alexa
Fluor 488 donkey anti-mouse IgG (H�L) (Life Technologies), respec-
tively, and then analyzed the cells on a FACSCalibur flow cytometer (Bec-
ton, Dickinson and Company) with CellQuest Pro software (Becton,
Dickinson).

Single-round infection assay. L-Empty cells, L-SCARB2 cells, and
L-PSGL1 cells were infected with EV71-GFP and incubated for 24 h at
37°C. Images of the cells were acquired using an IX70 microscope (Olym-
pus) and a DP70 charge-coupled-device camera (Olympus) and were an-
alyzed using DP controller software (Olympus). These infected cells were
detached and fixed with 4% paraformaldehyde (PFA). The cells were then
analyzed with a FACSCalibur flow cytometer using CellQuest Pro soft-
ware. The amount of EV71-GFP was chosen so that infected virus pro-
duces approximately 1,000 GFP-positive cells in RD cells under the same
conditions.

Viral growth kinetics. RD cells, L929 cells, L-SCARB2 cells, and L-
PSGL1 cells were infected with EV71 at a multiplicity of infection (MOI)
of 0.01 or 10. After incubation for 1 h at 37°C, the inoculum was removed
and the cells were washed twice with 5% FBS–DMEM. The infected cells
were maintained in 5% FBS–DMEM for 0, 6, 12, 24, 36, or 48 h at 37°C
and then collected. The samples were freeze-thawed 3 times before use.
The viral titers were determined with Vero cells and were expressed as the
50% tissue culture infectious dose (TCID50) according to the Reed-
Muench method (58). After 24 h, the cells that were infected at an MOI of
0.01 or 10 were imaged.

Virus purification. RD cells were infected with EV71 at an MOI of 5.
The cells and media were frozen at 18 h postinfection. After thawing, the
cell debris was removed by centrifugation in an NA-4HS rotor (Tomy) at
10,000 rpm for 20 min at 4°C. The supernatant was layered onto a 1.25-
g/ml and 1.48-g/ml CsCl discontinuous step gradient in PBS(�). The
empty (E) particles and native virions (filled [F] particles) were collected
from a fraction on the 1.25-g/ml CsCl gradient and a fraction between the
1.25-g/ml and 1.48-g/ml CsCl gradients, respectively. The E particles and
F particles were diluted with PBS(�) containing 0.1% bovine serum al-
bumin (BSA) and pelleted by ultracentrifugation in an SW32Ti rotor
(Beckman) at 32,000 rpm for 2 h at 15°C. Each pellet was suspended in
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PBS(�) containing 0.1% BSA and 1% SDS. Each supernatant was layered
onto a 15 to 30% sucrose density gradient in PBS(�) containing 0.1%
BSA and centrifuged in an SW41Ti rotor (Beckman) at 39,000 rpm for 2 h
at 4°C. After fractionation (1 ml/fraction), the fractions that included the
E particles and F particles were collected and pelleted by ultracentrifuga-
tion in the SW41Ti rotor at 39,000 rpm for 2 h at 4°C. The pellets were
suspended in PBS(�) containing 0.1% BSA and used as purified E and F
particles.

To prepare [35S]methionine- and [35S]cysteine-labeled EV71 strains
SK-EV006, BrCr, and 1095 and poliovirus, RD cells were infected with
EV71 or poliovirus at an MOI of 5. At 3 h postinfection, the medium was
changed to methionine- and cysteine-free DMEM (Sigma) containing
[35S]methionine and [35S]cysteine (EasyTag Express35S protein labeling
mix, [35S]-; PerkinElmer). The labeled virus was purified as described
above.

Coimmunoprecipitation assay. A coimmunoprecipitation assay was
performed as previously described (23). Briefly, the purified F particles
were incubated with control Fc (Fc portion of human IgG; 3 �g; R&D
Systems), SCARB2-Fc (0.1, 0.3, 1, or 3 �g; R&D Systems) or PSGL1-Fc
(0.1, 0.3, 1, or 3 �g; R&D Systems), and anti-human IgG (Fc specific)-
agarose (Sigma) in 1 ml of 5% FBS–DMEM for 2 h at 4°C. Then, the beads
were washed twice with 5% FBS–DMEM, suspended in SDS sample buf-
fer, and incubated for 10 min at 95°C. After the beads were removed, the
samples were loaded onto 12% Mini-Protean TGX precast gels (Bio-Rad),
followed by Western blotting with anti-EV71 serum (kindly provided by
H. Shimizu, NIID, Japan) (54) or protein staining using an Oriole fluo-
rescent gel stain (Bio-Rad).

Virus attachment assay. L-Empty cells, L-SCARB2 cells, and
L-PSGL1 cells were mixed with various amounts of purified [35S]methio-
nine- and [35S]cysteine-labeled F particles and incubated for 2 h at 4°C to
allow viral attachment to the cell surface. After two washes with PBS(�)
containing 0.1% BSA, the virus bound to the cells was recovered with
0.5% SDS solution, and the radioactivity was measured using Insta-Gel
Plus liquid scintillation cocktail (PerkinElmer) and an LSC-6100 liquid
scintillation counter (Aloka). The radioactivity of the virus that specifi-
cally bound to the cells was calculated by subtracting the counts obtained
for L-Empty cells from the counts obtained for L-SCARB2 cells or L-
PSGL1 cells.

Observation of internalized EV71 in L-SCARB2 cells and L-PSGL1
cells by indirect immunofluorescence. A total of 2.8 � 104 cells of L-
Empty cells, L-SCARB2 cells, and L-PSGL1 cells were seeded onto 8-well
CultureSlides (BD). Two days after seeding, purified EV71 F particles were
added at an MOI of 300 at 4°C to allow viral attachment to the cell surface
without entry. The cells were then shifted to 37°C (designated time zero).
The cells were washed with PBS(�), fixed in PBS(�) containing 4% PFA
for 5 or 15 min, and washed four times with cold PBS(�) before immu-
nofluorescence processing. The fixed cells were incubated with PBS(�)
containing 0.05% saponin and 5% BSA fraction V (Sigma) to permeate
cells and block nonspecific reactions. The fixed cells were incubated over-
night at 4°C with the following primary antibodies: a 1:1,000 dilution of
the anti-EV71 serum that had been adsorbed with fixed L929 cells and a
1:300 dilution of anti-early endosome antigen 1 (EEA1) goat antibodies
(N-19; Santa Cruz Biotechnology). After being washed with PBS(�), the
cells were then incubated with the secondary antibodies (Alexa Fluor 488
or 568 donkey anti-rabbit or -goat IgG [H�L]; Life Technologies) for 90
min at room temperature. After another PBS(�) wash, the cells were
mounted in Vectashield with DAPI (4=,6-diamidino-2-phenylindole)
mounting medium (Vector Laboratories). The cells were imaged under a
laser-scanning microscope (TCS SP2; Leica Microsystems). The maxi-
mum projection was created using Imaris software (Carl Zeiss, Inc.).

Quantification of viral RNA by real-time RT-PCR. Viral RNA was
extracted using a QIAamp viral RNA minikit (Qiagen), and real-time
RT-PCR was performed as previously described (59, 60), with several
modifications. The viral RNA was assayed in a 20-�l reaction mixture
containing 2 �l of viral RNA using a one-step SYBR PrimeScript Plus

RT-PCR kit (TaKaRa) with the primers EQ-1 (ACATGGTGTGAAGAG
TCTATTGAGCT) and EQ-2 (CCAAAGTAGTCGGTTCCGC). The mix-
tures were subjected to real-time RT-PCR using a LightCycler 480 system
II (Roche) with a reverse transcription step at 42°C for 5 min, followed by
45 cycles at 95°C for 5 s and at 60°C for 20 s. The plasmid pSVA-EV71 (17)
was used as a control for the quantification of the copy number.

Conformation alteration assay in vitro. [35S]methionine- and
[35S]cysteine-labeled EV71 F particles from strain SK-EV006, BrCr, or
1095 (10,000 cpm) were incubated with control Fc (1 �g), SCARB2-Fc (1
�g), or PSGL1-Fc (1 �g) in PBS(�) (pH 7.4) containing 0.1% BSA for 1
h at 4°C. After a pH shift from pH 7.4 to the indicated pH by the addition
of 9 volumes of PBS(�) (at the indicated pH) containing 0.1% BSA, the
mixtures were incubated for 0, 0.5, 1, 2, or 3 h at 37°C, sonicated for 5 min
using a Bioruptor UCD-200TM apparatus (Cosmo Bio), layered onto a 15
to 30% sucrose density gradient in PBS(�) (pH 7.4) containing 0.1%
BSA, and centrifuged in the SW41Ti rotor at 39,000 rpm for 2 h at 4°C.
After fractionation, the radioactivity of each fraction (0.6 ml) was mea-
sured using Insta-Gel Plus and an LSC-6100 liquid scintillation counter.
In several cases, the fractions were pooled and ultracentrifuged in the
SW32Ti rotor at 32,000 rpm for 2 or 3 h at 4°C. The pellets were suspended
in PBS(�) including 0.1% BSA and used to quantify viral RNA or for
autoradiography on a 10 to 20% Tricine gel (Life Technologies), a BAS-IP
MS 2040 phosphorimaging plates (Fujifilm), and a BAS-2500 image scan-
ner (Fujifilm). The EV71 empty capsid was obtained by heating the F
particles for 15 min at 56°C. The condition is previously described as a way
to generate PV empty capsids (61). The polioviruses that were incubated
with 1 �g of PVR-His (R&D systems) or 1 �g of control Fc for 1 h at 37°C
were used as markers of the native virion, A particle, and empty capsid
(48).

Conformation alteration assay in vivo. [35S]methionine- and
[35S]cysteine-labeled EV71 F particles (5 � 105 cpm) were incubated with
2 � 106 L-SCARB2 cells or L-PSGL1 cells in PBS(�) (pH 7.4) containing
0.1% BSA for 2 h at 4°C. After being washed twice with PBS(�) (pH 7.4)
containing 0.1% BSA, the cells were incubated for 0.5, 1, or 2 h at 37°C in
5% FBS–DMEM, lysed with PBS(�) containing 1% Triton X-100, soni-
cated for 5 min using a Bioruptor UCD-200TM apparatus, and centri-
fuged at 20,000 � g for 1 min at 4°C. The supernatants (approximately 6 �
103 and 1 � 104 cpm for L-SCARB2- and L-PSGL1-associated virus, re-
spectively) were layered onto a 15 to 30% sucrose density gradient in
PBS(�) containing 0.1% BSA and centrifuged in the SW41Ti rotor at
39,000 rpm for 2 h at 4°C. After fractionation, the radioactivity of each
fraction (0.6 ml) was measured using Insta-Gel Plus and an LSC-6100
liquid scintillation counter.

RESULTS
Comparison of EV71 infections in L-SCARB2 cells and L-PSGL1
cells. To compare the efficiency of EV71 infection in L929 cells
that expressed SCARB2 and PSGL1, we established L-SCARB2
cells and L-PSGL1 cells that constitutively expressed human SCARB2
and PSGL1, respectively. Then, we confirmed the cell surface expres-
sion of human SCARB2 and human PSGL1 on L-SCARB2 cells and
L-PSGL1 cells by flow cytometry (Fig. 1A). Human SCARB2 and
human PSGL1 were detected on the surfaces of their respective cell
lines. We therefore infected L-Empty cells, L-SCARB2 cells, and L-
PSGL1 cells with an equal amount of EV71-GFP. EV71-GFP, which
has capsid proteins that are identical to those of the EV71-PB strain
SK-EV006/Malaysia/97 (SK-EV006), can enter cells via the SCARB2-
dependent pathway (17, 22) and the PSGL1-dependent pathway
(18). EV71-GFP requires a longer time for a single round of replica-
tion than the wild-type EV71 strain SK-EV006 and does not effec-
tively spread within 24 h (23). The infected cells were observed at 24 h
postinfection (Fig. 1B). GFP-positive cells were not found in the
L-Empty cells. A large number of GFP-positive cells were detected
in L-SCARB2 cells, whereas a small number of GFP-positive cells
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were detected in L-PSGL1 cells. According to the flow cytometric
analysis, the number of GFP-positive L-SCARB2 and L-PSGL1
cells was significantly greater than that of the L-Empty cells (P �
0.0000044 and P � 0.0090, respectively). The number of GFP-
positive cells was significantly greater in the L-SCARB2 cells than
in the L-PSGL1 cells (P � 0.0000049) (Fig. 1C). These results
indicate that SCARB2 and PSGL1 mediate EV71-GFP infection in
L929 cells and that the infection efficiency via the two receptors is
significantly different.

To validate the results that were obtained in the experiments
using EV71-GFP, we examined cytopathic effect (CPE) induction
and viral spread using wild-type EV71. Using L-Empty cells, L-
SCARB2 cells, and L-PSGL1 cells, the growth kinetics of EV71
were evaluated in infections at MOIs of 10 and 0.01 (Fig. 1D and
E). EV71 grew in L-SCARB2 cells as efficiently as in RD cells (Fig.
1D and E). The viral growth in L-PSGL1 cells was better than that
in L929 cells. However, the growth in L-PSGL1 cells was less effi-
cient than that in L-SCARB2 cells and RD cells (Fig. 1D and E).
The viral titer at the last time point in the L-SCARB2 cells was
approximately 100-fold or 10,000-fold higher than the titer that
was obtained in L-PSGL1 cells. EV71 propagated minimally in the
negative-control L929 cells. At 24 h postinfection with an MOI of
10, we observed a clear CPE in all of the L-SCARB2 cells and the
RD cells; however, only a small fraction of the L-PSGL1 cells
showed a CPE (data not shown). In addition, a clear CPE was
observed in L-SCARB2 cells at 24 h postinfection at an MOI of
0.01 but not in L-PSGL1 cells (data not shown). These results

indicate that EV71 infects and spreads more efficiently via
SCARB2 than PSGL1.

Purification of EV71 native virion F particles. It has been re-
ported that EV71 in cell culture medium is a mixture of noninfec-
tious empty (E) particles and infectious filled (F) particles (62). E
particles are composed of VP0 (VP4-VP2), VP1, and VP3 and
have no infectivity, whereas F particles are composed of VP1, VP2,
VP3, VP4, and viral genomic RNA and are infective (62). To eval-
uate the interaction between EV71 and the receptors, we purified
F particles as described in Materials and Methods. Fractions 8 to
10 (Fig. 2A, left) and fractions 3 to 5 (Fig. 2A, right) of the 15 to
30% sucrose gradient ultracentrifugation contained E particles
and F particles, respectively. We then confirmed the purity and the
protein components of the E and F particles by autoradiography
(Fig. 2B) or Western blotting using anti-VP2 and anti-EV71 anti-
bodies (Fig. 2C). The deduced molecular masses of VP0, VP1,
VP2, VP3, and VP4 are 35, 33, 28, 27, and 7 kDa, respectively. The
autoradiogram suggested that the purified E particles were com-
posed of VP0, VP1, and VP3, whereas the purified F particles were
composed of VP1, VP2, VP3, and VP4 (Fig. 2B). In agreement
with the results presented above, Western blotting using the anti-
VP2 antibody detected both the 35-kDa VP0 and the 28-kDa VP2
in the prepurified sample (Fig. 2C, lane Pre), while only VP0 or
VP2 was detected in the purified E particles or F particles, respec-
tively (Fig. 2C, lanes E particles and F particles). These data dem-
onstrate that we successfully purified the native virion F particles
without contamination with the E particles.

FIG 1 Efficiency of EV71 infection in L-SCARB2 cells and L-PSGL1 cells. (A) Expression of human SCARB2 (top) and PSGL1 (bottom) on the cell surface.
L-Empty cells, L-SCARB2 cells, and L-PSGL1 cells were stained with an anti-SCARB2 antibody (solid lines), a normal goat IgG (dotted lines), an anti-PSGL1
antibody (solid lines), or a normal mouse IgG (dotted lines) and analyzed by flow cytometry. (B and C) EV71-GFP infection of L-SCARB2 cells and L-PSGL1
cells. L-Empty cells, L-SCARB2 cells, and L-PSGL1 cells were infected with EV71-GFP. These cells were imaged with a fluorescence microscope (B) and analyzed
by flow cytometry (C). The flow cytometry data are shown as the mean counts with the SDs (n � 3). **, P � 0.01 according to Student’s t test. (D and E) RD cells,
L929 cells, L-SCARB2 cells, and L-PSGL1 cells were infected with EV71 at MOIs of 10 (D) and 0.01 (E), and the viral titers were determined at 0, 12, 24, 36, and
48 h and at 0, 6, 12, 24, and 48 h after infection, respectively. The data are shown as the mean viral titers with the SDs (n � 3).
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Binding of EV71 to SCARB2 and PSGL1. We speculated that
the infection efficiency of the cells might be dependent on the
amount of virus bound to the cells. We therefore determined the
amount of the virus bound to L-SCARB2 cells and L-PSGL1 cells
(Fig. 3A). L-Empty cells, L-SCARB2 cells, and L-PSGL1 cells were
mixed with 1 � 104, 3 � 104, or 1 � 105 cpm of the 35S-labeled
EV71 F particles. After the unbound virions were removed by
washing, the cells were lysed with 0.5% SDS and the radioactivity
was measured using a liquid scintillation counter. EV71 bound to
L-SCARB2 cells and L-PSGL1 cells; however, the amount of EV71
that bound to L-PSGL1 cells was severalfold greater than that
bound to L-SCARB2 cells under all tested conditions. These data
indicate that more EV71 virion binds to L-PSGL1 cells than to
L-SCARB2 cells.

Next, to confirm that EV71 binds to L-PSGL1 cells more effi-
ciently than L-SCARB2 cells, we performed immunofluorescence
microscopy to compare the amount of EV71 bound to these cells
(Fig. 3B). After the purified EV71 F particles were attached to
L-SCARB2 cells or L-PSGL1 cells, the cells were fixed and stained
with anti-EV71 serum to detect EV71. Using series of z-stack im-
ages, we created maximum projections to show three-dimen-
sional information in a plane image. We observed EV71 puncta in
L-SCARB2 cells and L-PSGL1 cells, with most of the EV71 being
on the surface of the cells. The viral puncta were more intense and
more numerous by severalfold in the L-PSGL1 cells than in the

FIG 2 Purification of EV71 F particles. (A) Sucrose density gradient purifica-
tion of [35S]methionine- and [35S]cysteine-labeled EV71 E particles and F
particles. The prepurified E and F particles from the stepwise CsCl gradient
centrifugation were layered onto a 15 to 30% sucrose density gradient for
ultracentrifugation at 39,000 rpm for 2 h at 4°C. The gradients were fraction-
ated from the top. The E particles (left) and F particles (right) were collected
from the indicated fractions. (B) Autoradiography of purified E and F parti-
cles. [35S]methionine- and [35S]cysteine-labeled EV71 E particles and F parti-
cles (10,000 cpm) were resolved by electrophoresis, and the bands were visu-
alized by autoradiography. (C) Unlabeled E and F particles were resolved by
electrophoresis and detected by Western blotting with an anti-VP2 antibody
(top) and an anti-EV71 serum that predominantly recognized VP1 (bottom).
The positions of the viral proteins are indicated at the sides of the blots. IB,
immunoblotting.

FIG 3 Binding of EV71 to SCARB2 and PSGL1. (A) More EV71 attached to
L-PSGL1 cells than to L-SCARB2 cells. L-Empty cells, L-SCARB2 cells, or
L-PSGL1 cells were incubated with 1 � 104, 3 � 104, or 1 � 105 cpm of
[35S]methionine- and [35S]cysteine-labeled EV71 at 4°C for 2 h. After being
washed, the cells were lysed with 0.5% SDS and the amount of bound virion
was measured using a liquid scintillation counter. The data are shown as the
mean counts with the SDs (n � 2). * and **, P � 0.05 and P � 0.01, respec-
tively, according to Student’s t test. (B) EV71 attached to L-PSGL1 cells more
efficiently than to L-SCARB2 cells, as confirmed by immunofluorescence.
EV71 F particles were attached to L-SCARB2 cells or L-PSGL1 cells at 4°C and
then at 37°C for 5 min. The cells were washed and fixed before undergoing
immunofluorescence microscopy to detect EV71. We analyzed the cells in
three-dimensional image stacks by confocal fluorescence microscopy and cre-
ated a maximum projection. Green indicates EV71, and blue DAPI staining
indicates the location of the nuclei. Bars, 10 �m. (C) EV71 bound to
SCARB2-Fc and PSGL1-Fc. A total of 10 �g of control Fc and 0.1, 0.3, 1, and 3
�g of SCARB2-Fc and PSGL1-Fc were bound to anti-human Fc-agarose and
incubated with EV71. The precipitated proteins were analyzed by Western
blotting with the anti-EV71 serum or Oriole gel staining. White asterisks in-
dicate the bands of SCARB2-Fc or PSGL1-Fc.
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L-SCARB2 cells. We did not observe any virus dots in the cells
without EV71 (data not shown). These results confirm that EV71
F particles bind to L-PSGL1 cells more efficiently than to
L-SCARB2 cells.

The results presented above suggested that the amount of
PSGL1 expressed on the surface of L-PSGL1 cells is greater than
that of SCARB2 expressed on the surface of L-SCARB2 cells
and/or the affinity of PSGL1 for EV71 (EV71-PB strain) is greater
than that of SCARB2. We then performed a coimmunoprecipita-
tion assay using soluble receptors. EV71 was incubated with vari-
ous amounts of SCARB2-Fc (extracellular region of SCARB2
fused to the Fc region of human IgG), PSGL1-Fc (extracellular
region of PSGL1 fused to the Fc region of human IgG), or control
Fc (Fc region of human IgG) bound to anti-Fc agarose beads, and
the precipitated proteins were analyzed by Western blotting with
an anti-EV71 serum (Fig. 3C, top) and protein staining (Fig. 3C,
bottom). The EV71-VP1 band was detected in the 0.3-, 1-, and
3-�g SCARB2-Fc lanes in a concentration-dependent manner
and in all of the PSGL1-Fc lanes in a concentration-dependent
manner; however, the band was not detected in the control Fc lane
or in the 0.1-�g SCARB2-Fc lane. PSGL1-Fc precipitated a larger
amount of EV71-VP1 than SCARB2-Fc by severalfold at each con-
centration of the receptors that we tested. These data suggest that
the binding affinity of PSGL1 to EV71 is stronger than that of
SCARB2. Taken together, the results indicate that L-PSGL1 cells
bind more virus than L-SCARB2 cells due to a higher affinity of
PSGL1 for the virus, but the amount of the virus that attached to
the cell surface does not solely determine the infection efficiency.

EV71 internalization in L-SCARB2 cells and L-PSGL1 cells.
To examine the internalization of purified EV71 virions by L-
SCARB2 cells and L-PSGL1 cells, we performed immunofluores-
cence microscopy (Fig. 4). L-Empty cells, L-SCARB2 cells, or L-
PSGL1 cells were incubated with purified EV71 F particles at 4°C,
shifted to 37°C, and fixed. The cells were then analyzed by immu-
nofluorescence microscopy to observe EV71 and the early endo-
some marker EEA1. In the z-axis planes where we could observe
the internalized virus, we detected EV71 puncta in all L-Empty
cells, L-SCARB2 cells, and L-PSGL1 cells at 15 min after the tem-
perature shift to 37°C (Fig. 4A, left). We observed approximately
100 cells for each cell line. There were fewer EV71 signals in the
L-Empty cells than in the L-SCARB2 cells and L-PSGL1 cells (av-
erage numbers of EV71 puncta in one cell, 0.28, 1.06, and 1.56 for
L-Empty cells, L-SCARB2 cells, and L-PSGL1 cells, respectively).
The results suggested that the internalization of the virus was en-
hanced by SCARB2 and PSGL1. In addition, we found that some
of the EV71 puncta were colocalized with EEA1 (Fig. 4A, arrow-
heads), and the number of EV71 puncta that colocalized with
EEA1 in L-SCARB2 cells was greater than that in L-PSGL1 cells.
For a quantitative comparison of the colocalization of virus
puncta with EEA1, we analyzed one z-axis midplane per cell, and
the numbers of virus puncta colocalized with EEA1 per all virus
puncta were as follows: 1 of 33 for L-Empty cells, 8 of 100 for
L-SCARB2 cells, and 4 of 89 for L-PSGL1 cells (Fig. 4B). The
analysis showed that virus was internalized into the cells and de-
livered to the early endosome in L-SCARB2 cells, even though a
smaller amount of virus attached to L-SCARB2 cells than
L-PSGL1 cells.

Conformational alteration of EV71 by SCARB2 under acidic
conditions. After the virions are internalized by the cells, the viral
genomic RNA must be released from the virion into the cytoplasm

to complete the EV71 infection. We expected that SCARB2 could
efficiently initiate the uncoating step. To analyze the conforma-
tional alteration of EV71 as a mimic of the uncoating step by
sucrose density gradient ultracentrifugation, we prepared EV71
empty capsids by heating the purified F particles; these served as a
reference (Fig. 5A). As another control, we also prepared PV A
particles and empty capsids by incubating native PV virions with
PVR (Fig. 5B). According to the sucrose density gradient ultracen-
trifugation, the EV71 and PV native virions sedimented at frac-
tions 6 to 8 (native virion), the heat-treated EV71 sedimented at
fractions 14 and 15 (empty capsid), and PV, which was treated

FIG 4 Internalization of EV71 virions into L-SCARB2 cells and L-PSGL1 cells.
(A) Immunofluorescence microscopy of EV71 and EEA1 in L-Empty cells,
L-SCARB2 cells, and L-PSGL1 cells after incubation with EV71 F particles. The
cells were incubated with or without purified F particles at 37°C for 15 min.
After the washes, the cells were fixed and stained with or without anti-EV71
and anti-EEA1 antibodies and detected with Alexa Fluor 488- or 568-conju-
gated secondary antibodies. Green and red indicate EV71 and EEA1, respec-
tively. Blue DAPI staining indicates the location of the nuclei. Arrowheads,
colocalization of EV71 with EEA1. (Inset) Enlarged view of the small square.
For EV71-negative cells [EV71(�)], we showed L-SCARB2 cells as a represen-
tative of L-Empty cells, L-SCARB2 cells, and L-PSGL1 cells because we ob-
tained essentially similar results in all of these cell types. Bars, 10 �m. (B)
L-SCARB2 cells internalize EV71 in early endosomes more efficiently than
L-Empty cells and L-PSGL1 cells. The ratio of EV71 puncta colocalized with
EEA1 compared to EV71 puncta is shown.
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with PVR, sedimented at fractions 10 to 12 (A particle) and frac-
tions 14 to 16 (empty capsid, approximately 18.1% of total
counts). These results indicate that the empty capsids of EV71
appeared as a peak in fractions 14 and 15 and that the A particles
appeared as a peak in fractions 10 to 12.

To analyze the conformational alteration of EV71, EV71 was

incubated with 1 �g of control Fc, SCARB2-Fc, or PSGL1-Fc at
37°C at pH 7.4, 6.0, or 4.5 and subjected to sucrose density gradi-
ent ultracentrifugation (Fig. 5C). The peak of the native virion
(fractions 6 to 10) did not shift when the F particles were incu-
bated with control Fc or PSGL1-Fc at any pH, whereas a portion of
the 35S-labeled virions (approximately 4.5% and 9.8% of total

FIG 5 Conformational alteration of EV71 by SCARB2 under an acidic pH. (A) Characterization of EV71 F particles and heat-induced empty capsids by
ultracentrifugation. Approximately 10,000 cpm of purified F particles was incubated for 15 min at 4°C or 56°C. The samples were centrifuged in 15 to 30% sucrose
gradients, and the radioactivity of each fraction (0.6 ml) was measured by liquid scintillation counting. (B) Native virion, A particle, and empty capsid of PV.
Approximately 10,000 cpm of the PV native virion was treated with 1 �g of PVR-His and control Fc for 1 h at 4°C and subsequently incubated for 1 h at 37°C.
The samples were analyzed using 15 to 30% sucrose gradients. The number above the bracketed line indicates the proportion of fractions 14 to 16. (C)
Conformational alteration of EV71 F particles via incubation with SCARB2-Fc at various pH levels. Approximately 10,000 cpm of purified F particles was treated
with 1 �g of control Fc, 1 �g of SCARB2-Fc, or 1 �g of PSGL1-Fc for 60 min at 4°C and then incubated for 60 min at 37°C at a pH of 7.4, 6.0, or 4.5. The samples
were analyzed using 15 to 30% sucrose gradients. The numbers above the bracketed lines indicate the proportions of fractions 12 to 15. The fractions indicated
by solid bars were collected and used for analysis of VP4 and viral RNA in Fig. 6.
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counts at pH 6.0 and pH 4.5, respectively) formed a shoulder peak
at fractions 12 to 15 when incubated with SCARB2-Fc at an acidic
pH but not under neutral conditions at pH 7.4. These data indi-
cate that the conformational alteration of EV71 is triggered by
incubation with SCARB2 under acidic conditions.

Release of VP4 and viral genomic RNA from native virions.
Because a portion of the EV71 virions shifted to the fractions that
sedimented at a lower rate after incubation with SCARB2 under
acidic conditions, we determined whether the viral particles in
fractions 12 to 15 contained VP4 and/or viral genomic RNA. For
this purpose, we collected fractions 7 to 9 of the control Fc-treated
EV71 and fractions 7 to 9 and 12 to 15 of SCARB2-Fc-treated
EV71 (the collected fractions are indicated by solid bars in Fig.
5C). To analyze VP4, approximately 10,000 cpm of each sample
was separated by SDS-PAGE and imaged with a phosphorimaging
plate (Fig. 6A). VP4 together with VP1, VP2, and VP3 was clearly
detected in each lane of fractions 7 to 9 of the control Fc- or
SCARB2-Fc-treated EV71. VP4 was not detected in fractions 12 to
15 of SCARB2-Fc-treated EV71, whereas VP1, VP2, and VP3 were
detected at levels that were similar to those in the other lanes. For
the viral genomic RNA analysis, viral genomic RNA was extracted
from approximately 500 cpm of each sample and quantified using
real-time RT-PCR (Fig. 6B). The levels of viral genomic RNA in
fractions 7 to 9 of SCARB2-Fc-treated EV71 were comparable to
the levels in fractions 7 to 9 of the control Fc-treated EV71. The
amount of viral genomic RNA in fractions 12 to 15 of the
SCARB2-Fc-treated EV71 was significantly reduced compared
with that in fractions 7 to 9 of the control Fc-treated EV71 (P �
0.00190). Taken together, these data demonstrate that the parti-
cles in fractions 12 to 15 of the SCARB2-Fc-treated EV71 are
empty capsids.

Time course and pH dependency of the conformational al-
teration of EV71 by SCARB2. We evaluated the dependency of
the conformational alteration on the incubation time and pH.
First, to evaluate the time course of the conformational alteration,
the native virions that bound to SCARB2-Fc were incubated at
37°C for 0, 0.5, 1, 2, or 3 h at pH 4.5 and analyzed by use of a
sucrose density gradient (Fig. 7A). The empty capsid in fractions
11 to 15 was observed after incubation for 0.5 h. The proportion of
these fractions increased from 0.7% (0 h) to 13.3% (0.5 h), 18.6%

(1 h), 19.5% (2 h), and 21.1% (3 h) in a time-dependent manner.
The proportion of virus that sedimented with fractions 11 to 15
after incubation of native virions with control Fc at 37°C for 3 h at
pH 4.5 was 1.7%. These data indicate that the conformational
change of EV71 is induced in a time-dependent manner. How-
ever, not all of the virions were converted into empty capsids after
the longer incubation periods.

Second, to evaluate the pH dependency of the conformational
alteration, we incubated the native virions that bound to
SCARB2-Fc at 37°C for 1 h at pH 7.4, 6.5, 6.0, 5.5, 5.0, or 4.5 and
subjected them to sucrose density gradient ultracentrifugation
(Fig. 7B). The conformational alteration from the native virion to
the empty capsid was induced in a pH-dependent manner; empty
capsid formation was rarely observed at pH 7.4 and 6.5 (approx-
imately 1.2% and 2.6%, respectively), whereas a conformational
alteration was observed at pH 6.0, 5.5, 5.0, and 4.5 (approximately
5.0, 6.1, 6.5, and 8.1%, respectively). Consistent with these data,
we confirmed that infection of RD cells by EV71 was inhibited by
pretreatment with NH4Cl, an endosome acidification inhibitor, as
previously reported (24–26). Infection of L-PSGL1 cells with
EV71 was also inhibited by the same treatment, but infection with
PV was not affected (data not shown). Thus, these data suggest
that the conformational alteration, an essential step in EV71 entry,
requires an acidic pH below 6.0.

Because we used EV71 strain SK-EV006 (genogroup B), which
binds to both SCARB2 and PSGL1, for the conformation altera-
tion assays, we performed a conformation alteration assay with
EV71 strain BrCr (genogroup A), which binds only to SCARB2,
and strain 1095 (genogroup C), which binds to SCARB2 and
PSGL1 (data not shown) (18). The purified BrCr and 1095 F par-
ticles were incubated with 1 �g of control Fc, SCARB2-Fc, or
PSGL1-Fc at 37°C at pH 4.5 and subjected to a sucrose density
gradient (Fig. 7C). In both cases, the major peak (fractions 5 to 8)
of the native virion did not shift when the native virions were
incubated with control Fc or PSGL1-Fc, whereas a portion of the
native virions shifted to fractions 10 to 15 and formed a shoulder
peak when incubated with SCARB2-Fc. Because the conforma-
tional alteration of three strains from genogroups A, B, and C was
confirmed, we suggest that the conformational alteration of EV71
is generally mediated by SCARB2 in an acidic pH.

Uncoating of EV71 in L-SCARB2 cells. To confirm that the
same conformational alteration of EV71 occurs in vivo, we per-
formed conformational alteration assays with virus associated
with L-SCARB2 cells or L-PSGL1 cells (Fig. 8). The 35S-labeled
EV71 attached to L-SCARB2 cells or L-PSGL1 cells was incubated
for 0.5, 1, or 2 h at 37°C, and the conformational state of the EV71
virions was analyzed by sucrose density gradient ultracentrifuga-
tion (Fig. 8). Empty capsids formed a peak at fractions 13 to 15
when native virions were incubated with L-SCARB2 cells, and the
proportion in the empty capsid fraction was increased from 5.7%
(0.5 h) to 8.1% (1 h) and 17.6% (2 h) in a time-dependent man-
ner. The distinct shift of the native virion peak (fractions 4 to 10)
was not observed when the EV71 native virions were incubated
with L-PSGL1 cells at any of the time points tested. These data
indicate that the uncoating of EV71 occurs in L-SCARB2 cells.

DISCUSSION

For the establishment of enterovirus infection, the virus must bind
to the surface of target cells, enter into the cells (this step may not
be necessary in some picornaviruses), and release viral genomic

FIG 6 Release of VP4 and viral RNA. (A) Release of VP4 by treatment with
SCARB2-Fc. Approximately 10,000 cpm of virus particles from fractions 7 to 9
and 12 to 15 of SCARB2-Fc-treated EV71 and from fractions 7 to 9 of control
Fc-treated EV71 were collected and analyzed by SDS-PAGE and subsequent
autoradiography. (B) Contents of viral RNA. The viral RNA was extracted
from approximately 500 cpm of each sample. The viral RNA was quantified by
quantitative RT-PCR (n � 3). The data are shown as the relative proportions of
viral RNA with the SDs (n � 3). The contents of the viral RNA in fractions 7 to
9 of control Fc were set to 100%. **, P � 0.01 by Student’s t test.
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RNA into the cytoplasm. The viral receptor promotes infection by
playing multiple roles, including viral attachment, internalization,
and uncoating. It has been independently reported that the recep-
tors SCARB2 and PSGL1 bind to the EV71 virion and mediate
EV71 infection (17, 18, 22–24, 26, 31, 63). We have demonstrated
that SCARB2 supports EV71 infection in nonsusceptible cells
more efficiently than PSGL1, despite the reduced binding ability
of SCARB2 to the EV71 virion compared to that of PSGL1.

We first compared the virus-binding capacities of SCARB2 and
PSGL1. Unexpectedly, L-PSGL1 cells could bind to more viruses
than L-SCARB2 cells (Fig. 3A and B), and soluble PSGL1 could
bind to more viruses than SCARB2 (Fig. 3C). The capacity of
SCARB2 binding to EV71 was lower than that of PSGL1. Regions
on the EV71 virion that are important for the interaction with
SCARB2 and PSGL1 have been identified. The glutamine residue
at position 172 in the EF loop region of VP1, which lines the wall
of the canyon on the viral surface, was important for binding to
SCARB2, suggesting that SCARB2 binds inside the canyon (24).

Recently, structural data were collected and revealed that the can-
yon of EV71 is shallower than that of other enteroviruses (3, 4). It
is well-known that uncoating receptors, such as PVR, CAR, and
ICAM-1, have immunoglobulin-like domains and bind to the vi-
ral canyon (33). However, SCARB2 does not have immunoglob-
ulin-like domains. We have previously demonstrated that amino
acids 142 to 204 of SCARB2 are important for the interaction with
EV71 (23). Thus, this region of SCARB2 may fit the shallow can-
yon. Regarding PSGL1, VP2 residue 149 participates in forming
the puff that serves as the southern rim of the canyon (4) and is
important for PSGL1-EV71 binding (18, 63). These findings sug-
gest that SCARB2 and PSGL1 bind at different sites on the virion
and that the affinity of the SCARB2-EV71 interaction is different
from that of the PSGL1-EV71 interaction.

The discrepancy between the infection efficiency and binding
suggests that SCARB2 plays additional essential roles in the inter-
nalization and/or induction of viral uncoating, the step after viral
attachment. We first examined whether EV71 was internalized via

FIG 7 Effect of incubation time, pH, and EV71 strains on the conformational alteration of EV71 in the presence of SCARB2. (A) Incubation time-dependent
conformational alteration of EV71. EV71 was treated with 1 �g of SCARB2-Fc for 0, 0.5, 1, 2, and 3 h or 1 �g of control-Fc for 3 h at pH 4.5 at 37°C and analyzed
by sucrose gradient centrifugation. The numbers above the bracketed lines indicate the proportions of fractions 11 to 15. (B) pH-dependent conformational
alteration of EV71. [35S]methionine- and [35S]cysteine-labeled EV71 F particles were incubated with 1 �g of SCARB2-Fc at pH 7.4, 6.5, 6.0, 5.5, 5.0, and 4.5 at
37°C, and the conformational alterations were analyzed at 1 h by sucrose density gradient centrifugation. The numbers above the bracketed lines indicate the
proportions of fractions 13 to 16. (C) Conformational alteration of other strains of EV71 by SCARB2. [35S]methionine- and [35S]-cysteine-labeled EV71 strains
BrCr (genogroup A) and 1095 (genogroup C) were incubated with 1 �g of control Fc, 1 �g of SCARB2-Fc, and 1 �g of PSGL1-Fc at pH 4.5 at 37°C for 1 h, and
the conformational alterations were analyzed by sucrose density gradient centrifugation.
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a SCARB2- or PSGL1-dependent pathway (Fig. 4). We observed
internalized viruses in both L-SCARB2 cells and L-PSGL1 cells. In
some instances, the EV71 puncta colocalized with the endosome
marker. The amount of virus associated with endosomes in L-
SCARB2 cells is greater than that in L-PSGL1 cells. SCARB2 is
normally present in lysosomes and shuttles via vesicular transport
to the plasma membrane through endosomes (19). It is likely that
SCARB2 captures EV71 when SCARB2 is present at the plasma
membrane. SCARB2 on the cell surface is transported to lyso-
somes by clathrin-mediated endocytosis (19). EV71 infects RD
cells via the SCARB2-dependent pathway (22, 26). EV71 infection
of RD cells was inhibited by knocking down the expression of the
clathrin heavy peptide (CLTC) by treatment with chlorproma-
zine, an inhibitor of clathrin-mediated endocytosis, and by the
expression of a dominant-negative mutant, EPS15 (25). The inhi-
bition of EV71 infection by a depletion of clathrin-mediated en-
docytosis was similarly observed in mouse 3T3 cells that expressed
human SCARB2 (26). These reports, together with our data, sug-
gest that SCARB2 plays a role in internalizing the viral particles
and delivering them to the endosome using the physiological
pathway of SCARB2. Our data showed that at least a portion of the
viruses that were internalized via the SCARB2 pathway was deliv-
ered to the endosome, where the viruses were exposed to an acidic
pH. It is therefore likely that the EV71 puncta that colocalized with
the endosomal marker represent the viruses that are involved in a
productive stage of infection. However, the precise mechanisms of
EV71 entry via SCARB2 should be studied more in detail.

Next, we performed a conformational alteration assay with
35S-labeled EV71 to determine whether SCARB2 or PSGL1 in-
duces the uncoating process (Fig. 5). A particles and empty capsids
are considered to be important intermediates and end products,
respectively, during the uncoating process. Therefore, detecting
these particles is important in order to confirm the role of these
two receptors in the uncoating process. The empty capsids were
generated by incubating the native virions with SCARB2 but not

with PSGL1 both in vitro and in vivo. Recently, the crystal struc-
ture of the EV71 E particle was reported with high resolution (3,
4). The E particle of EV71 has properties similar to those of the PV
and HRV empty capsids, as determined by cryo-electron micros-
copy and X-ray diffraction (64, 65). Therefore, it is possible that
the empty capsid of EV71 also has exits for viral genomic RNA
near the 2-fold axis. We demonstrated that the conformation of
the EV71 virion was altered by incubation with soluble SCARB2
under acidic conditions (Fig. 5C). Consistent with these results,
previous studies have found that EV71 entry via the SCARB2-
dependent pathway was inhibited by endosome acidification in-
hibitors (24–26). Soluble PSGL1 did not induce a conformational
change under any tested physiological pH. Taken together, these
data demonstrate that SCARB2 functions as an uncoating recep-
tor during EV71 entry, and this property is a major reason that
L-SCARB2 cells support an efficient EV71 infection compared
with the efficiency of infection for L-PSGL1 cells. Because
SCARB2 shuttles between lysosomes and the plasma membrane
(19), the EV71-SCARB2 complex that is formed at the plasma
membrane may enter the endosomal compartment, in which the
complex is then exposed to an acidic pH. A viral conformation
alteration occurred when the pH was less than 6.0 in the cell-free
system (Fig. 7B), suggesting that the uncoating events begin in the
early endosomes.

To date, several patterns of uncoating processes have been re-
ported for picornaviruses. One pattern is the conformational al-
teration of PV, CVB, and the major-group HRVs, which is facili-
tated by PVR, CAR, and ICAM-1, respectively (Fig. 9A) (34, 46,
48). The native virions of PV, CVB and the major-group HRVs
treated with respective receptors become A particles after releasing
VP4 at neutral pH. The A particle becomes an empty capsid after
releasing viral RNA. In the case of HRV14 and HRV16, the alter-
ation is dependent on ICAM-1 and low pH (53). Another pattern
is the conformational alteration of the minor-group HRVs, which
is dependent on an acidic pH (Fig. 9B) (34, 50). VP4 and viral
RNA are sequentially released from the native virion under an
acidic environment because both A particles and empty capsids
were detected. In addition, the other pattern of conformational
alteration in aphthovirus also depends on an acidic pH (Fig. 9B)
(34, 51). Under acidic conditions, the native virion dissociates
into an empty capsid and then into pentameric subunits for viral
RNA release. In this study, we revealed that the conformational
alteration of EV71 is different from these patterns and requires
both SCARB2 and an acidic pH (Fig. 9C). Additionally, we ob-
served the formation of empty capsids but not A particles (Fig. 5
and 6). Therefore, either the native EV71 virion is converted di-
rectly into an empty capsid or the A particles were not detected
because they have a short half-life. Chen et al. performed a con-
formational alteration assay by monitoring the shift of the viral
RNA peak using purified EV71 and soluble receptors (24). In con-
trast to our findings, they observed the formation of an RNA peak
that sedimented at a lower rate than the native virion (24). Chen et
al. claimed that the shifted viral RNA peak was representative of A
particles; however, they did not demonstrate whether VP4 existed
in putative A-particle fractions or whether empty capsids were
formed (24). In either case, the mode of EV71 conformational
alteration is a novel pattern among picornaviruses because both
SCARB2 and an acidic pH are essential for conformational alter-
ation.

We have demonstrated that PSGL1 binds to a large amount of

FIG 8 Conformational alteration of EV71 in L-SCARB2 cells. Purified EV71 F
particles bound to L-SCARB2 cells and L-PSGL1 cells were incubated for 0.5, 1,
or 2 h at 37°C. The cells were lysed with 1% Triton X-100, and these lysates
were analyzed using 15 to 30% sucrose gradients. The numbers above the
bracketed lines indicate the proportions of fractions 13 to 15.
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EV71 (a PB strain) but does not induce conformational altera-
tions. This situation is similar to the DAF in CVB receptors. DAF
binds to several strains of CVB and does not induce conforma-
tional alterations (33). Because DAF functions only as a binding
factor, an additional molecule, CAR, is needed to establish an
efficient infection through the DAF-dependent pathway. How-
ever, in polarized epithelial cells, CAR is exclusively located in the
tight junctions and is not directly accessible. Thus, DAF-mediated
signals permit the virus to move across the apical cell surface to the
tight junction, where they can interact with CAR (47). The virus
captured by PSGL1 may be similarly uncoated by SCARB2 in hu-
man cells that expressed both receptors or by unknown molecules
if SCARB2 is absent.

The data suggest that SCARB2 is an authentic receptor for
EV71. Only EV71 PB strains have adapted to use PSGL1 as a re-
ceptor. The evolutionary significance of using PSGL1 as a receptor
is not presently clear. PSGL1 might contribute by broadening the
target cells in vivo. It may also act as more than an attachment site
on the cell surface. The infection of lymphocytes may trigger the
induction of proinflammatory cytokines and participate in patho-
genesis because individuals with severe EV71-associated enceph-
alitis and neurogenic pulmonary edema have exhibited high levels
of proinflammatory cytokines (66, 67). Further analyses are
needed to evaluate the role of PSGL1 as a receptor for EV71.

In summary, we compared SCARB2 and PSGL1 as EV71 re-
ceptors. These two receptors demonstrated different abilities in
viral attachment, internalization, and uncoating. SCARB2 plays
all three roles, whereas PSGL1 does not have the ability to initiate
EV71 uncoating. Therefore, PSGL1 alone is not sufficient to en-
hance EV71 infection in mice (32). Our preliminary results sug-
gest that the transgenic expression of SCARB2 is sufficient to cause
neurological diseases in mice. The mouse model that expresses
human SCARB2 will greatly contribute to the understanding of
EV71 neuropathogenicity in vivo and the development of a vac-
cine and/or antiviral drugs.
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