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Enterovirus 71 (EV71) causes hand, foot, and mouth disease and severe neurological disorders in children. Human scavenger
receptor class B member 2 (hSCARB2) and P-selectin glycoprotein ligand-1 (PSGL-1) are identified as receptors for EV71. The
underling mechanism of PSGL-1-mediated EV71 entry remains unclear. The endocytosis required for EV71 entry were investi-
gated in Jurkat T and mouse L929 cells constitutively expressing human PSGL-1 (PSGL-1-L929) or human rhabdomyosarcoma
(RD) cells displaying high SCARB2 but no PSGL-1 by treatment of specific inhibitors or siRNA. We found that disruption of
clathrin-dependent endocytosis prevented EV71 infection in RD cells, while there was no influence in Jurkat T and PSGL-1-L929
cells. Disturbing caveolar endocytosis by specific inhibitor or caveolin-1 siRNA in Jurkat T and PSGL-1-L929 cells significantly
blocked EV71 infection, whereas it had no effect on EV71 infection in RD cells. Confocal immunofluorescence demonstrated
caveola, and EV71 was directly colocalized. pH-dependent endosomal acidification and intact membrane cholesterol were im-
portant for EV71 infection, as judged by the pretreatment of inhibitors that abrogated the infection. A receptor-dominated en-
docytosis of EV71 infection was observed: PSGL-1 initiates caveola-dependent endocytosis and hSCARB2 activates clathrin-de-

pendent endocytosis.

Enterovirus 71 (EV71), a positive-strand RNA virus, belongs to
the Picornaviridae family (1). EV71 is a causative factor for
hand, foot, and mouth disease (HFMD), which has symptoms of
persistent fever, herpangina, and lymphopenia (2—4). The main
complication of EV71 infection is neurological disorder, caused
by inflammation in the central nervous system (CNS) and leading
to encephalitis, acute flaccid paralysis, pulmonary edema, hemor-
rhage, and possible fatality, especially in young children (2—4).
Since its first identification in California in 1969, several countries
have reported an increase in the numbers of EV71 cases and spo-
radic outbreaks (5, 6). The current clinical course for control of
EV71 infection relies on symptomatic treatment (7). An effective
medication or vaccination against EV71 infection has yet to be
developed.

Previous studies identified hSCARB2 (8) and PSGL-1 (CD162)
(9) as cellular receptors for EV71. The scavenger receptor class B
receptor is a type III glycoprotein also known as lysosome integral
membrane protein 2 (LIMP2). It is ubiquitously expressed in sev-
eral cell types, including the liver, spleen, testes, retinal pigment
epithelium cells, macrophages, osteoblasts, and brain (10-12),
and predominantly in the limiting membranes of cell lysosomes
and endosomes. Although mouse SCARB2 shares 85.8% homol-
ogy with human SCARB2, it does not serve as a receptor for EV71
infection (13). Previous studies have demonstrated that hSCARB2
expression can enable normally unsusceptible cell lines to support
EV71 propagation and develop cytopathic effects (8). P-selectin
glycoprotein ligand-1 is a sialomucin membrane protein restric-
tively expressed in leukocytes, dendritic cells, tissue macrophages
(those in the liver, lung, bowel, and Langerhans cells in the skin),
and progenitor myeloid cells (14). It plays a role in the binding of
leukocytes to endothelial cells and platelets and in the early stages
of inflammation (14, 15). The expression of human PSGL-1 in
normally unsusceptible cell lines can also facilitate EV71 infection,
leading to the development of cytopathic effects (9, 16).

Previous research has identified several types of endocytosis
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involved in virus entry following the binding to a receptor, includ-
ing clathrin and caveola dependent, as well as clathrin- and
caveola-independent endocytosis. In clathrin-dependent endocy-
tosis, the virus-bound receptors are targeted to clathrin-coated
pits (CCPs), which mature into clathrin-coated vesicles (CCVs),
resulting in the internalization of the viruses and their receptors.
Adenovirus type 2/5, vesicular stomatitis virus (VSV), and dengue
virus all use clathrin-mediated endocytosis for viral entry into the
host cells (17-19). Caveola-dependent endocytosis involves the
formation of glycolipid rafts in caveolin-1 (CAV-1)-enriched
plasma membranes, resulting in the internalization of the mem-
brane-bound viruses. Unlike clathrin-dependent endocytosis,
studies have reported the involvement of caveolae in the internal-
ization of selected bacterial toxins (cholera toxin B [CT-B]) (20)
and several nonenveloped viruses such as hepatitis B virus, simian
virus 40 (SV40), and polyomavirus (21-23).

Our previous study on the mechanism of SCARB2-mediated
EV71 infection showed that clathrin-dependent endocytosis is re-
quired for EV71 infection in a mouse NIH 3T3 line constitutively
expressing human SCARB2 cells (24). Similar report confirmed
the activation of clathrin-dependent endocytosis after EV71 infec-
tion of RD cells expressing SCARB2 but not PSGL-1 (9, 25). In
contrast, the mechanism of human PSGL-1-mediated EV71 infec-
tion remains unclear. In the present study, we demonstrate the
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entry mechanism of EV71 in human PSGL-1-expressing cells,
comparing it to the mechanism of EV71 entry in SCARB2-ex-
pressing cells. Mouse 1929 cells expressing human PSGL-1
(PSGL-1-L929 cells) are able to support infection by the EV71/E59
strain, a B4 subgenotype isolated in Taiwan in 2002. Using phar-
macological inhibitors to block the endocytic pathway or small
interfering RNA (siRNA) to specifically downregulate cellular
clathrin or caveolin-1, we showed that the activation of a specific
route for endocytosis in EV71 infection is receptor dependent.
PSGL-1 mediates caveola-dependent endocytosis in human Jur-
kat T and PSGL-1-1L929 cells, which occurs synchronously with
clathrin-dependent EV71 entry in RD cells. The mechanisms of
EV71 entry and the activation of multiple pathways are therefore
determined by host cell receptor expression.

MATERIALS AND METHODS

Cell culture. Human rhabdomyosarcoma (RD) cells originally purchased
from American Type Culture Collection (ATCC no. CCL-136) were pro-
vided by the Taiwan Centers of Disease Control (Taiwan CDC). Jurkat T
cells, a line of human T lymphoma (ATCC no. CRL-8163) were kindly
obtained from Charles Sia, Institute of Infectious Disease and Vaccinol-
ogy, National Health Research Institute, Zhunan, Taiwan. pEF-human
PSGL-1—, an expression vector of pEF6-Flag-3S (Belgian Coordinated
Collections of Microorganisms) carrying a cDNA of human PSGL-1,
transfected mouse 1929 cells (PSGL-1-1929 cells), which are human
PSGL-1 expressing EV71-susceptible stable cell clones, and the pEF-
bsd—, a empty vector of pEF6-Flag-3S, transfected mouse L929 cells (bsd
cells), an EV71-insusceptible control cells, were generously provided by
Yorihiro Nishimura, Department of Virology II, National Institute of In-
fectious Diseases, Tokyo, Japan (9).

The RD and Jurkat T cells were cultured in a Dulbecco modified Eagle
medium (DMEM) and RPMI medium (Gibco), respectively, containing
10% fetal bovine serum (Biological Industries) and 1% penicillin-strep-
tomycin (Gibco). The PSGL-1-L929 and bsd cells were maintained in the
previously described DMEM to which 5 pg of blasticidin S-HCI (Sigma-
Aldrich)/ml was added.

Virus preparation. The EV71/E59 substrain, a B4 substrain isolated
by Taiwan CDC in 2002, was propagated in Vero cells using the micro-
carrier cell culture bioprocess. Briefly, the Vero cells were infected with
EV71 virus at a multiplicity of infection (MOI) of 10>, EV71 stocks were
collected from microcarrier culture supernatants 6 to 8 days postinfec-
tion. Cell debris was removed by centrifugation at 3,000 rpm for 15 min,
and then the supernatants were filtered through a 0.45-pwm-pore-size
membrane (Nalgene). Virus stocks were concentrated using an Amicon
100K tube (Millipore) and then stored at —80°C. The titer of virus stocks
was tested by using a standard plaque-forming assay.

Pharmacological inhibition during EV71 infection. Cells (2 X 10°/
well) were seeded in 12-well plates 1 day prior to exposure to serial con-
centrations of inhibitors (all from Sigma-Aldrich): chlorpromazine
(CPZ), methyl B-cyclodextrin (MBCD), chloroquine, ammonium chlo-
ride (NH,CI), genistein, filipin, and bafilomycin Al in a serum-free
DMEM and incubated for 2 h at 37°C. After drug treatment, the cells were
infected with EV71 (MOI = 1) for 30 min at 4°C in the presence of the
drugs. The unbound virus and drugs were washed with 1X phosphate-
buffered saline (PBS) (pH 7.4) three times. The cells were cultured at 37°C
for 3 h for RNA extraction.

Internalization of CT-B and transferrin. Cells grown on coverslips in
12-well plates after inhibitors treatment as described in the previous para-
graph were then cooled to 15°C and incubated with 5 pg of Alexa Fluor
594-conjugated CT-B/ml or 25 g of Alexa Fluor 594-conjugated trans-
ferrin/ml for 30 min, followed by a 4-h additional incubation at 37°C.
After washing the unbound indicators, the cells were fixed with cold
methanol and then mounted. Images were captured by using a Leica TCS
SP5 II confocal microscope.
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TABLE 1 Sequences of primer pairs specific to target gene

Oligonucleotide

Target gene Orientation  Sequence (5'-3")

EV71 viral protein 1 (VP1) Forward GGTACCCCACGTTTGGAGA
Reverse TAGGACACGCTCCATACTCAAG
Mouse clathrin Forward GCGCCAAAGTGAACAGGTTGAGAA
Reverse GCTTGCTGCTCTTGGGATTGAAGT
Mouse caveolin-1 Forward TGTACCGTGCATCAAGAGCTTCCT
Reverse GTGCTGATGCGGATGTTGCTGAAT
Human clathrin Forward AACAAGATCAACAACCGGGCATCC
Reverse GGACACATCTTTGCACTGCTTGCT
Human caveolin-1 Forward AGTGCATCAGCCGTGTCTATTCCA
Reverse TCTGCAAGTTGATGCGGACATTGC
Human/mouse actin Forward ACCAACTGGGACGACATGGAGAAA
Reverse TAGCACAGCCTGGATAGCAACGTA

Transfection of siRNA. Gene-specific siRNA duplexes (Invitrogen)
were diluted to 25 pmol (for RD cells) or 50 pmol (for PSGL-1-L929 cells)
in a 200 pl of Opti-MEM I medium (Invitrogen) and then gently mixed
with 1.82 pl or 3.7 pl of Lipofectamine RNAi-MAX (Lipo) reagents. The
siRNA-Lipo mixtures were added to 800 pl of the appropriate numbers of
cells cultured in 12-well plates in a complete culture medium to provide
30 to 50% confluence. Transfection of siRNA into Jurkat T cells was per-
formed using the Neon transfection system (Invitrogen) according to the
manufacturer’s manual. Cells (2 X 10%/reaction) were suspended with 90
wl of resuspension buffer mixed with 100 pmol of siRNA. Take up the
mixture of cells and siRNA into the Neon pipette tip, followed by plugging
into the pipette holder containing cuvette filled with 3 ml of electropora-
tion buffer. The electroporation tip was pulsed at 1,400 voltage, 10-ms
pulse width with three pulse numbers. The mixtures were then cultured at
37°C for 24 h to 48 h prior to whole cellular protein or total RNA isolation.

Real-time reverse transcription-PCR (RT-PCR). Total RNA was ex-
tracted using TRIzol (Invitrogen) according to the manufacturer’s man-
ual. To perform the reverse transcription (RT) reaction, 1 pg of isolated
RNA was mixed with 10 nM random hexamer (Genomics) and 1 U of
SuperScript III reverse transcriptase (Invitrogen), and then incubated at
65°C for 5 min, 55°C for 55 min, and 70°C for 15 min. The synthesized
c¢DNA was subjected to quantitative PCR analysis (The LightCycler 480
real-time PCR system) using respective primer pairs (Genomics
BioSci&Tech, Taiwan) (Table 1). Human/mouse 3-actin gene expression
was also detected as the internal control. The number of cycles re-
quired for the amplification of the target gene was obtained and the
relative expression of the target gene was calculated as follows: the
individual threshold cycle (C;) obtained from the experimental group or
control group was normalized by its respective C;. (B-actin), and then
211ormaliszed CT (experimental cell) was divided by 211ormalized CT (control cell).

Antibodies and Western blotting. MAb979, a mouse monoclonal an-
tibody that specifically recognized EV71 VP0/VP2 capsid proteins (Milli-
pore-Chemicon International), and anti-CAV-1 monoclonal antibody
(Cell Signaling Technology), anti-clathrin light-chain monoclonal anti-
body (Cell Signaling Technology), and anti-B-actin antibody (Sigma-Al-
drich) were used. Whole-protein lysates were prepared by lysing cells in a
radioimmunoprecipitation assay buffer adding a protease inhibitor cock-
tail (Roche) and 1 mM phenylmethylsulfonyl fluoride (PMSF) (Sigma-
Aldrich). The lysates were centrifuged for 30 min at 14,000 rpm at 4°C to
sediment cell debris. The protein concentrations of whole-cell protein
lysates were quantified using the Bradford protein assay. Fifty microgram
of whole-cell protein was resolved by electrophoresis in an SDS-poly-
acrylamide gel (Amersham Biosciences) and transferred to a nitrocel-
lulose membrane (Hybond-ECL; Amersham Biosciences). After
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FIG 1 Human PSGL-1-expressing mouse L929 cells are susceptible to EV71 infection. (A) Lysates were prepared at 24 h postinfection of bsd, PSGL-1-1L929, and
RD cells with EV71 (serial MOI), incubated at 4°C for 30 min (upper panel), or infection with EV71 (MOI = 1) and then cultured at 37°C for additional
incubation from 0, 0.5, 1, 3, 6, and 24 h (bottom panel). Lysates were subjected to immunoblotting with MAb979 antibody to detect VP capsid proteins as
described in the section of Materials and Methods. (B) The total RNA from the infected cells (MOI = 1) at each time point (upper panel) or from the infected
cells (serial MOT) at 3 h postinfection (bottom panel) were isolated to detect the viral RNA using real-time RT-PCR with the primers against VP1 region (Table
1). The mean relative viral RNA compared to the expression of the $-actin internal control was calculated as described in Materials and Methods. The data were
obtained from three independent experiments. (C) bsd, PSGL-1-1929, and RD cells were infected with EV71 at an MOI of 1. Virus titers in infected cells were
determined by standard plaque-forming assay at 6, 24, 48, and 72 h after infection. The data obtained from two independent experiments were shown as the mean
PFU = the standard deviations (SD).

blocking, the membrane was incubated with the primary antibody:
anti-EV71 antibody (diluted 1:1,000), anti-clathrin antibody (1:250),
anti-caveolin-1 antibody (1:1,000), or anti-B-actin antibody (1:
10,000) at 4°C overnight. After incubation, the diluted secondary an-
tibody, either horseradish peroxidase (HRP)-conjugated anti-mouse
(1:10,000; Jackson ImmunoResearch) or anti-rabbit antibody (1:
10,000; Jackson ImmunoResearch), was added, followed by incuba-
tion for 2 h at 4°C. After four washes with 1 X PBS plus 0.1% Tween 20,
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chemiluminescence on the membrane was developed with substrate
(Millipore), and detected using X-ray film (Kodak). The densitometry
of specific blots was calculated using Image-Pro Plus 6.0 software.
Immunofluorescence. Immunofluorescence assays were conducted
on cells, and growth on coverslips after EV71 incubation occurred as
described previously. After a wash with PBS, the cells were fixed with cold
methanol and then incubated with a mixture of primary antibodies, i.e.,
anti-EV71 antibody (1:1,000) accompanied by anti-CAV-1 (1:500). The
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FIG 2 Inhibitors specific to clathrin-dependent endocytosis abrogate EV71 infection in RD but not PSGL-1-L929 cells. The PSGL-1-L929 and RD cells cultured
on coverslips were treated with 30 uM CPZ and 75 uM MBCD in a serum-free DMEM at 37°C for 2 h. Then, 5 jvg of Alexa Fluor 594-conjugated transferrin (red)
was then added to the culture medium in the presence of inhibitors and incubated at 16°C for 30 min. (A) After washing with PBS and fixing with cold methanol,
the cell nuclei were stained with DAPI (blue), and the fluorescence signal was detected using a Leica TCS SP5 II confocal microscope. (B) The EV71-infected cells
(MOI = 1) were subjected to 2-h drug treatment at 4°C for 30 min, and the drug’s cytotoxicity was evaluated using an LDH assay. Cells were incubated for 3 h
postinfection, prior to the isolation of total RNA and the performance of real-time RT-PCR to detect viral RNA. The mean relative viral RNA was calculated as

described previously.

fluorescence signals were then examined by hybridization of secondary
antibodies—fluorescein isothiocyanate (FITC)-conjugated anti-mouse
IgG antibody (1:100; BioLegend) accompanied by Alexa Fluor 594-con-
jugated anti-rabbit IgG antibody (1:200; Invitrogen)—and the nuclei
were stained using DAPI (4',6’-diamidino-2-phenylindole). Signals were
detected with using a Leica TCS SP5 IT confocal microscope. Measure-
ment of colocalization of viral protein and caveolin-1 in dual-color im-
ages was performed using a Delta Vision OMX Super-Resolution imaging
system (Genetech Biotech).

Flow cytometry. A total of 2 X 10° suspended RD cells detached by
treating with 1X PBS containing 2% EDTA and Jurkat T cells were pre-
incubated with human Fc receptor binding inhibitor (eBioscience) in 200
pl of 1 X PBS with 2% bovine serum at 4°C for 20 min and then biotinyl-
ated anti-human SCARB2 antibody (1:50; R&D Systems) or anti-PSGL-1
antibody (clone KPL-1, 1:500; Millipore) were added and continue incu-
bation at 4°C overnight. Cells incubated with the respective isotype IgG
(eBioscience) as a control were included. After the incubation, cells were
spin down at 5,000 rpm for 3 min and then washed with 1 ml of cold 1X
PBS for three times. Cells were stained with FITC-conjugated diluted
avidin (1:100 [Biolegend] for biotinylated anti-human SCARB2 anti-
body) or Alexa Fluor 488-conjugated anti-mouse antibody (1:1,000 [In-
vitrogen] for anti-PSGL-1 antibody) and incubated at 4°C for 1 h. After
three washes in 1X PBS, the stained cells were resuspended in 1X PBS,
and signals were detected using a FACScan flow cytometer and analyzed
using FCS Express V3 software (De Novo Software).

Assay of cytotoxicity. The cytotoxicity of treatments in RD and PSGL-
1-1929 cells was assessed using the lactate dehydrogenase (LDH) assay
(Promega CytoTox 96 kit). Culture supernatants from cells subjected to
siRNA transfection or inhibitor treatment for 48 or 2 h, respectively, were
harvested for the assay performed according to the manufacturer’s in-
structions. The cytotoxicity of electroporation for siRNA transfection into
Jurkat T cells was assessed by dye-exclusion method.
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Statistical analysis. Unpaired two-tailed Student ¢ tests or one-way
analysis of variance with the Tukey post test were conducted to compare
results obtained from the different experimental groups. A P value of
<0.05 was considered statistically significant. The symbols *, **, and §,
indicate P values < 0.05, <0.01, and <0.001, respectively.

RESULTS

Expression of human PSGL-1 in mouse 1929 cells confers sus-
ceptibility to EV71/E59. We first confirmed that human PSGL-1
expression facilitates EV71 infection in unsusceptible mouse L929
cells and identified the mechanism for EV71 entry into PSGL-1-
1929 cells.

We individually inoculated PSGL-1-L929 cells and empty vec-
tor-transducing bsd cells with EV71 at various MOIs and com-
pared them to the same infection in EV7-susceptible RD cells. We
examined the kinetics of viral entry by evaluating the expression of
the EV71 transcripts and capsid proteins in infected cells using
quantitative real-time RT-PCR and Western blot analyses. In con-
trast to the observation of undetectable VP0/VP1 capsid proteins
in EV71-infected bsd cells, we observed the expression of capsid
proteins or viral RNA in both EV71-infected PSGL-1-1929 and
RD cells (Fig. 1A and B). Increases in the levels of the capsid
proteins or viral RNA expression were relative to increases in the
MOI of EV71 (from 0.1 to 10), in which capsid proteins were
detectable at minimum MOI of 1 of EV71 in PSGL-1-L929 cells
(the upper panel of Fig. 1A). In the kinetics of infection, capsid
proteins were detected in RD cells as early as 3 h postinfection, in
contrast to undetected in PSGL-1-1L929 cells until 6 h postinfec-
tion (the bottom panel of Fig. 1A). Viral RNA was increased at 3 h
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FIG 3 Clathrin light-chain B-specific siRNA inhibits EV71 infection in RD but not PSGL-1-L929 cells. Cells were transfected with 50 pmol of human (for RD
cells) or mouse (for PSGL-1-1929 cells) CLTB-specific siRNA and then incubated at 37°C for 48 h. (A) Clathrin mRNA expression was quantified by real-time
RT-PCR using specific primers (Table 1). (B) Protein expression was quantified by Western blotting with anti-clathrin antibody. Changes in clathrin expression
at 24 and 48 h after transfection were compared to the expression in control siRNA-transfected cells (as 100%). The cytotoxicity of siRNA was evaluated using
LDH assay after 48 h transfection. After the cells were infected with EV71 (MOI = 1) and incubated at 4°C for 30 min. After washing three times with PBS, cells
were recovered in a culture medium at 37°C for an additional 3 h for total RNA extraction or 24 h for lysate preparation. Total RNA (C) and lysates (D) were
extracted and subjected to real-time RT-PCR and Western blotting with MAb979 antibody. The cellular B-actin internal control was detected by blotting the
same membrane with monoclonal anti-B-actin antibody. The mean relative expression of RNA and protein levels of clathrin and EV71 were calculated as
described previously. The data were quantified using Image-Pro Plus 6.0 software and are representative of three independent experiments.

PSGL-1-L929 cell  RD cell

postinfection in both cell types, whereas almost 3.5-fold (RD cells)
and 1.5-fold (PSGL-1-1929 cells) increases were observed and sig-
nificantly increased at 6 h postinfection (upper panel of Fig. 1B).
In addition, viral RNA from infected RD and PSGL-1-1929 but
notbsd cells showed a dose-dependent increase (MOI = 1 and up)
at 3 h postinfection (bottom panel of Fig. 1B). Then, to examine
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EV71 viral growth kinetics, we infected bsd, PSGL-1-1929, and
RD cells with EV71 at an MOI of 1, and virus production was
detected by plaque-forming assay. EV71 grew efficiently in PSGL-
1-1929 cells, in which the virus titer was peaked on day 3 after
infection compared to the viral loads peaked on day 2 in RD cells.
EV71 did not grow in bsd cells (Fig. 1C). The results show that RD
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FIG 4 Treatment with MBCD disrupts EV71 infection. PSGL-1-1L929 and RD cells were treated with various concentrations of MBCD in a serum-free medium
at 37°C for 2 h, and then the cytotoxicity of drug treatment was evaluated using an LDH assay. After EV71 (MOI = 1) infection, the cells were incubated at 37°C
for 3 h and lysed prior to RNA isolation. The level of viral RNA in each group was detected using real-time RT-PCR, and the mean relative expression compared
to untreated cells was calculated as described previously. The data were obtained from three independent experiments.

cells elicit more susceptibility to EV71 infection than PSGL-1-
1929 cells. RD cell susceptibility to EV71 infection was conferred
by hSCARB2 but not by PSGL-1 expression on the surface (see Fig.
S1A in the supplemental material), whereas pretreatment of
hSCARB?2 siRNA was able to abrogate EV71 infection (see Fig.
S1Cin the supplemental material). The downregulation of endog-
enous hSCARB2 mRNA by specific siRNA was confirmed (see Fig.
S1B in the supplemental material). These results indicate that hu-
man PSGL-1 expression confers susceptibility to EV71 infection
in mouse L929 cells and hSCARB2 supports RD cells to be infected
by EV71. Because of the limitation of immunoblot assay in detect-
ing the viral proteins as early as 3 h postinfection, real-time RT-
PCR with primers against the VP1 region (Table 1) was used to
quantify viral RNA in the following studies.

Activation of clathrin-independent EV71 entry in PSGL-1-
expressing cells and clathrin-dependent EV71 entry in RD cells.
EV71 infection triggered clathrin-dependent endocytosis in
hSCARB2-expressing cells (24, 25). However, it remains un-
clear whether the same endocytic pathway is used for infection
in PSGL-1-expressing cells. We further investigated the mech-
anism of EV71 infection in different cellular receptor-express-
ing cells and the tissue tropism of EV71 infection. To address
this, we treated cellular proteins participating in the endocytic
pathways of RD and PSGL-1-L929 cells with specific inhibitors.
Chlorpromazine (CPZ), a cationic amphiphilic reagent that
inhibits the assembly of the clathrin adaptor protein AP2, is an
inhibitor of clathrin-dependent endocytosis (26). In the pres-
ent study, we used the internalization of the Alexa Fluor 594-
conjugated transferrin (red) as an indicator of clathrin-medi-
ated endocytosis in EV71-infected cells with or without CPZ
treatment (27). Alexa Fluor 594-conjugated transferrin was in-
cubated with drug-treated cells at 16°C for 30 min to allow
binding and internalization. The unbound fluorescent trans-
ferrin was washed away before cell fixing. The fluorescent
transferrin was distributed in the cytosol and surface mem-
branes of vehicle-treated RD and PSGL-1-L929 cells. Pretreat-
ment of CPZ significantly inhibited the internalization of the
fluorescent transferrin that resulted in the reduction of the
fluorescent signals in both cytosol and surface membranes of
cells (Fig. 2A). This indicated that CPZ pretreatment effectively
disrupted clathrin-dependent endocytosis in the RD and
PSGL-1-L929 cells. We then treated RD cells with various con-
centrations of CPZ prior to EV71 infection (MOI = 1), observ-
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ing that viral RNA was reduced significantly (ca. 70% inhibi-
tion) by 30 wuM CPZ treatment at 3 h postinfection. In contrast,
PSGL-1-L929 cells pretreated with the same dosage of CPZ
showed mild changes (30% inhibition) in viral RNA expression
(Fig. 2B). This indicates that the clathrin-mediated pathway
contributes to EV71 infection in PSGL-1-expressing cells only
partially.

To further confirm the occurrence of clathrin-mediated endo-
cytosis in EV71 infection in RD cells but not in PSGL-1-1929 cells,
we used clathrin light-chain B (CLTB)-specific siRNA to knock-
down endogenous clathrin expression in both cell types. We ob-
served that clathrin mRNA in RD and PSGL-1-1929 cells was sig-
nificantly inhibited at 24 h (data not shown) or 48 h after siRNA
transfection compared to the control siRNA-transfected cells (Fig.
3A). The significant inhibition of clathrin protein was also ob-
served in RD cells at 24 or 48 h after siRNA transfection but was
only observed in PSGL-1-19292 cells at 48 h posttransfection (Fig.
3B). After EV71 infection, the expression of viral RNA at 3 h
postinfection (Fig. 3C) and capsid proteins at 24 h postinfection
(Fig. 3D) in CLTB siRNA-treated RD cells were reduced signifi-
cantly compared to control siRNA-treated RD cells. In contrast,
PSGL-1-L929 cells revealed no differences in viral RNA (Fig. 3C)
or capsid proteins (Fig. 3D) expression while transfected with
CLTB siRNA. These results indicate that the mechanism of EV71
infection in PSGL-1-1929 cells is clathrin independent; in con-
trast, clathrin-dependent endocytosis occurred in RD cells.

Requirement for intact membrane cholesterolin EV71 entry.
Receptor-mediated endocytosis for the entry of viruses, such as
herpes simplex virus (27) and poliovirus (28), requires the pres-
ence of cholesterol in the lipid raft of the cell membrane. To con-
firm the requirement for intact membrane cholesterol in both
clathrin- and caveola-mediated endocytosis, we removed choles-
terol from the plasma membrane of cells by treating them with
methyl-B-cyclodextrin (MBCD), a cyclic oligosaccharide with
seven hydrophobic molecule-binding pockets. In RD and PSGL-
1-1929 cells pretreated with 5 mM MBCD, the internalization of
Alexa Fluor 594-conjugated transferrin was markedly suppressed
compared to vehicle-treated cells (Fig. 2A). At 3 h after EV71
infection, the expression of viral RNA in both MBCD-treated RD
and PSGL-1-L929 cells was inhibited significantly but remained
unchanged in vehicle-treated cells (Fig. 4). These data suggest that
PSGL-1- and SCARB2-mediated EV71 infection both require the
presence of membrane cholesterol on the cell surface.
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FIG 5 Inhibitors specific to caveolar endocytosis abrogate EV71 infection in PSGL-1-L929 but not RD cells. The PSGL-1-L929 and RD cells were cultured on
coverslips and treated with 40 g of genistein/ml and 2.5 g of filipin/ml in a serum-free DMEM at 37°C for 2 h. Alexa Fluor 594-conjugated CT-B (2.5 pg; red)
was then added to the culture medium in the presence of inhibitors and incubated at 16°C for 30 min, followed by 37°C incubation for 4 h. (A) After washing with
PBS and fixing with cold methanol, cell nuclei were stained with DAPI (blue), and fluorescence was detected using a confocal microscope Leica TCS SP5 II. (B
and D) Genistein (B)- and filipin (D)-pretreated cells were further infected with EV71 (MOI = 1). The cytotoxicity of the inhibitors was evaluated using an LDH
assay. At 3 h after EV71 infection, the total RNA was isolated from the drug-treated cells and subjected to real-time RT-PCR to detect viral RNA. The mean
expression of viral RNA relative to untreated cells was calculated as described previously. The data were obtained from three independent experiments. (C and
E) Immunohistochemistry of PSGL-1-1929 and RD cells individually pretreated with or without 40 g of genistein/ml (C) and 3 pg of filipin/ml (E) after EV71
infection was performed with MAb979 antibody and DAB for colorization. The pictures were taken at X200 magnification from three independent experiments,
and the results for one of the experiments are shown.
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FIG 6 Caveolin-1-specific siRNA abrogates EV71 infection in PSGL-1-L929 but not RD cells. Cells were transfected with mouse (for PSGL-1-L929 cells)- and
human CAV-1 (for RD cells)-specific siRNA or control siRNA. The cells were then cultured for 24 and 48 h prior to the detection of CAV-1 mRNA using real-time
RT-PCR with CAV-1-specific primers (Table 1) (A) and protein with Western blotting with anti-CAV-1 antibody (B). After 48 h of incubation, the cytotoxicity
of siRNA transfection was evaluated using LDH assay. After EV71 (MOI = 1) infection, the levels of viral RNA (C) and capsid proteins (D) in siRNA-treated cells
were evaluated by real-time RT-PCR and Western blotting after 3 or 24 h of cell culture, respectively, as described previously. The mean relative expression of viral
RNA and capsid proteins compared to untreated cells was calculated. The data were obtained from three independent experiments.

Caveola-dependent endocytosis is required for EV71 infec-
tion in PSGL-1-L929 cells but not in RD cells. Several studies
have shown that clathrin-independent caveolar endocytosis can
be disrupted by genistein, a tyrosine kinase inhibitor (29, 30), or
filipin, a cholesterol-binding agent (30). To investigate the role of
caveolar endocytosis in EV71 infection, we treated RD and PSGL-
1-L929 cells with various concentrations of genistein or filipin
prior to EV71 infection. Because cholera toxin B (CT-B) uptake is
caveola dependent, we used the internalization of Alexa Fluor
594-conjugated CT-B as an indicator of endogenous caveolar en-
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docytosis (20, 30). The procedure to assay internalization for
Alexa Fluor 594-conjugated CT-B was similar to the experiment
for Alexa Fluor 594-conjugated transferrin internalization (Fig.
2A). After pretreatment of the cells with an effective dose of genis-
tein (40 pg/ml) or filipin (2.5 pg/ml), internalization of Alexa
Fluor 594-conjugated CT-B into the cytosol was reduced signifi-
cantly in RD and PSGL-1-L929 cells compared to vehicle-pre-
treated cells (Fig. 5A). We determined the influence of this inhi-
bition on early EV71 infection in PSGL-1-L929 and RD cells by
measuring the viral RNA (Fig. 5B and D) and capsid proteins
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FIG 7 EV71 and caveosomes are colocalized in PSGL-1-L929 but not in RD cells. (A) Immunofluorescence analysis of EV71 particles (green) was performed
using VP-specific antibody (MADb979), followed by FITC-coupled secondary antibody. Caveosome immunofluorescence (red) was stained with caveolin-1-
specific antibody, followed by Alexa Fluor 594-coupled secondary antibody. Analyses were conducted on PSGL-1-L929 and RD cells infected with EV71 (MOI =
5) and incubated for 3 h at 37°C. The pictures were taken at X200 magnification from three independent experiments, and the results for one of the experiments
are shown. (B) Quantification of colocalized EV71 and caveosomes in the cells was performed, and the results are plotted by using a Delta Vision OMX
Super-Resolution imaging system (Genetech Biotech). The colocalization of the Pearson coefficient factor was calculated.

using immunohistochemistry (brown color, Fig. 5C and E), com-
pared to the cells treated with vehicle. We observed that pretreat-
ment of PSGL-1-L929 cells with an effective dose of 20 ug of
genistein (Fig. 5B)/ml or 0.75 pg of filipin (Fig. 5D)/ml showed
significant inhibition in contrast to the no inhibition observed in
RD cells even when pretreated with a maximum dose of genistein
(40 wg/ml) or filipin (3 pg/ml). The result from the immunohis-
tochemistry staining of viral capsid proteins consistently showed
that genistein or filipin at a maximum dose of significantly inhib-
ited EV71 infection in PSGL-1-L929 cells but not in RD cells (Fig.
5CandE).

To further confirm the role of caveolae in EV71 infection, RD
and PSGL-1-1929 cells pretreated with caveolin-1 (CAV-1)-spe-
cific siRNA prior to EV71 infection were performed. The results
showed that the levels of CAV-1 mRNA (Fig. 6A) and protein (Fig.
6B) expression in RD or PSGL-1-1L929 cells were downregulated
significantly at 48 h after siRNA transfection, compared to the
control siRNA-transfected cells. Both cell types displayed no evi-
dence of transfection-induced cytotoxicity. After EV71 infection,
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the expression of EV71 RNA (Fig. 6C) and its capsid proteins (Fig.
6D) were markedly reduced in CAV-1 siRNA-treated PSGL-1-
1929 cells compared to the control siRNA transfectants. In con-
trast, CAV-1 siRNA and control siRNA-transfected RD cells dis-
played no differences in viral RNA and capsid proteins expression
(Fig. 6C and D). These results suggest that the PSGL-1-mediated
pathway for EV71 infection is caveola dependent, unlike the
SCARB2-mediated clathrin-dependent pathway.

Confocal microscopy of immunofluorescence staining showed
that both VP1 (green) and CAV-1 (red) distributed throughout
the whole cells at 3 h postinfection. Merging of VP1 and CAV-1
revealed many colocalizations of CAV-1 and EV71 (yellow) ob-
served in the cytosol and submembrane sites of EV71-infected
PSGL-1-L1929 cells but few in EV71-infected RD cells (Fig. 7A).
The colocalizations were quantified, and the score of Pearson co-
efficient of correlation (31), which correlated to the colocalization
of CAV-1 and EV71, was calculated. More colocalizations in
PSGL-1-1929 cells versus RD cells (0.5377 versus 0.2814 coeffi-
cient factor) were observed (Fig. 7B). These data, combined with
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FIG 8 EV71 infection is caveola dependent in Jurkat T lymphocytes. (A) The Jurkat T cells were incubated with biotinylated anti-SCARB2 antiserum or
anti-PSGL-1 antiserum (black curve) prior stained with FITC-conjugated avidin or anti-mouse antibody, respectively. The Jurkat T cells incubated with the
respective isotype IgG (gray curve) as controls were included. Stained cells were suspended in 1X PBS before run on a FACScan flow cytometer and analyzed
using FCS Express V3 (De Novo Software). (B) Cells were infected with EV71 (MOI = 0.05) and then cultured at 37°C for additional incubation from 0, 0.5, 1,
3,6,and 24 h. Total RNA were extracted at each time point postinfection and used to detect the viral RNA by real-time RT-PCR as described previously. Cells were
transfected with 100 pmol of human CLTB-, CAV-1-specific siRNA or control siRNA and then cultured at 37°C for 48 h. After incubation, total RNAs were
isolated to assay clathrin or caveolin-1 mRNA by real-time RT-PCR using the respective primers (Table 1) (C) and protein expression by immunoblotting with
anti-clathrin or anti-caveolin-1 antibody (D). Changes in clathrin or caveolin-1 expression were compared to the expression in control siRNA-transfected cells
(as 100%). After EV71 (MOI = 0.05) infection, total RNA and lysates were prepared at 24 h postinfection to detect viral RNA (E) and capsid proteins (F) as
described previously. The mean relative expression of RNA and protein levels of clathrin, caveolin-1, and EV71 were calculated as described previously. The
cellular B-actin detected as internal control for the findings shown in panels E and F was included. The data were quantified using Image-Pro Plus 6.0 software.
Three independent experiments were performed, and one of them were shown.
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results from inhibitory assays (Fig. 5 and 6), support that caveola-
dependent endocytosis is essential for PSGL-1-mediated EV71
early infection.

EV71 infection mediates a caveola-dependent but not clath-
rin-dependent pathway in PSGL-1-expressing human T cells.
Human T cells such as Jurkat T cells only expressing PSGL-1 on
the surface was confirmed by previous report (9) and by our flow
cytometric analysis using specific antibody against PSGL-1 com-
pared to SCARB2 antibody (Fig. 8A). In the kinetic infection,
Jurkat T cells was susceptible for EV71 infection (MOI = 0.05)
was judged by the detection of viral RNA expression as early as at
6 h and significant increase at 24 h postinfection (Fig. 8B). Pre-
treatment of Jurkat T cells with either CLTB or CAV-1 siRNA all
downregulated the respective mRNA (Fig. 8C) and protein (Fig.
8D) expression after 48 h transfection. At 24 h after EV71 infec-
tion, viral RNA (Fig. 8E) and their capsid protein (Fig. 8F) expres-
sion were measured, and all were reduced significantly in CAV-1
siRNA-transfected cells but remained unchanged in the CLTB
siRNA- or control siRNA-transfected cells. These results indicate
that the pathway of EV71 infection in Jurkat T cells is caveola
dependent and clathrin independent.
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EV71 entry into PSGL-1-expressing cells requires lysosomal
acidification. After the endocytosis of viral particles, acidification
in the endosome is the key step for rearrangement of the viral
capsid structure, resulting in the release of viral RNA from the
particles for replication (32, 33). To elucidate the role of endo-
somal acidification in PSGL-1-mediated EV71 infection, we used
lysosomotropic agents, the compounds ammonium chloride
(NH,CI) and chloroquine, which have weak bases and can inhibit
endosomal acidification by increasing intracellular pH (34-36),
and bafilomycin A1, which acts by inhibiting vacuolar H" ATPase
(V-ATPase) that prevents maturation of autophagic vacuoles by
inhibiting fusion between autophagosomes and lysosomes (37) in
our study. Pretreatment of PSGL-1-1929 and RD cells with vari-
ous doses of NH,ClI (Fig. 9A), chloroquine (Fig. 9B), and bafilo-
mycin Al (Fig. 9C) prior to EV71 infection was performed. No
cytotoxicity of NH,Cl, chloroquine, and bafilomycin Al treat-
ments in both infected cells was noted. The results of real-time
RT-PCR analysis indicated that pretreatment of RD and PSGL-1
cells with NH,CI, chloroquine, and bafilomycin Al significantly
inhibited EV71 infection in a dose-dependent manner. These data
confirmed that endosome-lysosomal acidification is required for
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clathrin-dependent EV71 infection in RD cells and also for
caveola-dependent infection in PSGL-1-1L929 cells.

DISCUSSION

Beside enterovirus 71, several viruses also use multiple cellular
receptors for host entry, such as PVRL4 (nectin 4) and SLAM
(CDw150) in the measles virus (38, 39), angiotensin-converting
enzyme 2 and CD209L (L-SIGN) in the severe acute respiratory
syndrome coronavirus (40, 41), and ubiquitous glucose trans-
porter GLUT-1 and neurophilin-1 in human T-cell lymphotropic
virus type 1 (42, 43). Previous studies identified the requirement
for clathrin-dependent endocytosis in EV71 infection of human
SCARB2-expressing mouse NIH 3T3 cells and human RD cells
(24, 25). In the present study, we demonstrated that caveola-me-
diated endocytosis is required for EV71 entry in human PSGL-1-
expressing cells. These results suggest that differential cellular re-
ceptors determine the pathway of endocytosis in EV71 infection.
Investigators have observed a similar phenomenon in herpes sim-
plex virus (HSV) infection, which uses nectin-1 receptors and the
TNEF/NGF receptor family for host entry (44, 45). The differential
expression of cellular receptors in different cells might also deter-
mine the tissue tropism of EV71 infection in the host. Similarly,
HSV infection uses distinct pathways for entry and eliciting tissue
tropism (46), suggesting that receptor-determining factors in a
target cell with multiple cellular receptors have a major influence
on viral infection.

In contrast to the ubiquitous expression of SCARB2 in somatic
cells, PSGL-1 is restrictedly expressed in myeloid, lymphoid, and
dendritic cells and serves as a common ligand for P-, L-, or E-
selectin in platelets, leukocytes, or endothelium cells. It plays a role
in leukocyte and inflammatory cell infiltration in inflammatory
tissues (14, 15). P-selectin glycoprotein ligand-1 has been identi-
fied as one of the receptors to which EV71 binds when it infects
myeloid, lymphoid, and dendritic cells. Nishimura et al. identified
that a monoclonal antibody (KLP1) can neutralize the binding
between EV71 and PSGL-1 by blocking the recognition sites for P-
and L-selectin (9). The binding site for the viral particle on
PSGL-1 is identical to the selectin binding site that is responsible
for cellular signal transduction (9), suggesting that the binding of
EV71 might initiate signals for the recruitment of EV71-infected
leukocytes or neutrophils to infiltrate the relevant tissues and re-
lease the replicating viruses. Clinical studies have detected large
amounts of neutrophil-like inflammatory cells (CD68", CD157)
and three types of lymphocytes (B cells, CD4™, and CD8™" T cells)
in the CNS of severe EV71-infected patients (47, 48). These studies
also observed EV71 particles in the CNS of these patients. How-
ever, it remains unclear whether PSGL-1 expressed on inflamma-
tory cells mediates EV71 infection and also triggers infiltration
into the CNS to result in severe neurological diseases.

Previous studies have shown that the binding of the PSGL-1
ligand (PSGL-1L) to PSGL-1 activates phosphoinositide 3-kinase,
Src, or mitogen-activated protein kinase signaling, resulting in
actin redistribution and interleukin secretion (49-51). Recent
studies described the recruitment and activation of leukocytes and
the generation of CD4™ CD25" Foxop3™ regulatory T cells and
tolerogenic dendritic cells in tolerogenic immune responses after
PSGL-1-PSGL-1L engagement (52, 53). The role of PSGL-1 in
EV71 infection, such as the induction of tolerogenic immune re-
sponses following the binding of EV71 to PSGL-1 that enable the
virus to escape host defenses, has yet to be fully elucidated. In the

August 2013 Volume 87 Number 16

Novel Entry Pathways of EV71

present, we demonstrate that the mechanism of EV71 entry is
receptor dependent, in which human PSGL-1 initiates caveola-
dependent endocytosis in parallel with the activation of clathrin-
dependent endocytosis by human SCARB2. These findings might
facilitate the development of anti-EV71 medications.
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