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Cell Surface Vimentin Is an Attachment Receptor for Enterovirus 71
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ABSTRACT

Enterovirus 71 (EV71) is a highly transmissible pathogenic agent that causes severe central nervous system diseases in infected
infants and young children. Here, we reported that EV71 VP1 protein could bind to vimentin intermediate filaments expressed
on the host cell surface. Soluble vimentin or an antibody against vimentin could inhibit the binding of EV71 to host cells. Ac-
companied with the reduction of vimentin expression on the cell surface, the binding of EV71 to cells was remarkably decreased.
Further evidence showed that the N terminus of vimentin is responsible for the interaction between EV71 and vimentin. These
results indicated that vimentin on the host cell surface may serve as an attachment site that mediated the initial binding and sub-

sequently increased the infectivity of EV71.

IMPORTANCE

This study delivers important findings on the roles of vimentin filaments in relation to EV71 infection and provides information
that not only improves our understanding of EV71 pathogenesis but also presents us with potentially new strategies for the treat-

ment of diseases caused by EV71 infections.

nterovirus 71 (EV71) is a single-stranded RNA virus that be-

longs to human enterovirus species A of the genus Enterovirus
within the Picornaviridae family. EV71 was thought to be one of
the main pathogenic agents that cause foot, hand, and mouth
disease (HFMD) in young children (1-4). In recent years, out-
breaks of EV71-related HFMD have been reported in Southeast or
East Asia, including in Taiwan, Malaysia, Singapore, Japan, and
China (5-7). Particularly, since 2008, one million EV71-related
HFMD cases were reported each year in China, including hun-
dreds of fatal cases per year. Because of its danger and high fre-
quency of infection, EV71-related HEMD has raised considerable
public health concerns (8). However, available treatments for
EV71 infection are limited, as there is currently no effective che-
moprophylaxis or vaccination against infection.

Unlike CA16 and other enteroviruses, EV71 infection is usually
accompanied by severe neurological complications, such as asep-
tic meningitis, acute flaccid paralysis, encephalitis, and other rarer
manifestations (2, 9, 10). The EV71-associated neurological com-
plications can sometimes be fatal, and neurogenic pulmonary
edema is thought to be the main pathogenic cause in fatal cases
(11-13). It has been postulated that overwhelming virus replica-
tion in combination with tissue damage and the induction of toxic
inflammatory cytokines and cellular immunity are the possible
process of pathogenesis (14, 15). Although the initial viral illness
often is self-limited, EV71 infection may result in long-term neu-
rologic and psychiatric effects on the central nervous system
(CNS) in children (16). EV71 infection involving the CNS, and
cardiopulmonary failure may be associated with neurologic se-
quelae, delayed neurodevelopment, and reduced cognitive func-
tioning (10, 16, 17).

As anonenveloped virus, EV71 enters host cells via a receptor-
mediated clathrin-dependent endocytotic pathway (18). Several
kinds of cell receptors for EV71 have been identified. Human P-
selectin glycoprotein ligand-1 (PSGL-1) and scavenger receptor
B2 (SCARB2) are two functional receptors believed to determine
EV71 host range and tissue tropism (19, 20). PSGL-1 is a sialomu-
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cin membrane protein expressed on leukocytes which have a ma-
jor role in the early stages of inflammation (21-23). The tyrosine
sulfation at the N-terminal region of PSGL-1 has been proven to
interact with EV71 and thus may facilitate virus entry (24). Hu-
man SCARB2, the second reported cell receptor for EV71, belongs
to the CD36 family (25, 26). SCARB2 is one of the most abundant
proteins in the lysosomal membrane and participates in mem-
brane transport and the reorganization of the endosomal and lys-
osomal compartments (27). PSGL-1 is expressed mainly on neu-
trophils, monocytes, and most lymphocytes, while SCARB2 is
widely expressed on most types of cells, including neurons (19,
20). Amino acids (aa) 144 to 151 of SCARB2 have been proven to
be critical for binding to EV71 VP1 (28). Thus, SCARB2 is be-
lieved to be directly involved in EV71 infection of the brain. In
addition, SCARB2 can be utilized by most EV71 strains as an entry
receptor, while PSGL-1 can mediate infection only by certain
strains. More EV71 virus binds to mouse L cells that express hu-
man PSGL-1 (L-PSGL-1 cells) than to mouse L cells that express
human SCARB2 (L-SCARB2 cells) due to a higher affinity of
PSGL-1 for the virus. However, EV71 could infect L-SCARB2 cells
more efficiently than L-PSGL-1 cells (29, 30). SCARB2 is capable
of virus binding, virus internalization, and virus uncoating, while
PSGL-1 is capable only of virus binding (30). Thus, PSGL-1 may
act as a binding receptor but not an uncoating receptor for EV71.
Other receptors, such as sialylated glycan and annexin I, have also
been shown to facilitate EV71 infection in various kinds of cells,
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and cell surface heparan sulfate glycosaminoglycan was recently
reported to be an attachment receptor for EV71 in RD cells (31,
32); however, as inhibition of these receptors by antagonists did
not completely abolish EV71 infection, it was suggested that mul-
tiple receptors are involved during EV71 infection. Vimentin is
the major intermediate filament protein of astrocyte cells and cells
adapted to tissue culture (33). An increasing number of reports
recognized an important role for cell surface vimentin as a com-
ponent of the pathogen attachment and endocytotic pathways
(34-39). In this study, we further demonstrate that EV71 VP1
specifically binds to the vimentin intermediate filament located on
the cell surface and that the vimentin expressed on the cell surface
is involved in the attachment of EV71 to host cells.

MATERIALS AND METHODS

Reagents and antibodies. N-Decyl-B-p-maltopyranoside (DDM) was
obtained from Affymetrix, California. Protease inhibitor cocktail and an-
ti-SCARB2 antibody were obtained from Sigma-Aldrich, Missouri. Anti-
EV71 monoclonal antibody was obtained from Millipore, Massachusetts.
Anti-PSGL-1 antibody was obtained from R&D Systems, Minnesota. Fu-
GENE transfection reagent was obtained from Roche, Indiana. Rabbit
antivimentin polyclonal antibody, mouse antivimentin, mouse anti-
actin, mouse anti-glutathione S-transferase (GST), mouse anti-Flag
monoclonal antibody, rhodamine (tetramethyl rhodamine isocyanate
[TRITC])-conjugated anti-rabbit IgG antibody, fluorescein isothiocya-
nate (FITC)-conjugated anti-rabbit IgG antibody, FITC-conjugated anti-
mouse IgG, horseradish peroxidase (HRP)-conjugated anti-mouse IgG,
and HRP-conjugated anti-rabbit IgG used in immunofluorescence stud-
ies, infection inhibition assays, and Western blot analyses were all ob-
tained from Santa Cruz Biotechnology, California. PSGL-1 and SCARB2
protein used in infection inhibition assays were obtained from Sino Bio-
logical, Beijing, China.

Cell culture, virus isolates, and virus infection. The prototype en-
terovirus 71 (EV71) BrCr strain was a gift from Qi Jin (Institute of Patho-
gen Biology, Chinese Academy of Medical Sciences, Beijing, People’s Re-
public of China). The prototype EV71 clinical strains Hunan 09 and HeN
09 were gifts from Zhang Bo (Wuhan Institute of Virology, Chinese Acad-
emy Of Sciences, Wuhan, People’s Republic of China). The human astro-
cytoma (U251) cell lines, human rhabdomyosarcoma (RD) cells, African
green monkey kidney epithelial (Vero) cells, human cervical (HeLa) cells,
human T lymphocyte (Jurkat) cells, and mouse embryonic fibroblast
(3T3) cells were propagated and maintained in either double modified
Eagle’s medium (DMEM), modified Eagle’s medium (MEM), or 1640
medium, all supplemented with antibiotics (penicillin and streptomycin)
and 10% fetal bovine serum (Invitrogen, California), at 37°C in the pres-
ence of 5% CO,. In all experiments, cells (other than 3T3 cells) were
infected with the respective virus at a multiplicity of infection (MOI) of 4
PFU cell™". The 3T3 cells were infected at an MOI of 20.

Plasmids and protein expression. To create the expression vectors ex-
pressing either EV71 VP1, VP2, VP3, or 3C, EV71 genomic RNA was ex-
tracted from the culture fluid of virus-infected RD cells using a virus genome
extraction kit. Single-stranded cDNA was then synthesized from the purified
virus RNA by reverse transcription (RT) (Promega). Each of the VP1, VP2,
VP3, and 3C genes was amplified from the cDNA by PCR over 34 cycles of
denaturation at 98°C for 105, primer annealing at 55°C for 30 s, and extension
at 72°C for 1.5 min, using VP1 sense primer 5'-CGCGGATCCGACAGAGT
GGCAGATGTGATTG-3' and antisense primer 5'-CCGGAATTCTTAGAG
CGTAGTGATTGCCGTTC-3', VP2 sense primer 5'-CCCAAGCTTTCTCC
CTCTGCTGAAGCATGTGGC-3' and antisense primer 5'-CCCAAGCTTT
TACTGCGTAACTGCCTGCCTGAGAC-3', VP3 sense primer 5'-CCCAA
GCTTGGTTTCCCCACTGAATTGAA-3' and antisense primer 5'-ACGCG
TCGACTTATTGAATAGTGGCCGTTTGC-3', and 3C sense primer 5'-CG
CGGATCCCCCAGCTTAGACTTCGCCTTGTCT-3' and antisense primer
5'-CCGGAATTCTTATTGCTCGCTGGCAAAATAACTCCT-3". Each of
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the PCR products was separated by electrophoresis in 1.0% agarose gels, gel
purified, and then cloned into the corresponding restriction sites of the
pcDNA-Flag vector to produce plasmids expressing VP1-Flag, VP2-Flag,
VP3-Flag, and VP3C-Flag.

To create expression vectors expressing either vimentin or 3C, the
full-length VP1 and 3C ¢cDNAs were generated by PCR using the VP1
sense primer 5'-CGGAATTCTCCACCAGGTCCGTGTCCTCG-3" and
antisense primer 5-CGGCGGCCGCTCTTCAAGGTCATCGTGATGT
G-3’ and 3C sense primer 5'-CGGAATTCCCCAGCTTAGACTTCGCC
TTGTCT-3" and antisense primer 5'-GCGGCCGCTTTGCTCGCTGGC
AAAATAACTCCT-3". The PCR products were separately cloned into the
pGEX-4T-1 expression vector. Full-length human and mouse vimentin
c¢DNA and the truncated human vimentin cDNA sequences were gener-
ated by PCR using these primers: vimentin (1 to 230) sense primer 5'-C
GGGATCCGTCCACCAGGTCCGTGTCCTCG-3' and antisense primer
5'-CCCAAGCTTCTCTTCTTGCAAAGATTCCAC-3', vimentin (231 to
467) sense primer 5'-CCCAAGCTTTTCAAGGTCATCGTGATGCT
G-3' and antisense primer 5'-CCCAAGCTTGGCGAAGCGGTCATTCA
GCTC-3', vimentin (116 to 230) sense primer 5'-CGGGATCCGAA
CTACATCGACAAGGTGCGC-3" and antisense primer 5'-CCCAAGC
TTCGAGGCGTAGAGGCTGCGGCT-3’, and vimentin (1 to 56) sense
primer 5'-CGGGATCCG TCCACCAGGTCCGTGTCCTCG-3' and ant
isense primer 5-CGGGATCCGTCCCCGGGCGGCGTGTATGCC-3'.
The respective PCR products were cloned into the pET20b vector and
expressed in Escherichia coli BL21. Solubilizing and refolding of the re-
combinant proteins in the inclusion body was performed as described
before (40-42). The recombinant proteins were purified using affinity
chromatography (Ni-nitrilotriacetic acid [NTA] or glutathione-Sephar-
ose [GE]) followed by size exclusion chromatography (Superdex 200; GE
Healthcare).

Cell vimentin knockdown experiment. In order to elucidate potential
roles for vimentin in EV71 infection, a vimentin knockdown cell line
(VK-U251) was constructed using a retrovirus vector that stably ex-
pressed the small interfering RNA (siRNA) specific to vimentin. To build
VK-U251, a short hairpin RNA (shRNA) targeting the human vimentin
(shVim) gene as reported previously and a control shRNA (shControl)
were designed (43). In order to facilitate the formation and processing of
the shRNA, aloop sequence (TTCAAAGAGA) was designed in the middle
area of all shRNAs. The sequences of the two shRNAs were as follows:
shVim, 5'-GATCCGCTATGTGACCACATCCACTTCAAGAGAGTGG
ATGTGGTCACATAGCTTTTTTG-3'; and shControl, 5'-GATCCCC
ACCATGCACGTATGTCATTCAAGAGATGACATACGTGCATGGT
GGTTTTTTG-3'. The corresponding complementary oligonucleotides
were also synthesized to produce DNA duplexes of each of the shRNAs.
The shRNA oligonucleotides were annealed and ligated to the BamHI and
EcoRI sites behind the human U6 promoter of pSIREN-RetroQ vector,
and the constructs were confirmed by DNA sequencing. Phoenix cells
were plated and transfected with the resultant pSIREN-RetroQ-siVim or
pSIREN-RetroQ-siControl plasmid in the presence of a helper plasmid by
using the FuGENE transfection reagent. At 48 h posttransfection, cell
culture fluid containing the recombinant retroviruses were harvested and
used to infect U251 cells. The infected cells were screened using puromy-
cin ata concentration of 5 g ml~". Vimentin expression in VK-U251 and
control cells (C-U251) was analyzed by Western blot analysis. To decrease
vimentin expression in mouse 3T3 cells, the cells were transfected with the
siRNA control or siRNA specific to mouse vimentin (44). The expression
levels of vimentin were determined by Western blot analysis.

Virus propagation, purification, and titer determination. Virus was
propagated and purified as described before (45). To determine virus
titers, RD cells were plated into 96-well dishes, incubated overnight, and
then infected with the serially diluted virus. After adsorption for 30 min,
the virus suspension was replaced with modified Eagle’s medium contain-
ing 2% fetal bovine serum. The cultures were incubated at 37°C for 5 days,
and plates that displayed cytopathic effects were counted. Virus titers were
determined by the Reed-Muench method. All virus titer data presented
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are means * standard deviations (SD) based on three independent exper-
iments.

Western blotting, pulldown assay, and coimmunoprecipitation.
Western blotting and pulldown assays were performed as described before
(46). For coimmunoprecipitation, cell lysates were prepared and preim-
munoprecipitated with protein G-agarose beads. After a short centrifuga-
tion, the precipitates were either incubated with mouse IgG-conjugated
agarose beads, EV71-conjugated agarose beads, or vimentin monoclonal
antibody-conjugated agarose beads. After 2 h of incubation at 4°C, the
beads were washed with lysis buffer and heat denatured in sample-loading
buffer (50 mM Tris-HCI [pH 6.8], 100 mM dithiothreitol [DTT], 2%
SDS, 0.1% bromophenol blue, and 10% glycerol). After a brief centrifu-
gation, the proteins in supernatants were separated by SDS-PAGE fol-
lowed by Western blot analysis. The blots were developed using the
chemiluminescence reaction (GE Healthcare).

Quantitative RT-PCR, indirect immunofluorescence, and flow cy-
tometry. Quantitative RT-PCR and indirect immunofluorescence analy-
sis were performed as described before (47, 48). For flow cytometry, cells
were harvested at the indicated times and fixed in 0.01% formaldehyde for
10 to 15 min at room temperature. After three washes in phosphate-
buffered saline (PBS), the cells were permeabilized with 0.1% NP-40 in
PBS for 20 min. Cells were blocked with 5% bovine serum albumin (BSA)
in PBS and incubated for 1 h at room temperature. After being washed, the
cells were resuspended in PBS with 1% BSA and incubated for 2 h at 4°C
with the primary antibody at a final concentration of about 1 g ml ™.
Cells were then incubated for 1 h with the fluorescent secondary antibody.
The cells were then subjected to flow cytometry analysis after they had
been washed with PBS. For cell surface staining, the cells were not perme-
abilized, but the other steps remained the same.

Virus binding inhibition assay. To examine the effect of soluble vi-
mentin on virus binding to host cells during infection, we mixed EV71
with either vimentin or BSA and incubated them for 60 min at 4°C prior to
infection. The cells were then incubated with the above-described treated
EV71 at 4°C for 1 h, washed three times with culture medium, and sub-
jected to flow cytometry or Western blot analysis.

To examine the inhibition effects of pretreating host cells with specific
antibodies on virus binding, the cells were preincubated with polyclonal
antibody against either vimentin, SCARB2, PSGL-1, or rabbit IgG for 60
min at 4°C before being incubated with EV71 for 1 h at 4°C. The cells were
then subjected to flow cytometry or Western blot analysis as mentioned
above.

To study the effects of vimentin and vimentin antibody on virus rep-
lication, cells were incubated with EV71 at 4°C for 1 h in the presence of
either vimentin or vimentin antibody. Then, fresh medium was added to
the infected cells, and infection was allowed to proceed for the indicated
times at 37°C. Virus replication of the infected cells was determined by
measuring the virus titers in the culture fluids and cell lysates.

Statistical analysis. Data were subjected to one-way analysis of vari-
ance with factors of treatment and expressed as means = SD. Compari-
sons between any two groups were performed by unpaired Student’s ¢
tests: **, significant difference at P values of <0.02 compared with the
control; *, significant difference at P values of <0.05 compared with the
control.

RESULTS

To investigate whether EV71 can interact directly with vimentin,
we incubated U251 cell lysates with EV71 strain BrCr particles
immobilized on agarose beads conjugated with anti-EV71 VP1
monoclonal antibody and analyzed the precipitated proteins by
Western blotting. The results (Fig. 1A) showed that a 55-kDa band
corresponding to vimentin was detected by a vimentin monoclo-
nal antibody, whereas no vimentin was detected in the IgG and
control groups. This interaction between EV71 and vimentin was
further verified by a coimmunoprecipitation experiment which
showed that EV71 coimmunoprecipitated with vimentin (Fig. 1B).

5818 jvi.asm.org

&
X
\ &
A s @4« B - S
¥ & & &y
& & ¢ & & ¥ &
Vimentin ‘ - — j l Vimentin ‘ - -— ‘
EVII |G~ ] EV71 ‘ — ‘

C & N

cas (@ | |

EV71 |-||
Vimentin ‘- H ’g-,‘

FIG 1 Experiments showing specific interaction between EV71 and cellular
vimentin. (A) Detection of specific interactions between EV71 BrCr virus par-
ticles and cellular vimentin in uninfected U251 cell lysates by immunoprecipi-
tation assays and Western blotting performed as described in Materials and
Methods. The figure shows a Western blot of the following precipitated pro-
tein samples using anti-EV71 VP1 and antivimentin antibodies: input, un-
treated cell lysate; control, cell lysate incubated with agarose beads treated with
purified EV71 particles; anti-EV71, cell lysate incubated with anti-EV71 VP1
monoclonal antibody-conjugated agarose beads treated with purified EV71
particles; IgG, cell lysate incubated with mouse IgG-conjugated agarose beads
treated with purified EV71 particles. (B) Detection of specific binding of EV71
with vimentin in EV71-infected U251 cells using coimmunoprecipitation as-
says. U251 cells were infected with EV71 and lysates prepared as described in
Materials and Methods. Infected cell lysates were then incubated with either
mouse IgG or vimentin monoclonal antibody (antivimentin)-conjugated aga-
rose beads for 2 h at 4°C. The precipitated proteins were blotted with anti-
EV71 VP1 and antivimentin antibodies. Input, EV71 and vimentin markers;
control, proteins from cell lysate incubated with IgG-conjugated agarose
beads; antivimentin, proteins from cell lysate incubated with vimentin mono-
clonal antibody-conjugated agarose beads. (C) Analysis of the specific inter-
actions between various strains of EV71 viruses and U251 cellular vimentin by
immunoprecipitation assays. CA16, EV71 BrCr, EV71 Hubei 09, and EV71
HeN 09, cell lysates incubated with antivimentin monoclonal antibody-con-
jugated agarose beads treated with purified CA16, EV71 BrCr, EV71 Hubei 09,
and EV71 HeN 09 particles, respectively; control, cell lysate incubated with
agarose beads treated with purified EV71 BrCr particles.

|

Neither EV71 nor vimentin was detected in the IgG control group.
These results thus indicated that EV71 can interact directly with
vimentin. To determine whether the interaction with vimentin
was specific to the test virus strain or is a feature common to other
circulating EV71 strains in general, we tested two other EV71 clin-
ical isolates for their interaction with vimentin by coimmunopre-
cipitation as described above. The results showed that both of
these strains, which belong to the C4 genotype of EV71, were
captured by vimentin and migrated at the appropriate size posi-
tion in a Western blot probed with the anti-EV71 antibody (Fig.
1C). This interaction with vimentin was shown to be specific for
EV71, as a parallel coimmunoprecipitation experiment with cox-
sackievirus A16 (CA16), another common pathogen of HFMD
belonging to the same species of human enterovirus A, failed to
capture the CA16 virus (Fig. 1C).

To determine if vimentin could act as an attachment receptor
for EV71 entry, we first investigated the cell surface expression of
vimentin by flow cytometry and immunofluorescence studies.
The cytometry results (Fig. 2A) showed that there were strong
immunofluorescence signals in the EV71 permissive U251, Vero,
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FIG 2 (A) Detection of vimentin expression on the cell surface of U251, RD, Vero, and HeLa cells by flow cytometry. Cells were fixed and incubated with either
mouse IgG (black line) or antibody to vimentin (red line). The cells were then incubated with the fluorescent secondary antibody and subjected to flow cytometry
analysis as described in Materials and Methods. y axis (counts) = cell counts; x axis (FL1-H) = fluorescence density. (B) Analysis of the cell surface distribution
of vimentin and cell surface-bound EV71 by indirect immunofluorescence in U251 cells. Cells were infected with EV71 BrCr (+EV71) at 4°C for 1 h and then
stained with specific antibody to either EV71 (red) or vimentin (green) and analyzed by confocal fluorescence microscopy. Bar = 20 pm. (C) Analysis of the
distribution of cell vimentin by indirect immunofluorescence in U251 cells (—EV71). Cells were fixed and permeabilized as described in Materials and Methods.
Cells were then stained with antibodies to vimentin (Vim; green fluorescence) and EV71 (red florescence) and subjected to confocal microscopy analysis. An
overlay of the vimentin and EV71 florescence is also shown (merged). Cell morphology (phase) was assessed by light microscopy.

RD, and HeLa cells when stained with the vimentin antibody but
not in the corresponding cells stained with mouse IgG, indicating
that vimentin was expressed on the surface of these cells. However,
the amounts of cell surface vimentin in RD and Vero cells were
greater than those in U251 and HeLa cells. Additionally, immu-
nofluorescence studies of nonpermeabilized U251 cells stained
with vimentin monoclonal antibody demonstrated that some vi-
mentin was located on the surface of these cells (Fig. 2B). The
results showed that when EV71 was incubated with nonpermeabi-
lized cells, the rhodamine-labeled EV71 was found localized on
the cell surface and was colocalized with the cell surface vimentin
stained with FITC (Fig. 2B). In contrast, when U251 cells were
stained with vimentin antibody in the permeabilized states, the
vimentin filaments were seen to be distributed throughout the
cytoplasm (Fig. 2C).

We next determined whether EV71 binds to vimentin through
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its VP1 protein, the most external, surface accessible, and immu-
nodominant protein that is believed to be responsible for host-
virus binding. A pulldown assay was initially performed to analyze
the interaction between VP1 and vimentin. As shown in Fig. 3A, a
band representing vimentin could be detected in the eluate of cell
lysates from the VP1 binding column. In contrast, no such protein
band was observed in eluate from the control resins. To determine
whether EV71 VP1 could directly bind with vimentin, pulldown
assays were performed by incubating VP1 with vimentin protein
immobilized on antivimentin monoclonal antibody-conjugated
agarose beads. The results showed the presence of a VP1-GST
protein band in the eluate from vimentin binding resins but not in
control GST eluate (Fig. 3B). The capsid of EV71 consists of 60
subunits comprising the four capsid proteins VP1, VP2, VP3, and
VP4. VP1, VP2, and VP3 are exposed on the virion surface and
believed to mediate cell receptor binding or endocytosis (49). To
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FIG 3 Experiments showing the interaction between EV71 VP1 protein and vimentin. (A) Detection of binding between VP1 and vimentin using GST pulldown
assays and Western blotting. The eluates obtained as described in Materials and Methods were blotted with antivimentin and anti-GST antibodies, and the
resultant VP1 protein band observed is indicated. Input, untreated cell lysate; control, U251 cell lysate incubated with glutathione-Sepharose beads; VP1, 3C, and
GST, U251 cell lysate incubated with VP1-GST, 3C-GST, or GST precombined glutathione-Sepharose beads, respectively. (B) Pulldown assays and Western blot
analysis showing the interaction between VP1 and vimentin. GST or VP1-GST protein was incubated with antivimentin monoclonal antibody-conjugated
agarose beads that were preincubated with vimentin protein. The precipitated proteins were blotted with antibodies to either vimentin or GST, and the resultant
VP1-GST protein band observed is indicated. (C) Analysis of the binding of VP1 to vimentin by coimmunoprecipitation and Western blotting. U251 cells were
transfected with a plasmid expressing VP1, lysed, and coimmunoprecipitated with vimentin antibodies (anti-Vim) or mouse IgG. The precipitated proteins were
blotted with antibodies to vimentin and EV71 VP1. Input, cell lysate; control, agarose beads incubated either with no antibodies or with IgG; anti-Vim and mouse
IgG, agarose beads incubated with vimentin antibody and mouse IgG, respectively. (D) Coimmunoprecipitation and Western blot analysis of the binding of
vimentin to VP1, VP2, and VP3. U251 cells were transfected with plasmids expressing either VP1, VP2, or VP3. Coimmunoprecipitation was performed with Flag
antibody. The precipitated proteins were analyzed by Western blotting using antibodies to vimentin and Flag. Control, precipitated proteins from cells with no
plasmid transfection; VP1, VP2, VP3, precipitated proteins from cells transfected with VP1, VP2, VP3 plasmids, respectively. The figure shows only EV71 VP1

interacted with vimentin and not VP2 or VP3.

investigate which capsid protein mediates the interaction between
the EV71 particles and vimentin, we transfected U251 cells with
plasmids expressing either VP1-Flag, VP2-Flag, or VP3-Flag. Co-
immunoprecipitation experiments performed on these cells fol-
lowed by Western blot analysis using antivimentin and anti-Flag
antibodies showed that vimentin could be precipitated by VP1-
Flag but not VP2-Flag or VP3-Flag (Fig. 3C and D). Together,
these studies provided strong evidence that EV71 VP1 could bind
directly and specifically to vimentin and that the EV71 VP1 medi-
ated the interactions between the EV71 particle and cell surface
vimentin.

An assay was done to investigate if the addition of exogenous
vimentin would competitively inhibit the binding of the virus to
host cells and thus virus infection, EV71 was preincubated with
either vimentin (0, 5, 10, 20, 30, and 40 wg ml™") or BSA (40 pg
ml™") for 60 min at 4°C before being used to infect U251 cells
(MOI of 4). At 1 h postinfection, samples of the cells were washed
three times with culture medium and analyzed for bound virus
particles by Western blotting and flow cytometry. The blotting
results (Fig. 4A) showed that preincubation with exogenous vi-
mentin reduced the binding of EV71 particles to the cells com-
pared to preincubation with BSA. This inhibition effect was spe-
cific to EV71, as exogenous vimentin failed to block the binding of
CA16 to U251 permissive cells (Fig. 4A). Analysis by flow cytom-
etry showed that preincubation with vimentin at a concentration
of 10 g ml~' dramatically reduced the amount of EV71 binding
on the U251 cell surface, while preincubation with BSA had no

5820 jvi.asm.org

effect (Fig. 4B). The binding of EV71 to U251 cells was also ana-
lyzed by using quantitative PCR, and the results showed that the
EV71 RNA levels observed were inversely proportional to the con-
centrations of soluble vimentin added. However, the reduction of
EV71 RNA levels was not observed when the concentration of
vimentin was increased from 10 pg ml~" to 20 g ml~" (Fig. 4C).
Similarly, the virus yields in both the culture medium and infected
cells were significantly reduced, and the levels of reduction were
proportional to the concentrations of vimentin added (Fig. 4D).
Moreover, the lower virus yields in the vimentin-pretreated cells
were associated with an attenuation of the typically severe cyto-
pathic effect (CPE) of EV71 seen in the infected untreated control
or the BSA-pretreated cells. These results indicated that preincu-
bation with exogenous vimentin competitively inhibited EV71 in-
fection (Fig. 4E). To further understand the effect of exogenous
vimentin on EV71 infection, the binding of EV71 was measured
by quantitative PCR in U251 cells treated with vimentin at a con-
centration of 20 wg ml™" at various times after the initiation of
infection. The results showed that the binding of EV71 to the cells
decreased proportionately with the increased time delay in treat-
ment with vimentin postinfection, such that treatment at 30 min
postinfection had no significant effect on EV71 binding (Fig. 4F).
These results indicated that the inhibitory effect of exogenous vi-
mentin was at the binding stage of EV71 to U251 cells.

The question of whether vimentin also participates in the bind-
ing of EV71 in the infection of HeLa, Vero, and RD cells, the most
well-known permissive cell lines for EV71 infection and replica-
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FIG 4 Experiments on the role of vimentin in the attachment of EV71 to U251 cells. (A) Analysis of the binding of EV71 or CA16 to U251 cells using competitive
inhibition assays and Western blotting. Cells were infected with EV71 or CA16 at 4°C for 1 h after the virus inoculum was preincubated with vimentin or BSA at
the concentrations indicated (g ml™"). Control, cells infected with untreated virus. Infected cell lysates were subjected to Western blot analysis using antibodies
to EV71, CA16, and B-actin (internal control). The figure shows the inhibition of EV71 binding but not CA16 binding after pretreatment of the virus inoculum
with vimentin. (B) Flow cytometry analysis of the binding of EV71 to U251 cells after pretreatment of the virus inoculum with increasing concentrations of
vimentin (5 wg ml ™", black heavy line; 20 wg ml™ ', black dotted line) or BSA (20 pg ml ™", gray hairline). Black hairline (mock), infected cells with no vimentin
or BSA added. Gray filled line (control), cells with no EV71 infection. x axis (FL1-H) = fluorescence density. (C) Analysis of the binding of EV71 to U251 cells
using quantitative RT-PCR. Cells were infected with EV71 at 4°C for 1 h after the virus inoculum was preincubated with vimentin or BSA at the concentrations
indicated. Control, cells infected with untreated EV71. (D) Infectivity of vimentin-pretreated EV71 in U251 cells. EV71 was pretreated with various doses of
vimentin (Vim) at 4°C for 1 h prior to infecting U251 cells. The total virus yield at 48 h postinfection was determined. Virus titer from cells infected with EV71
that had no vimentin pretreatment was used as a reference (100%) to calculate the percent reduction in 50% tissue culture infective dose (TCIDs,) in the
vimentin-pretreated groups. (E) CPE of EV71 infections viewed under the visible light phase microscope, showing representative fields of control uninfected
U251 cells (uninfected), cells infected with either untreated EV71 (EV71), vimentin-pretreated EV71 (Vim; 20 pg ml™ ") or control BSA-pretreated cells (BSA;
20 pg ml™"). (F) Analysis of the influence of vimentin on the binding of EV71 to U251 cells using quantitative RT-PCR. Cells were infected with EV71 at 4°C.
Vimentin (20 pgml ') or BSA (20 g ml™ ') was then added to the cell culture at the indicated time postinfection. All cells were harvested at 60 min postinfection,
and the binding of EV71 was then analyzed using quantitative RT-PCR.
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FIG 5 Analysis of the role of vimentin in the attachment of EV71 to RD, HeLa, and Vero cells. (A) Western blot analysis of the inhibition of EV71 infection after
pretreating the virus inoculum with vimentin (Vim) or BSA. Cells were infected with EV71 at 4°C for 1 h, lysed, and Western blotted with antibody to EV71 and
{3-actin (internal control) as described in Materials and Methods. Control, cells infected with untreated virus; BSA, cells infected with BSA-pretreated virus; Vim,
cells infected with vimentin-pretreated virus. (B) Analysis of the binding of EV71 to cells using quantitative RT-PCR. Control, cells infected with untreated virus;
mock, cells incubated with no virus. (C) Infectivity of vimentin-pretreated EV71 in RD, HeLa, and Vero cells. EV71 was pretreated with vimentin or BSA at 4°C
for 1 h prior to infecting the cells. The total virus yield at 12, 24, and 48 h postinfection at 37°C was determined. Control, cells infected with untreated virus; BSA,
cells infected with BSA-treated virus; Vim, cells infected with vimentin-treated virus; mock, cells incubated with no virus.

tion, was investigated. Virus columns were preincubated with ei-
ther vimentin (20 pgml™") or BSA (20 pg ml™") for 60 min at 4°C
before being used to infect U251 cells, and the amounts of virus
particles bound to the cells were determined at 1 h postinfection
by Western blotting and quantitative PCR. The results showed
that preincubation with vimentin also inhibited the binding of
EV71 to HeLa, Vero, and RD cells as reflected in the reduction of
both the EV71 protein fluorescence signals and EV71 RNA levels
in infected cells pretreated with vimentin compared to those pre-
treated with BSA (Fig. 5A and B). Moreover, the inhibition effect
of vimentin observed in these cell types was collaborated by a
reduction in virus yield when they were infected with vimentin-
pretreated EV71 (Fig. 5C). However, the levels of reduction in
EV71 binding and virus yields differed between the cell types. The
decrease in EV71 binding and virus yield was greater in RD and
Vero cells than in HeLa cells (Fig. 5B and C).

To provide further evidence for the participation of cell surface

5822 jviasm.org

vimentin in EV71 infection, U251 cells were preincubated with
either a polyclonal antibody to vimentin (0, 20, 40, 60, and 80 pg
ml ") or the isotype IgG (80 g ml™') for 45 min before being
infected with EV71. After infecting for 1 h at 4°C, samples of the
cells were subjected to Western blot analysis. The blotting results
(Fig. 6A) indicated a partial inhibition of EV71 binding as re-
flected by a decrease in VP1 proteins observed in cells preincu-
bated with vimentin antibody, while no change was detected in the
corresponding rabbit IgG preincubated cells. In addition, the
lower virus yield obtained in the vimentin antibody-pretreated
cells was associated with an attenuation of the typical CPE ob-
served in the EV71-infected untreated control or the isotype anti-
body-pretreated cells (Fig. 6B). The binding of EV71 to U251 cells
was also measured by quantitative PCR, and the results indicated
a partial inhibition of EV71 binding as reflected by a decrease in
EV71 RNA levels (Fig. 6C). However, preincubating cells with
vimentin antibody at a concentration of 60 ug ml~" did not de-
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FIG 6 Effect of pretreating host cells with vimentin antibodies on the binding of EV71 to the cells. (A) Western blot analysis of EV71 BrCr replication in U251
cells that had been preincubated with vimentin antibodies prior to infection. Cells were pretreated with the indicated concentrations of vimentin antibodies (g
ml™") or rabbit IgG (isotype ab; 80 jug ml™") before being infected with EV71 for 1 h at 4°C. Cells were then lysed and subjected to Western blot analysis with
antibody to EV71 and B-actin (internal control). Control, cells incubated with EV71. (B) CPE of EV71 BrCr infection viewed under a visible light phase
microscope, showing representative fields of the uninfected control U251 cells (uninfected), vimentin antibody-pretreated cells infected with EV71 (Vim ab [60
pwgml™ '] and EV71), and rabbit IgG-pretreated cells infected with EV71 (isotype ab [60 pg ml~'] and EV71). (C) Analysis of the binding of EV71 BrCr to U251
cells using quantitative RT-PCR. Cells were pretreated with vimentin antibodies (Vim ab; 60 ug ml™") or rabbit IgG (isotype ab; 60 g ml™") before infection as
described above. Control, untreated cells incubated with EV71; mock, incubated cells with no EV71; isotype ab, isotype antibody-pretreated cells infected with
EV71; Vim, vimentin antibody-pretreated cells infected with EV71. (D) Graphs showing virus titers in infected U251 cells and the corresponding culture medium
at0, 12, and 24 h after infection. The cells were pretreated with vimentin antibody (Vim ab; 60 g ml™") or rabbit IgG (isotype ab; 60 ug ml~ ") before infection.
Control, untreated cells infected with EV71; mock, uninfected mock-treated cells. (E) Analysis of the influence of vimentin antibody (Vim ab) and isotype
antibody (isotype ab) on the binding of EV71 Hubei09 and HeN09 strains to U251 cells using quantitative RT-PCR. Control, untreated cells incubated with EV71.

crease EV71 binding any further (Fig. 6C). At 24 h postinfection at
37°C, the vimentin antibody-pretreated U251 cells also suggested
a reduction in virus replication compared to that of the IgG con-
trol, as demonstrated by a decrease in virus titers in the infected
cell culture medium and lysates (Fig. 6D). To determine the effect
of vimentin antibody pretreatment of cells on infection by other
EV71 strains, U251 cells were pretreated with vimentin antibody
as described above and then infected with EV71 Hunan 09 and
HeN 09 for 1 hat 0°C. Analysis of cell surface-bound EV71 in these
cells by quantitative PCR indicated a decrease in the amounts of
EV71 Hunan 09 and HeN 09 virus binding to the U251 cells,
implicating that vimentin was also involved in binding of other
strains of EV71 to host cells (Fig. 6E). However, the inhibition
effect of vimentin on the binding of EV71 Hunan 09 and BrCr
strains to U251 cells appeared stronger than that in the HeN 09
strain.

A vimentin-knockdown cell line (VK-U251) with little vimen-
tin expression was built using retrovirus-based RNA interference

May 2014 Volume 88 Number 10

(RNAI) vectors and was employed to verify the requirement of cell
surface vimentin for the binding of EV71 to U251 cells. Flow cy-
tometry analysis of vimentin expression on the cell surface of the
knockdown line showed that the vimentin on the VK-U251 cell
surface was present at a much lower level than in C-U251 and
U251 cells (Fig. 7A). To analyze the effect of this decrease in vi-
mentin expression on the binding of EV71 to the cell surface,
VK-U251 and C-U251 cells were incubated with EV71 and sub-
jected to flow cytometry 30 min later. The results (Fig. 7B) showed
that a reduction in vimentin expression was accompanied by a
dramatic decrease in virus binding in the VK-U251 cells compared
to that in C-U251 and U251 cells. The same result was obtained
when the amounts of virus binding to the cells were assessed by
Western blotting and quantitative PCR analysis (Fig. 7C and D).
As expected, inhibition of EV71 binding by vimentin antibody
could not be detected in VK-U251 cells, as indicated by no reduc-
tion of EV71 RNA after vimentin antibody treatment (Fig. 7C). In
addition, the replication of EV71 in VK-U251 cells was also re-
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FIG 7 Effect of the downregulation of vimentin expression in U251 cells on the efficiency of EV71 binding and replication in host cells. U251, C-U251, and VK-U251
are cells with no vector, cells with empty vector, and cells with the vimentin knockdown plasmid, respectively. (A) Flow cytometry analysis of cell surface vimentin
expression in U251 (gray hairline), C-U251 (black hairline), and VK-U251 (gray heavy line) cells. Nonpermeabilized cells were fixed and stained with antibody specific
to vimentin and subjected to flow cytometry analysis. Thick black line, VK-U251 cells stained with mouse IgG. y axis (counts) = cell counts; x axis (FL1-H) =
fluorescence density. (B) Flow cytometry analysis of the binding of EV71 to VK-U251 and C-U251 cells. VK-U251 and C-U251 cells were incubated with EV71 for 1 h
at4°C and then fixed, stained with antibody to EV71, and subjected to flow cytometry. Black heavy line, VK-U251 cells with no EV71 infection; gray heavy line, C-U251
cells with no EV71 infection; gray dotted line, infected VK-U251 cells stained with EV71 antibody; gray hairline, infected U251 cells stained with EV71 antibody; black
hairline, infected C-U251 cells stained with EV71 antibody. (C) Analysis of EV71 binding in U251, VK-U251, and C-U251 cells that had been infected with virus
inoculum preincubated with vimentin before transfection by quantitative RT-PCR. Control, cells incubated with untreated EV71; BSA, cells infected with virus inoculum
preincubated with BSA; Vim, cells infected with virus inoculum preincubated with vimentin; mock, cells mock treated with no virus infection. (D) Western blot analysis
of EV71 binding and expression of SCARB2, PSGL-1, and vimentin in U251, C-U251, and VK-U251 cells. The respective cells were infected with EV71 at 4°C for 1 hand
then lysed and blotted with antibodies to either EV71, SCARB2, PSGL-1, vimentin, or 3-actin (internal control). (E) Analysis of CPE of EV71 infection in C-U251 and
VK-U251 cells after infection at 37°C for 48 h using a visible light phase microscope. (F) Determination of virus titers in infected U251, C-U251, and VK-U251 cells
and the corresponding culture supernatants at 12, 24, and 48 h after infection with EV71.
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duced, as shown by the presence of a relatively lower virus yield
and an attenuation of the typical CPE found in cells with normal
vimentin expression (Fig. 7E and F).

To investigate the interrelationships between vimentin and
two previously identified EV71 cellular receptors, SCARB2 and
PSGL-1, we first examined the cell surface SCARB2 and PSGL-1 in
U251, HelLa, RD, Vero, and Jurkat cells. Flow cytometry analysis
showed that U251, HeLa, RD, and Vero cells all expressed large
amounts of SCARB2 on their cell surface (Fig. 8A), whereas only a
small amount of SCARB2 was detected on the cell surface of Jurkat
cells (Fig. 8A). Interestingly, no PSGL-1 could be detected on the
U251, Vero, and HeLa cell surfaces (Fig. 8A). Conversely, Jurkat
cells expressed large amounts of PSGL-1 on its cell surface (Fig.
8A). Further evidence suggested that SCARB2 might have rela-
tively less influence on the binding of EV71 to U251 and VK-U251
cells, as only a small reduction of virus RNA levels was obtained
from the cell surface of cells preincubated with SCARB2 antibody
compared to that observed in cells preincubated with vimentin
antibody (Fig. 8B). Moreover, SCARB2 antibody also had no in-
fluence on the blocking effect of vimentin antibody on EV71 bind-
ing in both U251 and VK-U251 cells (Fig. 8C). Strangely, an ob-
vious decrease in virus yield was detected in U251 and VK-U251
cells pretreated with SCARB2 antibody (Fig. 8D and E), suggesting
that SCARB2 may not be responsible for the initial binding be-
tween virus and host cells. In addition, pretreating cells with vi-
mentin antibody did not affect the inhibition effect of SCARB2
antibody on EV71 binding. Pretreating cells with SCARB2 anti-
body also did not affect the inhibition effect of vimentin antibody
on EV71 binding. These results indicated that EV71 binds to vi-
mentin and SCARB?2 at different sites.

Competitive inhibition assays with exogenous SCARB2 and
vimentin were also done to investigate the effect of SCARB2 on
EV71 and vimentin binding. EV71 particles were preincubated
with vimentin, SCARB2, or BSA before being used to infect U251
cells. At 1 h postinfection at 0°C, samples of the cells were washed
three times with culture medium and analyzed for bound virus
particles by quantitative PCR. The results showed that there was a
remarkable change (about 32% reduction) in the binding of EV71
in the vimentin-pretreated group compared to that of the BSA-
treated or untreated group (Fig. 9A). However, pretreating the
virus with SCARB2 had only a limited effect on EV71 binding, as
reflected by no significant reduction of EV71 protein signals in
this group (Fig. 9A). Analysis of EV71 replication in these samples
at 24 h postinfection revealed that pretreatment of virus with
SCARB2 resulted in a dramatic decrease of virus replication (Fig.
9B); however, the reduction in virus replication was less in the
vimentin-preincubated group than in the SCARB2-treated group
(Fig. 9B).

To determine whether the phenomenon described above was a
unique feature of U251 cells or a feature common to other EV71-
permissive cells, we investigated the inhibition of EV71 binding by
SCARB2 and vimentin antibody in HeLa, Vero, and RD cells.
These cell types were incubated with SCARB2 and vimentin anti-
body, and the binding of EV71 was analyzed by using quantitative
PCR as described above. The results showed a dramatic reduction
of EV71 RNA in the vimentin antibody-treated HeLa, Vero, and
RD cells (Fig. 10A), while, as in the U251 cells, only a small
amount of inhibition of EV71 binding was detected in the corre-
sponding SCARB2 antibody-treated cells (Fig. 10A). In addition,
an obvious decrease in virus yield was detected in the SCARB2
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antibody-treated U251 cells (Fig. 10A). Pretreating cells with vi-
mentin antibody also resulted in a reduction of virus yield in
HeLa, Vero, and RD cells as well as U251 (Fig. 10B). Unexpect-
edly, the decrease in virus yield in the vimentin antibody-treated
cells was less than that in the SCARB2 antibody-treated cells, im-
plicating that the decrease in virus yield was not directly related to
the reduction of virus binding. The effects of SCARB2 and vimen-
tin antibody on the binding of EV71 Hunan 09 and HeN 09
strains to RD cells were also compared. Quantitative PCR analysis
showed that pretreating cells with vimentin antibody also inhib-
ited Hunan 09 and HeN 09 virus binding and replication in U251
cells (Fig. 10C), whereas pretreating cells with SCARB2 antibody
did not influence the inhibition effect of vimentin antibody on the
binding of these strains (Fig. 10C).

To investigate the role of host cell PSGL-1 on the binding of
EV71 to cells, different permissive cell types were preincubated
with PSGL-1 antibody (60 g ml~") or isotype antibody (60 g
ml™") for 60 min at 4°C before being infected with EV71. At 1
h postinfection, virus particles bound to the cells were analyzed
by quantitative PCR. Results showed that PSGL-1 antibody did
not affect EV71 binding to U251, HeLa, Vero, and RD cells
(Fig. 11A). However, preincubation of Jurkat cells with PSGL-1
antibody led to a dramatic reduction of EV71 binding in these
cells (Fig. 11B). Moreover, pretreating Jurkat cells with vimen-
tin antibody did not alter the effects of PSGL-1 antibody on
EV71 binding (Fig. 11B), implicating that the sites of EV71
binding with PSGL-1 and vimentin are different. The virus
yield in PSGL-1 antibody-treated Jurkat cells was also dramat-
ically decreased compared to that of the IgG control group. The
inhibition of EV71 infectivity by PSGL-1 antibody was not in-
fluenced by vimentin antibody (Fig. 11C).

It has been shown that certain mouse cells lines cannot effi-
ciently support EV71 replication (50, 51). It is believed that mouse
SCARB2 or PSGL-1 lacked the property required to mediate effi-
cient EV71 infection (11, 52). The binding and replication of EV71
in mouse 37T3 cells was therefore studied. The results showed that
the virus was able to bind to the 3T3 cell surface (Fig. 12A). Fur-
ther analysis showed that 3T3 cells also have vimentin expressed
on their cell surface (Fig. 12B), and vimentin antibody treatment
of 3T3 cells also inhibited the binding of EV71 to the cells. In
contrast, pretreating these cells with SCARB2 antibody or PSGL-1
antibody had no influence on EV71 binding (Fig. 12C). In addi-
tion, unlike human cell lines, 3T3 cells allowed only highly ineffi-
cient EV71 replication. Pretreating 3T3 cells with vimentin anti-
body also resulted in a reduction of virus yield (Fig. 12D).
Coimmunoprecipitation was further performed to investigate the
interaction between mouse vimentin and EV71 VP1. The results
showed that a band corresponding to mouse vimentin could be
detected in VP1-Flag protein eluate but not in control eluate (Fig.
12E), indicating that mouse vimentin could also interact with
EV71 VP1. To further analyze the roles of mouse vimentin on
EV71 binding, we performed EV71 binding experiments on 3T3
cells with reduced vimentin expression on their cell surface (pro-
duced by transfecting the cells with siRNA to vimentin) (Fig. 12F).
We observed that a reduction of vimentin expression on the 3T3
cell surface was accompanied by a significant reduction in the
binding of EV71 to the cells (Fig. 12G). These results indicated
that the vimentin on the surface of mouse cells also contributed to
virus-cell binding.

To identify the domains responsible for VP1 and vimentin in-
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FIG 9 (A) Analysis of the binding of EV71 in U251 cells after pretreating the virus inoculum with BSA (20 ug ml™"), mouse FC (20 pg ml™ '), PSGL-1-FC (20
wg ml~ '), SCARB2 (20 pg ml ™), or/and vimentin (20 pg ml~') by using quantitative RT-PCR. Control, cells infected with EV71. (B) Virus titers in the
supernatants and infected U251 cells after pretreating the virus inoculum with BSA (20 g ml™"), mouse FC (20 pg ml™"), PSGL-1-FC (20 wg ml '), SCARB2
(20 pg ml™1), or/and vimentin (20 ug ml~"). Twenty-four hours postinfection, cells and supernatants were collected and frozen and thawed three times. After
centrifugation for 10 min at 1,000 X g, the supernatants were recovered. A total of 200 pl of supernatants were used for the RNA extraction and quantitative PCR
analysis. Mock, uninfected cells.

teraction, pulldown assays involving VP1 and vimentin truncates
were performed. U251 cells were transfected with either full-
length vimentin (aa 1 to 466), vimentin aa 1 to 230, vimentin aa
231 to 466, vimentin aa 1 to 115, vimentin aa 116 to 230, vimentin
aa 1 to 56, or vimentin aa 57 to 115 and then lysed and incubated
with either VP1-GST or GST, both precombined with glutathione
agarose. The protein samples were then analyzed by Western blot-
ting to detect for VP1 binding. The results showed that shortening
the vimentin polypeptide from the N terminus that included aa 1
to 56 abolished the VP1 binding capacity of vimentin (Fig. 13A),
suggesting that the N-terminal aa 1 to 56 of vimentin contained
the domain directly responsible for the specific binding of EV71
VP1 to host cells. The role of the N-terminal vimentin aa 1 to 56 as
an EV71-binding domain was further validated using functional
assays in which all the vimentin truncates containing the N-ter-
minal vimentin aa 1 to 56 tested were able to inhibit EV71 binding.
The vimentin aa 1 to 56 truncate was also shown to be more
effective in reducing virus yields than other vimentin truncates
(Fig. 13B). Thus, these results implied that specific regions within
vimentin aa 1 to 56 played a role in host-virus interactions that
facilitates cell entry.

DISCUSSION

Specific interaction of virion constituents with cellular surface
components is essential for infection of target cells by extracellular

virus particles. For example, to initiate the infection process, in-
teractions between virus particles and cell surface receptors medi-
ate the initial attachment of the virus to the cell surface (53, 54).
Vimentin is the major intermediate filament protein of astrocyte
cells and is believed to be responsible for maintaining cell shape
and integrity of the cytoplasm and stabilizing cytoskeletal interac-
tions (55). Italso plays a significant role in supporting and anchor-
ing the nucleus, endoplasmic reticulum, and mitochondria. Its
expression has been detected in cells of mesenchymal origin and is
also present in cells adapted to tissue culture and many trans-
formed cell lines (33). Several reports have suggested a conserved
role for surface vimentin as a general attachment receptor for
pathogen entry (34). However, it is still not clear how vimentin
contributes to pathogen attachment and internalization. It is sup-
posed that the interactions between vimentin and pathogens may
increase the attachment of pathogens to the other cell surface mol-
ecules and subsequently enhances pathogen endocytosis. In this
study, we have demonstrated that EV71 could attach to cell surface
vimentin through VP1 and provided evidence that this interaction
of EV71 with vimentin contributed to the establishment of EV71
infection since EV71 replication could be reduced by using either
exogenous vimentin or an antibody against the cell surface vimen-
tin. In addition, the decreased expression of vimentin on the cell
surface resulted in a reduction of virus binding. Thus, our results

FIG 8 Effect of pretreating U251 cells with SCARB2 antibodies on the binding of EV71 to the cells. (A) Flow cytometry analysis of the cell surface expression of
U251, RD, Vero, HeLa, and Jurkat cells. Cells were fixed and incubated with either mouse IgG (black line) or antibody to vimentin (gray line) and then incubated
with the fluorescent secondary antibody and subjected to flow cytometry analysis. y axis (counts) = cell counts; x axis = fluorescence density. (B) Quantitative
RT-PCR analysis of the binding of EV71 to VK-U251 cells that were infected after preincubation with antibodies to either vimentin (Vim ab; 60 g ml ™), PSGL-1
(PSGL-1 ab; 60 g ml~ '), SCARB2 (SCARB2 ab; 60 g ml '), or isotype IgG (isotype ab; 60 g ml~'). SCARB2 ab + Vim ab = cells preincubated with SCARB2
antibody (60 wg ml™") for 30 min at 37°C and then incubated with vimentin antibody for 30 min at 37°C. Vim ab + SCARB2 ab = cells preincubated with
vimentin antibody for 30 min at 37°C followed by incubation with SCARB2 antibody for 30 min at 37°C. Control, EV71-infected cells without preincubation;
mock, mock-treated cells with no virus. (C) Quantitative RT-PCR analysis of the binding of EV71 to U251 cells that were preincubated with antibodies to either
vimentin, SCARB2, or isotype IgG as described above. (D) Determination of EV71 virus titers in infected U251 cells and the corresponding culture media at 12,
24, and 48 h after infection. The cells were preincubated with vimentin antibody (Vim ab; 60 pg ml~ '), SCARB2 antibody (SCARB2 ab; 60 wg ml ™), or isotype
1gG (control; 60 pg ml™") before infection. Mock, uninfected cells. (E) Determination of EV71 virus titers in infected VK-U251 cells and the corresponding
culture supernatants as described for panel D. Cells were preincubated with vimentin antibody (Vim ab), SCARB2 antibody (SCARB2 ab), or isotype IgG (isotype
ab) before infection. Control, EV71-infected cells without preincubation.
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FIG 10 Effect of pretreating RD, HeLa, Vero, and Jurkat cells with SCARB2 antibodies on the binding of EV71 BrCr strain. (A) Quantitative RT-PCR analysis
of the binding of EV71 to RD, HeLa, and Vero cells that were preincubated with antibodies to vimentin (Vim ab; 60 ugml '), SCARB2 (SCARB2 ab; 60 pgml ™),
or isotype IgG (isotype ab; 60 pg ml™"'). Control, EV71-infected cells without preincubation; mock, uninfected cells. (B) Determination of virus titers in
EV71-infected RD, HeLa, and Vero cells and the corresponding culture supernatants. The cells were preincubated with vimentin antibody, SCARB2 antibody,
or isotype IgG (control) before infection. (C) Quantitative RT-PCR analysis of the effect of pretreating U251 cells with SCARB2 antibodies (SCARB2 ab; 60 pg
ml™!) on the binding of EV71 Hubei 09 and HeN 09 strains to U251 cells. Control, EV71-infected cells with no preincubation; mock, uninfected cells.

indicated that vimentin expressed on the cell surface very likely
serves as a capture receptor and acts as an attachment site for
EV71. However, our results also suggested that the vimentin re-
ceptors could merely function as an additional route for virus
entry into host cells, as virus infection was not completely elimi-
nated by increasing the concentrations of vimentin antibody or
exogenous vimentin. This suggests that cell surface vimentin is not
essential for EV71 infection but helps the initial binding of virus to
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host cells and that multiple receptors are involved during EV71
infection. Alternatively, the interaction of vimentin with EV71
VP1 might facilitate EV71 attachment to the other virus binding
cellular receptors and subsequently enhance virus endocytosis
into host cells.

SCARB2 and PSGL-1 have been reported to be the cellular
receptors for EV71 (19, 20, 56). A comparison of the reported
roles of SCARB2 and PSGL-1 in the virus infection process
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FIG 11 Experiments on the effect of pretreatment of RD, HeLa, Vero, and Jurkat cells with PSGL-1 antibodies on the binding of EV71 Hubei 09 strain. (A)
Analysis of the binding of EV71 to RD, HeLa, and Vero cells preincubated with antibodies to vimentin, PSGL-1, or isotype IgG (60 wg ml ™~ ') by using quantitative
RT-PCR as described in Materials and Methods. Control, cells infected with EV71. (B) Quantitative RT-PCR analysis of the effect of pretreatment of Jurkat cells
with PSGL-1 antibodies on the binding of EV71. Control, cells infected with virus; mock, cells with no virus infection. (C) Virus titers in the supernatants and
infected Jurkat cells that were preincubated with vimentin antibody, PSGL-1 antibody, or isotype IgG (control; 60 ug ml~ ") before infection. The data are shown

as mean virus titers = SD based on three independent experiments.

showed that most EV71 strains were able to utilize SCARB2 as an
entry receptor since all mouse cells that expressed human SCARB2
became susceptible to EV71 strains when tested (30). In contrast,
mouse cells that expressed PSGL-1 were susceptible only to PSGL-
1-binding strains (EV71-PB) and certain strains of CVA16 (30). In
addition, cell surface expression of SCARB2 could be detected
in most cell lines, while PSGL-1 expression could be detected only
in myeloid cells and stimulated T lymphocytes (19). These reports
are in accord with our observations that SCARB2, and not
PSGL-1, could be detected on the cell surface of the nonleukocyte
celllines HeLa, Vero, U251, and RD. Although cell surface expres-
sion of PSGL-1 was observed in Jurkat T cells, in contrast, cell
surface vimentin was expressed in all the cell lines tested. SCARB2
has been reported to play additional essential roles in the internal-
ization and induction of virus uncoating, a step after virus attach-
ment (57). Although numerous EV71 particles (a PB strain) were
found binding to PSGL-1, this interaction did not induce confor-
mational alterations in the cells (29). In addition, SCARB2 and
PSGL-1 were reported to bind to different sites of the virion, and
the affinity of the SCARB2-EV71 interaction was found to be dif-
ferent from that of the PSGL-1-EV71 interaction (30). In cells that
expressed human SCARB2 and PSGL-1, EV71 was found to infect
and spread more efficiently via SCARB2 than PSGL-1, despite that
more virus particles had bound to L-PSGL-1 cells than to

May 2014 Volume 88 Number 10

L-SCARB2 cells (30). This result is consistent with our observa-
tion that pretreating cells with SCARB2 antibody had relatively
less influence on virus binding compared to cells pretreated with
vimentin antibody or PSGL-1 antibody. However, this observa-
tion was not in accord with our other observation that SCARB2
antibody pretreatment resulted in a dramatic decrease in virus
titers compared to those of vimentin- and PSGL-1-pretreated
cells. This implied that the amount of virus attaching to the cell
surface might not solely determine the infection efficiency. Vari-
ous reports suggest that vimentin may have roles in virus attach-
ment and internalization but not in uncoating (34, 37). It is pos-
sible that the virus captured by PSGL-1 and vimentin could be
uncoated either by SCARB2 in human cells that expressed these
receptors or by other unknown molecules.

It is worth mentioning that the capacity for a virus to replicate
is determined not only by the availability of host cell receptors and
molecules that mediate virus entry but also by a host cell environ-
ment that favors virus gene replication, protein expression, and
virus assembly and release. Several studies have indicated that
mouse cells could not support robust EV71 infection (58-61).
Other studies have shown that EV71 virion particles could attach
to the surface of mouse 1929 cells (28, 30), and low levels of virus
replication can be detected in mouse L929 cells infected with EV71
(SK-EV006 and Nagoya strains) (20). This implies that, in oppo-
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FIG 12 Analysis of the role of vimentin in EV71 binding in mouse 3T3 cells. (A) Detection of vimentin expression on the cell surface of mouse 3T3 cells. Cells
were fixed and incubated with either mouse IgG (black line) or antibody to vimentin (gray line). The cells were then incubated with the fluorescent secondary
antibody and subjected to flow cytometry analysis as described in Materials and Methods. y axis (counts) = cell counts; x axis = fluorescence density. (B) Flow
cytometry analysis of the binding of EV71 to 3T3 cells. Cells were incubated with EV71 at an MOI of 20 at 4°C for 1 h, fixed, and incubated with either mouse IgG
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FIG 13 Identification of the domain of vimentin involved in the interaction with EV71 VP1. (A) Analysis of various truncated vimentin fragments for interaction
with VP1. The His-tagged vimentin and its fragments (aa 1 to 466, 1 to 230, 231 to 466, 1 to 115, 116 to 230, 1 to 56, and 57 to 115) were subjected to a pulldown
assay using the GST-VP1-coupled glutathione-Sepharose beads or GST beads as described in Materials and Methods. Proteins coprecipitating with the beads
were analyzed by immunoblotting using anti-His antibody or anti-GST antibody. (B) Effect of pretreating EV71 inoculum with full-length vimentin and
truncated vimentin on the binding of the virus to U251 cells. EV71 was pretreated with vimentin fragments at a concentration of 20 pg ml~" at 37°C for 1 h prior
to infecting U251 cells. The cells were then infected with EV71 at 4°C for 1 h. Quantitative RT-PCR analysis was then performed to determine the EV71 RNA levels
as described in Materials and Methods. Control, cells infected with untreated EV71.

sition to human SCARB2 and PSGL-1, other unspecified mole-
cules on the surface of mouse cells might interact with EV71 and
mediate its infection. One of these studies has also shown that
infectious particles could be readily recovered from mouse cells
transfected with EV71 genomic RNA (20), suggesting that the re-
striction of EV71 infection in mouse cells probably occurred at
one of the early steps of infection and that mouse cells might lack
the cell receptors essential for productive infection. However, in
our study, we have observed that EV71 could bind to mouse 3T3
cells by interacting with cell surface vimentin, leading to a very
limited replication of EV71in 3T3 cells. In addition, a reduction of
vimentin expression on the 3T3 cell surface did result in a decrease
in the binding of virus particles to the cells. Thus, the low effi-
ciency of EV71 infection and replication in mouse cells might not
be due to a lack of attachment receptors but attributed mainly to
an absence or low expression of essential cell receptors that medi-
ate virus internalization, endocytosis, and/or uncoating. Further-
more, it is unlikely that mouse SCARB2 and PSGL-1 are involved
in virus-cell interaction since pretreating 3T3 cells with SCARB2
and PSGL-1 antibody did not decrease EV71 binding to these cells.
This suggests that mouse cells could possess other molecules that
lead to very limited infection.

We have found that vimentin mediated the interaction be-
tween vimentin and VP1. Dramatic decreases in virus binding and
virus yields were observed in cells pretreated with vimentin frag-
ments that contained the N-terminal amino acids 1 to 56 of vi-

mentin. A vimentin monomer, like all other intermediate fila-
ments, has a central a-helical domain, capped at each end by a
nonhelical amino (head) and carboxyl (tail) domain (62). Two
vimentin molecules form a coiled-coil dimer that is the basic sub-
unit of vimentin assembly (63, 64). Thus, we can envisage that the
head domains of the cell surface vimentin interact with EV71 VP1
and increase the attachment of EV71 to host cells. In contrast, it
was demonstrated that the binding of SCARB2 to EV71 occurred
within the luminal domain of SCARB2 at amino acids 142 to 204
and that amino acids 144 to 151 were particularly important (28).
It has been shown that EV71 VP2 could participate in EV71-
PSGL-1 binding (50). In our study, we have found that EV71
might bind with vimentin at a different site than for SCARB2 or
PSGL-1 since vimentin binding did not influence the interaction
between EV71 and SCARB2 or PSGL-1. In addition, the virus-
vimentin interaction was shown to be common to other selected
C4 genotypes of EV71, suggesting that the interaction with vimen-
tin could be a common feature of most, if not all, of the circulating
EV71 viruses. In consideration of the broad distribution of vimen-
tin in animal tissues, we hypothesize that vimentin might contrib-
ute to the proliferation of virus infection by broadening the target
cells in vivo. Moreover, it might also be more than an attachment
site on the host cell surface.

In conclusion, we believe this study delivers important findings
on the roles of vimentin filaments in relation to EV71 infection.
This work provides information that not only improves our un-

(black line) or antibody to EV71 (gray line). (C) Quantitative RT-PCR analysis of the binding of EV71 to 3T3 cells that were preincubated with antibodies to
vimentin, SCARB2, PSGL-1, or isotype IgG (60 g ml~') and then infected with EV71. Control, EV71-infected cells without preincubation; mock, uninfected
cells. (D) Determination of virus titers in EV71-infected 3T3 cells and the corresponding culture supernatants at 12, 24, and 48 h postinfection. The cells were
preincubated with vimentin antibody, SCARB2 antibody, or isotype IgG (control) before infection. Mock, uninfected cells. (E) Coimmunoprecipitation and
Western blot analysis of the interaction between mouse vimentin and EV71 VP1 as described in Materials and Methods. 3T3 cells were transfected with plasmids
expressing VP1. Coimmunoprecipitation was performed with Flag antibody. The precipitated proteins were analyzed by Western blotting using antibodies to
vimentin 1 and Flag. Control, proteins from cell lysate incubated with agarose beads; VP1, proteins from cell lysate incubated with Flag-conjugated agarose beads;
IgG, proteins from cell lysate incubated with IgG-conjugated agarose beads. (F) Detection of vimentin expression on the cell surface of mouse 3T3 (black dotted
line), siC-3T3 (gray line), and siVim-3T3 (black line) cells. Cells were fixed and incubated with either mouse IgG (shaded area) or antibody to vimentin. The cells
were then incubated with the fluorescent secondary antibody and subjected to flow cytometry analysis as described in Materials and Methods. (G) Analysis of the
binding of EV71 to 3T3, siC-3T3, and siVim-3T3 cells using quantitative RT-PCR.
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derstanding of EV71 pathogenesis but also presents us with po-
tential new strategies for the treatment of diseases caused by EV71
infections. For example, it might be possible to develop some an-
tibodies, peptides, or small compounds for the prevention and/or
treatment of EV71 infections by blocking the binding between
EV71 and vimentin. However, the functional significance of vi-
mentin-EV71 interaction during the natural infection process of
these important human viruses remains to be elucidated.
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