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ABSTRACT Enterovirus 71 (EV71) is the major causative agent of severe hand, foot,
and mouth disease, which affects millions of young children in the Asia-Pacific re-
gion annually. In this study, we engineered a novel EV71 virus-like particle (VLP) that
lacks VP4 (therefore designated VLPΔVP4) and investigated its structure, antigenicity,
and vaccine potential. The cryo-electron microscopy (cryo-EM) structure of VLPΔVP4

was reconstructed to 3.71-Å resolution. Results from structural and biochemical anal-
yses revealed that VLPΔVP4 resembles the end product of the viral uncoating pro-
cess, the 80S empty capsid. VLPΔVP4 is able to elicit high-titer neutralizing antibodies
and to fully protect mice against lethal viral challenge. Mechanistic studies showed
that, at the cellular level, the anti-VLPΔVP4 sera exert neutralization effects at both pre-
and postattachment stages by inhibiting both virus attachment and internalization, and
at the molecular level, the antisera can block multiple interactions between EV71 and its
key receptors. Our study gives a better understanding of EV71 capsid assembly and pro-
vides important information for the design and development of new-generation vac-
cines for EV71, and perhaps for other enteroviruses, as well.

IMPORTANCE Enterovirus 71 (EV71) infection may lead to severe hand, foot, and
mouth disease, with significant morbidity and mortality. Knowledge regarding EV71
particle assembly remains limited. Here, we report the generation and characteriza-
tion of a novel EV71 virus-like particle that lacks the VP4 capsid subunit protein. This
particle, termed VLPΔVP4, structurally mimics the 80S empty capsid, which is the end
stage of EV71 uncoating. We further show that VLPΔVP4 exhibits desirable immuno-
genicity and protective efficacy in proof-of-concept studies. In addition, the inhibi-
tory mechanisms of the VLPΔVP4-induced antibodies are unraveled at both the cellular
and molecular levels. Our work provides the first evidence of picornaviral particle assem-
bly in the complete absence of VP4 and identifies VLPΔVP4 as an improved EV71 vaccine
candidate with desirable traits. These findings not only enhance our understanding of
particle assembly and uncoating of picornaviruses, but also provide important informa-
tion for structure-guided vaccine design for EV71 and other enteroviruses.
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Enterovirus 71 (EV71), a member of the genus Enterovirus of the family Picornaviridae,
is the major causative agent of severe hand, foot, and mouth disease (HFMD) (1, 2).

The genome of EV71 is a single-stranded positive-sense RNA that encodes the structural
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protein P1 and the nonstructural proteins P2 and P3. Cleavage of P1 by the viral
protease 3CD results in the release of capsid proteins VP0 (VP4 plus VP2), VP3, and VP1
and, subsequently, the assembly of the viral capsid (1). Two native forms of viral
particles have been observed for cell culture-derived EV71: one is the mature virion,
which contains the viral RNA genome encapsulated within a capsid made of 60 copies
each of VP4, VP2, VP3, and VP1, and the other is the natural empty particle (NEP),
assembled from 60 copies each of VP0, VP3, and VP1 without viral-RNA encapsulation
(3, 4). The NEP of EV71 is �4% larger than the mature virion (3, 4), which has not been
observed in other enteroviruses. The capsid of EV71 adopts an icosahedral particle
conformation with characteristic surface features, including a “mesa” at the 5-fold
symmetry axis; a three-blade propeller-like feature surrounding the 3-fold axis; and a
depression, called the “canyon,” surrounding each 5-fold axis (3, 4). VP1, VP2, and VP3
of EV71 are largely exposed on the outer surface of the capsid, while VP4, together with
the N terminus of VP1, decorates the inner surface of the capsid shell of the mature
virion (3, 4). Multiple receptors have been reported to mediate EV71 entry, including
cell surface heparan sulfate, SCARB2, and PSGL-1 (5). Among them, heparan sulfate has
been suggested to initiate EV71 attachment to the cell surface (6), SCARB2 has been
identified as the functional receptor that mediates EV71 uncoating (7), and PSGL-1 has
been suggested to facilitate EV71 infection of leukocytes (8).

For EV71 and several other picornaviruses, the mature virions may undergo serial
structural alterations during the entry process, yielding at least two entry-related
intermediate particles (9). Specifically, upon receptor binding and heat treatment, the
mature virus transforms first to an expanded 135S uncoating intermediate (also termed
the A particle), during which VP4 is extruded and the N terminus of VP1 is externalized
(9, 10). Subsequently, the 135S A particle releases its RNA content, as well as VP4,
yielding the 80S empty capsid (also termed the B particle in structural studies of
rhinoviruses [11–13]), which is the end product of the uncoating process (9). The
structures of both the 135S A particle and the uncoated 80S empty capsid of EV71 have
been determined at relatively low resolutions (6.3 Å and 9.2 Å, respectively) by
cryo-electron microscopy (cryo-EM) studies, showing that they are radially expanded
compared to the mature virion (10). However, high-resolution structural details of the
EV71 80S uncoated empty particle remain unavailable.

Inactivated whole-virus EV71 vaccines contain both the mature virion and NEP (3,
14), and both particle forms have been shown to be highly immunogenic and capable
of eliciting protection in numerous preclinical and clinical trials (reviewed in reference
15). The two EV71 uncoating intermediates, the 135S A particle and the 80S empty
capsid (10), are structurally distinct from the mature virion and NEP. Their vaccine
potentials have not been assessed yet, due to the difficulty in generating sufficient
amounts of the 135S A particle and the 80S empty capsid for immunization studies. The
two particles are typically induced from the mature virion upon binding the receptor
under acidic conditions or being heated in hypotonic buffers (10, 16, 17). These
methods are difficult to scale up and cannot ensure complete particle transformations
(10, 17).

Besides naturally occurring EV71 particles, recombinant virus-like particles (VLPs)
have been produced and evaluated as an alternative EV71 vaccine candidate. Coex-
pression of full-length P1 and 3CD genes of EV71 in recombinant systems resulted in
the cleavage of P1 into full-length VP0, VP1, and VP3 subunits; together, they assemble
into full-length VLPs (termed VLPfull here) (18–21). VLPfull resembles the naturally
occurring NEP in protein composition and overall structure (19, 22). Although VLPfull is
highly immunogenic and protective in animal models (20, 23, 24), autocleavage of VP0
has been observed for unknown reasons in studies of EV71 (20, 24) and the related virus
coxsackievirus A16 (CVA16) (25, 26). This autocleavage may occur during VLPfull assem-
bly, purification, and storage and thus result in antigen inconsistency, which is an
important issue that needs to be addressed prior to further product development.

In the present study, we created a novel EV71 VLP that lacks the VP4 protein (termed
VLPΔVP4). We further investigated the structure, immunogenicity, protective efficacy,
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and working mechanism of VLPΔVP4. Our study revealed that VLPΔVP4 resembles the 80S
empty capsid and represents an EV71 vaccine candidate superior to VLPfull, thus
providing important information and a methodology for structural study and develop-
ment of improved vaccines for EV71 and other enteroviruses.

RESULTS
Expression and assembly of VLP�VP4. Two plasmids and the corresponding

recombinant baculoviruses were generated for expression of P1ΔVP4 and 3CD, respec-
tively (Fig. 1A). The two resulting baculoviruses, IExBac-P1ΔVP4 and IExBac-3CD, were
used to infect Sf9 insect cells individually or in combination. The infected cells were
analyzed for protein expression by enzyme-linked immunosorbent assay (ELISA) and
Western blotting using VP1-, VP0-, or VP3-specific antisera. The lysates from mock-
infected or IEXBac-3CD-infected cells did not show positive signals in ELISA, whereas
those from IEXBac-P1ΔVP4-infected or IEXBac-P1ΔVP4/IEXBac-3CD-coinfected cells exhib-
ited significant reactivity with each of the three antisera (Fig. 1B). In agreement with the
ELISA results, the IEXBac-P1ΔVP4-infected and IEXBac-P1ΔVP4/IEXBac-3CD-coinfected
cells, but not the mock- or IEXBac-3CD-infected samples, produced positive bands on
Western blots (Fig. 1C). However, the banding patterns were significantly different
between the IEXBac-P1ΔVP4 and the IEXBac-P1ΔVP4/IEXBac-3CD samples. Specifically, all
three antisera detected a predominant band of �90 kDa for the IEXBac-P1ΔVP4 samples,
suggesting the presence of P1ΔVP4 protein in the unprocessed form, whereas for the
coinfected samples, predominant bands of �34 kDa, �28 kDa, and �26 kDa were

FIG 1 Coexpression of P1ΔVP4 and 3CD in Sf9 cells. (A) Schematic diagram of the constructs used in the
present study. lef2 and 1629, the upstream and downstream elements for homologous recombination;
hr5-Enh, the Autographa californica multiple nucleopolyhedrovirus (AcNPV) homologous region (hr) 5
enhancer; IE1-P, the IE1 immediate-early promoter; p10-P, p10 promoter; IE1-T, IE1 terminator. (B and C)
ELISA (B) and Western blotting (C) of Sf9 cell lysates with polyclonal antibodies as indicated. Mock,
uninfected Sf9 cells; 3CD, Sf9 cells infected by IEXBac-3CD; P1ΔVP4, Sf9 cells infected by IEXBac-P1ΔVP4;
P1ΔVP4 � 3CD, Sf9 cells coinfected by IEXBac-P1ΔVP4 and IEXBac-3CD.
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detected by the VP1-, VP0-, and VP3-specific antisera, respectively (Fig. 1C), indicating
successful coexpression of P1ΔVP4 and 3CD and cleavage of P1ΔVP4 by 3CD into VP1,
VP2, and VP3. Several weak bands were seen in the mock- and the IEXBac-3CD-infected
samples when probed with the anti-VP1 or anti-VP0 antisera, reflecting minimal non-
specific binding. Some other minor bands were additionally observed for the IEXBac-
P1ΔVP4 and the IEXBac-P1ΔVP4/IEXBac-3CD samples, likely representing partially cleaved
P1ΔVP4 or degraded capsid subunit proteins.

Next, we determined whether the resulting VP1, VP2, and VP3 could assemble into
VLPs. Lysates from the IEXBac-P1ΔVP4/IEXBac-3CD-coinfected cells were fractionated by
sucrose gradient ultracentrifugation. SDS-PAGE analysis of the gradient fractions clearly
showed three major protein bands of approximately 34, 28, and 26 kDa (Fig. 2A). These
bands, which were rich in fractions 7, 8, and 9, were confirmed to be VP1, VP2, and VP3
by Western blotting (Fig. 2B) and ELISA (Fig. 2C) using specific antisera. The strongest
signals were detected in fractions 7, 8, and 9 in all the assays (Fig. 2A to C), suggesting
that the cosedimenting VP1, VP2, and VP3 coassemble into VLPs. The formation of VLPs
was further confirmed by visualization of spherical particles with diameters of about 30
nm under electron microscopy (Fig. 2D). The resulting VLP does not contain VP4
protein; therefore, we refer to this novel VLP as VLPΔVP4 here.

FIG 2 Assembly of VLPΔVP4. Cell lysate from IEXBac-P1ΔVP4- and IEXBac-3CD-coinfected Sf9 cells was
layered onto 10 to 50% sucrose gradients for centrifugation. Twelve fractions were taken from top to
bottom and then subjected to SDS-PAGE with Coomassie blue R-250 staining (A), Western blotting (B),
or ELISA with antibodies as indicated (C). The OD450 values are means and standard deviations (SD) of
three triplicate wells. (D) Electron microscopy of VLPΔVP4.
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Cryo-EM structure of VLP�VP4. To better understand the structure of VLPΔVP4,
we carried out cryo-EM reconstruction of the system. In representative micrographs,
VLPΔVP4 appeared as spherical particles with a diameter of �30 nm (Fig. 3A). The
cryo-EM structure of VLPΔVP4 was reconstructed to 3.71-Å resolution (Fig. 3B), revealing
an icosahedral conformation. The structure displayed surface features characteristic of
enteroviral capsids, such as a mesa at the 5-fold-symmetry axis, a three-blade propeller
surrounding the 3-fold axis, and a canyon surrounding each 5-fold axis (Fig. 4A).

FIG 3 Cryo-EM data. (A) Representative cryo-EM image of EV71 VLPΔVP4. (B) Resolution evaluation of the
cryo-EM reconstruction by FSC at 0.143 criterion.

FIG 4 Cryo-EM reconstruction and analysis of VLPΔVP4. (A) Overall cryo-EM structure of VLPΔVP4 viewed along the 2-fold axis. The color bar labels the
corresponding radius of the particle from the center of the sphere (in Å). (B) The crystal structure of the EV71 E particle (PDB ID 3VBU) was fitted into the cryo-EM
density map of VLPΔVP4 (gray), with VP1, VP2, and VP3 structures within one asymmetric unit rendered in blue, green, and red, respectively. (C) Difference map
(red) generated by subtracting the 5.2-Å VLPfull density map (EMDB accession no. EMD-2607) (19) from the low-pass-filtered VLPΔVP4 density map (to 6 Å). The
difference map is shown in the same orientation as in panel A, and the most pronounced patch of density (near the 2-fold axis) is marked by the dashed square.
(D) Enlarged top view of the low-pass-filtered VLPΔVP4 density map with the fitted crystal structure of the EV71 NEP (PDB ID 3VBU) in the equivalent location
of the pronounced extra density, as indicated in the difference map (dashed square). Rectangle, ellipsoid, and triangle, possible densities of the VP3 GH loop,
VP1 GH loop, and part of the VP1 N terminus, respectively. VP1, VP2, VP3, and a homology model of the VP1 N terminus are colored blue, green, red, and cyan,
respectively. (E) Enlarged side view of the extra density from panel D. (F) Enlarged view of panel E at a slightly tilted angle to better visualize the side chains
of the VP1 N terminus (residues 62 to 66), which are well embedded inside the density. (G) Enlarged view inside the VLPΔVP4 map along the 5-fold axis. We
docked the EV71 mature virion crystal structure (PDB ID 3VBS) into the VLPΔVP4 cryo-EM density map (gray density) and rendered the VP4 crystal structure as
a gold ribbon.
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VLPΔVP4 had a diameter of 334 Å, which is equivalent to that of the NEP and is about
4% larger than that of the mature virion (320 Å) (3).

By comparison with the previously reported structures of various EV71 particles,
including the mature virion (Protein Data Bank identifier [PDB ID] 3VBS), NEP (PDB ID
3VBU), and recombinant VLPfull (Electron Microscopy Data Bank [EMDB; http://www
.emdatabank.org/] accession no. EMD-2607), we found that VLPΔVP4 was highly similar
to the EV71 NEP and VLPfull in overall structure (Fig. 4B), with correlation coefficient (cc)
values of 0.9275 and 0.8854, respectively (Table 1). In contrast, the similarity between
VLPΔVP4 and the mature virion was much lower (cc � 0.3205) (Table 1), likely due to the
expansion of VLPΔVP4 compared to the mature virion.

To compare the structural differences between VLPΔVP4 and VLPfull, we calculated a
difference map between the VLPΔVP4 and VLPfull (EMDB accession no. EMD-2607)
cryo-EM structures (Fig. 4C). The difference map revealed a piece of pronounced
density located at quasi-3-fold axes (boxed in Fig. 4C), indicating this was the density
visible in our VLPΔVP4 map but missing in the VLPfull map. To further verify the identity
of this pronounced density, we fitted the crystal structure of the EV71 NEP (PDB ID
3VBU) into the low-pass-filtered VLPΔVP4 density map, which was used to generate the
difference map and could better render the pronounced extra density missing in VLPfull

(Fig. 4D; the location of the pronounced density found in the difference map is
indicated by the dashed box). We found that both the VP1 GH loop (residues 208 to
222) and the VP3 GH loop (residues 170 to 190) partly went through this density (Fig.
4D, ellipsoid and rectangle, respectively). Interestingly, there is an extra piece of density
(Fig. 4D, triangle) that no model of the crystal structure of the EV71 NEP was able to fit
in. The 9.2-Å cryo-EM density map of the EV71 80S empty capsid reported previously
(10) suggested that its VP1 N terminus was externalized. We therefore speculated that
the extra density in our difference map might be related to the externalized N terminus
of VP1. As the only available structure in the expanded uncoating intermediate form of
HFMD-related enteroviruses with an externalized VP1 N terminus is the crystal structure
of the CVA16 135S-like particle (PDB ID 4JGY) (27), we built a homology model of the
EV71 VP1 protein by using the structure of the CVA16 135S-like particle as the template
and fitted the model into the low-pass-filtered map. As shown in Fig. 4E and F, the
extruded N-terminal residues 62 to 66 of VP1 (in cyan) was indeed found to go through
this extra density from inside to outside the VLP capsid (also shown in Fig. 4D, triangle).

To verify whether VP4 is present in VLPΔVP4, we docked the EV71 mature virion X-ray
structure (PDB ID 3VBS), which is the only EV71 structure resolving the VP4 protein, into
our VLPΔVP4 EM density map. We found that our VLPΔVP4 map had no electron densities
presumably corresponding to the VP4 protein (Fig. 4G).

VLP�VP4 is antigenically distinct from VLPfull. We then determined the antigenic
properties of VLPΔVP4 in parallel with VLPfull, a VLP consisting of VP0, VP3, and VP1 (20).
Purified VLPΔVP4 and VLPfull were first analyzed for their protein compositions and their
reactivities with capsid subunit-specific antibodies. As shown in Fig. 5A and B, both
VLPΔVP4 and VLPfull produced an �34-kDa band and an �26-kDa band that corre-
sponded to VP1 and VP3, respectively; for VLPΔVP4, a predominant band of �28 kDa,

TABLE 1 Structural characteristics of VLPΔVP4-related particles

Particle Composition ID
Similarity to
VLP�VP4 (cc value)

EV71 mature virion VP1, VP2, VP3, VP4, RNA 3VBS (PDB) 0.3025
EV71 NEP VP0, VP1, VP3 3VBU (PDB) 0.9275
EV71 135S A particle VP1, VP2, VP3, RNA 5465 (EMDB) NDa

EV71 80S empty capsid VP1, VP2, VP3 5466 (EMDB) ND
CVA16 135S-like particle VP1, VP2, VP3, RNA 4JGY (PDB) 0.8112
EV71 VLPfull VP0, VP1, VP3 2607 (EMDB) 0.8854
EV71 VLPfull VP0, VP1, VP3 4YVS (PDB) 0.8851
EV71 VLPΔVP4 VP1, VP2, VP3 6702 (EMDB) 1
aND, not determined.
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representing VP2, was evident, whereas a band of �38 kDa, corresponding to VP0, was
observed for VLPfull but not for VLPΔVP4. Some very minor bands were also observed on
the Western blot (Fig. 5B), probably representing trace amounts of oligomeric proteins
or degraded forms of the capsid subunit proteins. It is worth noting that the �28-kDa
band (the position of VP2) was also detected in the VLPfull sample by the VP0-specific
antisera (Fig. 5B), indicating that a proportion of VP0 may undergo autocleavage to
yield VP2 and VP4. The above-mentioned results indicate that VLPΔVP4 consists of VP2,
VP3, and VP1 and is distinct from VLPfull in protein composition.

Our cryo-EM reconstruction showed that the VP1 N terminus of VLPΔVP4 is exter-
nalized (Fig. 4D to F). To verify this structural feature, we generated a polyclonal
antibody specific for the first 75 amino acids of VP1 and used the antibody to examine
the exposure of N-terminal VP1. As expected, the antibody was capable of recognizing
the mixed 135S A particle and 80S empty capsid (generated by heating mature virions
in hypotonic buffer, as described previously [10]), whereas it did not recognize the
mature virion, for which the N terminus of VP1 was at the inner surface (3) (Fig. 5C), thus
validating the use of the antibody for detection of the externalized VP1 N terminus. We
then compared the reactivities of VLPΔVP4 and VLPfull with the N-terminal VP1-specific
antibody. As shown in Fig. 5D, VLPfull, whose VP1 N terminus is at the inner face (19),
did not react with the antibody; in contrast, VLPΔVP4 exhibited strong reactivity,
indicating the externalization of the VP1 N terminus of VLPΔVP4.

We also determined the reactivity of VLPΔVP4 with a monoclonal antibody, D5, which
recognizes the exposed VP1 GH loop (28), an immunodominant neutralization epitope
(20). As shown in Fig. 5E, both VLPΔVP4 and VLPfull reacted strongly with D5, indicating
that VLPΔVP4 retains the antigenic property of the VP1 GH loop.

The antibody profile induced by immunization with VLP�VP4 was different
from that with VLPfull. The absence of VP4 and externalization of the VP1 N terminus
may provide VLPΔVP4 with immunogenic properties distinct from those of VLPfull. To
verify this hypothesis, we immunized three groups of mice with VLPΔVP4, VLPfull, and
phosphate-buffered saline (PBS) (as a control) and compared the resulting antisera for
reactivity with recombinant VP4 and VP1-N75 (comprising N-terminal residues 1 to 75
of VP1) proteins. As shown in Fig. 6A and B, the control anti-PBS serum did not react
with either VP4 or VP1-N75, and the anti-VLPΔVP4 serum did not react significantly with
VP4 but did react strongly with VP1-N75; on the other hand, anti-VLPfull reacted
significantly with VP4 but not with VP1-N75. We also compared the three groups of
antisera for reactivity with the SP70 peptide (residues 208 to 222 of VP1, representing
the VP1 GH loop). The SP70-binding activities of the anti-VLPΔVP4 sera appeared to be
comparable to those of the anti-VLPfull sera (Fig. 6C), consistent with the antigenicity
result showing that the VP1 GH loop epitopes were well retained on both VLPΔVP4 and

FIG 5 Antigenic comparison between VLPΔVP4 and VLPfull. (A) SDS-PAGE analysis of purified VLPΔVP4 and VLPfull. (B) Western blot analysis of purified VLPΔVP4 and
VLPfull. M, protein marker. (C) Reactivity of the mature virion and the mixture of 135S A particles and 80S empty capsid with the VP1-N75-specific antiserum
in ELISA. (D) Reactivity of VLPΔVP4 and VLPfull with the VP1-N75-specific antiserum in ELISA. (E) Reactivity of VLPΔVP4 and VLPfull with GH loop-specific monoclonal
antibody D5 in ELISA. The data are mean OD450 values and SD of triplicate wells. Statistical significances were determined by one-way ANOVA using GraphPad
Prism version 5. ns, P � 0.05; ***, P � 0.001.
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VLPfull (Fig. 5E). The above-mentioned data demonstrate that antibodies targeting the
VP4 or VP1 N terminus were distinctly elicited by VLPΔVP4 and VLPfull.

Protective efficacy of VLP�VP4. We compared the neutralization potencies of the
anti-VLPΔVP4 and anti-VLPfull sera. When tested against the homologous EV71 strain
G082, the neutralization titers of the anti-VLPΔVP4 sera appeared to be slightly higher
than, but not statistically different from, those of the anti-VLPfull sera (Fig. 7A), with
geometric mean titers (GMTs) of 3,649 and 2,896, respectively. The cross-neutralization
potential of pooled antisera was examined using a panel of EV71 or CVA16 strains.
Pooled antisera from the VLPΔVP4 and VLPfull groups, but not the PBS group, neutralized
all EV71 strains tested, with titers ranging from 1,024 to 4,096, but not the CVA16 strains
(Table 2). The overall neutralization patterns for anti-VLPΔVP4 and anti-VLPfull sera were
nearly identical (Table 2). These results indicate that VLPΔVP4 is as potent as VLPfull in
inducing neutralization antibodies.

We then compared the protective efficacies of VLPΔVP4 and VLPfull in an established
mouse model of EV71 infection (29, 30). Wild-type adult mice are usually resistant to
EV71 infection, whereas wild-type neonatal mice inoculated with mouse-adapted EV71
may develop severe clinical manifestations and eventually die (31). Therefore, female
ICR mice immunized with VLPΔVP4, VLPfull, or the PBS control were mated with naive
male ICR mice. The neonatal mice at an age of 5 days were intraperitoneally (i.p.)
challenged with a mouse-adapted EV71 strain and subsequently monitored for 15 days.
The mice born to PBS-immunized dams rapidly developed clinical signs, including limb
paralysis, and all of them died within 9 days postchallenge. In contrast, all of the mice
born to VLPΔVP4- or VLPfull-immunized dams remained healthy without any clinical
signs during the whole observation period (Fig. 7B and C). These data demonstrate that
VLPΔVP4 immunization can completely protect mice against lethal viral challenge.

Anti-VLP�VP4 sera inhibited EV71 infection at both pre-and postattachment
stages. To explore the mode of action of anti-VLPΔVP4 sera, we first determined the
neutralization activity of anti-VLPΔVP4 sera at both pre- and postattachment stages. As
shown in Fig. 8A and B, the control (anti-PBS) serum did not show any neutralization
effect even at the lowest dilution (1:200) when applied at either the pre- or postat-
tachment stage, whereas anti-VLPΔVP4 serum exhibited potent inhibitory effects at both
stages, with the highest serum dilutions that conferred more than 50% neutralization
being 6,400 and 400, respectively. These results suggest that anti-VLPΔVP4 serum
exerted its neutralization function mainly by preventing virus attachment.

Anti-VLP�VP4 pretreatment blocks EV71 attachment to susceptible cells. Next,
we examined whether anti-VLPΔVP4 serum could indeed inhibit EV71 attachment to
susceptible cells. Pretreatment with the anti-VLPΔVP4 serum, but not the anti-PBS serum,
reduced the amounts of EV71 attached to either RD (Fig. 8C) or Vero (Fig. 8D) cells in
an antiserum dose-dependent manner, indicating that anti-VLPΔVP4 serum could spe-
cifically block EV71 attachment to susceptible cells.

FIG 6 Binding specificities of sera from VLP-immunized mice. (A) VP4-binding activities of individual antisera. (B) VP1-N75-
binding activities of individual antisera. (C) SP70 peptide-binding activities of individual antisera. Each symbol represents an
individual mouse, and the horizontal lines indicate the geometric mean values of the groups. Statistical significances were
determined by one-way ANOVA using GraphPad Prism version 5. ns, P � 0.05; *, P � 0.05; **, P � 0.01; ***, P � 0.001.

Wang et al. Journal of Virology

January 2018 Volume 92 Issue 1 e01330-17 jvi.asm.org 8

http://jvi.asm.org


Anti-VLP�VP4 serum inhibited EV71 internalization at the postattachment
stage. We further determined whether anti-VLPΔVP4 serum could inhibit EV71 internal-
ization, an essential entry step following viral attachment. Vero cells were preattached
to the EV71 mature virion and then treated with anti-VLPΔVP4 or anti-PBS serum as
described in Materials and Methods. The locations of the virus and the antibodies on
the cells at different time points after incubation at 37°C were examined by confocal

FIG 7 VLPΔVP4-elicited neutralizing antibodies protected mice against lethal viral challenge. (A) In vitro
neutralization titers of sera from VLPΔVP4-immunized mice. Groups of female ICR mice were i.p. immu-
nized with VLPΔVP4, VLPfull, or PBS control at week 0 and week 2. At week 4, sera were collected and
subjected to neutralization tests against EV71 G082. Each symbol represents an individual mouse, and
the horizontal lines indicate the geometric mean values of the groups. (B and C) In vivo challenge
experiment. The mice in the VLPΔVP4, VLPfull, and PBS control groups were mated with naive male ICR
mice. Neonatal mice born to the immunized dams were i.p. challenged with EV71 MAV-W at 5 days old.
All the mice were monitored daily for survival (B) and clinical score (C) for a period of 15 days.

TABLE 2 Neutralization of pooled antisera against a panel of EV71 and CVA16 strainsa

Pooled
antisera

Neutralization titer against:

EV71 CVA16

BrCr G081 G082 FY091 FY092 SZ98 MAV-W G08 SZ05

Anti-PBS �32 �32 �32 �32 �32 �32 �32 �32 �32
Anti-VLPΔVP4 1,024 1,024 4,096 4,096 4,096 4,096 1,024 �32 �32
Anti-VLPfull 1,024 1,024 4,096 8,192 4,096 2,048 1,024 �32 �32
aThe lowest serum dilution tested was 1:32.
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microscopy. For the anti-PBS-treated sample, the signals of virus (red) were evident at
the cell periphery prior to 37°C incubation (0 min) and were then found in the
cytoplasm at 30 min after 37°C incubation, indicating rapid internalization of EV71; viral
signals were also evident in the cytoplasm at 120 min and were even more significant
at 300 min after 37°C incubation (Fig. 9A). In contrast, for the anti-VLPΔVP4-treated
samples, the signals of virus (red) colocalized with those of antibodies (green) at the cell
periphery regardless of incubation times at 37°C (Fig. 9B), indicating that the anti-
VLPΔVP4 antibody-bound EV71 viruses were arrested at the cell periphery. These results
demonstrate that anti-VLPΔVP4 treatment can inhibit EV71 internalization at the post-
attachment stage.

Anti-VLP�VP4 serum interfered with multiple interactions between EV71 and its
key receptors. To understand the molecular basis of anti-VLPΔVP4-mediated neutral-
ization, we examined whether anti-VLPΔVP4 could disrupt the interactions between
EV71 and its key receptors, including heparan sulfate (6), SCARB2 (7), and PSGL-1 (8). As
shown in Fig. 10A, preincubation with anti-VLPΔVP4 reduced the amounts of EV71
pulled down by heparin-conjugated agarose beads in an antiserum dose-dependent
manner, whereas anti-PBS preincubation had no inhibitory effect regardless of the
antiserum dose. The binding of EV71 to SCARB2-immobilized agarose beads was also
reduced by pretreatment with anti-VLPΔVP4, but not with the control serum, in an
antiserum dose-dependent manner (Fig. 10B). Similarly, the ability of EV71 to bind
PSGL-1 in vitro was also impaired following anti-VLPΔVP4 pretreatment (Fig. 10C). These
results demonstrated that anti-VLPΔVP4 serum can interfere with multiple EV71-receptor
interactions.

DISCUSSION

In the present study, we demonstrated that a designed EV71 VLP that lacks the VP4
protein, VLPΔVP4, can be readily produced in the baculovirus-insect cell expression
system. To our knowledge, this is the first evidence showing picornaviral particle
assembly in the complete absence of VP4. In general, myristoylation of VP4/VP0 is
required for the assembly of infectious virions or noninfectious subviral particles of

FIG 8 Anti-VLPΔVP4 sera inhibit EV71 attachment to susceptible cells. (A and B) Antisera from an individual mouse of each
group were pooled and tested for inhibitory effects by preattachment neutralization assay (A) and postattachment
neutralization assay (B). The data are means and SD of three triplicate wells. (C and D) Blockade of EV71 attachment to
susceptible cells by anti-VLPΔVP4 sera. EV71 was incubated with serially diluted anti-VLPΔVP4 sera as indicated at 37°C for 1
h. Then, the mixtures were added to RD (C) or Vero (D) cells and incubated at 4°C for another 1 h to allow virus attachment.
After washing, cell-bound virus was detected by Western blotting with anti-VP1 polyclonal antibody. �-Actin was also
detected, serving as the loading control. IB, immunoblotting.
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FIG 9 Anti-VLPΔVP4 sera inhibit EV71 internalization. Vero cells were preattached to EV71 and then treated
with anti-PBS (A) or anti-VLPΔVP4 (B) serum at 4°C for 1 h. After incubation at 37°C for 0, 30, 120, or 300 min,
as indicated, the cells were fixed for immunofluorescence staining. Localization of virus and antibodies was
visualized by confocal microscopy. The green signal represents EV71, which was detected by rabbit-anti-
EV71 VLP serum; the red signal represents antibodies in anti-VLPΔVP4 serum; the blue signal represents
nuclei stained by DAPI (4=,6-diamidino-2-phenylindole). Merge 1 represents a merge of green, red, and blue
channels. Merge 2 represents a merge of green, red, blue, and white field channels. The insets are enlarged
views of the boxed areas.
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picornaviruses, such as poliovirus (PV) and foot-and-mouth disease virus (FMDV) (32–
37). It has been proposed that, for PV, VP4 myristoylation facilitates the interactions
between the 5S protomer subunits required to form stable 14S pentamers (36). This
proposition was supported by the results from a study on FMDV, which showed that an
Escherichia coli-expressed VP4-truncated P1 precursor of FMDV could be processed by
exogenous 3C protease in vitro but the resulting subunit proteins failed to form
pentamers (35). However, contrasting observations have been made in hepatitis A virus
(HAV), which also belongs to the family Picornaviridae. Specifically, Tesar et al. reported
that VP4/VP0 of HAV was not myristoylated and that mutation of a potential myris-
toylation site in VP4/VP0 did not affect viral infectivity (38). Together, these findings and
our results suggest that there may be a VP4 myristoylation-independent mechanism of
capsid assembly for some picornaviruses.

During the uncoating process of picornaviruses, the mature virion undergoes a
series of changes in conformation and composition, yielding the 135S uncoating
intermediate and the 80S uncoated empty particle (9, 39). Although structures of
mature virions of many picornaviruses, including EV71, have been determined at
atomic resolutions, the structural information on their uncoated form, 80S empty
capsids, remains limited (12), due partially to the difficulty in generating the large
quantities of high-quality protein preparations required for crystallization. In previous
structural studies, uncoated 80S empty capsids were generated by exposing mature
virions and/or A particles to high temperatures and/or low pH (10–13, 40, 41). Such

FIG 10 Anti-VLPΔVP4 sera block EV71 binding to its key receptors. EV71 was incubated with serially
diluted anti-VLPΔVP4 or anti-PBS at 37°C for 1 h. The mixtures were then added to heparin-immobilized
(A), SCARB2-Fc-immobilized (B), or PSGL-1–Fc-immobilized (C) agarose beads and incubated at 37°C for
2 h. After washing, agarose-bound virus was released by SDS-PAGE sampling buffer and analyzed by
Western blotting with anti-VP1 polyclonal antibody. For SCARB2-Fc and PSGL-1–Fc pulldown assays, the
SCARB2-Fc and PSGL-1–Fc were also detected using an anti-Fc polyclonal antibody as controls for protein
immobilization.
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treatments often resulted in incomplete virions or A particle-to-80S particle conversion
(10–13, 40–42) and in some cases even generated a mixture of distinct forms of 80S
particles (40). A three-dimensional (3D) structure of the 80S empty capsid of EV71 has
recently been reconstructed at 9.2 Å by cryo-EM single-particle analysis (10); however,
high-resolution structural information for this particle is still lacking. The VLPΔVP4

developed in the present study resembles the EV71 80S empty capsid in critical
features, such as the protein composition (VP1 plus VP2 plus VP3), the lack of viral RNA,
the particle expansion relative to the mature virion, and the enlarged 2-fold channel.
Therefore, VLPΔVP4 can be used to represent the EV71 80S empty capsid in structural
studies. Indeed, our 3.71-Å VLPΔVP4 map agrees well with the 9.2-Å map of the 80S
uncoated empty particle reported previously (10). Moreover, owing to the higher
resolution of our cryo-EM map, we were able to observe the externalization of the VP1
N terminus at the base of the canyon near the quasi-3-fold axis (Fig. 4E and F), a
characteristic of uncoating intermediates, which could not be identified in the 80S
empty-capsid map at lower resolution (10). This observation indicates that the VP1 N
terminus externalization can occur spontaneously in the absence of VP4, suggesting
that VP4 may have constrained movement of the N-terminal VP1 in the interior of
naturally occurring mature virions and NEPs. Therefore, during the mature-virion–to–A
particle transition, the extrusion of VP4 must occur first to release the constraint,
allowing the VP1 N terminus externalization to proceed. By following our protocol,
homogeneous VLPΔVP4 can be easily produced and purified, thus providing high-
quality materials for crystallography experiments. We believe that our VLPΔVP4 strategy
can be applied to other picornaviruses, as well, for structural study of their 80S
uncoated empty particles, ultimately leading to better understanding of the uncoating
process of picornaviruses as a whole.

In the present study, we demonstrated that, as a mimic of the EV71 80S empty
capsid, VLPΔVP4 is highly immunogenic and confers protection against EV71 challenge
in mice. These data are in sharp contrast to the results from studies on other picorna-
viruses. Specifically, it was reported that the 80S empty particles of PV (generated by
heating mature virions) failed to evoke neutralizing antibodies (43). This loss of vaccine
potency was associated with antigenic changes in the 80S empty particles (43, 44). A
subsequent study demonstrated that the conformation of neutralization epitopes was
different between the PV mature virion and the 80S empty particle (45). In the case of
FMDV, there is thus far no evidence showing the existence of uncoating intermediates,
including the 80S empty capsid, during natural viral infection. Rather, upon heating or
low-pH treatment, the 146S mature virion dissociated into 12S pentamers (46). As
expected, the FMDV 12S pentamer was much less competent at inducing neutralizing
antibodies than the 146S mature virus (47). Hence, it is surprising that our VLPΔVP4,
which resembles the 80S empty capsid, retained protective immunogenicity. Two
factors may have contributed to the vaccine potency of VLPΔVP4: (i) the particulate
nature, as it is well known that VLPs are more immunogenic than the corresponding
soluble proteins, owing to their ability to efficiently interact with antigen-presenting
cells, to display epitopes at high density, and to provide T-cell help (reviewed in
references 48 and 49); (ii) the preservation of important neutralizing epitopes with
proper conformations on VLPΔVP4. The SP70 epitope located at the GH loop of VP1 is
a predominant neutralizing epitope for EV71 (50) and is recognized by broadly neu-
tralizing monoclonal antibodies (28, 51). The ability of the SP70 epitope to induce
neutralizing antibodies did not appear to be strictly conformation dependent, as
SP70-targeting antibodies recognized synthetic peptide and denatured VP1 protein (28,
52) and bound both the mature virion and VLPfull (51). Moreover, the SP70 epitope
displayed on chimeric (hepatitis B core antigen-based) VLPs could elicit neutralizing
antibodies that protected mice against EV71 challenge (53). In this study, VLPΔVP4

strongly reacted with the SP70-targeting neutralizing monoclonal antibody D5 (Fig. 5E),
suggesting that the protective antigenicity may have been well maintained.

VLPΔVP4 differs from VLPfull in particle composition and antigenic properties; how-
ever, VLPΔVP4 may represent a vaccine platform superior to VLPfull for developing
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recombinant vaccines for EV71 and other related enteroviruses for several reasons. First,
VLPΔVP4 eliminates the potential for antigen inconsistency caused by the autocleavage
of VP0 into VP4 and VP2, which has been observed for VLPfull derived from EV71 (20,
24) and the closely related CVA16 (25, 26), and therefore, quality control of antigen
production for VLPΔVP4 should be simpler than that for VLPfull. Second, VLPΔVP4 ap-
peared to elicit slightly higher neutralizing antibody titers than did VLPfull, likely due to
the induction of antibodies against the VP1 N terminus, which was externalized in
VLPΔVP4 but not in VLPfull, as previous studies have shown that antibodies to the VP1
N terminus of EV71 or other enteroviruses are neutralizing (54, 55). Third, VLPΔVP4 does
not contain VP4 and therefore eliminates the potential for antibody-dependent en-
hancement (ADE) of infection mediated by anti-VP4 antibodies reported for several
enteroviruses (56–58). The ADE phenomena have also been observed for EV71 (59–62),
although it is unclear whether VP4-targeting antibodies contributed to the observed
enhancement of infection. Finally, the externalized VP1 N terminus of VLPΔVP4 is
immunogenic and may be inserted or replaced with multiple heterologous T- and/or
B-cell epitopes to induce antibodies with more potent and broader neutralization
ability or multifunctional T cells. In the latter case, VLPΔVP4 may also be used as a novel
vaccine vector for epitope presentation.

Despite the fact that EV71 VLPs have been shown to induce neutralizing antibodies
that protect mice against virus challenge (20, 23, 24), the mechanisms by which
VLP-elicited antibodies exert inhibition are not entirely clear. In the present study, we
demonstrated that anti-VLPΔVP4 is able not only to inhibit EV71 attachment in a
cell-type-independent manner, but also to inhibit EV71 internalization at the postat-
tachment stage. At the molecular level, we showed that (i) anti-VLPΔVP4 sera can
interfere with EV71 binding to heparan sulfate, an attachment receptor for EV71 (6); (ii)
they can interfere with EV71 binding to SCARB2, which mediates EV71 internalization
and uncoating (16, 63); and (iii) they can also inhibit EV71 binding to PSGL-1, another
identified receptor that facilitates EV71 infection of leukocytes (8). Taken together,
these data suggest that blocking the interactions between EV71 and its key receptors
is the main mechanism by which anti-VLPΔVP4 mediates neutralization of EV71 infec-
tion.

In summary, EV71 VLPΔVP4 mimicking the 80S uncoated empty particle represents
an excellent EV71 vaccine platform. Our study not only elucidates the structural basis
and protective mechanism of the EV71 VLPΔVP4 vaccine, but also establishes a meth-
odology for VLPΔVP4 production that can be extended to other enteroviruses, as well,
thus providing important information for vaccine development and structural study of
enteroviruses.

MATERIALS AND METHODS
Cells and viruses. RD (American Type Culture Collection [ATCC] strain CCL-136), Vero (ATCC strain

CRL-1586), and Sf9 (ATCC strain CRL-1711) cells were grown as described previously (20, 25). Seven EV71
strains—EV71 BrCr (ATCC strain VR-1775), EV71 G081, EV71 G082, EV71 FY09-2, EV71 SZ98, and EV71
MAV-W—and two CVA16 strains, CVA16 G08 and CVA16 SZ05, were described previously (21). The
EV71 mature virion was prepared as previously described (53). The EV71 135S A particle and 80S empty
particle were prepared by heating mature virions in hypotonic buffer according to a previously published
method (10), and the resultant sample was a mixture of two kinds of particles. The virus titers were
determined by a microtitration method using RD cells and are expressed as the 50% tissue culture
infectious dose (TCID50) (20).

Peptides, recombinant proteins, and antibodies. The VP1-derived peptides, including the SP70
peptide and a control peptide, were synthesized in a previous study (20). VP4 and the N terminus of VP1
(amino acids 1 to 75, termed VP1-N75) were expressed as glutathione S-transferase (GST) fusion proteins
in E. coli BL21. Then, the GST-tagged fusion proteins were purified from lysates of the transformed E. coli
cells by using a glutathione-resin column (GE Healthcare) according to the manufacturer’s instructions.
The insect cell-derived full EV71 VLP (termed VLPfull) was generated as described previously (20). Rabbit
polyclonal antibody against VLPfull was generated in house. Rabbit polyclonal antibodies against VP0 and
VP1 of EV71 and guinea pig polyclonal antibody against VP3 of CVA16, which cross-react strongly with
VP3 of EV71, were previously generated (64). A monoclonal antibody, D5, targeting the VP1 GH loop was
previously described (28). Mouse polyclonal antibody against VP1-N75 was generated in house by
immunizing BALB/c mice three times with purified VP1-N75 protein. The antigen formulation and
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immunization procedures were similar to those in a previous study (64) except that the antigen dose for
each immunization was 75 �g per mouse.

Vector construction. The construction of expression vectors and generation of recombinant bacu-
lovirus were performed as previously described (20) with some modifications. Briefly, the VP4-truncated P1
fragment (termed P1ΔVP4) was amplified with the primers forward, 5=-AATCCATGGGTTCGCAGGTGTCT-3=, and
reverse, 5=-AATCCATGGGATCCCCATCCGCTGAGGCG-3= (underlined sequences, cleavage sites of Nco I), and
inserted into the plasmid pIExBac-1 to make pIExBac-P1ΔVP4. pIExBac-P1ΔVP4 was used to generate the
baculovirus (termed IExBac-P1ΔVP4), as previously described (20). The pIExBac-3CD plasmid and the
corresponding baculovirus, IExBac-3CD, used in this study were described previously (20).

Expression and verification of VLP�VP4. Sf9 cells were infected separately by IExBac-P1ΔVP4 at a
multiplicity of infection (MOI) of 3 and IExBac-3CD at an MOI of 1 or coinfected by both of the
baculoviruses at MOI of 3 and 1, respectively. After 72 h, infected cells were harvested for determination
of protein expression. Cell lysates were prepared and used to coat 96-well ELISA plates or loaded onto
12% polyacrylamide gels. ELISA and Western blot analysis were carried out with polyclonal antibodies to
VP0, VP1, or VP3, as previously described (20).

Sucrose gradient sedimentation was performed as previously described (20) with some modifica-
tions. Briefly, cell lysates from IExBac-P1ΔVP4- and IExBac-3CD-coinfected Sf9 cells were layered onto a
20% sucrose cushion and centrifuged at 27,000 rpm (131,000 � g) for 5 h, and the pellet was
resuspended in PBS and layered onto a 10 to 50% sucrose gradient for ultracentrifugation. Then, 12
fractions were harvested from top to bottom. The samples were loaded onto 12% polyacrylamide gels
for Coomassie blue R-250 staining, transferred onto polyvinylidene difluoride (PVDF) membranes for
Western blot analysis, or used to coat 96-well ELISA plates for ELISA analysis. The sucrose gradient
fractions with the strongest signals of capsid proteins in Western blot assays were pooled and subjected
to further purification as previously described (20). The final VLPΔVP4 sample was quantified by Bradford
assay and stored at �80°C until use.

Negative staining and electron microscopy of VLPΔVP4 were performed as previously described (53).
Cryo-EM imaging and reconstruction. The cryo-EM imaging and reconstruction of VLPΔVP4 were

performed as described previously (51) with some modifications. Images were recorded on a Gatan K2
Summit direct electron detector operated in superresolution counting mode with a pixel size of 0.665 Å.
Each frame was exposed for 0.2 s, with an accumulation time of 7.6 s for each movie, leading to a total
accumulated dose of 38 electrons (e�)/Å2 on the specimen. All the images were automatically collected
using SerialEM software (65). To correct the drift and beam-induced motion, the frames in each movie
were aligned to generate a single micrograph using Motioncorr 2.0. Then, particles were semimanually
boxed using the e2boxer.py program from the EMAN2.1 package (66). A total of 21,362 particles were
boxed out from 486 images. These particles were subjected to 2D and 3D classification using the
software RELION 1.3 (67), and 7,887 cleaned up particles without inclusion of genome materials were
selected. Then, the RELION project was converted to an EMAN project by using the EMAN 2.1
e2reliontoeman.py program. Contrast transfer function (CTF) fitting was automatically performed using
the fitctf2.py program in the Jspr software package (68) and then visually validated and adjusted using
the EMAN 1.9 ctfit program (69). Then, the 3D reconstruction was performed using Jspr (70), which
coordinates the further refinement of defocus, magnification, astigmatism, and anisotropic magnification
(71). The map resolution was assessed at a Fourier shell correlation (FSC) cutoff of 0.143.

Structural analysis. UCSF Chimera software (72) was used to visualize the VLPΔVP4 density map, to
measure the surface diameter, and to compare the structural similarities of VLPΔVP4 and related particles,
including the EV71 mature virion (PDB ID 3VBS) (3), tbe EV71 NEP (PDB ID 3VBU) (3), EV71 VLPfull (EMDB
accession no. EMD-2607) (19), and the CVA16 135S-like particle (PDB ID 4JGY) (27). The cc values for these
comparisons were calculated using the Fit in Map module in UCSF Chimera. The difference map between
VLPfull and VLPΔVP4 was calculated by subtracting the VLPfull density (5.2 Å) (EMDB accession no.
EMD-2607) from our VLPΔVP4 density map, which was low- pass filtered into 6 Å and normalized to the
VLPfull map. The homologous model of EV71 VP1 was built through the online SWISS-MODEL server (73).

Antigenic characterizations. The VLPΔVP4 and VLPfull samples were loaded onto 12% polyacrylamide
gels for protein separation and then transferred onto PVDF membranes for Western blot analysis using
individual polyclonal antibodies against VP0, VP1, or VP3. To determine the reactivity of VLPΔVP4 or VLPfull

with a VP1 N-terminus-specific antibody, ELISA plates were coated with protein samples, followed by
detection with a polyclonal antibody against VP1-N75.

Mouse immunization and antibody measurement. For a single injection dose, 1 �g of VLPΔVP4 or
VLPfull was adsorbed to 0.5 mg of aluminum hydroxide (Alhydrogel; InvivoGen, USA). Groups of six female
ICR mice (8 weeks old) were injected i.p. with each dose of formulated antigen at weeks 0 and 2. A
control group of mice were injected with the formulated PBS. Blood samples were collected at week 4
for determination of antibody responses and neutralization titers.

For determination of antibody responses, ELISA plates were coated with recombinant VP4 protein
(200 ng/well), VP1-N75 (200 ng/well), or VP1-derived SP70 peptide (200 ng/well). Individual serum
samples were diluted at 1:50, 1:100, and 1:100 and analyzed for reactivity with VP4, VP1-N75, or SP70
peptide, respectively. All the incubation steps and measurement of absorbance (optical density at 45 nm
[OD450]) were performed as previously described (20).

For determination of neutralization titers of serum samples against a panel of EV71 and CVA16
strains, a standard microtitration assay was performed as previously described (53).

Maternal immunization/protection assay. Three groups of 8-week-old female ICR mice were
immunized as described above. The immunized mice were allowed to mate with naive male ICR mice 6
weeks after the last immunization. The neonatal mice born to the immunized dams in each group were
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challenged on day 5 after birth by i.p. injection with 2.1 � 104 TCID50 of EV71 MAV-W and then
monitored daily for survival and clinical scores for 15 days. Clinical scores were graded as follows: 0,
healthy; 1, reduced mobility; 2, limb weakness; 3, paralysis; 4, death.

The mouse experiments described above were approved by the Institutional Animal Care and Use
Committee at the Institut Pasteur of Shanghai and carried out in accordance with the regulations in the
Guide for the Care and Use of Laboratory Animals issued by the Ministry of Science and Technology of
the People’s Republic of China.

Pre- and postattachment neutralization assays. Both the pre-and postattachment neutralization
assays were performed as previously described (28) except that the antibodies used in this study were
serially diluted pooled antisera for each group. Cell viabilities were measured using a 3-(4,5-dimethyl-
2-thiazolyl)-2,5-diphenyl-2H-tetrazolium bromide (MTT) assay, and neutralization efficiencies were calcu-
lated as previously described (28).

Attachment inhibition assay. The attachment inhibition assay was performed as described previ-
ously with minor modifications (20): pooled antisera were diluted in 400 �l Dulbecco’s modified Eagle’s
medium (DMEM) containing 4.8 � 107 TCID50 of EV71 G082.

Immunofluorescence assay. The localization of virus and antibodies within cells was analyzed by
immunofluorescence staining and confocal microscopy analysis according to a previously established
protocol (28) with some minor modifications. Briefly, Vero cells were preattached to 9 � 106 TCID50 of
mature virions and then incubated with the indicated antiserum samples at 4°C. After washing away
unbound antibodies, the cells were immediately fixed using 4% paraformaldehyde; in some cases, prior
to fixation, the cells were moved to a 37°C incubator for a period of time (e.g., 30, 120, or 300 min) to
allow viral internalization to proceed. The fixed cells were then subjected to immunofluorescence
staining and subsequent imaging.

Pulldown assays. Heparin-, SCARB2-, and PSGL-1 pulldown assays were carried out according to
previously established protocols (28) with minor modifications. Specifically, for heparin pulldown assays,
serially diluted antisera were mixed with 4.8 � 107 TCID50 of EV71 G082 in 400 �l DMEM and then
incubated at 37°C for 1 h; next, the virus-antiserum mixtures were incubated with heparin-agarose beads
(Sigma) at 4°C for 2 h. After washing, the virus-bound beads were subjected to SDS-PAGE and Western
blot analysis as described above.

Statistics. Statistical significances were determined by one-way analysis of variance (ANOVA) using
GraphPad Prism version 5.

Accession number(s). The cryo-EM map for EV71 VLPΔVP4 has been deposited in the Electron
Microscopy Data Bank (accession no. EMD-6702).
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