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Abstract

Human enteroviruses are the most common human pathogen with over 300 distinct geno-
types. Previous work with poliovirus has suggested that it is possible to generate antibody
responses in humans and animals that can recognize members of multiple enterovirus spe-
cies. However, cross protective immunity across multiple enteroviruses is not observed epi-
demiologically in humans. Here we investigated whether immunization of mice or baboons
with inactivated poliovirus or enterovirus virus-like-particles (VLPs) vaccines generates anti-
body responses that can recognize enterovirus D68 or A71. We found that mice only gener-
ated antibodies specific for the antigen they were immunized with, and repeated
immunization failed to generate cross-reactive antibody responses as measured by both
ELISA and neutralization assay. Immunization of baboons with IPV failed to generate neu-
tralizing antibody responses against enterovirus D68 or A71. These results suggest that a
multivalent approach to enterovirus vaccination is necessary to protect against enterovirus
disease in vulnerable populations.

Author summary

Enteroviruses are common human pathogens with the potential to cause severe disease
and life-long paralysis and even death. The ability for enterovirus infection and vaccina-
tion to generate cross-reactive antibody responses in humans and animal models is not
completely understood. Understanding whether cross-reactive antibody responses can be
elicited is important for vaccine development strategies to counter existing and emerging
enterovirus threats to human health and is part of a broader pandemic preparedness pro-
gram. This study evaluated the generation of cross-reactive enterovirus antibodies in ani-
mals after vaccination with inactivated poliovirus vaccine or enterovirus virus-like-
particles to inform vaccine development for emerging and re-emerging enteroviruses.
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Introduction

Human enteroviruses belong to the Picornaviridae family which contains polioviruses and
nonpolio enteroviruses (NPEVs) such as enterovirus D68 (EV-D68) and enterovirus A71
(EV-A71). Enteroviruses are the most common human pathogen with over 300 different geno-
types. While most are mild, enterovirus infections can cause a range of disease outcomes such
as a paralytic syndrome known as acute flaccid myelitis (AFM), aseptic meningitis, neonatal
sepsis, hand foot and mouth disease, encephalitis, gastroenteritis and severe respiratory disease
[1]. In the mid-20™ century poliovirus outbreaks reached pandemic proportions in Europe
and North America leading to permanent paralysis or death for tens of thousands of children
in the United States alone [2]. The introduction of the oral and later inactivated poliovirus vac-
cine (IPV) lead to eradication in much of the world. The time period from 1988 to 2014 saw a
reduction from 125 endemic countries to only 3 and from 350,000 cases to only 359 [3].
EV-A71 and coxsackieviruses in the enterovirus A species cause hand, foot, and mouth dis-
ease, and can progress to meningitis, encephalitis, and AFM, a major source of childhood mor-
bidity and mortality throughout east and southeast Asia [4]. Neurological complications due
to EV-A71 infection prompted the development of an inactivated virus vaccine in China in
2010 that has been shown to be highly effective at reducing hand foot and mouth disease bur-
den and neurologic complications [5-8]. The toll of enteroviruses on human health and the
effectiveness of vaccines to mitigate disease caused by enteroviruses supports the continued
development of countermeasures against these pathogens.

EV-D68 is a respiratory enterovirus that has been associated with severe respiratory disease
and AFM outbreaks in the United States and Europe in 2014, 2016 and 2018 [9-15]. EV-D68
outbreaks were also observed in the United States in 2022 but were not associated with an
increase in AFM diagnoses [16]. Currently there are no approved vaccines or antiviral
treatments for EV-D68. Treatment consists of supportive care for respiratory disease and
rehabilitation for AFM. Given the prior successes of poliovirus vaccines, the development of
an EV-D68 vaccine is a promising path for reducing disease burden and AFM caused by this
re-emerging virus. We have recently described an EV-D68 virus-like-particle (VLP) vaccine
that induces potent neutralizing antibodies in mice and nonhuman primates that can protect
mice from infection in an EV-D68 respiratory infection model [17].

Enteroviruses contain a single positive-strand RNA genome that encodes the viral polyprotein,
which is processed into the nonstructural and structural viral proteins with the latter forming the
characteristic icosahedral capsid possessing five-, three- and two-fold symmetry [18]. Structural
proteins VP1-4 form protomers that assemble into pentamers, and the capsid is formed by twelve
pentamers. For polioviruses, EV-A71, and EV-D68, antigenic sites of vulnerability have been
described at the five- and three-fold axes of symmetry and neutralizing monoclonal antibodies
have been identified in both mice and humans [19-24]. Receptor binding for polioviruses and
EV-A71 occurs at the five-fold axis of symmetry which is comprised primarily of VP1 protein
[25,26]. The receptor(s) for EV-D68 are still debated, but binding is believed to also occur at the
five-fold axis [27]. Receptor binding dictates enterovirus tissue tropism and is a major source of
variability across enteroviruses and therefore a difficult target for cross-reactive antibody
responses. The three-fold axis of symmetry is comprised of VP2 and VP3 proteins and is impor-
tant for structural changes involved with capsid uncoating and genome release and may be a
cause of variable acid-sensitivity observed among some enterovirus species [25,28]. However, it is
unclear if and how immunization with inactivated virus or VLP vaccines induce cross-reactive
antibodies that can bind to, and potentially neutralize, heterologous enteroviruses.

Cross-reactive enterovirus responses have been studied in animals. Antisera from type 3
polio VP1 peptide-immunized rabbits bound to other enterovirus species suggesting that it is
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possible to generate these cross-reactive antibodies in an animal model [29]. In another study,
mice were immunized with recombinant enterovirus VP1 proteins, and a set of four monoclo-
nal antibodies were isolated that, when combined, recognize 41 different enteroviruses by indi-
rect fluorescent antibody assay [30]. Whether these antibodies possess neutralizing activity was
not reported. Similarly, a mouse monoclonal antibody against EV-A71 VP1 protein can bind
coxsackievirus-A16 VP1 by western blot but it is not clear if it is neutralizing [30]. A more
recent study described the generation of cross-reactive polyclonal sera in mice immunized
with poliovirus or a variety of other enteroviruses. Pooled sera from mice immunized with
type 1 poliovirus was capable of neutralizing multiple EV-D68 isolates, and detectable neutrali-
zation of type 1 polio was present in sera pooled from mice repeatedly immunized with
EV-D68 or EV-D%4 [31].

Cross-reactive enterovirus antibodies have also been identified in humans, but unknown
exposure history is a significant barrier to understanding whether these responses are bona
fide or were elicited by an asymptomatic or mild infection with a homologous or highly similar
virus. Polyclonal serum from patients with culture-confirmed enteroviral infections can react
against synthetic poliovirus peptides suggesting that it is possible to generate cross-reactive
enterovirus antibodies by infection [32]. Conserved portions of peptides from type 1 polio
VP1 protein have been shown to react with serum from humans with aseptic meningitis
caused by different enterovirus infections [33]. However, in both studies the poliovirus vacci-
nation status of these subjects is not discussed. A monoclonal antibody has been described that
can neutralize polio types 1 and 2 and bind to, but not neutralize, type 3 polio [34]. More
recently a human monoclonal antibody was isolated and shown to neutralize all three poliovi-
rus serotypes by binding to the receptor binding site [21,35]. The impact of these types of anti-
bodies, which may represent a minority of the polyclonal response to infection, is unclear.
Importantly, monoclonal antibodies that neutralize multiple different enterovirus species have
not been described. Furthermore, whether cross-species antibodies can be elicited from typical
human enterovirus vaccine regimens is unknown.

We aimed to determine if cross-reactive antibody responses could be elicited following
three monovalent vaccination regimens with inactivated poliovirus vaccine, EV-D68 VLP, or
EV-A71 VLPs in animals. We focused on poliovirus due to high vaccine uptake in the western
world, and EV-D68 and EV-A71 which are more recently associated with AFM development
[36]. In addition to the mouse studies, we also obtained serum samples from baboons that
received three doses of IPV to test for the presence of EV-D68 or EV-A71 specific antibodies.
We found that IPV or VLP immunization was not sufficient to generate cross-species reactive
enterovirus binding or neutralizing antibodies. Our data suggest that vaccine development
strategies should consider multivalent formulations to protect against diverse enteroviruses
associated with human disease.

Results

Surface exposed residues of human enterovirus capsid proteins are highly
diverse

We began our investigation by examining sequence conservation in the capsid proteins of dif-
ferent human enterovirus species to explore the potential for conserved antigenicity among
enteroviruses. We used the capsid sequence for an EV-D68 2014 isolate (EV-D68 US/MO/
18947) for which there is a corresponding molecular structure (PDB: 6CRR) to conduct a
BLAST search of the Uniprot protein database to identify capsid sequences of enteroviruses
similar to EV-D68 [28]. We selected the top 40 capsid sequences and performed a multiple
sequence alignment and generated a phylogenetic tree (Fig 1A). The major branches of the
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phylogenetic tree consisted of enterovirus D and A species as well as human rhinoviruses and
enterovirus C species, represented primarily by poliovirus, as well as a major branch contain-
ing echoviruses and coxsackie B viruses. Using the multiple sequence alignment, we generated
a conservation score and colored the residues within the capsid pentamer based on computed
sequence conservation (Fig 1B) [37]. The most conserved residues are in the interior of the
pentamer and are primarily located along the interface where pentamers meet to form the cap-
sid. The least conserved residues were located on the exterior or the pentamer face where
receptor binding and antigenic recognition by antibodies occurs. Enteroviruses exhibit a wide
range of capsid protein sequence diversity, and diversity is enriched in surface exposed resi-
dues, suggesting that eliciting broad or cross-species protection to conformational capsid epi-
topes will be challenging.

Inactivated enterovirus and VLP vaccine preparations contain
contaminating host-cell proteins

EV-D68 and EV-A71 VLPs used in this study, along with the commercial IPV, were all shown
to contain symmetric, well-formed particles when analyzed by transmission electron micros-
copy (Fig 2A-2C). EV-D68 and EV-A71 viral stocks propagated in RD cells containing 1%
fetal bovine serum (FBS) contain some contaminating host-cell proteins (Fig 2D). In these
samples viral proteins are not abundant enough to be readily distinguished from host-cell and
bovine serum proteins present in the samples. VLPs prepared using human 293 cells and puri-
fied by density ultracentrifugation can contain a substantial amount of host-cell proteins (Fig
2D). Inactivated poliovirus vaccine (IPOL) is prepared in Vero cells and despite more
advanced processing than our NPEV virus-like-particles, trace amounts of contaminating
host-cell proteins in highly concentrated preparations can be detected by gel electrophoresis
(Fig 2D). Therefore, based on standard purification methods, preparations containing mostly
intact VLP were obtained, but contain varying degrees of host cell contaminants. These con-
taminants present a fundamental challenge for evaluating enterovirus antibody responses after
vaccination because they can elicit antibodies in mice that appear to be cross-reactive for alter-
native enterovirus vaccine preparations made in the same cell type.

Immunization of mice with NPEV VLPs or IPV does not generate cross-
reactive enterovirus antibody responses

We asked whether immunization with IPV or NPEV VLP elicited cross-reactive antibodies in
mice. CB6F1 mice (n = 10/group) were immunized at weeks 0, 3, and 11 with 2 g of either
IPV, EV-D68 VLP, or EV-A71 VLP, or both VLPs combined (2 pg of each). All immunogens
were adjuvanted with 10% Adjuplex (Fig 3A). Sera were obtained two weeks after each immu-
nization and antibody responses against NPEV VLPs were measured by sandwich ELISA
using monoclonal antibodies generated in our lab (S1 and S2 Figs). We observed strong
homologous binding antibody responses but no heterologous binding antibodies to NPEV
VLPs suggesting that monovalent VLP immunization does not generate cross-reactive NPEV
antibodies (Fig 3B and 3C). Binding antibodies to both EV-D68 and EV-A71 VLPs were only
present in mice immunized with both VLPs, with no reduction in binding when compared to
monovalent vaccination. IPV antibody responses were measured using a commercial polio
indirect ELISA kit against all three types of inactivated poliovirus and binding antibodies were
only present in mice immunized with IPV (Fig 3D). These results suggest that repeated IPV
immunization in mice does not generate cross-reactive antibody responses to NPEVs, and vice
versa.
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Fig 1. Enterovirus Capsid Conservation Across Various Species. A. Phylogenetic tree generated using Geneious Prime software and
the capsid protein multiple sequence alignment. The reference sequence was set to EV-D68 US/MO/18947 (in green) which was used
to generate the molecular structure below. B. Molecular structure of Enterovirus D68 capsid pentamer (PDB: 6CRR) colored based on
conservation score calculated by ChimeraX software using a multiple sequence alignment of 40 different enterovirus capsid
sequences. Residues range from red to white to blue from least conserved to most conserved across the alignment as calculated by the
AL2CO algorithm.

https://doi.org/10.1371/journal.ppat.1012159.9001
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Fig 2. Enterovirus and enterovirus-like-particle preparations contain contaminating host-cell proteins. A-C. Transmission electron microscopy of purified
EV-D68 VLPs (A), purified EV-A71 VLPs (B) and concentrated IPV particles (C). D. SDS-Polyacrylamide gel showing the protein content of enterovirus and
VLP preps. The identity of each sample is listed above the lane. Bands representing VLP proteins or IPV proteins are highlighted by a black box.

https://doi.org/10.1371/journal.ppat.1012159.g002

To determine if contaminating host cell proteins in NPEV VLP or IPV preparations con-
found the interpretation of ELISA results we performed indirect ELISAs with the same mouse
sera. Detectable binding antibody responses to both EV-D68 and EV-A71 VLPs were present
in sera from animals that received heterologous immunizations (S3-S5 Figs). Taken together
these results suggest that immunization with NPEV VLPs or IPV does not result in the genera-
tion of cross-reactive antibody responses but induces antibody responses to oft-target contam-
inating host cell proteins, leading to false-positive signals in less stringent assays. Furthermore,
our data suggest that indirect ELISA is not sufficient to determine the specificity of NPEV VLP
and IPV induced antibody response. Even though cross-reactive responses were not elicited,
bivalent immunization elicited responses to both EV-D68 and EV-A71, with no disadvantage
of immunizing mice with both VLPs.
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Fig 3. Immunization of mice with enterovirus VLPs or IPV fails to generate detectable cross-reactive binding
antibody responses using a sandwich ELISA. A. Study design showing immunization and blood sampling schedule
along with immunization groups. B. Sandwich ELISA using an EV-D68 monoclonal antibody and EV-D68 VLP
demonstrated that only animals immunized with EV-D68 VLP generated EV-D68 binding antibody. C. Sandwich
ELISA using and EV-A71 monoclonal antibody and EV-A71 VLP demonstrated that only animals immunized with
EV-A71 VLP generated EV-A71 binding antibody. D. Indirect Polio ELISA against all three poliovirus serotypes
demonstrated that only animals that received IPV generated binding antibody. Data are shown as individual points
with mean, error bars indicate standard deviation, n = 10 per group. There were no significant differences between
groups (p<0.05) when compared by one-way ANOVA. Diagram in Fig 3A was created with BioRender.com.

https://doi.org/10.1371/journal.ppat.1012159.9003

Homologous immunization is necessary to generate enterovirus
neutralizing antibodies in mice

We next assessed neutralizing activity against EV-D68 and EV-A71 in endpoint neutralization
assays. We observed neutralization against EV-D68 or EV-A71 in groups that received mono-
valent EV-D68 or EV-A71 VLP, respectively (Fig 4A and 4B). The absence of cross-binding
and cross-neutralizing responses indicates that effective vaccination for both EV-D68 and
EV-A71 will require the use of both antigens. Repeated immunization with inactivated polio
vaccine was insufficient to generate binding or neutralizing antibody to either EV-D68 or
EV-A71 VLPs, suggesting that the specificity of polyclonal immunity to enteroviruses is likely
to be an impediment to the generation of broad, cross-protective responses using a small num-
ber of immunogens. Furthermore, responses to each virus were not reduced when mice were
immunized with the combined VLP, demonstrating that a bivalent EV-D68 and EV-A71 VLP
vaccine generates potent neutralizing antibodies against both viruses.

Immunization of baboons with IPV does not induce cross-reactive binding
or neutralizing enterovirus antibody responses

To further confirm the lack of vaccine-induced cross-reactive antibody responses in an animal
species more closely related to humans than mice, we next asked whether polio vaccination in
baboons conferred binding or neutralizing responses to EV-D68 or EV-A71 VLPs or virus. To
address this question in animals with no history of infection with either NPEV, we obtained
serum samples from baboons vaccinated with either pentacel [38] (which contains IPV) or
IPOL. Sera obtained before their first dose and two weeks after their last dose were used for
our studies. First, we measured EV-D68 and EV-A71 binding antibodies by indirect ELISA.
We observed no binding antibodies against EV-D68 VLP before or after immunization with
pentacel or IPOL (Figs 5A and S6). We did observe an increase in EV-A71 VLP binding anti-
bodies after vaccination, but this may be due to detection of non-specific proteins by indirect
ELISA (S3 Fig). When we measured EV-D68 and EV-A71 binding antibody responses in
baboons by sandwich ELISA, both were undetectable (Fig 5B). These results support our
hypothesis that cross-reactive antibody responses detected by indirect ELISA are generated
against contaminating host cell proteins. EV-A71 endpoint neutralization assay further con-
firmed that the immune sera did not neutralize EV-A71 (Fig 5C). We detected poliovirus bind-
ing antibodies in most baboons before vaccination, but poliovirus antibody responses were
boosted in all animals following completion of the vaccine series (Fig 5D). Baboons received
their first dose at ages five to seven months and preimmunization serum was obtained thirty
days before their first dose. It is possible that these poliovirus antibodies are maternally
derived, or due to background for baboon samples in the commercial polio ELISA kit. Our
results demonstrate that immunization of baboons with IPV is not sufficient to generate bind-
ing and neutralizing antibody responses against EV-D68 or EV-A71.
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Fig 4. Homologous immunization is necessary to generate enterovirus neutralizing antibodies in mice. Endpoint serum neutralization
against EV-D68 (A) and EV-A71 (B) show that immunization with the corresponding VLP is required to generate neutralizing antibodies.
We observed similar neutralization titers in groups that receive monovalent or bivalent EV-D68 and EV-A71 VLP formulations. EV-A71
neutralizing antibodies were only detected after a second dose of EV-A71 VLP in both the monovalent and bivalent groups. Data are
shown as individual points with mean, error bars indicate standard deviation, n = 10 per group. There were no significant differences
between groups (p<0.05) when compared by one-way ANOVA.

https://doi.org/10.1371/journal.ppat.1012159.9004

Discussion

The discovery of enterovirus-specific cross-reactive antibodies in hyperimmune animals and
humans may call into question the need for vaccine development for emerging and re-emerg-
ing enteroviruses. Yet, these antibodies exhibit limited breadth, and it is unclear how easily
they could be elicited by typical two or three-dose vaccine regimens [31]. Many of the antibod-
ies identified also bind peptides rather than conformational epitopes, where the most potent
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Fig 5. Immunization of baboons with IPV fails to generate cross-reactive neutralizing enterovirus antibody
responses. A. Indirect ELISA against EV-D68 or EV-A71 VLP using serum from baboons before and after three doses
of IPV. Data are shown as individual points with mean, error bars indicate standard deviation, n = 24. Mean titers were
compared by paired t-test with p = 0.6677 for EV-D68 indirect ELISA and p = 0.0002 for EV-A71 indirect ELISA. B.
Sandwich ELISA for EV-D68 or EV-A71 VLP using serum from baboons before and after three doses of IPV. Data are
shown as individual points with mean, error bars indicate standard deviation, n = 24. C. EV-A71 endpoint
neutralization assay using serum samples from baboons before and after IPV immunization. D. Some baboons
possessed IPV binding antibodies before immunization, but all animals exhibited a robust boost response following
IPV immunization. Mean titers were compared by paired t-test with p = <0.0001. Data are shown as individual points

with mean, error bars indicate standard deviation, n = 24. Asterisks indicate p value with *** indicating p < 0.001 and
kkkk

indicating p < 0.0001, ns indicates a p value > 0.05 determined by paired t-test.
https://doi.org/10.1371/journal.ppat.1012159.9005

neutralizing antibodies bind [32]. Here, we demonstrate that three vaccinations with inacti-
vated polio vaccines or VLP vaccine candidates for EV-D68 and EV-A71 fail to elicit cross-
reactive responses in mice and baboons, supporting the notion that homologous and/or multi-
valent vaccines will be required to protect against human disease due to these viruses.

The Centers for Disease Control and Prevention in the United States recommends four
doses of inactivated polio vaccine, three before 18 months of age [39]. Despite polio vaccina-
tion rates exceeding 90% in the US, EV-D68 causes biennial outbreaks of respiratory disease
and has been causally linked to AFM [5,40]. Likewise, polio vaccine uptake for 1-year-olds in
China has been 99% since 2008, yet China approved and deployed three highly effective inacti-
vated EV-A71 vaccines in 2016 to combat neurologic consequences of hand foot and mouth
disease caused by EV-A71 [41,42]. An epidemiological modeling study has suggested that
infection with closely related enterovirus species such as EV-A71 and CV-A16 can induce
cross-protective immunity in humans [43,44]. However, a recent surveillance and epidemiol-
ogy study reported that coxsackievirus A6 has replaced EV-A71 as the major cause of hand,
foot and mouth disease in Nanchang China following the deployment of an EV-A71 vaccine,
suggesting that vaccination against one enterovirus may lead to replacement by another [45].
The implication of these real-world observations and our studies is that the most effective
strategy for combating severe disease outcomes of enterovirus infections in human popula-
tions is by vaccination against the corresponding enterovirus of concern or a multivalent
strategy.

As studies in humans are complicated by unknown exposure history, evaluation of immune
responses to enterovirus vaccines in animals may be complicated by contaminants present in
vaccine preparations. This is due to the complexity of purification without affinity tags which
can result in co-purification with other proteins. We found that apparent cross-reactive
responses measured using indirect ELISA were likely specific to contaminating host-cell pro-
teins. The use of monoclonal antibodies and a sandwich ELISA removed the signal from these
off-target responses. Similar off-target responses may account for differences between our
results and a study that observed cross-reactive responses between polio, EV-D68, and
EV-A71 [31]. There are other notable methodological differences as that study by Rosenfeld
etal. [31] included five intraperitoneal inoculations with live virus emulsified in complete
Freund’s adjuvant. In our hands, sera from mice immunized three times with IPV did not
bind or neutralize EV-D68 or EV-A71 despite having a robust IPV antibody response. Simi-
larly, serum obtained from IPV vaccinated baboons with a high titer of IPV binding antibodies
was incapable of neutralizing either EV-D68 or EV-A71, suggesting that this observation is not
limited by an inbred mouse model and may be applicable to humans.

Our findings and methods are not without limitations. We used inactivated poliovirus vac-
cine and VLPs based on EV-D68 and EV-A71 as immunogens, rather than live viruses, which
are known to have slightly altered conformations compared to a mature virion [20,25].
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However, both EV-D68 and EV-A71 VLPs have been shown to be effective at inducing neu-
tralizing antibody responses in both mice and nonhuman primates [17,46,47]. Furthermore,
IPV immunization is standard for protection against poliomyelitis in the United States and
Europe and has been shown to induce strong poliovirus neutralizing antibodies in both mice
and nonhuman primates [48,49]. Based on these observations we do not expect that failure to
generate cross-reactive enterovirus antibodies in this study is the result of using IPV or VLPs
as immunogens.

As done for the three serotypes of polio, multivalent vaccines comprising several antigens
may be necessary to extend protection across distinct enterovirus species. A bivalent VLP
based vaccine was shown to protect mice against infection from enterovirus EV-A71 and
CV-A16 [46]. Our results confirm that multivalency does not adversely affect EV-D68 or
EV-A71 responses and highlight the feasibility of this approach for NPEVs. Similar approaches
have been tested preclinically for human rhinoviruses (HRV) with a 50-valent formulation
exhibiting efficacy in nonhuman primates [50,51]. Several approved vaccines for other targets,
including human papilloma virus (HPV) also use this multivalent approach to increase the
breadth of protection [52].

In summary, our data demonstrate that conventional vaccination strategies for poliovirus,
EV-A71, or EV-D68 do not elicit cross-reactive antibodies to the heterologous viruses. We
conclude that multivalent NPEV vaccines to combat existing and emerging enteroviruses asso-
ciated with human morbidity and mortality is a feasible approach.

Materials and methods
Ethics statement

Mouse studies followed the Guide for the Care and Use of Laboratory Animals from the National
Institutes of Health and the Animal Welfare Act code of Federal Regulations. Animal studies
were approved by the Vaccine Research Center Animal Care and Use Committee under proto-
col VRC-21-0920. All nonhuman primate procedures were performed at Michael E Keeling
Center for Comparative Medicine and Research at the University of Texas MD Anderson Can-
cer Center (Bastrop, TX) accredited by the Association for Assessment and Accreditation of
Laboratory Animal Care International, in accordance with protocols approved by the Institu-
tional Animal Care and Use Committee at the University of Texas MD Anderson Cancer Cen-
ter and the principles outlined in the Guide for the Care and Use of Laboratory Animals [53] by
the Institute for Laboratory Animal Resources, National Research Council.

Enterovirus capsid conservation analysis

To analyze enterovirus capsid sequence conservation, we obtained the structure and amino
acid sequence of an EV-D68 B1 isolate from the protein data bank (PDB: 6CRR) and per-
formed a BLAST analysis with Uniprot (https://www.uniprot.org/blast) and selected 40 of the
top scoring sequences, which were aligned using Clustal Omega [54]. The structure and multi-
ple sequence alignment were loaded into ChimeraX software which was used to calculate
sequence conservation score using the AL2CO algorithm and color the capsid residues
[37,55]. The multiple sequence alignment was imported into Geneious prime and used to gen-
erate a phylogenetic tree using the Geneious tree builder.

Immunogen preparation

EV-D68 and EV-A71 VLPs were prepared as previously described [17]. Briefly, capsid protein
sequences and 3CD protease gene sequences from EV-D68 B3 isolate 23209 and EV-A71

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012159  April 25, 2024 12/18


https://www.uniprot.org/blast
https://doi.org/10.1371/journal.ppat.1012159

PLOS PATHOGENS

EV vaccines do not elicit cross-reactive antibodies

23092 were codon optimized and cloned into expression vectors. Plasmid DNA was used to
transfect Expi293 cells following the manufacturer’s instructions. Four to five days after trans-
fection, cell cultures were harvested and frozen at -80C. Cultures were thawed and centrifuged
at 2700 xg for 20 min to pellet cell debris and filtered through a 0.45 um filter. Supernatant was
then centrifuged over a 20% w/v sucrose cushion in Tris-NaCI-EDTA (TNE) buffer at 20,000
rpm and 4C for 2.5 hours using a Beckman SW-32Ti rotor. Sucrose cushion pellets were resus-
pended in TNE overnight and loaded onto a 15-45% sucrose gradient and centrifuged at
17,000 rpm and 4C for 18 hours using a Beckman SW-41Ti rotor. Gradients were fractionated
and the presence of VLP was confirmed by Pierce BCA protein assay and SDS-polyacrylamide
gel electrophoresis (SDS-PAGE) under reducing conditions. VLP-containing fractions were
pooled, and buffer exchanged into sterile phosphate buffered saline (PBS) using a Millipore
amicon 100,000 kDa cutoff centrifugal concentrator. VLP concentration was measured by
Pierce BCA protein assay and purity was assessed by SDS-PAGE. Commercial inactivated
poliovirus vaccine (IPOL, Sanofi-Pasteur) was obtained in 10 mL vials. Vials were pooled and
concentrated using a Millipore amicon 100,000 kDa cutoff centrifugal concentrator and pro-
tein content was measured by Pierce BCA assay. Purity was assessed by SDS-PAGE. For the
assessment of purity of VLPs and viral stocks 5 pg of material was loaded onto an SDS-PAGE
gel and run under reducing conditions. The presence of VLP or IPV particles was confirmed
by transmission electron microscopy. Immunogens were aliquoted and stored at -80C until
use for animal studies.

Cells and viruses

Enterovirus D68 (23087) and enterovirus A71 (23092) isolates were obtained from BEI
resources and cultured in RD cells (American Type Culture Collection, CCL-136) grown in
Dulbecco’s modified Eagle’s medium (Invitrogen, Carlsbad, CA) supplemented with 10% fetal
bovine serum and 1% penicillin/streptomycin as described [17]. Confluent 175 cm? flasks
were infected with either virus at a multiplicity of infection (MOI) of 0.01 and were incubated
at 33°C for EV-D68 or 37°C for EV-A71. Flasks were monitored for cytopathic effect (CPE)
and culture media was harvested when more than 80% of the cells exhibited CPE. Culture
media was frozen at -80°C and thawed then centrifuged at 2700 xg for 20 minutes and filtered
through at 0.45 um filter to remove cell debris. Viral titer was assessed by TCID5, endpoint
titration using the Spearman-Karber method and RD cells [56]. This preparation was assessed
for host-cell proteins by SDS-PAGE and used to generate neutralization stocks for serum neu-
tralization assays.

Vaccination of animals

CB6F1 mice (Jackson Laboratory) were used for all mouse studies. VLPs or IPV were mixed
with 10% Adjuplex in PBS and each animal received a 2 pg dose of VLP or IPV intramuscu-
larly with a half dose in each inner thigh. Mice receiving bivalent vaccination received 2 pg of
each VLP. Booster vaccinations were given at weeks 3 and 11 and serum was sampled two
weeks after each immunization. Serum from each bleed was stored at -20C until use. Baboons
(Papio anubis) were vaccinated with Pentacel (Sanofi Pasteur Limited) or IPOL (Sanofi Pas-
teur, SA) three times two months apart. Sera were collected one month before the first vaccina-
tion and on day 17 post third vaccination.

ELISA

For sandwich ELISA MaxiSorp 384-well plates (Thermo Fisher Scientific) were coated with
25 pL of 1 pg/mL EV-D68 or EV-A71 monoclonal antibody generated in our laboratory in
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PBS overnight at 4C. The following day, plates were washed three times with 100 pL per well of
PBS containing 0.05% (v/v) Tween 20 (PBST) and blocked for 1 hour at room temperature
with blocking buffer, PBST containing 5% non-fat dry milk (NFDM, Milipore). Plates were
washed again as described and incubated with 25 uL of EV-D68 or EV-A71 VLP at 1 pg/mL in
PBS for 1 hour at room temperature and then washed again as described. Mouse serum was
diluted 1:100 in blocking buffer and serially diluted 1:10 in blocking buffer and 20 pL of diluted
serum transferred to the coated plates and incubated for 1 hour at room temperature. Plates
were washed as described and incubated with 25 pL per well of horseradish peroxidase conju-
gated goat-anti-mouse-IgG at a 1:6000 dilution in blocking buffer for 1 hour at room tempera-
ture. Plates were washed as described and developed with 50 pL per well of KPL SureBlue
1-component TMB peroxidase substrate for 10 minutes at room temperature. Development
was stopped by the addition of 50 uL of 1-N sulfuric acid and absorbance at 450 and 650 nm
was read using a Bio-Tek plate reader. For analysis the 650 nm reading was subtracted from
the 450 nm reading. Serum dilutions were log-transformed, and absorbance values were fit by
non-linear regression using GraphPad Prism 9.3 software. Endpoint titer was determined as
the serum dilution that reached a 450 nm absorbance signal of 0.15, more than three-fold
higher than the average of negative control wells. For indirect ELISA, plates were coated with
VLP at 1 pg/mL in PBS overnight at 4C and steps proceeded as described for sandwich ELISA
after blocking and serum incubation. Each serum sample was tested in duplicate technical rep-
licates. Poliovirus ELISA was performed using a kit from Alpha Diagnostic International (Cat-
alog # 970-120-PMG for mouse and 970-150-PMG for monkey) following the manufacturer’s
instructions. Polio 1/2/3 IgG titers were determined using a standard curve and log trans-
formed before graphing using GraphPad Prism 9.3 software. IPV immunized samples were
measured at 1:100, 1:500, 1:2500 and 1:12500 serum dilutions while VLP or PBS immunized
samples were only measured at 1:100 serum dilution. All samples were measured in duplicate
technical replicates. Mean titers of groups with mean titers above the limit of detection were
compared by one-way ANOVA and Sidak’s multiple comparisons test.

Neutralization assay

Serum samples were heat-inactivated at 56C for 30 minutes and then diluted in two-fold serial
dilutions in DMEM containing 1% penicillin/streptomycin in untreated U-bottom 96-well
plates. An equal volume of working virus neutralization stock containing 200 TICDs, of
EV-D68 or EV-A71 virus was added and serum-virus mixtures were incubated at 33C (for
EV-D68) or 37C (for EV-A71) for 1 hour in a cell culture incubator. After incubation serum-
virus mixtures were added to 96-well plates containing 95% confluent monolayers of RD cells
and returned to the incubator and the indicated temperature for each virus and incubated for
4 days for EV-A71 and 5 days for EV-D68. After incubation plates were scored for the presence
of cytopathic effect and fixed and stained with ExCellPlus fixative (StatLab) containing crystal
violet. The endpoint neutralization titer is defined at the highest serum dilution that
completely blocks the development of viral CPE. Each serum sample was tested in duplicate
technical replicates. Mean titers of groups with mean titers above the limit of detection were
compared by one-way ANOVA and Sidék’s multiple comparisons test.

Supporting information

S1 Fig. Sandwich ELISA to detect EV-D68 VLP binding antibodies. Non-linear regression
analysis was used to fit ELISA binding data measured by optical density at 450 nm. Endpoint
titers were determined as described in materials and methods.

(TIF)
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$2 Fig. Sandwich ELISA to detect EV-A71 VLP binding antibodies. Non-linear regression
analysis was used to fit ELISA binding data measured by optical density at 450 nm. Endpoint
titers were determined as described in materials and methods.

(TIF)

S3 Fig. Indirect enterovirus VLP ELISA identifies non-specific contaminating host-cell
protein antibodies. Endpoint binding antibody titers against EV-D68 (A) or EV-A71 (B) mea-
sured by indirect ELISA. Data are shown as mean titer with error bars indicating standard
deviation, n = 10 animals per group. A larger proportion of animals exhibit heterologous bind-
ing antibodies when measured by indirect ELISA compared to sandwich ELISA.

(TIF)

S4 Fig. Indirect ELISA to detect EV-D68 VLP binding antibodies. Non-linear regression
analysis was used to fit ELISA binding data measured by optical density at 450 nm. Endpoint
titers were determined as described in materials and methods.

(TIF)

S5 Fig. Indirect ELISA to detect EV-A71 VLP binding antibodies. Non-linear regression
analysis was used to fit ELISA binding data measured by optical density at 450 nm. Endpoint

titers were determined as described in materials and methods.
(TIF)

S6 Fig. Indirect and sandwich ELISA to detect EV-D68 and EV-A71 VLP binding antibod-
ies in polio immunized baboons. Indirect ELISA (top) and sandwich ELISA (bottom). Non-
linear regression analysis was used to fit ELISA binding data measured by optical density at

450 nm. Endpoint titers were determined as described in materials and methods.
(TIF)

S1 Data. Raw data for all ELISA and neutralization assays. ELISA data is presented as absor-
bance value at 450 nm and neutralization assay data is presented as endpoint dilution titer.
(XLSX)

Acknowledgments

We would like to thank Tod Merkel and Yihui Wang (FDA/CEBR) for generously providing
the serum samples from polio immunized baboons. We would also like to thank Y. Tsybovsky
(Frederick National Laboratory for Cancer Research) for electron microscopy and the Vaccine
Research Center Translational Research Program staft for their expert technical and adminis-
trative services. Molecular graphics and analyses performed with UCSF ChimeraX, developed
by the Resource for Biocomputing, Visualization, and Informatics at the University of Califor-
nia, San Francisco, with support from National Institutes of Health R0O1-GM 129325 and the
Office of Cyber Infrastructure and Computational Biology, National Institute of Allergy and
Infectious Diseases.

Author Contributions

Conceptualization: Daniel L. Moss, Tracy J. Ruckwardt.
Data curation: Daniel L. Moss.

Formal analysis: Daniel L. Moss, Tracy J. Ruckwardt.

Funding acquisition: Masaru Kanekiyo.

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012159  April 25, 2024 15/18


http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012159.s002
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012159.s003
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012159.s004
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012159.s005
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012159.s006
http://journals.plos.org/plospathogens/article/asset?unique&id=info:doi/10.1371/journal.ppat.1012159.s007
https://doi.org/10.1371/journal.ppat.1012159

PLOS PATHOGENS

EV vaccines do not elicit cross-reactive antibodies

Investigation: Daniel L. Moss, Alden C. Paine, Tracy J. Ruckwardt.

Methodology: Daniel L. Moss, Peter W. Krug, Tracy J. Ruckwardt.

Project administration: Masaru Kanekiyo, Tracy J. Ruckwardt.

Supervision: Tracy J. Ruckwardt.

Writing - original draft: Daniel L. Moss.

Writing - review & editing: Daniel L. Moss, Peter W. Krug, Masaru Kanekiyo, Tracy J.

Ruckwardt.

References

1.

10.

11.

12.

13.

14.

15.

16.

Heckenberg E, Steppe JT, Coyne CB. Enteroviruses: The role of receptors in viral pathogenesis. Adv
Virus Res. 2022; 113: 89—110. https://doi.org/10.1016/bs.aivir.2022.09.002 PMID: 36307169

Hinman AR, Koplan JP, Orenstein WA, Brink EW, Nkowane BM. Live or inactivated poliomyelitis vac-
cine: an analysis of benefits and risks. Am J Public Health. 1988; 78: 291-295. https://doi.org/10.2105/
ajph.78.3.291 PMID: 3277452

Garon JR, Cochi SL, Orenstein WA. The Challenge of Global Poliomyelitis Eradication. Infect Dis Clin
North Am. 2015; 29: 651-665. https://doi.org/10.1016/j.idc.2015.07.003 PMID: 26610419

Xing W, Liao Q, Viboud C, Zhang J, Sun J, Wu JT, et al. Hand, foot, and mouth disease in China, 2008—
12: an epidemiological study. Lancet Infect Dis. 2014; 14: 308-318. https://doi.org/10.1016/S1473-
3099(13)70342-6 PMID: 24485991

Passiak BS, Vogt MR, Wolf M, Sarma A, Vu N. A Severe Case of Enterovirus A71 Acute Flaccid Myelitis
With Encephalitis. J Pediatr Infect Dis Soc. 2020; 9: 777-780. https://doi.org/10.1093/jpids/piaa067
PMID: 32535628

Kapadia RK, Gill CM, Baca C, McMenamin C, Kannappan A, Niehaus WN, et al. Enterovirus A71 caus-
ing meningoencephalitis and acute flaccid myelitis in a patient receiving rituximab. J Neuroimmunol.
2021; 358: 577639. https://doi.org/10.1016/j.jneuroim.2021.577639 PMID: 34214953

Jiang L, Wang J, Zhang C, He W, Mo J, Zeng J, et al. Effectiveness of enterovirus A71 vaccine in severe
hand, foot, and mouth disease cases in Guangxi, China. Vaccine. 2020; 38: 1804—1809. https://doi.org/
10.1016/j.vaccine.2019.12.025 PMID: 31892446

Ong KC, Wong KT. Understanding Enterovirus 71 Neuropathogenesis and Its Impact on Other Neuro-
tropic Enteroviruses. Brain Pathol. 2015; 25: 614. https://doi.org/10.1111/bpa.12279 PMID: 26276025

Howson-Wells HC, Tsoleridis T, Zainuddin I, Tarr AW, Irving WL, Ball JK, et al. Enterovirus D68 epi-
demic, UK, 2018, was caused by subclades B3 and D1, predominantly in children and adults, respec-
tively, with both subclades exhibiting extensive genetic diversity. Microb Genomics. 8: 000825. https://
doi.org/10.1099/mgen.0.000825 PMID: 35532121

Lopez A, Lee A, Guo A, Konopka-Anstadt JL, Nisler A, Rogers SL, et al. Vital Signs: Surveillance for
Acute Flaccid Myelitis—United States, 2018. MMWR Morb Mortal Wkly Rep. 2019; 68: 608—614.
https://doi.org/10.15585/mmwr.mm6827e1 PMID: 31295232

Wang G, Zhuge J, Huang W, Nolan SM, Gilrane VL, Yin C, et al. Enterovirus D68 Subclade B3 Strain
Circulating and Causing an Outbreak in the United States in 2016. Sci Rep. 2017; 7: 1242. hitps://doi.
org/10.1038/s41598-017-01349-4 PMID: 28455514

Gilrane VL, Zhuge J, Huang W, Nolan SM, Dhand A, Yin C, et al. Biennial Upsurge and Molecular Epi-
demiology of Enterovirus D68 Infection in New York, USA, 2014 to 2018. J Clin Microbiol. 2020; 58:
e00284—20. https://doi.org/10.1128/JCM.00284-20 PMID: 32493783

Duval M, Mirand A, Lesens O, Bay J-O, Caillaud D, Gallot D, et al. Retrospective Study of the Upsurge
of Enterovirus D68 Clade D1 among Adults (2014—2018). Viruses. 2021; 13: 1607. https://doi.org/10.
3390/v13081607 PMID: 34452471

Hodcroft EB, Dyrdak R, Andrés C, Egli A, Reist J, Artola DGM de, et al. Evolution, geographic spread-
ing, and demographic distribution of Enterovirus D68. PLOS Pathog. 2022; 18: e1010515. https://doi.
org/10.1371/journal.ppat.1010515 PMID: 35639811

Schieble JH, Fox VL, Lennette EH. A probable new human picornavirus associated with respiratory dis-
eases. Am J Epidemiol. 1967; 85: 297-310. https://doi.org/10.1093/oxfordjournals.aje.a120693 PMID:
4960233

Ma KC, Winn A, Moline HL, Scobie HM, Midgley CM, Kirking HL, et al. Increase in Acute Respiratory lll-
nesses Among Children and Adolescents Associated with Rhinoviruses and Enteroviruses, Including

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012159  April 25, 2024 16/18


https://doi.org/10.1016/bs.aivir.2022.09.002
http://www.ncbi.nlm.nih.gov/pubmed/36307169
https://doi.org/10.2105/ajph.78.3.291
https://doi.org/10.2105/ajph.78.3.291
http://www.ncbi.nlm.nih.gov/pubmed/3277452
https://doi.org/10.1016/j.idc.2015.07.003
http://www.ncbi.nlm.nih.gov/pubmed/26610419
https://doi.org/10.1016/S1473-3099%2813%2970342-6
https://doi.org/10.1016/S1473-3099%2813%2970342-6
http://www.ncbi.nlm.nih.gov/pubmed/24485991
https://doi.org/10.1093/jpids/piaa067
http://www.ncbi.nlm.nih.gov/pubmed/32535628
https://doi.org/10.1016/j.jneuroim.2021.577639
http://www.ncbi.nlm.nih.gov/pubmed/34214953
https://doi.org/10.1016/j.vaccine.2019.12.025
https://doi.org/10.1016/j.vaccine.2019.12.025
http://www.ncbi.nlm.nih.gov/pubmed/31892446
https://doi.org/10.1111/bpa.12279
http://www.ncbi.nlm.nih.gov/pubmed/26276025
https://doi.org/10.1099/mgen.0.000825
https://doi.org/10.1099/mgen.0.000825
http://www.ncbi.nlm.nih.gov/pubmed/35532121
https://doi.org/10.15585/mmwr.mm6827e1
http://www.ncbi.nlm.nih.gov/pubmed/31295232
https://doi.org/10.1038/s41598-017-01349-4
https://doi.org/10.1038/s41598-017-01349-4
http://www.ncbi.nlm.nih.gov/pubmed/28455514
https://doi.org/10.1128/JCM.00284-20
http://www.ncbi.nlm.nih.gov/pubmed/32493783
https://doi.org/10.3390/v13081607
https://doi.org/10.3390/v13081607
http://www.ncbi.nlm.nih.gov/pubmed/34452471
https://doi.org/10.1371/journal.ppat.1010515
https://doi.org/10.1371/journal.ppat.1010515
http://www.ncbi.nlm.nih.gov/pubmed/35639811
https://doi.org/10.1093/oxfordjournals.aje.a120693
http://www.ncbi.nlm.nih.gov/pubmed/4960233
https://doi.org/10.1371/journal.ppat.1012159

PLOS PATHOGENS

EV vaccines do not elicit cross-reactive antibodies

17.

18.

19.

20.

21.

22,

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Enterovirus D68—United States, July-September 2022. MMWR Morb Mortal Wkly Rep. 2022; 71:
1265-1270. https://doi.org/10.15585/mmwr.mm7140e1 PMID: 36201400

Krug PW, Wang L, Shi W, Kong W-P, Moss DL, Yang ES, et al. EV-D68 virus-like particle vaccines elicit
cross-clade neutralizing antibodies that inhibit infection and block dissemination. Sci Adv. 2023; 9:
eadg6076. https://doi.org/10.1126/sciadv.adg6076 PMID: 37196074

Andino R, Kirkegaard K, Macadam A, Racaniello VR, Rosenfeld AB. The Picornaviridae Family: Knowl-
edge Gaps, Animal Models, Countermeasures, and Prototype Pathogens. J Infect Dis. 2023; 228:
S427-S445. https://doi.org/10.1093/infdis/jiac426 PMID: 37849401

Vogt MR, Fu J, Kose N, Williamson LE, Bombardi R, Setliff |, et al. Human antibodies neutralize entero-
virus D68 and protect against infection and paralytic disease. Sci Immunol. 2020 [cited 7 Feb 2022].
https://doi.org/10.1126/sciimmunol.aba4902 PMID: 32620559

Zheng Q, Zhu R, Xu L, He M, Yan X, Liu D, et al. Atomic structures of enterovirus D68 in complex with
two monoclonal antibodies define distinct mechanisms of viral neutralization. Nat Microbiol. 2019; 4:
124-133. https://doi.org/10.1038/s41564-018-0275-7 PMID: 30397341

Charnesky AJ, Faust JE, Lee H, Puligedda RD, Goetschius DJ, DiNunno NM, et al. A human monoclo-
nal antibody binds within the poliovirus receptor-binding site to neutralize all three serotypes. Nat Com-
mun. 2023; 14: 6335. https://doi.org/10.1038/s41467-023-41052-9 PMID: 37816742

Arthur Huang K-Y, Chen M-F, Huang Y-C, Shih S-R, Chiu C-H, Lin J-J, et al. Epitope-associated and
specificity-focused features of EV71-neutralizing antibody repertoires from plasmablasts of infected
children. Nat Commun. 2017; 8: 762. https://doi.org/10.1038/s41467-017-00736-9 PMID: 28970483

You L, ChenJ, ChengY, LiY, ChenY-Q, Ying T, et al. Antibody signatures in hospitalized hand, foot
and mouth disease patients with acute enterovirus A71 infection. PLOS Pathog. 2023; 19: e1011420.
https://doi.org/10.1371/journal.ppat.1011420 PMID: 37262073

Huang K-YA, Zhou D, Fry EE, Kotecha A, Huang P-N, Yang S-L, et al. Structural and functional analysis
of protective antibodies targeting the threefold plateau of enterovirus 71. Nat Commun. 2020; 11: 5253.
https://doi.org/10.1038/s41467-020-19013-3 PMID: 33067459

Shingler KL, Yoder JL, Carnegie MS, Ashley RE, Makhov AM, Conway JF, et al. The Enterovirus 71 A-
particle Forms a Gateway to Allow Genome Release: A CryoEM Study of Picornavirus Uncoating.
PLOS Pathog. 2013; 9: €1003240. https://doi.org/10.1371/journal.ppat. 1003240 PMID: 23555253

Bubeck D, Filman DJ, Hogle JM. Cryo-electron microscopy reconstruction of a poliovirus-receptor-
membrane complex. Nat Struct Mol Biol. 2005; 12: 615-618. https://doi.org/10.1038/nsmb955 PMID:
15965485

Elrick MJ, Pekosz A, Duggal P. Enterovirus D68 molecular and cellular biology and pathogenesis. J Biol
Chem. 2021; 296. https://doi.org/10.1016/}.jbc.2021.100317 PMID: 33484714

Liu'Y, Sheng J, van Vliet ALW, Buda G, van Kuppeveld FJM, Rossmann MG. Molecular basis for the
acid-initiated uncoating of human enterovirus D68. Proc Natl Acad Sci. 2018; 115: E12209-E12217.
https://doi.org/10.1073/pnas.1803347115 PMID: 30530701

Hovi T, Roivainen M. Peptide antisera targeted to a conserved sequence in poliovirus capsid VP1
cross-react widely with members of the genus Enterovirus. J Clin Microbiol. 1993; 31: 1083—-1087.
https://doi.org/10.1128/jcm.31.5.1083-1087.1993 PMID: 8388885

Miao LY, Pierce C, Gray-Johnson J, DeLotell J, Shaw C, Chapman N, et al. Monoclonal antibodies to
VP1 recognize a broad range of enteroviruses. J Clin Microbiol. 2009; 47: 3108-3113. https://doi.org/
10.1128/JCM.00479-09 PMID: 19710278

Rosenfeld AB, Shen EQL, Melendez M, Mishra N, Lipkin WI, Racaniello VR. Cross-Reactive Antibody
Responses against Nonpoliovirus Enteroviruses. mBio. 2022; 13: e03660—-21. https://doi.org/10.1128/
mbio.03660-21 PMID: 35038922

Samuelson A, Forsgren M, Johansson B, Wahren B, Séllberg M. Molecular basis for serological cross-
reactivity between enteroviruses. Clin Diagn Lab Immunol. 1994; 1: 336-341. https://doi.org/10.1128/
cdli.1.3.336-341.1994 PMID: 7496972

Cello J, Samuelson A, Stalhandske P, Svennerholm B, Jeansson S, Forsgren M. Identification of
group-common linear epitopes in structural and nonstructural proteins of enteroviruses by using syn-
thetic peptides. J Clin Microbiol. 1993; 31: 911-916. https://doi.org/10.1128/jcm.31.4.911-916.1993
PMID: 7681848

Chen Z, Fischer ER, Kouiavskaia D, Hansen BT, Ludtke SJ, Bidzhieva B, et al. Cross-neutralizing
human anti-poliovirus antibodies bind the recognition site for cellular receptor. Proc Natl Acad SciU S
A.2013; 110: 20242-20247. https://doi.org/10.1073/pnas.1320041110 PMID: 24277851

Puligedda RD, Kouiavskaia D, Al-Saleem FH, Kattala CD, Nabi U, Yagoob H, et al. Characterization of
human monoclonal antibodies that neutralize multiple poliovirus serotypes. Vaccine. 2017; 35: 5455—
5462. https://doi.org/10.1016/j.vaccine.2017.03.038 PMID: 28343771

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012159  April 25, 2024 17/18


https://doi.org/10.15585/mmwr.mm7140e1
http://www.ncbi.nlm.nih.gov/pubmed/36201400
https://doi.org/10.1126/sciadv.adg6076
http://www.ncbi.nlm.nih.gov/pubmed/37196074
https://doi.org/10.1093/infdis/jiac426
http://www.ncbi.nlm.nih.gov/pubmed/37849401
https://doi.org/10.1126/sciimmunol.aba4902
http://www.ncbi.nlm.nih.gov/pubmed/32620559
https://doi.org/10.1038/s41564-018-0275-7
http://www.ncbi.nlm.nih.gov/pubmed/30397341
https://doi.org/10.1038/s41467-023-41052-9
http://www.ncbi.nlm.nih.gov/pubmed/37816742
https://doi.org/10.1038/s41467-017-00736-9
http://www.ncbi.nlm.nih.gov/pubmed/28970483
https://doi.org/10.1371/journal.ppat.1011420
http://www.ncbi.nlm.nih.gov/pubmed/37262073
https://doi.org/10.1038/s41467-020-19013-3
http://www.ncbi.nlm.nih.gov/pubmed/33067459
https://doi.org/10.1371/journal.ppat.1003240
http://www.ncbi.nlm.nih.gov/pubmed/23555253
https://doi.org/10.1038/nsmb955
http://www.ncbi.nlm.nih.gov/pubmed/15965485
https://doi.org/10.1016/j.jbc.2021.100317
http://www.ncbi.nlm.nih.gov/pubmed/33484714
https://doi.org/10.1073/pnas.1803347115
http://www.ncbi.nlm.nih.gov/pubmed/30530701
https://doi.org/10.1128/jcm.31.5.1083-1087.1993
http://www.ncbi.nlm.nih.gov/pubmed/8388885
https://doi.org/10.1128/JCM.00479-09
https://doi.org/10.1128/JCM.00479-09
http://www.ncbi.nlm.nih.gov/pubmed/19710278
https://doi.org/10.1128/mbio.03660-21
https://doi.org/10.1128/mbio.03660-21
http://www.ncbi.nlm.nih.gov/pubmed/35038922
https://doi.org/10.1128/cdli.1.3.336-341.1994
https://doi.org/10.1128/cdli.1.3.336-341.1994
http://www.ncbi.nlm.nih.gov/pubmed/7496972
https://doi.org/10.1128/jcm.31.4.911-916.1993
http://www.ncbi.nlm.nih.gov/pubmed/7681848
https://doi.org/10.1073/pnas.1320041110
http://www.ncbi.nlm.nih.gov/pubmed/24277851
https://doi.org/10.1016/j.vaccine.2017.03.038
http://www.ncbi.nlm.nih.gov/pubmed/28343771
https://doi.org/10.1371/journal.ppat.1012159

PLOS PATHOGENS

EV vaccines do not elicit cross-reactive antibodies

36.

37.

38.

39.

40.

M,

42,

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Murphy OC, Messacar K, Benson L, Bove R, Carpenter JL, Crawford T, et al. Acute flaccid myelitis:
cause, diagnosis, and management. Lancet Lond Engl. 2021; 397: 334-3486. https://doi.org/10.1016/
S0140-6736(20)32723-9 PMID: 33357469

Pei J, Grishin NV. AL2CO: calculation of positional conservation in a protein sequence alignment. Bioin-
forma Oxf Engl. 2001; 17: 700-712. https://doi.org/10.1093/biocinformatics/17.8.700 PMID: 11524371

Dhillon S, Keam SJ. DTaP-IPV/Hib vaccine (Pentacel). Paediatr Drugs. 2008; 10: 405—-416. https://doi.
org/10.2165/0148581-200810060-00008 PMID: 18998751

FastStats. 10 Oct 2023 [cited 4 Dec 2023]. Available from: https://www.cdc.gov/nchs/fastats/immunize.
htm.

HAN Archive—00474 | Health Alert Network (HAN). 16 Sep 2022 [cited 4 Dec 2023]. Available from:
https://emergency.cdc.gov/han/2022/han00474.asp.

GHO | By category | Polio (Pol3)—Immunization coverage estimates by country. In: WHO [Internet].
World Health Organization; [cited 4 Dec 2023]. Available from: https://apps.who.int/gho/data/view.
main.80601?lang=en.

Xiao J, Zhu Q, Yang F, Zeng S, Zhu Z, Gong D, et al. The impact of enterovirus A71 vaccination pro-
gram on hand, foot, and mouth disease in Guangdong, China: A longitudinal surveillance study. J Infect.
2022; 85: 428-435. https://doi.org/10.1016/j.jinf.2022.06.020 PMID: 35768049

Takahashi S, Liao Q, Van Boeckel TP, Xing W, Sun J, Hsiao VY, et al. Hand, Foot, and Mouth Disease
in China: Modeling Epidemic Dynamics of Enterovirus Serotypes and Implications for Vaccination.
PLoS Med. 2016; 13: €1001958. https://doi.org/10.1371/journal.pmed.1001958 PMID: 26882540

Aw-Yong KL, NikNadia NMN, Tan CW, Sam I-C, Chan YF. Immune responses against enterovirus A71
infection: Implications for vaccine success. Rev Med Virol. 2019; 29: e2073. https://doi.org/10.1002/
rmv.2073 PMID: 31369184

He F, Rui J, Deng Z, Zhang Y, Qian K, Zhu C, et al. Surveillance, Epidemiology and Impact of EV-A71
Vaccination on Hand, Foot, and Mouth Disease in Nanchang, China, 2010—2019. Front Microbiol. 2022;
12. Available from: https://www.frontiersin.org/articles/10.3389/fmicb.2021.811553. https://doi.org/10.
3389/fmicbh.2021.811553 PMID: 35069515

KuZ, LiuQ, Ye X, Cai Y, Wang X, ShiJ, et al. A virus-like particle based bivalent vaccine confers dual
protection against enterovirus 71 and coxsackievirus A16 infections in mice. Vaccine. 2014; 32: 4296—
43083. https://doi.org/10.1016/j.vaccine.2014.06.025 PMID: 24950363

Lim P-Y, Hickey AC, Jamiluddin MF, Hamid S, Kramer J, Santos R, et al. Inmunogenicity and perfor-
mance of an enterovirus 71 virus-like-particle vaccine in nonhuman primates. Vaccine. 2015; 33: 6017—
6024. https://doi.org/10.1016/j.vaccine.2015.05.108 PMID: 26271825

Xiao Y, Daniell H. Long-term evaluation of mucosal and systemic immunity and protection conferred by
different polio booster vaccines. Vaccine. 2017; 35: 5418-5425. https://doi.org/10.1016/j.vaccine.2016.
12.061 PMID: 28111147

Sun M, MaY, XuY, Yang H, ShiL, Che Y, et al. Dynamic profiles of neutralizing antibody responses
elicited in rhesus monkeys immunized with a combined tetravalent DTaP-Sabin IPV candidate vaccine.
Vaccine. 2014; 32: 1100-1106. https://doi.org/10.1016/j.vaccine.2013.12.025 PMID: 24412578

Lee S, Nguyen MT, Currier MG, Jenkins JB, Strobert EA, Kajon AE, et al. A polyvalent inactivated rhino-
virus vaccine is broadly immunogenic in rhesus macaques. Nat Commun. 2016; 7: 12838. hitps://doi.
org/10.1038/ncomms 12838 PMID: 27653379

Stobart CC, Nosek JM, Moore ML. Rhinovirus Biology, Antigenic Diversity, and Advancements in the
Design of a Human Rhinovirus Vaccine. Front Microbiol. 2017; 8: 2412. https://doi.org/10.3389/fmicb.
2017.02412 PMID: 29259600

Markowitz LE, Schiller JT. Human Papillomavirus Vaccines. J Infect Dis. 2021; 224: S367-S378.
https://doi.org/10.1093/infdis/jiaa621 PMID: 34590141

National Research Council (US) Committee for the Update of the Guide for theCare and Use of Labora-
tory Animals. Guide for the Care and Use of Laboratory Animals. 8th ed. Washington (DC): National
Academies Press (US); 2011. Available from: http://www.ncbi.nim.nih.gov/books/NBK54050/

Madeira F, Pearce M, Tivey ARN, Basutkar P, Lee J, Edbali O, et al. Search and sequence analysis
tools services from EMBL-EBI in 2022. Nucleic Acids Res. 2022; 50: W276-W279. https://doi.org/10.
1093/nar/gkac240 PMID: 35412617

Meng EC, Goddard TD, Pettersen EF, Couch GS, Pearson ZJ, Morris JH, et al. UCSF ChimeraX: Tools
for structure building and analysis. Protein Sci. 2023; 32: e4792. https://doi.org/10.1002/pro.4792
PMID: 37774136

Hierholzer JC, Killington RA. 2—Virus isolation and quantitation. In: Mahy BW, Kangro HO, editors.
Virology Methods Manual. London: Academic Press; 1996. pp. 25—-46. https://doi.org/10.1016/B978-
012465330-6/50003-8

PLOS Pathogens | https://doi.org/10.1371/journal.ppat.1012159  April 25, 2024 18/18


https://doi.org/10.1016/S0140-6736%2820%2932723-9
https://doi.org/10.1016/S0140-6736%2820%2932723-9
http://www.ncbi.nlm.nih.gov/pubmed/33357469
https://doi.org/10.1093/bioinformatics/17.8.700
http://www.ncbi.nlm.nih.gov/pubmed/11524371
https://doi.org/10.2165/0148581-200810060-00008
https://doi.org/10.2165/0148581-200810060-00008
http://www.ncbi.nlm.nih.gov/pubmed/18998751
https://www.cdc.gov/nchs/fastats/immunize.htm
https://www.cdc.gov/nchs/fastats/immunize.htm
https://emergency.cdc.gov/han/2022/han00474.asp
https://apps.who.int/gho/data/view.main.80601?lang=en
https://apps.who.int/gho/data/view.main.80601?lang=en
https://doi.org/10.1016/j.jinf.2022.06.020
http://www.ncbi.nlm.nih.gov/pubmed/35768049
https://doi.org/10.1371/journal.pmed.1001958
http://www.ncbi.nlm.nih.gov/pubmed/26882540
https://doi.org/10.1002/rmv.2073
https://doi.org/10.1002/rmv.2073
http://www.ncbi.nlm.nih.gov/pubmed/31369184
https://www.frontiersin.org/articles/10.3389/fmicb.2021.811553
https://doi.org/10.3389/fmicb.2021.811553
https://doi.org/10.3389/fmicb.2021.811553
http://www.ncbi.nlm.nih.gov/pubmed/35069515
https://doi.org/10.1016/j.vaccine.2014.06.025
http://www.ncbi.nlm.nih.gov/pubmed/24950363
https://doi.org/10.1016/j.vaccine.2015.05.108
http://www.ncbi.nlm.nih.gov/pubmed/26271825
https://doi.org/10.1016/j.vaccine.2016.12.061
https://doi.org/10.1016/j.vaccine.2016.12.061
http://www.ncbi.nlm.nih.gov/pubmed/28111147
https://doi.org/10.1016/j.vaccine.2013.12.025
http://www.ncbi.nlm.nih.gov/pubmed/24412578
https://doi.org/10.1038/ncomms12838
https://doi.org/10.1038/ncomms12838
http://www.ncbi.nlm.nih.gov/pubmed/27653379
https://doi.org/10.3389/fmicb.2017.02412
https://doi.org/10.3389/fmicb.2017.02412
http://www.ncbi.nlm.nih.gov/pubmed/29259600
https://doi.org/10.1093/infdis/jiaa621
http://www.ncbi.nlm.nih.gov/pubmed/34590141
http://www.ncbi.nlm.nih.gov/books/NBK54050/
https://doi.org/10.1093/nar/gkac240
https://doi.org/10.1093/nar/gkac240
http://www.ncbi.nlm.nih.gov/pubmed/35412617
https://doi.org/10.1002/pro.4792
http://www.ncbi.nlm.nih.gov/pubmed/37774136
https://doi.org/10.1016/B978-012465330-6/50003-8
https://doi.org/10.1016/B978-012465330-6/50003-8
https://doi.org/10.1371/journal.ppat.1012159

