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A B S T R A C T

Enterovirus D68 (EV-D68) is a pathogen that causes respiratory and neurological diseases. Currently, there are no 
licensed vaccines for EV-D68. Here, we adapted EV-D68 to MRC-5 and Vero cells, which are widely used in 
vaccine manufacturing, to develop EV-D68 strains applicable for vaccine production. We successfully isolated 
MRC-5 cell-adapted strains by serial passaging in MRC-5 cells. Although efforts to isolate Vero cell-adapted 
strains through serial passaging of EV-D68 in Vero cells were unsuccessful, we isolated Vero cell-adapted 
strains by serial passaging of MRC-5 cell-adapted strains in Vero cells. Inactivated whole-virion vaccines were 
prepared from vaccine-manufacturing cell-adapted strains and mice were immunized with these vaccines. We 
found that in some cases, the parental and cell-adapted strains induced similar levels of protective immunity 
against EV-D68, whereas in other cases, the cell-adapted strains were significantly less effective than the parental 
strains. These data provide valuable information for EV-D68 vaccine production.

1. Introduction

Enterovirus D68 (EV-D68) is a non-enveloped icosahedral virus 
belonging to the family Picornaviridae, genus Enterovirus, species 
Enterovirus D. EV-D68 has a positive-sense, single-stranded RNA genome 
approximately 7.4 kb in size. The polypeptide encoded in the open 
reading frame is post-translationally processed into four structural 
proteins (VP1, VP2, VP3, and VP4) and seven non-structural proteins (2 

A, 2B, 2C, 3 A, 3B, 3C, and 3D) [1–3]. EV-D68 infection primarily causes 
mild-to-severe respiratory diseases, mostly in children. In addition, EV- 
D68 is associated with neurological diseases in some patients, with acute 
flaccid myelitis (AFM) being the most commonly reported [4–8]. EV- 
D68 outbreaks occurred biennially between 2014 and 2018 with a 
concurrent increase in the number of AFM cases reported [3,9–11]. In 
2021 and 2022, there were increasing reports of severe respiratory ill
nesses associated with EV-D68 infection in several countries [12,13]. 

Abbreviations: AFM, acute flaccid myelitis; ATCC, American Type Culture Collection; BPL, β-propiolactone; CPE, cytopathic effect; cryo-EM, cryo-electron mi
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Although EV-D68 outbreaks continue to occur and remain a major threat 
to global health, no approved treatments or vaccines are currently 
available. Therefore, there is an urgent need to develop vaccines against 
EV-D68.

The utility of inactivated whole-virion (WV) vaccines against EV-D68 
has been reported, including our previous study [14–18]. These studies 
demonstrated that an inactivated WV vaccine can induce EV-D68- 
specific neutralizing antibodies and prevent both respiratory infection 
and onset of limb paralysis in mice [14–18]. Inactivated WV vaccines are 
prepared from viruses cultured using substrates such as cultured cells 
[19]. Human rhabdomyosarcoma (RD) cells have been commonly used 
to culture EV-D68 in various experiments [20]. However, there is no 
history of RD cell use in the production of approved vaccines. Further
more, RD cells have been reported to be tumorigenic in nude mice [21]. 
According to the World Health Organization, US Food and Drug 
Administration, and European Pharmacopoeia guidelines, cell sub
strates used in vaccine production must be subjected to tumorigenicity 
tests in light of safety concerns [19,22–25]. Therefore, safety concerns 
have hindered the use of RD cells as a substrate for vaccine production. 
In addition, the complexity and high cost of establishing a system to 
properly assess RD cell-derived impurities are barriers to the use of RD 
cells.

MRC-5 and Vero cells are typical cell substrates widely used for 
vaccine production [24]. MRC-5 cells are human lung-derived diploid 
cells. Diploid cell lines have been shown to be non-tumorigenic and are 
well characterized in terms of safety [19,24]. MRC-5 cells have been 
used to produce vaccines against viruses such as measles, rubella, and 
varicella zoster virus [20,24]. Several EV-D68 strains have demon
strated the ability to replicate in MRC-5 cells [26]. Thus, MRC-5 cells 
may be a useful cell substrate for the production of vaccines against EV- 
D68. However, a disadvantage of using MRC-5 cells is that their growth 
capacity declines after 20 passages. Therefore, MRC-5 cells are not al
ways suitable for the production of inactivated WV vaccines, which 
require mass culture, but they are generally useful for the production of 
live vaccines administered at relatively low doses [24,27]. Vero cells are 
a continuous cell line derived from African green monkey kidney. This 
cell line has been used to produce vaccines such as those against 
poliovirus, Japanese encephalitis virus, rabies virus, severe acute res
piratory syndrome coronavirus 2 (SARS-CoV-2), and rotavirus [24]. 
Vero cells are unable to produce type I interferons in response to viral 
infection, which is thought to be the main reason for their high sus
ceptibility to various viruses [28–30]. However, Vero cells have been 
reported to be non-permissive to EV-D68 [31,32]. Therefore, the 
development of EV-D68 strains adapted to Vero cells is important for 
practical application of EV-D68 vaccines.

In this study, to develop EV-D68 strains applicable to vaccine pro
duction, we adapted EV-D68 to MRC-5 and Vero cells, which are widely 
used as vaccine-manufacturing cells. We also evaluated the efficacy of 
inactivated WV vaccines prepared from the cell-adapted EV-D68 strains.

2. Materials and methods

2.1. Ethics

All animal experiments were performed in accordance with the 
institutional guidelines of The University of Osaka for the ethical 
treatment of animals and were approved by the Animal Care and Use 
Committee of the Research Institute for Microbial Diseases, The Uni
versity of Osaka, Japan (protocol number: BIKEN-AP-R01–15-3). Ex
periments using EV-D68 were approved by the Institutional Review 
Board of the Research Institute for Microbial Diseases, The University of 
Osaka (protocol number: BIKEN-00184-004).

2.2. Cells

RD-A cells were kindly provided by Dr. Hiroyuki Shimizu (National 

Institute of Infectious Diseases, Tokyo, Japan). MRC-5 and Vero cells 
were procured from the American Type Culture Collection (ATCC, 
Manassas, VA, USA). These cells were cultured in Dulbecco’s modified 
Eagle’s medium (DMEM) with high glucose content, supplemented with 
1 % streptomycin, 1 % penicillin, and 10 % heat-inactivated fetal bovine 
serum (FBS). The cultures were maintained in a humidified incubator at 
37 ◦C and 5 % CO2.

2.3. Viruses

EV-D68 US/MO/14–18,947 (MO strain, clade B1), US/KY/ 
14–18,953 (KY strain, clade D), and US/IL/14–18,952 (IL strain, clade 
B2) strains were procured from the ATCC. The ATCC codes for the MO, 
IL, and KY strains were VR-1823, VR-1824, and VR-1825, respectively. 
According to the ATCC, these strains were RD cell-passaged. We 
passaged these strains four times in RD-A cells before beginning our 
experiments. The viral stocks were maintained at − 80 ◦C. Viral titers 
were assessed using the Karber method [33].

2.4. Mice

Six-week-old female BALB/c mice were obtained from SLC (Hama
matsu, Japan). They were housed in a controlled environment with a 12- 
h light-dark cycle (lights on at 8:00 a.m. and lights off at 8:00 p.m.) and 
provided with free access to food and water. For anesthesia, the mice 
were injected intraperitoneally with a mixture of 0.3 mg/kg medeto
midine hydrochloride (Nippon Zenyaku Kogyo Co., Ltd., Fukushima, 
Japan), 4 mg/kg midazolam (Maruishi Pharmaceutical Co., Ltd., Osaka, 
Japan), and 5 mg/kg butorphanol tartrate (Meiji Animal Health Co., 
Ltd., Kumamoto, Japan). The mice were euthanized by CO2 inhalation.

2.5. Adaptation of EV-D68 to MRC-5 and Vero cells

For the first passage, MRC-5 cells were infected with the MO strain at 
a multiplicity of infection (MOI) of 3, IL strain at an MOI of 10, and KY 
strain at an MOI of 10; then, the cells were incubated at 33 ◦C under 5 % 
CO2. When cytopathic effects (CPE) were observed (7 days post- 
infection), the cells and supernatants were collected, subjected to 
three cycles of freezing and thawing, and centrifuged (2100 ×g, 10 min, 
4 ◦C). The resulting supernatants were stored at − 80 ◦C as viral stocks. In 
the second and subsequent passages, 200 μL of the virus stocks were 
used to infect MRC-5 cells seeded at 80 % confluence in 100-mm dishes. 
When CPE was observed (4–6 days post-infection), the viruses were 
collected. A total of five passages were performed in MRC-5 cells, and 
viral stocks from the fifth passage were used for the first passage in Vero 
cells. For passages in Vero cells, 500 μL of virus stocks were used to 
infect Vero cells seeded at 80 % confluence in 150-mm dishes. When CPE 
was observed (5–7 days post-infection), the viruses were collected. A 
total of 15 passages were performed in Vero cells. Viral clones were 
obtained from each viral stock by plaque isolation. The volume of virus 
used to infect the MRC-5 and Vero cells was determined based on the 
culture area of the dishes. The titers of representative viruses in serial 
passages in MRC-5 and Vero cells are shown in Table 1.

Table 1 
Viral titers (TCID50/mL) of representative viruses in serial passages.

MO KY IL

Parental strain 107.5 108.0 108.0

MRC-P1 106.2 106.9 106.7

MRC-P5 106.1 107.7 106.7

Vero-P1 107.5 107.1 107.0

Vero-P5 106.9 107.4 107.0

Vero-P10 107.6 107.3 107.2

Vero-P15 108.3 108.3 108.0
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2.6. Viral RNA sequencing

Viral RNA was extracted from each viral stock using a High Pure 
Viral RNA Kit (Roche, Mannheim, Germany), according to the manu
facturer’s protocol. Viral RNA was processed and analyzed at the 
Genome Information Research Center of The University of Osaka using a 
NovaSeq6000 (Illumina, San Diego, CA, USA). The sequences of the MO, 
KY, and IL strains available from GenBank were used as reference se
quences. The GenBank accession numbers for the MO, KY, and IL strains 
are KM851225.1, KM851231.1, and KM851230.1, respectively.

2.7. Growth curves

RD-A, MRC-5, and Vero cells were seeded in 24-well plates and 
inoculated with the virus at an MOI of 0.1. After incubation with the 
virus for 1 h at 33 ◦C and 5 % CO2, the inoculum was removed. The cells 
were then washed twice with DMEM containing 2 % FBS, then DMEM 
containing 2 % FBS was added, and the cells were incubated at 33 ◦C and 
5 % CO2. At the indicated hours post-infection, the culture plates were 
subjected to three cycles of freezing and thawing, followed by centri
fugation (2100 ×g, 10 min, 4 ◦C). The resultant supernatant was stored 
at − 80 ◦C until assay, and viral titers at each time point were determined 
using the 50 % tissue culture infectious dose (TCID50) assay.

2.8. Competition assay

RD-A and Vero cells seeded into 24-well plates were inoculated with 
the virus at an MOI of 0.1 in the presence of 0.04, 0.2, 1, 5, or 25 mg/mL 
N-acetylneuraminic acid or heparin. After incubation with the virus for 
1 h at 33 ◦C and 5 % CO2, the inoculum was removed. The cells were 
washed twice with DMEM containing 2 % FBS, then DMEM containing 2 
% FBS was added, and the cells were incubated at 33 ◦C and 5 % CO2. 
After 3 days, the culture plates were subjected to three cycles of freezing 
and thawing, followed by centrifugation (2100 ×g, 10 min, 4 ◦C). The 
resultant supernatant was stored at − 80 ◦C until assay, and viral titers 
were determined using the TCID50 assay.

2.9. Generation of inactivated WV vaccines

RD-A, MRC-5, or Vero cells were cultured in DMEM supplemented 
with 10 % FBS at 37 ◦C until they reached approximately 80 % 
confluence. After removing the FBS-containing medium and washing the 
cells with phosphate-buffered saline (PBS), the cells were infected with 
EV-D68 at 33 ◦C in Virus Production Serum-Free Medium (Thermo 
Fisher Scientific, Waltham, MA, USA). Two to five days post-infection, 
once complete CPE was apparent, all cultures were collected and 
centrifuged (2100 ×g, 10 min, 4 ◦C). The supernatant was filtered 
through a 0.2 μm Nalgene Rapid-Flow bottle top filter (Thermo Fisher 
Scientific). The virus was inactivated using β-propiolactone (0.05 %, 1 
day, 4 ◦C; FUJIFILM Wako Pure Chemical Corporation, Osaka, Japan). 
Following viral inactivation, the β-propiolactone was inactivated by 2-h 
incubation at 37 ◦C. The inactivated virus was purified by centrifugation 
using a 20 % sucrose cushion (Beckman SW32Ti rotor, 141,000 ×g, 3 h, 
4 ◦C), followed by sucrose density gradient ultracentrifugation (10–40 % 
sucrose, Beckman SW32Ti rotor, 130,000 ×g, 4 h, 4 ◦C). Fractions 
containing EV-D68 full particles were identified by western blotting 
using an anti-VP2 antibody (catalog number: GTX132314; dilution: 1/ 
5000; GeneTex, Irvine, CA, USA). Subsequently, the fractions were 
concentrated using 100 kDa molecular weight cutoff Amicon ultracen
trifugal filters (Merck Millipore, Darmstadt, Germany) and resuspended 
in PBS. The protein concentration was measured using a BCA Protein 
Assay Kit (Thermo Fisher Scientific).

2.10. Sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE)

The inactivated WV vaccines were combined with a sample buffer 
solution (Nacalai Tesque, Kyoto, Japan) containing β-mercaptoethanol 
and heated at 95 ◦C for 5 min. They were then loaded onto a 10 % Extra 
PAGE One Precast Gel (Nacalai Tesque). After electrophoresis, the gel 
was stained with Coomassie Brilliant Blue using EzStain AQua staining 
solution (ATTO, Tokyo, Japan).

2.11. Western blotting

Following SDS-PAGE, protein bands were transferred onto poly
vinylidene fluoride membranes (Bio-Rad, Hercules, CA, USA) and 
blocked using 5 % skim milk (w/v) diluted in PBS containing 0.05 % 
Tween 20 (PBS-T). Subsequently, the membrane was rinsed three times 
with PBS-T and incubated with rabbit polyclonal anti-EV-D68 VP2 
antibody (catalog number: GTX132314; dilution: 1/5000; GeneTex). 
After three PBS-T washes, the membranes were treated with horseradish 
peroxidase (HRP)-conjugated anti-rabbit IgG antibody (catalog number: 
458; dilution: 1/5000; Medical & Biological Laboratories, Tokyo, Japan) 
and visualized using a ChemiDoc Touch Imaging System (Bio-Rad).

2.12. Particle size measurement

Dynamic light scattering (Zetasizer Nano-ZS, Malvern Panalytical 
Ltd., Worcestershire, UK) was used to measure the size distribution of 
the inactivated WV vaccines.

2.13. Negative-stain transmission electron microscopy (TEM)

Hydrophilized carbon-formvar grids were submerged in a 20 μL 
sample solution of the assembly reaction for 10 min. Subsequently, the 
grids were rinsed with distilled water and stained using 2 % uranyl ac
etate. They were then dried using filter paper to remove excess moisture, 
left to air-dry for 30 min, and observed using an 80 kV JEOL JEM- 
1400plus electron microscope. Images were captured using an 
Olympus Veleta 2 K × 2 K side-mounted TEM charge-coupled device 
camera.

2.14. Vaccination

Mice were vaccinated subcutaneously with 0.1 μg inactivated WV 
vaccine prepared in 50 μL PBS at the base of the tail on days 0 and 21. 
Blood samples were drawn on days 14 and 28 and stored at − 30 ◦C for 
subsequent analysis.

2.15. Detection of EV-D68-specific antibodies

The levels of EV-D68-specific IgG in the plasma were detected using 
an enzyme-linked immunosorbent assay (ELISA), as previously reported 
[18]. Briefly, a 96-well half area flat-bottom plate (Corning, NY, USA) 
was coated with 0.6 μg/mL purified non-inactivated EV-D68 full parti
cles in carbonate buffer. The coated plates were then incubated with 
blocking solution (1 % Block Ace; DS Pharma Biomedical, Osaka, Japan) 
for 1 h at room temperature. Plasma samples were serially diluted before 
addition to the EV-D68-coated plates. After incubation for 2 h at room 
temperature, the plates were incubated with HRP-conjugated goat anti- 
mouse IgG (catalog number: 1030–05; dilution: 1/5000; South
ernBiotech, Birmingham, AL, USA) for 1 h at room temperature. The 
colorimetric reaction was initiated using tetramethylbenzidine, fol
lowed by termination using 2 N H2SO4. The difference in optical density 
(OD) between 450 and 570 nm (OD450–570) was detected using a 
microplate reader (PowerWave HT; Bio-Tek Instruments, Inc., Winooski, 
VT, USA).
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2.16. Neutralization assay

Neutralizing antibody titers were measured as previously reported 
[18]. Briefly, plasma samples were serially diluted 2-fold in DMEM 
containing 2 % FBS in 96-well plates after inactivation at 56 ◦C for 30 
min. Diluted plasma samples were incubated with 100 TCID50 EV-D68 
for 1 h at 37 ◦C. RD-A cells were added at 1.5 × 104 cells/well and 
cultured at 33 ◦C and 5 % CO2 for 7 days. Neutralizing antibody titers 
were defined as the highest plasma dilution at which CPE was 
completely inhibited.

2.17. Determination of viral load in tissues

Ten days after boost immunization, the mice were anesthetized and 
intranasally challenged with 5.0 × 106 TCID50 of EV-D68 in a total 
volume of 20 μL PBS (10 μL in each nostril). Subsequently, lung and 
nasal turbinate samples were harvested 12 h post-challenge and placed 
into screw-cap tubes containing 4.0 mm stainless-steel beads (TAITEC, 
Saitama, Japan), followed by the addition of 500 μL DMEM. Mechanical 
lysis of the tissue samples was performed using a μT-12 bead crusher 
(TAITEC), and after the addition of another 500 μL of DMEM, the 
samples were centrifuged (10,000 ×g, 5 min, 4 ◦C). The viral load in the 
supernatant was quantified using the TCID50 assay starting with a 100- 
fold dilution.

2.18. Detection of EV-D68 RNA in tissues using quantitative polymerase 
chain reaction (qPCR)

Total RNA was extracted from the nasal turbinates and lungs of 
challenged mice using TRIzol reagent (Invitrogen, Carlsbad, CA, USA). 
At 0, 4, 12, 24, 48, and 96 h after challenge, the nasal turbinates and 
lungs were collected into a tube containing 1 mL of TRIzol reagent and 
stainless-steel beads and crushed using a μT-12 bead crusher. After 
centrifugation (12,000 ×g, 5 min, 4 ◦C), 200 μL of chloroform was added 
to the collected supernatant, mixed, and centrifuged again (12,000 ×g, 
5 min, 4 ◦C). The aqueous layer was collected, and 500 μL of isopropanol 
was added. After incubation at 4 ◦C for 10 min, the sample was centri
fuged (12,000 ×g, 10 min, 4 ◦C), and the pellet was washed with 75 % 
ethanol. The obtained RNA pellet was hydrated in 200 μL of nuclease- 
free water.

Reverse transcription of the RNA was performed using ReverTra Ace 
qPCR RT Master Mix with gDNA Remover (FSQ-301; Toyobo Co., Ltd., 
Osaka, Japan) following the manufacturer’s protocol. To remove 
genomic DNA, 0.5 μg of the obtained RNA and DN Master Mix with 
gDNA Remover were mixed, and the mixture was incubated at 37 ◦C for 
5 min. Two microliters of this mixture was reverse-transcribed using RT 
Master Mix II containing random primers and oligo dT primers.

qPCR was performed using the SYBR Green qPCR Master Mix 
(Thermo Fisher Scientific, A66732), according to the manufacturer’s 
protocol. Briefly, the reaction mixture (1× Thermo Scientific SYBR 
Green qPCR Master Mix, 400 nM forward primer, 400 nM reverse 
primer, and 2 μL cDNA in nuclease-free water, total volume of 10 μL) 
was applied to a 384-well PCR plate, and qPCR was performed using 
LightCycler 480 (Roche). qPCR primers were designed for the EV-D68 
MO strain (5′-ACAACATCAAGTATGGTCCC-3′ and 5′-TTGGGA
CACCTTGAGTAATG-3′). The PCR protocol was as follows: (1) pre- 
incubation step of 2 min at 95 ◦C, (2) 50 cycles of amplification 
(95 ◦C for 5 s, 60 ◦C for 30 s), and (3) melting curve analysis (95 ◦C for 
15 s, 60 ◦C for 1 min, and heating to 95 ◦C at a rate of 0.04 ◦C/s). 
LightCycler 480 software (Roche) was used for data acquisition and 
analysis.

2.19. Statistical analyses

Statistical analyses were performed using Prism 10 software version 
10.2.2 (GraphPad Software, San Diego, CA, USA). Significant differences 

were identified using Tukey’s test or Student’s t-test. Statistical signifi
cance was set at P < 0.05. The experiment to isolate the MRC-5 and Vero 
cell-adapted EV-D68 strains was conducted once, and the other experi
ments were conducted at least three times. Data are representative of 
one of multiple independent experiments.

3. Results

3.1. Adaptation of EV-D68 to MRC-5 and Vero cells

To develop EV-D68 strains that can replicate in vaccine- 
manufacturing cells, we first adapted EV-D68 to MRC-5 cells. The 
adaptation scheme is illustrated in Fig. 1a. We used the US/MO/ 
14–18,947 (MO strain, clade B1), US/KY/14–18,953 (KY strain, clade 
D), and US/IL/14–18,952 (IL strain, clade B2) strains isolated during the 
2014 US outbreak as parental strains. A general strategy for adapting 
viruses to specific cells involves serial viral passages, in which the virus 
is inoculated into target cells, the culture is collected, and then inocu
lated into fresh cells, repeating this process. We attempted to adapt EV- 
D68 to MRC-5 cells using serial viral passages (Fig. 1a–i). All parental 
strains initially exhibited limited replication ability in MRC-5 cells 
(Fig. 1b–d, left panel, black line). After five passages, the strains repli
cated efficiently, and MRC-5 cell-adapted strains (MO-MRC-passage 5 
[P5], KY-MRC-P5, and IL-MRC-P5) were successfully isolated (Fig. 1b–d, 
left panel, red line). Next, we attempted to adapt EV-D68 to Vero cells 
using serial viral passages (Fig. 1a–ii). However, none of the strains 
replicated in Vero cells, even after 15 passages, and we were unable to 
isolate Vero cell-adapted strains. Next, we attempted to obtain Vero cell- 
adapted strains by serial passaging of MRC-5 cell-adapted strains in Vero 
cells (Fig. 1a–iii). All MRC-5 cell-adapted strains replicated in Vero cells, 
albeit at low levels (Fig. 1b–d, middle panel, red line). After 15 passages 
in Vero cells, the strains replicated efficiently, and Vero cell-adapted 
strains (MO-Vero-P15, KY-Vero-P15, and IL-Vero-P15) were success
fully isolated (Fig. 1b–d, middle panel, blue line). Table 1 presents the 
titers of representative viruses in serial passages in MRC-5 and Vero 
cells. To evaluate the characteristics of the adapted strains, we measured 
their growth in rhabdomyosarcoma A (RD-A) cells, which are commonly 
used for EV-D68 culture. All the adapted strains exhibited replication 
kinetics similar to those of their respective parental strains, indicating 
that their growth characteristics in RD-A cells were mostly unchanged 
(Fig. 1b–d, right panel). The maximum viral titers of the MRC-5 and 
Vero cell-adapted strains were comparable to those of each parental 
strain in RD-A cells (Fig. 1b–d). In addition, we performed a control 
experiment involving 20 serial passages of EV-D68 in RD-A cells and 
evaluated the growth of strains passaged 5 (RD-P5) and 20 times (RD- 
P20). The MO strain passaged 5 times in RD-A cells (MO-RD-P5) grew in 
MRC-5 cells and the IL strain passaged 20 times in RD-A cells (IL-RD- 
P20) grew in Vero cells (Supplementary Fig. 1a–f). However, none of the 
RD-A cell-passaged strains grew more efficiently than the MRC-5 and 
Vero cell-adapted strains (Supplementary Fig. 1a–f). Thus, we found that 
specific adaptation to MRC-5 and Vero cells, rather than adaptation to 
general cells, was important for efficient replication. These results 
indicate that the method of adaptation to Vero cells via adaptation to 
MRC-5 cells can be applied to EV-D68 strains belonging to various 
clades.

3.2. Characterization of MRC-5 and Vero cell-adapted EV-D68 strains

To characterize the populations of the adapted strains, five viral 
clones were isolated from each Vero cell-adapted strain using plaque 
isolation. Evaluation of the replication kinetics of each viral clone in 
Vero cells revealed no substantial differences in replication efficiency, 
except for the slow growth of KY-Vero-P15-#3 (Fig. 2a–c). We then 
analyzed the sequences of the isolated strains to identify mutations ac
quired during the adaptation process (Fig. 2d, Tables 2–4). Sequence 
analysis of bulk viruses detected several mutations in both the MRC-5 
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and Vero cell-adapted strains, including mutations involving amino acid 
substitutions in the structural and non-structural protein regions 
(Fig. 2d, Tables 2–4). VP3-E59D, VP3-A126T, VP1-N27H, VP1-D87N, 
and VP1-D285G were detected in MO-MRC-P5 (Fig. 2d, Table 2); VP1- 

F74I, VP1-E83G, VP1-M135K, and 3D-H348Q were detected in KY- 
MRC-P5 (Fig. 2d, Table 3); and VP3-D237N and VP1-E271G were 
detected in IL-MRC-P5 (Fig. 2d, Table 4). There was no concordance in 
the location of the mutations and amino acid changes among MO-MRC- 

Fig. 1. Adaptation of EV-D68 to MRC-5 and Vero cells. (a) Adaptation scheme. (i) EV-D68 was adapted to MRC-5 cells through five passages in MRC-5 cells. (ii) 
EV-D68 was not adapted to Vero cells after 15 passages in Vero cells. (iii) The MRC-5 cell-adapted strain was adapted to Vero cells through 15 passages in Vero cells. 
The image was created using BioRender.com. (b–d) The time course of viral titers was evaluated after infecting MRC-5, Vero, or RD-A cells with each parental, MRC-5 
cell-adapted, and Vero cell-adapted strain. The left panel shows the time course of the viral titer in MRC-5 cells, the middle panel in Vero cells, and the right panel in 
RD-A cells. Dotted lines indicate the limits of detection.
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Fig. 2. Characterization of MRC-5 and Vero cell-adapted strains. (a–c) Growth curves of viral clones isolated from Vero cell-adapted strains. The time course of 
viral titers was evaluated after infecting Vero cells with viral clones isolated from Vero cell-adapted (a) MO, (b) KY, and (c) IL strains at an MOI of 0.1. (d) Sequence 
analysis of RD-A cell-passaged strains, MRC-5 cell-adapted strains, Vero cell-adapted strains, and clones isolated from Vero cell-adapted strains. The amino acid 
mutations detected in structural and non-structural proteins were mapped to the EV-D68 genome.
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P5, KY-MRC-P5, and IL-MRC-P5. Sequence analysis of the Vero cell- 
adapted strains revealed the following additional mutations: VP2- 
H135Y and 2C-N258S in MO-Vero-P15 (Fig. 2d, Table 2); VP1-K77R, 
2 A-I14M, and 2C-D252G in KY-Vero-P15 (Fig. 2d, Table 3); and VP1- 
T80N, VP1-S82T, VP1-Q229R, VP1-V231A, and 3 A-I44V in IL-Vero- 
P15 (Fig. 2d, Table 4). Similar to the MRC-5 cell-adapted strains, the 
location of mutations and amino acid changes were not consistent 
among MO-Vero-P15, KY-Vero-P15, and IL-Vero-P15. In addition, 
sequence analysis of clones isolated from Vero cell-adapted strains 
revealed additional mutations in some clones that were not detected in 
bulk viruses (Fig. 2d, Tables 2–4). All mutations detected in the bulk 

viruses were also detected in all clones isolated from Vero cell-adapted 
strains derived from any parental strain (Tables 2–4). For the clones MO- 
Vero-P15-#1 and IL-Vero-P15-#3, only mutations detected in bulk vi
ruses were detected (Tables 2–4). Furthermore, mutations detected in 
the control RD-A cell-passaged strains were partially shared by muta
tions detected in MRC-5 and Vero cell-adapted strains (Fig. 2d, 
Tables 2–5). Thus, we found that there are mutations acquired by gen
eral cell passaging and those acquired by specific passaging in MRC-5 
and Vero cells.

The cell surface receptors for EV-D68 have not been fully identified; 
however, sialic acid and heparan sulfate glycosaminoglycans have been 

Table 2 
Amino acid substitutions in each cell-adapted strain derived from the MO strain.

Protein Position Neutralizing antigenic site Wild type 
MO

RD-P5 RD-P20 MRC-P5 Vero-P15 Vero-P15 Clones

#1 #2 #3 #4 #5

VP4 10a
–

Tb (act)c

–
–

–
S (tct) –

–

VP2
116 K (aaa) – R (aga)
135 Near Site II H (cac) Y (tac)
142 – G (ggg) – E (gag)

VP3
59 Near Site III E (gaa) D (gat)
126

–

A (gcg) T (acg)

VP1

27 N (aat)
–

H (cat)
80 T (act) N (aat) –
84 A (gca) – V (gta)
87 Site I D (gac) N (aac)
270 – K (aaa) – R (aga)
285 Site III D (gac) G (ggc)

2A
37 V (gtc)

–

–

–
– A (gcc)

–
134 I (atc) V (gtc)

–2B 7 Q (caa) H (cac)

2C

61 S (agt) R (aga) – R (aga)

256 D (gac) –
V (gtc)

–
– E (gaa)

258 N (aat) S (agt)
277 T (acg)

–

– R (agg)
298 T (act) S (tct)

–
3A

36 D (gat) N (aat) – N (aat)
51 E (gag)

–
V (gtg)

–
V (gtg)

3D 361 K (aaa) E (gaa) –

a Amino acid positions are numbered with the N-terminal amino acid of each structural and non-structural protein as 1.
b Amino acid.
c Codon.

Table 3 
Amino acid substitutions in each cell-adapted strain derived from the KY strain.

Protein Position Neutralizing antigenic site Wild type 
KY

RD-P5 RD-P20 MRC-P5 Vero-P15 Vero-P15 Clones

#1 #2 #3 #4 #5

VP3
157a

–
Fb (ttt)c – L (ctt) –

238 H (cat)

–
–

Q (cag) –
–

VP1

64 S (agc) G (ggc)
74

Near Site I

F (ttc) I (atc)
77 K (aaa) – R (aga)
79 H (cac)

–
Y (tac) –

83 E (gaa) G (gga)
135

–
M (atg)

–
K (aag)

160 F (ttc)

–

– Y (tac) –
2A 14 I (ata) M (atg)
2B 66 V (gtc) I (atc) – –

2C

61 S (agc)

–

– R (agg) –
252 D (gat) G (ggt)
258 N (aat)

–

S (agt)
273 D (gac) – N (aac) –
303 T (act) S (tct) – S (tct)

3A 44 I (att) – V (gtt) –
3B 13 V (gta)

–
A (gca)

3D 348 H (cat) Q (cag)

a Amino acid positions are numbered with the N-terminal amino acid of each structural and non-structural protein as 1.
b Amino acid.
c Codon.
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reported as receptors for EV-D68 [32,34–36]. Therefore, we examined 
the dependence of the parental and Vero cell-adapted strains on sialic 
acid and heparan sulfate glycosaminoglycans during infection. N-ace
tylneuraminic acid was used as a sialic acid analog, and heparin was 
used as a heparan sulfate glycosaminoglycan analog [36–38]. Replica
tion of all parental strains in RD-A cells and Vero cell-adapted strains in 
Vero cells was not inhibited in the presence of 0.04–5 mg/mL sialic acid 
(Fig. 3a–f, blue line). However, in the presence of 25 mg/mL sialic acid, 
replication was inhibited to a level at which the virus could not be 
detected (Fig. 3a–f, blue line). Replication of IL-Vero-P15 was slightly 
inhibited in the presence of 5–25 mg/mL heparin, but replication of 
other strains was hardly inhibited by heparin at any concentration 
(Fig. 3a–f, red line). These results indicate that sialic acid is particularly 
important for infection by both strains, whereas heparan sulfate 
glycosaminoglycan is not essential.

3.3. Preparation and characterization of the inactivated WV vaccines

Inactivated WV vaccines were prepared to evaluate the immunoge
nicity of isolated MRC-5 and Vero cell-adapted strains. The parental MO 
strain was propagated in RD-A cells, the MRC-5 cell-adapted strain in 

MRC-5 cells, and the Vero cell-adapted strains in Vero cells. For the Vero 
cell-adapted strains, MO-Vero-P15-#1 and MO-Vero-P15-#5 were 
selected as representative clones, based on the lowest and highest 
number of mutations detected, respectively. After inactivation of EV- 
D68 with β-propiolactone, full particles containing the viral RNA 
genome were obtained by sucrose density gradient ultracentrifugation, 
as previously reported [18]. SDS-PAGE revealed that the bands corre
sponding to VP1, VP2, and VP3 were detected for all inactivated WV 
vaccines (Fig. 4a). In lane 1, corresponding to the parental MO strain, a 
protein band was detected at around 10 kDa, but no such band was 
observed in the other lanes, corresponding to each adapted strain 
(Fig. 4a). In addition, the size of VP1 appeared to be smaller in each 
adapted strain compared to the parental MO strain (Fig. 4a). Dynamic 
light scattering analysis revealed the presence of structures of approxi
mately 30 nm in size, which appeared to be EV-D68 particles (Fig. 4b). 
In addition, spherical particles with a diameter of approximately 30 nm 
were detected by negative-stain TEM of the inactivated WV vaccines 
prepared from the parental MO and MO-Vero-P15 strains (Fig. 4c). 
Inactivated WV vaccines derived from KY, KY-Vero-P15, IL, and IL-Vero- 
P15 were prepared using the same method. The SDS-PAGE data are 
shown in Supplementary Fig. 2. Therefore, we prepared inactivated WV 
vaccines derived from the MRC-5 and Vero cell-adapted strains.

3.4. Vaccine effect of inactivated WVs prepared from MRC-5 and Vero 
cell-adapted MO (clade B1) strains in mice

We previously reported that an inactivated WV vaccine prepared 
from the MO strain induces potent antibody responses and protective 
effects in mice [18]. To evaluate the ability of the inactivated WV vac
cines prepared from MO-MRC-P5, MO-Vero-P15, MO-Vero-P15-#1, and 
MO-Vero-P15-#5 to induce antibody responses and protective effects, 
mice were subcutaneously immunized with inactivated WV on days 
0 and 21. Antibody production was evaluated by ELISA, using the live 
parental MO strain as the coating antigen. MO-specific IgG antibody 
levels after prime (day 14) and boost (day 28) immunizations were 
significantly higher in all immunized groups than those in the PBS- 
treated group (Fig. 5a). MO-specific IgG antibody levels were compa
rable in all immunized groups. Next, we evaluated neutralizing antibody 
titers against the parental MO strain. Consistent with the antibody 
production levels, neutralizing antibody titers against the parental MO 
strain after boost immunization were significantly higher in all immu
nized groups than in the PBS-treated group, and were comparable in all 
immunized groups (Fig. 5b). Next, we evaluated the protective effects of 

Table 4 
Amino acid substitutions in each cell-adapted strain derived from the IL strain.

Protein Position Neutralizing antigenic site Wild type 
IL

RD-P5 RD-P20 MRC-P5 Vero-P15 Vero-P15 Clones

#1 #2 #3 #4 #5

VP2
51a

–

Db (gat)c Y (tat)
–

221 T (aca) A (gca)
VP3 237 D (gac) N (aac)

VP1

9 T (act)

–
–

– A (gct) –
80

Near Site I
T (act) N (aat)

82 S (tct) T (act)
129

–

G (ggt) – D (gat) – D (gat)
229 Q (caa) R (cga)
231 V (gtt) A (gct) A (gct)
271 E (gag) G (ggg)

2C
171 T (acg)

–

–
M (atg)

–
–

M (atg)
239 S (tca) L (tta) L (tta)
252 D (gac) A (gcc) A (gcc)

3A 44 I (att) V (gtt)

3D
29 T (aca)

–
I (ata)

–
I (ata)

189 I (att) – – V (gtt)

a Amino acid positions are numbered with the N-terminal amino acid of each structural and non-structural protein as 1.
b Amino acid.
c Codon.

Table 5 
Amino acid substitutions in each RD-A cell-passaged strain.

Protein Position Wild type RD-P5 RD-P20

MO

VP3 126a Ab (gcg)c T (acg)

VP1

27 N (aat)
–

H (cat)
80 T (act) N (aat)
87 D (gac) N (aac)
285 D (gac) G (ggc)

KY

VP3 157 F (ttt)
–

L (ctt)

VP1
79 H (cac) Y (tac)
83 E (gaa) G (gga)

2B 66 V (gtc) I (atc) –
3A 44 I (att) – V (gtt)

IL

VP2 51 D (gat) Y (tat)
–

221 T (aca) A (gca)
VP3 237 D (gac) N (aac)

VP1
231 V (gtt) A (gct)
271 E (gag) G (ggg)

a Amino acid positions are numbered with the N-terminal amino acid of each 
structural protein as 1.

b Amino acid.
c Codon.
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inactivated WV vaccines against EV-D68 challenge. Immunized mice 
were intranasally challenged with the MO strain at 5 × 106 TCID50. In 
this infection model, an increase in viral titers (Supplementary Fig. 3a) 
and total EV-D68 RNA copy numbers (Supplementary Fig. 3b) in the 
lungs was observed between 4 and 12 h post-infection. This observation 
is consistent with that of a previous study using the same infection 
model as ours [39]. Therefore, viral loads in the nasal turbinates and 
lungs were measured 12 h after challenge and were significantly 
reduced in all immunized groups compared to those in the PBS-treated 
group (Fig. 5c). The protective effect was comparable in all the immu
nized groups. Thus, similar to the inactivated WV vaccine prepared from 
the parental MO strain, the inactivated WV vaccines prepared from the 
MRC-5 and Vero cell-adapted MO strains induced protective immunity 
against EV-D68 infection.

3.5. Vaccine effect of inactivated WVs prepared from Vero cell-adapted 
KY (clade D) and Vero cell-adapted IL (clade B2) strains in mice

Next, we evaluated the ability of inactivated WV vaccines prepared 
from Vero cell-adapted KY strains to induce antibody responses and 
protective effects. Mice were subcutaneously immunized with 

inactivated WVs prepared from the parental KY and KY-Vero-P15 
strains. After prime and boost immunizations, KY-specific IgG anti
body levels were significantly higher in both immunized groups than in 
the PBS-treated group (Fig. 6a). KY-specific IgG antibody levels were 
comparable between the parental KY and KY-Vero-P15 groups (Fig. 6a). 
Consistent with the antibody production levels, neutralizing antibody 
titers against the parental KY strain after boost immunization were 
significantly higher in both immunized groups than in the PBS-treated 
group and were comparable in both immunized groups (Fig. 6b). After 
challenge, the viral loads in the nasal turbinates and lungs were signif
icantly reduced in both immunized groups compared to those in the PBS- 
treated group (Fig. 6c). Although the neutralizing antibody titers of the 
parental KY and KY-Vero-P15 groups were comparable (Fig. 6b), the 
protective effect of the KY-Vero-P15 group was slightly, but signifi
cantly, lower than that of the parental KY group (Fig. 6c). Therefore, 
although the Vero cell-adapted KY strain was slightly inferior to the 
parental KY strain, it was sufficiently immunogenic to induce neutral
izing antibodies and protect against EV-D68 infection.

Next, mice were subcutaneously immunized with inactivated WVs 
prepared from the parental IL and IL-Vero-P15 strains. After prime and 
boost immunizations, IL-specific IgG antibody levels were significantly 

Fig. 3. Dependence on sialic acid and heparin in EV-D68 infection. (a–f) Evaluation of EV-D68-infection dependence on sialic acid and heparin. RD-A cells were 
infected with the parental (a) MO, (c) KY, or (e) IL strains in the presence of 0.04–25 mg/mL sialic acid or heparin. Vero cells were infected with the (b) MO-Vero- 
P15, (d) KY-Vero-P15, or (f) IL-Vero-P15 strains in the presence of 0.04–25 mg/mL sialic acid or heparin. Viral titers were evaluated 3 days post-infection. Dotted 
lines indicate the limits of detection.
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higher in both immunized groups than in the PBS-treated group 
(Fig. 6d). IL-specific IgG antibody levels were comparable between the 
parental IL and IL-Vero-P15 groups (Fig. 6d). Neutralizing antibody ti
ters against the parental IL strain after boost immunization in the 
parental IL strain group were significantly higher than those in the PBS- 
treated group (Fig. 6e). However, neutralizing antibody titers were 
barely detectable in the IL-Vero-P15 group (Fig. 6e). The parental IL 
strain group showed significantly higher neutralizing antibody titers 
against IL-Vero-P15 than the PBS-treated group; however, the titer 
appeared to be lower than that against the parental IL strain (Supple
mentary Fig. 4). Consistent with the neutralizing antibody titer data, 
viral loads in the nasal turbinates and lungs were significantly reduced 
in the parental IL strain group compared to those in the PBS-treated 
group (Fig. 6f). In contrast, the IL-Vero-P15 group showed almost no 
protective effect (Fig. 6f). These data indicate that in some cases, 
immunogenicity is substantially reduced through adaptation.

4. Discussion

In a previous study, a Vero cell-adapted KY strain was isolated by the 
serial passage of EV-D68 in Vero cells [17]. However, we were unable to 
adapt any EV-D68 strain used in this study, including the KY strain, to 
Vero cells by serial viral passages in Vero cells. This difference may be 
due to the origin and maintenance conditions of the Vero cells, and the 
method of preparation of the parental viral stock. In addition, it may be 
due to low input viral titer in direct passages in Vero cells. In the pre
vious study, mutations VP3-V24L, VP1-E83G, VP1-M135K, VP1-E155K, 
2C-D247N, 2C-T298S, and 3D-H348Q were identified [17]. The muta
tions VP1-E83G, VP1-M135K, and 3D-H348Q reported in the previous 
study [17] were also detected in the Vero cell-adapted KY strain isolated 
in the current study. Therefore, these common mutations may be 
particularly important for the adaptation of the KY strain.

In this study, it was unclear why EV-D68 came to be able to replicate 
in MRC-5 and Vero cells. Sialic acid, heparan sulfate glycosaminogly
cans, and intercellular adhesion molecule 5 (ICAM-5) are putative EV- 
D68 receptors [32,34–36]. Sialic acid and heparan sulfate glycosami
noglycans have been reported to be expressed in RD and Vero cells 
[34,40–42]. ICAM-5 has also been reported to be expressed in RD cells 
but not in Vero cells [32]. Therefore, we investigated the dependence on 
sialic acid and heparan sulfate glycosaminoglycans during infection. We 
found that both the parental and Vero cell-adapted strains shared the 
characteristic of using sialic acid rather than heparan sulfate glycos
aminoglycans for cellular infection. We found no difference in depen
dence on these molecules; however, there may be other receptors for EV- 
D68 [35,43–46]. In addition, major facilitator superfamily domain 
containing 6 (MFSD6) was recently identified as an entry receptor for 
EV-D68 [47,48]. Cryo-electron microscopy (cryo-EM) revealed that the 
EV-D68 IL strain interacts with MFSD6 via specific residues in VP1 (K92, 
T94, G151, L208, T216, N219, I262), VP2 (T137, T139, S140), and VP3 
(A245, Q247) [48]. These amino acid residues remained unchanged 
following the adaptation of all strains used to adapt to MRC-5 cells and 
Vero cells, indicating that the adaptation process likely does not alter the 
interaction between EV-D68 and MFSD6. Furthermore, we demon
strated, through control passage experiments using RD-A cells, the 
occurrence of both adaptive mutations to general cells and adaptive 
mutations specific to MRC-5 cells and Vero cells. Most of the capsid 
mutations acquired by general cell passaging were accompanied by 
amino acid changes toward positive charges. These capsid mutations, 
accompanied by positive charge changes, may have enhanced the 
interaction between EV-D68 and the host cell membrane.

Mutations in non-structural proteins may also affect the ability of EV- 
D68 to replicate in MRC-5 and Vero cells. Among the non-structural 
proteins, mutations were detected in the 2 A, 2B, 2C, 3 A, 3B, and 3D 
proteins. Enteroviral 2 A has been reported to function as a protease, 2B 

Fig. 4. Properties of inactivated WVs prepared from MRC-5 and Vero cell-adapted MO strains. (a) SDS-PAGE analysis. M: protein marker. Lane 1: MO, Lane 2: 
MO-MRC-P5, Lane 3: MO-Vero-P15, Lane 4: MO-Vero-P15-#1, Lane 5: MO-Vero-P15-#5. (b) Dynamic light scattering measurements of the inactivated WVs. (c) 
Representative TEM images of the inactivated WVs prepared from the MO and MO-Vero-P15 strains. Scale bars = 100 nm.
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as a viroporin, 2C as a helicase and RNA chaperone, 3 A as a component 
of replication organelles, 3B as a primer for RNA replication, and 3D as 
an RNA-dependent RNA polymerase [2,49,50]. Therefore, the 2 A mu
tation may have facilitated an increase in the proteolytic cleavage effi
ciency of the precursor polypeptide, the 2B mutation may have 
enhanced the efficiency of virion release from the host cell, and the 2C, 
3 A, 3B, and 3D mutations may have contributed to the increased RNA 
replication and translation efficiency. No mutations were detected in the 
non-structural proteins of the MO and IL strains upon adaptation to 
MRC-5 cells. In contrast, mutations in non-structural proteins were ac
quired during adaptation to Vero cells. Thus, in the MO and IL strains, 
mutations in non-structural proteins appear to be important for adap
tation to Vero cells. In the KY strain, mutations in non-structural pro
teins were acquired during the adaptation to both MRC-5 and Vero cells. 
Therefore, in the KY strain, mutations in non-structural proteins appear 
to be important for adaptation to both MRC-5 and Vero cells. Further
more, no mutations were detected in non-structural proteins in MO and 
IL strains passaged 20 times in RD-A cells. Mutations detected in non- 
structural proteins in KY strains passaged 20 times in RD-A cells did 
not match those acquired in the Vero cell-adapted KY strain. These re
sults suggest that adaptation of non-structural proteins is important for 
the gain of tropism for Vero cells.

Although mutations acquired through adaptation may be important 
for efficient replication in each cell, they may also alter immunogenicity. 
The adaptation of EV-D68 and other enteroviruses to Vero and MRC-5 

cells has also been reported in several studies; however, whether 
immunogenicity is altered during the adaptation process has not been 
evaluated [17,51–55]. For the MO and KY strains, immunogenicity 
remained largely unchanged, although there was a slight yet significant 
decrease in the protective efficacy against EV-D68 infection in the KY 
strain. However, in the IL strain, although the level of antibody pro
duction was comparable to that of the parental strain, the ability to 
induce neutralizing antibodies and the protective effect were impaired 
to levels similar to those in the PBS-treated group. Recently, four 
neutralizing antigenic sites, defined as clusters of neutralizing antibody 
epitopes, were identified on the EV-D68 capsid [56]. Mutations detected 
in the vaccine-manufacturing cell-adapted strains at or near these sites 
may affect their ability to induce neutralizing antibodies. Based on the 
cryo-EM structure of EV-D68, we sought to understand the relationship 
between the mutant residues identified in the Vero cell-adapted strains 
and the neutralizing antigenic sites. Although the cryo-EM structure of 
the MO strain has been reported [57], the structures of the KY and IL 
strains remain unreported. Therefore, all strains were analyzed based on 
the cryo-EM structure of the MO strain (PDB ID: 6CSG) [57]. Among the 
residues exhibiting mutations in the Vero cell-adapted MO strain, VP1- 
D87 is located at site I, VP2-H135 near site II, and VP1-D285 and 
VP3-E59 at or near site III (Table 2). In the Vero cell-adapted KY strain, 
VP1-F74, VP1-K77, and VP1-E83 are located near site I (Table 3). In the 
Vero cell-adapted IL strain, VP1-T80 and VP1-S82 are located near site I 
(Table 4). Thus, mutations near the neutralizing antigenic sites were 

Fig. 5. Vaccine effect of inactivated WVs prepared from MRC-5 and Vero cell-adapted MO strains. Mice were subcutaneously immunized twice with inac
tivated WV vaccines. (a) Parental MO strain-specific IgG antibody levels in the plasma after prime (left panel) and boost (right panel) immunization. (b) Neutralizing 
antibody titers against the parental MO strain determined after boost immunization. (c) Mice were intranasally challenged with the parental MO strain after boost 
immunization. Viral loads in nasal turbinates (left panel) and lungs (right panel) were measured 12 h after challenge. (a–c) n = 5 per group. Data are shown as the 
mean ± SD. (b, c) Dotted lines indicate the limits of detection. (a) Significant differences were analyzed in 1000- or 5000-fold-diluted plasma samples. (a–c) “ns” 
indicates not significant. **, P < 0.01; ****, P < 0.0001 as indicated by Tukey’s test.
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dispersed among the three neutralizing antigenic sites (I, II, and III) in 
the MO strain but were concentrated at site I in the KY and IL strains. In 
the Vero cell-adapted MO strain, the distribution of mutations at mul
tiple neutralizing antigenic sites may help avoid a decrease in immu
nogenicity. The Vero cell-adapted KY and IL strains were similar in that 

the mutations were concentrated near site I. In addition, as described 
above, since none of the adapted strains harbor mutations in the regions 
essential for interaction with MFSD6, it is presumed that antibodies 
targeting these regions are being induced. However, the immunoge
nicity of the Vero cell-adapted IL strain was considerably low. The cause 

Fig. 6. Vaccine effect of inactivated WVs prepared from Vero cell-adapted KY and IL strains. Mice were subcutaneously immunized twice with inactivated WV 
vaccines prepared from KY-Vero-P15 (a–c) or IL-Vero-P15 (d–f). (a, d) Parental KY (a) or IL (d) strain-specific IgG antibody levels in plasma after prime (left panel) 
and boost (right panel) immunization. (b, e) Neutralizing antibody titers against the parental KY (b) or IL (e) strain determined after boost immunization. (c, f) Mice 
were intranasally challenged with the parental KY (c) or IL (f) strain after boost immunization. Viral loads in nasal turbinates (left panel) and lungs (right panel) were 
measured 12 h after challenge. (a–f) n = 5 per group. Data are shown as the mean ± SD. (b, c, e, f) Dotted lines indicate the limits of detection. (a, d) Significant 
differences were analyzed in 1000-fold-diluted plasma samples. (a–f) “ns” indicates not significant. *, P < 0.05; **, P < 0.01; ***, P < 0.001; ****, P < 0.0001 as 
indicated by Tukey’s test.
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of this difference is unclear, but it is possible that a mutation in the IL 
strain had a substantial effect on the conformation of the neutralizing 
antigen sites, reducing its ability to induce neutralizing antibodies. 
However, the cryo-EM structure and neutralizing antigenic sites of KY 
and IL strains have not been identified; therefore, further detailed 
analysis is important. If the mutations responsible for adaptation can be 
identified, and adaptation can be achieved with minimal mutations, a 
reduction in immunogenicity may be avoided. In addition, the finding 
that there is a risk of altered immunogenicity through adaptation to 
target cells indicates that it is important to screen for viral strains with 
unaltered immunogenicity, such as MO strains. Although we only 
evaluated the immunogenicity of clones derived from Vero cell-adapted 
MO strain, further studies on the immunogenicity of clones derived from 
Vero cell-adapted KY and IL strains are also important.

In a previous study [18], where we used the same EV-D68 mouse 
infection model as that used in this study, we found that subcutaneous 
immunization of mice with an inactivated WV vaccine prepared from 
the MO strain led to the detection of EV-D68-specific IgG antibodies, but 
not EV-D68-specific IgA antibodies, in the nasal wash and lungs, and EV- 
D68-specific IgG antibodies may have contributed to the protective ef
fect. Therefore, in this study, EV-D68-specific IgG antibodies were 
considered to play an important role in the protective effect. As no 
symptoms of EV-D68 infection were observed in this mouse model, it 
was not possible to evaluate the protective effect of the vaccine against 
symptoms. On the contrary, we evaluated the neutralizing antibody titer 
against EV-D68 because it is generally regarded as an important indi
cator that correlates with protection by vaccines against many picor
naviruses [58,59].

SDS-PAGE analysis of the inactivated WV vaccines revealed a band at 
around 10 kDa in the parental MO strain, which was not detected in any 
of the cell-adapted strains. This band may correspond to VP4, based on 
its molecular weight. However, we could not investigate this because 
antibodies against VP4 were not available. If this band is VP4, A-parti
cles lacking VP4 might have been generated in each adapted strain due 
to instability. Meanwhile, these adapted strains exhibited immunoge
nicity comparable to that of the parental MO strain. Furthermore, the 
size of VP1 appeared to be smaller in each adapted strain compared to 
the parental MO strain. It is unclear whether the size shift is related to 
amino acid changes or proteolytic differences. Therefore, further 
detailed antigenic property analysis is necessary.

Several aspects of the present study remain unexamined. Notably, 
the safety profile of the vaccine was not evaluated, which is a major 
concern. Common side effects of inactivated WV vaccines, such as fever, 
inflammation, and pain at the injection site [60–62], may also be 
associated with our vaccine. However, further research on the safety of 
the vaccine is required. During the production of inactivated WV vac
cines, there is a risk of infection for the vaccine manufacturer and po
tential for accidental viral release. Therefore, further research is 
required to investigate the virulence of the vaccine-manufacturing cell- 
adapted EV-D68 strains. Additionally, if the virus acquires further mu
tations during the culture process of vaccine manufacturing, its immu
nogenicity may change. Therefore, further studies are required to 
evaluate the genetic stability of each cell-adapted strain. Furthermore, 
only three strains belonging to clades B1, B2, and D, isolated during the 
2014 outbreak in the US, were used in this study. Thus, it is important to 
investigate the applicability of our adaptation methods to a broader 
range of EV-D68 strains, particularly those belonging to clade B3, which 
have been frequently detected [63–66]. It is also important to investi
gate whether our adaptation method can be applied to viruses other than 
EV-D68.

In conclusion, we demonstrated that MRC-5 and Vero cell-adapted 
strains can be efficiently obtained using our original method, which 
may be applicable to various EV-D68 strains. We also showed that there 
is a risk of decreased immunogenicity through adaptation in some cases. 
These findings offer valuable insights for the production of inactivated 
WV vaccines against EV-D68.
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