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Abstract: The enterovirus A71 (EV71) inactivated vaccine is an effective intervention to control the
spread of the virus and prevent EV71-associated hand, foot, and mouth disease (HFMD). It is widely
administered to infants and children in China. The empty particles (EPs) and full particles (FPs)
generated during production have different antigenic and immunogenic properties. However, the
antigen detection methods currently used were established without considering the differences in
antigenicity between EPs and FPs. There is also a lack of other effective analytical methods for
detecting the different particle forms, which hinders the consistency between batches of products.
In this study, we analyzed the application of sedimentation velocity analytical ultracentrifugation
(SV-AUC) in characterizing the EPs and FPs of EV71. Our results showed that the proportions of the
two forms could be quantified simultaneously by SV-AUC. We also determined the repeatability and
accuracy of this method and found that both parameters were satisfactory. We assessed SV-AUC
for bulk vaccine quality control, and our findings indicated that SV-AUC can be used effectively
to analyze the percentage of EPs and FPs and monitor the consistency of the process to ensure the
quality of the vaccine.
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1. Introduction

Hand, foot, and mouth disease (HFMD) is caused by enteroviruses, mainly in infants
and children below five years old [1-3]. It caused epidemics worldwide, particularly in
Asian and Pacific regions, after its discovery in California in 1969 [4-8]. Enterovirus 71
(EV71) is one of the main causative agents of HFMD among various enteroviruses. It
can lead to severe complications, including neurological disorders and even death [9].
Three EV71 inactivated vaccines are commercially available in China [10-15]. EV71 is an
icosahedral, non-enveloped virus with a single-stranded, positive-sense RNA genome. It is
classified within the Enterovirus genus of the Picornaviridae family and may cause the infec-
tion of the central nervous system (CNS) in children, leading to meningitis, encephalitis,
brain imaging abnormalities, and long-term neurodevelopmental sequelae [16-18]. When
cultured in mammalian cells, enteroviruses can simultaneously generate two major types
of stable particles: full particles (FPs), which contain the RNA genome, and immature
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empty particles (EPs), which lack the RNA genome. The FP contains VP1, VP2, VP3, VP4,
and viral RNA, while the EP contains VPO, VP1, and VP3 [19-21]. VPO is an uncleaved
precursor of VP4 and VP2. The final step in the maturation of most picornaviruses is the
cleavage of VPO into VP2 and VP4. However, the mechanism underlying the cleavage of
VPO remains poorly understood [22]. Thus, the mechanism of the formation of EPs and FPs
is not clear.

The EPs and FPs of EV71 have different antigenic and immunogenic properties and
may affect the quality control and process control of vaccine production. Regulatory agen-
cies recommend evaluating or testing the ratio between the two particle types [23,24].
Therefore, a sensitive and accurate method needs to be developed to quantify the propor-
tions of EPs and FPs. Poliovirus also exists as two particle forms, which are commonly
differentiated using the D and C antigen-specific antibody enzyme-linked immunosor-
bent assay (ELISA) [25,26]. The D antigen stimulates a stronger neutralizing antibody
response than the C antigen. The ELISA is highly sensitive and specific; however, screening
suitable antibodies for the specific quantitative detection of EP and FP antigens is time-
and labor-consuming. Several other methods have been evaluated for their abilities to
assess the capsid content in Adeno-associated viruses (AAVs). These methods include
ultraviolet (UV) absorbance [27], ion-exchange chromatography [28], sedimentation ve-
locity analytical ultracentrifugation (SV-AUC) [29], charge detection mass spectrometry
(CDMS) [30], cryo-electron microscopy (cryo-EM) [31], size exclusion chromatography cou-
pled with multiangle light scattering (SEC-MALS) [32], and analytical band centrifugation
(ABC) [33]. These methods have their own pros and cons. UV absorbance, ion-exchange
chromatography, and SEC-MALS have high throughput with easy accessibility. CDMS has
low material requirements and can obtain more information on the mass and charge of the
capsid. Cryo-EM can provide the capsid shape and size through direct visualization. ABC
does not require additional reagents. Although these methods are still used, all of them
have certain limitations, such as low throughput, the indirect measurement of the capsid
content, potential interference from impurities, etc. [34]. Among these methods, SV-AUC is
the gold standard for characterizing the full particle content of AAVs [29,34,35].

The SV-AUC method can differentiate EPs and FPs based on their buoyant densities.
The data are obtained by directly modeling the sedimentation boundary profiles generated
from Rayleigh interference optics (IF) or UV detection systems, using the SEDFIT software
(https:/ /sedfitsedphat.github.io/) [36]. During detection, samples remain in a solution
state, avoiding interactions with other substances; sample detection does not require
additional labeling reagents or antibodies. Particle separation can be monitored in real-time
during centrifugation [36-38].

In this study, we investigated whether SV-AUC can be used to analyze the relative
content of EPs and FPs in EV71. The results showed that the method had satisfactory
accuracy and precision and could withstand different detection temperatures. The results
obtained by the ultraviolet detector and the IF system were very similar. To assess whether
the method was suitable for routine inspection in quality control, we also evaluated the
stability of the production process. Overall, our findings showed that SV-AUC is an
effective technique for evaluating and controlling the heterogeneity of virus particles in
inactivated vaccines.

2. Materials and Methods
2.1. EV71 EP and FP Production and Purification

African green monkey kidney (Vero) (WIBP cell bank) cells were cultured in complete
Dulbecco’s modified Eagle medium (DMEM, Thermo Fisher, Waltham, MA, USA) with 10%
(v/v) newborn calf serum (NCS). EV71 strain AHFY087VP5 (genotype C4) was inoculated
in Vero cells in a 10-layer cell factory at a multiplicity of infection (MOI) of 0.01 CCID50/mL
per cell in DMEM in the absence of NCS and then cultured in a 5% COs-air incubator
at 35 °C for 3 days before harvest. The cell factory was freeze-thawed three times. The
cell debris were removed by centrifugation at 4000x g in a Beckman JA10 rotor (Beckman
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Coulter, Indianapolis, IN, USA) for 30 min at 4 °C. The supernatant was concentrated to
one-tenth the harvest volume by using a 100 kDa tangential flow filter capsule (Sartorius,
Gottingen, Germany). The concentrate was centrifuged at 4 °C through a sucrose cushion
(30% (wt/vol)) in a Beckman SW28 rotor (Beckman Coulter, Indianapolis, IN, USA) at
103,745x g for 3 h. The pellets were resuspended in phosphate-buffered saline (PBS),
pH 7.2, at 4 °C overnight. Then, EPs and FPs were isolated and purified via cesium chloride
(CsCl) density gradient (1.30 g/mL) centrifugation. The centrifugation was conducted at
48,000 rpm at 4 °C for 24 h in the Beckman Optima TM L-90K Ultracentrifuge (Beckman
Coulter, Indianapolis, IN, USA) equipped with a 90Ti rotor. Then, the buffer was replaced
into PBS, pH 7.2, using an Amicon Ultra-15 centrifuge tube (Ultracel-10 kDa) (Merck KGaA,
Darmstadt, Germany), and the centrifugation conditions are consistent with those used
for concentration.

2.2. Purification of EV71 Vaccine Bulks

EV71 vaccine bulks were manufactured by the Wuhan Institute of Biological Products
Co., Ltd. The process of preparing the vaccine bulks included the following steps: the
culturing of Vero cells and virus propagation, the harvesting of cells, the removal of
cell debris, microfiltration, ultrafiltration, gel filtration chromatography, ion-exchange
chromatography, and formaldehyde inactivation. (The details for the purification of vaccine
bulks are confidential information of the Wuhan Institute of Biological Products Co., Ltd.,
so they cannot be shared.)

2.3. Characterization of EV71 EPs and FPs

The purified EV71 particles were analyzed via SDS-PAGE. The virus proteins were
separated on a 4-20% gradient polyacrylamide gel (Genscript, SurePAGE™, Nanjing,
China) at 80 mA for an hour and a half. Carbon-coated copper grids (200 mesh) were
covered on the surface of 20 uL EV71 particles for 10 min, stained with 20 pL of 1%
phosphotungstic acid, pH 7.0, for 10 min, and the excess droplet was removed and dried.
The morphological characteristics of the EV71 particles were examined by a transmission
electron microscope (TEM) (Thermo Fisher, Hillsboro, OR, USA).

2.4. Sample Preparation and SV-AUC Data Acquisition

The sample’s absorbance signal was determined by Nanodrop (Thermo Fisher, Waltham,
MA, USA). The sample’s concentration was adjusted to a certain concentration (an OD of
between 0.6 and 1.0) further concentrated by using an Amicon Ultra-15 centrifuge tube
(Ultracel-10 kDa) (Merck KGaA, Darmstadt, Germany) or direct dilution with PBS, pH
7.2. The samples were assessed using a Beckman Coulter ProteomeLab XL-I instrument
(Beckman Coulter, Indianapolis, IN, USA) equipped with a four-hole An-60Ti rotor at
15,000 rpm at 20 °C or 4 °C. Approximately 400 uL of samples and blank buffer was loaded
into the sample and reference sectors, respectively. The absorbance data were collected for
scanning across a radius range of 5.9 cm to 7.15 cm. The absorbance (230, 260, and 280 nm)
and IF were used to simultaneously record the radial concentration.

2.5. SV-AUC Data Analysis

The SV-AUC data were analyzed using the SEDFIT software to show the sedimenta-
tion coefficient distribution [36,39,40]. The C(S) was calculated by choosing “Continuous
Sedimentation Coefficient Distribution C(S)”. The C(S) parameters were as follows: resolu-
tion = 100S, confidence level = 0.95, s min = 40, s max = 250, partial spec. volume = 0.73,
buffer density = 1.00, and buffer viscosity = 0.01002. The model fitted the data to the Lamm
equation, and the resulting size distribution was a sedimentation coefficient distribution,
where the area under each peak was proportional to the concentration in fringes or the
optical density (OD). The results of the AUC analysis were plotted as the normalized
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differential C(S) and sedimentation coefficient. The FP percentage was calculated using
the equation
FP% = c(150S)/[c(80S) + c(150S)], 1)

where ¢(80S) and c(150S) represent the c-value (the area under each peak) for EPs and FPs,
respectively.

2.6. Statistical Analysis

The linear regression correlation and Pearson’s correlation coefficient were deter-
mined using GraphPad Prism 8.0 (GraphPad; San Diego, CA, USA). All differences were
considered to be statistically significant at p < 0.05.

3. Results
3.1. Preparation and Characterization of EV71 EPs and FPs

The EV71 EPs and FPs were isolated and purified via CsCl density gradient centrifu-
gation. After centrifugation, the virus particles were separated into two bands (Figure 1A).
The composition of the structural proteins of the EPs and FPs was analyzed by SDS-PAGE
(Figure 1B). The EP consisted of VPO, VP1, and VP3 and the FP consisted of VP1, VP2, VP3,
and VP4. The identity of EPs and FPs was confirmed by TEM examination (Figure 1C). The
EP and FP were about 30 nm in diameter. EPs showed a void due to the absence of nucleic
acid and the increased permeability, which allowed Cs ions to enter the particles. The FP
showed a native conformation and was more compact than the EP.

EP FP c

A B kDa

100 — EP FP

70—

— VP4

Figure 1. The purification and characterization of EV71 EPs and FPs. (A) The positions of EPs and FPs
are indicated in the CsCl gradient (equilibrium at a starting density of 1.30 g/mL). (B) The purified
EPs and FPs were analyzed by SDS-PAGE. VPO, VP1, VP2, VP3, and VP4 are labeled on the right,
and the molecular weight markers in kDa are indicated on the left. (C) The electron microscope’s
examination of inactivated EPs and FPs; scale bar: 100 nm.

3.2. SV-AUC for EV71 EPs and FPs

The boundary sedimentation velocity of EPs and FPs was assessed by SV-AUC. The
detection wavelength of the UV detector was set at 280 nm. SV-AUC is based on fluid
dynamics theory. Under high-speed rotation, solute molecules in the sample move toward
the bottom of the cell. The UV absorption signals of the entire sample cell at different
positions and times are monitored by the detector. Using the SEDFIT software, the results
of the AUC analysis were plotted as normalized differential coefficient distribution values
C(S) versus the sedimentation coefficient (Figure 2A,B). The sedimentation coefficients of
FPs and EPs were 151S and 795, respectively. The sedimentation coefficients of EPs were
consistent with EV71-VLDP, as reported in another study [41]. Since the FP contains nucleic
acids, its sedimentation coefficient is significantly greater than that of the EP. Therefore, the
two particle types can be distinguished based on their different sedimentation coefficients.
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Figure 2. SV-AUC for EV71 EPs and FPs. (A,B) The sedimentation coefficient distribution plot of EV71
EPs and FPs. (C) UV absorption spectra of EPs and FPs. (D-F) The distribution maps of settlement
coefficients were obtained by analyzing at detection wavelengths of 230 nm, 260 nm, and 280 nm,
respectively. The x-axis represents the sedimentation coefficient of the sample component, and the
y-axis represents the sample concentration distribution function with the sedimentation coefficient
used as a variable. The particle settlement coefficients corresponding to the peaks are marked next to
the peaks.

When an ultraviolet detector is used for detection, the c-value is proportional to the
sample absorbance. Particles with the same protein concentration may exhibit different
absorbance values at the same wavelength due to variations in their absorption spectra.
Therefore, the detection wavelength needs to be optimized when an ultraviolet detector is
used for data analysis. Purified EPs and FPs were diluted to equivalent protein concentra-
tions, and their ultraviolet absorption spectra were characterized using a spectrophotometer.
The maximum absorption for the EP, which was mostly composed of viral structural pro-
teins, occurred at 280 nm, consistent with proteins. In contrast, the maximum absorption
for FPs was 260 nm, which indicated that the viral genomic nucleic acids present in FPs
strongly affected their absorption profiles (Figure 2C). Based on the findings of Khasa et al.,
230 nm was used as the detection wavelength, as it could eliminate this discrepancy [33].
Therefore, after mixing equal quantities of purified EPs and FPs, the blended samples were
evaluated at three different detection wavelengths (230, 260, and 280 nm), and the frac-
tional compositions of EPs and FPs were compared at the three wavelengths for the same
sample (Figure 2D-F). Two particle forms were differentiated based on their sedimentation
coefficients, with EPs at 80S and FPs at 151S. The c-value calculated using the SEDFIT
software indicated the peak area, which was proportional to the protein concentration. The
percentage of FPs at 260 nm and 280 nm substantially exceeded theoretical values, while
the percentage of FPs at 230 nm aligned with the anticipated ratios (Table S1). Therefore,
230 nm was selected as the optimal detection wavelength for subsequent analyses.

3.3. Comparison of Interference and Ultraviolet Detection

Besides the ultraviolet detector, AUC can also be equipped with a Rayleigh interference
optics system. Therefore, the differences in detection between the two systems were also
investigated. Three mixtures with different ratios of purified EPs and FPs were prepared.
The detection was simultaneously performed using ultraviolet absorbance (230 nm) and IF.
The results showed that the normalized peak graphs and sedimentation coefficient values
were similar in the two detection methods (Figure 3A-C), and the relative percentage
composition of the particles was close to 1 (Tables S2 and S3). The IF system detected
the sample concentration based on the differences in the refractive indices between the
reference and sample solutions. The unique nucleic acids present in FP had a negligible
effect on the concentration measurements by interference. Therefore, the consistent results
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from the two detection methods indicated that using 230 nm could significantly reduce the
effect of the nucleic acids in FPs on the measurements. Compared to the ultraviolet detector,
the interference system yielded considerably lower c-values for samples at the same concen-
tration with 3—4-fold differences. This discrepancy suggested that the interference detector
had lower sensitivity than the ultraviolet detector. Thus, higher sample concentrations
were needed for interference detection. Interference detection is non-selective, with a lower
tolerance for mismatch between sample and reference buffer compositions, which makes
the results more susceptible to reference buffer effects. It also demands higher sample
purity [34]. However, biological samples after purification usually have relatively low
protein concentrations and less than 100% purity. Therefore, we selected 230 nm as the
detection wavelength for subsequent experiments.
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Figure 3. A comparison of interference and ultraviolet detection. (A—C) The sedimentation distri-
bution plots were obtained by UV absorbance at 230 nm and IF with different proportions of EP
and FP. (A—C) included samples with low, medium, and high proportions of EP, respectively. The
results obtained by the ultraviolet (at 230 nm) and IF detection methods are shown in the same graph
for comparison.

3.4. Performance of SV-AUC for Quantifying EV71 EPs and FPs

To evaluate whether the SV-AUC technique showed repeatability, the EV71 vaccine
bulk was characterized using SV-AUC. For each assay, three AUC cells were sequentially
loaded. Two discrete experiments were conducted at different time points, and six datasets
were generated (Figure 4A). The mean of the six assay results was evaluated, and the frac-
tional composition showed 42.50% of EPs and 57.50% of FPs. The coefficients of variation
(CVs) were 6.11% and 4.52% for EPs and FPs, respectively (Table S4). The sedimentation
coefficient CV was uniformly below 2.50%, indicating that the method was stable.

To evaluate the accuracy of SV-AUC for characterizing the proportions of EV71 EPs
and FPs, six samples with different ratios of purified EPs and FPs were prepared and
analyzed by SV-AUC at 230 nm. The results of the regression analysis showed a highly
linear relationship between the detected and theoretical FP proportions (R? = 0.941). The
slope of the regression equation was 1.077 (Figure 4B; close to 1), which indicated a strong
correlation between the detected and theoretical values. The particle proportions of the
mixed samples were also simultaneously assessed by IF. The linear regression analysis of
the detection results showed a correlation coefficient of 0.9943 between the two methods
(Figure 4C; p < 0.0001). The differences between the two methods ranged from —1.08%
to 7.47% (Table S5), indicating high consistency between the ultraviolet (230 nm) and IF
detection methods.

Temperature changes can affect the rate and time of the sedimentation of the particles
and the percentage of EPs and FPs. Therefore, the differences in the detection of SV-
AUC at two different temperatures were also investigated. Three samples were prepared
using different ratios of EPs and FPs and analyzed using SV-AUC at 4 °C and 20 °C. The
results showed that the sedimentation coefficients of EPs and FPs measured at 4 °C were
525 and 965, respectively, while the coefficients at 20 °C were 81S and 15185, respectively
(Figure 4D-I). The sedimentation coefficients obtained at the lower temperature were
significantly lower than those obtained at the higher temperature, mainly due to a decrease
in the sedimentation velocity caused by an increase in solvent viscosity with a decrease in
temperature. Although temperature affects the sedimentation behavior of a substance, its
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effect on the proportion results is negligible. The ratios of the proportion results obtained
at the two temperatures were between 0.86 and 1.09 (Tables S6 and S7).
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Figure 4. Performance of SV-AUC for quantifying EV71 EPs and FPs. (A) Precision verification results
of SV-AUC. Sedimentation distribution plots of 6 times were superimposed. Accuracy verification
results of SV-AUC. (B) Linear regression analysis of detected and theoretical FP proportions. (C) Lin-
ear regression analysis of A230 and IF detection results. (D-I) Comparison of different detection
temperatures. Sedimentation distribution plots obtained by A230 of samples with different mixed

proportions of EPs and FPs. From left to right are samples with low, medium, and high proportions
of EPs, respectively.

3.5. SV-AUC Analysis of Multiple Batches of EV71 Vaccine Bulks

The above findings indicated that SV-AUC has good accuracy and precision in re-
solving and quantifying EV71 EPs and FPs. To evaluate whether SV-AUC can be used to
characterize heterogeneity in EV71 vaccine bulks, three consecutive pilot-scale bulks from
an inactivated EV71 vaccine candidate production process were analyzed by SV-AUC. The
particles were primarily EPs and FPs (Figure 5), with FPs representing the major species
at ~62% across all three lots (Table S8). The consistent genomic particle content across
the three bulks demonstrated good process consistency. Thus, SV-AUC can be used to

reliably detect and analyze variations in particle distribution resulting from process stability
and variability.
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Figure 5. SV-AUC analysis of multiple batches of EV71 vaccine bulks. (A-C) Sedimentation distribu-
tion plots of three lots of EV71 vaccine bulks.
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4. Discussion

The antigens of the licensed EV71 vaccines are obtained from viruses grown in mam-
malian cells. During multiplication, the virus mainly produces two types of stable particles:
EPs and FPs. Similar to that in poliovirus, these two forms of EV71 particles have significant
differences in immunogenicity and antigenicity [23,24]. The mature purification process
for polio vaccines eliminates all empty viral particles, but current EV71 purification does
not separate particle forms, leaving bulk and final vaccine products with both EPs and FPs.
This complicates vaccine potency control. The EV71 vaccine antigen detection methods are
developed without accounting for differences in the particle form, along with a lack of other
analytical discrimination techniques. This results in an inability to effectively evaluate the
consistency of particle forms between batches. Therefore, methods to assess the ratio of
EPs to FPs need to be developed.

To address this issue, we evaluated the ability of AUC to characterize the ratio of EPs
to FPs in inactivated EV71 vaccines. The results showed that AUC could distinguish empty
and full particles based on their sedimentation behavior. The SEDFIT software processes
absorbance and IF data to generate a C(S) distribution relating sedimentation coefficient
values in Svedberg units. By integrating the area under each peak in the C(S) distribution,
the relative concentration of each peak was determined to calculate the relative proportion
of different particle species in the sample [29]. Our validation showed that this method had
high precision. The results of the AUC analysis showed a strong linear correlation between
the measured and expected values with a slope close to 1. However, when the theoretical
FP proportion exceeded 50%, the FP proportion detected by SV-AUC was slightly higher
than the theoretical value, with differences ranging from 11.46% to 19.28% [31] (Table S5).
The results obtained by ultraviolet (230 nm) and IF detection methods showed a correlation
coefficient of 0.9943. The IF detection data had a direct proportional relationship with
concentration and were unaffected by differences in particle absorbance. Therefore, we
speculated that the primary reason for the high FP detection results was that the EPs
purified by CsCl density gradient centrifugation contained some residual FPs, which led to
higher FP proportions in the prepared samples.

Picornaviruses cultured in mammalian cells generate two main types of stable particles
as described above: highly infectious mature virions (containing the RNA genome) and
empty particles (lacking the RNA genome) [19-22]. A third type of particle, called the
A-particle or uncoating intermediate, is also found [19]. The A-particle has lost its pocket
factor, which allows the pocket to collapse and leads to expanded capsids [22,24]. In
addition to EPs, FPs, and A-particles, there are some other transitional types of particles. As
these particles were scarce and unstable, their proportion was not evaluated in this study.

Like polio vaccines, EV71 inactivated vaccine manufacturing processes can be opti-
mized to selectively retain full particles while removing empty particles via anion-exchange
chromatography [42]. A new technique needs to be developed in which SV-AUC may be
used as an evaluation method for optimizing the process.

In this study, we investigated the ability of SV-AUC to differentiate between the
EPs and FPs of EV71. In this context, our study had some limitations. First, particle
forms with partial or fragmented genomes generated during cultivation/purification were
not evaluated. Additionally, while evaluating the feasibility of the technique, rigorous
validation was not performed. Some aspects like the robustness to variables, such as
time, temperature, concentration, and purity, and the comparison of methods to accurately
determine performance versus alternate techniques for quantifying particle ratios were
not investigated. To achieve a mature detection method, more studies are required to fully
assess the ability of SV-AUC to characterize enterovirus particles, such as defining the linear
range correlating with the EP-to-FP ratio, determining the specific experimental parameters
of the method, and investigating the potential influences of different adjuvants, stabilizers,
and preservatives in vaccines. SV-AUC is a promising method for distinguishing different
EV71 particle forms. With further optimization and validation, SV-AUC may be used in
enterovirus vaccine development, stability studies, and quality control and also, it could be
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used for other enterovirus-related picornaviruses, e.g., parechovirus (an emerging pediatric
pathogen) [43].

Supplementary Materials: The following supporting information can be downloaded at https://
www.mdpi.com/article/10.3390/v16040573 /s1, Table S1: The relative percentage of EPs and FPs was
determined by the three detection wavelengths; Table S2: A comparison of the relative percentage of
EPs, as determined by the ultraviolet (230 nm) and IF detection methods; Table S3: A comparison of
the relative percentage of FPs, as determined by the ultraviolet (230 nm) and IF detection methods;
Table S4: The precision verification results of the relative percentage of EPs and FPs; Table S5: A
summary of the FP content determined by the ultraviolet and IF detection methods compared to the
theoretical percentage; Table S6: A comparison of the relative percentage of EPs, as determined at
4 °Cand 20 °C; Table S7: A comparison of the relative percentage of FPs, as determined at 4 °C and
20 °C; Table S8: A comparison of the relative percentage of FPs in three lots.

Author Contributions: Data curation, H.D. and ].W.; funding acquisition, S.S. and Z.W.; methodology,
AY, YL, WW, XW., D.P. and D.Y,; project administration, T.X., S.M., J.G., Z.W. and S.S.; validation,
AlY, Y.L. and K.W,; writing—original draft, A.Y.; writing—review and editing, A.Y., Y.L, ].Y., SM.,
J.G. and S.S. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Ministry of Science and Technology of the People’s
Republic of China, Grant No. 20152X09102021.

Institutional Review Board Statement: Not applicable.
Informed Consent Statement: Not applicable.

Data Availability Statement: The data presented in this study are available in [[Figshare] at [https:
//doi.org/10.6084 /m9.figshare.24906153]. The methods for the purification of EV71 vaccine bulks
are confidential information of the Wuhan Institute of Biological Products Co., Ltd., and they will not
be shared. The data presented in this study are available on request from the corresponding author.

Acknowledgments: We thank the Huazhong University of Science and Technology, College of Life
Science and Technology, the research core facilities for life science (HUST), for technical support in SV-
AUC. We are grateful to Anna Du and Pei Zhang of the Institutional Center for Shared Technologies
and Facilities of Wuhan Institute of Virology for their technical support in transmission electron
mMiCroscopy.

Conflicts of Interest: Authors Anna Yang, Jie Yang, Tingbo Xie, Wenhui Wang, Xin Wan, Kaiwen
Wang, Deqin Pang, Dongsheng Yang, Hanyu Dai, Jie Wu, Shengli Meng, Jing Guo, Zejun Wang and
Shuo Shen was employed by the company Wuhan Institute of Biological Products Co., Ltd. The
remaining authors declare that the research was conducted in the absence of any commercial or
financial relationships that could be construed as a potential conflict of interest.

References

1.  Fang, C.Y; Liu, C.C. Novel strategies for the development of hand, foot, and mouth disease vaccines and antiviral therapies.
Expert Opin. Drug Discov. 2022, 17, 27-39. [CrossRef] [PubMed]

2. Min, N,; Ong, YH.B,; Han, A.X,; Ho, S.X;; Yen, EW.P; Ban, K.H.K.; Maurer-Stroh, S.; Chong, C.Y.; Chu, J.J.H. An epidemiological
surveillance of hand foot and mouth disease in paediatric patients and in community: A Singapore retrospective cohort study,
2013-2018. PLoS Negl. Trop. Dis. 2021, 15, e0008885. [CrossRef]

3. Wu, Y,; Yeo, A; Phoon, M.C; Tan, E.L.; Poh, C.L.; Quak, S.H.; Chow, V.T. The largest outbreak of hand; foot and mouth disease in
Singapore in 2008: The role of enterovirus 71 and coxsackievirus A strains. Int. J. Infect. Dis. 2010, 14, e1076-e1081. [CrossRef]

4. Alexander, J.P, Jr.; Baden, L.; Pallansch, M.A.; Anderson, L.J. Enterovirus 71 infections and neurologic disease—United States,
1977-1991. |. Infect. Dis. 1994, 169, 905-908. [CrossRef] [PubMed]

5. Chan, K.P; Goh, K.T;; Chong, C.Y,; Teo, E.S.; Lau, G.; Ling, A.E. Epidemic hand, foot and mouth disease caused by human
enterovirus 71, Singapore. Emerg. Infect. Dis. 2003, 9, 78-85. [CrossRef] [PubMed]

6.  Chen, K.T,; Chang, H.L.; Wang, S.T.; Cheng, Y.T.; Yang, ].Y. Epidemiologic features of hand-foot-mouth disease and herpangina
caused by enterovirus 71 in Taiwan, 1998-2005. Pediatrics 2007, 120, e244—-€252. [CrossRef] [PubMed]

7. Schmidt, N.J.; Lennette, E.H.; Ho, H.H. An apparently new enterovirus isolated from patients with disease of the central nervous
system. J. Infect. Dis. 1974, 129, 304-309. [CrossRef]

8.  Solomon, T.; Lewthwaite, P; Perera, D.; Cardosa, M.].; McMinn, P.; Ooi, M.H. Virology, epidemiology, pathogenesis, and control

of enterovirus 71. Lancet Infect. Dis. 2010, 10, 778-790. [CrossRef] [PubMed]


https://www.mdpi.com/article/10.3390/v16040573/s1
https://www.mdpi.com/article/10.3390/v16040573/s1
https://doi.org/10.6084/m9.figshare.24906153
https://doi.org/10.6084/m9.figshare.24906153
https://doi.org/10.1080/17460441.2021.1965987
https://www.ncbi.nlm.nih.gov/pubmed/34382876
https://doi.org/10.1371/journal.pntd.0008885
https://doi.org/10.1016/j.ijid.2010.07.006
https://doi.org/10.1093/infdis/169.4.905
https://www.ncbi.nlm.nih.gov/pubmed/8133108
https://doi.org/10.3201/eid1301.020112
https://www.ncbi.nlm.nih.gov/pubmed/12533285
https://doi.org/10.1542/peds.2006-3331
https://www.ncbi.nlm.nih.gov/pubmed/17671037
https://doi.org/10.1093/infdis/129.3.304
https://doi.org/10.1016/S1473-3099(10)70194-8
https://www.ncbi.nlm.nih.gov/pubmed/20961813

Viruses 2024, 16, 573 10 of 11

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

Zeng, M.; Pu, D.; Mo, X.; Zhu, C.; Gong, S.; Xu, Y,; Lin, G.; Wu, B.; He, S; Jiao, X,; et al. Children of rural-to-urban migrant
workers in China are at a higher risk of contracting severe hand, foot and mouth disease and EV71 infection: A hospital-based
study. Emerg. Microbes Infect. 2013, 2, e72. [CrossRef]

Li, J.X.; Song, Y.E; Wang, L.; Zhang, X.F,; Hu, Y.S.; Hu, YM.; Xia, J.L.; Li, J.; Zhu, EC. Two-year efficacy and immunogenicity
of Sinovac Enterovirus 71 vaccine against hand, foot and mouth disease in children. Expert Rev. Vaccines 2016, 15, 129-137.
[CrossRef]

Li, R; Liu, L.; Mo, Z.; Wang, X.; Xia, J.; Liang, Z.; Zhang, Y.; Li, Y.; Mao, Q.; Wang, ].; et al. An inactivated enterovirus 71 vaccine
in healthy children. N. Engl. ]. Med. 2014, 370, 829-837. [CrossRef] [PubMed]

Mao, Q.Y.; Wang, Y.; Bian, L.; Xu, M.; Liang, Z. EV71 vaccine, a new tool to control outbreaks of hand, foot and mouth disease
(HEMD). Expert Rev. Vaccines 2016, 15, 599-606. [CrossRef] [PubMed]

Xiao, Y.; Guo, X.; Zhang, M.; Chen, Y.; Zhang, Y.; Yu, X,; Luo, L.; Chen, H.; Xu, W.; Liu, H.; et al. Safety and Immunogenicity of
Enterovirus 71 Vaccine (Vero Cell) Administered Simultaneously with Trivalent Split-Virion Influenza Vaccine in Infants Aged 6-7
Months: A Phase 4, Randomized, Controlled Trial. Vaccines 2023, 11, 862. [CrossRef] [PubMed]

Zhu, F; Xu, W,; Xia, J; Liang, Z.; Liu, Y.; Zhang, X,; Tan, X.; Wang, L.; Mao, Q.; Wu, J.; et al. Efficacy, safety, and immunogenicity
of an enterovirus 71 vaccine in China. N. Engl. ]. Med. 2014, 370, 818-828. [CrossRef] [PubMed]

Zhu, EC.; Meng, EY,; Li, ].X,; Li, X.L.; Mao, Q.Y.; Tao, H.; Zhang, Y.T.; Yao, X;; Chu, K.; Chen, Q.H.; et al. Efficacy, safety,
and immunology of an inactivated alum-adjuvant enterovirus 71 vaccine in children in China: A multicentre, randomised,
double-blind, placebo-controlled, phase 3 trial. Lancet 2013, 381, 2024-2032. [CrossRef] [PubMed]

Brown, B.A.; Pallansch, M.A. Complete nucleotide sequence of enterovirus 71 is distinct from poliovirus. Virus Res. 1995, 39,
195-205. [CrossRef] [PubMed]

Liu, B. Universal PCR Primers Are Critical for Direct Sequencing-Based Enterovirus Genotyping. . Clin. Microbiol. 2017, 55,
339-340. [CrossRef]

Liu, B.M.; Mulkey, S.B.; Campos, ].M.; DeBiasi, R.L. Laboratory diagnosis of CNS infections in children due to emerging and
re-emerging neurotropic viruses. Pediatr. Res. 2024, 95, 543-550. [CrossRef] [PubMed]

Shingler, K.L.; Yoder, J.L.; Carnegie, M.S.; Ashley, R.E.; Makhov, A.M.; Conway, ].E; Hafenstein, S. The enterovirus 71 A-particle
forms a gateway to allow genome release: A cryoEM study of picornavirus uncoating. PLoS Pathog. 2013, 9, €1003240. [CrossRef]
Wang, X.; Peng, W.; Ren, J.; Hu, Z; Xu, J.; Lou, Z.; Li, X;; Yin, W.; Shen, X,; Porta, C.; et al. A sensor-adaptor mechanism for
enterovirus uncoating from structures of EV71. Nat. Struct. Mol. Biol. 2012, 19, 424—429. [CrossRef]

Xu, L.; Zheng, Q.; Li, S.; He, M.; Wu, Y;; Li, Y.; Zhu, R.; Yu, H.; Hong, Q.; Jiang, J.; et al. Atomic structures of Coxsackievirus A6
and its complex with a neutralizing antibody. Nat. Commun. 2017, 8, 505. [CrossRef] [PubMed]

Cao, J.; Liu, H.; Qu, M,; Hou, A.; Zhou, Y.; Sun, B.; Cai, L.; Gao, E; Su, W,; Jiang, C. Determination of the cleavage site of
enterovirus 71 VPO and the effect of this cleavage on viral infectivity and assembly. Microb. Pathog. 2019, 134, 103568. [CrossRef]
[PubMed]

Wu, C.Y.; Yu, S.L.; Chen, Y.T.; Chen, YH.; Hsiao, PW.; Chow, Y.H.; Chen, J.R. The mature EV71 virion induced a broadly
cross-neutralizing VP1 antibody against subtypes of the EV71 virus. PLoS ONE 2019, 14, e0210553. [CrossRef] [PubMed]
Tedcastle, A.; Mao, Q.; Hockley, J.; Pegg, E.; EV71 Study Group; Gao, E; Liang, Z.; Matejtschuk, P; Duru, C.; Minor, P; et al. Report
on the WHO Collaborative Study to Establish the 1st International Standard for Enterovirus A71 Inactivated Vaccine; WHO: Geneva,
Switzerland, 2019.

Sawyer, L.A.; Mclnnis, ].; Albrecht, P. Quantitation of D antigen content in inactivated poliovirus vaccine derived from wild-type
or sabin strains. Biologicals 1993, 21, 169-177. [CrossRef] [PubMed]

Kouiavskaia, D.; Puligedda, R.D.; Dessain, S.K.; Chumakov, K. Universal ELISA for quantification of D-antigen in inactivated
poliovirus vaccines. J. Virol. Methods 2020, 276, 113785. [CrossRef] [PubMed]

Sommer, ].M.; Smith, PH.; Parthasarathy, S.; Isaacs, J.; Vijay, S.; Kieran, J.; Powell, S.K.; McClelland, A.; Wright, ].F. Quantification
of adeno-associated virus particles and empty capsids by optical density measurement. Mol. Ther. 2003, 7, 122-128. [CrossRef]
[PubMed]

Lock, M.; Alvira, M.R.; Wilson, ].M. Analysis of particle content of recombinant adeno-associated virus serotype 8 vectors by
ion-exchange chromatography. Hum. Gene Ther. Methods 2012, 23, 56-64. [CrossRef]

Burnham, B.; Nass, S.; Kong, E.; Mattingly, M.; Woodcock, D.; Song, A.; Wadsworth, S.; Cheng, S.H.; Scaria, A.; O'Riordan, C.R.
Analytical Ultracentrifugation as an Approach to Characterize Recombinant Adeno-Associated Viral Vectors. Hum. Gene Ther.
Methods 2015, 26, 228-242. [CrossRef] [PubMed]

Pierson, E.E.; Keifer, D.Z.; Asokan, A.; Jarrold, M.E. Resolving Adeno-Associated Viral Particle Diversity with Charge Detection
Mass Spectrometry. Anal. Chem. 2016, 88, 6718-6725. [CrossRef] [PubMed]

Subramanian, S.; Maurer, A.C.; Bator, C.M.; Makhov, A.M.; Conway, J.E; Turner, K.B.; Marden, ]J.H.; Vandenberghe, L.H.;
Hafenstein, S.L. Filling Adeno-Associated Virus Capsids: Estimating Success by Cryo-Electron Microscopy. Hum. Gene Ther. 2019,
30, 1449-1460. [CrossRef]

McIntosh, N.L.; Berguig, G.Y.; Karim, O.A.; Cortesio, C.L.; De Angelis, R.; Khan, A.A.; Gold, D.; Maga, J.A.; Bhat, V.S. Compre-
hensive characterization and quantification of adeno associated vectors by size exclusion chromatography and multi angle light
scattering. Sci. Rep. 2021, 11, 3012. [CrossRef]


https://doi.org/10.1038/emi.2013.72
https://doi.org/10.1586/14760584.2016.1096782
https://doi.org/10.1056/NEJMoa1303224
https://www.ncbi.nlm.nih.gov/pubmed/24571755
https://doi.org/10.1586/14760584.2016.1138862
https://www.ncbi.nlm.nih.gov/pubmed/26732723
https://doi.org/10.3390/vaccines11040862
https://www.ncbi.nlm.nih.gov/pubmed/37112774
https://doi.org/10.1056/NEJMoa1304923
https://www.ncbi.nlm.nih.gov/pubmed/24571754
https://doi.org/10.1016/S0140-6736(13)61049-1
https://www.ncbi.nlm.nih.gov/pubmed/23726161
https://doi.org/10.1016/0168-1702(95)00087-9
https://www.ncbi.nlm.nih.gov/pubmed/8837884
https://doi.org/10.1128/JCM.01801-16
https://doi.org/10.1038/s41390-023-02930-6
https://www.ncbi.nlm.nih.gov/pubmed/38042947
https://doi.org/10.1371/annotation/e92d19e0-996a-4bfa-afdd-20dce770ed75
https://doi.org/10.1038/nsmb.2255
https://doi.org/10.1038/s41467-017-00477-9
https://www.ncbi.nlm.nih.gov/pubmed/28894095
https://doi.org/10.1016/j.micpath.2019.103568
https://www.ncbi.nlm.nih.gov/pubmed/31195113
https://doi.org/10.1371/journal.pone.0210553
https://www.ncbi.nlm.nih.gov/pubmed/30650163
https://doi.org/10.1006/biol.1993.1070
https://www.ncbi.nlm.nih.gov/pubmed/8297601
https://doi.org/10.1016/j.jviromet.2019.113785
https://www.ncbi.nlm.nih.gov/pubmed/31765719
https://doi.org/10.1016/S1525-0016(02)00019-9
https://www.ncbi.nlm.nih.gov/pubmed/12573625
https://doi.org/10.1089/hgtb.2011.217
https://doi.org/10.1089/hgtb.2015.048
https://www.ncbi.nlm.nih.gov/pubmed/26414997
https://doi.org/10.1021/acs.analchem.6b00883
https://www.ncbi.nlm.nih.gov/pubmed/27310298
https://doi.org/10.1089/hum.2019.041
https://doi.org/10.1038/s41598-021-82599-1

Viruses 2024, 16, 573 11 of 11

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

Khasa, H.; Kilby, G.; Chen, X.; Wang, C. Analytical band centrifugation for the separation and quantification of empty and full
AAV particles. Mol. Ther. Methods Clin. Dev. 2021, 21, 585-591. [CrossRef] [PubMed]

Werle, A K.; Powers, T.W.; Zobel, ].F.; Wappelhorst, C.N.; Jarrold, M.F,; Lyktey, N.A; Sloan, C.D.K.; Wolf, A.J.; Adams-Hall, S.;
Baldus, P; et al. Comparison of analytical techniques to quantitate the capsid content of adeno-associated viral vectors. Mol. Ther.
Methods Clin. Dev. 2021, 23, 254-262. [CrossRef] [PubMed]

Yarawsky, A.E.; Zai-Rose, V.; Cunningham, H.M.; Burgner, ].W., 2nd; DeLion, M.T.; Paul, L.N. AAV analysis by sedimentation
velocity analytical ultracentrifugation: Beyond empty and full capsids. Eur. Biophys. J. 2023, 52, 353-366. [CrossRef] [PubMed]
Schuck, P. Size-distribution analysis of macromolecules by sedimentation velocity ultracentrifugation and lamm equation
modeling. Biophys. |. 2000, 78, 1606-1619. [CrossRef]

Berkowitz, S.A.; Philo, J.S. Monitoring the homogeneity of adenovirus preparations (a gene therapy delivery system) using
analytical ultracentrifugation. Anal. Biochem. 2007, 362, 16-37. [CrossRef] [PubMed]

Yang, X.; Agarwala, S.; Ravindran, S.; Vellekamp, G. Determination of particle heterogeneity and stability of recombinant
adenovirus by analytical ultracentrifugation in CsCl gradients. J. Pharm. Sci. 2008, 97, 746-763. [CrossRef] [PubMed]

Schuck, P. Sedimentation analysis of noninteracting and self-associating solutes using numerical solutions to the Lamm equation.
Biophys. . 1998, 75, 1503-1512. [CrossRef] [PubMed]

Dam, J.; Schuck, P. Calculating sedimentation coefficient distributions by direct modeling of sedimentation velocity concentration
profiles. Methods Enzymol. 2004, 384, 185-212. [CrossRef]

Zhao, D.; Sun, B.; Sun, S.; Fu, B.; Liu, C.; Liu, D.; Chu, Y.; Ma, Y.; Bai, L.; Wu, Y.; et al. Characterization of human enterovirus71
virus-like particles used for vaccine antigens. PLoS ONE 2017, 12, e0181182. [CrossRef]

Lien, S.C.; Lu, C.C,; Shen, Y.S.; Yang, Y.T.; Wu, S.R.; Fang, C.Y.; Chow, Y.H.; Liao, C.L.; Chiang, ].R.; Liu, C.C. Separation and
purification of highly infectious enterovirus A71 particles using a strong anion-exchange column. J. Chromatogr. A 2022, 1680,
463427. [CrossRef] [PubMed]

Liu, B.; Forman, M.; Valsamakis, A. Optimization and evaluation of a novel real-time RT-PCR test for detection of parechovirus in
cerebrospinal fluid. J. Virol. Methods 2019, 272, 113690. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.omtm.2021.04.008
https://www.ncbi.nlm.nih.gov/pubmed/34095342
https://doi.org/10.1016/j.omtm.2021.08.009
https://www.ncbi.nlm.nih.gov/pubmed/34703846
https://doi.org/10.1007/s00249-023-01646-z
https://www.ncbi.nlm.nih.gov/pubmed/37037926
https://doi.org/10.1016/S0006-3495(00)76713-0
https://doi.org/10.1016/j.ab.2006.11.031
https://www.ncbi.nlm.nih.gov/pubmed/17223062
https://doi.org/10.1002/jps.21008
https://www.ncbi.nlm.nih.gov/pubmed/17593554
https://doi.org/10.1016/S0006-3495(98)74069-X
https://www.ncbi.nlm.nih.gov/pubmed/9726952
https://doi.org/10.1016/S0076-6879(04)84012-6
https://doi.org/10.1371/journal.pone.0181182
https://doi.org/10.1016/j.chroma.2022.463427
https://www.ncbi.nlm.nih.gov/pubmed/36029731
https://doi.org/10.1016/j.jviromet.2019.113690
https://www.ncbi.nlm.nih.gov/pubmed/31283959

	Introduction 
	Materials and Methods 
	EV71 EP and FP Production and Purification 
	Purification of EV71 Vaccine Bulks 
	Characterization of EV71 EPs and FPs 
	Sample Preparation and SV-AUC Data Acquisition 
	SV-AUC Data Analysis 
	Statistical Analysis 

	Results 
	Preparation and Characterization of EV71 EPs and FPs 
	SV-AUC for EV71 EPs and FPs 
	Comparison of Interference and Ultraviolet Detection 
	Performance of SV-AUC for Quantifying EV71 EPs and FPs 
	SV-AUC Analysis of Multiple Batches of EV71 Vaccine Bulks 

	Discussion 
	References

