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Purpose: Hepatitis A virus (HAV) production has been limited by its slow replication rate
and reliance on diploid cell lines like MRC-5, which present challenges in scalability, pas-
sage limitations, and serum-free culture conditions. This study aimed to develop an HAV
vaccine strain with enhanced replication capacity.

Materials and Methods: We generated a reverse genetically modified HAV vaccine strain
(RG-HAV) and adapted it to Vero cells through sequential culturing. Replication rates of
RG-HAV and a commercially used strain, HM-175, were compared in Vero and MRC-5
cells. Nucleotide sequences, including coding and non-coding regions like the internal
ribosomal entry site (IRES), were analyzed. Structural assessments included 3-dimensional
modeling of IRES and relative codon deoptimization analysis of the capsid. Inmunogenicity
was evaluated by measuring HAV-specific antibody responses in mice.

Results: Vero-adapted RG-HAV achieved a 30-fold increase in production yield compared
to initial transfection. In Vero cells, RG-HAV peaked at 15 days post-infection, compared
to 20 days for HM-175. In MRC-5 cells, RG-HAV and HM-175 reached peak production at
10 and 15 days, respectively. RG-HAV produced over 5-fold more HAV in Vero cells and
8-fold more in MRC-5 cells than HM-175. Sequence analysis revealed nine amino acid
differences in RG-HAV structural proteins and five nucleotide changes in the type lll IRES
region, potentially enhancing IRES functionality. Immunization with inactivated RG-HAV
with alum hydroxide induced HAV-specific antibody responses in mice.

Conclusion: RG-HAV offers enhanced replication and production yields, supporting its
potential in advancing HAV vaccine development.

Keywords: Hepatitis A virus; Vero cell; Reverse genetics; Internal ribosomal entry site;
Codon

Hepatitis A virus (HAV) belongs to the Hepatovirus genus within the Picornaviridae
family and has a genome consisting of a positive-strand RNA [1]. HAV infection typi-
cally results in acute hepatitis A, with symptoms ranging from asymptomatic or mild
in children to relatively severe or even fatal in adults [2]. The global burden of HAV
infection is substantial, with estimates exceeding 100 million cases annually, approx-
imately 1.5 million of which progress to clinical illness, resulting in 15,000-30,000
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deaths worldwide each year [3]. The incidence of hepatitis
A continues to rise globally [4]. Transmission of HAV pri-
marily occurs via the fecal-oral route, often through direct
contact with infected individuals or consumption of con-
taminated food or water [5]. Consequently, transmission is
closely linked to inadequate hygiene and sanitation prac-
tices, particularly in low- and middle-income countries
(LMICs). Despite favorable hygiene and sanitation stan-
dards in developed countries, HAV outbreaks still occur
because of infected travelers from endemic LMICs and the
importation of contaminated frozen food [6-10].

HAV vaccines are readily available and have demonstrated
preventive efficacy exceeding 95% in both children and adults
[11-13]. Therefore, the implementation of HAV vaccination
programs represents a highly effective strategy for reducing
the incidence of HAV infections. However, as of May 2019,
routine immunization programs for HAV have been adopted
or planned for children in only 34 countries. Additionally,
despite being considered a vaccine-preventable disease,
shortages in HAV vaccine supply have recurred during out-
breaks, even in developed countries [14-17]. The limited
introduction of HAV immunization programs and recurring
supply shortages are primarily caused by production chal-
lenges and the resulting high vaccine costs. HAV is known
to exhibit slow replication rates in all cell types, with the har-
vest of replicated HAV typically requiring approximately three
weeks [18,19]. This slow replication rate is primarily due to
inefficient translation mediated by the type III internal ribo-
somal entry site (IRES) of HAV [20-22]. Moreover, HAV does
not inhibit host cell translation after infection, and the virus
utilizes codons that deviate from those commonly used in
host cells; this may also be the reason for its slow replication
rate and low production yield [23-26]. Efforts to enhance HAV
production systems by modifying the translational process in
HAV to increase production yields and shorten harvest times
offer a novel approach to address the limited introduction of
HAV immunization programs and supply shortages experi-
enced during HAV outbreaks.

Various approaches have been explored to improve HAV
replication efficiency. Continued passage of HAV cultures
has been attempted, leading to mutations in the 5" untrans-
lated region (UTR) and non-structural proteins [27-29]. These
mutations resulted in the production of an attenuated HAV
strain with a relatively rapid replication rate. However, sub-
sequent studies in non-human primates revealed that these
strains exhibited a loss of immunogenicity, rendering them
unsuitable vaccine candidates [30]. Another trial involved the
continued passage of HAV into fetal rhesus kidney (FRhK-4)
cells in the presence of actinomycin to induce translational
shutoff in the host cells [31]. This culture method induced

mutations in the IRES region and altered the codon compo-
sition, resulting in the generation of fast-growing HAV strains
in FRhK-4 cells. However, the replication rate and production
yield of these new strains are not significantly higher than
those of the wild-type HAV vaccine strain when cultured with
vaccine-producing MRC-5 or Vero cells [32]. Furthermore,
the ability of these new HAV strains to induce HAV-specific
immune responses has not yet been investigated. As Vero cells
are widely used in producing viral vaccines, HAV culture using
Vero cells was also attempted in T75 flasks and bioreactors
using microcarriers [33]. After 24 days of cultivation in a bio-
reactor, a 1:64 enzyme-linked immunosorbent assay (ELISA)
titer of HAV was detected. In contrast, a 1:128 ELISA titer of
HAV was detected in the T75 flask after 28 days of cultivation,
indicating that the production yield of the bioreactor sys-
tem was lower than that of the conventional T75 flask. Thus,
further improvements in bioreactor culture systems are nec-
essary to optimize the production of HAV vaccine strains.

MRC-5 cells, a diploid human fetal lung fibroblast line,
are commonly used for the production of viral vaccine
strains due to their high susceptibility to a broad range of
viruses, including HAV. However, the production yield of
HAV in MRC-5 cells has been relatively low, highlighting
the need for optimization of the production process or the
replacement of the cell line used for vaccine strain pro-
duction. In contrast, Vero cells, derived from African green
monkey kidney epithelium, present significant advantages
for industrial-scale vaccine production due to their abil-
ity to proliferate indefinitely. Additionally, Vero cells have
been extensively characterized and are widely recognized by
regulatory authorities, such as the Food and Drug Adminis-
tration and World Health Organization, for their suitability
in viral vaccine manufacturing [34]. Therefore, transitioning
the production cell line for HAV vaccine strain production
from MRC-5 cells to Vero cells could address current yield
limitations while offering notable advantages in both regu-
latory compliance and manufacturing scalability.

In this study, we demonstrated that the HAV vaccine
strain generated via reverse genetics (RG-HAV) in Vero
cells and subsequently adapted through sequential culture
achieved an approximately 30-fold increase in production
yield compared to the initial transfection of HAV mRNA.
Additionally, RG-HAV exhibited superior production yield
and replication rates in both MRC-5 and Vero cells com-
pared to HM-175, a commercially used HAV vaccine strain.
The immunization of mice with inactivated RG-HAV com-
bined with an alum adjuvant induces an HAV-specific
antibody response. These findings suggest that RG-HAV
has significant potential as an improved HAV vaccine strain,
offering enhanced efficiency of HAV vaccine production.
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In vitro transcription

pUC57s vectors containing the 5 and 3’ UTRs of HAV
HM-175 (pUC57S-HAV-5'3’) and nucleotides containing the
coding region of HAV HM-175 with SbfI and Pmel restric-
tion enzyme sites at each end, respectively, were synthesized
(Macrogen, Seoul, Korea). The coding region of HAV HM-175
was also inserted into a pUC57S-HAV-5'3’ vector (pUC57S-
HAV). For in vitro transcription, plasmid DNA was linearized
using Mlul (R0198S; New England Biolabs [NEB], Ipswich,
MA, USA) and EcoRV (R0195S; NEB), and the linearized
DNA was purified using a QIAquick PCR & Gel Cleanup Kit
(#28506; Qiagen, Hilden, Germany). Using the linearized
plasmid DNA as a template, HM-175 RNA was generated
in vitro using a TranscripAid T7 High-Yield Transcription
Kit (K0441; Thermo Fisher Scientific, Waltham, MA, USA).
The RNA product was purified using an RNeasy Mini kit
(#74104; Qiagen), and its concentration was measured using
a NanoDrop One instrument (Thermo Fisher Scientific) and
electrophoresis.

HAV generation via reverse genetics

Vero cells were purchased from the Korean Ministry of Food
and Drug Safety (KMFDS) and seeded at a density of 1.0x10°
cellsin a T-75 cell culture flask containing Eagle’s Minimum
Essential Medium (EMEM) (30-2003; ATCC, Manassas,
VA, USA) supplemented with 10% fetal bovine serum (FBS,
#12483020; Gibco, Waltham, MA, USA) and 1% Antibiot-
ic-Antimycotic (#15240062; Gibco). The next day, Vero cells
were washed twice with phosphate-buffered saline (PBS),
and Opti-MEM (#31985070; Gibco) was added. Next, 7 pg of
HM-175 RNA and 20 pL of Lipofectamine 3000 Transfection
Reagent (#100022052; Invitrogen, Waltham, MA, USA) were
mixed and used for treatment. After 4 hours of incubation
at 32°C with 5% CO,, the spent medium was replaced with
EMEM (30-2003; ATCC) supplemented with 2% FBS and 1%
antibiotics. After 10 days of incubation, the Vero cells were
lysed by freezing and thawing. After centrifugation at 4,000 xg
for 10 minutes, the supernatant was collected. The collected
supernatant samples were then analyzed using quantitative
reverse transcription polymerase chain reaction (RT-PCR).

Adaptation of reverse genetically generated HAV (RG-
HAV) in Vero cells

Vero cells were seeded at a density of 1.0x10° cells per well in
T-75 cell culture flasks. After 24 hours, the cells were washed
twice with PBS and then inoculated with a mixture compris-
ing 1 mL of supernatant derived from transfected Vero cell
lysates and 4 mL of EMEM (30-2003; ATCC) supplemented

with 2% FBS (#12483020; Gibco) and 1% Antibiotic-Antimy-
cotic (#15240062; Gibco). The inoculum was incubated with
the Vero cells for 1 hour at 32°C in a 5% CO, atmosphere. Fol-
lowing the incubation, the inoculum was removed, and the
cells were maintained in EMEM supplemented with 2% FBS
and 1% Antibiotic-Antimycotic at 32°C in a 5% CO, incubator
for 12 days. To harvest the amplified RG-HAV, the Vero cells
were subjected to freeze-thaw cycles three times, and the
supernatant was collected by centrifugation at 4,000 xg for 10
minutes. The collected supernatant was subsequently used
to re-infect fresh Vero cells under identical conditions, with
each infection lasting 12 days. This process was repeated for
a total of seven infection cycles to achieve amplification.

Purification of HAV

The supernatants from HAV cultures were harvested, filtered
using 0.4-pm membrane filters, and incubated with 20%-
PEG 8000 (P2139; Sigma-Aldrich, St. Louis, MO, USA) in 2.5
M NaCl (S9888; Sigma-Aldrich) for 16 hours. After that, the
supernatant was centrifuged at 20,000 xg at 4°C for 20 min-
utes. The resulting pellet was resuspended in 20 mL of PBS
before incubation at 4°C for another 16 hours. The superna-
tant was then overlaid on a 30% Optiprep™ (Sigma-Aldrich)
solution for ultracentrifugation at 150,000 xg at 4°C for 4
hours. The resulting pellet was resuspended in 4 mL of PBS,
and the resulting supernatant was overlaid on a 10%-50%
Optiprep™ density gradient for ultracentrifugation 150,000
xg at 4°C for 4 hours. Finally, the resulting opaque white
band was collected and stored at —80°C for further analysis.

Quantitative RT-PCR

For HAV titration, viral RNA was extracted using a Q[Aamp
Viral RNA Mini Kit (#52904; Qiagen). Quantitative PCR
was performed using AgPath-ID One-Step RT-PCR
Reagents (#4387424; Thermo Fisher Scientific) and a
CFX96 Touch Real-Time PCR Detection System (Bio-Rad,
Hercules, CA, USA). The probe and primer sequences
used were as follows: probe, 5-(FAM)-CTTAGGCTA-
ATACTTCTATGAAGAGATGC-3'-(TAMRA); forward
primer, 5'-GGTAGGCTACGGGTGAAA-3'; reverse primer,
5'-AACAACTCACCAATATCCGC-3'.

A standard template was used to calculate the genomic
equivalent (GE) of HAV. Briefly, RT-PCR was conducted
to linearize the pUC57s plasmid DNA to produce the HAV
RNA standard. RT-PCR was performed using a Bioneer
AccuPower  HotStart Pfu PCR PreMix (K2301; Bioneer,
Daejeon, South Korea) and a CFX96 Touch Real-Time PCR
Detection System (Bio-Rad). The primer sequences used
were as follows: forward 5’-CGTTAATACGACTCACTATA
GGGCTCTATAAGAACACTCATTTTCACGCTTTCTGTCTTCT-3';

https://doi.org/10.7774/cevr.2025.14.e10 12



VACCINE

Enhanced hepatitis A vaccine strain replication by Vero cell adaptation

reverse 5'-AGTACCTCAGCGGCAAACAC-3'. Using the lin-
earized DNA as a template, RNA was generated in vitro using
a TranscripAid T7 High-Yield Transcription Kit (K0441;
Thermo Fisher Scientific). The RNA product was purified
using an RNeasy Mini kit (#74104; Qiagen), and its concen-
tration was measured using a NanoDrop One instrument
(Thermo Fisher Scientific) and electrophoresis. The RNA was
aliquoted per 1x10" copies to produce an HAV RNA standard
stock. The GE of HAV was then calculated as follows:

60 (Volume of RNA Extracted by Viral RNA Kit) 1,000
——— =GE/mL

SQ Value x 12 x x
QValue 140 (Volume of Virus Sample for RNA Extraction) 140

Transmission electron microscopy (TEM)

For the morphological observation of RG-HAYV, a form-
var-coated, carbon-stabilized film grid was treated with glow
discharge (15 mA for 60 seconds) to enhance its hydrophilic-
ity. A drop of the purified HAV sample was deposited onto
Formvar and carbon film on a 200 mesh Cu grid for 1 min-
ute, followed by washing with distilled water. One drop of
2.5% uranyl acetate solution was then applied to the grid
for 15 seconds. TEM images of HAV were obtained using
a Talos L120C transmission electron microscope (Thermo
Fisher Scientific) at an acceleration voltage of 120 kV.

Preparation of rotavirus

MA104 cells (CRL-2378.1; ATCC) were seeded at a density of
4.0x10° cells in a T-75 cell culture flask. One day after seed-
ing, the flask was washed twice with serum-free Dulbecco’s
Modified Eagle Medium (DMEM, SH30243.01; Cytiva, Marl-
borough, MA, USA). The viruses, which were activated with 1
pg/mL TPCK-Trypsin (T1426; Merck, Rahway, NJ, USA), were
added to MA104 cells at a multiplicity of infection (MOI) of
0.001 and incubated for 1 hour at 37°C in a 5% CO, incuba-
tor. After 1 hour, the inoculum was washed with serum-free
DMEM, and the viruses were incubated with DMEM con-
taining 0.5 pg/mL TPCK-Trypsin, 1% antibiotics (#15240062;
Gibco), and 0.3% bovine serum albumin (BSA) (A0100-010;
GenDEPOT, Katy, TX, USA) for 4 days at 37°C in a 5% CO,
incubator. To obtain rotaviruses, the MA104 cells were fro-
zen and thawed, and the supernatant was collected after
centrifugation at 4,000 xg for 10 minutes. Rotavirus was
titrated via a plaque assay using an overlay medium con-
taining 0.7% LE agarose (#32802; Thermo Fisher Scientific),
DMEM (#12800017; Gibco), and 0.5% TPCK-Trypsin (T1426;
Merck) at 37°C in a 5% CO, incubator.

ELISA for HAV

Sandwich ELISA was conducted to detect HAV antigens.
ELISA plates were initially coated with pooled HAV serum
(AccuSet HAV Mixed Titer Performance Panel, 0820-0443,

Batch 10536946; SeraCare Life Sciences Inc., Milford, MA,
USA) at a dilution of 1:5,000 in Dulbecco’s PBS (DPBS)
(SH30028.02; HyClone, Logan, UT, USA) and incubated at
room temperature (RT: 20°C-24°C) for 18 hours. Follow-
ing 3 washes with PBS containing 0.05% Tween 20 (P1379;
Sigma-Aldrich), 200 pL of a starting block blocking buffer
(#37538; Thermo Fisher Scientific) was added to each well,
and incubated at RT for 2 hours. Subsequently, after one
wash with PBS containing 0.05% Tween 20 (P1379; Sigma-Al-
drich), 100 uL of the supernatant from the infected cells was
seriallydiluteddispensed into each well, and incubated at
37°C for 2 hours. Following 3 washes with PBS containing
0.05% Tween, 100 pL of anti-HAV-horseradish peroxidase
antibody (Vant-Lsx014; Creative Biolabs, Shirley, NY, USA)
(1:100) was added to the wells and incubated at 37°C for 75
minutes. After five washes with PBS containing 0.05% Tween
20 (P1379; Sigma-Aldrich), 100 pL of tetramethylbenzidine
(TMB) substrate solution (5120-0070; SeraCare Life Sciences
Inc.) was added to each well and incubated at RT for 15 min-
utes. The enzymatic reaction was terminated by adding 100
uL of TMB stop solution (5150-0021; SeraCare Life Sciences
Inc.), and the absorbance was measured at 450 nm using a
SpectraMax iD3 instrument (Molecular Devices, San Jose,
CA, USA). A standard curve was generated using diluted
inactivated HAV to determine the number of HAV antigen
units (A30; Mediagnost, Reutlingen, Germany).

Growth curve generation

To obtain viral growth curves, MRC-5 (purchased from the
KMFDS) and Vero cells were cultured at densities of 2x10°
and 5x10° cells, respectively, in T-75 cell culture flasks.
Following a one-day incubation at 32°C and 5% CO,, the
cells were subjected to infection with a MOI of 10 of either
HM-175 (VR-1402; ATCC) or RG-HAV in 5 mL of EMEM (30-
2003; ATCC) supplemented with 2% FBS (26140-079; Gibco)
and 1% Antibiotic-Antimycotic (15240-602; Gibco). After a
one-hour incubation at 32°C with 5% CO,, an additional 10
mL of EMEM containing 10% FBS and 1% antibiotics was
added to the cells. The plates were then incubated for 20
days, replacing half the spent medium with fresh culture
medium every 10 days. Viral titers were assessed via quan-
titative RT-PCR, as described above, and ELISA specifically
targeting HAV, as described below.

Analysis of the nucleotide sequence of RG-HAV via
rapid amplification of cDNA ends (RACE)-Seq

HAV RNA was extracted using a QIAamp Viral RNA Mini Kit
(#52904; Qiagen), according to the manufacturer’s instructions.
Primer design (Supplementary Table 1) and sequencing were
performed by Cosmo Genetech Co., Ltd. (Gwangju, Korea).
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For 3' RACE PCR, a poly(A) tail was added to the HAV
RNA by incubating it with Escherichia coli poly(A) poly-
merase (MO051S; Enzynomics, Daejeon, Korea) at 37°C for
30 minutes. The reaction was terminated by heating the
samples at 65°C for 20 minutes. Reverse transcription was
performed using QT-RT primers. Sequential amplifica-
tion was performed using the primers Q0-R and QI-R and
gene-specific primers 3raceF1 and 3raceF2 to generate
sequence-specific products. The sequencing of PCR prod-
ucts was conducted using HPA1-specific forward primers,
and sequence assembly was performed using DNAStar
SeqMan’ software (DNASTAR Inc., Madison, WI, USA).

For 5’ RACE PCR, first-strand cDNA was synthesized
using a 5’-phosphorylated RT-primer (5race-PR2). Hybrid
RNA was treated with RNase H (M0297S; NEB) at 37°C for
1 hour. The single-strand cDNA was then ligated using T4
DNA ligase (M0204S; NEB) in the presence of 50% PEG8000
and ATP, incubated at RT (20°C-24°C) for 18 hours. Sequen-
tial amplification was performed using specific primers
(5raceF7, 5raceR5, 5raceF8, and 5raceR6). The PCR prod-
ucts were sequenced using HPA1-specific primers and the
sequences were assembled as described above.

Prediction of IRES structure

The mfold algorithm available on the mfold Web Server
(http://unafold.rna.albany.edu) was used to describe the
secondary structure of the IRES.

Bioinformatics analyses of the relative codon
deoptimization index (RCDI)

The RCDI compares the match between the codon usage
of HAV and its host. Although HAVs were grown in Vero
cells, which came from rhesus macaques, we chose the
Macaca mulatta codon usage because of the very similar
codon usage between rhesus macaque and M. mulatta in
the Codon Usage Database (M. mulatta n=1,051; http://
www.kazusa.or.jp/codon/). The RCDI was calculated with
parameters 15 codon-sliding and 100 codon-window using
a public server (http://genomes.urv.es/CAlcal/RCDI/). The
RCDI values indicate the rate of viral gene translation in the
host genome. One RCDI indicates that the codon usage by
the virus and host is similar.

Inactivation of RG-HAV

HAV was inactivated via incubation with 250 pg/mL of
formaldehyde (#47608; Sigma-Aldrich) for 7 days at 37°C.
To remove the formaldehyde, the mixture of HAV and
formaldehyde was purified by performing untrafiltration/
diafiltration (UF/DF) with PBS (#10010023; Gibco) 5 times

using the 100-kDa cutoff Hollow fiber cartridge (UFP-100-E-
H42LA; Cytiva) of an AKTA flux s instrument (Cytiva).

Immunogenicity assessment of RG-HAV in mice
Six-week-old female BALB/c mice were procured from
Koatech (Pyeongtaek, Korea). To assess the immunogenic-
ity of RG-HAY, the mice were intramuscularly immunized
with inactivated RG-HAV (2x10* GE) adjuvanted with alum
hydroxide (AH; Invitrogen) twice, with a 2-week interval
between each dose. AH was diluted at 1:7 of the total vol-
ume, containing 0.0625 mg of aluminum hydroxide. Blood
samples were obtained from the retro-orbital plexus of the
anesthetized mice 2 weeks after the first and second immu-
nizations. The collected blood samples were then analyzed
for HAV-specific antibody titers using ELISA, following the
procedure described below. All mouse experiments were
conducted following the protocols approved by the Insti-
tutional Animal Care and Use Committee (IACUC) of the
International Vaccine Institute, adhering to the guidelines
outlined in IACUC PN 2022-008.

ELISA detection of anti-HAV IgG

The inactivated HAV (Bio-Rad), initially at a concentration of
206 pg/mL, was diluted to 2 pg/mL using PBS (Thermo Fisher
Scientific), 100 uL of the solution was coated onto each well
of 96-well plates (Thermo Fisher Scientific), and the plates
were incubated overnight at 4°C. After incubation, the wells
were washed three times with a wash buffer (PBS with 0.05%
Tween-20; Sigma-Aldrich), and 100 pL blocking buffer (2%
BSA [Sigma-Aldrich] in PBS containing 0.05% Tween-20)
was added to each well. The plates were then incubated for 1
hour at 37°C. Mouse serum samples were prepared by diluting
them 1:30 in an antibody buffer (0.5% BSA in PBS contain-
ing 0.05% Tween-20). Post-blocking, the wells were washed
thrice with the wash buffer, and 100 pL of the prepared serum
samples were loaded per well, followed by serial 1:5 dilutions.
The plates were then incubated overnight at 4°C. Following
another round of washing with PBS, goat anti-mouse HRP-la-
beled IgG (Southern Biotech, Birmingham, AL, USA), diluted
1:3,000 in antibody buffer, 100 L was added into each well of
the plates, and incubated for 1 hour at 37°C. After incubation,
the wells were washed thrice with the wash buffer, and 100
uL of a TMB solution (Millipore, Burlington, MA, USA) was
added per well for color development. The reaction was ter-
minated by adding 100 uL of 0.5 N HCI (Merck) per well. The
absorbance values were measured at 450 nm using a Spec-
traMax™ ABS Plus microplate reader (Molecular Devices),
and the data were analyzed using SoftMax Pro 7.1.0 software
(Molecular Devices) to determine the log? titers.
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Generation of HAV vaccine strains in Vero cells via
reverse genetics

To generate an HAV vaccine strain in Vero cells via reverse
genetics, plasmid DNA containing the full HM-175 sequence
was generated (Fig. 1A). Subsequently, this plasmid DNA
was linearized via enzyme cutting, followed by the isolation
of the correct band post-electrophoresis (Fig. 1B) to serve as
a template for in vitro transcription. Through this process,
the RNA encoding the full-length HM-175 sequence was syn-
thesized (Fig. 1C). Ten days after the transfection of HM-175
RNA into Vero cells, HAV RNA was successfully detected.
Therefore, an HAV vaccine strain was generated via reverse
genetics in Vero cells.

Adaptation of the HAV vaccine strain in Vero cells

A sequential re-infection process was performed to assess
the infectivity of the HAV vaccine strain generated via reverse
genetics (RG-HAV) in Vero cells and induce RG-HAV adapta-
tion in Vero cells (Fig. 2A). Twelve days after post-reinfection
with the initially generated RG-HAV in Vero cells, elevated
titers of RG-HAV were observed in the supernatant, indicating
the infectivity of the RG-HAV particles. Subsequent re-infec-
tions resulted in a progressive increase in the harvested viral

5'UTR

3UTR
HAV (HM-175) e pA ] RZ [ T70 |

(7 e

titers, which persisted until the sixth re-infection. Following
the seventh re-infection with RG-HAV, a marginal decrease in
the viral titer was noted, prompting the cessation of the adap-
tation process. TEM analysis of the Vero cell-adapted RG-HAV
samples revealed the presence of HAV particles with a uni-
form, non-enveloped morphology (Fig. 2B). The ELISA results
for RG-HAV demonstrated a correlation between the absor-
bance values and RG-HAV concentrations. In contrast, the
absorbance values for various concentrations of rotavirus, a
negative control, were similar to those of the blank (Fig. 2C
and D), confirming that RG-HAV contains the surface antigens
of HAV. Collectively, these results indicate that we generated
RG-HAV with an enhanced production yield in Vero cells.

Comparison of RG-HAV with HM-175 in terms of growth

kinetics

Given the accelerated growth rate facilitated by adapta-
tion to Vero cells, a comparative analysis was performed
between RG-HAV and HM-175, an HAV vaccine strain, to
elucidate their respective growth kinetics. Growth kinetics
were assessed via RT-PCR and ELISA using cell supernatants
following the infection of MRC-5 or Vero cells with 10 MOI
of RG-HAV or HM-175. Morphological changes indicative
of cytopathic effects (CPEs) were observed in both MRC-5
and Vero cells at 10 days post-RG-HAV infection, resembling

HAV cDNA HAV RNA Infectious HAV particle
In vitro i
ion 5UTR 3'UTR transcripti 5'UTR 3'UTR Transfection
[Ty HAV (HM-175) pf oA [ RZ [ T70 | ——— - HAV (HM-175)
4.
3+

GE/mL (x10°)
N

N
T

Cell control Transfection

Fig. 1. Generation of an HAV vaccine strain using reverse genetics in Vero cells.

(A) Schematic of generating an HAV vaccine strain using reverse genetics. (B) pUC57S-HAV was linearized, and HAV cDNA was isolated after electrophoresis
(M: DNA size marker, P: pUC57-HAV, L: linearized HAV ¢DNA [arrow]). (C) In vitro transcription product (HAV RNA) isolated after electrophoresis (M: RNA

size marker, R: HAV RNA generated in vitro). (D) Ten days after transfection of HAV RNA in Vero cells, the generated HAV was assessed using quantitative

RT-PCR (cell control: no HAV RNA transfected sample).

HAV, hepatitis A virus; RT-PCR, reverse transcription polymerase chain reaction; GE, genomic equivalent.
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HAV titers after re-infection

20
e 15f
R
-
£ 10}
w
S
0 05|
o
-

0 & 1 1 1 1 1 1 1
& 9 0 ) % © A
& OQQ 'OQQ .0(3 .0(3 OQ _0{3

(\é’& Qzé} @c"o zé\ 0& Qf'&\ e.\} z("o

<& & ¢ ¢ ¢ ¢ E

RG-HAV
4~
L °
3l °
s ol
(@]
°
1+
°
°
Or 1 1 1 1 1 1
0 2 4 6 8 10 12

x10°GE e

Fig. 2. Adaptation of the HAV in Vero cells.
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(A) RG-HAV was re-infected in Vero cells serially. The samples collected 12 days after re-infection were analyzed using quantitative RT-PCR. (B) Transmission
electron microscopy images of RG-HAV. The image on the right is a magnified view of the red box in the left image. ELISA results for RG-HAV (C) and rotavirus (D).
HAV, hepatitis A virus; RG-HAV, hepatitis A virus vaccine generated via reverse genetics; RT-PCR, reverse transcription polymerase chain reaction; ELISA,
enzyme-linked immunosorbent assay; GE, genomic equivalent; 0.D., optical density.

fast-growing cytopathic strains (Supplementary Fig. 1A and B)
[35-37]. However, HM-175-infected MRC-5 or Vero cells exhib-
ited no discernible morphological changes until 20 days
post-infection.

In RG-HAV-infected MRC-5 cells, HAV production
peaked at 10 days post-infection, with a viral titer of 9.52
log,y GE/mL (Fig. 3A). HAV production reached 9.27 log,,
GE/mL at 20 days post-RG-HAYV infection. In contrast, HAV
production in HM-175-infected MRC-5 cells did not peak
at 10 days post-infection (8.59 log,, GE/mL), but at 15 days
post-infection, with a viral titer of 9.18 log,, GE/mL. Twenty
days post-MH-175 infection, HAV production was 8.95 log,
GE/mL. Consequently, RG-HAV demonstrated an 8.46-fold
higher production yield at 10 days post-infection, 2.12-fold
higher yield at 20 days post-infection, and 2.17-fold higher
yield at its peak production than HM-175 in MRC-5 cells.

In RG-HAV-infected Vero cells, HAV production was 9.16
log,, GE/mL at 10 days post-infection, peaking at 15 days
post-infection at 9.23 log,) GE/mL, and was 9.18 log,, GE/
mL at 20 days post-infection (Fig. 3B). In HM-175-infected
Vero cells, HAV production was 8.07 log,, GE/mL at 10 days

https://doi.org/10.7774/cevr.2025.14.e10

post-infection, 8.50 log,, GE/mL at 15 days post-infection,
and peaked at 9.03 log,, GE/mL at 20 days post-infection.
Consequently, the yield of RG-HAV was 12.30-fold higher at
10 days post-infection, 5.36-fold higher at 15 days post-infec-
tion, 1.44-fold higher at 20 days post-infection, and 1.61-fold
higher at the peak production point compared to HM-175
in Vero cells.

Consistent with the RT-PCR findings, ELISA results
showed peak HAV antigen titers at 10 days post-RG-HAV
infection in MRC-5 cells, whereas peak titers were observed
at 15 days post-RG-HAV infection in Vero cells (Fig. 3C and D).
Notably, HAV antigen titers were consistently higher in
RG-HAV-infected MRC-5 cells at all measured time points
than their HM-175-infected counterparts. However, in
RG-HAV-infected Vero cells, the peak HAV antigen titer
was higher at 20 days post-HM-175 infection than at 10 days
post-RG-HAV infection, which was potentially influenced
by CPE post-RG-HAV infection in Vero cells. These findings
suggest that RG-HAYV exhibits superior replication kinetics
than HM-175 in both Vero and MRC-5 cells, highlighting its
potential as a vaccine candidate.
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Fig. 3. Comparison of the growth kinetics of RG-HAV and HM-175 in MRC-5 and Vero cells.
Following infection with 10 MOI of either RG-HAV or HM-175 in MRC-5 or Vero cells, the growth kinetics were evaluated by subjecting the culture

supernatants to RT-PCR (A, B) and ELISA (C, D).

RG-HAV, hepatitis A virus vaccine generated via reverse genetics; MOI, multiplicity of infection; RT-PCR, reverse transcription polymerase chain reaction; ELISA,

enzyme-linked immunosorbent assay; GE, genomic equivalent.

Sequence analysis of structural proteins and IRES in
RG-HAV

Previous reports demonstrated that HAV adaptation can alter
nucleotide sequences, reducing immunogenicity [27-30].
Therefore, we initially analyzed the nucleotide and amino acid
sequences of RG-HAV. Thirteen nucleotide changes were iden-
tified in the structural region (P1) of RG-HAV (Fig. 4A and B).
These nucleotide alterations resulted in nine amino acid sub-
stitutions: T590K in VP3; N982D, S1016P, T1017N, V1018E,
and T1019S in VP1; and K1092N, 11103M, and T1202A in 2A.
Notably, these amino acid changes were not located within
antigenic regions or major neutralizing epitopes (Fig. 4C),
suggesting that the observed amino acid substitutions were
unlikely to affect the immunogenicity of RG-HAV.

In a previous study, RG-HAV exhibited a superior repli-
cation rate than HM-175. Since the replication rate of HAV is
primarily associated with its IRES activity, we also analyzed
the IRES nucleotide sequences of RG-HAV. Five nucleotide
changes were identified in the IRES of RG-HAV compared
to that of HM-175 (Fig. 5A). Structural prediction revealed a
distinct RNA conformation in the nucleotide-changed region
(positions 323-324, AA>GC) between HM-175 and RG-HAV
(Fig. 5B and C). RCDI analysis identified 8 regions in RG-HAV
that exhibited lower RCDI values compared to HM-175 (codon
positions 15-30, 195-225, 525-540, 645-675, 705-720, 750-780,

810-840, and 870-900) (Fig. 5D), indicating that RG-HAV uses
more optimized codons than HM-175. These data suggest that
the enhanced production yield of RG-HAV is likely associ-
ated with the adoption of more optimized codon usage than
HM-175 and presumably due to improved IRES activity result-
ing from alterations in the IRES domain.

Assessment of RG-HAV immunogenicity in mice

To investigate whether RG-HAV could induce HAV-spe-
cific antibody responses, mice were immunized twice at
2-week intervals with inactivated RG-HAV and AH or PBS
(as a negative control) (Fig. 6A). Sera collected 13 and 27 days
after the firstimmunization were analyzed for HAV-specific
antibody titers using ELISA. Thirteen days after the initial
immunization, mice immunized with inactivated HAV and
AH exhibited significantly higher anti-HAV antibody titers
than mice injected with PBS (Fig. 6B). Booster immunization
with inactivated HAV and AH further increased HAV-specific
antibody induction. These results indicate that inactivated
RG-HAV induces HAV-specific antibody responses in mice.

Owing to their inefficient translation efficiency, large-scale
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Fig. 4. Analysis of the nucleotide and amino acid sequences of RG-HAV.

(A) Structure of the HAV genome. (B) Variations in the nucleotide and amino acid sequences between RG-HAV and HM-175. (C) Location of the altered amino
acids in RG-HAV (Red box: epitope within the antigenic region; Yellow box: epitope with neutralizing antigenic properties; Green box: C-terminal domain;
Yellow highlights indicate the altered amino acids).

RG-HAV, hepatitis A virus vaccine generated via reverse genetics; HAV, hepatitis A virus; UTR, untranslated region.

production of HAV vaccine strains is challenging. Addi- demonstrated an improved production yield. Comparative
tionally, MRC-5, a human diploid cell line used in HAV  studies indicated that RG-HAV exhibited a higher replica-
vaccine production, has limitations in large-scale culture. To  tion rate than HM-175 in both MRC-5 and Vero cells. Thus,
address these issues, we generated RG-HAV in Vero cellsand  culturing the RG-HAV strain in Vero and MRC-5 cells is a
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Fig. 5. Comparison of the IRES between HM-175 and RG-HAV.

(A) Comparative analysis of the nucleotide sequences of the IRES between HM-175 and RG-HAV. The predicted secondary structures of the IRES in HM-175
(B) and RG-HAV (C) are shown. (D) Relative codon deoptimization index of the capsid of HM-175 and RG-HAV.

IRES, internal ribosomal entry site; RG-HAV, hepatitis A virus vaccine generated via reverse genetics; RCDI, relative codon deoptimization index.
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(A) Six-week-old BALB/c mice were intramuscularly immunized with RG-HAV (2x10* GE) with AH or PBS twice at a 2-week interval. (B) Sera were collected
two weeks after primary and booster immunization, and the HAV-specific Ab titers were analyzed using ELISA.

RG-HAV, hepatitis A virus vaccine generated via reverse genetics; GE, genomic equivalent; AH, alum hydroxide; PBS, phosphate-buffered saline; HAV,
hepatitis A virus; ELISA, enzyme-linked immunosorbent assay; N.D., not detected.

“**n<0.001.

promising method for large-scale vaccine production.

The use of Vero cells for viral vaccine production is well-es-
tablished and widely accepted by regulatory authorities
because of their reliability. Vero cells have also consistently
demonstrated their effectiveness in generating high-qual-
ity viral vaccines for many years. Nevertheless, research on
enhancing cell culture systems for viral vaccine production
is ongoing [34]. Notably, innovative approaches such as bio-
reactors that incorporate carriers to expand the available
surface area for cell growth are under investigation. These
advancements aim to improve productivity and reduce pro-
duction costs, which are crucial factors in the global vaccine
demand. Cell culture-based vaccine manufacturing contin-
ues to face challenges in producing large volumes of viruses
while keeping costs manageable, particularly in the context
of global health needs and the imperative to provide vac-
cines in low-income countries. Addressing these challenges
requires significant innovations. In this regard, developing a
high-yield recombinant HAV strain (RG-HAV), along with an
optimized Vero cell culture process, represents a promising
advancement. This combination has the potential to signifi-
cantly improve production efficiency and address the current
limitations of HAV vaccine production.

Our comparative growth study revealed that RG-HAV
produced higher HAV yields than HM-175 in Vero and MRC-5
cells (Fig. 3). Therefore, RG-HAV has potential advantages
in current commercial HAV production systems. In MRC-5
cells, RG-HAV-infected cultures reached peak virus produc-
tion 10 days post-infection, with yields declining on days 15
and 20. Similarly, peak virus production was observed 15
days post-infection in Vero cells, after which the yields also
decreased. The observed decline in HAV production beyond
these peak times was likely due to reduced cell viability, as
CPE became evident at 10 days post-RG-HAV infection in
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both cell types under T75 culture conditions. Therefore, opti-
mization of the culture conditions in Vero and MRC-5 cells
is recommended to enhance RG-HAV production. Further
investigations adjusting these conditions could leverage the
high production efficiency of the RG-HAV strain, potentially
leading to improved yields and more effective production
processes than the ones reported in this study.

Sequential culture of RG-HAV in Vero cells resulted in
improved production yield. Nucleotide sequence analysis
of the IRES revealed five nucleotide changes in Vero cell-
adapted RG-HAV (Fig. 5A and B). Notably, a substitution
from AA to GC at positions 323-324 in the IRES is likely to
alter RNA conformation. Additionally, RG-HAV employs
optimized codons in its capsid proteins. These conforma-
tional changes in the IRES RNA, combined with codon
optimization, appear to be associated with enhanced repli-
cation and a subsequent increase in the production yield of
RG-HAV. Previous reports have demonstrated that the serial
passage of HM-175 in FRhK-4 cells under cellular transcrip-
tion shutoff using actinomycin D generated a fast-growing
strain, HM-175-HP [38]. This strain adjusted the codon usage
towards a more optimized form. Furthermore, three nucleo-
tide changes in the IRES (U359C, U590C, and U726C) altered
the loop connecting IRES domains IV and V, resulting in
improved IRES activity compared to HM-175. These findings
suggest that altering codon usage in capsid proteins along
with enhancing IRES activity through structural changes
represents a promising strategy for generating fast-growing
HAV vaccine strains. This study and previous reports support
the idea that targeted genetic modifications can significantly
improve the efficiency of HAV vaccine production.

Adaptation of the RG-HAV strain to Vero cells resulted in 9
amino acid changes in the structural proteins: VP3-T590K; VP1-
N982D, S1016P, T1017N, V1018E, and T1019S; and 2A-K1092N,
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11103M, and T1202A (Fig. 5B). Importantly, these changes did
not occur within the antigenic epitope regions (Fig. 5C). Fur-
thermore, immunization with inactivated RG-HAV combined
with alum induced an HAV-specific antibody response in mice
(Fig. 6), demonstrating that these amino acid changes did not
affect immunogenicity. The capsid proteins of HAV are vital
not only for immunogenicity but also for other functions, such
as receptor binding and infectivity. Therefore, it is import-
ant to investigate whether amino acid changes in the capsid
proteins of RG-HAV influence these functions. This research
could provide valuable insights into the HAV life cycle and
have significant implications for improving HAV production
and developing novel vaccine strains. Future studies should
focus on these aspects to further understand the impact of
these mutations and to optimize HAV vaccine development.
In summary, the RG-HAV strain generated in this study
demonstrated significantly enhanced production yields
compared to traditional strains and showed potential for
advancing hepatitis A vaccine development. Its improved
growth in both Vero and MRC-5 cells and effective immu-
nogenic response in mice during preclinical testing suggest
that RG-HAV can substantially improve vaccine production
efficiency and reduce costs. This advancement has import-
ant implications for meeting the global vaccine demand and
ensuring broader access, particularly in low-resource settings.

We thank Professor Myeong Jin Jong at Jeonbuk National
University for his technical advice on reverse genetics to
generate RG-HAV.
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