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Abstract: Background/Objectives: Approved mRNA vaccines commonly use sequences
modified with pseudouridine to enhance translation efficiency and mRNA stability. How-
ever, this modification can result in ribosomal frameshifts, reduced immunogenicity, and
higher production costs. This study aimed to explore the potential of unmodified mRNA
sequences for varicella-zoster virus (VZV) and evaluate whether codon optimization could
overcome the limitations of pseudouridine modification. Methods: We utilized artificial
intelligence (AI) to design several unmodified gE mRNA sequences for VZV, consider-
ing factors such as codon preference and secondary structure. The optimized mRNA
sequences were assessed for protein expression levels in vitro and were subsequently used
to develop a vaccine, named Vac07, encapsulated in a lipid nanoparticle (LNP) delivery
system. The immunogenicity of Vac07 was evaluated in mice. Results: Codon-optimized
mRNA sequences showed significantly higher protein expression levels in vitro compared
to wild-type (WT) sequences. Vaccination with Vac07 demonstrated immunogenicity in
mice that was comparable to, or even superior to, the licensed Shingrix vaccine, charac-
terized by a stronger Th1-biased antibody response and a slightly more robust Th1-type
cellular response. Conclusions: Codon-optimized unmodified mRNA sequences may also
represent a viable approach for mRNA vaccine development. These optimized sequences
have the potential to lower production costs while possibly enhancing the immunogenicity
of mRNA vaccines. Vac07, developed using this method, shows promise as a potentially
more efficient and cost-effective mRNA vaccine candidate for VZV.

Keywords: varicella-zoster virus; codon optimization; unmodified mRNA vaccine;
Shingrix; immunogenicity

1. Introduction
Messenger RNA (mRNA) vaccines, as a novel biotechnological development, provide

clear advantages in combating emerging, unknown pathogens as well as highly virulent and
pathogenic agents [1,2]. These benefits include a relatively fast research and development
process and the ability to generate robust immune responses that effectively balance both
cellular and humoral immunity [3,4]. Immune receptors, such as TLR7/8, can recognize
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mRNA and directly activate the innate immune system, leading to the production of type I
interferons [4–6]. Thus, while mRNA sequences serve as protein expression templates, they
can also play the role of adjuvants. However, the excessive production of type I interferons
may inhibit mRNA translation through various mechanisms, resulting in decreased protein
expression and subsequently affecting the vaccine’s immunogenicity [5,7].

Research has shown that mRNA sequences modified with pseudouridine significantly
enhance translation efficiency and stability [8,9]. Consequently, this modification strategy
has been widely adopted by most mRNA pharmaceutical companies. However, despite the
marked increase in translation efficiency associated with pseudouridine modification, its
ability to activate the innate immune system is significantly reduced, which may negatively
impact the overall immunogenicity of the vaccine [10]. Recent studies have also indicated
that pseudouridine modification might cause ribosomal frameshifting, leading to off-target
immune responses, an adverse effect that warrants careful consideration [11]. In terms of
cost, pseudouridine is approximately ten times more expensive than regular uridine, result-
ing in higher expenses during the large-scale production of mRNA vaccines. However, as
research into mRNA structure and function deepens, coupled with the rapid advancements
in artificial intelligence technologies, new avenues and methodologies for developing
optimized mRNA vaccines are emerging [12–14]. In this context, from the perspective
of codon optimization, we modified the structural stability of the unmodified mRNA se-
quence to enhance its half-life. This is aimed at enhancing protein translation efficiency and
immunogenicity and attempting to avoid the pseudouridine modification strategy.

In the field of global public health, the varicella-zoster virus (VZV) has garnered sig-
nificant attention as an important pathogen. Shingles, a disease caused by the reactivation
of the varicella virus, typically manifests as painful, localized blisters on the skin, inflicting
considerable suffering and economic burden on patients [15]. The body’s defense against
VZV infection primarily relies on T cell responses [16–18]. The currently available VZV
vaccine, Shingrix, has been shown to significantly activate the body’s CD4+ T cell immune
response, offering strong protection [19]. Additionally, RNA molecules possess an innate
adjuvant effect, mainly through the induction of type I interferon production, which can
trigger a robust cellular immune response [20,21]. As a result, the mRNA technology
platform presents a theoretical advantage in the development of VZV vaccines.

Currently, the development of shingles vaccines focuses on glycoprotein E (gE) as
the primary antigen, as it can induce a robust immune response in the body, including
both cellular and humoral immunity, which is crucial for preventing viral infection and
recurrence [22–24]. Therefore, we have also used the gE protein as the antigen for the
development and research of the shingles mRNA vaccine.

This study aimed to design various gE mRNA sequences by taking into account
key factors such as the mRNA secondary structure and codon bias, while leveraging
the advantages of AI technology [12,14]. Through in vitro expression experiments, we
identified the optimal candidate sequence and developed it into a VZV mRNA vaccine,
followed by an immunogenicity evaluation in a mouse model. We are pleased to report
that the unmodified VZV mRNA vaccine demonstrated immune responses comparable
to, and in some cases even superior to, the positive control Shingrix. It induced a stronger
Th-1 biased antibody response than Shingrix, as well as enhanced T cell responses. We
hope that our research provides new insights for the development of mRNA vaccines for
shingles, and that future efforts will focus on improving vaccine safety and efficacy while
reducing production costs.
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2. Materials and Methods
2.1. Ethics, Animals, and Immunization

All animal experiments were carried out in accordance with the Guidelines for the Care
and Use of Laboratory Animals. C57BL/6 female mice, aged 6 weeks, were purchased from
Hangzhou Ziyuan Laboratory Animal Co., Ltd., Hangzhou, China. and randomly grouped.
In the immunogenicity experiment, the mRNA vaccine was administered intramuscularly
at doses of 1 µg, 5 µg, or 10 µg. Additionally, Shingrix at 0.1 times the human dose was
used as the positive control, and PBS was used as the negative control. Mouse serum was
collected at a specified time for antibody detection. The mice were sacrificed at the specified
time, and spleens and lymph nodes were collected for flow cytometry or ELISpot detection.

2.2. Sequence Design of mRNA

We designed nine additional sequences based on the wild-type VZV Oka strain
(GenBank: AY253715.1), which served as Seq-01. Seq-02 to Seq-05 were designed using
publicly available algorithms from Novopro, Genscript, GeneWiz, and JCAT, while Seq-06
to Seq-10 were designed based on the previously published LinearDesign algorithm [12].
The LinearDesign algorithm optimizes the mRNA sequence design by combining determin-
istic finite automaton (DFA) representation, dynamic programming for secondary structure
prediction, and beam search to balance mRNA stability and codon adaptation efficiently.

2.3. mRNA Vaccine Preparation

The VZV mRNA vaccine (Vac07) was prepared according to a method established
previously [25]. Briefly, T7 polymerase was used for in vitro mRNA transcription (SYNTH-
GENE), and Cap1-like analog reagents (SYNTHGENE) were added for capping. Then, the
mRNA was purified using a Monarch RNA purification column (NEB, Ipswich, MA, USA)
to obtain the mRNA molecule. For the preparation of LNP, briefly, an ionizable lipid, DSPC,
cholesterol, and PEG were dissolved in ethanol at a molar ratio of 50:10:38.5:1.5 (all lipids
were purchased from Sinopeg, Xiamen, China). The ionizable lipid was FS01, designed
by Firestone Biotechnologies. The mRNA was dissolved in citrate buffer (pH 4.0). The
lipid mixture and the mRNA solution were mixed at a volume ratio of 3:1 and prepared
using microfluidics (INanoTML from Micro&Nano Biologics, Shanghai, China), with a
total flow rate set at 12 mL/min. The prepared mRNA vaccine was dissolved in PBS and
ultra-filtered using a 50 kDa Amicon ultracentrifuge filter (Merk, Darmstadt, Germany).

2.4. Measurement of Protein Expression in Vitro

Human embryonic kidney (HEK) 293T cells and DC 2.4 cells were purchased from
Qingqi Biotechnology Development Co., Ltd., Shanghai, China. Both cell lines were
tested and confirmed to be free of mycoplasma and other exogenous contaminants. Cells
were cultured in high-glucose DMEM (BIOIND, Beersheba, Israel) supplemented with
10% FBS (BIOIND, Beersheba, Israel) and 1% penicillin–streptomycin (NCM Biotech,
Suzhou, China). gE-mRNA was transfected into the cells using jetMESSENGER (Polyplus-
transfection®, Göttingen, Germany). After 24 h, the cells were collected and incubated with
anti-gE monoclonal antibody (1:200 dilution, Abcam) and PE-labeled anti-human IgG Fc
(1:200 dilution, Biolgend, San Diego, CA, USA) successively for staining. Then, the Attune
NxT flow cytometer (Thermo, Waltham, MA, USA) was used for detection, and the data
were analyzed with FlowJo V.10.1 software (Tree Star, Ashland, OR, USA).

2.5. Measurement of gE-Specific IgG and IgG Subclasses

In a 96-well microplate (Greiner Bio-One, Friedrichsdorf, Germany), 50 ng of gE pro-
tein (Acro Biosystems, Beijing, China) was added to each well and incubated overnight
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at 4 ◦C. The next day, the plate was blocked with 2% bovine serum albumin (BSA) at
room temperature. Then, the serum samples were diluted proportionally and added to the
microplate for incubation at room temperature for 2 h. Subsequently, HRP-labeled goat
anti-mouse IgG (1:50,000, Abcam, Cambridge, UK), IgG1 (1:5000, Southern Biotech, Birm-
ingham, AL, USA), or IgG2c (1:5000, Southern Biotech, Birmingham, AL, USA) was used
for incubation at room temperature. With the use of TMB substrate for signal development,
the absorbance at a wavelength of 450 nm was measured. The dilution factor at which the
OD value was greater than 4.1 times the background value was taken as the endpoint titer.

2.6. Analysis of Memory B Cell (MBC) Response

The biotinylated gE protein (Acro Biosystems, Beijing, China) was conjugated with
fluorescent dyes BV421 or APC-streptavidin (Biolegend, San Diego, CA, USA) to form
specific gE probes. After preparing single-cell suspensions from mouse spleen or lymph
nodes, the cells were incubated with the gE probes. The cells were then stained with a
LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo, Waltham, MA, USA), followed
by incubation with an antibody mixture. All incubation steps were performed at 4 ◦C.
Finally, flow cytometry analysis was performed using the BD FACSymphony A3 (BD
Biosciences, Franklin Lakes, NJ, USA), and data were analyzed with FlowJo V.10.1 software
(Tree Star, Ashland, OR, USA). A list of the antibodies used is provided in Table S1.

2.7. Antigen Recall T Cell Assay

Two million mouse spleen cells were added to a 96-well U-bottom plate and incubated
with gE protein (2 µg/mL, Acro Biosystems, Beijing, China) both in the presence and ab-
sence of Brefeldin A (BFA, Biolegend, San Diego, CA, USA) in the medium at 37 ◦C for 8 h.
The cells were stained with the LIVE/DEAD™ Fixable Aqua Dead Cell Stain Kit (Thermo,
Waltham, MA, USA) and then incubated with a mixture of cell surface marker antibodies
and Fc receptor blocking reagent (Miltenyi, Cologne, Germany) for staining. Next, the
cells were permeabilized using a Fixation/Permeabilization Solution Kit (BD Biosciences,
Franklin Lakes, NJ, USA), followed by intracellular cytokine staining. Finally, flow cytome-
try analysis was performed using BD FACSymphony A3 (BD Biosciences, Franklin Lakes,
NJ, USA), and the data were analyzed using FlowJo V.10.1 software (Tree Star, Ashland,
OR, USA). A list of the antibodies used is shown in Table S1.

2.8. Enzyme-Linked Immunospot (ELISpot) Assay

The frequency of T cells specifically releasing IFN-γ or IL-2 was determined using
a commercial ELISpot kit (Mabtech, Cincinnati, OH, USA) according to the provided
instructions. Briefly, two million mouse spleen cells were added to the 96-well plate in the
kit and incubated with complete medium containing or not containing gE protein (1 µg/mL,
Acro Biosystems, Beijing, China) for 20 h. Subsequently, the corresponding antibodies in
the kit were added for incubation, and the spots were counted with a CTL-Immunospot S6
analyzer. The results are expressed as the number of spot-forming cells (SFCs) per million
stimulated cells.

2.9. Measurement of Antigen-Specific AIM+ T Cells and Tfh Cells

After two million mouse spleen cells were incubated with complete medium contain-
ing or not containing gE protein (2 µg per sample, Acro Biosystems, Beijing, China) for
20 h, the cells were incubated with the antibody mixture and Fc receptor blocking reagent
(Miltenyi, Cologne, Germany) at room temperature for 20 min. Finally, flow cytometry
analysis was performed using BD FACSymphony A3 (BD Biosciences, Franklin Lakes, NJ,
USA), and the data were analyzed using FlowJo V.10.1 software (Tree Star). A list of the
antibodies used is shown in Table S1.
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2.10. Statistical Analysis

All statistical analyses were performed using GraphPad Prism v6.0 software. One-way
analysis of variance (ANOVA) was used for comparisons between groups. p-values less
than 0.05 were considered statistically significant (* p ≤ 0.05, ** p ≤ 0.01, *** p ≤ 0.001,
**** p ≤ 0.0001).

3. Results
3.1. Sequence Design and in Vitro Translation Evaluation of Different gE mRNA

We selected gE as the target antigen, designed to encode the full-length amino acid
sequence of the gE gene from the Oka strain (GenBank: AY253715.1) [25]. Various strategies
exist to improve protein expression, including codon optimization [26,27], the substitution
of rare codons, increasing GC content [28], and optimizing secondary structures [12,13].
Using algorithms like LinearDesign, Genwiz, and Genscript, we designed optimal codon
combinations for the mRNA sequences, resulting in a total of nine designed sequences [12].
Seq-01 represents the WT gE mRNA sequence, and Seq-02 to Seq-05 were designed using
algorithms from Novopro, Genscript, GeneWiz, and JCAT, respectively. These design
strategies significantly increased the Codon Adaptation Index (CAI) value [29] of the se-
quence (Figure 1a). In contrast, Seq-06 to Seq-10 were optimized using the LinearDesign
algorithm [12], which combines deterministic finite automaton (DFA) representation, dy-
namic programming, and beam search to optimize the mRNA sequence design, aiming
to improve both the CAI and stability (Minimum Free Energy, MFE) [30]. DFA efficiently
compresses the search space, dynamic programming calculates the lowest free-energy
secondary structure, and beam search accelerates the computation process, improving
the efficiency of large-scale sequence designs. Therefore, the sequences designed with
LinearDesign exhibit higher CAI values and lower MFE values. Additionally, we listed
other parameters related to the sequences (Figure 1a). We performed in vitro transcription
(IVT) to prepare ten mRNA sequences. One of the mRNA sequences was evaluated for
purity using nucleic acid electrophoresis. The loading amounts were 80 ng, 40 ng, 20 ng,
and 10 ng, revealing a single band in the RNA electrophoresis, confirming good purity
(Figure S1a). The ten unmodified mRNAs were transfected into DC2.4 cells and HEK-293T
cells, respectively. After 24 and 48 h, it could be seen that the optimized sequences were
abundantly expressed, and the overall improvement of the mRNA sequence completed by
the LinearDesign algorithm was relatively significant (Figure 1b,c). Notably, regardless of
whether measured at 24 or 48 h, Seq-07 exhibited the highest protein expression in DC2.4
cells (Figure 1c). Furthermore, Seq-07 demonstrated a certain dose-dependent expression
pattern following transfection (Figure S1b). Based on the comprehensive data collected, we
ultimately selected Seq-07 as the VZV-mRNA vaccine sequence.

3.2. Humoral Immune Response Evoked in C57BL/6 Mice by Vac07

Utilizing the novel ionizable cationic lipid FS01 in conjunction with other lipids, we
employed microfluidics to formulate an mRNA vaccine, designated as Vac07 (Figure 2a).
The immunogenicity of Vac07 and Shingrix was assessed and compared in C57BL/6 mice
that were intramuscularly vaccinated with increasing doses of Vac07 (1 µg, 5 µg, 10 µg) or
with a 0.1 human dose of Shingrix on day 0 and day 14 (Figure 2b).
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Figure 1. Design and translation of mRNAs into VZV gE protein. (a) mRNA sequences with
different designs are shown, along with their respective CAI and MFE values. Additional relevant
parameters are listed on the right. (b,c) gE mRNAs were transfected into HEK-293T or DC2.4 cells
using jetMessenger. Cells were collected at 24 or 48 h post transfection and analyzed for gE antigen
expression by flow cytometry. Data from two independent experiments are shown. CPB, codon pair
bias; TIE, translation initiation efficiency.
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titers are shown. (d) Anti-gE IgG1 and IgG2c titers at day 28 were measured by ELISA, and the

endpoint titers are shown. (e) The ratio of IgG2c/IgG1 is shown. (f) Gating strategy used for identi-
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the figure represent the percentage of each cell population relative to the parent gating step. The
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MBCs in dLNs and spleens were analyzed by flow cytometry. The left panel shows the flow cytom-
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Figure 2. Evaluation of antibody and memory B cell responses induced by Vac07 and Shingrix.
(a) Schematic representation of the formulation procedure for the VZV mRNA vaccine. (b) Experi-
mental design: C57BL/6 mice were immunized i.m. with escalating doses of the VZV mRNA vaccine
Vac07 (n = 6), 0.1 human dose of Shingrix (n = 5), or PBS (n = 4). Blood samples were collected at
specified time points to measure antibody levels, while spleens and dLNs were harvested 28 days post
booster for further analysis. (c) Anti-gE IgG titers were measured by ELISA, and the endpoint titers
are shown. (d) Anti-gE IgG1 and IgG2c titers at day 28 were measured by ELISA, and the endpoint
titers are shown. (e) The ratio of IgG2c/IgG1 is shown. (f) Gating strategy used for identifying
class-switched gE-binding MBC. Data from one representative animal is shown. The gating strategy
used was as follows: First, 1 million cells were stained, and IgM and IgD antibodies were used to
exclude cells that had not undergone antibody class-switching. CD19 and CD45/B220 were then
used to label memory B cells. Finally, gE protein conjugated with two fluorophores (APC and BV421)
was used to label the class-switched memory B cells specific to gE binding. The numbers in the figure
represent the percentage of each cell population relative to the parent gating step. The right panel
shows the data summary results. (g) Frequencies of class-switched (IgD-IgM-) gE-specific MBCs in
dLNs and spleens were analyzed by flow cytometry. The left panel shows the flow cytometry repre-
sentative plots, with each plot displaying a cell count of 3000. The numbers in the figure represent the
frequency of class-switched gE-binding MBCs. Data are shown as mean ± SEM. One-way ANOVA
with multiple comparisons tests was used for the analysis of statistical significance. ns, indicating no
significant difference; * p ≤ 0.05, *** p ≤ 0.001.

After vaccination, we measured the body weight of the mice weekly. Mice vaccinated
with Vac07 showed a steady increase in body weight, which initially suggests good safety
(Figure S2). In terms of antibody response, two doses of Vac07 induced a high level of gE-
specific IgG in a dose-dependent manner. Mice that received a moderate dose (5 µg) or high
dose (10 µg) of the mRNA vaccine exhibited a more robust antibody response, which was
comparable to the antibody levels induced by Shingrix (Figure 2c). We further analyzed
the gE-specific IgG subclasses and found that Vac07 was more effective at inducing a
Th1-biased IgG response, as evidenced by the induction of higher IgG2c and lower IgG1
titers compared to Shingrix, resulting in a higher IgG2c/IgG1 ratio in the Vac07 group
(Figure 2d, e). Additionally, four weeks after booster immunization, we measured the
frequency of class-switched IgD-IgM- memory B cells (MBCs) specific to the gE antigen
in the spleen and draining lymph nodes (dLNs), which were analyzed according to a
predefined gating strategy (Figure 2f). The 10 µg Vac07 induced slightly higher levels of
gE+ MBCs in both anatomical lymphoid organs compared to Shingrix (Figure 2g). This
suggests that, compared to Shingrix, Vac07 induces a comparable or potentially stronger
humoral immune response.

3.3. Cell-Mediated Immune Response Elicited in C57BL/6 Mice by Vac07

Given that T cell responses play a key role in preventing VZV reactivation [16,31], we
focused more on the T cell-mediated responses elicited. First, on day 7 after the booster,
spleens were harvested, and ELISpot assays revealed that the 5 µg Vac07 induced the
highest levels of IFN-γ- and IL-2-secreting T cells (Figure 3a). On day 28 post booster, Vac07-
vaccinated mice showed a stronger induction of gE-specific AIM+ (activation-induced
markers OX40 and CD137) CD4+ T cells upon antigen stimulation in spleens (Figure 3b).
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We further employed a well-established intracellular cytokine recall assay (Figure 3c)
to assess the induction of gE-specific CD4+ T cells producing IFN-γ, TNF, IL-2, and IL-
21 following gE antigen stimulation (Figure 3d). Compared with Shingrix, Vac07 could
moderately increase the frequency of Th1-type CD4+ T cells that specifically secrete IL-2 and
IFN-γ in the spleen, while the frequency of TNF-secreting CD4+ T cells was basically the
same. Moreover, there was no apparent dose-dependent effect. IL-21, a cytokine specifically
secreted by T follicular helper (Tfh) cells, was then examined. We observed a significant
expansion of gE-specific AIM+ Tfh cells, defined as OX40+CD137+CD4+CXCR5+ T cells,
particularly in mice vaccinated with Vac07 (Figure 3e). Additionally, these vaccine-induced
Tfh cells displayed a highly activated phenotype with elevated ICOS expression (Figure 3f).
Collectively, these findings demonstrate that Vac07 induces VZV-specific T cell responses
in mice that are comparable to, or even slightly stronger than, those induced by Shingrix.
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Figure 3. Evaluation of T cell responses induced by Vac07 and Shingrix. C57BL/6 mice were i.m.
immunized with escalating doses of Vac07 or 0.1 human dose of Shingrix on day 0 and day 14. Spleens
were harvested 7 days (a) or 28 days (b–f) after the boost. (a) Splenocytes were stimulated with
2 µg/mL gE antigen for 20 h. Frequencies of IFN-γ- or IL-2-secreting T cells were assessed by ELISpot.
(b) Splenocytes were stimulated with or without 2 µg/mL of gE antigen for 20 h. The frequency of
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of AIM+CD4+ T cells was measured by flow cytometry. The left panel shows the flow cytometry
representative plots, with each plot displaying a cell count of 20,000. The numbers in the figure
represent the frequency of AIM+ CD4+ T cells. The right panel shows the data summary results.
(c) Splenocytes were stimulated with or without 2 µg/mL gE antigen for 8 h in the presence of
Brefeldin A. The gating strategy used to analyze IFN-γ-, IL-2-, TNF-, or IL-21-producing CD4+ T
cells in the spleens of mice is shown. Data from one representative animal are presented. The gating
strategy used was as follows: First, 1 million cells were stained, and CD4+ T cells were identified
using CD3 and CD4 antibodies. CD44 and CD62L antibodies were then used to label memory T cells.
Finally, cytokine-specific memory T cells were identified using four cytokine antibodies (IFN-γ, IL-2,
TNF, IL-21). The numbers in the figure represent the percentage of each cell population relative to
the parent gating step. The right panel shows the data summary results. (d) Frequencies of IFN-γ-,
IL-2-, TNF-, or IL-21-secreting CD4+ T cells were determined by flow cytometry. (e) AIM+ Tfh cells
were determined by flow cytometry. (f) The ICOS expression on OX40+CD137+CXCR5+CD4+ Tfh
cells was evaluated. MFI value is shown. Data represent mean ± SEM. One-way ANOVA with
multiple comparisons tests was used for the analysis of statistical significance. * p ≤ 0.05, ** p ≤ 0.01,
*** p ≤ 0.001.**** p ≤ 0.0001.

4. Discussion
Although mRNA vaccines have made rapid progress, they are limited by their chem-

ical instability, which makes them prone to degradation. Consequently, the storage and
distribution of mRNA require cold chain technologies, thereby restricting the widespread
use of these vaccines in developing countries [32]. Furthermore, the inherent instabil-
ity of mRNA in vivo, along with its susceptibility to recognition and clearance by the
innate immune system, can lead to low protein expression efficiency and reduced immuno-
genicity [5,33]. While the translation efficiency of mRNA modified with pseudouridine is
significantly enhanced, this modification also diminishes the natural immune activation
capability, consequently lowering its immunogenicity [10].

This study focused on the development of a promising unmodified VZV mRNA vac-
cine, Vac07, through the codon optimization of the gE mRNA. Comprehensive in vitro and
in vivo evaluations were conducted to assess its potential. In mRNA sequence design, we
carefully considered factors such as secondary structure and codon usage instead of pseu-
douridine modification. This approach ensures that translation efficiency and stability are
optimized within a certain range, while also promoting the activation of innate immunity.
A well-balanced innate immune response is crucial and must be carefully controlled to
an appropriate level in order to generate high-quality adaptive vaccine responses while
ensuring safety. Uridine, compared to pseudouridine, induces a stronger innate immune
response, and excessive immune system stimulation may lead to negative effects, such as
an increased risk of inflammation [10,34,35]. We also acknowledge that it is not possible
to completely eliminate the risk of such effects. In this study, we propose an approach
where the gE mRNA sequence is designed based on a linear design to lower the MFE,
improve the structural compactness of the mRNA molecules, and enhance mRNA stability.
More stable mRNA can remain in cells for a longer period, thereby reducing unneces-
sary immune responses. However, we cannot rule out the possibility that unmodified
mRNA vaccines may perform less effectively compared to pseudouridine-modified mRNA,
given the widespread use of pseudouridine modification in mRNA vaccines. According
to the experimental results in this study, the mRNA vaccine designed using linear design
showed effective expression both in vitro and in vivo, and in comparison with the posi-
tive control Shingrix, which is the most widely used and effective vaccine on the market,
it activated an immune response that was comparable to or even stronger than that of
Shingrix. Furthermore, the mice’s weight remained within the normal range following
vaccination. Future studies should include a head-to-head comparison between unmodi-
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fied and pseudouridine-modified mRNA vaccines. Additionally, further evaluation of the
safety of this vaccine is still warranted.

Therefore, the codon optimization technique used in this study may potentially serve
as a way to avoid pseudouridine modification, with the potential to reduce vaccine produc-
tion costs. However, to translate these findings into clinical applications, further extensive
and detailed work is needed to explore the underlying mechanisms of action, as well as to
conduct thorough safety evaluations. Future research should continue to investigate the
complex biological behavior of unmodified mRNA sequences in vivo, refine vaccine manu-
facturing processes, and ultimately provide a more efficient, safe, and cost-effective vaccine
option for the global prevention and control of varicella-zoster virus or other pathogens.
In addition to their application in infectious disease vaccines, mRNA technology can also
be utilized in the field of tumor therapy. Given that the tumor microenvironment is often
immunosuppressive [36,37], novel unmodified mRNA drugs optimized through codon
modification hold promise for overcoming this immunosuppressive environment and
improving tumor treatment outcomes.

5. Conclusions
In conclusion, this study suggests that codon-optimized unmodified mRNA sequences

could also serve as a potential direction for mRNA vaccine development. The resulting
vaccine, Vac07, showed immunogenicity comparable to or even superior to the licensed
Shingrix vaccine, with a robust Th1-biased antibody response and a slightly stronger Th1-
type cellular response. Furthermore, the use of unmodified mRNA sequences may reduce
production costs while maintaining or potentially improving vaccine efficacy.

Supplementary Materials: The following supporting information can be downloaded at
https://www.mdpi.com/article/10.3390/vaccines13010068/s1, Figure S1: Electrophoretic analy-
sis of VZV gE-mRNA synthesized by IVT and its dose-dependent expression during trsnsfection;
Figure S2: Monitoring of body weight following vaccination; Table S1: List of anti-mouse antibodies
used for FACS analysis.

Author Contributions: Conceptualization, L.H. and C.Y.; methodology, C.Y. and S.Z.; software, L.H.
and. X.W.; validation, S.Z., X.W., T.Z. and L.H.; formal analysis, S.Z. and L.H; investigation, L.H.,
C.Y. and. T.Z.; resources, X.W. and S.Z.; data curation, L.H., C.Y. and S.Z.; writing—original draft
preparation, S.Z. and X.W.; writing—review and editing, L.H. and. C.Y.; visualization, S.Z., X.W.
and L.H; supervision, L.H. and. C.Y.; project administration, L.H. and. C.Y.; funding acquisition, S.Z.
and L.H. All authors have read and agreed to the published version of the manuscript.

Funding: This work was supported by an internal grant from the Guoke Ningbo Life Science and
Health Industry Research Institute (grant number: 2022YJY0703) and innovative funding for graduate
students of Jiangsu Province (KYCX22-0797).

Institutional Review Board Statement: All animal experiments were conducted in accordance with
the Guidelines for the Care and Use of Laboratory Animals, with approval from the Ethical Committee
of China Pharmaceutical University and the Institutional Animal Care and Use Committee (approval
number: AP-B2209P011).

Informed Consent Statement: Not applicable.

Data Availability Statement: All data are available upon reasonable request to the
corresponding authors.

Conflicts of Interest: Author Xiaojie Wang was employed by the company Shandong Freda Pharma-
ceutical Group. The authors declare no competing interests.

https://www.mdpi.com/article/10.3390/vaccines13010068/s1


Vaccines 2025, 13, 68 11 of 12

References
1. Pardi, N.; Hogan, M.J.; Porter, F.W.; Weissman, D. mRNA vaccines—A new era in vaccinology. Nat. Rev. Drug Discov. 2018, 17,

261–279. [CrossRef] [PubMed]
2. Chaudhary, N.; Weissman, D.; Whitehead, K.A. mRNA vaccines for infectious diseases: Principles, delivery and clinical translation.

Nat. Rev. Drug Discov. 2021, 20, 817–838. [CrossRef] [PubMed]
3. Qin, S.; Tang, X.; Chen, Y.; Chen, K.; Fan, N.; Xiao, W.; Zheng, Q.; Li, G.; Teng, Y.; Wu, M.; et al. mRNA-based therapeutics:

Powerful and versatile tools to combat diseases. Signal Transduct. Target. Ther. 2022, 7, 166. [CrossRef] [PubMed]
4. Linares-Fernández, S.; Lacroix, C.; Exposito, J.Y.; Verrier, B. Tailoring mRNA Vaccine to Balance Innate/Adaptive Immune

Response. Trends Mol. Med. 2020, 26, 311–323. [CrossRef] [PubMed]
5. Sahin, U.; Karikó, K.; Türeci, Ö. mRNA-based therapeutics—Developing a new class of drugs. Nat. Rev. Drug Discov. 2014, 13,

759–780. [CrossRef]
6. Verbeke, R.; Hogan, M.J.; Loré, K.; Pardi, N. Innate immune mechanisms of mRNA vaccines. Immunity 2022, 55, 1993–2005.

[CrossRef]
7. Hsu, J.C.-C.; Laurent-Rolle, M.; Cresswell, P. Translational regulation of viral RNA in the type I interferon response. Curr. Res.

Virol. Sci. 2021, 2, 100012. [CrossRef]
8. Nelson, J.; Sorensen, E.W.; Mintri, S.; Rabideau, A.E.; Zheng, W.; Besin, G.; Khatwani, N.; Su, S.V.; Miracco, E.J.; Issa, W.J.; et al.

Impact of mRNA chemistry and manufacturing process on innate immune activation. Sci. Adv. 2020, 6, eaaz6893. [CrossRef]
9. Karikó, K.; Muramatsu, H.; Welsh, F.A.; Ludwig, J.; Kato, H.; Akira, S.; Weissman, D. Incorporation of pseudouridine into

mRNA yields superior nonimmunogenic vector with increased translational capacity and biological stability. Mol. Ther. 2008, 16,
1833–1840. [CrossRef]

10. Karikó, K.; Buckstein, M.; Ni, H.; Weissman, D. Suppression of RNA recognition by Toll-like receptors: The impact of nucleoside
modification and the evolutionary origin of RNA. Immunity 2005, 23, 165–175. [CrossRef]

11. Mulroney, T.E.; Pöyry, T.; Yam-Puc, J.C.; Rust, M.; Harvey, R.F.; Kalmar, L.; Horner, E.; Booth, L.; Ferreira, A.P.; Stoneley, M.; et al.
N(1)-methylpseudouridylation of mRNA causes +1 ribosomal frameshifting. Nature 2024, 625, 189–194. [CrossRef] [PubMed]

12. Zhang, H.; Zhang, L.; Lin, A.; Xu, C.; Li, Z.; Liu, K.; Liu, B.; Ma, X.; Zhao, F.; Jiang, H.; et al. Algorithm for optimized mRNA
design improves stability and immunogenicity. Nature 2023, 621, 396–403. [CrossRef] [PubMed]

13. Mauger, D.M.; Cabral, B.J.; Presnyak, V.; Su, S.V.; Reid, D.W.; Goodman, B.; Link, K.; Khatwani, N.; Reynders, J.; Moore, M.J.;
et al. mRNA structure regulates protein expression through changes in functional half-life. Proc. Natl. Acad. Sci. USA 2019, 116,
24075–24083. [CrossRef] [PubMed]

14. Liu, Y.; Gao, J.; Zhang, X.; Fang, X. Joint Design of 5′ Untranslated Region and Coding Sequence of mRNA. arXiv 2024,
arXiv:2410.20781.

15. Zerboni, L.; Sen, N.; Oliver, S.L.; Arvin, A.M. Molecular mechanisms of varicella zoster virus pathogenesis. Nat. Rev. Microbiol.
2014, 12, 197–210. [CrossRef]

16. Asada, H. VZV-specific cell-mediated immunity, but not humoral immunity, correlates inversely with the incidence of herpes
zoster and the severity of skin symptoms and zoster-associated pain: The SHEZ study. Vaccine 2019, 37, 6776–6781. [CrossRef]

17. Steain, M.; Sutherland, J.P.; Rodriguez, M.; Cunningham, A.L.; Slobedman, B.; Abendroth, A. Analysis of T cell responses during
active varicella-zoster virus reactivation in human ganglia. J. Virol. 2014, 88, 2704–2716. [CrossRef]

18. Weinberg, A.; Levin, M.J. VZV T cell-mediated immunity. Curr. Top. Microbiol. Immunol. 2010, 342, 341–357.
19. Gershon, A.A. Tale of two vaccines: Differences in response to herpes zoster vaccines. J. Clin. Investig. 2018, 128, 4245–4247.

[CrossRef]
20. Crouse, J.; Kalinke, U.; Oxenius, A. Regulation of antiviral T cell responses by type I interferons. Nat. Rev. Immunol. 2015, 15,

231–242. [CrossRef]
21. Kranz, L.M.; Diken, M.; Haas, H.; Kreiter, S.; Loquai, C.; Reuter, K.C.; Meng, M.; Fritz, D.; Vascotto, F.; Hefesha, H.; et al. Systemic

RNA delivery to dendritic cells exploits antiviral defence for cancer immunotherapy. Nature 2016, 534, 396–401. [CrossRef]
[PubMed]

22. Nordén, R.; Nilsson, J.; Samuelsson, E.; Risinger, C.; Sihlbom, C.; Blixt, O.; Larson, G.; Olofsson, S.; Bergström, T. Recombi-
nant Glycoprotein E of Varicella Zoster Virus Contains Glycan-Peptide Motifs That Modulate B Cell Epitopes into Discrete
Immunological Signatures. Int. J. Mol. Sci. 2019, 20, 954. [CrossRef] [PubMed]

23. Chen, T.; Sun, J.; Zhang, S.; Li, T.; Liu, L.; Xue, W.; Zhou, L.; Liang, S.; Yu, Z.; Zheng, Q.; et al. Truncated glycoprotein E of
varicella-zoster virus is an ideal immunogen for Escherichia coli-based vaccine design. Sci. China Life Sci. 2023, 66, 743–753.
[CrossRef] [PubMed]

24. Lee, S.J.; Park, H.J.; Ko, H.L.; Lee, J.E.; Lee, H.J.; Kim, H.; Nam, J.H. Evaluation of glycoprotein E subunit and live attenuated
varicella-zoster virus vaccines formulated with a single-strand RNA-based adjuvant. Immun. Inflamm. Dis. 2020, 8, 216–227.
[CrossRef]

https://doi.org/10.1038/nrd.2017.243
https://www.ncbi.nlm.nih.gov/pubmed/29326426
https://doi.org/10.1038/s41573-021-00283-5
https://www.ncbi.nlm.nih.gov/pubmed/34433919
https://doi.org/10.1038/s41392-022-01007-w
https://www.ncbi.nlm.nih.gov/pubmed/35597779
https://doi.org/10.1016/j.molmed.2019.10.002
https://www.ncbi.nlm.nih.gov/pubmed/31699497
https://doi.org/10.1038/nrd4278
https://doi.org/10.1016/j.immuni.2022.10.014
https://doi.org/10.1016/j.crviro.2021.100012
https://doi.org/10.1126/sciadv.aaz6893
https://doi.org/10.1038/mt.2008.200
https://doi.org/10.1016/j.immuni.2005.06.008
https://doi.org/10.1038/s41586-023-06800-3
https://www.ncbi.nlm.nih.gov/pubmed/38057663
https://doi.org/10.1038/s41586-023-06127-z
https://www.ncbi.nlm.nih.gov/pubmed/37130545
https://doi.org/10.1073/pnas.1908052116
https://www.ncbi.nlm.nih.gov/pubmed/31712433
https://doi.org/10.1038/nrmicro3215
https://doi.org/10.1016/j.vaccine.2019.09.031
https://doi.org/10.1128/JVI.03445-13
https://doi.org/10.1172/JCI123217
https://doi.org/10.1038/nri3806
https://doi.org/10.1038/nature18300
https://www.ncbi.nlm.nih.gov/pubmed/27281205
https://doi.org/10.3390/ijms20040954
https://www.ncbi.nlm.nih.gov/pubmed/30813247
https://doi.org/10.1007/s11427-022-2264-1
https://www.ncbi.nlm.nih.gov/pubmed/36790656
https://doi.org/10.1002/iid3.297


Vaccines 2025, 13, 68 12 of 12

25. Huang, L.; Zhao, T.; Zhao, W.; Shao, A.; Zhao, H.; Ma, W.; Gong, Y.; Zeng, X.; Weng, C.; Bu, L.; et al. Herpes zoster mRNA vaccine
induces superior vaccine immunity over licensed vaccine in mice and rhesus macaques. Emerg. Microbes Infect. 2024, 13, 2309985.
[CrossRef]

26. Akashi, H. Synonymous codon usage in Drosophila melanogaster: Natural selection and translational accuracy. Genetics 1994,
136, 927–935. [CrossRef]

27. Presnyak, V.; Alhusaini, N.; Chen, Y.H.; Martin, S.; Morris, N.; Kline, N.; Olson, S.; Weinberg, D.; Baker, K.E.; Graveley, B.R.; et al.
Codon optimality is a major determinant of mRNA stability. Cell 2015, 160, 1111–1124. [CrossRef]

28. Ricci, E.P.; Kucukural, A.; Cenik, C.; Mercier, B.C.; Singh, G.; Heyer, E.E.; Ashar-Patel, A.; Peng, L.; Moore, M.J. Staufen1 senses
overall transcript secondary structure to regulate translation. Nat. Struct. Mol. Biol. 2014, 21, 26–35. [CrossRef]

29. Sharp, P.M.; Li, W.H. The codon Adaptation Index—A measure of directional synonymous codon usage bias, and its potential
applications. Nucleic Acids Res. 1987, 15, 1281–1295. [CrossRef]

30. Turner, D.H.; Mathews, D.H. NNDB: The nearest neighbor parameter database for predicting stability of nucleic acid secondary
structure. Nucleic Acids Res. 2010, 38, D280–D282. [CrossRef]

31. Boeren, M.; Meysman, P.; Laukens, K.; Ponsaerts, P.; Ogunjimi, B.; Delputte, P. T cell immunity in HSV-1- and VZV-infected
neural ganglia. Trends Microbiol. 2023, 31, 51–61. [CrossRef] [PubMed]

32. Crommelin, D.J.A.; Anchordoquy, T.J.; Volkin, D.B.; Jiskoot, W.; Mastrobattista, E. Addressing the Cold Reality of mRNA Vaccine
Stability. J. Pharm. Sci. 2021, 110, 997–1001. [CrossRef] [PubMed]

33. Uehata, T.; Takeuchi, O. RNA Recognition and Immunity-Innate Immune Sensing and Its Posttranscriptional Regulation
Mechanisms. Cells 2020, 9, 1701. [CrossRef]

34. Heil, F.; Hemmi, H.; Hochrein, H.; Ampenberger, F.; Kirschning, C.; Akira, S.; Lipford, G.; Wagner, H.; Bauer, S. Species-specific
recognition of single-stranded RNA via toll-like receptor 7 and 8. Science 2004, 303, 1526–1529. [CrossRef]

35. Diebold, S.S.; Kaisho, T.; Hemmi, H.; Akira, S.; Reis e Sousa, C. Innate antiviral responses by means of TLR7-mediated recognition
of single-stranded RNA. Science 2004, 303, 1529–1531. [CrossRef]

36. Beatty, G.L.; Moon, E.K. Chimeric antigen receptor T cells are vulnerable to immunosuppressive mechanisms present within the
tumor microenvironment. Oncoimmunology 2014, 3, e970027. [CrossRef]

37. Fu, S.; Chang, L.; Liu, S.; Gao, T.; Sang, X.; Zhang, Z.; Mu, W.; Liu, X.; Liang, S.; Yang, H.; et al. Temperature sensitive liposome
based cancer nanomedicine enables tumour lymph node immune microenvironment remodelling. Nat. Commun. 2023, 14, 2248.
[CrossRef]

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/10.1080/22221751.2024.2309985
https://doi.org/10.1093/genetics/136.3.927
https://doi.org/10.1016/j.cell.2015.02.029
https://doi.org/10.1038/nsmb.2739
https://doi.org/10.1093/nar/15.3.1281
https://doi.org/10.1093/nar/gkp892
https://doi.org/10.1016/j.tim.2022.07.008
https://www.ncbi.nlm.nih.gov/pubmed/35987880
https://doi.org/10.1016/j.xphs.2020.12.006
https://www.ncbi.nlm.nih.gov/pubmed/33321139
https://doi.org/10.3390/cells9071701
https://doi.org/10.1126/science.1093620
https://doi.org/10.1126/science.1093616
https://doi.org/10.4161/21624011.2014.970027
https://doi.org/10.1038/s41467-023-38014-6

	Introduction 
	Materials and Methods 
	Ethics, Animals, and Immunization 
	Sequence Design of mRNA 
	mRNA Vaccine Preparation 
	Measurement of Protein Expression in Vitro 
	Measurement of gE-Specific IgG and IgG Subclasses 
	Analysis of Memory B Cell (MBC) Response 
	Antigen Recall T Cell Assay 
	Enzyme-Linked Immunospot (ELISpot) Assay 
	Measurement of Antigen-Specific AIM+ T Cells and Tfh Cells 
	Statistical Analysis 

	Results 
	Sequence Design and in Vitro Translation Evaluation of Different gE mRNA 
	Humoral Immune Response Evoked in C57BL/6 Mice by Vac07 
	Cell-Mediated Immune Response Elicited in C57BL/6 Mice by Vac07 

	Discussion 
	Conclusions 
	References

