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Loop structure in poly(A) tail of mRNA
vaccine enhances antigen translation
efficiency and mRNA stability
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Sowon Lee4, Gahyun Roh4, Youngran Cho1,2, Soo-Yeon Lee1,2, Eun-Jin Choi1,2, Yeeun Lee1,2,
Seo-Hyeon Bae1,2, Seongje Cho1, Huijeong Choi1,2, Sohee Jo1,2, Jungmin Kim1,2, Hyo-Jung Park2,4 &
Jae-Hwan Nam1,2,3,4

As mRNA technology emerges as a groundbreaking innovation, an increasing number of studies are
attempting to increase expression levels by optimizing the structure of mRNA, such as the 5’ or 3’
untranslated regions (UTR).We designed a novel loop structure in the poly(A) tail of anmRNAplatform
to improve the stability and duration. Protein expression analyses were conducted using
bioluminescence, both in vitro and in vivo. Additionally, cellular and humoral responses to different
antigenswereconfirmedusing flowcytometry andELISAof splenocytesandserum isolated frommice
immunized with mRNA containing different poly(A) tail structures. The poly(A) tail with a loop structure
exhibited higher bioluminescence signals, both in vitro and in vivo, and increased human
erythropoietin (hEPO) expression in vivo compared to the other poly(A) tail groups. This indicates that
the addition of a loop structure to the poly(A) tail region improves mRNA stability and efficiency. The
results of analyzing cellular and humoral immunity by expressing HPV E6 and E7 antigens, and
influenza virusHAantigens inmRNAwith various poly(A) structures showednosignificant difference in
T cell immunity and antibody titer. In conclusion, the addition of stable structures, such as a loop to the
poly(A) tail, can significantly increase the expression efficiency and stability of mRNA, but the
expression difference did not have as much of an impact on the immune response as expected.

Messenger RNA (mRNA) is a single-stranded molecule transcribed from a
strand of deoxyribonucleic acid (DNA)1. Proteins are synthesized through
the process of translation, during which ribosomes decode the genetic
information carried bymessenger RNA (mRNA) into a defined amino acid
sequence2. In vitro-transcribed mRNA encoding specific antigens has been
used as a prophylactic or therapeutic vaccine against viruses or cancer,
especially during the recent COVID-19 pandemic, because it can provoke
immune responses by generating proteins3–5. Importantly, improving
mRNA expression efficiency also offers benefits beyond antigen quantity,
including improved durability of expression, reduced dosage requirements,
more precise control over protein folding, and broader applications3,6–9.

mRNAconsists of a 5′ cap, 5′ and3′untranslated regions (UTRs), anda
poly(A) tail; therefore, numerous efforts have been made to optimize these
elements for improvement of the translation efficiency10–12. The 5′ cap

interactswith binding proteins and complexes essential for translation, such
as the eukaryotic initiation factor13. Numerous capping reagents have been
developed to enhance both translational efficiency and mRNA stability. In
addition, the structural featuresof the 5′ and3′UTRsplay important roles in
mRNA stability and translation11. In particular, while some degree of sec-
ondary structure, such as small loops, could be beneficial, excessive or highly
complex structures near the 5′ cap may impede translation initiation14.
Recently, machine learning approaches have been employed for systematic
UTR optimization, which have resulted in significantly improved protein
expression15,16. Additionally, incorporating N1-methylpseudouridine has
been shown to markedly enhance translation efficiency by evading type I
interferon responses17. This modification was a key factor contributing to
the development ofmRNAvaccines, andwas recognized by the awarding of
the 2023 Nobel Prize to Katalin Karikó18.
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Poly(A) tails are also important components of translation efficiency,
stability, and nuclear export19. Poly(A) tails are formed via a two-step
process20. The process begins with specific endonucleolytic cleavage at a site
determined by the binding of polyadenylation factors, followed by poly-
merization of the adenosine tail to a species-specific lengthof approximately
150–250 nucleotides in mammals20,21.

The length and structure of poly(A) tails significantly influence the
translation efficiency and stability of mRNA20–22. Longer poly(A) tails allow
more poly(A)-binding proteins (PABPs) to interact with them, enhancing
the translation efficiency of mRNA23,24. Additionally, longer poly(A) tails
can extend the lifespan ofmRNAby bindingmore PABPs, whichprotects it
from degradation and slows down the degradation process by
deadenylation24. Therefore, most of researches have focused on the opti-
mization of length of poly A tails not the structure22,25.

However, the presence of structural elements, such as poly(U)
sequences or stem-loop structures upstream of the poly(A) sequence, can
also stabilize the poly(A) tail, thereby extending the half-life of mRNA26. It
has been reported that secondary structure like hairpin or double-stranded
RNA (dsRNA) exhibits greater stability than linear mRNA or single-
stranded RNA (ssRNA)27–29. Previous study reported that deadenylation
mediated by CCR4–NOT is impeded when poly(U) sequences are incor-
porated into poly(A) tails or when secondary structures are formed26.
Additionally, the incorporation of non-adenosine ribonucleotides into the
poly(A) tail also affects the deadenylation process. Certain viral transcripts
incorporatenon-adenosine ribonucleotides into their poly(A) tails to inhibit
deadenylation and enhance their stability24. Therefore, we designed and
compared various loop structures containing secondary structure and
dsRNA characteristic in the poly(A) tail of mRNA platform.

A loop structure increased translation efficiency both in vitro and
in vivo, as evidenced by bioluminescence assays and human erythropoietin
(hEPO) expression level analyses. Additionally, we investigatedwhether the
difference in translation efficiency resulting from variations in the poly(A)
tail structure could influence immune responses against two types of
antigens.

Results
Poly(A) sequence design
Four types of poly(A) tails were used: A50-Linker-A50 (A50L50LX) and
A50-Linker-A50-complementary linker sequence (A50L50LO) were
designed for comparation between small loop by pairing with its

complementary linker sequence and linear structure in poly A sequence. In
addition, A30-Linker-A70 (A30L70) was used in BioNTech30 as a positive
control to compare both A50L50LO and A50L50LX (Fig. 1). A120 was also
expected to show the translation efficiency of a poly A tail without a linker
sequence, consisting solely of adenosine triphosphate (ATP) residues. RNA
folding analysis using the RNAfold program predicted that only sequences
with complementary sequences would form small loops, while other
sequences would form large loops in the poly(A) region. Based on previous
studies suggesting that compact RNA structures aremore stable and lead to
higher protein expression31, we hypothesized that the A50L50LO sequence
would yield the best results. To investigate the impact of poly(A) sequences,
four mRNA platforms were constructed with varying poly(A) sequences
while the antigen remained constant.

The A50L50LO sequence exhibited the highest luminescence
signal in in vitro cell culture systems
To investigate the effects of poly(A) tail sequences on mRNA expression in
in vitro cell culture systems, we encoded the firefly luciferase (F/L) gene into
the mRNA-poly(A) platform. After in vitro transcription of mRNA with
four different poly(A) structures, we purified themand confirmed that there
were no significant differences in integrity as assessed by gel electrophoresis
(Fig. S1A). These F/LmRNAswere transfected at a concentration of 500 ng/
well into four cell lines (Nor10,HeLa, A549, andHepG2) (Fig. 2). Cells were
harvested at 6, 24, and48 hpost-transfection, and luminescence signalswere
measured using a luminescence assay. In HeLa andNor10 cells, A50L50LO
and A30L70 consistently exhibited the highest luminescence signal levels
with minimal changes over time. However, in A549 and HepG2 cells, only
A50L50LOexhibited a superior luminescence signal. These results indicated
that A50L50LO consistently promoted higher expression in all four
cell lines.

The A50L50LO sequence exhibited the highest protein expres-
sion among both F/L and hEPO in an in vivo mouse model
Toassess in vivoprotein expressionviamRNA,mRNAwas formulatedwith
lipid nanoparticle (LNP) and all mRNA/LNP formulations were char-
acterized by dynamic light scattering (DLS) after purification (Fig. S1B).We
administered 5 μg of F/L-mRNA-poly(A) constructs intramuscularly to
C57BL/6 mice and monitored luciferase expression over time using an In
Vivo Imaging system (IVIS) (Fig. 3A). Initially, all types of mRNA-poly(A)
exhibited similar luminescence signals at 6 h. However, at 24 h, only

Fig. 1 | mRNA-poly(A) structure. Schematic dia-
gram of poly(A) sequence composition and the
structure of the poly(A) sequence predicted using
RNAfold.
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A50L50LOmaintained high expression. This indicated that the A50L50LO
sequence consistently promoted the highest luciferase expression in the
in vivo mouse model, as shown by both the image and quantitative plots of
luminescence (Fig. 3B, C). To assess the impact of different antigens, we
encoded hEPO into the mRNA-poly(A) platforms and administered 5 μg
intravenously toC57BL/6mice (Fig. 3D). Serum samples were collected at 2
and 6 h post-injection and hEPO levels were measured using ELISA.
Consistent with the previous results, the A50L50LO sequence yielded the
highest hEPO expression, followed by a slightly lower expression level in the
A30L70 sequence (Fig. 3E). These data demonstrate that the A50L50LO
sequence consistently outperformed the other sequences in terms of protein
expression across all experimental conditions analyzed.

Administration of HPV-mRNA poly(A) showed no statistically
significant difference in CD8+ T lymphocyte responses across
the immunization groups
To compare the immune responses to mRNA-poly(A) and human papil-
loma virus (HPV) antigens, E6 and E7 were encoded into mRNA-poly(A)
platforms, as previously reported5. C57BL/6 mice were intramuscularly
administeredwithHPV-mRNA at 3 μg or 10 μg on two occasions at weekly
intervals that could induce sufficient T cell responses as demonstrated in
previous research5,32 (Fig. 4A). The mice were sacrificed one week after the
last immunization. Splenocytes were harvested and analyzed by flow cyto-
metry, focusing on CD8+ T cells. No significant differences in the levels of
HPV antigen-specific CD8+ T cells were observed among the immunized
groups, despite all immunization groups exhibiting higher CD8+ T cell
activation than the Nil group (Fig. 4B). Furthermore, analysis of pro-
inflammatory cytokines (interferon gamma and tumor necrosis factor-
alpha) (Fig. 4C) and activationmarkers (CD69andCD25) onCD8+Tcells
(Fig. 4D) revealed dose-dependent differences but no substantial differences
in immune responses among the mRNA-poly(A) platforms.

Administration of HA-mRNA poly(A) with A50L50LO and A30L70
sequences resulted in stronger antibody responses
To investigate the humoral immune response, we replaced the antigen with
HA and encoded it on an mRNA-poly(A) platform. Vero and A549 cells
were transfected with 5 μg of each construct, and cell lysates were harvested

24 h post-transfection. In both cell lines, the A50L50LO sequence con-
sistently exhibited the highest HA protein expression, as confirmed by
western blotting (Figs. 5A and S4). Balb/c mice were intramuscularly
administeredwithHA-mRNAat 5 μg on twooccasions at 2weekly intervals
(Fig. 5B). Serum collected 6 hours after the first and second immunizations
exhibited comparable IL-6 levels across all poly(A) groups, with no notable
differences observed (Fig. 5C). Two weeks after the final immunization, HI
assays and ELISA for IgG, IgG1, and IgG2a antibody titers were conducted
using serum samples (Fig. 5D, E). The results demonstrated that antibody
responses were largely similar among the experimental groups, and the
observed differences were not statistically significant.

Discussion
mRNA molecules play critical roles in various applications, including vac-
cines and therapeutics.However, their inherent instability and short half-life
pose challenges in achieving optimal expression levels. Previous reports
have revealed several key strategies to enhance mRNA expression, such as
optimizing the 5’ or 3’ UTRs to reduce miRNA binding sites or leveraging
artificial intelligence technology33,34. Additionally, Liu et al. demonstrated
that substituting adenosine residues in the poly(A) tail with non-A
nucleotides enhanced translation efficiency19. Accordingly, numerous stu-
dies have attempted to enhancemRNAperformance throughmodifications
of the UTRs, adjustments to poly(A) tail length, or alterations of nucleotide
composition. In this study, we investigated the effect of introducing loop
structures into the poly(A) tail region of mRNA. The results revealed that
A50L50with a loop exhibited significantly stronger bioluminescence signals
than the other poly(A) groups. Consistently, in vivo experiments using
firefly luciferase or hEPO expression confirmed that loop structures
demonstrated promising protein expression efficiency comparedwith other
poly(A) tail groups inmice.This suggests that the additionof loop structures
to the poly(A) tail region can improve the efficiency of protein expression by
enhancing mRNA stability and duration, as observed in the in vivo model.

Recently, mRNA technology has expanded beyond its initial applica-
tion in infectious disease vaccines and cancer therapeutics3,5,35,36. It is now
being explored as an expression platform for antibodies37–39 and functional
proteins, such as CRISPR-Cas940. Modifying the poly(A) tail region with
loop structures could provide significant benefits by improving protein

Fig. 2 | Confirmation of F/L-mRNA-poly(A) expression in cells. Nor10, HeLa,
HepG2, and A549 cells (n = 3) were transfected with 500 ng of F/L-mRNA-poly(A).
Cells were harvested at 6, 24, and 48 h post-transfection for luminescence

measurements. Data are presented as mean values ± SD. P values were calculated
using one-way analysis of variance (ANOVA) with multiple comparison tests.
(*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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expression, similar to that of the protein described here, compared to other
poly(A)platforms. For example, anmRNAplatformwith this loop structure
could be applied to platforms where it would be beneficial to increase
expression efficiency, such as the delivery of Cas9 for genome editing, or to
systems that express the heavy and light chain genes of antibodies, and
would yield better efficiency than conventional expression platforms.

We also examined the immune responses of each mRNA platform to
confirm the correlationbetween expression level and immunogenicityusing
mRNA containing different poly(A) tails with HPV and influenza virus
antigens. The HPV antigen is highly effective in eliciting T-cell responses,

making it suitable for evaluating cellular immune responses41. Conversely,
the influenzaHAantigen predominantly induces antibody responses rather
than T-cell responses, rendering it more appropriate for assessing humoral
immune responses42. Therefore, in this paper, mRNAwith various poly(A)
structures were used to express HPV E6 and E7 antigens and influenza HA
antigen, respectively, for immune response analysis.

When an mRNA vaccine containing the HPV antigen was adminis-
tered at doses of 3 μg and 10 μg, no significant differences in cellular
immunity were observed between different poly(A) structures at the same
dose. However, differences in immune responses were observed depending

Fig. 3 | Expression of F/L-mRNA-poly(A) and hEPO-mRNA-poly(A) in mice.
A Six-week-old C57BL/6 mice (n = 5) were intramuscularly administered 5 μg of F/
L-mRNA-poly(A). The nil groupwas treatedwithDPBS. At each time point, 3 mg of
luciferin was intraperitoneally administered, and bioluminescence was measured
using an In Vivo Imaging system (IVIS) after anesthesia with isoflurane. C The
luminescence was quantified from the images and B represented graphically. The
statistics presented in the graph represent the results of the comparison between

A50L50LO and A50L50LX. D Approximately 5 μg hEPO-mRNA-poly(A) was
administered intravenously to 6-week-old C57BL/6 mice (n = 5). The nil group was
treatedwithDPBS.EhEPOELISAwas performed on serumobtained 2 and 6 h post-
immunization. Data are presented as mean values ± SD. P values were calculated
using one-way ANOVA with multiple comparison tests. (*p < 0.05, **p < 0.01,
***p < 0.001, ****p < 0.0001).
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on the administered dose. This suggests that variations in expression levels
resulting from modifications to the poly(A) structure may have a limited
impact on immune responses. Importantly, the dose-dependent enhance-
ment of immune responses highlights the intrinsic adjuvanticity of the
mRNA-LNP platform, as LNPs not only serve as delivery vehicles but also
activate innate immune pathways that enhance adaptive immunity.
Therefore, the observed differences in immune responses based on dosage
indicate that mRNA-LNP possesses strong adjuvanticity43,44.

In addition, the results of the analysis of humoral immunity using
mRNAvaccines expressingHAshowed that theHIassayorELISAantibody

titer did not differ significantly depending on the poly(A) structure of the
mRNA vaccine. Consistently, IL-6 ELISA conducted as an indirect assess-
ment of innate immune activation showed comparable results across the
poly(A) groups. Collectively, these findings suggest thatwhilemodifications
in the mRNA poly(A) structure influence protein expression levels, they
exert minimal impact on the induction of immune responses.

Furthermore, this approach has the potential to be more effective in
protein replacement therapy. It may be advantageous as it can induce high
levels of protein expression while minimizing unnecessary immune
responses, even with a small dose of mRNA-LNP administration.

Fig. 4 | Dose-dependent cellular immune response to HPV-mRNA-poly(A).
A HPV-mRNA-poly(A) at doses of 3 μg and 10 μg was administered twice to 6-
week-old female C57BL/6 mice (n = 5). The nil group was treated with DPBS. One
week after the last administration, splenocytes were harvested for flow cytometry
analysis. B Antigen-specific CD8+ T-cells in splenocytes without peptide

stimulation. C Cytokine (Interferon (IFN)-gamma, tumor necrosis factor (TNF)-
alpha) production and D T cell activation markers in splenocytes stimulated with
peptides. Data are presented as mean values ± SD. P values were calculated using a
two-way ANOVA. (*p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001).
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Additionally, this strategy is expected to offer further benefits by more
effectively reducing unnecessary immune responses, thereby minimizing
adverse effects.

Overall, our findings suggest that modifying the poly(A) tail structure
to enhance stability can contribute to improving protein expression and the
durability of the mRNA platform. In particular, this modification is
expected to be beneficial for studies aimedat in vivo expressionof functional
proteins, such as antibodies, where expression levels and stability are critical
factors.

Methods
Cell
HepG2 (human hepatocellular carcinoma cells) were cultured in RPMI
1640 medium (Cytiva) supplemented with l-glutamine (2mM). Nor10
(mouse muscle cells), HeLa (human cervical carcinoma cells), and A549
(lung cancer cells) cells were cultured in Dulbecco’s modified Eagle’s
medium (Cytiva) supplemented with l-glutamine (4mM) and glucose
(4500mg/L). All media were supplemented with penicillin (100 IU/mL),
streptomycin (100 μg/mL), amphotericin B (0.25 μg/mL), and 10% fetal
bovine serum (Gibco). All cells were maintained in a humidified incubator
at 37 °C and 5% CO2.

Mice
Six-week-old female C57BL/6 and BALB/c mice were purchased from
Daehan Biolink Co. Ltd. (Seoul, South Korea). At the Catholic University of

Korea, the animals were housed in specific pathogen-free conditions and
exposed to a 12 h light/12 h dark cycle. All experimental animal procedures
were approved by the Institutional Animal Care and Use Committee of the
CatholicUniversity ofKorea (CUK-IACUC-2023-039).The administration
route and dosage were determined based on findings from previous
studies5,45.Mice used in the experiment were euthanized using CO₂ either at
the conclusion of the study or for the purpose of immunological analysis.

mRNA preparation
The DNA template for the mRNA platform contains a 5’UTR, 3’UTR,
and poly(A) sequence. Poly(A) sequences (A50L50LO, A50L50LX,
A30L70, and A120) were inserted into the mRNA platform using
restriction enzymes (EcoR1 and Not1). Detailed information regarding
the platform can be found in the patent (KR10–2022-0115033), and the
information related to the poly(A) sequence has been provided in the
Supplemental Data (Table S1). After the DNA was purified, mRNA was
produced using the EZ T7High Yield In vitro Transcription Kit (EZ027S;
Enzynomics, Daejeon, Korea), a cap 1 capping analog (SMARTCAP®, ST
PHARM, Seoul, Korea), and N1-methylpseudouridine-5′-triphosphate
(m1ΨTP; TriLink, CA, USA) to replace uridine-5′-triphosphate (UTP).
After transcription, mRNA was purified using lithium chloride pre-
cipitation and dsRNA was eliminated by cellulose purification46. RNA
integrity was assessed by gel electrophoresis, and the concentration, pH,
and endotoxin levels of the solutions were determined (A39553; Pierce,
Thermo Fisher Scientific) (Fig. S1C).

Fig. 5 | Expression of HA-mRNA-poly(A) and antibody titer induced by HA-
mRNA-poly(A). A Vero and A549 cells were transfected with 5 μg of HA-mRNA-
poly(A), followed by protein purification and subsequent western blot analysis 24 h
later. B 5 μg HA-mRNA-poly(A) was administered intramuscularly on two occa-
sions to 6-week-old Balb/cmice (n = 5). The nil groupwas treatedwithDPBS.C IL-6

ELISA performed using serum collected 6 h after the first and second immuniza-
tions. D HI titer in response to HA-mRNA-poly(A). E The IgG, IgG1 and IgG2a
antibody titers were examined by ELISA using serum collected two weeks after the
last administration.
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Luciferase assay
HeLa, Nor10, A549, and HepG2 cells seeded into a 48-well plate at 1 × 105

cells per well and cultured at 37 °C for 24 h. Prior to transfection, the
medium was replaced with serum-free medium. Following the manu-
facturer’s instructions, the cellswere transfected at 80–90%confluenceusing
Lipofectamine 2000 (11668019; Invitrogen, Thermo Fisher Scientific). For
the assay, we mixed 500 ng of RNA (F/L) and 0.5 μl of Lipofectamine per
well in 50 μl of Opti-MEM medium (Gibco) and incubated at room tem-
perature for 5min. Next, the diluted RNA was mixed with diluted Lipo-
fectamine and incubated for 5min at room temperature. The prepared 48-
well plates were transfected. After 24 h of transfection, the cells were har-
vested and luciferase assays were performed (Promega). All reagents were
prepared according to the manufacturer’s instructions. For cell lysis, cells
were resuspended in 80 μl of 1× lysis buffer per well. After 15minutes of
lysis, 20 μl of each lysate was transferred to a 96-well white assay plate
(Corning Costar Corp., USA), and 100 μl of luciferase assay substrate
reagent was added to each test sample. Luminescence was then measured
using the Glomax Discover system (Promega).

mRNA-LNP formulation
LNPs were prepared as previously reported. All lipid components, in a
molar ratio of 50:10:38.5:1.5 (SM-102: distearoylphosphatidylcholine:
cholesterol: 1,2-dimyristoyl-rac-glycero-3-methoxypolyethylene glycol-
2000), were briefly dissolved in ethanol. The mRNAs were dissolved in
sodium citrate buffer (50mM, pH 4) at a charge ratio of N/P = 6. The
formulation of LNPs was conducted using an enCELL-Master V2
(ENPARTICLE, Busan, Korea) bymixing aqueous and organic solutions at
a 3:1 ratio with a total flow rate of 10mL/min. The LNP solution was
concentrated via ultrafiltration using an Amicon Ultra centrifugal filter
(UFC9030; Merck Millipore, MA, USA) following the manufacturer’s
instructions.

mRNA-LNPs were diluted 100-fold in DW for size and PDI mea-
surements. The size and PDI of the LNP were measured using a 12mm
square polystyrene cuvette (DTS0012; suitable for size and PDI) with a
PANalytical Zetasizer Ultra (Malvern, USA).

In vivo imaging system
During IVIS scans, mice were anesthetized with a mixture of isoflurane
(1.5%) and oxygen. The mRNA platform encoding firefly luciferase (5 μg
per mouse) was injected intramuscularly into the mice. d-Luciferin (P1043;
Promega,Madison,WI, USA) was administered intraperitoneally (I.P.) at a
dose of 150mg/kg/mice. Bioluminescent images were acquired at 8, 24, 48,
and 72 h using an IVIS Spectrum System (LUCI, CELLGENTEK), and the
analysis was performed using Living Image software (NEOimage program).

Flow cytometry
Mouse splenocytes (1 × 106 cells/well) were seeded in a 96-well plate and
stimulated with 2 µg/well HPV serotype 16 E7 (RAHYNIVTF). Subse-
quently, the samples were treated with Brefeldin A (Golgi plug, BD Bios-
ciences, Franklin Lakes, NY, USA) for 10 h at 37 °C. The splenocytes were
blocked by CD16/CD32 (14-0161-82; Invitrogen) for 15min at 4 °C and
subsequently stained with Live/Dead ™ Fixable Aqua Dead Cell Stain Kit
(L34966, Invitrogen, MA, USA), CD8 (100744; Biolegend), CD4 (17-0042-
82; invitrogen) for 30min at 4 °C in thedark. Cellswere permeabilizedusing
a Fixation/Permeabilization Solution kit (BD Biosciences) for 1 h at 4 °C in
the dark and then stained with IFN-γ (505826; Biolegend), and TNF-alpha
(506304; Biolegend) for 30min at 4 °C in the dark. For each sample, all the
antibodieswere treatedwith 0.1 µg.The cellswere analyzedusing aCytoFlex
flow cytometer (Beckman Coulter, Brea, CA, USA), and data analysis was
performed using CytExpert (Beckman Coulter).

For other plates,we seeded1 × 106 cells/wellmouse splenocytes in a 96-
well plate and stimulated them with 2 µg/well of HPV serotype 16 E7
(RAHYNIVTF). Subsequently, the samples were blockedwithCD16/CD32
(14-0161-82; Invitrogen) at 4 °C for 15min. Thereafter, we stained the cells
in the dark at 4 °C for 30min using Live/Dead™ Fixable Aqua Dead Cell

Stain Kit (L34966; Invitrogen, MA, USA), HPV 16 E7 49-57-specific tet-
ramer (RAHYNIVTF), CD8 (100706; Biolegend), CD69 (17-0691-82;
Invitrogen), and CD25 (64-0251-82; eBioscience). Each sample was treated
with the antibody at a concentration of 0.1 µg.

Western blot analysis
Vero cells (Korea Cell Line Bank, Seoul, Korea) and A549 cells were
transfected with 5 μg of HA-mRNA-poly(A) using Lipofectamine 2000®
(Invitrogen,Waltham,MA, USA). After 24 h, proteins were extracted from
the cell lysates. Cell lysates were preparedwith RIPA buffer (89900; Thermo
scientific) for protein extraction, and protein concentrations were deter-
mined using a BCA assay kit (23227; Thermo scientific). The extracted
proteins (10 μg) were separated using sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) and transferred to nitro-
cellulose membranes. Membranes were incubated at 25 °C for 1 h in
phosphate-buffered saline (PBS) containing 0.1% Tween-20 and 5% skim
milk to block nonspecific binding. Thereafter, the membranes were incu-
bated overnight at 4 °C with anti-HA antibody (11684-MM03; sinobiolo-
gical) and anti-β-actin antibody (3700 S; Cell Signaling Technology).
Horseradish peroxidase-conjugated anti-rabbit or anti-mouse antibodies
were used as the secondary antibodies. The signal was detected using ECL
substrate solution (ECL-PS100; Donginbio, Seoul, Korea).

Enzyme-linked immunosorbent assay
The 96-well plates (32296; SPL, Korea) were coated with 100 ng of HA
protein per well and incubated overnight at 4 °C. The wells were washed
thrice with 200 µL of PBS containing 0.05% Tween-20 (PBS-T) and then
blocked with 100 µL of blocking buffer (1% bovine serum albumin in PBS)
at room temperature for 1 h. The diluted serum samples were added to the
wells and incubated at room temperature for 2 h. After incubation, the wells
were washed thrice with PBS-T. Next, a 1:5000 dilution of horseradish
peroxidase (HRP)-conjugated anti-mouse IgG (A90-116P;), IgG1 (A90-
105P) and IgG2a (STAR133P; Biorad) antibody was added to the blocking
buffer and incubated for 1 h at 20 °C. After five washes with PBS-T, tetra-
methylbenzidine (TMB) substrate (34021; Thermo Fisher Scientific) was
added, and the plate was incubated for 10min. The reactionwas terminated
by adding 2N H2SO4. Optical density (OD) values were measured at
450 nm using the GloMax Explorer microplate reader (Promega, Madison,
WI, USA). The hEPO levels were measured using an hEPO DuoSet ELISA
kit (DY286; R&D Systems, USA).

HI assay
The mouse serum was treated with a receptor-destroying enzyme (Denka
Seiken, Tokyo, Japan) at 37 °C for 16 h. Subsequently, the mixture was
inactivated at 56 °C for 30min to remove nonspecific reactions. All serum
samples were serially diluted two-fold with cold PBS in a 96-well V-bottom
plate (Corning, NY, USA). A standardized virus suspension (16 HA U/
50 μl) was added, and the plate was incubated at 25 °C for 30min. Chicken
red blood cells (3% in 50 μl) were then added, and the plate was incubated at
room temperature (25 °C) for approximately 30min. The geometric mean
titer of the 95% confidence interval (CI) of antibodies was expressed as the
reciprocal of the highest serum dilution showing complete hemagglutina-
tion inhibition.

RNAfold
The RNAfold tool from the ViennaRNA Package 2.0 (http://rna.tbi.univie.
ac.at/cgi-bin/RNAWebSuite/RNAfold.cgi) was used to predict the second-
ary structure of the mRNA-poly(A). The minimum free energy (MFE)
associated with the predicted secondary structure was calculated using the
McCaskill method. The structure prediction was performed using hEPO-
mRNA-poly(A), and Fig. 1 specifically highlights only the poly(A) region.

Statistical analysis
All data are presented as mean ± standard deviation (SD). Statistical ana-
lyseswere performedusingGraphPadPrism software 9.0.One-way analysis
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of variance (ANOVA) with Tukey’s multiple comparison test was used to
assess statistical significance. Statistically significantdifferencesweredefined
as *P < 0.05, **P < 0.01, ***P < 0.001, and ****P < 0.0001.

Data availability
The authors confirm that the data supporting the findings of this study are
available in the article and as supplementary data. The raw data supporting
the findings of this study are available from the corresponding author upon
reasonable request.
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