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Abstract: For in vivo application of mRNA therapeutics, the development of mRNA nanocarriers
that protect mRNA from enzymatic degradation is needed. While current nanocarrier development
focuses on fine-tuning the chemical structure of its components, including lipids and polymers,
herein, we propose a novel strategy to design stable mRNA nanocarriers by structuring mRNA in-
side the nanocarriers. Firstly, several mRNA strands were crosslinked with each other using RNA
crosslinkers that hybridize to mRNA strands, to prepare mRNA nanoassemblies (NAs). Then, we
mixed NAs with poly(ethylene glycol) (PEG)-polycation block copolymers to prepare core-shell-
structured polyplex micelles (PMs), composed of PEG shell and mRNA-containing core. Notably,
PM-loading NAs (NA/m) exhibited enhanced stability against enzymatic attack and polyion ex-
change reaction compared to that loading naive mRNA (naive/m). According to mechanistic anal-
yses, NA/m possessed a shell with a denser PEG layer and a core with more condensed mRNA
compared to naive/m. As a result, NA/m induced more efficient protein expression after introduc-
tion to cultured cells and mouse brain, compared to naive/m. While newly developed materials
need long processes before their clinical approval, our strategy is effective in improving stability
and the mRNA introduction efficiency of existing mRNA nanocarriers just by structuring mRNA
without the use of additional materials.
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1. Introduction

In vitro transcribed messenger RNA (mRNA) garners much attention in next-gener-
ation therapeutics, especially in its application to vaccination against cancer and pan-
demic, protein replacement therapy and genome editing [1-4]. Owing to the early onset
of protein expression from mRNA, acute diseases are also promising targets of mRNA
therapeutics [5,6]. Meanwhile, for the wide-spread clinical application of mRNA, there
still remains challenges in the delivery technology. Notably, mRNA is more susceptible
to enzymatic degradation compared to DNA [7,8], which motivates many researchers to
develop mRNA nanocarriers using lipids and polymers [9-11]. While such research fo-
cusses on modulating the chemical structure of lipids and polymers, additional strategies
that work cooperatively with nanocarrier development are required to tackle this chal-
lenging issue.

For siRNA therapeutics, chemical modification is performed to increase nuclease sta-
bility, which allows in vivo siRNA delivery even without the use of delivery nanocarriers
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[12]. Chemical modification was also performed in mRNA therapeutics, successfully alle-
viating the immunogenicity of mRNA [13,14]. However, reported modification formula-
tions allowed only modest improvement in mRNA nuclease stability [15]. Although sugar
and phosphate linkage are frequently modified to improve siRNA nuclease stability, most
of the targets of mRNA modifications are bases, with very few reports modifying the
sugar—phosphate backbone [16], presumably because even subtle modification decreases
protein translational activity of mRNA [15,17]. To expand the variety of mRNA modifica-
tion, we conceived to hybridize mRNA with RNA oligonucleotides possessing stabilizing
moieties (Figure 1a,b). Although the hybridization of mRNA with 23 nt or longer RNA
oligonucleotides resulted in reduced translational activity and increased immunogenicity
of mRNA, 17 nt RNA oligonucleotide did not influence such properties of mRNA [18].
Using this strategy, we introduced cholesterol moieties to mRNA to stabilize polymer-
based mRNA nanocarriers [18], and poly(ethylene glycol) (PEG) to mRNA to prevent the
aggregation of lipid-based mRNA nanocarriers during their preparation and after their in
vivo administration [19]. These reports showed the utility and versatility of our mRNA
architectonics approach.
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Figure 1. mRNA architectonics. (a) Chemical modification of mRNA molecules. This method can
affect the protein translational activity of mRNA, depending on modification formulations. (b)
mRNA engineering using complementary RNA oligonucleotides. By controlling hybridization to
be 17 nt, this method allows for the introduction of stabilizing moieties, such as cholesterol and PEG,
without reducing mRNA translational activity and increasing mRNA immunogenicity. (¢) mRNA
nanoassemblies (NA). Several RNA strands were bundled using RNA oligonucleotide linkers pos-
sessing sequences complementary to mRNA at their 5" and 3' ends. Reproduced from reference [20]
with permission.

Along with chemical modification, the modulation of the nucleic acid steric structure
is an effective method to improve the nuclease stability of DNA and RNA [21-24]. Utiliz-
ing the mRNA architectonics approach, we crosslinked several mRNA strands using RNA
oligonucleotide linkers possessing two sequences complementary to mRNA (Figure 1c).
The mRNA nanoassemblies (NAs) thus prepared showed enhanced stability against nu-
cleases compared to naive mRNA [25]. Interestingly, NAs preserved their translational
activity, presumably because NAs may dissociate specifically in cytosol through 5’ cap-
dependent translation processes.

Herein, to further improve the functionalities of NAs, we encapsulated NAs into pol-
yplex micelles (PMs), possessing a core-shell structure of a PEG shell and mRNA contain-
ing core (see Figure 2). PM is a promising platform of mRNA nanocarriers, effectively
preventing mRNA degradation from nucleases and alleviating mRNA immunogenicity
by inhibiting mRNA recognition by Toll-like receptors [26,27]. In the present study, PM-
loading NAs (NA/m) exhibited enhanced biological and physical stability compared to
that loading naive mRNA (naive/m), eventually showing increased mRNA expression ef-
ficiency in vitro and in vivo [20].
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Figure 2. Polyplex micelles (PMs). PMs were prepared by mixing mRNA and PEG-PLys block copolymer at N/P = 2 in
aqueous solution and had a core-shell structure of PEG shell and mRNA-containing core. PM from naive mRNA, that
from long naive mRNA, and that from NA are designated as naive/m, [-naive/m, and NA/m, respectively. Cumulant
diameter was determined by DLS. Further characterization was performed for determining the density of PEG and RNA
for naive/m and NA/m. Reproduced from reference [20] with permission.

2. Methods

NAs were prepared first from Gaussia luciferase (gLuc) mRNA (783 nt) and 8 RNA
oligonucleotide linkers. The hybridization of these two components was performed by
heating at 65 °C for 5 min, followed by cooling to 30 °C for in 90 min. PEG-polylysine
(PEG-PLys) block copolymer with PEG Mw of 12 kDa and a polymerization degree of the
PLys segment of 61 was used. Note that PLys was widely used in the delivery of nucleic
acids [28]. NAs and the block copolymers were mixed at (amino groups in the block co-
polymers (N))/(phosphate groups in NAs (P)) ratio of 2. As a control, PMs from naive
GLuc mRNA and naive long mRNA with 7569 nt were prepared at N/P ratio of 2 and were
designated as naive/m and [-naive/m, respectively. For examining the versatility of our
strategy, NAs were also prepared from firefly luciferase (fLuc) mRNA with the length of
1854 nt, using 10 NA oligonucleotide linkers, and fLuc NA/m was prepared in the same
manner as NA/m from gLuc mRNA.

3. Results and Discussion

PMs were prepared from gLuc naive mRNA (0.8 kb) and gLuc NAs and designated
as naive/m and NA/m, respectively. To discriminate the effect of the difference in the
mRNA structure from the increase in mRNA amount in NA/m compared to naive/m, we
prepared an additional control PM prepared from naive long mRNA (I-naive/m) (Figure
2). The length of long mRNA was set to 7.6 kb, which is close to total RNA amount in a
single NA (7.4 kb), determined in our previous report [25]. All PM formulations exhibited
the average sizes below 100 nm with polydispersity index around 0.15 in dynamic light
scattering (DLS) analyses. Further characterization was performed to measure the molec-
ular weight of PMs using analytical ultracentrifugation, the diameter of PM cores using
transmission electron microscopic (TEM) images, and the binding ratio of block copoly-
mer to mRNA after separating free block copolymer from PMs by ultracentrifugation. Us-
ing these values, we calculated the PEG density in the PM shell and the RNA density in
the PM core. Notably, NA/m showed 1.5-fold increase in RNA density and 2.2-fold in-
crease in PEG density (Figure 2). The compact structure of NA may be preserved after
complexation with polycation, and such condensed RNA in NA/m may attract a large
amount of block copolymer to increase PEG density.
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Then, the physical stability of PMs was evaluated by observing RNA release from
PMs after the addition of dextran sulfate, a polyanion. Such a polyion exchange reaction
is a major mechanism of polyion complex dissociation in blood circulation [29,30]. NA/m
required around a 1.5-fold larger amount of dextran sulfate for RNA release compared to
naive/m and /-naive/m, demonstrating its enhanced physical stability. The biological sta-
bility of PMs was assessed by evaluating mRNA intactness after serum incubation using
quantitative real-time PCR (qRT-PCR). After 15 min incubation in 50% serum, more than
60% of mRNA in NA/m was detected by qRT-PCR, while detected mRNA percentages
were below 5% in naive/m and I-naive/m. The in vivo stability of PM was then evaluated
by measuring the mRNA amount in the blood circulation using qRT-PCR, 2.5 min after
intravenous injection to mice. Detected mRNA in NA/m in the blood was more than 10-
fold larger than that that in naive/m and I-naive/m. These results demonstrate the en-
hanced biological stability of PMs after loading NA instead of naive mRNA. Notably, the
physical and biological stability was not improved just by elongating mRNA, as [-naive/m
failed to show a difference in stability compared to naive/m. Thus, the enhanced stability
of NA/m may be attributed to the change in mRNA structure, rather than the total size of
RNA. It is reasonable to assume that the increase in the density of PEG in the shell and
RNA in the core contributes to the enhanced stability.

The mRNA introduction efficiency of the PMs was evaluated first by using cultured
cells. Naive/m and NA/m showed comparable efficiency of gLuc expression when culture
medium contained 10% serum. In contrast, after mRNA introduction in culture medium
containing 50% serum, NA/m yielded a more than 20-fold higher level of gLuc expression
compared to naive/m. NA/m maintained its mRNA introduction efficiency in the culture
medium containing a high amount of nucleases and molecules that destabilize PMs. While
gLuc mRNA was used so far, we used fLuc mRNA, which is 2.4-fold longer than gLuc
mRNA, to test the versatility of our approach. NA/m with an average size of 92 nm in DLS
analysis was successfully prepared from fLuc mRNA and PEG-PLys block copolymer. As
is the case in gLuc mRNA, fLuc NA exhibited improved physical and biological stability
and mRNA introduction efficiency compared to fluc naive mRNA. Ultimately, NA/m in-
duced efficiency in vivo mRNA introduction in mouse brain after injection to cerebrospi-
nal fluids.

4. Conclusions

We successfully improved the physical and biological stability of mRNA nanocarri-
ers using an RN A nanotechnology-based approach by focusing on the mRNA steric struc-
ture. The structuring of mRNA before complexation with PEG-polycation block copoly-
mer led to more condensed packaging of mRNA in the polyplex micelles surrounded by
a denser PEG shell, which contributed to their enhanced stability. Importantly, our ap-
proach improved the functionalities of existing mRNA nanocarriers without the use of
additional material, which is important for future clinical translation.

Institutional Review Board Statement: Animal experiments were conducted in accordance with
the approval of the Animal Care and Use Committee of the Innovation Center of NanoMedicine,
Kawasaki Institute of Industrial Promotion (Kanagawa, Japan, A16-004, 13 June 2016).

Informed Consent Statement: Not applicable.

Data Availability Statement: Data available on request.
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