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Messenger RNA (MRNA) is being extensively used in gene therapy and vaccination due to its safety over DNA, in the
following ways: its lack of integration risk, cytoplasmic expression, and transient expression compatible with fine
regulations. However, clinical applications of mRNA are limited by its fast degradation by nucleases, and the activation of
detrimental immune responses. Advances in mRNA applications, with the recent approval of COVID-19 vaccines, were
fueled by optimization of the mRNA sequence and the development of mRNA delivery systems. Although delivery systems
and mRNA sequence optimization have been abundantly reviewed, understanding of the intracellular processing of mMRNA
is mandatory to improve its applications.
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| 1. Introduction

The in vivo administration of MRNA for in situ protein production was first reported in 1990, after intramuscular injection of
an mRNA coding a reporter gene . Since, there has been a growing interest in mRNA as a therapeutic modality,
especially in the last decade &, |t can be used as a platform for protein replacement therapies, genome engineering,
cellular reprogramming, tolerization for allergy, and immunotherapies including vaccination B4, Compared to plasmid
DNA (pDNA), mRNA does not need to reach the nucleus, as it is expressed in the cytosol where the translation machinery
resides. Hence, the mRNA approach is also safer, with no possibility of mutation, integration, or other undesirable genetic
events 1. In addition, it offers the possibility to transfect difficult-to-transfect differentiated cells, such as dendritic cells and
neurons BIBIZIEIE Moreover, mMRNA is produced in vitro in a cell-free system, and methods and facilities for the large-
scale production of therapeutic mRNA have been built to produce the approved SARS-CoV2 mRNA vaccines 221,

Since RNA molecules are unstable, prone to extracellular nucleases degradation, and are membrane-impermeable,
mRNA delivery systems are required to protect them from degradation and to promote their cellular uptake into the
targeted cells. Therefore, delivery systems allow them to be protected from rapid degradation in biological fluids as well as
to enhance their cell uptake. In fact, it has been shown that free circulating RNA can be degraded within 15 s in the
presence of blood RNAses (which are even more present in cancer patients), and mRNA has an estimated half-life of 1-2
min in human serum or bovine vitreous 22431,

To date, different formulations have been designed to improve the stability and the intracellular delivery. Lipid-based
systems represent the majority of those formulations, besides those comprising polymer, micellar or lipid—polymer hybrid
[21[3114ILS]16] | Il cases, as their size ranges from a hundred nanometers to a few micrometers, these formulations are
categorized as nanoparticles (NP). To deliver their cargo intracellularly, NP need to diffuse across the dense extracellular
matrix and across the plasma membrane 2118 The main mechanism for NP to cross these barriers is endocytosis,
where invaginations of the cell membrane confine NP in endosomal vesicles targeted for degradation 12, Accordingly, NP
need to incorporate features to control cell targeting, intracellular trafficking and the intracellular release of the mRNA in
the cytoplasm for its translation 9. Another important limitation to the delivery of synthetic mRNA is its recognition as
foreign mMRNA by intracellular sensors, such as Toll-like receptors (TLRs) 7 and 8. This recognition induces a type |
interferon (INF o/p) response, which induces the suppression of mRNA translation as well as a detrimental inflammatory
response U2 |nterestingly, in addition to mRNA, the chemical groups of the vector have been reported to be sensed by
the immune system as well, as reported by Anderson’s lab [22,

The most advanced lipid-based NP for mRNA delivery are lipid nanoparticles (LNPs) (reviewed in LULSIZ3N | NPs are
prepared by the microfluidic mixing of lipids in ethanol and mRNA in acidic buffer (pH < 4.0). Lipids include an ionizable
lipid (pKa < 7) that will be protonated at acidic pH to condense mRNA and release mRNA inside the cells, cholesterol for
stabilization, and helper lipids for endosomal escape DOPE (1,2-dioleoyl-sn-glycero-3-phosphatidyl-ethanolamine) or
DSPC (distearoylphosphatidylcholine) and a PEGylated (polyethylene glycol) lipid to prevent aggregation of LNPs &I,
LNPs combine the following several advantages: a high mRNA encapsulation efficiency, can be injected by various routes,



preclinical and clinical proof of activity, and stability under storage (reviewed in BIl124ly Moreover, their production is
reproducible and several techniques exist for the large-scale production of mMRNA LNPs 221, Accordingly, our review will
focus on LNPs-mediated delivery of mRNA.

Despite the lack of correlation between in cellulo mRNA transfection and in vivo delivery efficacy 2827, the evaluation of
mMRNA delivery systems in cell culture still represents the first step of the formulation design. Accordingly, understanding
the correlation between intracellular bottlenecks and therapeutic activity is critical to further advance mRNA therapy [1128],
There are very few studies that address the cellular uptake and subcellular distribution of exogenous mRNA 22,

The first step in MRNA delivery is to reach the targeted organ where the therapeutic mRNA should be expressed. Several
units in the LNPs composition stabilize the LNPs to maximize the dose reaching the target cell. Such units should prevent
sedimentation of LNPs in the storage medium, prevent aggregation in the physiological medium they are dispersed into
after injection, limit drug release after interaction with the factors present in physiological fluids, and improve accumulation
in the targeted organs and targeted cells. To grasp the complexity of the NP journey, we refer the reader to a review by AT
Florence, describing the challenges faced by NP after administration into the body BY. Decreasing mRNA leakage from
LNPs and improving their circulation time have been the focus of extensive research (reviewed in 231,

Indeed, after intravenous injection, most NP are captured by innate defense systems against exogenous agents B4,
Surface modification with lipids conjugated to hydrophilic PEG (polyethylene glycol) groups decreases protein adsorption
onto LNPs and prevents their aggregation in the circulation 23, As opsonization by serum-borne proteins marks NPs for
elimination by cells of the mononuclear phagocyte system in the spleen and liver, PEGylation increases the circulation
time of LNPs and their chance to reach the target organ 22, The benefit of PEGylation is not limited to intravenous
injection, as the decreased opsonization and neutralization of surface charge by PEG groups also favors the delivery to
draining lymph nodes after intramuscular injection, which is a critical parameter for vaccination 233l However,
PEGylation also decreases the cellular uptake of NP and their endosomal escape ability 21, The compromise between
enough PEG-lipid to decrease non-specific interactions, yet not too much to allow endocytosis, has been referred to as
the “PEG dilemma” 24l Further, mRNA LNPs usually contain 1.5% PEGylated lipid, which is a percentage that is sufficient
to avoid LNPs aggregation during storage and limit protein adsorption after infusion LHLSI23124135] To resplve the PEG
dilemma, ligands are also attached to a fraction of PEGylated lipids for cellular targeting. Stimuli-sensitive PEGylation,

with PEGylated units activated by stimuli enriched in the target organ, are another solution to the PEG dilemma (reviewed
in (36
in =80),

The other critical parameter for the extracellular stability of LNPs is the presence of cholesterol, which is a feature already
reported essential to decrease drug leakage from liposomes 4. Cholesterol increases the viscosity of the surface and
increases the encapsulation efficiency (reviewed in [22]). The presence of cholesterol impedes lipid extraction by high-
density lipoproteins, which would cause LNPs breakdown and mRNA leakage. Finally, the ionizable lipid ensures the
complexation of MRNA in a segregated region of LNPs, protecting it from degradation by extracellular nucleases 23128l |n
this review, we describe different approaches to study cellular uptake, the endosomal escape, and intracellular sensing of
delivered mRNA (Figure 1).
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Figure 1. Critical parameter to consider regarding LNPs formulation and cellular interactions. To perform efficient
transfection, LNPs should protect mRNA with ionizable lipid until its final destination and should be able to release it
efficiently. Surface functionalization through incorporation of targeted lipid will help to reach specific organ/cells while
PEGylated lipid will help the circulation of particles in vivo. Finally, incorporation of helper lipids will help either the
formation of LNPs or its interaction with biological membrane. Altogether, those lipids need to trigger an efficient cellular
uptake of the particle, which leads to the cytosol and avoids the lysosome, without triggering deleterious cell sensors, so
that mRNA can lead to an efficient protein production in the cell.

| 2. Quick Look to Other mRNA Loaded Formulations

LNPs are part of the latest innovation in terms of a lipidic formulation to deliver mRNA, thanks to the use of microfluidic
tools to produce them, but many studies involved other well-known formulations, such as liposome, micelles, or polymers.
Liposomes are vesicles formed from lipids (synthetic or natural), which formed a lipid bilayer and an internal space
capable of encapsulating molecules such as small drugs B2, In 1987, Felgner and coworkers used a cationic liposome for
gene therapy (with DNA) for the first time, made with DOTMA (N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylammonium
chloride), and in 1989, the same team performed transfection with mRNA B4l Complexes made of liposomes and
nucleic acids are called lipoplexes; the nucleic acid is embed through the bilayer, thanks to electrostatic interactions 42,
which can impact the surface aspect and stability of the liposome, and then the endocytic behavior [431144],

An interesting delivery platform to consider is light-triggered lipid formulation. In fact, after injection of classic LNPs (locally
or systemically), there is no option to physically trigger the endosomal escape. Light-triggered formulations, thanks to
specific wavelengths suitable for therapeutic use, allow a precise spatiotemporal release of the cargo inside the cell,
which can be needed in some diseases to specifically target organs, or simply to decrease systemic toxicity. Up to date,
most of the formulations are liposomes 2l but can also be lipopolyplexes 48, and they show promising results in LNPs
formulation 4. To be triggered by light, different strategies exist based on a photosensitive molecule, e.g., verteporfin
(VP), which, under a specific wavelength illumination, can generate reactive oxygen species (ROS) that destabilize the
endolysosomal membrane 8491 or with indocyanine green (ICG), which can absorb and convert light energy into heat to
destabilize the membrane B, Moreover, lipids can also be light sensitive, e.g., allowing the surface charge of a liposome
to change B, which can serve to enhance systemic circulation when neutral, and cellular uptake/endosomal escape
when charged. With a high interest and encouraging results in cancer therapy, thanks to precise drug release, light-
triggered formulations have been shown to be capable of nucleic acid release, such as DNA or oligonucleotides, which
can lead to a promising platform for mRNA delivery (481659,

Nevertheless, lipoplexes mRNA therapy could still be interesting for therapeutic purposes. Recently, we showed that co-
delivery with lipoplexes of non-structural protein-1 (NS1) mRNA with bone morphogenetic protein-2 (BMP-2) mRNA
increases the expression of BMP-2 and osteogenic differentiation into murine pluripotent stem cells B2, Influenza A virus



(IAV) non-structural protein 1 is a multifunctional protein, helping virus replication and virulence, which is known to interact
with several proteins (e.g., RIG-I) to inhibit the activation of transcription factors (IRF3/7, NF-kB, etc.) required for IFNs
production, leading to anti-viral response and reduced translational activity. C2C12-BRE/LUC cells that stably express
luciferase reporter gene under BMP-2 responsive elements (BRE-luciferase), were transfected with lipoplexes containing
1 pg of mRNA with a different ratio between BMP-2 and NS1. When cells are transfected with BMP-2 mRNA alone,
luciferase activity decreases by 65% after 48h, and almost completely (91%) after 72 h. When transfected with 0.25 pg of
NS1 mRNA and 0.75 pg of BMP2, luciferase activity was 3.5- and 4.7-fold higher at 48 h and 72 h, respectively, and the
decrease of luciferase activity was lower after 48 h (54%) and 72 h (85%) (Figure 2) (53],
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Figure 2. Co-transfection of osteoprogenitor cells with BMP2 mRNA and NS1 mRNA resulted in decreasing type |
interferon response together with enhanced therapeutic BMP2 mRNA expression. Adapted from 53! with permission.

Lipopolyplexes (or lipid—polymer hybrid nanoparticles) are ternary complexes formed between a nucleic acid, a polycation,
and liposomes. In 1996, Huang et al. showed that the combination of cationic polymer (poly(L-lysine), protamine) with
cationic liposome resulted in smaller and more stable particles, with increased transfection efficiency in comparison to
lipoplexes 4. Since then, several studies were performed to deliver different nucleic acids with lipopolyplexes, for
example, DNA B3, interfering RNAs 857, and mRNA I85!, Recently mRNA-loaded lipopolyplexes have emerged as a

suitable therapeutic that can be used for vaccination .
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