
 

 

Since January 2020 Elsevier has created a COVID-19 resource centre with 

free information in English and Mandarin on the novel coronavirus COVID-

19. The COVID-19 resource centre is hosted on Elsevier Connect, the 

company's public news and information website. 

 

Elsevier hereby grants permission to make all its COVID-19-related 

research that is available on the COVID-19 resource centre - including this 

research content - immediately available in PubMed Central and other 

publicly funded repositories, such as the WHO COVID database with rights 

for unrestricted research re-use and analyses in any form or by any means 

with acknowledgement of the original source. These permissions are 

granted for free by Elsevier for as long as the COVID-19 resource centre 

remains active. 

 



Advanced Drug Delivery Reviews 179 (2021) 114002
Contents lists available at ScienceDirect

Advanced Drug Delivery Reviews

journal homepage: www.elsevier .com/ locate/adr
mRNA – A game changer in regenerative medicine, cell-based therapy
and reprogramming strategies
https://doi.org/10.1016/j.addr.2021.114002
0169-409X/� 2021 Elsevier B.V. All rights reserved.

⇑ Corresponding author at: Department of Cardiac Surgery, Reference and Translation Center for Cardiac Stem Cell Therapy (RTC), Rostock University Medica
Rostock, Germany.

E-mail address: robert.david@med.uni-rostock.de (R. David).
Oleksandra Chabanovska a,b, Anne-Marie Galow c, Robert David a,b,⇑, Heiko Lemcke a,b

aDepartment of Cardiac Surgery, Reference and Translation Center for Cardiac Stem Cell Therapy (RTC), Rostock University Medical Center, Rostock, Germany
b Faculty of Interdisciplinary Research, Department Life, Light & Matter, University Rostock, Rostock, Germany
c Institute of Genome Biology, Leibniz Institute for Farm Animal Biology, Dummerstorf, Germany

a r t i c l e i n f o
Article history:
Received 13 August 2021
Revised 6 October 2021
Accepted 8 October 2021
Available online 13 October 2021

Keywords:
mRNA delivery
Cell reprogramming
Tissue engineering
Regenerative medicine
Clinical translation
a b s t r a c t

After thirty years of intensive research shaping and optimizing the technology, the approval of the first
mRNA-based formulation by the EMA and FDA in order to stop the COVID-19 pandemic was a break-
through in mRNA research. The astonishing success of these vaccines have brought the mRNA platform
into the spotlight of the scientific community. The remarkable persistence of the groundwork is mainly
attributed to the exceptional benefits of mRNA application, including the biological origin, immediate but
transitory mechanism of action, non-integrative properties, safe and relatively simple manufacturing as
well as the flexibility to produce any desired protein. Based on these advantages, a practical implemen-
tation of in vitro transcribed mRNA has been considered in most areas of medicine. In this review, we dis-
cuss the key preconditions for the rise of the mRNA in the medical field, including the unique structural
and functional features of the mRNA molecule and its vehicles, which are crucial aspects for a production
of potent mRNA-based therapeutics. Further, we focus on the utility of mRNA tools particularly in the
scope of regenerative medicine, i.e. cell reprogramming approaches or manipulation strategies for tar-
geted tissue restoration. Finally, we highlight the strong clinical potential but also the remaining hurdles
to overcome for the mRNA-based regenerative therapy, which is only a few steps away from becoming a
reality.

� 2021 Elsevier B.V. All rights reserved.
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1. Introduction

For more than 5000 years, medicinal drugs were discovered by
an empirical approach based on screening of biological extracts
usually used in traditional medicine. However, this cost- and
time-intensive method of drug development delivered hardly pre-
dictable compounds with unknown targets and pharmacological
properties, which were often unsuitable for clinical application
[1–3]. Consequentially, in the second half of the 20th century,
the scientific community has turned its attention to the target
itself and devised a rational methodology for target-based drug
design, which is still dominant in the field of drug research. Gener-
ally, two categories of novel pharmaceuticals emerged that are
widely used in all medical sectors: (1) synthetic drugs manufac-
tured via chemical processes and (2) biopharmaceuticals, also
known as biologicals, which are commonly generated from living
cells [4]. Yet, over the past decades, a paradigm shift from imple-
mentation of chemically derived drugs towards treatment with
biological compounds (such as proteins, peptides or nucleic acids;
Milestones of mRNA application in regenerative medicine. Time history chart sh
technology in regenerative therapy [17,20–22,26,33,134,222,263].

s and drawbacks of DNA-, RNA- or protein-based biologics.

Advantages

– high stability
– high efficiency and efficacy
– high persistence of the effect
– simple, cost-effective, controlled and reproducible m
– low risk of biological contaminants
– transient activity
– moderate efficiency and efficacy

eins – moderate stability
– high binding affinity to the target
– great efficiency and efficacy

2

Table 1) has occurred leading to a prominent and rapid expansion
of the biopharmaceutical market [5,6]. The use of synthetic drugs is
commonly associated with toxicity concerns due to their broad
chemical reactivity with organic molecules [7], while biologicals
show fewer or no off-target activity due to higher specificity for
their targets [8,9]. Today, the vast majority of commercially
approved biologicals includes recombinant proteins, which are
prevalently utilized as therapeutic antigens or antibodies for treat-
ment of cancer, inflammatory or infectious diseases [4,10]. In con-
text of biological drug development, another class of therapeutic
molecules has come into focus – nucleic acids, one of the most
ancient biopolymers [11]. Represented by DNA and RNA, nucleic
acids are responsible for the transfer of biological information
within and between living organisms as stated in the central
dogma of molecular biology by Francis Crick in 1970 [12].

As a carrier for the genetic code, nucleic acids offer the advan-
tage of in situ production of target proteins [13]. Unlike DNA,
ribonucleic acids possess a much wider spectrum of functions
and include not only protein-coding sequences, but also non-
owing the key discoveries and breakthrough events that contributed to the rise of

Disadvantages

– increased risk of insertional mutagenesis
– includes host-foreign sequences
– low control over durability

anufacturing – low stability
– requires appropriate delivery system
– rapid elimination by the immune system

– high immunoreactivity
– risk of neutralization by immune system
– cost- and time-intensive manufacturing
– poor control over manufacturing
– high risk of biological contamination
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coding types that participate in protein synthesis (e.g. rRNA, tRNA),
regulation of gene expression (snoRNA, snRNA, lncRNA) or post-
transcriptional gene silencing (miRNA or anti-sense RNA). How-
ever, in contrast to DNA-based therapeutics, the importance of pro-
tein encoding messenger RNA (mRNA) for drug research was not
immediately recognized because of the high instability of the
molecule, potential immunogenicity and suboptimal delivery
approaches [14]. Due to the great advances in science and technol-
ogy, it was possible to evade most of these issues. The rapid degra-
dation of mRNA caused by enzymes was minimized by establishing
nuclease-free working conditions. The poor translatability of syn-
thetic mRNAs was drastically improved with the discovery of the
mRNA cap structure, which can be replaced by various
translation-promoting cap modifications [15,16]. Furthermore,
structural mRNA optimization with modified nucleosides addition-
ally hampered recognition by the immune system [17]. In addition,
innovations in drug delivery offered novel vehicles based on poly-
meric, lipid or peptide materials to improve the mRNA transfer
[18,19].

Thus, it was not until three decades after the discovery of mRNA
[20] that Wolff et al. (1990) pioneered a direct injection of pure
in vitro transcribed, cap-optimized mRNA into the skeletal muscle
of mice and evidenced a transient expression pattern of encoded
reporter protein (Fig. 1) [21]. At this point, the exploration of the
therapeutic use of mRNA got a second boost. In 1992, modified
mRNA (mod-mRNA) was successfully deployed in vivo as a protein
substitution therapy to treat genetic condition of diabetes insipi-
dus in Brattleboro rats lacking vasopressin expression in hypotha-
lamic neurons [22]. In 1993, the first mRNA-based vaccination of
mice against influenza virus was demonstrated as an effective
immunization strategy preventing the risk of infectious diseases
[23]. The next milestone in the history of mRNA-therapeutics
was reached in the field of cancer research. In 1996, Boczkowski
et al. introduced mRNA encoding tumor-enriched protein ovalbu-
min to dendritic cells (DCs). Following injection of these mRNA-
pulsed DCs into tumor-bearing mice, a significant reduction of
the tumor burden was observed indicating an efficient mRNA-
mediated sensitization of the immune system [24]. The stunning
success of this anti-cancer approach accelerated the immediate
clinical translation of mRNAs in the same year, when mRNA-
modulated DCs were applied to patients suffering treat prostate
cancer [25]. About ten years later, a direct injection of tumor-
specific mRNA was administered for the first time as a cell-free
vaccine to medicate metastatic melanoma patients [26,27]. Today,
although mRNA biologicals are considered to possess a powerful
immunomodulatory potential in anticancer therapy, they still
reside in extensive clinical research [28,29]. Nonetheless, the bio-
pharmaceutical industry recently achieved a spectacular break-
through in the field of mRNA-based medicine. As a global
pandemic caused by the coronavirus disease 2019 (COVID-19)
overwhelmed the world [30], BioNTech/Pfizer (BNT162b2) and
Moderna (mRNA-1273) have developed the first, highly potent
mRNA-based vaccines within an extraordinary short period of time
– only a year since COVID-19 outbreak [31,32]. These mRNA vacci-
nes demonstrated remarkable safety and showed the most potent
efficacy (95% and 94.1%, respectively) [33,34] outranging the tradi-
tional viral-vectored vaccines, e.g. Oxford-AstraZeneca
chimpanzee-derived adenovirus vaccine (ChAdOx1 or AZD1222;
62% efficacy) [35].

The winning profile of mRNA COVID-19 vaccines highlights
again the advantages of mRNA over virus-encapsulated or plasmid
DNA that largely rely on fundamental laws of protein origin. The
route of the eukaryotic protein biosynthesis starts in the nucleus,
where DNA is transcribed to mRNA that in turn enters the cyto-
plasm to be translated into a protein. Thus, while mRNA therapeu-
tics only need to reach the cytoplasm in order to perform its
3

function, DNA-based drugs are compelled to overcome a tight
nuclear membrane that is naturally eased during cell division. This
additional barrier is a major issue limiting the efficiency of DNA
delivery, whereas mRNA transport into the cell is not affected by
nuclear boundaries. As for safety concerns, DNA and viral vectors
are prone to incorporate into the host genome posing considerable
risk of mutagenesis. In contrast, mRNA offers great safety as it does
not interact with genetic material, acts as a short-lived gene tran-
script for cytoplasmic protein production and can be degraded
completely via physiological metabolic pathways. Furthermore,
mRNA does not contain additional foreign gene information, allows
in vitro synthesis under cell-free conditions avoiding bacterial con-
tamination, can encode any kind of protein and, therefore, poten-
tially represent a therapeutic tool for any disease. Taking into
account that mRNA manufacturing is a relatively simple and inex-
pensive process, further rising interest for mRNA technology
exceeding the field of vaccine design can be expected in the near
future [14,36–38].

For instance, numerous preclinical studies have recently
demonstrated the promising potential of mRNA to treat a wide
range of protein malfunction diseases including hemophilia type
A [39] and B [40], Fabry (lysosomal storage) disease [41], glycogen
storage disease type Ia [42] and other hepatic abnormalities [43–
45]. In 2017, a novel biological MRT5005 (Translate Bio) has
marked an important milestone for mRNA-based protein replace-
ment therapy by entering the phase I/II of clinical trial
(NCT03375047). This compound contains mRNA of CFTR (cystic
fibrosis transmembrane conductance regulator) – a protein either
misfolded or depleted in cystic fibrosis patients due to mutations
in CFTR gene [46]. Very recently, two more mRNA therapeutics
have attained the clinical sector: mRNA-3704 (Moderna) restoring
the function of MUT (mitochondrial enzyme methylmalonic-CoA
mutase) in rare cases of methylmalonic acidemia (NCT03810690)
and ARCT-810 (Arcturus Therapeutics), targeting patients with
ornithine transcarbamylase deficiency (NCT04416126).

However, despite the encouraging results demonstrated in pre-
clinical and clinical studies, mRNA therapeutics are still facing cer-
tain downsides that all innovative drugs have in common – an
urgent need for optimized pharmacokinetics and pharmacody-
namics. To understand the current challenges of clinical mRNA
application, it is crucial to take a closer look into the nature of
mRNA molecule, its structure and functions. The following chap-
ters will also address the importance of mRNA modifications as
well as recent advances in mRNA delivery methods. In this review,
we will focus on the relevance of the mRNA platform for cellular
reprogramming and its purpose specifically in regenerative
medicine.
2. mRNA: molecular composition and function

The cellular synthesis of an mRNAmolecule takes place during a
process called transcription, when RNA polymerase reads out and
duplicates the template (antisense) strand of a protein-coding
DNA sequence in 3? 5‘direction, thereby switching every thymine
nucleobase for uracil in the transcript. Thus, the resulting precur-
sor mRNA (pre-mRNA) represents a single-stranded copy of a com-
plementary gene segment with opposite direction (5́ to 3́end) and
uracil replacing thymine [11]. However, the premature mRNA
needs further processing to become a functional mRNA. This
includes essential steps of co-transcriptional 5́end capping, 3́end
rearrangement as well as splicing [47], important processes that
will be discussed in the subsection below (Section 2.1.). Addition-
ally, we will highlight the current advanced approaches to enhance
stability, translatability and overall life-time of in vitro synthesized
mRNA drugs (Section 2.2.).
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2.1. Native mRNA structure

A mature eukaryotic mRNA is composed of a nucleotide
sequence with four distinct regions: cap structures at the 5́end,
polyadenylated site at the 3́end and a protein-coding sequence
flanked by untranslated regions (UTRs) at both 5́and 3́end [48].

The 5́capping of the nascent pre-mRNA is the initial modifica-
tion step, executed during transcription as soon as the first 25–
30 nucleotides (nt) are synthesized [49]. Chemically, it is defined
as a 7-methylguanosine (m7G), coupled with the first transcribed
nucleotide via reversed 5́ to 5́ triphosphate bridge. Three enzymes
mediate m7G incorporation: (1) a triphosphatase cleaves the ter-
minal 5́phosphate from the nucleotide; (2) a guanylyltransferase
establishes a chemical bond between the inverted guanosine
monophosphate and diphosphate creating G cap (GpppNp); (3) a
methyltransferase conveys a methyl residue to the seventh posi-
tion of G cap completing the ‘‘cap0” as m7GpppNp [50,51]. This
cap0 structure is involved in several biological processes as it
mediates pre-mRNA processing such as 3́polyadenylation and
splicing, ensures molecule stability, prevents the mRNA from
degradation by 5́exonucleases and facilitates mRNA export from
nucleus into the cytoplasm [52,53]. However, the most prominent
Fig. 2. Molecular composition and modification strategies for in vitro mRNA synthesis. (A
efficiency, including cap optimization, nucleotide substitution and UTR-modifications. (B
amplification of the respective ORF. Lastly, cDNA is transcribed into mRNA, containing t

4

cap0 feature is the high affinity to the eukaryotic translation initi-
ation factor eIF4e, which promotes ribosome recruitment, thereby
elevating transcript turnover [54]. Furthermore, an additional
m7G-specific methylation of the 2́-OH group within adjacent sec-
ond and third ribose molecules forms cap1 (m7GpppNmp) and
cap2 (m7GpppNmpNmp), respectively, inherent for higher eukary-
otes [55]. Recent evidence demonstrated that foreign mRNA lack-
ing 2́-O methylation activates the host innate immune system
via induction of interferon signaling. Subsequently, the exogenous
mRNA missing 2́-O methylation is assigned to immediate degrada-
tion [56–58] suggesting cap1 as a crucial ‘‘self” recognition mark.

The 3́end of the pre-mRNA is shaped by complex enzymatic
events supported by an interplay of more than eighty different pro-
teins [59]. Here, we provide a highly simplified overview of 3́end
processing, but refer to recent comprehensive review articles that
focus on enzymatic mechanism of action responsible for 3́end for-
mation [60–63]. The first steps towards maturation of the 3́end are
initiated co-transcriptionally, when the 30 processing machinery
scavenges the nascent transcripts for polyadenylation site (PAS)
sequence. Once the PAS motif (AAUAAA) is recognized, a protein
complex with endonuclease activity catalyzes the pre-mRNA
cleavage reaction 10–30 nt downstream of the PAS [64,65]. Finally,
) Several strategies have been applied to improve mRNA stability and translational
) In vitro synthesis of modified mRNA starts with plasmid cloning, followed by PCR
he optimized molecular composition.
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multiple adenosine molecules (poly(A)) are added to the cleaved
3́end by a nuclear poly(A)-polymerase (PAP) that extends the
pre-mRNA chain by 50–100 nt, leading to formation of a 3́poly
(A)-tail [66]. The importance of accurate 3́end handling becomes
particularly apparent when disruption of its elements promotes
or results in impaired health conditions such as increased risk of
cancer, immunodeficiency, severe hematological diseases and
muscle dystrophies [67,68]. Indeed, the main functions of the
poly(A)-tail encompass many vital aspects of the mRNA life cycle:
it provokes transcription termination [69], enhances stability [70],
assists in nuclear export [71], favors translation [72] and determi-
nes degradation of the mRNA molecule [66,73]. Noteworthy, the
poly(A) sequence is recognized by several polyadenosyl binding
proteins (PABPs), which in turn interact with the eIF4 complex
recruited by the 5́cap. Thus, the poly(A)-tail can synergistically
mediate translation initiation by attracting eIF4 via PABPs [54].

Furthermore, two components of the mRNA chain, located
upstream and downstream of the coding sequence, fulfil a consid-
erable regulatory function – the 5́untraslated region (UTR) and
3́UTR, respectively. Although both UTRs contain elements respon-
sible for molecule stabilization and translation control, their
impact thereon is rather diverse, which is probably attributed to
a different composition of these regions. For example, the average
human 5́UTR is about five times shorter than 3́UTR (�210 nt and
�1027 nt, respectively) and has greater G + C content (�60% vs.
�45%) [74,75]. Most of the elements within the 5́UTR (hairpin,
internal ribosome entry sites, binding sites for regulatory proteins,
upstream open reading frames (ORFs) and alternative start codons)
are crucial for translation initiation [76]. Additionally, Jia et al.
(2020) recently demonstrated that the 5́UTR has a notable impact
on the stability, translation efficiency and turnover of mRNA and
even minor (10-nucleotide) alterations within the 5́UTR sequence
have considerable relevance [77]. On the other hand, the regula-
tory potential of the 3́UTR appears to be even more diverse. Accu-
mulated evidence suggests that 3́UTR mediates nuclear export
[78], subcellular mRNA localization [79], poly(A)-status [80], sta-
bility and translation dynamics [81]. Overall, the UTRs are indis-
pensable parts of mRNA but their detailed function remains
elusive due to the complexity of its molecular interactivity.

Lastly, mRNA maturation is fully accomplished when the tran-
scribed non-coding intron sequences are removed by a spliceo-
some, a massive (�4.8 mega Dalton) molecular mRNA splicing
machinery [82], thereafter the mRNA chain is primed for subse-
quent translation.

2.2. Optimization of synthetic mRNA for therapeutic applications

In contrast to native cellular mRNA, synthetic mRNA can be per-
ceived by a host immune system as a foreign hazardous molecule
that has to be eliminated, thereby causing preliminary mRNA
breakdown. Additional drawbacks are caused by low stability of
artificial transcripts, insufficient protein output rates as well as
decreased protein half-life. Over the last years, several strategies
utilizing chemical mRNAmodifications have been developed to cir-
cumvent these issues (Fig. 2A). In this regard, we address the
recent advances in the present section.

Generally, the process of mRNA synthesis consists of following
core steps (Fig. 2B): (1) cloning of a plasmid containing the ORF
of the target gene; (2) amplification of the ORF inserts by proof-
reading polymerase chain reaction (PCR); (3) in vitro transcription
(IVT) reaction of PCR product [83].

2.2.1. UTRs design
The first step is a rather simple procedure as a tremendous vari-

ety of both premade and customized plasmids, coding a known
ORF, are commercially available. Moreover, plasmid amplification
5

is a commonly applied, well-established and inexpensive tech-
nique in molecular biology, available in almost any standard labo-
ratories. Although technically uncomplicated, this initial step
includes engineering of suitable UTRs, necessary for fine-tuning
of the future mRNA molecule. In general, UTR sequences of
strongly expressed human genes encoding long-living proteins,
such as human serum globins [84] or cytochrome enzymes, have
been used for mRNA synthesis [85,86]. However, new NGS technol-
ogy offering a tool to comprehensively analyze the whole cellular
mRNA pool, now enables detection of novel naturally occurring
UTRs that can outperform the latter in terms of molecular stability
and protein half-life. For example, a study by Schwanhaeusser et al.
(2011) delivered an extensive data set of gene expression in fibrob-
lasts, which was grouped in four classes depending on the stability
of mRNA related to the stability of the resulting protein. Based on
these data, the identified genes coding for the most abundant long-
living mRNAs and corresponding proteins are mainly involved in
cellular metabolic processes (glycolysis, gluconeogenesis, tricar-
boxylic acid cycle etc.), respiration and translation [87]. Conse-
quently, utilizing UTRs of these housekeeping genes could
potentially prolong the half-life of synthetic mRNAs as well as their
products. Recently, Zeng et al. (2020) described a more sophisti-
cated concept for UTR integration that is based on reconstruction
of endogenous UTRs. Here, the sequence length and the nucleotide
composition were adjusted, the inhibitory microRNA sites were
removed and additional protein binding motifs that promote trans-
lation were included. This approach, based on de novo design of
endogenous UTRs, enhanced the translation efficiency of the intro-
duced mRNA in vivo by five to ten-fold compared to commonly
used and control UTRs [88]. Alternatively, Cao et al. (2020) pre-
sented major advances in bioinformatics and particularly in
machine learning that allow to completely recreate highly efficient
UTRs in silico using predicting algorithms that generate unique
synthetic motifs [89]. Taken together, UTR optimization is an
essential part of mRNA drug development that has the potential
to greatly increase the potency of mRNA-based therapeutics. How-
ever, some authors suggested that the impact of UTRs on translata-
bility may differ between tissues and depends on the disease status
of the target organ [90]. Unfortunately, this delicate question has
not been examined yet, and should be considered in the upcoming
research.

2.2.2. Length of the poly(A)-tail
The length of the poly(A)-motif is another parameter that deter-

mines the fate of the future mRNA as it hampers transcript degra-
dation and affects translation initiation. While some research
groups tend to believe that a longer poly(A)-sequence (150–200
nt) is more efficient for enhanced translation [44,91–94], the new-
est reports strongly indicate that the most abundant proteins may
be actually derived from much shorter-tailed (50–100 nt) tran-
scripts [95]. In fact, recent studies arguing for shorter motifs heav-
ily rely on data of different species by technically more advanced
genome-wide RNA sequencing platforms, such as TAIL-seq
[66,96], FLAM-seq [97] and PAL-seq [98]. Moreover, the global
poly(A)-tail profiling revealed a weak or even negative correlation
between the tail length, transcript half-life and ribosome binding
with an exception of zygotic mRNA [98].

To clarify the inconsistency, several studies brought forward the
arguments that explain the possible disadvantage of long poly(A)-
sequences [99–101]. Here, the reasoning is based on a concept of
cytoplasmic poly(A)-driven mRNA disintegration. According to
the authors, the protruding poly(A)-fragments that are not covered
with PABPs (typical for tails longer than 150 nt) trigger the cyto-
plasmic deadenylation complex, predominantly CCR4-NOT
(CNOT). The CAF1 catalytic subunit of CNOT trims exposed poly
(A)-sites (in units of 27 nt) until its passage is blocked by the prox-
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imally seated PABP. However, the presence of PABP activates the
CCR4 subunit of CNOT, which is able to extrude the bound PABPs,
thereby gaining access to underlying poly(A)-segments. As CCR4
proceeds with the deadenylation process, the PABP complex com-
pletely dissociates, leaving the remaining poly(A)-unit (�25 nt)
uncovered. Subsequently, these short motifs are recognized by
mRNA uridylation enzymes TUT4 and TUT7 that mark the tran-
script for decay [102]. Although the depicted process supports
the estimation that longer poly(A)-motifs might reduce the tran-
script turnover, it still remains elusive whether shorter motifs
are indeed a wiser choice. Certainly, the poly(A)-tail is a dynamic
indispensable structure controlled by a variety of protein com-
plexes, which nature is not yet fully understood and needs more
in-depth research to solve the mentioned disagreements.

For mRNA synthesis, the poly(A)-elements can be included in
various ways: (1) integration of the poly(T)-sequence into the
DNA template; (2) extension during the second (template amplifi-
cation) step of IVT by using a reverse primer with attached poly(T)-
tail; (3) extension on already synthesized IVT mRNA by recombi-
nant poly(A)-polymerase (PAP). In practice, it was shown that
PAP does not generate equally long poly(A)-tails, i.e. the resulting
length varies with each reaction [103,104]. Therefore, the poly
(A)-parts directly derived from the fixed poly(T)-sequence in the
DNA template are believed to have more consistent lengths
[105], although PCR-driven, primer-coupled poly(T)-extension of
the template likely gives similar results [83].

2.2.3. Base editing
Besides optimization of UTRs and poly(A)-tail, the most unique

and pivotal feature of IVT mRNA setting the term ‘‘modified” (mod-
mRNA) relies on replacement of natural prime nucleosides (A, T, G,
C, U) with modified base derivatives that are partly presented in
multiple types of RNA (mRNA, rRNA, tRNA and viral RNA). The dis-
covery of mod-mRNA goes back to 2005, as Karikó et al. linked the
immune-stimulatory potential of native mRNA with activation of
human Toll-like receptors (TLRs), namely TLR3, TLR7 and TLR8
[17]. In contrast, IVT mRNA containing substituted nucleosides,
such as 5-methylcytidine (m5C), N6-methyladenosine (m6A), 5-
methyluridine (m5U), 2-thiouridine (s2U) or pseudouridine (W),
did not provoke TLR recognition. Few years later, the same group
evidenced an outstandingW-mediated enhancement of translation
capacity (9-fold) followed by m5C (4-fold) in vitro, whereas trans-
lation of mRNAs incorporating m6A, m5U or s2U was comparable
to the unmodified control transcripts. These observations were
confirmed in vivo in the same study [106]. Further research has
introduced the N1-methylpseudouridine (m1W) as an even more
potent, less cytotoxic and less immunogenic nucleoside exchange
thanW, which was demonstrated in vitro and in vivo [107]. A newly
published study by Leppek et al. (2021), who aimed to secure the
stability of mRNA beyond the cell borders, e.g. in hydrophilic solu-
tion, confirmed that IVT mRNA stabilization can be vastly
improved if W or m1W were integrated into the sequence [108].
Thus, the most favorable nucleoside modifications today are
m1W, W, m5C or combinations thereof (m1W/m5C or W/m5C)
[48,107–110].

2.2.4. 5́Cap optimization
Another component of mRNA able to impede the immune

response is the 5́cap. Uncapped RNA is characteristic for some
viruses and can be recognized by human RIG-I (retinoic acid–in-
ducible protein I) that stimulates human antiviral defense systems
[111]. The 5́capping of IVT mRNA is therefore an essential proce-
dure that can be performed co-transcriptionally by RNA poly-
merase. Yet, the conventional cap0 (m7GpppGp) is prone to
incorrect attachment to the mRNA body. According to Pasquinelli
et al. (1995), nearly one-third of produced IVT mRNA is capped in
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reverse direction (Gpppm7G) when using cap0. This inversion pre-
vents proper binding of eIF4 and thereupon the overall transla-
tional activity of such mRNA products is diminished [112].
However, the emergence of anti-reverse cap analogs (ARCAs) man-
aged to overcome the problem of inaccurate cap integration. Addi-
tionally to m7G, ARCAs are methylated either at the 2́- or 3́-
position (m2

7,2́-OGpppG or m2
7,3́-OGpppG, respectively) [113]. The

finding that artificial cap modifications can radically affect the
translational outcome led to further chemical improvements of
ARCAs. For example, phosphorothioate substitutions in b-position
of 5́-5́ triphosphate bridge named as b-S-ARCA or S-analogs
(m2

7,20- OGppSpG) [114] ensured additional molecule stabilization,
higher affinity to eIF4 and resistance to the decapping pyrophos-
phatase Dcp2/Dcp1 [115,116]. In the follow-up study, the authors
introduced 1,2-dithiodiphosphate moiety at a,b- or b,c-position of
a triphosphate bridge, thereby defining a new class of synthetic
caps as 2S analogs that is proclaimed to be even more superior
than the previous modifications [117]. Alternatively, BH3 cap ana-
log bearing a b-boranophosphate within the phosphate bridge
(m2

7,20- OGppBH3pG) has been described as a compound that has
comparable properties to S-analogs [118]. Lastly, it is conspicuous
that ARCAs represent a modified cap0 but do not include the addi-
tional 2́-O methylation at the second nucleotide that is typical for
eukaryotic cap1. However, cap1 is of utter relevance for mRNA
drug engineering as it is capable to restrain the immune response
to external mRNA. Today, some companies already offer premade
cap1 reagents (e.g. CleanCap by TriLink) for co-transcriptional cap-
ping. Otherwise, cap0 can be easily upgraded to cap1 post-
transcriptionally using 2́O-methyltransferase [119].

Furthermore, 5́capping can also be performed post-
transcriptionally using the corresponding enzymatic machinery
(RNA triphosphatase, guanylyltransferase, guanine N7-
methyltransferase). However, the co-transcriptional method is
eminently more advantageous as it allows for more experimental
freedom regarding the chemical composition of the cap, thereby
enhancing the affinity to translation initiation factors and simulta-
neously hiding the cap from the scavenging decapping complexes
without disturbing the translational activity [120].
2.2.5. Purification of IVT mRNA
Finally, to guarantee high-purity of produced IVT mRNA, it is

necessary to dispose all possible contaminants that might be
potentially immunogenic. These include DNA template remnants,
double-stranded or fragmented mRNA as well as residual nucleo-
tides, which are commonly removed by means of high perfor-
mance liquid chromatography (HPLC) [121]. Indeed, purified
mRNA was associated with reduced inflammatory responses and
increased protein yields [122].
3. Systems for mRNA drug delivery in therapeutic applications

To unlock the full therapeutic potential, an IVT mRNA needs to
be delivered to its final destination – the cytosol, overcoming many
obstacles along the way. Despite numerous precautions, IVT mod-
mRNA remains a relatively unstable molecule that is unprotected
against enzymatic degradation by serum endonucleases or elimi-
nation by the host immune system. Moreover, being a large, hydro-
philic and negatively charged compound, it is quite challenging for
mRNA to enter the cell [123]. With an exception of skin-residual
dendritic cells that are capable of effective mRNA uptake via
micropinocytosis [124], the ‘‘naked” mRNA is believed to be poorly
engulfed by most cell types and even if internalized, it might be
trapped within endosomes with slender chances to escape lysoso-
mal digestion [125,126]. Thus, diverse carrier systems have been
developed to secure the mRNA in blood stream, permit extravasa-
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tion, prevent renal clearance, ensure specific delivery to target
cells, facilitate cellular uptake and promote lysosomal release
[127]. Although viral vectors could be also used as a natural trans-
port system, their application might be contentious due to the risks
of genome integration or cytotoxicity [128]. In this chapter, we will
Fig. 3. Non-viral carrier system for delivery of modified mRNA. Since mRNAs are large, h
various carrier systems have been developed to improve cellular uptake and protecting
applied technique to facilitate cellular entry. In addition, positively charged peptides can
mechanism. Similarly, polymers like polyethylenimine, polylactide-co-glycolide, poly
transfection. Novel delivery concepts aim to exploit the benefits of existing carrier s
nanoparticles.

Table 2
Advantages and disadvantages of selected carrier systems for mRNA delivery.

Carrier System Advantages

Lipid –based vehicles – most advanced platform
– fast and easy mRNA encapsulation
– highly permeable to cellular membran
– low cytotoxicity and optimal intracellu
– long time storage
– high level of modification

Peptid-based vehicles – high transfection efficiency
– moderate mRNA encapsulation
– low charge densities

Polymer-based vehicles – controllable chemical diversity
– chemical flexibility (modification)
– high stability
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preferentially recapitulate non-viral delivery methods that mainly
employ formulations based on lipid, polymer, peptide or hybrid
vectors (Fig. 3; Table 2). Additionally, we will discuss possible
routes of mRNA administration in accordance with a carrier
system.
ydrophilic, negatively charged molecules, entering the cell is challenging. Therefore,
the mRNA from degradation. Lipid-based delivery represents the most commonly
be used for complexation of mRNA, enabling access to the cell via an endocytotic

amidoamine have been utilized to encapsulate mRNA molecules before cellular
ystems by a combination of nanoparticles, lipids and proteins leading to hybrid

Disadvantages

es
lar trafficking

– high complexity
– difficulty to predict molecular composition
– stability under colloidal state (fusion)
– prone to oxidative reaction
– relatively low loading capacity

– cost-intensive production
– lack of toxicity data
– limited targeting properties
– low stability
– lower mRNA translation
– short circulation half life
– increased risk of toxicity
– high molecular weight
– polydispersity
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3.1. Naked mod-mRNA

A carrier-free mod-mRNA can be advantageous for locally
applied treatments. For example, mod-mRNA targeting antigen
presenting cells (APCs) can improve the outcome of a tumor case.
Here, intradermal or intranodal delivery is highly recommended
to prime T-cells since these tissues are rich in APCs (macrophages,
dendritic cells or B cells) [129]. The proposed mechanism of action
relies on active uptake of exogenous mRNA by dendritic cells via
micropinocytosis [124], which in turn interact and sensitize both
CD4+ and CD8+ T-cells against tumor-associated antigens (TAAs)
[130]. In 2011, a proof-of-concept (phase I/II) clinical study con-
ducted on patients suffering from stage IV renal cell cancer demon-
strated overall safety of such mRNA-based vaccination as well as a
moderate clinical response [131]. In 2012, Van Lint et al. developed
a mixed formulation of mod-mRNAs called TriMix that encodes for
CD40 Ligand, constitutively active Toll-like receptor 4 and CD70.
The TriMix was then combined with a TAA mod-mRNA and
injected into lymph nodes of mice. Captured and processed by
DCs, this mod-mRNA combination created a niche that attracts T-
cells and, thus, facilitates recognition of a TAA [132]. Subsequently,
the same group aimed for treatment of cervical cancer caused by
human papilloma virus (HPV) infection and applied the TriMix
technology in conjunction with mod-mRNA of HPV16-E7 oncopro-
tein. Although E7-TriMix vaccine was able to specify the T-cells
against tumor tissue, the therapeutic efficacy remained insufficient
due to the protective microenvironment within the tumor. The
most effective way to weaken the tumor microenvironment uti-
lizes chemotherapeutics, e.g. cisplatin, which promoted the
immunomodulatory activity of E7-TriMix vaccine. This kind of syn-
ergistic relationship has led to a tumor rejection in more than 85%
of examined mice, thereby providing a groundwork for further
combinatory implementation of mRNA-based drugs in anti-
cancer research [133].

In the field of regenerative medicine, a recent investigation by
Gan et al. (2019) evaluated safety and efficacy of carrier-free vascu-
lar endothelial growth factor A (VEGF-A) mod-mRNA, adminis-
trated intradermally in male patients with type 2 diabetes
mellitus (NCT02935712). The results indicated well tolerability
and local enhancement of blood flowwith signs of induced neovas-
cularization, which might be beneficial for care of diabetes-related
wounds in the future [134]. Apart from this, the VEGF-A mod-
mRNA (invented and registered as AZD8601 by AstraZeneca) may
also improve the condition of ischemic cardiovascular disease. In
this respect, the safety evaluation of AZD8601 injected into epi-
cardium of patients with heart failure has already been initiated
and currently remains in phase II clinical trial (NCT03370887).

Over the last few years, an alternative route of mRNA adminis-
tration has gained increased attention – a non-invasive aerosol-
based delivery to the mucosal tissues. In order to hamper respira-
tory viral infections, Tiwari et al. (2018) designed naked mod-
mRNA, encoding for membrane-anchored neutralizing antibodies,
that was solved in nuclease free water or saline, nebulized and dis-
persed in the trachea of mice. Evidently, this formulation success-
fully prevented viral uptake in transfected cells of respiratory
epithelium, which was evidenced by reduced in vitro titer and
in vivo virus copies by 99.7% and 89.6%, respectively [135]. Addi-
tionally, the authors demonstrated that nearly half of the mod-
mRNA, delivered via airways, has escaped the endosomal compart-
ment in target cells. This observation was contrary to previous
assumptions, suggesting a poor cytosolic availability of vehicle-
free mRNA [125,126]. In fact, it is reasonable to assume that the
success of cytosolic mRNA entry might depend on the method of
pharmacological distribution (fluid vs. gasiform; injected vs. dis-
persed). Although the delivery of aerosolized mRNA was not tested
in humans yet, the newly published studies performed on large
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animals (horse or sheep) ensured overall safety and success of this
transfection technique, which might serve as a prophylactic treat-
ment of pathogen-exposed mucosal areas (airway, genital or rectal
tract) in the future [136,137].

3.2. Lipid-based vehicles

Lipid-based formulations represent the most popular and devel-
oped technology for systemic (intravenous) delivery of mRNA.
Among them, prevalently lipoplexes, liposomes and lipid nanopar-
ticles (LNPs) possess the utmost potency to form a stable unit that
shields the mRNA from enzymatic degradation, facilitates cellular
entry and subsequent endosomal release [138].

Lipoplexes were the earliest lipid systems utilized for delivery
of nucleic acids [139]. These particles consist of cationic lipids
whose positively charged heads electrostatically attract the nega-
tively charged backbone of the mRNA. In contrast to other vectors,
lipoplexes do not enclose the mRNA within their inner core.
Instead, the mRNA is captured between the surfaces of multiple
lipoplexes [140]. Therefore, this system is in great demand espe-
cially for in vitro transfection as it allows an effortless and fast pro-
cedure of mRNA encapsulation. For instance, the most known and
efficient, commercially available lipoplex reagent is Lipofectamine
(Invitrogen) that is considered to be the ‘‘gold standard” for in vitro
experiments due to its low cytotoxicity and optimal intracellular
trafficking [141,142]. However, as reported by Sultana et al.
(2017), in vivo mod-mRNA delivery into mouse heart assisted by
Lipofectamine or its in vivo analog Invivofectamine (Invitrogen)
turned out to be significantly less effective compared to injection
of naked mod-mRNA solved in sucrose-citrate buffer [143]. On
the other hand, the fact that the exact composition of commercial-
ized transfection systems is confidential prevents the possibility to
optimize the transfection procedure, which might depend on the
target cell type. Regarding this issue, a self-made lipoplex formula-
tion could be more beneficial. In general, a lipoplex particle con-
tains a cationic lipid, e.g. dioctadecenyl-trimethylammonium-
propane (DOTMA) or dioleoyl-trimethylammonium-propane
(DOTAP), which is usually combined with a ‘‘helper” lipid
dioleoyl-phosphoethanolamine (DOPE) to neutralize the excessive
cationic charge. Further, cholesterol is added to increase stability of
the complex [144]. Such kind of lipids were used in a study by
Kranz et al. (2016), who investigated the impact of net lipoplex
charge on efficiency of RNA delivery to lymphoid-resident DCs
in vivo by changing the ratio of lipoplexes to the RNA. Surprisingly,
strongly positive charge (5:1 ratio) facilitated the uptake of lipo-
plexed RNA (RNA-LPX) in lungs, whereas negative charge (1.3:2)
promoted the internalization in a spleen [145]. Thus, to achieve a
therapeutic effect in the target organ or tissue, it might be helpful
to carefully define the optimal chemical composition of an RNA-
LPX formulation. Noteworthy, such RNA-LPX compound denoted
as FixVac (BNT111) is currently under evaluation in a Phase I clin-
ical trial (Lipo-MERIT; NCT02410733) conducted on patients suf-
fering from advanced melanoma. Although this study is still
ongoing, the first reports have been recently presented by Loquai
et al. (2020) and Sahin et al. (2020) [146,147]. Briefly, FixVac was
indicated as a potent and well-tolerated anticancer vaccine that
holds a promising potential for future immunotherapy of tumor-
associated indications.

Alternatively, liposome structures are broadly utilized as well.
Unlike lipoplexes, cationic liposomes enclose the mRNA within
an aquatic core, surrounded by a uni- or multilamellar bilayer of
amphiphilic lipids. For a liposome formation, the most frequently
applied lipid materials include DOPE in conjunction with choles-
terol [148–150]. For example, Michel et al. (2017) assessed the
cytotoxicity, immunogenicity, stability and transfection efficacy
of the liposome-loaded mRNA in vitro. This study demonstrated
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maintained viability of transfected cells, low immune response
(measured by interferon expression) and efficient translation of
introduced alpha-1-antitrypsin mRNA. Moreover, protein yield in
cells transfected with liposome-mRNA was 3 times greater (72 h
after transfection) compared to delivery with a standard Lipofec-
tamine agent. The loaded liposomes were storable for up to 80 days
at 4 �C, without impairing transfection efficiency, and were proved
to be haemocompatible, which is a necessary criterion of Interna-
tional Organization for Standardization (ISO) 10993-4 for future
clinical use [151]. A similar formulation comprising dipalmitoyl-
glycero-phosphocholine (DPPC), DOPE and cholesterol was recently
developed by Dhaliwal et al. (2020), who aimed to deliver
liposome-loaded mRNA into a mouse brain via intranasal route.
A distinct expression of reporter protein was detected in the brain
tissue, the intensity of which was significantly higher than in
vehicle-free (naked) transfected group. Furthermore, the biodistri-
bution of in vivo administered mRNA was restricted to the cerebral
area pointing out the brain-targeted delivery. Although slight accu-
mulation of reporter protein was detected in liver and lungs, this
extent of systemic exposure was considered to be harmless
[152]. Hence, these results might place the liposome-mediated
complexation of mRNA into a closer perspective for a clinical trans-
lation to treat brain-related and other diseases.

Certainly, among all different kinds of lipid-based vectors, the
so-called lipid nanoparticles (LNPs) are the most advanced and
popular tool for mRNA transport. In fact, the LNP system was
implemented in the world’s first approved mRNA-based therapeu-
tics developed by BioNTech/Pfizer (BNT162b2) and Moderna
(mRNA-1273) in 2020. Following intramuscular injection, these
mRNA vaccines remarkably prevented the SARS-CoV-2 infection
with �95% efficacy during the COVID-19 pandemic [33,34]. The
basic structure of such LNP includes several lipid components
located in the outer shell: (1) Cationic ionizable lipids, e.g. DOTMA,
containing an amino head group that provides neutral charge at
physiological pH (7.4) and protonation at acidic pH, thereby facil-
itating initial enclosure of anionic mRNA, cellular uptake and sub-
sequent endosomal escape [153]. (2) Helper lipids, e.g. DOPE,
cholesterol or distearoyl-phosphocholine (DSPC), which provide
additional stabilization of the LNPs [154]. (3) Polyethylene glycol
(PEG)-conjugated lipids, e.g. dimyristoyl-methoxypolyethylene
glycol (DMG-PEG), to prolong circulation time and control the
nanoparticle size [123,155]. However, the LNP composition is con-
stantly undergoing further enhancements. For example, a rather
‘‘classical” DOTMA has been replaced with novel ionizable lipid
materials, such as ALC-0315 lipid (used in BNT162b2), SM-102
(in mRNA-1273) or DLin-MC3-DMA [156–158]. Besides, the helper
lipid cholesterol might experience certain improvements as well in
the future. As reported by Herrera et al. (2021), LNPs containing b-
sitosterol component (plant cholesterol analog) intensified the
endosomal escape of an mod-mRNA at 10-fold rate compared to
the standard cholesterol formulation [159], thereby increasing
the bioavailability of an mRNA drug. Furthermore, the LNP struc-
ture gives a unique opportunity to promote tissue-selective deliv-
ery. Firstly, an adjustment of particle size through variation of PEG-
lipids content supports targeting the tissue of interest. For exam-
ple, LNPs with low PEG percentage (0.5%; �150 nm in size)
achieved highest transfection efficiencies in the eye [155], whereas
liver cells preferably internalized smaller particles (1.5% PEG;
�68 nm) [160]. Secondly, it is possible to incorporate cell-
specific antibodies or receptor ligands into the exterior layer of
an LNP. Thus, Li et al. (2020) succeed in targeting murine caveolae
(part of endothelial membrane in lung capillaries) using antibody-
conjugated LNPs. Although these antibody-modified LNPs were
applied systemically, a tremendous increase of protein expression
(40-fold rate related to unconjugated control) was detected specif-
ically in lungs [161]. Another example of a successful selective
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delivery was provided by Kim et al. (2021), who accomplished
specific transfection of liver sinusoidal endothelial cells by inter-
linking mannose molecules with PEG lipids [160].

The peculiar advantage of an LNP system lays in almost unlim-
ited latitude of modification possibilities. At the same time, the
complexity of these particles makes it difficult to predict the actual
molecular organization of its ingredients. Whereas some groups
believe that LNPs build a lipid bilayer [162], thereby PEG-lipids
reside at the outside and DSPCs are turned towards the inside of
the particle [163], other scientists tend to consider a monolayer
arrangement of outward lipids [158,164]. The latter point of view
assumes that the DSPC layer diverges upon attraction to the mRNA
molecules, which leads to a formation of multiple aqueous ‘‘bleds”
containing mRNA within the core of an LNP [165]. Yet, the precise
location of these mRNA vesicles remains elusive [166]. Therefore,
despite the already proven efficacy and safety of LNP technology
at least in the field of vaccine development, it might be beneficial
to further elucidate the nature of LNP-mRNA arrangement. Such
insights into the chemical organization of LNP-mRNA therapeutics
could possibly promote the required optimization of the technol-
ogy, which would allow its application in other branches of
medicine.

3.3. Peptide-based delivery

Positively charged peptides are eminently suitable for complex-
ation of anionic mRNA. The most established peptide-based vec-
tors are the cell-penetrating peptides (CPP), which gain access to
the cell via endocytosis-mediated translocation. In 2017,
Udhayakumar et al. utilized synthetic peptides RALA (rich on argi-
nine) to transfect DCs with eGFP mod-mRNA, thereby �35% of
transfected cells were measurably eGFP-positive [167]. In the fol-
lowing animal experiments, mice were immunized (i.d.) with oval-
bumin mod-mRNA/RALA formulation. A significant expansion of
CD8+ T-cells with strong ovalbumin-specific cytolytic activity was
observed indicating a successful RALA-mediated vaccination,
which even outperformed a conventional DOPE/DOTAP lypoplex
vector.

As an alternative to arginine-rich motifs, histidine-rich CPPs for
mRNA transport were described in the literature as well [168].
Indeed, Coolen et al. (2019) identified LAH4-L1 peptide as a supe-
rior CPP to RALA in terms of mRNA vaccine delivery to DCs
in vitro [169]. According to the authors, the LAH4-L1 vector was
more potent to stimulate innate immune responses than RALA by
acting through an activation of pattern recognition receptors
(PRRs). Moreover, humoral and adaptive immune responses were
intensified as well.

Furthermore, a PepFect 14 (PF14) peptide was analyzed with
regard to mRNA delivery by Van den Brand et al. (2019), who
explored the potency of mRNA/PF14 complex to target a xenograft
of an ovarian cancer in mice [170]. Following an intraperitoneal
administration, a translation of introduced mRNA coding for repor-
ter protein was found specifically in the tumor microenvironment
including tumor cells, fibroblasts and immune cells. No expression
was detected outside the abdominal area. Noteworthy, application
of naked mRNA or in complex with Lipofectamine MessengerMax
did not lead to observable protein translation. Potentially, PF14-
based carrier could be suitable for clinical therapy of ovarian can-
cer. However, a proof-of-concept study employing antigen-coding
mRNA instead of reporter protein might be required to ensure
the feasibility of PF14 system.

Although CPPs represent an interesting and effective delivery
approach, their clinical application is hindered by a lack of toxicity
studies (e.g. side effects in liver or kidney) and high production
costs, which might be associated with vast expenses in future ther-
apies. However, the therapy costs could be justified in case of
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short-termed treatments, thereby anticancer vaccination would be
the main application area for a CPP-mediated mRNA delivery [171].
Lastly, as the reader might appreciate, we refer to several up-to-
date comprehensive reviews on modern peptide-based delivery
tools for further reading [172–174].

3.4. Polymer-based systems

Apart from lipid nanomaterials, the delivery of mRNA can be
guaranteed by implementation of polymeric substances, thereof
most systems are based on either linear, branched or dendrimeric
polyethylenimine (PEI). The multiple amine groups in PEI units
confer a positive charge to the molecule, which makes them suit-
able for complexation of nucleic acids. Several studies successfully
applied PEI to encapsulate and deliver DNA [175–177], siRNA [178]
and self-replicating RNA in vitro [179]. However, nanoparticles
based solely on PEI were associated with considerable cytotoxicity
values [180]. To provide greater safety, Debus et al. (2010) engi-
neered PEI/PEG co-polymer that not only was able to eliminate
the toxicity issues, but also led to a significant improvement of
transfection efficiency in comparison to single-component parti-
cles [180]. Hence, a combinatory approach for polymer-based
nanocarrier design has been preferably used in the following
studies.

For example, Sharifnia et al. (2019) decided to use a polylactide-
co-glycolide (PLGA) to deliver GFP mod-mRNA into human
monocyte-derived DCs in vitro. PLGA is an FDA approved, non-
toxic and biodegradable polymer that is metabolized via Krebs
cycle, but its interaction with anionic sites is limited. To overcome
this drawback, PEI was chosen to drive the net surface charge into a
positive range [181]. The resulting PLGA/PEI system was sufficient
to transfect about 70% of analyzed cells, thereby keeping low cyto-
toxicity profile. As announced by the authors, a subsequent in vivo
study should further evaluate the safety of PLGA/PEI vehicle.

Furthermore, the encapsulation of mRNA can be performed
using dendrimers – a highly branched macromolecular polymeric
system that usually employs cationic polyamidoamine (PAMAM)
[182]. In 2016, Chahal et al. suggested modified PAMAM nanopar-
ticles as a vehicle for an mRNA-based immunization. In this work, a
complete protection against several lethal infections (Ebola virus,
H1N1 influenza and Toxoplasma gondii) was achieved in vivo fol-
lowing single-dose intramuscular immunization of mice [183].
Although dendrimers appear as a valuable approach, their transla-
tion into the clinical sector is still limited. Pursuant to the current
state of the art, ensuring the sterility of dendrimeric formulations
is rather complicated, which causes serious safety concerns for
patients [184]. Thus, in order to promote the clinical entry, further
research should focus on additional improvement of this
technology.

Yet, mRNA delivery based on mere polymeric systems is not
sufficient to leave the area of preclinical research. On this account,
the prevailing projects have been focused on development of
hybrid technology that implements the use of polymers with
non-polymeric compounds. We provide an up-to-date insight to
these novel concepts in the next section.

3.5. Hybrid nanoparticles

New findings and progressive exploration in the field of nano-
materials constantly inspire scientist with new ideas for carrier
engineering. To give an example, Son et al. (2020) pursued a vacci-
nation strategy using sugar-nanocapsules built up of mannan
polysaccharides that mimic the microbial cell wall [185]. In this
nanostructure, the mRNA resides underneath the mannan shell
and is captured by PEI-coated silica core. Additionally, pathogen
associated molecular patterns (PAMPs) were anchored on the sur-
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face, thereby providing the capsule with typical antigens for PRRs
located within the membrane of DCs. A subcutaneous application
of the nanocapsules loaded with ovalbumin mRNA led to strong
antitumor immune responses in mice suffering from melanoma.
Hence, the coworkers emphasized the great potential of this carrier
system for immunotherapeutic applications.

Another fascinating in vitro project was presented by Huang
et al. (2020), who designed a cross-linked nanogel with imbedded
mRNA [186]. Here, the polycaprolactone was grafted with poly
(T)20-segments (T20-g-PCL) to capture the mRNA poly(A)-tail. Once
the corresponding site is hybridized, DNA linkers are added to the
mRNA/ PCL complexes leading to the formation of a nanogel.
Lastly, the mRNA-nanogel was coated with PEI to switch the zeta
potential from negative (�3.0 mV) to positive values (+3.2 mV).
The demonstrated transfection results were comparable to the per-
formance of the commercial Lipofectamine. Although the fraction
of transfected cells remained lower (37% by nanogel vs. 44% by
Lipo), further improvement of this novel technology is likely to
occur soon. As proposed by the authors, the nanogel system might
be particularly useful for CRISPR/Cas9-mediated genome editing
(see Section 4.) to prevent abnormal disease-related protein
expression.

Furthermore, the latest invention of Xiong et al. (2020) employs
nanoparticles consisting of both dendrimers and lipids (DLNPs)
[187]. In this complex, lipid components involve DOPE, cholesterol
and newly developed PEGylated BODIPY dyes (PBD) lipids. In con-
trast to DMG-PEG lipids (commonly used for LNP formulations),
the PBD lipids allow non-invasive near-infrared imaging in vitro
and in vivo due to their photoactive core. Thus, the DLNPs provide
not only a vehicle for mRNA delivery, but also an opportunity to
track the accumulation of the particles in cells or tissues. Moreover,
the animal experiments showed significantly stronger protein
expression (5- to 35-fold) when the DLNP carrier included PBD
lipids instead of DMG-PEG lipids. In addition, the mRNA/DLNP
complex injected intravenously into mice with subcutaneous
breast cancer xenografts demonstrated high uptake in tumor tissue
and liver. Therefore, this technology could be possibly beneficial
for therapeutic and diagnostic applications to treat particularly
hepatic pathologies.

Recently, an investigation by Liu et al. (2021) implemented a
highly exciting and innovative delivery tool based on graphene
quantum dots (GQD) for mRNA transport [188]. The major advan-
tage of GQDs is their exceptional stability, tunable surface struc-
ture and responsiveness to physical stimuli (magnetic fields,
ultrasound, light). Perspectively, these features might enable a pre-
cise tissue targeting, which poses the GQDs as a highly advanced
system for therapeutic intentions. In this study, the GQDs were
additionally functionalized with PEI (FGQDs) in order to enhance
the mRNA binding. Unfortunately, despite this necessary modifica-
tion, the FGQDs still lack general in vitro optimization owing to the
general novelty of this platform. Here, the most eminent down-
sides that require special attention are a moderate cytotoxicity
and low transfection efficiency (�25%).

Taking together, many interesting preparation methods have
been developed in order to improve the previously described car-
rier systems. This led to a rise of various hybrid solutions for a
vehicle design that all hold a great promise for diverse branches
of medicine. Yet, most of these novel nanotools are still under
development and require extensive research to be allowed for clin-
ical use.

3.6. Exosomes

Beside in vitro produced lipid-based vesicles, mRNA can also be
found in exosomes produced by eukaryotic cells, thereby playing a
physiological role in cell–cell communication and protein synthe-
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sis [189,190]. Considering that exosomes represent a physiological
carrier system for mRNA transfer between cells and tissue, exo-
somes have emerged a promising delivery tool for therapeutic
mRNAs [191,192]. Moreover, exosomes have been found to possess
optimal permeation to physiological barriers, low immunogenicity
and favorable pharmacokinetic properties [193,194].

To generate exosomes for a desired therapeutic application, the
specific mRNA needs to be incorporated into the vesicle. This
requires transfection of exosome producer cells, followed by purifi-
cation and concentration of released exosomes [194]. However,
large scale production, which is crucial for clinical trials, is associ-
ated with high costs and low efficiency [191]. Recently, Kojima and
colleagues presented an approach for customized production of
mRNA-containing exosomes using genetically modified producer
cells that demonstrated improved exosome production and mRNA
packaging as well as enhanced delivery to the cytosol [192]. Like-
wise, an electrical nanoporation technique was applied to increase
the yield for producing large quantities of exosomes containing
selected mRNA [195].

While a high production efficiency is crucial for the clinical
translation, adequate targeting remains another challenge for
exosome-based mRNA therapies. The target distribution of exo-
somes is closely related to the surface-derived molecules, provided
by the donor cell [196]. Hence, guided distribution can be achieved
by tailored exosomes containing specific surface molecules that
mediate anchoring to the target cell. For example, incorporation
of a rabies virus glycoprotein into exosomes allowed for successful
targeting of mice brain to deliver therapeutic molecules for the
treatment of cerebral ischemia or Parkinson disease [192,197].

Despite these recent advances for exosomal mRNA delivery,
some obstacles remain to be solved on the way to clinical transla-
tion, including optimized drug loading capacity, sufficient yield
and purification efficiency as well as the development of appropri-
ate targeting strategies.
4. mRNA-assisted CRISPR/Cas9 gene editing

The CRISPR (clustered, regularly interspaced, short palindromic
repeats)/CRISPR-associated protein 9 (Cas9) system is a highly pre-
cise, easy to design, third generation gene-editing platform that
was awarded with a Nobel Prize in Chemistry in 2020. The excel-
lent functionality of CRISPR/Cas9 technology is determined by
two components – the endonuclease enzyme Cas9 representing
molecular DNA scissors and the single guide RNA (sgRNA) that
defines the target gene sequence [198]. Today, besides the basic
cutting function, the Cas9 protein can also act as a gene repressor
(CRISPRi), also known as a catalytically deactivated Cas9 (dCas9).
On the other hand, dCas9 can adopt the role of a gene activator
(CRISPRa), if its acting sites are fused with transcription factor-
derived activating domains [199]. These meaningful refinements
extended the original range of CRISPR/Cas9 applicability, thereby
allowing for a precise gene regulation apart from classical gene
knock-out. However, the clinical use of CRISPR/Cas9 in patients is
limited by the drawbacks of its delivery medium. The various
aspects of existing viral and non-viral transport vehicles were sys-
tematically reviewed elsewhere [200]. Here, we would like to
exclusively point out the novel virus-free Cas9 delivery method
using IVT mRNA, which has considerable advantages (e.g. low risks
of mutagenesis, low immunoreactivity and transient activity) over
competitor virus- or protein-based formulations and, therefore,
great chances for a clinical translation [201].

The first successful attempt to co-deliver Cas9-coding mRNA
along with corresponding sgRNA was reported by Miller et al. in
2017 [202], who developed a lipid-based vehicle consisting of
zwitterionic amino lipids with a great loading capacity (Cas9
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mRNA is approx. 4500 nt long). The proof of concept was demon-
strated by an induced expression of tdTomato in the organs (liver,
kidneys, lungs) of transgenic mouse resulting from a Cas9/sgLoxP-
mediated removal of the loxP-flanked stop cassette. Later, Cheng
et al. (2020) presented a valuable tissue-specific Cas9/sgRNA deliv-
ery concept termed Selective ORgan Targeting (SORT) [203]. In this
study, the authors developed variously composed LNPs containing
a SORT molecule – an essential lipid component that determines
the targeted uptake in lungs, liver or spleen. To indicate the high
targeted therapeutic potency of this system, the researches per-
formed a CRISPR/Cas9-induced knock-out of a PCSK9 (proprotein
convertase subtilisin/kexin type 9) gene, whose abnormally high
expression is associated with increased risks of familial hyperc-
holesterolemia and atherosclerotic cardiovascular disease [204].
Following a triple intravenous administration of liver SORT LNPs
carrying both Cas9 mRNA and sgPCSK9 into mice, a 60% Indel at
PCSK9 locus was detected by TIDE analysis (tracking of indels by
decomposition) accompanied by a complete abolishment of PCSK9
protein in liver and serum. A similar approach to treat hyperc-
holesterolemia with mRNA-based CRISPR/Cas9 machinery deliv-
ered by LNPs was introduced by Qiu et al. (2021), who targeted
the Angptl3 (angiopoietin-like 3) gene with Cas9 mRNA/sgAngptl3
in order to reduce the plasma lipoprotein levels [205]. A single
injection of this formulation led to 38.5% genomic editing effi-
ciency of Angptl3 locus and a decreased serum ANGPTL3 levels
by 65.2%. The observed therapeutic effect persisted for at least
100 days, thereby neither off-target occasions nor organ toxicity
could be identified.

Apparently, CRISPR/Cas9 can be of great use to treat inherited
genetic disorders especially in cases of a high disease severity with
extremely low therapeutic options. Concerning this matter, Hsu
et al. (2019) elaborated a substantial report on the utility of
CRISPR/Cas9 tool explicitly in the area of regenerative medicine,
thereby exemplifying its potential for function restoration in a
morbid muscle, liver, eye, brain, bone and cartilage tissue using
either a stem cell-based or a cell-free approach [206]. Yet, to our
knowledge, no reports on utilization of mRNA-based CRISPR/Cas9
particularly for regenerative directions are existing except for a
recently published pilot study by Abbasi et al. (2021) [207]. Here,
the Cas9 mRNA co-encapsulated with sgRNA in polyplex micelles
showed a great ability to target parenchymal cells (neurons, micro-
glia, astrocytes) in the brain of Ai9 (Rosa26-floxed stop tdTomato)
mice. The authors strongly underlined the potential of their newly
established mRNA-based CRISPR/Cas9 system to treat genetically
conditioned neurodegenerative diseases (Alzheimer, Huntington’s
disease or fragile X syndrome) in the future. Therefore, it is justi-
fied to assume a greater role of mRNA for CRISPR/Cas9 gene editing
in regenerative field in the near future.
5. mRNA in cellular (re-)programming – state of the art

5.1. Generation of induced pluripotent stem cells

In the last decades, stem cell-based approaches have emerged
as a novel concept to replace or repair dysfunctional organs, tissues
or cells. A broad spectrum of human pathologies could be treated
by means of stem cells: neurodegenerative and ocular diseases,
implications of diabetes mellitus, dental tissue degradation, car-
diovascular or severe skin disorders [208–210]. For this wide field
of applications, the central role is held by pluripotent stem cells,
which source comprised exclusively embryonic stem cells (ESCs)
until 2006. This year was designated by a groundbreaking scientific
event – the discovery of a cocktail of transcription factors that
enable the reprogramming of adult somatic cells into a pluripotent
state, the so-called Yamanaka factors (ct3/4, Sox2, Klf4 and c-Myc)
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[211,212]. The resulting induced pluripotent stem cells (iPSCs) can
give rise to any cell type while offering the opportunity of patient-
specific derivation. By this means, manipulated iPSC derivatives
could serve as personalized therapeutic cells [213]. However, iPSC
generation usually involves viral vectors as vehicle for reprogram-
ming factors. Unfortunately, viral components raise risk of tumori-
genicity, thereby restricting clinical approval of these cells [214].

Although emerging integration-free approaches, such as Sendai
virus [215], episomal [216] or plasmid DNA [217] and cell perme-
ant proteins [218] minimized risks of genome insertion, cell repro-
gramming using these tools appeared insufficient [219]. Here,
mRNA offers an exceptional benefit of transient and efficient pro-
tein expression with tight control over dosing, stoichiometry and
time course while posing no risks of genome intrusion. Hence,
mRNA-based approaches are becoming progressively more preva-
lent to achieve ‘‘footprint-free” reprogramming in the field of
developmental and cell-based regenerative biology (Fig. 4A).

In theory, every desired mRNA can be produced in vitro for the
induction of target protein biosynthesis in each cell type. Practi-
cally, the scientific community encountered major hurdles early
on as synthetic mRNAs provoked antiviral defense pathways,
which in turn hampered efficient protein translation. A cascade
of cytotoxic and cytostatic responses interfered with reprogram-
Fig. 4. Potential mRNA applications in regenerative medicine. mRNAs can be applied to g
injury. In this regard, mRNA-based techniques are (A) either utilized to reprogram somat
the other hand, mRNA, transferred into stem cells or somatic cells, enable guided differe
(B), mRNA technology enables to deliver signaling molecules into the tissue of interest. m
to promote tissue regeneration [162,246,248,251,252,255,256,264].
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ming attempts. Although double-stranded RNA was thought to
be the major agonist, single-stranded RNA transcripts triggered
the innate immune system as well and type I interferons even sen-
sitized cells for upcoming mRNA transfections [220].

Yakubov et al. (2010) were the first to generate iPSCs using
in vitro generated mRNAs for the four Yamanaka factors [221].
However, despite successful transfection rates of at least 70% of
human fibroblasts 24 h after the first transfection, conversion effi-
ciency into iPSCs was low due to the aforementioned limitations. In
the same year, Warren et al. synthesized mRNAs of the transcrip-
tion factors Oct4, Sox2, Klf4, cMyc and Lin28 containing the mod-
ified nucleosides 5-methylcytidine and pseudouridine (W) for
transfection of fibroblasts [222]. Moreover, they employed the
interferon inhibitor B18R as media additive to further bypass the
innate anti-viral immune response. By these means, conversion
efficiency peaked at 4.4%, thus being substantially higher than for
virus-based approaches. Going even further, they afterwards dif-
ferentiated murine C3H10T1/2 cells into the myogenic lineage
using MyoD mRNA with modified ribonucleotides for increased
stability.

Later this approach was adjusted to convert blood-derived
endothelial progenitor cells into iPSCs. Refraining from mod-
mRNAs, Poleganov et al. (2015) employed mRNAs for reprogram-
enerate cells in vitro that are supposed to be transplanted for tissue repair following
ic cells into iPSCs, which can be further differentiated into any desired cell type. On
ntiation to obtain cells suitable for cell replacement therapy. For cell free strategies
RNAs encoding growth or transcription factors have been successfully applied in vivo
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ming (Oct4, Sox2, Klf4, cMyc, Nanog, and Lin28) in combination
with mRNAs that were supposed to facilitate immune evasion
(E3, K3, and B18R) [223]. When adding mature miRNAs302a–d
and 367 to enhance the reprogramming capability, they reported
successful reprogramming within ten days, thereby demonstrating
that RNA cocktails containing non-modified mRNAs could outper-
form mod-mRNA given the right circumstances.

Although much emphasis is put on the reduction of immuno-
genicity for mRNA therapeutics, it soon became apparent that
some inflammatory signaling is required for nuclear reprogram-
ming by exogenous mRNA [224]. Activation of the innate immu-
nity alters the expression of epigenetic modifiers such as histone
acetyltransferases and increases the chromatin accessibility
thereby facilitating the access to consensus sequences for tran-
scriptional activators. A further contribution in this process is
attributed to reactive oxygen and nitrogen species [225].

5.2. Reprogramming for regenerative medicine and cell therapies

After a rapid progression of protocols, iPSCs generated by mRNA
based reprogramming could give rise to therapeutically relevant
cell types. For example, cardiomyocytes derived from human iPSCs
demonstrated typical molecular, morphological and functional fea-
tures, thereby implicating the option to generate cells from
patient-specific iPSCs in large scale that are only of limited regen-
erative capacity in vivo. However, optimal cell delivery methods
are still to be established and improving the retention of injected
cells at sites of injury will be crucial for effective cardiac regener-
ative medicine [226]. Other cells with severely limited regenera-
tive capacity are neurons. Employing IVT mRNAs coding Atoh1
and Ngn2, iPSCs could be differentiated into highly pure midbrain
dopaminergic neurons within only five days [227]. This method
might be implemented in patient specific disease modeling or
could constitute the basis for cell replacement strategies for neu-
ronal regeneration. Due to their limited regenerative capacity, both
cardiac and neuronal tissues are particularly susceptible for the
degenerative effects of aging. Intriguingly, rather than replacing
cells recent approaches for regenerative medicine and cell thera-
pies were expanded more and more towards rejuvenating them.

Apart from the generation of iPSCs, reprogramming using
Yamanaka factors was demonstrated to ameliorate structural and
functional hallmarks of aging. By resetting DNA methylation pat-
terns and transcriptomes to youthful states without resetting cel-
lular identity, partial reprogramming was show to increase
lifespan in a mouse model of premature aging [228] while it pro-
moted axon regeneration and reversed vision loss in another aged
mice model [229]. Employing IVT mRNAs for a transient expression
of nuclear reprogramming factors, similar age ameliorating effects
could be transferred to human cells. Transfection with mRNAs
expressing OCT4, SOX2, KLF4, c-MYC, LIN28 and NANOG for four
consecutive days was reported to reset the epigenetic clock, reduce
the inflammatory status in chondrocytes, and restore regenerative
potential in aged, human muscle stem cells [230]. Another
approach to rejuvenate cellular phenotypes was based on human
telomerase (hTERT), an enzyme counteracting telomere attrition
underlying cellular senescence. In fibroblasts derived from
Hutchinson-Gilford progeria syndrome patients, a disorder charac-
terized by severely accelerated aging, treatment with IVT hTERT
mRNA increased telomere length, proliferative capacity and cellu-
lar lifespan [231]. Both approaches are sufficient to reset certain
age-related impairments and thus hold promise as therapeutic
for age-related diseases.

A number of studies highlighted the cell reprogramming poten-
tial of mRNA including not only the direct conversion of fibroblasts
to pluripotent stem cells [221,222] but also the differentiation into
other cell types such as endothelial cells [232], myoblasts [233]
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and cardiomyocytes [234]. Moreover, direct transdifferentiation
of human pancreatic duct-derived cells into insulin producing b-
cells could be accomplished using a single synthetic mod-mRNA
encoding for the pancreatic transcription factor MafA [235]. Trans-
fected cells were able to secrete insulin and reduce the blood glu-
cose level in a diabetic mice model one week after transplantation.
As the transfected cells replace lost b-cells, this approach describes
not only a protein replacement therapy but can be considered a tis-
sue regeneration therapy.

Alternatively, cellular programming could be supported using
mRNA-based CRISPR/Cas9 system. In 2020, Chen et al. transduced
differentiating human mesenchymal stem cells (hMSCs) with
doxycycline-inducible CRISPRi or CRISPRa lentivirus repressing or
activating the target alkaline phosphatase (ALP) gene, respectively.
The researchers demonstrated a great efficacy of their approach to
regulate gene transcription (60–90% ALP expression inhibition in
hMSC-CRISPRi; 20-fold expression increment in hMSC-CRISPRa)
with no off-target occasions as the differentiation outcome was
not affected by a transduction in the manipulated cell line vs. con-
trol group [236]. Thus, the described technique could be a valuable
tool to direct the differentiation process towards the desired cell
type. In case when the target gene requires more stable interven-
tion, CRISPR system might even be a wiser choice in comparison
to transiently active transcription factors encoded directly by IVT
mRNA. On the other hand, the delivery of Cas9 machinery should
be further refined with viral-free vehicles (e.g. LNPs) to ensure
firstly the safety and secondly the conformity with IVT mRNA
transport medium. Although such comparative analysis has not
been carried out yet, it would be intriguing to examine these ques-
tions in the future.

One focus of heart regeneration therapy lies in the replacement
of contractile cells. The myogenic differentiation factor MyoD1 acts
as a master regulator for muscle cell fate. Myoblasts can differen-
tiate into cardiomycytes and, hence, are highly relevant for cardiac
regeneration. Hausburg et al. (2015) could achieve direct cell con-
version of murine C3H10T1/2 into myoblast-like cells in three daily
transfections with modified MyoD mRNA in B18R supplemented
medium [233]. Adapting the protocol from Hausburg et al., Preskey
et al. (2016) demonstrated the successful transdifferentiation of
human foreskin fibroblasts into myoblast-like cells [237]. The gen-
eration of myoblast-like cells was accomplished in seven days with
only four daily transfections with IVT MyoD1 mRNA. Conversion
efficiency increased with higher amounts of mRNA but did not
exceed 0.4%. Similarly, our group applied mRNAs coding for the
transcription factors Tbx3, Shox2 and Tbx18 to induce reprogram-
ming of iPSC-derived cardiomyocytes towards a pacemaker-like
phenotype. Using microarray data, we detected changes in gene
expression in transfected cells, suggesting the possibility to use
mRNA for the subtype specific generation of cardiac cells (unpub-
lished data). While levels of success are currently limited, further
optimization of IVT mRNAs and carrier systems will unequivocally
improve translational efficiency and thus conversion efficiency in
the future.

In an attempt to directly generate cardiomyocytes, Lee et al.
(2015) used a construct of heart-targeting peptide (CRPPR-R9)
and lipofectamine to repeatedly transfect murine cardiac fibrob-
lasts with mRNAs encoding Gata4, Mef2C and Tbx5 [234]. High
expression levels of a-actin and cardiomyocyte specific marker
genes such as Actc1, Actn2, Gja1, Hand2 and Tnnt2 after two weeks
of transfection indicated a successful transdifferentiation. Interest-
ingly, they reported an influence of reprogramming factor stoi-
chiometry on the marker gene expression such as higher
expression of Gja1 and Hand2 upon excess Tbx5 (1:1:3) and higher
expression of Nppa and Tnnt2 upon excess Gata4 (3:1:1).

Another attempt in 2019 found that MSCs derived from adipose
tissue can partly be directed towards the cardiac lineage using
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mod-mRNAs for Gata4, Mef2C, Tbx5 and Mesp1, while cells iso-
lated from bone marrow, and dental follicle demonstrated only
weak reprogramming efficiency [238]. Although full maturity of
cardiomyocytes could not be reached in the study, the data suggest
that adult MSCs can acquire a cardiac-like phenotype and might
serve as source for cell replacement strategies in heart
regeneration.

MSCs are also a main target in mRNA-based bone regeneration
therapies, which often aim to recruit these cells to the sites of bone
defect by transplantation of scaffolds loaded with osteogenic
mRNAs. Scaffolds releasing mRNA encoding human BMP-2 have
been demonstrated to stimulate bone regeneration in femur
[239] and calvarial bone [240] defect models. A comparative study
found that complexes of PEI and BMP-9 mRNA performed even
better in some aspects of bone regeneration such as enhanced
osteogenic differentiation of BMSCs and increased density of the
regenerated bone [241]. Still, due to its robust performance BMP-
2 is the most widely used therapeutic in mRNA-based bone regen-
eration therapy and recent research concentrates more on the
delivery systems than on the exploration of other osteogenic com-
pounds [242,243].

IVT mRNAs also conquered many other fields of application. For
example, they were early recognized as tool for immunotherapy of
cancer. In 2009, RNAs encoding T cell receptors either specific
against ErbB2 or the carcinoembryonic antigen (CEA) were utilized
to render T cells transiently cytotoxic for cancer cells expressing
the respective antigens. CD4+ as well as CD8+ T cells electropo-
rated with the immunoreceptor-encoding mRNAs secreted cytoki-
nes upon antigen contact and in case of CD8+ T cells specifically
lysed tumor cells. This activity was maximal at day 2 and persisted
no longer than nine days, thereby avoiding the persistence of unin-
tended autoaggression [244]. Recently, another group repro-
grammed tumor-associated macrophages that typically express
an M2 phenotype and exert immunosuppressive effects toward
an M1 phenotype using a nanocarrier for IVT mRNA delivery
[245]. Nanoparticles formulated with mRNAs encoding interferon
regulatory factor 5 in combination with its activating kinase IKKb
were used in models of ovarian cancer, melanoma, and glioblas-
toma to transiently trigger anti-tumor immunity in macrophages
without eliciting a systemic inflammation.
6. Direct cell-free regenerative approaches using mRNA

Another possibility of tissue restoration is given by a precise
regulation of signaling cascades, gene transcription or even meta-
bolic pathways (Fig. 4B). Regarding this, the most favorable pro-
tein candidates are the descendants of a growth factor family.
In 2021, Rizvi et al. took the advantage of hepatocyte-growth-
factor (HGF) and epidermal-growth-factor (EGF) to repair acute
liver damage after induced injury in vivo [246]. The corresponding
mod-mRNAs were loaded in LNP and intravenously administered
to liver-injured mice. A single injection of HGF/EGF mod-mRNA
was sufficient to repeal the functional and morphological morbid
condition two days post injection, thereby the ALT (alanine
aminotransferase; a biomarker of hepatic inflammation) levels
dropped back to baseline and incipient steatosis was revoked.
Recently, Yang et al. (2021) aimed to attenuate the fibrotic spread
in a diseased mice liver caused by cholestasis and an exposure to
hepatotoxins. In this study, LNP-encapsulated IVT mRNA encoding
the transcription factor HNF4a (hepatocyte nuclear factor alpha)
has demonstrated very promising therapeutic properties and sig-
nificantly diminished the fibrogenesis [247]. Taking together,
these studies obtained the first solid, preclinical evidence on con-
siderable therapeutic effects of IVT mRNA to treat diverse liver
injuries.
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In contrast to hepatic applications, mod-mRNA coding for
VEGF-A is already undergoing early phase clinical trials in: (1) type
2 diabetic patients receiving intradermal VEGF-A mod-mRNA
injections to induce local angiogenesis (NCT02935712) [134]; (2)
patients with impaired systolic function that are epicardially
administered with VEGF-A mod-mRNA during coronary artery
bypass grafting surgery to restore cardiac activity
(NCT03370887) [248]. While the latter study is still under investi-
gation, the results from the first trial have already been published
and demonstrated great tolerability and safety of VEGF-A mod-
mRNA at both local and systemic level [134]. However, further
clinical examination must ensure the efficiency of VEGF-A mod-
mRNA treatment, which might be challenging. The previous
intents to improve ischemic cardiac outcome with VEGF-A have
failed to gain a therapeutic significance [249]. On the other hand,
the introduction of VEGF-A in these first-generation trials has been
mediated trough a DNA platform. Concerning this matter, Zangi
et al. (2013) assessed the impact of intramyocardial VEGF-A
administration encoded either by DNA or mod-mRNA in a mouse
myocardial infarction (MI) model [250]. When comparing the out-
comes, the group evidenced that VEGF-A DNA-treated hearts dis-
played obvious edema and increased mortality (even in
comparison to vehicle controls), although both treatments reduced
infarct size and apoptotic cell frequency while increasing capillary
density. Hence, this clear benefit of mod-mRNAmight be the deter-
mining factor for VEGF-A to revolutionize the cardiac domain in
the regenerative medicine. Noteworthy, an alternative novel con-
cept for mRNA-based MI treatment has been presented by Maga-
dum et al. in 2020 [251], who explored the role of glycolytic
pyruvate kinase muscle isozyme 2 (Pkm2) in the mouse heart. As
proposed by the authors, Pkm2 positively affects the proliferation
of cardiomyocytes and counteracts oxidative stress damage sup-
posedly by regulation of b-catenin (non-enzymatic) and enzymatic
anabolic pathway (via glucose-6-phosphat-dehydrogenase) post
ischemic injury, respectively. In addition, Magadum et al. provided
the evidence that Pkm2 is a convenient contender with a strong
therapeutic potential for MI treatment, which bears an attractive
clinical prospect. However, Pkm2 is not the only metabolite cap-
able of cardio-protection post MI. Hadas et al. (2020) hypothesized
that a precise shift in sphingolipid metabolism could improve the
MI-induced cardiac complications. Here, the group took the advan-
tage of an acid ceramidase (AC) – a hydrolytic enzyme that pro-
duces sphingosines, which in turn are phosphorylated to the
sphingosine-1-phosphate (S1P) [252]. S1P is believed to possess
anti-apoptotic, cyto-protective properties that might be highly
beneficial for a prevention of MI-conditioned heart failure
[253,254]. Hence, the naked mod-mRNA (in citrate buffer) encod-
ing AC was injected directly into infarcted mice hearts. Following
the treatment, overall cell death post infarction has decreased,
thereby leading to improved cardiac function as well as extended
long-term survival in mice.

There are plenty of other fascinating examples for utility of the
mRNA platform in the regenerative field: Lin et al. (2019) aimed to
treat the degenerative occurrence in the intervertebral disk with
direct disk injections of mod-mRNA coding for a transcription fac-
tor RUNX1 (runt-related transcription factor-1) [255]; Fukushima
et al. (2021) sought to preserve the brain tissue from neuronal
death caused by ischemic attack through an intraventricular
administration of brain-derived neurotrophic factor (BDNF) mod-
mRNA [256]; Patel et al. (2019) presented their first successful
attempt to deliver a mod-mRNA coding for a reporter protein to
the retinal pigmented epithelium, thereby highlighting a prospect
for treatment of retinal degenerative diseases [257]. Yet, an evident
limitation that these studies have in common is the extremely
elaborate technique required for drug administration. Moreover,
local injections into the brain, vertebral disk or eye are highly inva-
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sive, which further impedes the potential clinical translation.
Lastly, the gene regulation (by transcription factors) or gene edit-
ing (e.g. with Cas9 mRNA [205]) is still associated with certain
safety concerns due to not fully predictable outcomes of genetic
intervention. Hence, future research should focus on finding an
appropriate method to solve the depicted problems.
7. Towards clinical approval in regenerative medicine:
challenges and perspectives

The fundamental principles underlying regenerative medicine
rely heavily on tissue repair and engineering, thereby the most
advanced approaches include targeted cell programming. Here,
stem cell-based tissue replacement can imply the mRNA to direct
the cell differentiation towards the desired cell type (see section
4), which would subsequently undergo either allogeneic or autolo-
gous transplantation to rehabilitate damaged regions in a patient.
However, stem cells and their derivatives still face difficult hurdles
for their clinical approval. At this point, we would like to empha-
size the recent thorough articles that carefully review the reason-
ing behind the problematic clinical translation of manipulated
stem cells for regenerative purposes [208,258–260]. In case of
iPSCs, potential complications are attributed to their pluripotent
properties that could lead to tumor formation. Additionally, highly
promising results of preclinical studies could not be comparatively
reproduced in patients, which attracted even more adverse criti-
cism. Lastly, meeting all requirements of GMP (good manufactur-
ing practice), strict controlling during the production process as
well as product up-scaling for clinical use can be extremely diffi-
cult to manage. Notwithstanding these discouraging challenges,
advancing innovations in technology and research constantly pre-
sent novel elegant solutions to ensure highly standardized manu-
facturing, warranting safety and efficacy of the stem cell-based
therapies. Therefore, we expect that this approach could enter
the clinical sector in the foreseeable future.

Concerning the cell-free regenerative approaches, the mRNA-
based therapy holds a great potential particularly in the area of
degenerative hepatic pathologies as it was demonstrated that the
LNP-loaded mod-mRNA is predominantly metabolized in the liver
when applied intravenously [261,262]. Thus, targeted liver repair
might apparently profit from such an active LNP uptake by hepato-
cytes, especially because additional elaborate LNP design for
tissue-specific delivery can be omitted. Considering the current
success of already approved COVID-19 mRNA vaccines formulated
in LNPs, we could soon expect the mRNA to obtain a clinical per-
mission for safety and efficacy evaluation in patients with hepatic
deficiency. Unfortunately, although the regenerative properties of
the IVT mRNA are also highly potent for organs such as bone, eye
or brain, application routes for these tissues represent the major
limitation. It is therefore crucial to develop tissue-specific delivery
systems, which could transport the therapeutic mRNA directly to
the organ of interest following an intravenous administration.
Until then, the IVT mRNAmight prevail in hepatic or cardiac regen-
erative applications.
8. Conclusions

The very first use of mRNA to accomplish a protein production
in vivo has been recorded nearly 30 years ago [21]. However, it took
18 years to translate the mRNA-based medicine from preclinical
stage to the first clinical trials [26] and a world-wide pandemic
to obtain a global permit for an mRNA-based therapeutic (an
antiviral vaccine) for the first time in history [33,34]. This long-
term development of mRNA platform is mainly attributed to the
complex nature of this molecule. Fortunately, extensive explo-
15
rations of native mRNA structure as well as enormous technical
advances have dramatically enhanced the mRNA utility. First, a
rational mRNA design now secures a low immunogenicity, suffi-
cient protein translation rate, extended turnover and great molec-
ular stability. Second, numerous delivery approaches allow for a
protected mRNA transport in vivo, tissue-specific targeting, facili-
tated cellular uptake and endosomal escape. These significant
improvements led to the emergence of various mRNA-based appli-
cations nearly in all branches of medicine including cancer
research, infectious diseases, protein dysfunctions and gene edit-
ing. Although the most prominent achievements so far have been
reached in the development of vaccines, the mRNA platform is also
strongly attractive for regenerative approaches that rely on tar-
geted cell or gene manipulation. For instance, a great promise for
mRNA technology is given by treatment of degenerative hepatic
diseases and myocardial infarction. Here, the therapeutic effect
rests upon cell-operated secretion of signaling molecules, e.g.
growth factors, which active translation depends on the introduced
mRNA. A tissue restoration could be also assisted with mRNA-
manipulated stem cells, e.g. MSCs, iPSCs or their derivatives. How-
ever, while cell-free regenerative therapies already undergo clini-
cal examination, cell-based approaches have to overcome several
concerns regarding their safety, efficacy and manufacturing. Yet,
in view of the groundbreaking approval of mRNA-based COVID-
19 vaccines in 2020, we expect a massive rise of interest among
both commercial and academic facilities in the limitless opportuni-
ties that the mRNA platform has to offer. This will lead to further
rapid optimization of the mRNA technology and new discoveries
that will promote clinical translation. Without much doubt, the
mRNA revolution will soon move beyond the scope of infectiology
and usher a new chapter across the spectrum of medicine.
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