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The accelerated progress and approval of two mRNA-based vaccines to address the SARS-CoV-2 virus
were unprecedented. This record-setting feat was made possible through the solid foundation of research
on in vitro transcribed mRNA (IVT mRNA) which could be utilized as a therapeutic modality. Through
decades of thorough research to overcome barriers to implementation, mRNA-based vaccines or thera-
peutics offer many advantages to rapidly address a broad range of applications including infectious dis-
eases, cancers, and gene editing. Here, we describe the advances that have supported the adoption of IVT
mRNA in the clinics, including optimization of the IVT mRNA structural components, synthesis, and lastly
concluding with different classes of IVT RNA. Continuing interest in driving IVT mRNA technology will
enable a safer and more efficacious therapeutic modality to address emerging and existing diseases.
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1. Introduction

RNAs play diverse functional roles ranging from protein expres-
sion, gene regulation, and post-transcriptional modification. One
species of RNA is messenger RNA (mRNA) which was first discov-
ered in the 1960s [1]. Although other species of RNAs are also cru-
cial in cellular function, mRNA is a unique entity that is particularly
attractive as a therapeutic vector due to its ability to utilize the
endogenous translation system to transiently express specific pro-
teins. Despite the appeal of mRNAs as therapeutics, there have
been some barriers to the implementation of mRNAs as therapeu-
tic agents. These challenges include difficulty in delivery, immune
system activation, and mRNA instability [3]. Due to these chal-
lenges, other methods including viral vectors or DNA delivery were
initially favored over mRNA for therapeutic applications. However,
there are several advantages to mRNA-based therapeutics. Recom-
binant mRNAs can be easily designed and synthesized in vitro to
confer activity in vivo. Compared to viral vectors or DNA delivery,
mRNA possesses lower risk of host genome integration and earlier
onset of action since mRNAs only need to reach the cytoplasm for
translation, rather than transportation into the nucleus [2].

Therefore, harnessing the potential of mRNAs to express pro-
teins of interest has been especially enticing to serve broadly as a
therapeutic agent. Advances in lipid nanoparticles mediated deliv-
ery has validated mRNA delivery culminating in the FDA approval
for use in the SARS-CoV-2 virus vaccines for worldwide adminis-
tration [5]. Significant effort has been afforded to combat the
strong immune stimulatory effects of IVT mRNAs through the
incorporation of base-modified nucleosides [6–7]. Moreover, incor-
porating base modified nucleosides has also been exhibited to
amplify the translational proficiency of IVT mRNAs in vivo [8–
10]. To increase the pharmacokinetic profile of mRNA and stabilize
the IVT transcript upon administration, various attempts have
been made to design a more efficient mRNA that has increased
half-life and translation. These advancements have enabled the
investigation of mRNAs across various applications in the clinic,
including vaccines, protein replacement, or gene editing [3–4]. In
this article, we focus on the various structural elements of the
mRNA that affect its properties to serve as a therapeutic modality
and further discuss how the synthesis of IVT mRNA supports this
effort. Lastly, we summarize alternative structures of RNAs that
may further expand their various therapeutic applications.
Table 1
Selected studies on approaches to 50 UTR identification and optimization.

UTR
Sequence
Origin

Key Findings Source

Endogenous
sequences

Human a-globin or b-globin based UTRs due to
highly stable expression

[41]

UTRs based on Cytochrome b-245 alpha chain
(CYBA) combinations

[42]

50 UTR based on human hydroxysteroid 17-beta
dehydrogenase 4 gene

[40]

Endogenous 50 and 30 UTR selection and
combination for de novo UTR design

[39]

Exogenous
sequences

Library of over one million 50 UTR variants with
random 10-nucleotide sequence variation reveals
dynamic sequence feature of 50 UTRs that control
mRNA translatability

[43]

Library of 280,000 randomized 50 UTR to build
predictive models for translation by directing
specific levels of ribosome loading

[37]

50 UTR based on synthetic sequences with high
ribosomal loading calculations

[38]
2. Structure of mRNA

In vitro transcribed mRNA, or synthetic mRNA, is a single-
stranded RNA transcript that has been engineered to mimic natu-
rally occurring mRNAs [11]. The mRNA comprises of five key struc-
tural elements: the 50 cap, 50 untranslated region (UTR), coding
sequence region (CDS), 30 UTR, and the poly(A) tail. Because of its
rapid degradation, fine-tuning and maximizing the activity of syn-
thetically administered mRNAs either by elongating stability or
maximizing translation has been crucial to capturing its potential
as a therapeutic agent [11]. Researchers have investigated several
approaches to optimize whole mRNAs with recent advances in
sequencing and computational capacities. Wayment-Steele et al.
computed a model to predict average unpaired probability, mea-
surement of secondary structure, and hydrolysis rates to predict
and design more stable transcripts of mRNAs by creating highly
folded mRNA structures [12]. Taking the outcomes of the highly
folded mRNAs, the group further utilized computational calcula-
tions incorporating in-cell stability and ribosomal load to predict
mRNA sequences that not only sustain high stability but also incor-
porate high translation capacities [13].
2

Another strategy to attune the mRNA pharmacokinetic profile
has been to assess the impact of specific nucleosides, including
the incorporation of modified nucleosides or augmentation of gua-
nine and cytosine (GC) nucleosides. Chemically modified nucleo-
sides were first reported to reduce innate immune stimulatory
activation by exogenous mRNA [6]. Interestingly, the substitution
of uridine to modified nucleosides, such as pseudouridine (W) or
N1-methyl-pseudouridine (m1W), also showed enhanced transla-
tion of the encoded protein [14–16]. Other groups report that
rather than a complete replacement, partial replacement with
chemically modified nucleosides may induce high protein expres-
sion and low immune stimulatory effects [17]. This phenomenon is
attributed to reduced RNA sensor engagement by the incorporated
modified nucleosides [18]. This potentially begs the question of
whether modified nucleosides can also interfere with general pro-
tein/RNA interactions, which could decrease the specificity of
mRNA interface with RNA binding proteins for translation. Accord-
ingly, Thess et al. evaluated whole sequence engineering with non-
chemically modified nucleosides and observed heightened transla-
tion and decreased immune stimulation [19]. By relying on opti-
mization of the open reading frame and regulatory sequences
within the 50 and 30 UTR to maximize GC content, they observed
that whole sequence-engineered unmodified RNA exhibited higher
luciferase activity compared to modified RNA without sequence
engineering in vitro. Complete replacement of UTP with W of the
whole sequence mRNA transcript restored luciferase activity and
conferred comparable activity between the two transcripts,
demonstrating that potent whole sequence engineering is an effec-
tive strategy to attain enhanced expression [19]. Additionally,
maximizing GC content within the mRNA transcript may yield
multiple effects. Uridine can be recognized by toll like receptors
7/8 and may trigger innate immune activation [20]. By increasing
GC content, one may minimize the overall number of uridine bases
in the transcript to decrease interaction with TLR 7/8. Another
important consideration is adenylate/uridylate rich elements
(AREs), which are often found in the 30 UTR of mRNAs that code
for proto-oncogenes or cytokines [21]. mRNAs with AREs can be
rapidly degraded in response to stress by ARE-binding proteins
[22]. Therefore, high GC content within the 30 UTR may help syn-
thetic mRNAs to evade targeted degradation by ARE-binding pro-
teins. Courel et al. suggest that AU-rich and GC-rich transcripts
undergo distinct degradation and translation pathways where
GC-rich transcripts are more optimally translated compared to
AU-rich transcripts at the 50 end [23]. Furthermore, increasing
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the GC content within the mRNA transcript may improve transla-
tion by protecting the mRNAs from endoribonuclease digestion
[24–25]. Taken together, nucleoside modification and GC content
within mRNAs may improve protein expression ability and reduce
immunogenicity of the mRNA.

2.1. 50 Cap

Eukaryotic mRNAs contain an evolutionarily conserved 50 m7G
cap, which is needed for mediating several biological functions
[26]. mRNA cap structures modulate nuclear export, splicing,
RNA stability, and efficient translation [27]. In the cytoplasm, the
cap functions as an anchor for the recruitment of initiation factors
eukaryotic translation initiation factor 4E (EIF4E), which is crucial
for translation [28]. The cap can also serve a protective function
against 50 to 30 exonuclease degradation of mRNA [29]. The capping
event is mediated by three separate enzymes including RNA
triphosphatase, RNA guanylyltransferase, and RNA (guanine-7)-
methyltransferase [30]. Pre-mRNAs are processed by enzymes to
generate a 7-methyl guanosine affixed by an inverted 50-50 triphos-
phate bridge to the first nucleoside [31]. The Cap-0 structure is one
of the earliest mRNA processing events, which occurs co-
transcriptionally with RNA Polymerase II [32]. The attachment of
methyl groups to the first and/or second transcribed nucleosides
produces the Cap-1 or the Cap-2 structure [33]. Importantly, cap
20O methylation distinguish self RNA against foreign RNA [34].

2.2. 50 UTR

50 Untranslated Region (UTR) is the section of the mRNA
upstream of the coding region. While this sequence is not trans-
lated, it is a critical region as it serves as a binding site for ribo-
somes to initiate translation. Therefore, various endeavors have
been attempted to elongate stability or increase translation effi-
ciency by optimizing the 50 UTR region of the mRNA (Table 1)
[35]. Most eukaryotic 50 UTR region includes the Kozak consensus
sequence (ACCAUGG) which contains the start codon (AUG) to ini-
tiate translation [36]. Moreover, the 50 UTR region tends to be AU
sequences rich, which promotes the formation of secondary struc-
tures to either impede or engage binding of ribosomes and other
regulatory factors to control gene expression [36]. To investigate
the relationship between ribosome binding and 50 UTR sequences,
Sample et al. generated a synthetic library of 280,000 randomized
50 UTR. Combining deep learning algorithms, these sequences were
assessed for ribosomal loading capacity. Sample et al. exposed that
the predicted models matched the actual measured ribosomal
loading of over 30,000 transcripts. By combining the technology
of deep learning algorithms, an exogenous optimized 50 UTR
sequence could be identified for various levels of ribosomal loading
to finetune control of gene expression following the synthetic 50

UTR sequence [37]. Linares-Fernandez et al. applied the findings
from this earlier study to design an mRNA template with higher
protein expression by evaluating several synthetic 50 UTR
sequences with high ribosomal loading. Compared to the native
a-globin 50 UTR sequence, synthetic UTR4 induced greater than
30% more eGFP production in both HeLa and DC2.4 cells [38]. In
another work, Zeng et al. performed both comprehensive analysis
of endogenous gene expression and de novo design of exogenous
sequences to compile a unique combination of 50 and 30 UTR
sequences. Several rounds of sequence optimization resulted in
up to a ten-fold increase in protein translation compared to other
tested endogenous UTRs [39]. A separate study by Gebre et al.
devised two SARS-CoV-2 mRNA vaccines and compared the effi-
cacy of the vaccines in eliciting a potent immune response [40].
One major difference of these two mRNA vaccine candidates was
the inclusion of a 50 UTR region based on the human hydroxys-
3

teroid 17-beta dehydrogenase 4 gene (GSD17B4). The mRNA vac-
cine with the 50 UTR region (CV2CoV) was able to elicit a more
robust protection compared to the one without the 50 UTR, which
suggests that optimization of non-coding regions can enrich mRNA
potency by improving the translation capacity of the target protein.

2.3. Coding Sequence

The coding sequence region (CDS), or open reading frame (ORF),
is especially important for the development of mRNA therapeutics
to encode for an antigen or a protein of interest. The region typi-
cally constitutes much of the mRNA transcript; thus, it is unsur-
prising that modulating this region, specifically in the context of
codon optimization, affects overall mRNA stability and translation
capacity [44–45]. The overall translation rate is governed by tRNA
species, so optimizing codon usage to reduce the usage of rare
tRNA species by replacing codons with more common tRNA species
can affect not just protein production, but also the fidelity of trans-
lation [46–47]. The incorporation of modified nucleosides has been
widely implemented to reduce innate immune stimulation, but
doing so might affect overall translation in both beneficial and dis-
advantageous ways. Choi et al. reported that (m6A) modification
may function as an obstacle to tRNA association and impede trans-
lation [48]. Similarly, Eyler et al. illustrated that incorporating
pseudouridine alters tRNA binding and reduces translation and
increases amino acid substitutions [49]. Contrastingly, Mao et al.
incorporated N6-methyladenosine (m6A) within the coding region,
which enhanced translation by alleviating mRNA secondary struc-
ture to promote translation [50]. Other groups have also investi-
gated the role of secondary structures in protein translation
through computational sequence design [13,25]. Zhang et al.
applied an algorithm to balance between stability and codon opti-
mality to design mRNAs with superior protein expression [51].
Therefore, careful consideration of overall codon optimization
and base-modified nucleosides should be evaluated to assess the
dynamic translation mechanisms for different sequences.

2.4. 30 UTR

The regulatory elements of mRNAs are situated within the 50

and 30 UTR that interact with protein complexes to generate
ribonucleoparticles for mRNA transport, stability, and translation
[52–53]. 30 UTR of mRNAs is vital for targeting transcripts to speci-
fic cellular compartments, which is essential for mRNA localization
and protein synthesis especially in highly polarized or differenti-
ated cells [54]. 30 UTR is an especially important regulatory ele-
ment because microRNA (miRNA) binds to these regions to
silence mRNA expression [55–56]. Sandberg et al. described that
rapidly proliferating cells display a shorter 30 UTR region which
in return reduced miRNA binding sites to enable a more prolifera-
tive expression of proteins [57]. This property may also be har-
nessed to design mRNAs that have a specific activity in different
cell types by artificially including miRNA binding sites within the
30 UTR for cell-specific translation [58]. For example, Li et al.
included a neuron-specific miRNA targeting site in the 30 UTR to
limit expression of the mRNA in neurons [59]. Furthermore, trans-
lation may be enhanced by reducing unstructured sequences
within the 30 UTR to facilitate the binding of poly(A) tail to trans-
lation machinery [60]. UTR performance can vary across different
cell types, therefore deciding the cell population and optimizing
the 30 UTR for the target cell types should be considered.

2.5. Poly(A) Tail

The last structural element of an mRNA is the poly(A) tail. Poly
(A) tail is characterized by the long stretch of repetitive adenosine
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nucleosides at the 30 end. In general, a longer poly(A) tail results in
a more stable mRNA since the long sequence protects the coding
mRNA region from deadenylating and degrading enzymes [61].
However, the dynamic deadenylation and regulatory mechanism
of the poly(A) tail reveals that this is not always correct. There
are stable mRNAs with a short poly(A) tail [62–63]. The complex
interaction between the poly(A) binding proteins (PABPs) and
other translation-initiating proteins work synergistically to regu-
late the stability and the translation efficiency of the mRNAs
[64]. A full-length mRNA sequencing capacity that accurately
sequences transcripts of mRNA including the poly(A) tail revealed
that there are other nucleosides incorporated into the tail other
than just adenosines [65]. Li et al. reported that including cytidine
nucleoside into the tails shields synthetic mRNAs from deadenyla-
tion by the CCR4-NOT transcription complex, as the CNOT proteins
have lower efficiency in removing cytidine [66]. Cytosine incorpo-
ration enhanced protein translation and elongated stability of the
synthetic mRNA both in vitro and in vivo [66].

There are two strategies to synthesize the poly(A) structure in
mRNAs. One way is to extend the IVT mRNA through enzymatic
reaction with recombinant poly(A) polymerase [67]. Although this
enables the incorporation of modified nucleosides into the poly(A)
tail, it lacks the control and precision of generating a fixed length of
the tail, which is often desired for clinical applications [11]. The
second possibility is to encode a long stretch of A sequences in
the DNA template vector. This ensures a highly controlled length
of the resulting poly(A) tail. To generate the poly(A) tail, a long ade-
nosine sequence can be destabilizing for DNA plasmids, so one way
to bypass this is to incorporate a short UGC linker between the ade-
nosine stretch. The current Pfizer/BioNTech SARS-CoV-2 mRNA
vaccine incorporates this strategy to generate a long stable poly
(A) tail [68].
3. Synthesis of IVT mRNA

In vitro transcribed mRNA produced by RNA Polymerases
(RNAP) differ from chemically synthesized RNA species. Chemical
synthesis of RNA is still limited in the length of the sequence to less
than 200 base pairs and relies on adding a subsequent nucleoside
to the growing chain of RNA polymer through chemical protecting
groups. Overall yield decreases with each nucleoside addition [69].
Although innovations in DNA and RNA chemical synthesis have
enabled the synthesis of longer strands of RNA molecules up to
200 base pairs, mRNAs are commonly longer than 200 base pairs
and require an alternative method to synthesize the transcript.
The discovery of RNAP from bacteriophages has allowed for this
process which captures the native ability of these enzymes to syn-
thesize long RNA transcripts from a DNA source, whether that is
PCR-amplified linearized templates or plasmids [70]. Currently,
there have been several RNA Polymerases identified, including
T7, T3, and SP6 Polymerases which have been exerted for the IVT
process. IVT mRNA by RNA polymerases can achieve long tran-
scripts, more than many kilobases in length with high yield [71–
72].
3.1. RNA Polymerase

A frequently used RNA polymerase is the T7 RNA Polymerase
derived from the T7 bacteriophage. T7 RNAP is ubiquitously used
because of its high specificity and activity of RNA synthesis [73].
The T7 promoter is a conserved DNA sequence recognized by the
T7 RNAP to initiate transcription. Even partially single-stranded
DNA templates as long as they are base-paired within �17 to + 1
nucleoside of the promoter sequence will get transcribed into full
RNA transcripts [73]. Through the careful dissection of the T7
4

RNAP, the most widely utilized promoter sequence is TAATAC-
GACTCACTATAGGGAGA starting from �17 position [74]. However,
the sequence downstream of the promoter may affect T7 promoter
activity, therefore optimization of the promoter sequence might
augment transcription based on the downstream sequences [75].
The mRNA sequence, starting from the 50 UTR region should be
placed after this conserved T7 promoter. Although IVT with T7
RNAP yields high production of the desired sequence, there are
some limitations. The first limitation is the lower transcription effi-
ciency of sequences that lack G-rich regions in the initial 50

sequence [76]. A second limitation is the 30 end heterogeneity
due to the synthesis of one or two added nucleosides resulting
from incomplete transcription termination [77]. Another limitation
is the sly addition of a nucleoside at the 50 end upon translation ini-
tiation given certain 50 sequences downstream of the promoter
[78]. A major downside of IVT mRNAwith T7 RNAP is the nonspeci-
fic synthesis of double-stranded RNA (dsRNA) byproducts through
erroneous 30 extension [79]. dsRNA is often a trademark of viral
infection. Therefore, dsRNA binding proteins actively censor the
presence of dsRNA and trigger an innate immune and inflamma-
tory response in presence of dsRNA [80]. Although dsRNA can be
purified through chromatography steps after IVT, another way to
minimize the presence of dsRNA in the final IVT mRNA product
would be to use a thermostable T7 RNAP. Wu et al. generated a
thermostable T7 RNAP to reduce the production of dsRNA by
diminishing 30 extension. IVT mRNA transcripts produced by ther-
mostable T7 RNAP displayed reduced innate immune system acti-
vation when tested in vitro compared to IVT mRNA produced by
nonmodified T7 RNAP [81]. Dousis et al. designed and computa-
tionally engineered T7 RNAP with two mutations that transcribed
highly pure mRNA transcripts, which lacked byproducts such as
dsRNA and increased the fidelity of the IVT mRNA transcripts
[82]. Limitations have been addressed by investigating the func-
tional properties of T7 RNAP in detail, especially by analyzing
mutants of T7 with altered promoter recognitions [83–84]. By
improving translation initiation sequences, the lack of G-rich 50

end or the addition of an erroneous nucleoside can be bypassed.
To address the addition at the 30 end, a highly specific purification
scheme that can resolve the single-nucleoside difference in size
can be used to ensure a homogeneous transcript.

T3 RNAP is derived from the T3 bacteriophage. Like T7 RNAP, T3
RNAP is a DNA-dependent RNA Polymerase. The promoter
sequence for T3 is close to T7 but differs in the �10 and �11 posi-
tions. The consensus sequence T3 promoter is AATTAACCCTCAC-
TAAAGGGAGA [74]. Due to the similarity in the promoter
sequence, T3 RNAP can synthesize mRNA with a T7 Promoter,
and vice versa. Nonetheless, transcription efficiency is greatly
diminished by up to 90%, which showcases the high specificity
and dependence of the promoter sequence for efficient transcrip-
tion for the different RNAPs [85–86]. SP6 RNAP is derived from
SP6 bacteriophage, which is similar to T7 bacteriophage but is from
a distinctly unique lineage [87]. Although the promoter sequence
of SP6 RNAP shares similarity with T7 RNAP, SP6 RNAP transcrip-
tion efficiency is highly specific to the SP6 promoter sequence
[88]. The benefit of SP6 RNAP is the ease of production and isola-
tion of these enzymes over comparable T7 or T3 RNAPs [87].
Nonetheless, different RNAPs can similarly produce mRNA tran-
script if the proper promoters are used.

Over hundred naturally occurring post-transcriptional RNA
nucleosides have been identified [89]. Endogenous mRNAs will
have modified nucleosides in specific positions within the mRNA
[90]. The stratagem to incorporate base-modified nucleosides to
decrease innate immunogenicity of exogenous mRNA upon admin-
istration begs the question of whether RNAPs can assemble tran-
scripts using chemically modified nucleosides during in vitro
transcription. Currently, most synthetic mRNAs utilize complete



Fig. 1. IVT mRNA capping strategies and cap structures. One-step or co-transcriptional capping uses synthetic GTP Cap analogs during the IVT step. Two-step or post-
transcriptional capping uses enzymes and substrates to produce the Cap-0 or Cap-1 structure. B denotes nucleobases. Figure created with BioRender.com.
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substitution with modified nucleosides to generate a uniform
mRNA product. Milisavljevic et al. discuss that modified pyrim-
idine nucleosides and ATP with small modifications were good
substrates for T7 RNAPs, but modified GTP analogs required the
presence of GMP to initiate RNA synthesis [91]. Potapov et al. com-
pared several modified bases including methylated, hydrox-
ymethylated, and isomeric bases (pseudouridine) to equivalent
unmodified RNA bases to find that RNAP fidelity decreases with
modified bases [92]. The same group later published that N1-
methyl-pseudouridine is integrated with higher fidelity than pseu-
douridine by T7, T3, and SP6 RNAPs [93]. More investigations into
the consistency and efficiency of RNAPs to transcribe mRNA with
different chemically modified nucleosides are necessitated to
accelerate the robust production of IVT mRNAs.

3.2. mRNA capping

In vitro transcription of mRNA by RNAPs can produce all the
structural elements of a native mRNA, except for the 50 cap struc-
5

ture. The inclusion of the 50 cap structure has been documented to
be necessary for efficient translation initiation [94]. To produce a
fully biomimetic mRNA, the 50 cap must be produced either con-
currently during IVT for a one-step process, or enzymatically after
the IVT step for a two-step process (Fig. 1). The co-transcriptional
method works by replacing part of the GTP substrate for a dinu-
cleotide cap analog, commercially available as CleanCap� reagent,
which results in a highly efficient cap structure comparable to caps
produced by enzymes [95]. However, a portion of the m7GpppG
analog can get incorporated in a reverse direction, which is not rec-
ognized by the translation machinery for translation initiation.
Therefore, anti-reverse cap analogs (ARCAs) were developed,
which feature an m27,3’-OGpppG analog to ensure all the cap ana-
logs are incorporated in the correct orientation [96]. ARCA-capped
mRNAs displayed better translational capacity than traditionally
capped mRNAs [61]. Another synthetic 50 cap analog based on
phosphorothioate cap enhanced RNA stability and translational
efficiency in mice in vivo [97]. The one-step capping method is
beneficial because a second enzymatic reaction and purification
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steps are not necessary, but the cost of using cap analogs can be
more expensive than performing two-step capping with enzymes
[98]. Another downfall of one-step capping is the use of a modified
T7 promoter for the incorporation of the cap analog.

A two-step process of capping harnesses the function of virus-
derived capping enzymes, most commonly vaccinia virus, to create
the m7GpppN or Cap-0 structure. A second enzyme, Cap 20-O-
Methyltransferase, derived from the vaccinia virus is required to
produce the Cap-1 structure. Cap-1 structure may reduce the
innate immune response to the IVT mRNA [99]. Cap 20-O-
Methyltransferase uses S-adenosylmethionine (SAM) to add a
methyl group at the 20-O position at the end of the 50 end of Cap-
0 structures [100]. Enzymatic capping processes are usually very
efficient and can achieve up to 100% capping but could have a
batch-to-batch variability [101]. A downstream purification step
to remove all capping enzymes and reagents from pure mRNA
transcript is needed.
3.3. Large-scale manufacturing of IVT mRNA

The benefit of mRNAs as a therapeutic is that they can be purely
synthesized cell-free. This negates the necessity to validate the
absence of cell-derived impurities or adventitious contaminations
[102]. This is especially enticing for manufacturing scale since val-
idation of products from biological systems, such as proteins, is
costly and requires stringent regulation and development to guar-
antee a robust and reproducible manufacturing process [103].
However, because mRNAs can be synthesized in vitro in a rela-
tively well-defined procedure, the manufacturing capacity can be
more flexible to adapt to other platforms. Additionally, manufac-
turing of mRNAs is in a modular process, which can be very quickly
and easily switched to synthesize various mRNAs encoding pro-
teins of interest, with very minor modifications in the process. This
modularity is especially enticing from a manufacturing perspective
since process development, characterization, and scale-up to man-
ufacturing can be standardized in a cell-free system across diverse
mRNA transcripts [104].

Currently, the process for mRNA production can be separated
into two main steps: upstream and downstream [105]. The
upstream process is the production of the IVT mRNA, including
the capped structure. The downstream process is further purifica-
tion, concentration, and sterile filtration to yield a highly homoge-
nous IVT mRNA drug product [98]. A crucial step for the
manufacturing of mRNA would be the purification steps to remove
any contaminants, such as unreactive nucleosides, enzymes, and
most importantly dsRNA. HPLC-purified mRNA reduced immune
activation and improved translation by removing contaminants
such as dsRNA and RNA fragments [106]. To this end, multiple
modes of chromatography have been evaluated, including affinity,
size exclusion, ion exchange, and reverse phase separation [105].
An orthogonal purification step that removes specific impurities
should be coupled to ensure an effective depletion of all sources
of contaminants from IVT mRNA [104].

To be released as a drug substance, IVT mRNA must be fully
characterized for its potency, integrity, and purity. One concern
would be the stability of RNA. The entire manufacturing operation
must be conducted in a very stringent RNase-free environment
since the degradation of RNA through ubiquitous RNases is rapid
and is a key determinant of mRNA integrity. Key quality control
attributes include 50 capping efficiency, mRNA sequence confirma-
tion, total length, and absence of process and product mediated
impurities, such as capping enzymes, DNases, truncated fragments,
or dsRNA [107]. A robust characterization assay that meets the
release specifications for IVT mRNA will enhance its safety profile
to ensure that batch-to-batch variability is minimal.
6

4. Different structures of translatable RNA

The most common structure of IVT mRNA is the linear form that
resembles endogenous mRNA. modRNA is another terminology
that describes linear mRNA synthesized by incorporating modified
nucleosides, such as pseudouridine or N1-methyl-pseudouridine,
during the IVT process. Structurally, there is no difference between
linear mRNA and modRNA [108]. While various structural engi-
neering of each part of the mRNA has yielded stable and potent
mRNAs, linear mRNAs still suffer from rapid degradation from
ubiquitous RNases upon systemic administration. Despite the bar-
riers, interest in linear mRNA has exploded, as demonstrated by
not just the number of publications on using mRNA, but also the
number of clinical trials that utilize RNA for various therapeutic
applications [109].

Due to their transient nature, linear mRNAs can be especially
enticing as a prophylactic vaccine platform which entail acute
expression of the antigen of interest [110–111]. The mRNA can
be directly administered for endogenous translation of the antigen
to elicit a humoral immune response [68]. Linear mRNAs have been
evaluated as vaccines across multiple infectious diseases or for
cancer, culminating in the two FDA approvals of mRNA vaccines
for the SARS-CoV-2 virus [112–113]. Nonetheless, the short half-
life of mRNAs can be considered as a barrier to adoption of mRNAs
for other applications, such as protein replacement which gener-
ally require long duration of protein expression [11]. Structural
engineering and optimization of linear mRNA has increased its sta-
bility and expression for therapeutic applications. For example,
mRNA has been used to encode deficient human factor protein as
a hemophilia treatment strategy [114–115]. mRNA is also under
investigation for gene editing applications by encoding for Cas9
protein co-delivered with single guide RNA (sgRNA) in vivo to treat
transthyretin amyloidosis in vivo [4]. Although linear mRNA has
been demonstrated for protein replacement or gene editing thera-
peutic applications, it is intrinsically unstable, which is a limitation
for chronic therapeutics which require long sustained protein
expression. Repeated administration can potentially address the
transient duration, but this might cause potential toxicities with
repetitive administration of mRNA or its delivery systems [3]. Fur-
thermore, frequent dosing will necessitate a higher production
demand for the mRNA therapeutics. To address these issues,
researchers actively explore other forms of translatable RNA, such
as self-amplifying RNA or circular RNA which exhibit compara-
tively extended expression (Fig. 2).
4.1. Self-amplifying RNA

Self-amplifying RNA (saRNA) or replicon RNA addresses the
transient and limited translation capacities of linear mRNAs. saRNA
is based on the genome of RNA alphavirus but lacks the essential
genes required for viral survival. Replicon RNAs include a non-
structural proteins (nsPs) region, which encodes RNA dependent
RNA Polymerase (RdRP), which is necessary for self-amplification
in the cytoplasm, followed by a subgenomic promoter (SGP). Struc-
tural protein genes can be replaced to encode any protein or anti-
gen of interest downstream of the SGP. Thus, the RNA serves two
functions. The first is as an mRNA transcript for RdRP. The second
function is as a genomic template for amplification by the trans-
lated RdRP. The negative-strand RNA operates as a template for
continuous translation and replication, thus creating a system for
self-amplification [116]. Therefore, one-time administration of
saRNA can produce exponential amplification of the desired pro-
tein by self-mediated synthesis of the RNA transcripts. Combining
the elements from other RNA viruses, Li et al. identified six muta-
tions in the nsPs from the Venezuelan equine encephalitis (VEE)



Fig. 2. Translational potential of various RNA structures. The RNAs can be broadly divided into two categories, cap dependent translation or cap independent translation.
Figure created with biorender.com.
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replicon to enhance the expression of the protein that follows the
subgenomic promoter [117]. Another strategy to harbor the self-
amplification capacity of saRNA but reduce overall mRNA size is
to utilize a trans-amplifying RNA strategy. A trans-amplifying
RNA will have two separate transcripts, one encoding for a non-
replicating mRNA that encodes for the nsPs, and another that
encodes for the protein of interest [118]. One limitation of this
strategy is that both RNA transcripts must be delivered into the
same cell for self-amplifying capability.

In this way, saRNAs embody the beneficial features of live
viruses to express elevated levels of the target protein without
the associated risks of viral immunogenicity or integration [119].
This feature is especially desired for vaccine applications because
a low dose of the saRNA can elicit a lasting protective immune
response [120–121]. Additionally, since this process creates dsRNA
products, replicon RNAs can dually serve as a potent stimulator of
the innate immune system, thereby creating an adjuvant effect in
the process [122]. Conversely, this stimulation of the innate
immune system can be a blessing in disguise. Pepini et al. indicate
that to achieve a stronger sustained vaccine potency to the
encoded antigen, minimizing the early activation of type I IFN
response is needed to increase the initial antigen expression of
self-amplifying mRNAs [123]. One potential strategy to minimize
type I and III IFN response to the dsRNA formed by saRNAs is to
express innate inhibiting proteins (IIPs) [124–125]. Blackney
et al. characterized a library of cis-encoded IIPs in saRNA constructs
to demonstrate that cis IIP expression can intensify protein expres-
sion by more than 500-fold in vitro and can augment the genera-
tion of antigen-specific IgG titer and neutralization in rabbits
in vivo [126].

saRNA possesses many strengths to not only serve as a vaccine
platform but also work for other therapeutic strategies. The self-
amplification property has clear merits for protein replacement
therapies because a one-time administration can result in long-
sustained protein expression, negating the need for high doses or
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repeated administration. Li et al. demonstrated that intratumoral
administration of LNP-replicons encoding for IL-12 cytokine stim-
ulated the immune system for immune cell-mediated tumor cell
killing not just in localized tumor sites, but also in distal metastatic
tumors [127]. Du et al. compared modRNA to saRNA for the expres-
sion of DNA meiotic recombinase 1 (Dmc1) in spermatocytes to
treat male infertility caused by mutated Dmc1. Although delivery
of both modRNA and saRNA were able to express the correct
Dmc1, a single injection of saRNA was able to extend the expres-
sion of the Dmc1 protein to rescue and restore spermatogenesis
in the Dmc1 gene knockout mouse model [128]. In some situations,
prolonged expression of protein may be undesired after a certain
timepoint, or concentration has been met. Wagner et al. con-
structed an saRNA circuit with RNA binding protein that is respon-
sive to specific small molecules to control expression of proteins
[129]. This system can then be induced on or off with small mole-
cules to control translation levels. Nonetheless, the immune stim-
ulatory response to saRNA, especially across different
administration routes and delivery vehicles, should be further elu-
cidated to galvanize the adoption of saRNA for various
applications.
4.2. Circular RNA

Circular RNA (circRNA) is a natively occurring single-stranded
RNA molecule without an exposed 50 or 30 end. Due to the lack of
any exposed ends, circular RNAs can evade degradation by exonu-
cleases or hydrolysis. This feature equips circRNAs to exhibit high
biostability and therefore extended expression [130]. A growing
interest in circRNA has uncovered a diverse functional role from
cellular activity regulators, protein and gene sponges, or even
protein-coding translation templates [131]. The exact mechanism
of endogenous circRNA production is still not fully elucidated but
is theorized that circRNA is generated by RNA back-splicing events
to form exonic circRNA or forward splicing to form intronic cir-
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cRNA [132–133]. Therefore, it is possible to have a circRNA that
shares the same sequence with the related linear mRNA excluding
the back-splicing junction sites. A precursor to circRNA is a linear
RNA precursor, which can then be enzymatically or chemically
ligated to close and circularize the vector. This feature can be
exploited to design mRNA to promote back-splicing to synthesize
a synthetic circRNA that encodes for a protein of interest.

circRNA can be generated through two distinct approaches. The
first strategy uses an RNA synthesizer with phosphoramidites,
which are specialized nucleoside derivatives. These derivatives
can form 30-to-50 phosphodiester linkage to join and close the loop
[134]. Another chemical strategy is an artificial chemical ligation of
the linear RNA precursor with cyanogen bromide or 1-Ethyl-3-(3-
dimethyl aminopropyl)carbodiimide (EDC) to undergo a condensa-
tion reaction, which forms a 30-50 phosphodiester bond to join the
two ends together [134]. Although chemical synthesis of circRNA is
possible, chemical ligation of RNA is inefficient compared to DNA
analogs because of competition between intra and inter molecular
forces. Therefore, enzymatic strategies to form circRNAs from IVT
mRNA are more commonly employed due to their higher ligation
efficiency.

The enzymatic strategy uses DNA or RNA ligases from T4 bacte-
riophage. Using DNA splints to compile the ends of the RNA into
proximity, T4 Ligase can then facilitate site-specific ligation
[135]. There are different variants of T4 ligase, which have varied
preferences at the ligation site, so the linear precursor should be
designed in regard to the specific enzyme that will be used to ulti-
mately ligate and form the circRNA moiety [136–137]. Nonethe-
less, all these enzymes only perform when the nucleosides have
monophosphates, which means that dephosphorylation and re-
phosphorylation through phosphatase and kinase or pyrophospho-
hydrolase treatment is a necessary precursor to enzymatic ligation
[134]. Other enzymatic strategies use ribozymes, which are RNA
enzymes that can catalyze the ligation of linear RNA to form cir-
cRNAs. The ribozymes contain a transposed group I intron precur-
sor RNAs, where the introns are fused with exons. Harnessing the
Anabaena pre-tRNAleu gene, a permuted intron–exon (PIE) system
was designed. This system transfers 50 initiating group I intron to
the 30 tail of the exon. The intron is self-cleaved and the exon is
ligated to generate a circularized vector [138]. Wesselhoeft et al.
engineered the PIE system to construct a wide range of circRNAs
of various lengths [130].

The apparent merit of circRNA is its extended stability over lin-
ear mRNA. Consequently, synthetic circRNAs can be applied to
mimic the broad range of endogenous circRNA functions to serve
both as a non-coding and coding vector. For therapeutic applica-
tions, utilizing coding circRNA can be especially promising for both
vaccines or protein replacement strategies because of the more
persistent expression of the protein [142]. Not only is expression
elongated due to the stability of the circRNA, but Abe et al. also dis-
cussed how the circular structure of the RNA enables a continuous
translation where the ribosome can easily re-engage with the RNA
after the termination of translation to increase overall translation
efficiency of the RNA [143]. A challenge of circRNAs is that it lacks
the 50 cap and the poly(A) tail which recruits translation initiation
machinery. Therefore, coding circRNAs should include an internal
ribosome entry site (IRES) region to ease translation. Chen et al.
performed a systematic analysis and screening of various elements
to design a circRNA that displays improved protein translation
compared to linear mRNA in vitro and in vivo [144]. Furthermore,
Wesselhoeft et al. indicate that nonmodified circRNA is less
immunogenic compared to linear mRNA with m1W in part due
to reduced TLR sensing which decreases non-specific innate
immune system activation [139].

For clinical translation of circRNA, researchers need to work
carefully on the manufacturing and characterization of circRNA
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such as differentiation from its linear cognates. Li et al. reported
a programmable RNA-guided, RNA-targeting CRISPR-Cas13 system
to differentiate between circRNAs and linear mRNAs by using
guide RNAs that target sequences across the back-splicing junction
sites [145]. This system can be used to conduct large-scale func-
tional screening of circRNAs across various applications. Nonethe-
less, the purification of circRNA from the reaction system, such as
ribozymes or linear RNAs, can pose a challenge. Large scale synthe-
sis of circRNAs may offer some cost reductions due to absence of
capping structures or modified nucleosides, but the circularization
process, subsequent purification, and analytical characterization of
circRNAs has not yet been fully validated at large scale [140–141].
The growing interest in coding circRNA necessitates the standard-
ized practice of synthesizing, isolating, and characterizing circRNAs
to enable a more robust implementation of circRNAs for therapeu-
tic purposes [146].
5. Conclusion

Since the inception of mRNAs as a therapeutic modality, multi-
ple impediments to the adoption of mRNAs into the clinic have
been tackled including its immunogenicity and stability through
comprehensive optimization of the IVT mRNA transcript. Struc-
tural and sequence engineering from multiple angles have created
mRNAs that feature high translational capacity, which is especially
propitious as a therapeutic modality. mRNA-based therapeutics
including vaccines, protein replacement, or gene editing all benefit
from a flexible platform that enables the rapid development and
production of the mRNA transcript. An advantage of mRNAs is
the transient nature of protein expression, which can be especially
promising as a vaccine candidate. However, for some applications,
such as protein replacement strategies, this transient property is
not always desired. Therefore, modulation of translation dynamics
by elongating stability through structural optimizations or utiliz-
ing other modalities of RNA such as circular or self-amplifying
RNAs can potentially address this shortcoming. Consequently, con-
current research on the development of mRNA structural elements
should continue to fulfill the immense potential of mRNAs as
drugs. Nonetheless, the cell type specificity of translation machin-
ery complicates the generalization of some of the mRNA optimiza-
tion strategies. Therefore, more extensive evaluations of the
specific potency of the mRNA in representative models are vital
to fully characterize the effects of the specific optimization in
biorelevant systems. This is further complicated because mRNAs
require a delivery system for efficient uptake in vivo. Although
recent advances in lipid nanoparticle-based delivery of mRNA per-
mitted the adoption of two mRNA-based vaccines for SARS-CoV-2,
more efficient and finetuned systemic delivery still has opportuni-
ties for improvement. For therapeutic applications, it can be valu-
able to achieve specific delivery to target organs and cell types.
Therefore, parallel improvements on more safe and efficacious
mRNA delivery strategies will also unravel the impending adoption
of mRNAs for various applications in clinics.
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