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Abstract: Recombinant technology has been around for nearly three quarters of a century and has
revolutionized protein therapy. However, the cost of developing recombinant therapeutic proteins
and the manufacturing infrastructure keeps their cost unaffordable for most patients. Proteins
are produced in the body via messenger RNA (mRNA) translation. This process can be readily
replicated through administering a chemical nucleic acid product to manufacture the same protein
recombinantly. The progress made in creating these proteins ex vivo in a cell-free system also offers a
lower-cost option to produce therapeutic proteins. This article compares these alternative methods
for recombinant protein production, assessing their respective advantages and limitations. While
developers and regulatory agencies may encounter significant challenges in navigating product
approval, including many unresolved intellectual property issues, these technologies are now proven
and offer the most logical solution to making therapeutic proteins accessible to most patients.

Keywords: mRNA; therapeutic proteins; recombinant technology; ribosomal translation; cell-free
protein expression

1. Introduction

Human cells translate thousands of proteins to maintain bodily functions, including
hormones, enzymes, antibodies, and cytokines. The synthesis of these proteins starts with
DNA transcription, which leads to the formation of RNA, which is then capped, making
mRNA sent out into the cytoplasm to translate into proteins through passing it through
the ribosomes. Transcription errors can result in protein deficiency, leading to severe ill-
ness. However, little has been achieved except for extracting proteins such as insulin and
erythropoietin from animal organs and thousands of liters of human urine. This dilemma
was resolved in 1972 when researchers from UC, San Francisco, and Stanford [1] created
recombinant cell lines to express proteins; the first such protein was insulin, which was
expressed in recombinant E. coli. Currently, over 250 recombinantly produced proteins
have been approved by the FDA [2]. Developing these proteins as new drugs costs billions
of dollars because proteins expressed in recombinant cells do not always match endoge-
nous proteins, require multiple novel post-translational modifications, and their structural
variability from batch to batch requires extensive safety and efficacy testing. Their copies
as biosimilars cost hundreds of millions for the same reason.

Three quarters of a century after the first recombinant protein was introduced, we
experienced a significant event: the first validation of mRNA-based translation of antigenic
proteins as COVID-19 vaccines. Although mRNA technology has been known for decades,
its delivery and proof of efficacy have only recently been well established, opening doors
to many novel applications based on translation rather than the expression of proteins.

The role of RNA in transmitting genetic information was initially elucidated by Crick
in his seminal work “Central Dogma of Molecular Biology” [3] in 1958. Subsequently, the
discovery of mRNA as an essential intermediary in genetic information translation further
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substantiated this understanding [4]. A major constraint in mRNA therapy is the delivery
of these mRNA specifically to a target, thereby improving their stability [5]. Most of these
constraints have been overcome using lipid nanoparticles (LNPs) to deliver mRNA [6].

The first evidence that nucleic acid-based immunizations could be effective dates
to the early 1990s, when DNA and mRNA vaccines were first tested on mice [7]. There
were numerous potential benefits associated with these approaches. In addition to being
simple to produce, nucleic acid-based vaccines are adaptable, as the sequence can be easily
altered to encode different antigens. Combined with the ease of production, this makes the
iterative testing of new vaccine candidates and the generation of updated vaccines quick
and efficient. In addition to antibody and MHC class II-restricted CD4+ T cell responses,
which are also induced by other vaccine types, viral vector- and nucleic acid-based vaccines
have the potential to stimulate cytotoxic CD8+ T cell responses because they permit the
presentation of endogenously produced antigenic peptides on MHC class I molecules. In
the context of cancer vaccines designed to eliminate targeted tumor cells and antiviral
vaccines designed to eliminate infected cells, the induction of CD8+ T cells is particularly
intriguing. Despite the potential benefits of nucleic acid-based vaccines, it was unclear
whether they would be well-tolerated and elicit a robust enough immune response in
humans to represent a viable path forward for clinical vaccine development.

DNA vaccines were initially viewed as more promising than mRNA vaccines because
DNA is more stable. However, progress was slow, and promising early results with DNA
vaccines in small animals did not translate to humans [8]. To reach the cellular compartment
where transcription occurs, injected DNA must likely traverse two barriers: the plasma and
nuclear membranes (DNA conversion to mRNA). mRNA-based vaccines, on the other hand,
only require access to the cell cytoplasm, where translation (mRNA conversion to protein)
occurs, making delivery more straightforward. The fact that the delivered nucleic acid cannot
integrate into the host’s genome is an additional benefit of mRNA vaccines and a crucial safety
feature of this platform. Despite these benefits, skepticism about the approach’s utility persisted,
as mRNA was considered too unstable for medical applications.

The use of mRNA as a potential vaccine platform was a research topic throughout
the 1990s. When reintroduced into oocytes, purified mRNA from cells was translated
into protein, according to early studies [9]. The subsequent obstacle was delivery into
living tissue. The first study to demonstrate that the injection of naked mRNA into skeletal
muscle resulted in protein production in vivo was published in 1990 [10], and later, it was
shown to induce antigen-specific cytotoxic T lymphocyte responses in mice injected with
liposome-formulated mRNA encoding the influenza virus nucleoprotein [11].

Research on mRNA has been at the forefront of scientific inquiry, with a particular
surge in interest due to the development of mRNA-based vaccines against COVID-19.
Pioneering scientists in this field, such as Katalin Karikó, Drew Weissman, and Ugur
Sahin, made significant contributions to the development of mRNA vaccine technology.
Beyond vaccines, mRNA research extends to areas like RNA sequencing (RNA-Seq) for
gene expression analysis, epitranscriptomics examining mRNA modifications, and the
exploration of mRNA therapeutics for treating various diseases, including cancer and
genetic disorders. The dynamic nature of mRNA research continues to drive breakthroughs,
focusing on RNA editing techniques and innovative delivery systems for therapeutic
applications, all contributing to the evolving landscape of RNA-based medicine.

Whether we should return to in vivo protein translation as a better choice over re-
combinant expression requires investigation. The advantages of mRNA-based delivery of
proteins include reduced cost, more straightforward production as a chemical, and generic
structural compliance. The primary concern regarding post-translational modifications is
also insignificant since the delivered mRNA acts as a natural mRNA, producing a protein
that is the same as the innate protein. However, if a therapeutic protein is modified, such
as through PEGylation, or administered as an antibody–drug conjugate, mRNA cannot
produce these proteins during in vivo translation. One option for avoiding recombinant
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expression is cell-free protein synthesis (CFPS), which combines mRNA with extracted
ribosomes to produce translated proteins in situ.

Using mRNA technology to introduce proteins via intracellular translation enables the
direct targeting of receptors. It emulates the natural process of managing protein supply,
thus reaching the cause of the disease. In vivo, translation eliminates post-translational
modifications and other genomic issues because translation is achieved innately.

RNA is an optimal modality for treating and preventing diseases, particularly those
that are now incurable. Additionally, RNA offers the potential to expand the scope of
available therapies due to its consistent functionality across several levels, encompassing
translation and its relatively short lifespan.

A major boost to RNA technology came from the recent FDA approval of mRNA
vaccines against SARS-CoV-2 infections [12]. This event has stirred up extensive research,
and hundreds of mRNA vaccines are now being developed [13]. Currently, there are five
vaccines approved by the FDA [14], including Comirnaty (COVID-19 vaccine, mRNA);
the Moderna COVID-19 Vaccine; the Novavax COVID-19 Vaccine, Adjuvanted; the Pfizer-
BioNTech COVID-19 Vaccine; and Spikevax (COVID-19 vaccine, mRNA). As of the end of
2022, there were more than 50 vaccines approved globally [15], and according to tracking
by the World Health Organization, there are 199 SARS-CoV-2 vaccines in the preclinical
stage and 183 in the clinical stage [16]. Globally, as of 18 October 2023, there have been
771,407,825 confirmed cases of COVID-19, including 6,972,152 deaths, reported to the
WHO [17].

Later research demonstrated that the use of N1-methylpseudo-uridine (m1), alone or
in combination with m5C, improved the mRNA platform in terms of reducing recognition
by innate immune receptors and increasing protein expression [18], the latter being partially
explained by increased ribosome occupancy on m1-containing mRNA [19].

Interestingly, over a dozen mRNA vaccines were discontinued due to suboptimal
efficacy, and all of these vaccines were based on natural bases, not the modified ones used
by the BioNtech and Moderna vaccines. The base modification for mRNA vaccines was
the subject of the Nobel Prize in Medicine and Physiology in 2023 [20] to Katalin Karikó
and Drew Weissman. It is now likely that the interest in mRNA technology will be further
boosted, as proposed in this paper. Circular RNA [21], replicons [22], and other types of
RNA that do not contain base modifications are likely to be developed as additional strate-
gies to optimize mRNA to develop clinically useful products. Different mRNA applications
may have different modified base requirements. For prophylactic vaccines administered
to large numbers of healthy individuals, reactogenicity is an important factor to consider.
Mild transient reactions confined to the injection site may be acceptable, whereas systemic
inflammatory symptoms, including fever, myalgia, and headaches, are undesirable and
unacceptable, depending on their severity. The acceptable level of reactogenicity for each
vaccine product must be determined based on the magnitude of the benefit derived from
inducing a protective response. Consequently, achieving the optimal dose balance between
reactogenicity and efficacy for a specific vaccine can be difficult [23].

The possibility of using new molecular biology techniques to create mRNA-based
vaccines or treat human diseases through delivering mRNA to replace faulty genes with
functional ones or through overexpressing a therapeutic protein sparked great interest. In
1992, mRNA injection was used to induce in vivo expression of vasopressin in a rodent
model of diabetes insipidus [24].

Patients with melanoma and pancreatic ductal adenocarcinoma have successfully in-
duced tumor-specific T-cell responses using therapeutic mRNA vaccination combined with
checkpoint inhibition [25]. The mRNA used in these experiments contained unmodified
bases, but the poly(A) tail was modified [26] to increase mRNA stability and translational ef-
ficiency. Thus, alternative methods are being developed to generate effective mRNA-based
vaccines and therapeutics. It is anticipated that the number of clinical trials employing
various forms of mRNA to induce prophylactic or therapeutic responses in the fields of
infection [27] and cancer [28] will increase in the coming years.
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One metric of research interest can be derived from the research publications on the
topic. At the same time, there were less than 50 publications before the first mRNA vaccine’s
approval; now, more than 4000 papers are published on mRNA vaccines [29].

The top ten most cited authors about mRNA include [30]:

• Barney S Graham;
• Hamilton Bennett;
• Brett Leav;
• Paul Bates;
• Giuseppe Ciaramella;
• Scott E Hensley;
• Kizzmekia S Corbett;
• Nicole A Doria-Rose;
• Ingmar Hoerr;
• Florian Krammer.

2. mRNA Protein Translation

In contrast to DNA vaccines, the functionality of mRNA is confined to a specific trans-
lational location, hence mitigating the potential hazards associated with that penetrating
the nucleus and the inherent risk of gene interactions. The proteins translated can stay
within the cell, such as neprilysin, rain-derived neurotrophic factor (BDNF), hepatocyte
growth factor (HGF), ascular endothelial growth factor (VEGF), and ornithine transcar-
bamylase (OTC), among many others, or they are presented at the surface, such as cystic
fibrosis transmembrane conductance regulator (CFTR) protein, and in many cases, they are
delivered outside of the cell as antigens representing infectious organisms that will lead to
an antibody response.

mRNA, which codes for specific proteins, and non-coding RNAs, including ncRNA,
miRNA, and lncRNA, are the two forms of RNA found in cells. The non-coding RNAs,
which comprise 98% of all RNAs, ensure that the coding mRNA operates correctly. Since
mRNA contains information on the amino acid sequence of the target protein, it serves as a
template to produce proteins. Non-coding or untranslated regions of each mRNA molecule
regulate how the mRNA is processed.

RNA is converted to mRNA in the nucleus. These modifications, including the 5′

cap and the poly(A) tail, were discovered in the 1950s [31]; many more modifications
have been recognized since then to ensure the optimal delivery of the target protein. For
example, it was recently discovered that when mRNA is used to produce an antigenic
protein, changing a few specific amino acids helps the translated protein to collapse after
translation and changes its antigenicity through folding incorrectly; this modification was
applied to the COVID-19 vaccine [32]. However, these modifications are irrelevant when
the translated protein is innate and not antigenic.

Figure 1 shows mRNA structure, and Table 1 lists mRNA designs that can translate
any protein through substituting the coding region of the desired protein.

Table 1. A general plan for mRNA design with an example for granulocyte stimulating factor (G-CSF).

5′UTR cap

GAGAATAAACTAGTATTCTTCTGGTCCCCACAGACTCA
GAGAGAACCCGCCACATGTTCGTGTTCCTGGTGCTGCTGCCTCTGGTGTCCA

Start codon (Kozak)

GCAGCCAGTGCGTGAACCTGACCACCCGGACCCAGCTGCCA
CCAGCCTACACCAACAGCTTCACCCGGGGCGTCTACTACCCCGACAAGGT
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Table 1. Cont.

Coding Sequence (CDS)

UGGCGGGCCCGGCGACCCAGAGCCCGAUGAAACUGAUGGCGCUGCAGCUGCUGCUGUGGCAUAGCGCGC
UGUGGACCGUGCAGGAAGCGACCCCGCUGGGCCCGGCGAGCAGCCUGCCGCAGAGCUUUCUGCUGAAAUGCCUG

GAACAGGUGCGCAAAAUUCAGGGCGAUGGCGCGGCGCUGCAGGAAAAACUGGUGAGCGAAUGCGCGACCUAUAA
ACUGUGCCAUCCGGAAGAACUGGUGCUGCUGGGCCAUAGCCUGGGCAUUCCGUGGGCGCCGCUGAGCAGCUGCC
CGAGCCAGGCGCUGCAGCUGGCGGGCUGCCUGAGCCAGCUGCAUAGCGGCCUGUUUCUGUAUCAGGGCCUGCUG
CAGGCGCUGGAAGGCAUUAGCCCGGAACUGGGCCCGACCCUGGAUACCCUGCAGCUGGAUGUGGCGGAUUUUGC
GACCACCAUUUGGCAGCAGAUGGAAGAACUGGGCAUGGCGCCGGCGCUGCAGCCGACCCAGGGCGCGAUGCCGG
CGUUUGCGAGCGCGUUUCAGCGCCGCGCGGGCGGCGUGCUGGUGGCGAGCCAUCUGCAGAGCUUUCUGGAAGUG

AGCUAUCGCGUGCUGCGCCAUCUGGCGCAGCCG

3′UTR

GCCCCTTTCCCGTCCTGGGTACCCCGAGTCTCCCCCGACCTCGGGTCCCAGGTATGCTCCCACCTCCAC
CTGCCCCACTCACCACCTCTGCTAGTTCCAGACACCTCCCAAGCACGCAGCAATGCAGCTCAAAACGCT

TAGCCTAGCCACACCCCCACGGGAAACAGCAGTGATAACCTTTAGCAATAAACGAAAGTTTAACTAAGCTA
TACTAACCCCAGGGTTGGTCAATTTCGTGCCAGCCACACCCTGGAGCTAGCA

poly-A chain

Biologics 2023, 3, FOR PEER REVIEW 4 
 

 

employing various forms of mRNA to induce prophylactic or therapeutic responses in the 
fields of infection [27] and cancer [28] will increase in the coming years. 

One metric of research interest can be derived from the research publications on the 
topic. At the same time, there were less than 50 publications before the first mRNA vac-
cine�s approval; now, more than 4000 papers are published on mRNA vaccines [29]. 

The top ten most cited authors about mRNA include [30]: 
• Barney S Graham; 
• Hamilton Bennett; 
• Brett Leav; 
• Paul Bates; 
• Giuseppe Ciaramella; 
• Scott E Hensley; 
• Kizzmekia S Corbett; 
• Nicole A Doria-Rose; 
• Ingmar Hoerr; 
• Florian Krammer. 

2. mRNA Protein Translation 
In contrast to DNA vaccines, the functionality of mRNA is confined to a specific 

translational location, hence mitigating the potential hazards associated with that pene-
trating the nucleus and the inherent risk of gene interactions. The proteins translated can 
stay within the cell, such as neprilysin, rain-derived neurotrophic factor (BDNF), hepato-
cyte growth factor (HGF), ascular endothelial growth factor (VEGF), and ornithine trans-
carbamylase (OTC), among many others, or they are presented at the surface, such as 
cystic fibrosis transmembrane conductance regulator (CFTR) protein, and in many cases, 
they are delivered outside of the cell as antigens representing infectious organisms that 
will lead to an antibody response. 

mRNA, which codes for specific proteins, and non-coding RNAs, including ncRNA, 
miRNA, and lncRNA, are the two forms of RNA found in cells. The non-coding RNAs, 
which comprise 98% of all RNAs, ensure that the coding mRNA operates correctly. Since 
mRNA contains information on the amino acid sequence of the target protein, it serves as 
a template to produce proteins. Non-coding or untranslated regions of each mRNA mol-
ecule regulate how the mRNA is processed. 

RNA is converted to mRNA in the nucleus. These modifications, including the 5′ cap 
and the poly(A) tail, were discovered in the 1950s [31]; many more modifications have 
been recognized since then to ensure the optimal delivery of the target protein. For exam-
ple, it was recently discovered that when mRNA is used to produce an antigenic protein, 
changing a few specific amino acids helps the translated protein to collapse after transla-
tion and changes its antigenicity through folding incorrectly; this modification was ap-
plied to the COVID-19 vaccine [32]. However, these modifications are irrelevant when the 
translated protein is innate and not antigenic. 

Figure 1 shows mRNA structure, and Table 1 lists mRNA designs that can translate 
any protein through substituting the coding region of the desired protein. 
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The mRNA cap is a highly methylated modification of the 5′ end of RNA pol II-transcribed RNA. It 

Figure 1. A diagrammatic structure of a typical human protein-coding mRNA, including the untrans-
lated regions (UTRs). It is drawn approximately to scale. The cap is only one modified base. The
mRNA cap is a highly methylated modification of the 5′ end of RNA pol II-transcribed RNA. It pro-
tects RNA from degradation; recruits complexes involved in RNA processing, export, and translation
initiation; and marks cellular mRNA as “self” to avoid recognition by the innate immune system.
In eukaryotes, the 5′ cap (cap-0), found on the 5′ end of an mRNA molecule, consists of a guanine
nucleotide (G) connected to mRNA via an unusual 5′-to-5′ triphosphate linkage. This guanosine is
methylated on the 7 position directly after capping in vivo by a methyltransferase. The average 5′

UTR length is 170, and 3′ UTR length is 700. Polyadenylation is the addition of a poly(A) tail to an
RNA transcript, typically an mRNA. The poly(A) tail consists of multiple adenosine monophosphates;
it is part of the process that produces mature mRNA for translation; it promotes RNA degradation.
Reproduced from http://commons.wikimedia.org/wiki/Image:MRNA_structure.png (accessed on
on 1 September 2023).

The translation process involves an mRNA-coding sequence that passes through the
ribosome to create a target protein (Figure 2).

The number of protein molecules translated from one mRNA molecule varies based
on the length of the mRNA, translation efficiency, and the stability of the resulting protein.
Notably, translation is a dynamic process, and multiple ribosomes can simultaneously trans-
late the same mRNA molecule, forming a chain of ribosomes known as polysomes. A single
mRNA molecule can be translated by multiple ribosomes in a process called polysome
or ribosome “clustering”. This allows for the efficient and simultaneous production of
multiple protein molecules from the same mRNA template. The number of ribosomes that
can translate mRNA simultaneously is determined by factors such as ribosome availability,
cellular conditions, and specific mRNAs and their associated regulatory elements.

http://commons.wikimedia.org/wiki/Image:MRNA_structure.png
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The “translation efficiency” concept significantly determines how many protein
molecules can be produced from a single mRNA. Translation efficiency depends on factors
such as the presence of translation initiation sites, stability of the mRNA molecule, and
availability of various translation factors.

The number of protein molecules translated from one mRNA molecule is not fixed
and can vary significantly depending on cellular and molecular factors. Polysomes play a
critical role in maximizing protein production, and multiple ribosomes can work together to
translate a single mRNA molecule, leading to the generation of multiple protein molecules.
For example, polysome or ribosome clustering during translation produces hemoglobin in
red blood cells. Hb is a complex protein comprising four subunits: two alpha-globin chains
and two beta-globin chains.

While translating globin mRNA into red blood cell precursors (reticulocytes), multiple
ribosomes can simultaneously bind to a single mRNA molecule and move along the mRNA
simultaneously. This allows for the efficient and rapid production of globin protein subunits
to be assembled into functional hemoglobin molecules. Clustering ribosomes on a single
mRNA is an example of polysome formation, enhancing the hemoglobin synthesis’s overall
translation efficiency [33].
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The example in Table 1 for G-CSF can be used to calculate mRNA dose based on the
molarity ratio of the translated protein. The dosing is reduced significantly if the mRNA is
self-amplifying (saRNA), which is based on the backbone sequence of alphavirus that is a
positive-sense single-stranded RNA replicating virus, to allow for prolonged replication;
generally, the saRNA required is 10-fold less than the standard mRNA [34]. However,
this comparison should consider that standard mRNA can have a poly(A) tail [35] of
variable length that is not attached to saRNA, which also prolongs the life of mRNA in the
cytoplasm. The size of saRNAs is also larger (9–12 kb) [35].

The potential targets for invoking mRNA technology to translate therapeutic proteins
instead of expressing them ex vivo can be drawn from the regulatory agencies’ list of
approved therapeutic proteins. Table 2 lists the FDA licensed classes of proteins that are
eligible as mRNA delivery products. Table 3 lists prominent endogenous proteins that are
now manufactured ex vivo, making them an obvious choice.

Table 2. FDA-approved therapeutic protein types [36].

Therapeutic Protein Numbers

Monoclonal antibody 94

Hormone 10

Enzyme 8

Cytokine 4

Bispecific antibody 3

Coagulation factor 3

Growth factor 3

Peptide 3

Carrier protein 1

Enzyme inhibitor 1

Fab 1

Fusion proteins 1

Single-domain antibody 1

Toxin 1

Table 3. Endogenous proteins are available as ex vivo-expressed commercial products that can be
choice mRNA products.

Protein Brand Name (Product)

Erythropoietin (EPO) Epogen, Procrit (Epoetin alfa)

Insulin Humalog, NovoLog (Insulin lispro); Lantus, Levemir (Insulin glargine)

Factor VIII Advate, Kogenate FS, Eloctate (Recombinant factor VIII)

Granulocyte-Colony Stimulating Factor (G-CSF) Neupogen, Neulasta (Filgrastim, Pegfilgrastim)

Tissue Plasminogen Activator (tPA) Activase, Cathflo Activase (Alteplase)

Growth Hormones Genotropin, Humatrope, Norditropin (Somatropin)

Interleukins Proleukin (Aldesleukin)

Monoclonal Antibodies Herceptin (Trastuzumab); Rituxan (Rituximab); Humira (Adalimumab)

Enzyme Replacement Therapies Cerezyme (Imiglucerase); Fabrazyme (Agalsidase beta)

Hormone Replacement Therapies Premarin (Conjugated estrogens); AndroGel (Testosterone)
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Table 4 reports that non-endogenous proteins are expressed ex vivo and are available
as commercial products that can also be excellent mRNA delivery choices. However, the
intellectual property infringement issue remains unresolved since there has never been an
alternate choice like this before.

Table 4. Non-endogenous recombinant protein candidates for mRNA therapy.

Therapeutic Protein Use

Abatacept (Orencia) Rheumatoid arthritis and juvenile idiopathic arthritis

Abciximab (ReoPro) Prevention of platelet aggregation in angioplasty

Acalabrutinib (Calquence) Mantle cell lymphoma and chronic lymphocytic leukemia

Adalimumab (Humira) Various autoimmune disorders

Aducanumab (Aduhelm) Alzheimer’s disease (monoclonal antibody)

Aflibercept (Eylea) Wet age-related macular degeneration

Alemtuzumab (Campath) Chronic lymphocytic leukemia

Alpelisib (Piqray) Breast cancer with PIK3CA mutations

Alteplase (Activase) Thrombolytic drug for acute myocardial infarction, acute ischemic stroke, and PE

Anakinra (Kineret) Rheumatoid arthritis

Atezolizumab (Tecentriq) Various types of cancer

Avelumab (Bavencio) Various types of cancer

Basiliximab (Simulect) Prevention of organ rejection in transplantation

Belatacept (Nulojix) Immunosuppressive therapy for kidney transplantation

Belimumab (Benlysta) Systemic lupus erythematosus

Bevacizumab (Avastin) Various cancers by inhibiting angiogenesis

Bivalirudin (Angiomax) Anticoagulant for patients undergoing percutaneous coronary intervention

Blinatumomab (Blincyto) Acute lymphoblastic leukemia

Cabotegravir (Vocabria) Long-acting HIV-1 integrase inhibitor for prevention

Cabozantinib (Cometriq) Advanced renal cell carcinoma and hepatocellular carcinoma

Certolizumab pegol (Cimzia) Crohn’s disease, rheumatoid arthritis

Cetuximab (Erbitux) Metastatic colorectal cancer, head and neck cancer

Daclizumab (Zinbryta) Multiple sclerosis

Daptomycin (Cubicin) Antibiotic for complicated skin and skin structure infections

Daratumumab (Darzalex) Multiple myeloma

Darolutamide (Nubeqa) Prostate cancer

Denosumab (Prolia, Xgeva) Osteoporosis, prevention of skeletal-related events in cancer patients

Dulaglutide (Trulicity) Type 2 diabetes

Durvalumab (Imfinzi) Various types of cancer

Eculizumab (Soliris) Paroxysmal nocturnal hemoglobinuria, atypical hemolytic uremic syndrome

Efalizumab (Raptiva) Psoriasis

Elotuzumab (Empliciti) Multiple myeloma

Emapalumab (Gamifant) Hemophagocytic lymphohistiocytosis (HLH)

Eptifibatide (Integrilin) Antiplatelet drug for acute coronary syndrome

Erdafitinib (Balversa) Urothelial cancer with FGFR mutations
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Table 4. Cont.

Therapeutic Protein Use

Eteplirsen (Exondys 51) Duchenne muscular dystrophy

Fingolimod (Gilenya) Multiple sclerosis

Golimumab (Simponi) Rheumatoid arthritis, psoriatic arthritis, ankylosing spondylitis

Golodirsen (Vyondys 53) Duchenne muscular dystrophy

Guselkumab (Tremfya) Moderate-to-severe plaque psoriasis

Gusperimus (Zavesca) Gaucher disease and Niemann-Pick disease type C

Ibalizumab (Trogarzo) Multidrug-resistant HIV-1

Icatibant (Firazyr) Hereditary angioedema attacks

Inclisiran (Leqvio) Hypercholesterolemia

Infliximab (Remicade) Autoimmune diseases like Crohn’s and rheumatoid arthritis

Ipilimumab (Yervoy) Melanoma

Isatuximab (Sarclisa) Multiple myeloma

Lanadelumab (Takhzyro) Prevention of hereditary angioedema attacks

Laronidase (Aldurazyme) Enzyme replacement therapy for Hurler syndrome

Lenalidomide (Revlimid) Multiple myeloma and myelodysplastic syndromes

Liraglutide (Victoza) Type 2 diabetes

Margetuximab (Margenza) HER2-positive breast cancer

Natalizumab (Tysabri) Multiple sclerosis and Crohn’s disease

Naxitamab (Danyelza) Neuroblastoma in children

Nivolumab (Opdivo) Various types of cancer

Nusinersen (Spinraza) Spinal muscular atrophy

Obiltoxaximab (Anthim) Inhalational anthrax

Obinutuzumab (Gazyva) Chronic lymphocytic leukemia, follicular lymphoma

Ofatumumab (Arzerra) Chronic lymphocytic leukemia and multiple sclerosis

Olaratumab (Lartruvo) Soft tissue sarcoma

Omalizumab (Xolair) Asthma and chronic idiopathic urticaria

Palifermin (Kepivance) Prevention of severe oral mucositis in cancer patients

Palivizumab (Synagis) Prevention of respiratory syncytial virus in premature infants

Panitumumab (Vectibix) Metastatic colorectal cancer

Panobinostat (Farydak) Multiple myeloma

Pegaspargase (Oncaspar) Acute lymphoblastic leukemia

Pegloticase (Krystexxa) Refractory gout

Pembrolizumab (Keytruda) Various types of cancer

Pemetrexed (Alimta) Chemotherapy for non-small cell lung cancer and mesothelioma

Pertuzumab (Perjeta) HER2-positive breast cancer

Pexidartinib (Turalio) Tenosynovial giant cell tumor

Plasminogen (Ryplazim) Congenital plasminogen deficiency

Ramucirumab (Cyramza) Stomach cancer, colorectal cancer, and lung cancer

Ranibizumab (Lucentis) Wet age-related macular degeneration
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Table 4. Cont.

Therapeutic Protein Use

Rituximab (Rituxan) Non-Hodgkin’s lymphoma, chronic lymphocytic leukemia, rheumatoid arthritis,
and vasculitis

Rucaparib (Rubraca) Ovarian cancer with BRCA mutations

Secukinumab (Cosentyx) Psoriasis and ankylosing spondylitis

Selinexor (Xpovio) Multiple myeloma and diffuse large B-cell lymphoma

Siltuximab (Sylvant) Multicentric castleman’s disease

Tafasitamab (Monjuvi) Diffuse large B-cell lymphoma

Tildrakizumab (Ilumya) Moderate-to-severe plaque psoriasis

Tislelizumab (Bavencio) Various types of cancer

Tocilizumab (Actemra) Cytokine release syndrome and rheumatoid arthritis

Trastuzumab (Herceptin) HER2-positive breast cancer

Ustekinumab (Stelara) Psoriasis, psoriatic arthritis, and Crohn’s disease

Vedolizumab (Entyvio) Inflammatory bowel diseases (Crohn’s and UC)

Vemurafenib (Zelboraf) BRAF-mutated melanoma

Venetoclax (Venclexta) Chronic lymphocytic leukemia

mRNA can also be used for newer biological drugs, regardless of their type or applica-
tion, as long as their structural sequence is known. However, it does not apply to modified
proteins such as pegylated forms or conjugates.

3. Post-Translational Modification (PTM)

The PTMs of proteins are crucial regulatory mechanisms in cellular processes, altering
protein structure, function, and localization after translation. Phosphorylation, mediated
by kinases, adds phosphate groups to serine, threonine, or tyrosine residues [37]. Glyco-
sylation attaches carbohydrate molecules to asparagine (N-linked) or serine/threonine
(O-linked) residues, impacting stability and cell interactions [38]. Acetylation, through
acetyltransferases, adds acetyl groups to amino-termini or lysine residues [39]. Methylation,
catalyzed by methyltransferases, affects lysine or arginine residues [40]. Ubiquitination,
mediated by E3 ligases, marks proteins for degradation or alters localization [41]. SUMOyla-
tion adds SUMO proteins to lysines [42]. Prenylation attaches lipid groups to cysteines [43].
Proteolytic cleavage activates precursor proteins, e.g., insulin [44]. Sulfation adds sul-
fate to tyrosines [45], and ADP-ribosylation can modify proteins in response to cellular
stress [46]. Dysregulation of these PTMs is linked to various diseases [47], highlighting
their importance in understanding cellular biology and developing targeted therapies.

Proteins expressed ex vivo encounter distinct post-translational modification (PTM)
patterns and efficiencies compared to their in vivo counterparts, such as those obtained
through mRNA, owing to the varied enzymatic and substrate landscapes and the absence
of specialized cellular compartments. The availability and variety of enzymes essential
for PTMs might be limited in ex vivo settings, leading to incomplete or absent modifica-
tions [48]. Similarly, substrate specificity and availability are pivotal; for instance, variations
in available sugar donors for glycosylation can yield different glycan structures [49]. The
absence of cellular compartments, such as the Golgi apparatus and endoplasmic reticulum
in ex vivo systems, particularly cell-free systems, can result in proteins devoid of certain
PTMs [50]. Moreover, protein folding, facilitated by chaperone proteins in vivo, might
be compromised ex vivo, affecting both the expressed proteins’ structural integrity and
associated PTMs [51]. Thus, while ex vivo expression is instrumental for scalable and
controlled protein production, overcoming PTM challenges is paramount to achieving
functionally equivalent proteins to those expressed in vivo.
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4. mRNA Production

While plasmids continue to be the primary platform for mRNA production, recent
research has enabled the production of synthetic mRNA, opening a wide range of prospects
for medicinal, gene therapy, and vaccine applications [52]. The most employed and tra-
ditional methods for obtaining a DNA template for in vitro transcription (IVT) are an
oligonucleotide, cDNA synthesized from RNA, a plasmid construct, or the output of a
polymerase chain reaction (PCR).

The linearization of DNA is achieved through cleaving the circular DNA at specified
locations using restriction enzyme digestion. Additionally, PCR amplification is performed
using primers containing the restriction sites of CRISPR-Cas9 and chemical cleavage.

Subsequently, the linearized DNA fragments were purified and analyzed using either
DNA sequencing or gel electrophoresis techniques. The incorporation of the 5′UTR, 3′UTR,
and poly(A) tail was achieved through the utilization of capping enzymes and poly(A)
polymerase, either during the in vitro transcription (IVT) process or after transcription [53].
To mitigate the degradation of mRNA molecules, enhance cellular absorption, and facilitate
efficient mRNA transport into cells, lipid nanoparticles (LNP) are utilized to encapsulate
them within the formulation. The final product was subjected to filtration or gamma irradi-
ation sterilization, followed by quality control testing. The United States Pharmacopoeia
(USP) has made a noteworthy contribution to validating RNA-based products.

Nevertheless, this pertains specifically to mRNA vaccinations. Most of the proposed
methodologies apply to various categories of RNA molecules. Moreover, the utilization
of the USP approach might lead to a reduction in the expenses associated with method
validation, as the USP tests solely require verification [54].

5. mRNA Delivery

Its delivery mode and formulation influence the vaccine efficacy; it is essential for
mRNA vaccines because mRNA intracellular delivery presents a significant barrier due to
its larger size of 300–1500 kDa, compared to 4–14 kDa for small interference RNA (siRNA)
and antisense oligonucleotide (ASO). Another barrier is the cell membrane, which consists
of a zwitterionic lipid bilayer and negatively charged phospholipids and repels negatively
charged mRNA molecules. mRNA is also susceptible to ribonuclease degradation in the
extracellular environment, necessitating robust protection against degradation. Three
intracellular barriers exist: endosomal escape, RNA sensors, and endonucleases. When the
mRNA-based vaccine reaches the plasma membrane, it is ingested and processed along an
endocytic pathway before being released into the cell.

Nevertheless, a small proportion of LNPs evade the endocytic pathway due to the
endosomal membrane disruption caused by the protonation of LNP residual amines [55].
This results in the premature release of LNP-mRNA cargo into the cell, thereby diminishing
the efficacy of the mRNA vaccine. The recognition of mRNA by cytosolic innate sensors,
including Toll-like receptors (TLRs), TLR 3, and TLR7, is an additional barrier to the
development of mRNA vaccines. Additionally, intracellular RNases act as a barrier through
degrading mRNA before it is translated to produce the antigen in the cell [56].

Numerous methods for delivering mRNA have been developed, including the direct
injection of naked mRNA, lipid-based carriers, polymers, and protein derivatives. Com-
pared to other delivery vehicles, lipid nanoparticles have been studied extensively for
delivering small molecules, including siRNA and mRNA [57]. Besides their use in SARS-
CoV-2 vaccines, LNP-mRNA formulations have also been used to treat genetic disorders,
viral infections, and cancer [58].

Vaccines may be administered systemically or locally; the anatomical and physiological
properties of the vaccination site, such as the skin, lymphoid organ, or muscle, affect the
safety and efficacy of the vaccine. Targeted delivery is also a subject of considerable interest,
where the vaccine is injected directly into the target tissue or organ, such as the intranodal
injection (Figure 3).
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Other delivery methods include intranasal injection and inhalation-based delivery of
mRNA vaccines, which are being investigated for respiratory delivery [59]. Inhaled sub-
stances encounter pathogen-associated molecular patterns (PAMPs) and damage-associated
molecular patterns (DAMPs), which induce antigen-presenting cells (APCs) to acquire the
antigen. Dendritic cells migrate via lymphatic vessels to lymph nodes, where antigen is
presented to naive B and T cells via MHC II complexes. The respiratory system also con-
tains inducible bronchus-associated lymphoid tissue (iBALT), composed of B-cell follicles,
plasma cells, T cells, and APCs. Antigens are then presented to both effector B cells and
naive T cells [60].

Delivering nucleic acids into cells is the second important area of research [61]. Gener-
ally, many routes are available (Figure 3), but an early strategy involved using liposomes
composed of phospholipids and cholesterol that resemble cell membranes. Already in 1978,
scientists had successfully delivered purified globin mRNA into mouse lymphocytes and
human epithelial cells using liposomes [62,63] via entrapping the mRNA within the lipo-
some vesicles. The first cationic lipid (DOTMA) was demonstrated to form stable liposomes
when combined with nucleic acids [64]. Positively charged lipids enhanced the entrapment
of negatively charged nucleic acids (via electrostatic interactions) and their fusion with neg-
atively charged cell membranes, resulting in enhanced delivery into cells. The development
of cationic lipid-based liposomes (lipofectin) facilitated the delivery of engineered DNA and
RNA into cells. Soon after, Lipofectin was used to deliver in vitro-transcribed mRNA into
cultured cells to demonstrate protein synthesis [65], paving the way for future therapeutic
applications. However, in vivo, applications of lipofectin have shown undesirable side
effects, and researchers continued to seek more effective delivery systems.

Cationic nanoemulsion (CNE) uses cationic lipid nanoemulsion for RNA delivery. The
development of ionizable cationic lipids represents a second significant advance. Depending
on the pH of the surrounding environment, these lipids may exist in a positively charged
or neutral state. Forming these lipid nanoparticles (LNPs) at a low pH was advantageous
for efficiently entrapping negatively charged mRNA within the vesicles. However, when
delivered in vivo and exposed to physiological pH, the lipids lost their charge, which re-
sulted in several advantages, including a decrease in in vivo toxicity. The delivery of nucleic
acids was further optimized through the T-connector, which could generate dense lipid
nanoparticles consisting of four components: (i) an ionizable cationic lipid, (ii) a helper lipid,
(iii) cholesterol, and (iv) polyethylene glycol (PEG) [66]. Hydrophobic and hydrophilic sur-
factants are present in nanoemulsions to stabilize the oil core in the aqueous phase, thereby
generating particles. Methods such as vigorous agitation, ultrasound, and microfluidics
produce nanoemulsions [67]. Figure 4 shows the design of an LNP mRNA product.
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LNP formulation involves the following steps:

• Lipid Selection: Lipids are carefully selected to form the core structure of the nanopar-
ticle. These lipids are chosen for their ability to self-assemble into nanoparticles and to
protect the mRNA from degradation.

• Encapsulation of mRNA: The synthetic mRNA encoding the target viral protein is
mixed with the selected lipids. This mixture is then subjected to microfluidization or
homogenization, which helps encapsulate the mRNA within the lipid nanoparticles.

• Surface Modifications: The surface of the lipid nanoparticles can be modified with
polyethylene glycol (PEG) or other molecules to improve stability, reduce clearance by
the immune system, and enhance cellular uptake.

• Stability and Sterilization: The LNP formulation is rigorously tested to ensure the
mRNA remains intact during storage and transportation. The formulation is also
sterilized to ensure that it is free from contaminants.

• Cellular Uptake: After vaccination, the LNPs are injected into the body, where they en-
counter host cells at the injection site. These LNPs are taken up by antigen-presenting
cells such as dendritic cells and macrophages.

• Translation of mRNA: Once inside the host cells, the mRNA is released from the LNPs
and enters the cytoplasm. The cell’s ribosomes then use the mRNA as a template to
synthesize the target viral protein, such as the spike protein of the SARS-CoV-2 virus.

• Immune Response: The newly synthesized viral protein is displayed on the cell’s
surface, triggering an immune response. This includes the production of antibodies
and activating T cells, which recognize and remember the viral protein.

• Immune Memory: The immune system “learns” to recognize the viral protein, allow-
ing it to mount a rapid and effective immune response if the actual virus is encountered
in the future.

Naked mRNA is administered through dissolving the mRNA in a buffer and injecting
the mRNA solution directly into the body. Although naked mRNA cannot diffuse across
the intracellular membrane, its internalization mechanism remains unknown. Hydrostatic
pressure is hypothesized to lead to the disruption of the cell membrane and facilitate the
delivery of nucleic acids into the cytosol [68]. Among the advantages of vaccines based
on naked mRNA are storage stability and intrinsic immunogenicity. Upon freeze-drying,
naked mRNA can be easily stored at 4 ◦C for up to 10 months in 10% trehalose [69]. Naked
mRNA vaccines are susceptible to RNase degradation and intracellular delivery [70].
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Antigen-presenting cells (APCs) are responsible for antigen internalization, processing,
and presentation to lymphocytes. Dendritic cells (DCs) are APCs that present processed
antigens from microorganisms, tumor cells, and virus-infected cells to T cells to generate
an immune response [71]. Due to their migration to T cells in lymph nodes and the high
expression of MHC, co-stimulators, and cytokines [72], DCs are suitable vaccination targets.
Electroporation disrupts the cell membrane for intracellular nucleic acid delivery through
generating an electric shock. Adjusting voltage, capacitance, resistance, and other factors,
such as cell number, density, RNA quantity, and pulse time, can improve delivery efficiency.
In clinical trials, electroporation has been utilized for DC-based mRNA vaccines [73].

Peptides have been used as vaccine-delivery vehicles. Positively charged amino acid
chains, such as lysine and arginine, are necessary for the peptides to function as delivery
vehicles. This permits the formation of electrostatic interactions between positively charged
peptides and negatively charged mRNA, thereby facilitating the spontaneous formation
of complexes [74]. Protamines are advantageous as vaccine carriers for mRNA because
they protect it from RNase degradation [75]. The complex of protamine and mRNA has
a high adjuvant activity. Due to its structural similarity to the viral RNA genome, the
complex is immunogenic upon activation [76]. Like protamines, polymers also prevent
mRNA degradation by RNase.

The virus-like packaging and delivery of antigen-encoding, self-amplifying mRNA
in the cytoplasm is possible using viral particles. The replicated self-amplifying mRNA
can then efficiently express the designated antigens. VRPs are effective in the cytoplasmic
delivery of RNA cargo by viral vectors. Viruses internalize and release their genomes into
cells via multiple efficient pathways [77]. Single-stranded RNAs, including alphavirus,
flavivirus, rhabdovirus, and measles virus, are the most commonly used VRPs for vac-
cines [78].

The delivery of mRNA to specific cells holds promise for regulating gene expression
and potentially addressing genetic mutations or molecular abnormalities associated with
various disorders.

5.1. Cell-Based Delivery

In cell-based mRNA delivery, these molecules are therapeutically delivered to the
target cells using living cells as carriers or vehicles. This method uses the cells’ built-in
capacity to absorb and digest mRNA, enabling therapeutic mRNA’s effective and precise
delivery to cells or tissues.

5.2. Extracellular Vesicles

Various cellular types release small membranous structures known as extracellular
vehicles (EVs) into the extracellular milieu. The transportation of macromolecules, such
as proteins, lipids, and nucleic acids, to neighboring or remote cells plays a vital role in
intercellular communication. Recently, electric vehicles (EVs) have exhibited promising
capabilities for delivering mRNA, presenting novel opportunities for gene therapy and
various other medical applications.

Extracellular vesicles (EVs) serve as natural carriers for mRNA, addressing the above-
mentioned challenges. Due to their cellular origin and distinguishability from physiological
fluids such as blood, urine, and saliva, exosomes are non-invasive and scalable vehicles for
mRNA delivery. Furthermore, the mRNA enclosed within EVs is shielded from destruction
by nucleases and remains stable during its transportation throughout the body due to the
presence of a lipid bilayer membrane.

The utilization of EVs to deliver mRNA offers numerous advantages, primarily due
to their ability to selectively target specific cells and locations. EVs can be generated from
diverse cell types, including immune, stem, and cancer cells. Subsequently, genetic modifi-
cation can induce the production of surface proteins or ligands to confer the ability to bind
to and penetrate specific target cells selectively. Utilizing targeted delivery mechanisms can
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enhance the effectiveness and specificity of mRNA administration while simultaneously
reducing off-target effects and improving therapeutic outcomes.

5.3. Biomimetic Delivery

Delivering mRNA molecules to specific cells or tissues, called “biomimetic delivery”,
employs strategies inspired by natural processes to develop innovative delivery approaches.
Biomimetic mRNA delivery systems have the potential to enhance the safety and efficacy
of mRNA-based treatments through addressing the limitations of current delivery methods
and replicating the inherent mechanisms of cellular uptake and intracellular trafficking.

One approach for achieving biomimetic mRNA distribution involves the utilization
of liposomes or lipid nanoparticles that mimic the natural lipid bilayer of cell membranes.
Lipid-based delivery systems involve encapsulating mRNA molecules within lipid bilayers,
thereby protecting against cellular oxidation and promoting cellular uptake. Liposomes
or lipid nanoparticles can also be engineered to mimic a particular cell’s surface features.
Consequently, these entities can selectively engage with the desired cells and gain entry
through the widely recognized cellular internalization process called endocytosis. The en-
dosomal membrane has the potential to be integrated with liposomes or lipid nanoparticles
to facilitate the release of the mRNA payload into the cytoplasm, where it can undergo
translation to produce proteins.

5.4. Tissue Targeting

For mRNA treatment to achieve optimal efficacy, there is a pressing need to develop
more sophisticated in vivo delivery systems. The substantial organs, such as the heart,
kidneys, brain, and lungs, play a vital role in the functioning of the human body. Regard-
ing ease of administration, the liver is widely regarded as the preferred organ for most
molecular medications.

The presence of fenestrated vasculature enables the effective delivery of uniform
medicines and allows for transporting larger particles.

Therefore, simple intravenous delivery makes it easier for the hepatocytes to produce
the mRNA cargo effectively, ultimately leading to therapeutic protein levels. More effective
delivery methods are needed when an organ other than the liver is the goal. These include
employing catheters to deliver medication to the organ or developing delivery methods
that target neurons exploiting HSV tropism for neural cells [79,80].

6. Challenges of mRNA Therapeutics

Creating mRNA products, including vaccines and therapies, is confronted with several
substantial challenges. One primary issue is the inherent instability of mRNA molecules;
they can be quickly degraded in the body, necessitating the development of efficient deliv-
ery systems to protect and ensure the targeted cells receive the mRNA [81]. Additionally,
mRNA products must be rigorously tested in clinical trials to confirm their safety and
efficacy for a broad population [82]. The immense global need for mRNA products under-
scores the logistic challenge of scaling production, establishing infrastructure, and creating
technology and supply chains to produce, distribute, and administer these products world-
wide [83]. Public hesitancy and misinformation further complicate the issue, requiring
significant public health communication efforts to educate the public about the benefits
and safety of these vaccines [84]. The regulatory landscape for approval, especially dur-
ing a pandemic, including quality control and meeting regulatory standards, is another
navigational challenge [85]. Finally, the emergence of new virus variants necessitates the
continuous modification and updating of mRNA products to ensure their effectiveness [86].

Because cell- and antibody-mediated immunity can dramatically magnify antigenic
signals, immunization only necessitates little protein production. However, mRNA ther-
apeutics require a 1000-fold higher protein concentration to reach the therapeutic thresh-
old [87]. mRNA therapeutics often involve a specific target pathway, cells, tissues, or
organs. Rate-limiting considerations may include tissue bioavailability, circulation half-life,
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and the effectiveness with which the drug is delivered to the tissue by the lipid-based
carrier. Except for the liver, which can be easily accessible with intravenous treatment,
administering pharmaceuticals to solid organs effectively is challenging.

The requirement for repeated administration, which is sometimes essential for man-
aging chronic diseases, is an additional significant obstacle. Over time, administering a
chronic dosage leads to the activation of the innate immune response despite advancements
in mRNA chemical modifications and the use of sophisticated lipid nanoparticles (LNPs).
This immune activation is accompanied by a reduction in the synthesis of therapeutic
proteins [88]. The use of recombinant proteins in enzyme replacement therapy amply
shows this notion. For instance, hemophilia A and B and other blood illnesses defined by a
deficiency in clotting proteins are frequently treated with systemic injections of recombinant
factor VIII or factor IX proteins. These injections are frequently provided three to seven
times a week [89].

Recombinant antibodies frequently require therapeutic doses that are relatively high.
Although it is unclear if such high dosages are essential, the clinical response can easily
establish this, rather than depending on a pharmacokinetic profile. The endpoint is relevant,
and when an antibody is developed, studies do not always include a wide range of dosing
but only the dose that works well. However, several criteria point to mRNA as being
superior to recombinant antibodies. First off, the in situ expression of antibodies can
reduce the amount of protein needed to have therapeutic benefits. Second, based on the
levels examined up to this time, there is no proof of saturation or dose-limiting toxicity for
mRNA-mediated antibody delivery. Third, further formulation tweaks and target-specific
mRNA optimization can significantly boost efficacy [90]. Oncology, infectious diseases,
and antitoxins have all been studied to determine the effectiveness of mRNA platforms for
antibody treatment [91].

7. Cell-Free Protein Synthesis (CFPS)

In vitro synthesis based on bacteriophage RNA polymerases like T7 or SP6, which do
not require cell culture or laborious purification procedures to extract proteins, has been
introduced as a new therapeutic modality because of the use of mRNA for personalized
and more precise targets [92,93]. In 2023, it is anticipated that the first cell-free, Good
Manufacturing Practice (GMP) commercial mRNA product will be created [94].

Eduard Buchner, a renowned scientist, introduced the concept of utilizing yeast ex-
tracts to convert sugar into carbon dioxide and ethanol. Additionally, Buchner proposed
the concept of cell-free protein synthesis (CFPS), sometimes referred to as in vitro tran-
scription and translation, during the latter part of the 19th century [95]. In subsequent
years, protein synthesis was employed inside laboratory settings to elucidate the intricate
mechanism by which amino acids are assembled to generate proteins. The resolution of
this enigma occurred in 1961 when the polypeptide polyphenylalanine was synthesized,
enabling the elucidation of the association between the amino acid phenylalanine and
its matching codon UUU, thereby unveiling the underlying structure of the genetic code.
The present study ultimately culminated in successfully determining all the extant codons
encoding amino acids, establishing the fundamental basis for the diverse biological systems
of translation that are presently employed [96].

Cell-free expression often begins with using crude extracts derived from cultured cells,
specifically immature red blood cells known as reticulocytes, which are known to have
a heightened level of protein synthesis. After removing endogenous DNA and mRNA
from these crude extracts, the cell lysate is subsequently enriched with macromolecu-
lar components essential for translation. These components include ribosomes, tRNAs,
aminoacyl-tRNA synthetase, initiation, elongation, and termination factors. The translation
process was initiated through introducing an appropriate template, such as DNA or mRNA,
under optimal temperature conditions. Translation systems utilize templates such as linear
or plasmid DNA and pure mRNA to initiate specific activities. To ensure efficient transla-
tion, it is necessary to supplement each extract with amino acids, energy sources (ATP and
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GTP), energy-regenerating systems, and salts (such as Mg2+ and K+). Phosphoenolpyru-
vate and pyruvate kinases are commonly incorporated into creatine phosphate and creatine
phosphokinase within prokaryotic systems, serving as enzymes responsible for energy
regeneration. Furthermore, it is common to provide a phage-derived RNA polymerase
(such as T3, T7, or SP6) that facilitates mRNA synthesis from an exogenous DNA template.
This allows for the expression of genes cloned downstream of the T3, T7, or SP6 promoters,
typically in conjunction with interconnected transcription and translation systems.

Various commercially available in vitro translation systems are currently utilized in
scientific research and biotechnology. These systems encompass a range of organisms, such
as Escherichia coli, wheat germ cells, rabbit reticulocytes, and insect cell extracts. The E.
coli system, which is prokaryotic, is often favored in scientific research due to its notable
attributes, such as simplicity, cost-effectiveness, and ability to produce proteins in large
quantities. Furthermore, Escherichia coli can activate metabolic processes within the extract,
promoting the production of proteins at a substantial rate. The metabolic activation process
eliminates the need to utilize more expensive energy sources such as phosphoenolpyruvate.

Wheat Germ Extract (WGE), Rabbit Reticulocyte Lysate (RRL), and Insect Cell Extract
(ICE) are commonly utilized in many scientific applications inside eukaryotic systems.
These methods provide notable advantages in producing proteins with increased complex-
ity and facilitating post-translational modifications infrequently observed in Escherichia
coli. However, the extraction procedures necessary for these eukaryotic systems are char-
acterized by a higher degree of manual labor, which may increase costs. In eukaryotic
systems, batch reactions result in a lower protein production than in E. coli systems.

Cell-free protein expression technologies have numerous benefits compared to protein
expression systems that depend on intact cells. The benefits mentioned above encom-
pass enhanced production yields of fully functional and soluble proteins and significant
improvements in time efficiency. In contrast to conventional in vivo procedures, which
sometimes need a substantial duration spanning from days to weeks, in vitro translation
processes, including the time dedicated to extract preparation, can be accomplished within
a few hours [97].

The CFPS system demonstrates its versatility via its capacity to utilize mRNA as a
template. On the other hand, transcription/translation technologies that are linked can
employ either plasmid DNA or linear PCR fragments as DNA templates.

One additional benefit of CFPS is its characteristic of being an open reaction. The lack
of cell walls in cell-free protein expression methods presents a notable opportunity for di-
rectly modifying the chemical environment. This facilitates the incorporation of exogenous
components and compounds to create an environment conducive to protein folding and
augment protein functionality [98]. The CFPS format enables the implementation of active
monitoring, quick sampling, and screening procedures without necessitating the presence
of a gene cloning step [99].

Cell-free protein synthesis (CFPS) systems are advantageous for producing and analyzing
proteins that are often challenging to produce and study, as they lack the cellular constraints
that restrict translation regulation. Membrane, viral, and poisonous proteins, as well as those
experiencing fast proteolytic breakdown through intracellular mechanisms, can be more
readily produced without internal cellular metabolism or biochemical pathways. Hence,
apprehensions exist about the potential toxicity of the proteins in the product.

Using cell-free protein expression methods presents a feasible strategy for producing
functional proteins that are often difficult to produce, encompassing membrane, hazardous,
and viral proteins. Complex heterotetrameric and multiple disulfide-bridged IgG molecules
were effectively synthesized using a linked cell-free protein synthesis (CFPS) system under
suitable oxidation and folding conditions [100]. In vitro, cell-free systems have successfully
synthesized many membrane proteins, such as G protein-coupled receptors, epidermal
growth factor receptors, and ATP synthases [101].
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8. Regulatory

As mRNA technology becomes more prevalent, regulatory agencies are developing
guidelines and frameworks for evaluating and approving mRNA-based therapies; however,
this remains unclear. Ensuring safety and monitoring any potential adverse effects are
critical aspects of these regulatory processes [102].

The ICH Q3A and B guidelines mention “impurities in new drug substances and prod-
ucts produced by chemical synthesis”. However, it is essential to note that these guidelines
do not apply to chemically synthesized oligonucleotides, including ASOs and siRNAs.
Furthermore, it is worth noting that they do not adhere to the ICH Q6A guideline [103] on
“specifications: test procedures and acceptance criteria for new drug substances and new
drug products: chemical substance”. The European Medicines Agency (EMA) classifies
mRNA products as either gene therapy medicinal products (GTMP) or vaccines based
on their functions. In contrast, antisense oligonucleotides, and RNA interference (RNAi)
are categorized as chemicals according to the EMA’s classification system [104]. mRNA
vaccines do not fall under the classification of “gene therapy” as they are specifically de-
fined as “a medical intervention involving the alteration of genetic material within living
cells” [105]. It is anticipated that the increasing number of product submissions will lead to
the development of regulatory standards tailored specifically for therapeutic RNA products.

US regulations differ from those in Europe. All these products are listed as biological
drugs with one difference: peptides smaller than 40 amino acids are listed as chemicals
and proteins in the EU. A fundamental inquiry involving classifying mRNA products as
chemicals or biologicals is necessary because many chemical drugs have biological func-
tions. However, if the mRNA produces a protein, it should be qualified, or its translation
outcome should be used to classify the mRNA.

Extending this concept to biosimilars, the conclusions are unclear. First, a biosimilar
must have the same route of administration, chemical composition, dosing, and indica-
tions. Thus, an mRNA delivery system could qualify this product as a biosimilar. This
requires 351(a) filings. However, several concessions can be made since the Food and Drug
Administration has not addressed these concerns.

mRNAs intended to translate proteins should be classified as chemical drugs, regard-
less of their pharmacodynamic and clinical responses. The structures of these products
are fixed and fully characterized. This allows generic forms to claim the same efficacy,
notwithstanding the differences in the inactive components that can only affect the disposi-
tion kinetics in some instances. These concerns can be resolved through pharmacokinetic
studies that monitor the efficacy of translated proteins. For example, the white blood cell
count can study an mRNA translating filgrastim.

Both significant agencies, the FDA and EMA, need to reanalyze their stances. The
advancements in technology and regulations encompass various aspects such as the ac-
quisition of cell-free DNA, the enhancement of purity profiles, the validation of analytical
methods according to the standards set by the United States Pharmacopoeia, and the
improvement of Good Manufacturing Practices (GMP) production processes in terms of
efficacy and cost-effectiveness.

9. Intellectual Property Issues

While mRNA technology is ripe with thousands of patents, one aspect of infringement
concerning the parent molecule being translated vs. expressed in a cell remains to be
resolved. The question of whether mRNA-translated proteins can infringe on a patent
depends on various factors, including the scope and specifics of the patent, jurisdiction,
and the specific application of the mRNA-translated protein. Patents can cover mRNA
sequences, the method of translating proteins using mRNA, and the resulting proteins
themselves. In some cases, patent holders may grant licenses for specific uses. Some
jurisdictions may apply research and experimental use exemptions, but the interpretation
varies. Regional differences in patent laws can also impact the determination of infringe-
ment. Therefore, consulting with legal experts specializing in patent law to assess the
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situation and navigate potential patent infringement issues related to mRNA-translated
proteins [106,107] is essential.

10. Advantages of mRNA Technology

The advantages of mRNA-based technology compared to recombinant expression
include the following:

• Innate Translation: Proteins translated by ribosomes inside the cell are innate and
almost impossible to replicate in any ex vivo system; this includes the protein struc-
ture and the post-translational modification that are the most significant hurdles in
manufacturing therapeutic proteins.

• Fast-to-Market: mRNA-based methods for manufacturing therapeutic proteins present
a more expeditious and effective alternative than recombinant technology or cell-
free protein synthesis (CFPS). The conventional process of recombination technology
necessitates the cloning and subsequent expression of genetic material within host
cells, which is both intricate and time-intensive. On the other hand, mRNA technology
entails artificially generating mRNA molecules outside of the cellular environment
and subsequently introducing them into cells to facilitate the translation process.
Therefore, the process of mRNA transfection is characterized by enhanced speed and
efficacy. mRNA is transported directly to the cytoplasm and undergoes expression
therein. It possesses a smaller molecular size compared to plasmid DNA and does
not traverse the nuclear membrane. This methodology facilitates mRNA’s effective
and scalable production, making it an appealing option for synthesizing therapeutic
proteins defined by accelerated development timelines. The production of therapeutic
proteins necessitates utilizing cell culture techniques and implementing purification
procedures that are particular to the protein of interest and are both labor-intensive
and time-consuming.

• Multiple Applications: When considering recombinant technology and in vitro transla-
tion, it can be shown that mRNA technology exhibits greater flexibility and adaptability.
Introducing or eliminating specific sequences within mRNA molecules makes it read-
ily feasible to generate a diverse range of therapeutic proteins possessing distinct
attributes. Due to its inherent versatility, mRNA technology presents a favorable
option for synthesizing intricate proteins, especially those that pose difficulties in
expression via recombinant methodologies. Moreover, the utilization of mRNA tech-
nology presents a versatile framework to produce therapeutic proteins, as it offers a
straightforward means of customization to facilitate the synthesis of novel proteins
following evolving medical requirements.

• Less Contamination Hazard: mRNA technology does not require living cells, unlike re-
combinant technology, which uses genetically modified organisms (GMOs) to produce
proteins. As a result, there is less chance that manufacturing systems using cells may
become contaminated with undesirable or hazardous chemicals, such as endotoxins or
adventitious agents. This reduces safety and regulatory compliance concerns, making
mRNA technology safer for manufacturing therapeutic proteins.

• Lowest Cost of Good (COGs): mRNA technology can potentially decrease the financial
costs related to the manufacturing of therapeutic proteins compared to recombinant
technology or in vitro translation methods. The standard approach to recombination
technology sometimes requires additional processing steps, such as protein purifica-
tion and refolding, which can result in substantial costs and time requirements. In
contrast, utilizing mRNA technology eliminates the need for labor-intensive methods,
as proteins are generated directly from mRNA molecules within biological entities.
Irrespective of the coding sequence, mRNA synthesis is accomplished via a consis-
tent methodology within a conventional single-container process [108]. Generating
synthetic mRNA through mRNA technology allows for producing molecules that
mimic the composition of naturally occurring cytoplasmic molecules. This enables the



Biologics 2023, 3 374

transitory delivery of specific proteins into cells [109]. This leads to a more economical
manufacturing process with lower manufacturing costs.

• Better Safety: The utilization of mRNA technology presents a heightened level of
safety in comparison to traditional recombinant or in vitro translation methods. Due
to mRNA molecules’ non-infectious nature and inability to integrate into the host
genome, the likelihood of insertional mutagenesis or unintended genetic modifications
is reduced. Additionally, the precise control of therapeutic protein expression made
possible by mRNA technology lowers the possibility of overexpression or off-target
effects. Inadequately changed or misfolded proteins can cause problems and trigger
the immune system. Plasmid DNA transfection is less effective in inactive cells because
a specific promoter is required, and penetrating the nuclear membrane is difficult [110].
Because of this, producing therapeutic proteins using mRNA has fewer security risks.

• Scaling Options: When compared to in vitro translation techniques, mRNA technology
has advantages. The availability of suitable cell-free systems can place restrictions on
in vitro translation procedures and result in reduced yields. On the other hand, mRNA
technology may be scaled up to meet higher production demands through producing
and introducing more mRNA into the cells. The intricacy of protein synthesis usually
requires long development cycles, making GMP compliance challenging. Because of
its scalability, mRNA technology can commercially produce therapeutic proteins on a
big scale.

11. Conclusions

The human body produces over 20,000 proteins [111], which is rising as newer pro-
teomics technologies are discovering more proteins [112] responsible for cellular and
extracellular functions vital to life. Besides, many non-endogenous proteins, such as target-
ing antibodies, are developed and commercialized. The unavailability of critical proteins
as therapeutic products is attributed to the high cost of creating a new product, ranging
into billions of dollars. When the exclusivity expires, their copies can also cost a lot since
establishing a recombinant manufacturing facility remains out of the reach of smaller
companies. The recent validation of mRNA technology for vaccines has opened the door to
a novel application of mRNA products that can be manufactured at a low cost but also offer
many clinical advantages to enhance the affordability of these products—the same hold of
the newly developed synthesis technologies that avoid establishing upstream processes.

However, these approaches cannot be applied when a therapeutic protein is chemically
modified, such as through PEGylation, or conjugated with a chemical drug. In this case,
cell-free protein synthesis can replace the recombination process to deliver a more consistent
supply of therapeutic proteins.

mRNA technology has several advantages: it provides quick manufacture and devel-
opment, adaptability, flexibility, cheaper manufacturing costs, improved safety profiles,
and scalability. It also reduces the risk of contamination. These benefits make using mRNA
technology to produce therapeutic proteins a promising and cutting-edge method with the
potential to advance biopharmaceutical development significantly.

Several applications of the mRNA platform are currently in development, including
the delivery of therapeutic or immunomodulatory proteins and vaccines against infectious
diseases and cancer.

We are starting a new era of protein therapeutics that was realized three quarters of a
century ago. We should consider reverting to translating proteins as an innate process rather
than ex vivo expression in foreign recombinant cells. We can use the translation machine,
the ribosomes ex vivo, to translate these proteins. These affordable solutions even reduce
the safety risk and ensure an optimal clinical response, mimicking body systems rather
than creating these proteins in a foreign cell. The endogenous proteins produced within
the cell are also less subject to unexpected post-translational modification, a key hurdle
in making effective and safe therapeutic proteins, and when developed as biosimilars, to
ensure high similarity.
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