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A B S T R A C T   

Currently, there are over 230 different COVID-19 vaccines under development around the world. At least three 
decades of scientific development in RNA biology, immunology, structural biology, genetic engineering, 
chemical modification, and nanoparticle technologies allowed the accelerated development of fully synthetic 
messenger RNA (mRNA)-based vaccines within less than a year since the first report of a SARS-CoV-2 infection. 
mRNA-based vaccines have been shown to elicit broadly protective immune responses, with the added advantage 
of being amenable to rapid and flexible manufacturing processes. This review recapitulates current advances in 
engineering the first two SARS-CoV-2-spike-encoding nucleoside-modified mRNA vaccines, highlighting the 
strategies followed to potentiate their effectiveness and safety, thus facilitating an agile response to the current 
COVID-19 pandemic.   

1. Introduction 

Since naked in vitro transcribed mRNA molecules were expressed in 
vivo after direct injection into mouse muscle, mRNA has been investi
gated extensively as a preventive and therapeutic modality [1–3]. 

Messenger RNA (mRNA) vaccines are designed to direct cells to ex
press virtually any desired protein inside the host cells and tissues that 
can have a therapeutic or preventive benefit, potentially addressing a 
broad spectrum of diseases [3,4]. 

Following this approach, mRNA is synthesized in a cell-free system 
and manufactured within standardized and controlled conditions, 
allowing a comparatively fast design and a relatively inexpensive and 
straightforward large-scale production. The complete mRNA code, for 
example, for the Moderna Therapeutics vaccine, was compiled in two 
days, and the materials for the first clinical trials were manufactured and 
delivered within 45 days. On March 16, 2020, the first trial participants 
were vaccinated, just 66 days after the SARS-CoV-2 genome was made 
public on January 10, 2020 [5]. 

Delivery of mRNA is safer than whole viral particles, as the former is 
a non-infectious transient carrier of information. Furthermore, recom
bination among single-stranded RNA species is rarely possible, and 
cytosolic mRNA cannot be integrated into the host genome [6]. More
over, mRNA exhibits self-adjuvating properties as a result of its capacity 

to bind to pattern-recognition receptors (PRRs) like Toll-like receptor 7 
(TLR7), promoting cellular immunity [7], and at the same time provides 
the technological basis to deliver in a single molecule, open reading 
frames encoding a wide variety of antigens, modulators, and 
cell-signaling factors [8]. 

mRNA therapeutics combine safety with fine dose control and the 
potential for multiple administrations with a reduced risk of pre-existing 
or anti-vector immunity [9]. For example, upon intravenous injection 
into mice of a single dose of lipid nanoparticle (LNP)-encapsulated 
nucleoside-modified mRNAs encoding the heavy and light chains of the 
anti-HIV-1 neutralizing antibody VRC01, Pardi and colleagues observed 
high levels of functional antibody in the serum, protecting the human
ized mice from HIV-1 infection. [9,10]. Thran and colleagues employed 
an unmodified-mRNA–LNP complex to protect from otherwise lethal 
challenges with rabies virus, botulinum toxin, and a B cell lymphoma 
through a system expressing three monoclonal antibodies [11]. 
Furthermore, nucleoside-modified mRNA-LNP influenza vaccines 
induced humoral immune responses in the recipients, with a safety 
profile comparable to an influenza vaccine using inactivated influenza 
virus [12,13]. The above are just a few representative examples illus
trating the potential of mRNA vaccines to provide successful prophy
lactic approaches. 

Eleven months after discovering the SARS-CoV-2 virus, it has been 
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confirmed that a mRNA vaccine for coronavirus disease 2019 (COVID- 
19) is effective and safely tolerated [14]. More than three decades of 
scientific advances into RNA biology, chemical modifications, 
lipid-based delivery systems, and nanotechnology have led to fast 
progress in the development of mRNA-based vaccines against infectious 
diseases and their move into clinical trials [3,4,9,15,16]. 

Herein, we overview molecular aspects of engineering the two lipids 
nanoparticle-encapsulated, nucleoside-modified mRNAs vaccines for 
COVID-19, highlighting the main differences between Moderna’s 
mRNA-1273 vaccine and the Pfizer/BioNTech (BNT162b2) vaccine in 
terms of the strategies followed to optimize their effectiveness and 

safety. 

2. Relevant molecular features of the SARS-CoV2 spike protein 

The SARS-CoV-2 RNA genome is introduced in the host cell using a 
highly glycosylated homotrimeric S protein (spike glycoprotein) to 
achieve fusion with target cell membranes [17,18]. 

The transmembrane SARS-CoV S-protein spike trimer possesses an N- 
terminal receptor-binding S1 subunit and a C-terminal S2 subunit. The 
S1 subunit is subdivided into the N-terminal domain (NTD), followed by 
the receptor-binding domain (RBD) and two structurally conserved 

Fig. 1. Design of the nucleoside-modified SARS-CoV-2 mRNA-LNP vaccines. A) Design of the nucleoside-modified SARS-CoV-2 mRNA-LNP vaccines. A) The 
critical structures of mRNA are the 5ʹ cap (e.g., the 7–methylguanosine cap), the 5ʹ and 3ʹ untranslated regions (UTRs), sequence encoding the full-length S protein 
and the poly(A) tail. mRNA cap is incorporated either in one step during transcription in the presence of CAP analogs (e.g., Clean-Cap) or in two steps, after IVT- 
mRNA production, by enzymatic capping reaction. Replacement of native nucleosides in in-vitro-transcribed mRNA with chemically modified versions reduces 
immunogenicity and increases translation efficiency. mRNA-1273 and BNT162b2 are nucleoside-modified transcripts with substitution of uridines for N1-methyl 
pseudouridine is (1mψ). Each of these structural elements of mRNA can be optimized and modified to modulate the stability, translation capacity, and immune- 
stimulatory profile of mRNA. B) Schematic depiction of mRNA vaccine encapsulated into LNP formulations for improved in vivo mRNA delivery, which are typi
cally composed of (1) an ionizable or cationic lipid [e.g., SM-102 (mRNA-1273) and ALC-0315 (BNT162b2)], bearing tertiary or quaternary amines to encapsulate 
the polyanionic mRNA; (2) a helper lipid [LNPs of Moderna and BioNTech contain the same helper lipid 1,2-distearoyl-snglycero-3-phosphocholine (DSPC)] that 
resembles the lipids in the cell membrane; (3) cholesterol to stabilize the lipid bilayer of the LNP; and (4) a polyethylene glycol (PEG)-lipid [(2-[(polyethylene 
glycol)− 2000]-N,N-ditetradecylacetamide (PEG2000-DMA) in BNT162b2 or 1,2-dimyristoyl-rac-glycero3-methoxypolyethylene glycol-2000 (PEG2000-DMG) in 
mRNA-1273] to lend the nanoparticle a hydrating layer, improve colloidal stability, and reduce protein absorption. 
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subdomains (SD1 and SD2) [19]. Binding to the host receptor via the 
RBD in S1 is followed by proteolytic cleavage of the spike by host pro
teases into the membrane-associated S2 part and the distal S1 part, 
which remain associated through non-covalent interactions [20,21]. 
S1binds the angiotensin-converting enzyme 2 (ACE2) on the host cell 
surface, while S2 mediates membrane fusion [21,22]. Proteolytic 
cleavage of the S protein by furin or other cellular proteases like 
TMPRSS2 [21] at the S1/S2 site is essential for the infection, as it sep
arates two functions of spike [23]. For example, the furin cleavage site 
has been shown to be essential for efficient viral entry into human lung 
cells, especially in terms of cell-cell fusion, to form a syncytium to 
facilitate viral spread from one cell to another [24]. 

The aforementioned structural insights reveal the S protein as a 
crucial target for vaccine development, therapeutic antibody genera
tion, and clinical diagnosis of COVID-19 [25,26]. Specifically, a vaccine 
targeting the S protein could prevent the spread of SARS-CoV-2 by 
impeding its initial activation through blockage of S protein binding to 
the host receptor ACE2 [17,25,26], mainly if the antibody titer against S 
protein is high enough to prevent the virus from being engulfed into 
endosomes or undergoing fusion at the host cell surface [25,27]. 

3. Key features for the mRNA-based vaccines engineering 

mRNA vaccines constitute a subtype of nucleic acid vaccines, which 
is divided into two categories: self-amplifying RNA (encoding both an 
antigen and an RNA replicase that amplifies the recombinant mRNA) 
and non-replicating mRNA (encoding only the antigen) [28], which has 
been the model approved and employed in the current vaccines against 
COVID-19. 

The basic structure of non-replicating mRNA closely resembles 
“mature” eukaryotic mRNA. Usually, it consists of an in vitro- 
transcribed mRNA (IVT-mRNA) is composed of the antigen-encoding 
open Reading frame (ORF) flanked by the 5′ and 3′ untranslated re
gions (UTRs), a 7-methyl guanosine 5′cap structure incorporated to the 
first nucleotide of the transcript, and a 3′poly(A) tail [9] (Fig. 1A). 
Recent remarkable progress has been achieved within this approach, in 
terms of 1) optimization of the half-life of mRNA, 2) magnitude and 
duration of protein expression, 3) modifications of the 5′ and 3′ UTRs to 
fine-tuning of the immunogenicity, 4) optimization of the length of the 
poly-A tail, 5) incorporation of modified nucleosides in the coding 
sequence, and 6) capping strategies [9,29,30]. The above improvements 
have made possible the adaptation of this strategy to many mRNA-based 
vaccines, such as the current COVID-19 mRNA vaccines. 

3.1. mRNA capping 

Eukaryotic mRNAs, as well as RNA viral genomes, have a 7-methyl
guanosine (m7G) cap at the 5′ end of the mRNA sequence (m7GpppN 
structure), attached to the first RNA nucleotide through a 5′,5′- 
triphosphate bridge (ppp) during mRNA in vitro transcription [31,32]. 

The cap structure plays essential functions in mRNA translation by 
recruiting translation initiation factors, and different 5′ caps can be 
incorporated into mRNAs [30] (Fig. 1A). For example, CAP0 protects 
endogenous mRNA from nuclease attack and is also involved in nuclear 
export and translation initiation. Both CAP1 and CAP2 are two 5′ caps 
that contain additional methyl groups on the second or third ribonu
cleotide and are less immunogenic than CAP0 [32]. 

Cap analogs such as anti-reverse-Cap-analog [CAP-0 (N7MeGpppN) 
structure] or Clean Cap [CAP-1 (N7MeGpppN2′-OMe) structure] [33] are 
the two main approaches used to produce capped mRNA in in-vitro 
transcription (IVT) [30]. Uncapped (5′ppp or 5′pp) or inadequately 
capped mRNAs can be recognized by PRRs such as Retinoic acid-
Inducible Gene-I-like (RIG-I-like) receptor [34]. However, treatment of 
the uncapped IVT-mRNAs with phosphatases might avoid recognition 
by RIG-I, where the latter recognizes the 5′ triphosphate of uncapped 
mRNA, thus avoiding mRNA translation [30,34]. 

3.2. Untranslated Regions 

The 5′- and 3′-UTR elements flanking the coding sequence influence 
the stability and translation of mRNA. Optimization of the 5′-UTR of 
mRNA (Fig. 1A), whose secondary structures are recognized by cell- 
specific RNA binding proteins, can maximize the translational yield of 
mRNAs useful for therapeutics and vaccines [35]. The use of α-globin or 
β-globin UTRs from Xenopus laevis or human has been a standard 
approach in mRNA vaccine design due to their high stability [36]. 
However, recently, Orlandini von Niessen and colleagues, through the 
Systematic Evolution of Ligands by Exponential enrichment (SELEX) 
method, developed a cell culture-based systematic selection process to 
identify novel 3′ UTR motifs that could induce approximately threefold 
higher protein production via IVT compared to the classical human 
β-globin 3′-UTR used in effective mRNA vaccines [13]. Therefore, these 
regulatory sequences can be derived from viral or eukaryotic genes and 
modified through the systematic enrichment of naturally occurring RNA 
sequences to improve the protein synthesis efficiency of mRNA in vitro 
and in vivo and to significantly increase the half-life of therapeutic 
mRNAs [13,37]. 

3.3. Optimizing translation of IVT-mRNA 

The antigen-coding sequence can be modified at specific locations 
and/or codon-optimized to improve the translation. IVT-mRNA can also 
be engineered to direct the product carrying the antigen to the desired 
compartment or to keep it in a soluble form as well as to be optimized to 
improve antigenicity or immunogenicity, either through point muta
tions, deletion of some segment, or deletion of putative glycosylation 
sites [29,38,39]. 

In terms of codon usage, replacing rare codons with frequently used 
synonymous codons can be recognized by abundant cognate tRNA in the 
cytosol is a recurrent strategy to increase the protein expression level of 
mRNAs [9,40]. ORF sequence can also be modified to obtain comparable 
ratios for every codon found naturally in genes encoding highly 
expressed proteins in human cells [30], and also G•C content optimi
zation has been shown to increase steady-state mRNA levels in-vitro and 
protein expression in-vivo [41,42]. For example, Acuitas Therapeutics 
has used LNPs to deliver erythropoietin (EPO)-encoding mRNA rich in 
GC codons into pigs, demonstrating that it can elicit EPO-related re
sponses with no associated immunogenicity [41]. 

3.4. Poly-A tail 

One of the last steps of mRNA biogenesis is poly-A tail synthesis, an 
essential element for efficient translation. According to earlier studies, 
the addition of long poly-A sequences (~250 units in length) is prefer
able for enhancing mRNA stability. However, poly-A sequences of 120 
units provide more stable IVT-mRNAs [43] and more efficient trans
lation than shorter tails in human monocyte-derived DCs [37], while in 
human primary T cells, a poly-A tail longer than 300 nucleotides is more 
conducive to efficient translation [44]. 

3.5. Purification of IVT-mRNA 

After transcription, the sample contains the antigen-encoding mRNA 
and short transcripts derived from abortive cycling during transcription 
initiation or incomplete transcripts derived from premature termination 
during the elongation process and other reaction components such as 
triphosphate nucleotides, salts, and enzymes [45,46]. A 
high-performance liquid chromatography (HPLC) step allows the sepa
ration of the intended mRNA from shorter and longer transcripts, 
yielding a pure single mRNA product [46,47]. Thus, implementing this 
purification by chromatography within a Good Manufacturing Practice 
(GMP) during the production process of mRNA increases the activity of 
mRNA preparations several-fold in terms of protein expression in vivo 
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[47]. However, although usually, HPLC purification is amenable to 
small-scale processes, it can be suboptimal for large-scale manufacturing 
[15]. To address this issue, Baiersdorfer and colleagues described a 
simple, inexpensive, and highly scalable method for mRNA purification 
via the adsorption of double-stranded RNA contaminants employing 
polysaccharide cellulose with a performance comparable to HPLC to 
remove double-stranded RNA (dsRNA) contaminants from IVT mRNA. 
Therefore, such a method can be an alternative to HPLC purification at 
laboratory and industrial scales of therapeutic mRNAs [48]. 

3.6. Chemical modifications in RNA nucleosides 

Protection of antigen-coding IVT mRNAs by chemical modifications, 
encapsulation, or other means against degradation by extracellular 
RNases are present in the skin and muscle tissues is critical [29]. Karikó 
and colleagues have not only shown that nucleoside-modified mRNA is 
translated more efficiently than unmodified mRNA in-vitro [49], 
particularly in primary DCs, and in-vivo in mice [50] but also that the 
incorporation of modified nucleotides in the mRNA sequence, such as 
methylated nucleosides or pseudouridine, strongly reduces the 
immune-modulatory capacity of endogenous mRNA [51]. 

Cytidines can also be replaced with numerous chemical modifica
tions, including 5-methylcytidine (m5C); uridines can be converted into 
5-methyluridine (m5U), 2-thiouridine (s2U), 5-methoxyuridine (5moU), 
pseudouridine (ψ) and N1-methylpseudouridine (m1ψ), while adeno
sines can be replaced by N1-methyladenosine (m1A) and N6- 
methyladenosine (m6A) [9,52]. 

Post-transcriptional modifications naturally occurring in the mRNA 
nucleotides sequence prevent its immune detection, which, in contrast, 
is commonly triggered by pathological or invading mRNA. Recognition 
from innate immune sensors can be avoided by incorporating chemically 
modified nucleosides, such as ψ [53] and m1ψ [50] (present in transfer 
and ribosomal RNAs) to prevent activation of TLR7, TLR8, and other 
innate immune sensors [54], hence reducing type I interferon produc
tion [51]. 

Moreover, the highest levels of protein production and immunoge
nicity are observed when nucleoside-modified mRNA is also purified by 
HPLC or fast protein liquid chromatography (FPLC), where aberrant 
double-stranded transcripts are removed [46,55]. For example, Pardi 
and colleagues demonstrated that a single intradermal injection of 
LNP-formulated mRNA encoding Zika virus prM-E, modified with 
1-methylpseudouridine and FPLC purification, elicited protective im
mune responses in mice and rhesus macaques with as little as 50 μg 
(0.02 mg kg− 1) of the vaccine in macaques [56]. 

Although these modifications can enhance the efficacy of mRNA- 
based vaccines, their inappropriate incorporation can negatively affect 
the translation of transcripts [57]. 

3.7. Lipid-nanoparticles formulations used for mRNA vaccines delivery 

Thanks to their nano-size and physicochemical characteristics, 
biocompatible rationally engineered materials can protect drug cargos 
from degradation and confer controllable biodistribution and intracel
lular localization and release [6,58]. 

Lipid nanoparticles (LNPs) containing ionizable lipids represent the 
most advanced nucleic acid carrier enabling package, protection, and 
efficient in vivo delivery of mRNA, are currently being deployed as 
delivery vectors for mRNA vaccines in clinical trials [29,59]. For 
example, it has been demonstrated that lipid nanoparticles protect the 
mRNA from enzymatic attack and enhance cell uptake and expression by 
up to 1000-fold compared to naked mRNA when administered to animal 
models [60,61]. 

Ionizable lipids, previously optimized for the delivery of small 
interfering RNAs (siRNAs), have a neutral to mild cationic charge under 
physiological pH conditions, thereby reducing nonspecific lipid-protein 
interactions and facilitating the nucleic acid release in the cytosol. This 
property gives those advantages over lipids with a permanent charge of 
reduced toxicity and prolonged blood circulation lifetime [8,58]. The 
other lipidic species are considered "helper lipids" because they may 
affect the structural arrangement of complexes LNP-mRNAs (Fig. 1B) to 
improve their stability or to facilitate their intracellular uptake and the 
cytosolic entry [16,62]. 

Therefore, typical LNP formulations consist of an RNA-lipid complex, 
lipids that provide structural rigidity, and a lipidized polymer coating 
able to modify the particles’ surface properties [4,62] (Fig. 1B). As an 
example, cationic liposomes composed of the cationic lipid 1,2-dio
leoyl-3-trimethylammonium-propane (DOTAP), together with the 
helper lipid 1,2-dioleoyl-snglycero-3-phosphoethanolamine (DOPE) in 
combination with mRNA, have been developed as mRNA-based vaccines 
[4,63,64]. 

Kranz et al. demonstrated that mRNA and DOTMA/DOPE lipid for
mulations, designed to change its surface charge from positive to 
negative gradually, protected the mRNA from the action of extracellular 
ribonucleases, allowing it to accumulate in the spleen efficiently and to 
be subsequently released into DCs after systemic administration, thus 
inducing an antigen-specific immune response [65]. 

mRNA uptake mechanisms seem, however, to be influenced by cell 
type, and the physicochemical properties of the mRNA–carrier complex 
have also shown to influence cellular mRNA delivery and organ distri
bution [66,67]. 

Lipid systems formulations for mRNA vaccines commonly contain 
ionizable cationic lipids, phospholipids, cholesterol, and lipid-anchored 
polyethylene glycol (PEG) [8,59] (Fig. 1B). Dlin-MC3-DMA, also known 
as MC3, is an ionizable amino lipid developed for siRNA [68] that has 
recently been employed in developing of LNPs for the delivery of mRNA 

Table 2 
Comparison of the first two mRNA-based COVID-19 vaccine candidates.  

Developers Vaccine Vaccine 
platform 

Coronavirus 
target 

Type of Candidate 
Vaccine 

Emergency use 
authorization 

Dosage, schedule, 
and route of 
administration 

Confirmed 
efficacy 

Clinical trial 
registry number 

Moderna/ 
NIAID 

mRNA- 
1273 

mRNA-based 
therapeutics 

SARS-CoV-2 
Spike protein 

LNP- 
encapsulated 
nucleoside- 
modified mRNA 

US (Dec 18, 2020), 
Canada (Dec 23, 
2020), Israel 
(January 4, 2021), 
EMA (Jan 6, 2021) 

Two intramuscular 
injections (100 μg 
per dose), 28 days 
apart 

94.1% 
(measured 
starting from 14 
days after the 
second dose) 

NCT04470427 

BioNTech/ 
Pfizer 

BNT162b2 mRNA-based 
therapeutics 

SARS-CoV-2 
Spike protein 

LNP- 
encapsulated 
nucleoside- 
modified mRNA 

UK (Dec 2, 2020), 
Canada (Dec 9, 
2020), US (Dec 11, 
2020), EMA (Dic 21, 
2021), other 
countriesa 

Two intramuscular 
doses, 21 days 
apart (30 μg per 
dose) 

95% (measured 
starting from 
seven days after 
the second 
dose)b 

NCT04368728 

US, The United States; EMA, European Medicines Agency; UK, The United Kingdom 
a December 31, 2020 (Argentina, Ecuador, Chile, Panama, Mexico, Costa Rica, Kuwait, Singapure, Switzerland, South Arabia) 
b Differences in efficacy (between 94.5% and 95%) are small compared to the potential variables between the studies. 
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vaccines [61]. 
Phospholipids are known to facilitate the membrane formation and 

disruption processes that facilitate endosomal escape. The ionizable 
lipids being neutral at physiological pH avoid any cationic charge in 
circulation, becoming protonated in the endosome at pH ~6.5 to prompt 
endosomal release [61]. The ionizable lipid complexes with the mRNA 
form a core structure while helper lipids (such as a phospholipid, 
cholesterol, and/or a PEG-lipid) envelop the lipid–mRNA complex. In 
turn, the PEG-lipid protects the nanoparticle shell [69,70] (Fig. 1B). 
Thus, cholesterol functions as a stabilizing element in LNPs and plays a 
crucial role in the transfection of cells [71]. Lipid-anchored PEGs pref
erentially deposit on the LNP surface, stabilizing it sterically, also 
reducing nonspecific binding to proteins [8,70]. Moreover, a higher PEG 
content can increase the blood circulation time of LNPs by reducing a 
specific absorption to plasma proteins while reducing cellular uptake 
and interaction with the endosomal membrane, thus enhancing mRNA 
delivery efficiency [72,73]. 

4. Current nucleoside-modified SARS-CoV-2 mRNA-LNP 
vaccines 

4.1. Moderna/US NIAID (mRNA-1273) COVID-19 vaccine 

Boston-based Moderna Therapeutics partnered with the National 
Institute of Allergy and Infectious Diseases (NIAID) to produce the first 
potential mRNA vaccine candidate against SARS-CoV-2, which entered 
clinical trials 66 days after identifying the genome virus sequence [5]. 

The mRNA-1273 vaccine candidate is a lipid nano
particle–encapsulated, nucleoside-modified mRNA–based vaccine that 
harbors only the elements required for transient expression of the S-2P 
antigen (Fig. 1A), consisting of the SARS-CoV-2 spike (S) glycoprotein 
with a transmembrane anchor and an intact furin S1–S2 cleavage site 
[5]. Two consecutive proline substitutions stabilize S-2P at amino acid 
positions 986 and 987 of the prefusion spike conformation at the top of 
the central helix in the S2 subunit [5]. 

Moderna’s platform applies bioinformatic, biochemical, and bio
logical screening approaches, most of which have been invented inter
nally, and they aim to optimize the amount of protein produced per 
mRNA. Specifically, Moderna has identified proprietary sequences for 
the 5’-UTR region to increase the likelihood that a ribosome bound to 
the 5’-end of the mRNA transcript will find the desired start codon and 
reliably initiate translation of the coding region [74] (Table 1). 

Moderna implemented the incorporation of a mΨ modified nucleo
tide into the mRNA-1273 and removed dsRNA fragments during the 
mRNA production process, which strongly reduces the innate immune 
signaling in response to mRNA through decreased activation of TLR 
signaling and cytosolic RNA sensors [81]. 

This preparation employs four lipid components to encapsulate the 
mRNA and form the nanoparticle complex, although the ratios at which 
these elements are combined have not yet been disclosed. The afore
mentioned lipid components are SM-102 [Heptadecan-9-yl 8-((2- 
hydroxyethyl)(8-(nonyloxy)− 8-oxooctyl)amino)octanoate)]; 
PEG2000-DMG (1,2- dimyristoyl-rac-glycero-3-methoxypolyethylene 
glycol-2000); cholesterol; and DSPC (1,2-distearoyl-sn-glycero-3-phos
phocholine). The preparation also contains tromethamine, trometh
amine hydrochloride, acetic acid, sodium acetate, and sucrose [82,83]. 

The mRNA-1273-LNP follows the prototype MC3 LNP but replaces 
MC3 with Lipid H (SM-102) [84]. The ionizable lipids that have replaced 
MC3 for mRNA delivery allow more significant endosomolytic activity 
by inducing more branching into the alkyl tails, as Lipid H and Lipid 5 
display three alkyl tails, instead of two in MC3. Presumably, this en
hances cone-shaped morphology; thus, the cross-section of the lipid tails 
is larger than that of its head group, leading to greater endosomal release 
[61]. 

The Phase 3 trial of mRNA-1273 was published in the New England 
Journal of Medicine at the end of December 2021, confirming the 

preparation’s 94.1% efficacy and safety profile [85] (Table 2). 

4.2. Pfizer/BioNTech/Fosun Pharma (mRNA-BNT162b2/Comirnaty) 
COVID‑19 vaccine 

BNT162b2 is the second candidate mRNA platform, developed by 
Pfizer in collaboration with German-based Biopharmaceutical New 
Technologies (BioNTech) and Shanghai-based Fosun Pharma [86]. This 
vaccine is also based on a nucleoside-modified mRNA molecule that 
encodes the stabilized prefusion form of the SARS-CoV-2 Spike protein 
encapsulated in a LNP to enhance its uptake by host immune cells [87]. 

The Pfizer–BioNTech is undergoing the different stages of vaccine 
production at its three-plant network [88,89]. The first stage involves 
cloning the SARS-CoV segment spike protein gene into DNA plasmid 
vectors, then their propagation into Escherichia coli. After four days of 
growth, bacterial cultures are lysed, and the DNA plasmid is purified 
over a week and a half [88]. 

The second stage is being conducted at Andover, Massachusetts, in 
the United States and Germany [89]. The DNA is utilized as a template to 
build the desired mRNA strands. A plasmid DNA template for in-vitro 
transcription contains at least 1) a bacteriophage promoter, 2) an 
ORF, 3) a poly[d(A/T)] sequence transcribed into poly(A), and 4) a 
unique restriction site for linearization of the plasmid to ensure defined 
termination of transcription [2]. A chromatographic purification step 
removes mainly short or double-stranded RNA molecules and yields a 
pure single mRNA product. This purification step within the production 
process of mRNA can increase their expression several-fold in vivo [47]. 
Once transcribed, the mRNA is transported in different packages on a 
scale of 5–10 million doses for the next stage, the third is conducted at 
plants in Kalamazoo, Michigan, in the United States and Puurs in 
Belgium. There, the mRNA-containing lipid nanoparticles are con
structed and sterilized [90]. 

BioNTech began developing its SARS-CoV-2 vaccine with four mRNA- 
encoded immunogens, two of which were nucleoside modified [61]. 
BNT162b1 consists of a sequence (approximately 1 kb) encoding the 
receptor-binding domain of the spike protein, modified by a foldon tri
merization domain to increase immunogenicity by the multivalent display 
[61]. The RNA sequence of the vaccine candidate BNT162b2 is 4284 nu
cleotides in length, with a molecular weight of approximately 1388 kDa 
[91]. It consists of a modified 5′ CAP1 structure (m7G+ − 5′-ppp-5′-Am); a 
5’ UTR region (ΨCΨΨCΨGGΨCCCCACAGACΨCAGAGAGAACCCGCC) 
derived from the 5’-UTR of the highly expressed human gene α-globin, as 
well as an optimized downstream Kozak consensus GCCACCAUG instead 
of ACCAUG (where AUG is the start codon); a codon-optimized ORF 
encoding the full-length spike protein of SARS-CoV-2 (nucleotides 
55–3879), including the signal peptide (nucleotides 55–102) and two 
proline substitutions designated as "2 P" (K986P and V987P) [91]. The 
latter causes the spike to adopt a prefusion-stabilized conformation 
reducing its membrane fusion ability, resulting in increased expression and 
stimulation of neutralizing antibodies [14,92]. Towards the 3’ end, it has a 
3’ UTR (nucleotides 3880–4174), which is a combination of the AES 
(Amino-terminal enhancer of split) gene sequence and mtRNR1 (mito
chondrial 12S ribosomal RNA), selected to increase protein expression and 
mRNA stability [13,91]. These sequences are followed by a 30-mer poly 
(A) tail, a 10-nucleotide linker sequence (GCAUAUGACU), and 70 other 
adenosine residues (nucleotides 4175–4284) to increase and prolongate 
the protein expression [91] (Table 1). 

During the review process of the current manuscript, a paper by 
Xuhua Xia [77] appeared, critically analyzing both mRNA-based 
COVID-19 vaccines in terms of design optimization. In Table 1, we 
summarize crucial design aspects highlighted by Xuhua Xia. 

The incorporation of chemically, naturally occurring, modified nu
cleosides, including but not limited to pseudouridine and 
1–methylpseudouridine, prevents activation of TLR7, TLR8, and other 
innate immune sensors, thus reducing IFN-I signaling [9,49,51]. 

Consequently, in the Pfizer–BioNTech COVID‑19 vaccine, uridine 
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residues were replaced by 1-methyl-3′-pseudouridine modifications 
[91] (Fig. 1A). 

The lipid nanoparticle delivery system in the trials of BioNTech is 
composed of the cationic lipid ALC-0315 (licensed from Acuitas Ther
apeutics) combined with the phospholipid 1,2-distearoyl-sn-glycero-3- 
phosphocholine (DSPC), cholesterol, and a PEG–lipid [86] (Fig. 1B). 

BNT162b2 possesses the ability to mimic the process by which nat
ural SARS-CoV-2 viral infection occurs and confers protection against 
COVID-19 by the transient expression of the full-length spike antigen, 
once expressed on the surface of the host cells, to induce neutralizing 
antibody generation and cellular immune responses against it [93]. 

The vaccine candidate BNT162b2 was chosen as the most promising 
in terms of better safety profile among three others with similar tech
nology developed by BioNTech [94,95]. Ninety to one hundred percent 
of vaccine efficacy was observed across subgroups defined by age, sex, 
race, ethnicity, baseline body-mass index, and the presence of coexisting 
conditions [93]. 

All participants received two doses, 21 days apart, of either 
BNT162b2 or placebo, delivered into the deltoid muscle [93] (Table 2). 
A regimen of two-dose BNT162b2 conferred 95% protection against 
COVID-19 in subjects 16 years of age or older, showing a safety profile 
observed for other viral vaccines for about two months [93]. 

5. Production of the nucleoside-modified SARS-CoV-2 mRNA- 
LNP vaccines 

Development of an mRNA vaccine is faster than inactivated vaccines, 
attenuated live vaccines, and subunit vaccines [96], and speed, the 
feasibility of manufacturing scale-up, and global access are three criteria 
that should be considered [97]. 

Globally, Pfizer/BioNTech expects to produce about 2 billion doses 
in 2021 (compared with the more than 50 million doses of vaccines 
generated during 2020 [98]. However, at the end of March of this year, 
they raised to 2.5 billion doses [99]. Instead, Moderna has announced 
that it would boost the production of its vaccines, stating that it would 
produce no less than 800 million doses in 2021 (compared with the 20 
million doses generated by the end of 2020) and potentially triple its 
production in 2022 due to improvements in vaccine manufacturing 
methods [100]. 

Interestingly, Pascolo [101] has recently calculated that to produce 
one billion doses of prophylactic vaccines (to vaccinate ~10% of the 
population, 500 million people twice), Moderna will need to generate 
100 kg of IVT mRNA (100 μg per dose) while BioNTech will need to 
produce 30 kg of IVT mRNA (30 μg per dose). Thus, the necessary vol
umes of in vitro transcription reactions will be at least 20,000 and 
6000 L, respectively, assuming to reach a concentration of at least 
5 mg/mL of mRNA at the end of the process [101]. 

Following practices like these, mRNA vaccines can be easily and 
quickly adapted to produce new vaccines against future epidemics. 

6. Administration route 

The in vivo local delivery of the lipid-based mRNA vaccines (sub
cutaneous, intramuscular, intradermal, and intranodal administration) 
is used to initiate the stimulatory reaction in small areas and to eliciting 
locally strong and long-lasting immune responses [28]. For example, it 
has been demonstrated that subcutaneous administration of the PEGy
lated LNPs facilitated the uptake by the DCs located in the lymph nodes 
and allowed the rapid release of mRNA vaccines [102]. Moreover, the 
administration route can affect the extent and quality of immune re
sponses independently of the administered dose [103]. Subcutaneous 
and intramuscular administrations have been the two most frequently 
used injection routes for mRNA vaccination because they are less inva
sive and therefore do not require much training for their implementation 
[4,8]. However, the administration route and vaccine formulation also 
determine how the immune response is modulated and when the peak of 

antigen expression is reached [4,104]. 
Some recent studies highlight the importance of mucosal immune 

responses against SARS-CoV-2 infection [105,106]. Nevertheless, 
although intranasal and oral vaccinations are theoretically the most 
straightforward solution to elicit mucosal immunity, there are no com
mercial vaccines that use the pulmonary delivery route, given the 
additional requirement for a suitable and the resulting technical chal
lenges in the formulation. Therefore, almost all COVID-19 vaccine 
candidates that have undergone clinical trials are given by injection, 
although they may not induce specific mucosal immunity [107]. 

7. Immune response evoked by both nucleoside-modified SARS- 
CoV-2 mRNA-LNP vaccines 

After cellular internalization of LNPs, mRNA can be recognized by 
endosomal or cytosolic PRRs, specific for GU-rich single-stranded RNA 
(ssRNA), (which can be sensed by TLR-7 and − 8) [108] and also by 
dsRNA (sensed by TLR-3) [64], in terms of the structure that the mRNA 
molecules could adopt. mRNA can also bind to cytosolic RNA sensors 
RIG-1[109] and MDA5 [64]. Upon RNA sensing, PRRs can lead to 
activation of the IFN-I pathway characterized by upregulation of mul
tiple genes, including those encoding proinflammatory cytokines such as 
tumor necrosis factor-α (TNF-α), IL-6, and IL-12, leading to 
antigen-presenting cell (APC) activation [104,110]. Antigen presenta
tion on B and T cells ultimately leads to the production of the typical 
immunoglobulin M (IgM) and immunoglobulin G (IgG) antibodies, 
where IgM antibodies have been shown to last up to week 12. In 
contrast, IgG antibodies can provide prolonged protection [97,111]. 

DCs represent an attractive target by mRNA vaccines, both in vivo 
and ex vivo, because DCs can internalize naked mRNA through various 
endocytic pathways [112,113] and may present whole antigens to B 
cells to trigger an antibody response [114]. 

Exogenously delivered mRNA uses the host cell translation machin
ery to produce the S protein of the virus. However, antigen expression is 
not the final aim for assessing the effectiveness of a vaccine. The capa
bility to induce cellular immunity (T cell activation) may better reflect 
whether an immune response directed against the S protein will be 
protective [115], being a requirement to eradicate the intracellular 
SARS-CoV-2 reservoir. Nevertheless, an indiscriminate immune activa
tion can also induce mRNA degradation and reduce antigen expression 
[116]. 

It has been shown that the immune responses elicited by the mRNA- 
1273 vaccine increased with time and dose of the vaccine and that 
highly-neutralizing antibody responses were also elicited in a dose- 
dependent fashion in the vaccinated group [97]. However, both the 
mRNA-1273 and BNT162b2 vaccines induced in the inoculated partic
ipants the production of similarly high dose-dependent neutralizing 
antibody titers against SARS-CoV-2 [117]. Moreover, in humans, both 
preparations elicited S-specific CD4 + T cell responses targeting the S1 
(including RBD) and S2 regions of the S glycoprotein [81]. In terms of 
the induction of CD8 + T cell responses, results indicate that BNT162b2 
outperforms mRNA-1273. Ninety-one percent of the study participants 
vaccinated with BNT162b2 mounted significant S-specific CD8 + T cell 
responses [118], compared to low or undetectable levels in the clinical 
evaluation of mRNA-1273 [5,81]. 

Concerning this, vaccine strategies that induce strong cellular re
sponses in addition to humoral immunity in an adequate balance present 
a significant advantage in the current outbreak [117,119]. 

8. Concluding remarks 

While established conventional approaches have allowed the 
development of many currently available vaccines, mRNA-based vac
cines have benefited significantly through breakthroughs in novel 
technologies based on at least three decades of scientific development, 
allowing them to reach the market of mass vaccination for the first time 
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at relatively high speed [20]. 
On the other hand, whereas the majority of early work in mRNA 

vaccines focused on cancer therapeutics, several reports have demon
strated the potency and versatility of mRNA to protect against a wide 
variety of viral agents, including influenza virus [120,121], Ebola virus 
[121] Zika virus [56], and now SARS-CoV-2 virus [5,93]. 

The Pfizer–BioNTech COVID‑19 and Moderna COVID-19 vaccines 
are two mRNA vaccine platforms that have shown good tolerability, 
inducing antigen-specific T and B cell immune responses with minimal 
differences in immunostimulatory profiles [5,14,85,93,122]. However, 
many experimental approaches are needed to prove that the optimiza
tions suggested and implemented by both developers are the most 
appropriate. Only until then, we could do an entirely rational critical 
analysis to improve the design of both vaccines, leading to their more 
optimized development in the future. In this regard, further research is 
needed to determine how different human populations respond to the 
mRNA vaccine components and how these nucleoside-modified mRNA 
molecules elicit long-lasting and robust cellular and humoral immune 
responses against SARS-CoV-2 in humans, in terms of differences be
tween individuals [14,107]. 

The inherent structural instability of the spike protein has been an 
essential aspect in the design of vaccines because the loss of its native 
conformation may lead to the induction of antibodies with lower 
neutralizing activity [20,119]. Furthermore, new strategies and opti
mizations are required to decrease the doses employed by these mRNA 
vaccines and elicit more robust and extended memory responses with 
just one immunization [123]. Efforts to develop thermostable formula
tions more suitable for wide distribution and long-term storage, while 
preserving biological activity, have been gaining interest, specifically 
freeze-dried mRNA [124], lyophilized mRNA[125] as well as 
protamine-complexed mRNA formulations [126,127]. 

In order to meet global demand, mRNA vaccines can be designed and 
produced massively at relatively high speed, even though this relies on 
the synthesis of RNA and the procurement of the required supplies, like 
capping compounds, triphosphate nucleotides, cholesterol, and other 
components for the lipid nanoparticles, as well as large numbers of vials 
glass vials, syringes, dry ice, and cold packs for distribution. 

Although several of the current COVID-19 vaccine platforms elicit 
neutralizing antibodies against the S protein of SARS-CoV-2, these may 
exhibit different protection grades among different population groups 
such as children, pregnant women, immunocompromised populations, 
and immunosenescent age groups ≥ 65 years [117,128], an aspect that 
deserves to be evaluated in the medium and long term. 

Pfizer-BioNTech and Moderna Therapeutics plan to update their 
vaccines and develop booster doses to improve their efficacy against any 
future variants [129]. More extensive relevant human clinical experi
ence will give us a more comprehensive insight into mRNA vaccine 
approaches. 
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