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MRNA vaccines to protect against COVID-19

Evanthia Tourkochristou'?, Athanasia Mouzaki'?

PREFACE

The outbreak of coronavirus disease (COVID-19),
caused by severe acute respiratory syndrome corona-
virus 2 (SARS-CoV-2), in Wuhan, China, spread rapidly
around the world and was declared a pandemic by
the World Health Organization on March 11, 2020. To
date, 97.5 million cases and 2,089,460 deaths have
been reported worldwide (Johns Hopkins Coronavirus
Resource Center. COVID-19 Map. Accessed January 22,
2021. https://coronavirus.jhu.edu/map.html). The high
transmissibility of SARS-Cov-2, which causes different
clinical symptoms that escalate to severe, fatal infection
in certain cases, made the rapid development of vac-
cines urgent [1]. The development of mMRNA vaccines
against SARS-Cov-2 was a strategy that gained rapid
acceptance because their production is simple, rapid,
and inexpensive - features that can save time against
the rapidly spreading COVID -19 pandemic [2].

Previous attempts for mRNA vaccine creation
and use

mRNA vaccines have already been designed and
tested in preclinical studies for a variety of infectious
diseases such as Zika, influenza, papilloma, CMV, Ebola,
rabies and HIV viruses, with varying results [4]. mRNA
vaccines against chikungunya, hMPV/PIV3, H10N8, and
H7N9 viruses were tested in phase | clinical trials and
were found to be safe and well tolerated, eliciting robust
antibody responses and causing mild side effects at
the injection site and systemically [3-5]. A rabies virus
glycoprotein (RABV-G) mRNA vaccine caused mild to
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moderate injection site side effects in almost all vac-
cinated subjects, while systemic side effects such as
fever, fatigue, and pain occurred in 78% of subjects.
Nevertheless, the vaccine failed to induce a sufficient
immune response as antibody titers dropped 1 year
after vaccination [6]. Lower antibody titers were also
observed in clinical trials than in animal studies when
influenza virus-specific mRNA vaccines were used [5].
An mRNA vaccine against HIV was studied in a phase
[ trial in chronically HIV-infected patients; the vaccine
induced moderate HIV-specific T-cell responses and
mild side effects [7]. Studies on optimal dosage, delivery
systems and routes of administration are still ongoing
to improve the immunogenic efficacy of mRNA vaccines
and ensure their good safety profile.

Formulation and action of mRNA vaccines

A conventional mRNA-based vaccine is prepared in
a simple, rapid, and effective manner in vitro by tran-
scribing linear plasmid DNA using aT7,a T3, or a Sp6
phage RNA polymerase. The transcript, which consists
of an open reading frame encoding the target protein,
flanking untranslated regions UTRs and a poly(A) tail,
is capped at the 5’ end and purified.

Another type of mRNA platform, called self-am-
plifying mRNA (samRNA), is based on an engineered
genome of alphaviruses that contains genes encoding
the target antigen and RNA replication machinery
[8]. samRNAs are able to direct their intracellular self-
replication, resulting in the synthesis of multiple copies
of the target protein in a manner that mimics the de
novo production of viral antigens [8]. Lipid nanopar-
ticles (LPNs) are effective transporters for engineered
mRNA sequences, ensuring their stability and integrity;
however, it is still unclear whether their components
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can be toxic [9]. A proposed mechanism of mRNA vac-
cinesis shown in Figure 1. Once the LPN-encapsulated
mRNA enters the cytosol of an antigen-presenting cell
(APC) via endocytosis, it uses the host cell’s translational
machinery to drive translation of the target protein,
which then undergoes post-translational modifications
to become a properly folded, functional protein. The
translated target antigen is either degraded by the
proteasome within the cell, where the antigen peptides
are transported into the endoplasmic reticulum and
loaded onto MHC molecules presenting them on the
cell surface to induce antigen-specific T-cell responses,
or secreted by the host cell and re-captured by other
APCs (macrophages, dendritic cells, B-cells). The vaccine
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mRNA is eventually degraded by the natural intracel-
lular processes [10].

mRNA vaccines against COVID-19

Two samRNA vaccines against SARS-Cov-2, the
BNT162b2 (Biotech/Pfizer) and the mRNA-1273 (Mod-
erna), have reached phase lll clinical trials. The mRNA-
1273 isan LNP-encapsulated mRNA vaccine that encodes
the S-2P antigen through which SARS-Cov-2 enters the
host cell. This is the first SARS-Cov-2 vaccine to enter
phase | clinical trials on March 16, 2020. mRNA-1273,
administered in 2 doses, showed mild to moderate ad-
verse effects after both vaccinations, eliciting time- and
dose-dependent antibody responses against the S-2P
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Figure 1. Proposed mechanism of antiviral mRNA vaccine. Intramuscular injection of the vaccine releases mRNA (LPN-mRNA) encapsulated
in lipid nanoparticles in the dermis. The LPN-mRNA is taken up by antigen-presenting cells (APCs), including dermal dendritic cells (DCs)
and dermal macrophages. Once the LPN-mRNA enters the cytoplasm of the APC by endocytosis, it uses the host cell’s translational ma-
chinery to direct the translation of viral proteins (antigens). After synthesis, the viral proteins are properly folded and made functional by
post-translational modifications. The translated viral antigens are then degraded by the proteasome within the cell, resulting in antigenic
peptides. The peptides are transported into the endoplasmic reticulum and loaded onto MHC (HLA) molecules and presented on the cell
surface to naive CD4+ T helper and CD8+ T cytotoxic cells, which become activated antigen-specific T-cells. Antigenic peptides secreted
by the host cell are recaptured and re-presented by other APCs. In parallel, they are recognized by naive B-cells in the periphery, which are
activated and differentiate into IgM-producing plasmocytes. B-cells that capture antigenic peptides and present them to antigen-specific T
helper cells are licensed by these to differentiate and produce isotype-switched antigen-specific antibodies (mainly IgG) in the lymph nodes.
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protein, antigen-specific CD4+ T-cell responses, and
to a lesser extent CD8+ T-cell responses [11]. Neutral-
izing antibodies were observed in all participants only
after the second vaccination, highlighting the need
for administration of two doses. Induction of antibody
and Th1 T-cell responses represents a major goal for
SARS-CoV-2 vaccines to reduce the risk of vaccine-
associated enhanced respiratory disease observed in
previous animal studies of SARS-CoV and MERS-CoV
infections [12]. A phase Il study of 30,420 participants
(aged 18 to 65 years) who received the vaccine in two
intramuscular doses showed that the efficacy of the
vaccine against COVID-19 starting 14 days after the
second dose was estimated to be 94.1%, although lower
in older participants (>65). Mild local reactions and
transient moderate-to-severe systemic events, includ-
ing fatigue, myalgia, arthralgia, and headache, as well
as a low frequency (<2%) of non-fatal serious adverse
events and hypersensitivity reactions were observed
after the second dose of mRNA-1273 [13].

However, there are still limitations, such as the short
follow-up time of the safety and efficacy of the vaccine,
as the study is not yet completed and a follow-up of 2
years will be conducted. The FDA granted an Emergency
Use Authorization (EUA) for the use of Moderna vac-
cine mRNA-1273 in adults over 18 years of age in the
United States on December 18, 2020, and the European
Commission approved the use of Moderna vaccine
mRNA-1273 in adults over 18 years of age in Europe
on January 6, 2021.

BNT162b2 (BioNTech/Pfizer) is another LPN-formu-
lated mRNA vaccine encoding a prefusion-stabilized
membrane-anchored full-length SARS-CoV-2 spike pro-
tein. Two phase I/1l clinical trials were conducted in the
United States and Germany to evaluate the safety and
immunogenicity profile of a 2-dose regimen (1, 10, 20,
or 30 pg per dose) of BNT162b2 in healthy participants
aged 19to 85 years [14,15]. Two doses of 30ug BNT162b2
achieved a high production of SARS-Cov-2 neutralizing
antibodey titers (lasting up to 63 days after the boost
vaccination) and elicited antigen-specific CD8+ T-cell
and Th1-type CD4+ T-cell responses. However, lower
antibody responses were observed in older compared to
younger participants, a result also observed in other vac-
cines, and is attributed to immune senescence [16,17].
BNT162b2 entered phase II/Ill studies (NCT04368728)
including 43,448 participants 16 to 55 years or older,
assigned 1:1 to receive an intramuscular injection of 30
Hg BNT162b2 or placebo in a 2-dose schedule, 21 days
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apart. A total of 37,706 participants from various ethnic
groups, including individuals with obesity and coexist-
ing conditions, and with no evidence of existing or prior
SARS-CoV-2 infection were studied for at least 2 months
post-vaccination. The efficacy of BNT162b2 was 95%
because only 8 cases got COVID-19 among the 36,523
participants after the 2nd dose of vaccination compared
to 162 cases that received the placebo [18]. During the
clinical evaluation of BNT162b2, a good safety profile
was observed, characterized by mild to moderate local
reactions in all participants (predominantly injection
site pain and injection site redness or swelling, which
occurred less frequently) that resolved within 1 to 2 days
and did not recur after the second dose. Systemic events
(fatigue, headache, chills, fever, muscle/joint pain) after
both vaccinations, occurred on day 2 after vaccination
and resolved within 5 days. Fever (>380C), fatigue, and
headache were more common in younger participants
(16 to 55 years old) than in older ones (>55 years old)
and mainly after the second dose of vaccination. A
transient slight increase in CRP level and a decrease in
blood lymphocytes were also observed. CRP levels and
lymphocyte counts are considered pharmacodynamic
markers of the mode of action of RNA vaccines, and
the transient decrease in lymphocytes is probably due
to the observed redistribution of lymphocytes to lym-
phoid tissues related to the stimulation of the innate
immune system, according to previous clinical data on
RNA vaccines [19]. BNT162b2-related serious adverse
events were reported in a few participants, including
postvaccination shoulder injury, right axillary lym-
phadenopathy, paroxysmal ventricular arrhythmia, and
right leg paresthesia; serious systemic events occurred
in less than 4% of participants. Although 2 BNT162b2
and 4 placebo deaths occurred, none were related to
vaccine or placebo administration. Safety monitoring
will continue for 2 years after the second dose. The
encouraging results of the Phase II/Ill trials allowed the
FDA to grant BioNTech/Pfizer an emergency approval
for BNT162b2 on December 11,2020 and the European
Commission to grant BioNTech/Pfizer a conditional
marketing authorization (CMA) on December 21, 2020.

CONCLUSIONS

Future considerations include evaluation of adverse
events longer than 2 months after boost vaccination,
duration of vaccine protection, vaccine protection
in younger adolescents, children, pregnant women,
immunocompromised individuals, individuals with
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asymptomatic infection, and individuals with a history
of coronavirus. In addition, ongoing studies need to
optimize RNA formulation and stability to reduce the
need for cold storage (the vaccine is currently stored and
shipped at -60 to -800C) and improve vaccine efficacy,
as the nucleotide composition of RNA may affect its im-
munostimulatory activity and reactogenicity profile [20].

Overall, given the relatively good safety and immu-
nogenicity profiles of mRNA vaccines, there is optimism
that global vaccination will help end the pandemic
COVID-19. Hopefully, if this type of vaccine proves effec-
tive, there will be renewed efforts to use this technology
to produce vaccines for the many infectious diseases
that remain incurable.
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