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Introduction
In 2020, the word mRNA leapt from biology textbooks to headlines 

across the world. As the world grappled with deadliest pandemic in a 
century, which has killed over 600,000 people in US alone, many began 
to put their faith in vaccines to prevent Covid-19 infection. The vaccine 
candidates that quickly rose to the forefront were based on mRNA 
technology – a platform that has never previously been used clinically 
for vaccines. There was much uncertainty and apprehension about 
success of this approach; the future of the physical and economic health 
of United States and the world rested on mRNA-based vaccines. The 
fact that 2 vaccines – one by Moderna in partnership with National 
Institute of Health and another by BioNTech/Pfizer- have shown a 
very high efficacy and minimal toxicity, have established the mRNA 
platform as a very promising tool for potential therapeutics for many 
diseases [1-3].

Here, we briefly review the discovery of mRNA, early attempts 
to use this molecule for therapy, and then chronicle the COVID-19 
pandemic, and mRNA vaccine development against SARS-CoV-2. 
We will then briefly discuss possible applications to other diseases and 
conclude with remarks about the need for international cooperation in 
science.

Discovery of mRNA

Several well researched-articles and book chapters chronicle the 
discover of mRNA [4,5]. The story begins with the research of Avery, 
McLeod and McCarty of Rockefeller University in identifying DNA 
as the “Transforming Principle” in pneumococcal bacteria. In today’s 
world, where discoveries are recorded and published in nanoseconds, 
Avery took many years to publish his results as he was unsure that 
scientific world was ready to accept his revolutionary findings. His 

thinking is probably validated by the fact that Avery, who survived 11 
years after the publication of his landmark paper, did not receive the 
Nobel prize because the committee was not ready to accept that the 
heritable element is DNA and not protein [4,5].

The landmark Nobel prize winning publication in 1953 by 
James Watson, Francis Crick [6], Wilkins and Rosalind Franklin 
(unfortunately not recognized before her premature death in 1958) 
suggested that the sequence of four DNA bases contains specific genetic 
information and was copied during its replication [4,6]. However, how 
this genetic information is used to produce proteins – the workhorse 
of cells- remained elusive. As very elegantly described by M. Cobb, 
ribosomal RNA was identified and described in 1958, but its function 
remained elusive [4].

Scores of ingenious experiments by several researchers around 
the world suggested that there was a short-lived RNA intermediary 
produced by genes, but its structure and function remained unclear. 
It was left to Crick to postulate what then became the central dogma 
of molecular biology, i.e., DNA transcribes RNA which in turn gets 
translated into protein [4,6]. Further, it was postulated in the mid-1950’s 
that the reverse process i.e., protein to RNA to DNA, does not occur [5]. 
As we know now, RNA can produce DNA by reverse transcription as 
shown by Baltimore and Temin [7,8].
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It was during this time that transfer RNA was discovered, 
and several groups of scientists were converging on the idea of a 
“messenger” carrying the information stored on DNA to the ribosomes 
in the cytoplasm to direct protein synthesis. Two papers with authors 
including Gilbert, Brennan, Watson, and Jacob (all Nobel laureates for 
other work) were simultaneously published in same issue of Nature 
[9,10]. Jacob and Monod described mRNA as a tape that copied the 
information from DNA and carried it to ribosomes, which read the 
instructions and made the requisite proteins [11]. Cobb and others 
have described work of many groups on this subject, which exemplifies 
how science moves in tandem in many laboratories and demonstrates 
how collaboration is critical for scientific progress [4].

About 30 Nobel prizes have been given for discovery of various 
elements of cell and molecular biology, but not for identification of 
mRNA [4]. The reasons cited include; too many investigators involved 
as Nobel prize can be given to only 3 living people at a time- (6 if 
given for Medicine/physiology and chemistry); the discovery almost 
simultaneously of the genetic code by Marshall Nirenberg and his 
colleagues eclipsed the importance of mRNA [12]. However, as we 
discuss here, mRNA has made a big comeback in therapeutics and in 
fact has outdistanced other much-hyped species of RNA such micro 
RNAs, silencing RNAs and non-coding RNAs [13,14].

Summary of SARS Covid 2 Infection and Challenges
On December 26th, 2019, a 41-year-old man was admitted to 

Central Hospital in Wuhan, China with fever, chest tightness, cough, 
and fatigue, heralding the beginning of the COVID-19 pandemic 
[15]. It was soon established that the illness in China was caused by 
SARS–CoV-2 virus [15,16]. Of the seven known human coronaviruses, 
three are highly pathogenic (SARS- CoV, SARS-Cov-2 and middle east 
respiratory syndrome (MERS) while other 4 are less virulent, causing 
various “common colds” [16]. The proximal origins and timing of the 
pandemic are unclear, and under intense investigations by the WHO 
among others.

COVID-19 became a worldwide pandemic, spreading to Europe, 
Americas and to Asia. As of April 2021 -at least 136 million people 
have been infected with the virus (a lot more have not been diagnosed) 
and at least 2.9 million people have died from the illness. In the US, 
over 550,000 people have died from Covid. The symptoms and signs 
of disease resemble acute respiratory illness and have been well 
characterized. However, the mortality is 4-5 fold higher than influenza 
and is highly dependent of age of the patient. In addition, 10-20% of 
patients develop chronic symptoms such as fatigue, encephalopathy, 
shortness of breath, muscle weakness, myocarditis which may be caused 
by “rogue” autoimmune antibodies [17,18]. Thus, Covid -19 poses 
challenges with acute symptoms perhaps due to ineffective response of 
innate immunity, including low levels of interferon and or antibodies 
to interferon [19]. This is then followed with an exuberant immune 
response with damage to vital organs in 10-20% of patients [18].

The immunology of Covid-19 has been studied with record-
breaking speed. Immune memory is generated after infection in all 
four major domains i.e., neutralizing antibodies against SARS CoV-
2 spike and receptor binding domain, memory B cells and memory 
CD8 and Cd4 T cells [19,20]. The studies also indicate that in about 
95 % of subjects infected with Covid, immune memory was retained 
at 12 months after infection [20-22]. Very recent studies indicate that 
antibodies to spike protein are present up to 6 months after Covid 
mRNA-based vaccine [22].

Unfortunately, therapies to date have been limited. Remdesvir – a 
nucleotide prodrug of an adenosine analogue – and a broad-spectrum 
antiviral, reduces hospitalization days but has no effect on mortality. 
Tocilizumab, a competitive inhibitor of IL-6 receptor binding, improves 
outcomes in some studies but not others. The use of convalescent 
plasma has produced mixed results. Monoclonal antibodies against the 
spike protein of virus are promising but definitive studies are still on 
going. The only therapy proven to improve mortality from COVID-19 
is the steroid dexamethasone, which was effective in patients with 
severe disease [23]. Thus, best therapeutic measures continue to be old 
rules of preventative hygiene i.e., wearing a mask, hand washing and 
social distancing. Thus the stakes were high for an effective vaccine 
for Covid infections in order to contain and reverse this devastating 
pandemic [24].

Design of Vaccines against SARS-CoV-2
Vaccines for SARS-CoV-2 are based on structure and function of 

the virus itself. This has been well studied with other related viruses 
such as Zika and Hepatitis C [20]. The viruses causing these diseases are 
positive strand RNA (+-RNA) [20]. These viruses package their genomes 
in infectious virions as sense mRNA. The SARS-CoV-2 virus is the 3rd 
human virus that enters cells by co-opting the peptidase angiotensin 
converting enzyme 2(ACE2) [25]. Entry of virus is dependent on its 
180 k Da spike(S) protein which mediates binding of the virus to ACE2 
and fusion of viral and cellular membranes [25,26]. Infection of organs 
requires host proteolytic activation of spike at a furin cleavage site. 
Membrane fusion also requires cleavage of other proteolytic proteases, 
particularly Transmembrane protease serine 2 (TMPRSS2), a host cell 
surface protease that cleaves spike protein shortly after it binds to ACE2 
[25].

Once virus enters the cell through its trimeric spike protein, it 
presents about 2 dozen genes to cellular ribosomes, which then produce 
proteins. The virus then traverses through endoplasmic reticulum and 
using its own polymerases to produce duplicate RNA, 70% of which is 
used for replication [16]. When infected, cells mount a vigorous defense 
response with innate immunity (interferon, monocytes), and adaptive 
immunity with humoral antibodies and cytotoxic T-cells, helper T-cells 
and possibly memory cells [18,25]. The prominent scientist and author 
Siddhartha Mukherjee has succinctly and eloquently summarized the 
challenges of immune reactions [19].

mRNA Vaccines
mRNA has been advocated as vaccine platform as it offers strong 

safety advantages [27]. As its genetic construct contains elements that 
are required for expression of encoded proteins it can be tailored to 
specific targets [28,29]. Perhaps even more importantly, as this is a 
single stranded molecule, recombination between strands or with DNA 
rarely occurs. This lack of genomic integration, in combination with 
mRNA being non- replicative and metabolically unstable (with a half-
life of a few days,) renders this molecule safer than other vectors as it 
is transient carrier of information [29]. Despite considerable progress, 
optimal delivery of vaccines remains a challenge.

Naked mRNA is rapidly degraded by RNases and can be 
immunogenic [27,29]. It cannot penetrate the cell membrane and 
thus delivery to cells cannot occur [29]. Many techniques have been 
developed and tested to incorporate mRNA in various vehicles. Cao 
and Gao have briefly summarized history of development of mRNA 
vaccines [29]. In 1990, Wisconsin researchers showed the practicality of 
mRNA as vaccine in mice in a paper in Science [30]. Subsequent work 
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by others further demonstrated possible applications of this approach. 
However, a major concern was that the constructs generate an innate 
immune response and the technology was not pursued. In 2005, 
researchers found an effective way to evade innate immune response 
by modifying mRNA’s nucleosides [31]. This was a key discovery which 
prevented innate immune rejection of the construct and allowed delivery 
of mRNA into cells. This advance also sparked further innovation in 
mRNA purification, and in modifications to improve mRNA stability. 
As we discuss, very few researchers paid attention to this finding.

The most efficient preparations for vaccines seem to be cationic 
lipid nanoparticles. (LNPs). One of the substances used is polyethylene 
glycol (PEG,) which reduces particle size, prevents particle aggregation 
and increases circulation time. However, PEG may also be a culprit in 
causing allergic reactions [32].

Chronology of mRNA-based vaccines against Covid in-
fections

Damian Garde of STAT news and Jonathan Saltzman of Boston 
Globe published the story of mRNA vaccine developed by Moderna 
[33]. Other publications more or less corroborate this story. This has 
been a truly remarkable story with twists of successes, failures and some 
fortuitous occurrences. The Pfizer vaccine was developed by BioNTech 
(abbreviated form Biopharmaceutical New Technologies), a company 
based in Mainz, Germany [33-35]. It was founded by the husband-
and-wife team Ugur Sahin and Ozlem Tureci of Turkey. Both are 
physician/scientists with a background in immunology.   BioNTech was 
developing mRNA-based vaccines for treatment of cancers including 
melanoma [34]. However, when the pandemic started, it had no FDA 
approved products.

On January 10th, 2020, Chinese scientists posted viral sequence of 
Covid 2 online. Sahin rushed to laboratory and himself constructed few 
genetic vectors that could be deployed in cells to induce an immune 
response to SARS-CoV-2 [35]. The company hired Katalin Kariko who, 
along with Drew Weissman, developed a method of incorporating 
modified nucleosides into mRNA to avoid immune recognition, which 
has been key to success for an mRNA vaccine [31]. The company 
already had communicated with Pfizer, and Sahin called Pfizer’s top 
vaccine expert Kathrin Jansen. This started the collaboration for vaccine 
development. Pfizer did not accept government funding for vaccine 
development but received funding for vaccine deployment [35,36].

Moderna (Mode RNA), a Cambridge, Mass based company, 
originated from the concept of Derrick Rossi of Harvard who used 
the techniques developed by Kariko and Weissman to modify mRNA 
to reprogram adult cells into an embryonic state [33]. According to 
Garde and Saltzman, Rossi took his findings to Professors Timothy 
Springer of Harvard Medical School and Robert Langer of MIT. They 
immediately saw the tremendous potential of introducing mRNA into 
cells to produce proteins and formed Moderna. While Moderna had 
focused on using the mRNA platform to develop cancer vaccines and 
other therapeutics, when the pandemic started they switched their 
focus to COVID-19 [33]. The company, which had yet to produce an 
FDA-approved drug, was able to manufacture the Covid vaccine in 42 
days! The vaccine basically encodes a stabilized version of SARS-Cov- 
2 full length spike trimeric S2 glycoprotein, which has been modified 
to include 2 Proline substitutions at the top of the central helix in S2 
subunit. S Glycoprotein is stabilized in its prefusion conformation and 
mediates host attachment for viral entry.

Both the Moderna and BioNTech/Pfizer vaccines moved rapidly 
and supported by Operation Warp Speed, were tested using novel trial 
designs, allowing rapid generation of data for approval [1,2]. 

Efficacy of these vaccines have exceeded even optimistic 
expectations, demonstrating 95% efficacy in preventing Covid infection 
and entirely preventing severe disease and death [1-3]. Furthermore, 
the results of the clinical trials have been validated in mass vaccination 
of 596,618 persons in Israel [37]. Furthermore, patients of all ages and 
with coexisting conditions benefit from the BNT162b2 mRNA vaccine. 
This is very encouraging as there has been concern as to whether 
vaccines will be equally effective in elderly as their immune system not 
vigorous in responding to infection [38].

Recently, there has been concern that emerging mutant variants 
may lead to vaccine resistance, although the data thus far are reassuring 
[39,40]. However, the mRNA vaccine platform is ideally suited to 
rapidly adapt and deploy new vaccines to prevent infections with these 
variants. However, it has been difficult to scale up in production and 
that has resulted in some delays in delivery of vaccines. A very detailed 
discussion of this topic is beyond the scope of this essay.

Other Applications of the mRNA Based Vaccines
As stated before, investigators have attempted to use this technology 

for other therapeutic indications. Recently Buris and colleagues 
reported a phase 1 dose escalation personalized RNA- based vaccine 
(known as mRNA 4157) in combination with Pembrolizumab in cancer 
[41]. Based on safety profile and encouraging results researchers are 
moving into phase 2 trial [42]. Anecdotally, we have seen responses and 
prolonged disease free survival in patients treated in clinical trials with 
these types of vaccines.

Success of mRNA vaccines in Covid has led to activation of 
several clinical trials with this platform against other viruses, such as 
cytomegalovirus, and cancer and even cell-based therapies such as 
Chimeric-Antigen Receptor T cells. Other trials are looking at using 
this platform replace missing or defective proteins [42,43].

Despite this success story, many challenges remain about the 
delivery, immunogenicity, and potential toxicities of these vaccines. 
Further work is needed to better understand mechanisms of efficacy of 
this class of therapeutics [44,45].

While the pandemic has caused incredible harm, with millions of 
deaths and trillions of economic losses, it has also indirectly opened 
up new vistas for science. mRNA, a somewhat forgotten molecule, 
has come to rescue in the form of vaccines against Covid infections 
[46]. This molecule, identified over 60 years ago and which constitutes 
only 2% of the genome, has become an object of great curiosity and 
many new possible applications. One has to conclude that mRNA is 
the comeback molecule of the year, particularly as vaccines based on 
Adenoviruses have been established to cause rare unusual complications 
like cerebral venous sinus thrombosis with low platelets like heparin 
induced thrombocytopenia [47]. Vascular complications have not been 
seen with mRNA-based vaccines. Recent evidence also is reassuring 
that immunity from these vaccines probably lasts up to a year. Further, 
so far, vaccine immunity protection is against all known virus variants 
including the most dangerous – delta variant [48]. In science, one never 
knows the turns and twists that lay ahead, and which discoveries that 
are left on the back burner will prove to be essential to meet the new 
challenges ahead.
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