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ABSTRACT

In 2023, Katalin Karikó and Drew Weissman were awarded the Nobel Prize in Physiology or Medicine for their 
nucleoside base modifi cations research that later enabled mRNA vaccine development against COVID-19. 
This paper briefly reviews these achievements in the context of the development of mRNA technology and 
its enormous potential for medicine in the prevention of various infectious diseases and cancer treatment, 
including personalised therapies. It is beyond any doubt that discoveries made by Karikó and Weissman 
were pivotal in overcoming one of the major hurdles in the practical application of mRNA molecules, i.e., the 
recognition of exogenous mRNAs by endosomal Toll-like receptors and downstream innate immune respon-
se, ultimately leading to the decreased translational activity of delivered mRNA and its degradation. Altho-
ugh the Nobel Prize for Karikó and Weissman is fully justifi ed, it must be stressed that mRNA technology 
would never unfold its potential for public health without a collective scientifi c effort encompassing over 40 
years of research.

Introduction

On October 2, 2023, the Nobel Assembly at Karo-
linska Institute awarded Katalin Karikó and Drew 
Weissman the Nobel Prize in Physiology or Medi-
cine "for their discoveries concerning nucleoside 
base modifi cations that enabled the development 
of effective mRNA vaccines against COVID-19" 
[1]. However, this achievement will likely have 
a broader impact on contemporary medicine, 
both within and outside the prevention of infec-
tious diseases. This article discusses the accom-
plishments made by Karikó and Weissman in the 
context of the development, achievements, and 
future of mRNA technology.

Brief history of practical 
use of mRNA molecules

To understand the impact of research conducted 
by Karikó and Weissman, one should fi rst com-
prehend the history of mRNA technology. The 
mRNA molecules and their regulatory role in the 
synthesis of proteins in cells were described in 
1961. The fi rst attempt to introduce mRNA mol-
ecules into cells to induce the translation of the 
desired protein dates back to 1976 when duck 
globin mRNA was microinjected into human and 
avian cells [2]. In 1978, the rabbit globin mRNA 
was introduced into mouse lymphocytes using 
liposomes as vehicles [3]. Almost a decade lat-
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er, in 1989, the effi cient and reproducible meth-
od for RNA transfection, based on cationic lipid, 
N-[1-(2,3-dioleyloxy)propyl]-N,N,N-trimethylam-
monium chloride, incorporated into a liposome, 
was developed as shown by in vitro introduction 
of Photinus pyralic luciferase mRNA, synthesized 
in vitro, into variety cell types, including human, 
that resulted in increased enzyme activity [4]. 
One year later, mRNAs encoding chloramphenicol 
acetyltransferase, luciferase, and beta-galacto-
sidase were injected into mouse skeletal in vivo, 
leading to detectable protein expression [5]. Soon, 
this approach was attempted for immunization 
(e.g., against influenza) and led to the induction 
of humoral and cellular immunity in mice [6, 7].

Revolutionary nucleosides 
modifi cations

However, signifi cant challenges arose: (1) the 
vehicles used for mRNA had unfavorable safety 
profi les, (2) the use of naked mRNA was prone to 
immune recognition and degradation by RNAse, 
and (3) using dendritic cells transfected with 
mRNA ex vivo, offered as the potential solution to 
issues described in point 1 and 2, was impossible 
to be implemented in mass vaccinology [8]. Works 
by Karikó and Weissman provided a solution to the 
issue described in point 2, i.e., sensing of exoge-
nous RNA by endosomal Toll-like receptors (spe-
cifi cally, TLR3, TLR7, and TLR8), ultimately leading 
to the production of pro-inflammatory cytokines 
and type I interferons, which activate RNA degra-
dation [9]. However, as shown in 2005, the incor-

poration of various modifi ed nucleosides ablat-
ed this response to different extents, resulting in 
higher translational activity of mRNA. Specifi cal-
ly, using N6-Methyladenosine and 2-Thiouridine 
suppressed the ability of RNA to stimulate TLR3, 
whereas N6-Methyladenosine, 5-Methylcytidine, 
5-Methyluridine, 2-Thiouridine, and pseudouridine 
(Ψ) modifi cations blocked stimulation of TLR7 
and TLR8. The immune stimulation was also sup-
pressed proportionally with the number of modi-
fi ed nucleosides incorporated in RNA, but even 
a few modifi cations were superior compared to 
unmodifi ed RNAs [10]. Substituting uridine with Ψ 
(see Figure 1) was eventually evidenced to signifi -
cantly increase the activity of exogenous mRNA 
introduced into cells by reducing their recognition 
by innate immunity and increasing the stability of 
the RNA molecule [11, 12]. Realization of this was 
pivotal for the further development of the mRNA 
platform. As postulated, the altered secondary 
structures in modifi ed mRNAs cannot be recog-
nized effectively by RNA-dependent protein kinase, 
which correlates with attenuated IF2α phospho-
rylation [13]. As shown later by other authors, the 
substitution of uridine by N1-Methyl-pseudouri-
dine (m1Ψ) (see Figure 1) revealed an even better 
performance than the use of Ψ because, in addition 
to TLR7 and TLR8, it also decreased the activation 
of TLR3 (14). As suggested, this superb transla-
tion activity of m1Ψ-containing mRNA could result 
from increased ribosome density resulting from 
the deceleration of elongation [13]. Broader eva-
sion of Toll-like receptors and downstream innate 
immune signalling improved mRNA's cellular via-
bility and signifi cantly increased translation [14].

Figure 1. The uridine is a natural constituent of mRNA molecules. Pseudouridine is one of the modifi ed nucleosides discovered by  
Katalin Karikó and Drew Weissman, 2023 Nobel Prize laureates in Physiology or Medicine, to evade Toll-like receptors recognition of 
exogenous mRNAs and increase the translational activity of these molecules. N1-Methylpseudouridine was later demonstrated to be 
even more superior in this regard and was eventually used in mRNA vaccines against COVID-19.
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Achievements of mRNA vaccines

Both authorized mRNA vaccines against 
COVID-19, i.e., BNT162b2 (BioNTech/Pfi zer) and 
mRNA-1273 (Moderna), employed m1Ψ substi-
tuting each uridine [15]. Their use has been evi-
denced to be a life-saving intervention. COVID-19 
vaccines, including mRNA vaccines given at 
over 2.5 billion doses, have averted an estimated 
19.8 million deaths in the fi rst year of the global 
COVID-19 vaccination campaign. The number of 
deaths averted per administered dose was more 
signifi cant in high-income countries, and this 
phenomenon was attributed to better access to 
more immunogenic and effi cacious mRNA vac-
cines [16]. In other words, vaccine equity, postu-
lated numerous times throughout the COVID-19 
pandemic, would save even more lives [16–19]. 
A Polish retrospective study also evidenced 
the high effectiveness of the mRNA vaccine, 
BNT162b2, in preventing COVID-19 deaths, with 
an estimated 61,803 deaths averted by vaccina-
tion in 2021 in Poland [20]. 

Future of mRNA technology

Beyond any doubt, such public health benefi ts 
would not be possible without previous discover-
ies made by Karikó and Weissman. However, their 
signifi cance was not fully realized for years. The 
success of mRNA vaccines against COVID-19 led 
to continuous interest in further applications of 
the mRNA platform. As discussed recently, this 
technology provides various advantages, bypass-
ing numerous issues that had long been slowing 
the progress of vaccine candidates when employ-
ing more traditional approaches [17]. As a result, 
various candidates developed using mRNA tech-
nology, i.e., against influenza viruses (including 
universal mRNA influenza vaccine), human immu-
nodefi ciency virus 1, respiratory syncytial virus, 
Nipah virus, Zika virus, human cytomegalovirus, 
and Epstein-Barr virus are currently on different 
stages of testing, including clinical studies [17]. 

Moreover, the mRNA platform is employed to 
develop novel cancer therapeutics with encour-
aging results from early clinical trials employ-
ing mRNA as monotherapy and in combination 
with checkpoint inhibitors [21]. The flexibility of 
mRNA technology allows the mRNA sequence 

to be quickly optimized to specific tumour-as-
sociated neoantigens that can vary widely 
between individuals, ultimately allowing the 
direction of the immune system in a highly per-
sonalized treatment approach [22]. Its potential 
has been recently shown in the phase 1 clini-
cal trial of personalized mRNA neoantigen vac-
cine BNT122, expressing up to 20 neoantigens, 
for treating pancreatic ductal adenocarcinoma, 
a highly malignant form of cancer [23].

The collective research effort

The Nobel Prize in Physiology or Medicine for 
the achievements of Karikó and Weissman is 
fully justifi ed. However, one should note that the 
mRNA technology would not unfold its poten-
tial for public health without a collective effort 
encompassing over 40 years of research. Piv-
otal discovery also included the development of 
nanoparticle carriers (formulated with PEGylated 
lipids, cholesterol, ionizable lipid, and phospho-
lipids), which are characterized by an improved 
safety profi le compared to cationic lipids used 
initially and enhance the cellular delivery of 
mRNA molecules [24]. Moreover, modifi cations of 
the 5' cap and 3' poly-A tail of mRNAs and selec-
tion of particular 5'UTR and 3'UTR also signifi -
cantly stabilize mRNA molecules and increase 
their translational effi ciency [25–27]. The crit-
ics highlight that the way the Nobel Prizes rec-
ognize individuals does not reflect the collab-
orative nature of modern research [28]. As Rich-
ard Feynman, a 1965 Nobel Laureate in Physics, 
once said, when asked about the meaning of 
this award: "I don't like honours. I've already got 
the prize. The prize is the pleasure of fi nding the 
thing out, the kick in the discovery, the observa-
tion that other people use it. Those are the real 
things". In the case of mRNA technology, the 
real thing is human health that has already been 
saved and can be saved in the future.
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