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Making vaccines has often been described as a 
thankless task. In the words of Dr. Bill Foege, one 
of the world’s greatest public health physicians, 
“Nobody ever thanks you for saving them from 
the disease they didn’t know they were going to 
get.” However, public health practitioners con-
sider vaccines to be an excellent return on invest-
ment because they prevent death and disability, 
especially when given in childhood. So why do we 
not have vaccines for more vaccine-preventable 
diseases? The reason is that vaccines must show 
both high efficacy and phenomenal safety to war-
rant their use in healthy people, making product 
development a long and difficult process. Before 
2020, the average time from conception of a vac-
cine to licensure was 10 to 15 years; the shortest 
time (for the mumps vaccine) was 4 years. The 
development of a vaccine for coronavirus disease 
2019 (Covid-19) in 11 months was therefore an 
extraordinary feat and was made possible by 
years of basic research on new vaccine platforms, 
most notably messenger RNA (mRNA).1,2 The con-
tributions of Dr. Drew Weissman and Dr. Katalin 
Karikó, recipients of the 2021 Lasker–DeBakey 
Clinical Medical Research Award, are particularly 
notable.

The principles behind nucleic acid vaccines 
are rooted in Watson and Crick’s central dogma 
— that DNA is transcribed into mRNA, which in 
turn is translated into protein. Nearly three 
decades ago, it was shown that the introduction 
of either DNA or mRNA into a cell or any living 
organism results in expression of a protein de-
fined by the nucleic acid sequence.3 Soon there-
after, the concept of nucleic acid vaccines was 
validated when proteins expressed from exogenous 
DNA were shown to induce a protective immune 
response.4 However, real-world application of DNA 
vaccination has been limited, initially because of 
safety concerns regarding DNA integration and 

later because of the poor scalability of efficient 
delivery of the DNA into the nucleus. In con-
trast, despite being prone to hydrolysis, mRNA 
appeared to be more tractable because the nucle-
ic acid did not need to be delivered into the nu-
cleus; it is functional in the cytosol. However, 
decades of basic research performed by Weiss-
man and Karikó, initially in their own laborato-
ries and then after licensing to two biotechnol-
ogy companies (Moderna and BioNTech), were 
needed for the realization of mRNA vaccines. 
What were the keys to success?

They had to overcome several hurdles. mRNA 
is recognized by innate immune-system pattern-
recognition receptors (Fig. 1), including the toll-
like receptor family members (TLR3 and TLR7/8, 
which sense double-stranded RNA and single-
stranded RNA, respectively) and the retinoic 
acid–inducible gene I protein (RIG-I) pathway, to 
induce an inflammatory response and cell death. 
(RIG-I is a cytosolic pattern-recognition receptor 
that recognizes short double-stranded RNA and 
activates type I interferon and thus the adaptive 
immune system.) Consequently, injection of mRNA 
in animals led to shock, which suggested that 
there might be a limit to the dose of mRNA that 
can be used in humans without unacceptable 
side effects. To explore ways to mitigate the in-
flammation, Weissman and Karikó set out to 
understand the way in which pattern-recogni-
tion receptors discriminated pathogen-derived 
RNA from self RNA. They observed that many 
intracellular RNAs, such as the abundant ribo-
somal RNAs, are highly modified and speculat-
ed that these modifications might allow self 
RNAs to evade immune recognition. A critical 
breakthrough came when Weissman and Karikó 
showed that modification of mRNA by replacing 
uridine with pseudouridine attenuated immune 
activation5 while retaining the ability to encode 
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proteins.6 This modification resulted in an in-
crease in protein production that was up to 1000 
times that of unmodified mRNA6 because the 
modified mRNA evades recognition by protein 

kinase R, a sensor that recognizes RNA and then 
shuts down protein translation through phos-
phorylation and activation of the translation initia-
tion factor eIF-2α.7 This pseudouridine-modified 

Figure 1. Cellular Recognition and Clinical Consequences of the Use of Unmodified and Modified mRNA in Vaccines.

As shown in Panel A, unmodified messenger RNA (mRNA) introduced into the cell engages endosomal and cytosolic pattern-recogni-
tion receptors to induce cell death or an inflammatory response. In addition, recognition of the unmodified mRNA by protein kinase R 
shuts down protein synthesis and reduces antigen expression. Vaccines that contain unmodified mRNA show increased reactogenicity, 
a narrow therapeutic window, and reduced immunogenicity. As shown in Panel B, mRNA that has been modified by the addition of 
pseudouridine does not engage intracellular and cytosolic pattern-recognition receptors and shows reduced inflammation and cell 
death. The failure of modified mRNA to activate protein kinase R results in continued protein expression and strong immunogenicity. 
In the clinic, vaccines that contain modified mRNA show less reactogenicity, a wider therapeutic window, and improved immunogenici-
ty, as compared with vaccines that contain unmodified mRNA. IRF denotes interferon regulatory factor, NF nuclear factor, RIG-I retinoic 
acid–inducible gene I protein, and TLR toll-like receptor.
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mRNA is what forms the backbone of the li-
censed mRNA vaccines developed by Moderna 
and Pfizer–BioNTech.

The final breakthrough was the determina-
tion of how best to package the mRNA to pro-
tect it from hydrolysis and to deliver it to the 
cytosol of the cell. Various mRNA formulations 
had been tested in a number of vaccines against 
other viruses. In 2017, such testing led to clinical 
evidence of an mRNA vaccine that, when encap-
sulated and delivered by a lipid nanoparticle, 
boosted immunogenicity while retaining a man-
ageable safety profile.8 Supporting studies in 
animals showed that lipid nanoparticles targeted 
antigen-presenting cells in the draining lymph 
node and also adjuvanted the response by induc-
ing the activation of a particular type of follicu-
lar CD4 helper T cell.9 This type of T cell in-
creases the production of antibodies, the number 
of long-lived plasma cells, and the degree of ma-
ture B-cell responses. Both of the currently li-
censed Covid-19 mRNA vaccines use lipid nanopar-
ticle formulations.

We were fortunate that these advances in basic 
research had been completed before the pandemic 
and that the companies were therefore poised for 
success. The mRNA vaccines are safe, efficacious, 
and scalable; more than 1 billion doses of mRNA 
vaccines have been administered, and the ability 
to scale further to supply 2 billion to 4 billion 
doses in 2021 and 2022 will be vital in the global 
fight against Covid-19. Unfortunately, until max-
imum scale has been achieved, gross inequities 
in access to these lifesaving tools will persist, 
with mRNA vaccines being administered primar-
ily to people living in high-income countries.

More generally, mRNA heralds a new dawn 
for the field of vaccinology and offers opportuni-
ties for protection against other infectious ill-
nesses, such as improvement in the influenza 
vaccine and development of vaccines for the big 
killers — malaria, HIV, and tuberculosis — that 
have remained relatively refractory to conventional 
approaches. Diseases such as cancer that have 
previously been deemed to be difficult targets 
because of the low probability of success and the 
need for personalized vaccination can now be con-
sidered. Beyond vaccination, we have now admin-
istered billions of doses of mRNA and have 
shown that it is safe, paving the way for other 
RNA therapies, such as protein replacement, RNA 
interference, and CRISPR-Cas (clustered regularly 

interspaced short palindromic repeats associated 
with a Cas endonuclease) gene editing.10 The RNA 
revolution has just begun.

Although Weissman and Karikó’s scientific 
achievements have already saved millions of lives, 
Karikó’s career is also part of the story — not 
because it was unique but because it was ordi-
nary. She came from a humble background in 
Eastern Europe and immigrated to the United 
States to pursue her dream of science, only to 
experience the typical struggles with the Ameri-
can tenure system, years of perilous grant fund-
ing, and demotions. She even took pay cuts to 
ensure that her laboratory remained operational 
and that the research continued. Karikó’s scien-
tific journey was difficult and is one that is fa-
miliar to many women, immigrants, and under-
represented minorities working in academia. If you 
ever have the good fortune to meet Dr. Karikó, you 
will find yourself face-to-face with the epitome 
of humility; perhaps she is grounded by those 
difficult times.

The hard work and achievements of Weiss-
man and Karikó exemplify aspects of scientific 
process. Great things come from small begin-
nings, and the work is long and hard and requires 
tenacity, wisdom, and vision. Although we must 
not forget that many around the world remain 
without vaccines, those of us who have been for-
tunate enough to have received a vaccine against 
Covid-19 appreciate its protection. We congratu-
late these two basic scientists, whose remarkable 
work made these vaccines possible. In addition, 
along with so many, I offer them thanks; we owe 
them an unfathomable debt of gratitude.

Disclosure forms provided by the author are available at 
NEJM.org.

From the Gates Foundation and the Benaroya Research Insti-
tute at Virginia Mason — both in Seattle. 

This article was published on September 24, 2021, at NEJM.org.

1. Polack FP, Thomas SJ, Kitchin N, et al. Safety and efficacy of 
the BNT162b2 mRNA Covid-19 vaccine. N Engl J Med 2020; 383: 
2603-15.
2. Baden LR, El Sahly HM, Essink B, et al. Efficacy and safety of the 
mRNA-1273 SARS-CoV-2 vaccine. N Engl J Med 2021; 384: 403-16.
3. Wolff JA, Malone RW, Williams P, et al. Direct gene transfer 
into mouse muscle in vivo. Science 1990; 247: 1465-8.
4. Ulmer JB, Donnelly JJ, Parker SE, et al. Heterologous protec-
tion against influenza by injection of DNA encoding a viral pro-
tein. Science 1993; 259: 1745-9.
5. Karikó K, Buckstein M, Ni H, Weissman D. Suppression of 
RNA recognition by Toll-like receptors: the impact of nucleoside 
modification and the evolutionary origin of RNA. Immunity 
2005; 23: 165-75.

The New England Journal of Medicine 
Downloaded from nejm.org on October 4, 2021. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 



T h e  n e w  e ngl a nd  j o u r na l  o f  m e dic i n e

n engl j med   nejm.org 4

6. Karikó K, Muramatsu H, Welsh FA, et al. Incorporation of 
pseudouridine into mRNA yields superior nonimmunogenic 
vector with increased translational capacity and biological sta-
bility. Mol Ther 2008; 16: 1833-40.
7. Anderson BR, Muramatsu H, Nallagatla SR, et al. Incorpo-
ration of pseudouridine into mRNA enhances translation by 
diminishing PKR activation. Nucleic Acids Res 2010; 38: 5884-
92.
8. Bahl K, Senn JJ, Yuzhakov O, et al. Preclinical and clinical 
demonstration of immunogenicity by mRNA vaccines against 

H10N8 and H7N9 inf luenza viruses. Mol Ther 2017; 25: 1316-
27.
9. Pardi N, Hogan MJ, Naradikian MS, et al. Nucleoside-modi-
fied mRNA vaccines induce potent T follicular helper and germi-
nal center B cell responses. J Exp Med 2018; 215: 1571-88.
10. Sahin U, Karikó K, Türeci Ö. mRNA-based therapeutics — de-
veloping a new class of drugs. Nat Rev Drug Discov 2014; 13: 759-80.

DOI: 10.1056/NEJMcibr2111445
Copyright © 2021 Massachusetts Medical Society.

The New England Journal of Medicine 
Downloaded from nejm.org on October 4, 2021. For personal use only. No other uses without permission. 

 Copyright © 2021 Massachusetts Medical Society. All rights reserved. 


