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1955-60s growing up in Hungary
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1973-85

University of Szeged
1973-78

Biological Research Center 
Hungarian Academy of Sciences

Szeged
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The Lipid Lab

Research Institute for Fisheries
Szarvas, Hungary

1976-78

Biological Research Center
Hungarian Academy of Sciences
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The Lipid Lab
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Biological Research Center
Hungarian Academy of Sciences

Éva Kondorosi
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Tibor Farkas
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The RNA Lab 

Prof. Jenö Tomasz 
  
  

Jenö Tomasz

János Ludwig

1978-85

Biological Research Center
Hungarian Academy of Sciences

2’-5’ oligoadenylate,  2-5A

Nature 1977, 268: 540
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2-5A – The antiviral molecule
Biological Research Center
Hungarian Academy of Sciences
Szeged, Hungary

2’-5’ oligoadenylate,  2-5A
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1978-85

Nature 1977, 268: 540
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The nucleoside Lab
Temple University & Hahnemann University
Philadelphia

mismatched dsRNA
Ampligen

polyI:polyC12U

1985-88

dsRNA
polyI:polyC

interferon
i.v. 250 mg dsRNA   2x week

for 18 weeks



PreMedCC – April 8 2023 1961

1961 - Discovery of mRNA

Nature 1961 , 190: 576
Nature 1961 , 190: 581

mRNA: the labile intermediate carrying the message 
from the DNA to ribosome  
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2020

Structural and functional 
characterization of mRNA isolates

1961

1984

l synthesizing mRNA 
by in vitro 
transcription (IVT) 
from DNA templates

l Discovery of mRNA

Application of IVT mRNA 
in animals

1990
l Translation of 

injected mRNA in 
mouse muscle in 
vivo 

1993

l mRNA used 
for influenza 
vaccine

l mRNA used 
for as cancer 
vaccine

1995

2000
l CureVac the first 

mRNA company is 
established

Application of IVT mRNA 
in clinical trials

2005

l Nucleoside-
modified mRNA 
nonimmunogenic

2009
l First human cancer

immunotherapy 
using direct 
injection of mRNA

Milestones of mRNA development for therapy 

2018

l VEGF-A mRNA 
treatment of 
Heart failure

l Cas-9 mRNA 
treatment of 
ATTR

2020
l Covid-19 

mRNA vaccine

2021

l Covid-19 mRNA 
vaccines FDA-
approved 

1992

l mRNA used to treat 
animal with genetic 
disease
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Cap1 structure

Structural characterization of mRNA isolates: 5’-end cap  – 3’-end polyA tail 

Nature 1975, 253: 374
Nature 1975, 255: 28
Nature 1975, 255: 33
Nature 1975, 255: 37 JBC 1975, 250: 9322

Moss & colleagues

A proposed structure of the 5' 
terminal part of CPV mRNA

m7GpppAmG AAAncoding sequence
cap1

5’UTR 3’UTR
polyA-tailEukaryotic mRNA
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Functional characterization of mRNA isolates    1969 – 78 

Rodent reticulocyte
(precursor of red blood cell) 

frog oocyte

Rabbit reticulocyte 
cell lysate

BBRC 1969, 37: 204

Nature 1971, 233: 177
J Mol Biol 1971, 61: 73

Detection of 
hemoglobin 
β-chains

mRNA translation in a 
mammalian cell-free system 

mRNA translation in 
a living cell

Hemoglobin
b-chain 
mRNA

Separation of mouse 
reticulocyte RNA

microinjection
of mRNA

b-Globin 
mRNA isolation

Liposome 
formulation

Murine spleen 
lymphocytes 

immunoprecipitation

Fusion of cells with 
liposome-mRNA

globin

mRNA translation in 
primary mammalian cell

Nature 1978, 274: 921
Nature 1978, 274: 923

Alec Bangham – liposome 1965
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1984 – Synthesizing mRNA in test tube

1984

The first in vitro synthesis of mRNA and its translation into a functional protein

Plasmid DNA
Transcription/capping

+ SP6 RNA Polymerase - 1984
+ ATP, GTP, UTP, CTP
+ capping enzyme

m7GpppG AAAAAAHuman 𝛽 interferon
CDS

Cap structure
5’UTR 3’UTR

polyA-tail
In vitro-transcribed mRNA 

(IVT mRNA)

Nucleic Acids Res. 1984, 12: 7035, 7057

frog oocyte

human IFN

10 h incubation

microinjection
of mRNA
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Application of in vitro-transcribed mRNA in animals

• 1990 Direct gene transfer into mouse muscle in vivo – Wolff and colleagues
Science 1990, 247: 1475

• 1992 Vasopressin mRNA therapy in rats – Bloom and colleagues
Science 1992, 255: 996

• 1993 NP mRNA for influenza vaccine – Martinon, Meulien and colleagues
Eur J Immunol  1993, 23: 1719

• 1994 NP saRNA for influenza vaccine – Liljeström and colleagues
Vaccine  1994, 12: 1510

• 1995 mRNA for cancer vaccine in mice – Conry, Curiel and colleagues
Cancer Res  1995, 55: 1397

• 1996 mRNA for cancer vaccine human DC – Gilboa and colleagues
J Exp Med  1996, 184: 465



PreMedCC – April 8 2023

Challenges for the human use of mRNA in 1990s

mRNA

• unstable, degrade

• amount of translated protein is too little

• immunogenic

10 

5‘ CAP
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inflammatory

AAA

3'-UTR

Coding sequence
Poly(A) tail

51 Time

5'-UTR
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Developing mRNA for therapy
Cardiology - Medical School of University of Pennsylvania

1989 - 97

Elliot Barnathan
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Developing mRNA for therapy
Neurosurgery - Medical School of University of Pennsylvania

1997 - 2013

David Langer
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1998-2000 - Evaluating gag mRNA in human dendritic cells

m7GpppG AAAAAAgag CDS

Cap structure
5’UTR 3’UTR

polyA-tail

Transfection

human dendritic cells

gag mRNA 

Drew Weissman
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2005 - Natural RNAs are not equally potent activators of DCs

tRNA

Immunity 2005, 23: 165

tRNA is enriched in modified nucleosides

Transfection

Inflammatory response
TNF-α

RNA

Monocyte-derived human DCs

J Immunol  2000, 165: 4710
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100+  Naturally-occurring modified nucleosides in RNA

DNA and RNA Modification Enzymes: Structure, Mechanism, Function and Evolution,
edited by Henri Grosjean
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2’-O-methylation and pseudouridylation in RNA

Pseudouridylation
dyskerin (pseudouridine synthase) 
guide RNA (sno/scaRNA) 
accessory proteins

2’-O-methylation  
fibrillarin (2’-O-methyltransferase)
guide RNA (sno/scaRNA)
accessory proteins

Cell 1996, 85: 1077 Cell 1997, 89: 799

Tamás Kiss
U. Toulouse
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Incorporation of modified nucleotides into RNA by in vitro transcription

2005

Immunity 2005, 23: 165

Plasmid DNA
Transcription

+ T7 RNA Polymerase
+ cap analog
+ ATP, GTP, UTP, CTP
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Transfection

Isolated primary human DCs

inflammatory response

synthetic-RNA

Immunity 2005, 23: 165

2005 – Synthesizing modified mRNA – Measurement of inflammatory response
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Immunity 2005, 23: 165

2005-08 Modified uridine-containing mRNA is non-immunogenic, Ψ-mRNA translates the best

Mol. Therapy  2008, 16: 1833

U 
uridine  

Ψ 
pseudouridine  

m5U 
5-methyluridine  

s2U 
2-thiouridine  

Nucleoside-modified uridines 

m1Ψ 
1-methylpseudouridine  
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Patenting the technology – establishing a small biotech  – RNARx

2005

Established:
March 13, 2006
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2012 Pseudouridine-modified mRNA: non-inflammatory, translates into functional EPO 

2012

Mol. Therapy 2012, 20: 948



PreMedCC – April 8 2023

Further optimizing IVT mRNA 

Plasmid DNA
Transcription

+ T7 RNA polymerase
+ NTP
+ cap1 analog

m7GpppAmG AAAAAACDS

Cap1 structure

5’UTR 3’UTR

polyA-tail

In vitro-transcribed mRNA 
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wt mRNA Codon-optimized UTR- & cap-optimized All-optimized &
Nucleoside-modified,

Purified

Sahin U, Karikó K, Türeci Ö. mRNA based therapeutics
- developing a new class of drugs,

Nature Reviews Drug Discovery 2014, 13: 759 

2013

2013 BioNTech
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Optimizing mRNA performance by multiple modifications
The path to the development of a new class of active substances

Combination of modifications of the structural
mRNA components plus nucleoside modification
makes an extreme increase in antigen production. 
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51 Time Time

Modification of the mRNA structural elements

modified nucleosides

Sahin U, Karikó K, Türeci Ö. (2014)  mRNA based therapeutics - developing a new class of drugs, Nat Rev Drug Disc 13: 759-780.
Karikó, K et al. (2005) Suppression of RNA recognition by Toll-like receptors: the impact of nucleoside modification and the evolutionary origin of RNA. Immunity 23: 165-175; 
Holtkamp S et al. (2006) Modification of antigen-encoding RNA increases stability, translational efficacy, and T-cell stimulatory capacity of dendritic cells. Blood 108: 4009-4017. 

Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ Ψ
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Therapeutic efficacy of CD3xCLDN6 RiboMAB-encoding mRNA

• Elimination of advanced xenograft tumors upon three weekly 
treatments of mice with 3 µg RiboMAB-encoding mRNA 

• mRNA (3 injections) as effective as the corresponding recombinant 
bsAb (10 injections)

LNP-formulated mRNA (3 µg)
or 200 µg/kg rec. protein

Humanized NSG mice

ClinicalTrials.gov Identifier: NCT05262530
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Intratumor injection of mRNA for cancer treatment

interleukin-12 single chain mRNA
interferon-alpha mRNA
GM-CSF mRNA
IL-15 sushi mRNA

ClinicalTrials.gov Identifier: NCT03871348
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2020

Structural and functional 
characterization of mRNA isolates
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FDA approval
August 23, 2021

Timeline: development of mRNA vaccines against SARS-CoV-2

Barbier et al. Nature Biotechnology 2022
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VEGF-A mRNA treatment of heart failure Phase-2 clinical trial
Synthetic mRNA Encoding VEGF-A in Patients Undergoing Coronary Artery Bypass 
Grafting: Design of a Phase 2a Clinical Trial  - Molecular Therapy: Methods & 
Clinical Development 2020, 18:464-472

January 2022 
https://www.3sat.de/wissen/wissenschaftsdoku/220203-sendung-wido-102.html

ClinicalTrials.gov Identifier: NCT03370887

First patient injected:
February 5, 2018

https://urldefense.com/v3/__https:/www.3sat.de/wissen/wissenschaftsdoku/220203-sendung-wido-102.html__;!!B2jYIWBvqQ!3YpVD4Yaczni30rvvwEodwg4xsDYT-yg0in5lKl_7WgU_BCnAXkTB-pjqjtaucH2Zz220iU$
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CAS-9 mRNA for treatment of patients suffering from ATTR – by Intellia

Clinical trial started on 
November 5, 2020

N Engl J Med 2021; 385:493-502

ClinicalTrials.gov Identifier: NCT04601051
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m7GpppAmG A70LinkerA30Coding sequence
cap1

5’UTR 3’UTR
polyA-tail

mRNA for therapy 

2023 and beyond - mRNA is a new class of medicine

mRNA in clinical trials to prevent or treat
• infectious disease

– RSV, Flu, CMV, HIV, ZKV, HSV, EBV, HMPV, Nipah, TB, malaria

• cancer

– vaccines, antibodies,  CAR-T cells, intratumor injection of cytokine mRNAs

• acute diseases

– VEGFA, relaxin heart falilure, VEGFA wound healing

• genetic diseases

– OTCD, Propionic acidemia, methylmalonic acidemia, glycogen storage 

disease,  genome editing (Cas9 mRNA), cystic fibrosis, sickle cell anemia




