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1955-60s growing up in Hungary
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1968-69 competing in science
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1968 — Csillebérc - Camp for 7t" graders, winners of the regional biology competition
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1960-70s
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The Lipid Lab

Biological Research Center
Hungarian Academy of Sciences

Tibor Farkas Eva Kondorosi

Acta Biochim. et Biophys. Acad. Sci. Hung. Vol, 20 (3—4), pp. 203— 211 (1985)

Liposome Mediated DNA-transfer into Mammalian Cells

G. SomLyal, E. Konporosi, K. KARrIKS,* E. G. Dupa

Institute of Biochemistry and *Institute of Biophysics, Biological Research Center, Szeged,
Hungary '

Erno Duda
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The RNA Lab

Biological Research Center
Hungarian Academy of Sciences

THE JoursaL oF BioLocicar CHEMISTRY
Vol. 251, No. 16, Issue of August 25, pp. 5043-5053, 1976
Printed in US.A.

Mechanism of Formation of Reovirus mRNA 5'-terminal
Blocked and Methylated Sequence, m’"GpppG™pC

(Received for publication, March 26, 1976)

Y ASUHIRO FURUICHL S. MUTHUKRISHNAN, JENG TOMASZ*, AND AARON J. SHATKIN

From the Roche Institute of Molecular Biology, Nutley, New Jersey 07110, and the *Institute of
Biophysics, Szeged, Hungary
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Milestones of mMRNA development for therapy

* 1961 Discovering mRNA

1978 Isolated mMRNA delivery into mammalian cells
* 1984 Synthesizing mRNA in vitro

e 1990s - Optimizing performance of the mRNA

e 2010s - Optimizing formulation for mRNA delivery

* 2021 FDA approval of COVID-19 LNP-mRNA vaccine
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1961 - Discovery of mRNA

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

Information flow

DNA smmp mRNA mmmp Protein

hucleus

ibosome

@

protein
synthesis

cytoplasm

Nature 1961, 190: 576
Nature 1961, 190: 581
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1984 - Synthesizing mRNA in test tube

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

ding In vitro-transcribed mRNA

/\% < - . Cap structure (IVT mRNA) polyA-tail
Transcription/capping

. ' Human g interferon :
Plasmid DNA ) . M7GpppG =1 i DS AL AAAAAA

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

Harvard University
Douglas Melton
Paul Krieg

Nucleic Acids Res. 1984, 12: 7035, 7057
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1984 - Synthesizing mRNA in test tube

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

In vitro-transcribed mRNA
Transcription/cappin Cap structure (VT mRNA) polyA-tall
g 7GpppG sUTR Human B Cigtser'fer'on 3'UTR AAAAAA
+ SP6 RNA Polymerase - 1984 l
+ ATP, GTP, UTP, CTP
+ capping enzyme microinjection
of mRNA
Harvard University
Douglas Melton g y
Paul Krieg e . & — human IFN
15 S » i
| : ’- p— i

10 h incubation
frog oocyte
Nucleic Acids Res. 1984, 12: 7035, 7057
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Challenges for the human use of mMRNA in 1990s

5 CAP ' Coding sequence AAA

5-UTR 3-UTR Poly(A) tail

unstable
inflammatory

Protein production

I I

1 5 10 Time
MRNA
* unstable, degrade
« amount of translated protein is too little

e cause inflammation
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Timeline of key milestones for mRNA and lipid nanoparticle development

MRNA
and its function®

Lipid nanoparticle

post intramuscular
injection in mice®

In vitro translation of
isolated mRNA in a
cell-free system?®*?
Development of liposome—
mRNA formulations™*
Development of cationic
Free mRNA translation LNP-mRNA formulations™

Injection of vasopressin
mRNA into rat brain as
protein replacement
therapy for diabetes
insipidus™’

Development of liposome—
mRNA formulations as
influenza vaccine!™

Injection of
carcinoembryonic antigen
mRNA into mouse muscle
as a cancer vaccine'”

First clinical trial of mRNA-
engineered dendritic cells
(NCT0o0004211)

Nucleoside-modified
mRNA shows reduced
immunogenicity'®?

LNPs encapsulating
small molecules
(doxorubicin or
amphotericin B) were

approved by the FDA*

LNPs encapsulating
daunorubicin were
approved by the FDA
and the EMA*®

LNPs encapsulating
verteporfin were

approved by the FDA'®

Clinical trial of mRNA
th ti i
p;::lr:ﬁ::i\;mg LNPs encapsulating
formulations vincristine were
(NCT00204607) Clinical trial of LNP-mRNA approved by the FDA™
formulations for cancer
i th ies (NCT02316457.
IO A ] ! LNPs encapsulating
= Clinical trial of LNP-mRNA formulations MIEEEEAEE
as influenza vaccines (NCT03076385) approved by the FDA™
iy R = Clinical trial of LNP-mRNA formulations N
p;m;:al;renjzkmu for protein replacement therapies Wil et:llcapsulatlng
cancer vaccines’” (NCT03375047) ST LD 18
approved by the FDA
= mRNA-1273 and BNT162b (LNP-mRNA
formulations) COVID-19 mRNA O"Pa“"fa":NP‘.RNA
Ve Saed autoriaton rom Spespiatng SN
regulato encies in multi st rug,
ci% n‘tn'e;y g B was approved by I;I:e
= Clinical trial of LNP formulations FDA and the EMA
delivering gene-editing components
for genetic disorders (NCT04601051) . . .
Nature Reviews Materials(2021) 6:1078
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https://www.nature.com/natrevmats
https://www.nature.com/natrevmats

Developing mRNA for therapy

Medical School of University of Pennsylvania, Philadelphia

Cap structure uPAR mRNA holyA-tail In vitro-transcribed mRNA
Transcription n76pmp6 R PAR CDS surk PV : :
o 4 DNA I m7Gppp6 5'UTR 3UTR AAAAAA
asmi + T7 RNA Polymerase
+ ATP, GTP, UTP, CTP Transfection || Lipofectin iNOS
+ cap analog
Catalase, SOD-1, SOD-2,
mammalian cell Glutathione Peroxidase, Ph-GPx
RNasel, DNase, apyrase, NT5E,
.“.,,.,1_‘. # N-Glycosylation
l Intren position
T ::r:::::;:o :::“ age site a Biochimica et Biophysica Acta 1369 (1998) 320-334 )

Phosphate-enhanced transfection of cationic lipid-complexed mRNA and

plasmid DNA
L Katalin Kariké **, Alice Kuo °, Elliot $. Barnathan ®, David J. Langer * )
/Journal of Neuroscience Methods 105 (2001) 77-86 \

In vivo protein expression from mRNA delivered into adult rat
brain

Domain |

/\

Katalin Kariké *, Jason M. Keller, Valerie A. Harris, David J. Langer,
K Frank A. Welsh

membrane

Gene Therapy (1999) 6, 1092-1100

Overexpression of urokinase receptor in mammalian
cells following administration of the in vitro transcribed
encoding mRNA

K Kariko!, A Kuo? and ES Barnathan?
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1998-2000 - Evaluating gag mRNA in human dendritic cells

Drew Weissman

gag mRNA
Cap structure polyA-tail

M76GpppG = gag CDS SUALEE. AAAAAA

Transfection l

@ human dendritic cells

/J Immunol 2000: 165:4710-4717

HIV Gag mRNA Transfection of Dendritic Cells (DC) Delivers
Encoded Antigen to MHC Class I and II Molecules, Causes
DC Maturation, and Induces a Potent Human In Vitro
Primary Immune Response’

Drew Weissman,* Houping Ni,* David Scales,* Annie Dude,* John Capodici,*

\ Karen McGibney,* Asha Abdool,* Stuart N. Isaacs,* Georgetta Cannon,* and Katalin Kariké"

~

J
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2005 - Natural RNAs are not equally potent activators of DCs

M Isolated RNA

1 Transfection

= >

Monocyte-derived human DCs

1

Inflammatory response
TNF-a

Immunity 2005, 23: 165
— s
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2005 - Natural RNAs are not equally potent activators of DCs
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2005 - Natural RNAs are not equally potent activators of DCs
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100+ Naturally-occurring modified nucleosides in RNA

Pyrimidine derivatives in RNAs

-CH; m%U,m°C)mD
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=Se
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DNA and RNA Modification Enzymes: Structure, Mechanism, Function and Evolution,

edited by Henri Grosjean

Purine derivatives in RNAs

-cosylation

=0 G
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T -
-NH |(CH;), mé-6A
“NH |CH,CH=C(CH,), 6A 6
{ -NH CHch=C(CH3XHZOH ioﬁA mb‘f A
|-NH [COCH, acA
-NH |CONHCH,CO,H goA e
-NH |CONHCH(CO,H)CH(OH)CH, 16A ——/mszfné:. msz‘ltb/: .
"-NH |CONHCH(CO,H)CH(OH)CH,CH;  hnfA ms%io®A, ms
ms?hn®A
'Doubly’ modified> m?-7G,m?.2.7G6
= 7 E 16 miA mi
G-transgly- CH; m 6 CH, m'G,m'A,m'I

OHyW ., yW,

m8A

G-

mvmwk:;( /e
b Nfl.\
| >

~CH,

-CHy

Ribose (im6=part)|\(

/

Am, 6m, Im

*Am, *6m ='Doubly’ modified

-NH

-CH; —» 2'QH 4
-NH

-Ribose-POH, Arp,6rp

Hypermodi-
-fication

m?A
SCH; ms?A
CH,4 m?G
(CH3), m?26

CH,

—

2022 Solvay Prize Lecture




2005 - Incorporation of modified nucleotides into RNA by in vitro transcription

» RNA-1866
< Transcription modification: ¢ 0N

Ao\
EEs P

Plasmid DNA , e kb N

+ T7 RNA Polymerase =
+ cap analog 2.0

+ ATP, GTP, UTP, CTP 12

- 1,866 nt

NTP
m5C
m5U
y
m6A
s2U

miA
miG
m7G no

2'-0O-Met-C

1
2'-0O-Met-U Immunity 2005, 23: 165

yes
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2005 - Synthesizing modified mRNA — Measurement of inflammatory response

RNA-1866
modification: ¢ 0N
Mnthetic-RNA Kb SELs (&2‘\9
3.0
Transfection 2.0
15
1.0
Isolated primary human DCs DC1 DC2
l

inflammatory response

RNA-1571

poly(U) [N-D. ! ! : : . .
0 100 200 O 50 100 |
TNF-a (pg/ml) TNF-a (pg/ml)

Immunity 2005, 23: 165
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2005-08 Modified uridine-containing mRNA is non-immunogenic, W-mRNA translates the best

L ] i iy
H.C H.C.

f( NH N~ NH 8 | NH (L NH 3¥~NT NH

III/&O H/go III/&O III/J%S H/KO

ribose ribose ribose ribose ribose
U b4 mbU s2U mly o
uridine pseudouridine 5-methyluridine 2-thiouridine  1-methylpseudouridine

Nucleoside-modified uridines

DC1 DC2

RNA-1571

poly(U) |N.D. —_—
0 100 200 0 50 100 '
TNF-a (pg/ml) TNF-a (pg/ml)

Immunity 2005, 23: 165
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2005-08 Modified uridine-containing mRNA is non-immunogenic, W-mRNA translates the best

Lo X
A0~ N

o) o)
(K NH I\{)LNH RisC [ NH . \H
T/&O lYkO T/&O [ij/gs k‘/ko 10{4n 293 cells

ribose ribose ribose ribose ribose
U b4 mbU s2U mly o
uridine pseudouridine 5-methyluridine  2-thiouridine  1-methylpseudouridine

Nucleoside-modified uridines

DC1 DC2

lipofectin

poly(1):(C)
R-848

Fold increase in translation

_[enmodified N
N Q < <
0 S ¥BuBR3e
g 2 EVEE

2 32
o« capRen

mRNA modification

poly(U) [N.-D. _—
0 100 200 0 50 100 |
TNF-a (pg/ml) TNF-a (pg/ml) Mol. Therapy 2008, 16: 1833

Immunity 2005, 23: 165
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2012 Pseudouridine-modified mRNA: non-inflammatory, translates into functional EPO

-&- EPO W-mRNA (0.1 ug)
—&— EPO U-mRNA (0.1 ug)
——-rmEPO protein (3.0 ug)

% - luc ¥-mRNA (0.1 ug)
= -¢ uninjected
o

O
6103
= 1,000¢ v
: E |
102 - ¢
3 P B
S
(]
i 3 1004 z
0 6h 1 2 3 4 5 : %
Days post-injection | ot _?_
- §
10
un- EPO EPO
injected U-mRNA W-mRNA
(1 kg) (1 pg)

Hematocrit %

-&- EPO W-mRNA (1 ug)
-4+ EPO U-mRNA (1 ug)
- luc W-mRNA (1 ug)

35+

0 5 10 15
Days post-injection

Hematocrit %

454

o
L

o
%

-~ EPO W-mRNA (0.1 ug)
- luc W-mRNA (0.1 ug)

Mol. Therapy 2012, 20: 948
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Protein Production

Sahin U, Kariké K, Tureci O. mRNA based therapeutics - developing a new class of drugs,
Nature Reviews Drug Discovery 2014, 13: 759

28

2013 BioNTech

wt mRNA

5
Time (days)

Codon-optimized

Time (days)

Plasmid DNA

10

Further optimizing IVT mRNA

Transcription

EE——)

+ T7 RNA polymerase
+ NTP
+ capl analog

Capl structure

m7GpppAmG

UTR- & cap-optimized

5'UTR

1 5
Time (days)
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Optimizing mMRNA performance by multiple modifications

The path to the development of a new class of active substances

Modification of the mRNA structural elements

vyyy
' Coding sequence AAA Coding sequencet AAAAXAA
5'CAP 3-UTR Poly(A) Tail 5'CAP 5.UTR - mMmm 3-UTR Poly(A) Tail
modified nucleosides
Standard _ Optimized

c
S MRNA S MRNA
= 2
8 o
= a
c £
S Q
el e
E L )

I [ - I I

1 5 10 Time 10 Time

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

Sahin U, Kariké K, Tiireci O. mRNA based therapeutics - developing a new class of drugs, Nat Rev Drug Disc, 2014.
Kariko, K et al D. (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, 2006.
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Therapeutic efficacy of CD3xCLDN6 RiboMAB-encoding mRNA

Humanized NSG mice

5'UTR 3'UTR A LNP-formulated mRNA (3 pg)

b INSENENE N or 200 pg/kg rec. protein
\ m1Y¥

*kk%k

nature,, .
I l ledICI | Ie Translation
VOLUME 23 | NUMBER 7 | JULY 2017 v : —
[recombinant protein/vehicle 1P|
. . . v, ey Lo QL TEHT I ETT A
Elimination of large tumors i - gy ik o | A il T A
1 1 OV-9 PBMC
in mice by mRNA-encoded ol &csearetion 1,500 0 T
bispecific antibodies Y 3
~\
[} \
Christiane R Stadler!, Hayat Bihr-Mahmud!, Leyla Celik!, £ 1.000- ' ,’[— )
Bernhard Hebich!, Alexandra S Roth!>, René P Roth!>, % ; :Ij‘
Katalin Kariké!, Ozlem Tiireci? & Ugur Sahin!3* CD3 x TAA bi-(scFv), > Vi
S -~/ —— CD3xCLDN6 mRNA I*
S 500- S/ —— rCD3xCLDNS protein L*
c Y ~—— Luc mRNA
% ~ == Vehicle control
(V)
=

10 20 30 40 50
Days post tumor inoculation
* Elimination of advanced xenograft tumors upon three weekly treatments of mice with 3 pug RiboMAB-encoding mRNA

«  mRNA (3 injections) as effective as the corresponding recombinant bsAb (10 injections)
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Intratumor injection of mRNA for cancer treatment

Local delivery of mRNA-encoding cytokines promotes
antitumor immunity and tumor eradication across
multiple preclinical tumor models

Christian Hotz'", Timothy R. Wagenaar2*+, Friederike Gieseke', Dinesh S. Bangari?,

Michelle Callahan?, Hui Cao?, Jan Diekmann', Mustafa Diken"?, Christian Grunwitz’,

Andy Hebertz, Karl Hsuz, Marie Bernardoz, Katalin Karik61, Sebastian Kreiter""‘,

Andreas N. Kuhn', Mikhail Levit?, Natalia Malkova?, Serena Masciari?, Jack Pollard?, Hui Qu?,
Sue Ryanz, Abderaouf Selmi3,.lulia Schlereth1, Kuldeep Singhz, Fangxian Sunz, Bodo Tillmanr
Tatiana Tolstykh?, William Weber?, Lena Wicke', Sonja Witzel?, Qunyan Yu? Yu-An Zhang?,
Gang Zheng?, Joanne Lagerz*, Gary J. Nabel?s, Ugur Sahin'>*%, Dmitri Wiederschain?!|

interleukin-12 single chain mRNA
interferon-alpha mRNA

GM-CSF mRNA

IL-15 sushi mRNA

@ence Translational Medicine \

(cf. Transl. Med. 13, eabc7804 (2021) /

Control mRNA

Cytokine mRNA

mixture photons s=' cm

ClinicalTrials.gov Identifier: NCT03871348
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Induction of tolerization with autoantigen-encoding mRNA

mouse models of multiple sclerosis

(" Science

MULTIPLE SCLEROSIS

A noninflammatory mRNA vaccine for treatment of
experimental autoimmune encephalomyelitis

Christina Krienke'?, Laura Kolb™, Elif Diken', Michael Streuber’, Sarah Kirchhoff', Thomas Bukur’,

Ozlem Akilli-Oztiirk!, Lena M. Kranz®, Hendrik Berger®, Jutta Petschenka'*, Mustafa Diken?,
\ Sebastian Kreiter'®, Nir Yogev®®, Ari Waisman®®, Katalin Kariké®, Ozlem Tiireci®”, Ugur Sahin'23} /
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2017- Generating m1W-mRNA encoding glycoproteins of Zika virus

Zika virus

il '/J. ZIKV protein
| ///////////f iy

Norbert Pardi
University of Pennsylvania

IVT m1W-mRNA SP-prM-E

LNP-formulated mRNA
80-100 nm

Nature 2017, 543: 248
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2017 ZIKV modRNA-LNP protects macaques from ZIKV challenge

Vaccination i.d.: 50, 200 or 600 ug
ZIKV prM-E m1W-mRNA-LNP
50 pug ~ 0.02 mg/kg

Challengei.d.: 10,000
TCID,,

live ZIKV PRVABC59

1ot FRNT NAb
103 ° n : 288 ﬂg ZIKV prM-E
A® o A )
-:E’ . ?;A., :“A: s $a - 50 g mRNA-LNP
5 1
101 .8
100 T T T T T
0 2 4 9 12
Weeks post-immunization
106
I= —— Control
) 105 —
@ 10 600ug | 71ky pru-E
Q —— 200 ug
Q 104 mRBNA-LNP
3 10
< —+ 30 ug
& 108
< 102
N
101 T T T T
1 3 5 7

Days post-infection

Nature 2017, 543: 248
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2020 Clinical development of BNT162b2 covid-19 mRNA vaccine

Initiated Pivotal Phase

COVID-19 mRNA Vaccine 2/ 3 Trial Phase 3 trial meets all
Program Initiation rimary efficac
9 Lead mRNA vaccine candidate P ry Y FDA approval
January 27, 2020 ) : endpoints
chosen; up to 44,000 subjects August 23, 2021
: July 27, 2020 November 18, 2020

SARS-CoV-2 Phase 1/ 2 Trial Initiated Rolling Global roll-out has begun

Genetic Sequence Germany Started April 23,2020 Submissions Approval for emergency use /
Made Public : ) U.S. Started May 4, 2020 ’ October. 2020 temporary supply or Conditional
January 12, 2020 Collaborations FDA Fast Track ' Marketing Authorization in more than
Fosun Pharma: designation 45 countries worldwide including the
U.S. and E.U.
March 16, 2020 JU|y 13, 2020
December, 2020
Pfizer:

March 17, 2020

BIONT=CH @Pﬁzer

2022 Solvay Prize Lecture



VEGF-A mRNA treatment of heart failure

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

VEGF-A

165 Synthetic mRNA
(AZD8601)

First patient injected:
February 5, 2018

Randomization AZD86013 mg (n=38)
| AZD8601 30 mg (n = 8)
Placebo (n =8)

i

*0-water PET myocardial

blood flow imaging
Personalized Coronary artery
injection map bypass grafting

30 epicardial
injections to
ischemic but
viable areas of
myocardium Lol o

during surgery

Myocardial blood Clinical / functional January 2022
ClinicalTrials.gov Identifier: NCT03370887

flow improvement? improvement?

Phase 2 study of mMRNA therapeutic that encodes for vascular
endothelial growth factor-A (VEGF-A) (AZD8601) met the primary
endpoint of safety and tolerability

ClinicalTrials.gov Identifier: NCT03370887
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CAS-9 mRNA for treatment of patients suffering from ATTR — by Intellia

Stage 1 =3  Stage 2: Early =3 Stage 2:Late =3 Stage 3

Clinical trial started on
November 5, 2020

TTR-specific
sgRNA

Complementary
sequence to
TTR gene

Streptococcus

pyogenes (Spy) [ |
Cas9 mRNA

Lipid nanoparticle

ApoE opsonization
of LNP in circulation

ApoE protein

Rapid distribution to liver

through hepatic artery

NTLA-2001 delivers sgRNA and Cas9 into the nucleus,
which precisely edit and inactivate the TTR gene

Cas9/sgRNA Ribonucleoprotein induces Endogenous DNA repair via nonhomologous end
ribonucleoprotein unwinding of chromosomal DNA, joining results in introduction of indels into TTR
enters nucleus then binds to DNA at TTR gene, gene, leading to frameshift mutations that
inducing targeted DNA cleavage prevent production of functional TTR protein
Cytoplasm Nucleus
Ribonucleoprotein ’ RNP
_ SgRNA Targeted DNA
SgRNA . HNH cleavage
omplementary A 4

' 3‘—/ }—5' . 3 v 5
o ~ s’ Gengm\c DNA 5 A 3

Non-complementary & PAM
RuvC

Change in Serum TTR Concentration in Patients Who Received 0.3 mg/kg
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N EnglJ Med 2021; 385:493-502
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Thanks to all of those who have helped me on my journey
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