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Timeline - mMRNA development for therapy

* 1961
* 1978
* 1984
* 1990
* 2000
* 2005
* 2017
¢ 2021

Discovering mRNA

MRNA delivery into mammalian cells
Synthesizing mRNA in vitro

In vivo delivery of mRNA

IVT mRNA inflammatory in human cells
Nucleoside-modified RNA: non-immunogenic
LNP-formulated modRNA for vaccine

FDA approval of covid-19 LNP-modRNA vaccine
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1961 - Discovery of mRNA

576 NATURE May 13, 1961 vo.. 100

AN UNSTABLE INTERMEDIATE CARRYING INFORMATION FROM
GENES TO RIBOSOMES FOR PROTEIN SYNTHESIS

By Dr. S. BRENNER

Medical Research Council Unit for Molecular Biology, Cavendish Laboratory,
University of Cambridge

DR F, JACOB
Institut Pasteur, Paris
AND
Dr. M. MESELSON

Gates and Crellin Laboratories of Chemistry, California Institute of Technology,
Pasadena, California

UNSTABLE RIBONUCLEIC ACID REVEALED BY PULSE LABELLING
OF ESCHERICHIA COLI

By Drs. FRANCOIS GROS and H. HIATT
The Institut Pasteur, Paris
Dr. WALTER GILBERT
Departments of Physics, Harvard University
AND
Dr, CFG. KURLAND, R. W. RISEBROUGH and Dr. J. D. WATSON

The Biological Laboratories, Harvard University
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1961 - Discovery of mRNA

protein synthesis

cytoplasm
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1978 - Liposome-formulated mRNA transfer into mammalian cells

Nature Vol. 274 31 August 1978 Nature Vol. 274 31 August 1978
Translation of rabbit globin Evidence for translation of rabbit
mRNA introduced globin mRNA after liposome-
by liposomes into mouse lymphocytes mediated insertion into a human cell line
GIORGOS J. DIMITRIADIS g::ﬁ) Jcﬁfgﬁbm Department of Microbiology and Immunology,
1;,‘:"‘}’;’;‘11 Institute for Medical Research, DON LAVELLE,  University of Illinois at the Medical Center,
e [iageway, WILLIAM PaxToN, Chicago, Illinois 60612
Mill Hill, London NW7, UK SHELDON DRAY

mRNA isolation
) Fusion of cells with
Liposome liposomes
Rabbit reticulocyte formulation

(precursor of red blood cell)

immunoprecipitation

globin

Mouse spleen lymphocytes
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1980 - Liposome-formulated DNA transfer into mammalian cells

Biological Research Center 1 ; ]

Hungarian AcademyofSaencé_iE_L_,,.u-q, ‘ d .. ‘s
Szeged, Hujiy/// rrUr TLLL
an s ”ur s h
-nll' ﬁ.lll

II-

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. KARIKO,* E. G. Dupa

Institute of Biochemistry and *Institute of Biophysics, Blologlcal Research Center, Szeged,
Hungary
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Synthesizing mRNA in vitro
1984
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1984 - Synthesizing and evaluating IVT mRNA

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 B interferon :
Plasmid DNA , I m7GpppG =i Ak DS AR AAAAAA

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

Douglas Melton
Paul Krieg

Nucleic Acids Res. 1984, 12: 7035, 7057
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Synthesizing and evaluating IVT mRNA

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

& CiNg 5ot In vitro-transcribed mRNA
Cap structure (IVT mRNA) polyA-tail

- Transcription/capping :
Plasmid DNA , I PR 5UTR Humon s inrerferon 3UTR MUYVYYY)

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

of mMRNA

“ | pr— human IFN
o (o A = ¢ - D B
ot DRI e, — [ -

10 h incubation

Douglas Melton
Paul Krieg

frog oocyte

Nucleic Acids Res. 1984, 12: 7035, 7057
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MRNA delivery in vivo
1990

e
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1990 - mRNA delivery in vivo

1990 SCIENCE, VOL. 247

Direct Gene Transfer into Mouse Muscle in Vivo

Jon A. WOLFE,* ROBERT W. MALONE, PHILLIP WILLIAMS,
WANG CHONG, GYULA ACsADI, AGNES JANI, PHILIP L. FELGNER
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300- mRNA
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1992-96 mRNA delivery in vivo

* 1992

* 1993

* 1994

* 1995

* 1996

Vasopressin mRNA therapy in rats — Bloom and colleagues

Science 1992, 255: 996

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

NP saRNA for influenza vaccine — Liljestrom and colleagues

Vaccine 1994, 12: 1510

MRNA for cancer vaccine in mice — Conry, Curiel and colleagues
Cancer Res 1995, 55: 1397

MRNA for cancer vaccine human DC — Gilboa and colleagues

J Exp Med 1996, 184: 465
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1990s - Synthesis of mMRNA and evaluating in mammalian cells

oang uPAR mRNA
polyA-tail

/70 Cap structure
- Transcription : PAR C :
Plasmid DNA , ) QO PUIR  WARCES Ml AAAAA

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

Transfection || Lipofectin

mammalian cell

4 N-Glycosylation

(" Gene Therapy (1999) 6, 1092-1100 ) oo
. . . . ,L Proteolytic cleavage site
Overexpression of urokinase receptor in mammalian
cells following administration of the in vitro transcribed "
encoding mRNA Boosoosgon
\ K Kariké!, A Kuo? and ES Barnathan? / ‘\ % % B 0P000,

Domain |

O
o)

GPI-Anchor

Am
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IVT mRNA induces inflammatory cytokines
2000
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2000 - Evaluating gag mRNA in human dendritic cells

gag mRNA
Cap structure polyA-tail

M76pppG = gag CDS SALEE. 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

Drew Weissman,* Houping Ni,* David Scales,* Annie Dude,* John Capodici,*
\ Karen McGibney,* Asha Abdool,* Stuart N. Isaacs,* Georgetta Cannon,* and Katalin Kariké*/
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2005 - Natural RNAs are not equally potent activators of DCs

MNA

l Transfection

= >

Monocyte-derived human DCs

l

Inflammatory response
TNF-a

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

300-
4N°®‘:;VA‘ 250 .-
i E
Transfection E’ 200+
e
£ 1501
=
100
Monocyte-derived human DCs
50 -
l : Lal .
| RNase:| - +|- +|- +|- +|- +|- +[- +|- +|- +[- +[- +|- +
=R o |ld § &£ <« ® <|® <
£ O g S 3 s L
Inflammatory response 8 ¥ o3 |2 2 E 2 5 2|8 &
TNF-a S = 38 2 s E ¢
= 8 & e L 3
=< T > 2
oZ g E
§ﬂ: E. coli
= mammalian RNA RNA

Immunity 2005, 23: 165
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2005 - Natural RNAs are not equally potent activators of DCs

300 -
tRNA
w‘/R'NA 2504
) E
Transfection E’ 200
P
% 1501
[
100 -
Monocyte-derived human DCs
501
0 | i I -
[RNase:| - +|- +|- #]|- +[- +|- +[- +|- +]|- +|- +|- +|- +
E 6 QU7 [ § & < T®® <| & < 34
— O < O +3 © = -— 1]. i6 1 W. tSA
Inflammatory response 8 = - s § § < 5 E ° E_ [m? I°A, mG, yW. A
TNF-at g = "8g 23 fFz¢
- a EZ = i 8 [ 1, Gm, Cm, m5C, ¥, mem5U, mem5s2U, ncm5U, ncm5Um |
- I
gr . E. coli
c mammalian RNA RNA tRNA is enriched in modified nucleosides

Immunity 2005, 23: 165
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108 Naturally-occurring modified nucleosides in RNA

Pyrimidine derivatives in RNAs

-CH; (mSU,m5Cm>D

-CH=0 .
-CH,OH ChmiU
-CH,CONH, nem®U
-CH,CO,CH;  mem®U
-CH(OH)CO,H chm®U
-CH(OH)CO,CH,4
mchm®U
-CH,NH, nmU
-CHNH,CH;  mnm®U
-CH,NHCH,CO,H
emnmU
-CH,NH(CH,),SO;H
™
-CH,NHCH,CH=C(CH,)
inm
-OH ho®U
-OCH, mo°U
'OCHzCOzH Cmm

-OCH,CO,CH; memo®U

(=0 [=8 sV
NH, |=0 Uridine

{ -NH|CH, CmiC_
-NH|(CH,), m*-4C

. -NH|COCH;§ ac’C

those

'CHa mllp

W (€1'-C5) I

20H

Al N#;

-CH; m3C,m%U, m*%

| -(cHo),cHOM,)C0,H
acp®V, acp’¥

=S s2U,s2C

=0 |=Se se?l

Purine derivatives in RNAs

~NH(CH,),CH(NH,)CO,H
k2C

'CH,S

Cm,Um

*Cm, *Um ='Doubly’ modified

DNA and RNA Modification Enzymes: Structure, Mechanism, Function and Evolution,

edited by Henri Grosjean

—

=0 G
NH, =0 Inosine
" ='Doubly’
-NH ((CH;), mé-6A
-NH |CH,CH=C(CH3), i6A )
[ “NH |CH,CH=C(CH;)CH,OH oA | méteA
-NH COCH, acbA
-NH |CONHCH,CO,H gbA s er s
-NH |CONHCH(CO,H)CH(OH)CH, 15A Jmszfnéi. msz;;: .
‘-NH [CONHCH(CO,H)CH(OH)CH,CH;  hn®A ms©io®A, ms
ms?hn®A
'Doubly’ modified> m?7G,m?.2.7G6
G-transgly- -CH; m’6 -CH;  m'6,m'Am'I
-cosylation l
SRttt (7 Cox im614,im6,im62
6alQ.manQ.61cQ. 6 C9</ | flq mimG, Obty W YW
A hfz o2yW,OHyW™
6-Hypermodi-
mBA -CH; } » \ -fication
B 'CH3 !
Ribose (im6=pﬂrf)\"- cH, mA
Am, 6m, Im -CH; —» 2'QH /- | SCH; mszag
cgs -NH|CH m
*Am, *6Gm ='Doubly’ modified ? -NH (C"?a)z n2.26

-Ribose-PO,H, Arp,Grp
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2005 - Incorporation of modified nucleotides into RNA by in vitro transcription

Naturally-occurring
modified nucleosides

NTP Unnatural nucleoside
m5C analogs are TOXIC
m5U |
b 4 O
m6A |
s2U AN
O)\N Identification of the Mitochondrial Targeting Signal of the
miA HO Human Equilibrative Nucleoside Transporter 1 (hENT1)
miG 0 IMPLICATIONS FOR INTERSPECIES DIFFERENCES IN MITOCHONDRIAL TOXICITY
OF FIALURIDINE"
m7G JBC 2006, 28: 16700
OH
2'-0-Met-C
2'-0O-Met-U Fialuridine

NEJM 1995, 333: 1099
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2005 - Incorporation of modified nucleotides into RNA by in vitro transcription

Transcription

Plasmid DNA ) )
+ T7 RNA Polymerase

+ cap analog

+ ATP, GTP, UTP, CTP

NTP

m5C
m5U
y

m6A
s2U

miA
mi1G
m7G no

2'-0O-Met-C
2'-0-Met-U

yes

modification:

RNA-1866

<
FLs

N
kb &L
3.0
2.0
1.5
1.0

- 1,866 nt

Immunity 2005, 23: 165
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Nucleoside-modified RNA: non immunogenic
2005

e
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2005 - Measuring inflammatory response to modified mRNA

WI-RNA TLR3 TLR7 TLRS  vector

] none
Transfection poly(1):(C)
R-848

unmodified

S E
0
=1 Y
TLR-transformed HEK-293 §.
l 3lunmodified
s
<
=z
m T T T T T T T T T T T T L] 1
inflammatory response 0 50 100 0 10 20 30 O 20 40 20
L8 IL-8 (pg/ml)

Immunity 2005, 23: 165
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2005 - Measuring inflammatory response to modified mRNA

RNA-1866
modification: ¢ 0N
W e SEL

3.0

l Transfection 2.0 - 1,866 nt
1145
1.0

Isolated primary human DCs DC1 DC2
l unmodified

inflammatory response

RNA-1571

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

Immunity 2005, 23: 165
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2005 - Modified uridine-containing mRNA is non-immunogenic

@) @) O O @)
M He H.c_ .\
(K NH r\{ NH 8 | NH | /NQ SN NH
ribose ribose ribose ribose ribose
U Y mbU s2U mily
uridine pseudouridine B-methyluridine  2-thiouridine  1-methylpseudouridine
Nucleoside-modified uridines
DC1 DC2
unmodified
5
<
=
o
poly(U) [N.D. R
0 100 200 0 50 100 |
TNF-a (pg/ml) TNF-a (pg/ml)

Immunity 2005, 23: 165
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2015-16 Uridine-containing RNA activates TLR7 and TLR8 of immune cells

Crystal structure of TLR7 and TLR8

TLR7 Uridine-containing ssSRNA, guanosine  immunity 2016 - 45:737

T L R8 Uridine , U pG Nature Structural & Molecular Biology 2015 22:109

. Kasg. 149
-
vasg O°2 < A

%\

Water ==& V378
“OH - Y348
o P,

N“XO  oH -
Membrane R429 f : G572
0 1 V573

Inactivated Activated
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1963 - Immunogenicity of the U-containing RNA — nitrous acid treatment

JuLy 20, 1963 THE LANCET

FOREIGN NUCLEIC ACIDS
AS THE STIMULUS TO MAKE INTERFERON

A. TIsaacs
M.D. Glasg., Hon. M.D. Louvain
R. A. Cox Z. ROTEM*
Ph.D. Birm. Ph.D., M.Sc. Jerusalem

OF THE NATIONAL INSTITUTE FOR MEDICAL RESEARCH,
MILL HILL, LONDON, N.W.7

antiviral action was produced by cells treated with

nitrous-acid-modified R.N.A., but not by cells treated with

unmodified R.N.A,

Nitrous acid is known to deaminate adenine to hypo-
xanthine, guanine to xanthine, and cytosine to uracil
(Schuster and Schramm 1958), and the extent of the

ascertained by the present technique it was necessary to
deaminate about 109, of cytosine residues before the
R.N.A. was sufficiently foreign to stimulate the production
of interferon. These changes are very much greater than

The results support the hypothesis that the production
of interferon represents a response of cells to foreign

nucleic acids.

AG cc G GnG cc Anc CG G CG c| c|c G Original sequence

N T GG Nitrous acid (conversion C-U) - very immunogenic
The Lancet 282, 113 (1963)
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2008 - Superior translation of lipofectin-delivered pseudouridine (W)-modified mRNA

1044h 293 cells

Fold increase in translation

2523888
= S EE
capRen O

mRNA modification

Mol Ther 2008, 16: 1833

Luciferase activity (RLU)

80,000 f

60,000 -

40,000 -

20,000 -

223333
ENEENEE
capRen o

mRNA modification

o 180°
A
-~ o)
o)
H H
H —
O OH
uridine (U)

pseudouridine (W)
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2012 - Pseudouridine-containing mEPO mRNA is non-immunogenic in mice

1,000+ ¢
5 = L
105 8- EPO W-mRNA (0.1 yg) E
- —— EPO U-mRNA (0.1 ug) = ¢
| —e- rmEPO protein (3.0 ug) 3 —
=1 04 8- luc W-mRNA (0.1 ug) <
S -¢ uninjected g
o =
5’ % 100+ 2
3 - 4
3108 _
£ : [ *
102. ¢ %
10
101 un- EPO EPO
0 6h 1 ) 3 4 5 injected U-mRNA W-mRNA
Days post-injection (1 1g) (1 1g)

Mol. Therapy 2012, 20: 948
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2012 - Increase of hematocrit in mice following mEPO mRNA delivery

10°
5 —®-EPO W-mRNA (0.1 Q) o EPO U-mRNA (1
: —& EPO U-mRNA (0.1 ug) ~+ EPO U-mRNA ((1 ,5’3)’ e i
—- rmEPO protein (3.0 ug) & luc W-mANA (1 pg) 60- S
'—5\1 04 - luc ¥-mRNA (0.1 ug)
= -¢ uninjected
o

Hematocrit %
Hematocrit %

10 , Y S S O
0 6h 1 2 3 4 5 0 5 10 15 20 O 7 14 21 28 35
Days post-injection Days post-injection Days

Mol. Therapy 2012, 20: 948
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Protein

2014 - today Optimizing IVT mRNA

X
C
Y Transcription Capl1 structure polyA-tail

S— M7GpppAmG mmitUAL CDS 3UTR AAAAAA

+ T7 RNA polymerase

+NTP _ .
+ capl analog In vitro-transcribed mRNA

CDS Plasmid DNA

gene synthesized

wt mRNA Codon-optimized UTR-optimized All-optimized &
Nucleoside-modified,
Purified
1 5 10 5 1'0 1 § 1'0
Time (days) Time (days) Time (days) Time (days)

Nature Reviews Drug Discovery 2014, 13: 759 - Updated
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Codon-optimization: Approaches to alter the U-content, thus immunogenicity of RNA

AA frequencies in vertebrate
8% Serine
7% Alanine
7% Glycine

Original sequence 7% Lysine
G|GG|CC|ACCAACGCG . .
immunogenic

7% Valine

W-modified 6% Threonine
Al e [ e e e e - NN < I [ none immunogenic
Immunity 23, 165 (2005) 6% Aspartic Acid
. . 9 lutamic Aci
GC-rich codon-optimized 6% Glutamic Acid
G|cA|G|G|c|G|c|c|c|A|c|c|c|c|A|A|cc|A|G|c|GA|C|G|C| less immunogenic 5% Proline

Mol. Ther. 23, 1457 (2015) 4(y A .
% Asparagine

4% Arginine

4% Phenylalanine
4% Isoleucine
4% Glutamine
3% Cysteine

3% Tyrosine

3% Histidine

2% Methionine

1% Tryptophan

. Minimum 1 U/codon [l RSl
32% Total AA
. Minimum 2 U/codon
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LNP-formulated nucleoside-modified mRNA for vaccine
2017
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2012 - LNP as a vehicle for delivery of nucleoside-modified mRNA

~

253

Ly
X0
lonizable lipids
* Neutral at physiological pH, cationic under acidic conditions

*  Form complex with mRNA
* Promote endosomal escape of mMRNA

Helper lipids
* Improve the stability of mRNA/LNP complexes
* Promote uptake and endosomal escape

PEGylated lipids
* Prevent rapid clearance

Cholesterol

* Structural integrity of LNPs and endosomal escape
J Controlled Release

2015 217: 345
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2017- Generating m1W-mRNA encoding glycoproteins of Zika virus

!

Zika virus

ZIKV protein "

Norbert Pardi

IVT m1W-mRNA SP-prM-E

LNP-formulated mRNA
80-100 nm

Nature 2017, 543: 248
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2017 - 50 pg of 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

10t FRNT NAb
e 600 g
R ZIKV prM-E
108 * 200 g | BNA-LNP
; PP N
= 102 I,
(.L;) ® A
L 0_’_
AA
10’ . 8
100 . . . . .
0 2 4 9 12
Weeks post-immunization
106
I= —— Control
@ 105 —
8 600ug | 71Ky prv-E
) —— 200 ug
S 104 mMRBNA-LNP
< — 50 ug
g 10°
< 102
N |
101 . . . .
1 3 5 7

Days post-infection

Nature 2017, 543: 248
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2020 - Clinical development of Comirnaty (BNT162b2)

37

Initiated Pivotal Phase

COVID-19 mRNA Vaccine 2/ 3 Trial Phase 3 trial meets all
Program Initiation primary efficacy

Lead mRNA vaccine candidate .
January 27, 2020 chosen; up to 44,000 subjects endpoints

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 ﬁ5scounéri§su worldwide including the
March 16, 2020 July 13, 2020 - and E.u.
December, 2020
Pfizer:

March 17, 2020

SBIONT=CH @Pﬁzer
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2021 and beyond - mRNA is a new class of medicine

4 )

capl polyA-tail
m’GpppA,,G 5’UTR Coding sequence = 3’UTR A;oLinkerAs

\_ Nucleoside-modified mRNA for therapy Yy,

Preclinical studies for

* vaccination against — malaria, HSV, HIV, Flu, ZIKV,

* tolerization for autoimmune diseases— Multiple scelrosis

« genome editing of genetic diseases — sickle cell anemia, HIV
 Edema - VEGFC mRNA lymphoid vessel

Clinical trials ongoing for treatment of A
e acute diseases — VEGFA mRNA heart falilure, wound healing
* cancer —vaccines, intratumor injection of cytokine mRNAs
* infectious diseases — mAb mRNA
\_ » genetic diseases — Cas9 mRNA for genome editing )
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Thank you for your attention
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