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Forward-looking statements and disclaimers

This presentation contains forward-looking statements within the meaning of the Private Securities Litigation Reform Act of 1995, as amended,
including regarding the Comﬁany’s MRNA and encoded protein engineering efforts, the Company’s new squaramide-based LNP and its expected
use with mRNA-3745 and other new development candidates, the ability of mMRNA medicines to potentially modulate pharmacologic effects, the
scientific and clinical potential of the Company’s newly developed lipid nanoparticles; the ability of the Company’s proprietary lipid nanoparticles to
drive optimal immune response in primates, the potential for the Company’s mRNA platformto significantly accelerate early clinical trials and
transformHIV vaccine science and development efforts, and the presentation of research and data at the Company’s upcoming Science Day. In
some cases, forward-looking statements can be identified by terminology such as “will,” “may,” “should,” “could”, “expects,” “intends,” “plans,”
“aims,” “anticipates,” “believes,” “estimates,” “predicts,” “potential,” “continue,” or the negative of these terms or other comparable terminology,
although not all forward-looking statements contain these words. T he forward-looking statements in this presentation are neither promises nor
guarantees, and you should not place undue reliance on these forward-looking statements because they involve known and unknown risks,
uncertainties, and other factors, many of which are beyond Moderna’s control and which could cause actual results to differ materially from those
expressed or implied by these forward-looking statements. These risks, uncertainties, and other factors include, among others: the fact that there
has never been a commercial product utilizing mRNA technology approved for use; potential adverse impacts due to the global COVID-19
pandemic such as delays in regulatory review, manufacturing and supply chain interruptions, adverse eftects on healthcare systems and disruption
of the global economy; and those other risks and uncertainties described under the heading “Risk Factors” in Moderna’s most recent Quarterly
Reporton Form 10-Q filed with the U.S. Securities and Exchange Commission (SEC) and in subsequent filings made by Moderna with the SEC,
which are available on the SEC’s website at www.sec.gov. Except as required by law, Moderna disclaims any intention or responsibility for upl_dating
or revising any forward-looking statements contained in this presentation in the event of new information, future developments or otherwise. These
forward-looking statements are based on Moderna’s current expectations and speak only as of the date hereof.

Certain of the information contained herein is based upon or derived from information provided by third parties and industry sources. While the
Company believes that such information is accurate and that the sources from which it has been obtained are reliable, the Company has not
independently verified the assumptions on which such information is based. The Company makes no ?uarantee, express or implied, as to the
accuracy and completeness of such information and has neither reviewed nor endorsed the content of third party information.
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Ceniral dogma of molecular biology
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Storage Software Applications
DNA stores MRNA is a temporary set Proteins form the basis of life
instructions for proteins of instructions for cells to by performing the functions
in the nucleus make a protein; mMRNA is required by every cell; proteins
made using DNA are made using mRNA
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MRNA as a new class of medicine
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DNA stores MRNA is a temporary set Proteins form the basis of life
instructions for proteins of instructions for cells to by performing the functions
in the nucleus make a protein; mMRNA is required by every cell; proteins
made using DNA are made using mRNA
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MRNA is a temporary set of instructions for cells to make a
protein
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MRNA as a potential new class of medicines
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Ouvur platform
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Our commiimentio be the best at mMRNA science is core to
who we are: A 20-year journey
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Our commitment to be the best at mMRNA science is core to
who we are

Continue toinvestin mRNA science, delivery technology and
manvufacturing

We have advanced mRNA
scienceto enable our current
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Stephen Hoge, M.D.

President

As the President of Moderna, Stephen Hoge leads our platform R&D, therapeutic area
research, and pre-clinical dev elopment efforts. He joined Modernain late 2012 from
McKinsey & Company where he was a partnerin the healthcare practice. Prior to
McKinsey, Dr. Hoge was a resident physician in New York City.

He holds an M.D. with thesis from the Univ ersity of California, San Francisco and a B.S. in
neuroscience from Amherst College.
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Melissa J. Moore, Ph.D.

Chief Scientific Officer, Platform Research

Slide 11

In herrole as Chief Scientific Officer of Moderna’s Platform Research, Dr. Moore is
responsible for leading mRNA biology, delivery and computation science research at
Moderna. She joined Moderna in 2016 from the Univ ersity of Massachusetts Medical
School (UMassMed), where she served as Professor of Biochemistry & Molecular
Pharmacology, Eleanor Eustis Farrington Chair in Cancer Research and a long-time
Inv estigator at the Howard Hughes Medical Institute (HHMI). At UMassMed, Dr. Moore
was a founding Co-Director of the RNA Therapeutics Institute (RTlI) and was
instrumentalin creating the Massachusetts Therapeutic and Entrepreneurship
Realization initiative (MassTERI), a faculty-led program intended to facilitate the
translation of UMMS discov eries into drugs, products, tfechnologies and companies. Dr.
Moore is an elected member of both the National Academy of Sciences (2017) and
the American Academy of Artsand Sciences (2019).

Dr. Moore’s 23-year career in academic research focused on theroles of RNA and
RNA-protein (RNP) complexes in regulating gene expression, and touched on many
human diseases including cancer, neurodegeneration and preeclampsia. She began
working on RNA metabolism during her postdoctoral training with Philip A. Sharp, Ph.D.
at MIT, where she also receivedher Ph.D. in Biological Chemistry working under
Christopher T. Walsh, Ph.D. Dr. Moore holds a B.S. in Chemistry and Biology from the
College of Wiliam and Mary.

moderna



From idea to expression
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Biodistribution, cellular uptake, and protein expression
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LNPs are akin to endogenous lipid tfransport complexes

Modified from Katsuyuki Nakajima.

Slide 13

T Lipoprotein Subclasses

0.95
%1.006— -
% on- Very low-density lipoprotein (VLDL)
o | bq ;

'  Low-density lipoprotein (LDL)
1.06 ‘ :
2
1.10 ® »
@ . .. o .
ool 8° High-density lipoprotein (HDL)
5 10 20 40 60 80 1000

Diameter (nm)

“Remnant Lipoproteins: A Subfraction of Plasma Triglyceride-Rich Lipoproteins Associated w ith Postprandial Hyperlipidemia.” Clin Exp Thromb Hemost (2014).
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LNPs are akin to endogenous lipid tfransport complexes
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Where does Plafform Research fit in?
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2018 Science Day Themes and Publications
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Development of proprietary ionizable lipids for
Improved systemic mRNA delivery

Development of proprietary ionizable lipids with
Improved tolerability for mRNA vaccines

Use of miRNA target sites to create mRNAS with
"off switches"

Translation initiation and "leaky scanning"

How artificial intelligence can help us design better
coding sequences

A Novel Amino Lipid Series for mRNA Delivery:
Improved Endosomal Escape and Sustained
Pharmacology and Safety in Non-human Primates

Staci Sabnis,' E. Sathyajith Kumarasinghe,' Timothy Salerno,' Cosmin Mihai,' Tatiana Ketova,' Joseph J. Senn,’
Andy Lynn,' Alex Bulychev,' Tain McFadyen,' Joyce Chan,! Orn Almarsson,' Matthew G. Stanton,'-*
and Kerry E. Benenato'

Sabnis ... Benenato (2018) Mol Ther

Optimization of Lipid Nanoparticles
for Intramuscular Administration
of mMRNA Vaccines

Kimberly J. Hassett," Kerry E. Benenato,' Eric Jacquinet,' Aisha Lee," Angela Woods,' Olga Yuzhakov,'

Sunny Himansu,' Jessica Deterling,' Benjamin M. Geilich,' Tatiana Ketova,' Cosmin Mihai," Andy Lynn,'

Tain McFadyen,' Melissa J. Moore,' Joseph J. Senn,' Matthew G. Stanton,'” Orn Almarsson,' Giuseppe Ciaramella,'~
and Luis A. Brito'

Hassett ... Brito (2019) Mol Ther Nuc Acids

MicroRNAs Enable mRNA Therapeutics to Selectively
Program Cancer Cells to Self-Destruct

Ruchi Jain, Josh P. Frederick? Eric Y. Huang? Kristine E. Burke! David M. Mauger® Elizaveta A. Andrianova,
Sam J. Farlow? Summar Siddiqui® Jeffrey Pimentel® Kahlin Cheung-Ong? Kristine M. McKinney>”
Caroline Kéhrer! Melissa J. Moore! and Tirtha Chakraborty '

Jain ... Chakraborty (2018) Nuc Acid Ther
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2019 Science Day Themes and Publications
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Why we incorporate modified
nucleotides into our mMRNASs

Coding sequence design: Codon
optimality vs RNA secondary structure

5'-UTR design

The physical and computational
methods we employ to understand
LNP structure

An early glimpse into our Immune LNP

Impact of mRNA chemistry and manufacturing process
on innate immune activation

Jennifer Nelson*', Elizabeth W. Sorensen**, Shrutika Mintri’, Amy E. Rabideau, Wei Zheng,
Gilles Besin!l, Nikhil Khatwani®, Stephen V. Su”, Edward J. Miracco, William J. Issa, Stephen Hoge,
Matthew G. Stanton**, John L. Joyal'*

Nelson ... Joyal (2020) Science Advances

mRNA structure regulates protein expression through
changes in functional half-life

David M. Mauger®, B. Joseph Cabral™’, Viadimir Presnyak®, Stephen V. su™, David W. Reid”, Brooke Goodman®,
Kristian Link? Nikhil Khatwani®*, John Reynders**, Melissa J. Moore®®, and lain ). McFadyen®®

*Platform Research, Modema, inc. Cambridge, MA 02135

Mauger ... McFadyen (2019) PNAS

Human 5" UTR design and variant effect prediction
from a massively parallel translation assay

Paul J. Sample©'5, Ban Wang ©'5, David W. Reid?, Vlad Presnyak?, lain J. McFadyen©?, David R. Morris?
and Georg Seelig ©"**

Sample ... Seelig (2019) Nature Biotech
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2020 Science Day agenda

Infroduction Stéphane Bancel, CEO 8:00-8:10 AM 10 min
Chapter 1 Melissa Moore, Ph.D., Chief Scientific Officer, Platform 8:10-8:45 AM 35 min
Extending Pharmacology Research
» Controlling the duration of our pharmacologic effect
* Enhancing mRNA and protein half-lives
Chapter 2 Amy Rabideau, Ph.D., Principal Scientist, Process Development  8:45-9:05 AM 20 min
T7 Enzyme Engineering to Reduce dsRNA Production
Chapter 3 Kerry Benenato, Ph.D., Senior Director, Platform Chemistry 9:05-9:25 AM 20 min
New LNPs for Liver Delivery
Chapter 4 KimberlyHassett, Ph.D., Senior Scientist, Formulation Science 9:25-9:40 AM 15 min
Impact of LNP Size on Immunogenicity
Break 9:40-9:50 AM 10 min
Chapter 5 Andrea Carfi, Head of Research, Infectious Disease 9:50-10:50 AM 60 min
Our Progress Toward Creating a mRNA Vaccine for HIV William Schief, Ph.D., Scipps, International Aids Vaccine
* Vaccine designto elicit broadly neutralizing antibodies Initiative (IAVI)

against HIV Paolo Lusso, M.D., Ph.D., National Institute of Allergy and
* NIH-Moderna HIV-1 vaccine Infectious Diseases (NIAID)
Conclusion Stephen Hoge, M.D., President 10:50-11:00 AM 10 min
Q&A 11:00-11:30 AM 30 min
Side 18 moderna



moderna What controls ’rhe.dura’rion of
---= | our pharmacologic effects?




Factors conirolling duration of effect by traditional small
molecule drugs are well understood

Drug Dosing Systemic Circulation Site of Action
Absorption Target 5
’ ) o rug
,o% —— Signal Transduction Effect
9
o 5-©
Drug molecules Extracellular Intracellular

Modified from: Clarelli et al. (2020) Cell Mol Life Sci
doi: 10.1007/s00018-019-03376-y
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Factors conirolling duration of effect by traditional small
molecule drugs are well understood

Drug Dosing Systemic Circulation Site of Action

Absorption Target

, ) Drug
O@ Signal Transduction Effect

Drug molecules Extracellular Intracellular

————— Pharmacokinetics | Pharmacodynamics |

| Maximum effect (response)

on

max

Drug concentrat
Effect (response)

Time Drug concentration

\ 4
Effect (response)
a

Modified from: Clarelli et al. (2020) Cell Mol Life Sci
doi: 10.1007/s00018-019-03376-y

moderna

Time



But what about mMRNA medicines?

Slide 22

Secreted
protein

‘

Transmembrane
protein

J

Intracellular
protein

Translation

© 2020 M oderna Therapeutics

moderna



But what about mRNA medicines?
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But what about mRNA medicines?
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But what about mRNA medicines?
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moderna How mMRNA and protein hal.f—lives Interplay
-—-- | tomodulate pharmacologic effects




What are typical endogenous mRNA and protein half-lives?

mRNAS MRNAs: median t1/2 =5 hours Herzog VA...Ameres SL (2017) Nature Methods
0 MIN 1 MONTH
PROTEINS Relaxin-2: ty < 10 minutes

Chen...Mordenti (1993) Pharm Res

o

i : — Chang...Milstein (1979) JBC
Phenylalanine hydroxylase: t;, =8 to 48 hours e e Yo

Secreted Im mUﬂDngbUIln: t1/2 - 10 to 21 dayS Mankarious... Wedgwood (1988)J Lab Clin Med

_

Human CrySta”in (Iens prOtein): 1:1/2 =human Iifespan Lynnerup...Heinemeier (2008) PLoS One
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Examples of our therapeutic mRNA and protein half-lives (t,,)

hMUT ChikmADb

Y2 (mouse) (NHP)

100

|

Chikungunya monoclonal antibody
ChikmAB

MRNA 5 hours 11 hours

protein 24 hours 26 days

(lwy/bM)
WNJISS Ul uoienuaduod Apoqnuy

methylmalonyl-CoAmutase
hMUT

hMUT Protein Concentration in Liver
(ng/mg protein)

10 T T T
0 2 4 6

An etal. 2017 Cell Rep doi: 10.1016/j.celrep.2017.11.081 Days Post Dose
Kose et al. 2019 Sci Immunol doi: 10.1126/sciimmunol.aaw6647
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Duration of response is a function of both mRNA and protein

half-life

Increase protein
half-life 2X

Slide 29
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How can we extend mRNA half-life?
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One way to increase mMRNA half-life is to maximize codon
optimality and secondary structure in the coding sequence

mRNA structure regulates protein expression through
changes in functional half-life

David M. Mauger”, B. Joseph Cabral™’, Viadimir Presnyak®, Stephen V. Su, David W. Reid”, Brooke Goodman®,
Kristian Link?, Nikhil Khatwani®?, John Reynders®*, Melissa J. Moore™%, and lain J. McFadyen®®

“Platform Research, Modema. inc. Cambridge. Ma 02139

Edited by Joseph D. Puglisi, Stanford University School of Medicine, Stanford, €A, and approved October 8, 2019 [recsived for review May 9, 2019)

Messenger RNAs (mRNAs) encode infommation in both their primary
sequence and their higher order structure. The independent contri-
butions of factors like codon usage and secondary structure to
regulating protein expression are difficult to establish as they are

maodified nucleotides can either stabilize ( 14) or destabilize (15)
base pairs and hence overall mRNA structure.

Here, we mmmad mm'pulmonal sequence design with global
modified ion as ok o i igate the separate
impacts of mRNA primary sequence and structural stability on
protein output. We find that di in the innate
namn: base pnr slahln)' of 2 mﬂdmed uridine nucleotides, N'-

and

often highly in Here, we usad
2 approaches, global inchusion nl MM mhnﬂ‘hs and mtional

design of to under-
stand the role of mRNA ¥ fmm
wodon usage. highly mRNAs

highly structured coding sequence (CDS). Modified mmumum
secondary

idine, induce global changes
in mRNA secondary structure. These structural changes in turn
drive changes in protein expression. As expeded. our data confirm

stabilize mRNA structure enabled high expression across
T o I R I s g e e ks 5
with independently altered codon usage and CDS we find ! 'sh prote
that the ‘of the €DS protein ‘hrough P prisingly, we also find that high protein expression
- ‘ na with il y structure in the remainder of
changes in functional mRNA halfiife .e.. mANA being actively 1. i RNA (the rest of the CDS and the 3' UTR). We validated
inthe of mRNA stability. this finding by designing an gene 1 protein
mANA | madified | ion | Significance
RNA structure | SHAPE
Despite that RNA is strue-
essenger ENAs (mRNAs) direct cytoplasmic protein ex- tured, PEY local and o M A
premon. How much protein is produced pel mRNA e '_- ng protein
molecule is a function of how well the lati been Our work uses 2
initiates and elongates on the coding sequence (CDS) and lhe to the mles of mRNA pri-
mRNA's functional halflife. Both translational efficiency and ™2 R E global 2L

functional hali-life are driven by features encoded in the primary
mRNA sequence. Syno us codon cheice directly impacts
translation, with highly expressed genes tending to include more
“optimal” codons (1. 2). Conversely, “nonoptimal” codons can
increase ribosomal pausing and decrease mRNA half-life (3, 4).
Other mRNA sequence features that reportedly correlate with
protein outpui are dinucleotide frequency in the CDS (5) and
the effect of codon order on locally accessible charged IRNA
pools (6). Because these effects are interdependent on mRNA
sequence, teasing apart their individual contributions to protein
output is difficult and often controversial (7, 8).

In addition o dictating encoded protein identity, its primary
sequence also determines an mRNA's propensity to form sec-
ondary and tertiary structure (9). Transcriptome-wide RNA
structure characterization is beginning to reveal global relation-
ships between the structure content in different mRNA regions
and protein expression {10, 11). Multiple siudies have shown that
secondary structure in the 5 uniranslated region (5° UTR)
generally reduces translation initiation efficiency and therefore
overall protein output {10-13). But, the extent to which CDS and
3" untranshted region (3° UTR) secondary structure impacts pro-
tein output. however, is much less undersiood.

One way i alier RNA secondary siruciure is 1o change the
primary sequence. In the (DS, however, primary sequence changes
necessarily alter codon usage, confounding any effects that might
be attributable to changes in mRNA structure alone. An alternate
means 10 affect secondary structure without changing codons is
to incorporate modified mn:l&c‘ndes lm) that maintain the same
Watson-Crick base-pairing £ douridi

By fitting detailed kinetic expression data to mathematical
madek, we show that secondary structure can increase mRNA
half-life independent of codon usage. These findings have sig-
nificant for both f endog-

enous mRNAs and the fiald of mRNA

Authar cantributions MM, BUC, VP, KL, LR, MM, and LIM. designed research;
DMML, BLE, VP, S5, DWR, B.G, and NE performed ressach; VP, AVS, 86,
KL, and K contributed new ‘taok; MM, BLE, VP, SVI, DWR,
B.6. and MK anakymddata; and DMM, 8 1C VP, MM, and LM wrote the paper.
Competing interest statement: All suthars are employess [or exemployess in the cxe of
SWS, LR, and R1.C) of Modemna, inc.

This article i a PHLS Direct Submission.

This open accems artide is distributed under Creatve Commons Attribution Licnse 4.0
ey

Data depasition: The data reported in this papes have been depasited in the Gene Ex
presion Omnibus (GEQ) database. https #www ncbi.nimnih gowgen (accession na.
SR,
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MRNA decay in cells starts with deadenylation

N7 G (i ————————————— e VLD

3

Deadenylase

Decapping
complex

Exosome

|
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The deadenylase uses two active site metal ions to cleave off
the terminal adenosine

Active site

T
\
-

0 i & /
J -~
0 \
2 TS
— b
P .

ﬁ “0 ’ “0/
Catalytic residues i

(DEDD motif)

\

e

-’

A =L N
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Tang ... Passmore (2019) NSMB; PDB 6r9j Scissile bond
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Adding a terminal inverted dT (idT) changes the tail geometry

Inverted
deoxythymidine (idT)

Terminal A

3’-5’ linkage 3’-3’ linkage

moderna



A terminal idT alters the enzyme-substrate interaction and

prevents deadenylation

Standard poly(A)

Standard poly(A) + idT

ﬁ“» »

', : / ”zf

\
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Scissile bond

Scissile bond
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idT provides a ~2-fold half-life extension in cultured cells

Nuclel s GER——— e a1

GFP mRNA

dD

E = _le
idT-protected mRNA
%106- ti, 12h dR
6x106 Pk -
72 htime-lapse
. A100 mRNA iz
2 4x106 e k:R — k,P
-9 é /t1/2 oh
GEP S MRNA half-life:
& 2x100- t1/2,r = log(2) /k;
5 protein half-life:
0 t1/2,p = log(2) /k,
0 20 40

Hours
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For in vivo studies, we can use a luciferase reporter

T i AVAVAVAVAVAVAVAVAV.AY

Luciferin + Oxygen TZv Oxyluciferin In vivo imaging

Luciferase ‘

Light

Luciferin

- 24 —-96 hrs
later

Delivery Delivery of Acquisition of light
of MRNA bioluminescent signals and data
substrate processing
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idT luciferase mMRNA gives a 4-fold enhancement of protein

activity

24 hrs
" Luciferase
mRNA
48 hrs
72 hrs
IV delivery
of MRNA
96 hrs

idT, inverted deoxythymidine; IV, intravenous
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Total Flux [p/s]

IV, Liver/spleen area
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0 72 96
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idT luciferase mMRNA gives a 4-fold enhancement of protein

activity

24 hrs

" Luciferase
MRNA

48 hrs

72 hrs

IV delivery
of MRNA

96 hrs

idT, inverted deoxythymidine; IV, intravenous
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6x10 10

N
X
NN
o
ey
C

2x10 104

IV, Liver/spleen area

e A100
idT
e PBS
[ ]
4x AUC
4 4 g
48 72 96

moderna



Substantial enhancement in luciferase expression in both liver and

spleen at 48 hours

Day

Analysis

Slide 40

10°

Total Flux [p/s]
=
S

48 hr Whole Body

Al
[ |
'5.5‘:
PBS A100 idT

Total Flux [p/s]

J

48 hr Ex Vivo Liver 48 hr Ex Vivo Spleen

10° 10°
108 P 108
— \d
7 7
10 ﬁ 10 g
X
106 ® T 106
Jaang I
105 B IS 105 ‘fE‘
104 © 104 -
103 T T T 103 T T T
PBS A100 idT PBS A100 idT

Isolated liver and spleen show increased luciferase activity
from mRNA with 3’idT relative to unmodified mMRNA
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OXA40L reporter forimmune cell expression

Day O 1 2 3
Analysis .

Single-cell Antibody
Splee’ suspension staining
Flow cytometry

. Delivery
. of MRNA

T cells B cells Macrophages Dendritic cells
(CD3%) (CD19+) (CD11b%) (CD11cY)
oxX4oL~* OX4OL+ OX40L~* oX4oL*

o & ik
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idT also enhances protein expression in sorted splenic immune
cells

Day O 1 2 3
Analysis .
lg

»r N
-
ﬁ B cells (CD19+) ﬁ Macrophages (CD11b+) Dendritic cells (CD11c+)
N\

800 300 400 8000+

AAA A
e
300- 6000 "
1 A A 1

A

) T cells (CD3+)

600
200+

%.

400+ 200+ 4000

100+

PO PO o O PO o

T T

PBS A100 idT PBS A100 i PBS AlOO idT PBS A100 idT

MFI, 72 h post-dose
> >
>

MFI, 72 h post-dose
>

MFI, 72 h post-dose

MFI, 72 h post-dose

At 72 h post-dose, mouse T cells, B cells, macrophages, and dendritic cells
show increased mOX40L from mRNA with 3’idT relative to unmodified mMRNA
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Phenylketonuria (PKU)

Deficiency in phenylalanine hydroxylase (PAH) — Patients fail to process the amino acid phenylalanine taken up
from diet; as a result, phenylalanine can build up to toxic levels

LMNP formulation PR EPER AP EEEEEE : o 5. -
PAH  >2 "% o % Secreted
T | - & ,_'d'erivative’s_; =
-l

% Fr=

Intracellular

tyrosine and
subsequent
derivatives

Protein chain

Phenylalanine
hydroxylase (PAH)

Ribosome subunit

‘5-"-Réduction in toxic
PAH homotetramer Phenylalanine
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Stabilized PAH mRNA in PKU mouse model

Day

0O 1 2 3 4 5
=~ Biomarker BB EERERREREB B

-e- PBS
30004 -e= PAHWT
=0~ PAH WT with idT

PAH
Phenylalaning == Tyrosine 0
0 1 2 3 4 5 6 7
Days post-dose
Phenylketones W'T PAH expressed from a 3’idT-stabilized mRNA supports

sustained reduction of serum phenylalanine levels
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How can we extend mRNA half-life?
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How can we exiend protein half-life?

— 1000 25 ~ 1000 25
=2 o 3
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Drivers of in vivo protein half-life

Secreted

Slide 47

Secreted Intracellular

* Renal clearance _ o
« Enzymatic + Ubiquitination
*Immune clearance degradation

* Autophagy

* FcRn recycling
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Relaxin
Endogenous protein associated with cardiovascular re-modeling

* A naturally occurringhormone
(human relaxin-2), present in both
men and women, that becomes

_ Relaxin is a vasoactive
elevated in pregnant women

peptide associated with
cardiovascular
remodeling

* Protects fromvascular overwork,
increases renal function, promotes
cell growth and survival, and
maintains vessel structure

Relaxin-2

Concept:
IV-administered mRNA encoding relaxin peptide hormone with longer serum half-life to address heart failure
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Relaxin-2 and its Achilles’ heel

Serelaxin: human recombinant Relaxin-2 protein

Relaxin : : : :
Requires continuous infusion over 48 hours

sp Bchain C propeptide 100+

c
©
- @
Relaxin-2 = 104 —$
v N c
B chain -
8 ~ 1-
. = t;, <10 min
A chain A chain S
S C
O 0.1-
)
B chain ;
S 0.014
o
%)
)
0.001 T I T I 1
0 24 48 72 96 120

Time (hours)

Modified from: Dahlke et al. (2015) J Clin Pharm doi: 10.1002/jcph.433
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Techniques to increase half-lives of serum biologics

Blood
vessel

Fusion
domains that
engage FcRn

Fusion domains
that bind to
target tissue

recycling
pathway
Renal
filtration
Increasing y :
resistance to Increasing _
proteolysis hydrodynamic
- radius to slow
renal clearance
~
.

Renal corpuscle
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Techniques to increase half-lives of serum biologics

Fusion domains
that bind to
target tissue

Increasing
resistance to
proteolysis

Slide 51

Blood
vessel

Glomerulus

Renal
filtration

© 2020 M oderna Therapeutics

Renal corpuscle

Fusion
domains that
engage FcRn
recycling
pathway

Increasing
hydrodynamic
radius to slow
renal clearance
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Relaxin-2 constructs

Relaxin Relaxin fused to albumin-binding domain

sp Bchain C propeptide sp B chain

C propeptide A chain | (G4;S); | albuminBD

B chain A chain

Propeptide replaced with glycosylated linker Albumin Binding Domain

sp Bchain (glycosylatedlinker A chain

Branched

: B chain
sugar chains °
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Fusion and linker variants improve
Relaxin-2 C, ., and exiend half-life

Day
Analysis
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Drivers of in vivo protein half-life

Secreted

Slide 54

Secreted Intracellular

* Renal clearance _ o
« Enzymatic + Ubiquitination
*Immune clearance degradation

* Autophagy

* FcRn recycling
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Intracellular protein degradation

Protein unfolding/denaturation Ubiquitin-mediated protein degradation

Ubiquitin
@® £1.E2,E3 3.

Proteasome
- N\
(D)
i®)
E .
c
>
[
2 Protein N
Q X g
© ’k
LL

Degraded

protein

Temperature (°C)
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Protein engineering to extend intracellular half-life

Objectives Considerations

Stability Structural models

allol : i
[ANALYZE 3 o / )
/

o— e
[S%FEEEN/ 1 [ DESIGN }—o— T
—O0—

Fracon Unflied

i

De-ubiquitination

El, E2, E3
@

A

Proteasome
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To stabilize phenylalanine hydroxylase (PAH), we needed to
understand what amino acids were amenable to change

LNP formulation o Do 20 BRI O

Pﬁ“: I L s SR e % - Secreted :
encoded —sA\NN o - et - tyrosine and
mRNA - . Y. BsisE=taan - R e » 3
e 5 TeerE Sorees == subsequent -
: > ~ derivatives

Tyrd|ﬁe7 —

Intracellular
tyrosine and
subsequent
derivatives

Protein chain Phenylalanine
hydroxylase (PAH)

Formulation

Ribosome subunit

Réduction in toxic
PAH homotetramer Phenylalanine
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Since PAH is a ceniral metabolic enzyme, it's presentin all
branches of life

Slide 58

sigmaaldrich.com
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Homology searches can identify related sequences from other
species

NCBI (NIH)
guery sequence: human PAH BLAST database

MSTAVLENPGLGRKLSDFGQETSYIEDNCNONGAISLIFSLKEEVGALAKVLRLFEENDV Home  RecentResults  SavedStrategies  Help
NLTHIESRPSRLKKDEYEFFTHLDKRSLPALTNIIKILRHDIGATVHELSRDKKKDTVPW COVIO-191s an smorging raily avivn svton

FPRTIQELDRFANQILSYGAELDADHPGFKDPVYRARRKQFADIAYNYRHGQP I PRVEYM ‘ i e b

EEEKKTWGTVFKTLKSLYKTHACYEYNHIFPLLEKYCGFHEDNIPQLEDVSQFLQTCTGE
RLRPVAGLLSSRDFLGGLAFRVFHCTQYIRHGSKPMYTPEPDICHELLGHVPLFSDRSFA
QFSQEIGLASLGAPDEY IEKLATIYWETVEFGLCKQGDSIKAYGAGLLSSFGELQYCLSE B T T O

KPKLLPLELEKTAIQONYTVTEFQPLYYVAESFNDAKEKVRNFAATIPRPEFSVRYDPYTQR R N A Pl S ) N S T
IEVLDNTQQLKILADSINSEIGILCSALQKIK

Standard Protein BLAST
blastn Sty | plasts | Risstn | Wiests

Or,upload il crocan i Notiachosen o
Job Title
Erio  doncriive e o your BLAST smarch @
‘Align two or more sequences i

200 250 300 350
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Sequence adlignment representations

Sequence position

Species Sequence position

Reference —

sequence

Evolutionary diversity

Slide 60

sequences
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Global view:
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overall diversity
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Mining useful substitutions from nature

: Remove
. rEEEmEe ! Remove “gappy” Remove short seguences
—— — ELAS nomeliegy seaich sequences sequences without Phe in
o e description
e 4975 hPAH-like seqgs 3760 seqs 690 seqs
T il LI EIJ
A | ; i) I
i ‘I\f\,i 1 1 TR
i Phenylalanine hydroxylase
1| is evolutionarily related to
uif]| TN Tyrosine hydroxylase and
LR TR Tryptophan hydroxylase
T e L
i Ii i
e
Largegaps [0 @ [

suggesttopological
differences from
human
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Alignment of PAH sequences

Human

Mammals

Birds
Reptiles
Fish —

Invertebrates
and fungi

=

Slide 62
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Amino acid changes expected stabilize hPAH folding
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Remove hPAH ubiquitination sites
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Wagner... Choudhary (2012) Mol Cell Proteomics
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PAH protein variants expressed from idT-protected mRNAs
in PKU mouse model

Day 0 1

-~ PBS
30007 - PAHWT
=0- PAH WT with idT

_ PAH _
Phenylalanine == Tyrosine

Phenylketones
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Human PAH engineering

Predicted to stabilize
the folded state

_

N M180 > T180

N

Removes a potential
ubiquitination site
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PAH protein variants expressed from idT-protected mRNAs
in PKU mouse model

RN

Day 0 1 5 6 7

2 3 4
=~ Biomarker BB EERERREREB B

-8~ PBS
30004 -~ PAHWT
-~ PAH WT with idT
—— PAH K150T with idT
| ~#- PAH M180T with idT
2000
—
=
3.
N
(0]
<
o
1000+

_ PAH _
Phenylalanine == Tyrosine

Days post-dose

Phenylketones
Low serum phenylalanine levels are maintained even further by

combining PAH mRNA stabilization and protein engineering
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Conclusions

* The duration of pharmacological effect for
MRNA medicines is a function of both mRNA
and protein half-life

* Understanding the biological rules governing
these half-lives gives us multiple levers to
engineer the desired pharmacology

* As with other mRNA engineering principles,
the effects are additive

Slide 68

Increase protein half-life

Increase mMRNA half-life

<
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Where does Plafform Research fit in?

AR AUGCCUCGCCUGUUCUUGUUCCA e
HE{ K 01 H O CCUGCUAGAAUUCUGUUUACUAC
w0
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- @ — KDDVIKLCGRELV ]
) g RAQIAICGMSTWS
new

# UAGUUCGCGCGCAGAUUGCCAUU
UGCGGCAUGAGCACCUGGAGCAA

AAGGUCUCUGAGCCAGGAAGAUG Make

GCGGCCAAAUGGAAGGACGAUGU
UAUUAAAUUAUGCGGCCGCGAAU

KRSLSQEDAPQTP

RPVA

A4
CUCCUCAGACACCUAGACCAGUG

|deCI therape.utic amino acid Com U‘l'qﬁon GCAUGA o
protein sequence P mMRNA sequence MCInUfGCi'U"ng
V e
e =
TZ enzymes W % ‘

Circular _ nuclfétides W Lipids N‘J 3
DNA Linear VAAAAANNINT Nm . o
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(plasmid) - DNA — , :

Purified mRNA

»©

It starts with an idea

Digital sequence design based on propriety algorithm
Manufacturing of plasmid, mRNA, and LNP

Fill, finish, and QC

Biodistribution, cellular uptake, and protein expression

moderna

bk wWwbhPE



Wild type T7 RNA polymerase makes both full-length mRNA
and dsRNA impurities

T7 RNA polymerase A, C, G, 1Im¥Y

BOTTOM
strand

Transcription

¢ O

RA V.V Vv

Short RNAs oo~ Full-length mRNA
MRS PGPV 100’s of copies
MNNANANANANNNNNNNANANANN A~
Immunostimulatory Smaller
impurities an¥  dsRNA
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dsRNA triggers innate immune responses

mRNA-
containing
LNP

Cytoplasm

Type | IFN
(IFN-a, IFN-B)

Proinflammatory
cytokines

Nelson ... Joyal (2020) Science
Nucleus advances in press
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HPLC purification is common

Published online 2 September 2011
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Generating the optimal mRNA for therapy:
HPLC purification eliminates immune activation
and improves translation of nucleoside-modified,

protein-encoding mRNA
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ABSTRACT

In vitro-transcribed mRNA has great therapeutic po-
tential to transiently express the encoded protein
without the adverse effects of viral and DNA-based
constructs. Mammalian cells, however, contain RNA
sensors of the innate immune system that must
be considered in the generation of therapeutic
RNA. Incorporation of modified nucleosides both

express therapeutic proteins (4). The recognition that the
immunogenicity of RNA could be reduced by the incorp-
oration of modified nucleosides with a concomitant
increase in translation (5), potentially allows efficient ex-
pression of intra and extracellular proteins in vivo and ex
vivo without activation of innate immune pathways.
Unfortunately, modified nucleoside-containing  RNA
transcribed by phage RNA polymerase transcription still
retains a low level of activation of such pathways (3,5-7).

ini ivation of RNA sensors by nucleoside

innate and
translation of mRNA, but residual induction of
type | interferons (IFNs) and proinflammatory cyto-
kines remains. We identify that contaminants,

The

modified RNA could be because the modifications do not
completely suppress the RNAs ability to activate sensors
or due to contaminants with structures that activate in the
presence of i ification. It is well ished
that RNA transcribed in vitro by phage polymerase
contains multiple contaminants, including short RNAs

di e d RNA, in
modified in vitro ribed RNA are ibl
for innate ion and their I by
high per liquid hy (HPLC)
results in mRNA that does not induce IFNs and in-

y kil and is d at 10- to
1000-fold greater levels in primary cells. Although
unmodified mRNAs were translated significantly
better following purification, they still induced
high levels of cytokine secretion. HPLC purified
nucleoside-modified mRNA is a powerful vector for
applications ranging from ex vivo stem cell gener-
ation to in vivo gene therapy.

INTRODUCTION

Our understanding of the importance of RNA in biologic-
al processes and the therapeutic potential has substantially
increased with the discovery of non-coding regulatory
RNAs. The use of mRNA has also expanded, including

produced by abortive i events (8) and double-
stranded (ds)RNAs generated by self-complementary 3’ ex-
tension (9), RNA-primed transcription from RNA tem-

plates (10) and RNA-dep RNA p
activity (11).

Large quantities of RNA can be casily prepared by
in vitro iption fro; 1 using phage

RNA polymerase or solid-phase chemical synthesis. For
uses that require further purification, such as NMR (12),
crystallography (13) and peutic applications (14), a
number of techniques have been developed. Preparative
denaturing  polyacrylamide gel clectrophoresis is
commonly used to purify in vitro-transcribed  RNA,
however, this method is suitable only for short RNAs
[reviewed in (15)]. Long RNAs can be separated on
denaturing agarose gels, but they arc not translatable
due to covalent modifications introduced by the denatur-
ants glyoxal and dehyde (16). C! hy
based on size exclusion can efficiently remove unincorpor-
SR

the delivery of mRNA to generate induced plurip
stem (iPS) cells (1-3) and in vive administration to

+To whom correspondence should be addressed. Tek: +1 215 573 8491; Fax: 4215 349 5111; Email: dreww @mail. med.upenn.edu

© The Author(s) 2011. Published by Oxford University Press.
This s an Open Access atick distributed under the terms of the Creative Commons Attribution Non-Commercial License (ntp: creativecommons.org ficenses/
by-nc/3 0), which permils wnrestricted non-commercial use, distrbution, s reproduction in any medium, provided the original work is properly cited.
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ated nucleoside trip! small abortive transcripts
and plasmid template from the desired RNA product

ly used to reduce dsRNA content
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By engineering process conditions, we can minimize dsRNA
formation by wild type T7 RNA polymerase

anti-lgM-HRP

Highly sensitive assay
for detecting dsRNA
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.+ Engineering T/ RNA Polymerase to further
'
mOde———q reduce dsRNA formation




Amy Rabideau, Ph.D.

Amy Rabideau, Ph.D.

Principal Scientist, Process Development
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Wild type T7 RNA polymerase makes both full-length mRNA
and dsRNA impurities

T7 RNA polymerase A, C, G, Im¥

BOTTOM TOP
strand strand

Transcription

¢ N

A\ YaVavard
Short RNAs o~ Full-length mRNA
NS IPPVY 100’s of copies
AV AV AV PN f;‘/\ﬂ/"‘-/\\l‘?'/“_,r- A /\'/“/“-/\/'}
Immunostimulatory Smaller
impurities ™  dsRNA
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By engineering process conditions, we can minimize dsRNA
formation by wild type T7 RNA polymerase

anti-lgM-HRP

Highly sensitive assay
for detecting dsRNA
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T7 RNA polymerase A, C, G, Tm¥

Y
WA /, VAR AT A,
§ P NRNRNRARVA WAVAVA

Transcription

WT T7 produces short
RNA transcripts

BOTTOM
strand

4 strand
TOP 5'-GGGAAAUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGAGCCACCAAAAAAAAAAAAAAAAAAAAUCUAG-3’
strand 5'-GGGAAAUAAGAGAGAAAAGAAGAG-3’ WT

Full length RNA
ANAAAAANANNATT

Short RNAs

|
—

(-o-

WT, wild type T7 RNA polymerase Free 3°P-GTP —
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T7 RNA polymerase A, C, G, Tm¥

N WT T7 produces small and
loopback dsRNA

TOP 5" -GGGAAAUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGAGCCACCAAAAAAAAAAAAAAAAAAAAUCUAG-3'
Sielle 5" -GGGAAAUAAGAGAGAAAAGAAGAG-3’ wr

SIS 3 -cccuuuauucucuCUULUCUUCUC- 5
strand

Full length RNA
ANAAAAANANNATT

BOTTOM
strand

Transcription

Loopback dsRNA

|
—

Short RNAs . +— Smaller dsRNA
Raapr N

AV :
NS SPPOV L
1 :

® H

'

WT, wild type T7 RNA polymerase Free 3°P-GTP —V. ? <+«— Free 32P-CTP
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Cell-based assays for measvuring innate immune
responses to dsRNA
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Immune response
in fibroblasts

Fibroblast cells

MRNA

‘\B'X Transfect fibroblasts
with mMRNA

Measure IFN-[3 protein

IFN-beta (pg/mL)

Immune response
in macrophages

MRNA

Ratio IP-10 / HPRT

(R

»

v

»
il

Human peripheral blood
mononuclear cells
(PBMCs)

Isolate
monocytes

Differentiate to
macrophages

Transfect
macrophages
with mRNA

Measure IP-10 mRNA
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Transcription cycle: Unbound T7 RNA polymerase

DIRECTION OF POLYMERIZATION

Promoter
M“MVWWWWme\L.V

T7 RNA

Polymerase
(T7)

| moderna



Transcription cycle: Binding promoter in DNA template

DIRECTION OF POLYMERIZATION
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Transcription cycle: Melting DNA to form transcription bubble

DIRECTION OF POLYMERIZATION

Transcription
bubble
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Transcription cycle: De novo initiation with 2 GTPs

DIRECTION OF POLYMERIZATION

§ Template

DNA LT N
| AN L\ strand DNA
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Transcription cycle: Initiating short RNA transcript

DIRECTION OF POLYMERIZATION
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Transcription cycle: Transitioning to elongation

DIRECTION OF POLYMERIZATION

Template
strand DNA

|

)
/ New RNA
f strand
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Transcription cycle: Rapidly transcribes RNA

DIRECTION OF POLYMERIZATIO

|
j

: 1 e 2 “‘ig_t—/" ?7,-,47‘
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=5y e -
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Template
strand DNA

New RNA
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\/ 3 i\.- " )
OYESLBEN
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Can we engineer 17 to favor the fast processive state?

Initiation complex — Elongation complex
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Moderna computer-aided protein engineering workflow
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Analyze & Design: Mutation positions in structure
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_ SCREEN/
— —0—
P\ | iR >
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O Conformational mutations
@ Active site mutations
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By engineering process conditions, we can minimize dsRNA
formation by wild type T7 RNA polymerase

anti-lgM-HRP

Highly sensitive assay
for detecting dsRNA
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Screen/test: dsRNA content and immune response

dsRNAELISA
£ 100+
=
o) MULTIPLE MUTANTS
)
=
S 50-
S
<
=z
0
%) 0- //// *_ LOQ
WT T7 —Moderna T7
150, CYtokine response
* - :ET MULTIPLE MUTANTS
" S 100~
IFN-beta response =
. . ]
in fibroblasts @
< 504
Z
) | 1 .
LOQ, level of quantitation; 0- 7/ I LOQ
WT T7, wild type T7 RNA polymerase WT T7 —p M Oderna T7
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T7 RNA polymerase A, C, G, Tm¥

BOTTOM TOP M rn
B : I;)};:‘Ise a T7 also produces short
— —\

TOP 5" -GGGAAAUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGAGCCACCAAAAAAAAAAAAAAAAAAAAUCUAG-3'
Sielle 5" -GGGAAAUAAGAGAGAAAAGAAGAG-3’ WT  ModernaT7

Full length RNA
NANANAAANNANSST

ANE
! :
-
Short RNAs —4 ‘ :
A\ YaVavard i
ok A
NANANANANTT
o e
WT, wild type T7 RNA polymerase Free 32P-GTP _’. .
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T7 RNA polymerase A, C, G, Tm¥

Moderna T7 produces very

N - B little dsRNA
—\

TOP 5" -GGGAAAUAAGAGAGAAAAGAAGAGUAAGAAGAAAUAUAAGAGCCACCAAAAAAAAAAAAAAAAAAAAUCUAG-3'
strand 5" -GGGAAAUAAGAGAGAAAAGAAGAG-3’ WT  ModernaT7 WT Moderna T7

SIS 3 -cccuuuauucucuCUULUCUUCUC- 5
strand
Full length RNA

NN AAAASNNT

Transcription

Loopback

i
! 3
: -
, - Smaller :
Short RNAs —¢ 4 dsRNA —+¢ .
A\ VaVavard - ’
v E A :
MAAANSY ’
L ®
L
W\ g U
WT, wild type T7 RNA polymerase Free 32P-GTP —’. . Free 32P-CTP _’? '

.noderna
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Moderna T7 produces mRNA with low dsRNA without HPLC

dsRNA ELISA

Legacy transcription conditions

dsRNA (% relative to WT)
a1
o

\\\\\\\\\\\\\\\\\\\\\\\ LOQ
0 T

Enzyme WT WT Moderna T7
HPLC — — + .

LOQ, limit of quantitation;

WT, wild type T7 RNA polymerase .
moderna

Slide 95



Moderna T7 produces mRNA with low dsRNA without HPLC

ﬁ IP-10 responsein macrophages

100+

dsRNA (% relative to WT)
a1
o

0

dsRNA ELISA

Enzyme WT

HPLC — —

LOQ, limit of quantitation;
WT, wild type T7 RNA polymerase
Slide 96

Legacy transcription conditions
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Moderna T7 produces mRNA with low immune response without HPLC
in vivo

r N Cytokine response at6 h
k : 4000

3000 °
-
£
C57BL/6 mice 2 om0 °
. . o
[V administration S
0.5 mg/kg mRNA o °
Analyzed at 6 h post-dose - ®
1000 —0—0—
o
o O
0 [ ] o —C
Enzyme WT WT Moderna T7 PBS
HPLC — + —

WT, wild type T7 RNA polymerase
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Moderna now has two ways to reduce dsRNA
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1.

ng dsRNA/ug mRNA

154

104

Process Optimization

Legacy process

e P
Moderna process

2. Moderna T7

BOTTOM
strand

T7 RNA polymerase A, C, G, 1m¥

AT * ‘,
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Transcription
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NN

Short RNAs A0
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4 strand

Full-length mRNA
100’s of copies

[

Immunostimulatory
impurities

A

moderna



Where does Plafform Research fit in?

AR AUGCCUCGCCUGUUCUUGUUCCA e
HE{ K 01 H O CCUGCUAGAAUUCUGUUUACUAC
w0

G MPRLFLFHLLEFCL 9
N ¢ LLNQFSRAVAAKW " UGAACCAAUUUUCCAGAGCAGUC Create
- @ — KDDVIKLCGRELV ]
) g RAQIAICGMSTWS
new

# UAGUUCGCGCGCAGAUUGCCAUU
UGCGGCAUGAGCACCUGGAGCAA

AAGGUCUCUGAGCCAGGAAGAUG Make

GCGGCCAAAUGGAAGGACGAUGU
UAUUAAAUUAUGCGGCCGCGAAU

KRSLSQEDAPQTP

RPVA

A4
CUCCUCAGACACCUAGACCAGUG

|deCI therape.utic amino acid Com U‘l'qﬁon GCAUGA o
protein sequence P mMRNA sequence MCInUfGCi'U"ng
V e
e =
TZ enzymes W % ‘

Circular _ nuclfétides W Lipids N‘J 3
DNA Linear VAAAAANNINT Nm . o
AN A s NSNS D iy L SR ot

(plasmid) - DNA — , :

Purified mRNA

»©

It starts with an idea

Digital sequence design based on propriety algorithm
Manufacturing of plasmid, mRNA, and LNP

Fill, finish, and QC

Biodistribution, cellular uptake, and protein expression
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We target different tissues via multiple
routes of administration (ROAs)

SC Injection

Intracardial
injection

Slide 100

Intratumoral
Injection



Rational structure-based design of LNPs for mRNA starts with
understanding the components and their molecular interactions

Components Structure Function Therapeutic Effect
" ,
lonizable lipid — —) / "Se
X A molecules ‘ & b o
Cholesterol Acomposition
2" A process ,
' — | —

Chemical stability

Physical stability

Biodistribution
Cellular uptake
Endosomal escape
Protein expression
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Moderna | New LNPs for Liver Delivery




Kerry Benenato, Ph.D.

Kerry Benenato, Ph.D.

Senior Director, Platform Chemistry
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Rational structure-based design of LNPs for mRNA starts with
understanding the components and their molecular interactions

Components Structure Function Therapeutic Effect
" ,
lonizable lipid — —) / "Se
X A molecules ‘ & b o
Cholesterol Acomposition
2" A process ,
' — | —

Chemical stability

Physical stability

Biodistribution
Cellular uptake
Endosomal escape
Protein expression
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Evolution to the modern day lipid nanoparticle identified the
importance of ionizable lipids

Neutral lipids
FEBS lett., 1971, 14, 95

v" Good encapsulation of proteins
X Poor encapsulation of DNA

RO B Rt g
. it
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IR & S
1S R | s
' b - ety - Sl

Electron micrograph of protein containing
liposome
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Double-stranded oligonucleotides have a negatively charged
backbone

/

Watson Crick base pairs

Hydrogen bonds

HO
o~* N_ _N

N N/H/” \([)]/ ~N

2

<N |N/)\N,H’/’

/ H

: »~ Pi-stacking

Negatively charged

Phosphate backbone phosphates

lonic bonds

moderna
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importance of ionizable lipids

Evolution to the modern day lipid nanoparticle identified the
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Cationic lipids
PNAS, 1987, 84, 7413

v" Good encapsulation of DNA
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Cadtionic lipids interact with the negatively charged backbone
of double stranded oligonucleotides

lonic bonds

moderna
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Evolution to the modern day lipid nanoparticle identified the
importance of ionizable lipids

Cationic lipids

PNAS, 1987, 84, 7413 v Good encapsulation of DNA

v Good in vitro delivery efficiency
v Poor in vivo systemic delivery

DNA +
et X
Liposome _
+ Lipoplex

Parker ... Sheridan (2003) Expert Reviews in Molecular Medicine
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Evolution to the modern day lipid nanoparticle identified the

importance of ionizable lipids
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Following delivery to the target tssue, the vector must then
be taken up by the tissue and express its DNA payload at
sulficient levels 1o give a therapewtic effect. Impartamly, a
sysiemic vector must also be safe, well tolerated upon admin-
isiraion, and be non-inmm . The wtility af viral vec-
tors, cationic lipid-containing DNA complenes {ipoplexes),
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Liposomes encapsulating small-molecule dnsgs such as
doxorshicin (2) and vincristine (3) have been shown 1o be
effective in humans. Liposomes can increase drg scoumusla-
tion ot the fumor site by 20 1o 100 times compared to the

lonizable lipids
Pharmaceutical Res., 2005, 22, 362

v" Good encapsulation of DNA
v" Good in vitro delivery efficiency
v" Good in vivo systemic delivery
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Moderna has invested in development of ionizable lipids for

delivery of mRNA
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Moderna has invested in development of ionizable lipids for
delivery of mMRNA
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Moderna proprietary ionizable amino lipid
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Our commiimentio be the best at mMRNA science is core to
who we are: A 20-year journey

Product Performance

_/

2011 2018
Inception

Time
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Moderna has invested in development of ionizable lipids for
delivery of mRNA

lonizable amine
Hydrogen bond

l donor and acceptor

/
e T /\
/\/\/

e

Ethanolamine
head group

Moderna proprietary ionizable amino lipid

Sabnis ... Benenato (2018) Molecular Therapy
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Moderna has invested in development of ionizable lipids for
delivery of mMRNA

lonizable amine

moderna



Moderna has invested in development of ionizable lipids for
delivery of mMRNA
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But mRNAs are different: They have both single- and double-
stranded regions

m 5' Cap ' Poly (A) talil

MRNA

Bases

Backbone\é/ §

Single stranded

¢

Double stranded Single-stranded
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Moderna has invested in development of ionizable lipids for
delivery of mMRNA

lonizable amine
Hydrogen bond

l donor and acceptor
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Ethanolamine

head group

Sabnis ... Benenato (2018) Molecular Therapy
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Molecular dynamic simulations allow us to gain insight into

how our molecules behave

— Chemical

! Synthesis
»>

Molecular
Dynamics
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Molecular dynamics simulations indicate the ethanolamine
engages in fransient hydrogen bonds with the mRNA
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Molecular dynamics simulations indicate the ethanolamine
engages in fransient hydrogen bonds with the mRNA
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Molecular dynamics simulations indicate the ethanolamine
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Molecular dynamics simulations indicate the ethanolamine
engages in fransient hydrogen bonds with the mRNA
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Molecular dynamics simulations indicate the ethanolamine
engages in fransient hydrogen bonds with the mRNA
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The ethanolamine hydrogen bonds to the phosphate
backbone and the nucleobases




Could we design lipids with even sironger interactions
with the nucleobases?

tput
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Hydrogen atom is critical for activity
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Nucleobases are too specific
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Hydrogen bond donors and acceptors are critical for activity
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Further development of structure activity relationships

identified a new lead structure
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New lead structure is a squaramide ionizable amino lipid

NN N l Four hydrogen bond acceptors
N H l
| lonizable amine O
~ l /\/\ l Aromatic
N N
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Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid ¢/
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Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid ¢/

moderna



Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

A f4F e A
W= .
_ A
Squaramide v
ionizable lipid £/

moderna



Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid ¢/

moderna



Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid ¢/

moderna



Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid ¢/

moderna



Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid ¢/

moderna



Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid ¢/

moderna



Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid £/

moderna



Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid £/

moderna



Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases

Squaramide
ionizable lipid ¢/

moderna



th mRNA

th the nucleobases

teracting wi

ionizable lipids in

Simulations of squaramide

teractions wi

In

demonstrate preferential

/

Squaramide
lonizable lipid

moderna

Slide 156



/

Squaramide
lonizable lipid

Simulations of squaramide ionizable lipids interacting with mRNA

demonstrate preferential interactions with the nucleobases
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Simulations of squaramide ionizable lipids interacting with mRNA
demonstrate preferential interactions with the nucleobases
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Squaramide ionizable lipids bind mRNA via hydrogen bonds




Squaramide ionizable lipids bind mRNA via pi-stacking
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Squaramide based ionizable lipids afford improved protein
expression after iv administration

1000+
O )
O j—y
ﬁ E
\l\ll/\/\H NH Mouse g- Squaramide LNP
/ IV infusion & Ethanolamine LNP
: 0.5 mg/kg <
~Squaramide hEPO mRNA 2
lonizable lipid -
100 +—-"-—"—"——F—"——————
0 10 20 30
Time (h)
1000
=
NHP E  100-
IV infusion 2
0.1 mg/kg O 10~
hEPO mRNA % Squaramide LNP
> 17
3 Ethanolamine LNP
1e-001 ++—+r————
0 20 40 60 80
Time (h)
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Squaramide based ionizable lipids afford sustained
pharmacology

O

jug
\\N/\/\N
! H NH
/
Squaramide
ionizable lipid 1000 e~ Squaramide LNP
-
NHP £ 100-
. . (@]
IV infusion =
0.1 mg/kg Q 10-
hEPO mRNA m |
Biweekly dosing > 14
. [
Ol+—T—77 L e L e L R S
0 100 200 300
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Squaramide based ionizable lipids efficiently
deliver to hepatocytes in cyno liver

NHP _ _
IV infusion untreated control liver treated liver
2 mg/kg P e X

NPI-Luc mRNA

6 h immunohistochemistry
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Glycogen Storage Disease Type 1a (GSD1a)

Slide 171

Deficiency in glucose-6-phosphatase (G6Pase), encoded by G6PC gene
—> Patients fail to maintain blood glucose level and suffer hypoglycemia during fasting

LNP formulation

hG6Pase
encoded —SANN -
mRNA L

Endoplasmic
Reticulum

- | Cytosol

Pi

Nucleus
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Sustained improvement in fasting blood glucose
with the squaramide LNP

G6PC KO mouse Fo
IV bolus '
0.2 mg/kg

G6Pase mRNA

1stDose 2nd Dose 3d Dose

| | ;e
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S~~~

S 250 . :
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S 150-
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o ¥ 1 ( g/dL)
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Our commiimentio be the best at mMRNA science is core to
who we are: A 20-year journey

\\N/A\V/OH
|

Ethanolamine
lonizable lipid

O
\\N/\/\N/\E

H NH
/

Product Performance

Squaramide
lonizable lipid | : : >
2011 2018 2020
Inception

Time
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Rational structure-based design of LNPs for mRNA starts with
understanding the components and their molecular interactions

Components Structure Function Therapeutic Effect
" ,
lonizable lipid — —) / "Se
X A molecules ‘ & b o
Cholesterol Acomposition
2" A process ,
' — | —

Chemical stability

Physical stability

Biodistribution
Cellular uptake
Endosomal escape
Protein expression
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moderna Impa;’rof LNP Size on
---= 1 Vaccine Immunogenicity




Kimberly Hassetit, Ph.D.

Kimberly Hassett, Ph.D.

Senior Scientist, Formulation Science

moderna



Moderna’s proprietary vaccine ionizable lipid improves local
expression and tolerability without impacting immunogenicity

Molecular Therapy AMERICAN SOCIETY of
Nucleic Acids w‘ GENE &CELYL
Original Article

Optimization of Lipid Nanoparticles
for Intramuscular Administration
of mMRNA Vaccines

Kimberly J. Hassett,! Kerry E. Benenato,' Eric Jacquinet,' Aisha Lee,’ Angela Woods,' Olga Yuzhakov,'

Sunny Himansu,' Jessica Deterling,' Benjamin M. Geilich,' Tatiana Ketova,' Cosmin Mihai,’ Andy Lynn,’

Tain McFadyen,' Melissa J. Moore,' Joseph J. Senn,' Matthew G. Stanton,"> Orn Almarsson,' Giuseppe Ciaramella,">*
and Luis A. Brito'

!Moderna Therapeutics, 200 Technology Square, Cambridge, MA 02139, USA

w
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Generating an immune response with mRNA vaccines

0 Recruitment of immune cells e Migration of LNPs and
to the site of administration

Slide 178

APC to the draining lymph
node

Antigen
presenting cell
(APC)

Draining Lymph
Node

© 2020 M oderna Therapeutics

LNP uptake and antigen expression
in cells at the injection site and in
draining lymph nodes

= |

Viral
antigens

Viral protein

Ribosome chain

............... S

tigen presenting cell (APC)
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Literature suggests particle size can impactimmune response

= TheJournal N Jaccihe
"LHSI l % } I } { } ) . .
MIMurnology ,
. o . ) Effect of vesicle'size on tissue localization and immunogenicity of liposomal
Vesicle Size Influences the Trafficking, Processing, and l DNA vaccines
Presentation of Antigens in Lipid Vesicles'

REVIEWS

Vaccine delivery: a matter of size,

Critical size limit of biodegradable nanoparticles for enhanced lymph geom etr‘y’ kinetics and molecular

node trafficking and paracortex penetration

patterns

Size-dependency of nanoparticle-mediated gene transfection: Orchestrating immune responses: How:size, shape and rigidity affect the
immunogenicity of particulate vaccines

studies with fractionated nanoparticles

European Journal of

Immunology

; . . : Engineered nanoparticles interacting with cells:
Nanoparticles target distinct dendritic cell populations . tt
according to their size SIZ€ matters
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Particle size affects lymphatic vessel entry and APC uptake

Efficient entry into lymph vessels
: 3 |
‘ Efficient uptake by APCs
|

Immunogens EEIIJERETls [
| Viruses
: : Bacteria

| T T T T |
nm 1 10 100 1,000 10,000 100,000

Modified fromBachmann MF and GT Jennings. “Vaccine delivery: a matter of size, geometry, kinetics and molecular patterns” Nature Reviews Immunology (2010).
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Particle size affects lymphatic vessel entry and APC uptake

Efficient entry |nto lymph vessels

‘ EfflClent uptake by APCs
| .

Immunogens EEIIJERETls [
| Viruses

| ; 5

T T T |
nm 1 10 100 1,000 10,000 100,000

Modified fromBachmann MF and GT Jennings. “Vaccine delivery: a matter of size, geometry, kinetics and molecular patterns” Nature Reviews Immunology (2010).
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A retrospective analysis shows a trend between
CMYV LNP size and immunogenicity

Day 0
Analysis
(blood draw)

Balb/C mice

IM administration
3 pg dose

CMV mRNA
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Anti-Pentamer Titer

Antibody Titer After Prime
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The retrospective analysis contained 23 CMV immunogenicity studies evaluating 129 LNP formulations
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LNP size can be varied by controlling process parameters
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LNP size can be varied by controlling process parameters
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Optimal CMV LNP size is ~100 nm in mice

Day 0
Analysis
(blood draw)

Balb/C mice

IM administration
3 pg dose

CMV mRNA
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Optimal CMV LNP size is ~100 nm in mice

Lipid mix
(organic) ;
mRNA 4
(aqueous)
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Different sized LNPs were selected for further evaluation

o Dynamic Light Scattering < Nanoparticle Tracking Analysis
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CMYV LNP vaccine size evaluated in mice

Day 0

Analysis
(blood draw)

Slide 188

Mouse
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IM administration
3 ug dose

CMV mRNA
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CMYV LNP vaccine size evaluated in mice and NHP models

Day 0

Analysis
(blood draw)
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Mouse
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IM administration
3 ug dose

CMV mRNA

NHP
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Conclusions

* LNP size can be controlled while maintaining lipid composition by modulating
formulation process parameters

* In mice, LNP sizes below 80nm induce antibody titers dependent on particle size

* In mice, LNP sizes above 100nm consistently generate high antibody titers
Independent of particle size

* NHPs are more tolerant to changes in LNP particle size

 Current size range of Moderna’s mRNA vaccine LNPs is appropriate for optimal
Immune responses Iin primates
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2020 Science Day agenda

Infroduction Stéphane Bancel, CEO 8:00-8:10 AM 10 min
Chapter 1 Melissa Moore, Ph.D., Chief Scientific Officer, Platform 8:10-8:45 AM 35 min
Extending Pharmacology Research
» Controlling the duration of our pharmacologic effect
* Enhancing mRNA and protein half-lives
Chapter 2 Amy Rabideau, Ph.D., Principal Scientist, Process Development  8:45-9:05 AM 20 min
T7 Enzyme Engineering to Reduce dsRNA Production
Chapter 3 Kerry Benenato, Ph.D., Senior Director, Platform Chemistry 9:05-9:25 AM 20 min
New LNPs for Liver Delivery
Chapter 4 KimberlyHassett, Ph.D., Senior Scientist, Formulation Science 9:25-9:40 AM 15 min
Impact of LNP Size on Immunogenicity
Break 9:40-9:50 AM 10 min
Chapter 5 Andrea Carfi, Head of Research, Infectious Disease 9:50-10:50 AM 60 min
Our Progress Toward Creating a mRNA Vaccine for HIV William Schief, Ph.D., Scipps, International Aids Vaccine
* Vaccine designto elicit broadly neutralizing antibodies Initiative (IAVI)

against HIV Paolo Lusso, M.D., Ph.D., National Institute of Allergy and
* NIH-Moderna HIV-1 vaccine Infectious Diseases (NIAID)
Conclusion Stephen Hoge, M.D., President 10:50-11:00 AM 10 min
Q&A 11:00-11:30 AM 30 min
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Andrea Carfi

Andrea Carfi

Head, Infectious Disease Research
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MRNA vaccines overview
Key characteristics and differentiation

1. Large product
opportunity

2. Higher probability of
technical success

3. Acceleratedresearch
and development
timelines

4. Greater capital
efficiency overtime vs.
recombinanttechnology

Slide 193

° Ability to do complex antigens

° Ability to do combinationvaccines

° V accine mechanismof action (MOA)

° B-celland T-cellresponse

0 Time to clinical study/market

° Uniform process allows for fast scale up

Modernad’s vaccine franchise:

« 7 vaccinesformajor unmet
needs

« >1,500 healthy volunteers
enrolled in vaccine clinical
trials

*  Observedneutralizing
antibodies to viral antigens
against all eight viruses for
which we have had clinical
trial readouts

moderna



HIV collaborations with BMGF, IAVI and NIH

Important part of Moderna’s commitmentto public health

° Long standing collaborations with BMGF, IAVIand NIH

Commitment to ° HIV remains a high unmet need with 2.1 milion new annualinfections'
public health

BILLe MELINDA

o In~30 years, only 6 HIV-1 efficacy vaccine trials GATES foundation

° Moderna’s mRNA technology to accelerate HIV vaccine discovery by m)

rapid productionand clinical testingfornovelvaccine candidates National Institute of
Applying mRNA to Allergy and
challenging - o - - Infectious Diseases
biological and ° MRNA vaccine platform allows forrapid iterative cycles of design
technological and human testingenabling novelvaccinationstrategies

problems

° MRNA fechnology expands the antigen design space enabling the generation
of vaccine candidates that can not be easily manufactured otherwise

Slide 194 1.  UNAIDS, Global AIDS Update 2016 m O d e ' O



William Schief, Ph.D.

Professor, Immunology and Microbiology, Scripps
Executive Director, Vaccine Design, IAVI

William Schief is a Professor in the Immunology and Microbial Science
Department at The Scripps Research Institute in La Jolla, CA, Director for
Vaccine Design at the International AIDS Vaccine Initiafive (IAVI), and an
Associate Member of the Ragon Institute of MGH, MIT and Harvard. He'is
also a founder and board member of CompuVax, Inc., a startup biotech
company focused on vaccine design.

William received a B.S. in Applied Mathematics from Yale University and a
Ph.D. in Physics from the University of Washington. Dr. Schief’s work focuses
on computation-guided and structure-based design of immunogens and
immunization regimens, with the goal of inducing broadly neutralizing
antibodies against HIV and other pathogens that have frustrated
traditional vaccine design strategies.
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Paolo Lusso, M.D., Ph.D.

Chief, Viral Pathogenesis, Laboratory of Immunoregulation, National Institute of Allergy and Infectious Diseases (NIAID)

Dr. Lusso was born in Torino, Italy. He received his M.D. from the University
of Torino and his Ph.D. from the University of Bologna. He is board certified
in Internal Medicine and Infectious Diseases. From 1986 to 1994 he worked
as a Visiting Scientist in the Laboratory of Tumor Cell Biology, NCI,
Bethesda, MD.

From 1994 to 2007, he directed the AIDS Research Laboratory at the San
Raffaele Institute in Milan, Italy.In 2007, he returned to the US where he
became the Chief of the Viral Pathogenesis Section in the Laboratory of
Immunoregulation, NIAID, Bethesda.

He is an elected Member of the European Molecular Biology Organization
(EMBO) and a Fellow of the American Academy of Microbiology. His
research is focused on the mechanisms of HIV/AIDS pathogenesis and the
development of an HIV vaccine. His 1995 discovery of the HIV-suppressive
chemokines was nominated “Breakthrough of the Year” by Science
magazine.
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Vaccine Design to Elicit Broadly Neutralizing Antibodies
Against HIV

William Schief
Professor, Immunology and Microbiology, Scripps
Executive Director, Vaccine Design, |AVI

ModernaScience Day

June 2, 2020

Informationin following slides are from a third-party source. While we believe such
informationis reliable, we have notindependently verifiedanythird-party information,
and make no guarantee, express or implied, as to theaccuracy and completeness of it



HIV/AIDS Continues to Devastate

= 1.8 million new infections per year (nearly 5,000 per day)
= 37 million people living with HIV — 40% not receiving ART
= 1 million deaths per year due to HIV

= 35 million people have died due to HIV

We need a vaccine.

Source: UNAIDS Fact Sheet 2018



HIV entry

Env spike = (gp120); (gp41);

HIV
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eNeutralizing Abs
block HIV entry

e Successful
vaccines induce
neutralizing Abs

e For HIV, need to
induce broadly
neutralizing Abs

(bnAbs)

Slide 200

Neutralizing Ab

HIV



Sequence Diversity of HIV ENV Dwarfs that of Influenza HA

b) 1996 Influenza Sequences
Hemagglutinin (H3)
n=96

Slide 201

c) HIV-1 Single Individual (v2-C5)
Subtype B
Asymptomatic phase
Year 6 post sero-conversion
n=9

f) Democratic Republic of the Congo
1997, n=193 ) WG
“ g\--ﬁ, § q%;;:‘

B
ey,

L ; = N %:I
\
:fi:::: = N %»
K _:H:':--.F |

Korber et al., (2001) Brit. Med. Bull.




HIV Envelope Trimer: the Target of Neutralizing Antibodies

Structure, Glycosylation, and Sequence Variation Pose Major
Challenges to the Development of Broadly Neutralizing Antibodies



Prototype HIV Broadly Neutralizing Antibodies (bnAbs)

All Apex High mannose patch

PGT122

PGT135

PGT128

CD4 binding site gp120/gp41 interface MPER (model)

” PGT151

‘v
‘ ”
35022 ~ 8ANC195

* bnAbs neutralize diverse isolates, some up to 99% of all isolates.
* bnAbs provide sterilizing immunity in NHP models
Sice 203 * If vaccine can elicit bnAbs, could prevent HIV infection



Reverse Vaccinology 2.0

> Protective Abs (HIV: Abs=broadly
neutralizing Abs; target=Env)

v
g Env

Molecular characterization
of Ab-Env

Infected individual

v

& Immunogen design

% & Q <€ and testing
% PD*

*modified Env

2

combination of several immunogens
=vaccine

(adapted from Burton, Nat. Rev. Immunol., 2:706, 2002;
Slide 204 Rappuoli et al, J Exp Med, 2016; Burton, CSHL Perspectives, 2017).



HIV Vaccine Goal

Develop a vaccine that elicits sustained protective levels of
broadly neutralizing antibodies (bnAbs) in humans



Hypothesis: An effective HIV vaccine will need to
consistently induce bnAbs against 2-3 different sites on
the HIV Env in most vaccine recipients.

Targeting multiple sites is necessary to provide adequate
coverage against the huge diversity of global isolates.
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How will an HIV Vaccine Induce Broadly Neutralizing Antibodies (bnAbs)?

bnAb precursorB cell

® Rare
e Diverse
e Difficult to activate

with HIV proteins \\(/
o/

0
o® 9 o0 9 Q \Y/
naive B cells plasma cells \\(/
secretebnAbs
bnAbs

Somatic Hypermutation
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Strategy to induce bnAbs: Germline-Targeting Vaccine Design

Vaccine Prime Vaccine Boost 1 Vaccine Boost N
"germline targeting” "shepherding” ”polishing”

*

000 —> @0 O —— g0

0% 0 e O
- -
naive B cells memory B cells memory B cells plasma cells \\(/
secretebnAbs
bnAbs

Somatic Hypermutation
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(J 10 May 2013 | $10

Rational HIV Immunogen Design Q\
to Target Specific Germline b
B Cell Receptors

Jardine, Julien, Menis et al., Science, 2013

Germline-targeting nanoparticle activates bnAb
germline precursor B cells, but similar nanoparticle
lacking germline affinity fails to activate.

Germline-Targeting eOD 60mer

Native eOD 60mer

Relative Fluorescence

0 Time (s) 180
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HIV VACCINES ru Target antibody Determine key

: : : : : : genetic features of
Ageneraized HV vacaine design strategy for priming ? Artigen trget antoody tht
. . . ; enable structural
of broadly neutrdizing antibody responses crosgmentof
8
Jon M. Steichen*, Ying-Cing Lin*, Colin Havenar-Daughton*, Simone Pecetta*, Gabriel Ozorowski*,
Jordan R Willis*, Laura Toy, Devin Sok, Alessia Liguori, Sven Kratochvil, Jonathan L. Torres, T T T ¥ Using bioinformatics,
Oleksandr Kalyuzhniy, Heonora Melzi, Daniel W Kulp, Sebastian Raemisch, Xiaozhen Hu, 'T'T' W identify diverse potential
Steffen M. Bernard, Erik Georgeson, Nicole Phelps, Yumiko Adachi, Michael Kubitz, Hise Landais, T .lnl °|I| . WW precursors for target
Jeffrey Umotoy, Amanda Robinson, Bryan Briney, lan A. Wilson, Dennis R Burton, |I| |I| |I| %, ﬁntibOdyi?;l)tgadeep
. . . uman antibody
Andrew B.\Ward, Shane Crottyt, Facundo D. Batistat, Wiliam R Schieft ’l'i. 'i'i. 'i' WWWW Cecomeedatabase
|
“Our repertoire-guided line-t ti h & & iani
perioire-guiaed germiine-targetng approac - = Design immunogen
] .. . . for breadth of
provides a framework for priming the induction of many reactivty to diverse
HIV bnAbs and could be applied to most HCDR3- precursors
dominant antibodies from other pathogens.” |
Use immunogen as bait Priming of rare
toisolate potential precursorsinvivo
bnAb precursors from o
human B cells Structural validation

of precursor binding

¥

Bcell ‘J

response

ol
Steichen, et al. Science, 2019 %%
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Proof of principle for germline-targeting vaccine design:
bnAbs can be elicited starting from human GL B cells

Immunity

HIV Vaccine Design to Target Germline Precursors of

Glycan-Dependent Broadly Neutralizing Antibodies

N332

] - M F
% 4 36

SOSIP-10MUT SOSIP-TMUT
Germline-targeting prime Native V3
2 glycans removed in V1
5 other mutations in V1

2 mutations in V3

Caveats:
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SOSIP-5MUT

Native V3 + all native glycans restore

BG505-SOSIP
Native (T332N)

SOSIP-3MUT
Native V1+V3
except 2 V1 glycans still missing

PGT121 epitope
Cocktail
(SOSIP trimers)

Authors

Jon M. Steichen, Daniel W. Kulp,
Talar Tokatlian, ..., Darrell J. Irvine,
Michel C. Nussenzweig,

William R. Schief

Correspondence

nussen@mail.rockefeller.edu (M.C.N.),
schief@scripps.edu (W.R.S.)

In Brief

Elicitation of broadly neutralizing
antibodies (bnAbs) is a critical HIV
vaccine goal. Steichen et al. have
developed immunogens that prime
germline-precursor B cells for the bnAb
PGT121 and can therefore initiate bnAb
induction. The authors have also
designed boosting immunogens to
shepherd the antibody maturation to
develop bnAbs.
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Sequential Immunization Elicits Broadly Neutralizing
Anti-HIV-1 Antibodies in Ig Knockin Mice
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In Brief

Generation of HIV broadly neutralizing
antibodies—a major goal in vaccine
research—can be achieved through
sequential immunization with HIV
envelope glycoproteins designed to
engage PGT121 antibody precursors and
their intermediates.

*BnAb precursor frequency was ~100% in this mouse model = Too easy, no competition from other B cells
*Priming immunogen had only modest affinity for bnAb precursors
eNot ready for human testing — primingimmunogen needs higher affinity, broader specificity



Eliciting bnAbs in humans — importance of consistent priming

e Consistent priming of bnAb precursors is a vaccine requirement

* Consistent priming will likely require a priming immunogen that can target a diverse precursor
pool for any one class of bnAb (due to human genetic diversity and antibody recombinational
and junctional diversity)

»Priming immunogen needs appreciable affinity and avidity for diverse precursors (diverse
human naive B cells)

Vaccine Prime
"germline targeting”
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Lead Project for Germline-Targeting Vaccine Design: VRCO1

VRCO1-class bnAbs

Slide 213

bind the gp120 CD4bs
require VH1-2 and 5AA L-CDR3 to engage CD4bs
have diverse H-CDR3s and light chains

Need priming immunogen with appreciable
affinity and avidity for diverse VRCO1-class human
naive precursors

Germline-Targeting Immunogen

* eOD-GT860mer

» Self-assembling nanoparticle presenting 60 copies of
an engineered gp120 outer domain

v’ Has appreciable affinity and avidity for diverse VRCO1-class
human naive precursors

v Primes VRCO1-class responsesin stringent mouse models

v" Induces VRCO1-class memory responses that can be
boosted toward bnAb development in mouse models

Jardine et al. Science 2013, 2015, 2016;
Briney et al. Cell 2016; Tian et al. Cell 2016; Sok et al. Science 2016
Abbott et al. Immunity 2018; Havenar-Daughton et al. Sci. Trans. Med 2018



IAVI G001 Phase | Trial: eOD-GT8 60mer/AS01B

* First-in-human test of germline targeting

* Self-assembling nanoparticle immunogen

e Trial start: Sept 2018 (1t immunization)

e Conducted at FHCRC (Seattle) and GWU (Washington, DC)

e Critical readout by B cell sorting/sequencing at FHCRC
(Cohen/McElrath) and NIH/VRC (Koup/McDermott)

Study Group N eOD-Cd;;)I'fSSEGOmer Week 0 Week 8
18 20 ug eOD-GT8 60mer/ ASO1B eOD-GT8 60mer/ ASO1B
1 (low dose)
6 - placebo placebo
: 18 100 g eOD-GT8 60mer/AS01B eOD-GT8 60mer/AS01B
2 (highdose)
6 - placebo placebo
Total 48
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Moderna mRNA vaccine platform in HIV vaccine development

Challenge: To develop a highly effective HIV vaccine, we will need
to carry out many iterative human clinical trials. If we rely on GMP
protein manufacture, our progress will be limited by the relatively
slow pace and high cost of manufacture.

Solution: We are hopeful that Moderna mRNA will provide a rapid,
economical, and highly immunogenic vaccine platform to enable
expeditious iterative human vaccine optimization.



Moderna mRNA vs protein for priming VRCO1-class responses in a stringent mouse
model: BCR sequencing indicates that mRNA performs at least as well as protein

Q10 — o

* VH1-2 mouse model (Tian et al Cell 2016) §
* Three differentimmunogens tested as mRNA vs 2 8

protein + adjuvant < °
* Immunogens are variants of eOD-GT8 60mer £ 6 —
* Single immunizationatday O %
« mRNA (10 pg) via IM route @
e protein (20 pg) + SAS adjuvantvia IP route § 4 o
* Readout is epitope-specific B cell sorting/BCR o

sequencing at d42 o 2
 >100BCRsequences recovered in each of 6 cases (n':)
* What % of epitope-specific B cells at d42 are o>\° 0

VRCO1-class? | l I [ [ |

0 2 4 6 8 10

% VRCO1 response to Protein + Adjuvant vaccine
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Moderna Collaboration with Schief/Burton/IAVI:
Developing an mRNA-based HIV Vaccine that Induces BnAbs, through Expeditious
Iterative Human Vaccine Evaluation

Overall Vaccine Strategy Iterative Vaccine Design/Test Cycle  Vaccine Targets (bnAbs)

GERMLINE TARGETING IMMUNOGEN DESIGN VRCO1-Class bnAbs

> 4

MRNA FORMULATION V2 Apex bnAbs

SHEPHERDING OF AFFINITY ‘
MATURATION VACCINE TESTING IN
ENGINEERED MICE AND
NHPS

@

HUMAN CLINICAL TRIALS e IAVI, BMGF and NIH funding

‘ e Animal exps with: Alt, Batista,

Crotty, Haynes, Nemazee,

N332 bnAbs

TRIMER POLISHING
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NIH-Moderna HIV-1 Vaccine

An mRNA-Based Approach to the Development
of a Protective HIV-1 Vaccine
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reatest Pandemics in History

HISTORY OF PANDEMICS

PAN-DEM:-IC (of a disease) prevalent over
a whole country or the world.

THROUGHOUT HISTORY, as humans
spread across the world, infectious
Antonine Plague 165-180 5M @ . diseases have been a constant

Plague of Justinian 541-542 30-50M companion. Even in this modern
era, outbreaks are nearly constant.

Japanese Smallpox Epidemic 735-737 1M — @

Black Death (Bubonic Plague) 200M
1347-1351

Here are some of history's most
deadly pandemics, from the
Antonine Plague to COVID-19.
Throughout the 17th and 18th

centuries, a series of Smallpox 56M

"Great Plagues" routinely

1520
ravaged cities across Europe
<, 1500
X
~ 1550
17th Century Great Plagues =M _
1600 1600
1650
18th Century Great Plagues 600K ‘ 1700

1700 1725

Cholera 6 outbreak 1M
1817-1923

The Third Plague 121
1855

Spanish Flu 40-50M
1918-1919

Yellow Fever 100-150K

LATE 1800s " 1875
Russian Flu 1M
1889-1890
1900
1925
HIV/AIDS 25-35M
1981-PRESENT Asian Flu 1M
1957-1958 4350
Hong Kong Flu 1M
1968-1970
1975
2000
s;o:)%gzag ? ‘SwineFlu 200K
MERS 850 2009-2010
2012-PRESENT ' Ebola 11.3K o ///
2014-2016 , COVID-19 3245.7K*
% 2019-8:32am PT, MAY 25, 2020 [ONGOING]
,2025
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Source: Visual Capitalist (https://www.visualcapitalist.com)


https://www.visualcapitalist.com/

People Living with HIV/AIDS (2019)

B 1,000,000+

B 500,000-1,000,000

" 100,000-500,000
50,000-100,000
10,000-50,000
-10,000

Slide 221 Source: Joint United Nations Programme on HIV/AIDS



https://commons.wikimedia.org/wiki/Category:Joint_United_Nations_Programme_on_HIV/AIDS

Two Key Lessons Learned from Decades
of HIV Vaccine Research

e A protective vaccine is feasible

e Induction of broadly neutralizing
antibodies (bNAbs) Is an essential
condition for a protective vaccine
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The HIV-1 Envelope Is a Membrane-Anchored Trimer

V1-V2 loop
Glycan shield PG9, PG16

2G12
N L), o
s 25

CD4 binding site
bl12, VRCO1, HJ16

MPER
2F5, 4E10, Z13el
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From: Koff & Berkley, NEJM 2010



Different Forms of the HIV-1 Envelope Utilized as Vaccines

1. Soluble, monomeric
gp120 subunit

Ineffective as vaccine

- Elicits nonprotective antibodies



Different Forms of the HIV-1 Envelope Utilized as Vaccines

1. Soluble, monomeric 2. Soluble, stabilized
gp120 subunit (SOSIP) trimer

Ineffective as vaccine Sub-optimal for vaccine

- Elicits nonprotective antibodies - Elicits off-target antibodies
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Different Forms of the HIV-1 Envelope Utilized as Vaccines

1. Soluble, monomeric 2. Soluble, stabilized 3. Membrane-anchored
gp120 subunit (SOSIP) trimer pre-fusion trimer

Ineffective as vaccine Sub-optimal for vaccine Best for vaccine

- Same form as in real-lifevirus

- Elicits nonprotective antibodies - Elicits off-target antibodies
- Best suited for mRNA expression

Slide 226



The NIH-Moderna HIV-1 Vaccine Approach

1. Use membrane-anchored Env expressed in vivo by mRNA

2. In vivo production of virus-like particles (VLP) by co-
formulation of Env with Gag

3. Priming with Ab ancestor-engaging transmitted/founder
(T/F) Env

4. Intensive heterologous boosting with multi-clade,
glycan-repaired tier-2 Envs (i.e., real-life HIV-1 strains)

Slide 227



The NIH-Moderna Approach: Key Points

1. Use membrane-anchored Env expressed in vivo by mRNA

Slide 228



The NIH-Moderna Approach: Key Points

1. Use membrane-anchored Env expressed in vivo by mRNA

Main advantages:

Glycan

- Native antigenic state (best mimic of virion-associated Env)
- Endogenous protein processing (native glycosylation)

- Lack of “distracting” epitopes (e.g., SOSIP-trimer base)

Slide 229



The NiIH-Moderna Approach: Key Points

2. In vivo production of virus-like particles (VLP) by co-
formulation of Env with Gag

Slide 230



The NiIH-Moderna Approach: Key Points

Slide 231

2. In vivo production of virus-like particles (VLP) by co-
formulation of Env with Gag

MRNAformulated in
lipid nanoparticles




The NiIH-Moderna Approach: Key Points

2. In vivo production of virus-like particles (VLP) by co-
formulation of Env with Gag

MRNAformulated in
lipid nanoparticles

Co-formulation of ~~
i £ ] i
i \ § ]
Gag+Env mRNAs ( S Joag ||
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The NiIH-Moderna Approach: Key Points

2. In vivo production of virus-like particles (VLP) by co-

formulation of Env with Gag

MRNAformulated in
lipid nanoparticles

Co-formulation of [l aw ()
i £ ] i
Gag+Env mRNAs S Jcag /)
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In vivo-produced
virus-like particle (VLP)

«—— ENnv

d

Gag



The NIH-Moderna Approach: Key Points

2. In vivo production of virus-like particles (VLP) by
co-formulation of Env with Gag

Main advantages:
- Native antigenic state (closest proxy to HIV virions)
- Life size (optimal APC uptake/processing)
- Extracellular release (travel to afferent lymph nodes)

- Induction of both Env and Gag responses
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The NiIH-Moderna Approach: Key Points

3. Priming with Ab ancestor-engaging transmitted/
founder (T/F) Env

Main advantages:

- Ab initio recruitment of rare precursor antibodies for
the generation of broadly neutralizing antibodies
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The NIH-Moderna Approach: Key Points

4. Intensive heterologous boosting with multi-clade,

glycan-repaired tier-2 Envs (i.e., real-life HIV-1 strains)

Main advantages:

Selective immune focusing on “shared” epitopes across
different HIV-1 isolates and clades, i.e., bNAb epitopes

Exclusion of distracting, non-neutralizing epitopes, i.e.,
glycan holes, V3 loop, bridging sheet, etc.

Mimicking of sustained antigenic stimulation that occurs
in patients who eventually develop bNAbs




VPS-M1 Study: Design and Rationale

(1 dose)

Clade-B T/F
OPEN

!

Engage unmutated
bNAb precursors




VPS-M1 Study: Design and Rationale

(1 dose) (2 doses)
Clade-B T/F
Clade-B T/F
OPEN mm) AUTOLOGOUS

CLOSED (tier 2)

! !

Engage unmutated Selectively expand
bNAb precursors tier-2 epitopes




VPS-M1 Study: Design and Rationale

*

prime

(1 dose) (2 doses) (4 doses)
g ’ Clades A+C
Clade-B T/F
Clade-B T/F HETEROLOGOUS
OPEN > AUTOLOGOUS > MIXED (tier 2),
CLOSED (tier 2) GLYCAN-REPAIRED
Engage unmutated Selectively expand Focus on “shared”

bNAb precursors tier-2 epitopes bNAb epitopes
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VPS-M1: Study Design

Species: Rhesus macaques (M. mulatta), juvenile, AO1-, BO8-, B17-
Study arms: 4 (n = 4 animals each)

-Arm 1: mRNA prime, SOSIP boost, WT Envs

- Arm 2: mRNA prime, SOSIP boost, 113-429 locked Envs
- Arm 3: mRNA only, WT Envs

- Arm 4: mRNA only, 113-429 locked Envs

Inoculation: Intramuscular

Env mRNA or protein:  WITO (clade B), BG505 (clade A), DU422 (clade C)
all glycan-repaired and 375Y-mutated

Gag mRNA: SIVmac239
Autologous Env Heterologous Env Low-dose rectal
WITO (Clade B) BG+DU (Clade A+C) SHIV challenges
Env+Gaa Env+Gaq EnvtGaa EnvtGaa Env+Gaq Env+Gag mRNA
mRNA mRNA mRNA 240pg mRNA mRNA mRNA 400pg  240pg
400pg 240pg or . 450pg 4509 or . or
(AN276) SOSIP protein SOSIP protein SOSIP
100ug +Ad] 100ug+Adj 100pug
M
0 12 20 28 35 43 47 o6 68

Slide 240 Weeks Zhang et al., manuscript in preparation



Induction of Broadly Neutralizing
Antibodies



Progressive Induction of Autologous HIV-1 Neutralization in
Macaques during the Course of the Immunization Phase

Autologous Heterologous
immunization immunization
10000
3y 3 \ 2 ¥ &8 ¥ ¥ \ 2
@
1000 E
o
£
(=]
n
=)
< 100
O
o °le
2
(L R S D S A
&
10
1IIIIIIIIIIIIIIIIIIIII
0 6 11 13 15 19 21 25 27 29 33 35 37 43 45 47 49 51 53 56 58
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Zhang et al., manuscriptin preparation



Appearance of Heterologous HIV-1 Neutralization*
in Macaques after Repeated Heterologous Immunizations

I 1 I I 1 I I I I I I I I I
11 13 17 19 27 35 37 43 45 47 49 51 53 56 58

Autologous Heterologous
immunization immunization
100—
18 & 435884 3 3 2
80—
| - -
9 - o
= -
S 60—
8 -
T -
8 -
’5_ 40—- °
.g - R
X - .
20 -
0'---&-----~Q
| | |
0 6

*Neutralization of HIV-1 JR-FL (tier-2) Week of immunization

Zhang et al., manuscriptin preparation



Broad-Spectrum Heterologous Tier-2 Neutralization in Macaques
at the End of the Immunization Period (Wk. 58)

200-

Reciprocal IC5, titer
o
o
|

-&-
N B —

: ® N

Global HIV-1isolates: +° 5‘5‘\'@%‘ q?é‘

L J

.
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Heterologous Tier-2 SHIV
Challenge
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VPS-M1: Study Design

Challenge phase

Low-dose rectal
SHIV challenges

Autologous Env Heterologous Env

WITO (Clade B) BG+DU (Clade A+C)

Env+Gaa Env+Gaaq EnvtGaa EnvtGaag Env+Gaq Env+Gaq
mRNA mRNA mRNA240ug mRNA  mRNA mRNA 400pg
400 240 or 450 450 or or
(aN276) "9 sosiPprotein 'Y H SOSIP protein SOSI
100ug +Adj 100ug+Adj  100pg

Weeks
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Protection from Pathogenic Tier-2 SHIV (AD8) Challenge
in Immunized Macaques

Infection-free survival

100

S 80-
- —— WT Env (n=7)
5 60-
" — Locked Env (n=7)
-
Es_’, 40~ — Naive controls (n=4)
)
A 20-

0 L L L L L I 1T frrrrriunri I I 1T 1rTrrnrinri I

0 20 40 60

Days

Zhang etal., manuscript in preparation



Correlates of Protection
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Antibodies to the CD4-Binding Site (VRCO1-Like)
Detected in Serum from a Protected Animal

Macaque #9, week 58 Zhang et al., manuscript in preparation



Antibodies to the CD4-Binding Site (Probe M49) Correlated with
Protection from SHIV-ADS8 Infection in Vaccinated Macaques

eODGT8.M49 antibodies eODGT8.M49 antibodies
100- 100-
° ° 2 = 0.49 °°
5 ° s %7 p=oo00s
3 g
£ =
© ‘©
> >
a a

0.5 1.0 1.5 2.0 0.5 1.0 1.5 2.0
Anti-eODGT8.M49 (WT/KO ratio) Anti-eODGT8.M49 (WT/KO ratio)

Zhang et al., manuscriptin preparation



Single-Cell Sorting of eOD-GT8.M49-Binding B Cells

from a Protected Macaque (#9)

Comp-B515-A = BG505 S05IP6E4 AX488

Comp-V710-A  Mutd9 BvW711

Pre-immune
.'lIZI5 !:
1 Bcsos+
0.038 BGS505 Mutdd++
10* - 0
10°
- | Mutd 9+
_E 0.019
-mlﬂ
T ||M|| T L | T T ] |||||q
.'lI:I3I 0 .'lI:I]I 104 10

Comp-B315-A 1 BG505 SO5IPbb4 AX4ES

Week 60

Single-cell sorting:

. BGS505 Mutd 9+ +
AU 1.38
104 ';
107 =
U | Mutd9+
5 0.020
-1031_
LI ||M|| T ||| T |||||‘ T ||||||1
-10 0 103 104 10
Comp=-¥710-4  Mutd43 BW711

BG505-SOSIP+
BG505-CD4bs KO-
eOD-GT8.Mut49+

Zhang et al., manuscriptin preparation



Single-Cell Sorting of eOD-GT8.M49-Binding B Cells
from a Protected Macaque (#9)

Comp-B515-A = BG505 S05IP6E4 AX488

PrE'lmmune Week 60 Sequenced Single B Cells.
100,000
1 BG505 Mutd9+ +
lDE ? E 1n5 ? 133 10,000
= > = '
BG505+ < : g
0.038 BCS0S Mutd9++ - 1 E -
10" g 7 10t '
] A 3 é
. 8 ]
= & =
7 [Fal 7 100
= ]
LM
i i
[=a ]
E £ E
l |:| E 'l.‘l: 1 n E 10 160 1.0IDO 10,:)00 100,000
3 |..I-| 3 Mutd9 BV711
_ =] .
. - ]
o 4 Mutd9+ e o 4 Mut43+
] 0.019 3 ; 0.020
3 2 3
-1n31 -1031
T ||||||M|||||||| T LENLEN RN | T ||||||q T |||||||||M|||||||| T LENLE RRE | T ||||||1 T
_10° 0 10° 10* 10° _10° 0 10° 10t 10°
Comp-V710-A  Mutd9 BvW711 Comp-¥710-&  Mutd9 BV711

Zhang et al., manuscriptin preparation



Prevalence of Heavy Chain Variable Gene (VH) Usage among CD4-BS-Specific
Antibodies Cloned from a Protected Macaque (#9, week 60)

Heavy Chain Kappa Chain Lambda Chain

Total=64 Total=85 Total=49
56.25% Macmul IGHV4-2*01 F

= ’ 3 20.00% Macmul IGKV1S9*01 F Bl 16.33% Macmul IGLV11-1%01 F

B 9.38% Macmul IGHV3-20*01 F Bl 14.12% Macmul IGKV2S17*01 F 1 16.33% Macmul IGLV2S1*01 F

= 6.25% Macmul IGHV1-1*01 F 1 10.59% Macmul IGKV1S20*01 F B 10.20% Macmul IGLV2S6*01 F

0, _ *

Bl 6.25% Macmul IGHV3-7*01 F 3 9.41% Macmul IGKV2S14*01 ORF 3 8.16% Macmul IGLV1-1201 F
Bl 8.16% Macmul IGLV2S11*01 F

Il 4.69% Macmul IGHV5-2*01 F Bl 353% Macmul IGKV2S20%01 F

Il 3.13% Macmul IGHV3-9*01 F Bl 3.53% Macmul IGKV1S21*01 F (see comment)

Slide 253 Zhang et al., manuscriptin preparation



CDR3 Length Distribution in Heavy Chain Variable (VH) Genes
of CD4-BS-Specific Cloned Antibodies

30% A

25% -

20% -
H |GHVY

B IGHV5
I IGHV4
W IGHV3
10% 1 B IGHV2
W IGHV1

15%

% of productive sequences

5% A

w i i B m lj [ | . N

9 10 11 12 13 15 16 17 18 19 20 21 23 24 48 52 53

CDR3 length

HCDR3 length: 9-53 aa. (average 18.4)

Zhang et al., manuscriptin preparation



The NIH-Moderna HIV-1 Vaccine Approach

1. Use membrane-anchored Env expressed in vivo by mRNA

2. In vivo production of virus-like particles (VLP) by co-
formulation of Env with Gag

3. Priming with Ab ancestor-engaging transmitted/founder
(T/F) Env

4. Intensive heterologous boosting with multi-clade,
glycan-repaired tier-2 Envs (i.e., real-life HIV-1 strains)
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The NIH-Moderna HIV-1 Vaccine Approach

1. Use membrane-anchored Env expressed in vivo by mRNA

2. In vivo production of virus-like particles (VLP) by co-
formulation of Env with Gag

3. Priming with Ab ancestor-engaging transmitted/founder
(T/F) Env

4. Intensive heterologous boosting with multi-clade,
glycan-repaired tier-2 Envs (i.e., real-life HIV-1 strains)

Close mimicry of real-life infection with native virus
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NIH-Moderna HIV-1 Vaccine: Next Steps

1. Repeat/expand the first pre-clinical NHP study to:
- Confirm initial results

BILLe MELINDA

- Further optimize immunogens GATES fosmdtion
- Streamline protocol

2. Design first-in-human clinical trial with an mRNA-
based HIV-1 vaccine
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Our commiimentio be the best at mMRNA science is core to
who we are: A 20-year journey
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2018 Science Day Themes and Publications

. A e A Novel Amino Lipid Series for mRNA Delivery:
Development of proprietary ionizable lipids for improved Endosomal Escape and Sustained

Improved systemic mMRNA delivery Pharmacology and Safety in Non-human Primates

Staci Sabnis,' E. Sathyajith Kumarasinghe,' Timothy Salerno,' Cosmin Mihai,' Tatiana Ketova,' Joseph J. Senn,’
Andy Lynn,' Alex Bulychev,' Tain McFadyen,' Joyce Chan,! Orn Almarsson,' Matthew G. Stanton,'-*
and Kerry E. Benenato'

* Development of proprietary ionizable lipids with Sabnis ... Benenato (2018) Mol Ther
Improved tolerability for mRNA vaccines

Optimization of Lipid Nanoparticles
for Intramuscular Administration

of MRNA Vaccines
H . 1 1] Kimberly J. Hassett,! K E. B to,' Eric J inet," Aisha Lee," Angela Woods,' Olga Yuzhakov,'
* Use of miRNAtarget sites to create "smart" mRNAs Sunny Himanss, Jssica Deeling. Benjamin M. Gelch, Tatiana Ketovs, Conmin Mibat,” Andy Lynn,

Tain McFadyen,' Melissa J. Moore,' Joseph J. Senn,' Matthew G. Stanton,'” Orn Almarsson,' Giuseppe Ciaramella,'~
and Luis A. Brito'

Hassett ... Brito (2019) Mol Ther Nuc Acids

* Translation initiation and "leaky scanning"

MicroRNAs Enable mRNA Therapeutics to Selectively
Program Cancer Cells to Self-Destruct

¢ H OW artlfl C I al I nte I | I g e n Ce Can h el p US d eS I g n better Ruchi Jain! Josh P. Frederick? Eric Y. Huang? Kristine E. Burke!' David M. Mauger® Elizaveta A. Andrianova,
. Sam J. Farlow? Summar Siddiqui?wJeffr'ey Pimentel® %l(ahlin (_Jheung—Ong,2 Kris1ti+ne M. McKinney®”
CO d I n g S e q u e n C eS Caroline Kéhrer, Melissa J. Moore,' and Tirtha Chakraborty

Jain ... Chakraborty (2018) Nuc Acid Ther
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2019 Science Day Themes and Publications

* Why we incorporate modified
nucleotides into our mMRNASs

* Coding sequence design: Codon
optimality vs RNA secondary structure

* 5-UTR design

* The physical and computational
methods we employ to understand
LNP structure

* An early glimpse into our Immune LNP
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Impact of mRNA chemistry and manufacturing process
on innate immune activation

Jennifer Nelson*', Elizabeth W. Sorensen**, Shrutika Mintri’, Amy E. Rabideau, Wei Zheng,
Gilles Besin!l, Nikhil Khatwani®, Stephen V. Su”, Edward J. Miracco, William J. Issa, Stephen Hoge,
Matthew G. Stanton**, John L. Joyal'*

Nelson ... Joyal (2020) Science Advances

mRNA structure regulates protein expression through
changes in functional half-life

David M. Mauger®, B. Joseph Cabral™’, Viadimir Presnyak®, Stephen V. su™, David W. Reid”, Brooke Goodman®,
Kristian Link? Nikhil Khatwani®*, John Reynders**, Melissa J. Moore®®, and lain ). McFadyen®®

*Platform Research, Modema, inc. Cambridge, MA 02135

Mauger ... McFadyen (2019) PNAS

Human 5" UTR design and variant effect prediction
from a massively parallel translation assay

Paul J. Sample©'5, Ban Wang ©'5, David W. Reid?, Vlad Presnyak?, lain J. McFadyen©?, David R. Morris?
and Georg Seelig ©"**

Sample ... Seelig (2019) Nature Biotech
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MRNA platform science buvilds our foundation

Themes from today’s presentations

* How we are extending n
pharmacology

Patents/IP

* T7 enzyme engineering to reduce
dsRNA production
Scientific
foundation

Manufacturing

/digital

* New LNP’s for liver delivery

* Impact of LNP size on
Immunogenicity

moderna

* Progress towards creating a
MRNA vaccine for HIV
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