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The operators in the central dogma of molecular biology
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MRNA: An Instruction Molecule in Biology - Now in Vaccines and Medicines
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DNA stores genetic
Information

mmmm Messenger RNA

MRNA instructs cells
In protein synthesis
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Proteins act:
structure, signaling,
metabolism, catalysis,
pathogen defense

Before the 2020s, no mRNA pharmaceutical products had been commercialized




COVID-19

Global pandemic, a clarion call for mRNA vaccine development
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NYC public schools closed

‘A very painful decision’: Mayor says city's L1 million Preparing for the ‘new normal’: Parcnts scramble to
students arc out until April 20 — and maybe cven longer find child car, get ready to help their children learn online
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Late Edition
Today, morning clouds giving way to
sunshine by the afternoon, high 65.
Tonight, cloudy, low 54. Tomorrow,
clouds giving way to sunshine, high
70. Weather map is on Page 23.
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Were Not Simply
(ames on a List.

They Were Us.

Numbers alone cannot possibly
measure the impact of the coro-
navirus on America, whether it is
the number of patients treated,
Jobs interrupted or lives cut short.
As the country nears a grim mile-

real jokester - Michael Sorkin, 71, New
York City, champion of social justice
through architecture - George Valen-
tine, 66, Washington, D.C., lawyer who
mentored others - James Quigley, 77,
Chicago, rebel of the family - Sherman
Pittman, 61, Chicago, dedicated his life
to his church and his neighborhood -
Susan McPherson Gottsegen, 74, Palm
Beach, Fla,, loyal and generous friend
to many - Andreas Koutsoudakis, 59,
New York City, trailblazer for TriBe-
Ca - Bob Barnum, 64, St. Petersburg,
Fla., leader in Florida Pride events -
Noel Sinkiat, 64, Olney, Md., nurse

jazz trumpet virtuoso - Cristina, 64,
New York City, downtown New York
singer with a cult following - Robert
H. Westphal, 75, Fond du Lac, Wis.,
statesman in the construction indus-
try - Clair Dunlap, 89, Washington, pi-
lot still teaching people to fly at 88 -
Marylou Armer, 43, Sonoma Valley, Ca-
lif, veteran police detective - Regina
D. Cullen, 81, Shrewsbury, Mass., small
in stature but strong in spirit -+ San-
dra Santos-Vizcaino, 54, New York City,
beloved public school teacher - Frank
Gabrin, 60, New York City, emergen-
cy room doctor who died in husband’s

Bailargeon, 72, Dennisport, Mass., true
outdoorsman - Viraf Darukhanawal-
la, 77, Hoffman Estates, I1l., worker at
O’Hare International Airport - Ches-
ter Dwulet, 68, Burlington, Mass.,
proud Union Ironworker of Local 7 for
45 years - John Timothy Barr, 76,
Rochester Hills, Mich., trustee for the
Retired Detroit Police and Firefight-
ers Association - Julie Butler, 62, New
York City, veterinarian who served
Harlem - Lila A. Fenwick, 87, New
York City, first black woman to grad-
uate from Harvard Law School - Vin-
cent Lionti, 60, New York City, Met Op-

spirit - Jack Butler, 78, Indiana, lived
in the house he grew up in - Susan
Grey Hopp Crofoot, 97, Westwood, N.J.,
took great joy in writing little ditties
under her pen name, Penelope Pen-
wiper - James David Gewirtzman, 72,
New City, N.Y,, spent some of his hap-
piest hours hiking in the Adirondacks
- Henry F. Graff, 98, Greenwich, Conn.,
Columbia University historian of U.S.
presidents - Mari Jo Davitto, 82,
Thornton, I1L., people were her hobby
« Yaakov Perlow, 89, New York City,
leader of the Novominsker Hasidic dy-
nasty - Joseph F. Kelly, 81, New York

. DEATHS NEAR 100,000, AN INCALCULABLE LOSS

11, 69, Fremont, Ohio, known through-
out Ohio for his knowledge of local his-
tory - Harley E.Acker, 79, Troupsburg,
N.Y,, discovered his true calling when
he started driving a school bus -+ Ar-
lola Rawls, 81, Chicago, caretaker of
her neighborhood - Roger Liddell, 65,
Flint, Mich., brought smiles to every-
one heinteracted with - Luther Cole-
man, 108, Evergreen Park, Ill, man
who seemed to know everything - De-
nise Camille Buczek, 72, Bristol, Conn.,
loved writing birthday and holiday
cards, poems and lists - Charles Con-
stantino. 86. Menlo Park. N.J.. worked




First mRNA vaccines

The Race to Make an mRNA Vaccine for Covid19

MRNA-1273 program timeline

I mRNA-1273 timeline: Researchand development of SARS-CoV-2vaccine

April 16, 2020 ol bMuEf 1, 2020 ;
January 13, 2020 Jwarafomus. | Coloborafion announce May 29, 2020
SEQUEH(I:E for mRNA- BARDA BARDA for up to $483 manufacture mMRNA-1273 J"-"'\I"'IT'I_OUI'"ICE_-FF'IE_I"'IT July 27, 2020
1273 against the novel - o e of first dosingin . £
irUs finalized million to accelerate (goal of up to one billion Phase 2 Phase 3 Initiated
coronavirus finalize development doses peryear) 30,000 subjects
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Total of 63 days from sequence
selection to first human dosing
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H ¥ May 18, 2020
. Announcement of positive June 11, 2020
March 16, 2020 April 27, 2020 v data from Phase 1 Announcement of
First participant in NIH- IND submifted to US FDA for Mav & 2020 completed enrollment in
led Phase 1 study was Phase 2 study FDA g;’éa}ance o younger adulisin Phase 2
dosed oroceed with and Phase 3 to start in July
Phase 2 study

modernao
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Speedy response
made possible by
years of preparation
by many peoplein a
wide range of areas,
including:

v’ Sequence design,
bioinformatics

v’ Infectious disease research
with NIH, other
collaborators

v’ Clinical, biostatistics

v mRNA scale-up

v’ Delivery science, biology

v LNP design and scale-up

v' Operations, Quality,
Logistics
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First mRNA vaccines

The Race to Make an mRNA Vaccine for COVID-19

35 Incidence Rate Placebo Speedy response
e H{QS’{’ Cl) made possible by
3 0. per 1000 person-yr years of preparation
Placebo 79.8 (70.5-89.9) by many peoplein a
2.5 mRNA-1273 5.6 (3.4—8.8) wide range of areas.

95% efficacy in first
Phase 3 studies.

Cumulative Covid-19 Incidence (%)
[
o

b Sequence adjusted
1.0- multiple times since,
to adaptvaccine to
0.5- } mRNA-1273 mutants causing
00 , M infection and
0 10 20 30 40 50 60 70 80 90 100 110 120 disease.

Days since Randomization

Baden et al. N. Engl. J. Med. 384:403-416 (2021)
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Pfizer timeline with BioNTech vaccine 2020-2022

Making Comirnaty Rapidly Available at Scale

[ ] ® ® @
o
Fig. 1: Timelines for Comirnaty development. Warne ot al. Nat. Biotech. (2023
https://www.nature.com/articles/s41587-
From: Delivering 3 billion doses of Comirnaty in 2021 022-01643-1
Clinical and regulatory timeline
October
July UK/EU rolling submissions
January Phase 1/2
First cases of readout/ November
COVID-19 identified , Efficacy/safety endpoints met
Pivotal .
March study start US EUA submission
Pfizer and BioNTech
establish collaboration December August
agreement for UK emergency approval BLA June August
potential COVID-19 US positive VRBPAC May approval October EUA granted ~ EUA granted
vaccine May US FDA EUA EUA granted EUA granted for children  for bivalent
Firstin EU CMA approval for adolescents for children 6 months WT + BA4/5
human ‘ ages 12-15 5-11 years to 4 years !
April July January January
Phase 1 Final drug product First 100 million 3 billion doses
IND defined doses produced produced
March
Clinical
manufacture
initiated



https://www.nature.com/articles/s41587-022-01643-1
https://www.nature.com/articles/s41587-022-01643-1

Active ingredient in BNT162b2

4284 Nucleotides,
Mol.wt 1.4M Da

World Health Organization
Messenger RNA Encoding
the Full-Length SARS-CoV-2

Spike Glycoprotein.

Available online:
https://web.archive.org/we
b/20210105162941/https://
mednet-
communities.net/inn/db/m
edia/docs/11889.doc
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Additional mMRNA vaccines against sars-CoV-2
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Three Other mRNA Covid19 Vaccine Developments of Note

1. CureVac. first-generation vaccine candidate
(CVNnCoV), using unmodified mRNA, showed 47%

protection against symptomatic Covid19 in late-
stage trials .

2. Monash: RBD-targeted Covid19 vaccine POC
showed promise as an alternative to pre-fusion

spike protein constructs used by Moderna and
BioNTech/Pfizer.

3. Arcturus ARCT-154: First commercial example of
self-amplifying RNA vaccine, provided in
lyophilized format, 2-8 °C storage, with
iInvolvement of CSL. Approved in Japan.

All use LNP delivery, different
lipid combination in each case

Low doses, 100 ug mRNA or
less, ARCT-154 most potent

Booster shots required for best
protection

Seqguence updates feasible for
mutant coverage
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MRBNA Products

The Challenge of Delivery
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MRNA as gene vector from outside the cell

Protein Expression In Vitro and In Vivo from Exogenous mRNA Transcripts

> Science. 1990 Mar 23;247(4949 Pt 1):1465-8. doi: 10.1126/science.1690918. > RNA Biol. 2011 Jul-Aug;8(4):627-36. doi: 10.4161/rna.8.4.15394. Epub 2011 Jul 1.

Direct gene transfer into mouse muscle in vivo Protein expression from exogenous mRNA: uptake by
receptor-mediated endocytosis and trafficking via

J A Wolff 1, R W Malone, P Williams, W Chong, G Acsadi, A Jani, P L Felgner
the lysosomal pathway

“ no SpECIGI dellvery System Was req u,red 7 Christina Lorenz 1, Mariola Fotin-Mleczek, Glnter Roth, Christina Becker, Thanh Chau Dam,
Wouter P R Verdurmen, Roland Brock, Jochen Probst, Thomas Schlake
A 10000 ®41nMRNA B 200001
- 1163 nM RNA
150001
= 6000 - -
2 woon 2 10000
_— ‘ ] I 5000
u AR mDN
é % ¥ 5 8 é g 3 0 50 100 150 200
< - T mRNA concentration [nM]
I

D RNA 37°C RNA 4°C

Inefficient, saturable, not practical for human vaccines and therapeutics
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LNPs for RNA delivery

Key Components in First mRNA Vaccine Lipid Nanoparticle (LNP) Products
% < ~80-100 nm average diameter >
MRNA | &o—
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LNPs with a neutral / slightly negative surface charge, 7 DSPC

deriving colloidal stability from PEG-lipid
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MRBNA-LNP action in vivo

IV Delivery of mMRNA-LNPs: Protein Expression in Liver

liver spleen lung

e [ Luminescence after IV
dosing of LNPs with

[ 56 MRNA encoding

i luciferase enzyme

I (luciferin substrate

Fo dosed separately):

Whole body and
Isolated organs, hours
post MRNA-LNP dose

10000

Counts

Color Scale
Min = 2267
Max = 44225

Liver is the main organ target of LNPs: ApoE/LDLr interaction and uptake mechanism

Sabnis et al. Molecular Therapy 26:1509-1519 (2018)




IM Injection of LNPs
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Tracking the Fate of mMRNA Vaccine to Local Lymphnodes In Vivo

r

* PET-CT and NIR imaging,
labelled mMRNA

* Transport from IM injection site
to lymph nodes observed

* APCs largely taking up and
translating the mRNA

Lindsay et al. Nat. Biomed. Eng. 3(5):371-380 (2019)

N
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LNP dynamics

Lipid Nanoparticles are Dynamic: A Blessing and a Curse
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Figure 1. LNP fusion efficiency versus pH. Temperature (°C)
Aliakbarinodehi et al. ACS Nano. 18(34):22989 (2024) Kloczewiak et al. Mol. Pharm. 19(7):2022 (2022)

Influence of pH, temperature, membrane contact, are among factors that make LNPs work in biology -
but these interactions and dynamics make long-term storage outside of cold storage challenging



LNP in circulation
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Example of Induced Changes of Surface and Internal Particle

DNA mRNA siRNA or miRNA
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[ o o o o °

\ A% : A /“
some \ /
et
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mRNA miRNA
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& @

Yin et al. Nature Rev. Genetics 15:541-555 (2014)

—_ ——— - e

ApoE binding induces dynamics of the surface and core,
reduced encapsulation with increased protein adsorbate
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Sebastiani et al. ACS Nano 15:6709-6722 (2021)

A degree of short-range order exists in mRNA-LNP particles
Induced changes in contact with biological matrices




Where we are in the quest for deeper understanding
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Summary of mMRNA-LNP Knowledge and Questions Remaining

What we have learned about structure:

O

O O O O

O

LNPs have discernible structural short-range
order, and are dynamic in their nature

Variable stoichiometry of mRNA/particle
DSPC/PEG dominated surfaces
Water content inside particles is ~20% V/V

PEG lipid acts as steric stabilizer, dissociates
from LNPs in vivo

Structural changes of LNP occur in vivo, inside
as well as outside, upon protein adsorption

pH changes and contact with membranes
have profound structural effects on LNP

Some of the many questions remaining:

o How to best balance dynamics relative to timing
of delivery in the body?

o What factors stand in the way of translating
MRNA-LNP activity, e.g. in vitro-in vivo disconnect

o Improved control of mMRNA stoichiometry and
order, how and how important?

o Do we need to start reporting data for % empty
LNP? E.g. AAV products

o Improvements for non-vaccine delivery needs?
E.g. mitigating inflammation, immune responses

o What is the upper limit of thermal stability
achievable for mRNA-LNP systems?

“We are ignorant, but to a high level of sophistication” Prof. Vladimir Prelog (1906-1998)




MRNA stability long term

Product Stability Challenges with mRNA-LNPs

MRNA-LNPs are not thermally stable,
long-term room-temp profile elusive

Freezer storage limits product profiles,
raises cost and distribution issues

As liquid, limiting factors include:
- Chemicalintegrity of mRNA
- Physical stability of LNPs

As lyophilized powder, higher temps:
+ Improved chemical stability of mRNA

- Physical instability of LNP distribution,
In-process and on reconstitution

Simultaneous “blocking-and-tackling
with purity controls, scavengers, etc.
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Strand stability decreases with size of mRNA:

Deg. Rate ©

Length (nt)

Longer mRNAs have a faster degradationrate and hence

shorter shelf-life
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Chemical stability study

MRNA Thermal Stability: Inverse Correlation with Transcript Size

U. Chheda et al.
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Rate constants at different temperatures vs. # of
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Achieving room temperature storage long-term

Prospects and Approaches for Room-Temperature Stable mRNA Products

Prospects Approaches

Review published in early 2023, o “Block-and-tackle” for liquid stability, LNP and other NPs
pbasis of WHO dialog that spring

o Lyophilization of LNPs, now practiced extensively
Pharm Sci Login Q- = o Alternatives, e.g. drying, assembly of kits for “at-site” LNPs

REVIEW REVIEW | ARTICLES IN PRESS Mal‘ket-appl‘oved Kit=-based approach
Ready-to-use formulations For “point-of-use” assembly or preparation “at the bedside”

The storage and in-use stabillity
of MRNA vaccines and
therapeutics: Not a cold case

Lipid ‘fbrmulatior{ mixed with mRNA
Nanoparticles/emulsion
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Open Access ® Published: November 06, 2022 o -short term storage (30 days) at 2°C to 8 °C -paves the way for patient-specific mRNA mixtures

DOI: https://doi.org/10.1016/j.xphs.2022.11.001

Fig 6. Schematic of ‘ready-to-use’ mRNA drug product formulations currently marketed versus an approach using ‘at point of use’ mRNA drug product formulation by employing
‘kit-based approach’.




Summary

Product Stability and WW Use Outlook

Based on a 2023 WHO expert meeting:
Unleashing mMRNA in products worldwide depends our
collective ability to address many factors, including...

Enhancing thermal stability of mRNA products, via...

Mechanistic knowledge and control of chemistry,
supramolecular structure

Performance-based purity controls for all contact materials

Ingenuity in process design, production and supply for the
warmest and most remote places where people live

Continuous attention to cost optimization

It will take time and effort... it’s still only the beginning
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