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Disclosures

* Inventor on vaccine patents for:
* Coronaviruses
e Respiratory syncytial virus
* Influenza virus

* Nipah and other paramyxoviruses
e Zika

* Inventor on monoclonal antibody patents for:
* Ebola

e SARS-CoV-2 and other coronaviruses



Commencement Address by President
Clinton at Morgan State University,

Baltimore, May 18, 1997

NIAID Vaccine Research Center

Nucleic acid

"If America commitsto
find an AIDS vaccine ;
and we enlist others in
our cause, we will do
it... Today I'm pleased
to announce the
National Institutes of

Health will establish a new AIDS vaccine
research center dedicated to this crusade."

* AIDS/HIV

* Influenza

* Ebola/Marburg
* RSV

e Malaria
e Tuberculosis
e EID

* West Nile virus, Zika
* Chikungunya

* W/E/V equine encephalitis viruses
*  MERS-CoV, SARS, and other CoV
* Nipah and other paramyxoviruses
* EV-D68 and other picornaviruses

*  Smallpox

Vectors

VLPs

Proteins and
nanoparticles

Monoclonal
antibodies
cGMP Manufacturing
X, L b,
R s _ 73 s :
! [ 35 e
¥ . ’--},Q’
“‘-’J.",v' f_ q A
Pu;” i e B WRCITIND
% AN g
) 0 caa-rno
! T au
P o
'a-..
¥ S

Clinical Trials



Public health burden of re-emerging & emerging viruses

Vaccine
Challenges

« Vaccines for
unmet needs

* Emerging viruses
* Improved
licensed vaccines

Traditional
Approaches

Licensed vaccines/antibiotics
Passive surveillance

Contact tracing

Quarantine



New Technologies Facilitate an Engineering Approach

Vaccine

Challenges

Vaccines for
unmet needs

Emerging viruses

Improved licensed
vaccines

New
Technologies

Structural biology

Protein engineering

Single cell sorting and analysis
High throughput sequencing
Rapid isolation of human mAbs
Antibody lineage analysis
Rapid diagnostic tools
Systems biology

Gene-based delivery

Rapid gene synthesis

Platform manufacturing



New Technologies are Transforming Vaccinology

« Structure-based vaccine design

« Single-cell sorting, sequencing, and bioinformatics

— Rapid isolation of human mAbs
— Definition of antibody lineages

— Analysis of immune responses

- Protein engineering of self-assembling nanoparticles

Structural analysis of
antigenic sites on viral

« Rapid DNA synthesis

« Recombinant DNA and genetic engineering technology
— Rapid cell line development

— Animal model development

* Nucleic acid and vector-based delivery of vaccine antigen

Sequencing B cells to define clonal lineages;
TCR & BCR-specific transcriptome



... and Provide New Options for Pandemic
Preparedness and Response
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Emerging viral diseases from a vaccinology ‘
perspective: preparing for the next pandemic
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New Human Viral Pathogens in the 20t Century

New species
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Prototype Pathogen Approach for Pandemic Preparedness
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Class |

Paramyxo
L Pneumo
‘i 2~ Corona
y “  Arena
Retro

Filo

b’ Orthomyxo

Herpes
Rhabdo

Hepadna

\_

Class Ill and others

‘ (Arterivirus)

Core Functions

Sequencing/synthesis
Protein production

Structure/Antigen
design

Antigen display/delivery
Animal modeling
Pathogenesis and

organ-specific
immunology

B cell biology/serology

T cell biology/flow
cytometry

Single cell analysis
Computational biology
Bioinformatics
Process development
Pilot manufacturing
Phase I clinical trials

Class Il
Toga
Matona
Flavi/hepatitis C
Bunyavirales order
Hanta
Nairo
Phenui

Non-enveloped

Picorna (EV-D68)
Polyoma
Papilloma
Calici
Astro
Adeno
Parvo
Reo
Hepe

~120 viruses from 26
families known to infect
humans with potential for
increased human-to-human
transmission and virulence

Develop vaccines for ~30
prototype viruses through
phase 1

Develop vaccine candidates
(& reagents) for other ~90
through animal testing

Graham & Sullivan.
Nature Immunology 2018



Platform Technologies Shorten Manufacturing Timelines

2003
SARS coronavirus

0mo ="

2006
Influenza A/Indonesia/2006 (H5)

11 mo _

2009
Influenza A/California/2009 (H1)

4 mo

2016
Zika virus

395m0 < | 100 days = ~50 days

Time From Viral Sequence Selection to First Phase 1 Clinical Trial, mo

Graham, Mascola, Fauci. Novel Vaccine Technologies: Essential Components of an Adequate Response to Emerging Viral Diseases JAMA 2018
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Suspected and Confirmed Zika Cases
in the Americas, 2015-2017
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MRNA immunization strategy

Protein expression affected by mRNA chemistry and manufacturing process

T ad e Authentic antigen presentation

‘ * Induction of both antibody and CD8 T cells
 Thl-biased CD4 T cells

* Vaccine components rapidly degraded

’\ * Only requires entry into cytoplasm
\ * No anti-vector immunity
é » * Chemical synthesis, no bioreactor requirement
- * Rapid platform manufacturing

,w. AR, = 7 IR IR, 7

w».w AT u}w,,,

Nelson et al. Sci Adv 2020



Pandemic Preparedness Demonstration Project

v v v v v v
Prototype 3 different mRNA Research Nipah vaccine Pandemic Mascola & Graham
Pathogen Zika vaccines Collaboration development Preparedness visit Moderna

Approach for compared to DNA  Agreement between approved Manufacturing Mtg Norwood facility
Pandemic in NHP VRC & Moderna VRC & Moderna
Preparedness
drafted PPAPP adopted

National Institute of
Allergy and
Infectious Diseases

by NIAID

moderna
Action ltem: Go Decision:
Pandemic response Use small-batch
demonstration project manufacturing for Phase 1




History of mRNA Therapeutics (Pre-COVID)

Single-stranded RNA Cytosolic
defined as TLR7/8 ligand RNA-sensors

Discovery of immune
checkpoint molecules

(PD-1 & CTLA-4) producing type I IFN  (RIG-I, MDAS) Phase I/ll trials
Honjo 1992 & Allison 1996 Heil & Lund 2004 Yoneyama 2004 with injection
of naked mRNA Phase I/l trials
Dendritic cell = . or with RNactive®
identified as  Infectious non-self Discovery of ~ Double-stranded ~ Modified nucleotides | protamine-mRNA | | in melanoma &
specialized APC & Danger model TLRs RNAidentified as  suppress type I IFN cancer vaccines | | NSCLC patients
Steinman & Cohn | Janeway 1989 | Hoffman 1996 TLRS3 ligand signalling by mRNA | e 2008, 2009 Kiibler 2015,
1973 Matzinger 1994 Beutler 1998 Alexopoulou 2001 Kariké 2005 & Rittig 2011 & Sebastian 2019
| 4 | 4
1961+ - 1989 1990 1995 2000 2005 2010 2015 2019
| A N [N :
Discovery| Cationic lipid- mRNAinduces ||First-in-human trials||  IVT mRNA with Intranodal delivery Debate on Personalized
mRNA mediated cellular- and humoral|| with ex vivo DCs || modified nucleotides of mMRNA type | IFNs in neo-epitope
delivery of mRNA immunity loaded with mRNA improves transfects DCs || efficacy & safety | mRNA vaccine
to cells in vitro Martinon 1993 & for cancer RNA stability & and elicits of mRNA vaccine ||tested in patients
Malone 1989 Conry 1995 Vieweg 2002-2003 translation antitumor immunity|| Pollard 2013, Kranz || With melanoma
Kariké 2007 Kreiter 2010 & Broos 2016 Sahin 2017
: |
First description || ntroduction of Protamine-stabilized| | First report on cellular Anti-tumor immunity
of IVT mRNA || self-amplifying RNA is a strong uptake of MRNA by i.v. delivery of mRNA LNPs
translation in vivo Zhg?ﬁ’;l& & danger stimulus after skin delivery with type | IFN as driving force
Wolff 1990 Johanning 1995 Scheel 2004 Probst 2007 Kranz 2016

Verbeke et al. Nanotoday 2019




Structure-guided Stabilization of HKU1 CoV Spike

Pre-fusion Structure of a Human

Coronavirus Spike Protein

Kirchdoerfer RN, Cottrell CA, Wang N, Pallesen
J, Yassine HM, Turner HL, Corbett KS, Graham
BS, McLellan JS, Ward AB
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Two Viral Families with Extensive Zoonotic Reservoirs

Coronaviridae
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COVID-19 MRNA VACCINE DEVELOPMENT
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Real World Effectiveness Estimates from Israel
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Impact of Vaccination on Mortality in U.S.

567,314
deaths before universal

vaccine eligibility

429,298
deaths after :
universal eligibility 3

Bbril 19, 2021
Al s eligible for
7o Ciriwation

]

April 2020 April 202

Slide 19 Note: Data is weekly. | Source: C.D.C. published by NYTimes



https://covid.cdc.gov/covid-data-tracker/

Death rate for unvaccinated people has been at least nine
times that of vaccinated people

20 deaths
per 100,000 people Unvaccinated

10

Vaccinated
0 T j\_'_‘ﬂ__

April 2021 July Oct. Jan. 2022

Slide 20 Note: Data is weekly. | Source: C.D.C. published by NYTimes



https://covid.cdc.gov/covid-data-tracker/

Foundation for rapid COVID-19 vaccine development

Year(s)
Vaccine development for SARS-CoV-2 } 1
Development of prototype mRNA vaccines for MERS-CoV and Nipah
3

Public-private partnerships for pandemic response

CoV spike structure and stabilization Paramyxovirus vaccine antigen design 8

15
RSV structure-based vaccine design Nucleic acid vaccine development
Repeated inadequate responses to pandemic threats
20

Advances in HIV Env structure Advances in human mAb discovery

Coronavirus virology RSV immunology (VAERD)

40
HIV-driven technology; clinical and research infrastructure development }




MRNA immunization strategy

Protein expression affected by mRNA chemistry and manufacturing process

gy, MyDE8 « COVID-19 data indicate mRNA is safe
V4 — KXo . .
WA ] | sSRNA |
o W) }—<8 @ and efficacious
| | - Stability and supply chain is improving
asna 4 « Small footprint, small batch
& manufacturing is well suited for LMICs
R\’ and rapid iterative design cycles
MDAS
et « mRNAis not magic — antigen design is
TypelIFN _ critical
(IFNa, IFNB) |
Proinflammatory  Room for improvement in mRNA

cytokines

design and production
Nelson et al. Sci Adv 2020
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Elements of mRNA Design

* Nucleotide modifications
O O @) . e .
oo * Self amplification
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Chaudhary et al. Nat Rev Drug Discovery 2021; Aug 25;1-22.



Lipid Components of LNPs
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Conclusions

National Institute of
Allergy and mOd erna
Infectious Diseases

COVID-19

& 2% Prevention Network

MRNA is a safe, effective, and scalable modality for
vaccine delivery

MRNA creates new options for R&D
* Rapid design cycles
* Chemical synthesis
* Small footprint, small batch manufacturing

MRNA makes the prototype pathogen approach to
pandemic preparedness feasible

Access and uptake
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