Accelerated SARS-COV?2
vaccine development

Special series on Laboratory Animal Science

Regina Reimann



Structure of SARS-CoV?2
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RBD

3 x S1 subunit forms a “cap”

S1 contains the receptor binding domain (RBD)
Binding to the receptor angiotensin converting
enzyme 2 (ACE2)

S2 subunit forms the “stem” : fusion peptide, two
heptad repeats and a transmembrane peptide

D 4

Mucleoprotein
and viral RMNA

— Spike protein

* RBD is highly immunogenic; antibody-escape mutations : K417N, E484K,
N501Y/K, P681H

» Stem (S2) is relatively conserved among coronavirus ; potent target of
neutralizing antibodies

» «Conformational masking» (by RBD) of the neutralizing epitopes



Vaccine platforms for CoV2 vaccine development
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MRNA Vaccines

mMRNA Vaccine
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Faster because
mRNA molecules are
easier to produce
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A\ bodyitol

Components are made in a
lab and injected into the arm

Components are injected into the
arm and serve as instructions for the
body to make microbial protein

to stimulate immune response

https://theconversation.com

1990 : first successful use of in vitro transcribed
MRNA in animals

1992: Administration of vasopressin-encoding
MRNA in the hypothalamus with a physiological
response

Progress over the last decades:
— mRNA stability
— Shaping innate immunogenicity
— Efficient in vivo delivery



Optimization of mMRNA pharmacology

= ynthetic cap analogues and capping enzymes™" stabilize mEMNA and increasze
protein tranzlation via binding to sukaryotic tranzlation initiation factor 4E (EIF4E)

* Regulatory elements in the 5-untrarnzlated region (UTR) and the 3°-UTR stabilize
mRMNA and increase protein translation

* Pobyd A tail™ stabilizes mENA and increases protein tranzlation

* Modified nucleosides"™ decrease innate immune activation and increase translation

* Separation and/or purthcation technigues: BMNeze |l treatment (NP and DUW,
unpublizhed cbzervations) and fast protein liguid chromeatography (FPLC)
purification’’ decreazs immune activation and increase tranzlation

* Zequence and/or codon optimization’ increasze tranzlation

* Modulation of target cells: co-delivery of tranzlation initiation factors and other
methods alters tranzlation and immunogenicity

stabiliation

Decrease innate
Immune actiation

Pardi et al, Nature Reviews 2018



Innate immune sensing of MRNA vaccine

Pardi et al, Nature Reviews 2018

a Unmodified, unpurified mRNA | b Nucleoside-modified, purified mRNA
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Delivery of mRNA vacine
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Traditional and acclerated vaccine development-

pipelines

Traditional development

Clinical trials
(5—7 years total)

; IND BLA
Design and Process development ;
explgratory preclinical!o submitted Phase | — Phase I submitted

preclinical studies toxicology studies =€ ase
(years) (2-4 years) (1-2 years) (2 years) (2-3 years)
SARS-CoV-2 vaccine development
i Clinical trials
(months)
\
.
Design and Process development IND BLA Regulatory
exploratory preclinical, submitted submitted review by FDA,
preclinical studies toxicology studies — > EEE EMA etc.
(months) (months) > GO0 (1-2 months)
Pre-existing from Partially pre-existing Qverlapping Production Review on
SARS-CoV and parallel clinical (at risk) a rolling
and MERS-CoV development phases basis?

Regulatory

review by FDA,

EMA etc.
(1-2 years)

10 months to
1.5 years total

——
-
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—
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. Goow

Large-scale
production
and distribution

15 years
or longer

IND: Investigational new drug
BLA: Biological license
application

Krammer, Nature 2020



Timeline for mRNA-1273 (Moderna)
progression to clinical trial

2013-2019 2020

Extensive work on MERS & other CoVs SARS-CoV-2 Pandemic

1)  Pre-fusion structure of a human
coronauings spie prolin. Nature Dec 31, 2019 Jan 13, 2020 Feb 2, 2020 Feb 4, 2020
2016 March 3, 531(7592).118-21

2) Immunogenicty and structures of
a rationally designed prefusion

Feb 18, 2020 Feb 21, 2020

MERS-CoV antigen. PNAS 2017 1’1 report crf VRC & Moderna Modema validfﬁes in-  VRC va..ccinales SFike slruczq.lue Moderna ships F’hﬂ?e 1 clinical F'haf-.e 3 clinical
August 20; 114(35):e7348-67367 reu.plra'to-.ry virus decide on mRNA-1273 vitro expression of mice published in §c|enc,e clinical drug trial starts trial staris
3)  Importance of neutralizing Pubrssk: in Cline sequence mRNA-1273 o product
monocional antibociies targeting & W -u :
multiple antigenic sites on MERS- Feb 18, 2020 A Fob 20, 2020 May 29, 2020
Saakpe. -aum e o Wiokogy 28 2019-nCoV Moderna intiates GMP MRMA-1273 dinical  Immunogemcity "—1*. IND submitted FDA safe-to- Phase 2 clinical
April; 92(10):e02002-17. sequences published production drug product confirmed in mice proceed trial starls
\
L

5. 8. 2020: 14. 07 2020

mR.NA-12-73 vaccine design Jackson et al., NewEngland Journal
Kizzmekia et al. , Nature

27.8.2020:

Mouse-adapted model
VRC: Vaccine Research Center, National Institutes of Health, Bethesda, MD, USA SARS-COV2, Nature
IND: Investigational new drug



Design of prefusion MERS-CoV spike antigen

Immunogenicity and structures of a rationally designed
prefusion MERS-CoV spike antigen

Jesper Pallesen®', Nianshuang Wang® ", Kizzmekia S. Corbett“', Daniel Wrapp®, Robert N. Kirchdoerfer®,
Hannah L. Turner?, Christopher A. Cottrell?, Michelle M. Becker?, Lingshu Wang®, Wei Shi®, Wing-Pui Kong®,
Erica L. Andres?, Arminja N. Kettenbach®f, Mark R. Denison®?, James D. Chappell?, Barney S. Graham®,

Andrew B. Ward®2, and Jason S. McLellan®



Shape shifting of the spike protein

Pre-fusion
spike protein

Post-fusion spike

Viral RNA

e Fusion state apposes viral and cell membrane

- ﬁacaptur binding

Intermediate (Pre-hairpin) Fusion (Hairpin)
Target cell mmbrape

i
o+

Target cell membrane

Target cell membrane

MERS-CoV

MERS-CoV

MERS-CoV

* Both forms of spike protein exist without the need to bind to the ACE2 receptor
» Post-fusion state is very stable and is decorated with N-linked glycans

* Protection from the environment and our immune system

Lanying et al, 2017



Two proline substitutions retain S2 in the
prefusion conformation

* Based on work on the fusion protein of HIV-1 and RSV virus
* Two proline substitutions in the loop between the first heptad repeat (HR) and central helix
e Restrict triggering of the fusion protein and increases yield of prefusion ectodomains
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Increased expression and conformational
homogenity

Production of S Protein Ectodomain:
 Mammalian-codon-optimized gene encoding the MERS-CoV S (England 1 strain)
* SARS-CoV1 S (Tor 2 strain)
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Binding to receptor and spike antibodies is

conserved
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MERS-CoV-S-2P is noninfectious

Infection of Huh7.5 cells with MERS-CoV pseudovirus enoding a luciferase reporter gene

A MERS-CoV Pseudovirus Infectivity
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Pseudovirus:

- CMV/R-MERS-CoV

- Packaging plasmid pCMVDRS.2

- Transducing plasmid pHR’ CMV-Luc
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Conclusion - 2P substitutes prevent fusion of the virus with the cell membrane



MERS-CoV-2P elict more robust neutralizing
activity
Mice vaccinated with trimers of MERS S-2P (compared to monomeric S1 protein and wt S protein) at 0 and 3 wk

Two weeks after the final immunization, sera were collected for measurement of antibody response
Neutralization assay : serial dilutions of mouse sera, mixed wih various pseudovirus
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e = = = =PBS
g 108 g 104
= =
ES: 104 98 103
B a6 —a— 5-2P 8 2
B s —¥-51 s
2 10 g 10
101 v II I LI | II I [ I I 100
0.1 1 10 Bisha1l Buraidah1 Florida Indiana JordanN3 Korea002
Immunogen Dose (ug) USA2 USA1

MERS England 1



Mouse-adapted model of SARS-CoV2

A mouse-adapted model of SARS-CoV-2to
test COVID-19 countermeasures

https://doi.org/10.1038/s41586-020-2708-8  Kenneth H. Dinnon llI'8, Sarah R. Leist*®, Alexandra Schifer?, Caitlin E. Edwards?,

Received: 6 Mav 2020 David R. Martinez?, Stephanie A. Montgomery®, Ande West?, Boyd L. Yount Jr?, Yixuan J. Hou?,
' Y Lily E. Adams', Kendra L. Gully?, Ariane J. Brown?, Emily Huang? Matthew D. Bryant?,
Accepted: 20 August 2020 Ingrid C. Choong*, Jeffrey S. Glenn®®, Lisa E. Gralinski?, Timothy P. Sheahan? & Ralph S. Baric'?’=

Published online: 27 August 2020

Departments of Microbiology and Immunology and Epidemiology, University of North Carolina



Unique divergence at position 498 of CoV2 S
receptor binding domain

* First model: overexpression of human ACE2 under control of the Hfh4 (Foxj1l) promoter

e Hfh4-ACE2 mice infected with CoV2 died by viral invasion of the brain, minimal lung involvement

— Human ACE2 overexpression facilitates CoV2 infection, but the observed pathogenesis does not accurately model
disease manifestation in humans

— Instead, genetically alters the host modification of the CoV2 RBD

2B S RBD-ACE?2 interacting residues
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SRAS-CoV2(Q498Y/P499T) restores
Interaction

b Human ACE2

e
SARS-Cov-2 S RBD SARS-Cov-2 S RBD

d Mouse ACE2 e Human ACE2

4 { :
SARS-Cov-2 MA 'S RBD SARS-Cov-2 MA S RBD




SARS-CoV-2 MA replicates in young BALB/c mice

— Cell experiment SARS-CoV-2 MA can use mouse ACE2 for entry into cells
—> Intranasal ifection of mice with 10° PFU SARS-CoV-2 MA
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Lung section

Nasal turbinates

Histological analysis of mice infected with SARS-CoV-2 MA
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£ Epithelial damage
A Inflammatory infiltrate

v», Paribronchiolar lymphocytic
= inflammation

v Hasmorrhage

* Luminal macrophage




One-year old mice show mild disease
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Histological analysis of old mice infected with SARS-CoV-2 MA
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Evaluation of prevention against SARS-CoV-2 MA in mice

* Vaccination of 10-week old mice, boost after three weeks (GFP, N, S)
* Neutralization assay 3 with serum three weeks after boost
e Challenge four weeks after boost with SARS-CoV-2 MA

da MNeutralization assay b Lung c Masal turbinate
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MRNA-1273 vaccine design

SARS-CoV-2 mRNA vaccine designenabled
by prototype pathogen preparedness

https://doi.org/10.1038/s41586-020-2622-0  Kizzmekia S. Corbett'*®, Darin K. Edwards®*'°, Sarah R. Leist**°, Olubukola M. Abiona’,
Seyhan Boyoglu-Barnum’, Rebecca A. Gillespie', Sunny Himansu?, Alexandra Schifer?,
Cynthia T. Ziwawo', Anthony T. DiPiazza', Kenneth H. Dinnon?®, Sayda M. Elbashir?,
Accepted: 29 July 2020 Christine A. Shaw?, Angela Woods?, Ethan J. Fritch®, David R. Martinez®, Kevin W. Bock?,
Mahnaz Minai®, Bianca M. Nagata®, Geoffrey B. Hutchinson', Kai Wu?, Carole Henry?, Kapil Bahl?,
Dario Garcia-Dominguez?, LingZhi Ma?, Isabella Renzi®, Wing-Pui Kong', Stephen D. Schmidt’,
i Check for updates Lingshu Wang', Yi Zhang', Emily Phung'®, Lauren A. Chang', Rebecca J. Loomis',
Nedim Emil Altaras?, Elisabeth Narayanan?, Mihir Metkar?, Vlad Presnyak?, Cuiping Liu',
Mark K. Louder', Wei Shi', Kwanyee Leung', Eun Sung Yang', Ande West?, Kendra L. Gully?,
Laura J. Stevens’, Nianshuang Wang®, Daniel Wrapp®, Nicole A. Doria-Rose’,
Guillaume Stewart-Jones®, Hamilton Bennett?, Gabriela S. Alvarado', Martha C. Nason®,
Tracy J. Ruckwardt’, Jason S. McLellan®, Mark R. Denison’, James D. Chappell’, lan N. Moore®,
Kaitlyn M. Morabito', John R. Mascola', Ralph S. Baric**, Andrea Carfi*~ & Barney S. Graham'~=

Received: 10 June 2020

Published online: 5 August 2020




Optimization of vaccine design (MERS-CoV)

* 16-20 week mice immunized at week 0 and 3 with 0.01, 0.1 and 1 ug MERS-CoV S(2P)

* mRNA formulated in lipid nanoparticles (mRNA LNP)

* Collection of sera two weeks post-boost

a Neutralizing antibodies ]
Pseudovirus (no BSL3 needed):
3 o7 - Luciferase reporter
5 57 - Lentivirus backbone
@ - Sgene
E 4
‘% 37 Pseudovirus-neutralization assay:
L o - Serum pre-incubated with pseudovirus
S - ACE-2 expressing 293T cells
" PBS 0.01 01 1 - 72h lysis of cell and measurement of
MERS S(2P) luciferase activity

mRBNA dose (ug)



MERS-CoV S-2P mRNA protects mice from
lethal challenge

* 16-20 week mice immunized at week 0 and 3 with 0.01, 0.1 and 1 ug MERS-CoV S(2P)

* Challenge with mouse-adapted MERS-CoV 4 weeks post boost

b c Lung viral load d Lung haemorrhage
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SARS-CoV S-2P (mRNA-1273) mRNA elicts
robust binding

e 16-20 week mice immunized at week 0 and 3 with 0.1, 1 ug SARS-CoV S(2P)
* mRNA formulated in lipid nanoparticles (mRNA LNP)

* Sera collection : 2 weeks post-prime, 2 weeks post-boost

a Binding antibodies b Binding antibodies c Binding antibodies . .
BALB/c C57BL/6 B6C3 Sandwich ELISA end-point
_ format

= 77 = = £ 71 2—2 o Prime .
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88 4 g8 SE mE that emitted optical density
v = 3_ i = bd i .
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— - - —_ +1 1 140 u. 1441 -_ 2 - . 1 e [+
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mRNA-1273 mMRNA-1273 mRNA-1273

dose (ug) dose (ug) dose (ug)



SARS-CoV S-2P mRNA elicts robust
pseudovirus neutralizing antibody response

d

Neutralizing antibodies e Neutralizing antibodies

BALB/c C57BL/6
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Efficacy of mRNA-1273 from upper- and lower

airway SARS-CoV2 MA infection

e 16-20 week mice immunized at week 0 and 3 with 0.01, 0.1 or 1 ug mRNA-1273 or PBS

e Challenge wich mouse-adapted SARS-CoV-2 MA 5 weeks post boost

* Singledose of 0.1, 1 or 10 ug mRNA-1273, challenging 7 weeks after immunization

d Two doses mRNA-1273
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Histological analysis




Overview of NHP results

URT protection

: important for sterilizing immunity

Company Vaccine Doserange  Neut. titre Neut. titre Tcell Challengedoge URT LRT Species

(ref.) candidate (route) after prime after boost response (route) protection | protection
(type)

Sinovac® PiCoVacc 3-6pg(i.m.) None® 1:10range® after ND 10°TCIDs, (it.)]  Partial® Partial Rhesus
(inactivated virion first boost; (low dose)® macaques
+aluminium 1:50 range® after Complete
hydroxide) second boost (high dose)

Beijing BEIBP-CorV 4-8pg(im) 1:100range®  1:200range® ND 10°TCIDs, (i.t.)]  Partial® Complete® Cynomolgus

Institute of (inactivated virion macaques

Biological +aluminium

Products® hydroxide)

AstraZeneca®™ ChAdOxnCoV-19 24x10"VP;  1:5-1:40 1:10-1:160 range® Yes 26x10°TCID;] None(1x)® | Partial (1x)° Rhesus
(non-replicating 1xor2x(i.m.) range? (i.t., oral, i.n., None (2<)* | Complete (2x)° macaques
AdV) ocular)

Janssen® Ad26COVS1 1% 10" VP 1:100range®  NA Low 10° TCID4, Complete |Completein  Rhesus
(non-replicating (i.m.) (i.n,i.t.) in S.PP S.PP group® macaques
AdV) group®

Moderna® mRNA-1273 2x10-100pug  ND* 1:501-1:3,481 Yes, 76 x10° TCID, None Partial (10 ug)® Rhesus
(mRNA via LNPs)  (i.m.) range® CD4, T, (in.,it) (10 pg)® Complete macaques

Partial (100 pg)®
(100 ugy

Novavax™ NVX CoV2373 2x25-25ug Motreported  17,920-23,040 ND 10* plaque- Partial Complete® Cynomolgus
(spike protein + range® forming (low dose)® macagques
Matrix-M) units (i.n., i.t.) Complete

(higher
doses)"

“Based on microneutralization assay with CPE as readout.

“Based on viral genome RNA copy number.
“Based on subgenomic RNA copy number.

“Based on microneutralization assay with a SARS-CoV-2 reporter virus; 50% reduction in relative light units as readout.

“Not assessed using authentic SARS-CoV-2.
Neut., neutralizing antibody; NA, not applicable; ND, not determined; i.m., intramuscular; i.n., intranasal; i.t., intratracheal; T, T follicular helper cells.

Krammer, Nature 2020



Summary of acclerated vaccine development

* Higher neutralizing antibody titers based on prefusion spike
conformation (work on MERS-CoV)

 Pandemic prepardness effort : Optimization of vaccine design using
MERS-CoV as a prototypical Betacoronavirus pathogen

* Parallel studies in animal overlap with clinical trials

* Overlapping clinical trial phases



Thank you for your attention!
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