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Struggling with Scale:
Ebola’s Lessons
for the Next
Pandemic

d = @sa - WE ARE NOT READY FOR
2 | THE NEXT PANDEMIC

Are we ready for the
next virus pandemic?




New Antiviral Strategies Are Urgently Needed

Replication inhibitor Entry inhibitor
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Despite previous warnings, drug makers failed to prepare a | replioation \K‘ | opieer
stockpile of compounds to fight viral pandemics. Can they ;A A
finally do the right thing? By Elie Dolgin

340 | Nature | Vol 592 | 15 April 2021

Release

« Replication inhibitors cannot prevent infection and drug resistance often easily
emerges.

Endoplasmic
reticulum

Endoplasmic

reticulum Nucleus

* Most entry inhibitors such as antibodies only work against one virus and can also have
challenges with resistance development.

Cho et al., Nat. Mater. (2020).
Dolgin et al., Nature (2021).
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Cho et al., Nat. Mater. (2020).
Park and Cho et al., Acc. Chem. Res. (2021).



Viral Membrane Disruption Strategies

Molecular Examples Mechanisms of Membrane Targeting & Disruption
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Cho et. al. JACS 2007; 129(33), 10050- Cheng et al. (2008). PNAS,
10051, Cho et al. (2009). ACS 105(8), 3088-3093.
Chemical Biology, 4(12), 1061-1067.
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Wolf et al. (2010). PNAS, 107(7), Vincent et al. (2010). PNAS, ” ) <
3157-3162. 107(40), 17339-17344.

« Viral membrane is a conserved, host cell-derived structural target of enveloped viruses.

« Challenging to disrupt viral membrane in a potent and selective manner that works /n vivo.




Antiviral Peptides: Next-Generation Technology

Fusion Inhibitors. COVID-19 Pandemic

Envelope Disruptors. Zika Epidemic

i 4
SClence Currentlssue  Firstrelease papers  Archive  About v I\Suhmitman
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Intranasal fusion inhibitory lipopeptide prevents direct-
contact SARS-CoV-2 transmission in ferrets

RORY D. DEVRIES =) . KATHARINA 5. SCHMITZ {s) . FRANCESCA T. BOVIER {s) . CAMILLA PREDELLA ({s) , JONATHAN KHAQ s} DANNY NOACK (=) . BART L HAAGMANS

SAMDER HERFST KYLE M. STEARNS {8, [.] MATTEQ POROTTO +10 authors = Authors Info & Affiliations

SCIENCE - 26Mar 2021 -« Wol371, 12502 6536 + pp.1379-1382 - DOL 10.1126/science.abf4896

nature materials
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Fusion Inhibitors

Virus

Cell

nature ? nature materials > letters ? article

Letter | Published: 22 October 2018

Therapeutic treatment of Zika virus infection using a
brain-penetrating antiviral peptide

Joshua A. Jackman, Vivian V. Costa, Soohyun Park, Ana Luiza C. V. Real, Jae Hyeon Park, Pablo L. Cardozo,

Abdul Rahim Ferhan, Isabella G. Olmo, Thaiane P. Moreira, Jordana L. Bambirra, Victoria F. Queiroz, Celso

M. Queiroz-Junior, Giselle Foureaux, Danielle G. Souza, Fabiola M. Ribeiro, Bo Kyeong Yoon, Evelien

Wynendaele, Bart De Spiegelesr, Mauro M. Teixeira & Nam-Joon Cho

Envelope-Disrupting Inhibitors

BBA-Biomembranes 17, no. 11 (2022): 971-977.
Science 371, no. 6536 (2021): 1379-1382.
Nature Materials 17, no. 11 (2018): 971-977.



Envelope-Disruptors to Stop Future Pandemics

THE MANY WAYS TO THWART VIRUSES

To fight a broad array of viruses, antiviral drugs can target highly conserved features of the viruses
themselves — or they can interfere with biological processes in the host that viruses exploit to
infect cells and spread. Here are some of the strategies that researchers are looking into.

RNA Viral entry
4 UYr. » Researchers have been developing
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Scientists are testing inhibitors
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@ Viral targets
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Viral assembly and release

Nucleoside analogues can
mimic the RNA bases that a
virus would incorporate into
copies of itself. gurmming up the
machinery. Researchers are also
testing drugs that inhibit human
proteins that help the virus to
copy itself or make proteins.

Drugs can target the processes
that transport and assemble

nature View all journals ~ Search Q. Login ()

Explore content ¥ Journal information ¥ Publish with us ¥ Subscribe Sign up for alerts £} RSS feed

— Nam-Joon Cho, a materials scientist
at Nanyang Technological University in
Singapore, and Joshua Jackman, a chemical
engineer at Sungkyunkwan University in
Seoul. They have developed small peptide
drugs that poke holesin the lipid wrappings
found around enveloped viruses’. These lipids
come from the membrane surface of human
cells. But the peptides penetrate only lipids
that encase viruses, not cells, because of dif-
ferencesinthesize of the membranestructure
and how much it bends (see ‘The many ways
to thwart viruses’).

Cho describes the lipid coating as the “com-
mon denominator” of allenveloped viruses —a
groupthatincludes flaviviruses, alphaviruses,
coronaviruses, filoviruses, retroviruses and

Next-Generation
Antiviral Strategy

Nature 592, no. 7854 (2021): 340-343.



Our LEAD Approach

Envelope
Antiviral
Disruption ~%g:

Biophysical + Computational
+ Virological Approaches

Investigate the design & function
of membrane-active peptides

. Vialenzyme Next-generation antiviral peptides

Lipid envelope Envelope protein LEAD agent

Cho et al., Nat. Mater. (2020).



Antiviral Peptide Engineering Strategy
Integrated Experimental and Theoretical Approaches

Peptide Design Biophysical Evaluation Virus Particle Tracking

* Sequence optimization  Peptide concentration  Real-time interaction tracking

« Secondary structure prediction ¢ Solution conditions » Model & authentic virus

« Interfacial hydrophobicity e Membrane particles
composition/curvature * Virus conformational effects
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AH Peptide: First LEAD Candidate

46 A
5'NTR | U 3’NTR .)
ranaes Derived from NS5A ) N,
E2 , ., : s
El o 4% : o
Ry Gl NS4A : L
NS2 | w0
ﬂ I = NS'E’B,.-.-"W r Sy
ti Nss'ﬁ.r " NS5B - ' ,{ h
SGSWLRDVWDWICTVLTDFKTWLQOSKL
Hepatitis C Virus (HCV) Polyprotein AH Peptide

* AH peptide is derived from the N-terminus of HCV NS5A protein and involved in viral
membrane association.

» Serendipitously discovered that AH peptide can rupture small liposomes and

enveloped viruses (<160 nm diameter). Cho et o/ JACS 2007 Cho et o/

Analytical Chemistry 2007; Cho et al.,
ACS Chemical Biology (2009).
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AH vs NH Peptides

AH Peptlde AH Peptide NH Peptide
SGSWLRDVWDWICTVLTDFKTWLQSKL

Theoretical Mass (M+H+): 3282.3 -

NH Peptide

SGSWLRDDWDWECTVLTDDKTWLQOSKL
Theoretical Mass (M+H+): 3282.5

46 A

AH peptide preserves a-helical character, and NH peptide does not.

11



Discovery of a Vesicle-Rupturing Peptide

«9- Intact vesicle v SLB «¥-Buffer wash

Structural Transformation P
- AH peptide promotes vesicle rupture. < fﬂc’c’wﬂm 5 S
Bilayer Formation g 8
< \\_:\: ro g
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Cho et a/. JACS2007; Cho et al. Analytical Chemistry 2007,
Cho et al. Nature Protocols 2010; Jackman et al. J Phys
Chem B2013




Virus size

350 nm

100 nm

50 nm

0nm

Effects of AH Peptide on Virus Infectivity

AH peptide prevented infection in HCV while neither AH/NH
peptide prevented vaccinia infection.

L=
- - - ﬂ
Vaccinia virus (VACV or VV) i
large, complex, enveloped virus
~ 360 X 270 X 250 nm S
E
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. m Vaccinia
X
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© o -
§ 80 -
< i
= 60 -
o
o 3 @]
Hepatitis C virus (HCV) = >
small (50 nm in size), 2 20
enveloped, single strand RNA virus é
= 0 A .

Control

13



Membrane-Curvature-Dependent Antiviral Activity

AH peptide forms pores in curved lipid membranes
and triggers membrane lysis.

Virus diameter
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Cho et al., Nat. Mater. (2020).
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Tethered Lipid Vesicle: Model Viral Particle

Lipid Envelope Antiviral Disruption (LEAD)
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Tethered Lipid Vesicle Platform
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AH peptide has distinct selectivity principles compared to structural analogues.

AH Peptide

.
@ C5A Peptide
ys
Ser
GIn
TrPLeu
Thr
Lys Lys
Phe Y Phe
Leu"""!’mP LeuSeFAsp
Val Val
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neCYs 1eCYS
Trp Trp
Asp Asp
Trp Trp
Val lle
Asp Asp
Arg Arg
TI_pLeu TrpLeu
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Gly
Se/w(“‘-\'“a\
W

De Novo Folding Simulation

100 nM AH 100 nM AH
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Langmuir 35, no. 30 (2019): 9934-9943.
Langmuir (2021) 37 (45), 13390-13398
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Therapeutic Treatment of Zika Virus Infection
Using a Brain-Penetrating Antiviral Peptide



Zika Virus Epidemic: Neurodegenerative Disease

1947

first identified
in rhesus monkey
in Zika forest,

1/3

of reported cases
of microcephaly in
Brazil linked to ZIKV

1 FEB 2016

RN ZIKV
declared a Public
Health Emergency
of International

SRR

2.17 80utof 10

billion people infections are

live in areas asymptomatic
conducive to
ZIKV transmission

in the Americas

4 miltion
ZIKV infections

in 2016

Baby with Typical

Head Size

New England Journal of Medicine 374, no. 16
(2016): 1552-1563.



LEAD Concept

Viral Envelope Targeting

=’ N
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. Viral Load Therapeutic Solution
\_ ‘ J Untreated « Decrease viral loads
Blood-Brain Barrier Transport ‘ » * Prevent brain damage
e e et ) * Reduce clinical symptoms
Blood. - " " . - Treated ; ; -
i : * Protect against lethal infection
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v"Virus Neutralization Efficiency v Histopathological Analysis
v"Human Cell Compatibility v'Blood-to-brain Influx
v"Neuron Cell Protection v BBB Permeability

Biophysical Design ., Antiviral Strategy f Therapeutic Evaluation In Vivo Brain Activity

v Peptide Engineering v’ Clinical Signs
v Liposome Rupture Kinetics v Viral Load Analysis
v Membrane Curvature Sensing v' Inflammatory Mediators

Jackman et al., Nat. Mater. (2018).



Stereochemical Engineering of AH-D Peptide

Tethered Vesicle Platform

/Peptide Engineering\

Achiral lipid membrane targeting

AH-L > AH-D
?OOH HOOC
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Highly Parallel Imaginq of Peptide-Induced Liposome Disruption
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AH-D Peptide Has Refined Membrane-Curvature Selectivity
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Jackman et al., Nat. Mater. (2018).
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ZIKV

In Vitro Antiviral Characterization of AH-D Peptide

ZIKV MR766 African strain
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Nanomolar antiviral activity and >300-fold selectivity index

Jackman et al., Nat. Mater. (2018).
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Therapeutic Testing in Lethal Mouse Model

ZIKV /
infection f AH peptide therapy » MOCK + PBS
@:’ | | | | | | | | Day —@— MOCK + AH
1 : ] @ > 0 @ —#— ZIKV + PBS
—@— ZIKV + AH
i o o 110 _ 35 _ 4 %108 oo
P<00001| =~ B
—| .3 SEP]  poom mp | §3X10%]
P =0.0027 o a E » P=0.0092
g E S o £ 2Xx 10® 1 4
6 3 55 Q P =0.8921 r
Q ca 2 NS
Q -3 20 NS NS S 1x10° 1 P =0.9997
El £ ol P=09%68  P=08420| § NS
g ! T J 80 T T T T 15 T T T T T T 0 - - —

0 3 6 9 12 15 3 6 9 12 15 0123456 PBS AH PBS AH
Days after infection Days after infection Days after infection MOCK ZIKV
>80% mortality Decreased Reduced eye Reduced white

reduction weight loss pressure increase blood cell increase

AH-D peptide therapy shows excellent clinical benefits.

Jackman et al., Nat. Mater. (2018).
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Antiviral and Anti-Inflammatory Treatment Effects

Brain

Decreased viral loads in serum, spleen, brain, & optical nerve
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Jackman et al., Nat. Mater. (2018).
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AH-D Peptide Inhibits Zika Virus in the Brain

AH-D peptide cross blood-brain barrier and is active in brain.
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Jackman et al., Nat. Mater. (2018).
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AH-D peptide can cross intact BBB and maintain BBB integrity.

MOCK ZIKV

MOCK ZIKV ZIKV o
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PK/PD Evaluation

—#i— Blood —e— Spleen —e— Liver Kidney
—A— Brain —v— Pancreas —B— Testis
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Peptide Concentration
log,, (ng mi 1)
i

2 L] ¥ 1 L I E I . I ' I Y I
0 4 8 12 16 20 24
Time after administration (h)

« 25 mg/kgi.v. bolus administration = sampling over 24 hrs
« High peptide concentrations in blood and relevant tissues.

 Brain concentration is around 400-600 nM.

Jackman et al., Nat. Mater. (2018).



Antiviral /n Vivo Tests for Zika & Dengue

Antiviral /n vivo testing of AH peptide to Antiviral /n vivo testing of AH peptide to
inhibit dengue virus infection in mice inhibit Zika virus infection in marmoset

AH administration
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Broad-Spectrum Activity of AH Peptide

Virus ECso (nM)

SARS-CoV-2 virus 0.030
Zika (FS513025) 0.960
Zika (PRVABC-59) 1.240
Zika (MR766) 1.040
Dengue-1 (PRS41393) 1.040
Dengue-2 (New Guinea C) 1.150
Dengue-3 (H87) 1.200
Dengue-4 (H241) 1.140
Yellow Fever (17D) 0.098
Japanese Encephalitis (SA 14-14-2) 0.150
Powassan Virus (BL) 5.170
Chikungunya (181/25) 2.520
Ebola (Zaire) 0.930
Marburg (Angola) 0.640
Rift Valley Fever Virus (MP12) 0.260
Human cytomegalovirus (AD169) <4

Vaccinia Virus (NYCBH) >12

Polio Virus (Malhoney) >30

Works against a wide range of viruses
that are of importance to clinical
medicine and biodefense.

Tested in collaboration
with

N USAMRIID
= United States Army
y Medical Research Institute

of Infectious Diseases
203

Public Health
England

National Institute of
N I H Allergy and
Infectious Diseases
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Nonclinical Program to Initiate IND

IND Phasel Phase 2 Phase 3 NDA Reviews/
Postapproval

1-2 GMP Clinical Batches 3 Consecutive

1-3 GMP Production
Batch
Stability S

(Long term and
Accelerated)

Registration Batches

Process
Development Process Parameters Evaluated

Analytical Methods I

D ek Qualified Methods

Prepare Process
Validation Protocols

Validation

Complete Utilize Validated
Methods

<) GMP Material

N Bioanalytical Development and Validation
e Rat MTD/Dose Range Finding (non-GLP)
I Dog MTD/Dose Range Finding (non-GLP)
s Hemolysis
IS 0 Vitro ADME
. 14 Day Rat IV Study with Recovery (GLP)
I —— 1.4 Day Dog IV Study with Recovery (GLP)
I CV Telemetry Dog Study
(R, Rat IRWIN screen (CNS)
[ MUUTIETTTINIIIIIIN Rat Respiratory Study
. AMES
I —— Mouse Lymphoma Assay
I —— RatMicronucleus

N hERG and ion channels
) Bricfing Package
@) Pre-IND Meeting

- Submit IND
-9 -8 7 6 5 4 3 2 -1 0
Month



Deep Learning from Nature: AH Peptide Engineering

Blue Letter: Conservative mutation

Acidic

Basic

Red Letter: Non-conservative mutation Conserved residues: Hydrophobic Thiol

Amino Acid Sequence pl |pH7

NH, 5 10 15 20 25 COOH

TMIGl | SGSWLRDIWDWICEVLSDFEKTWLEXKAKL 6.3 -0.1
Ib(AH) | SGSWLRDVWDWICTVLTDFEKTWLQSKL 6.1 -0.1
TMIG2 | SGSWLRDVWDWVCTILTDFEKNWLTSKL 6.1 -0.1
TMIG3|SGSWLRDIWEWVCSILTDFEKNWLSAKL 6.2 -0.1
TMIG4 |SDDWLRIIWDWVCSVVSDFKAWLSAKTI 4.2 -1.1
TMIGS |SGDWLRIIWDWVCSVVSDFKTWLSAKTI 6.1 -0.1
TMIG6 |SDDWLRTIWDWVCSVLAD FEKAWLSAKTI 4.2 -1.1
TMIG7T | GDDWLHDIWDWVCIVLSDFEKTWLSAKTI 39 -3.0
TMIGS  DGNWLYDIWNWVCTVLAD FEKLWLGAKTI 4.0 -1.1
TMIG9 AESWLWEVWDWVLHVLSDFEKTCLZEKAK 5.3 -1.0
TMIGI0|G S TWLRDIWDWVCTVLSDFRVWLEKSKL 8.8 0.9

Note: All sequences start with amino group (N-terminus) and end with carboxyl group (C-terminus). In case of C-terminal

amidation, isoelectric point (pI) is ~2.4 higher than carboxylation.

Confidential
2021-172-02-PCT
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Single Tethered Vesicle Platform

2 min 10 min
]

Synthetic lipid envelope particles (controllable size)

Particle Counting (%)

1 T

o
ANy Sy By
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-%Z§§%§ oo, A TMIG2

| e Y %g}%o A v TMIG3

fgé . % ;z‘};‘@% o TMIG4

ﬁ;a TMIGS5
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Ll o TMIG7

" So0m00.0.0.000 TMIG8

0 5 10 15 20 25 30 35 40 5 10 15 20 o TMIGY
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Confidential
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AH-D Functional Terminals: Single Vesicles
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Screening Data: Engineered Peptides

A NTU1 NTU2 NTU3 NTU4 NTUS NTU6
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—— -
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2 604 L £ 604 » 2 60 va 2 60 _aes™ 2 60 o 2 o0 o

5 . H L it H i & ! 1 o

H 5 - H - k- H 5

T 40 T 404" T 404 S T 404" T o404 Wt T 4 "

5 5 5 ol g 3 ol 5 .

2 20+ 2 204 £ 204 £ 204 2 204° 2 204
0Ty 0 vy 0 ey 0 Ty Oy D vy
001 01 1 10 001 04 1 10 01 04 1 10 001 01 1 10 001 01 1 10 0.01 04 1 10
Concentration (ph) Concentration (pM) Concentration (pM) Concentration (pM) Concentration (pM) Concentration (pM)

NTU7 NTUSB NTUS NTU10 NTU11
100+ 1004 100 - 100+ 100+ .t 100+

£ 80+ # 80 £ 80+ # B0~ o £ 804 i & 80+

£ c £ . £ £ ¥ €

2 60 2 60+ . 2 0 - 2 60+ 2 604 2 604

] L " m ¥ ] ”' ] b -

N I 5 * oA N Y B . N . L]
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0 ~t=rrem—rrrm—rrm 0 ~r=rrm—rrrmrr 0 =T rrm—r T O <f=rrrme—rrm—rrm O =t=rrem—rrrm—rrm =ty
001 04 1 10 001 04 1 10 001 04 1 10 0.01 01 1 10 001 04 1 10 100 107 100 10¢ 10°
Concentration (uM) Concentration (pM) Concentration (uM) Concentration (uM) Concentration (uM) serum Dilution fold

Peptide NTU1 NTU2 NTU3 NTU4 NTUS NTUG NTU7 NTUS NTU9 NTU10 NTU11

ICgq (pM) 0.02 0.23 0.1 0.03 0.23 0.09 0.81 4.81 0.2 0.88 0.05

New potent viral inhibitors in the low nanomolar range (~30 nM).

Antiviral testing of engineered peptides to inhibit SARS-CoV-2 virus



Economic & Societal Impact

THESTRAITSTIMES A Collapse That Wiped Out 5 Years of . . . To me these seem like a glimpse into the future where we
Singapore economy will take longer to ~ Growth, With No Bounce in Sight The Flu Vanished During Covid are going to be in an arms race with this virus— Michael
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Concluding Remarks

Peptide therapy inhibits ZIKV infection in mice through a
combination of systemic control and inhibitory activity in
organs, including the brain.

Might also address other ZIKV-related medical
complications such as viral persistence in tissues,

maternal-fetal and sexual transmission, and eye infections.

Motivates new antiviral strategies for treating mosquito-
borne virus infections and possibly other classes of
neurodegenerative diseases with possible viral etiologies.
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AVIDD U19

« Center title: Development of outpatient antiviral cocktails against SARS-CoV-2 and other potential
pandemic RNA viruses (RFA-AI-21-050)

« Project title: Targeting viral envelopes with antiviral peptides and peptoids and degraders, and surface
proteins with small molecules
- Award period: 05/01/2022 - 04/30/2027 (5 years)
- Amount: 1,547,000 USD (overhead 8%)

« Project title: Oral small molecule inhibitors of NSP4-mediated membrane-associated RNA replication of
SARS-CoV-2 and other RNA viruses
- Award period: 05/01/2022 - 04/30/2027 (5 years)
- Amount: 1,032,000 USD (overhead 8%)

NIAID 2022 DMID Omnibus Broad Agency Announcement (BAA)

 Project title: Advancing an oral NSP4 inhibitor DAA to the clinic for outpatient SARS-CoV-2 infections
- Award period: 11/01/2022 -10/31/2027 (5 years)
- Amount: 1,346,875 USD (overhead 8%)
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