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Dissecting the biology of filoviruses: therapeutic and vaccine development

*Utilize known properties of the viruses
*Requirements for viral assembly guided us to discovery of virus-like particles as
vaccine candidates
«Sequence information to design antisense and siRNA-based therapeutics

sUnderstand how viral proteins work
sTarget them with small molecule “druggable” compounds

*Understand how immune system responds, especially innate responses
*Use it to benefit the host

sUnderstand how cellular proteins help the virus
«Target them with small molecule inhibitors or gene-specific approaches

*Develop tools and make them available
*Development and characterization of rodent models




Virus-like Particles (VLPs)

eSimilar morphology to live viruses

*Fully enveloped
*Non-replicating
Generated in mammalian or insect cell lines
«Can be produced in large quantities
*No vector or vector immunity
Generate innate, humoral and cellular immunity
« Safely and effectively administered in humans
*Hepatitis B, Norwalk and papillomavirus

*Platform for delivery of other cargo (multivalent VLPs, i.e.
carrying other viral/bacterial antigens and have
documented protection against multiple BTAS)

*Tools to dissect immunology of filoviruses




Filovirus-like particles

Transfect
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and VP40
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Ebolavirus-like particles

Survival
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B and T cells are required for eVLP-
mediated protection against Ebola

Table 1. Immune responses and survival of eVLP-vaccinated knockout mice

Geometric Survivors/

. MTD ©
mean titer © Total ¢

Genotype® Immune deficiencies  Vaccine”

eVLPs 31711 18/20 N/A
PBS <33 0/20 7.8 +/- 0.69
eVLPs 32346 9/10 N/A
PBS <33 0/10 6.1+/- 0.85
eVLPs <33 0/10 5.5 +/- 0.52
PBS <33 0/10 5.6 +/- 0.53
eVLPs <33 0/10 6.2 +/- 0.44
PBS <33 0/10 6.1 +/- 0.32
eVLPs 460 0/10 7.2 +- 0.42
PBS <33 0/10 6.9 +/- 0.57
eVLPs 5196 5/10 8.4 +/- 0.54
PBS <33 0/10 7.0 +/- 0.47
eVLPs 15924 0/10 10.2+/-1.4
PBS <33 0/10 7.1 4/-0.32
eVLPs 11523 2/15 9.6+-1.1
PBS <33 0/15 7.0+-0
eVLPs 36955 15/15 N/A
PBS <33 0/15 6.3 +/-.0.73

C57BI/6 wild-type

BALB/c wild-type

scid (BALB/c) B and T cells

Jh (BALB/c) B cells

B/5 TCR (C57) T cells

CD4 (C57) CDA T cells

p2m (C57) CD8 T cells

IFN-y (C57) IFN-y

perforin (C57) perforin

# Genotype of mice used are indicated along with the strain background in paratheses

® Ten micrograms of eVLPs or PBS mixed with QS-21 adjuvant were administered on days 0 and 21

° Geometric mean titer of EBOV-specific antibodies as measured by ELISA

I After challenge with 1000 pfu of mouse-adapted EBOV 6 weeks following the last vaccination

¢ Mean time to death (MTD) following EBOV challenge in days +/- standard deviation, N/A = not applicable

Warfield, et al J. Immunology 2005




Musoke-based VLP protects against
multiple MARVs

3 45 67 8 9101112
Days Post Challenge




Experimental Design:
Pan-filovirus VLP Vaccination

m and eVLP Vaccination

l l l

6 12

ADb titers were maximal after two
Vaccines.




Ebolavirus-like particles fully
protects NHPs against EBOV
challenge

01 2 3 4 5 6 7 8 9 10 11 12 13 14 28
Days Post Challenge

5 NHP/group
Vaccinated with eVLP and mVLPs
Challenged with 1000 pfu ZEBOV




Marburgvirus-like particles fully
protects NHPs against MARV
challenge
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6 NHP/group
Vaccinated with eVLP and mVLPs
Challenged with 1000 pfu MARV




Summary of VLP vaccination studies

Vaccination with marburg or ebola VLPs protect:
Mice and Guinea Pigs

Vaccination with Musoke VLPs protects against
multiple MARVs

NHP vaccination with ebola and marburg VLPs
elicit maximal Ab titers after 2 vaccines and
100% protection. Demonstrates no interference.

Robust CD8 epitope specific responses are
observed in NHPs following VLP vaccination




Developing Therapeutics
Therapeutic Targets

eldentify druggable innate
response pathways

 Define effector molecules

* Meganomics

e [mmune evasion mechanisms

 Druggable genetic components

 Target common microbial
virulence mechanisms
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response to define novel
Pathogen adjunctive treatment

regimens.

Therapeutics:
SIRNA, Antisense, and
Small Molecules non-peptidic




Targeted approach

Filovirus Life Cycle: Tx targets

Cellular
Proteins

Cellular
Proteins

Proteins
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Dissecting the biology of filoviruses: therapeutic and vaccine development

«Utilize known properties of the viruses
Requirements for viral assembly lead to virus-like particles as vaccine candidate
*Sequence information to design antisense and siRNA-based therapeutics

*Understand how viral proteins work
*Target them with small molecule “druggable” compounds

*Understand how immune system responds, especially innate responses
*Use it to benefit the host

sUnderstand how cellular proteins help the virus
«Target them with small molecule inhibitors or gene-specific approaches

*Develop tools and make them available
*Development and characterization of rodent models




Identify EBOV and MARYV total proteome

protein peptides
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Section 1. ‘Designer’ drugs for Filoviruses

Leader Trailer
31 NP HVP35 H VP40 H GP HVP30HVP24H 5'

B Target sequences within EBOV and MARV genomes

\

In vitro efficacy and toxicity

' i (In vitro tra_nslation and live GFPH Optimization (Sequence, length,
. virus assays) delivery, thermodynamic properties,

\l/ and toxicity) .

Rodent efficacy testing

(Dose, route, schedule,

interference, preliminary
safety/toxicity)

\

Nonhuman primate testing
(Prophylactic and therapeutic
treatment, dose, route, schedule,
adjunctive measures, and
preliminary safety)

Percent Inhibition
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Targeting EBOV using Antisense Oligomers

Natural DNA
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PMO Mechanism of Action

BB ePePo
.'..AN'H"’

:.’0 )
s e
AR

e ¢’

PN .o(«“ .o
(.\‘9‘.0.

e’ ®, @ NEUSENE

e’ % .® <~ Antisense

;0 ([ ]

Ribosome e &
Components L i

Blocks
v Ribosome

Assembly

Advantages of PMO:

No Protein Uncharged backbone
Synthesis Stable

No IFN response




Prechallenge administration of PMO
protects mice from EBOV
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Pre-challenge administration of EBOV-specific
PMO protects NHPs
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Chemical modifications to increase PMO delivery

Cell penetrating peptide
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Chemical modifications increase PMO efficacy

A PMO/No virus No PMOlvirus
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Summary of Antisense data (PMO)

Pre-treatment and therapeutic treatment of Ebola and MARV
Infected mice and guinea pigs protected

Mice and guinea pigs which were treated with antisenses and
survived EBOV or MARYV challenge showed antiviral antibodies and
were fully protected upon re-challenging with the same virus but not
with heterologous virus.

Pretreatment of NHP with PMO protected 50% of the NHP
Peptide-tagged PMOs have higher tendency to enter cells and

disrupt EBOV and MARYV infections. pPMOs also protected mice
against EBOV.




Post-challenge treatment of NHP
with PMO+

e Challenge 5 rhesus macagues with 1000pfu
of EBOV-Zaire

e Treat 4 rhesus macagues with a combination

of two PMO+ starting at 1hour after infection

e Continue treatment daily for 10-14 days via
SC and IP injection at 20mg/kg




Summary of Development: Antisense PMO+

*QOriginally identified 3 unmodified PMO compounds that were effective
In prophylactic regimen

*Further development led us to narrow to 2 PMO+ compounds targeting
EBOV genome that are effective in post-challenge treatment regimen.
These are the best virally-directed post-exposure therapeutics in NHPs.

ldentified 2 compounds targeting MARV genome that we are currently
testing for efficacy in NHP.

EBOV PMO+ are safe and well-tolerated in mice. A single 50X dose
used in NHP studies showed no overt toxicity after 24 hrs

eFuture:
*GMP, GLP tox studies
Efficacy in NHP of delayed treatment




RNA Interference (RNAI)

— Potential for a whole new class of drugs
e Harnessing natural pathway

* Therapeutic gene silencing
— Upstream of today’s medicines
— Any gene in the genome

— Natural process for gene silencing

e Catalytic mechanism
— Potent and selective

« Mediated by ‘small interfering RNAS’ or ‘SIRNAS’
— 2006 Nobel Prize awarded for RNAI discovery
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RNA Interference
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Ebola siRNA reduces viral titer by over
90%

EBOV-ZAIRE siRNA; 48h time point
[ ]
No siRNA
Negative siRNA

VP24 siRNA #1 . .
1 log reduction in

VP24 SiRNA #2 —— viral titer with
VP35 siRNA #1 unmodified siRNA

VP35 siRNA #2
NP siRNA #1
NP siRNA #2

L siRNA #1

L SiRNA #2

1 000 10 000 100 000 1 000 000 10 000 000
Plaque Forming Units / ml

Protocol: siRNA was transfected into 293T cells and cells were infected next day. Viral titer was measured
after 48h in the sup by plaque assay.




Section 2: ldentification of small molecule
Inhibitors of EBOV in a whole cell assay

Can we identify small molecule drug-like
compounds

-Set up HTS assay: Use recombinant GFP-EBOV and a high-content
Imagers to identify small molecule inhibitors that inhibit viral replication

-Screen chemical libraries to identify hits (decrease in GFP)
-Validate hits: Use QRTPCR, and pfu

-Test in animal models: Start with rodents to NHPs.
-Identify the targets of the chemical (viral or host target)




Initiated a major non-petidic small molecule
drug discovery program

Small Molecule Libraries

Organic Synthesis l

T USAMRIID

National Cancer Institute 1. In Vitro Assays
2. Cell-Based Assays

1. Develop Inhibitor Pharmacophores : :
2. 3-D Database Mining S SO STINENES
3. Propose Compound Improvements (for I l

Synthesis)

1 L_ead Inhibitors

v

Drug Candidates




Ebola Virus Drug Screening
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Examples of EBOV inhibitors

Cpd3-6 Cpd2-9
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Protection of Mice against lethal EBOV challenge
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Compounds were given only 3 times at 5-25 mg/kg
Mice were challenged with 1,000 pfu mouse adapted ZEBOV




Drug-like small molecules protect after a single injection
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Compounds were given only once or twice at 1-10 mg/kg
Mice were challenged with 1,000 pfu mouse adapted ZEBOV




Drug-like small molecules protect in a dose-
dependent manner

Cpd 3-0 @
=5 mg/kg
-#-2 mg/kg

1 mg/kg
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=¥ 0.1 mg/kg
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Days Post Challenge

Compounds were given a single dose or three doses 1 day after infection
Mice were challenged with 1,000 pfu mouse adapted ZEBOV




Summary of Development:
Small molecule inhibitors of EBOV replication

«Several libraries were screened >12,500 compounds
15 validated hits were ID in the diversity set
*Over 25 hits in a single focused sublibrary

eSecondary screen (plague assay with wild-type virus)
*Tertiary Screen (Dose responses) > Selection of leads

Mouse experiments : Found several novel Txs with
excellent bioavailability.

*Ongoing:
Mechanistic characterization
*Gas phase pharmacophore
eScale-up synthesis for guinea pig and NHP studies




Overall summary of our Filovirus TX efforts

Innate immune modulation by VLP protects against both EBOV and
MARYV most likely through NK cell activation.

Identified several host factors from proteomic analysis and KD of
some of these host factors protect against EBOV-MARV is in
process.

Targeting common viral processing pathways such as VPS4 shows
TX promise.

Systematic genome wide siRNA screen has led to several
promising lead sequences in vitro and in vivo.

Identified second generation PMOs which protects mice and guinea
pigs against MARYV and NHP in a post-exposure Tx against EBOV.

Identified several scaffolds/druggable small molecule inhibitors of
EBOV.
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