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Verso nuovi target terapeutici molecolari:
I’eradicazione di HBV e un obiettivo possibile?
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HBV: concepts about « cure »
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HBV: concepts about « cure »

Long-term suppression

of viral replication 4 ¥ viral Suppression Suppression
(DAA) , . of viral replication
¥ Functional cure (very few) Immune control

(IFNa)
Eradication

Strategies
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HBV cure landscape

Entry inhibitors

* Lipopeptides, e.g. I Targeting RNA interference,'
Myrcludex-B [ A ] ‘ed Arrowhead, Tekmira,
\“teg‘o‘,\p Alnylam, GSK
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Polymerase inhibitors

* Nucleoside analogues, e.g. Gilead, BMS
* Non-nucleoside, e.g. LB80380

Immune modulation
* Toll-like receptors agonists, Gilead, Roche
* Anti-PD-1 mAb, BMS, Merck

* Vaccine therapy: Transgene, Gilead, Roche Innovio, Medimmune, ITS




HBY cccDNA
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from Nassal et al, Virus Research 2008

* template for all HBV mRNAs and the HBV pgRNA

* not directly targeted by NUCs

*may exist hepatic “latent” reservoire

(non integrated functionally

competent HBV genomes): OBI and inactive carriers
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Antivirals do not directly target cccDNA

X nuclear cccDNA /" subgenomic RNAs
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Modified from Nassal et al, Virus Research 2008

1 yr of monotherapy with nucleos(t)ide analogues (ADV, LAM, ETV) reduced
median intrahepatic cccDNA amounts by 1 log

Zoulim,Petersen,Locarnini, Gastroenterology 2004, SAPTENZA
Wong, Antivir Ther 2006, Sung, Gastroenterology 2005




Antivirals do not directly target cccDNA

\ nuclear cccDNA // subgenomic RNAs

r of monotherapy with nucleos(t)ide analogues (ADV, LAM, ETV) reduced
median intrahepatic cccDNA amounts by 1 log
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Persistence of cccDNA

HBsAg
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Persistence of cccDNA in 3 out of 4 patients with long term HBV
suppression under lamivudine
In 2 out 3 patients cccDNA is inactive (no pgRNA)

Belloni, Levrero, Gaeta HBV meeting 2010

* Detected in the liver of NUCs long-term suppressed patients after HBsAg to anti-HBs
seroconversion [Maynard, 2005; Belloni unpublished]

* Detected in the liver of HBsAg negative patients (occult HBV infection)
[Werle-Lapostolle, 2004; Pollicino unpublished]

* Presentin 30 /30 patients with occult HBV infection and HCC [Pollicino, 2004]
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Persistence of cccDNA

HEsAy
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y target cccDNA

orsists in NUC long-term suppressed patients, occult HBV
infection and subjects recovered from AVH

(Werle-Lapostolle 2004; Pollicino 2004; Maynard, 2005; Belloni, 2010)



The HBV cccDNA as a “minichromosome”

Low Replication
Phenotype
Quiescent or active
Medium to Low Viraemia

High Replication
Phenotype
Transcriptionally Active
High Viraemia

Bock, T. et al 2001

Newbold et al, 1995
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Pollicino, 2006; Belloni 2009)

« HBV cccDNA is organized as a minichromosome in the nucleus
Infected cells by histone and non-histone proteins

(Newbold 1995, Bock 2001, Pollicino 2006).
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The HBV cccDNA as a “minichromosome”

Low Replication High Replication Low Replication
Phenotype
Quiescent or active
Medium to Low Viraemia

High Replication
Phenotype ;
Transcriptionally Active
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Bock T et aI 1994 u‘ t‘on
Bock, T. et al 2001 o p ma

Pollicino, 2006; Belloni 2009)

organized as a minichromosome in the nucleus of
ected cells by histone and non-histone proteins
(Newbold 1995, Bock 2001, Pollicino 2006)



HBYV cure —targeting cccDNA
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from Nassal et al, Virus Research 2008

 complete inbition of HBV replication
- to avoid new hepatocytes infection and low level core particles recycling

* restoration of host innate and adaptive antiviral immunity against HBV

e direct targeting of cccDNA
- inhibit cccDNA formation
- cccDNA targeting endonucleases
- induction of cccDNA cytosine deamination
- destabilize cccDNA minichromosome

- accelleration cccDNA loss during cell division
- transcriptional silencing of cccDNA [FUNCTIONAL CURE] PAVIENED g




Identification of Disubstituted Sulfonamide Compounds as Specific
Inhibitors of Hepatitis B Virus Covalently Closed Circular DNA

Formation

cccDNA formation

from Nassal et al, Virus Research 2008
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Cai et al., AAC 2012, 46, 4277.



Identification of Disubstituted Sulfonamide Compounds as Specific
Inhibitors of Hepatitis B Virus Covalently Closed Circular DNA
Formation

cccDNA formation

from Nassal of al, Virus Research 2008
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Cleavage of cccDNA
by targeted gene disruption strategies

CRISP/CAS,
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from Nassal et al, Virus Research 2008

€ Zinc Finger [Weber, PlosOne, 2014]
€ Talens [Chen, Mol Therapies, 2014]

€ Bacterial CRISP/ Cas
RNA-guided DNA endonucleases

[Seeger, Mol Therapy Nucl Acids, 2014;
[Lin, Mol Therapy Nucl Acids, 2014;
[Kennedy, Virology, 2015]
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by targeted gene disruption strategies
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€ Zinc Finger [Weber, PlosOne, 2014]
€ Talens [Chen, Mol Therapies, 2014]

€ Bacterial CRISP / Cas
RNA-guided DNA endonucleases

[Seeger, Mol Therapy Nucl Acids, 2014;
[Lin, Mol Therapy Nucl Acids, 2014;
[Kennedy, Virology, 2015]




Specific and Nonhepatotoxic
Degradation of Nuclear Hepatitis B

Virus cccDNA
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cytidine-deaminases, respectively, in HBV-
infected cells, primary hepatocytes and
human liver-needle biopsies.

HBV-core protein mediates the interaction
with nuclear cccDNA resulting in cytidine-
deamination, apurinic/apyrimidinic ~ site
formation and finally cccDNA degradation

Lucifora et al. Science 343, 1221-8, 2014



Specific and Nonhepatotoxic
Degradation of Nuclear Hepatitis B
Virus cccDNA

HBV-infected HepaRG
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€ HBc binds to (and represses) the IFN-b,
IL-29 and OAS1 cellular promoters

relative % Input enrichment HBV infected / No

infected mouse on HKG promoter

HBc protein / capsid

@ HBc binds the cccDNA and modifies cccDNA nucleosome spacing

HBV capsid
(120 HBc dimers)

Arbitrary Units
« 31 = N

HBc dimer aHBc

Bock, 200I1 Belloni 2009

regulates gene expression
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Assembly inhibitors
Core Protein Assembly Modulators (CpAMs)
Core inhibitors / Anti-capsid

Hetero-aryl-dihydropyrimidines (HAPs) and the
Phenyl-Propenamide derivatives, AT130 are a

HBV capsid

P (120 e cimers) new class of antivirals that target the HBV
( ! \é@w capsid and inhibit HBV replication in vitro
\\ OO wona // y - .
~~i_ - HBC dimer (Deres, Science 2003; Stray, PNAS 2005).
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« HAP12 and AT130 misdirect HBV capsid assembly and block HBV replication.
e AT130 capsids are more “normalish” but inactive; HAP12 leads to aberrant structures



Core inhibitors affects the cccDNA
formation/accumulation in HepG2-NTCP infected cells
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Core inhibitors affects the cccDNA
formation/accumulation in HepG2-NTCP infected cell
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Anti-capsid drugs

* Core inhibitors (Hap12 and AT130) impact on Cp nuclear functions at multiple
levels:

- block new cccDNA accumulation (Rc-DNA delivery and/or core particles recycling) | 1

- reduce the size of an established cccDNA pool | 2
- inhibit HBc recruitment on the cccDNA | 3

The effects on HBc recruitment on cellular genes remains to be determined | 4
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from Nassal et al, Virus Research 2008



Anti-capsid drugs

* Core inhibitors (Hap12 and AT130) impact on Cp nuclear functions at multiple
levels:
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Core inhibitors / Anti-capsid

HBV capsid
(120 HBc dimers)

HBc dimer

A growing family

Phenylpropenamide derivatives (AT61, AT130) [Gilead][Jansen]
Heteroaryldihydropyrimidines (HAP-1 and Bay 41-4109)

Sulfamoylbenzamide derivatives (DVR-23, DVR-56 and Novira
Therapeutics NVR-1221) [Novira]

BCM-599 [2-amino-N-(2,6-dychloropyridin-3-yl) [acetamide family]

Isothiafludine (pg-RNA packaging)



Core inhibitors / Anti-capsid
A growing family

gcetamide family]



Preclinical characterization of the antiviral activity of NVR 3-778, a
Potential First-In-Class HBV Core Inhibitor, in vivo
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Klumpp et al. EASL 2015



Phase 1a Safety and Pharmacokinetics of NVR 3-778, a Potential First-In-Class HBV Core Inhibitor

E.l. Gane!, C. Schwabe?, K. WalkerZ, L. Fores?, G.D. Hartman?, K. Klumpp®, 5. Liaw? and N.A. Brown?®
Iew Zealand Liver Transplant Unit, Auckland Clty Hosplial, Auckland, New Zealand; “Clinical Trials Unit, Auckland Clinlcal Studies,
Auckland, New Zealand; ‘Movira Therapeutics, inc., Doylestown, PA , USA

BACKGROUND KEY INCLUSION CRITERIA RESLULTS: DOSE-RELATED SAFETY AND PHARMACOKINETICS
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Specific and Nonhepatotoxic
Degradation of Nuclear Hepatitis B

Virus cccDNA

Should we “open / activate the cccDNA to
better target the cccDNA pool

Similar to strategiues currently

explored in HIV
e L

MRV infected HepaltG

Full
complement
of
nuclecsomes

\

Half
complement
of nucleosomes

infectéd
human li

H3V-cor
with nud
Do B Ao e s
formation and finally cccDONA degradation

Newbold et al, 1995

Lucifora et al. Soerce 343, 12218, 2014



HBYV “Kick and Kill” strategy

“activate” “kill”

#
%

v
,'!7!“ . ‘Z,_ >3 51

\

Latent infection Cell death

Increase Increase
Immune clearance apoptosis susceptibility

therapeutic vaccine
anti-PD1 or anti-PDL1

Target cccDNA

Modified from S. Lewin, IAS 2013



Targeting cccDNA-bound HATs and HDACs

PCAF/p300 inhibitor

o o

EML264 or

Sirtl/2 stimulator
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Targeting cccDNA-bound HATs and HDACs
by “epigenetic” compounds
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Targeting cccDNA-bound HATs and HDACs
by “epigenetic” compounds
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Targeting cccDNA-bound HATs and HDACs
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HBV cure landscape

Entry inhibitors

* Lipopeptides, e.g. I Targeting RNA interference,'
Myrcludex-B [ A ] ‘ed Arrowhead, Tekmira,
\“teg‘o‘,\p Alnylam, GSK
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Polymerase inhibitors

* Nucleoside analogues, e.g. Gilead, BMS
* Non-nucleoside, e.g. LB80380

Immune modulation
* Toll-like receptors agonists, Gilead, Roche
* Anti-PD-1 mAb, BMS, Merck

* Vaccine therapy: Transgene, Gilead, Roche Innovio, Medimmune, ITS




Myrcludex B: Targeting Entry of HBV into Hepatocytes
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Cell proliferation combined with antiviral treatment to block re-infection (Myrcludex B)
promoted cccDNA clearance in the majority of the human hepatocytes.

Allweiss, Petersen, Dandri et al, EASL 2014, 0101




Myrcludex B: Targeting Entry of HBV into Hepatocytes

Entry inhitor plus cell proliferation support loss of cccDNA and HBsAg
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Cell proliferation combined with antiviral treatment to block re-infection (Myrcludex B)
promoted cccDNA clearance in the majority of the human hepatocytes.

Allweiss, Petersen, Dandri et al, EASL 2014, 0101
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Myrcludex B: Targeting Entry of HBV into Hepatocytes

HBV Phase 2a Results
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HDV Pilot Study
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HBV cure landscape
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Immune modulation
* Toll-like receptors agonists, Gilead, Roche
* Anti-PD-1 mAb, BMS, Merck
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RNA-interference (RNAI) mechanism:
knockdown of disease causing genes
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RNA-interference (RNAI) mechanism:
role of delivery
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RNAI treatment for chronic hepatitis B
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RNAI treatment for chronic hepatitis B: A

SIRNA design and preclinical program
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RNAI treatment for chronic hepatitis B:

a OfCore
SIRNA design and preclinical program fekmira

BiorHARMa, INC.

1000’s of HBV genomic sequences analyzed and 150
conserved sites screened

Multiple genotypes included

All mRNA encoding surface antigen (HBsAg)

> 90% conservation across all genotypes

Lead triggers assessed with chemical modification
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What Might HBV Cure Will Look Like?
let’s keep an open mind

Viral targets Immune
modulation
Entry inhibition cccDNA Stimulating innate responses
- formation - Specific ligands
- stability / destruction
- epigenetic regulation __,| Stimulating adaptive responses
- Co-inhibitory signals
HBc functions - Co-stimulatory signals
Other viral targets: HBx etc. Therapeutic vaccination

Functional cure / control ?
Complete cure ?

SAPIENZA e

Modified from F Zoulim 6.2014




What Might HBV Cure Will Look Like?
let’s keep an open mind

» to prevent viral spread and cccDNA re-amplification =

Fotent NA [new anti-Pol; anti-RNAseH][anti-capsid]

&

cccDNA inhibit cccDNA formation [CCC-0975, entry inhibitors ...]
inhibitor deplete cccDNA [LTb, anti-capsid ...]
silence cccDNA pool [epigenetic drugs, IFNa ...][anti-HBXx]

Entry inhibitors [Mircludex and others]

activate or restore antiviral immunity
[target HBs: siRNA, HBs secretion blockers]
[innate immunity stimulators, anti caspsid]
[anti-PD1/anti-PDL1

Immune
Activator

Modified from S. Locarnini 6.2014
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