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HBV: concepts about « cure »
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NAs and PeglIFN used in combination therapy

PEG and NUC have different mechanisms of action

NUC IFN NUC + IFN
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Adapted from Thimme & Dandri, ] Hepatol 2012;58:205-9

Studies in patients and humanized mice indicate that combination treatments suppressing
both HBV replication (NUCs) and cccDNA transcription (IFNa) may trigger significant
antigen decline (HBe and HBs) — combination needs to be done in a smart way

* should have additive or synergistic activity against HBV
* should have no added toxicity
 may induce cccDNA loss or control and higher rates of HBsAg loss



Pre-treatment with NAs

NUC NUC+IFN

Partial restoration
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Boni, 2001, Boni, 2013
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HBV NAs
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Barriers to Resolution of
Chronic HBYV Infection

Long-term suppression % Y‘

of V|raIDrﬁ|cat|on ¥’ Viral Suppression Suaiesaior
(DAA) . of viral replication
¥~ Functional cure (very few) Immune control

(IFNo)
Eradication ?

cccDNA
reservoir

N NN

2
R G
U4
/ R O
] ] e ®ag '-
Dysfunctional | # ©© 3
2 Tcell response | .
\\ Insufficient
\ PD-1 A B-cell response
\ 1
e ©
CD8+ B cell



HBV: concepts about « cure »

Long-term suppression

of viral replication V" V“ Viral Suppression e ——
(DAA) of viral replication
f Functional cure (very few) Immune control
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Strategies

Immune system Viral targets




HBYV cure landscape

Entry inhibitors

* Lipopeptides, e.g. S Tareetin RNA interference,
Myrcludex-B ccchNAg Arrowhead, Tekmira,
Alnylam, GSK
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- Inhibition of nucleocapsid assembly
Inhibitors of HBsA
. & W Novira, AssemblyPHARMA,
release, Replicor J

s Gilead, Janssen
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
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RNAI treatment for chronic hepatitis B
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RNA-interference (RNAi) mechanism:
role of delivery
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RNA-interference (RNAi) mechanism:
role of delivery
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NUC treatment and/or
Decline of antigen load

TLR-7 AGONISTS GS-9620

Preclinical studies

* HBsAg and HBV-DNA reduction in
TLR7 /8 AGONISTS woodchucks and chimpanzees
o Clinical Development
) N * Favorable safety profile in healthy
§ donors and CHB patients
= * Noclear cut virological responses
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WHY DNA
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BLOCKING INHIBITORY RECEPTORS ON T CELLS

RESTORATION OF THE T CELL FUNCTION BY COMBINED
MANIPULATION OF PD-1/PD-L1 AND CD137/CD137L PATHWAYS

[ Liver. [[] Blood
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Fisicaro P et al Gastroenterology 2012

Modified from U. Protzer et al. Nature Reviews in Imnmunology 2012

PD-1 PATHWAY BLOCKADE

Plasmid immunizaition
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Liu et al. PLoS Pathog. 2014 Jan 2;10(1):e1003856. Gardiner et al. 2013. PLoS ONE 8(5): e63818.



Engineering anti-HBV Immunity
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HBV Cure

Strategies

Viral targets
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HBYV cure landscape

Entry inhibitors
* Lipopeptides, e.g. e [

Targeting

Myrcludex-B
cccDNA

Arrowhead, Tekmira,

] RNA interference,
nte O“P‘ Alnylam, GSK
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- Inhibition of nucleocapsid assembly
Inhibitors of HBsA
. & W Novira, AssemblyPHARMA,
release, Replicor J

s Gilead, Janssen
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



HBV 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): OBl and inactive carriers



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

High Replication

Histones

ChiP
Input

AcH3 A°H4 HDAc1

1gG

HBV cccDNA is organized as a minichromosome
infected cells by histone and non-histone proteins
(Newbold 1995, Bock 2001, Pollicino 2006).

Low Replication

Histones
ChIP
Input 19G
- -

AcH3 AcH4 HDAc1

Pollicino, 2006; Belloni 2009)

in the nucleus

of



The HBV cccDNA as a “minichromosome”

A Low Replication High Replication Low Replication
complement Phenotype
num:;omes Q_uiescent or a_ctive :
Medium to Low Viraemia N
.. ‘..

Hlstones

Mt High Replication
complement Phenotype
of nuclecsames Transcriptionally Active

High Viraemia

Bock T et aI 1994

Bock, T. et al 2001

organized as a minichromosome in the nucleus of
ected cells by histone and non-histone proteins
(Newbold 1995, Bock 2001, Pollicino 20006)



Persistence of cccDNA

HBsAg
>250 neg 9.4 114 10
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Bl B2 B3 B4 Cl C2 N1 N2

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]

* Present in 30 /30 patients with occult HBV infection and HCC [Pollicino, 2004]



Persistence of cccDNA

HBsAg

>250 g 9.4 194

A coplesicell

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

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



Hepatocyte turn-over
cccDNA
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Cleavage of cccDNA
by targeted gene disruption strategies

CRISP/CAS,

Talens, Zn-fingers
N
- \:\é
g @
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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]




Cleavage of cccDNA
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Specific and Nonhepatotoxic
Degradation of Nuclear Hepatitis B
Virus cccDNA
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19— v infected cells, primary hepatocytes and
W“M £ : human liver-needle biopsies.

@ svosecs - 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

LA, Interferon-a and lymphotoxin-B-receptor
TS AAN activation up-regulated APOBEC3A and 3B

ot 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-
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/ formation and finally cccDNA degradation
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HBc protein / capsid

€ HBc binds the cccDNA and modifies cccDNA nucleosome spacing

€ HBc binds to (and represses) the IFN-b,
IL-29 and OAS1 cellular promoters
(Durantel D, AASLD 2013)

ChIP anti-HBc
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-
=]
=]

-
n

14
o
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relative % Input enrichment HBV infected / No
infected mouse on HKG promoter
]

HBYV capsid
(120 HBc dimers)

(6]

HBc dimer b aHBc

Bock, 20;1 Belloni 2009
€ HBc binds to cellular promoters and

regulates gene expression
(Guo, BMC genomics, 2013)
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Anti-capsid drugs

e 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)

- 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

from Nassal ot al, Virus Research 2008

Core
inhibitors



Anti-capsid drugs

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

Core
inhibitors
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from Nassal et al, Virus Research 2008



Core inhibitors / Anti-capsid
A growing family

dcetamide family]



HBXx protein

€ HBx binds to and is required for cccDNA transcription and viral replication

€ HBx binds to cellular promoters and modulates the epigenome by
relocating chromatin regulators

€ HBx contributes to hepato-carcinogenesis

HBx protein

Src

AP-1 cccDNA - Prevents silencing of cccDNA by

Cytochrome C
/ \ DAC3 W | Caspases
@a Apoptosis
Ras \
v @ - Required for cccDNA transcription
MAPK ¢ ] NF-AT (Belloni 2009; Lucifora 2011)

m HDAC1 and PMRT1
proteasome (Belloni 2009, Benhenda 2013)
] - Relocates CBP and DNMT3 on
cellular genes

(Cougot, 2007, Zhang, 2009)

‘ Protein stability Viral replication
DNA repair

TFs activation Epigenetics

Regulation of gene expression




HBXx protein

€ HBx binds to and is required for cccDNA transcription and viral replication

€ HBx binds to cellular promoters and modulates the epigenome by
relocating chromatin regulators

TFs activation Epigenetics

€ HBx contributes to hepato-carcinogenesj

f

Protein stability
DNA repair

Viral replication

Regulation of gene expression

009; Lucifora 2011)

- Prevents silencing of cccDNA by
HDAC1 and PMRT1
(Belloni 2009, Benhenda 2013)

- Relocates CBP and DNMT3 on
cellular genes
(Cougot, 2007, Zhang, 2009)




Targeting cccDNA-bound HATs and HDACs

PCAF/p300 inhibitor
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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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HBYV cure landscape

Entry inhibitors

* Lipopeptides, e.g. S Tareetin RNA interference,
Myrcludex-B ccchNAg Arrowhead, Tekmira,
Alnylam, GSK
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* 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

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.
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Myrcludex B: Targeting Entry of HBV into Hepatocytes
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promoted cccDNA clearance in the majority of the human hepatocytes.
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What Might HBV Cure Will Look Like?
let’s keep an open mind

Viral
targets

Entry inhibition cccDNA

- formation
- stability / destruction
- epigenetic regulation

HBc functions

Other viral targets: HBx etc.

Immune
modulation

Stimulating innate responses
- Specific ligands

Stimulating adaptive responses
- Co-inhibitory signals

- Co-stimulatory signals

Therapeutic vaccination

Functional cure / control ?
Complete cure ?

Modified from F Zoulim 6.2014
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