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The burden of chronic HBV infections

Acute infection
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Non inflammatory Immuno-active Inactive phase Reactivation phase Occult infection
phase phase Low replication
HBeAg(-) / anti-HBe(+
HBV DNA
10°-10"2 IlU/mL >2,000-<10° IU/mL <2,000 IU/mL >2,000 IU/mL

or > 20,000 IU/mL

ALT

Minimal CH Moderate to severe CH Remission Moderate to severe CH

| |

Cirrhosis — Inactive cirrhosis <«— Cirrhosis

Treatment indicated Treatment indicated

EASL Clinical Practice Guidelines, J Hepatol 2012



Current treatment indications

Patients in the immunoactive phase
AgHBeAg+, VL > 2,000 Ul/mL, elevated ALT
HBeAg-, VL > 2,000 Ul/mL, elevated ALT (fluctating)

EASL CPG 2012
AASLD CPG 2015

Inactive carriers

HBeAg-, VL < 2,000 Ul/mL, normal ALT Huang et al, JAMA 2014
. . . . . . Perrillo et al, JAMA 2015

If immune suppressive therapy / prevention of viral reactivation

« Immune tolerant » patients

HBeAg+, VL > 6log Ul/mL, normal ALT Chan et al,
Familial history of cirrhosis or HCC Gastroenterology 2014
Why not all ?

Pregnant women

If VL > 6 log Ul/mL Chen et al, Hepatology 2015
Last trimester of pregnancy to prevent MTCT Brown et al, Hepatology 2016
With HBIG and vaccine in the newborn VISVEITEREL) G Gl GRS OO



Mode of action of antivirals for CHB
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Zoulim & Locarnini, Gastroenterology 2009; Zoulim Antiviral Research 2012; Mico et al J Hepatol 2013; Boni et al Hepatology 2015



Mode of action of antivirals for CHB
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cccDNA is the key molecule of HBV lifecycle

¥
Genomic DNA

L o S

The covalently closed circular DNA (cccDNA) is the persistent,
stable form of HBV genome, template for all viral mMRNAs and pgRNA

Hepatocyte



cccDNA is the key molecule of HBV lifecycle

HBe
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The covalently closed circular DNA (cccDNA) is the persistent,
stable form of HBV genome, template for all viral mMRNAs and pgRNA



@

Change in serum DNA
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SOC therapy does not affect cccDNA reservoirs
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48-weeks ADV therapy

Werle-Lapostolle, Gastroenterology 2004

1 year NAs therapy

Wong, CGH 2013

Mathematical modeling suggests that >10 years therapy
would be required to clear cccDNA!
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SOC therapy does not affect cccDNA reservoirs

In situ analysis of intrahepatic viral DNA in 9 CHB patients before/after NUC therapy

HBV DNA cccDNA
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Zhang, JCI 2016
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At a single cell level, a decline but not a disappearance of cccDNA is observed

Gradual transition from vigorous virion production to active
stockpiling of genome copies and nuclear cccDNA reserves



Persistence of cccDNA
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Werle Lapostolle 2004

* 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
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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]



Change from baseline (log ,, c/mL)

Strategies for an « HBV cure »
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Change from baseline (log ,, ¢/mL)

+1.0 —
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Strategies for an « HBV cure »

Limited treatment duration
Improvement of liver disease

cccDNA

transcriptional
HBV-DNA inactivation

cccDNA

B cccDNA
destruction j

liver



Definition of HBV cure

« Functional cure »

e Situation where antiviral therapy could be stopped with a minimal risk of
viral reactivation

* HBsAg loss with anti-HBsAb seroconversion

* cccDNA inactivation and/or control by host mechanisms

« Complete cure »
 HBsAg clearance and cccDNA eradication

In all cases, «HBV cure » associated with clinical benefit: regression in the
risk of disease progression and HCC

The impact of molecular damage and integrated viral sequences in infected
hepatocytes will need to be addressed.

Zeisel, Lucifora et al, Gut 2015;
Revill et al, Nature Reviews Gastroenterol Hepatol 2016
Levrero, Testoni, Zoulim Curr Opin Virology 2016



cccDNA is a minichromosome

| chicken erythrocyte
histone proteir?stcyt
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Western Blot: a-histone proteins

cccDNA is associated to histones and
non-histone proteins and to HBV Core

Human chromatin

16 nucleosomes with a 10% spacing reduction
spacing ~ 200bp respect to cellular
chromatin

Bock, Virus Gen 1994 and JMB 2001; Newbold, 1995



Targeting cccDNA

NUCLEUS

TRANSCRIPTIONAL CONTROL

RC-DNA > cccDNA conversion? G

< DESTRUCTION
FORMATION

Modified from Nassal, Gut 2015
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cccDNA formation: a black box

Viral RT? Host DNA repair? ?
----------- ) S ) m
. Removal of RT

1
2. Removal of r
3. Ligation of (-) DNA
4. Completion of (+) DNA
5. Removal of capped RNA  DP-rcDNA minichromosome
6. Ligation of (+) DNA
Gao and Hu, J Virol 2007
TDP? \
L Ca 0p0 @ Tdp2 Knockdown does not block but ENHANCES
b , 1 HBV infection with increased cccDNA formation?!
S oo Tl ¢ \—>g
. “v® Cortes Ledesma, Nature 2009
e id Koeniger, PNAS 2014

Cui, Plos One 2015



Inhibitors of rcDNA to cccDNA conversion

Disubstituted sulfonamides (DSS) C _ oHBvIiPDH
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DP-rc 100 84 61 50 31 33 % of control DP-rc 100 105 101 85 64 44 % of control 1 2 3
ccc 100 100 63 49 23 25 % of control ccc 100 87 89 80 73 54 % of control

Molecular mechanism still unknown

Effect only during establishment of infection or
during phases of high hepatocytes turnover

Cai, Antimic Agents & Chemother, 2012



cccDNA destruction

® Selective killing of infected cells
©® Hepatocytes turn-over

® Non-cytotoxyc degradation
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Do in vivo proliferation of hepadnavirus-
infected hepatocytes affect cccDNA levels?

No origin of replication
No nuclear retaining signal

Does cccDNA survive mitosis?

Ducks (NAs + rapid liver growth):
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Reaiche-Miller, Virology 2013
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Lutgehetmann, Hepatology 2010



Do in vivo proliferation of hepadnavirus-
infected hepatocytes affect cccDNA levels?

“ ‘;‘ Ducks (NAs + rapid liver growth):

® cccDNA/hepatocyte

Days post-infection

— cccDNA/hen

Reaiche-Miller, Virology 2013
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cccDNA destruction

Selective killing of infected cells
Hepatocytes turn-over

® Non-cytotoxyc degradation
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cccDNA destruction: deamination

IFNa, Lymphotoxin B agonists, IFNy, TNFa can induce
APOBEC3A/B dependent degradation of HBV cccDNA
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Lucifora, Science 2014; Shlomai & Rice, Science 2014; Xia, Gastroenterology 2015



cccDNA destruction: deamination

IFNa, Lymphotoxin B agonists, IFNy, TNFa can induce

% of indicated markers
a -
o 8 8 3 8 8 8
? 2 £ 2 2 2 S

Lucifora, Science 2014; Shlomai & Rice, Science 2014; Xia, Gastroenterology 2015



cccDNA destruction: CRISPR/Cas9
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Seeger, Mol Therapy Nucl Acids, 2014; Lin, Mol Therapy Nucl Acids, 2014; Kennedy, Virology, 2015; Kennedy, Antiviral Res 2015



cccDNA destruction: CRISPR/Cas9
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cccDNA transcriptional control

® cccDNA epigenetic modifications

® Viral/host Transcription factors/cofactors
associated to cccDNA



cccDNA is subjected to the « histone code »

Mechanisms linked to transcriptional activation

Acetylation (HATs)

e A Lysine methylation (H3K4, H3K6, H3K79)
DNA inaccessible Lysine de-methylation (H3K9, H3K27, H4K20)
LI Mono-ubiquination

De-acetylation (HDACs)

Lysine methylation (H3K9, H3K27, H4K20)
Lysine de-methylation (H3K4, H3K6, H3K79)
De-ubiquination (DUBs)
Mechanisms linked to transcriptional repression

Histone tails ACETYLATION -> TRANSCRIPTIONAL ACTIVATION

METHYLATION [H3K9, H3K27 -> REPRESSION

METHYLATION [H3K4] -> ACTIVATION




The cccDNA-ChIP assay

A methodology to study cccDNA function

[ HBV minichromosome structure ]
[ modifications of cccDNA bound histones ]
[ binding of TF and coregulators ]

in vitro,
in animal models
ex vivo (liver samples/biopsies)

Pollicino et al. Gastroenteroplogy 2006
Levrero et al. J Hepatol, 2009

Belloni, PNAS 2009

Belloni, JCI 2012
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cccDNA acetylation parallels HBV replication
in vitro and in vivo

HuH7 cells replicating HBV Liver biopsies of CHB patients
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HBYV replication is regulated by the acetylation status of
cccDNA-bound H3/H4 histones

Pollicino, Gastroenterology 2006
Levrero, Hepatology 2009



cccDNA epigenetic status in patients
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Pollicino, unpublished



Mapping cccDNA nucleosomes
and histones PTMs: ChiIP-Seq
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cccDNA molecules coming from infected HepG2-NTCP, PHH and human liver
share a very similar, but not identical, histone PTMs profile

Tropberger, PNAS 2015



Effects of IFNa treatment on HBV replication
and transcription in HuHep mice

In vivo
HBV infection

woodchuck,
tupaia, human
hepatocytes

>

Petersen, PNAS 1998, Dandri, Hepatology 2001, 2002, 2008, J Hepatol 2005, Petersen, Nature Biotech.2008
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Alteration of cccDNA epigenetic modifications: IFNa

Dstet5 with Tet-on DHBV HBV-infected HepG2-NTCP
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Alpha-IFN:
* inhibits cccDNA transcription
* reduces the acetylation of cccDNA-bound histones

Pan H3 H3K9ac H3K27ac

[l Mock-treated B FN-a | Apicidin

Liu, PLosPath 2013



Alteration of cccDNA epigenetic modifications: IL-6
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Alteration of cccDNA epigenetic modifications:
epigenetic small molecules

PCAF/p300 inhibitor
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Palumbo ACS 2016



Alteration of cccDNA epigenetic modifications:
epigenetic small molecules

PCAF/p300 inhibitor

Qo 0O
EML264  wo
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cccDNA transcriptional control

® cccDNA epigenetic modifications

® Viral/host Transcription factors/cofactors
associated to cccDNA



HBx protein impacts on cccDNA transcription

HBx binds to and is required for full cccDNA transcription and

viral replication
(Belloni, PNAS 2009; Lucifora, JHepatol 2011)

HBx prevents recruitment of negative regulators on cccDNA

(Belloni, 2009; Benhenda, 2013; Ducroux 2014, Riviére 2015, Decorsiére, 2016)
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HBx protein, HBV replication and HBV pathogenesis

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

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

€ HBx contributes to hepato-carcinogenesis
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HBx protein, HBV replication and HBV pathogenesis

4 HBx binds to and is required for transcription from the viral cccDNA minichromosgmas plication
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Deregulation of
gene expression
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Levrero & Zucman Rossi — J Hepatology 2016



HBV Core binds to cccDNA
and arranges nucleosome spacing

immunogold staining

core protein binding

157-SPRRRT-162
8 times more specific for dsDNA than pdsDNA

SPXX family motif = bind to DNA minor groove
(like histones and RNA Pol Il)

Hatton et al, J Virol 1992; Bock et al, JMB 2001

HepG2-NTCP
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HBc is bound to cccDNA EARLY POST-INFECTION and is associated to positive histone PTMs

HBx-independent



Role of cccDNA-bound HBc

HBc binds to the CpG islands of HBV cccDNA

and promotes an epigenetic permissive state

relative intensity of HBc
binding to the cccDNA
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Core inhibitors drugs

8
S € x
¥ El HBc binds the cccDNA and modifies -6 6
e Es Input cccDNA nucleosome spacing 3, 4 -
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5 . 5 ge [ ] regulates gene expression “o (i} H 2
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- < 2009; 3. Guo, BMC genomics, 2013; 4. Durantel D. et al., 1L29 E2F1

aHBc AASLD 2013; Lupacchini and Floriot et al. unpublished

HBc dimer !
Bock, 2001  Belloni 2009

Lupacchini and Floriot, (unpublished)

Core inhibitors are the first “viral specific” compounds that potentially target cccDNA

[4] HBc cellular target genes *  Phenylpropenamide derivatives (AT61, AT130) [Gilead]

Jpp——
4 -lz\l [2] ccDNA transcription *  Heteroaryldihydropyrimidines (HAP-1 and Bay 41-4109)

L N N6 N [3] HBc recruitment *  Sulfamoylbenzamide derivatives (DVR-23, DVR-56
. cionr coconn 4T \on the cccDNA and Novira Therapeutics NVR-1221, NVR 3-378)
m&o — : \\ *  BCM-599 [2-amino-N-(2,6-dychloropyridin-3-yl)
/ \ acetamide family]
ncow\ @ Core * Iso-thiafludine (pg-RNA packaging)
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HAP12 affects cccDNA in HepG2 NTCP cells and PHHs

b. HepG2 NTCP
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HAP12 affects cccDNA in HepG2 NTCP cells and PHHs

a. b. HepG2 NTCP
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HAP12 affects cccDNA in HepG2 NTCP cells and PHHs

HepG2 NTCP

Zlotnick, HBV cure workshop 2015



Preclinical characterization of the antiviral activity of NVR 3-778, a
Potential First-In-Class HBV Core Inhibitor, in vivo

human
hepatocytes
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Mock 'TES NvrR IFN Mock PEG NVR

Klumpp et al. EASL 2015
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HBV cure - A highly dynamic drug discovery effort

Entry inhibitors: siRNA: CpAM: NUC:
e.g. Myrcludex, ezetimibe, e.g. ALN-HBV, 2191 ’;‘(\)/R 3-778, || e.g. TAF (GS7340),
cyclosporine derivatives... TKM-HBV, -130, AGX-1009,
Yo ARC-520/521, | | BAY41-4119, CMX-157,
Isis HBV rx GLS4... besiforvir,...
Translation Encapsidation
S\ Reverse
NS 21 Va o transcription
J — —
d - synthesis (+) strand
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<, Regulationof — > secretion of
host-gene .
expression Inhibitors of
MeERe HBs release:
patocy; ‘ e.g. Rep2129
— HBsAg particles
B cells %5”85 Immune modulation:
- PRR agonist or immune-stimulator:
e.g. GS9620, TLR8-L, SB9200, CYT107,
INO1800
Adaptive immune - PD1/PDL1 or CTL4A inhibitors: MDSC
responses e.g. Nivolumab, Pidilizumab, MEDI-4736,
Lambrolizumab, MPDL3280A, AMP-224
CD4* - Therapeutic vaccine:
cells e.g. TG-1050, GS4774, DV601, Altravax HBV,

Durantel & Zoulim, J Hepatol 2016
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France

an(&s witss  “Save the date”

Hépatites

Agence autonome de |'Inserm

Third ANRS “HBV cure” Workshop
HBYV pathobiology and target discovery

Scientific coordination: Fabien Zoulim

Tuesday, May 31st, 2016
Union internationale des chemins de fer (UIC)
16, rue Jean Rey - 75015 PARIS

- HBV cure 2014: Zeisel, M. B. et al. Towards an HBV cure: state-of-the-art and unresolved

questions-report of the ANRS workshop on HBV cure. Gut, doi:10.1136/gutjnl-2014-
308943 (2015).

HBV cure 2015: http://www.anrs-hbvcure2015.com/



