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21  Abstract

22 Chronic hepatitis D is the most severe form of chronic viral hepatitis and to date, efficient therapeutic
23 approaches against hepatitis D virus (HDV) are absent. Among the antiviral molecules currently tested
24 in clinical trials, the farnesyl transferase inhibitor (FTI) Lonafarnib inhibits the prenylation of the large
25 delta antigen (L-HDAg), blocking virus assembly. Given the importance of L-HDAg in the virus life cycle,
26 we hypothesized that Lonafarnib treatment may have side effects on virus replication. Here, we setup
27 an innovative method for the quantification of HDV RNA allowing the independent quantification of edited
28 and non-edited versions of the HDV genome upon infection. We demonstrated that FTI treatment of
29 HBV/HDV co-infected dHepaRG or primary human hepatocytes leads to an accumulation of intracellular
30 HDV RNAs and a marked increase in the levels of edited RNAs non only within the infected cells but
31 also in the viral particles that are produced. Interestingly, these viral particles were less infectious,
32 probably due to an enrichment in edited genomes that are packaged, leading to unproductive infection
33 given the absence of S-HDAg synthesis after viral entry. Taken together, we setup an innovative
34 quantification method allowing the investigation of RNA editing during HDV infection in a simple, fast,
35 clinically-relevant assay and demonstrated for the first time the dual antiviral activity of FTI on HDV
36 infection.

37
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Short Communication
Chronic hepatitis D is the most severe form of chronic viral hepatitis (Koh et al., 2019). It is caused by
the co-infection of hepatocytes with hepatitis B virus (HBV) and its satellite virus, hepatitis D virus (HDV)
(Lucifora and Delphin, 2020). To date, no treatment allows viral cure in chronic HDV patients (Turon-
Lagot et al., 2020). Moreover, their management remains challenging due to the absence of gold
standard biomarker for either response to treatment or liver disease progression. HDV is a small virus
characterized by a single-stranded circular RNA genome. The single open reading frame encodes the
short and long forms of the delta antigen (S-HDAg, L-HDAg, respectively) (Lucifora and Delphin, 2020).
S-HDAg is initially synthetized upon transcription of short mMRNAs. ADAR-mediated edition of the amber
stop codon in the open reading frame on the antigenome triggers the production of a longer mRNA
leading to L-HDAg synthesis (Lucifora and Delphin, 2020). In addition to their structural function, both
antigens play antagonistic roles during viral replication: while S-HDAg is essential for the replicative
phase, L-HDAg prenylation leads to its inhibition and the initiation of virion assembly through the
interaction with HBV envelop proteins (morphogenetic phase) (Glenn et al., 1992; Lucifora and Delphin,
2020; Sato et al., 2004). As a consequence, it is suspected that virions containing edited genomes (that
can be packaged into viral particles as much as non-edited genomes in the current state of our
knowledge) would be non-infectious since replication cannot occur in absence of S-HDAg synthesis
(Casey, 2012). Among the current anti-HDV antivirals that are evaluated in clinical trials, farnesyl
transferase inhibitor (FTI) Lonafarnib inhibits virion assembly by preventing L-HDAg prenylation (Turon-
Lagot et al., 2020). Although its effect on viral assembly is well characterized, its interaction with the
other steps of the virus life cycle is not totally understood. We and others previously reported an
accumulation of intracellular HDV RNA upon FTI treatment, probably because prenylation is essential
for L-HDAg-mediated inhibition of HDV replication (Alfaiate et al., 2016; Lempp et al., 2019; Sato et al.,
2004). We hypothesize that this accumulation may lead to a change in the ratio between edited and
non-edited genomes, that may have consequences on the reminiscent particles produced by FTI-treated
cells. Here, we investigated the impact of FTI treatment on HDV replication using a novel method based
on reverse transcription digital droplet PCR (RT-ddPCR) (Hindson et al., 2011).

We first designed a specific duplex assay using primers amplifying the editable region of the
HDV genome (Amber codon) and two dual-labelled probes specific for edited and non-edited HDV

sequences that differ from one single nucleotide (Supporting information). Duplex ddPCR analyses
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using increasing amounts of non-edited or edited HDV RNA-derived DNA templates in separate assays
(Figure 1A) or mixed templates containing variable proportions of edited and non-edited fragments
(Figure 1B) demonstrated the ability of our assay to discriminate both forms of HDV genome regardless
the initial ratio between edited and non-edited copies. To validate this assay in a biological context, we
decreased the levels of ADAR expression through an RNA interference strategy in order to modify the
ratio between non-edited and edited HDV RNAs. Huh7.5-NTCP cells were transfected with ADAR-
specific siRNA before co-infection with HBV and HDV. As expected, ADAR knock-down (Figure 1C-1D)
was associated with (i) a decrease in L-HDAg levels compared to cells transfected with control siRNA
(Figure 1C) and (ii) an increase in the levels of HDV RNAs, the latter probably due to the reduction of L-
HDAg-mediated inhibition of HDV replication (Figure 1E). The duplex RT-ddPCR analyses revealed an
increase in non-edited HDV copy level in ADAR-silenced cells compared to control cells (Figure 1F)
confirming the relevance of our assay in a biological context. Of note, when adding the numbers of
edited and non-edited copies detected by RT-ddPCR, total HDV RNA production followed the same
dynamics throughout the infection as the one detected by conventional RT-gPCR (Figure 1E and 1F).
In addition, silencing of ADAR expression had no effect on HBV replication (Figure 1G).

We next applied this strategy to evaluate whether the inhibition of L-HDAg prenylation may affect
the ratio between edited and non-edited HDV sequences that accumulate during viral replication. To do
so, differentiated HepaRG cells (dHepaRG) or primary human hepatocytes (PHH) from two donors were
co-infected with HBV and HDV and treated with FTI-277 (Figure 2). RT-gPCR analyses revealed an
increase in HDV RNAs upon treatment as previously described (Alfaiate et al., 2016) (Figure 2A).
Interestingly, accumulation of HDV RNAs was associated to an increase in edited/non-edited ratio in
FTl-treated cells (Figure 2B). In the supernatant of co-infected cells, while FTI-277 treatment induced
an expected decrease in HDV particle production by inhibiting virus assembly (Figure 2C), an increased
number of edited versions of the HDV genome was detected by RT-ddPCR (Figure 2D). To assess
whether the modulation of this ratio would affect virus particle infectivity, adjusted viral genome
equivalents (vge) harvested from the supernatant of treated and untreated co-infected dHepaRG cells
or PHH were used to infect naive Huh7.5-NTCP cells. As shown in Figure 2E-F, a marked decrease in
HDV infection was observed using particles from FTl-treated supernatants, suggesting a decrease in
virus infectivity due to an accumulation of defective viral particles containing edited versions of the HDV

genome.
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Taken together, we described a novel RT-ddPCR method that allows the distinction between
edited and non-edited versions of the HDV genome upon infection in a single and faster assay compared
to existing methods based on RNA sequencing (Dziri et al., 2021). The validation of this assay using
serum from infected patients would help to determine the clinical relevance of HDV editing rate for
disease progression or response to treatment. Moreover, we confirmed that FTI treatment of infected
cells induces an accumulation of HDV genomes likely due to a blockage of L-HDAg-mediated inhibition
of viral replication, which depends on L-HDAg prenylation as it has been previously suggested (Sato et
al., 2004). Due to continuous ADAR activity, this accumulation would affect more and more edited
versions of the genomes leading to an increase in the edited/non-edited ratio. Our study reveals for the
first time a putative dual antiviral activity of FTI on HDV infection by decreasing not only the number but
also the specific infectivity of viral particles produced by co-infected cells. Although our results would
benefit from being validated for all HDV genotypes and in treated patients, this study paves the way

toward a comprehensive and clinically-relevant understanding of Lonafarnib antiviral mode of action.
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Figure Legends

Figure 1: ddPCR assays for edited and non-edited HDV sequences. (A-B) ddPCR duplex assays
from (A) increasing amounts of non-edited or edited HDV templates or (B) mixed template with variable
proportions of non-edited and edited sequences. Results are the means +/- SD of three independent
assays. (C-F) HuH7.5-NTCP cells were transfected with the indicated siRNA 6 and 10 days after
seeding. One day after the last transfection, cells were infected with HBV and HDV. At the indicated
days post-infection (dpi), (C) intracellular HDAg and ADAR proteins were analyzed by western blot
whereas the levels of intracellular (D) ADAR mRNAs, (E) HDV RNAs and (G) HBV RNAs were assessed
by RT-gPCR analyses using PRNP mRNA for normalization. (F) The levels of HDV non edited and
edited RNAs were analyzed by RT-ddPCR. Results are either presented as (upper graph) copies
detected in the reaction or (lower graph) ratios of edited vs non edited HDV RNAs. (C-F) Results are

the means +/-SD of two independent experiments each performed with 3 biological replicates.

Figure 2: Loss of infectivity of HDV particles produced upon FTI. dHepaRG cells or PHH from two
donors were co-infected with HBV and HDV and treated or not 3 days later with FTI-277 (10 uM) for 10
days. Cells were collected and (A) the levels of intracellular HDV RNAs were analyzed by RT-gPCR
using PRNP mRNA for normalization while (B) the editing rate was analyzed by RT-ddPCR. Supernatant
were collected, concentrated by PEG precipitation and (C) the levels of extracellular HDV RNAs were
assessed by qRT-PCR whereas (D) the editing rate was analyzed by RT-ddPCR. (E-F) Naive HuH7.5-
NTCP cells were infected with the different concentrated supernatants with 50 vge/cell (adjusted volume
according to the initial concentration calculated in C). Six days later, (E) levels of intracellular HDV RNAs
were assessed by RT-qPCR analyses using PRNP mRNA for normalization and (F) expression of HDAg
was assessed by immunofluorescence analyses. (A-E) Results are expressed as ratios to mock treated
cells and presented as mean +/- SD of at least three independent experiments for dHepaRG cells and

two donors for PHH.
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Highlights

Loss of hepatitis D virus infectivity upon Farnesyl transferase inhibitor
treatment associates with increasing RNA editing rates revealed by a
new RT-ddPCR method

Highlights

o We setup an innovative RT-ddPCR method for the quantification of hepatitis D virus RNA

e This method allows the discrimination of edited and non-edited versions of the viral genome

e We demonstrated that farnesyl transferase inhibitor treatment of infected cells led to an
increase in intracellular HDV RNA

e FTI treatment induced an accumulation of edited HDV genomes, both intracellularly and in
the supernatant of infected cells

e This accumulation is associated to a decrease in the infectivity of HDV viral particles



FiBure 1 B Click here to access/download;Figure;Figure_R1.pdf &

non edited HDV template edited HDV template
—e— non edited probe —e— non edited probe Il non edited probe
-=- edited probe -=- edited probe 1 edited probe
30000 30000 110
2 100
3000 o 30004 Z 90
2 3 80+
§ 300 § 300 % ;g_
% 30 - % 30 T 504
0 [ ]
2 2 O 404
S 37 S 3 e
8 8 g 201
0.3 I/T_f 0.3 J/’/’ : 2]
0.03 — T T T T 1 0.03 — 1T T T T 1 0-
w M mM © © © © 8 ® o g g 9 g I N N - B
S ® 8 8 8 ; © ® S o S v 2 wvw w 8 8
° ® o i ® S w ,, 5 o8 N =
©® © z z Y w w Y
copies loaded copies loaded e L %2 Z2 5z
o o ¥ 2 o2 ¥ o
€ & § v w © o
w w w ~ N w w
W ow
C D —_
g 3dpi 6dpi  9dpi 13 dpi <§ 25— R
Z
€ .%_.% .% _% gE 1. -
t5282E6% 82 e ° ° sCTL
c wv (%] (%] wv (%] (%] (%] (%] .
< L-HDAg S & 154 4 SADAR
—_— w= 4¢— S-HDAg f o = non infected
m Ao
‘ «— P150| 0o 2§ " i
S B e S e G v - | €— D110 %% 5
£E
S S S S S S s | 4— B-Tubulin £ o- = e e
3 6 9 13
days post-infection
E -----------------------------------------------
m i F B nonedited [ edited
< 77 ° ” = 407
(] H —_
- < =
% g6 z2
[3) 30_
>3 57 > §
[a [
I 44 Is
g9 52 207
S35 37 R
38, 39
8= Sa 10+
5 g 44 E 8
eE1 Ee
6
£ 0- ] i 0-
3 dpi 3 6 9 13 3 6 9 13 dpi
siCTL SiADAR SiCTL SiADAR
) 1
w
0S 77 2.2
< X 6 O a __ 2.0+ o
ZE % N 2w 18-
5% > ° 538 18 > o siCTL
Ta 4- ala . 2 o A SiADAR
= o o siCTL 2 og 12
=¥ . = 1.0 A
3g 3 A s SADAR £3E g
§ % 2 = % B 0.6 . AlA
E £ 14 oI 04-
Sl I Gl Ll [
£ o- T T T 0.0- T T T
3 6 9 13 3 6 9 13
days post-infection days post-infection
y



https://www.editorialmanager.com/avr/download.aspx?id=84127&guid=5ad7a3b5-1f91-4df8-88a9-d76c0184db84&scheme=1
https://www.editorialmanager.com/avr/download.aspx?id=84127&guid=5ad7a3b5-1f91-4df8-88a9-d76c0184db84&scheme=1

Figure 2 HDV ClidHépmaRG0o access/download;Figur@ifijure_R2.pdf =
(2 donors)
HBV @® Hok

2.5+ 5 54
dHepaRG <zt - <zf~ -
or PHH Levels of Z S 204 HO Z 8 47
; A >R >R
intracellular as l ag
HDV RNAs I3 1.5 I 2 34
S S
@ N O c N
3 days (RT-aPCR) 55 104 kb | 5T 24 l
mock K % E; %
FTI-277 S € 054 £ 1-
= (=
13 days of mock FTI-277 mock FTI-277
*
treatments m m
S 24- 8 2.1-
5 3 ®
T 2.1 - T L 1.8
% & 1.8 5 &
o 551 s 4 E 1.5
c -9 7 [=
Levels of o> 1.2 S > 1.2 i
intracellular B g’:f: 0'9_ 4 % 0.9
edited vs non s & g6
edited HDV RNAs £ =2 06 23
(RT-ddPCR) o § 0.3 o § 0.3
£ 0.0- £ 0.0-
= mock FTI- 277 - mock FTI-277
1.2+ il 1.2+
ﬁ 1.0 ﬁ 1.0
PEG v Levels of Cc € g € 8-
precipitation of g ppy.op ———p  secreted ——> 3@ . 10
supernatants HDV RNAs T 5 0.6- Te T 0.6
(aRT-PCR) £~ 0.4 . £~ 0.4
o G
o 0.24 o 0.2-
0.0- T 0.0- T
mock FTI-277 mock FTI-277
» 2.4- w 1.8
B8 2" B E 157
32 %7 1 32 12 +
Levels of secreted 52 1.5 3 52 |
editedvsnon —— : S 1.2+ : > 0.9
) ) edited HDV RNAs >2 g9- >
infection (RT-ddPCR) oS = 0.6 -
H = ¢ 0.6 0
(equivalent TG T 0.3
vge/cells for HDV) © 5 034 o5
v % 0.0- - % 0.0- T
mock FTI-277 mock FTI-277
HUH7.5- | ,, ok
NTCP O
1.2
6 days =gy ° <
g3 22
l 2T o8- 2T
Levels of I o I 3
intracellularHDV — 5 & N 0.6+ G N
Intracellular HDV S5 ® ° S ®
! RNAs (RT-qPCR) 28 . 28
proteins (IF) 8 s T 85
£s 0.2 p o], ¢ e
F £ : [ £
| .
mock FTI-277 mock FTI-277
DAPI HDAg dHepaRG DAPI HDAg

mock
FTI-277



https://www.editorialmanager.com/avr/download.aspx?id=84128&guid=708c2f9c-81b3-464f-a9f1-fcc06bf53f29&scheme=1
https://www.editorialmanager.com/avr/download.aspx?id=84128&guid=708c2f9c-81b3-464f-a9f1-fcc06bf53f29&scheme=1

Supplementary Material

Click here to access/download
Supplementary Material
Verrier-Lucifora_Supplementary Material-R1-V4.pdf


https://www.editorialmanager.com/avr/download.aspx?id=84129&guid=c9163718-f99f-4e2e-9511-d4792aa1ea51&scheme=1

