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Highlights
® (C-termini of L-HDAg are interchangeable among different HDV
genotypes.

® (-termini of L-HDAg feature a conserved prenylation motif,
enriched proline and hydrophobic residues.

® Inhibition of L-HDAg prenylation attenuates the trans-inhibitory
function of L-HDAg.

® The enriched prolines and hydrophobic residues per se do not
affect the trans-inhibitory function of L-HDAg.

® The enriched proline and hydrophobic residues contribute to HD
virion production independently of L-HDAg prenylation.
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Impact and implications

Hepatitis D virus (HDV) encodes one protein, hepatitis delta antigen
(HDAg), in two isoforms: S- and L-HDAg. They are identical in
sequence except that L-HDAg contains an additional 19-20 amino
acids at its C-terminus. This C-terminal extension in L-HDAg confers
regulatory roles in the HDV life cycle that are distinct from those of
S-HDAg. Herein, we found that C-termini of L-HDAg, although with
high sequence variation, are interchangeable among different HDV
genotypes. Within the C-terminus of L-HDAg, the prenylation motif,
and the enrichment of proline and hydrophobic residues are all
essential determinants of L-HDAg's regulatory roles in HDV repli-
cation and assembly.
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Background & Aims: Hepatitis D virus (HDV) is the causative agent of chronic hepatitis delta, the most severe form of viral
hepatitis. HDV encodes one protein, hepatitis delta antigen (HDAg), in two isoforms: S- and L-HDAg. They are identical in
sequence except that L-HDAg contains an additional 19-20 amino acids at its C-terminus, which confer regulatory roles that
are distinct from those of S-HDAg. Notably, these residues are divergent between different genotypes. We aimed to elucidate
the molecular determinants within the C-termini that are essential for the regulatory role of L-HDAg in HDV replication and
assembly.

Methods: Northern blot, reverse-transcription quantitative PCR, and a newly established HDV trans-complementary system
were used in this study.

Results: C-termini of L-HDAg, albeit with high sequence variation among different genotypes, are interchangeable with
respect to the trans-inhibitory function of L-HDAg and HDV assembly. The C-terminus of L-HDAg features a conserved pre-
nylation CXXQ motif and is enriched with proline and hydrophobic residues. Abolishment of the CXXQ motif attenuated the
inhibitory effect of L-HDAg on HDV replication. In contrast, the enrichment of proline and hydrophobic residues per se does
not modify the trans-inhibitory function of L-HDAg. Nevertheless, these residues are essential for HDV assembly. Mecha-
nistically, prolines and hydrophobic residues contribute to HDV assembly via a mode of action independent of the prenylated
CXXQ motif.

Conclusions: Within the C-terminus of L-HDAg, the CXXQ motif and the enrichment of proline and hydrophobic residues are
all essential determinants of L-HDAg's regulatory roles in HDV replication and assembly. This intrinsic viral regulatory
mechanism we elucidated deepens our understanding of the unique life cycle of HDV.

Impact and implications: Hepatitis D virus (HDV) encodes one protein, hepatitis delta antigen (HDAg), in two isoforms: S-
and L-HDAg. They are identical in sequence except that L-HDAg contains an additional 19-20 amino acids at its C-terminus.
This C-terminal extension in L-HDAg confers regulatory roles in the HDV life cycle that are distinct from those of S-HDAg.
Herein, we found that C-termini of L-HDAg, although with high sequence variation, are interchangeable among different HDV
genotypes. Within the C-terminus of L-HDAg, the prenylation motif, and the enrichment of proline and hydrophobic residues
are all essential determinants of L-HDAg'’s regulatory roles in HDV replication and assembly.

© 2023 The Author(s). Published by Elsevier B.V. on behalf of European Association for the Study of the Liver (EASL). This is an
open access article under the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

Introduction

Approximately 250 million people worldwide are chronically
infected with hepatitis B virus (HBV), 5-10% of these individuals
are co-infected with hepatitis D virus (HDV).* Chronic HBV and
HDV coinfection is considered the most severe form of viral hep-
atitis and can rapidly progress, with increased risks of cirrhosis,
hepatic decompensation, and hepatocellular carcinoma.’ In the
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last 30 years, standard and pegylated interferon-a treatments have
been widely used as the only anti-HDV therapy but were charac-
terized by poor tolerability and modest clinical benefit. Bulevir-
tide, the first-in-class entry inhibitor for HBV/HDV, was approved
in Europe in 2020, defining the beginning of a new era for this
difficult-to-treat/cure disease.*

HDV is a small defective RNA virus that requires HBV enve-
lope proteins for virion assembly, secretion and de novo entry
into hepatocytes. Its circular single-stranded RNA genome com-
prises 1,672-1,697 nucleotides. Owing to its high GC content, the
HDV genome is characterized by an intramolecular base pairing
of 74%, which confers the genome with a unique unbranched
rod-like structure.” This RNA structure is a prerequisite for HDV
replication driven by the host RNA polymerases.® HDV encodes
only one protein, the hepatitis delta antigen (HDAg), which exists
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in two isoforms: small and large HDAgs (S-HDAg and L-HDAg).”
S-HDAg is expressed early during infection and is required to
initiate and promote HDV replication. In contrast, L-HDAg has
been described to inhibit intracellular HDV RNA replication and
is required for HDV assembly and secretion through its interac-
tion with the self-assembly competent hepatitis B surface anti-
gen (HBsAg).

Notably, S-HDAg and L-HDAg are identical in sequence except
that L-HDAg contains an additional 19-20 amino acids at its C-
terminus. This suggests that additional residues at the C-termi-
nus are responsible for the differences in the functions of S-HDAg
and L-HDAg. These residues, although highly conserved within
HDV genotypes, are divergent among different genotypes.® This
raised the question of whether the low conservation of the L-
HDAg-specific extension is the major contributor to the mark-
edly different replication and assembly kinetics of HDV geno-
types 1-8 we reported previously.9 One highly conserved motif
within the L-HDAg extension is the recognition sequence of the
cellular enzyme farnesyl transferase. Prenylation of the C-ter-
minal CXXQ motif is essential in the context of HDV assembly.'°
The farnesyl transferase inhibitor (FTI) lonafarnib, which is
currently being tested in clinical trials,'’ inhibits this modifica-
tion, thereby interfering with the release of virions but also other
possible functions related to L-HDAg.'*"

Herein, by using northern blot, reverse-transcription quanti-
tative PCR, in-cell ELISA, and a newly established HDV trans-
complementary system, we aimed to identify the molecular
determinants within the C-termini that are essential for the
regulatory role of L-HDAg in HDV replication and assembly. The
knowledge gained is essential for interpreting the intrinsic viral
self-regulatory actions of L-HDAg in the unique life cycle of HDV.

Materials and methods

Plasmids

The plasmid pcDNA3.1-L-HDAg derived from the pJC126 plasmid
was named pcDNA3.1-L-HDAg-1+1. The other seven plasmids
(pcDNA3.1-L-HDAg-1+2 to pcDNA3.1-L-HDAg-1+8) were con-
structed based on the site-directed mutagenesis method using
pcDNA3.1-L-HDAg-1+1 as the template."® To construct Tet-off
expression vectors (pLVX-tight-L-HDAg-1+1 to pLVX-tight-L-
HDAg-1+8), the corresponding L-HDAg open-reading frames
were amplified by PCR from pcDNA3.1-L-HDAg-1+1 to pcDNA3.1-
L-HDAg-1+8 and inserted into the pLVX-tight vector. pLVX-tight-
L-HDAg-1+1-C211S, pLVX-tight-L-HDAg-1+1-Q214stop, and all
other mutant plasmids were generated using the site-directed
mutagenesis method. The sequences of all constructs were veri-
fied by Sanger sequencing. For further details regarding the ma-
terials and methods used, please refer to the supplementary
information.

Results

C-termini of L-HDAg from different genotypes are
interchangeably related to the trans-inhibitory function of L-
HDAg

Although the C-terminal extension containing a prenylation CXXQ
motif is present in the L-HDAg of all eight different genotypes,
there is little additional sequence similarity in this region across
HDV genotypes (Fig.1A). This prompted us to investigate whether
divergent C-termini result in differences in the trans-inhibitory
function of L-HDAg. Thus, vectors expressing chimeric L-HDAg

Research article

were constructed as indicated (Fig.1B), where the C-termini of
HDV 2-8 were fused to the S-HDAg of genotype 1. Western blot
analysis indicated successful expression of all chimeric L-HDAg
proteins (Fig. S1A). Next, the same amount of chimeric L-HDAg
constructs were co-transfected with an HDV-1 clone, pJC126.9'
Northern blot analysis indicated that the S-HDAg-expressing
construct exerted no marked effect on HDV replication, probably
because adequate S-HDAg was expressed endogenously from
pJC126. Nevertheless, the chimeric L-HDAg constructs profoundly
suppressed HDV RNA replication even below the detection limit
(Fig. 1C). The pJC126 clone initiated HDV-1 replication with the
expression of both S- and L-HDAg (Fig. S1C). Therefore, to exclude
the possible interference of intrinsically produced L-HDAg, a
mutant clone named pJC126-L (del) was constructed (Fig. S1B). As
expected, the pJC126-L(del) clone supported HDV RNA replication
and S-HDAg expression, while abolishing the production of L-
HDAg (Fig. S1C, D). Consistent with Fig. 1C, chimeric L-HDAg
constructs, when co-transfected with pJC126-L (del), efficiently
inhibited HDV replication (Fig. 1D). Collectively, these results
suggest that the C-termini of L-HDAg derived from HDV 1-8, albeit
with high sequence variation, are interchangeably related to the
trans-inhibitory function of L-HDAg.

C-termini of L-HDAg from different genotypes are
interchangeably related to hepatitis D virion production

The contributions of the C-termini to HDV assembly were
explored based on the newly established trans-complementation
system (Fig. S2). In this system, HuH7-Tet-off cells were trans-
fected with pJC126-L (def), pLX304-HB2.7-B and a Tet-off
inducible L-HDAg expression vector (Fig. S2A). When L-HDAg
was expressed from day 2, 4 or 6 post transfection (p.t.), hepatitis
D (HD) virions were efficiently produced (Fig. S2B, C). This sys-
tem decouples the expression of L-HDAg from HDV while reca-
pitulating viral replication and assembly, serving as a useful tool
set for studying the contributions of the C-termini to HDV as-
sembly. Eight chimeric L-HDAg expression constructs were
cloned into a Tet-off inducible expression vector (Fig. S3A).
Western blot analysis indicated successful expression of all
chimeric L-HDAg proteins (Fig. S3B). Subsequently, HuH7-Tet-off
cells were transfected with pJC126-L (def), pLX304-HB2.7-B, and
the same amounts of L-HDAg constructs. The supernatant (SN)
was collected after the removal of tetracycline 2 days p.t. HD
virions were detected by in-cell ELISA (Fig. 1E). Strikingly, despite
the high sequence variation between the C-termini, we only
observed slightly lower levels of HD virions produced in the L-
HDAg-1+2 setting at relatively later time points (day 13-22).
Generally, all eight chimeric L-HDAg proteins efficiently sup-
ported the production of HD virions with no marked differences
(Fig. 1E). In conclusion, the C-termini of L-HDAg from different
genotypes, albeit with high sequence variation, are inter-
changeably related to HD virion assembly.

Inhibition of L-HDAg prenylation attenuates the trans-
inhibitory function of L-HDAg

Within the L-HDAg C-termini, the prenylation CXXQ motif is
highly conserved. Its contribution to the life cycle of HDV was
investigated. Firstly, based on the L-HDAg-1+1 construct, we
abolished the prenylation CXXQ motif by mutating C1; to Sy1; or
Q14 to a stop codon (Fig. 2A). Western blot analysis indicated
successful expression of these two mutant L-HDAg proteins
(Fig. 2B). As expected, neither the C211S nor the Q214stop mu-
tants supported HD virion production (Fig. 2C). Notably, when
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JHEP|Reports

B S-HDAg Stop codon
MY bV 15 roRg |
—>]
L-HDAg-1+1 L-HDAg-1+2
L-HDAg-1+3 L-HDAg-1+4
cMV cMV W
AR oy o QT Hov
L-HDAg-1+5 L-HDAg-1+6
cMV 9w cMv 9 W
s AT Hov o
L-HDAG1+7 L-HDAg-1+8

CcMV CcMV w

D

Q'\ ,x’\ ';1, :\,{b I\xb‘ 'x‘o ,xb ,;\ !\x‘b TSSO N < o
2° ¥ F° F° F PSP SRS RN ANC SN SR RN AN
0 AL LR I T
pcDNA3.1  ~ 2N ¥ ¥ ¥ ¥ M M ¥ pcDNA31 £ 2 N N N ¥ N NV NV W
pJC126 + + + o+ o+ o+ 4 oot pJC126-L(del) + + + + + o+ + o+ o+
1.8K — lt—
1.8K — e
1.5K — 15K
E pJC126-L (del) HuH7-Tet-off
+ HuH7-NTCP
Co-transfection  p1 p4 D7 D10 D13 D16 D19 D22 DO D5

pLX304-HB2.7-B | —

2 days
+ Tetracycline

pLVX-tight-L-HDAg-1+1 to 1+8

Secretion kinetics of infectious HDV particles

—t

In-cell ELISA
(anti-HDAg)

Collect Infect with
supernatant —» supernatant

pJC126-L (del) + HB2.7-B + L-HDAg-1+1
pJC126-L (del) + HB2.7-B + L-HDAg-1+2
pJC126-L (del) + HB2.7-B + L-HDAg-1+3
pJC126-L (del) + HB2.7-B + L-HDAg-1+4
pJC126-L (del) + HB2.7-B + L-HDAg-1+5
pJC126-L (del) + HB2.7-B + L-HDAg-1+6
pJC126-L (del) + HB2.7-B + L-HDAgG-1+7
pJC126-L (del) + HB2.7-B + L-HDAg-1+8

pJC126-L (del) + HB2.7-B + empty vector

NI RERRL

Background values

6.0x106+
5 4.0x10%
x
()]
<
a
T
2.0x10%+
0- e

D1-4

*_

D4-7 D7-10 D10-13 D13-16 D16-19 D19-22

Fig. 1. C-termini of L-HDAg from different genotypes are interchangeably related to the trans-inhibitory function of L-HDAg and HDV production. (A) The
amino acid sequences of L-HDAg C-termini from HDV 1-8 were illustrated. The hydrophobic residues were labeled red, the prolines were labeled green, and the
isoprenylation site (CXXQ) was labeled blue. (B) Schematic illustration of the plasmids: based on the pcDNA3.1-L-HDAg-1+1 (HDV-1) plasmid, seven chimeric L-HDAg
expression constructs were created in which the C-termini of HDV 2-8 were fused with the S-HDAg of genotype 1. All constructs were under the control of the
CMV promoter. (C) Equal amounts of pcDNA3.1-C (empty vector), pcDNA3.1-S-HDAg-1 or pcDNA3.1-L-HDAg-1+1 to -1+8, together with pJC126 plasmid, were
transfected into HuH7 cells. The levels of HDV RNA were analyzed by northern blot at day 6 p.t.. (D) Equal amounts of pcDNA3.1-C, pcDNA3.1-S-HDAg-1 or pcDNA3.1-
L-HDAg-1+1 to 1+8, together with pJC126-L (del) plasmid, were transfected into HuH7 cells. The levels of HDV RNA were analyzed by northern blot at day 6 p.t.. (E)
HuH7-Tet-off cells were co-transfected with pJC126-L (del), pLX304-HB2.7-B and pLVX-tight-L-HDAg-1+1 to -1+8. Tetracycline was removed from day 2 p.t.. The SN
was collected at indicated time intervals to infect HuH7-NTCP. HDAg was quantified by in-cell ELISA based on two independent assays (with two replicates each).
HDAg, hepatitis D antigen; HDV, hepatitis D virus; p.t., post transfection; SN, supernatant.
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named pLVX-tight-L-HDAg-1+1-C211S or pLVX-tight-L-HDAg-1+1-Q214stop, respectively. (B) The expression of wild-type or mutant L-HDAg proteins was
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pLVX-tight-S-HDAg-1, pLVX-tight-L-HDAg-1+1, pLVX-tight-L-HDAg-1+1-C211S or pLVX-tight-L-HDAg-1+1-Q214stop, together with pJC126-L (del), were trans-
fected into HuH7-Tet-off cells. The levels of HDV RNA were analyzed by RT-qPCR or northern blot at day 8 p.t.. (F) Schematic representation of the experimental
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co-transfected with the pJC126-L (del) clone, the two mutants
still exhibited potent trans-inhibitory activity. Nevertheless, their
trans-inhibitory activity was attenuated compared to that of
wild-type (WT) L-HDAg (Fig. 2E). In this setting, all L-HDAg
constructs were expressed at the onset of HDV replication. In
fact, because of ADAR1 (adenosine deaminase acting on RNA 1)
editing, L-HDAg is expressed later in the natural life cycle of HDV.
Therefore, to further validate whether the prenylation motif
supports the trans-inhibitory function of L-HDAg in a natural
setting, we inoculated HepNB2.7-B or HepNB2.7-D cells®'? with
HDV-1 or HDV-8. Lonafarnib was added only from day 6 post
infection (Fig. 2F). This ensured that the prenylation of L-HDAg
was inhibited after HDV replication was well established, but not
at the beginning of replication. As expected, lonafarnib inhibited
secretion of infectious HDV particles even if added post estab-
lishment of HDV replication (Fig. 2F, G). This is consistent with
the clinical efficacy of lonafarnib, which inhibits HDV virion
production when added in the setting of a previously established
infection. Still, lonafarnib treatment increased the levels of
intracellular HDV RNA and HDAg (Figs 2G-] and Fig. S4). Similar
results were obtained in HuH7-END'® and HuH7-NTCP'” cells
(Figs S5 and S6). In conclusion, in addition to its essential role in
HDV assembly, the conserved prenylation CXXQ motif contrib-
utes to the trans-inhibitory function of L-HDAg.

FTIs accumulate intracellular HDV RNA solely via the
inhibition of L-HDAg prenylation

Lonafarnib exerts dual effects on HDV: blocking virus assembly
and increasing intracellular HDV RNA.'>'*> Notably, farnesyl-
transferases are expressed in different tissues as housekeeping
enzymes, and many host proteins (e.g., Ras, Ras-related GTP
binding proteins, the subunits of trimeric G proteins and protein
kinases) with significant functions in cellular events are preny-
lated.’® To investigate whether the increased intracellular HDV
RNA induced by lonafarnib was achieved solely via the inhibition
of L-HDAg prenylation, while not an off-target effect on host
prenylated proteins, we generated three cell lines: HuH7-p]JC126,
pJC126-L (del), and pJC126-L (C211S). HuH7-pJC126 (del) sup-
ported continuous HDV replication with no expression of L-
HDAg, whereas HuH7-p]JC126-L (C211S) supported HDV replica-
tion with the expression of L-HDAg that could not be prenylated
(Figs. 3A and S7). Notably, lonafarnib treatment increased the
levels of HDV RNA in HuH7-pJC126 cells but not in HuH7-pJC126
(del) and HuH7-p]JC126-L (C211S) cells (Fig. 3B, C). Similar results
were observed with the treatment of two additional FTIs (FTI 277
HCL and LB42708) (Fig. 3D-G). Collectively, these results
demonstrated that FTIs increased the levels of intracellular HDV
RNA solely via the inhibition of L-HDAg prenylation, but not
through an off-target effect on host prenylated proteins.

Within the C-termini of L-HDAg, proline and hydrophobic
residues per se do not affect the trans-inhibitory function of
L-HDAg

The C-termini of the different HDV genotypes, albeit divergent, are
enriched with proline and hydrophobic residues (Fig. 1A). Proline’s
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side-chain is cyclized back onto the backbone amide position,
making it an unusual amino acid with maximum rigidity. There-
fore, based on the conformational flexibility scale of amino acids
(Gly > Ser > Asp; Asn; Ala > Thr; Leu > Phe; Glu; Gln> His; Arg > Lys >
Val > Ile > Pro),'® we mutated the prolines (P, with maximum ri-
gidity) into glycine (G, with the highest flexibility) in L-HDAg-1+1
(Fig. 4A, left panel). In parallel, the hydrophobic residues were
mutated to non-hydrophobic glycine (Fig. 4A, right panel). West-
ern blot analysis confirmed the successful expression of the two
mutant L-HDAg proteins (Fig. 4B). Subsequently, their possible
contributions to the trans-inhibitory function of L-HDAg were
investigated. Compared to WT L-HDAg-1+1, these two mutants
exhibited comparable trans-inhibitory effects against HDV repli-
cation (Fig. 4C). To further validate this observation, we chose the
C-terminus of HDV-3 L-HDAg, which is different from other ge-
notypes both at the amino acid level and in length (Fig. 1A). We
mutated proline or hydrophobic residues at the C-terminus of L-
HDAg-1+3 (Fig. 4D, E). Similar results were observed (Fig. 4F).
Collectively, the proline and hydrophobic residues per se do not
affect the trans-inhibitory activity of L-HDAg.

Within the C-termini of L-HDAg, proline and hydrophobic
residues contribute to HD virion production via a mode of
action that is independent of L-HDAg prenylation

We investigated the possible contributions of proline and hydro-
phobic residues to HDV assembly. Equal amounts of WT or mutant
L-HDAg-1+1 constructs, together with pJC126-L(def) and pLX304-
HB2.7-B, were transfected into HuH7-Tet-off cells. Tetracycline
was removed on day 2 p.t., and the SN was collected at the indi-
cated time points (Fig. 5A). The production of HD virions was
measured using immunofluorescence. Interestingly, the mutation
of prolines or hydrophobic residues of the L-HDAg-1+1 C-terminus
abrogated HD virion production (Fig. 5B). To further validate this
observation in other genotypes, we mutated prolines or hydro-
phobic residues at the C-terminus of L-HDAg-1+3. Similar results
were observed (Fig. 5C). To investigate whether the abrogation of
HD virion assembly was the result of a possible defect in L-HDAg
prenylation, we transfected WTor mutant L-HDAg constructs with
the pJC126-L (del) clone, followed by treatment with mock or
lonafarnib. Notably, lonafarnib treatment increased HDV RNA
levels in cells transfected with WT or mutant L-HDAg constructs
(Fig. 5D, E). This indicates that the mutation of prolines or hy-
drophobic residues of the C-termini would not prevent L-HDAg
prenylation. In summary, within the C-termini of L-HDAg, proline
and hydrophobic residues contribute to HDV assembly via a mode
of action independent of L-HDAg prenylation.

Discussion

Due to the high sequence divergence among the eight HDV ge-
notypes, the exact molecular determinants of L-HDAg C-termini
that play intrinsic regulatory roles in the HDV life cycle have not
been fully elucidated. In this study, we successfully established a
trans-complementation system based on a Tet-off inducible
expression vector. It decouples the expression of L-HDAg from

layout: HepNB2.7-D cells were infected with HDV-1 (11U/cell), then treated with lonafarnib (2 pM) from day 6-24. SN was collected at the indicated time intervals
to infect HuH7-NTCP. (G) HDAg was quantified by in-cell ELISA based on two independent assays (with two replicates each). HepNB2.7-D cells were infected with
HDV-1, then treated with lonafarnib (2 pM) from day 6 p.i.. (H) The levels of total HDV RNA, g-RNA) or ag-RNA were analyzed by RT-qPCR at day 18 p.i.. (I) The
levels of total HDV RNA were analyzed by northern blot at day 18 and 24 p.i.. (J) HDAg was detected by western blot at day 18 and 24 p.i.. Statistical significance
was determined using unpaired two-tailed Student’s t test in the software GraphPad Prism 9 (*p <0.05, **p <0.01, n.s. not significant, p >0.05). ag-RNA, anti-
genomic RNA; g-RNA, genomic RNA; HDAg, hepatitis D antigen; HDV, hepatitis D virus; p.i., post infection; p.t., post transfection; RT-qPCR, reverse-transcription

quantitative PCR; SN, supernatant.
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Fig. 3. FIIs accumulate intracellular HDV RNA solely via the inhibition of L-HDAg prenylation. (A) HuH7, HuH7-pJC126, HuH7-pJC126-L (del), and HuH7-
pJC126-L (C211S) cells were seeded and cultured. HDAg was detected by western blot on day 6 after seeding. (B,C) HuH7-pJC126, HuH7-pJC126-L (del) or
HuH7-pJC126-L (C211S) cells were treated with mock or lonafarnib (2 pM). The levels of intracellular HDV RNAs were analyzed by RT-qPCR on day 12 or 18 based
on three independent assays (with two replicates each). (D,E) Same as (B,C) for FTI 277 HCL. (F,G) Same as (B,C) for LB42708. Statistical significance was
determined using unpaired two-tailed Student’s t test in the software GraphPad Prism 9 (*p <0.05, **p <0.01, n.s. not significant, p >0.05). HDAg, hepatitis D
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HDV while recapitulating authentic viral replication and as-
sembly. Hence, this system provides a valuable tool set for dis-
secting the molecular determinants of L-HDAg that are essential
for HD virion assembly and production.

The C-termini of L-HDAg are composed of the conserved
prenylation CXXQ motif, and the remaining residues that are

divergent among genotypes but are enriched with proline and
hydrophobic residues (Fig. 1A).2° Our study shows that the C-
termini derived from HDV 1-8 are interchangeable with respect
to the trans-inhibitory function of L-HDAg and HD virion as-
sembly and production. Hence, the divergent C-termini of L-
HDAg derived from different genotypes were not the cause of the
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Fig. 4. Within the C-termini of L-HDAg, proline and hydrophobic residues per se do not affect the trans-inhibitory function of L-HDAg. (A) Schematic
representation of the plasmids: based on the pLVX-tight-L-HDAg 1+1 plasmid, prolines (P) or hydrophobic amino acids (H) within the C-terminus of the L-HDAg
were mutated to Glycine (G) and named pLVX-tight-L-HDAg-1+1 (P to G) or pLVX-tight-L-HDAg-1+1 (H to G), respectively. (B) The expression of wild-type or
mutant L-HDAg-1+1 proteins was detected by western blot at day 3 p.t.. (C) Equal amounts of pLVX-tight -C (empty vector), pLVX-tight-S-HDAg-1, pLVX-tight-L-
HDAg-1+1, pLVX-tight-L-HDAg-1+1 (P to G) or pLVX-tight-L-HDAg-1+1 (H to G), together with pJC126-L (del), were transfected into HuH7-Tet-off cells. The levels
of HDV RNA were analyzed by RT-qPCR at day 8 p.t.. (D) Same as (A) for pLVX-tight-L-HDAg-1+3 plasmid and its mutants. (E) The expression of wild-type or
mutant L-HDAg-1+3 proteins was detected by western blot at day 3 p.t.. (F) Same as (C) for L-HDAg-1+3 and its mutants. Statistical significance was determined
using unpaired two-tailed Student’s t test in the software GraphPad Prism 9 (*p <0.05, **p <0.01, n.s. not significant, p >0.05). HDAg, hepatitis D antigen; HDV,
hepatitis D virus; p.t., post transfection; RT-qPCR, reverse-transcription quantitative PCR.

different kinetics of HDV 1-8 we reported previously.? Instead,
three key components (i. CXXQ motif, ii. proline residues, iii.
hydrophobic residues) within the C-termini of L-HDAg ensure
the conserved functions of L-HDAg of different genotypes in the
regulation of the HDV life cycle.

HDV production largely relies on the specific interactions be-
tween S-HBsAg and L-HDAg. Importantly, in addition to the pre-
nylation CXXQ motif, proline and hydrophobic residues of the C-
termini are also essential for HDV assembly and production.
Mechanistically, their contribution to HDV production is inde-
pendent of the prenylated CXXQ motif. Of note, the C-terminus of
S-HBsAg is highly hydrophobic and vital to HDV assembly.?"*? To
date, the exact protein-protein interactions between L-HDAg and
S-HBsAg that mediate HDV assembly remain largely unknown.
Based on the fact that prenylation could substantially increase
protein hydrophobicity,>®> we propose a dynamic protein-protein
interaction (PPI) model as follows. Due to conformational rigid-
ity, prolines extend the C-termini out from the rest of the L-HDAg
protein as a unique “sticky arm” structure?* to facilitate the close
contact between L-HDAg and S-HBsAg. Subsequently, within the
C-termini of L-HDAg, the prenylated CXXQ motif and the hydro-
phobic residues exert collective hydrophobic interactions with the
highly hydrophobic C-terminus of S-HBsAg to mediate HD virion

assembly and release. This PPI model may help explain why the
abolishment of any of these three key determinants inhibits HDV
assembly and production. Notably, the proposed PPI model was
based only on the limited knowledge we obtained at this stage. The
development of accurate and complete repertoires of PPIs requires
three-dimensional structural information on both proteins and
the structural insights of their PPI interfaces.?

In contrast, only the prenylated CXXQ motif, but not the
proline and hydrophobic residues per se contributed to the trans-
inhibitory function of L-HDAg. Notably, L-HDAg mutants lacking
the prenylation motif still possessed partial trans-negative ef-
fects on HDV replication (Fig. 2D,E). Thus, apart from the pre-
nylation motif, the remaining C-terminal extension, but not the
prolines or hydrophobic residues per se, contributed to the trans-
negative function of L-HDAg. Nevertheless, the exact mechanism
of action remains elusive.?>?” The prenylation motif is required
for HDV assembly and the trans-inhibitory function of L-HDAg.
This finding explains the observation that FTI treatment blocks
HDV assembly and simultaneously increases the levels of intra-
cellular HDV RNA.'? We further found that the dual effects of FTIs
on HDV were solely achieved via the inhibition of L-HDAg pre-
nylation and not through an off-target effect on host prenylated
proteins (Fig. 3). Considering the great potential of lonafarnib for

JHEP Reports 2024 vol. 6 | 100961 7



A

Research article

pJC126-L (del) HuH7-Tet-off
+ ) HuH7-NTCP
Co-transfection D1 D4 D7 D10 D13D 16
pLX304-HB2.7-B ' I R bo
: 5 davs I_I_I_I_I_I |—|_
+ Tetracycline Collect Infect with IE
pLVX-tight-L-HDAg-1+1 supernatant ___p supernatant (anti-HDAg)
or mutants
B 6- D 8-10 D 10-12 D 12-14
Empty vector L-HDAg-1+1 [ Emety vector
47 o B W
+ = " Bl Poc
f'j_ L-HDAg-1+1 S 3+ I oo
N » *k
o g
* <2
= b
T | L-HDAg-1+1 x
- (Pto G) Z 1
I I
13
2 0-
L-HDAg-1+1 Lonafarnb - + - + - + - +
(Hto G)
Scale bar: 50 ym HDAg Nuclei
D810 D10-12 D12-14 L-HDAg-1+3
:l Empty vector
+ | L-HDAg-1+3 3 v
o0 " - PtoG
S =) . w [ HtooG
m L
I w24
. $
3| L-HDAg-1+3 3
S| (HtoG) <
_| b4
& o 17
o >
O [a]
2| L-HDAg-1+3 T
(PtoG) o
Lonafarnib L S

Scale bar: 50 ym

HDAg

Nuclei

Fig. 5. Within the C-termini of L-HDAg, proline and hydrophobic residues are essential for HDV assembly. (A) Schematic representation of the experimental
layout: same amounts of pLVX-tight-C (empty vector), pLVX-tight-L-HDAg-1+1, pLVX-tight-L-HDAg-1+1 (P to G) or pLVX-tight-L-HDAg-1+1 (H to G), together
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the treatment of chronic HDV infections in the clinic, the eluci-
dation of all possible modes of actions of this drug would be of
great value.

When L-HDAg was expressed at the onset of replication, viral
replication was strongly inhibited (Fig. 1C, D). However, there are
some controversies concerning whether L-HDAg expressed
naturally at later times (because of ADAR1 editing) can still inhibit
HDV replication, especially when HDV replication is well estab-
lished. Macnaughton et al. reported that the level of HDV RNA did
not increase when a mutant HDV genome unable to make L-HDAg

was used and HDV RNA synthesis was resistant to L-HDAg when
overexpressed 3 days after the initiation of HDV RNA replication.?
In contrast, Sato et al. found that a replication-competent HDV
mutant that exhibited higher levels of editing than WT HDV pre-
maturely aborted replication, while a mutant L-HDAg lacking the
prenylation site or treatment with FTIs rescued replication de-
fects.?® In this study, we inoculated two different genotypes of
HDV (HDV-1 and HDV-8) in HepNB2.7-B or HepNB2.7-D cells,
which supported the complete HD viral replication cycle.”'?
Lonafarnib treatment was initiated 6 days after viral inoculation.

JHEP Reports 2024 vol. 6 | 100961 8



This ensured that the inhibition of L-HDAg prenylation was initi-
ated after HDV replication was well established, but not at the
early stage of replication. Nevertheless, lonafarnib increased the
levels of intracellular HDV RNA (Figs 2F-], and Figs S4). This in-
dicates that L-HDAg trans-inhibits HDV replication during its
natural life cycle.

In summary, although the C-termini of L-HDAg exhibited high
sequence variation between different genotypes, we identified
three conserved determinants (i. prenylation CXXQ motif, ii.

JHEP|Reports

proline residues, iii. hydrophobic residues) that are essential for
the regulatory function of L-HDAg in the HDV life cycle. The pre-
nylation motif is required for HDV assembly and the trans-
inhibitory function of L-HDAg. In contrast, the enrichment of
proline and hydrophobic residues per se does not affect the trans-
inhibitory function of L-HDAg. Nevertheless, they contributed to
HDV assembly via a mode of action independent of the prenylated
motif. The unique intrinsic viral self-regulatory mechanism we
elucidated deepens our understanding of the full life cycle of HDV.
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