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Abstract

Hepatitis B virus (HBV) is an approximately 42-nm envelope DNA virus that
can infect human hepatic cells specifically. While heparan sulfate proteoglycan (HSPG)
and sodium taurocholate co-transporting polypeptide (NTCP) were recently identified as
low-affinity and high-affinity HBV receptor, respectively, the early infection machinery
including cell attachment, cell entry, endosomal escape, and uncoating has not been fully
elucidated on the molecular basis. In this thesis, | identified a novel HSPG-interacting
domain in the pre-S1 region, pre-S1(30-42). The domain preferentially attaches with
human hepatic cells, which is indispensable for the cell attachment of HBV. Furthermore,
| analyzed the low pH-dependent fusogenic domain in the pre-S1 region, pre-S1(9-24),
by using mutated peptides and an endosomal membrane model. Unlike conventional
fusogenic domains which require positively charged residues, the fusogenic activity of
pre-S1(9-24) is dependent on the hydrophobicity of whole structure. Taken together,
HBV could interact with HSPG on human hepatic cells via pre-S1(30-42), enter cells by
endocytosis, transfer to NTCP, and then initiate endosomal escape (including subsequent
uncoating) through the fusion with endosomal membrane by pre-S1(9-24) under acidic
conditions in late endosomes. On the other hand, the nanoparticles consisting of HBV
envelope L protein exclusively (i.e., bio-nanocapsules (BNCs)) have been developed as
an efficient drug delivery system (DDS) nanocarrier equipped with the HBV early
infection machinery. Due to complicated CMC (chemistry, manufacturing, and controls)
caused by the nature of biologics, the application of BNCs has been severely restricted.
The results described in this thesis would shed light on the molecular basis of HBV early

infection machinery, and thereby could contribute to the development of HBV-mimicking



DDS nanocarriers with simple CMC by reconstituting the machinery on the conventional

chemical DDS nanocarriers.
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Chapter I

General Introduction

Hepatitis B virus (HBV) is an approximately 42-nm envelope DNA virus which
could infect human hepatic cells specifically and efficiently [1]. HBV causes severe liver-
related diseases, such as hepatitis, cirrhosis, and liver cancer. Three types of envelope
proteins were found on the surface of HBV virion; S protein (S region), M protein (pre-
S2 + S region), and L protein (pre-S1 + pre-S2 + S region), of which the stoichiometric
ratio in HBV virion is approximately 4:1:1 [2] (Fig. 1). While HBV was discovered about

40 years ago, HB vaccine is the only way for preventing the spread of HBV infection. It
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Fig. 1 The structure of hepatitis B virus.

has so far been nearly impossible to eliminate virions from HB patients. For developing
effective anti-HBV drugs, it is important to elucidate the infection and replication
machinery of HBV on the molecular basis.

Many natural nanoparticles including viruses [3, 4], exosomes [5] were found to

utilize the cell-surface HSPG as an endocytosis receptor. Concerning about the early
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infection machinery consisting of cell attachment, cell entry, endosomal escape, and
uncoating (Fig. 2), HBV interacts primarily with heparan sulfate proteoglycan (HSPG)
on cell surface, especially highly sulfated glycosaminoglycans (GAGs), which mainly
determines the hepatotropism of HBV [6]. As for the HSPG-interacting domain of HBV,
while various regions have been proposed [6-9], it has been controversial which residues

play crucial role. Highly conserved residues (Gly-282, Pro-283, Cys-284, Arg-285, Cys-
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Fig. 2 The early infection machinery of hepatitis B virus.

287, and Lys-312) in the antigenic loop of S region are likely responsible for HSPG
interaction [6-8] (Fig. 3). Meanwhile, the pre-S1 region also binds to heparin in vitro.
Hence, it has remained unclear how these interactions are involved in the early HBV
infection machinery [9]. Recently, two types of HBV virion were found, of which the pre-
S region is hidden and exposed in its envelope membrane (N-type HBV and B-type HBV,
respectively) [10]. When the pre-S region hidden in its interior cavity, the N-type HBV
could not bind to HSPG and primary human hepatocytes, while the B-type HBV could.

This result confirmed that the conformational change of HBV triggers the deployment of



pre-S1 region outwardly and then enables the interaction of pre-S1 region with HSPG,
leading to the cell entry of HBV by clathrin-mediated endocytosis or micropinocytosis
[11, 12] (Fig. 2). Recently, HBV was indicated to interact with a high affinity functional
HBV receptor, sodium taurocholate-cotransporting polypeptide (NTCP), via the N-
terminal myristoylated pre-S1(2-47) region [13]. However, our group demonstrated that
cell-surface NTCP is not involved in the cell entry of HBV and proposed that endosomal
NTCP is involved in the endosomal escape and uncoating step of HBV [14, 15] (see
below). Instead, highly sulfated HSPG on cell surface was shown to be responsible for
the HBV cell entry [14]. In Chapter III, I delineated the essential region for HSPG
interaction in pre-S1 region for clarifying the cell attachment and entry of HBV on the
molecular basis.

Since HBV is an enveloped virus (Fig. 1), core particle containing HBV genome
should be released from endosomes to cytoplasm after the fusion with endosomal
membrane (i.e., endosomal escape) for establishing the HBV infection. So far, two

fusogenic domains have been identified at pre-S2(149-160) and S(164-186) [16, 17], the
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Fig. 3 The functional domains in L protein.

former is pH-independent and the latter is low pH-dependent (Fig. 3). However,

trypsinized HB particle, containing S and M proteins exclusively, showed no fusogenic
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activity in the in vitro liposomal fusion assay [18], suggesting other fusogenic domain in
pre-S1 region is crucial for the endosomal escape of HBV. Recently, our group identified
a low pH-dependent fusogenic domain in the N-terminal pre-S1 region, named as pre-
S1(9-24) [18], which includes the essential NTCP-binding domain pre-S1(9-15) [19]. It
was therefore postulated that the interaction of endosomal NTCP with the myristoyl
residue and pre-S1(9-15) under acidic condition enhances the fusogenic activity of pre-
S1(9-24) for undergoing the endosomal escape and uncoating of HBV (Fig. 2). In Chapter
II, I investigated which residues in pre-S1(9-24) are responsible for the interaction with
endosomal membrane. In future, by combining with the results of NTCP studies, it will
be elucidated how NTCP and pre-S1(9-24) synergistically contributes to the uncoating
process of HBV. This result would shed light on the mechanism how HBYV interacts with

HSPG, enters cells, and transfers from HSPG to NTCP.
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Chapter 11
Mutational Analysis of Hepatitis B Virus Pre-S1 (9-24) Fusogenic
Peptide

2.1. Introduction

Enveloped viruses require fusion with the plasma membrane or endosomal
membrane for their uncoating process, thereby allowing them to release the internal
components (e.g., genome, capsids, and polymerase) to the cytoplasm [1, 2]. In general,
fusion protein, a part of the envelope proteins, possesses fusion peptides or fusion loops
forming a hydrophobic membrane at proximal regions at the junction between the
ectodomain and membrane anchor. When the fusion of two membranes proceeds by the
formation of a dehydration interface, and a hemifusion stalk is formed followed by a
fusion pore, either the fusion peptides or fusion loops could be deposited onto fusion
proteins by priming events (e.g., proteolytic cleavage, receptor attachment, low pH
environment), leading to a change in the secondary structure caused by the acidic
conditions in endosomes. After insertion into the endosomal membrane, a dehydration
interface can be formed, which then enhances the membrane perturbation to form the
hemifusion stalk [1]. For example, the fusion peptide of influenza virus hemagglutinin
protein was shown to slightly increase a-helicity by the protonation onto residues E15
and D19 in endosomes, leading to the fusion between the viral membrane and endosomal
membrane [3]. Hepatitis B virus (HBV) is also an enveloped virus, consisting of small [S,
226 amino acid residues (aa)], middle (M; pre-S2+S, 281 aa), and large [L; pre-S1+pre-
S2+S, 389 aa (serotype, ayw) or 400 aa (serotype adr)] envelope proteins [4]. HBV is

considered to attach specifically to human hepatic cells, enter the cells by receptor-
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mediated endocytosis, and then execute subsequent membrane fusion for the transfer of
its genome and accessory proteins to the cytoplasm (i.e., uncoating process) [5]. The
following fusogenic domains were independently identified in L protein: the C-terminal
half of the pre-S2 region [pH-independent, from 149 to 160 aa of L protein (ayw)] [6],
the N-terminal part of the S region [low pH-dependent, 164-186 aa of L protein (ayw)]
[7, 8], and the whole pre-S1 region (low pH-dependent) [9]; however, it has thus far
remained controversial as to which domains in the L envelope protein are responsible for
the uncoating process of HBV in endosomes. In 2003, HBV envelope L protein particles
synthesized in Saccharomyces cerevisiae were found to infect human hepatic cells in vitro
and in vivo by HBV-derived infection machinery [10-12]. Our group therefore designated
an HBV bio-mimicking nanoparticle as a bio-nanocapsule (BNC). Recently, using a lipid
mixing assay with liposomes (LPs) labeled with fluorescence resonance energy transfer
(FRET) pairs, the membrane portion of the BNC was found to strongly fuse with LPs at
low pH, indicating that L protein harbors functional low pH-dependent fusogenic activity.
When the BNC was digested by trypsin to remove the whole pre-S1 region and N-
terminal half of the pre-S2 region, but to retain the former two fusogenic domains (see
above), the trypsinized BNC was found to lose its fusogenic activity completely [13],
strongly suggesting that the pre-S1+pre-S2 regions are necessary for HBV membrane
fusion. Finally, by using LPs displaying the pre-S1-derived peptides (20 aa each), our
group identified that a low pH-dependent fusogenic domain resides in the N-terminal part
of the pre-S1 region (NPLGFFPDHQLDPAFG, aa 9-24 of the L protein). Moreover, it
was demonstrated that the BNC could not only fuse with target LPs but also disrupt its
own membrane (payload release) and target LPs (membrane disruption) [13]. Since HBV

displays the pre-S1+pre-S2 region outwardly as in the BNC, this suggests that the pre-S1
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(9-24) peptide may play a pivotal role in the HBV uncoating process, as well as in the
endosomal escape of the BNC’s payload. In this study, | examined whether the pre-S1
(9-24) peptide itself possesses sufficient activity not only for membrane fusion but also
for membrane disruption by using target LPs (a model of the endosomal membrane)
containing a fluorophore and its quencher. By delineating the crucial aa for these activities
by using mutated pre-S1 (9-24) peptides, | propose the mechanism for how the fusogenic

peptide interacts with the membrane.

2.2. Experimental Procedures
2.2.1. Probe LPs for the lipid mixing assay

Dipalmitoylphosphatidylcholine (DPPC; NOF, Tokyo, Japan),
dipalmitoylphosphatidylethanolamine (DPPE, NOF), dipalmitoylphosphatidylglycerol
sodium salt (DPPG-Na, NOF), cholesterol (Nacalai Tesque, Kyoto, Japan), N-(7-
nitrobenz-2-oxa-1,3- diazol-4-yl)-1,2-dihexadecanoyl-sn-glycero-3-
phosphoethanolamine (NBD-PE; Life Technologies, Carlsbad, CA, USA), and lissamine
rhodamine B 1,2-dihexadecanoyl-sn-glycero- 3-phosphoethanolamine,
triethylammonium salt (Rh-DHPE; Life Technologies) were mixed at a molar ratio of
15:9:30:40:4:2, dissolved in a chloroform/methanol (2:1, v/v) mixture, and then
evaporated at 37<C using a rotary evaporator to form a thin hemispherical lipid film.
NBD-derived fluorescence was designed to be quenched by the FRET effect. After
hydrating the film with phosphate-buffered saline (PBS) at 60<C, the mixture was
sonicated using an Astrason ultrasonic disruptor (Misonix, Farmingdale, NY, USA) for
15 min to obtain probe LPs of ~100 nm. The size of the LPs was measured in PBS at

25<C using dynamic light scattering (Zetasizer Nano ZS; Malvern, Worcestershire, UK).
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Lipid concentration was estimated from the cholesterol content, which was determined

by a Cholesterol E-Test Wako kit (Wako, Osaka, Japan).

2.2.2. Peptide-displaying LPs

DPPC, cholesterol, and N-(3-maleimide-1-oxopropyl)-L-a-
phosphatidylethanolamine, dioleoyl (NOF) were dissolved in ethanol at a molar ratio of
55:40:5, instilled into Tris-HCI (pH 8.0) buffer with gentle stirring at room temperature,
and then subjected to a Sephadex G-25 gel filtration column (GE Healthcare,
Buckinghamshire, UK) equilibrated with PBS. The LPs were incubated with synthetic
peptides (purity, >95%; with a C-/N-terminal Cys modification; SCRUM Inc., Tokyo,
Japan; see Table 1) at room temperature for 2 h to allow for a maleimide-thiol coupling
reaction, maintained at 4 <C for 24 h, and then subjected to a Sephadex G-25 gel filtration

column to remove the free peptides.

2.2.3. Lipid mixing assay

The probe LPs (NBD- and Rh-labeled, 10 pg) were pre-warmed in citrate buffer
(pH 7.4, 9 mM citric acid, 91 mM Na2HPOs) or low-pH citrate buffer (pH 4.5, 56 mM
citric acid, 44 mM NaxHPOg) at 37°C for 30 min. After the incubation with 20 uM of free
peptides or 60 pg of 20 uM peptide-displaying LPs at 37 <C for 30 min, the NBD-derived
fluorescence (excitation at 470 nm, emission at 540 nm) was measured on a Varioskan
multiplate spectrophotometer (Thermo, Waltham, MA, USA). Triton X-100 was added
at 1.0% (v/v) to quench the FRET effect. The percentage of NBD-derived fluorescence
was calculated as follows: %F = (Fnep — Fo)/(Fi00 — Fo), where Fo is the initial NBD-

derived fluorescence before the addition of samples, Fnep is the NBD-derived
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fluorescence after 30-min incubation with each sample, and Figo is the NBD-derived

fluorescence after addition of Triton X-100.

2.2.4. Pyranine leakage assay

As described in Section 2.1, the mixture of DPPC, DPPE, DPPG-Na, and
cholesterol at a molar ratio of 15:15:30:40 was allowed to form a thin hemispherical lipid
film. By hydrating with PBS containing 35 mM pyranine (fluorophore; Sigma-Aldrich,
St. Louis, MO, USA) and 50 mM p-xylene-bis (N-pyridinium bromide) (DPX, quencher;
Sigma-Aldrich) at 60<C, the mixture was sonicated to obtain ~100-nm LPs, and then
subjected to a Sephadex G-25 gel filtration column to remove free pyranine and free DPX.
The LPs (containing pyranine and DPX, 4 pg) were pre-warmed in citric acid buffer at
pH 7.4 or pH 4.5 at 37°C for 30 min. After incubation with 20 uM of free peptides or 60
ug peptide-displaying LPs at 37<C for 30 min, the amount of leaked pyranine was
determined by the pyranine-derived fluorescence (excitation at 416 nm, emission at 512
nm). Triton X-100 was added at 1.0% (v/v) to release pyranine from the LPs. The
percentage of leaked pyranine was calculated as follows: pyranine leakage (%) =
(Fpyranine— Fo)/(F100 — Fo), where Fo is the initial pyranine-derived fluorescence, Fpyranine iS
the pyranine-derived fluorescence after 30-min incubation with each sample, and Fioo is

the pyranine-derived fluorescence after the addition of Triton X-100.

2.2.5. Circular dichroism (CD)
The CD spectra were obtained with 50 uM peptide in phosphate buffer (pH 7.4;
2 mM KH2PQO4, 8 MM Na2HPOQ4) or low-pH phosphate buffer (pH 5.3; 97.5 mM KH2POg,

2.5 mM Naz;HPO4) at 25<C on a JASCO J-725 CD spectropolarimeter (Tokyo, Japan)
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using a 10-mm cell or a 1-mm cell [for the measurement with 2,2,2-trifluoroethanol
(TFE)]. To examine the effect of the LPs, LPs containing DPPC, DPPE, DPPG-Na, and
cholesterol at a molar ratio of 15:15:30:40 (see section 2.1) were added at 12.5 uM. Five

scans at 0.5-nm resolution were averaged for each spectrum.

2.3. Results
2.3.1. Fusogenic and membrane disruption activity of the pre-S1 (9-24) peptide

The BNC showed membrane fusion, membrane disruption, and payload release
activity in a low pH-dependent manner. Furthermore, low pH-dependent fusogenic
activity was identified in the pre-S1 (9-24) region of the BNC by a lipid mixing assay
[13]. When pre-S1 (9-24) peptide [wild type (WT) sequence]-displaying LPs were mixed
with probe LPs labeled with NBD and Rh (FRET pair), the NBD-derived fluorescence
was significantly enhanced by the shift from pH 7.4 to pH 4.5 (Fig. 4A).
The fusogenic activity of the peptide was changed from 5.9 +0.6% (mean =SD, N = 3)
to 28.1 +£1.7% (mean £SD, N = 3). Under the same condition, the free pre-S1 (9-24)
peptide showed no fusogenic activity even at pH 4.5, indicating that the membrane
anchoring is indispensable for the activity of the peptide. Moreover, low pH-dependent
membrane disruption activity was also identified in BNC by a pyranine leakage assay
[13]. The pre-S1 (9-24) peptide-displaying LPs exhibited the same activity in a low pH-
dependent manner (Fig. 4B), which was comparable to that of the LPs displaying human
immunodeficiency virus tat-derived cell-penetrating peptide (positive control,
GRKKRRQRRRPPQ), whereas the free pre-S1 (9-24) peptide showed no activity.

Furthermore, the secondary structure of the pre-S1 (9-24) peptide was investigated by CD
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spectral analyses. As shown in Fig. 4C, the shape of the spectra, with a minimum at 200

nm and a shoulder at 222 nm, was indicative of a peptide with a high percentage of
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Fig. 4 Fusogenic and membrane disruption activity of the pre-S1 (9-24) peptide.

A. The fusogenic activity of the pre-S1 (9-24) peptide (wild type, WT) with or without displaying
onto LPs, was measured by a lipid mixing assay at pH 7.4 (white bars) or pH 4.5 (gray bars). B.
The membrane disruption activity of the pre-S1 (9-24) peptide and HIV Tat peptide (TAT) with
or without displaying onto LPs was measured by a pyranine leakage assay at pH 7.4 (white bars)
or pH 4.5 (gray bars). C and D. The CD spectra of the pre-S1 (9-24) peptide were obtained with

(C) or without (D) LPs at pH 7.4 (blue line) and pH 5.3 (red line). Error bars represent SD.
Student t-test; *, p < 0.005.
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non-ordered structures (i.e., random coil structure) under neutral and acidic conditions.
In the presence of anionic LPs [DPPC:DPPE:DPPG-Na:cholesterol = 15:15:30:40 (mol)],
no significant change was observed in the CD spectra of the peptide (Fig. 4D). Even in
the presence of 40% (v/v) or 100% (v/v) TFE, which could mimic the environment in the
lipid bilayer and induce a-helical formation, the CD spectra were not changed (data not
shown). A high content of Pro residues (P10, P15, and P21) in the peptide might prevent
the formation of rigid secondary structures. Collectively, these data indicated that the pre-
S1 (9-24) peptide could exhibit a random coil structure and show both fusogenic and
membrane disruption activity in a low pH-dependent manner exclusively on the

membrane surface.

2.3.2. Mutational analysis of the pre-S1 (9-24) peptide

When endocytosed BNC and HBV move to late endosomes, they are considered
to execute the endosomal escape of payloads and the uncoating process, respectively,
through the interaction with the endosomal membrane. These processes are generally
initiated by membrane fusion, followed by the disruption of the endosomal membrane
and the BNC/HBV envelope membrane. Next, by using the LPs displaying pre-S1 (9-24)
peptide mutants (Table 1), | performed a pyranine leakage assay using target LPs
containing pyranine (fluorophore) and DPX (quencher) as a model of endosomes to
investigate the essential aa required for the low pH-dependent membrane disruption
activity. As shown in Fig. 5A, the membrane disruption activity of each peptide correlated
well with the hydrophobicity of each peptide, calculated with the average AG value
(bilayer to water, kcal/mol/residue) of each amino acid [14]. Based on the hydrophobic

profile of the pre-S1 (9-24) peptide (Fig. 5B), the peptide (WT) was found to possess one
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Table 1 The pre-S1 (9-24) mutated peptides and hydrophobicity.

Peptides (9-24) Sequence AG(kcal/mol/residue)

*O PO*—+ O-* O

WT NPLGFFPDHQLDPAFG -0.091
All-15 AAAAA -0.291
F13/14A AA -0.253
H17A A -0.041
P15/21A A A -0.056
P15A A -0.073
P21A A -0.073
D16/20L L L 0.133
D16L L 0.021
D20L L 0.021
D16N N -0.040
D20N N -0.040
A9-12/21-24 - - -0.204
AS9-12 -———= -0.094
A21-24 - -0.163

“The hydrophobicity of each peptide was calculated using the Wimley-White hydrophobicity
scale [14].

large hydrophobic cluster (I, from L11 to F14), one large hydrophilic cluster (from P15

to P21), and one small hydrophobic cluster (Il, from A22 to G24) (Fig. 5B). The mutant

22



peptide lacking each hydrophobic cluster (A9-12, A21-24) showed decreased activity, and
the mutant peptide lacking both hydrophobic clusters (A9-12/21-24) lost the activity
completely (Fig. 5C). Furthermore, the mutant peptides harboring the Ala substitutions
in the hydrophobic cluster | (F13/14A, 11-15A), resulting in decreased hydrophobicity,
also lost the activity completely. These data strongly suggested that the hydrophobicity
of the pre-S1 (9-24) peptide, especially hydrophobic cluster 1, is tightly linked to the

membrane disruption activity of the peptide.

2.3.3. Low pH-dependency of the pre-S1 (9-24) peptide

The pre-S1 (9-24) peptide showed low pH-dependent membrane disruption
activity (see Fig. 4B). Therefore, | investigated which aa are responsible for sensing the
acidity by using the LPs displaying pre-S1 (9-24) peptide mutants. Since some viral
fusion proteins showed low pH-dependent conformational changes triggered by the
protonation of acidic aa [15], either the D16 or D20 residue was substituted with an L
residue, and subjected to the pyranine leakage assay (Fig. 6A). Both the D16L and D20L
mutants showed higher membrane disruption activity than the WT peptide at pH 4.5, and
retained low pH-dependency. The peptide harboring both the D16L and D20L mutations
(D16/20L) showed comparable activity to the D16L and D20L mutants at pH 4.5 and,
surprisingly, lost the low pH-dependency completely, indicating that both D16 and D20
function as low pH-sensing molecules. Furthermore, the mutations at residues D16/20L

might generate an additional hydrophobic cluster between cluster I and 11 (Fig. 6B), while
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Fig. 5 Effect of hydrophobicity on the membrane disruption activity of the pre-
S1 (9-24) peptide.

A. Relationship between the average hydrophobicity (diamond dotted line) and the membrane
disruption activity at pH 7.4 (triangle dashed line) and pH 4.5 (circle line) of the mutated pre-
S1 (9-24) peptides.The hydrophobicity was calculated using the Wimley-White hydrophobicity
scale [14]. B. Hydrophobicity profile of the pre-S1 (9-24) peptide (wild type, WT).
Hydrophobic clusters are indicated as | and Il. C. Membrane disruption activity of mutant
peptides (A9-12, A21-24, A9-12/21-24, and F13/14A). Error bars represent SD. Student t-test;
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mutant peptides at pH 7.4 (white bars) and pH 4.5 (gray bars). B. Hydrophobicity profile of the
D16/20L peptide. Hydrophobic clusters are indicated as | and Il. C. The membrane disruption
activity of the WT, and H17A, L11R, and N9K mutant peptides at pH 7.4 (white bars) and pH
4.5 (gray bars). D. The membrane disruption activity of the WT, and P15A, P21A, and P15/21A
mutant peptides at pH 7.4 (white bars) and pH 4.5 (gray bars). E. The membrane disruption
activity of the WT and Cys-WT mutant peptide at pH 7.4 (white bars) and pH 4.5 (gray bars). F.
Schematic view of the pre-S1 (9-24) peptide. The diameter of each circle is based on the
hydrophobicity of each amino acid [14]. Hydrophobic amino acids are indicated in red. Two D
residues for sensing low pH are indicated with blue arrows. Numbers below amino acid sequences
are the aa number of the L protein. Two hydrophobic clusters are indicated as | and Il. Error bars
represent SD. Student t-test; *, p < 0.005.
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the D16/20L peptide exhibited a random coil structure at both pH 5.3 and pH 7.4 in the
CD spectra (data not shown). These data corroborated that the hydrophobicity of the pre-

S1 (9-24) peptide is critical for the membrane disruption activity.

2.3.4. His residue of the pre-S1 (9-24) peptide

When H17, a sole basic aa of the pre-S1 (9-24) peptide, was substituted with Ala,
the membrane disruption activity at pH 4.5 was reduced to about one-third (Fig. 6C).
Furthermore, the mutant peptides L11R and N9K, harboring additional basic aa, showed
a significant increase in membrane disruption activity (about 9- and 12-fold). Since the
surface of target LPs containing DPPG-Na (acidic phospholipid) is negatively charged
(zata potential, -52 mV), these basic aa residues would likely be recruited to the proximal
surface of the target LPs by electrostatic interaction, thereby enhancing their membrane

disruption activity.

2.3.5. Pro residues of the pre-S1 (9-24) peptide

Pro residues are known to play an essential role in the fusogenic activity of some
viral fusion proteins (e.g., a Pro residue in the internal region of avian sarcoma/leukosis
virus envelope protein [16], a Pro-rich motif in pl5 fusion-associated small
transmembrane protein of Orthoreovirus [17]). To examine if Pro residues (P15 and P21)
of the pre-S1 (9-24) peptide are indispensable for the membrane disruption activity, each
mutant peptide (P15A, P21A, and P15/21A) was displayed onto the LPs, and subjected
to the pyranine leakage assay (Fig. 6D). However, these mutant peptides showed nearly

equal levels of membrane disruption activity as observed for the WT peptide, indicating
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that at least two of the Pro residues (P15 and P21) are not related to the low pH-dependent

membrane disruption activity of the pre-S1 (9-24) peptide.

2.3.6. Membrane topology of the pre-S1 (9-24) peptide

The pre-S1 (9-24) peptide harbors a large hydrophobic cluster (cluster I) at the N-
terminal half (see Fig. 5B) and the C-terminal C residue (artificial) for anchoring onto the
surface of LPs, suggesting the involvement of cluster I in the initial interaction with target
LPs. | therefore examined if the membrane topology of the peptide affects the membrane
disruption activity by using the N-terminally C-fused pre-S1 (9-24) peptide (Cys-WT).
As shown in Fig. 6E, the activity was reduced to about half, indicating that the membrane
topology of the fused peptide is important for its membrane disruption activity, and that

the N-terminal cluster I may predominantly interact with the membrane of target LPs.

2.4. Discussion

Using a pyranine leakage assay with LPs displaying mutant peptides, the pre-S1
(9-24) peptide was shown to possess low pH-dependent membrane disruption activity,
while the peptide harbors a random coil structure regardless of the pH condition. The
hydrophobicity of the whole structure was well correlated with its activity. Furthermore,
most enveloped viruses possess fusion peptides, and the fusogenic activity is correlated
well with their hydrophobicity [18]. For example, the influenza virus HA2 protein
generated by proteolytic cleavage possesses an N-terminal hydrophobic a-helical cluster
that is essential for membrane insertion [19]. The Newcastle disease virus F protein [20]
and the simian immunodeficiency virus gp32 protein [21] were shown to have decreased

fusogenic activity due to an aa mutation that lowered the hydrophobicity. These results
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strongly suggested that the membrane insertion of the pre-S1 (9-24) peptide, an initial
step of membrane fusion [1], is mainly driven by the hydrophobic interaction between the
lipid bilayer and the peptide. With respect to the membrane topology of the peptide, the
N-terminally anchored form of the pre-S1 (9-24) peptide showed lower membrane
disruption activity (about half activity of the C-terminally anchored form; see Fig. 6E),
implying that the N-terminal hydrophobic cluster | could insert into the target membrane
predominantly.

Many fusion peptides of enveloped viruses exhibit an a-helical structure and, to a
lesser extent, a B-sheet structure for interacting with the membrane [3,22], whereas the
pre-S1 (9-24) peptide exhibited a random coil structure, which has been rarely found in
the fusion peptides of flavivirus envelope protein [23]. The fusion peptide consisting of
N-terminal and C-terminal hydrophobic clusters exhibits a random coil structure, even in
the presence of the membrane. The aromatic-aromatic interaction between two aromatic
aa residing in each cluster may be indispensable for the fusogenic activity [23]. In the
pre-S1 (9-24) peptide, three aromatic aa found in hydrophobic clusters (F13 and F14 in
cluster I, F23 in cluster IlI; Fig. 6F) may similarly contribute to the membrane disruption
activity by stabilizing the whole peptide structure, which was in accordance with the
results of the mutational study (Fig. 5C).

The low pH-dependent fusion peptides usually harbor each of three aa (D, E, and
H) for sensing an acidic environment, leading to “Histidine-Cation” and “Anion-Anion”
interactions [15]. These interactions affect the secondary structure of the fusion peptide
and thereby enhance the fusogenic activity under low-pH condition. For example, the
fusion peptide of influenza virus HA protein (GLFGAIAGFIENGWEGMIDG) showed

a slight structure change by the protonation of E15 and D19 under low-pH conditions,
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and then induced a fusogenic event in endosomes [3]. However, in the pre-S1 (9-24)
peptide, both D16 and D20 were found to be independently responsible for low-pH
sensing, whereas these residues did not significantly contribute to the structural change
under the low-pH condition (Fig. 6A). These data strongly suggested that both D16 and
D20 exclusively contribute to the enhancement of hydrophobicity of the pre-S1 (9-24)
peptide by bridging between hydrophobic clusters I and 11.

Recently, the pre-S protein (containing the whole pre-S1+pre-S2 region, without
displaying onto LPs) was suggested to harbor low pH-dependent membrane destabilizing
activity (i.e., aggregation, membrane fusion, and membrane disruption). The protein
exhibited a random coil structure even in the presence of the membrane and under the
low-pH condition [24]. However, analysis using deletion mutants demonstrated that there
Is no specific region responsible for the membrane fusion in the pre-S1 region [9]. The
discrepancy of the location of the fusion peptide in the pre-S1 region might be caused by
the difference in the form of candidate proteins and peptides (free form versus LP-
anchored form). Because the membrane fusion occurs between two membranes by the
interaction of a membrane-anchored fusion peptide (like viral envelope proteins), it is
considered that the LP-anchored form of a fusion peptide can more precisely replicate the

viral envelope protein.
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Chapter 111

A Hepatitis B Virus-derived Human Hepatic Cell-specific Heparin-
binding Peptide: Identification and Application to a Drug Delivery
System

3.1. Introduction

Drug delivery system (DDS) nanocarriers that are systemically administered
should escape from the mononuclear phagocyte system (MPS), which includes
monocytes, macrophages, and Kupffer cells [1, 2], and then deliver their payloads to
target tissues specifically [3]. Furthermore, they should trigger endocytosis and then
release their payloads into the cytoplasm by perturbing the endosomal membrane [4, 5].
Thus far, conventional synthetic nanocarriers have not fully demonstrated these functions
that are found in the early infection machineries of naturally occurring viruses. In the last
decade, viruses have been engineered as DDS nanocarriers for the delivery of drugs
and/or genes. Innate properties of viruses, such as broad tissue tropism, diverse cellular
receptors, high immunogenicity, carcinogenicity, and limited payload capacity, have
hampered their clinical application [6]. Furthermore, it is sometimes difficult to obtain
large amount of these viruses in mass-scale production. These situations have led us to
reconsider using intact viruses and to instead develop synthetic nanoparticles equipped
with viral early infection machinery with stringent specificity for target cells and tissues.

Hepatitis B virus (HBV) is a ~42-nm enveloped DNA virus that can specifically
infect human hepatic cells. There are three types of envelope proteins on the surface of
HBV: small (S), middle (M, pre-S2 + S region), and large (L, pre-S1 + pre-S2 + S region)

proteins [7]. HBV is believed to interact first with heparan sulfate proteoglycan (HSPG)
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on human hepatocytes [8, 9], promptly move to interacting with sodium taurocholate-
cotransporting polypeptide (NTCP; an essential receptor for HBV infection) [10], and
then enter these cells by receptor-mediated endocytosis [11]. Our group have established
an HBV-mimicking nanoparticle, bio-nanocapsule (BNC), which is composed of HBV
envelope L proteins embedded in a lipid bilayer and demonstrates human liver targeting,
cell entry, and endosomal escape [12, 13]. BNCs can deliver drugs and genes to human
hepatic tissues specifically and efficiently in vitro and in vivo [14]. Furthermore, BNCs
can fuse with liposomes (LPs) and form BNC-virosomes under acidic conditions to
deliver doxorubicin (DOX) to human hepatic tumors in xenograft mice and efficiently
inhibit tumor growth [15-17]. Although BNCs and BNC-virosomes are promising HBV-
mimicking nanoparticles, biologics-related issues, such as immunogenicity, quality
control, and production costs, have obstructed the conduct of clinical research on these
drugs. Thus, as next-generation HBV-mimicking nanoparticles, conventional synthetic
nanocarriers should deploy the early infection machinery of HBV by displaying
functional domains, such as cell targeting peptide, cell entry peptide, and an endosomal
escaping peptide.

To date, several functional domains responsible for early infection have been
identified in the HBV L protein. First, polymerized-aloumin receptor (PAR) in the pre-
S2 region [18] has been shown to contribute to the escape from MPS by recruiting
polymerized human serum albumin [13]. Second, the human hepatic cell recognition site
at the N-terminal peptide of the pre-S1 region (from Pro-10 to Pro-36) *® and NTCP-
binding site at the myristoylated N-terminal peptide of the pre-S1 region (from Gly-2 to
Val-47; myr-pre-S1(2-47)) [10] both contribute to cellular targeting and entry. Third, the

low pH-dependent fusogenic domain of the N-terminal peptide in the pre-S1 region (from
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Asn-9 to Ala-24) contributes to endosomal escape [20,21]. Recently, LPs modified with
the NTCP-targeting peptide have been used as a human hepatic tissue-specific
nanocarrier [22]; however, our group found that HSPG, rather than cell-surface NTCP, is
responsible for the initial attachment of HBV to cells and induction of endocytosis [23].
HBV cell entry can be blocked by heparin completely, indicating that the interaction of
HBV with human hepatic tissues is mediated by heparin [8]. Recently, several groups
have reported that the pre-S region contains a heparin-binding domain indispensable for
initial cellular attachment of HBV [24, 25]. Thus, even if conventional synthetic
nanocarriers harbor the HBV-derived functional domains mentioned above, it is still
necessary to introduce the heparin-dependent cellular attachment domain to maximize the
efficiency of initial attachment. In this study, I identified a novel heparin-binding site in
the pre-S1 region using peptide-displaying LPs. The heparin-binding peptide (from Pro-
30 to Pro-42) showed higher specificity to human hepatic cells than other heparin-binding
peptides and induced endocytosis efficiently. Furthermore, | showed that the peptide-
displaying LPs are promising HBV-mimicking nanoparticles for human hepatic cell-

specific drug delivery.

3.2. Experimental Procedures

3.2.1. Peptides

The HBV pre-S1-derived peptide (encompassing myristoylated Gly-2 to Val-77,
with C-terminal Cys), its truncated mutant peptides (with C-terminal Cys), and
conventional heparin-binding peptides (human immunodeficiency virus (HIV, gp120,
RPNNNTRKRIRC), vitronectin (GKKQRFRHRNRKGC)) were synthesized by
Synpeptide Co. Ltd. (Shanghai, China) and SCRUM Inc. (Tokyo, Japan).
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3.2.2. Preparation of peptide-displaying liposomes

To prepare maleimide-displaying LPs, ethanol containing
dipalmitoylphosphatidylcholine (DPPC; NOF, Tokyo, Japan), cholesterol (Nacalai
Tesque, Kyoto, Japan), and N-(3-maleimide-1-oxopropyl)-L-a-
phosphatidylethanolamine (DOPE-MAL; NOF) were injected at a molar ratio of 55:40:5
into 10 mM Tris-HCI buffer (pH 8.0) with gentle stirring at room temperature and then
subjected to a Sephadex G-25 gel filtration column (GE Healthcare, Buckinghamshire,
UK) equilibrated with phosphate-buffered saline (PBS). To prepare PEGylated
maleimide-displaying LPs, a mixture of DPPC, cholesterol, and N-[(3-maleimide-1-
oxopropyl)  aminopropyl  polyethyleneglycol-carbamyl]  distearoylphosphatidyl-
ethanolamine (DSPE-PEG-MAL) at a molar ratio of 55:40:5 were processed by
microfluidics technique using a NanoAssemblr Benchtop system (Precision Nanosystems,
Vancouver, Canada). Peptides with C-terminal Cys were displayed on the LP surface
using a maleimide-thiol coupling reaction [21]. Peptide-displaying LPs were labeled with

the lipophilic dye CellVue Claret (Sigma-Aldrich, St Louis, MO, USA).

3.2.3. Physicochemical analyses

The size, polydispersity index (PDI), and c-potential of LPs were measured with
a Zetasizer Nano ZS (Malvern, Worcestershire, UK). The concentration of lipids in LPs
was calculated with the cholesterol content determined using a Cholesterol E-Test Wako

kit (Wako, Osaka, Japan).

3.2.4. Cell culture

Human hepatocellular carcinoma-derived HepG2 cells expressing NTCP
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(HepG2/NTCP) were kindly provided by Dr. Ryosuke Suzuki (National Institute of
Infectious Diseases, Tokyo, Japan). Human hepatocellular carcinoma-derived NuE cells
were a gift from Prof. Takushi Tadakuma (National Defense Medical College,
Tokorozawa, Japan). Primary human hepatocytes (PHH, originating from a 54-year-old
Caucasian female) were purchased from Lonza (Basel, Switzerland). Human embryonic
kidney-derived HEK293T cells, rat hepatocellular carcinoma-derived MH1C1 cells,
human colon carcinoma-derived WiDr cells, human lung carcinoma-derived A549 cells,
and human cervical carcinoma-derived HelLa cells were purchased from RIKEN Cell
Bank (Tsukuba, Japan). Cells were maintained in Ham’s F-12/Dulbecco’s modified
Eagle’s medium (DMEM) (50%/50%, v/v, Nacalai Tesque, Kyoto, Japan) supplemented
with 10% (v/v) fetal bovine serum (FBS, Sigma-Aldrich) at 37<C in a humidified

atmosphere containing 5% (v/v) COx.

3.2.5. Flow cytometry analysis

Approximately 1.0 x10° HepG2 cells were seeded in 6-well plates (Corning Inc.,
New York, NY, USA) and incubated in culture medium containing 3% (v/v) DMSO at
37<C for at least 24 h. Cells were incubated with Cell\VVue-labeled peptide-displaying LPs
(10 pg/mL as lipid) at 37 <C for 6 h, washed twice with Dulbecco's PBS (D-PBS, Nacalai
Tesque), and then analyzed using a FACS Canto Il flow cytometer (BD Biosciences, San
Diego, CA, USA). To evaluate the effect of heparin on cellular attachment of peptide-
displaying LPs, heparin sodium salt (10 pg/mL final, Nacalai Tesque) was added to the
culture medium 5 min before the addition of Cell\Vue-labeled peptide-displaying LPs (10
lg/mL as lipid). To analyze the endocytosis pathway of peptide-displaying LPs, cells

were treated with the endocytosis inhibitor chlorpromazine (12.5 pg/ml, 30 min) or
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amiloride (1 mM, 15 min), and then incubated with Cell\VVue-labeled peptide-displaying

LPs (10 pg/mL as lipid) for 6 h.

3.2.6. Intracellular trafficking analysis

Approximately 5.0 %< 10* HepG2 or HepG2/NTCP cells/well were seeded in 8-
well glass bottomed chamber slides (Corning Inc.), and incubated in culture medium
containing 3% DMSO for 24 h. After fixation and staining with Hoechst 33342 (Nacalai
Tesque), cell-surface NTCP was visualized with a rabbit polyclonal anti-NTCP antibody
(HPA042727, Sigma-Aldrich) and an Alexa Fluor-488 labeled goat anti-rabbit 1gG (H+L)
secondary antibody (Thermo Fisher Scientific, Waltham, MA, U.S.A).

Approximately 5.0 %< 10* HepG2 or HepG2-NTCP cells/well grown on 8-well
glass-bottomed chamber slides were incubated in culture medium containing 3% DMSO
for 24 h, and then incubated in culture medium containing 5 pg/mL (as a lipid) of
CellVue-labeled peptide-LPs at 37<C for 5.5 h, followed by a 30-min incubation with 50
nM LysoTracker Red (Thermo Fisher Scientific, Waltham, MA, USA). After fixation
with 4% (w/v) paraformaldehyde, cells were stained with Hoechst 33342 (Nacalai
Tesque). The fluorescence images obtained by a confocal laser scanning microscope
(LSM) FV-1000 (Olympus, Tokyo, Japan) were analyzed using ImageJ version 1.47g
software (National Institutes of Health, Bethesda, MA, USA).

For visualizing intracellular localization of DOX, approximately 5.0 x 10*
HepG2 cells/well grown on 8-well glass-bottomed chamber slides at 37 <C for 24h, then
incubated with DOX, LPs containing DOX, pre-S1(30-42)-displaying LPs containing
DOX, myr-pre-S1(2-47)-displaying LPs containing DOX, and pre-S1(47-77)-displaying

LPs containing DOX (25 pg/mL as DOX) for 8 h. The fluorescence derived from DOX
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and Hoechst 33342 was observed under confocal LSM FV-1000D.

To label early endosomes and late endosomes/lysosomes, HepG2 cells were
fixed with 4% (wi/v) paraformaldehyde, stained with Hoechst 33342, permeabilized with
0.1% (w/v) Triton X-100 (Wako), and then treated with a mouse monoclonal anti-EEA1
(early endosome antigen-1) antibody (Abcam, Cambridge, UK) or mouse monoclonal
anti-LAMP?2 (lysosome-associated membrane protein-2) antibody (Abcam). Both EEAL
and LAMP2 were visualized with an Alexa Fluor 555-labeled goat anti-mouse 1gG

secondary antibody (Sigma-Aldrich).

3.2.7. Evaluation of cell-surface proteoglycans

Approximately 5.0 x10* HepG2 cells/well were grown on 8-well glass bottomed
chamber slides for 24 h. To evaluate the effect of heparin on cellular attachment of
peptide-displaying LPs, cells pre-treated with heparin sodium salt (10 pg/mL; see above)
were incubated with CellVVue-labeled peptide-LPs at 37<C for 6 h, observed under LSM,
and then analyzed using ImageJ software. For the removal of sulfate groups on cell-
surface HSPG, cells were incubated with sodium chlorate (100 mM, Nacalai Tesque) for
16 h and with CellVVue-labeled peptide-LPs at 37 <C for the next 6 h, and then observed
under LSM. For the ablation of heparin sulfate groups on cell-surface HSPG, cells were
incubated with 8 units/mL heparinase | (Sigma-Aldrich) for 60 min at 37<C without
serum, incubated with Cell\VVue-labeled peptide-LPs at 37<C for 6 h, and then subjected

to LSM observation.

3.2.8. Heparin-binding assay

Peptide-displaying LPs (20 pg/mL, as a lipid) labeled with 1,1'-dioctadecyl-
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3,3,3',3-tetramethylindodicarbocyanine, 4-chlorobenzenesulfonate salt (DiD; Thermo
Fisher Scientific) were incubated with 50 L (50% slurry) of Heparin Sepharose 6 beads
(GE Healthcare) or Sepharose 6B beads (GE Healthcare) in PBS for 1 h, and then washed
twice with PBS. The fluorophores were eluted from bound LPs with PBS containing 0.1%
(v/v) Triton X-100, and their fluorescence intensity was measured using a Varioskan

fluorescence microplate reader (Thermo Electron, Vantaa, Finland).

3.2.9. Encapsulation of doxorubicin into LPs

Doxorubicin (DOX; Sigma-Aldrich) was encapsulated into LPs using a remote
loading method [17, 26]. Free DOX was removed by a Sephadex G-25 gel filtration
column equilibrated with 10 mM HEPES buffer (pH 7.4) containing 100 mM NaCl and
3.4% (w/v) sucrose. Following disruption with 0.1% (w/v) sodium dodecyl sulfate (SDS)
and 0.1 N HCI, the total DOX concentration was calculated from the fluorescence
intensity derived from DOX (excitation at 475 nm; emission at 515 nm), which was

measured using a Varioskan fluorescence microplate reader.

3.2.10. Cytotoxicity assay

HepG2 cells (approximately 5 x 102 cells/well) seeded in 96-well cell culture
plates (Nalge Nunc, Naperville, IL) were cultured for 24 h, and then treated with DOX,
DOX-containing LPs, and DOX-containing peptide-displaying LPs at DOX
concentrations of 0.195-25 pg/mL at 37°C for 8 h. As a control, cells were treated with
40 pg/mL of LPs without DOX encapsulation. Following a fresh medium exchange, cells
were further incubated at 37 <C for 24 h. Cell viability was determined using WST-8 assay

reagent (Nacalai Tesque) according to the manufacturer’s protocol. The formation of
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tetrazolium salts from WST-8 was measured using a Varioskan fluorescence microplate

reader.

3.3. Results
3.3.1. Identification of the cellular attachment domain in the pre-S1 region
Because the pre-S region is responsible for the heparin-dependent binding of

HBV [24, 25], | delineated the HepG2 cell-attachment domain using truncated pre-S1
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Fig. 7 Delineation of the cellular attachment domain in the pre-S1 region.
Pre-S1-derived synthetic peptides (A) were displayed on LPs, and then subjected to a cellular
attachment analysis (B) using HepG2 cells. Blue, myr-(2-47) peptide; gray, (9—-24) peptide;
yellow, (17-30) peptide; red, (30-42) peptide; green, (24-42) peptide; purple, (24-47)
peptide; and black, (47-77) peptide. N=3, error bars represent SDs.

peptide-displaying CellVVue-labeled LPs (Fig. 7A). The size, PDI, and ¢-potential of each

sample was shown in Fig. 8. All samples exhibited a comparable size (from ~100 nm to
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~200 nm; PDI from ~0.2 to ~0.3) and negative charge (from ~ -30 mV to ~ -50 mV).
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Fig. 8 Physicochemical analyses of peptide-displaying LPs.

LPs were modified with different pre-S1 peptide. Particle size, PDI, and c-potential were
measured by Zetasizer Nano ZS. N=3, error bars represent SDs.

After incubation at 37 <C for 6 h, cells were subjected to flow cytometry analysis.
Compared with the myr-pre-S1(2-47) peptide, truncated peptides encompassing Asn-9
to Val-47 exhibited higher cellular attachment activity with HepG2 cells, whereas pre-
S1(47-77) peptide exhibited no activity (Fig. 7B). The pre-S1(30-42) peptide showed the

highest affinity for HepG2 cells.
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3.3.2. Cellular attachment of pre-S1-derived peptide-displaying LPs

Pre-S1-derived peptide-displaying LPs were applied to HepG2 cells with or
without NTCP overexpression (Fig. 9). After incubation at 37<C for 6 h, cells were
observed under LSM (Fig. 10A). Pre-S1(30-42)-displaying LPs exhibited significantly
higher cellular attachment activity than myr-pre-S1(2-47)-displaying LPs, which was not
affected by NTCP overexpression (Fig. 10B). Meanwhile, pre-S1(2-47)-displaying LPs
showed a comparable level of cellular attachment activity to myr-pre-S1(2-47)-
displaying LPs in HepG2 cells, but slightly lower activity in HepG2/NTCP cells (Fig.
10B). These results indicated that cell-surface NTCP does not substantially contribute to
the cellular attachment of pre-S1(30-42)-displaying LPs. These data indicated that the
pre-S1(30-42) domain plays a pivotal role in the initial cellular attachment of HBV in a

NTCP-independent manner and that the flanking regions of the pre-S1(30-42) domain

NTCP
Hoechst 33342

Fig. 9 Immunostaining of cell-surface NTCP.

Scale bars represent 20 pm.
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Fig. 10 Cellular attachment of pre-S1-derived peptide-displaying LPs.

Pre-S1-derived peptide-displaying Cell\VVue-labeled LPs were incubated with HepG2 cells with
or without NTCP expression. After staining nuclei with Hoechst 33342 (blue), Cell\VVue-derived
fluorescence (red) was observed under a confocal laser scanning microscope (A). Peptides used
were the pre-S1(30-42) peptide, myr-pre-S1(2-47) peptide, pre-S1(2-47) peptide, and pre-
S1(47-77) peptide. Scale bars represent 20 um. The amounts of fluorophore in each cell were
determined using the ImageJ program (B). N=3, error bars represent SDs. Student’s t-test; *, p
< 0.005. N.S., not significant.

may suppress cellular attachment activity.

3.3.3. Cell entry and intracellular trafficking of pre-S1(30-42)-displaying LPs

Conjugation of pre-S1(30-42) peptide on the LPs was optimized. The sizes, PDI

and c-potential of pre-S1(30-42)-displaying LPs with different ratio of DOPE-MAL were

shown (Fig. 11). The results indicated that pre-S1(30-42)-displaying LPs with less than
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Fig. 11 Optimization of pre-S1(30-42)-displaying LPs.

Pre-S1(30-42) peptide was conjugated on the LPs containing different amount of DOPE-MAL.
Particle size, PDI and c-potential were measured by Zetasizer Nano ZS. N=3, error bars represent
SDs.

5 mol% of DOPE-MAL exhibited optimal particle size and PDI. HepG2 cells were
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incubated with Cell\VVue-labeled pre-S1(30-42)-displaying LPs at 37 <C for 6 h, and then
subjected to flow cytometry. The pre-S1(30-42)-displaying LPs with 5 mol% of DOPE-
MAL exhibited higher cellular attachment activity with HepG2 cells than that of 1 to 4

mol% DOPE-MAL (Fig. 12). No significant difference was found in pre-S1(30-42)-

15000

J
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Geom. Mean
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12345 6.0 53910
MAL (mol %)

Fig. 12 Cellular attachment of pre-S1(30-42)-displaying LPs with different DOPE-
MAL ratios in HepG2 cells.

N=3, error bars represent SDs.

displaying LPs with 5 to 10 mol% of DOPE-MAL, indicating that pre-S1(30-42)-
displaying LPs with 5 mol% DOPE-MAL is optimal condition for cellular delivery.
Consequently, pre-S1(30-42)-displaying LPs with 5 mol% of DOPE-MAL were used for
further experiments.

HepG2 cells were incubated with CellVue-labeled pre-S1(30-42)-displaying
LPs at 37<C for 6 h, and then trypsinized at 37<C for 20 min to remove extracellular
proteins and LPs [23]. The cells were next subjected to flow cytometry assay. As shown
in Fig. 13A, no significant difference was found between trypsinized and intact HepG2
cells, indicating that nearly all pre-S1(30-42)-displaying LPs were incorporated into

HepG2 cells. When HepG2 cells were incubated with CellVVue-labeled pre-S1(30-42)-
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Fig. 13 Intracellular trafficking analysis of pre-S1 (30-42)-displaying LPs.

HepG2 cells were incubated with pre-S1 (30-42)-displaying CellVVue-labeled LPs under
various conditions (with trypsinization (A), incubation at 4<C (B), and endocytosis inhibitors
(C)), and then analyzed by flow cytometry. N=3, error bars represent SDs. Student’s t-test; *,
p < 0.005. Subcellular localizations of pre-S1 (30-42)-displaying CellVue-labeled LPs in

HepG2 cells. Lysotracker (D), EEAL (E), and LAMP2 (F) were analyzed under a confocal laser
scanning microscope. Scale bars represent 20 um.

displaying LPs at 4<C for 1 h, weak fluorescence was observed in the cells (Fig. 13B),
suggesting that the cell entry of pre-S1 (30-42)-displaying LPs is temperature dependent.
Next, HepG2 cells were treated with endocytosis inhibitors (chlorpromazine or amiloride),
and then with CellVue-labeled pre-S1(30-42)-displaying LPs at 37 <C for 6 h. As shown

in Fig. 13C, both inhibitors (amiloride and chlorpromazine (CPZ)) significantly repressed
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the incorporation of pre-S1(30-42)-displaying LPs, indicating that cell entry is mainly
driven by clathrin-mediated endocytosis and micropinocytosis, similar to that of BNCs
and HBV virions [27, 28].

The materials incorporated by receptor-mediated endocytosis are mainly sorted
to late endosomes/lysosomes via early endosomes [29]. HepG2 cells were incubated with
CellVue-labeled pre-S1(30—42)-displaying LPs at 37<C for 6 h, and then subjected to
LSM observation. The pre-S1(30-42)-displaying LPs were found to partially co-localize
with LysoTracker Red (Fig. 13D), early endosome marker EEA-1 (Fig. 13E), and late
endosome/lysosome marker LAMP-2 (Fig. 13F). Time course study of the uptake of pre-
S1(30-42)-displaying LPs, pre-S1(47-77)-displaying LPs and unmodified LPs in the
HepG2 cells were shown in Fig. 14. | found that the cellular attachment and entry of pre-
S1(30-42)-displaying LPs was increased in a time-dependent manner. The intracellular
trafficking of unmodified LPs was evaluated as a control (Fig. 15A). These data indicated
that pre-S1(30-42)-displaying LPs could enter HepG2 cells with the help of endocytosis

machinery.
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Fig. 14 Time course study of pre-S1 peptide-displaying LPs and unmodified LPs.

Cellular attachment and entry of pre-S1 (30—42)-displaying CellVVue-labeled LPs, pre-S1 (47-77)-
displaying CellVVue-labeled LPs, and Cell\VVue-labeled unmodified LPs in HepG2 cells for 1 h, 3 h,
and 6 h. Scale bars represent 20 um. N=3, error bars represent SDs.
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Fig. 15 Intracellular trafficking analyses of unmodified LPs.

Intracellular trafficking analyses of unmodified LPs with/without heparin, Sodium
chlorate, and Heparinase 1. Scale bars represent 20 um.

3.3.4. Effect of heparin on the cellular attachment of pre-S1(30—-42)-displaying LPs
Because heparin can inhibit the HBV infection efficiently in vitro [8], probably

by interaction with the pre-S1 region [24, 25], | evaluated the effect of heparin on the

cellular attachment of pre-S1(30—42)-displaying LPs. HepG2 cells were pre-treated with

heparin sodium salt (from 0.001 to 10 pg/mL) at 37 <C for 5 min, and then incubated with
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Fig. 16 Effect of cell-surface heparin on the cellular attachment of pre-S1 (30-42)-
displaying LPs.

The cellular attachment of pre-S1 (30-42)- and myr-pre-S1 (2-47)-displaying CellVVue-labeled
LPs on HepG2 cells was analyzed by using Flow cytometry analysis and confocal laser scanning
microscope. Treatment with heparin (A, B, and C), sodium chlorate (D and E), and heparinase
I (F). Scale bars represent 20 um. The amounts of fluorophore in each cell were determined
using the ImageJ program (B). N=3, error bars represent SDs.

CellVue-labeled pre-S1(30—42)-displaying LPs for 6 h. Under the flow cytometry
analysis and LSM observation, heparin was found to inhibit the cellular attachment of
pre-S1(30-42)-displaying LPs in a dose-dependent manner, and block the cellular
attachment of pre-S1(30-42)- and myr-pre-S1(2-47)-displaying LPs completely at the
heparin concentration 10 pg/mL (Fig. 16A, Fig. 16B and Fig. 16C). When HepG2 cells
were pre-treated with sodium chlorate (from 1 to 100 mM) for 16h or heparinase | for 1
h, the cellular attachment of CellVue-labeled pre-S1(30-42)-displaying LPs was

significantly decreased. (Fig. 16D, Fig. 16E, and Fig. 16F). The effect of heparin on the
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cellular uptake of unmodified LPs was evaluated as a control (Fig. 15B). These results
strongly suggested that the pre-S1(30—42) region could interact with sulfated
glycosaminoglycan chains of cell-surface proteoglycans, which may be involved in the
initial cellular attachment of various viruses (e.g., HBV [25], HIV [30], dengue virus [31],

adeno-associated virus [32], and herpes simplex virus [33]).

3.3.5. Delineation of the heparin-binding site in pre-S1 region

Pre-S1-derived peptides were displayed on DiD-labeled LPs and mixed with
Heparin Sepharose 6 beads. After extensive washing, the fluorophores were eluted with
Triton X-100 and quantitated using a fluorescence microplate reader. As shown in Fig.
17A, both pre-S1(30-42)- and myr-pre-S1(2-47)-displaying LPs exhibited a significantly
higher affinity to the beads. Furthermore, pre-S1(9—-24)-displaying LPs exhibited medium
affinity, with a comparable level of LPs displaying conventional heparin-binding peptide
from HIV gp120 [34] and vitronectin [35], whereas pre-S1(47—77)-displaying LPs did
not exhibit any affinity. Because the affinity of all peptides was nearly lost with a large
excess of heparin, these data indicated that the N-terminal half of the pre-S1 region (i.e.,
from Gly2 to Val47) displays heparin-binding activity and that the pre-S1(30—42) region
plays a pivotal role in direct binding with heparin. Next, the LPs displaying three mutated
pre-S1(30-42) peptides were subjected to the heparin-binding assay using Heparin
Sepharose 6 beads (Fig. 17B). When Trp-32, Phe-34, and Trp-41 were substituted with
Ala (pre-S1(30-42, WFW/AAA) peptide), the heparin-binding activity of these LPs
decreased significantly (Fig. 17C). The evolutionarily conserved amino acids of the
peptide (Asp-31, Trp-32, and Asp-33; pre-S1(30-42, DWD/AAA) peptide) were

substituted with Ala, and the heparin-binding activity of the LPs was completely lost,

52



whereas the peptide harboring mutations at Pro-30, Pro-36, and Pro-42 (pre-S1(30-42,
PPP/AAA) peptide) resulted in no significant change in activity. These results strongly

suggested that the essential residues for heparin-binding activity are Asp-31, Trp-32, and
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Fig. 17 Direct binding of pre-S1 (30-42)-displaying LPs to heparin.

Pre-S1-derived peptide-displaying DiD-labeled LPs (A) and mutated pre-S1-derived peptide-
displaying DiD-labeled LPs (B, C) were incubated with Heparin Sepharose 6. The fluorophores
derived from bound LPs were quantitated using a fluorescence microplate reader. Conventional
heparin-binding peptides (vitronectin and HIV gp120) were used as controls. N=3, error bars

represent SDs.
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Fig. 18 Comparison of the N-terminal pre-S1 region of various HBV genotypes.

Essential NTCP-binding domains (blue boxes), fusogenic domain (yellow box), and heparin-
binding domain (red box). Dark gray highlights indicate well-conserved amino acids, and light
gray highlights indicate slightly conserved amino acids.

Asp-33. It is interesting that these amino acids have been well conserved during HBV

evolution (Fig. 18).

3.3.6. Cell specificity of the pre-S1(30-42)-displaying LPs

The pre-S1(30-42)-displaying LPs were shown to be promising HBV-
mimicking nanocarriers because they could efficiently attach to HepG2 cells in a heparin-
dependent manner and then promptly enter the cells via the endocytic pathway (Fig. 13
and Fig. 16). | therefore incubated CellVVue-labeled pre-S1(30-42)-displaying LPs with
various cells at 37<C for 6 h and analyzed cell specificity by flow cytometry. As shown
in Fig. 19A, the pre-S1(30-42)-displaying LPs exhibited higher cellular attachment
activity to human hepatic cells (HepG2, primary hepatocyte, Huh7, and Nuk cells),
human liver endothelial cells Sk-Hep-1, and low activity to rat hepatic MH1C1 cells. No

significant activity was observed with human non-hepatic cells (HeLa, A549, HEK293,
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and WiDr cells). The myr-pre-S1(2-47)-displaying LPs exhibited lower activity to human
hepatic cells than pre-S1(30—42)-displaying LPs (Fig. 19B). Furthermore, the pre-S1(47—
77)-displaying LPs could not attach to any of the cells examined (Fig. 19C). Notably,
under the same conditions, the LPs displaying conventional heparin-binding peptides
(vitronectin and HIV gp120) exhibited broad cellular attachment activity to various cells,

including human non-hepatic cells (HeLa, A549, and HEK293, Fig. 19D and 19E). These
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Fig. 19 Cell specificity of pre-S1 (30-42)-displaying LPs.

Pre-S1-derived peptide-displaying CellVue-labeled LPs (A, pre-S1(30-42); B, myr-pre-S1(2—
47); C, pre-S1(47-77)) were incubated with various cells, and then analyzed by flow cytometry.
Conventional heparin-binding peptides (D, vitronectin; E, HIV gp120) were used as controls.
N=3, error bars represent SDs.
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Fig. 20 Cytotoxicity of pre-S1 (30-42)-displaying DOX-containing LPs.

The size (A) and zeta potential (B) of pre-S1-derived peptide-displaying LPs are shown. Pre-S1
(30-42) peptide, red; myr-pre-S1 (2-47) peptide, blue; LP only, green; pre-S1 (47-77) peptide,
black. Cytotoxicity of pre-S1-derived peptide-displaying DOX-containing LPs to HepG2 cells
(C). Pre-S1 (30-42) peptide, red; myr-pre-S1 (2-47) peptide, blue; pre-S1 (47-77) peptide,
green; LP only, purple; and free DOX, black. N=3, error bars represent SDs. Student’s t-test; *,
p < 0.005.

data indicated that the pre-S1(30-42) peptide preferentially interacts with human hepatic
cells. Thus, the pre-S1(30-42)-displaying LPs can be used as human hepatic cell-specific

HBV-mimicking nanocarriers.
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3.3.7. Effect of pre-S1(30-42) peptide on the cytotoxicity of DOX-containing LPs
DOX-containing LPs were modified with the pre-S1(30-42) peptide, myr-pre-
S1(2-47) peptide, and pre-S1(47-77) peptide, and incubated with HepG2 cells for an
assessment of cytotoxicity. The sizes and C-potentials of peptides-displaying LPs
containing DOX were shown in Fig. 20A and Fig. 20B, respectively. The efficiency of
DOX incorporation of pre-S1(30-42)-displaying LPs, myr-pre-S1(2-47)-displaying LPs,
pre-S1(47-77)-displaying LPs, and LPs were estimated to be 93.9% +0.28%, 92.8% =+
0.52%, 88.4% %0.51%, and 94.0% *+1.10% (mean £SD, n=3), respectively. As shown
in Fig.20C, pre-S1(30-42)-displaying LPs exhibited the highest cytotoxicity among all
samples. The I1Cso value (50% inhibitory concentration for cell viability) of each sample
was ~0.8 pg/mL (pre-S1(30-42)-displaying LPs), ~1.5 pg/mL (myr-pre-S1(2-47)-
displaying LPs), ~6.0 ug/mL (pre-S1(47—77)-displaying LPs), ~6.2 ug/mL (LPs alone),
and ~1.5 pg/mL (free DOX). Furthermore, the intracellular distribution of DOX after the
treatment was shown in Fig 21. The intracellular DOX was mainly localized in the nuclei.
No cytotoxicity was found in pre-S1(30-42)-displaying LPs without DOX (Fig. 22).
These results indicated that the pre-S1(30—42) peptide, rather than other peptides, can

enhance the efficient cellular uptake of DOX-containing LPs by HepG2 cells.
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Fig. 21 Intracellular distribution of doxorubicin by peptide-displaying LPs.
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Fig. 22 Cytotoxicity analyses of peptide-displaying LPs and unmodified LPs
without DOX.

N=3, error bars represent SDs.
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3.4. Discussion

HBV was recently proposed to interact with HSPG as a primary receptor [8, 25]
and subsequently be transferred to NTCP as a secondary receptor for the establishment
of infection [10, 36]. The key viral determinant of HBV infection is the N-terminal
myristoylated pre-S1(2-47) domain, because the associated peptide can block HBV
infection by inhibiting NTCP-dependent cell entry [10]. However, cell-surface NTCP is
not involved in the initial cellular attachment of HBV [23]; rather, the HSPG-interacting
domain is important in the early infection machinery of HBV. For a long time, there has
been controversy about whether the HSPG-interacting domain is located in the pre-S
region [25] or S region [37-39]. Recently, HBV virions were revealed to change their
morphology in the bloodstream from an N-type virion to a B-type virion, and then to
acquire infectivity to human hepatic cells [24]. The N-type virion, which hides the pre-S
region in its interior cavity, cannot bind to HSPG and primary human hepatocytes,
whereas the B-type virion, which exposes the pre-S region to its exterior space, can bind
to HSPG and primary human hepatocytes to establish infection. Because both N and B
virion types expose the S region to its exterior space, the pre-S region might be a key
determinant for interaction with HSPG. Our results indicated that the N-terminal half of
the pre-S1 region (from Asn-9 to Val-47) can interact with HSPG (Fig. 7 and Fig. 16).
The pre-S1(30-42) domain, particularly, plays a pivotal role in interactions with HSPG,
and evolutionarily conserved residues (Asp-31, Trp-32, and Asp-33) are indispensable
for this interaction (Fig. 17). Another research group reported that neutralizing antibody
KR127 directly interacted with the pre-S1(26—-34) region [40], suggesting that the KR127
antibody inhibits HBV infection by restricting the function of the evolutionarily

conserved amino acids (Asp-31, Trp-32, and Asp-33). N-terminal pre-S1-derived
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peptides, especially myr-pre-S1(2-48) peptide [41-43] and myr-pre-S1(2-47) peptide [10],
have been revealed to inhibit HBV infection efficiently. In an in vitro HBV infection
assay, the myr-pre-S1(2-18) peptide inhibited HBV infection of Tupaia hepatocytes,
whereas neither the myr-pre-S1(2-8) nor myr-pre-S1(19-48) peptides block the HBV
infection these cells [41]. Notably, the myr-pre-S1(2-48) peptide showed highest
inhibition activity. Furthermore, point mutations between Asn-9 and Phe-14 in the myr-
pre-S1(2-48) peptide abrogated its inhibition of HBV infection [10, 43]. These results
indicated that the myr-pre-S1(9-18) region is essential for HBV infection (presumably
by acting as an essential NTCP-binding domain; see Fig. 18) and that the pre-S1(19-48)
region supports the function of the myr-pre-S1(9-18) region. Therefore, the pre-S1(30-
42) domain may be a key determinant in the enhancement of HBV infection.

Generally, cell entry by viruses is executed through complicated steps, including
receptor attachment, endocytosis, membrane fusion, and endosomal escape. Interestingly,
the evolutionarily conserved residues in the pre-S1(9—47) region harbor many functional
domains (Fig. 18), including the essential NTCP-binding domain (N-terminal
myristoylation, from Asn-9 to Pro-15), low pH-dependent fusogenic domain (from Asn-
9 to Gly-24), and heparin-binding domain (from Pro-30 to Pro-42). Recently, by using a
targeted RNA  interference  screening, glypican 5, a family of
glycosylphosphatidylinositol-anchored HSPG, was found to be one of the initial
attachment receptors for HBV [44]. These data have led us to propose a new model of
HBV early infection: initial attachment of the pre-S1(30-42) region to cell-surface HSPG,
cell entry by endocytosis, interactions of myristoyl residues and the pre-S1(9-15) region
with endosomal NTCP, exposure of the pre-S1 (9-24) region through a conformational

change in the L protein, induction of full membrane fusion between the HBV membrane
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and endosomal membrane under acidic conditions, and then escape of the virus core from
late endosomes.

HSPG is widely utilized as an initial cell attachment receptor for various viruses
and nanocarriers, including hepatitis C virus [45], porcine circovirus 2 [46], herpes
simplex virus [33], exosomes [47], apolipoprotein E-derived peptide-modified LPs [48],
and cell-penetrating peptide-modified LPs [49], because HSPG is ubiquitously expressed
in various tissues [35]. Many heparin-binding peptides have been identified in viral and
heparin-binding proteins that can interact with various types of cells. It is noteworthy that
hepatitis C virus could infect hepatic cells specifically by the help of highly sulfated
glycosaminoglycans (GAGs) found in liver [45, 50]. The liver-specific infection of HBV
could be blocked by heparin or other highly sulfated GAGs, but not by lower sulfated
GAG [8]. These studies suggested that highly sulfated GAGs specifically expressed in
liver may be responsible for the liver-specific uptake of HBV.

In this study, | identified a novel heparin-binding peptide, pre-S1(30-42), that
shows a strong affinity for human hepatic cells (Fig. 19). The surface charges of
conventional heparin-binding peptides are often positive. The theoretical isoelectric
points of heparin-binding peptides of HIV gp120, vitronectin, adeno-associated virus 2
VP3, equine arteritis virus E protein, and eastern equine encephalitis virus E2
glycoprotein are 12.48, 12.48, 12.00, 11.83, and 10.30, respectively [51-56], whereas that
of the pre-S1(30-42) peptide is 3.93. | postulated that the pre-S1(30-42) peptide,
especially the hydrophobic segment consisting of Asp-31, Trp-32, and Asp-33, interacts
with heparin through hydrophobic interactions rather than electrostatic interactions.
Because highly sulfated heparin is commonly found in human hepatic cells [50] and

treatment with sodium chlorate abrogated the interactions between pre-S1(30-42)-
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displaying LPs and sulfated glycosaminoglycan chains (Fig. 16), thus, as described above,
the strong affinity of the pre-S1(30—42) peptide to human hepatic cells may be sustained
by the highly sulfated residues in HSPG. Although the cellular uptake of pre-S1(30-42)-
displaying LPs was significantly higher than that of myr-pre-S1(2—47)-displaying LPs
(Fig 7B and Fig. 10B), the binding affinity to heparin Sepharose 6 of these LPs was
similar (Fig. 17A). Unlike pre-S1(30-42) peptide, myr-pre-S1(2-47) peptide contains two
membrane-interacting domains, N-terminal myristoyl group and fusogenic domain pre-
S1(9-24) [20]. It was suggested that these domains may hamper the cellular entry of myr-
pre-S1(2-47)-displaying LPs by interacting with plasma membrane.

The pre-S1(30-42) peptide shows negative charge in physiological conditions,
while conventional heparin-binding peptides exhibit positive charge. Owing to this
unique property, pre-S1(30-42)-displaying nanocarriers are expected to show reduced
non-specific interaction with biomolecules and cells during blood circulation. Especially,
macrophages prefer to engulf positively charged materials more efficiently than
negatively charged ones [57]. Collectively, the stringent hepatotrophic property of HBV
is mediated by two domains residing in the myr-pre-S1(2-47) region. The pre-S1(30-42)
region first interacts with highly sulfated heparin on human hepatic cells. After HSPG-
mediated endocytosis, the myr-pre-S1(9-15) region interacts with NTCP in endosomes.
This working hypothesis agrees well with the present model for the mechanism

underlying HBV early infection [23, 58].

3.5. Conclusions
| identified a novel heparin-binding domain in the N-terminal half of the pre-S1

region (from Pro-30 to Pro-42), localized close to the low-pH fusogenic domain (from
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Asn-9 to Gly-24) and NTCP-binding site (N-terminal myristoyl residue and from Asn-9
to Pro-15). The pre-S1(30-42) peptide showed higher specificity for human hepatic cell-
derived heparin, and the evolutionarily conserved residues Asp-31, Trp-32, and Asp-33
were found to indispensable for this activity. Our results shed light on the early infection
machinery of HBV, elucidating how functional domains in the myr-pre-S1(2-42) region
are coordinated on a molecular basis. Finally, since the pre-S1(30-42) domain is involved
in the initial cellular attachment of HBV, pre-S1(30-42)-displaying LPs can be used as

efficient human hepatic cell-specific HBV-mimicking DDS nanocarriers.
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Chapter IV
Comprehensive Discussion

Drug delivery system (DDS) nanocarrier is a state of art technology for
therapeutic agents (i.e., chemical compounds, proteins, and genes) to maximize efficacy
and minimize undesirable side effects [1]. Nanomaterials, including liposomes (LPs),
polymers, lipid-like nanoparticles (LNPs), nanogels, micelles, and viral vectors [2] have
been widely used as DDS nanocarriers for encapsulating agents, which could enhance
drug solubility, optimize half-life in bloodstream, increase drug concentrations in
diseased tissues, and reduce the damage to normal tissues on extravasation [1-3]. The
development of DDS nanocarriers has so far been based on a “trial and error” process of
material composition, encapsulation method, physiological parameter optimization (i.e.,
nanoparticle size, shape, zeta potential, and stability), safety test, and therapeutic efficacy
evaluation [4]. At present, non-viral DDS nanocarriers such as LPs, LNPs, and
nanomicelles are widely used in basic research and clinical trials, due to its high safety,
high drug encapsulation efficiency, low immunogenicity, and simple CMC (chemistry,
manufacturing, and controls) [5]. While these nanocarriers were modified with functional
moieties for targeting, cell penetrating, and immune evasion, they have not yet exhibited
sufficient abilities of in vivo targeting, cell attachment, cell entry, endosomal escape, and
drug release concurrently. On the other hand, viral DDS nanocarriers such as
adenoviruses, adeno-associated viruses, lentiviruses possess the aforementioned abilities
sufficiently, whereas several issues such as pathogenicity, immunogenicity, and
complicated CMC should be addressed for expanding the range of their applications [5].
Thus, the hybrid materials harboring the advantages of viral and non-viral DDS

nanocarriers have been expected as promising DDS nanocarriers for a long time [6].
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Our group have developed a candidate of hybrid DDS nanocarriers by using
approximately 50-nm HBYV envelope L protein particle, synthesized in Saccharomyces
cerevisiae (named as a bio-nanocapsule (BNC))[7]. Since BNC consists of complete
envelope protein and excludes HBV-derived pathogenic components (i.e., genome, core
antigens) and shares similar structure with an immunogen of conventional HB vaccines,
it is considered that BNC is a safe material equipped with HBV early infection machinery.
When encapsulated chemical compounds, proteins, and genes into BNC by
electroporation, they could deliver payloads specifically and efficiently to human hepatic
cells in vitro and in vivo [8]. Furthermore, BNC could fuse with LPs leading to the
formation of BNC-LP complexes under the neutral conditions [9, 10] or virosomes under
high temperature and acidic conditions [11]. Both BNC-LP complexes and virosomes
could exhibit higher drug/gene loading capability and deliver payloads to human hepatic
cells more efficiently and specifically [9-11]. Moreover, our group developed low
immunogenic BNC by mimicking HBV escape mutants [12] and identified the
polymerized albumin receptor in pre-S2 region as an immune evasion domain [6].
Although BNC has been successfully demonstrated as a promising hybrid DDS
nanocarrier, the complicated CMC caused by the nature of biologics have hampered the
expansion of its application range.

For overcoming the CMC-related disadvantage of BNC, | focused on the
functional domains in L protein indispensable for the early infection machinery of HBV,

and tried to reconstitute the machinery on the surface of non-viral DDS nanocarriers (Fig.
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23). The early infection machinery of HBV consists of four processes, such as cell
attachment, cell entry, endosomal escape, and uncoating. However, each process has not
been fully elucidated on the molecular basis (see Fig. 2): how HBV interacts with HSPG

initially on the surface of target cell, how HBV transfers from HSPG to NTCP in
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Fig. 23 Schematic of virus-mimicking nanoparticle.

endosomes, and how NTCP is involved in the endosomal escape and uncoating process
of HBV.

In this thesis, | analyzed the molecular mechanism underlying membrane
disruption/fusion activity of pre-S1(9-24) and identified a novel heparin-binding domain
pre-S1(30-42). Both domains might play pivotal roles in the HBV early infection
machinery and could contribute to the establishment of efficient HBV-mimicking DDS
nanocarriers. However, it is necessary for the forthcoming DDS nanocarriers to harbor
defined mechanisms for their cell entry and endosome escape [1, 2]. Recently, various
membrane disruption/fusion peptides have been installed to DDS nanocarriers for
enhancing the endosomal escape of encapsulated drugs (e.g., HIV-derived transactivator
of transcription (tat) peptide [13]). Generally, these peptides exhibit either highly positive

charge or hydrophobic property, hampering the modification with other functional

74



moieties for targeting and immune evasion onto the surface of nanoparticles [4]. Basic
amino acids, Arg or Lys, could contribute to the membrane attachment, the hole formation,
and thereby the disruption of membrane structure [13, 14]. However, when the strong
electrostatic interaction occurs between basic amino acids and plasma membrane, the
cells would be severely damaged by an unwanted cellular cytotoxicity. Thus, the
membrane disruption/fusion peptides for DDS nanocarriers should be tuned precisely not
to show severe cytotoxicity in the endosomes under acidic conditions. Viruses are
naturally occurring DDS nanocarriers, which exhibit sophisticated endosomal escape
without showing strong cytotoxicity in their early infection machineries [15]. The use of
virus-derived fusogenic peptides is one of the most plausible strategy for development of
the forthcoming DDS nanocarriers. In Chapter Il, | analyzed the membrane
disruption/fusion mechanism of HBV-derived pre-S1(9-24) by using mutated peptide-
displaying LPs. Finally, I found that the low pH-dependent membrane disruption/fusion
activity is well correlated with the hydrophobicity of pre-S1(9-24), especially the
hydrophobic clusters located at both ends. Two acidic amino acids, Asp-16 and Asp-20,
act as sensing acidic conditions to induce the membrane fusion, which is the similar
function to the Glu-15 and Asp-19 of the fusogenic domain of influenza virus
hemagglutinin protein [16]. Generally, virus-derived fusogenic peptides harbor rigid
structures (a-helix or B-sheet) under acidic conditions for facilitating the membrane
interaction. However, the pre-S1(9-24) fusogenic domain exhibited a random-coil
structure even under acidic conditions, which has been found only in the flavivirus
envelope protein-derived fusogenic peptide [17]. It remains unclear how the fusogenic

peptides of HBV and flavivirus function for membrane fusion on the molecular basis.
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In Chapter Il1, I identified two heparin-binding domains in the pre-S1 region,
pre-S1(9-24) with weak affinity and pre-S1(30-42) with strong affinity (see Fig. 17). To
my knowledge, it is infrequent that such a short region contains multiple functional
domains, namely the pre-S1(9-15) region responsible for essential NTCP binding [18],
the pre-S1(9-24) region responsible for heparin binding and membrane disruption/fusion,
and the pre-S1(30-42) for heparin binding (see Fig. 18). So far, it has been considered
that HBV initially interacts with receptor HSPG and then moves to NTCP, both events
occurred on the cell surface [18]. From my results, both pre-S1(9-24) and pre-S1(30-42)
are involved in the initial attachment of HBV with highly sulfated GAGs of HSPG on the
surface of human hepatic cells. Since HSPGs consist of a core protein associated with
various GAG chains, the heparan sulfate GAG diversity found in HSPGs (i.e., N- and O-
sulfation and epimerizations [19]) could contribute to different biological functions of
them [20]. One research group previously found that almost all syndecan and glypican
families (members of HSPGs) are involved in the cell entry of HBV, whereas agrin and
perlecan not. Especially, glypican 5 is the most responsible to the cell attachment and
entry of HBV among HSPGs [21]. Actually, high concentration of heparin (i.e., 10-100
g/mL) could block the HBV infection completely in vitro [22]. Meanwhile, another
research group demonstrated that physiological concentration of heparin could enhance
the HBV infection to human hepatic cells in a pre-S1 region- and NTCP-dependent
manner. Especially, O-sulfation of heparin is more efficient for the enhancement of HBV
infection than N-sulfation of heparin [23]. In future, it would be necessary for clarifying
the aforementioned discrepancies in the role of HSPGs to elucidate how the evolutionally
conserved residues Asp-31, Trp-32, and Asp-33 of pre-S1(30-42) interact with GAGs on

the molecular basis. Moreover, | speculate that the interaction with highly sulfated GAGs
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could trigger the conformational change of pre-S1 region (i.e., pre-S1(9-15)) for NTCP
binding in the endosomes. The NTCP interaction may change the conformation of pre-
S1(9-24) fusogenic domain, leading to the membrane interaction.

HSPG is an endocytosis receptor, which plays a pivotal role in the initial
interaction and cell entry of a large number of DDS nanocarriers [24-26]. Generally, these
nanocarriers, for examples cell penetrating peptide-modified LPs and heparin binding
peptide-modified LPs, charged positively, which could interact with negatively charged
HSPG through electrostatic interaction. However, these nanocarriers are often
phagocyted by macrophages in vivo more efficiently than negatively charged nanocarriers,
resulting in undesired biodistribution, such as the accumulation in lung, liver, and spleen
[27, 28]. As described in Chapter II1, the pre-S1(30-42)-displaying LPs exhibited stronger
heparin-binding activity and hepatotropic property than the LPs displaying conventional
positively charged heparin-binding peptides. Thus, negatively charged pre-S1(30-42) is
more ideal targeting molecule for the forthcoming HSPG-targeting DDS nanocarriers.
Comparing with other HBV-mimicking DDS nanocarriers, such as pre-S1 peptide-
modified micelles and nanocages, the pre-S1(30-42)-displaying LPs possess the
following advantages: 1) the enveloped structure of LPs is very similar to that of HBV,
being suitable for displaying the HBV-derived functional domains indispensable for the
early infection machinery; 2) LP-based DDS nanocarriers have been already
demonstrated as the most successful platform for clinical use [29]; 3) pre-S1(30-42)
exhibits the highest HSPG-interacting activity and shortest structure among HBV-derived
HSPG-interacting peptides, which is very useful for DDS nanocarriers; 4) pre-S1(30-42)
exhibits higher hepatotropic property than other pre-S1-derived peptides; 5) pre-S1(30-

42) can induce endocytosis more efficiently than other pre-S1-derived peptides. In near
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future, the combination of pre-S1(30-42) and pre-S1(9-24) would facilitate the
development of ideal HBV-mimicking DDS nanocarriers harboring complete HBV early
infection machinery (i.e., HSPG-mediated cell attachment, cell entry by endocytosis,
transfer to NTCP in endosomes, disruption/fusion of endosomal membrane and

nanocarrier’s membrane, and cytoplasmic release of payloads by endosomal escape).
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