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widely used in chemical processes involving copper and
nickel catalysts as well as in fermentation processes
carried out in stee] tanks.

To construct novel yeast cells for practical use as
bioadsorbent, suspended cells must normally be separated
from the media prior to further processing, For complete
separation, the cell culture is commonly centrifuged,
which, however, requires use of a device and is expensive.
By contrast, aggregation is a cheap and simple procedure,
since the cells spontaneously from the culture medium.
Cell aggregation is observed in S. cerevisiae and utilized
in the production of pharrhaceutical and food products.
Overexpression of GTSI, a gene affecting the timing of
budding, cell size, heat tolerance, and cell aggregation, has
been reported to result in constitutive aggregation (Bossier
et al. 1997; Mitsui et al. 1994; Yaguchi et al. 2000).
Kuroda et al. (2002) endowed the hexa-His-displaying
strain of S. cerevisiae with the ability to self-aggregate in
response to environmental copper ion, thus allowing easy
removal of the bioadsorbent from treated water.

Endocrine disruptor binding protein

One current focus in the field of endocrine disruption is to
determine whether estrogenic compounds can mimic the
effects or modify the activity of steroid hormones. To
evaluate the ability of chemical compounds acting .as
endocrine disruptors to bind to steroid hormone receptors,
various in vivo and in vitro assay systems have been
developed and used to determine estrogenicity (Nishikawa
et al. 1999; Routledge et al. 1997; Sohoni et al. 1998). Of
concern is whether exposure to chemicals with steroid-like
activity can disrupt normal endocrine function, leading to
altered reproductive capacity, infertility, endometriosis,
and cancers of the breast, uterus, and prostate (Jensen et al.
1995; Sharpe 1998).

A novel armming yeast displaying the ligand-binding
domain of the rat estrogen receptor (ERLBD) on its cell
surface (Yasui et al. 2002) heralded the possibility of a
new assay system based on strains of S. cerevisiae

Fig. 4 Recovery of heavy-
metal jon adsorbed by yeast
strain displaying hexa-His
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displaying steroid hormone receptors. The binding activity
of ERLBD, displayed on the yeast cell surface, to
fluorescent 173—estradiol (17-FE), an analogue of the
natural ligand of the estrogen receptor, was comparable to
that of the native receptor. The number of 17-FE
molecules entrapped on the cell surface demonstrates
that a system based on this new arming yeast will be useful
not only in screening hormone-like compounds through
competitive experiments but also in removing them from
the environment,

Cellulose-binding protein

Cellulose is hydrolyzed by the cellulolytic enzyme system
as described above. Like many other cellulases, two
cellobiohydrolases (CBHI and CBHII) of the filamentous
fungus T reesei have a cellulose-binding domain (CBD)
linked by a linker peptide to the catalytic core domain. The
CBDs, the domains of CBHI and CBHII, display two
distinct faces, one flat form and the other rough. The flat
face is the binding surface to cellulose and contains several
aromatic amino acids. The CBDs of CBHI (CBD1) and
CBHII (CBD2) have similar binding properties, but the
former binds reversibly and the latter irreversibly. A basic
analysis of the binding ability of CBD to cellulose might
contribute not only to understanding its binding mecha-
nism but also to a wider development of the applications
of yeast immobilization, for instance, in whole-cell
biosensors and as bioadsorbents (Nam et al. 2002).

Genes encoding the CBD of CBHI and CBHII from T.
reesei have been expressed on the cell surface of S.
cerevisiae by cell-surface engineering (Nam et al. 2002),
with tandemly aligned CBHI (CBD1) and CBHII (CBD2)
fusion genes also constructed to display the two CBDs
simultaneously on the cell surface. The binding affinity of
the CBD-displaying yeast cells to a cellulose substrate is
similar between CBDI-displaying and CBD2-displaying
cells, and cells displaying the fusion protein of CBDI and
CBD2 show much higher binding affinity to cellulose than
either of the single CBD-displaying yeast cells.
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No studies have ever tried to bind yeast cells to
cellulose through veast cell-surface display of a fungal
CBD, although the binding of recombinant Staphylococ-
cus carnosus of E. coli to cellulose by CBD display on the
cell surface has been reported recently (Lehtio et al. 2001,
Wang et al. 2001). The binding ratio of yeast cells is
dependent on the number of CBD melecules displayed on
the cell surface. In future studies, CBD- and mutated-
CBD-displaying yeast cells will be used to analyze the
binding mechanism of CBDs to cellulose, while yeast cells
engineered to co-display CBDs and target enzymes will
allow the construction of a bioreactor system with
sequential and/or multistep enzyme reactions on the
cellulose filter.

Fluorescent protein

A visible reporter located on the cell surface, which is an
extremely important interface between the cell and its
environment, represents a more powerful and vital marker
for gene transcription, membrane protein localization, and
ligand binding in molecular and biological analysis than
an enzyme-type reporter expressed within the cell, as
monitoring can be carried out without cell disintegration
and at the level of a single cell. A green fluorescent protein
(GFP) from the jellyfish Aequorea victoria has been used
in the molecular design ofa novel visible type of reporter
to target the cell surface of 8. cerevisiae (Ye et al. 2000).
Quantification of the number of enahnced GFP (EGFP)
molecules displayed on the yeast-cell surface by the o-
agglutinin fusion protein under the control of the S,
cerevisine glyceraldehyde-3-phosphate  dehydrogenase
(GAPDH) promoter produces results similar to those
obtained by fluorometry and by confocal laser-scanning

Fig. 5§ ELISA to detect rabbit
IgG and sandwich ELISA to
detect antigen, and separation of
1gG-type antibodies using yeast
cells displaying ZZ
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microscopy, indicating the accuracy of the count (Shiba-
saki et al. 2001a). These counts indicate that 10*-10°
molecules of ce-agglutinin-fused molecules are expressed
on each cell and that the amount of fluorescent protein
expressed on cells harboring a multicopy plasmid is three
to four times greater than on cells with the gene integrated
in the genome.

A combination of reporters and promoters to sense
intra- and extracellular conditions should allow the
construction of a novel self-sensing yeast cell. The UPR-
ICL promoter from Candida tropicalis, which has been
found to be functional in S. cerevisiae (Kanat et al. 1996),
is suitable for sensing glucose exhaustion, and the GFP
variant BFP (blue fluorescent protein) is utilizable as the
second reporter for this purpose. Shibasaki et al. (2001b)
placed the BFP-encoding gene on a vector for integration
into the yeast genome under the control of the UPR-ICL
promoter and evaluated the relationship between intra- and
extracellular glucose concenirations and the intensity of
fluorescence from the surface-engineered cells. They also
used the PHOS promoter and the MEP2 promoter derived
from S. cerevisize to monitor nutrient concentration
(Shibasaki et al. 200ic). The former is the upstream
scquence of the gene (PHOS5) for a secreted acid
phosphatase (Harashima et al. 1995; Meyhack et al
1982; Rudolph and Hinnen 1987) and its transcription is
known to be regulated by the extracellular concentration of
inorganic phosphate, that is, repressed in high-phosphate
medium and derepressed in low-phosphate medium. The
latter is the upstream sequence of the gene (MEP2) for an
ammonijum-ion transporter protein {Lorenz and Heitman
1998; Marini et al. 1994, 1997). In the presence of the
nitrogen sources, glutamine, asparagine, and ammonium,
all three MEP genes are repressed, whereas under poor
nitrogen supply MEP2 expression is much greater than
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MEP] and MEP3 expression. The GFP variants ECFP
(enhanced cyan blue fluorescent protein) and EYFP
(enhanced yellow fluorescent protein) have been used as
reporters, and flow cytometric studies demonstrated that
fluorescence emission from ECFP and EYFP displayed on
the yeast cell surface reflected the concentration of
phosphate ion or ammonium ion. This novel cell-sur-
face-engineered system for non-invasively identifying
environmental changes using various promoters allows
the creation of intelligent cells able to independently sense
extracellular environmental conditions and intracellular
states without the need to disintegrate the cell. Novel yeast
strains will also facilitate the computerized control of
various bioprocesses through measurement of the intensity
of emitted fluorescence.

Protein A derivative

Nakamura et al. (2001; Shimojo et al. 2004) employed
cell-surface engineering using the C-terminal half of «-
agglutinin fo construct a yeast strain displaying the ZZ
domain derived from Staphylococcus aureus (SPA}, which
binds to the Fc part of immunoglobulin G (IgG) (Nilsson
et al. 1987). The ZZ protein has a structure repetitive of
the small Z domain (58 amino acid residues), which
consists of two o-helical domains. ZZ interacts with [gG
from various species, including human (IgGl, IgG2 and
IgG4) and rabbit (all of the IgG class), and has been used
as an affinity tag to purify recombinant proteins and in
immunoassay. S. cerevisiae cells displaying ZZ could
therefore be widely used as immunoadsorbents in immu-
noassay and affinity purification (Fig. 5). Enzyme-linked
immunosorbent assay (ELISA) and sandwich ELISA
using S. cerevisiae cells displaying ZZ can both detect
IgG and antigen {e.g. human serum albumin) down to a
concentration of 1-10 ng/ml, The detection range covered
by these assay systems is broad and can be varied by
adjusting the amount of cells and the duration of reaction
with the enzyme (horseradish peroxidase) substrate. Yeast
cells displaying ZZ have also been successfully used for
repeated affinity purification of IgG from serum. These
results suggest that 5. cerevisiae displaying ZZ may
constitute a novel and genetically renewable whole-cell
immunoadsorbent widely applicable for immunoassay and
affinity purification.

Single-chain antibody and single-chain T-cell receptor

In the use of antibodies as therapeutics, rapid and cost-
effective identification along with the development of
antibodies with high specificity and high affinity are
critical. Yeast cell-surface display systems have been
found to be effective for the display of single-chain
antibody {scFv) and the development of antibodies with
enhanced affinity and stability (Boder and Wittrup 1997,
Boder et al. 2000; Feldhaus et al. 2003). In the studies
cited, functional scFv was successfully expressed on the
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yeast cell surface by fusion to the C-terminus of Aga2p.
The Aga2p-scFv fusion protein is linked to Agalp by two
disulfide bonds. When the scFv fragment of antifluor-
escein antibody was displayed on the cell surface, it bound
fluorescein-conjugated dextran, demonstrating that the
antibody-binding site is accessible to very large macro-
molecules (Boder and Wittrup 1997). Yeast cell-surface
display systems also offer many advantages for screening
large combinatorial scFv libraries, and together with
fluorescence-activated cell sorting (FACS) allow rapid
quantitative isolation of rare clones with the desired
characteristics (Boder and Wittrup 1997; Boder et al.
2000; Feldhaus et al. 2003). In addition, solid-phase
capturing methods, such as magnetic separation, are
efficient and convenient tools to isolate target cells from
large cell-surface display libraries without using expensive
equipment (Furukawa et al. 2003). Several successful
instances of isolation of scFv with high antigen-binding
affinity have been reported (Boder and Wittrup 1997;
Boder et al. 2000; Feldhaus et al. 2003)

There is significant clinical interest in the T-cell receptor
(TCR), which specifically recognizes peptide-major his-
tocompatibility complex antigens in cell-mediated immu-
nity. Although antibodies and the extracellular domains of
TCR have similar structures, they have evolved to
recognize different classes of ligands. It is therefore very
important to clarify the difference in the V region of
antibodies and TCRs in terms of molecular recognition.
Single-chain T-cell receptor (scTCR) was constructed by
connecting the Vgand V, regions from TCR with a linker
peptide and has been successfully displayed on the cell
surface through fusion with Aga2p (Keike et al. 1999;
Shusta et al. 2000). Thus, the scTCR yeast cell surface-
display system is effective for T-cell receptor engineering.

Antibody Fab fragment

Functional hetero-oligomeric proteins, such as antibodies,
have been successfully displayed on the yeast cell surface
(Lin et al. 2003). This is probably attributable to the fact
that yeast possesses typical eukaryote-specific, post-trans-
lational modification mechanisms for functions including
proteolytic processing, folding, glycosylation, and effi-
cient disulfide isomerization, and a secretory machinery
homologous to that of mammalian cells, One model
system uses the antibody 6D9, prepared by immunization
of the transition-state analog haptenic phosphonate, A
hetero-oligomeric Fab fragment of the catalytic antibody
6D9 efficiently hydrolyzed a non-bioactive chloramphe-
nicol monoester derivative to produce chloramphenicol
(Miyashita et al. 1997). The gene encoding the light chain
of the Fab fragment was expressed with the tandemly
linked C-terminal half of x-agglutinin, and the gene
encoding the Fd fragment of the heavy chain of the Fab
fragment as a secretion protein. The Fab fragments
associated together on the yeast cell surface had an
intermolecular disulfide linkage between the light and
heavy chains and showed high stability and reactivity in



antibody-catalyzed reactions. The combination of the
yeast cell-surface display system and the system for
secretion from cells makes it possible to display functional
hetero-oligomeric proteins of Fab fragments. The success-
ful display of a functional hetero-oligomeric catalytic
antibody allows a larger protein library to be constructed
and clones of interest to be selected easily from a
mutagenized protein pool using a fluorescently labeled
hapten.

Combinatorial protein library

In vitro selection from molecular libraries has rapidly
come of age as a protein-engineering tool. In the absence
of quantitative and computational structure-function
relationships for proteins, rational approaches to muta-
genesis have limited potential to successfully and rapidly
alter protein molecular properties to meet predefined
criteria. As an altemnative strategy, the construction and
selection of randomly mutated combinatorial libraries has
yielded numerous successes.

A combinatorial random protein library can be
constructed from random DNA fragments generated by
what is termed DNA random priming, an improved
method of random-priming recombination (RPR) (Zou et
al. 2001). Combining this method with cell-surface display
techniques results in some “unusual fragments” or
“unusual proteins” different from the natural genes and
amino-acid compositions. In order to express this library
on the yeast cell surface, a yeast multicopy cassette vector
is constructed.

As an example, an r-nonane-tolerant yeast strain
screened out from transformants displaying this combina-
torial library was found to grow very well in nonane-
overlaid culture medium. In both prokaryotic and eukary-
otic organisms, organic-solvent tolerance has been con-
sidered as a cell-surface-related function and/or a function
of the lipid composition (Miura et al. 2000). While there
has been no report on the mechanism of this tolerance in
yeast, it is highly likely that the yeast cell surface is
intimately connected with organic-solvent tolerance. If this
was the case, a protein library displayed on the yeast-cell
surface would be very helpful in screening for proteins
responsible for organic-solvent tolerance. When a combi-
natorial protein library constructed through displaying
about 4x10* independent colonies on yeast cells was
screened against the pressure of n-nonane, only one clone
retained nonane tolerance after several passages of culti-
vation in the presence of the solvent (Zou et al. 2002). The
tolerance was confirmed to be due to the random protein
displayed on the yeast cell surface. Genetic analysis
showed that a fragment of 274 bp was inserted in-frame
into the multicopy cassette vector. The inserted protein
fragment was relatively hydrophilic, which seemed to
confer the clone with surface characteristics similar to
those of the isooctane-tolerant mutant. This similarity
suggests that the organic-solvent tolerance of yeast cells
may be closely related to the structures and functions of
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the cell surface, although further investigation is required
to confirm this and to identify the mechanism in detail.
This strain, which is the first genetically constructed
recombinant yeast strain able to lolerate the organic
solvent n-nonane, will provide important information on
the organic-solvent tolerance of eukaryotes, which may
lead to a much wider application of yeast in industrial
bioprocesses in general. At the same time, the strain may
act as a model for screening of other new phenotypes and
novel functional proteins from combinatorial protein
libraries.

Future directions

The S. cerevisige strains reviewed here are the first
examples of surface-engineered yeasts in which active
enzymes and functional proteins targeted to the cell
surface endow cells with new beneficial properties. Yeast-
based systems allow successful display of large protein
molecules, not only of single-subunit proteins but also
hetero-oligomeric multi-subunits. In addition, several
different proteins can be displayed simultanecusly. These
surface-engineered yeast strains have been referred to as
“arming yeasts” (Anonymous 1997). _

The displayed proteins are self-immobilized on the cell
surface, with this feature being passed on to daughter cells
as long as the genes are retained by the cells.

The ability to display enzymes should further enhance
the status of S. cerevisine as a novel and attractive
microorganism able to act as a whole-cell biocatalyst, This
is particularly important when target substrates cannot be
taken up by the cells. Furthermore, the system allows the
production of renewable biocatalysts. In previous studies,
surface-displayed enzymes were mainly used as simple
catalysts. However, cellular engineering studies have
resulted in the ability to change or improve intracellular
metabolic capabilities by the addition or deletion of certain
enzymes. In cell-surface engineering, cell-surface display
is combined with the endowment of yeast cells with
additional metabolic functions. The resulting yeast strains
can thus be used as “cell factories” suitable for a wide
variety of industrial applications.

The various types of protein libraries displayed on the
yeast cell surface promise to supply novel protein
molecules with significantly elevated binding affinity
and stability, and endowed with new functions. The
combination of efficient screening methods (e.g. high
throughput flow cytometry and solid-phase capture meth-
ods such as magnetic separation) with cell-surface display
will significantly accelerate the development of protein
engineering. In particular, efficient and simple screening
methods such as magnetic separation (Furukawa et al.
2003) are critical for the broader application of cell-surface
display systems.
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Abstract: The hepatitis B virus (HBV) surface antigen (HBsAg) L particle is a hollow nano-scale particle. HBsAg L
particles have many properties that make them useful for fn vive gene transfer vectors and drug delivery systems, Gene
therapy so far has required the i vivo pinpoint detivery of genetic materials inlo the target organs and cells. Gene transfer
by HBsAg L particles might be an attractive method, since their tropism Is the same as that of HBV. The HBsAg L
particles are able to deliver therapeutic payloads with high specificity to homan hepatocytes. In addition, the specificity of
L particle can be altered by displaying various cell-binding molecules on the surface. Our results Indjcate that the L
paurticle is suitable for a cell- and tissue-specific gene/drug transfer vector, In this review, we discuss 11BsAg L particles as
a gene/drug transfer vector and its potential for the treatment of infectlcus diseases,
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INTRODUCTION

Gene therapy is recognized as a promising approach for
treating serious diseases, including monogenic diseases,
infectious diseases and cancer [1, 2]. Gene therapy is based
upon the introduction of therapeutic genes into the target
cells and organs of patients. In the previous decade, gene
therapy was initially adapted to the treatment of genetic
diseases, such as adenosine deaminase severe combined
immunodeficiency (ADA-SCID). At present, the clinical
frials on primary immunodeficiency diseases (PID) are being
conlinued by several groups [3-5). Recent advances in
virology, biochemistry, and molecular hiology allow us to
approach infectious diseases at the molecular level and
supply us with useful genetic information for designing
therapeutic reagents. Therefore, gene therapy may prove

strategies against viral infections include genetic vaccination
stimulating the host immune responses and the inhibition of
viral replication with gene products, such as antiscnse
DNA/RNA, RNA interference (RNAi), and DNA decoys.
However, the lack of appropriate and safe gene transfer
vectors has severely restricted gene therapy in the mortal
discases.

Various methods have heen developed for delivering
therapeutic genes to the farget cells or organs, Recombinant
viral vectors, like retroviruses [6] and adenoviruses [7],
represent one such approach, The greatest advantage of viral
vectors is their high efficiency of gene transfer. However,
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there are severe limitations due to the properties of wild-type
viruses. The viral vectors transfer penes into cells other than
the target cells because of their wide range of cell infectivity.
Thus, these veclors are rarely used to i vive methods and
applications. Retroviral vectors, which are popular vectors in
clinical trials, have the ability to integrate their genomes into
the host chromosomal DNA [8-10]. This results in a long-
term expression of transgenes, while it is difficult to control
the insertlon position in the chromosome of the infected
cells, and random site integration may lead to gene
inactivation or activation of oncogenes [11, 12]. In 2002, two
children were found to develop leukemia during the gene
therapy trials in France {13, 14). They were treated for X-
linked severe combined immunedeficiency (X-SCID) using
a retroviral vector [4]. In this case, the retroviral vector has
integrated its payload in proximity to T-cell oncogene
LMO2, and led to premalignant cell proliferation with
unexpected frequency.

In order to succeed in gene therapy, the gene delivery
system should possess the following features; (i)
effectiveness of delivering genetic materials, (i} preciseness
of delivering into the appropriate target cells and organs, (iii)
precisencss of delivering into the appropriate genetic site,
and (iv) overall safety for patients. Although there have been
many attempts fo develop a novel gene transfer system, no
system has so far fulfilled these important criteria, This
current situation prompted us to develop a novel gene
transfer vector based on hepatitis B virus (HBV) surface
antigen {(HBsAg) L particle, Qur previous report demonstrated
the properties of HBsAg L particle are suitable for a novel
vector system. In this review, we discuss HBsAg L particie
as a gene (ransfer vector and also their potentials in treating
infectious diseases.

© 2004 Bentham Sclence Publishers Lid.
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WHAT IS HBsAg L PARTICLE?

HBV is a human liver-specific DNA virus, whose 3.2-
kbp genome harbors three averlapping envelope (eav) genes
in a single open reading frame, Depending on the three
translation initiation codons, three related transmembrane
proteins are produced in human hepatocytes, designated as
small (8), middle (M), and large (L). The S protein is a major
env protein (226 amino acid residues), and the M protein
comprises the entire sequence of the S protein with an
additional 55 amino acids at the amino-terminal (pre-52
peptide). The L protein has the entire sequence of the M
protein with an additional 108 or 119 amino acids
(depending on the HBV subtype) et the amino-terminal (pre-
81 peptide) [15]. As shown in Fig. (1), HBsAg L particle is a
hollow subviral particle consisting of HBsAg L proteins and
a lipid bilayer derived from the hos cell [16, 17]. The pre-S1
peptide mediates the specific attachment of HBV to human
and chimpanzee hepatocytes [18-20).

Previously, we demonstrated the efficient production of

HBYV L particles in recombinant yeast cells (up to 42% of the
total soluble proteins} [21]. Owing to the high productivity,
L particles were promptly purified using only ultracentrifugal
procedures, which was enough to analyze their physico-
chemical properties [22]. By equilibrium sedimentation, the
average molecular weight of L particles was estimated to be
approximately 6.4 x 10% Atomic force microscopy
observation in a moist atmosphere had revealed L particles
are large spherical particles with a diameter of 50-500 nm
(average diameter is 200 nm),

HBsAg L PARTICLE AS A GENE/DRUG TRANSFER
VECTOR

The HBsAg L particle is &isplaying a peptide that is
indispensable for liver-specific infection by HBV in humans

¢ wrnda et al.

and chimpanzees, Thus, it has been expected that L particles
could serve as a vector possessing high infectivity and high
specificity to human and chimpanzee hepatocytes. Recently,
we demonstrated that L particles could introduce genes and
drugs into human hepatocytes both in cultured cells and in
laboratory animals [23]. We have found that electroporation
is efficient for incorporating transgenes and drugs inside the
particle, The L particles containing these materials could
inttoduce into human hepatocytes and hepatoceliular
carcinoma cells, but not into control non-human hepatic
cells. Also, the L particles were able to deliver their payloads
through the blood stream only in human hepatocellular
carcinomas, but neither in other human carcinomas nor in
normal mouse tissues. Intravenous injection of the L
particles containing the. gene for human clotting factor X
(hFIX) tesulted in the production of hFIX protein in the
xenograft model at levels sufficient to the treatment of
moderate hemophilla B. These data {ndicated that L particle
is an ideal vector for the specific delivery of genes and drugs
in vitro and in vivo, In addition, the L particle can be
overproduced easily in yeast cells without any contamination
of viral genomes. These properties demonsirate that L
particle [s suitable for clinical trials.

In previous studies on HBV, a sequence in the pre-S)
peptide was identified responsible for specific attachment to
human hepatocytes [18, #04], We attempted to aiter the
specificity of the L particle by substituting & bio-recognition
molecule for the human hepatocytes-binding domain.
For example, the engineered particles displaying human
epidermal growth factor (EGF) lost the ability for binding to
human hepatocytes and gained the affinity to the CGF
receptor-expressing cefls, Taken together, the HBsAg L
particle-based delivery system might become a novel

- platform for gene transfer and drug delivery systems and

could possess the tailor-made tissue/cell type specificity.

._Surface Antigen (HBsAQg)

Viral DNA Gencme

T Y

DNA Polymerase
Core. Antigen (HBcAg)

-

Pra-81 ragion
; £re 82 10g0n
2 Srogen

S

Lipid
bilayer

Fig. (1) Diagram of HBV and HBsAg L particle. HBV (lef) contains one viral genome, one DNA polymerase, core antigens (HBcAg),
surface antigens (HBsAg), and lipid bilayer. HBsAg particle (right) consisting of surface antigens and lipid bilayer is a hollow patticle. The
HBsAg L particle conslsting of L proteins and lipid bilayer possesses the high infectivity to human liver cells withont replication activity.
The L protein contains pre-S1, pre-52 and $ reglons (inset). The S region is a transmembrane protein indispensable for the formation of the
particle. The pre-S1 region on the surface of L particle i responsible for the specific infection to human liver cells,
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HBsAg L PARTICLES AS A MULTIVALENT
VACCINE PLATFORM

From 1985 10 1995, the importance of the entire L
protein {(pre-S1 + pre-S2 + 8) for the prevention of HBV
infection has been recognized [18, 25-29]. We have
previously reported the efficient production system for
recombinant L proteins (as L parlicles) in yeast cells and the
immunological properties of L particles in mice [21, 22].
Intraperitoneal injection of L particles efficiently and
simultancously clicits anti-S, anti-pre-S2, and anti-pre-S1
antibodies. In addition, the anti-pre-S1 rabbit antibodies were
found to recognize various segments of the pre-S1 region,
including the pre-S1 (21-47) segment, which is indispensable
for HBV infection. These results demonstrate the ability of L
particles to induce all antibodies against HBY env ptoteins.
Thus, HBsAg L particles have an important role in mass
vaccination against HBV, as well as for people considered at
high risk of the HBV infection, especially in developing
countries,

Advances in recombinant DNA technology allowed us fo
generate a novel vaceine against emerging infectious
diseases. Human immunodeficiency virus type 1 (HIV-1} is
one of the emerging viruses and has received much the
attention from public {9, 31-33]. Among these studies
focusing on this problem, several researchers developed e
novel vaccine against HIV-1 [34, 35], which displays HIV
envelope glycoproteins on the surface of HBsAg particles,
While these glycaproteins per se induce a slow and weak
immune response to HIV-1, this hybrid vaccine elicited
stronger and more rapid humoral responses against both
HIV-1 and HBV, Thus, HBsAg particles could boost the
host immune responses as an adjuvant. Since we succeeded
in producing the engineered particles displaying various
molecules on the surface with the help of recombinant yeast
cells, a hybrid vaccine displaying various foreign epilopes
can be generated and might play an important role in mass
vaccination against a number of infectious diseases.

HBsAg L. PARTICLE FOR THE GENE THERAPY OF
HEPATITISBANDC

Because of the human liver-philic properties of L
particles, viral hepatitis, cirthosis and hepatocellular
carcinoma are the suitable targets for the L particle-mediated
gene therapy. There are two strategies for the gene therapy of
hepatitis B and C. One strategy, the immunological approach
is a popular therapeutic method based on the stimulation of
broad humoral and cellular immune responses to viral
proteins, At present, vaccination for HBV is only the way to
protect efficiently against HBV infection. Gene transfers of
interferon (IFN)-o¢ and/or IFN-y genes [36-38] are the
aliernative approaches to vaccination. However, systemic
administration of IFN is known to induce serious side effects
in whole body, which limit broad usage of this IFN therapy.

Another strategy, the antiviral approach is designed to
block the viral life cycle at several critical points. The
molecular biological analysis of hepatitis viruses has led us
to the identification of the appropriate targets for antiviral
therapy [39]. Antisense oligonucleotides [40-45), antisense
RNA [46-48] and ribozymes [49, 50] bave demonstrated the
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effective blockade of viral gene expression in vitro.
Recently, several groups have demonstrated that RNAI is an
attractive therapeutic tool for inhibiting viral replication [51-
54}. RNAI is based upon the process of sequence-specific
gene silencing using short interfering RNAs (siRNAs). The
siRNAs, designed as sequences homologous to the viral
genome, reduced the transcription of viral genes in vivo
without affecting to the host cell.

Although the specific therapeutic genes appear to be
effective in antlvira! therapy, currently available vectors
cannot deliver them to their targets in a pinpoint manner.
Therefore, HBsAg L particle is considered to be applicable
for both IFN treatment and antiviral therapy. According to
our data, L particles can deliver these therapeutic materials
efficiently into human hepatocytes by an intravenous
injection.

Chronic infections of hepatitis B and C virus induce
hepatocellular carcinoma (HCC) in patients with high
frequency. Numerous gene therapy strategies have been
investigaled for their potential in treating HCC, They include
the suicide system, the genetic immunotherapy, and the gene
replacement. The suicide system is considered as one of the
most powerful approaches to cancer treatment. The tumor
cells, to which suicide genes coding for enzymes that convert
non-toxic compounds (prodrugs) into toxic products were
introduced, can be readily eliminated upon the subsequent
administration of prodrug. Many suicide gene therapies have
been successfully used in animal modcls of cancer. The most
potent and widely used gene is the herpes simplex virus
thymidine kinase (HSV-t&) {55, 56). Since all cells transfected
with HSV-z& gene are killed by the administration of HSV-
th-specific inhibitor, gancyclovir (GCV), it is necessary to
achicve the cancer cell-specific expression of HSV-#k gene.
For this purpose, the tissue-specific and the cell-specific
promoters/enhancers were considered suitable for the in vivo
targeting. Most widely used promoter/enhancer is derived
from the t-fetoprotein (AFP) gene, of which the protein is
produced only in the fetal liver but reproduced in farge parts
of HCC patients [57, 58). Thus, AFP promoter has been
expected promising for the gene therapy of HCC [59-61].
Combination with L particles might further reduce the side
effect of gene therapy in tissues other than liver, and change
from surgical operation to intravenous injection for the
administration of therapeutic genes. It is also important to
achieve the high cell specificity by dual mechanisms, inside
promoter and outside cell-recognition molecule, Since 30-
40% of HCC patients are non- or low-AFP producing, it is
necessary 1o establish novel in vivo targeting system for all
types of HCC. For examples, the L particles displaying
HCC-specific antibodies and the L particles displaying dual
cell-recognition molecules (EGF and wild type pre-S1]
peptide), which we recently developed, are highly promising.

CONCLUSION

Based on the HBsAg L particle, we have succeeded in
generating the platform technology for in vive pinpoint
delivery system. This system is applicable for not only genes
but also drugs and proteins. Since the HBsAg S/M particles
had already been developed as a recombinant HB vaceine in
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the last decade, the HBsAg L particle is considered to be
essentially safe in human. This system firstly facilitates the
in vivo pinpoint delivery of genes and drugs to the desired
tissues and cells, the repetitive administration without
surgical operation, and the use of large size of therapeutic
gene, The treatments of liver diseases (e.g., viral hepatitis,
cirthosis, and HCC) with HBsAg L particle-mediated drug
delivery are in the preclinical stage, which will move into the
phase I clinical trial within several years. We believe this
technology will be adopted by many forthcoming high-tech
medicines.
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Table 1. Comparison of various vector systems
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Transfection
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Pathogenicity
Immunological
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No
Not

Good
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Good

Yes None

Few Extensive None

problems known

Maximum insert — a—
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Cell/iissue
specificity No No No No
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Figure 1. HBV and HBsAg particle. HBV (left) consists of
DNA genome, polymerase, core antigens, surface antigens
(HBsAg), and lipid bilayer. HBsAg particle (right) consisting
of surface antigens and lipid bilayer is a hollow nanoparticle.
The HBsAg particle retains the high infectivity to human liver
cells without replication activity. The HBsAg L protein con-
tains pte-§1, pre-52 and S regions (inset). The $ region is a
transmembrane protein indispensable for the particle forma-
tion. The pre-S1 region on the surface is responsible for the
specific infection to human liver cells,
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(Figure 2)19,
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w2327 '8 (green fluorescence protein, [AF GFP) DHRE
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Figure 2. Shape of HBsAg L particles by AFM observation.
Five microliters of a solution of 1 zg/ml of HBsAg L particles
extensively dialyzed against distilled water were spotted onto
mica and observed by AFM. The scan area is 500X 500 nm.
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L THMEOIEREROMATKIC & Fikic GFP REYE
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FFEBXEREOLIIIRL, TOEE, BERICT
GFP ORBZHER T LN TEAL. 7, HREE
HUIIR Y ZAEBEE BT GFP iC 1k + 548
BERshad»o7. BEOIE LD, KMy - &6
AhdrbbIdE 2+ / RTLCHPIIRAST R
fEFE b MR - RIS T A L NFET
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BT, BETHEETCAVWOh I REAEET AV
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Figure 3. (A) Ex vivo gene transfer with L particle. The L particles contain-
ing GFP expression plasmid were transfected to two human hepatocellular
carcinoma cell lines (HepG2, NuE) and human colon adenocatrcinoma cell
line (WiDr). Transfection efficiency was calculated with the ratio of GEP-
expressing cells to all cells, (B) Ex vivo drug delivery with L particles. The L
particles containing fluorescent dye, calcein were transfected to HepG2, NuE
(both human hepatocellular carcinoma) and WiDr (human colon adenocar-
cinoma} cells. (C) The EGF-displayed particles containing calcein were
transfected to NuE and A431 (squamous cell carcinoma) cells. Transfection
efficiency was calculated with the ratio of caleein-containing cells to all cells.
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Figure 4. Concept of Hollow bio-nanoparticle technology.
HBsAg particles can deliver drugs (chemicals and proteins)
and genes to human liver-derived tissues and cells in cultured
cells, xenograft models, and humans.
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Figure 5. Strategy for changing the cell specificity of HBsAg
particles from hepatophilicity to others. The pre-S region dis-
played on the nanoparticles can be changed by the substitution
with cytokines, antibodies, and random peptides.

Changing pre-S region to
blo-recognition molecula

W AETLTHD, HBY (AL FFARAD
HOWEDN BB AR (RIEEN 21 5.
(2) AMBFRRTCHLHRD, BETF - FEHLED

He TR ML b S 2yl T e 7 = L 22 ST Y
LARIRLIRY A A T AN P W e NP B

(3) BIfeRORELL5V A VABEDBRETF¥—
TIEEWwicd, WEEIRZW.

(4) BB CRREETSD C LR

(5) HTFEMICRTENTWAFHISESIM Y,
RDEEERSFABRT BT 2 C, FFIEL
BfEEE A~V A v TR T EE (Figure 5).

4 hRRAF T/ BFORD

HZENA AT ST, ARCHAL AR IR T
HEGEBRI TG UM, £4RTEVYRLVE
KRABTHILNTEL. Thdvd, BEFHEANS
F—RTREZL, DDSOF ¥ VY —LLTLHBT
5. FUFEAWCT 7Ur—Yavidde¥Ehd
DPFEXLIRDHE, TTTRENLDO—FERLAN.

BaTFakscit, Vol. 61, No, 12 (2004)



RENAL T F/RTERWEVYRAVEFS 9 7 FUNRD—VRF A

4.1 FHERICHT A

INA FF SRFRIEE, FEERESEWD, FE
PR E T AEEICELTWA.

BE, FRECRRNCBETERESEIEE, &
GFORBEEIV/ PR T BT/ OE—F—LIEE
EhaofFI2FET 5. FHlaltEtd5L5 084
TI7 77z 705 A (a-feto protein, LU AFP)
DEATACLAMONTEY, AFP BRMRICIEAT
% AFP Juf—Z —% A5 bk L R o &
BANZBEETORABEIINSY. Lrl, ik
FOPICIL AFP OEER#EDLZVWLOLBY, TOL
SLBROBICERATERhA. L, 2S5
FIRFERWEIETAFP OEEOBRIIHHD S
T, RS CEERAEETORBELT D S L4
LS. MAT, BHEEERHREREREZ VY
BEZOHRENICRETAZ LBHMLNTWELD,
CORUNTRIHTAEBAIFERRTHCLET, &
NRERTEOMLETTD S EBTREL 2 5.

M, TANVAERFRIEHLT, AvE—7z0V
(interferon, LITF IFN) ZBWi-GEATbhA LI
Hofs, LPLASS, IFNRLERETLLETY
EREWEASEL BT EHEL, FOPRH+FICRE
aNHehBLiv. £ 2T, N4/ RTERWT
FRicoOaXRERNE, ChoDEWERLAER {{ER
SRBCLBHFTES.

4.2 PEENC L BAAE

BRRBEOE AN ThOBCH LT bigd %
LHRETL T EHBTHNATWS. RS MEL B
TLEDCER TS, HMREELHARORER
TaWwWicd, BEfFRAET Ghiswv,. Lo, El
FREERIE 57010, BRICB- TEETLILHS
FECH 5. BifE, BEBOMEMBBARE VI LI
BEBLT, AZ3ICET{DDS £+ ) ¥r—7r ¥ AR
ANTWAS, THhLRERMMRBTHD, BHAD
PN EHREOEBICHE T, 33/
BFERAWERESRSETH, #RRLAESERSTFIC
U BRI T S e RHI L BT 5 2 L HEE
THY, DDSHMBEN LTS BB E| OFH%
THERTAL ] KERTA LA ER T2 50D LES
sha.

R4S, Vol. 61, No. 12 (2004)

95

5 & B

BETFRRPEBER L VICEH SN IRETF LA
i1, —RICESNTHARE CIERASRICH T 252
bia\. BEGEOR EOLDIINE, BIRESC LG
TEHEVHRAL V| DDSEMBTERTHS. LiL
i, BIRTCIIHMNC /- /- DDS Biflfid e <, #
LWEHNOBERET N TWE, s s+ /8T
BRODDS Hifff iR~ MER K EaELD
LAEM RO TV EMITH D, £WEFTE, £

ERTIES DT LHTETHB EHELS.
X ik

1} E. Marshall, Science, 298, 34 (2002).

2} J. Savulescu, J, Med, Eth., 27, 148 (2001).

3) 8. Brenner and H. L. Malech, Biochim. Biophys. Acta, 1640,
1 (2003).

4) M. K. Hasan, A. Kato, T. Shioda, Y. Sakai, D. Yu, and Y.
Nagai, J. Gen. Virol., 78, 2813 (1997).

5) J. A. Wolff, R. W. Malone, P. Williams, W, Chong, G.
Acsadi, A. Jani, and P, L, Felgner, Science, 247, 1465
(1990},

6) 1. Yanagihara, K. Inui, G. Dickson, G, Turner, T. Piper, Y.
Kaneda, and S, Okada, Gene Ther., 3, 549 (1996).

7} P. Tiollais, C. Pourcel, and A. Dejean, Nature, 317, 489
(1985).

8) A. R. Neurath and 8. B. Kent, Adv. Virus Res., 34, 65
(1988).

9) K. H. Heermann, U, Goldmann, W. Schwartz, T. Seyffarth,
H. Baumgarten, and W, H, Gerlich, J. Virol., 52, 396
£1984),

10) A. R. Neurath, S. B. Kent, N. Strick, and K. Parker, Ce/l,
46, 429 (1986).

11) P. Pontisso, M. G. Puvoletto, W. H. Gerlich, K. H.
Heermann, R. Bardini, and A. Alberti, Virology, 173, 522
(1989).

12} S. De Meyer, Z. J. Gong, W. Suwandhi, J. van Pelt, A.
Soumillion, and S. H. Yap, J. Viral. Hepat., 4, 145 (1997).

13) S. Kureda, S. Otaka, T. Miyazaki, M. Nakao, and Y.
Fujisawa, J. Biol. Chem., 267, 1953 (1992).

14} T. Yamada, H. Iwabuki. T. Kanno, H. Tanaka, T. Kawai,
H. Fukuda, A. Kondo, M. Seno, K. Tanizawa, and S.
Kuroda, Vaccine, 19, 3154 (2001).

15) T. Yamada, Y. Iwasaki, H. Tada, H. Iwabuki, M, K,
Chuah, T. VandenDriessche, H., Fukuda, A. Kondo, M.
Ueda, M. Seno, K. Tanizawa, and S. Kuroda, Nat.
Biotechnol., 21, 885 (2003),

16) H. Su, R, Lu, J. C, Cheng, and Y. W. Kan, Proc. Nail.
Acad. Sci, U.S.A., 94, 13891 (1997).

611



IE - &R - 3EEE - EH - B85 - BH

[Comprehensive Papers]

Pinpoint Drug Delivery System Using Hollow Bio-Nanoparticles )
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Hepatitis B virus envelope L proteins produced in yeast ¢ells form hollow nanoparticles (L particles, average diameter 220 nm) dis-
playing human liver-specific receptor. Recently, the L particles were found to incorporate genes, proteins, and drugs, and act as an efficient
pinpoint delivery system to human liver-derived tissues in xenograft models. By substituting the epidermal growth factor (EGF) for human
liver-specific receptor, the mutated L particles showed the affinity to the EGF receptor, not to human liver. Other similar HBY envelope
proteins, e.g., M and S particles, have already been commercialized for hepatitis B vaccine, strongly suggesting the safety of L particles in
humnan. These results indicate that the hollow bio-nanoparticles are a promising candidate for the next-generation platform of DDS, espe-
cially that related to gene therapy.
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