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Abstract

In our quest for an ideal influenza vaccine in 1989, we successfully prepared a muramyl dipeptide (MDP)-
liposome-containing influenza virus hemagglutinin (HA) and neuraminidase (NA) virosome vaccine. This MDP-
virosome vaccine showed enhanced HA immunogenicity in mice and elicited superior antibody production in
humans, and a high HI titer was retained for up to 2 years. Generation of a cellular immune response was also
confirmed by the production of cytotoxic T lymphocytes in mice. In fact, these killer T cells reduced the titer of the
H3N2, H1N1 and B virus in the lungs of infected mice. Based on the finding that this MDP-virosome vaccine could
elicit both humoral and cellular immune responses (i.e., high antibody activity and killer T cells), which is a
requirement for an ideal vaccine, we examined the possibility of preparing the VLP vaccine in silkworms. Here, we
show that significant amounts of influenza VLPs could be successfully produced in silkworm pupae by using a
chimeric (multiple hybrid) HA DNA. In fact, the HA titers in homogenates from the infected pupae reached a mean
value of 0.8 million HA units (HAU), equivalent to approximately 2,000 pg of HA protein per pupa, which is more
than 50-fold higher than that produced in embryonated chicken eggs. Analysis of the VLPs in the purified HA
fractions showed that they were attractive structures ranging from 30 to 300 nm in diameter. The spikes on the
surface of the VLPs were approximately 14 nm long, densely packed, and were very similar to those on actual
influenza virus particles. Subsequent important evidence was symbolized in the following genome constellation. In
the present study, we showed, for the first time, that VLPs could be synthesized in silkworms by injection of a single
synthetic chimeric HA DNA. These VLPs reflected the characteristic structure of the influenza virosome and elicited
immune responses that were much higher than those elicited by the MDP-liposome prepared in our previous study.
Therefore, the use of chemical immunomodulators such as MDP should be considered in the future for the
development of VLP vaccines.
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policy was finally abolished in early 1990 due to insufficient efficacy
and the remaining adverse reactions. Our study on MDP-vaccines
began just a few years ago. The present review begins with the
impressive immune responses observed in humans following
vaccination with MDP- vaccines [2] and refer to characteristic
biological and morphology of VLP produced in silkworm.

Introduction

After World War II, Japanese influenza research had to rise from
the ruins, and soon after, Asian H3N2 influenza afflicted numerous
Asian countries, starting with Hong Kong. Then, during the 1957 Flu
pandemic, cases broke out in one neighboring country after another.
According to a Japanese adviser, the government of Hong Kong
requested assistance from Japan to develop an influenza vaccine
(personal communication from Dr. H. Fukumi). Looking at the

The first avian influenza case in a boy was reported by the US-CDC,
and H5N1 was quickly confirmed as the causative virus [3]. Our

horrific scene in the city, exemplified by the stalled traffic system and
paralyzed administration, the Japanese government immediately
started a full-scale influenza vaccine study. Requests for the influenza
vaccine soon rapidly increased due to the mass immunization policy,
which called for vaccination of the youngest age groups [1]. The main
objective of this unique policy was to reduce the spread of epidemics
in society through concentrated immunization of school-aged
children. However, during this time, when vaccination of school-aged
children was widespread, a variety of adverse reactions occurred.
Although the split-type (HA) vaccine developed by the authors
alleviated many of these adverse reactions, the mass immunization

genetic analysis was the first to reveal the coexistence of both
pneumovirulent and neurovirulent influenza variants [4]. Since then,
the threat of avian H5N1 virus has spread throughout the world [5-7].
Because the World Health Organization has highlighted the risk of a
human pandemic of highly pathogenic avian influenza (HPAI) virus
infection (8), avian influenza vaccines have been developed or are
currently under development for both chickens and humans [9,10].

Although studies aimed at creating safer, more effective vaccines are
currently ongoing worldwide [9-13], the development of a vaccine
against HPAI H5 influenza viruses is problematic due to the low
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immunogenicity of the virus [14] and the high biohazard risk
associated with using an infectious HPAI virus for vaccine production.
To overcome these hurdles, we synthesized an H5 HA gene that lacks
the sequence encoding the 8 basic amino acids located between the
HA1 and HA?2 subunits that are associated with the high pathogenicity
of HPAI viruses. The synthesized H5 HA gene was codon-optimized
for the silkworm. Then, a recombinant baculovirus was produced
containing the synthetic H5 HA gene and was used to inoculate
silkworm pupae for the mass production of the HA protein. Using this
method, we produced large amounts of influenza virus-like particles
(VLPs).

Materials and Methods

Viruses and Cells

A/Bangkok/1/79 (H3N2), A/Philippines/2/82 (H3N2), B/Nagasaki/
1/78 (N) viruses were used in the liposome experiments and they were
grown in 11-day-old embryonated chicken’s eggs. A/Fukuoka/c29/85
(H3N2, F) and A/Yamagata/120/86 (HIN1, Y) viruses were also used
in HI test. The P6E strain of the Bombyx mori nuclear polyhedrosis
virus (Bm NPV) was used to generate the H5HA-Bm NPV
recombinant virus. Baculoviruses were propagated in Bm-N cells.
Silkworm Bm-N cells and MDCK cells were maintained in TC-100
medium and minimal essential medium containing 10 % calf bovine
serum, respectively.

Muramyldipeptide derivatives

Two MDPs, synthesized by the Daiichi Seiyaku Co. Ltd, were
employed in the present study: 6-O- (2-tetradecylhexadecanoyl)-N-
acetyl-muramyl-L-alanyl-D-isoglutamine (B30-MDP), and N-(N-
acetylmuramyl-N-methyl-L-alanyl-D-isoglutaminyl) ~ -N-stearoyl-L-
Lysine [MDP-Lys(L18)].

Preparation of different subunit vaccines

Two types of MDP virosome vaccine were prepared, one containing
both cholesterol and one of muramyldipeptides described above, and
another containing only muramyldipeptide. The former type of MDP-
virosome was made according to the following method: to 2 ml of 0.01
M phosphate buffered saline (PBS, pH 7.2) containing 40 pg of
purified f-HANA, a 6 % (w/v) solution of n-octylglucoside (Sigma)
was added, together with 5 mg of B30-MDP or MDP-Lys (L18). The
second type of MDP-virosome was prepared by adding 5 mg of
cholesterol to the above mixtue. Each mixture was sonicated using a
Micro-Ultrasonic cell Disrupter (Kontes) and then dialysed against
several changes of 1000-2000 volumes of 0.01M PBS with stirring to
remove n-octyl- glucoside. During the dialysis, a change from clarity
to opacity indicated that liposomes were formed.

Hemaggllutination test and Hemaggllutination-inhibition
test

They were done in 96-well microtiter plates by using 0.5 % chicken
erythrocytes.
Antibodies and Western blot analysis

The anti-FLAG mouse monoclonal antibody M2 and the anti-
DYKDDDDK -tag mouse monoclonal antibody were purchased from
Sigma (St. Louis, MD, USA) and Wako (Osaka, Japan), respectively.

The fluorescein isothiocyanate -conjugated goat anti-mouse IgG
antibody and the peroxidase-conjugated goat anti-mouse IgG
antibody were purchased from Jackson Immuno Research
Laboratories (West Grove, PA, USA). For the Western blot analysis,
the peroxidase-conjugated IgG antibody was visualized using an ECL
detection system (GE Healthcare, Port Washington NY, USA).

Cytotoxicity assays

1929 (H-2k) fibroblast linc transfected with the I-Ak gene, P815
(H-2d) mastocytoma and M 1245(H-2d) B cell lymphoma (kindly
provided by Dr. N. Shinohara; Mitsubishi Kase Institute of Life
Science, Tokyo Japan) were used for target cells. These cell lines
express both class I and class II MHC gene production on the cell
surface. Target cell lines were incubated with or without infectious A/
Bangkok allantoic fluid (200 HAU/106 cells) or purified UV-
inactivated A/Bangkok virions (1000HAU/106 cells) for 1h a 37C.
After washing, the cells were cultured at 37 C for 15h and labeled at 37
C for 90 min with 100 pCi of Na2 51CrO4 (Dupont NEN, Boston MA,
USA). After three washing, these target cell were suspended in
complete medium and used for cytotoxicity test.

Electron microscopic examination

For morphological observation, MDP-liposome vaccine was
negatively stained with 4 % phosphotungstic acid (pH 7.2) and
examined in a Hitachi H-500 type electron microscope. The VLP
vaccine of influenza produced in silkworm pupae was observed after
staining with 2 % phosphotungstic acid (pH 7.0) by using a TEM
(Hitachi H-7600) operated at 80 kV.

Results and Discussion

Development of a new influenza subunit vaccine made from
muramyl dipeptide liposomes

We expected that the muramyl dipeptide (MDP; [6-0-(2-tetra-
decyl- hexa-decanoyl)-N-acetylmuramyl-l-isoglutamine]) would be
incorporated into the liposomes along with the influenza HA and
neuraminidase (NA) molecules. Before beginning the experiment, we
designed liposomes containing MDP, cholesterol, and the influenza
surface glycoproteins HA and NA as shown in Figure 1. In order to
completely dissociate the liposomes, n-octyl glucoside (Sigma) was
added to the preparation, and it was sonicated. Then, the octyl
glucoside was easily removed by dialysis in distilled water. As
expected, after dialysis, the resultant mixture showed characteristics of
HANA-associated liposomes (virosomes; Figure 1). According to the
molecular design, the H3N2 influenza HA and NA molecules were
systematically arranged on the surface of approximately 100-nm
diameter liposomes, which were similar to authentic influenza viruses
in both size and shape in spite of small number of HANA on the
surface of liposomes.
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Figure 1: Design of virosome vaccine made by influenza HANA
proteins, B30-MDP and choresterol (A). The C-terminal portion of
HA and the N-terminal peptide of neuraminidase molecules are
expected to be inserted between parallel fatty acid branch of B30-
MDP (A). The resultant liposome was confirmed by electron
microscopic examination (B). As a result, a typical liposome
covered with HA and NA spikes were observed, showing about 100
nm particles in diameter. Numbers of surface glycoprotein surface
of liposome were certainly few when compared with that of VLP
produced in silkworms.

In mice, the humoral immune responses elicited by the MDP
vaccine appeared to be higher than those induced by free HA and NA
proteins (fFHANA) (data not shown). Groups of 4-week-old ddY mice
were immunized intraperitoneally with the 2 vaccines, each containing
0.4 ug of subunit antigen per 0.5-mL dose. Then, 5 mice in each group
were bled at the indicated time points, and serum antibody titers were
measured by an HI test. Antibody titers against the A/Bangkok/1/79
(H3N2) and A/Philippines/2/82 (H3N2) antigens were determined.
The free subunit vaccine appeared to elicit low levels of antibody
production throughout the immunization period. The antibody titer in
B30-MDP virosome vaccinated mice was more than 3-fold higher than
that measured in the free subunit-vaccinated mice. At 1 week post
immunization, HI titers of 64 were detected, and at 3 weeks post
immunization, the HI titers were 512 (data not shown). These
observations were in sharp contrast to the HI titers measured
following immunization with f-HANA (without virosomes) at 1 and 3
weeks, which were <16 and 32, respectively. Similarly, excellent
antibody responses were confirmed in humans immunized with the
experimental MDP vaccine and compared to a commercially
distributed Japanese seasonal vaccine. The immune response elicited
by the trivalent MDP vaccine in humans was much higher than that
elicited in mice. Although this is the first report on these responses, the
HI titers against A/Yamagata/120/86 (HIN1), A/Fukuoka/K29 /85
(H3N2), and B/Nagasaki/1/87 were estimated to be 14, 14, and 20
times higher than those measured in mice. This was equivalent to the
mean HI titers of 1,536, 853, and 298 elicited by the above-mentioned
HIN1, H3N2, and B viruses (Table 1), respectively, and these high HI
titers were retained for 2 years. In contrast, the HI titers elicited by the
seasonal vaccines were 128 (HIN1), 256 (H3N2), and 64 (B). This
result clearly indicates that the MDP-virosome vaccine is an ideal
vaccine. Table 1 shows the characteristics of the cellular immune
response induced by the MDP vaccine. In addition to specific
stimulation of lymphocytes, killer cell activity was also induced in mice
immunized with the MDP virosome vaccine.

As shown in Table 1, the immune lymphocytes derived from mice
immunized with the MDP vaccine could effectively eliminate
pulmonary virus in mice infected with an H3N2 virus [15]. Even
though the MDP vaccine has the ability to elicit a potential humoral
immune response and induce the production of killer T cells (cellular
immunity), the occurrence of local reactions at the inoculation site,
such as erythema and pain, did not allow us to include younger age
groups in Japan. Based on the historical background described above,
we formulated a plan to develop a better influenza vaccine using a new
strategy in silkworms. An ideal vaccine should: (1) elicit strong
humoral antibody and cellular immune responses, (2) be safe, and (3)
be produced at low cost. However, with the exception of local adverse
reactions, MDP derivatives are still attractive.

As shown in the authors considered all the above criteria when
adapting a new strategy for large-scale production of a VLP/virosome
vaccine. Here, we focused on overcoming an important obstacle:
handling pathogenic and HPAI viruses. In order to overcome this
difficulty, we designed a chimeric DNA for vaccine production with an
aim to develop a safe and effective vaccine at low cost [Figure 2].
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Figure 2: Antibody production : humans immunized with MDP
Virosome and commercially distributed Japanese seasonal
influenza vaccines. Three volunteers were attended a MDP vaccine
experiment. Antibody responses with commercial vaccine were
obtained from one volunteer. Furthermore, antibody titers
produced with MDP-virosome vaccine were estimated on the basis
of three voluntees.

Mass production of an influenza H5 VLP vaccine in
silkworms

The immediate objective for developing a high-quality H5 avian
vaccine was to save a large number of birds from a miserable death.
The main countermeasure against epizootic avian influenza threats in
Japan is the massacre of chickens. Although some Japanese avian
influenza scientists have proposed a non-vaccine policy, such a policy
is a violation of the culture of science. Therefore, we also undertook
the present vaccine study to change these undesirable circumstances.
First, we selected a vaccine strain based on an evolutionary analysis of
epizootic HPAI viruses. Evolutionary branching profiles were used to
select the vaccine strain (Figure 3). Generally, the vaccine strain was
selected from the newest branch cluster of a huge evolutionary clade,
and a detailed analysis based on the evolutionary characterization was
introduced into the above branching profile. As shown in Figure 3,
there is a small number of wild duck viruses in clades 2, 3 and they
have evolved more slowly than those in the other clades (shown by the
blue line). The evolutionary analysis suggested that viruses in these
groups may have moved between wild ducks and chickens. Therefore,
if we can prepare a vaccine against the viruses in this group, the barrier
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between these 2 hosts might be destroyed. In other words, this vaccine
might be effective against a wide variety of past and future viruses.
Hence, we selected A/tufted duck/Fukushima/11/2011 (H5N1) (duck-
Fukushima) as the vaccine strain, and its nucleotide sequences were
used to prepare the chimeric DNA (B, clade 2, 3: Figure 3).
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Figure 3: Branching profiles of avian H5NI influenza viruses
analyzed in the selection of target vaccine strain (A). Evolutionary
analysis was performed ad described previously (15). Arrow 1
indicated vaccine strain and arrow 2 showed the newest branch of
clade 2, 3. Comparison of the evolutionary rates of H5 HA genes of
avian influenza viruses belonging different clades for the selection
of vaccine strain (B). The evolutionary rate was estimated at 0.0050
substitutions per site per year. The evolutionary trajectory of
viruses belonging to subclade 2. 3 viruses have evolved
discontinuously (green and blue lines). The duck-Fukushima strain
belonging to subclade (red symbol) was selected as the target
vaccine preparation.

Design of a synthetic H5 HA gene and generation of H5 HA-
BmNPV

The chimeric DNA used to produce the H5 HA protein in
silkworms was designed based on the nucleotide sequence of the HA
gene from the duck-Fukushima virus. The sequence of the chimeric
DNA was codon optimized for the silkworm, and approximately more
than 35 % of the codons were changed to those that are frequently
used in the silkworm [Figure 4]. The duck-Fukushima virus is highly
pathogenic, and its high pathogenicity is due in large part to a
polybasic sequence (RERRRKRG) located between HA1 and HA2. The
nucleotides that encode this sequence were deleted from the vaccine

DNA and were replaced with the bases encoding RDFRG to disappear
in insect cell. Therefore, the protein encoded by this DNA was
completely non-virulent. Finally, a flag tag (DYKDDDDK) was added
to the C-terminus of HA2 to label the HA protein (see Figure 4). To
enhance HA production, the nucleotide sequence of the H5 HA gene
was codon-optimized for silkworm. After these modifications, the
sequence homology between the authentic duck-Fukushima HA gene
and the synthesized gene was 77.5% at the nucleotide level and 98.4%
at the amino acid level.
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Figure 4: Genome comparison of the nucleotide sequences for the
authentic HA gene from the duck-Fukushima strain (light green)
and the synthetic HA gene (orange). The codon usage of the HSHA
gene was optimized for the silkworms B mori. Amino acid
sequence connecting the HA1 and HA2 molecules was changed
from RERRRKRG to RDTRR to reduce virulency of Fukushima

genome.

Expression and production of H5 HA protein in infected
pupae

The synthesized gene was inserted into a baculovirus transfer
vector, and the recombinant baculovirus was constructed as described
previously (15). To confirm the expression of the synthetic chimeric
DNA, the H5 HA-BmNPV recombinant was inoculated into BmN
cells, and expression was assessed by hemadsorption (Figure. 5B),
fluorescence [Figure 5], and western blotting [Figure 5]. Wild-type
BmNPV virus-infected BmN cells showed typical occlusion bodies
[Figure 5], but not hemadsorption. Figure 5 indicated uninfected BmN
cells. In contrast, recombinant H5 HA-BmNPV-infected BmN cells
clearly adsorbed to chicken erythrocytes [Figure 5]. Similarly, the
recombinant-infected BmN cells showed fluorescence [Figure 5],
indicating that the synthetic chimeric DNA expressed the target avian
H5 HA protein Figure 5 showed negative control. This was further
confirmed by western blot analysis [Figure 5]. These successful results
led us to undertake full-scale production of H5 HA protein, and the
results were unexpected.
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Figure 5: Demonstration of the HSHA-BmNPV infected Bm-N
cells. Firstly, normal Bm N cells were infected with wild type Bm-
NPV (A). In these cells occlusion bodies were clearly observed but
no hamadsorption. In contrast, hamadsorptions widely confirmed
in all infected cells. Also, fluorescence were confirmed in most of
big cells. Western blot analysis clearly revealed the 71.8 kD (Bm-N
cells) and 76.4 kD in human HeLa cells, respectively. The
differences molecular weight between silkworm and human cells
may be the structure of carbohydrate chain attached to the HA
protein.

The level of HA produced in silkworm homogenates, based on an
HA titer of 100-200 million, was much higher than our estimated level
[Table 1]. Although these data were obtained from a homogenate of
220 pupae, in this background, the silkworm codon-optimized HA
might be sufficient for large-scale production.

Challenge viruses Spleen cells | Pulmonary Virus

primed Titers

(log10 PFU) on Day/5

A/Bangkok/1/79(H3N2) MDP Virosome | 3.3+0.4

f-HANA 49+0.6

PBS 5105
A/Philippines/2/82(H1N1) MDP Virosome | 3.9+0.6

f-HANA 5005

PBS 52+0.2
AlYamagata/120/86/(H1N1) MDP Virosome | 5.2+0.5

f-HANA 51+0.7

PBS 53+0.8

Table 1: Effect of passive transfer of immune spleen cells on the
elimination of infected viruses on the lungs. Mice were infected Micro
nasally with the above 3 viruses just before transfer spleen cells. Invitro
secondary spleen cell stimulations were prepared from mice primed
from the above 3 vaccines and transferred to recipient mice. Lung
samples were collected from three group of 5 mice and the virus was
titrated to MD CK cells.

For example, HA protein produced in silkworm pupae was
1,048,576 - 2,097,152 titersIt was sharp contrast to that produced in
embryonated eggs, which showed 1024 HA titer [Figure 6]. This
enhanced production may also be due to the fact that the virus with
the optimized silkworm codons is harmonized with the silkworm
body. However, we need to determine whether there are synergic
actions between the viral DNA and silkworm codons.

Our findings are summarized in Figure 6. The HA titer per pupa
obtained in 3 separate experiments was 953,060, 1,115,000, and
497,000. These HA values were very impressive compared to the HA
levels produced in fertile hen eggs, which showed an average HA titer
of 10,000 per egg. The amount of HA protein produced per pupa was
2,000 ug, which was 50-fold higher than that produced in an
embryonated hen’s egg.
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Figure 6: HA protein produced in silkworm pupae was 1,048,576 —
2,097,152 titers.

Morphological characteristics and immune responses to the
H5 protein produced in silkworm pupae

To examine the structure of the H5 HA protein produced in
silkworm pupae, the protein was purified on a 20-50% (w/w) sucrose
density gradient (25,000 rpm for 120 minutes), and the protein and
lipid contents of the collected HA fractions were further examined.

For the structural observations, the HA fractions were further
centrifuged (at 25,000 rpm for 4 hours). Typical virus-like virions were
observed in the HA samples. The influenza virus-like particles (VLPs)
ranged in diameter from 30 to 300 nm. Most of them were densely
covered with 140-nm long HA spikes that were similar in size and
shape to those on an authentic influenza virus [Figure 7]. In particular,
the large, 300-nm VLPs were densely covered with attractive spikes
pointing in different directions. Some spikes pointed upwards, while
others ran neck and like lying ahead. These are the first observations of
the variety in the surface structures on the VLP vaccine [Figure 7]. The
recombinant virus-inoculated larvae produced HA protein (data not
shown) and excreted a large amount of HA molecules in cocoon silk.
As indicated above, the pupae also produced the VLPs. Therefore, the
infected silkworms continue to exist and produce their natural
resource, silk.
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Figure 7: Immune responses in chickens immunized with partial
purified HA proteins produced in silkworm pupae. The partially
purified HA vaccine was injected subcutaneously into eight 1-
month old female chickens. The same amount of HA antigens
further injected on day s 0, 17, 31, 45 and 55 were subjected to
conventional HI test. As a result, HI antibody titers increased
linearly and reached 4,096 on day 31 and gradually declined. In
spite of this decline, their high titer retained even after 55 days (A).
Silkworm pupae injected with recombinant were shown in Figure 7.
They activity survived during experiment.

The immune responses in chicken and mice immunized with the
VLP test vaccine were far superior to those elicited by the standard
avian and human influenza vaccines, with HI titers higher than 2,000
in chicken at 1 month post immunization [Figure 8]. Based on these
results, we can speculate that this type of VLP vaccine produced in
silkworm pupae may be useful in the near future after proper
evaluation of efficacy and safety. We have also formulated a plan to
examine the cellular immune responses related to the induction of
killer T cell activity.

100 nm

Figure 8: Electron microscopy of purified VLP produced in
silkworm pupae. A large VLP were observed in Figure 8A
possessing about 300 nm in diameter and this was densely covered
with influenza HA proteins. In contrast, VLP similar to authentic
virus (B), this particle was very similar in size and structure to that
of authentic virus (C). Arrows indicated the position of spikes.

Viral infectious diseases represent, in a sense, a modern war
between the virus and host (humans and a wide variety of other living

creatures). For our continued existence, it is a firm effort to retain
constant ecology in humans and other living creatures. Therefore,
more prudent communication among all living creatures is necessary.
The increasing number of emerging viruses that infect humans in the
21st century may be attributable to the destruction of this planet. To
effectively counteract the emergence of these viral diseases, we may
need to utilize a variety of biological resources. Cancer is also the
greatest gloomy gene disease in sense remaining this 21 century.
Although tremendous progress has been made in various fields of
cancer research, the number of cancer patients has not decreased. For
this reason, modern scientific research pointing cancer patients should
closely fit skin of cancer patients. On the other hand, intensive
surveillance to identify antiviral and antitumor substances is bearing
fruits. In fact, some subtropical plants appear to contain a potential
anti-enveloped virus and antitumor substance that can inhibit the
growth of a wide variety of enveloped viruses and a large number of
human tumors. The author hopes that these kinds of efforts will yield
many benefits to human kind in the near future.

The present vaccine research was originating in the difficult
influenza research era in Japan after the Second World War and the
first success in preparation of VLP vaccine in silkworms by using
single synthetic DNA achieved in 2014 via 1989-MDP-virosome
vaccine era. However, this vaccine scenario will not be terminal stage
until opening hopeful future door.
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