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CD90 (Thyl.2)™ cells by MACS and irradiated at
2,000 cGy.

T-cells were purified from the spleen (1 x 10° cells/
well) and cultured with irradiated antigen-presenting
cells (5 x 10° cells/well) in the presence or absence of A/
PR8 vaccine (0.1, 1, or 10ug/ml). After 4 days of
culture, the cytokine concentration in the culture
supernatant was measured by ELISA using a Mouse
interferon-y Immunoassay Kit (Biosource Interna-
tional, Camarillo, CA) according to the manufacturer’s
instructions.

Bone Marrow-Derived Dendritic Cell
Preparation and Mycelial Extract
Sensitivity Analysis

Bone marrow cells were isolated from the femurs
and tibiae of wild-type or MyD88-deficient mice
and bone marrow-derived dendritic cells were prepared
as described {Inaba et al., 1992]. Lipopolysaccharide
(1pg/ml), Zymosan (2pg/ml), P. linteus (5pg/ml), M.
gracilenta (5 pg/mb), L. edodes (5 pg/ml), or G. frondosa
(5pg/ml) was added on day 5 after cultivation with
granulocyte—macrophage colony stimulating factor
(Wako, Tokyo, Japan). On day 6, culture supernatants
were collected for tumor necrosis factor (TNF)-o titra-
tion. Concentrations of TNF-o were determined by
ELISA using a Mouse TNF-o Immunoassay Kit (Bio-
source International) according to the manufacturer’s
instructions.

Statistical Analysis

Comparisons between experimental groups were
performed by Student’s ¢-test. P < 0.05 was considered
significant.
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RESULTS

Local and Systemic Antibody Responses in
BALB/ec Mice Immunized Intranasally With the
Hemagglutinin Vaccine and Mycelia
Extracts as Adjuvants

The immune-enhancing effects of 12 varieties of
myecelia extracts as mucosal adjuvants for intranasal
influenza vaccine were investigated in BALB/c mice
(Fig. 1). The mice were immunized twice intranasally
with 1ug of HA vaccine in combination with various
adjuvants and the activities of the mycelial extracts
were compared. Mice treated with mycelia extracts from
P. linteus, M. gracilenta, G. frondosa, and L. edodes-
adjuvanted vaccines developed sufficient levels of both
HA-specific IgAs in the nasal washings and IgGs in the
serum (Fig. 1). No specific antibodies were detected in
the nasal washings or serum from control mice immu-
nized with non-adjuvanted vaccine (Fig. 1).

Intranasal Immunization With the
Hemagglutinin Vaccine Combined With
Mycelia Extracts Protects Against Lethal
Influenza Virus Lung Infection in Mice

Next, the protective effects of intranasal immuniza-
tion with HA vaccine combined with mycelia extracts
against lethal influenza virus lung infection were
examined (Fig. 2). Mice immunized with P. linteus-
adjuvanted vaccine showed equivalent amounts of IgG
in the lung washings and serum when compared with
those immunized with poly(I:C)-adjuvanted vaccine,
and the viral titer of the lung washings was remarkably
decreased compared with that of the control group
(Iig. 2A). M. gracilenta- or L. edodes-adjuvanted
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Fig. 1. Anti-A/PR8 hemagglutinin-specific IgA and IgG responses in BALB/c mice immunized
intranasally with hemagglutinin vaccine alone, or in combination with various mycelia extracts or
poly(I:C). Nasal washings and serum samples were collected 14 days after the final immunization.
Antibody titers were measured by ELISA. Data represent the means + SE of three mice per group.
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vaccines conferred a partial but significant reduction in
lung wash virus titers (Fig. 2A), while the virus titer in
the lung washings of mice immunized with G. frondosa-
adjuvanted vaccine was not altered compared to that
of the control mice (Fig. 2A). The hemagglutination
inhibition titer from each group corresponded with the
IgG titer in lung washings and serum (Fig. 2A).

To examine the protective effects of these mycelia
extract-adjuvanted vaccines against lethal influenza
virus challenge, mice were inoculated with a lethal dose
(40 LDjg) of influenza A/PR8 virus (Fig. 2B). Mice that
had been immunized previously with P. linteus- or
poly(I:C)-adjuvanted vaccine exhibited no remarkable
change in body weight 14 days after virus challenge. In
mice that had been immunized with vaccine adjuvanted
with mycelia extracts from M. gracilenta, G. frondosa, or
L. edode, body weights decreased gradually until day 6
after virus challenge, and then recovered from days 7 to
14 (Fig. 2B). Control mice that had been immunized with
non-adjuvanted vaccine suffered from marked loss of
body weight. The survival rate of mice immunized with
P. linteus-adjuvanted vaccine was 100% at 14 days after
virus challenge, suggesting that P. linteus-adjuvanted
vaccine protected the mice against lethal lung infection
as effectively as vaccine containing the poly(I:C)
adjuvant (Fig. 2B). Meanwhile, the survival rates of
mice immunized with vaccines adjuvanted with myce-
lial extracts from M. gracilenta, G. frondosa, or L. edode
ranged from 40% to 60% at day 14 after lethal lung
infection (Fig. 2B). All mice immunized with non-
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adjuvanted vaccine were deceased by 7 days after
challenge.

Intranasal Administration of Phellinus
linteus-Adjuvanted H5N1 Vaccine Protects Mice
From Highly Pathogenic H5N1 Influenza
Virus Variant Challenge

Next, the efficacy of P. linteus-adjuvanted vaccine
against homologous (A/Vietnam/1194/2004) and heter-
ologous (A/Indonesia/6/2005) H5N1 influenza virus
challenge was examined in BALB/c mice (Fig. 3). The
mice were immunized twice intranasally with 1pug
of formalin-inactivated whole HB5N1 virus vaccine
(NIBRG14) alone, or in combination with 500 ug of P.
linteus extract. At 2 weeks after the final immunization,
the mice were challenged by intranasal administration
of 1,000 PFU of H5N1 influenza viruses.

The concentrations of anti-NIBRG14 IgA and IgG
antibodies in nasal washings and serum, respectively,
were much higher in animals immunized intranasally
with P. linteus-adjuvanted NIBRG14 vaccine than in
mice immunized with the vaccine alone or in non-
immunized mice (Fig. 3A). In response to homologous
viral challenge (A/Vietnam/1194/2004), the mice immu-
nized with P. [linteus-adjuvanted vaccine showed
a significant reduction in virus titer compared with
control mice (Fig. 3A). The mice vaccinated with
P. linteus-adjuvanted vaccine survived longer than
14 days post-infection, while the mice immunized with
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Fig. 2. A: Anti-A/PR8 hemagglutinin-specific IgG antibodies in lung
washings and serum, and A/PR8 virus titer in lung washings. The mice
were immunized twice intranasally with 1 ug of hemagglutinin vaccine
alone, or in combination with extracts of mycelia from P. linteus (PL),
Macrolepiota gracilenta (MGR), Grifola frondosa (GF), L. edodes (LE),
or poly(I:C). Two weeks after the final immunization, the immunized
mice were challenged by administration of 1,000 PFU (40 LDjs) of A/
PR8 influenza viruses into the lung, and samples were collected 3 days
after the challenge. The concentrations of IgG antibodies and virus
titers from five mice from each group were measured by ELISA and
plaque assay using MDCK cells, respectively. Each column represents
the mean+SE of five mice per group and open circles indicate
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individual animals. The virus titers were statistically compared to
those of non-adjuvanted mice (*P <0.05). The hemagglutination
inhibition (HI) titers against homologous A/PR8 influenza virus in
the serum were measured at 2 weeks after the final immunization. The
data are presented per group, and expressed as reciprocals of the
highest dilution that completely inhibits hemagglutination of four HA
units of the virus. B: Body weight and survival curves of the immunized
mice after lethal A/PR8 virus challenge. Each point represents the ratio
relative to the initial body weight (average) of five mice for each day
after challenge (left panel). The survival rates were monitored for
14 days (right panel). **P < 0.01 versus control mice, log-rank test.
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Fig. 3. Anti-NIBRG14-specific IgA and IgG responses, and H5N1
virus titers in nasal washings and survival rates after lethal challenge
with homologous influenza A/Vietnam/1194/04 and heterologous
influenza A/Indonesia/6/05 viruses. A: Anti-NIBRG14-specific IgA
and IgG responses and H5N1 virus titer in the nasal washings. The
mice were immunized twice intranasally with vaccine alone, or in
combination with mycelia extracts of Phellinus linteus (PL), then
challenged by intranasal administration of 1,000 PFU of influenza A/
Vietnam/1194/04 or influenza A/Indonesia/6/05 virus 14 days after the
final immunization. Nasal washings and serum samples were collected
3 days after the challenge. The concentrations of IgA and IgG

non-adjuvanted vaccine or non-immunized mice suc-
cumbed to disease by days 14 and 11, respectively
(Fig. 3B). In the group challenged with heterologous
A/Indonesia/6/2005 virus, mice immunized with P.
linteus-adjuvanted vaccine showed a significant reduc-
tion in virus titer compared to the control mice (Fig. 3A)
and survived longer than 14 days post-infection
(Fig. 3C), while none of the mice immunized with non-
adjuvanted vaccine or non-immunized mice survived
more than 14 days post-infection (Fig. 3C). None of the
surviving mice exhibited any clinical signs of infection,
such as ruffied hair or emaciation, following the virus
challenge. These results clearly indicate that intranasal
administration of HSN1 vaccine in combination with P.
linteus extract protects mice against highly pathogenic
homologous and heterclogous influenza A virus H5N1
infection.

Intranasal Immunization With the
Hemagglutinin Vaccine With Mycelia Extract
Induces a Weak Systemic T-Cell Response

To examine whether intranasal administration of
influenza vaccine induces a T-cell response, levels of
interferon-y were measured in supernatants of T-cells
from spleen and cervical lymph nodes of immunized
mice in co-culture with antigen-presenting cells and
PRS vaccine (Fig. 4). Briefly, T-cells isolated from the
spleen or cervical lymph nodes of mice 7 days after
the final immunization were cultured with irradiated
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antibodies and virus titers from five mice from each group were
measured by ELISA and plaque assay using MDCK cells, respectively.
Each column represents the mean values £ SE of five mice per group,
and open circles indicate individual animals. The virus titers were
statistically compared te those of non-immunized mice (*P <0.05).
(B,C) The survival curves of mice immunized according to the same
schedule as in Figure 2A after lethal influenza A/Vietnam/1194/04
(B) or influenza A/Indonesia/6/05 (C) virus challenge is depicted. The
survival rates were monitored for 14 days. **P < 0.01 versus control
mice, log-rank test.

antigen-presenting cells in the presence or absence of A/
PR8 vaccine at 0.1, 1.0 or 10 pg/ml. Low but significant
levels of interferon-y were detected in the splenic T-cells
of mice immunized with P. linteus-adjuvanted vaccine
(Fig. 4A). However, there was no significant effect
on interferon-y production in splenic T-cells of mice
immunized by A/PR8 vaccine adjuvanted with M.
gracilenta, G. frondosa, or L. edode mycelial extracts.
Similarly, P. linteus-adjuvanted vaccine induced little
T-cell response in cervical lymph nodes (Fig. 4B). These
results suggest that immunization with a combination
of vaccine and mycelia extract induces a relatively weak
T-cell response.

MyD88 Participates in Mycelia Extract
Stimulated Production of Proinflammatory
Cytokines in Bone Marrow-Derived
Dendritic Cells

Crude mycelia extract contains proteoglycans,
hemicellulase, and B-glucans [Ukawa et al., 2000] and
activates innate immune responses via CD14/TLR4 or
dectin-1 (a B-glucan-specific C-type lectin receptor)-
dependent pathways [Saijo et al., 2007; Taylor et al,,
2007]. Because MyD88 is a general adaptor/
regulator molecule for the Toll/TL-1R family of receptors
[Medzhitov et al., 1998], cytokine production was
measured in wild-type and MyD88-deficient bone
marrow-derived dendritic cells following stimulation
with mycelia extract. Bone marrow-derived dendritic

J. Med. Virol. DOI 10.1002/jmv

101



134

& 10 pp/mlt
8 1.0 pgimi
6.1 ugimi

Vaccine + + + + + +
Adjuvart PL MGR GF LE PG -

B cervical lymph node

500
B 10 ug/ml
:'f:“ 400 O None
2 3001
; 200 4
&
100 4 I
D .
Vaccine + + +
Adjuvant  PL  P(kC) -

Fig. 4. In vitro responses of influenza A/PR8 virus-specific T-cells
derived from mice immunized intranasally with hemagglutinin vaccine
alone, or in combination with various mycelial extracts or poly(I:C).
Spleens (A) and cervical lymph nodes (B) were isolated 1 week after the
final immunization and re-stimulated with T-cell-depleted splenocytes
that had been pulsed with the indicated concentration of A/PR8
hemagglutinin vaccine. Production of interferon-y in the culture
supernatant was measured by ELISA at 4 days after the antigen re-
stimulation. These results are presented as the means of two
independent experiments. *P < 0.05 versus non-stimulated sample.
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cells from wild-type or MyD88-deficient mice were
stimulated with lipopolysaccharide, Zymosan, or myce-
lia extracts in vitro for 24 hr, and their ability to secrete
TNF-u was examined. After stimulation with Zymosan,
P. linteus, M. gracilenta, G. frondosa, or L. edode
extracts, TNF-u production was partially but signifi-
cantly reduced in MyD88-deficient dendritic cells in
comparison to wild-type dendpritic cells, and was drasti-
cally reduced after lipopolysaccharide stimulation in
MyD88-deficient dendritic cells as compared to
wild-type (Fig. 5). All mycelia extracts strongly induced
TNF-o and IL-6 as much as stimulation with lipo-
polysaccharide or Zymosan in bone marrow-derived
dendritic cells, but not IL-12 or p70. In addition, while
lipopolysaccharide and Zymosan strongly enhanced
CD40 expression in dendritic cells, treatment with
mycelial extracts from P. linteus, M. gracilenta, G.
frondosa, or L. edode only modestly enhanced CD40
expression in dendritic cells. These results indicate that
proinflammatory cytokine production in bone marrow-
derived dendritic cells in response to stimulation by
mycelial extracts is partly dependent on MyD88 and
that the adjuvant activity of mycelia extracts may be
achieved through activation of dendritic cells.

DISCUSSION

The results of the present study clearly demonstrate
that extracts of mycelia from edible mushrooms,
especially P. linteus, are an effective mucosal adjuvant
when administered intranasally with influenza vaccine.
Nasal immunization induced not only an increase in
mucosal secretory IgA, but also a high titer of anti-HA
IgG in the serum. This immune reaction resulted
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Fig. 5. Tumor necrosis factor (TNF)-2 (A), IL-6 (B), and IL-12p70 production from bone marrow-derived
dendritic cells (BMDCs). BMDCs (5 x 10° cells/well) from wild-type (filled columns) or MyD88-deficient
mice (open columns) were stimulated with lipopolysaccharide (LPS), Zymosan (Zym.), Phellinus linteus
(PL), Macrolepiota gracilenta (MGR), Grifola frondosa (GF), or Lentinula edodes (LE) for 24 hr as described
in Materials and Methods Section. The culture supernatants were collected and the concentration of
TNF-u(A), IL-6 (B) and IL-12p70 (C) were measured by ELISA. Datarepresent the means + SD of duplicate
samples. *P < 0.05, wild-type versus MyD88-deficient dendritic cells. The expression of the co-stimulatory
molecule CD40 was measured by flow cytometry after 24 h of stimulation (D). The gray histograms show the
expressions on the unstimulated cells, and the bold lines show the expression of CD40.
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in cross-protective immune responses against both
homologous and heterologous influenza variants,
including highly pathogenic H5N1 influenza virus
isolates. Administration of the formalin-inactivated
whole H5N1 vaccine (NIBRG14) or the PR8 HA vaccine
combined with P. linteus extract following a two-dose
immunization protocol was able to confer protection
against infection with lethal influenza A/Vietnam/
1194/2004 (H5N1) virus, influenza A/Indonesia/6/2005
(H5N1) virus, and lethal lung infection (40 LD5o) by PR8
influenza virus, respectively. These results indicate that
P. linteus extract is an effective mucosal adjuvant when
administered intranasally with influenza vaccine. The
P. linteus-adjuvanted vaccines induced poor T-cell
responses, indicating that cross-protection may be
mediated primarily by the mucosal immune response,
probably via the activity of secretory IgA antibodies
against viral proteins. It has been shown that polymeric
immunoglobulin receptor-knockout mice do not secrete
IgA and exhibit less cross-protective efficacy against
variant influenza virus infection [Asahi et al., 2002].
Although neutralizing activity against heterologous A/
Vietnam/1194/2004 (H5N1) virus was not detected in
the nasal washings, this was likely due to dilution with
PBS when the nasal washings were collected. The
concentration of vaccine-specific IgA in the nasal wash
samples was much lower than the physiological concen-
tration in the nasal mucosa, and therefore neutralizing
activity in the nasal washings may not have been
detectable.

Intranasal vaccination is advantageous for protection
against influenza virus infection due to the induction
of secretory IgA at the mucosal surface, which elicits a
more effective cross-protective immunity compared to
serum IgG. In fact, the cross-protective effects of P.
linteus-adjuvanted vaccine were observed even against
virulent heterologous H5N1 variants. Antigen-specific
T-cell responses were weak in mice that had been
immunized intranasally with vaccine and mycelia
extracts from P. linteus, indicating that homologous
and heterologous protection is primarily accomplished
by secretory IgA at the mucosal surface.

Although mycelia extracts did not activate dendritic
cells to the same extent as lipopolysaccharide or
Zymosan, they induced high levels of cytokines such as
TNF-o. and IL-6 as much as stimulation with lip-
opolysaccharide or Zymosan. It has been shown that
dectin-1 mediates the phagocytosis of B-glucan-bearing
ligands, including yeast-derived particles such as
Zymosan [Herre et al., 2004]. The phagocytosis of
pathogens is a critical host defence mechanism, not only
for clearance of the invading microorganism, but also for
the generation of antigenic fragments for presentation
to CD4% T-cells to induce a subsequent adaptive
immune response [Dzionek et al., 2001]. Toll-like
receptors 3, 7, 8, and 9 are localized to intracellular
compartments and specialize in recognition of viral
nucleic acids in the endosome [Iwasaki and Medzhitov,
2004]. In this regard, concomitant administration of
mycelial extracts and a toll-like receptor agonist, such as
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synthetic double-stranded RNA poly(I:C), synthetic
imidazoquinoline compounds, or oligodeoxynucleotides
containing cytosine—guanine motifs may be more
effective than either mycelial extracts or toll-like
receptor agonists alone, by reason of accumulation of
vaccine with a toll-like receptor agonist into endosomal
compartments that express toll-like receptors 3, 7, 8,
and 9. In fact, complexing toll-like receptor 3 or 9
agonists to cationic liposomes markedly potentiated
their ability to activate immune responses [Zaks et al.,
2006]. These synergistic effects may contribute to the
enhancement of mucosal adjuvant effects, leading to
complete protection against viral challenge.

A major objective of intranasal influenza vaccine
development is the design of an adjuvant that can
provide effective mucosal immune activity and at the
same time is stable and safe for clinical application in
humans. Although poly(I:C) is a potent mucosal adju-
vant, it has been associated with some adverse events
during clinical trials of intravenous administration.
Poly(I:C) induced a number of side effects in humans,
including renal failure and hypersensitivity, in a
previous clinical trial using dosages as high as 75 mg
of poly(I:C)/m? at day 0 followed by daily administration
from day 7 to a maximum of 35 days [Robinson et al,,
1976]. Although the crude mycelia extracts used in the
present study are not as effective as poly(I:.C) as an
adjuvant, identification of the active ingredients has
the potential to produce an adjuvant as effective as
poly(I:C). The mycelial extracts are derived from edible
mushrooms and are separated by boiling, indicating
that the active ingredients in the adjuvant are thermo-
tolerant, whereas poly(I:C) loses adjuvant activity after
boiling at 95°C for 5 min [Ichinohe et al., 2005]. It has
also been shown that oral administration of mushroom
extracts decreases IgE levels by modulation of Th1/Th2
balance. Inagaki et al. [2005] reported that oral admin-
istration of P. linteus significantly inhibited the IgE-
dependent mouse triphasic cutaneousreaction, and Lim
et al. [2005] demonstrated that P. linteus given orally
decreased IgE concentration in serum and murine
mesenteric lymph node lymphocytes, and increased
concanavalin A-induced interferon-y secretion in mes-
enteric lymphocytes. These characteristics offer great
advantages for clinical application.

For the clinical application, we need to evaluate the
effective dose of vaccine in human trials. The effective-
ness of intranasal vaccine with injection dose (15 ug) in
humans could be roughly assessed by the ability of
~0.1pg vaccine to induce an immune response to
provide protection against infection in BALB/c mice
immunized intranasally according to a two-dose regi-
men [Tamura et al., 2005]. These data suggest that the
vaccine dose in BALB/c micein the current study (1 pg of
vaccine per mouse) corresponded to ~10 times the dose
in subcutaneous injection in human. Identification of
the active ingredients in the crude mycelial extracts
could reduce the doses. Further investigation is neces-
sary to identify the active ingredients to produce more
potent mucosal adjuvant.
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In summary, intranasal immunization with influenza
vaccine and extract of mycelia from P. linteus-induced
cross-protective mucosal immunity against heterolo-
gous Hb5N1 influenza viruses in mice. Intranasal
immunization with influenza vaccine containing P.
linteus extract may thus represent a strategy to
generate protective mucosal immunity in humans
against newly emerging and highly pathogenic avian
influenza viruses. Because prophylactic agents, includ-
ing vaccines, must ensure sufficient safety for clinical
use, further studies are required to determine whether
such a nasal vaccine would be effective for use in
humans.
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The current vaccination strategy against influenza is to induce the production of antibodies directed
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against surface antigens of viruses. However, the frequent changes in the surface antigens of influenza
viruses allow the viruses to avoid antibody-mediated immunity. On the other hand, it is known that cyto-
toxic T-lymphocyte (CTL) populations directed against internal antigens of influenza A virus are broadly

Keywords: cross-reactive to influenza virus subtypes. In the present study, liposomal conjugates with CTL epitope
Influenza peptides derived from highly conserved internal antigens of influenza viruses were evaluated for their
\L/i?:c;sl::;e ability to protect against infection with influenza viruses. Liposomal conjugates with peptide M1

CIL 58-66, an HLA-Ax0201-binding CTL epitope present within the amino-acid sequence of the M1 coding
region, successfully induced antigen-specific CD8* T-cells and CTLs in HLA-A+0201-transgenic mice.
Moreover, after nasal infection with either the HIN1 or H3N2 virus, viral replication in the lung was sig-
nificantly inhibited in the immunized mice. These protective activities lasted at least 6 months after the
immunization. Thus, these results suggest that liposome-coupled CTL epitope peptides derived from
highly conserved internal antigens of influenza viruses might be applicable to the development of vac-

cines that induce protection against infection with heterosubtypic influenza viruses.

© 2009 Elsevier Inc. All rights reserved.

Introduction

A novel swine-origin influenza A (H1N1) virus (S-OIV) emerged
in Mexico in March 2009 and continues to spread globally via
human-to-human contact. Although S-OIV belongs to the same
hemagglutinin (HA) serotype as seasonal human influenza A
(H1N1) viruses, vaccination with seasonal influenza vaccine does
not result in cross-reactive antibodies [1], possibly because the
protein sequence divergence of the S-OIV H1 from human seasonal
influenza H1 is wide: around 20-24% [2]. The current vaccination
strategy is to elicit neutralizing antibody responses against HA, a
surface glycoprotein of influenza viruses. Although antibody-med-
iated immunity to the surfaces of viruses reduces the probability of
infection and morbidity, an antibody against one influenza virus
type or subtype can provide limited or no protection against an-
other. Moreover, an antibody to one antigenic variant of an influ-
enza virus might not protect against a new antigenic variant of
the same type or subtype, as a consequence of the frequent devel-
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opment of antigenic variants through antigenic drift. Therefore,
although vaccines designed to induce antibodies against HA pro-
vide reasonable protection against the homologous viruses, it is
feared that the vaccines currently being produced may have HA se-
quences so different from those of any pandemic strain that the
vaccines would have little or no efficacy, due to the high rate of vir-
al diversification [3].

Upon natural infection, it is known that the host responds by
inducing humoral and cellular immunity against the pathogen. Hu-
moral immune responses are represented by the production of
antibodies that bind to the surfaces of bacteria and viruses,
whereas cellular immune responses mediate immunity to intracel-
lular pathogens. Since Effros et al. [4] reported in 1977 that influ-
enza A virus-specific cytotoxic T-lymphocytes (CTLs) are broadly
cross-reactive for cells of the same MHC class I type infected with
serologically distinct HIN1 and H3N2 viruses, it has been known
that cytotoxic T-cells specific to internal proteins show high
cross-reactivity between strains and between subtypes, reflecting
more than 90% conservation of the internal proteins [5]. Lee et al.
[6] recently reported that memory T-cells established by seasonal
human influenza A infection cross-react with H5N1 in healthy
individuals who have not been exposed to H5N1 viruses. CD8"
T-cells of the participants recognized multiple synthesized
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influenza peptides, including peptides from the H5N1 strain. Thus,
vaccine formulas that include heterosubtypic T-cell-mediated
immunity might confer broad protection against avian and human
influenza A viruses.

In general, extracellular antigens are presented via MHC class Il
molecules to CD4" T-cells, whereas intracellular antigens are pre-
sented via MHC class 1 molecules to CD8"* T-cells. To induce influ-
enza-specific CTLs, vaccine antigens must be loaded onto the class |
MHC processing pathway in the antigen-presenting cells (APCs) via
cross-presentation. In the cross-presentation, exogenous proteins
cross over to the endogenous pathway to gain access to MHC class
I molecules {7}]. However, the currently approved alum adjuvant,
which was first described by Glenny and Pope [8] in 1926, is
known to be effective only for the induction of humoral immunity,
not for the induction of cell-mediated immunity [9]. Consequently,
the development of a novel vaccine adjuvant is essential for the
production of the CD8" T-cell vaccine.

In our previous study [10], we produced surface-coupled liposo-
mal antigens that were presented by APCs to CD8" T-cells via MHC
class I molecules. Therefore, this antigen preparation was expected
to be applicable to the development of viral vaccines to induce
virus-specific CTLs that effectively eliminate virus-infected cells
[11}]. Since the liposomal conjugates induced CTLs efficiently when
CTL epitope peptides were coupled to the surfaces of liposomes
{10}, the liposomal conjugates were expected to be applicable to
the development of peptide vaccines. We recently demonstrated
that liposome-coupled peptide NP3gs.374, derived from nucleopro-
tein (NP) of influenza H3N2 viruses, induced antigen-specific CTLs
and successfully suppressed influenza H3N2 viral replication in the
lung in C57BL/6 mice [12]. In the present study, we evaluated a
possible application of liposome-coupled peptides to the develop-
ment of an influenza vaccine using HLA-A«0201-restricted CTL epi-
tope peptides and HLA-A+0201-transgenic mice.

Materials and methods

Mice. Mice express a transgenic HLA-Ax0201 monochain, desig-
nated as HHD, in which human b2-microglobulin (b2m) is cova-
lently linked to a chimeric heavy chain composed of HLA-Ax0201
(a1 and a2 domains) and H-2DP (a3, transmembrane, and cytoplas-
mic domains) [13]. Eight- to twelve-week-old mice were used for
all experiments. The mice were housed in appropriate animal care
facilities at Saitama Medical University, Saitama, Japan. Experi-
ments in the present study were approved (No. 214) by the Animal
Research Committee of Saitama Medical School and the mice were
handled according to international guidelines for experiments with
animals.

Reagent. Synthetic CpG ODN (5002: TCCATGACGTTCTTGATGTT)
was purchased from Hokkaido System Science (Sapporo, Japan)
and was phosphorothioate-protected to avoid nuclease-dependent
degradation.

Synthetic peptides. The HLA-Ax0201-restricted, influenza virus
matrix protein-derived peptide M1 58-66 (GILGFVFTL) [14] and
two newly determined peptides—NS1 128-136 (IILKANFSV), which
corresponds to residues 128-136 of the nonstructural protein 1
and PB1 410-418 (GMFNMLSTV), which corresponds to residues
410-418 of the polymerase PB1 protein—were synthesized by Op-
eron Biotechnologies (Tokyo, Japan).

Coupling of peptides to liposomes. Liposomal conjugates with
peptides derived from internal antigens of influenza virus were
prepared essentially in the same way as described previously
[10] using disuccinimidy! suberate (DSS). Briefly, a mixture of
10ml of anhydrous chloroform solution containing 0.136 mM
DOPE and 24 ml of TEA was added in drops to 26.6 ml of anhydrous
chloroform solution containing 0.681 mM DSS and stirred for 5 h at

40 °C. The solvent was evaporated under reduced pressure, and
18 ml of a 2:1 mixture of ethyl acetate and tetrahydrofuran was
added to dissolve the residue. To the solution was added 36 ml
of 100 mM sodium phosphate (pH 5.5) and 90 ml of saturated NaCl
aqueous solution. The mixture was, shaken for 1 min and allowed
to separate. To remove undesirable materials, the upper layer was
washed with the same buffer. After evaporation of the solvent, 3 ml
of acetone was added to dissolve the residue. Then, 100 ml of ice-
cold acetone was added in drops and kept on ice for 30 min to pre-
cipitate. Crystals were collected and dissolved in 5 ml of chioro-
form. After evaporation, 34.4 mg of DOPE-DSS was obtained, then
0.18 mM DOPC, 0.03 mM DOPE-DSS, 0.21 mM cholesterol, and
0.06 mM DOPG were dissolved in 10 ml of chloroform/methanol.
The solvent was removed under reduced pressure and 5.8 ml of
phosphate buffer (pH 7.2) was added to make a 4.8% lipid suspen-
sion. The vesicle dispersion was extruded through a 0.2 mm poly-
carbonate filter to adjust the liposome size. A 2 ml suspension of
DSS-introduced liposome and 0.5 ml of 10 mg/ml peptide solution
were mixed and stirred for 3 days at 4 °C. The liposome-coupled
and -uncoupled peptides were separated using CL-4B column chro-
matography. The resulting PBS solution of peptide-liposome conju-
gates, containing approximately 0.7 mg peptides/ml, was sterile
filtered and kept at 4 °C until use,

Cell line. Madin-Darby canine kidney (MDCK) cell line was
obtained from the American Type Culture Collection (ATCC) (Rock-
ville, MD) and maintained in Dulbecco’s modified Eagle's medium
(DMEM) (Sigma-Aldrich, St. Louis, MO) supplemented with 10%
fetal calf serum (FCS) (JRH Biosciences, Lenexa, KS).

Influenza viruses. Two influenza A virus strains—H1N1 (A/PR/8/
34) and H3N2 (A/Aichi/2/68)—were propagated in 10-day-old
embryonated hen's eggs at 35 °C for 3 days. Egg allantoic fluid con-
taining either virus was then harvested and stocked at —80 °C.
Virus titers were determined by calculating the 50% tissue culture
infectious dose (TCIDso) using MDCK cells [15]. The value of 50%
mouse lethal dose (LDsg) of the HIN1 (A/PR/8/34) virus was deter-
mined in mice that were inoculated intranasally (i.n.) under anes-
thesia. The A/PR/8/34 (H1N1) virus was purchased from ATCC, and
the H3N2 (A/Aichi/2/68) virus was kindly provided by Dr. Hiroshi
Kida of Hokkaido University, Japan.

Immunization. Mice were subcutaneously (s.c.) immunized with
100 pl solution of the peptide-liposome conjugates in the presence
of 5 ug CpG.

Intracellular cytokine staining. Intracellular cytokine staining
(ICS) was performed as described previously [16]. Briefly, after
one week following immunization, 2 x 10° spleen cells of immu-
nized mice were incubated with 10 mM of the peptide M1 58-66
for 5 h at 37 °C in the presence of brefeldin A (GolgiPlug™, BD Bio-
sciences, San Jose, CA). After Fc receptors were blocked with the rat
anti-mouse CD16/CD32 mAb (Fc Block™, BD Biosciences), cells
were stained with FITC-conjugated rat anti-mouse CD8c mAb
(BD Biosciences) for 30 min at 4 °C. The cells were then fixed, per-
meabilized, and stained with phycoerythrin (PE)-conjugated rat
anti-mouse interferon-gamma (IFN-vy) mAb (BD Biosciences). After
the cells were washed, flow cytometric analyses were performed.

Table 1
Amino acid sequences of CTL epitopes derived from internal antigens of influenza
viruses.

Virus strain M1 58-66  NS1128-136 PB1410-418
HIN1 {(A/PR/[8/34) GILGFVFTL  HILKANFSV GMFNMLSTV
H3N2 (A/Aichi/2/68) GILGFVFTL  yMLKANFSY ~ GMFNMLSTV
H1IN1 (A/New York/4290/2009) GILGFVFTL [y KANFSV GMFNMLSTV
H5N1 (AfHong Kong[483/97) GILGFVFTL  HLKANESY GMFNMLSTV

Disagreements are underlined.
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pulsed with 10 mM of peptide M1 58-66 and labeled with a high
concentration (2.5 pM) of carboxyfluorescein diacetate succinim-
idyl ester (CFSE) (Molecular Probes, Eugene, OR), The other popula-

In vivo CTL assay. In vivo CTL assay was carried out as described
previously by Suvas et al. [17]. Briefly, spleen cells from naive HHD
mice were equally split into two populations. One population was

A no imm, solution liposome
A
M1 58-66
>- |NS1 128-136
Z
e
Lot
PB1410-418
B no imm. liposome
A 1949
M1 |21
M2
M1 58-66

e 0.0 o 88.8
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NS1 128-136
0.0 90.5
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b

Cell Number

CFSE

Fig. 1. Induction of antigen-specific CD8" T-cell and CTL responses. Mice received immunization with the liposome-coupled peptides M1 58-66, NS1 128-136, and PB1 410-
418 (liposome) or liquefied peptides in the same amounts as liposome conjugates (solution) in the presence of CpG. Control mice received no immunization (no imm.). One
week after the immunization, ICS (A) and in vivo CTL assay (B) were performed as described in Materials and methods. {A), ICS of antigen-specific CD8" T-cells among spleen
cells of A2Tg mice. Cells were stained for their surface expression of CD8 (x-axis) and their intraceliular expression of IFN-y (y-axis). The numbers shown indicate the
percentage of CD8” cells that were positive for intracellular IFN-v. (B), induction of CTLs by liposome-coupled peptides. The numbers shown indicate the percentage of total

cells killed. The data shown are representative of three independent experiments,
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tion was unpulsed and labeled with a lower concentration
(0.25 uM) of CFSE. An equal number (1 x 107) of cells from each
population was mixed together and adoptively transferred intrave-
nously (i.v.) into mice that had been immunized once with a lipo-
somal peptide two weeks earlier. Twelve hours later, spieen cells
were prepared and analyzed by flow cytometry. To calculate
specific lysis, the following formula was used: % specific lysis =
(1 - {{number of CFSE'" cells in normal mice)/(number of CFSEMh
cells in normal mice)}/{(number of CFSE®" cells in immunized
mice)/(number of CFSEMe" cells in immunized mice)}} x 100,

Viral challenge experiment. Mice were anesthetized by an intra-
peritoneal injection of ketamine (175 mg/g weight) (Sigma-Al-
drich) and xylazine (3.5 mg/g weight) (Bayer Holding Ltd., Tokyo,
Japan), and were challenged intranasally (i.n.) with either
5 x LDsg (1 x 10* TCIDso) of HIN1 (A/PR/8/34) virus or 1 x 10*
TCID5o of H3N2 (A/Aichif2/68) virus resuspended in 40 ml of PBS
per animal. The mice were weighed daily and monitored for mor-
tality for two weeks. For virus titration, mice were sacrificed on day
2, 4, or 6 after the virus challenge, and the virus titers in their lungs
were determined by calculating TCIDso using MDCK cells as de-
scribed [15]. In brief, the lungs were homogenized in 1 ml of PBS
and the homogenate was clarified by centrifugation at 2000 rpm
for 10 min. The lung homogenates were then serially 10-fold di-
luted in 96-well U-bottomed plates, 5 wells per dilution, starting
from 10~ to 10~7 in DMEM with 5% FCS. MDCK cells in D-5 were
added to all wells (2.5 x 10* cellsjwell) and incubated at 35 °C in
5% CO,. One day later, the culture medium in each well was re-
placed by DMEM containing 2 mg/ml acetylated trypsin (Sigma-Al-
drich), and the plates were incubated in a CO, incubator at 35 °C
for 4 more days. After the addition of 50 ml of 0.5% chicken red
blood cell suspension in PBS to each well, the agglutination pattern
for each sample was observed and virus titers were determined by
calculating TCIDsg [15]. Three to six mice were used in each exper-
imental group. The limit of detection in this assay was 10% TCIDsp/
mouse,

Statistical analyses. Statistical analyses were performed using
Student'’s t-test. A value of p<0.05 was considered statistically
significant.

Results

Induction of antigen-specific CD8" T-cells and CTLs by liposome-
coupled CTL epitopes derived from internal proteins of influenza
viruses

HLA-Ax0201 (A2)-binding epitopes were predicted among the
amino-acid sequences of six coding regions—M1, NP, PA, PB1,
PB2, and NS—in the H1N1 influenza virus strain A/PR/8/34 (PR8)
using programs available on the Internet. The predicted epitopes
were then synthesized and chemically coupled to liposomes to
evaluate their abilities to induce antigen-specific CD8" T-cells
and CTLs by means of ICS and an in vivo cytotoxicity assay, respec-
tively. Immunization of the liposome-coupled, HLA-A2-restricted
epitope peptides, M1 58-66, NS1 128-136, and PB1 410-418 (Table
1), induced significant levels of antigen-specific CD8" T-cells in
HLA-A2-transgenic (A2Tg) mice, as evaluated by ICS (Fig. 1A).
Moreover, as shown in Fig. 1B, all the peptide-liposome conjugates
in Fig. 1A induced significant in vivo CTL responses, indicating that
all the predicted CTL epitopes were loaded onto MHC class | and
were recognized by CTLs. On the other hand, solutions of the pre-
dicted peptides did not induce antigen-specific CD8* T-cells in
A2Tg mice immunized even in the presence of CpG (Fig. 1A). As
shown in Table 1, all three peptides were preserved well not only
in HIN1 {(A/PR/8/34) and H3N2 (A/Aichi/2/68) seasonal influenza
viruses but also in the pandemic HIN1 2009 virus (A/New York/
4290/2009) and in a highly pathogenic avian influenza virus,

H5N1 (A/Hong Kong/483/97), except that NS1 128-136 partially
changed in H3N2 (A/Aichi/2/68) and HIN1 (A/New York/4290/
2009). Among the CTL epitopes determined in the present study,
peptide M1 58-66 was already reported by Gotch et al. in 1987
[14].

Virus challenge experiment

Among the above-described HLA-A2-restricted CTL epitopes,
virus challenge experiments were performed using peptide M1
58-66. A2Tg mice were immunized subcutaneously with lipo-
some-coupled, HLA-A2-restricted peptide M1 58-66. One week
after the immunization, they were infected intranasally with the
influenza virus H1N1 (A/PR/8/34) or H3N2 (A/Aichif2/68) strain.
As shown in Fig. 2, viral growth in the lung was suppressed signif-
icantly in the immunized mice 2-6 days after the infection with
either HIN1 (A) or H3N2 (B) viruses. Thus, immunization with
liposome-coupled peptides successfully induced protection against
influenza viruses regardless of the influenza virus subtypes in A2Tg
mice.
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Fig. 2. Viral titers in lungs of mice following H1N1 or H3N2 virus challenge. Mice
received immunization with either liposome-coupled peptide M1 58-66 liposome
conjugates in the presence of CpG (gray bars) or none (black bars). One week later,
mice were challenged i.n. with either the HIN1 (A) or the H3N2 virus (B). On day 2,
4, or 6 post-infection, viral titers in the lungs were determined by calculating TCIDs,
using MDCK cells as described in Materials and methods. Data represent mean and
SE of 5 mice per group. 'p <0.05. "p <0.01.
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Fig. 3. Induction of long-lasting immunity by peptide-liposome conjugates. Mice
were immunized with either liposome-coupled peptide M1 58-66 in the presence
of CpG or none. 90days after the immunization, 1CS (A) and viral chalienge
experiments (B) were performed. (A), ICS of CD8” T-cells specific for peptide M1 58-
66 among spleen cells of A2Tg mice immunized with liposome-coupled peptide
(liposome) or nene (no imm.). (B), viral replication in the lungs of mice infected
with influenza viruses in mice immunized with liposome-coupled peptide (gray
bars) or none (black bars). Data represent the mean and SE of 5 mice per group.
p<0.05.

Induction of memory CD8” T-cells

After confirming the induction of protective ability by liposomal
peptide in the effector phase, we investigated whether or not this
immunization induced memory CD8" T-cells. As shown in Fig. 3,
CD8"* T-cells specific to peptides M1 58-66 were detected signifi-
cantly in immunized mice at 90 days after the immunization
(Fig. 3A). In addition, viral growth in the lung was suppressed sig-
nificantly after nasal challenge with either the HIN1 or H3N2
influenza virus (Fig. 3B). Thus, it was demonstrated that the immu-
nization readily induced memory CD8"* T-cells.

Induction of long-lasting protection against lethal doses of influenza
viruses

We next investigated whether or not the long-lasting immunity
demonstrated above would help protect mice against infection
with lethal doses of influenza viruses. Six months after the immu-
nization with liposome-coupled M1 58-66 peptides, mice were
challenged with a lethal dose of influenza virus HIN1 PR8 strain.
As shown in Fig. 4, although the immunized mice lost body weight
up to 8 days after infection, the rate of loss was significantly lower
than that in a non-immunized control group at 4-7 days, and the
immunized mice recovered body weight thereafter (Fig. 4A). Final-
ly, 5 out of 6 immunized mice stayed alive while all of the non-
immunized control mice died within 7 days after infection with a
significant loss of body weight and morbidity (Fig. 4B).

Discussion

The present study demonstrated that liposome-coupled CTL
epitope peptides derived from internal antigens of influenza virus
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Fig. 4. Maintenance of protective ability against a lethal dose of HIN1 virus in mice
immunized with liposome-coupled peptide. Mice were immunized with either
liposome-coupled peptide M1 58-66 in the presence of CpG {(open symbols) or none
(solid symibols). Six months after the immunization, mice were challenged i.n. with
5 x LDsg of HIN1 (A/PR/8/34) virus. The mice were weighed and monitored daily
for mortality up to 14 days post-challenge. (A), changes in body weight of mice
calculated as a percentage of the mean weight per group as compared with starting
body weight, Data represent mean body weight and SE of 6 mice per group. 'p < 0.05
and "p<001 as compared with non-immunized control mice. (B), survival
percentage. The mice were euthanized after they had lost 30% of their initial body
weight.

protected against infection with heterosubtypic influenza viruses.
Since the early finding that influenza A virus-specific CTLs are
broadly cross-reactive for cells of the same MHC class I type in-
fected with serologically distinct HIN1 and H3N2 viruses [4],
numerous investigators have reported on immunodominant and
cross-reactive CTL epitopes derived from conserved internal anti-
gens, such as NP [18,19], M1 [14,19,20], and NS1 [5] of the influ-
enza viruses, It was hoped that CTL epitopes could be used to
develop a broadly protective influenza vaccine [21]. To date, candi-
date CD8" T-cell vaccines have been reported to induce protection
even partially [22], suggesting that CD8" T-cells certainly help pro-
tect against influenza. Therefore, the CD8" T-cell vaccine strategy
against influenza was expected to support antibody-focused vac-
cine strategies by “reducing” [21] or “dampening” [5] the impact
of the next pandemic.

The liposome-coupled CTL epitope peptides efficiently induced
antigen-specific CD8" T-cells and CTLs (Fig. 1), and suppressed viral
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replication in the lungs of mice infected with either HIN1 or H3N2
influenza viruses (Fig. 2). In addition, since a single immunization
just one week before infection successfully reduced viral replica-
tion in the lung, this vaccination protocol would be expected to
counter the rapid spread of an influenza pandemic. The efficacy
of the liposome-coupled peptides in inducing CTL-based protective
immunity was likely due to the characteristics of liposome-cou-
pled antigens, which are very readily recognized by APCs [23]
and which effectively induce cross-presentation via MHC class |
in the APCs [10], in addition to their safety, in that they are least
likely to induce allergic responses [24]. Moreover, the liposome-
coupled CTL epitope peptides were capable of inducing long-lived
CD8* memory T-cells without including CD4" T-cell epitope in the
composition of the vaccine (Fig. 3). In fact, mice immunized with
liposome-coupled M1 58-66 peptides remained protected for at
least 6 months after immunization (Fig. 4).

The CTL epitopes employed in the present study are contained
not only in the seasonal influenza viruses but also in the currently
emerging S-OIV and in the extremely virulent avian H5N1 influ-
enza viruses (Table 1), suggesting that this liposomal peptide vac-
cine might be effective for protection against infection with both
seasonal and pandemic influenza viruses. In addition, the liposome
employed in the present study was originally developed as an anti-
genic carrier that effectively induces humoral immunity (i.e., anti-
body production) against liposome-coupled antigens [25].
Therefore, the antigen-liposome conjugates are capable of inducing
both humoral and cellular immunity against influenza viruses, by
combined coupling of antibody and CTL epitopes to the surfaces
of liposomes.

Conclusions

The results obtained in the present study demonstrated that
liposome-coupled CTL epitope peptides derived from highly con-
served internal antigens of influenza viruses might be applicable
to the development of a broadly protective influenza vaccine that
could confer protective immunity against both seasonal and pan-
demic influenza.
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Background Atopic dermatitis (AD) is a chronic disease with a Th2-type-cytokine
dominant profile. Several cytokines and related peptides have been used for the
treatment of AD but they were ineffective because of their limited biological
half-life. We have recently developed a highly efficient mouse dominant negative
interleukin (IL)-4/IL-13 antagonist (IL-4DM), which blocks both IL-4 and IL-13
signal transductions.

Objective To examine the effects of IL-4DM in vivo in an AD model induced by the
repeated exhibition of oxazolone (OX).

Methods Plasmid DNA was injected intraperitoneally to cause an experimental
AD-like dermatitis. The effect was evaluated by ear thickness, histological findings,
and mast cells counts in the inflamed skin. The plasma IgE and histamine levels
were measured. Cytokine production in skin and splenocytes were also analysed.
Results Mice treated with control plasmid developed marked dermatitis with mast
cells and eosinophil infiltration, and had increased plasma IgE and histamine lev-
els with a Th2 type splenocyte cytokine profile. Treatment with mouse IL-4 DNA
augmented the ear swelling and thickness with an increased dermal eosinophil
count, plasma histamine level, and production of splenocyte IL-4. However,
IL-4DM treatment successfully controlled the dermatitis, decreased the mast cell
and eosinophil count, and suppressed plasma IgE and histamine levels. Spleno-
cytes produced an increased level of IFN-v.

Conclusion These data showed that the simultaneous suppression of IL-4/IL-13 sig-
nals successfully controlled Th2-type chronic dermatitis. IL-4DM DNA treatment
is a potent therapy for AD and related diseases.

Interleukin (IL)-4 plays a central role in Th2-cytokine-domi-
nant inflammatory skin diseases such as atopic dermatitis
(AD)."'® IL-4 is responsible for the differentiation of allergen-
specific Th2 cells together with its closely related cytokine
IL-13 for the class switching of activated B cells to IgE-produc-
ing cells. The effects of IL-13 are similar to IL-4 on B cells,
monocytes, and other cell types, but T cells appear to lack an
IL-13 binding receptor component and do not respond to
1L-13.* The structural basis for the overlapping functions of
IL-4 and IL-13 is a shared receptor subunit, and IL-4Ra
organizes intracellular signals in response to both cytokines.>*
Signal transduction is induced by heterodimerization of the
IL-4Ro. with a second subunit; which may vary according to
the cell types. The specific inhibition of IL-4 can be achieved
by antagonistic IL-4 mutants. Variants of human IL-4 that bind

to the receptor subunit IL-4Ra, but not to the other subunit
v-chain (yc) or IL-13Ral are competitive antagonists of
IL.-4.”% 1L-13 is inhibited by similar variants, which form
unproductive complexes with IL-4Ro.*"” The single-site human
IL-4 mutant Y124D has been used as an IL-4/IL-13 inhibitor
in various studies,’”'” but this variant retains some resid-
ual agonistic activity, which could be relevant for in vivo
applications.”® In contrast, IL-4 and IL-13 double mutant
R121D/Y124D lacks detectable activity and appears to be an
effective antagonist for human 114 and IL-13.>'®

We have recently developed a highly efficient murine
IL-4 antagonist DNA (IL-4DM), in which the amino acids glu-
tamine 116 and tyrosine 119 were changed for aspartic acid.'”
This murine mutant DNA is analogous to the R121D/Y124D
double mutant. IL-4DM binds with high affinity to the murine
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IL-4Ro. without inducing signal transduction, and has no
detectable activity upon the proliferation or differentiation of
murine cells. An appropriate amount of IL-4DM completely
inhibits responses by wild-type 1L-4."" Like its human ana-
logue, the IL-4DM mutant is also an antagonist of IL-13
(B. Schnarr et al., unpublished data®’). Recent experiments with
monocytes from mice lacking a functional yc gene showed that
IL-4DM is a complete inhibitor of IL-4 in the absence of yc as
well.?® In this study we have examined the effects of IL-4DM
in vive, using an AD model induced by the repeated exhibition
of oxazolone (OX). The repeated application of a hapten such
as OX on mice causes an initial delayed-type hypersensitivity
that changes to an immediate-type response in the late phase
with elevated IgE production and deviation of Th-cell
responses. The skin lesions that appear in the late phase are
compatible with the clinical findings as well as the cytokine
profile observed in AD.>’”** The inhibitory effect of IL-4DM
on IL-4 and IL-13 on the immune response was comparable
with that of knockout mice lacking either I1L-4’* or IL-4Ro.
Treatment with IL-4DM prevented contact hypersensitivity
responses with the increased production of interferon (IFN)-v.

Materials and methods

Animals

BALB/c male mice aged 5 weeks were purchased from Japan
SLC Co. (Shizuoka, Japan) and were used at the age of
6 weeks. Age-matched wild-type BALB/c mice were used as
controls. All animals were cared for according to the ethical
guidelines approved by the Institutional Animal Care and Use
Committee of Mie University.

Reagents

The cDNA coding region of mouse IL-4 was amplified by a poly-
merase chain reaction (PCR) based on the ¢DNA sequence of
mouse IL-4. The mouse IL-4 fragment was inserted into BamHI
and EcoRI-filled in pcDNA3.1+ (Invitrogen, San Diego, CA,
US.A.) under the TPA leader sequence, and then digested by
BanHI and Sacl. A Quickchange™ Site-directed Mutagenesis kit
(Stratagene, La Jolla, CA, U.S.A.) was used for the mutagenesis of
mouse IL-4. The oligonucleotide primers used to prepare a mouse
IL-4 double mutant (IL-4DM, Q116D/Y119D) were CTAAA-
GAGCATCATGGATATGGATGACTCGTAGTCTAGAG and CTCT-
AGACTACGAGTCATCCATATCCATGATGCTCTTTAG. The IL-4
mutant fragments were ligated into pcDNA3. 1+.2° Mouse IL-4,
IL-4DM plasmid DNAs were purified using the Plasmid Mega
kit (Qiagen, Chatsworth, CA, U.S.A.) and diluted with sterilized
physiological saline. OX was purchased from Sigma (St Louis,
MO, U.S.A.) and was dissolved in acetone/olive oil (4 : 1).

Administration of DNA

Mice were treated by intraperitoneal injection of 100 pg of
IL-4DM DNA on days 0, 7, 14, 21 and 28. A control plasmid

© 2009 The Authors
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Fig 1. Schedule for induction of chronic contact hypersensitivity and
administration of compounds. Mice received intraperitoneal (i.p.)
injection of 100 pg of each plasmid DNA on days 0, 7, 14, 21

and 28.

(pcDNA3.1+) vector and IL-4 DNA were also injected on the
same day (Fig. 1).

Sensitization and challenge procedures

As shown in Figure 1, mice were initially sensitized by pasting
20 pL of 0-5% OX solution to their left ear 7 days before the
first challenge (day 7) and then 20 pL of 0-5% OX solution
was repeatedly applied on the left ear three times per week
from day 0 as reported previously.”® Ear swelling was mea-
sured with thickness gauge calipers before and 30 min after
OX challenge to the pinna of the ear on day 35. The ear
swelling response was expressed as the difference between the
values taken before and 30 min after application.

Histological analysis

Ear skin specimens obtained 6 h after the final challenge on
day 35 were fixed in 10% buffered neutral formaldehyde and
embedded in paraffin wax. Histological sections were of 6 pum
thickness and they were stained with haematoxylin and eosin.
The sections were also stained with 0:5% toluidine blue for the
identification of mast cells. The cell counts were performed in
six consecutive microscopic fields at X 400 magnification.

Measurement of plasma IgE and plasma histamine

Blood was collected under ether anaesthesia 6 h after the last
challenge. Plasma IgE levels were determined by a sandwich
enzyme-linked immunosorbent assay (ELISA). In brief, 96-well
immunoplates (Corning Inc., Corning, NY, U.S.A)) were coated
with 100 pL of an antimouse IgE capture antibody (2 pg mL™")
(BD PharMingen, San Diego, CA, US.A.) overnight at 4 °C.
Plasma samples of 100 pL were diluted 60-fold with PBS
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containing 10% fetal calf serum (FCS) were placed in the wells.
After incubation for 1 h at room temperature, 100 pL of biotin-
conjugated antimouse IgE antibody (2 g mL™" in blocking
buffer) (BD PharMingen) was added to each well. The plates
were incubated at room temperature for 1 h, followed by six
washes, incubated with 100 pL of horseradish peroxidase avidin
D (FUNAKOSHI, Tokyo, Japan) 1 : 1000 in blocking buffer, and
then incubated for 30 min at room temperature. A substrate
solution of 100 pL containing 1'5 mg ABTS (Sigma-Aldrich,
St Louis, MO, U.S.A)) in 5 mL of a 0-1 mol L™ citric acid solu-
tion was added, and kept for 30 min at room temperature in a
dark place. Thereafter the reaction was terminated by adding
50 pL of 2 mol L™ H,80,, and the optical density of each well
at 405 nm was determined by using a microplate reader. A stan-
dard curve was prepared using mouse anti-TNP IgE standard (BD
PharMingen). Plasma histamine levels were analysed using the
commercial sandwich ELISA kit from Immunoteck (Marseille,
France) according to the manufacturer’s protocol.

Purification of mRNA from mouse ears

At 6 h after the final challenge, the skin of the left ear was
sampled. The specimen was homogenized and the total RNA
was extracted using Isogen (Nippon Gene, Tokyo, Japan)
according to the manufacturer’s instruction; 1 mL of homo-
genate was vigorously mixed with 200 uL of chloroform, and
centrifuged at 12000 g for 15 min at 4 °C. The aqueous
phase was separated and mixed with 05 mL of 2-propanol
(Nacalai Tesque, Kyoto, Japan) to precipitate RNA. After
centrifugation, the precipitate was washed with 1 mL of 75%
ethanol (Nacalai Tesque) and dried. RNA was suspended in
50 uL of RNase-free water, and the concentration was mea-
sured based on the absorbance at 260 nm, and the quality
was confirmed by electrophoresis. ¢cDNA was prepared from
10 pg of mRNA using archive kit (ABI, Foster City, CA,
U.S.A)) according to the manufacturer’s protocol.

Cytokine mRNA expression in skin

The transcriptional activity in the lesional skin samples was mea-
sured with a PCR. The amplification of ¢cDNA was performed in
50 UL of a master mixture containing 05 pg of cDNA,
200 nmol deoxynucleotide triphosphate, 5 L of PCR buffer,
2 U of Taq polymerase (ABI) and 2 pmol of each specific pri-
mer for the DNA of interest. The following primers were used
for PCR reactions (5—3"), mouse IEN-y: TCAAGTGGCATAGA-
TGTGGAAGAA and TGGCTCTGCAGGATTTTCATG; mouse IL-2:
CCTGAGCAGGATGGAGAATAACA and TCCAGAACATGCCGCA-
GAG; mouse IL-4: CACTGACGGCACAGAGCTATTGATG and
TCATGGTGCAGCTTTCGATGAATC; mouse IL-10: CTCTTACTG-
ACTGGCATGAGGATCAGCAGG and TCTTCACCTGCTCCACTGC-
CTTGCTCTTAT; mouse IL-12: TCCTGCACTGCTGAAGACATC
and TCTCGCCATTATAGATTCAGAGAC; mouse IL-13: AGACCA-
GACTCCCCTGTGCA and TGGGTCCTGTAGATGGCATTG; mouse
B-actin: TGGAATCCTGTGGCATCCATGAAAC and TAAAACG-
CAGCTCAGTAACAGTCCG.?® PCR was performed under the

following conditions: 95 °C for 5 min, followed by 35 or 40
cycles of 95 °C for 30's, 56 °C (IEN-v, IL-12) or 60 °C (IL-2,
IL-4, IL-10, IL-13, P-actin) for 30 s, and 72 °C for 1 min were
carried out. After the final cycle, the temperature was main-
tained at 72 °C for 7 min. PCR amplified fragments were elec-
trophoresed through 1'5% agarose gels in tris-acetate EDTA
buffer containing ethidium bromide, and the gels were scanned
under ultraviolet light. The mRNA of P-actin was used as an in-
ternal control. The signal intensity of each reverse transcriptase
(RT)-PCR product was estimated using an ATTO Lane & Spot
Analyzer (ATTO, Shizuoka, Japan).
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Fig 2. The effects of interleukin (IL)-4DM, IL-4, and control plasmid
(pcDNA3.1) on ear swelling induced by repeated application of
oxazolone (OX). (a) Ear thickness was measured before each OX
challenge. Each point represents the mean * SD of seven or eight
mice. *P < 0-05: significantly different from the control group and
IL-4 (Student’s t-test). (b) Inhibition of the effecter phase of chronic
hypersensitivity by IL-4DM, IL-4, and control plasmid DNA transfer.
The ear swelling was measured 30 min after applying OX. The ear
swelling in the IL-4DM groups was significantly suppressed
compared with those in the [L-4 and control plasmid DNA groups.
*Significant difference from the control by Student’s t-test at

P < 005.
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Cytokine production from splenocytes

A suspension of 2 X 10° splenocyles were made in a solution
of 200 pL RPMI-1640 medium (Nikken Bio Medical Labora-
tory, Kyoto, Japan) containing 10% fetal bovine serum (FBS;
Biowest, Nuaillé, France), 50 Ul penicillin, 50 pg mL™! strepto-
mycin, and S pg mL™' soluble antimouse CD3 (BD Bio-
science), and 10 pg mL™' antimouse CD28 (BD Bioscience).
Cells were dispensed in triplicate into 96-well flat-bottomed
microplates (Sumitomo Bakelite, Tokyo, Japan). After incuba-
tion for 48 h at 37 °C in a humidified incubator (5% CO,),
culture supernatants were collected and analysed for IEN-y
(Quantikine; R&D Systems, Minneapolis, MN, U.S.A.) or IL-4
(Quantikine; R&D Systems) production with an ELISA accord-
ing to the manufacturer’s protocol.

Statistical analysis

Statistical ~analysis was performed using Student’s t-test
and Mann-Whitney U-test. Values are expressed as mean +
SEM. A 95% confidence limit was taken as significant
(P < 0:05).

Control
plasmid

1L-4

Fig 3. (a) Representative photographs and
histological feature of oxazolone (OX)-treated
skin lesion. OX-sensitized ear revealed
hyperkeratosis, acanthosis, and parakeratosis
in control and interleukin (IL)-4-treated
mice. An increased number of infiltrating IL-4DM
lymphocytes, macrophages and mast cells was
observed in the skin lesions, all of which

are typical histological findings observed in
patients with atopic dermatitis. In contrast, (b)
acanthosis was clearly suppressed, and skin

(a) Photograph

Mast cell (c)

Result

Ear thickness with the treatment of IL-4DM, IL-4,
or control plasmid

In the conwrol group, the ear thickness increased from the
beginning of the challenge, and increased gradually through
the experiments (Fig. 2a). The agonistic IL-4 DNA treatment
augmented increase of the ear thickness after day 16. In con-
trast, IL-4DM DNA treatment significantly suppressed increase
of the ear thickness compared with that of control plasmid or
IL-4DNA-treated mice.

Effects of IL-4DM on the oxazolone-induced acute-phase
ear swelling

The ear swelling was also measured 30 min after OX applica-
tion on day 35, and the difference between before and
30 min afier application was calculated. IL-4DM DNA treat-
ment suppressed the ear swelling significantly compared with
that of the control DNA-injected group (Fig. 2b). However,
IL-4DNA showed no suppressive effects.
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Histological findings and mast cell counts in the
inflamed skin

In control plasmid-treated mice and IL-4 DNA-treated mice,
severe dermatitis was observed on the earlobe. A drastic
decrease of inflammation was observed in IL-4DM DNA-
(Fig. 3a).
OX-challenged ear skin revealed hyperkeratosis, acanthosis and

treated mice Histological examination on the
parakeratosis in both of the control and IL-4-treated mice. An
increased number of infiltrating lymphocytes, macrophages
and mast cells was observed in the skin lesions in control
DNA and IL-4 DNA-treated mice. These findings are compara-
ble with those of AD skin lesions. In contrast, the acanthotic
changes and infiliration of granulocytes, mast cells, and
eosinophils were significantly suppressed in the IL-4DM DNA-
treated mice compared with those of control DNA- or IL-4
DNA-treated mice (Fig. 3b,c). IL-4 DNA
treatment increased eosinophil counts compared with control
DNA treatment.

Interestingly,

Plasma IgE and histamine levels

The total plasma IgE level was increased by repeated OX chal-
lenges (Fig. 4a). IL-4 DNA treatment showed no agonistic
effects in the plasma IgE level; however, IL-4DM DNA treat-
ment significantly suppressed the levels of plasma IgE. The
plasma histamine level was also significantly increased in the
control DNA- or IL-4 DNA-treated mice; however, IL-4DM
DNA treatment significantly suppressed the plasma histamine
levels (Fig. 4b).

Cytokine mRNA expression levels

To determine the effects of 1L-4DM on cytokine production
in the inflamed skin lesions, mRNA expression of Thl and
Th2 cytokines was analysed. The IFN-y mRNA expression was
significantly increased in IL-4DM DNA-treated mice ear com-
pared with that of control DNA-treated samples (standardized
by B-actin expression).

However, no remarkable difference in other cytokine
mRNA expression was observed among three different DNA-
treated samples (Fig. 5a,b).

Concentration of IFN-y and IL-4 in splenocyte cell
culture supernatants

To know the effects of IL-4DM DNA therapy in the systemic
immune system, the concentration of IFN-y in splenocyte cell
culture supernatants was measured by ELISA. The IFN-vy level
in the IL-4DM-treated samples was significantly higher than
that in the control DNA- or IL-4 DNA-treated samples
(Fig. 6a). We also measured the concentration of IL-4 in
splenocyte cell culture supernatants by ELISA for mouse IL-4.
The IL-4 level in the IL-4DM-treated samples was as high as
the IL-4 DNA-treated samples. These were higher than that of
the control DNA-treated samples (Fig. 6b).
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10000 - *
| :
8000 | I {
Y
£ 6000 -
S
e} [
=
g 4000
8
&
2000
0
Control plasmid 1L-4 IL-4DM
(b) Plasma histamine
&
450 «
- I
-
= 300
E
=
@
:
2
g 150 I
3
&
0
Control plasmid IL-4 IL-4DM

Fig 4. Plasma IgE and histamine levels. (a) Plasma IgE level was
decreased in interleukin (IL)-4DM treated mice. (b) Inhibition

of the production of plasma histamine was observed in IL-4DM DNA-
treated mice. *Significant difference from the IL-4 and control by
Mann—-Whitney U-test at P < 0-05.

Discussion

Several previous studies have shown that AD is a chronic
dermatitis with a predominance of Th2 cytokines in the

. . 27-29
lesional skin,

and that Th2 cytokines play a critical role
in the pathogenesis of dermatitis.”® IL-4 is one of the Th2
cytokines that affects the function of different cell types
including T cells, B cells, mast cells, monocytes/macrophages,

endothelial cells, fibroblasts, dendritic cells, Langerhans cells

© 2009 The Authors
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Fig 5. (a) Reverse-transcriptase polymerase chain reaction analysis of
cytokine mRNA expression 6 h after oxazolone (OX)-sensitization.
The cDNAs were amplified for respective cycles of six cytokines and
f-actin, subjected to electrophoresis, and visualized with ethidium
bromide. Representative results under optimal conditions are shown,
Although almost all Th1 and Th2 cytokine levels were unchanged,
mRNA expression for interferon (IFN)-y was increased in IL-4DM-
treated mice. (b) The level of mRNA expression of IEN-y was
expressed as the value relative to that for B-actin. The [EN-vy level in
the IL-4DM group is significantly higher than that of control plasmid
groups. *Significant difference from the control by Student’s t-test

at P < 0-05.

and keratinocytes. Because of this broad-spectrum action, IL-4
is believed to play a crucial role in the pathogenesis of
AD2%*!" In the present study, we employed a contact hyper-
sensitivity model by the repeated application of OX, which
mimics the histological phenotype of AD in humans; this

© 2009 The Authors
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Fig 6. Cytokine production from splenocytes in chronic hypersensitivity
mice. Interferon (IFN)-v and interleukin (IL)-4 production from
splenocytes was measured. (a) Actual IFN-y protein production was
increased in the IL-4DM-treated mice. (b) IL-4 levels did not reach the
significance, but showed a tendency to increase in the IL-4 and IL-4DM
mice. *Significant difference from the control by Mann—Whitney U-test
atP < 0-05.

model also showed increased levels of Th2 cytokines in the
lesional skin as reported by Kitagaki et al.”’

the direct blocking of Th2
responses with neutralizing antibody against Th2 cytokines,

Immunotherapy such as

the soluble form of IL-4 receptor (IL-4R), or antagonistic
IL-4 mutant proteins have been used for the treatment of
asthma.>*** These proteins directly inhibit IL-4 binding
thereby inhibiting host immune responses. A previous study
by Nishikubo et al.** showed inhibition of immune responses
by using IL-4 mutant protein for at least 50 weeks. However,
results from these experimental animals have shown that the
application of these trials to humans is difficult. Because the
pharmacokinetic half-life of IL-4 mutant and sIL-4R protein

Journal Compilation © 2009 British Association of Dermatologists  British Journal of Dermatology 2009 160, pp1172-1179

117



1178 IL-4/1L-13 antagonist vaccination suppresses dermatitis, T. Morioka et al.

are very short in vivo (IL-4 mutant: t,,, = 0:83 h; sIL-4R:
tiy, = 46 h),ss'36 huge amounts of these molecules are
required in plasma to maintain a long period of inhibitory
action on allergic inflammation. In fact, administration of
these molecules was required many times in high doses from

the sensitization to the challenge periods.>*™*’

In the present
study, we demonstrated a remarkable antagonistic effect of
IL-4 mutant DNA applied in a form of vaccination, as a potent
new type of immunogene therapy for AD. In previous studies
in which gene therapy and DNA vaccines were used in com-
bination with a cytokine gene for tumours or pathogens,
effective immune responses to antigen were recognized even
in the absence of detectable plasma levels of cytokines.
Recently, we also reported that administration of plasmid
DNA coding IL-4 ¢cDNA completely inhibited the development
of insulitis, which is one of the Thl-type autoimmune dis-
eases, although no IL-4 was detected in plasma.*® These
results suggest that genes applied as a DNA vaccine express
and supply products to the host continuously. To occupy the
IL-4/1L-13 receptors, a continuous supply of IL-4DM is
needed but not bolus application. Therefore, IL-4DM applied
as a DNA vaccine might inhibit the allergic inflammation by
persistent secretion of mutant IL-4 over a long period in a
limited amount.

As we had expected, IL-4DM mitigated phenotypical and
histological changes such as severe oedema, inflammatory
cell infilration and epidermal hyperplasia. IL-4DM also sig-
nificantly decreased the number of dermal mast cells. IL-4 is
known to be a potent activator of mast cells. Mast cells,
which participate in the inflammatory cascade, serve as an
abundant source of Th2 cytokines as well as inflammatory

. 3 ®
mediators.>” ™

Therefore, inhibition of mast cell activa-
tion is another possible mechanism through which IL-4DM
ameliorates inflammatory responses in the present model of
dermatitis. Eosinophil infilration into the dermis has been
well documented in AD.*> In this study, an increased num-
ber of eosinophils was observed in contact hypersensitivity
skin lesions, and was dramatically inhibited by IL-4DM treat-
ment. Inhibition of cellular infilration in IL-4DM mice may
be due to suppression of IL-4-mediated immunological
events such as a decreased expression of cellular adhesion
molecules on endothelial cells.*?

Injected IL-4DM and IL-4 DNA are trapped by mono-
cytes/macrophages by phagocytosis. They may migrate to
lymph nodes or spleen and show systemic effects. In fact,
we could observe a high concentration of 1L-4 in cultured
splenocytes from IL-4DM DNA injected mice by ELISA. Unfor-
tunately, there is no specific anti-IL-4DM antibody or anti-IL-
4DM ELISA. The standard ELISA used in this study could not
differentiate the natural mouse IL-4 and mutant IL-4 protein;
these findings are consistent with the previous report.”® The
plasma IL-4 levels in the agonistic IL-4DNA-treated mice were
consistent with those of the IL-4DM DNA-treated mice. There-
fore, we speculate that exogenously applied IL-4DM DNAs
were expressed the same as IL-4 DNAs, and showed systemic
immunological effects.

IFN-y production increased systemically and locally in
mice treated with IL-4DM DNA. Repeated OX treatments
cause expansion both of Thl and Th2 cells. IL-4DM DNA
therapy interfered with the development of the Th2 milieu.
Subsequently, IFN-y production and mRNA expression might
become abundant locally and systemically.

Tissue-specific gene transfer could be achieved naturally and
effectively through the cell specificity of virus receptors.**
However, there may be a risk of vector toxicity through viral
infection of host cells. Also, the limited size of transgenes is
often a serious obstacle. Moreover, immune responses to viral
vectors are also induced, and the effects of transgenes are
eliminated by immune responses to the vectors. For human
applications, the efficacy and safety of any delivery system for
gene (ransfer are always of major concern. Nonviral
approaches are advantageous in immunogene therapy. DNA
vaccines are capable of inducing potent biological effects in a
variety of experimental systems.+5 One of the characteristic
features of DNA vaccines is their ability to induce long-lasting
immunity. The animals that had been treated with IL-4DM
DNA did not develop severe allergic inflammation even before
or after antigen sensitization.

In the present study, we showed the beneficial effects of
immunogene therapy with IL-4 mutant DNA in an experimen-
tal model for AD. An IL-4 mutant DNA vaccination is a potent

new tool for the systemic treatment of AD.

Acknowledgments

Grants-in-Aid for Scientific Research and Grants-in-Aid for
Core Research Evolutional Science and Technology.

References

[

Paul WE. Interleukin-4: a prototypic immunoregulatory lympho-
kine. Blood 1991; 77:1859-70.

Mosmann TR, Sad S. The expanding universe of T-cell subsets:
Th1, Th2 and more. Immunol Today 1996; 17:138—46.

Romagnani S. The Th1/Th2 paradigm. Immunol Today 1997;
18:263-6.

4 Zurawski G, de Vries JE. Interleukin 13, an interleukin 4-like cyto-
kine that acts on monocytes and B cells, but not on T cells. Immunol
Today 1994; 15:19-26.

Tony HP, Shen BJ, Reusch P et al. Design of human interleukin-4

[

w

%2}

antagonists inhibiting interleukin-4-dependent and interleukin-13-
dependent responses in T-cells and B-cells with high efficiency.
Eur | Biochem 1994; 225:659-65.

Smerz-Bertling C, Duschl A. Both interleukin 4 and interleukin 13

[

induce tyrosine phosphorylation of the 140-kDa subunit of the
interleukin 4 receptor. J Biol Chem 1995; 270:966-70.
Kruse N, Tony HP, Sebald W. Conversion of human interleukin-4

~

into a high affinity antagonist by a single amino acid replacement.
EMBO ] 1992; 11:3237-44.
Kruse N, Shen BJ, Arnold S et al. Two distinct functional sites of

o0

human interleukin 4 are identified by variants impaired in either
receptor binding or receptor activation. EMBO J 1993; 12:5121-9.
Zurawski SM, Vega F Jr, Huyghe B et al. Receptors for interleukin-

=)

13 and interleukin-4 are complex and share a novel component
that functions in signal transduction. EMBO J 1993; 12:2663-70.

© 2009 The Authors

Journal Compilation © 2009 British Association of Dermatologists e British Journal of Dermatology 2009 160, ppl1172-1179

118



