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Figure 1. Histopathological analysis of the nasal cavity treated with cytokine. Frontal cross-sections of
the nasal cavity from mice taken after two administrations of PBS, Ag alone or Ag together with cytokine.
Sections were prepared and the tissues were stained with H&E (A) or Luna staining (B) to assess the
degree of pathological changes. An overall view of the nasal epithelium (A) and Luna-stained eosinophils
in the nasal septum (B) are shown, respectively.
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Figure 2. Serum OVA-specific IgE responses following nasal immunization with OVA plus each indicated
cytokine. BALB/c mice were infranasally immunized with OVA alone, OVA plus CTB, OVA plus CT, or OVA
plus each cytokine three times at weekly intervals. Serum was collected 7 days after last immunization
and analyzed by ELISA for OVA-specific IgE.
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Figure 3. Transgene expression of PEG-Ad in vitro. B16BL6 cells were transduced with 10* vp/cell of
indicated Ad. After culturing for 24 hours, luciferase activity was determined using a luciferase assay system.
The data are represented as the means +SD (n = 6; ** P < 0.01 versus value for Adv-treated group by
ANOVA; 11 P < 0.01 versus value for PEG-Ad group by ANOVA).
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Figure 1. Serum OVA-specific IgE responses following nasal immunization with OVA plus each
indicated cytokine. BALB/c mice were intranasally immunized with OVA alone, OVA plus CTB, OVA
plus CT, or OVA plus each cytokine three times at weekly intervals. Serum was collected 7 days after
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Figure 1. Histopathological analysis of the nasal cavity treated with cytokine. Frontal cross-sections of
the nasal cavity from mice taken after two administrations of PBS, Ag alone or Ag together with cytokine.
Sections were prepared and the tissues were stained with H&E (A) or Luna staining (B) to assess the
degree of pathological changes. An overall view of the nasal epithelium (A) and Luna-stained eosinophils
in the nasal septum (B) are shown, respectively.

15



WRBROTTICE T 5 — &%

FREFRA WXHEA PN RERREL | B5 | U |HEE
Kayamuro H, Abe Y, Yoshioka|The use of a mutant|Biomaterials {30(29) |5869-76 [2009
Y, Katayama K, Nomura T,|TNF-o as a vaccine
Yoshida T, Yamashita K, |adjuvant forthe induction
Yoshikawa T, Kawai Y,[of mucosal immune
Mayumi T, Hiroi T, ltoh N,|responses.

Nagano K, Kamada H,

Tsunoda S, Tsutsumi Y.

Kayamuro H, Yoshioka Y, Abe | TNF superfamily | Biochem 384(3) [296-300 |2009
Y, Katayama K, Yoshida T,|member, TL1A, is a|Biophys Res

Yamashita K, Yoshikawa T,|potential mucosal | Commun

Hiroi T, Hoh N, Kawai Y,|vaccine adjuvant.

Mayumi T, Kamada H,

Tsunoda S, Tsutsumi Y.

Kayamuro H, Abe Y, Yoshioka|Mutant TNF-a, mTNF-|Pharmazie In press

Y, Katayama K, Yoshida T,
Yamashita K, Yoshikawa T,
Kawai Y, Mayumi T, Hiroi T, lto
N, Nagano K, Kamada H,

Tsunoda S, Tsutsumi Y.

K90R, is a novel mucosal
vaccine adjuvant

candidate against HIV.

16




Biomaterials 30 (2009) 5869-5876

Contents lists available at ScienceDirect

Biomaterials

journal homepage: www.elsevier.com/locate/biomaterials

ELSEVIER

The use of a mutant TNF-a as a vaccine adjuvant for the induction of mucosal
immune responses

Hiroyuki Kayamuro *, Yasuhiro Abe ', Yasuo Yoshioka *<, Kazufumi Katayama ™9, Tetsuya Nomura ®®,
Tokuyuki Yoshida *P, Kohei Yamashita *®, Tomoaki Yoshikawa *®, Yuichi Kawai®, Tadanori Mayumi ¢,
Takachika Hiroi 9, Norio Itoh ®, Kazuya Nagano?, Haruhiko Kamada ¢, Shin-ichi Tsunoda ",

Yasuo Tsutsumi ¢

* Laboratory of Pharmaceutical Proteomics, National Institute of Biomedical Innovation (NiBio), 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-0085, Japan

b Graduate School of Pharmaceutical Sciences, Osaka University, 1-6, Yamadaoka, Suita, Osaka 565-0871, Jepan

©The Center for Advanced Medical Engineering and Informatics, Osaka University, 1-6, Yamadaoka, Suita, Osaka 565-0871, Japan

9 pepartment of Allergy and Immunology, The Tokyo Metropolitan Institute of Medical Science, 3-18-22, Honkomagome, Bunkyo-ku, Tokyo 113-8613, Japan
¢ Faculty of Pharmaceutical Sciences, Kobe-Gakuin University, 1-1-3, Minatojima, Chuo-ku, Kobe 650-8586, Japan

ARTICLE INFO ABSTRACT

Safe and potent adjuvants are required in order to establish effective mucosal vaccines. Cytokines are
promising adjuvants because they are human-derived safe biomaterial and display immune-modulating
functions. We have created a mutant tumor necrosis factor-a (TNF-a), mTNF-K90R, that exhibits high
bioactivity and resistance to proteases. Here, we examined the potential of mTNF-K90R as a mucosal
adjuvant. Initially, we showed that intranasal co-administration of mTNF-K90R with ovalbumin (OVA)
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g?y VZ;'T!S: potently produced OVA-specific Immunoglobulin (Ig) G antibodies (Abs) in serum and IgA Abs both at local
C;/ot?)kir\ll(l:y and distal mucosal sites compared to co-administration with wild-type TNF-¢. The OVA-specific immune
Mucosa response was characterized by high levels of serum IgG1 and increased production of interleukin-4 (1L-4),

IL-5 and IL-10 from splenocytes of immunized mice, suggesting a Th2 response, Furthermore, intranasal
immunization with an antigen from influenza virus plus mTNF-K90R exhibited mucosal adjuvantactivity for
induction of both systemic and mucosal immune responses. Importantly, histopathological examination of
the nasal tissue of mTNF-K90R treated mice detected no signs of toxicity. These findings suggest that
mTNF-K90R is safe and effective mucosal adjuvant and this system may have potential application as
a universal mucosal adjuvant system for mucosal vaccines improving the immune response to a variety of
viral antigens.

Immunomodulation

© 2009 Elsevier Ltd. All rights reserved.

secretory IgA [3]. Because this IgA response represents the major
mechanism for defense against viral and bacterial infections, recent
efforts have been focused on the development of vaccines that are

1. Introduction

Mucosal immunity forms the first line of defense against various

infectious diseases. The majority of emerging and re-emerging
pathogens, including Vibrio cholerae, pathogenic Escherichia coli, HIV
or influenza virus, invade and infect via the mucosal surfaces of the
host gastrointestinal, respiratory andjor genitourinary tracts [1,2].
An important aspect of the immune response at mucosal surfaces is
the production of polymeric immunoglobulin (Ig) A antibodies
(Abs), as well as their transport across the epithelium and release as
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capable of inducing IgA production as well as cytotoxic T cell acti-
vation efficiently in mucosal tissues.

Mucosal vaccines administered either orally or nasally have been
shown to be effective in inducing antigen-specific immune responses
at both systemic and mucosal compartments {4,5). Because of this
two-layered protective immunity, mucosal vaccines are thought to be
an ideal strategy for combating both emerging and re-emerging
infectious diseases. However the mucosal antigen-specific immune
response is weak because most protein antigens, such as non-living
macromolecules or protein-subunit antigens, can evoke only a weak
or undetectable adaptive immune response when they are applied
mucosally [6]. Therefore, one strategy to overcome the weakness of
the immune response is a co-administration of mucosal adjuvant



5870 H. Kayamuro et al. / Biomaterials 30 (2009) 5869-5876

with the vaccine antigen [4]. Unfortunately, the development of safe
and effective mucosal adjuvant has proved to be challenging. As
a potent mucosal vaccine adjuvant, cholera toxin (CT) or heat liable
toxin have been used in experimental studies. However, the watery
diarrhea induced by the administration of these toxins precludes
their use as oral adjuvants in humans [7]. In addition, recent reports
show that a human vaccine containing inactivated influenza and heat
liable toxin as a mucosal adjuvant results in a very high incidence of
Bell's palsy [8]. Therefore, development of novel mucosal vaccine
adjuvants with high efficacy and safety is urgently required for
clinical applications.

Cytokines are promising candidate adjuvants because they are
human-derived and able to enhance the primary and memory
immune responses sufficiently for protection against various infec-
tions [9-11]. One of the most important cytokines of adaptive and
innate immune response is tumor necrosis factor-o (TNF-a,), a proin-
flammatory cytokine primarily produced by T cells and macrophages
[12]. TNF-o has been reported to affect certain phases of the immune
process, including innate immune activation, dendritic cells (DC)
maturation/recruitment, T cell activation, or pathogen clearance [ 13].
Indeed many reports have shown that TNF-« exerts adjuvant activi-
ties against viral infection in various model systems [ 14-16]. There-
fore the application of TNF-¢ in the development of a vaccine
adjuvant has been anticipated for some time. However the applica-
tion of TNF-a. as a mucosal vaccine adjuvant has not been reported
because TNF-o. administered by mucosal routes is rapidly degraded at
the mucosal surface. Therefore, the maximum adjuvant effects of
TNF-¢, are quite limited in the mucosal environment.

Previously, we have produced a bioactive lysine-deficient
mutant TNF-as from a phage library expressing mutant TNF-as in
which all of the lysine residues that act as a site of trypsin-type
protease recognition were replaced with other amino acids [17-19].
Lysine-deficient mutant TNF-as were more resistant to proteolytic
cleavage than wild-type TNF-o. (WTNF-a) due to the lack of lysine
residues, Furthermore we demonstrated that the mTNF-K90R, one
of the lysine-deficient mutant TNF-as, showed 6-fold stronger in
vitro bioactivity and 13-fold stronger in vivo bioactivity compared
with wINF-a [18].

In this study, to develop effective and safe cytokine-based
mucosal vaccine adjuvants, we examined the potential of mTNF-
K90R as a nasal vaccine adjuvant. We demonstrate that intranasal
administration of vaccine antigen with mTNF-K90R as an adjuvant
induces a strong antigen-specific systemic IgG and mucosal IgA
response. In addition, the safety of mTNF-K90R was confirmed by
pathological examination. These results suggest that mTNF-K90R is
an attractive mucosal vaccine adjuvant for clinical application.

2. Materials and methods
2.1. Recombinant TNF-as

wTNF-0. and mTNF-K90R were prepared in house as described previously [18).
Endotoxin level was quantified using a Limulus amebocyte lysate assay kit (QCL-
1000, BioWhittaker, Walkersville, MD). The endotoxin content of purified TNF-« and
its mutant was <0.02 EU pg~! protein,

2.2, Mice and immunization protocols

Female BALB/c mice were purchased from Nippon SLC (Kyoto, Japan) and used at
6-8 weeks of age. All of the animal experimental procedures were performed in
accordance with the institutional ethical guidelines for animal experiments. Mice
were intranasally immunized with a 20 ul aliquot (10 pl per nostril) containing
100 pg of ovalbumin (OVA; Sigma Chemical Co., St. Louis, MO) as antigen and 1 or
5 ug of wINF-o. or mTNF-K90R on days 0, 7 and 14. As positive control, mice were
intranasally immunized with the same volume containing 100 pug of OVA and 1 pg
cholera toxin B subunit (CI'B; List Biological Laboratories, Campbell, CA) on days 0, 7
and 14. In the influenza virus studies, 1 pg baculovirus-expressed recombinant
hemagglutinin (HA) derived from New Cal/99 virus (Protein Sciences, Meriden, CT),
was immunized with 1 pg CTB or 5 pg mTNF-K90R on days 0, 7 and 14.

2.3. Sample collection

One week after the final immunization, plasma and mucosal secretions (nasal
washes, saliva, vaginal washes and fecal extracts) were collected to assess antigen-
specific Ab responses. Nasal and vaginal washes were collected by gentle flushing of the
nasal passage or vaginal canal with 200 pl or 100 pl of sterile phosphate buffered saline
(PBS), respectively. Fecal pellets (100 mg) were suspended in 1 ml of PBS and then
vortexed for 30 min. The samples were centrifuged at 15000g for 20 min and the
supermnatants were then collected as fecal extracts. Secreted saliva was collected from
mice intraperitoneally injected with 0.2 mg of pilocarpine-HCl (Wako Pure Chemical
Industries, Osaka, Japan).

2.4. Detection of antigen-specific Ab responses by enzyme-linked immunosorbent
assay {ELISA)

Antigen-specific Ab levels in plasma, nasal washes, saliva, vaginal washes and
fecal extracts were determined by ELISA. ELISA plates (Maxisorp, type 96F; Nalge
Nunc International, Tokyo, Japan) were coated with 10 ygmi~! OVA or 2 pgml~* HA
in 0.1 m carbonate buffer and incubated overnight at 4 °C. The plates were incubated
with blocking solution (Block Ace; Dainippon Sumitomo Pharmaceuticals, Osaka,
Japan) at 37 “C for 2 h, and serum or mucosal secretion dilutions were added to the
antigen-coated plates. After incubation at 37 °C for 2 h, the coated plates were
washed with PBS-Tween 20 and incubated with a horseradish peroxidase-conju-
gated goat anti-mouse IgG solution or a biotin-conjugated goat anti-mouse IgA
detection Ab (Southern Biotechnology Associates, Birmingham, AL) solution at 37 °C
for 2 h, respectively. For detection of IgA, the plates were washed with PBS-Tween
20 and then incubated with the horseradish peroxidase-coupled streptavidin
(Zymed Laboratories, South San Francisco, CA) for 1h at RT. After incubation, the
color reaction was developed with tetramethylbenzidine (MOSS, Inc. Pasadena, MD),
stopped with 2 N HxS04, and measured by OD4s9-g55 on a microplate reader.

2.5. Isolation of splenocytes

Spleens were aseptically removed and placed in RPMI 1640 (Wako Pure
Chemical Industries, Osaka, Japan) supplemented with 10% fetal bovine serum,
50 um 2-mercaptoethanol and 1% antibiotic cocktail (Nacalai tesque, Kyoto, Japan).
Single-cell suspension of splenocytes was treated with ammonium chloride to lyse
the red blood cells, washed, counted, and suspended in RPMI supplemented with
10% fetal bovine serum, 50 pm 2-mercaptoethanol, 1% antibiotic cocktail, 10 mI L' of
a 100x nonessential amino acids solution (NEAA; Gibco-BRL), 1 mm sodium pyru-
vate, and 10 mum HEPES to a final concentration of 1 x 107 cells ml~%,

2.6. Antigen-specific cytokine responses

Antigen-specific cytokine responses were evaluated by culturing the spleno-
cytes (5 x 10° cellswell™!) stimulated with OVA (1 mgml™") in vitro. Cells were
incubated at 37 °C for 24 h (interferon-~y (IFN-y) enzyme-linked immunospot (ELI-
SPOT) assay), 48 h (1L-4 ELISPOT assay) or 72 h (rnultiplex cytokine assay).

2.7. Multiplex cytokine assay

Culture supernatants from in vitro unstimulated and OVA-stimulated cells were
analyzed by the Bio-Plex Multiplex Cytokine Assay (Bio-Rad Laboratories, Hercules,
CA) according to the manufacturer’s instructions. The assay was read on a Luminex
100 (Austin, TX), and analyzed using Bio-Plex Manager software. The mean
concentration of cytokines in supernatants from OVA-stimulated cells over the
unstimulated background was then calculated.

2.8. Cytokine ELISPOT assay

An ELISPOT assay was performed to detect IFN~y and IL-4 producing cells. After
24 h (IFN-v) or 48 h (IL-4) incubation at 37 °C, the plate was washed, and the IFN-y
and 1L-4 producing cells were measured by an ELISPOT assay kit (BD Biosciences),
according to the manufacturer’s instructions.

2.9. Fluorescence microscopy

BALB/c mice were administered intranasally with fluorescent isothiocyanate (FITC)
labeled OVA (FITC-OVA; Molecular Probes-Invitrogen, Eugene, OR) at 50 jg mouse™!
with or without mTNF-KSO0R (5 yg mouse™). After 15 min, the heads of the anes-
thetized mice were severed from the body. The heads were placed in fixative solution,
and embedded in OCT compound (Sakura FineTek Japan Co. Ltd., Tokyo, Japan) and
frozen tissue sections were prepared. FITC-OVA was observed under fluorescence
microscopy (x20).

2.10. Histopathological analysis

For three times immunization protocol, BALB/c mice were immunized with OVA
with or without mTNF-K90R at a dose of 1 ug, 5 ug or 25 ug on days 0, 7 and 14.



