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Introduction

ABSTRACT

Aims: Adenovirus vectors (Advs) have been very useful for basic research and clinical gene therapy because
they propagate to high titers and efficiently transduce cells and tissues regardless of the mitotic status.
However, poor transduction of cells that lack the coxsackievirus and adenovirus receptor (CAR), the primary
receptor for Advs, has limited Adv application. In this study, we attempted to generate novel Tat-Advs (Advs
conjugated with the HIV Tat-derived peptide, a protein-transduction domain (PTD)) to broaden Adv tropism
and enhance transduction efficiency.
Main methods: We constructed Tat-Advs by chemically conjugating Tat peptide to the surface-exposed lysine
residues on Advs. We compared the gene transfer activity of Tat-Advs with that of unmodified Advs by
measuring the luciferase expression in several types of cell lines.
Key findings: Tat-Advs showed gene expression 1 to 3 log orders higher than unmodified Advs in CAR-negative
adherent cells and blood cells, which are refractory to conventional Advs. The inhibition of Tat-Adv-mediated
gene expression by heparin and macropinocytosis inhibitor confirms that binding of Tat-Adv to cellular HSPGs
and macropinocytosis are essential for efficient CAR-independent transduction. We also demonstrated that Adv
modified with another PTD (R8) had the same high transduction efficiency as Tat-Adv.
Significance: These data suggest that Tat-Advs are important tools for transducing cells and will be useful as
platform vectors for gene therapy.

© 2008 Elsevier Inc. All rights reserved.

vivo and in vitro, because they can be propagated to high titers and
efficiently transduce cells and tissues regardless of the mitotic status

Gene transduction by viral vectors is currently attracting a great
deal of attention for human gene therapy and the functional analysis
of genes. In particular, adenovirus vectors (Advs) based on Ad type 5
have been widely used for basic research and clinical gene therapy in
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of the cells (Kaplan, 2005; Kawabata et al, 2006; Roth, 2006).
However, the application of Adv in clinical and basic research has been
limited by the native tropism of the virus. Entry of Adv into target cells
depends on the presence of the coxsackievirus and adenovirus
receptor (CAR; the primary receptor for Ad type 5) and integrin
coreceptors on the target cells (Wickham et al., 1993; Bergelson et al.,
1997; Tomko et al., 1997). Viral binding to the cell surface is mediated
by binding of the adenovirus fiber to the CAR on the cells, whereas
subsequent internalization occurs by binding of the Arg-Gly-Asp motif
in a penton base to awv-integrins. Therefore, Adv cannot efficiently
transfer genes of interest into cells lacking CAR expression (e.g., many
advanced tumor cells, peripheral blood cells, and hematopoietic stem
cells). It is essential to develop novel Advs with efficient transduction
independent of the expression of CAR on these cells (Mizuguchi and
Hayakawa, 2004; Campos and Barry, 2007).
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Some proteins, including Tat (transactivator of transcription) of
human immunodeficiency virus and the Antennapedia homeodomain
proteins of Drosophila melanogaster and other species, are taken up by
mammalian cells via a receptor-independent unknown pathway
(Frankel and Pabo, 1988; Derossi et al., 1994). The domains identified
as responsible for this property are referred to as protein transduction
domains (PTDs) (Kabouridis, 2003; Murriel and Dowdy, 2006). Most
PTDs are 10 to 30 amino acid residues long and enriched in basic
amino acids (e.g., arginine and lysine). The Tat peptide with the
minimal transduction domain comprising amino acids 48 to 60 of Tat
protein (GRKKRRQRRRPPQ) is the most highly investigated PTD. PTDs
have been shown to mediate the efficient cellular uptake of a wide
variety of cargos, including proteins, peptides, nucleic acids, and even
particulates and liposomes with diameters as great as 200 nm
(Schwarze et al.,, 1999; Lewin et al., 2000; Khalil et al., 2006). Recently,
several groups reported the utility of PTDs, including the Tat peptide,
in Adv-mediated gene transduction (Gratton et al., 2003; Kuhnel et al.,
2004; Kurachi et al., 2007). Gratton et al. constructed a complex
between Adv and Tat peptide via electrostatic interaction between the
high positive charge of Tat peptide and the negative charge of the Adv
capsid (Gratton et al., 2003). Their vector, however, requires a high
concentration of Tat peptide for efficient gene transfer. Kuhnel et al.
bound the Tat peptide to Adv by using fusion proteins consisting of
CAR and Tat peptide as an adaptor to Adv (Kuhnel et al., 2004). Kurachi
et al. generated genetically modified Advs that contain the Tat peptide
in the HI loop of the fiber knob (Kuhnel et al., 2004; Kurachi et al.,
2007). These approaches are useful for broadening the tropism of Advs
and enhancing transduction efficiency independently of the CAR.
However, these approaches are limited to use only with Adv and
cannot be applied to other vectors. Therefore, it is important to
develop a simple, general method for constructing Tat-modified
vectors.

In order to broaden the tropism of Adv and enhance transduction
efficiency, we previously developed a system for the synthesis of
peptide with a reactive group and generated Tat peptide with 6-
maleimidohexanoic acid N-hydroxysuccinimide ester (MHS) (Kida
et al,, 2006; Kida et al., 2007; Kida et al., 2008). We also succeeded to
construct Tat-peptide-conjugated Adv (Tat-Adv) simply, by chemical
conjugation of Tat peptide to the surface lysine residues of Adv (Kida
et al., 2006; Kida et al., 2008). Here, to optimize Tat-Adv as a vector for
gene therapy, we evaluated the relationship between Tat-peptide
modification ratio and transduction efficiency. We then examined the
gene transfer activities of Tat-Adv in many cell types and the
mechanism of cellular uptake of Tat-Adv. We demonstrated that
Tat-Adv with optimal modification ratio showed gene expression 1 to
3 log orders higher than unmodified Adv in CAR-negative adherent
cells and blood cells, which are refractory to conventional Adv.
Furthermore, we confirmed the involvement of the heparan sulfate
proteoglycans (HSPGs) and macropinocytosis in the transduction
pathway of Tat-Adv. These data suggest that Tat-Adv is an attractive
tool for transducing cells and will be useful as a platform vector for
gene therapy.

Materials and methods
Cells and animals

A549 cells (human lung carcinoma cells) and U937 cells (histio-
cytic lymphoma) were purchased from American Type Culture
Collection (Manassas, VA); HEK293 (normal human embryonic kidney
fibroblasts) were obtained from the Japanese Collection of Research
Bioresources (Tokyo, Japan). B16BL6 cells (mouse melanoma cells)
were kindly given by Kobegakuin University. CT26 cells (mouse colon
carcinoma cells) were provided by Mochida Pharmaceutical Company
(Tokyo, Japan). HEK293, A549, RAW264.7 and EL4 cells were cultured
in Dulbecco's Modified Eagle Medium (Sigma-Aldrich, St. Louis, MO)

containing 10% fetal bovine serum (FBS) and antibiotics. Human
glioma cell lines, LN444 (glioblastoma multiforme), LNZ308 (glio-
blastoma multiforme) and SF295 (glioblastoma multiforme) cells
were also cultured in Dulbecco's Modified Eagle Medium containing
10% FBS and antibiotics. B16BL6 and Hela cells were cultured in
Minimal Essential Medium (Sigma-Aldrich) containing 7.5% and 10%
FBS, respectively, and antibiotics. CT26 cells were cultured in RPMI-
1640 medium (Sigma-Aldrich) containing 10% FBS and antibiotics.
U937 cells were cultured in RPMI-1640 medium containing 10 mM
HEPES, 1 mM sodium pyruvate, 10% FBS and antibiotics. Female BALB/c
mice (age, 5 weeks) were purchased from SLC Inc. (Hamamatsu,
Japan). All of the animal experimental procedures were performed in
accordance with the Osaka University guidelines for the welfare of
animals.

Development of adenovirus vectors

E1-deleted adenovirus type 5 expressing firefly luciferase or EGFP
under the control of cytomegalovirus promoter was constructed by an
improved in vitro ligation method as previously reported (Mizuguchi
and Kay, 1998; Mizuguchi and Kay, 1999). Each Adv was amplified in
293 cells using established methods, purified from cell lysates by
banding twice through CsCl gradients, dialyzed, and stored at =80 °C
(Lu et al., 1998). The virus particle titer was determined spectro-
photometrically by the methods of Maizel et al. (1968). The ratio of the
particle-to-biological titer was between 10 and 40.

Construction of reactive Tat peptide

The scheme used to synthesize reactive Tat peptide is shown in
Fig. 1a. We used a derivative of Tat peptide containing the cross-linking
reagent MHS, which reacts with amine and sulfhydryl moieties. The
peptide was synthesized with an Applied Biosystems Peptide Synthe-
sizer 433A-1 (Applied Biosystems, Foster City, CA, USA). 9-Fluorenyl-
methoxycarbonyl (Fmoc) amino acids [Fmoc-Gly-OH; Fmoc-Pro-OH;
N“-Fmoc-N°-2,2,4,6,7-pentamethyldihydrobenzofuran-5-sulfonylargi-
nine: Fmoc-Arg(Pbf)-OH; N“-Fmoc-S-tritylcysteine: Fmoc-Cys(Trt)-OH;
N“-Fmoc-N*-t-butoxycarbonyl-lysine: Fmoc-Lys(Boc)-OH; and N“-
Fmoc-N"-tritylglutamine: Fmoc-GIn(Trt)-OH] were coupled in a step-
wise manner to Rink amide resin (PE Biosystems. Amino content:
0.67 mequiv/g, 379 mg, 0.25 mmol) using the coupling reagent, 2-(1-H-
benzotriazole-1-yl)1,1,3,3-tetramethyluronium hexafluorophosphate
(HBTU), in N-methylpyrrolidone (NMP). After each coupling step, the
Fmoc group was removed by using 20% piperidine/NMP. The synthetic
Fmoc-Gly-Arg(Pbf)-Lys(Boc)-Lys(Boc)-Arg(Pbf)-Arg(Pbf)-Gln(Trt)-Arg
(Pbf)-Arg(Pbf)-Arg(Pbf)-Pro-Pro-GIn(Trt)-Gly-Cys(Trt)-Rink amide resin
was treated with 20% piperidine/NMP and then treated with acetic
anhydride. The peptide was cleaved from the resin with trifluoroacetic
acid (TFA)/H,O/triisopropylsilane (95:2.5:2.5). Since synthesized pep-
tide was deprotected and removed from resin with TFA, the e-amino
group of Lys forms the TFA salt and provided the next reaction step. The
resulting crude peptide, (Ac-GRKKRRQRRRPPQGC-NH,), was purified by
RP-HPLC. The purified peptide, dissolved in PBS, and MHS, dissolved in
dimethylsulfoxide, were combined and then stirred for 30 min. The
product, Ac-GRKKRRQRRRPPQGC-MHS (Tat-MHS), was frozen imme-
diately at -80 °C.

Covalent attachment of Tat to Adv

Conventional Advs were reacted with a 12.5-, 25-, 50-, or 100-fold
molar excess of Tat—-MHS to viral lysine residue at 37 °C for 40 min, with
gentle stirring. The conjugation of Tat-MHS to Adv was determined by
SDS-PAGE analysis. SDS-PAGE was carried out under reducing condi-
tions in a gradient gel containing 4% to 20% polyacrylamide (PAG Mini 4/
20, Daiichi Pure Chemicals, Tokyo, Japan) and gel was stained for the
viral protein hexon by use of Coomassie blue.
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b) SDS-PAGE analysis of Tat-Adv. SDS-PAGE analysis of Tat-Adv was

conducted under reducing conditions and the gel was stained with Coomassie blue. Lane M, protein marker lane 1, Adv; lanes 2, Tat-Adv. (c) B16BL6 cells (1x10* cells) were
transduced with 300, 1000, 3000, or 10,000 vp/cell of Adv or Tat-Adv encoding the luciferase gene. After 24 h of cultivation, luciferase expression was measured. Each point
represents the mean+SD. (d) B16BL6 cells (1x 10 cells) were transduced with 10,000 vp/cell of Adv or Tat-Adv encoding the EGFP gene. After 24 h of cultivation, EGFP expression was

determined by fluorescence microscopy. Magnification, 200%, 40x,

Adenovirus-mediated gene transduction into adherent cells

Adherent cells (1x10* cells/well) were seeded onto a 48-well plate.
On the following day, they were transduced with 300, 1000, 3000, or
10,000 vector particles (vp)/cell of Adv or Tat-Adv in a final volume of
400 ! in culture medium. After 24 h of cultivation, luciferase activity
was measured with a Luciferase Assay System (Promega, Madison, WI,
USA) and a Lumat LB 9507 luminometer (EG&G Berthold, Bad
Wildbad, Germany) in accordance with the manufacturers' instruc-
tions after the cells had been lysed with Luciferase Cell Culture Lysis
Reagent (Promega). Luciferase activity was calculated as relative light

units (RLU)/well. To evaluate the expression of EGFP, B16BL6 cells
(1x10* cells/well) were transduced with 10,000 vp/cell of Adv or Tat-
Adv encoding EGFP gene. After 24 h of cultivation, expression of EGFP
was measured by BZ-8000 (KEYENCE, Tokyo, Japan) Luciferase Assay
System (Promega, Madison, WI, USA).

Adenovirus-mediated gene transduction into blood cells
Blood cells (2x 10* cells/well) were seeded onto a 48-well plate. They

were then transduced with 10,000 vp/cell of Adv or Tat-Adv in a final
volume of 200 pl in culture medium. After 24 h cultivation, luciferase
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Fig. 2. Optimum condition or density of Tat peptide on the surface of Adv. (a) Comparison of
efficiencies of transduction by Tat-Adv and by Adv mixed with Tat peptide containing no
MHS. B16BLS cells (1x10* cells) were transduced with each Adv at 10,000 vp/cell. After
24 hof cultivation, luciferase expression was measured. Each bar represents the meanzSD.
Tat-Adv, molar ratio of 1:25 (Adv:Tat-MHS); Adv mixed with Tat peptide containing no
MHS, molar ratios of 1:25, 1:100, 1:1000 (Adv: Tat-peptide containing no MHS).
(b) Efficiency of transduction of Tat-Adv with various modification ratios. B16BL6 cells
(1x10* cells) were transduced with Adv or Tat-Adv at 1000 vp/cell with various
modification ratios. After 24 h of cultivation, luciferase expression was measured. Each bar
represents the mean 5D, Tat-Adv, molar ratios of 1:12.5,1:25,1:50,1:100 (Adv: Tat-MHS).

activity was measured with a Bright-Glo Luciferase Assay System
(Promega) and a Lumat LB 9507 luminometer in accordance with the
manufacturers’ instructions. Luciferase activity was calculated as RLU/
well.

Comparison of transduction efficiencies of Tat-Adv and Adv mixed with
Tat peptide

B16BL6 cells (1x10* cells/well) were seeded onto a 48-well plate.
The following day, Adv was incubated with free Tat peptides (1:25,
1:100, or 1:1000) for 40 min at 37 °C. Then, B16BL6 cells were
transduced with 10,000 vp/cell of Adv, Tat-Adv, or Adv mixed with
Tat-peptide containing no MHS in a final volume of 400 pl in culture
medium. After 24 h cultivation, luciferase activity was measured by
the Luciferase Assay System and a Lumat LB 9507 luminometer after
the cells were lysed with Luciferase Cell Culture Lysis Reagent.
Luciferase activity was calculated as RLU/well.

Preparation of adenovirus vector antiserum

Adv antiserum was obtained from BALB/c mice. In brief, a dose of
5x10' vp of unmodified Adv was administered intravenously to a

female BALB/c mouse (age, 5 weeks). Two weeks later, an additional
dose of 5% 10'° vp was intravenously administered. Mouse serum was
collected after 2 weeks and stored at =80 °C.

Neutralizing antibody evasion ability of Tat-Adv

A549 cells (1x 10 cells/well) were seeded onto a 48-well plate. The
following day, the cells were transduced with 10,000 vp/cell of Adv or
Tat-Adv in the presence or absence of 3200- or 12,800-fold diluted
Adv antiserum (final volume, 200 pl). After 24 h of cultivation,
luciferase activity was measured.

CAR dependency of cellular uptake of Tat-Adv

A549 cells (1x 10* cells/well) were seeded onto a 48-well plate. The
following day, A549 cells were pretreated with or without 1 pg/ml of
mouse anti-CAR IgG (Upstate, Charlottesville, VA, USA) for 1 h. The
A549 cells were then transduced with Adv or Tat-Adv at 10,000 vp/cell
(final volume, 200 pl). After 24 h of cultivation, luciferase activity was
measured.

HSPGs-dependency of cellular uptake of Tat-Adv

A549 cells (1x 10° cells/well) were seeded onto a 48-well plate. The
following day, the cells were transduced with Adv or Tat-Adv at
10,000 vp/cell in culture medium in the presence or absence of 6.25,
25, or 100 pg/ml of heparin sodium salt (Sigma-Aldrich) (final volume,
200 pl). After 2 h, the virus solution was replaced with fresh medium.
After 24 h of cultivation, luciferase activity was measured.

Macropinocytosis-dependency of cellular uptake of Tat-Adv

A549 cells (1x 10* cells/well) were seeded onto a 48-well plate. The
following day, A549 cells were pretreated for 30 min with or without
2.5 mM amiloride HCI hydrate (Sigma-Aldrich) as a macropinocytosis
inhibitor. The A549 cells were then transduced with Adv or Tat-Adv at
1000 vp/cell (final volume, 200 pl). After 30 min, the virus solution was
replaced with fresh medium. After 24 h of cultivation, luciferase
activity was measured.

Statistical analysis
All results are expressed as mean+SEM or SD. Differences were

compared using Student t-tests or Scheffe's method after analysis of
variance (ANOVA).

"
)
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Fig. 3. Efficiency of transduction of R8-Adv. B16BL6 cells (1x10? cells) were transduced
with 10,000 vp/cell of Adv, Tat-Adv, or R8-Adv encoding the luciferase gene. After 24 h
of cultivation, luciferase expression was measured. Each bar represents the meanSD.



Y. Yoshioka et al. / Life Sciences 83 (2008) 747-755

Results
Generation and properties of Tat-Adv

For chemical conjugation of Tat peptide to Adv, we synthesized
Tat-MHS (Fig. 1a). The Tat peptide was synthesized by the solid phase
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method and then coupled to the MHS. We used a derivative of Tat
peptide in which cysteine residue was added to the C-terminus of the
peptide. Cysteine was added so that the peptide could be linked to Adv
through the heterofunctional cross-linking reagent MHS, which reacts
with amine and sulfhydryl moieties. To construct Tat-Adv by using
Tat-MHS, Adv was reacted with Tat—-MHS at a molar ratio of 1:25 (Adv:
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Fig. 4. Gene transfer activities of Tat-Adv in several types of cell lines. (a) RAW264.7, CT26, A549, HeLa (1 x 10 cells), (b) LN444, LNZ308, SF295 (1x 104 cells) and (c) U937 and EL4 cells
(2x10° cells) were transduced with 10,000 vpjcell of Adv or Tat-Adv encoding the luciferase gene. After 24 h of cultivation, luciferase expression was measured. Each bar represents

the mean +5SD. Tat-Adv, molar ratio of 1:12.5, 1:25, 1:50 {Adv:Tat-MHS).
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Tat-MHS) (Fig. 1a). Because conjugation of Tat-MHS to Adv results in
modification of lysine residues on the capside proteins, such as the
Adv hexon, fiber, and penton base, we confirmed that Tat-MHS
conjugated hexon, the main capsid protein of Adv, by SDS-PAGE with
Coomassie brilliant blue staining (Fig. 1b).

To investigate the transduction efficiency of Tat-Adv, we compared
the gene transfer activity of Tat-Adv with that of unmodified Adv by
using luciferase-expressing Advs in B16BL6 cells. BI6BL6 cells are
CAR-negative, and it is difficult to obtain sufficient gene expression by
Adv (Koizumi et al., 2001; Koizumi et al., 2003). Tat-Adv showed 2 to 3
log orders higher luciferase expression than unmodified Adv in a
vector particle-dependent manner (Fig. 1¢). In addition, the efficiency
of transduction in B16BL6 cells was evaluated by fluorescence
microscopy using enhanced green fluorescence protein (EGFP)-
expressing Advs. Visualization of cells by fluorescence microscopy
showed that more Tat-Adv-treated cells than unmodified Adv-treated
cells were EGFP positive (Fig. 1d). Approximately half the cells treated
with Tat-Adyv in the field of view showed bright-green fluorescence,
whereas cells treated with unmodified Adv showed only background
fluorescence. In a separate experiment, we showed that cell viability
was not affected by transduction with either Adv type under these
experimental conditions (data not shown).

Tat peptide is rich in basic residues and has a high positive charge.
Therefore, Tat peptide should interact with the negative charge of the
Adv capsid via an electrostatic interaction. To investigate the significance
of direct covalent binding of Tat peptide to Adv for gene transfer, we
compared the luciferase expression of Tat-Adv with that of Adv merely
mixed with Tat peptide. Adv mixed with Tat peptide containing no MHS
showed no increase in luciferase expression compared with unmodified
Adv, whereas the luciferase expression of Tat-Adv generated by Tat-
MHS at the same Tat to Adv ratio as used in the mixture was 250 times
higher than that of unmodified Adv (Fig. 2a). These data indicated that
direct chemical binding of Tat-MHS to Adv was essential for a high rate
of transduction of Tat-Adv.

To assess the effect of Tat-peptide density on transduction
efficiency, we constructed several types of Tat-Adv in which the
modification ratio of the Tat peptide differed. Adv was reacted with
increasing amounts of Tat-MHS; we then compared the luciferase
expression in B16BL6 cells. Tat-Adv with a reaction ratio between
1:12.5 and 1:50 (Adv:Tat-MHS) showed markedly higher luciferase
expression than unmodified Adv, but Tat-Adv with a reaction ratio of
1:100 (Adv:Tat-MHS) showed lower luciferase expression than
unmodified Adv (Fig. 2b). These data indicated that there are optimal
reaction conditions for improved transduction by Tat-Adv.

Homopolymers of arginine, called octaarginine (R8) peptide, are
similar to Tat peptide in terms of efficiency and uptake mechanism,
making them possible candidates for mimicking the Tat peptide
(Futaki, 2005; Futaki et al., 2007). We assessed whether R8 peptide
had effects similar to those of Tat peptide on Adv infection (Fig. 3).
In B16BL6 cells, R8-peptide-conjugated Adv (R8-Adv) showed 30
times higher luciferase expression than unmodified Adv, indica-
ting that higher transductional ability may be a common feature of
PTDs.

Transduction efficiencies of Tat-Adv in several types of cells

Next, we examined the gene transfer activities of Tat-Adv in
several types of adherent cell lines (Fig. 4a and b). We also compared
the transduction efficiencies of Tat-Adv with the reaction ratios
1:12.5, 1:25, and 1:50 (Adv:Tat-MHS) (Tat-Adv,,s, Tat-Adv,s and
Tat-Advs, respectively). Raw264.7, CT26, LN444, LNZ308 and SF295
cells were CAR-negative, whereas A549 and Hela cells were CAR-
positive (Koizumi et al., 2001; Okada et al., 2001b; Emile Gras et al.,,
2006). The luciferase expression in the CAR-negative adherent cell
lines (Raw264.7 and CT26) transduced with Tat-Advs at any of the
ratios was approximately 2 log orders higher than that observed with

unmodified Adv (Fig. 4a). In the CAR-positive adherent cell lines (A549
and Hela), all Tat-Advs showed luciferase expression as efficient as
that of unmodified Adv (Fig. 4a). In addition, Tat-Adv,s showed 1-2
log orders higher luciferase expression than unmodified Adv in CAR-
negative adherent human glioma cells (LN444, LNZ308 and SF295)
(Fig. 4b). Next we investigated the gene transfer activities of Tat-Advs
in blood cells (U937 and EL4) (Fig. 4¢). Blood cells are well known to be
refractory to Adv-mediated transduction (Koizumi et al., 2001). In
U937 and EL4 cells, Tat-Adv,, 5 mediated luciferase expression at a
rate 3 times higher than did unmodified Adv, whereas luciferase
expression by Tat-Adv,s and Tat-Advs, was similar to, or lower than,
that observed with unmodified Adv. These results indicated that Tat-
Adv improved transduction efficiency in many cell types, including
blood cells.

Internalization mechanisms of Tat-Adv

One potential limiting factor associated with Adv gene therapy is
the existence of anti-Adv neutralizing antibodies (Abs), which limit
the repeat administration of Adv (Hemminki et al., 2002; Barouch
et al.,, 2004; Sumida et al., 2005). Most adults have low levels of anti-
Adv neutralizing Abs, which hamper efficient Adv-mediated gene
transfer. To investigate whether Tat-Adv was protected against anti-
Adv neutralizing Abs, in vitro neutralization assay was performed to
determine whether Tat-Adv had transduction efficiency in the
presence of neutralizing Abs. Tat-Adv was significantly less suscep-
tible to neutralization than unmodified Adv at both concentrations of
anti-Adv serum tested (Fig. 5). This suggests that the availability of the
virion surface epitopes to Abs is markedly reduced, presumably
because of the shielding of antibody binding sites by Tat peptides.

To investigate the mechanism of cellular uptake of Tat-Adv, we
compared the gene expression of Tat-Adv in the presence or absence
of anti-CAR Ab. In CAR-positive A549 cells, luciferase expression in the
cells transduced with unmodified Adv in the presence of anti-CAR Ab
was 50% less than that in the absence of anti-CAR Ab. In contrast, the
cells transduced with Tat-Adv in the presence of anti-CAR Ab showed
a high level of gene expression similar to that in the absence of anti-
CAR Ab, indicating that the cellular uptake of Tat-Adv is independent
of CAR, and that Tat-Adv is taken up by the cell via an alternative
mechanism (Fig. 6a). It has been shown that positively charged PTDs
adhere to HSPGs on cell surfaces and that this interaction can be
inhibited by negatively charged heparin (Console et al., 2003; Richard
et al,, 2005). Subsequent events are needed for internalization, and it
has been proposed that macropinocytosis is a major pathway for the
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Fig. 5. Antibody evasion ability of Tat-Adv. A549 cells (1x10* cells) were transduced
with Adv or Tat-Adv at 10,000 vp/cell in the presence or absence of Adv antiserum. After
24 h of cultivation, luciferase expression was measured. Each bar represents the mean+
SD. (*; P<0.05 by Student's t-test, {t; P<0.01 versus value for Adv in the absence of Adv
antiserum by ANOVA, f; P<0.05 versus value for Tat-Adv in the absence of Adv
antiserum by ANOVA.)
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endocytic uptake of PTDs (Nakase et al., 2004; Wadia et al., 2004;
Kaplan et al.,, 2005). To investigate the involvement of Tat binding to
HSPGs in Tat-Adv-mediated transduction, we treated cells with
increasing doses of heparin. Heparin significantly inhibited Tat-Adv-
mediated luciferase expression in a dose-dependent manner, whereas
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Fig. 6. Cell-entering mechanism of Tat-Adv. (a) Comparison of CAR dependency of cellular
uptake of Adv and Tat-Adv. A549 cells (1x 10 cells) were preincubated for 1 h with anti-
CAR ADb at 1 pg/ml. Then, A549 cells were transduced with Adv or Tat-Adv at 10,000
particles/cell. After 24 h of cultivation, luciferase expression was measured. Each bar
represents the mean+SD. (**; P<0.01 by Student's t-test, Tt; P<0.01 versus value for Adv
in the absence of anti-CAR Ab by Student's t-test). (b) HSPGs dependency of cellular uptake
of Tat-Adv. A549 cells (1x 10" cells) were incubated with Adv or Tat-Adv at 10,000 vp/cell
in the presence or absence of heparin sodium salt at 6.25, 25, or 100 pg/ml. After 2 h, the
virus solution was replaced with fresh medium. After 24 h of cultivation, luciferase
expression was measured. Each bar represents the mean+SD. (*; P<0.05, **; P<0.01 by
Student’s t-test, £f; P<0.01 versus value for Tat-Adv in the absence of heparin sodium salt
by ANOVA.). (c) Macropinocytosis dependency of cellular uptake of Tat-Adv. A549 cells
(1x10* cells) were pretreated for 30 min with or without amiloride at 2.5 mM. Then, A549
cells were transduced with Adv or Tat-Adv at 1000 vp/cell. After 30 min, the virus solution
was replaced with fresh medium. After 24 h of cultivation, luciferase expression was
measured. Each bar represents the mean+SD (* P<0.05).

unmodified Adv-mediated gene expression was not changed (Fig. 6b).
Next, to investigate whether Tat-Adv could infect cells through
macropinocytosis, we examined the effects of the macropinocytosis
inhibitor amiloride on transduction efficiency. Pretreatment with
amiloride decreased the luciferase expression of Tat-Adv but had no
effect on the luciferase expression of unmodified Adv (Fig. 6¢). The
inhibition of Tat-Adv-mediated gene expression by heparin and by
macropinocytosis inhibitor confirms that both binding of Tat-Adv to
cellular HSPGs and macropinocytosis are essential for Tat-Adv-
mediated efficient transduction.

Discussion

One of the hurdles confronting Adv-mediated gene transfer is that
infection with Adv is dependent on the expression levels of the CAR.
As a consequence, expression of the CAR determines viral tropism and
frequently limits effective gene delivery by Adv. For example, because
many tumor cells, including melanoma, that are targets for gene
therapy express no or little CAR, it is difficult to achieve sufficient gene
expression and therapeutic effect (Okada et al., 2003b; Mathis et al.,
2006). Reduced expression of CAR in advanced tumor stages is one of
the major obstacles to the use of Adv for cancer gene therapy
(Yamamoto et al., 1997; Li et al, 1999; Yamashita et al., 2007). To
overcome these problems, we developed Tat-modified Adv with
broadened tropism and enhanced transduction efficiency.

Previously, we developed a system for the synthesis of peptide with a
reactive group and succeeded in generating Tat-MHS (Kida et al., 2006,
2007, 2008). We prepared Tat-Adv by a simple procedure, mixing Adv
with Tat-MHS (Fig. 1a). Tat-Adv showed 2 to 3 log orders higher gene
expression than unmodified Adv in CAR-negative adherent cells
(B16BL6, Raw264.7, CT26, LN444, LNZ308 and SF295), whereas the
luciferase expression of Tat-Adv was similar to that of unmodified Adv in
CAR-positive adherent cells (A549 and Hela) (Figs. 1c, 4a and b). In
addition, Tat-Adv showed transgene expression several times higher
than that of unmodified Adv in blood cells (U937 and EL4) (Fig. 4c). We
also examined the relationship between the modification ratio of Tat
peptide and transduction efficiency. Tat-Adv at reaction ratios between
1:12.5 and 1:50 (Adv:Tat-MHS) showed the highest luciferase expres-
sion, and further increases in the modification ratio of Tat peptide
generated expression lower than that with unmodified Adv in B16BL6
cells (Fig. 2b). These results suggested that there is an optimum
modification ratio of Tat peptide for the efficient transduction of Tat—
Adv.

We focused on how the style of modification of Tat peptide affects
Adv-mediated gene expression activity. We showed that modification
by Tat-peptide without MHS failed to improve the transduction
efficiency of Adv in B16BL6 cells (Fig. 2a). Gratton et al. obtained
results opposite from ours (Gratton et al., 2003). They succeeded in
improving transduction just by mixing Adv with Tat peptide contain-
ing no MHS. However, they constructed a complex between Adv and
Tat peptide with a reaction ratio of 1:100,000 (Adv:peptides) — 4000
times higher than our ratio. We used Tat-Adv with a reaction ratio of
1:25 (Adv:Tat-MHS) to obtain significant effects. These results
indicated that specific binding of Tat peptide to the viral particle
requires less Tat peptide than when Adv is simply mixed with Tat
peptide containing no MHS; this specific binding is necessary for
efficient PTD-mediated transduction of Tat-Adv.

Recent data have demonstrated that internalization of Tat fusion
protein and Tat-modified liposome as well as that of Tat peptide occur
mainly through macropinocytosis (Nakase et al., 2004; Wadia et al.,
2004; Kaplan et al, 2005; Richard et al.,, 2005; Khalil et al., 2006;
Tunnemann et al., 2006). It has been suggested that macropinocytosis is
a major pathway for the endocytic uptake of PTDs. We showed that Tat-
Adv was also mainly internalized by macropinocytosis in A549 cells
(Fig. 6¢). Macropinocytosis involves the formation of large heteroge-
neous macropinosomes. Although the exact nature of Tat-mediated
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release from macropinosomes into the cytosol remains unclear,
macropinosomes are thought to be vesicles that are inherently leakier
than other types of endosomes (Meier et al., 2002). Therefore, we
speculated that the internalized Tat-Adv is easily released to the cytosol
and move toward the nucleus, resulting in efficient gene expression.

Cell-surface proteoglycans such as HSPGs have been suggested to be
primary receptors for the cellular uptake of PTDs, and a deficiency of
HSPG often results in a decrease in the amount of PTDs taken up by the
cells, although some reports have shown that HSPG is not involved in the
cellular uptake of PTDs (Console et al., 2003; Richard et al., 2005;
Rothbard et al., 2005; Nakase et al., 2007). Cell-surface HSPGs are also
reported to be indispensable for the induction of actin organization and
the macropinocytic uptake of PTDs (Nakase et al., 2004, 2007). Our
results demonstrated that the presence of heparin in the medium
dramatically inhibited the transduction of Tat-Adv in A549 cells
(Fig. 6b), suggesting that the presence of cell-surface HSPG may be
important for cellular binding and macropinocytic uptake of Tat-Adv.
Recently it was shown that Tat-linked Adyv, in which Tat peptide was
bound to Adv by using fusion proteins consisting of CAR and the Tat
peptide as an adaptor to Adv, enters the cells via HSPG (Kuhnel et al.,
2004). Han et al. also showed that genetic incorporation of the Tat
peptide into Adv fiber allowed to infect cells via HSPG (Han et al., 2007).
These results are consistent with our observation. However, Kurachi
et al. reported that the transduction of Adv genetically modified with Tat
peptide, in which Tat peptide was introduced into the HI loop of the fiber
knob, is not inhibited by heparinase, indicating that the genetically
modified Adv transduces into the cells independently of HSPG (Kurachi
et al,, 2007). The precise reason for these contradictory results remains
unclear. Now we are trying to examine the more precise cellular uptake
mechanism of Tat-Adv using other macropinocytosis inhibitor and
proteoglycan-deficient cells.

We also demonstrated that R8-Adv showed luciferase expression
as high as that of Tat-Adv in B16BL6 cells (Fig. 3), indicating the
usefulness of other PTDs in our PTD-conjugated Adv system. Recently,
many artificial PTDs with high cell-penetrating ability have been
developed (Ho et al., 2001; Mukai et al., 2006). We should be able to
generate PTD-modified Advs by using these novel PTDs.

Tat-Adv has advantages over conventional Adv in many clinical
applications. For example, we have shown that dendritic cell (DC)-based
ex vivo immunotherapy genetically modified by Adv is useful, but the
transduction efficiency of conventional Adv is insufficient for clinical use
because of the lack of CAR expression on the DC surface (Okada et al.,
20014, 2003a). We consider that Tat-Adv is likely to be powerful tool for
DC-based immunotherapy. In addition, for in vivo cancer gene therapy,
intra-tumoral injection of Tat-Adv could enhance Adv transduction in
tumor tissues and reduce side effects because of the lower dose of Adv
injected, although gene transduction in vivo is affected by several
cellular and humoral factors (Kurachi et al, 2007). We are now
investigating the usefulness of Tat-Adv for these applications.

Conclusion

In summary, to broaden the tropism of Adv and enhance transduc-
tion efficiency, we generated Tat-modified Adv by simple chemical
conjugation methods. The Tat-Adv improved transgene expression in
CAR-negative cells in an HSPG- and macropinocytosis-dependent
manner. This method could also be applied to other virus vectors. Tat-
peptide-modified Adv is an attractive tool for transducing cells and can
be useful as a platform vector for gene therapy and basic research.
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The identification of cytokine adjuvants capable of inducing an efficient mucosal immune response
against viral pathogens has been long anticipated. Here, we attempted to identify the potential of tumor
necrosis factor superfamily (TNFS) cytokines to function as mucosal vaccine adjuvants. Sixteen different
TNFS cytokines were used to screen mucosal vaccine adjuvants, after which their immune responses
were compared. Among the TNFS cytokines, intranasal immunization with OVA plus APRIL, TL1A, and

Keywords: TNF-ou exhibited stronger immune response than those immunized with OVA alone. TL1A induced the
EKOkmE strongest immune response and augmented OVA-specific IgG and IgA responses in serum and mucosal
Mucosal immunity compartments, respectively. The OVA-specific immune response of TL1A was characterized by high levels
Vaccine of serum IgG1 and increased production of IL-4 and IL-5 from splenocytes of immunized mice, suggesting
that TL1A might induce Th2-type responses. These findings indicate that TL1A has the most potential as a

mucosal adjuvant among the TNFS cytokines.
© 2009 Published by Elsevier Inc.
Introduction mucosal vaccine adjuvant [3]. Both the cholera toxin and Esche-

The majority of infectious pathogens, including HIV or influenza
virus, enter through a mucosal surface. One important aspect of the
immune response at mucosal surfaces is the production of secre-
tory immunoglobulin (Ig) A antibodies, as well as the induction
of cytotoxic T cells (CTLs) against epithelium-transmitted patho-
gens; therefore, the development of vaccines that induce effective
immune responses at mucosal surfaces is important.,

Mucosal vaccines administered either orally or nasally are
highly warranted in order to combat these infectious diseases, as
they would reduce the transmission of infectious pathogens more
efficiently than parenteral administration by stimulating both
mucosal and systemic immune responses [1,2]. The mucosal anti-
gen-specific immune response, however, is weak because most
protein antigens, such as non-living macromolecules or protein-
subunit antigens, evoke only a weak or undetectable adaptive im-
mune response when they are applied mucosally. Therefore, in or-
der to develop mucosal vaccines, it is necessary to develop a
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richia coli heat-labile toxin are potent mucosal vaccine adjuvants,
which have been used in experimental systems. Unfortunately,
the watery diarrhea induced by these toxins makes their use as
oral adjuvants clinically problematic to humans [4]. In addition, re-
cent reports showed that a human vaccine containing inactivated
influenza virus and the heat-labile toxin as an adjuvant resulted
in a very high incidence of Bell's palsy [5]. Therefore, mucosal vac-
cine adjuvants with high efficacy and safety for the purpose of a
clinical application are necessary.

Cytokines can trigger the innate and adaptive immune
responses and also synergize with costimulatory molecules to im-
prove the immune response. Therefore, cytokines are promising
vaccine adjuvants that enhance the immune response against
pathogens. The members of the tumor necrosis factor (TNF)/TNF
receptor (TNFR) superfamily are critically involved in maintaining
the homeostasis of the immune system [6-8]. Currently, more than
40 members of the TNF/TNFR superfamily have been identified and
the majority is expressed by immune cells. The biological functions
of this system encompass beneficial and protective effects in
inflammation and host defense as well as a crucial role in immune
organogenesis [7]. Among TNF superfamily cytokines, there are
some candidates used as vaccine adjuvants to enhance the primary
and memory immune responses against cancer and infectious



H. Kayamuro et al./Biochemical and Biophysical Research Communications 384 (2009) 296-300 297

disease. For example, 4-1BBL, CD27L, CD30L, GITRL, LIGHT, OX40L,
and TNF-ao, which have costimulatory functions for survival,
expansion, and effecter function of T cells, enhance systemic
immunity to co-administered antigens [8]. There is, however, no
comparative study to investigate the potential of TNF superfamily
cytokines as mucosal vaccine adjuvants.

In this study, to develop effective and safe cytokine-based
mucosal vaccine adjuvants, we compared the potential of TNF
superfamily cytokines. We showed that intranasal coadministra-
tion of APRIL, TL1A, or TNF-o along with antigen induced strong
antigen-specific systemic IgG and mucosal IgA antibody responses.
In particular, TL1A induced the strongest immune responses at
mucosal sites among TNF superfamily cytokines. These data sug-
gest that TL1A is an attractive prototype for a mucosal vaccine
adjuvant. This study is the first report to clearly demonstrate the
potential of TNF superfamily cytokines as mucosal adjuvants. To
develop a mucosal vaccine adjuvant, a pool of such information
would be of great benefit.

Materials and methods

Adjuvants, Cholera toxin B subunit (CTB) was purchased from
List Biological Laboratories (Campbell, CA). Sixteen types of recom-
binant TNF superfamily cytokines included human APRIL
(18.6 kDa), mouse BAFF (23.2 kDa), mouse 4-1BBL (25.7 kDa),
mouse CD27L (19.2 kDa), mouse CD30L (22 kDa), mouse CD40L
(25 kDa), mouse EDA (23 kDa), mouse GITRL (16 kDa), mouse
LIGHT (21 kDa), mouse LT-a (18.5 kDa), mouse OX40L (18 kDa),
mouse TL1A (20kDa), mouse TNF-o. (17.5 kDa), mouse TRIAL
(20 kDa), mouse TRANCS (36 kDa), mouse TWEAK (17 kDa) were
purchased from R&D Systems (Minneapolis, MN).

Mice and immunization protocols. Female BALB/c mice were pur-
chased from SLC (Hamamatsu, Japan) and used at 6 weeks of age.
All of the animal experimental procedures in this study were per-
formed in accordance with the National Institute of Biomedical
Innovation guidelines for the welfare of animals. Mice were intra-
nasally immunized with 100 pg of ovalbumin (OVA; Sigma Chem-
ical Co., St. Louis, MO) and 1 pg CIB or each TNF superfamily
cytokine included human APRIL (5.4 x 10~!! M/mouse), mouse
BAFF (4.3 x 10°'! M/mouse), mouse 4-1BBL (3.9 x 107!
M/mouse), mouse CD27L (5.2 x 10~!* M/mouse), mouse CD30L
(45 x 10°"" M/mouse), mouse CD40L (4.0 x 10~'! M/mouse),
mouse EDA (4.3 x 107! M/mouse), mouse GITRL (6.3 x 107!
M/mouse), mouse LIGHT (4.8 x 107" M/mouse), mouse LT-o
(54 x 10~ M/mouse), mouse OX40L (5.6 x 10~'! M/mouse),
mouse TL1A (5.0 x 10~'" M/mouse), mouse TNF-at (5.7 x 10~
M/mouse), mouse TRAIL (5.0 x 10! Mjmouse), mouse TRANCE
(2.8 x 10~!" M/mouse), mouse TWEAK (5.9 x 10~!! M/mouse) in
a total volume of 20 pl per mouse (10 plfnostril). Mice were intra-
nasally treated with OVA plus each of the TNF superfamily cyto-
kines three times at weekly intervals.

Sample collection. Seven days after the final immunization, plas-
ma and mucosal secretions (nasal washes, vaginal washes, and fe-
cal extracts) were collected to assess antigen-specific IgG and IgA
responses. Nasal and vaginal washes were collected by gently
flushing the nasal passage or vaginal canal with 200 or 100 ul of
sterile PBS, respectively. Fecal pellets (100 mg) were suspended
in 1 ml of PBS and then vortexed for 30 min. The samples were cen-
trifuged at 15,000g for 20 min, and then the supernatants were col-
lected as fecal extracts.

Detection of antigen-specific antibody responses by ELISA. Anti-
gen-specific IgG and IgA levels in plasma, nasal washes, vaginal
washes, and fecal extracts were determined by ELISA. ELISA plates
(Maxisorp, type 96F; Nalge Nunc International, Tokyo, Japan) were
coated with 10 pg/ml OVA in 0.1 M carbonate buffer, respectively,

and incubated overnight at 4 °C. The plates were incubated with
blocking solution (Block Ace; Dainippon Sumitomo Pharmaceuti-
cals, Osaka, Japan) at 37 °C for 2 h, and serum (1/500) or mucosal
secretion dilutions (1/50) were added to the OVA-coated plates.
After incubation at 37 °C for 2 h, the coated plates were washed
with PBS-Tween 20 and incubated with the horse horseradish per-
oxidase-conjugated goat anti-mouse IgG solution or a biotin-con-
jugated goat anti-mouse IgA detection antibody (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 peroxi-
dase-coupled streptavidin (Zymed Laboratories South San Fran-
cisco) for 1h at rt. After incubation, the color reaction was
developed with tetramethylbenzidine (MOSS, Inc., Pasadena,
MD), stopped with 2 N H,50,4, and measured by OD4s5¢_¢55 0N a mi-
cro plate reader.

Isolation of splenocytes. Spleens were aseptically removed and
placed in RPMI 1640 (Wako Pure Chemical Industries, Osaka, Ja-
pan) supplemented with 10% FBS, 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; they were then washed, counted, and
suspended in RPMI supplemented with 10% FBS, 50 UM 2-mercap-
toethanol, 1% antibiotic cocktail, non-essential amino acids solu-
tion, 1mM sodium pyruvate, and 10mM Hepes to a final
concentration of 1 x 107 cells/ml.

Antigen-specific cytokine responses. Antigen-specific cytokine re-
sponses were evaluated using culturing splenocytes (5 x 10° cells/
well) stimulated with OVA (1 mg/ml) in vitro. Cells were incubated
at 37 °C for 72 h. 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 the Bio-Plex Manager soft-
ware. The mean concentration of cytokines in supernatants from
OVA-stimulated cells over the unstimulated background was
calculated.

Statistical analysis. All results are expressed as means + SEM.
Differences were compared using Bonferroni's method after analy-
sis of variance (ANOVA).

Results and discussion

Development of novel mucosal vaccine adjuvants with high effi-
cacy and safety has been expected. Among various adjuvant candi-
dates, cytokines might be promising safe adjuvants because they
are human-derived and able to enhance the primary and memory
immune responses sufficiently to protect from various infections.
In this study, we examined the potential of TNF superfamily cyto-
kines as mucosal vaccine adjuvants.

In this study, we used 16 different TNF superfamily cytokines
(APRIL, BAFF, 4-1BBL, CD27L, CD30L, CD40L, EDA, GITRL, LIGHT,
LT-of, OX40L, TL1A, TNF-o, TRAIL, TRANCE, and TWEAK). To exam-
ine TNF superfamily cytokines’ potential as mucosal adjuvants, the
mice were intranasally immunized with 100 pg OVA plus each TNF
superfamily cytokine (1 pg/mice) three times at weekly intervals.
Seven days after the last immunization, we examined the level of
anti-OVA IgG responses in serum by ELISA (Fig. 1A). As a result,
intranasal immunization with OVA plus TL1A exhibited signifi-
cantly higher OVA-specific IgG responses in serum than those
immunized with OVA alone. OVA-specific IgG level of TL1A immu-
nized mice was of similar magnitude to that induced by CTB, one of
the most effective mucosal adjuvants. In addition, intranasal
immunization with OVA plus APRIL or TNF-a also showed strong
OVA-specific IgG responses in serum.
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Murine serum IgG subclass responses have been used to assess
the type of immune responses elicited by immunization with IgG1
indicative of Th2-type responses and IgG2a indicative of Th1-type
responses. To assess the type of immune response induced by TNF
superfamily cytokines, IgG subclass studies were also examined
(Fig. 1B and C). As a result, OVA-specific IgG1 was significantly high
in mice immunized with OVA plus TL1A and TNF-a, which are as
strong as CTB. Mice immunized with OVA plus APRIL also tend to
show strong OVA-specific IgG1 responses. On the other hand,
APRIL showed the highest OVA-specific 1gG2a responses as well
as CTB. These results indicated that APRIL, TL1A, and TNF-o could
induce strong immune responses via nasal administration and also
induce an antigen-specific Th2-type immune response.

A B
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Next, in order to identify the characteristics of TNF superfamily
cytokines as mucosal adjuvants, we examined the OVA-specific IgA
responses in nasal washes from immunized mice as well as vaginal
washes and fecal extracts, which are not administration sites
(Fig. 2). In nasal washes, OVA-specific IgA level of TL1A immunized
mice were significantly higher than OVA alone immunized mice,
and this magnitude was similar to that induced by CTB (Fig. 2A).
Mice immunized with OVA plus APRIL or TNF-a also tended to
show strong OVA-specific IgA responses. In vaginal washes and fe-
cal extracts, TL1A and TNF-o showed the highest OVA-specific IgA
responses among TNF superfamily cytokines, while these magni-
tudes were lower than those immunized with OVA plus CTB
(Fig. 2B and C). These results indicate that nasal immunization
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Fig. 1. Serum OVA-specific IgG responses by nasal immunization with OVA plus TNF superfamily cytokines. BALB/c mice were intranasally immunized with OVA alone, OVA
plus CTB, or OVA plus each TNF superfamily cytokine three times at weekly intervals. Serum was collected 7 days after the last immunization and analyzed by ELISA for OVA-
specific (A) total IgG, (B) IgG1, and (C) IgG2a responses at a 500-fold serum dilution. Data are presented as means + SEM (n=5; ~P< 0.01 versus value for OVA alone treated

group by ANOVA).
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Fig. 2. OVA-specific mucosal IgA responses by nasal immunization with OVA plus TNF superfamily cytokines. BALB/c mice were intranasally immunized with OVA alone, OVA
plus CTB, or OVA plus each TNF superfamily cytokines once a week for 3 weeks. Mucosal secretions were collected 7 days following the last immunization and then OVA-
specific IgA responses in (A) nasal wash, (B) vaginal wash and (C) fecal extract were determined by ELISA. Data are presented as means + SEM (n=5; "P<0.05, "P < 0.01 versus

value for OVA alone treated group by ANOVA).
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with TL1A effectively induced both antigen-specific systemic and
mucosal immune responses, and indicated that TL1A might be a
new candidate for mucosal vaccine adjuvants replacing toxin-
based adjuvants. Among these cytokines, CD40-CD40L interaction
is also known to play an important role in the generation of anti-
gen-specific IgA positive B cells, and mount specific IgA responses
to orally or parenterally administered antigens [9,10]. Indeed, Nin-
omiya et al. showed that intranasal administration of anti-CD40
antibody with antigens from the influenza virus induced protective
immunity against influenza virus [11]. Our results showed that
intranasal administration of CD40L could not enhance mucosal
immunity against antigens, but the precise reason of these contro-
versial results was unknown.

To clarify the mechanisms of immune response by each TNF
superfamily cytokine, the release profiles of cytokines from spleno-
cytes of immunized mice were analyzed. Culture supernatants
from OVA-stimulated splenocytes collected from immunized mice
were assessed for Th2-type cytokines IL-4 (Fig. 3A) and IL-5
(Fig. 3B) and Th1-type cytokines interferon-y (IFNy) (Fig. 3C) and
TNF-a (Fig. 3D), using a multiplexed immunobeads assay. Spleno-
cytes from mice immunized with OVA plus APRIL, TNF-o, or TL1A
exhibited higher levels of Th2-type cytokines (IL-4 and IL-5) than
those responses induced by OVA alone (Fig. 3A and B). In contrast,
there was little difference in Th1-type cytokine (IFN-y and TNF-ot)

A PBs
OVA
CTB

APRIL
BAFF
4-1BBL
cD27L
CD30L
CD40L
EDA
GITRL
LIGHT
LTo
OX40L
TL1A
TNFo
TRAIL
TRANCE
TWEAK

299

secretion in all types of immunized mice (Fig. 3C and D). These re-
sults suggest that APRIL, TNF-a, and TL1A induced more strongly
polarized Th2-type immune responses when used as mucosal vac-
cine adjuvants.

Our results indicate that TL1A induced the strongest mucosal
immunity among the TNF superfamily cytokines. This is the first
report to demonstrate TL1A mucosal adjuvant activity, induced
antigen-specific systemic and mucosal immune responses in mice.
The most recently identified member of the TNF superfamily, TL1A,
is known to bind only to death receptor (DR) 3 expressed primarily
on activated lymphocytes [12]. TL1A is also expressed on endothe-
lial cells, normal lymphocytes, plasma cells, monocytes, and den-
dritic cells (DCs) [13,14]. TL1A can induce IFN-y production of IL-
12 and IL-18 primed T cells, whereas TL1A does not enhance IL-4
production from Th2 cells by systemic injection [15,16]. Therefore,
it was believed that the TL1A/DR3 pathway played a dominant role
in the Th1-type immune response by mucosal T cells in the in-
flamed mucosal site. On the other hand, a recent study showed that
TL1A may act as soluble mediator or as cell-bound ligand to trigger
DR3 on NKT and T cells, and this pair appears to provide an early
signal for Th2-type cytokine production such as IL-4 and IL-13
[17]. We showed that the OVA-specific immune response of TL1A
immunized mice was characterized by high levels of serum IgG1
and increased production of IL-4 and IL-5 from splenocytes of
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Fig. 3. Cytokine responses induced by nasal immunization with OVA plus adjuvants. BALB/c mice were intranasally immunized with OVA alone, OVA plus CTB, OVA plus each
TNF superfamily cytokine three times at weekly intervals. Seven days after the last immunization, splenocytes from each group were cultured with 1 mg/ml OVA. Culture
supernatants were harvested after 3 days of incubation, and then OVA-specific (A) IL-4, (B) IL-5, (C) IFNYy, and (D) TNF-o productions in culture supernatant were analyzed

using the Bio-Plex Multiplex Cytokine Assay. Data are presented as means + SEM (n
value for OVA alone treated group by ANOVA).

=4;#P<0.05, **P < 0.01 versus value for PBS treated group by ANOVA; “"P < 0.01 versus
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immunized mice, suggesting a Th2-type immune response, The
administration route of antigen immunization might be critical
for influencing the type of immune response, although the precise
reascn for these contradictory results remains unclear. We are cur-
rently examining the mechanism of TL1A-induced Th2-type im-
mune responses in more detail. In addition, the potential of TL1A
as a mucosal vaccine adjuvant should be enhanced because the
strength of immune responses by TL1A was lower than that of
CTB. We have developed a novel technology to produce mutant
cytokines using phage display [18-21]. We previously produced
a bioactive mutant TNF-a with 6-fold stronger in vitro bioactivity
and 13-fold stronger in vivo bioactivity compared with wild-type
TNF-o [20]. We are now attempting to generate mutant TL1A with
improved adjuvanticity.

We showed that APRIL and TNF-a also had the potential to
function as a mucosal vaccine adjuvant, although the strength of
immune responses in those immunized mice was lower than mice
immunized with TL1A. The analysis of knockout mice suggested
that APRIL would deliver B cell activation signals and induce IgA
production against antigens from pathogenic microorganisms
and viruses [22]. In addition, it was also reported that TNF-o
played an important role in IgA production {23]. Future examina-
tion is needed to determine a more precise mechanism of IgA pro-
duction by APRIL and TNF-ct.

Regulation of Th1- and Th2-type immune responses is the ma-
jor goal for the development of mucosal vaccines because these
types of immune responses would control protective immunity
against viral and bacterial infections by maximizing antigen-spe-
cific antibodies and CTL responses [1,3]. To induce both antigen-
specific antibodies and CTL responses, combinatorial administra-
tion of TL1A with another mucosal adjuvant, which can induce
Thl-type immune responses, is applicable. We have already
screened the other cytokines and succeeded in finding candidates
that can effectively induce CTL responses at the mucosal site, The
combinatorial effect of the cytokines and TL1A as a mucosal vac-
cine adjuvant is now under examination.

In summary, our study showed that TL1A induced two layers of
protective immunity when administered intranasally with a vac-
cine antigen. Our results indicate that TL1A is an effective mucosal
adjuvant.
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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-o. (TNF-a), mTNF-K9OR, 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)

g?y Wzrf.s" potently produced OVA-specific Immunoglobulin (Ig) G antibodies (Abs) in serum and IgA Abs both at local
C;;zf(i;:y and distal mucosal sites compared to co-administration with wild-type TNF-o.. The OVA-specific immune
Mucosa response was characterized by high levels of serum IgG1 and increased production of interleukin-4 (IL-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 adjuvant activity 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

© 20009 Elsevier Ltd. All rights reserved.

1. Introduction secretory IgA [3]. Because this IgA response represents the major

mechanism for defense against viral and bacterial infections, recent

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 and/or 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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efforts have been focused on the development of vaccines that are
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
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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-a 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-a2 in the development of a vaccine
adjuvant has been anticipated for some time, However the applica-
tion of TNF-2 as a mucosal vaccine adjuvant has not been reported
because TNF-a administered by mucosal routes is rapidly degraded at
the mucosal surface. Therefore, the maximum adjuvant effects of
TNF-2 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 wTNF-o [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-2 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 EUpg "' 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 gl aliquot (10 ul per nostril) containing
100 pg of ovalbumin (OVA; Sigma Chemical Co., St. Louis, MO) as antigen and 1 or
5 ug of WINF-« or mTNF-K90R on days 0, 7 and 14. As positive control, mice were
intranasally immunized with the same volume containing 100 ug of OVA and 1 pg
cholera toxin B subunit (CTB; List Biological Laboratories, Campbell, CA) on days 0, 7
and 14. In the influenza virus studies, 1 ug baculovirus-expressed recombinant
hemagglutinin (HA) derived from New Cal/99 virus (Protein Sciences, Meriden, CT),
was immunized with 1 ug CTB or 5 g 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 ul 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
supernatants 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 pgml ' OVA or 2 pg ml ' 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 H;S04, and measured by OD4sp-655 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-mercaptoethanot, 1% antibiotic cocktail, 10 mI L~ of
a 100x nonessential amino acids solution (NEAA; Gibco-BRL), 1 mm sodium pyru-
vate, and 10 mu HEPES to a final concentration of 1 x 107 cellsml .

2.6. Antigen-specific cytokine responses

Antigen-specific cytokine responses were evaluated by culturing the spleno-
cytes (5 x 10° cells well™!) 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 (IL-4 ELISPOT assay) or 72 h (multiplex 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 1L-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 IL-4 producing cells were measured by an ELISPOT assay kit (BD Biosciences),
according to the manufacturer’s instructions.

2.9. Fluorescence micrascopy

BALB/c mice were administered intranasally with fluorescent isothiocyanate {FITC)
labeled OVA (FITC-OVA; Molecular Probes-Invitrogen, Eugene, OR) at 50 ug mouse™!
with or without mTNF-KS0R (5 jug 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 g, 5ug or 25 ug on days 0, 7 and 14.



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

Seven days after the last immunization, heads of the mice were severed from the
body and then placed in fixative solution (4% paraformaldehyde). Histopathological
examination was performed by the Applied Medical Research Laboratory (Osaka,
Japan). For single immunization protocol, BALB/c mice were immunized with OVA
with or without mTNF-K90R at a dose of 5 ug. At 2 h after single immunization,
histopathological examination was performed using the same protocol.

2.11. Statistical analysis

All results are expressed as mean + SEM. Statistical significance in differences
were evaluated by Newman-Keuls Multiple Comparison Test after analysis of vari-
ance (ANOVA),

3. Results
3.1. Mucosal adjuvant activity of mTNF-K90R

To examine the properties of mTNF-K90R as a mucosal vaccine
adjuvant, mice were intranasally immunized with 100 pg OVA plus
WTNF-a (1 pg mice™"), mTNF-K9OR (1 pgmice™, 5 pg mice~"), or
CTB (1 ug mice™!) three times at weekly intervals. Seven days after
the last immunization, we examined the level of anti-OVA Abs
response in the serum by ELISA (Fig. 1A). Intranasal immunization
with OVA plus 1 pg mTNF-K90R induced higher levels of anti-OVA
IgG Ab response in serum than after immunization with OVA alone
or OVA plus 1 pg wTNF-a. Furthermore, OVA-specific IgG Ab levels of
mTNF-K90R immunized mice were of a similar magnitude to those
immunized with CTB, a common laboratory mucosal adjuvant.

Serum IgG subclass responses have been used to assess the type
of immune response elicited by immunization. For example, IgG1 is
indicative of a Th2-type response whereas 1gG2a is indicative of
aTh1-type response. To assess the type of immune response induced
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by mTNF-K90R, serum OVA-specific IgG subclass responses were
also examined (Fig. 1B). OVA-specific IgG1 Ab levels of 1 ug mTNF-
K90R immunized mice were higher than those immunized with OVA
alone or OVA plus 1 pg wTNF-2, and as well as in mice immunized
with CTB. However, the level of OVA-specific IgG2a was low in all
groups, indicating that mTNF-K90R may induce immune responses
with an antigen-specific Th2 component.

Next, we examined the OVA-specific IgA secretion in nasal
washes, vaginal washes, and fecal extracts from immunized mice
(Fig. 2). As expected, immunization with OVA plus CTB induced
strong anti-OVA IgA secretion in all mucosal tissues. Nasal immu-
nization with OVA plus 1 pg of mTNF-K90R tended to induce high
levels of OVA-specific IgA secretion in nasal tissue and fecal extract
compared with after immunization with OVA plus 1 pg wTNF-2.. The
IgAlevel of 1 pg mTNF-K90R immunized mice in nasal tissue was of
a similar magnitude to those immunized with CTB. In contrast, the
IgA level in vaginal tissue and fecal extract was lower for the 1 pg
mTNF-K90R treated mice compared with that of CTB treated mice.
Nasal immunization with OVA plus 5 ug of mTNF-K90R induced high
OVA-specific IgA secretion in multiple mucosal tissues compared to
1 pug of mTNF-K90R and comparable anti-OVA Abs responses to
those induced with OVA plus CTB. These results indicate that mTNF-
K90R is an attractive mucosal vaccine adjuvant for the induction of
antigen-specific systemic IgG and mucosal IgA responses.

3.2. Antigen-specific cytokine responses of mTNF-K90R

To clarify the mechanism of immune response elicited by
mTNF-K90R, the release profiles of cytokines from splenocytes of
OVA-immunized mice were analyzed. Culture supernatants from

PBS IND. OVA specific IgG2a

OVA [N.D.
OVA plus CTB (1 pg) [H

OVA plus wTNF (1 pg) |N.D.

| I 1
02 04 06 08 1.0

ODys0.655

Fig. 1. Serum OVA-specific IgG Abs response after nasal immunization with OVA plus adjuvant. BALB/c mice were intranasally immunized with OVA alone, OVA plus 1 pg CTB, OVA
plus 1 ug WINF-a, OVA plus 1 pg mTNF-K90R or OVA plus 5 pg mTNF-K90R once a week for three consecutive weeks. Serum was collected 1 wk after the last immunization and
analyzed by ELISA for OVA-specific IgG (A) and IgG subclass (B) at a 1:100 dilution of serum. Data represents the mean of absorbance 450 nm (reference wave, 655 nm). N.D; not
detected. Data are presented as means + SEM (n =7; **P < 0.01 versus value for OVA alone treated group by ANOVA; *P < 0.05 versus value for OVA plus wTNF-o treated group by

ANOVA).
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Fig. 2. OVA-specific mucosal IgA Abs response after nasal immunization with OVA plus adjuvant. BALB/c mice were intranasally immunized with OVA alone, OVA plus 1 ug CTB,
OVA plus 1 ug WTNF-2, OVA plus 1 ug mTNF-K90R or OVA plus 5 pg mTNF-K90R once a week for three consecutive weeks. Mucosal secretions were collected 1 wk after the last
immunization and OVA-specific IgA Abs responses in nasal wash, vaginal wash and fecal extract were determined by ELISA at a 1:8 dilution. Data represents the mean of absorbance
450 nm (reference wavelength, 655 nm). Data are presented as means & SEM (n = 7; *P < 0.05, **P < 0.01 versus value for OVA alone treated group by ANOVA; *P < 0.05, #*P < 0.01

versus value for OVA plus wTNF-2 treated group by ANOVA),

OVA-stimulated splenocytes collected from immunized mice were
assessed for Th2-type cytokines IL-4, IL-5, IL-10, granulocyte macro-
phage colony-stimulating factor (GM-CSF) (Fig. 3A) and Th1-type
cytokines 1L-12 and IFN-vy (Fig. 3B), using a multiplexed immunobeads
assay. Splenocytes from mice immunized with OVA plus 1 ug mTNF-
K90R exhibited higher levels of Th2-type cytokines (IL-4, IL-5, IL-10
and GM-CSF) than those responses induced with OVA plus 1 pg wTNF-
o or CTB (Fig. 3A). In contrast, there was hardly any difference in
Th1-type cytokine (IL-12 and IFN-y) secretion amongst all of the
immunized mice (Fig. 3B). To further characterize the type of immune
response, the level of OVA-specific IFN-y and IL-4-secreting spleno-
cytes from OVA-immunized mice with the various adjuvants was
determined using a cytokine-specific ELISPOT assay (Fig. 4). The level
of OVA-specific 1L-4-secreting splenocytes from OVA-immunized
mice with mTNF-K90R was greater than those responses observed
after administration of WTNF-a« or CTB. By contrast, the level of IFN-y-
secreting splenocytes in OVA-immunized mice with mTNF-K90R was
no different from the levels observed for mice immunized with OVA
alone. These results suggested that mTNF-K90R induced a more
strongly polarized Th2-type immune response when mTNF-K90R was
used as a mucosal vaccine adjuvant.

3.3. Mucosal adjuvant efficacy against influenza virus

We anticipated that a mucosal influenza virus-neutralizing
antibody response would generate an ideal vaccine against these
infectious diseases. To estimate the mucosal adjuvant efficacy of
mTNF-K90R for influenza virus HA vaccine, the antibody response
against HA was examined in mice intranasally immunized with
mTNF-K90R (Fig. 5). Mice receiving HA plus 5 pg of mTNF-K90R

induced a significantly greater anti-HA IgG or IgA response in
serum, saliva or nasal wash compared with mice receiving HA alone
or HA plus CTB. These results indicated that application of mTNF-
K90R as a nasal vaccine adjuvant to viral infectious diseases might
be an effective strategy.

3.4. Localization of antigens into nasopharyngeal-associated
lymphoreticular tissue (NALT)

Because NALT plays an important role in the initial induction of the
mucosal immune response, it was important to determine the tissue
localization of the antigens. To characterize the mechanism of mTNF-
K90R in the induction of OVA-specific mucosal and systemic immune
responses, we examined the localization of OVA in NALT derived from
mice that were immunized with OVA in the absence or presence of
mTNF-K90R (Fig. 6). Fluorescence microscopic analysis revealed that
FITC-OVA was mainly located beneath the nasal epithelium
surrounding NALT in mice treated with FITC-OVA alone. By contrast,
in addition to the subepithelial region, FITC-OVA was also observed
within NALT after co-administration of mTNF-K90R. These results
indicate that mTNF-K90R might induce the effective entry of antigens
into NALT due to increasing nasal epithelial permeability. We believe
that the observed response of mTNF-K90R in the nasal epithelial
reflects one of the mechanisms for the induction of antigen-specific
mucosal and systemic immune response in mice.

3.5. Safety examination of mTNF-K90R

While enterotoxin-based adjuvants display a strong mucosal
response, they also induce severe central nervous system damage



H. Kayamuro et al. / Biomaterials 30 (2009) 5869-5876 5873

A IL-4 IL-5
OVA[ H

OVA plus CTB [

OVA plus wTNF

OVA plus mTNF-K90R ——1 _—|

100 51015202530

IL-10 GM-CSF

OVA[ H N.D.
OVA plus CTB }:

OVA plus wTNF et — PR —
OVA plus mTNF-K90R |- I

T 7T T 1 1 1 | T T T )
0 5 10 15 20 25 30 © 3 6 9 12

Concentration (pgml)

B 1IL-12 IFN-Y
OVA H

OVA plus CTB [

OVA plus wTNF [&

ovA plus mTNF-KooR [

1 1.1 1T 1 /T T T 1
o 1 2 3 4 5 0 1 2 3 4 5

Concentration (pgml-1)

Fig. 3. Cytokine response induced after nasal immunization with OVA plus adjuvant, BALB/c mice were intranasally immunized with OVA alone, OVA plus 1 pg CTB, OVA plus 1 pg
WINF-o or OVA plus 1 pg mTNF-KI0R once a week for three consecutive weeks. One week after the last immunization, splenocytes from each group were cultured with 1 mgml~!
OVA. Culture supernatants were harvested following 3 days of incubation, and OVA-specific Th2-type (A) and Th1-type (B) cytokine productions in culture supernatant were
analyzed by using the Bio-Plex Multiplex Cytokine Assay. Data are presented as means + SEM (n = 6; *P < 0.05, **P < 0.01 versus value for OVA alone treated group by ANOVA),
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Fig, 4. Analysis of OVA-specific cytokine-secreting cells in mice nasally immunized with OVA plus adjuvant. BALB/c mice were intranasally immunized with OVA alone, OVA plus
1 g CTB, OVA plus 1 pg WTNF-a or OVA plus 1 pg mTNF-K90R once a week for three consecutive weeks. One week after the last immunization, splenocytes from each group were
cultured with 1 mgml~' OVA. The levels of OVA-specific IL-4 (a) and IFN-y-producing cells (b) were examined by individual cytokine-specific ELISPOT assay. Data are presented as
means + SEM (n =3; **P < 0.01 versus value for OVA plus CTB treated group by ANOVA; *P < 0.05 versus value for OVA plus WINF-¢. treated group by ANOVA),



