CAR

WT-BV CAR-BV  B16-CAR

Figure1 Preparation of CAR-BV.
Sf9 cells were infected with CAR-BV or wild type BV(WT-BV).

After 72h, BVs in the supernatants were purified and detected
by Western blotting with anti-CXADR Ab.

CcD81
WT-BV  CD81-BV Huh?7
WT-BV  SR-BI-BV  HepG2
Claudin-1
WT-BV CL1-BV Huh?
Occludin

WT-BV OCLN-BV  Caco-2

Figure 2 Preparation of BVs expressingreceptor.

Sf9 cells were infected with each recombinant BV or wild
type BV(WT-BV). After 72h, BVs in the supematants
were purified and detected by Western blotting.
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Development of Novel DDS Technologies for Optimized Protein Therapy
by Creating Functional Mutant Proteins with Antagonistic Activity

Yasuhiro ABE

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

(Received April 8, 2009)

In the post-genomic era, cytokine or antibody therapy has received attention for advanced drug therapies. Indeed,
attempts are being made to develop a wide variety of therapeutic proteins for diseases including cancer, hepatitis and au-
toimmune conditions. Unfortunately, however, the utilization of bioactive proteins in clinical practice is often limited
because of their inherent instability and pleiotropic actions /n vive. Our laboratory aims to overcome two major
problems, details of which will be addressed in separate sections to follow. (i) Development of a powerful system to
rapidly create functional mutant proteins (muteins) with enhanced receptor affinity and receptor specificity using a
phage display technique (biological DDS). (ii) Establishment of a novel polymer-conjugation system to dramatically
improve in vivo stability and selectively of bioactive proteins (polymeric DDS). We are currently attempting to combine
both approaches to create a protein-drug innovation system to further promote pharmaco-proteomic-based drug de-
velopment. In this review, we will describe DDS-based technology for creating functional mutants for advanced medical
applications, using tumor necrosis factor-alpha (TNF) as an example.

Key words——phage display system; tumor necrosis factor-alpha; bioconjugation
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Mutant protein
(g3p-fusion protein)

gene 3

Affinity Panning

Phage library displaying
mutant proteins

Fig. 1.

Phage display system has the following main characteristics: 1) proteins
molecules, such as a receptor or antigen. These protein-displaying phage par
that encodes the outer shell of the phage (i.e., g3p) in phagemid vector or p

Desired phage clone with high
receptor-selectability and bioactivity

Creation of Functional Mutant Proteins Using Phage Display

can be displayed on the outer shell of the phage where they can interact with their target
ticles are produced by the integration of a foreign gene into the 5’-terminus of the gene
hage genome; 2) the genotype of this phage (the foreign gene inside the phage clone),

corresponds with the phenotype (the protein displayed on the phage’s surface); 3) phage particles or ““libraries’’, can readily be made, which consist of billions of
varieties of protein; 4) a selected phage from the library can be readily amplified by infection of a host bacterial cell. It is therefore possible to screen for, and then

isolate, high-affinity binders to target molecules from the phage library.

FEHAL, EHERELZBABRICERE R K
K65, KO R EZFL RO U LKA E B
D7 I JE@AEHL TH, wtTNF ER%HI 51
W oEL EbOEDFEES LTy Btk e
T AN OO RIBTINF ZRIKZBIILT A 2 &
WS THRIIL TS (Table 1) .20 ZZTART Y
)Ry —FHETHIET, INFOLES Y&
OREGEIFITMBET 26 nATOT I JBREEHE
BHNCMHMOT 2 JBICEN L - HEE R TNF 338
Ty =T34 T T UREHRL, A2 Y—-Z2T Lk
#EH [TNFR2 &3#aE9, TNFRIKK L TO
HEFA T TNF & R ORE G 8 2R9 TNFRI
femtE 7 > = A b (TNF-T2) | 2398 Tl
T&ER (Fig. 2).20 T ET, ABEEY NI E
DOREELBRAENTFAERY N7 EICLDRBT 54
WEEICH L Ty oY I A MEEERT EVIE
ZTolk, ZO NI THFYIZAN &
HE D NE TNFRI fgfE7 > d2 A b DA
13, MEICHEBELERET /oY —-2EHT5C
ETHDTRILELZLOTHD. /vy

Table 1. Amino Acid Sequences and in vitro Bioactivity of
Lysine-deficient Mutant TNF (K90R)

Residue Position

ECgV
11 65 9 98 112 128 (@&/mb
WITNF K K K K K K 1.28
KR A S R A L T o012

U The bioactivities of wild-type TNF (wtTNF) and K90R were meas-
ured by cytotoxic assay using HEp-2 cells in the presence of cycloheximide
(50 pug/ml) . Experimental data were analyzed by a logistic regression
model to calculate the mean effective concentration (EC50).

Mtk &AL 7z TNF-T2 O8I, Atk
BRIDEBEDL T Y —~OY =551 L THEE
TR EIETEBMT, 57 LN)ILODDS
THY, WhiTZ NN TERFEICK DR IE O RE
{tZBi L7k i DDS) B DT 515,
4. BHTFHDDS (L DEPAEEMNS A
aryasr—>ar

BT U o F i E OB RERRB AR E L
BahichWTiE, 4L T, e+ E
MELEEMOEMMNRZBRENHETH BN,
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TNF-T2 55T, Z NI HEHOBRKDOM
ML, FOEBRNEEEDEEITHDEEZZ SN
5, FORD, BHEOHEBIZXL TNET2 #H W

90
_. 80
% 70
S 60
5 50
£ 40
£ 30
| 20
10
O 1 1 4 1

10" 102 10% 10* 10% 10°
TNF-T2 conc. (ng/ml)

Fig. 2. Antagonistic Activities of the R1antTNF

Serial dilutions of TNF-T2 were mixed with human wtTNF (20 ng/ml)
and then applied to HEp-2 cells. After 18 h, the inhibitory effects of TNF-T2
on the cytotoxicity of wtTNF were assessed by using the methylene blue as-
say. The absorbance of cells without wtTNF was plotted as 100 percent via-
bility. The data represent the mean+SD (n=3).

Receptor

Qroteinase e,
&
%

Bioconjugated protem

“,9
Glomerulus Antabody

d.b 3

" -

BIOaCthE protein

86, ZoOMEETRL, REERGICLIHAES
RSN S e s, FE LT 1980 FE4LIR, DDS
ERFICBVWEEERBAROSHICBWT, 4HE
Wy N BEOEERNEEREWET S0, R
DIFL 7Y a—) (PEG) REDKENEST
EY NI BIKGEIEE, WhWBESTNAF
D27 aF =2 a NEBRINTEL 2 2D
SINDEDONAA DT ar - a3, oTEl
RiZEH5EHMEEORDEH S5 THIT TR,
NAFALTar—a i ln-Etigns ik
DY RIVEORTFRENBEDLONS DI, 7OF
T U OBEPNAREENIC Oy 3N,
RELTH ORIV BOEGNERNEE I NS
(Fig. 3). FRRONAREENFRICE > T, BEERE
EHBOWTHHRER T REREMMETL, KR U
77 ADREMDICERET S, LLEIGR R AN
HNRELSRICED, BRNICY NI EOER
~NOBEE - FEEHIRT A s B, T
ONAFaTay—3i a3, $HDDDS D
THY NI EOBEFEBCIZ RV 72 i DDS &Aif
BEOTONTELD, KAREL TEORINIIES
NTWa, ZOBRKOFERIE, &> 3780iE

Advantages
1. Block the attack from protease

2. Decrease the renal excretion rate
for the increase molecular size

3. Reduce immunogenicity

!

1. Lose bioactivity for modification
of active site

Disadvantages

2. Inhibit sterically receptor binding
of cytokines

3. Limit the transport from blood to

O O ©O < <O " tissues

Fig. 3. Characteristics of Bioconjugation

Bioconjugated proteins with water-soluble polymeric modifiers increase their molecular size and steric hindrance, resulting in augmented plasma half-lives and

stability.
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%, #Z T, PEG-T2 OFHECREHEBIRREL
LCOEDE 2T 2729, BEEiU T~ F O
EFIVICBT 2EH MBI R OB E, BED
TNF [HEHE TRMMBE L 2> T AHBEREY X
PRRIETEEEFML & 25, BEFEOH TNF
HEFPRENICRRYD, HEOUA IV ARG G
ICe<EETH L, B2, BHRMGIRIE
ERETHZIENHEL TS (Fig. 4. kb
B, TNF-T2 [ZNE O TNF @ TNFR2 &4 L /-
BREMERCRACEEBLIRWED, BEDH
TNF [HEROEMWBER TH > LBRIEY A 7
EHETER ZEMG, BRENDEYRACHREE
BB - o DB5 2 LR E N/, BifE, TNF-

12
1ok ®PBs
¢ PEG-T2

Clinical score

8
6
4t
2
0

227 27 32 37 42

Days after 18 immunization

Fig. 4. Clinical Score of Collagen-induced Arthritis (CIA)
Mice Treated with PEG-T2
The severity of arthritis in CIA mice (n=10) treated with PBS, PEG-T2
(1 ug twice a day) for three weeks from 23 day was assessed every day using
an established macroscopic scoring system. Data of severity represent the
mean +SEM.
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Tumor necrosis factor (TNF) plays important roles in host defense and in preventing tumor formation by
acting via its receptors, TNFR1 and TNFR2, functions of which are less understood. To this end, we have
been isolating TNF receptor-selective mutants using phage display technique. However, generation of a
phage library with large repertoire (>10°) is impeded by the limited transformation efficiency of Esche-
richia coli. Therefore, it is currently difficult to create a mutant library containing amino acid substitutions
in more than seven residues. To overcome this problem, here we have used two different TNF mutant
libraries, each containing random substitutions at six selected amino acid residues, and utilized a gene
shuffling method to construct a randomized mutant library containing substitutions at 12 different
amino acid residues of TNF. Consequently, using this library, we identified TNF mutants with greater

receptor-selectivity and enhanced receptor-specific bioactivity than the existing mutants.

© 2009 Elsevier Inc. All rights reserved.

Introduction

Tumor necrosis factor-o. (TNF) plays a critical role in host de-
fense through regulation of cell survival, death, and inflammation
by acting via one of its receptors, TNFR1 and TNFR2 [1]. Because
excess or uncontrolled activity of TNF is often a cause for many
immunological diseases and tumor development [2,3], biological
drugs such as recombinant TNFs (for enhancement of TNF signal-
ing) or anti-TNF monoclonal antibodies (Mab) and soluble TNF
receptors (for neutralization of TNF signaling) have made signifi-
cant impacts in the treatment of inflammatory diseases and in tu-
mor therapy [4,5]. A number of published reports, however,
suggested that neutralization of TNF resulted in increased risk of
bacterial infection and several other side effects because of the
blocking of signaling via both TNFR1 and TNFR2 [4,5]. Therefore,
there is an urgent need to fully understand the biology of the
TNF receptor mediated signaling pathway and to develop novel
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National Institute of Biomedical Innovation, 7-6-8 Saito-Asagi, Ibaraki, Osaka 567-
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drugs for therapeutic use in TNF-related immunological diseases.
For this purpose, TNF receptor-knockout mice were used to under-
stand the relationship between the function of the TNF receptors
and TNF-related diseases [8-10]. Recently, it was revealed that
the two receptors worked together by crosstalk signaling, which
suggested that the TNF-mediated signaling in the presence of both
TNF receptors actually correlates with their physiological functions
[1,6,7]. To elucidate the roles of TNFR1 and TNFR2, many research-
ers used an agonistic or an antagonistic TNF mutant that selec-
tively binds to one of the receptors and initiates the biological
activity of that specific receptor. These mutant TNFs might be a
promising new class of TNF-related drugs without any side effect,
and could as well serve as a tool for analyzing the receptor func-
tion. Development of these mutant TNFs has facilitated under-
standing of the molecular interaction between the TNF and its
receptors, TNFR1 and TNFR2. In this context, it is noteworthy that
several approaches have been undertaken to establish quantitative
correlation between the receptor subtype specific-biological activ-
ity and the structural and kinetic binding parameters of a receptor-
specific TNF mutant [8]. Mutational analysis of single amino acid
residues revealed that amino acids at positions 15, 31-35, 84-87,
117,119 and 143-148, which are clustered throughout in hotspots,
greatly contributed to the biological activity of TNF [9,10].
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With a similar goal in mind, we previously constructed M13
bacteriophage libraries (Library I and Library II) displaying mutant
TNFs randomized at amino acid positions 29, 31, 32, 145, 146 and
147 or at positions 84-89 of TNF, and succeeded in isolating ago-
nistic- and antagonistic-mutant TNFs from these libraries [11,12].
Particularly, the TNFR1-selective antagonist mutTNF-T2 showed
almost same therapeutic effect as the anti-TNF biologics in a hep-
atitis model [13].

Currently, generation of a phage-displayed library with large
repertoire (>10%) is impeded by the limited transformation effi-
ciency of Escherichia coli (E. coli). As a result, it is difficult to con-
struct a high quality mutant library (20°=6.4 x 107) that is
randomized at more than seven different amino acid residues
and includes almost all clones. To overcome this problem, here
we have developed a novel protein engineering strategy (gene
shuffling method) for creation of functional mutant proteins. To
achieve our goal, we first constructed two types of phage libraries
displaying mutant TNFs, in each of which six amino acids residues
in the predicted receptor binding sites were replaced with other
amino acid residues, and these phage display libraries were subse-
quently subjected to several rounds of panning against TNFR1 and
TNFR2, respectively, using a surface plasmon resonance analyzer
(BIAcore). After several rounds of panning, we obtained two li-
braries, each one containing enriched number of a TNF receptor-
specific high affinity clones. Next, we utilized these enriched li-
braries to construct high quality TNF receptor-specific shuffling li-
braries using a gene shuffling method. Finally, panning of these
shuffling libraries against TNFR1 and TNFR2, respectively, have al-
lowed us to isolate TNF mutants with greater receptor-selectivity
and enhanced receptor-specific bioactivity than the previously iso-
lated TNFR1-selective mutant R1-5 and TNFR2-selective mutant
R2-3 [12].

Materials and methods

Cell culture. HEp-2 cells (a human fibroblast cell line) were pro-
vided by the Cell Resource Center for Biomedical Research (Tohoku
University, Sendai, Japan) and were maintained in RPMI 1640 med-
ium (Sigma-Aldrich Japan, Tokyo, Japan) supplemented with 10%
FBS and antibiotics cocktail (penicillin 10,000 units/ml, streptomy-
cin 10 mg/ml, and amphotericin B 25 pg/ml; Nacalai tesque, Kyoto,
Japan). hTNFR2/mFas-preadipocyte (mouse preadipocyte cell
expressing a chimeric receptor, which consist of the extracellular
and transmembrane domain of human TNFR2 and the intracellular
domain of mouse Fas) cells were established previously in our lab-
oratory [14] and were maintained in D-MEM (Wako Pure Chemical
Industries, Osaka, Japan) supplemented with blasticidin S HCl
(5 pg/ml Sigma-Aldrich Japan, Tokyo, Japan), 10% FBS, 1 mM so-
dium pyruvate, 5 x 107> M 2-mercaptoethanol, and antibiotic
cocktail.

Selection of TNF receptor-selective mutants from the mutant TNF
phage display library by panning. Human TNFR1 Fc chimera or hu-
man TNFR2 Fc chimera (R&D systems, Minneapolis, MN) was
immobilized onto a CM3 sensor chip (GE Healthcare, Bucking-
hamshire, UK) as described previously [11,12]. The phage display
library (1 x 10'" CFU/100 pl) was injected over the sensor chip at
a flow rate of 3 pl/min on BlAcore. After binding, the chip was
rinsed until the association phase was reached. Elution was car-
ried out using 4 pl of 10 mM glycine-HCI. The eluted phage pool
was neutralized with 1 M Tris-HCl (pH 6.9). Next, the phages in
the eluted pool were amplified in the E. coli TG1. The panning,
elution and amplification steps were repeated twice. Subse-
quently, single clones were isolated from the phage pool, and
the DNA sequences of phagemids purified from the single clones
were analyzed.
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Fig. 1. Construction of the Gene Shuffling Library. Schematic description of the methods used to construct the Gene Shuffling Libraries A and B from two parent mutant TNF
libraries, each one of which was created by replacing the codon of the amino acid residue at positions 29,31, 32, 145, 146 and 147 (Library I) or at positions 84, 85, 86, 87, 88
and 89 (Library 11) of TNF with the randomized codon NNS (where N and S represent G/A/T/C or G/C, respectively) to obtain all twenty amino acid substitutions at each
position. NNS encodes all 20 different amino acids. Mutations were introduced by PCR using the lysine-deficient mutant TNF as the template as described in Materials and

methods.
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Construction of mutant TNF phage library (Gene Shuffling Library).
The pCANTAB phagemid vector encoding a lysine-deficient mutant
TNF which was created previously was used as a template for li-
brary construction [15]. First, two types of phage libraries, display-
ing mutant TNFs containing random substitutions of amino acid
residues at positions 29, 31, 32, 145, 146 and 147 (Library I), and
at positions 84, 85, 86, 87, 88 and 89 (Library II), were prepared
using polymerase chain reaction (PCR) as described earlier
[11,12]. Each library was then subjected to two rounds of panning
against TNFR1 to concentrate TNFR1-specific high-affinity mutant
TNFs. Next, we purified all plasmids from each concentrated li-
braries. These two pools of purified plasmids were digested with
the restrict enzymes (PpuMI, BstEll), DNA inserts were purified
and then ligated to a pY03’ phagemid vector to construct a ran-
domized library (Shuffling Library A) that contained mutations at
twelve different amino acid residues (see Fig. 1). We also prepared
a second randomized library (Shuffling Library B) by following the
same protocol and using TNFR2 for panning.

Competitive ELISA. Inhibition of wtTNF binding to the TNFR1 and
TNFR2 by a TNFR1 or TNFR2-selective mutant was measured using
ELISA as described previously [ 16]. The wtTNF-FLAG, a FLAG tag fu-
sion protein of human TNF [16], was used as a marker protein.
Briefly, the immune assay plates (NUNC, Roskilde, Denmark) were
coated with 5 pg/ml goat anti-human IgG antibody (MP Biomedi-
cals, Aurora, OH) and incubated with 0.2 pg/ml of either the human
TNFR1 or the human TNFR2. After blocking the non-specific bind-
ing sites, a pre-made mixture containing 100 ng/ml of wtTNF-FLAG
and various concentrations of a given TNF mutant was added to the
wells. After 2 h of incubation at room temperature, the wells were
washed. Next, 0.5 pg/ml biotinylated anti-FLAG M2 antibody was
added to each well and then the plate was incubated for an addi-
tional period of 2 h at room temperature. Wells were washed
and then incubated with the horseradish peroxidase-coupled
streptavidin (Zymed Lab. Inc.,, South San Francisco, CA) for
30 min at room temperature. The remaining bound wtTNF-FLAG
was quantified as described above.

Assay for cytotoxicity mediated via TNFR1 and TNFR2. To measure
cytotoxicity mediated via the TNFR1, HEp-2 cells (4 x 10* cells/
well) were cultured in 96-well plates (NUNC, Roskilde, Denmark)
in presence of a given TNF mutant, serially diluted human wtTNF
(Peprotech, Rocky Hill, NJ), and with 100 pg/ml cycloheximide for
18 h, and cytotoxicity was assessed by using the methylene blue
assay as described previously [17]. To measure cytotoxicity medi-
ated via the TNFR2, hTNFR2/mFas-preadipocyte cells
(1 x 10% cells/well) were cultured in the 96-well plates (NUNC)

Table 1
Substituted residues and affinities of TNF receptor-selective mutant candidates.
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in presence of a given TNF mutant and serially diluted human
WITNF for 48 h, and then cell survival was determined by using
the methylene blue assay.

Results and discussion

In this study, to overcome the barrier of limited transformation
efficiency of E. coli in the preparation of high quality phage display
libraries, we adopted a novel protein engineering technology in
which amino acid residues at 12 different places were randomly
substituted using a gene shuffling method to enhance the useful-
ness of the phage display technique.

Fig. 1 schematically summarizes the protocol used for con-
structing a novel TNF gene shuffling library. First, we prepared
two phage libraries displaying mutant TNFs, in each of which six
different amino acid residues (residues at positions 29, 3, 32,
145, 146 and 147 for Library I; residues at positions from 84 to
89 for Library 1) present in the receptor binding site of TNF, previ-
ously identified by point mutation analysis and X-ray crystallogra-
phy, were randomly substituted with other amino acid residues
[11,12]. The phage libraries expressing mutant TNFs were con-
structed by two-step PCR as described in the Materials and meth-
ods. We confirmed that the phage Libraries 1 and II consisted of
8 x 10% and 6 x 10° independent clones, respectively (data not
shown). Next, to enrich for TNFR1 binding mutants, we subjected
each library to two rounds of panning using TNFR1 and recovered
phage clones with high affinity to TNFR1. We used a gene shuffling
method to construct the mutant TNF Shuffling Library A from these
libraries, which consist of high affinity clones to TNFR1 (see Fig. 1).
In the similar manner, we constructed the Shuffling Library B by
carrying out panning using TNFR2. Amino acid analysis of eight
randomly picked clones from each library revealed that each one
of them was a mutant containing amino acid substitutions at 12
residues (results not shown). To concentrate TNFR1-selective mu-
tant TNFs, the Shuffling Library A was subjected to two rounds of
panning against TNFR1 using the BlAcore biosensor. After the sec-
ond panning, supernatants of E. coli TG1 included phagemid were
randomly collected and performed the screening by ELISA and bio-
assay to analyze their bioactivity and affinity against TNFR1 (data
not shown). As a result, we identified six TNFR1-selective, high
affinity clones, R1-15 to R1-20 (Table 1). Similarly, we identified
three TNFR2-selective candidates (R2-14 to R2-16) from the Shuf-
fling Library B (Table 1). The fact that the amino acid residue at po-
sition 87 in all active TNF receptor-selective candidates was a Tyr
residue (Table 1), it suggests that Tyr87 is an important residues

Amino acid sequence

Relative affinity (%)

29 31 32 84 85 86 87 88 89 145 146 147 TNFR1 TNFR2 TNFR1/TNFR2
WETNF L R R A \Y S Y Q T A E S 100.0 100.0 1.0
R1-5° K A G - - - - - - - S T 82.0 20x1072 4.1 x 10°
R1-15 R N Y S - R - N P - - - 1157 6.0 x 1072 1.9x 10°
R1-16 T Q Y T P G = S H - A H 8.6 6.0 x 1072 1.4 x 10%
R1-17 R v F S P L = R Q S T 542 6.0 x 1072 9.0 x 10?
R1-18 K N F S S H - T H - - - 53.9 1.0x 1077 5.4 x 10?
R1-19 S N Y - - - - - - - \Y - 1387 8.0 x 107! 1.7 x 10°
R1-20 T = Y »r S H - T < Pps & S Q A 1705 3.0x 107 5.7 x 10°
R2-3¢ - - - - - - - - R - T <0.1 33.4 <0.0029
R2-14 - - - P - - N S S A D 1.6 103.7 0.0154
R2-15 - - S Q A - N ~ 1 G D <0.1 1418 <0.0007
R2-16 - - - - - - - - - H S D 14 91.7 0.0152

Comparison of the amino acid residues of the wild-type and mutant TNFs; conserved residues are indicated using a dash.
# Concentration of mutant TNF required for 50% inhibition of maximal binding of wtTNF-FLAG.
b A TNFR1-selective mutant, which was isolated previously from the existing phage library (Library I).
¢ A TNFR2-selective mutant, which was isolated obtained from the existing phage library (Library I).



670 T. Nomura et al./Biochemical and Biophysical Research Communications 388 (2009) 667-671

for receptor binding, which is in good agreement with the previous
report [8-10].

To determine the properties of the receptor-selective candi-
dates, we purified all the candidate TNF mutants as recombinant
proteins using a general recombinant protein technology
[11,12,15,18]. After each recombinant mutant TNF was expressed
in E. coli BL21.DE3 and purified to homogeneity, we used gel
electrophoresis and gel filtration chromatography to confirm that
each of them, like the wtTNF, displayed MW of 17 kDa and
formed a homotrimeric complex (results not shown). We next used
a competitive ELISA to examine the binding properties of the mu-
tant TNFs to the TNF receptors, and the results are summarized in
Table 1. As summarized, all TNFR1-selective candidates showed
lower affinity for TNFR2 than the wtTNF. On the other hand, affin-
ities of the clones R1-15, R1-19, and R1-20 for TNFR1 were better
than that the wtTNF. Especially, affinity of the clone R1-20 for
TNFR1 was more than 1.7-fold higher than that of the wtTNF
and was about 2-fold higher than that of the TNF mutant R1-5,
which was previously identified from the Library I [12]. Addition-
ally, selectivity of R1-20 for TNFR1 was higher than that of the
R1-5. Next, we evaluated affinity of the TNFR2-selective mutants
for TNFR2 (Table 1). Our results revealed that the clones R2-14,
R2-15 and R2-16 bound to TNFR2 more strongly than the TNF
mutant R2-3, which was previously isolated in our laboratory
[12]. Especially, the TNF mutant R2-15 bound to TNFR2 with an
affinity that was 1.4-fold higher than that of the wtTNF. R2-15
also showed superior TNFR2-selectivity than R2-3. Thus, by using
the gene shuffling libraries, we were able to isolate TNF mutants
that were highly receptor-selective. The receptor-selective TNF
mutants R1-20 and R2-15 contained amino acid substitutions at
10 and 7 places, respectively. A point mutation analysis study of
TNF suggested that the amino acid residues near position 140
are essential for TNFR1 binding [8,10,12]. In agreement with this
report, we found that the residue at position 145 in the TNFR1-
specific mutants is mostly retained or contained conservative
amino acid substitutions, whereas more than one residues at
positions 145, 146 and 147 in the TNFR2-selective mutants con-
tained non-conservative amino acid substitutions. On the other
hand, the amino acids residues near positions 30 and 80 were
mostly conserved in the TNFR2-specific mutants, but not in the
TNFR1-specifc mutants, suggesting that these amino acid residues
might play important roles in TNFR2 binding [12]. Thus, this is
the first report describing the creation of highly receptor-selective
TNF mutants, namely R1-20 and R2-15, from a randomized mu-
tant TNF library containing amino acid substitutions at 12 differ-
ent amino acid residues. These results clearly demonstrate the
usefulness of the developed method, which combines both phage
display and gene shuffling techniques.

Next, we examined the receptor-selective bioactivities of the
TNF mutants R1-20 and R2-15, each one of which showed highest
receptor-selectivity, and the results are shown in Fig. 2 and Table
2. TNFR1-mediated cytotoxicity induced by the TNF mutant R1-
20, as measured in vitro using the Hep-2 cells, was 7-fold and
2.2-fold higher than those of the mutant R1-5 and wtTNF, respec-
tively (Fig. 2A and Table 2). Next, we evaluated the TNFR2-medi-
ated activity of R1-20 using the hTNFR2/mFas-preadipocyte cells,
which were previously constructed in our laboratory [14]. As ex-
pected, R1-20 hardly exhibited bioactivity via TNFR2, and the
activity was much lower than that of the wtTNF (Fig. 2B and Table
2). On the other hand, the bioactivity of the TNFR2-selective mu-
tant R2-15 via TNFR1 was 1000-fold lower than that of the wtTNF
(Fig. 2C). The bioactivity of R2-15 via TNFR2 was, however, 2.5-
fold higher than that of the wtTNF and more than 15-fold higher
than that of the R2-3 mutant (Fig. 2D and Table 2). Remarkably,
the bioactivity of R2-15 was higher that that of the R2-3, both
of which are TNFR2-specific TNF mutants (Fig. 2D and Table 2).
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Fig. 2. Bioactivity of the receptor-selective mutants. The receptor-specific bioac-
tivity (% viability) was measured following the treatment of HEp-2 or hTNFR2/
mFas-preadipocyte cells with the wild-type or mutant TNF by using the methylene
blue staining procedure as described in Materials and methods. (A) and (C) TNFR1-
mediated bioactivity was measured using the HEp-2 cells. (B) and (D) TNFR2-
mediated bioactivity was measured using the hTNFR2/mFas-preadipocyte cells. In
(A) and (B) open circle, wtTNF; closed circle, R1-5; and open triangle, R1-20. In (C)
and (D) open circle, wtTNF; closed circle, R2-3; and open triangle, R2-15.

Table 2
Bioactivity of receptor-selective mutants.
TNFR1* TNFR2"
EC50 (ng/ml) Relative (%) EC50 (ng/ml) Relative (%)
WETNF 13 100.0 0.4 100.0
R1-5 4.4 295 >5.0 x 10° <8.0 x 107°
R1-20 0.6 2167 >5.0 x 10° <8.0x 107°
R2-3 >1.0 x 10° <0.1 3.1 13.0
R2-15 >1.0 x 10° <0.1 0.2 200.0

The bioactivity values were determined from the results shown in Fig. 2 and are
shown here as relative values (% wtTNF). Each value shown is mean + SD (n=3).

* TNFR1-mediated bioactivity was determined by a cytotoxicity assay as descri-
bed in Materials and methods using the HEp-2 cells.

b TNFR2-mediated bioactivity was determined by a cytotoxicity assay as descri-
bed in Materials and methods using the hTNFR2/mFas-preadipocyte cells.

Thus, by using the combined technology described in this study,
we were able to identify TNF mutants with improved TNF recep-
tor-selectivity and enhanced bioactivity than the existing TNF
mutants.

Presently, both the underlying mechanism of signal transduc-
tion via each TNF receptor, and the relationship between the TNF
receptors and onset of TNF-related diseases remain unclear. We

“anticipate that the TNF receptor-selective TNF mutants found in*

this study could be used as tools to analyze the receptor-specific
signal transduction pathways. Additionally, we believe that the
technology described here would be easily applicable to many dis-
ease-related proteins of unknown function. Thus, by creating struc-
turally diverse protein libraries, we could rapidly identify
therapeutically valuable proteins, which might lead to the devel-
opment of effective and safe drugs in the near future.
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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-2.), mTNF-K9O0R, 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)

’é‘."y wor s potently produced OVA-specific Immunoglobulin (Ig) G antibodies (Abs) in serum and IgA Abs both at local
Cmtzcktilr:,:y and distal mucosal sites compared to co-administration with wild-type TNF-. The OVA-specific immune
Nfumsa response was characterized by high levels of serum IgG1 and inareased 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 frominfluenza 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

© 2009 Elsevier Ltd. All rights reserved.

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 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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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
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-specificimmune 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 evolce 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-2.), 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-o, exerts adjuvant activi-
ties against viral infection in various model systems [ 14-16]. There-
fore the application of TNF-o. in the development of a vaccine
adjuvant has been anticipated for some time. However the applica-
tion of TNF-o. as a mucosal vaccine adjuvant has not been reported
because TNF-¢. administered by mucosal routes is rapidly degraded at
the mucosal surface. Therefore, the maximum adjuvant effects of
TNF-o, are quite limited in the mucosal environment.

Previously, we have produced a bioactive lysine-deficient
mutant TNF-os from a phage library expressing mutant TNF-os 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-2s were more resistant to proteolytic
cleavage than wild-type TNF-o, (WTNF-2) due to the lack of lysine
residues. Furthermore we demonstrated that the mTNF-K90R, one
of the lysine-deficient mutant TNF-os, 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-o 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-o and
its mutant was <0.02 EU ug~" 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 ul per nostril) containing
100 pg of ovalbumin (OVA; Sigma Chemical Co., St. Louis, MO) as antigen and 1 or
5 pug of WTNF-o or mTNF-K90R on days 0, 7 and 14. As positive control, mice were
intranasally immunized with the same volume containing 100 pg of OVA and 1 ug
cholera toxin B subunit (CTB; 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
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).

24. 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 ug ml~' OVA or 2 ug 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 1 h at RT. After incubation, the
color reaction was developed with tetramethylbenzidine (MOSS, Inc. Pasadena, MD),
stopped with 2 N H,S04, and measured by OD4sg-gs5 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 ml L~! of
a 100> nonessential amino acids solution (NEAA; Gibco-BRL), 1 mm sodium pyru-
vate, and 10 mm 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 (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 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 IL-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 ug mouse™'
with or without mTNF-K90R (5 pg 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 (> 20).

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.
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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 pg. 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-o, (1 pgmice "), mTNF-K9OR (1 pg mice~', 5 pgmice™ "), or
CTB (1 pg 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 ug mTNF-K90R induced higher levels of anti-OVA
IgG Ab response in serum than after immunization with OVA alone
or OVA plus 1 ug WTNF-o. Furthermore, OVA-specific IgG Ablevels 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 IgG2a is indicative of
aTh1-typeresponse. To assess the type ofimmuneresponse 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 ng mTNF-
IK90R immunized mice were higher than those immunized with OVA
alone or OVA plus 1 pg wTNF-4, and as well as in mice immunized
with CTB. However, the level of OVA-specific [gG2a 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 ug WTNF-o. The
IgA level 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 pg of mTNF-K90R induced high
OVA-specific IgA secretion in multiple mucosal tissues compared to
1 pg of mTNF-K90R and comparable anti-OVA Abs responses to
those induced with OVA plus CTB. These results indicate that mTNF-
IC90R 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
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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 pg WTNF-z, 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-4 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 pg CTB,
OVA plus 1 ug WTNF-2, OVA plus 1 ng 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-« 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 Thl-type
cytokines IL-12 and IFN-vy (Fig. 3B), using a multiplexed immunobeads
assay. Splenocytes from mice immunized with OVA plus 1 pg 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 wINF-
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 ofimmune
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 IL-4-secreting splenocytes from OVA-immunized
mice with mTNF-K90R was greater than those responses observed
after administration of WTNF-o, 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 ug 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-
IK90R in the induction of OVA-specific mucosal and systemicimmune
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-K9OR. 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
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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
WTNF-2 or OVA plus 1 ng mTNF-K90R once a week for three consecutive weeks. One week after the last immunization, splenocytes from each group were cultured with 1 mg ml~!
OVA. Culture supernatants were harvested following 3 days of incubation, and OVA-specific Th2-type (A) and Thi-type (B) cytokine productions in culture supernatant were
analyzed by using the Bio-Plex Muitiplex 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 pg CTB, OVA plus 1 pg WTNF-« or OVA plus T ug mTNF-K90R once a week for three consecutive weeks. One week after the last immunization, splenocytes from each group were
cultured with 1 mg ml~! 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 wTNF-4 treated group by ANOVA).



