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Fig. 1. Effect of C-CPE184 on mucosal absorption of hPTH(1-34) in rats, (A, B) Jejunal absorption of hPTH(1-34). Jejunum was co-treated with hPTH(1-34) (100 p.g) and C-
CPE184 (20 pg), or jejunum was treated with hPTH(1-34) 4 h after treatment with C-CPE184. (C, D) Pulmonary absorption of hPTH(1-34). hPTH(1-34) (150 p.g) was
pulmonary administered with C-CPE184 (5 j.g) or 4 h after administration of C-CPE184. (E, F) Nasal absorption of hPTH(1-34). hPTH(1-34)(200 p.g) was nasally administered
with C-CPE184 (2 pg) or 4 h after administration of C-CPE184, Plasma hPTH(1 -34)levels were measured at the indicated periods. Time-course changes in plasma hPTH(1-34)
levels (A, C, E) and AUC from 0 to 120 min (B, D, F) were calculated. Data are mean £ SE {n = 3-6). Co-treat indicates co-treatment with both hPTH and C-CPE184, and Pre-treat
indicates treatment with hPTH 4 h after C-CPE184-treatment. ‘Significantly different from the vehicle-treated group (p < 0.05).

Table 1

Parameters of mucosal absorption of hPTH(1-34) in C-CPE184-treated rats.

T tments

2 BA (%)=(AUC/Dose)/(AUC iv/Dose iv).
Data are means +SE.
*p<0.05, “p <0.01, as compared to vehicle-treated group.

increased 7.5-, 5.6- and 2.4-fold compared to the vehicle-treated
group (Fig. 1 and Table 1).

3.2. Preparation of N-terminal-truncated C-CPE184-319 derivatives

The solubility of C-CPE184 is less than 0.3 mg/mi in PBS due to
its hydrophobicity (Table 2), An increase in solubility without loss
of claudin-4-modulating activity might improve the mucosal-
absorption-enhancing activity of C-CPE184. Van ltallie et al
showed that the removal of the 10 N-terminal amino acids from
C-CPE184 to yield C-CPE194 results in high solubility (10 mg/ml)

Table 2
Solubility of C-CPE184 and the N-terminal-truncated mutants.

“Derivatives: = - Molecilar size/(kDa) -
C-CPE184 " 182 i
C-CPE194"" " A73
(CECPE205 oo G e
C-CPE212. 154

CACPEZI9 147

C-CPE224 -~ 1427

* Solvent is PBS.
® Insol., insoluble.

[26]. Although C-CPE194 is a claudin-4 binder, whether C-CPE194
modulates the T]-barrier remains unclear. C-CPE194 contains nine
B-sheets and one «a-helix, and its 16 C-terminal amino acids are
believed to comprise the claudin-4-binding region (Fig. 2A)
[26,29]. Based on this information, we prepared five different N-
terminal-truncated C~-CPE184 derivatives: C-CPE194, which lacks
the 10 N-terminal amino acids; C-CPE205, which is truncated prior
to the f1-sheet; C-CPE212, which is truncated after the B 1-sheet;
C-CPE219, which is truncated after the a-helix; and C-CPE224,
which is truncated before the B2-sheet (Fig. 2A). The C-CPEs were
expressed in E. coli (Fig. 2B). The solubility of C-CPE194 (>10 mg/
ml) and C-CPE205 (>4 mg/m!) in PBS was greater than that of C-
CPE184(<0.3 mg/ml)(Table 2). However, C-CPE212, C-CPE2 19 and
C-CPE224 formed solid inclusion bodies in E. coli, and these
inclusion bodies could not be dissolved without 2 M urea.
Therefore, further experiments were performed with C-CPE184,
C-CPE194 and C-CPE205.

3.3. Characterization of C-CPE194 and C-CPE205
To study the interaction between the C-CPEs and claudin-4, we

performed ELISA with claudin-4-displaying BV, as described
previously [24]. When C-CPEs were added to claudin-4-displaying
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Fig. 2. Preparation of C-CPEs. (A) Schematic structure of C-CPEs, Van Itallie et al,
determined the 3-dimensional structure of C-CPE194 containing nine -sheets and
one a-helix [26]. Based on the structural information, we designed five N-terminal
truncated C-CPE184 derivatives. (B) CBB staining. C-CPEs were prepared and then
purified by affinity chromatography. Lane 1, a maker for molecular weight; lane 2,
C-CPE184; lane 3, C-CPE194; lane 4, C-CPE205; lane 5, C-CPE212; lane 6, C-CPE219;
lane 7, C-CPE224,
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Fig. 3. Interaction of C-CPEs with claudin. (A) ELISA. The immunoplate was coated
with wild-type BV (Wild-BV), claudin-1-displaying BV (CL1-BV) or claudin-4-
displaying BV (CL4-BV), and then C-CPEs were added to the well. C-CPEs bound to
BVs were detected by the addition of anti-his tag antibody and a labeled secondary
antibody. Data are means = SD (n = 3). (B) SPR assay. Claudin-4 was immobilized ona
CMS5 sensor chip by the amine-coupling method, C-CPEs were injected sequentially at
concentrations of 1.25, 2.5, 5, 10 and 20 nM. The association phase was monitored for
120 s at a flow rate of 10 pl/min, and the dissociation phase was followed for 600 s at
the same flow rate. The maximum values of response (Rmax) for all curves were
compensated to 100 RU.

Table 3

Binding kinetics of C-CPEs to claudin-4.

“Derivatives J ks (UMs) T DT e Ky
C-CPE184 596x10% - 255x10 429pM
C-CPET94 e AR 0% 324 107 455 pM

S C-CPE205. 7o, 767105 T 28107 T 374pM.-

BV-adsorbed immunoplates, C-CPE194 and C-CPE205 bound to
claudin-4-displaying BV but not mock BV or claudin-1-displaying
BV (Fig. 3A). We performed SPR analysis to compare the affinities of
C-CPEs to claudin-4. Claudin-4 proteins were fixed on the sensor
chip, and C-CPEs were injected. Then, we measured the interaction
between claudin-4 and C-CPEs. As shown in Fig. 3B and Table 3, C-
CPE184, C-CPE194 and C-CPE205 had almost the same affinity to
claudin-4 with Kp values of 429, 455 and 374 pM, respectively. The
association and dissociation rates of C-CPE194 and C-CPE205 were
also similar to those of C-CPE184. C-CPE184, C-CPE194 and C-
CPE205 showed similar TJ-modulating activities in Caco-2
monolayer cells; their EC50 values were 0.49, 0.57 and 0.51 p.g/
ml, respectively (Fig. 4A and Table 4). We performed in situ loop
assays to examine the jejunal absorption of FD-4 by C-CPEs. C-
CPE194 and C-CPE205 enhanced the jejunal absorption of FD-4
similar to C-CPE184 at 0.2 mg/ml (Fig. 4B~D). Treatment with C-
CPE194 or C-CPE205 at 1.0 mg/ml yielded a greater and earlier
absorption of FD-4 than treatment at 0.2 mg/ml (Fig. 4B, C). We
could not test 1.0 mg/ml of C-CPE184 due to its low solubility.

3.4. Jejunal and pulmonary absorption of hPTH(1-34) by co-
treatment with C-CPE194

C-CPE194 enhanced the jejunal absorption of FD-4 to a similar
extent as C-CPE184 and C-CPE205; C-CPE194 was also 30- and 3-
fold more soluble than C-CPE184 and C-CPE205, respectively. C-
CPE194 enhanced the jejunal absorption of hPTH(1-34) at 0.2 and
4.0 mg/ml (Fig. 5A). The AUC values were increased 11.0- and 18.4-
fold as compared to the vehicle-treated group (Fig. 5B), and the
Cmax and BA of the jejunal absorption of hPTH(1-34) were also
increased by C-CPE194 (Table 5). Additionally, the pulmonary
absorption of hPTH(1-34) was enhanced by C-CPE194
(AUC=3080.0 +1994.3 ng-min/ml in vechicle-treated group,
AUC=13,397.7 + 5830.1 ng-min/ml in C-CPE194 (0.8 mg/ml)-trea-
ted group) (Fig. 5C, D). The Cmax and BA of hPTH(1-34) were also
increased by C-CPE194 (Table 5).

4. Discussion

Biologics are generally hydrophilic and poorly absorbed by the
mucosa; therefore, many biologics are administered via injection.
The development of a delivery system to allow biologics to pass
across the epithelial barrier in mucosa is a pivotal issue for
pharmaceutical therapy with biologics, since mucosal administra-
tion is needle-free, non-invasive, convenient and comfortable for
patients [30,31]. We previously found that C-CPE184 enhanced
jejunal absorption of dextran with a molecular mass of <10 kDa
through its modulation of the claudin-4 barrier [21]. In the present
study, we investigated the effect of a claudin-4 modulator on the
mucosal abserption of a biologic, hPTH(1-34), and we found that a
claudin-4 modulator is also a potent jejunal, nasal and pulmonary
absorption enhancer of this biologic.

CPE is a 35-kDa polypeptide consisting of 319 amino acids [32].
The functional domain of CPE is divided inte an N-terminal toxic
domain and a C-terminal receptor-binding domain [33)]. The
receptor-binding fragments of CPE correspond to amino acids 169~
319, 171-319, 184-319, 194-319 and 290-319 [20,26,33-35].
Among these fragments, only C-CPE184 and C-CPE194 have been
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Fig. 4. Modulation of the TJ-barrier by C-CPEs. {(A) Caco-2 cells were seeded on a BioCoat™, When TJ-barriers were developed and the cell sheets reached a plateau in their
TEER value, C-CPEs were added to the wells from the basal side at the indicated concentration. After 18 h, the TEER was measured. The ATEER was calculated as the ratio to
reduced TEER values at 0 and 100 p.g/ml of C-CPE184 as 0% and 100%, respectively. Data are mean + SD (n = 3). (B~D) Jejunal absorption of FD-4. Jejunum were treated with FD-4
and C-CPEs at the indicated concentration. Time-course changes in plasma FD-4 levels (B, C) and AUC from 0 to 6 h (D). Data are means = SE (n = 4-9). “Significantly different from

the vehicle-treated group (p < 0.05).

proven to bind to claudin-4 [10,26], and a mucosal-absorption-
enhancing effect was proven only for C-CPE184 [21]. The claudin-4
modulator C-CPE184 is a 400-fold more potent jejunal absorption
enhancer of dextran as compared to a clinically used absorption
enhancer, sodium caprate [21]. However, the low solubility of C-
CPE184 (<0.3 mg/ml in PBS) has limited its applicability. This low
solubility may result in the slow onset of T] opening due to limiting
the access of C-CPE184 to claudin. Last year, Van Itallie et al. made a
breakthrough by truncating the N-terminal of C-CPE184 by 10
amino acids to yield C-CPE194 [26]. They found that C~CPE194 has
affinity to claudin-4 and high solubility (>10 mg/ml); moreover,
they determined the 3-dimensional structure of C-CPE194, which
contains nine B-sheets and one o-helix, and they suggested that
the intervening surface loop spanning region 304-312 (located
between the 38 and 89 sheets) may be a claudin-binding domain.
Based on the structural data for C-CPE194, we prepared five N-
terminal-truncated C-CPE184 derivatives: C-CPE194, C-CPE205, C-

Table 4
Tj-modulating activities of C-CPEs in Caco-2 celis,

Derivatives -

C-CPE1R4 -
‘cceEios

CCPENS It

* The concentration of C-CPEs at which a 50% decrease in
TEER value was observed in Fig. 4A.

CPE212 (without the 1 sheet), C-CPE219 (without the B1 sheet
and a helix), and C-CPE224 (without the 1 sheet and o helix). C-
CPEs lacking the 31 sheet are soluble in PBS containing 2 M Urea
but insoluble in PBS. C-CPE184, C-CPE194 and C-CPE205 have
almost the same kinetics parameters for binding to claudin-4 and
the same TJ-barrier modulating activity (Table 3, Fig. 4A). Thus, the
1 sheet appears to be critical for maintaining the structure of C-
CPE, and the N-terminal region corresponding to amino acids 184-
204 may not be involved in claudin-4 binding or TJ-barrier
modulation.

Biologics must escape degradation by mucosal enzymes to be
absorbed by the mucosa. C-CPE184 (0.2 mg/ml) did not enhance
jejunal or pulmonary absorption of hPTH(1-34). However, when
hPTH(1-34) was administered 4 h after treatment with C-(PE184,
jejunal, pulmonary and nasal absorption was enhanced Thus,
hPTH(1-34) may be degraded in the jejunal and pulmonary mucosa
before the enhancement of its absorption by co-administered C-
CPE184. Indeed, another claudin-4 modulator, C-CPE194, which is
30-fold more soluble than C-CPE184, significantly enhanced the
jejunal and pulmonary absorption of hPTH(1-34). These findings
indicate that modulation of claudin-4 may be a potent strategy for
mucosal-absorption enhancement of biologics.

Meanwhile, a critical issue in the clinical application of the
claudin-4 modulator as a mucosal-absorption enhancer is its
safety. Problems with the safety of a claudin-4 modulator include
the safety of a claudin-4 modulator in itself and the safety of the
modulation of claudin-4, i.e., entry of unwanted substances by the
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Fig. 5. Mucosal absorption of hPTH(1-34) by a claudin-4 modulator. (A, B) Jejunal absorption of hPTH(1-34). Rat jejunum was treated with hPTH(1-34) (100 pg)and C-CPE194
at the indicated doses. Time-course changes in plasma hPTH(1-34){A) and AUC from 0 to 120 min (B) were analyzed. (C, D) Pulmonary absorption of hPTH(1-34). hPTH(1-34)
(150 j.g) and C-CPE194 at the indicated doses were pulmonary administered, and time-course changes in plasma hPTH(1-34) concentration (C) and AUC from 0 to 120 min
(D) were analyzed. Data are mean £ SE {n=3). ‘Significantly different from the vehicle-treated group (p < 0.05).

opening of TJs. As mentioned above, C-CPEs are the only claudin-4
modulator, C-CPEs are polypeptide fragments of CPE consisting of
more than 120 amino acids, and C-CPEs themselves may have
antigenicity. Claudin-4 modulator significantly enhanced jejunal
absorption of dextran with a molecular mass of less than 10 kDa
[21], and C-CPEs (>14.2kDa) may not be absorbed by the
modulation of claudin-4. Moreover, C. perfringens are indigenous
bacterium, and immunological tolerance may be induced. Thus,
the antigenicity of C-CPE might be partly negligible. Because
absorption enhancers would be used as an additive in drugs, they
would be repeatedly administered. To avoid the risk of antigenici-
ty, the development of a chemical compound-type or a 30-40 mer
peptide-type of claudin modulator is needed. The determination of
the 3-dimensional structure of claudin is also important for the
theoretical development of promising claudin modulators. Ling
et al. prepared a 12-mer peptide-type claudin-4 binder which did

Table 5

not modulate T}s [36], and Van Itallie et al. determined the
structure of C-CPE [26]. A peptide-type claudin modulator will be
developed in the near future.

The other safety issue is the possible influx of unwanted
substances that could be caused by the opening of TJs. C-CPE has
demonstrated no damages to mucosal epithelial tissue in rat
intestine [21]. Treatment of cells with C-CPE decreased the level of
intracellular claudin-4 proteins paralleled by a disruption of the T}~
barrier [10]. Claudin contains the clathrin-sorting signal in its C-
terminal intracellular domain, and claudin was often internalized
[37.38]. Taken together, these results indicate that C-CPEs may
disrupt the TJ-barrier, allowing the movement of solutes through
the paracellular route, Do claudin modulators reversibly modulate
the TJ-barrier and specifically regulate the movement of solutes?
Disruption of the TJ-barrier by C-CPE is reversible, and the TJ-
barrier gradually recovered after the removal of C-CPE [10]. The

Parameters of mucosal absorption of hPTH(1-34) in C-CPE 194-treated rats.

Pulmonary .

‘C-CPE194 (migml). 0 o Jejunum <o _C-CPE194 (mg/ml)
: s e emay (ngfmby e * €max-(ngjml) BA (%)
03+00 B 62343238 265+17.4
12104 | 78.7.:66.1. . o 341216
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* BA (%)=(AUC/Dose){(AUC iv/Dose iv).
Data are mean + SE.
‘p<0.05, "p <0.01 as compared to the vehicle-treated group.
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quick recovery of TJ-barriers will need to be facilitated. One
approach is the development of a quickly reversible claudin
modulator, Another approach is the development of a claudin
inducer for the combination of a claudin modulator and inducer.
Another approach is the reduction of unwanted transport using the
properties of claudins. Claudin comprises a multigene family
consisting of 24 members. Claudin forms paired T] strands by
polymerization in a homomeric and heteromeric manner, and the
claudin strands interact in a homotypic and heterotypic manner
between adjacent cells [39,40]. T]-barrier properties are believed
to be determined by the combination and mixing ratios of claudin
species [41]. Interestingly, the diversity of claudin may contribute
to the regulation of specific solute movement through the
paracellular route [17]. The expression profiles of claudin in
mucosal epithelium exhibit heterogeneity [13-15,42]. The devel-
opment of claudin modulators with solute and tissue specificity
will reduce the non-specific influx of solutes caused by the
modulation of TJs.

In summary, we found that claudin-4 modulator enhanced the
jejunal, pulmonary and nasal absorption of a peptide drug. This
report is the first to indicate that a claudin-4 modulator may be a
mucosal-absorption enhancer of biologics.
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at the relevant mucosal surface, but also throughout the body [4]. In
this regard, nasal vaccination has shown particular potential.
Nasally administered vaccines induced mucosal IgA antibody
responses in the salivary glands, respiratory tracts, genital tracts,
and intestines [10—12]. The nasal route can also induce cytotoxic T
lymphocytes in distant mucosal tissues including the female genital
tract [13]. Additionally, nasal immunization produced greater
systemic antibody responses than other mucosal immunization
routes [12,14]. However, despite these encouraging characteristics,
free antigens are usually unable to stimulate immune responses
following intranasal administration due to their ineffective delivery
to immune response-inducing sites [15). Thus, the effective delivery
of antigens to NALT is needed for the development of a potent nasal
vaccine.

A single layer of epithelial cell sheet follicle-associated epithe-
lium (FAE) covers NALT, FAE contains M cells, which are key
antigen-sampling cells for the delivery of mucosally encountered
antigens to the underlying APCs, and FAE plays a pivotal role in the
mucosal immunological response [16—18]. Antigen delivery using
a ligand for the FAE that covers NALT would be a potent strategy for
the development of a mucosal vaccine. Epithelium has well-
developed tight junctions (TJs) that seal the intercellular space on
the epithelial cell sheets [19,20}. Occludin, claudin and junctional
adhesion molecule are components of TJs [21]. Among these
components, claudin-4 was preferentially expressed on the dome
region of FAE in GALT [22]. We found that claudin-4 was also
expressed in NALT (Fig. 1). These findings strongly indicate that
claudin-4-targeting may be useful for mucosal vaccines; however,

a mucosal vaccine that uses a claudin-4-binder has never been

developed.

Clostridium perfringens enterotoxin (CPE) causes food poisoning" :

in humans [23]. A receptor for CPE is claudin-4, and the C-terminal

fragment of CPE (C-CPE) is a claudin-4-binder [24—26]. We previ-:

ously prepared a claudin-4-targeting cytotoxic molecule by
genetically fusing a cytotoxin with C-CPE [27,28]. In the present
study, we investigated whether claudin-4-targeting .is a“potent
strategy for mucosal vaccine using C-CPE-fused antigen protein.

2. Materials and methods

2.1. Animals

Female BALB/c mice and C57BL/6 mice {68 weeks old) were purchased from
SLC, Inc. (Shizuoka, Japan). The mice were housed at 23:+ 1,5°C with a 12-h light/
dark cycle and were allowed free access to standard rodent'chow and water. After
their arrival, the mice were allowed to adapt to their environmenit for at least 1 week
before the experiments. The animal experiments were performed according to the
guidelines of Osaka University. : i

22, Reverse transcriptase-polymerase chain regiction (RT:PCR)

Total mRNA was extracted from NALT using Isogén (Nippongene, Toyama, Japan),
and the mRNA was reverse-transcribed using an RNA PCR kit (AMV, Ver.3.0) according
to the manufacturer’s instructions (Takara;Kyoto, Japan). The polymerase chain reac-
tion (PCR) amplification from the resultant cDONAwas performed using primer pairs for
claudin-4 (forward, 5'-tggatgaactgcgtggty<3; reverse, 5'-ggttgtagaagtcgeggatg-3') for
35 reaction cycles (94 °C, 45 s; 52.°C, 60 s;.72 °C, 30 s) or B-actin (forward, 5'-
tagatgggcacagtgtggg-3'; reverse, 5'-ggcgtgatggtgggcatgg-3') for 30 reaction cycles
(94 °C, 30's; 58 °C, 60 s; 72 °C, 30 s). The amplified products were separated by elec-
trophoresis on a 2% agarose gel and visualized with ethidium bromide.

23. 1 blotting for claudin-4

NALT was lysed in a lysis buffer (50 mm Tris-—-HCl, pH 7.5, 0.15 m NaCl, 0.1% Triton
X-100, 0.1% SDS, 1 mm sodium orthovanadate, 1 mm EDTA, 1 mm NaF, and 1 mm
phenylmethylsulfonyl fluoride). The lysates (10 pg of protein) were subjected to
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) followed by
western blotting with anti-claudin-4 (Zymed Laboratory, South San Francisco, CA) or
anti-B-actin antibodies (Sigma-Aldrich, St. Louis, MO). The immunoreactive bands
were detected with a peroxidase-labeled secondary antibody followed by visuali-
zation with a chemiluminescence reagent (Amersham Bioscience, Piscataway, NJ).

Mouse claudin-4

Mouse f-actin

Mouse claudin-4

Mouse B-actin

Fig. 1.:Expression of claudin-4 in NALT. A) RT-PCR analysis, mRNA was isolated from
NALT 'v ice, and expression of claudin-4 was assayed by RT-PCR. B) Immunoblot
analysis: The lysate of NALT was subjected to SDS-PAGE, followed by western blotting
with anti:claudin-4 Ab, B-actin was used as an internal control,

i, 24. Preparation of OVA-C-CPE fusion proteins

“We prepared expression plasmids encoding fusion proteins of OVA with C-CPE
t C-CPE303, in which the claudin-4-binding C-terminal 16 amino acids of C-CPE
ere deleted {29]. Oligonucleotides containing a G4S linker and multiple cloning
tes, including Kpnl, Spel, Smal and Pacl sites, were subcloned into Ndel-digested
pET16b (Novagen, Darmstadt, Germany), pET-C-CPE and pET-C-CPE303 (30},
resulting in pET-MCS and pET-MCS-C-CPEs. OVA ¢DNA was PCR amplified using
pCMV Script/OVA (Kindly provided from Dr. S, Nakagawa, Osaka University, Japan)
as a template, a forward primer (5'-gcggtaccatgggctecateggegeage-3/, Kpnl site is
underlined), and a reverse primer (5'-ccttaattaaaggggaaacacatctgccaa-3', Pacl site is
underlined). The resulting OVA fragment was inserted into pET-MCS and pET-MCS-
C-CPEs at the KpnlfPacl site, resulting in pET-OVA, pET-OVA-C-CPE and pET-OVA-C-
CPE303. The OVA-fusion protein plasmids were transduced into Escherichia coli
strain BL21 (DE3), and the production of OVA and OVA-C-CPEs was induced by the
addition of isopropyl-p-thiogalactopyranoside. The harvested cells were lysed in
buffer A (10 mm Tris—HCl, pH 8.0, 400 mm NaCl, 5 mm MgClp, 0.1 mm PMSF, 1 mm 2-
mercaptoethanol, and 10% glycerol) supplemented with 8 M urea when necessary.
The lysates were applied to HiTrap™ HP (GE Healthcare, Buckinghamshire, UK), and
the fusion proteins were eluted with buffer A containing 100500 mm imidazole,
The solvent was exchanged with phosphate-buffered saline (PBS) using a PD-10
column (GE Healthcare), and the purified protein was stored at —80 °C until use.
Purification of the fusion proteins was confirmed by SDS-PAGE, followed by staining
with Coomassie Brilliant Blue and by immunoblotting with anti-his-tag antibody.
Protein assays were performed using a BCA protein assay kit (Pierce Chemical,
Rockford, IL) with bovine serum albumin as a standard.

2.5, Enzyme-linked immunosorbent assay (ELISA)

Budded baculovirus {BV) displaying mouse claudin-1 or -4 was prepared as
described previously (28} Briefly, the DNA fragments of claudin-1 or -4 were
subcloned into the baculoviral transfer vector pFastBac1 (Invitrogen, Gaithersburg,
MD). Recombinant baculoviruses were generated using the Bac-to-Bac system
(Invitrogen). SF cells maintained in Grace's Insect medium containing 10% fetal
bovine serum (FBS) at 27 °C were infected with the recombinant baculoviruses. After
70 h, the conditioned medium was recovered and centrifuged. The resultant peliets
of the BV fraction were suspended in Tris-buffered saline (TBS) containing protease
inhibitor cocktail and then stored at 4 °C until use.

The BV displaying claudins was diluted with TBS and adsorbed to the weils of
96-well ELISA plates (Greiner Bio-One, Tokyo, Japan) overnight at 4 °C. The wells
were blocked with TBS containing 1.6% BlockAce (Dainippon Sumitomo Pharma-
ceutical, Osaka, Japan) for 2 h at room temperature and the C-CPE, OVA-C-CPE or
OVA-C-CPE303 was added. After 2-h incubation, the wells were washed and incu-
bated with anti-his-tag antibody followed by a horseradish peroxidase-conjugated
secondary antibody. The immunoreactive proteins were detected using TMB
peroxidase substrate at an absorbance of 450 nm.
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2.6. Nasal immunization

Mice were nasally immunized with 10-p! aliquots of OVA, a mixture of OVA and
C-CPE, OVA-C-CPE or OVA-C-CPE303 at the indicated schedules, The doses of the
proteins were equal to 5 pg of OVA and 1.89 pg of C-CPE.

2.7. OVA-specific antibody production

Seven days after the last immunization, serum and mucosal secretions (nasal
washes, vaginal washes, and fecal extracts) were collected. Fecal pellets (100 mg)
were suspended in 1 ml of PBS and extracted by vortexing for 10 min. The samples
were centrifuged at 3000xg for 10 min, and the resultant supernatants were used as
fecal extracts, Vaginal and nasal mucosa were washed with 100 or 200 ul of PBS,
respectively.

The titers of OVA-specific antibody in serum, extracts and mucosal washes were
determined by ELISA. Briefly, an immunoplate was coated with OVA (100 pg/well in
a 96-well plate), Ten-fold serial dilutions of these samples were added to the
immunoplate followed by the addition of horseradish peroxidase-conjugated anti-
mouse IgG, IgG1, IgG2a or IgA. The OVA-specific antibodies were detected using TMB
peroxide substrate, End-point titers were expressed as the dilution ratio, which gave
0.1 above control values obtained for serum of naive mice at an absorbance of
450 nm.

2.8. Cytokine ELISA

Serum interferon factor-y (IFN-v) and Interleukin-13 (IL-13) were measured
with an ELISA kit according to the manufacturer's protocol (R&D Systems, Inc,, MN).

2.9. Cell cultures

A murine thymoma cell line EL4 (H-2%) was cultured in RPMI 1640 supple-
mented with 10% FBS, EG7-OVA cells (OVA-transfected EL4 cells) were maintained in
RPMI 1640 containifig 10% FBS in the presence of 400 yg/m! of G418.

2.10. Anti-tumor activity

In an anti-tumor assay, female C57BL/6 mice (6—8 weeks) were nasally immie
nized with vehicle, OVA, a mixture of OVA and C-CPE, OVA-C-CPE or OVA-C-CPE303

once a week for 3 weeks. All non-vehicle immunizations contained equivalent

amounts of OVA (5 pg). Seven days after the last immunization, the mice w’erér»,

subcutaneously inoculated with 1 x 10° EG7-0OVA cells. Tumor growth was moni-
tored by measuring two diameters, and the tumor volume was calculated as
a x b x bf2, where a is the maximum diameter of the tumorand b i is the mlmmum
diameter of the tumor. E

2.11. Statistical analysis

Results were analyzed by an analysis of variance (ANOVA) followed by the
Dunnett multiple comparison test, and statistical sugmﬁcance was assigned at
p < 0.05. .

3. Results
3.1. Expression of claudin-4 in NALT

Nasal vaccine is a potent therapy.for infectious diseases and
cancers since nasal vaccination potentiates humoral and cellular
immune responses throughout the:body. NALT is the nasal
lymphoid tissue, and effective delivery of antigens to NALT is crit-
ical for the development of mucesal'vaccinations. A previous report
showed that claudin-4 is expressed. in GALT {22}, whereas it is
unclear whether claudin-4 is expl‘essed in NALT. To investigate the
expression of claudin-4 in NALT, NALT was isolated from mice, and
the NALT lysate was subjected“to RT-PCR and immunoblotting
analyses. As shown in Fig. 1A and B, claudin-4 mRNA and protein
were detected in NALT. These data indicate that claudin-4-binder
may be a targeting molecule for NALT,

3.2. Preparation of claudin-4-targeting OVA

Claudin has low antigenicity, and there has been little success in
the preparation of antibodies against the extracellular region of
claudin. C-CPE corresponding to aa 184-319 at the C-terminal of
CPE is a claudin-4-binder [24,25].

We previously prepared

a claudin-4-targeting cytotoxic molecule genetically fused with
C-CPE [27]. To evaluate whether a claudin-4-targeting strategy is an
effective method for mucosal vaccination, we genetically fused
C-CPE with OVA, a popular model antigen for vaccination, to yield
OVA-C-CPE (Fig. 2A). OVA-C-CPE was produced by E. coli and
purified by affinity chromatography. Purification of the protein was
confirmed by SDS-PAGE and immunoblotting (Fig. 2B). The
molecular size was identical to the predicted size of 62 kDa for
OVA-C-CPE. To evaluate the binding of OVA-C-CPE to claudin-4, we
performed ELISA with a claudin-displaying BV-coated immuno-
plate. OVA-C-CPE or C-CPE was added to wells coated with wild-
type BV, claudin-1-BV or claudin-4-BV. The bound proteins were
detected using antizhis-tag antibody. Like C-CPE, OVA-C-CPE bound
to claudin-4-BV not wild-type BV or claudin-~1-BV (Fig. 2C).

A
G4S lmker A claudm-4 -binding site
N-terminus % C-terminus
.
" OVA  C-CPE
B
.(KDa)} 1 2

cBB
Cc
0.81
] venhicte
[ ova-c-cPE
c 081 PAc-cre
E .
Q
S 0.41
%
a -
<
0.2
WTBV  GLI-BV _ CL4-BV

Fig. 2. Preparation of OVA-C-CPE. A) Schematic illustration of OVA-C-CPE. The claudin-
4-binding site of C-CPE is located in the C-terminal 16 amino acids {29]. OVA was fused
with C-CPE at the N-terminal of C-CPE, resulting in OVA-C-CPE, B) Purification of
OVA-C-CPE. OVA-C-CPE was expressed in E. Coli as a his-tagged protein and isolated by
Ni-affinity chromatography. The purification of OVA-C-CPE was confirmed by SDS-PAGE
followed by staining with Coomassie Brilliant Blue (CBB, left panel) and by immuno-
blotting with an anti-his-tag antibody (IB, right panel). Lane 1: molecular weight marker;
lane 2, 3: OVA-C-CPE. The putative molecular mass of OVA-C-CPE is 62 kDa. C) Binding of
OVA-C-CPE to claudin-4. Wild-type BV (WT-BV), BV displaying claudin-1 (CL1-BV) or -4
(CL4-BV) was absorbed onto a 96-well immunoplate, and then vehicle, OVA-C-CPE or
C-CPE was added to the well. OVA-C-CPE or C-CPE bound to BV was detected by an anti-
his-tag Ab followed by horseradish peroxidase-labeled secondary Ab. C-CPE was used as
a positive control for a claudin-4-binding. Data are means + SD (n = 4).
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3.3. Induction of OVA-specific humoral responses

To clarify whether claudin-4-targeting activates an immune
response, we investigated antigen-specific humoral responses at
both systemic and mucosal sites in mice that received nasally
administered OVA-C-CPE. Mice received an intranasal adminis-
tration of OVA, a mixture of OVA and C-CPE, or OVA-C-CPE fusion
protein once a week for 3 weeks. Seven days after the last
administration, we measured the OVA-specific serum IgG, nasal
IgA, vaginal IgA and fecal IgA levels. As shown in Fig. 3A, the
OVA-specific serum IgG responses were increased in mice
immunized with OVA-C-CPE as compared to the mice immu-
nized with OVA or a mixture of OVA and C-CPE. The OVA-specific
IgA responses in nasal washes were greater from mice immu-
nized with OVA-C-CPE than from mice immunized with OVA or
a mixture of OVA and C-CPE (Fig. 3B). It is a superior character of
mucosal vaccination that antigen-specific IgA responses were
induced not only at the immunized site but also at remote
mucosal surfaces [4]. As shown in Fig. 3C and D, nasal immuni-
zation with OVA-C-CPE activated vaginal and fecal OVA-specific
IgA responses. The OVA-specific IgA responses did not occur in
mice immunized with a mixture of OVA and C-CPE. These data
suggest that fusion of OVA with C-CPE is critical for successful
nasal vaccination.

We previously found that the C-terminal 16 amino acids of
C-CPE are essential for claudin-4-binding [29]. To investigate the
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involvement of claudin-4 in OVA-specific humoral responses in
mice nasally immunized with OVA-C-CPE, we prepared OVA-C-
CPE303, in which the claudin-4-binding region was deleted
(Fig. 4A). Deletion of the 16 amino acid region attenuated the
claudin-4-binding of OVA-C-CPE (Fig. 4B). OVA-specific serum IgG
and nasal, vaginal and fecal mucosal IgA responses were also
attenuated in mice immunized with OVA-C-CPE303 (Fig. 4C and D,
4E and 4F, respectively). No histological mucosal injury was found
after nasal immunization with OVA-C-CPE (data not shown). These
findings indicate that claudin-4-targeting may be involved in nasal
vaccination by OVA-C-CPE.

3.4. Induction of Thl qfid Th2 responses by OVA-C-CPE

Nasal imminization of antigen induced antigen-specific
immune responses including Th1- and Th2-type responses [31,32].
We next investigated whether nasal immunization with OVA-C-
CPE evoked Th1-'or Th2-type responses. The OVA-specific IgG1 (a
Th2 response) and IgG2a (a Th1 response) responses in the serum
of mice.nasally immunized with OVA-C-CPE were significantly
enhaneed compared to those of mice immunized with OVA alone or
a mixttiré of OVA and C-CPE (Fig. 5A). Measurement of Th1 (IFN-y)
and*Th2 (IL-13)-specific cytokines in splenocytes isolated from
mice nasally immunized with OVA, a mixture of OVA and C-CPE, or
OVA-C-CPE showed that nasal immunization with OVA-C-CPE
increased both Th1 and Th2 cytokine production (Fig. 5B). Th1 and

¢ 100-:
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OVA-
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Fig. 3. Production of OVA-specific IgG and IgA by OVA-C-CPE. Mice were nasally immunized with vehicle, OVA, a mixture of OVA and C-CPE, or OVA-C-CPE (5 pg OVA) once a week
for 3 weeks. Seven days after the last immunization, the levels of serum IgG (A), masal IgA (B), vaginal IgA (C) and fecal IgA (D) were determined by ELISA. Data are means + SD
(n = 4). The results are representative of three independent experiments. N.D, not detected.
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Fig. 5. Th1 and Th2 responses induced by OVA-C-CPE. Mice were nasally immunized
with OVA, OVA-C-CPE or OVA-C-CPE303 (5 ug of OVA) once a week for 3 weeks. Seven
days after the last immunization, serum and splenocytes were collected. Serum IgG
subclass {IgG1 and IgG2a) was determined by ELISA (A). The splenocytes isolated from
the immunized mice were stimulated with vehicle or OVA (1 mg/ml) for 24 h, and the
cytokines (IFN-y and IL-13) in the conditioned medium were measured by ELISA (B).
Data are means + SD (n = 4). N.D, not detected.

Th2 responses in IgG production and cytokines production were
not observed in mice nasally immunized with OVA-C-CPE303
(Fig. 5A and B). These data indicate that claudin-4-targeting may be
a potent method for mucosal vaccination.

3.5. Anti-tumor immune response induced by the claudin-4-
targeting vaccine

To evaluate the immune responses induced by nasal vaccination
with OVA-C-CPE, we performed an in vivo anti-tumor assay with
EG7 thymoma cells, which are syngeneic tumor cells derived from
OVA cDNA-transfected EL4 thymoma cells [33]. C57BL/6 mice were
immunized with vehicle, OVA, a mixture of OVA and C-CPE, or OVA-
C-CPE once a week for 3 weeks. Seven days after the last immu-
nization, mice were challenged with EG7 thymoma cells. Tumor
growth was monitored by calculating the average tumor volume. As
shown in Fig. 6A, timor growth was significantly suppressed in
mice immunized with:OVA-C-CPE, whereas the tumor growth was
not suppressed in mice immunized with OVA or a mixture of OVA
and C-CPE. Immunization with OVA-C-CPE303, in which the clau-
din-4-binding ‘region was deleted, did not induce a protective
immune response:against tumor challenge. Immunization with
OVA or OVA-C-CPE303 did not stimulate Th1- and Th2-immune
responses‘:'includ,ng IgG1, 1gG2a, IFN-y and IL-13 production;
whereas.immunization with OVA-C-CPE stimulated these immune
responses (Fig..6B and C). These data indicate that nasal immuni-
zation with a claudin-4-targeting vaccine may be useful for cancer
therapy.

4. Discussion

““Recent progress in vaccine development has provided new

Jinsight into vaccine therapies for not only infectious diseases but
_also cancer, Alzheimer disease and Parkinson disease [3,34].

Mucosal vaccination, such as oral, nasal and pulmonary immuni-

“.._ization, has greater therapeutic potential and increased patient
comfort as compared to parenteral vaccination. The nasal cavity is

the most promising site since it has low enzymatic activity and
highly available immunoreactive sites; however, immunoresponses
are not stimulated by intranasal administration of antigens
[15,35—37]. Efficient delivery of antigens to NALT is critical for the
development of nasal vaccines. In the present study, we found that
intranasal immunization with antigen fused with a claudin-4-
binder, C-CPE, stimulated humoral and mucosal immune responses
and that these immune responses did not occur when the claudin-
4-binding domain was deleted.

How does OVA-C-CPE activate immune responses? Claudin
plays a pivotal role in the TJ-barrier in epithelium {38]. We previ-
ously found that C-CPE modulates the claudin-4 barrier and
enhances mucosal absorption of dextran [30]. Activation of
immune responses by OVA-C-CPE may be caused by modulation of
the epithelial barrier in NALT, resulting in the uptake of OVA-C-CPE
or its degradable product into NALT. OVA-C-CPE modulated the
epithelial barrier in a human intestinal model of Caco-2 monolayer
cells (data not shown). C-CPE enhanced jejunal absorption of
dextran with a molecular mass of 4—20 kDa, and the integrity of the
epithelial barrier in nasal mucosa was similar to that in jejunal
mucosa [30,39]. OVA-C-CPE, which has a molecular mass of 62 kDa,
may be poorly absorbed by nasal tissue. When OVA-C-CPE is
degraded into fragments with a molecular mass of less than 20 kDa,
the OVA fragment might be absorbed across nasal epithelium. A
mixture of OVA and C-CPE did not induce an immune response, and
deletion of the claudin-4-binding region in OVA-C-CPE attenuated
the immune responses caused by nasal immunization with OVA-C-
CPE. These findings indicate that targeting to claudin-4 rather than
modulating the claudin-4 barrier by C-CPE is involved in the
immune response to nasal vaccinations of OVA-C-CPE.

What cells are taken up OVA-C-CPE? NALT is covered by
a unique epithelial layer known as FAE. Lymphocytes, T cells, B cells
and APCs underlie the FAE. Antigen presentation to the
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immunocompetent cells by FAE is a trigger of miticosal immune
responses [40,41). Claudin-4 is expressed in the FAE of MALT [22].
Claudin-4 contains clathrin-sorting signal. sequences in its
C-terminal intracellular region [42,43]; thus, it may be taken up by
clathrin-mediated endocytosis. Indeed,- Matsuda et al. (2004)
showed the endocytosis of claudins during the.remodeling of TJs
[44], and a C-CPE-fused molecule was intracellularly taken up {27].
OVA-C-CPE may be taken up into FAE followed by the presentation
of antigens to the underlying immunocompetent cells. The FAE is
enriched with specialized antigen-sampling epithelial cells known
as M cells. M cells form an apparent:pocket at the basal membrane
site, and this pocket contains:T cells, B cells, macrophages and
dendritic cells. M cells deliver samples of foreign material by active
transepithelial vesicular transport from the lumen directly to
intraepithelial lymphoid cells “dnd to subepithelial organized
lymphoid tissue [6,16,40]. An antigen delivery system to M cells has
been developed, and ligands for M cells, including a lectin,
a peptide or a specific antibody, have been used for mucosal
vaccination [45—48]. It has not been determined if claudin-4 is
expressed in M cells and if OVA-C-CPE is taken up into M cells.
Further investigation to clarify the mode of action of the claudin-4-
targeting vaccine is needed.

Safety is essential for clinical application of the claudin-4-tar-
geting vaccine. Histological injury was not detected after the
administration of OVA-C-CPE. C-CPE is the receptor-binding domain

of CPE without the cytotoxic domain [ 24,49]. Claudin functions as an
epithelial barrier between the inside and the outside of the body,
and modulation of the claudin-4 barrier by the claudin-4-binder
may cause side effects due to the non-specific influx of xenobiotics
through the loosened epithelial barrier. The claudin family contains
more than 20 members, and the claudin expression and barrier-
function differ among tissues [38,50]. Expression profiles of claudin
in the mucosal epithelium also differ among the sites of epithelium
[51,52]. To reduce the risk of solute influx, further investigation of
the difference in claudin expression between MALT and the other
sites is important. Preparation of a claudin binder with less modu-
lation of the epithelial barrier is also needed.

Inrodents, NALT is found on both sides of the nasopharyngeal duct
dorsal to the cartilaginous soft palate. Humans do not have NALT,
except atan early age [53]; but, they possess oropharyngeal lymphoid
tissues, including unpaired nasopharyngeal tonsils (adenoids) and
bilateral tubular palatine, and lingual tonsils (Waldeyer’s ring), which
seem to correspond functionally to NALT [7,54]. The expression of
claudin-4 in the human MALT, such as the tonsils and adenoids,
should be investigated for the development of oral mucosal vaccine.

5. Conclusions

In the present study, we prepared C-CPE-fused OVA, and we found
that the intranasal administration of the fusion protein increased not
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only nasal IgA levels but also OVA-specific serum IgG, vaginal IgA and
fecal IgA levels. Moreover, deletion of the claudin-4-binding region in
the fusion protein caused the loss of immunomodulating activities.
The claudin-4-targeting antigen immunization activated both Th1
and Th2 responses and showed anti-tumor activity in mice inocu-
lated with OVA-expressing thymoma cells. This is the first report to
indicate that claudin-4-targeting may be a promising strategy for the
development of mucosal vaccines.
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