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The C-terminal fragment of Clostridium perfringens enterotoxin (C-CPE) is a claudin-4 binder. Very recently,
we found that nasal immunization of mice with C-CPE-fused antigen activated antigen-specific humoral
and mucosal immune responses and that the deletion of the claudin-4-binding domain attenuated the
immune responses. C-CPE-fusion strategy may be useful for mucosal vaccination. C-CPE is a fragment of
enterotoxin, and the safety of C-CPE-fused protein is very important for its future application. In the present
study, we investigated whether C-CPE-fused antigen induces immune responses without mucosal injury
by using ovalbumin (OVA) as a model antigen. Immunohistochemical analysis showed that claudin-4 was
expressed in epithelial cell sheets bordering the nasal cavity. Nasal immunization with C-CPE-fused OVA
dose-dependently elevated the OVA-specific serum IgG titer, which was 1000-fold greater than the titer
achieved by immunization with OVA or a mixture of OVA and C-CPE at 5 ng of OVA. Nasal immunization
with C-CPE-fused OVA (5 g of OVA) activated Th1 and Th2 responses. Histological analysis showed
no mucosal injury in the nasal cavity or nasal passage. C-CPE-fused OVA exhibited mucosal vaccination
without mucosal injury. These findings indicate that claudin-4-targeting using C-CPE can be a potent

strategy for mucosal vaccination.

1. Introduction

Vaccination is the most potent therapeutic method to over-
come infectious diseases. Vaccines are classified as parenteral or
mucosal. Parenteral immunizations activate systemic immune
responses, while mucosal immunizations activate both sys-
temic and mucosal immune responses. Parenteral vaccination
can activate immune responses against the invaded pathogenic
microorganisms and infected cells; in contrast, mucosal vac-
cination prevents entry of the pathogenic microorganisms and
activates immune responses against the infected cells (Kunisawa
et al. 2008; Neutra and Kozlowski 2006). Although mucosal
immunization is promising, an immune response is not activated
by the mucosal administration of antigen alone. Efficient anti-
gen delivery into mucosal associated lymphoid tissue (MALT)
is the key technology needed for the development of mucosal
vaccines (Kunisawa et al. 2008; Neutra and Kozlowski 2006).

The mucosa is covered by epithelial cell sheets, which separate
the outside of the body from the inside of the body. Tight junc-
tions (TJs) are located between adjacent epithelial cells and seal
intercellular junctions, preventing the free movement of solutes
across epithelial cell sheets (Scheneeberger and Lynch 1992).
Claudin, a tetra-transmembrane protein family consisting of 24
members, plays a pivotal role in the mucosal TJ barrier (Furuse
and Tsukita 2006; Tsukita et al. 2001). In 2003, Tamagawa et al.
reported that claudin-4 is expressed in the epithelium of intesti-
nal MALT. These findings indicate that claudin-4-targeting may
be a novel strategy for the development of mucosal vaccines;
however, the claudin-4-targeting vaccine had never been devel-
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oped because of a delay in the preparation of claudin-4 binder.
Clostridium perfringens enterotoxin (CPE) causes food poi-
soning in humans (McClane and Chakrabarti 2004). The CPE
receptor is claudin-4, and a 14-kDa polypeptide, the C-terminal
fragment of Clostridium perfringens enterotoxin (C-CPE), is
a claudin-4 binder (Katahira et al. 1997; Sonoda et al. 1999).
We previously found that C-CPE enhanced jejunal, nasal and
pulmonary absorption of drugs through its interaction with
claudin-4 (Kondoh et al. 2005; Uchida et al. 2010). C-CPE
is used as a claudin-4 ligand molecule for proteins (Ebihara
et al. 2006; Saeki et al. 2009). These findings strongly indicate
that C-CPE may be a potent ligand for MALT. Very recently,
we have found that intranasal administration of C-CPE-fused
ovalbumin (OVA) increased OVA-specific immune-responses
in serum, nasal, vaginal and intestinal mucosa (Kakutani et al.
2010). However, C-CPE is a fragment of enterotoxin, and the
safety of C-CPE-fused vaccine has never been investigated.

In the present study, we investigated whether nasal immu-
nization with C-CPE-fused OVA activated immune responses
without mucosal injury, and we found that mucosal vaccine
using C-CPE activated Th1 and Th2 immune responses without
nasal mucosa injury.

2. Investigations and results

C-CPE is a binder of claudin-4, and we recently found that
claudin-4-targeting using C-CPE might be a potent strategy for
mucosal vaccine (Kakutani et al. 2010). C-CPE is a fragment
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Fig. 1: Immunohistochemical analysis of claudin-4 in NALT Specimens were
cryosectioned (4 pm) and stained with anti-claudin-4 Ab, followed by
horseradish peroxidase-labeled secondary Ab. The immunoreactive regions
were stained with a commercially available staining kit. The regions
surrounded by dotted lines are NALT

of CPE (Katahira et al. 1997). CPE is a 35-kDa single polypep-
tide toxin produced by Clostridium perfringens. Experimental
and epidemiologic evidence indicates that CPE causes food-
borne disease and non-foodborne diarrheal illnesses (McClane
2001; McClane et al. 2000). CPE forms a CPE-containing com-
plex in the plasma membrane that creates massive alterations
in plasma membrane permeability that lead to cell death and
histological damage to the intestine (McClane and Chakrabarti
2004). The safety of C-CPE is a critical issue for pharmaceuti-
cal applications of C-CPE. First, we investigated the expression
of claudin-4 in nasal mucosa. Immunohistochemical analysis
reveals that claudin-4 is expressed in the epithelium border-
ing the nasal cavity (Fig. 1). The epithelium that covers nasal
MALT, nasopharynx-associated lymphoid tissue (NALT), isrich
in claudin-4. These data correspond to our previous data on the
expression of claudin-4 mRNA and protein in NALT (Kakutani
et al. 2010).

To investigate the dose dependency of OVA-C-CPE in mucosal
vaccination, mice were nasally immunized with OVA-C-CPE at
0.5, 1.0 or 5.0 pg of OVA. As shown in Fig. 2A, OVA-specific
serum IgG levels were elevated in a dose-dependent manner
and reached a level that was 1000-fold greater than the OVA
values at 5 wg of OVA, which is the maximal dose of OVA-
C-CPE due to its solubility. A mixture of OVA and C-CPE
did not increase OVA-specific serum IgG levels (Fig. 2B), and
OVA-C-CPE (5.0 g of OVA) immunization activated 1gG2a
(a Th1 immune response) and IgG1 (a Th2 immune response)
responses (Fig. 2C). We performed a histopathological analysis
of mice immunized with OVA-C-CPE at 5.0 pg of OVA. Hema-
toxylin and eosin (HE) staining revealed no apparent mucosal
injury in the nasal squamous cavity, the respiratory cavity,
and the nasal passage (Fig. 3A). There was also no inflam-
matory cell infiltration in the nasal mucosa (Fig. 3B). These
findings indicate that nasal immunization with OVA-C-CPE
activated immune responses without histological injury in nasal
mucosa.

3. Discussion

Only a mucosal vaccine can prevent the entry of patholog-
ical viruses into the mucosal membrane; however, injectable
vaccines are currently used in both developing and industrial-
ized countries. Very recently, we found that claudin-4-targeting
using C-CPE can be a novel strategy for mucosal vaccination
(Kakutani et al. 2010). In the present study, we showed that nasal
immunization with C-CPE-fused antigen activated Th1 and Th2
immune responses without histological injury in nasal mucosa.
The efficient delivery of C-CPE-fused antigen to immunocom-
petent cells is critical for mucosal vaccination. A mixture of
OVA and C-CPE did not activate immune responses, and there-
fore OVA may be delivered to the immunocompetent cells as the
C-CPE-fused protein. The uptake of nasally administered anti-
gens is achieved through a unique set of antigen-sampling cells,
the M cells, located in follicle-associated epithelium. After the
uptake of antigens by M cells, the antigens are immediately pro-
cessed and presented to the underlying dendritic cells (Neutra
and Kozlowski 2006). A recent report indicates that claudin-4 is
expressed in M cells (Rajapaksa et al. 2010). Claudin-4 contains
sorting signal sequences to endosomes, an ALGVLL motif at
amino acids 92 to 97 and a YVGW motif at amino acids 165
to 168 (Ivanov et al. 2004). These findings suggest that OVA-
C-CPE may be taken up by clathrin-mediated endocytosis in
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Fig. 2: Production of OVA-specific serum IgG by nasal immunization with OVA-C-CPE Mice were nasally immunized with OVA (5 u.g), a mixture of OVA (5 pg) with C-CPE or
OVA-C-CPE at the indicated dose of OVA once a week for 3 weeks. Seven days after the last immunization, the serum IgG level was determined by ELISA (A). Mice
were nasally immunized with OVA, a mixture of OVA with C-CPE or OVA-C-CPE at 5 pg of OVA once a week for 3 weeks. Seven days after the last immunization, the
serum IgG (B), IgG1 and IgG2a (C) levels were determined by ELISA. Data are means + SEM (n=4)
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Fig. 3: A lack of histological injury caused by OVA-C-CPE Mice were nasally
immunized with PBS or OVA-C-CPE (5 ng OVA) once a week for 3 weeks.
Seven days after the last immunization, NALT was collected and fixed with
formalin. Thin tissue-sections were stained with hematoxylin (A), and
inflammation was scored according to the severity of the inflammatory cell
infiltration (B): 0, none; 1, weak; 2, moderate; 3, severe. Scoring was
performed blindly to avoid bias

M cells. The underlying mechanism for immunopotentiation by
OVA-C-CPE must be clarified.

Nasal mucosa is adjacent to the central nervous system, and
intranasal drug delivery to the brain has been developed (Dhuria
et al. 2010). An influx of a vaccine protein into the central
nervous system can be a risk factor in its clinical application.
C-CPE is a modulator of the epithelial barrier. Treatment of
nasal mucosa with C-CPE increased the nasal absorption of a
peptide drug. OVA-C-CPE also modulated the epithelial bar-
rier in vitro (data not shown). Claudin-deficient mice showed
a size-dependent leak of solutes smaller than 1,000 Da in the
epithelium and endothelium (Furuse et al. 2002; Nitta et al.
2003). C-CPE enhanced the mucosal absorption of dextran with
a molecular mass of ~20kDa (Kondoh et al. 2005). Because
OVA-C-CPE has a molecular mass of 65 kDa, and the infiltra-
tion of inflammatory lymphocytes was not observed in nasal
mucosa (Fig. 3B), OVA-C-CPE might not cause an influx of
solutes across the nasal epithelium. The claudin family com-
prises at least 24 members. Interestingly, the barrier-function
and expression profiles of claudin family members differ among
tissues. Claudin is believed to form homophilic and heterophilic
adhesions in TJ strands, and various combinations of the
24 family members are thought to create diversity in the structure
and functions of TJ barriers (Furuse and Tsukita 2006; Morita
et al. 1999; Tsukita et al. 2001). Targeting the type of claudin
specifically expressed in NALT may reduce the risk of delivering
solutes to the central nervous system.

In summary, we showed that nasal immunization with C-CPE-
fused antigen activated Th1 and Th2 immune responses without
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mucosal injury. This is the first report to indicate the safety
of a claudin-4-targeting mucosal vaccine using C-CPE. Future
improvement of the claudin specificity may lead to clinical appli-
cations of this type of vaccine.

4. Experimental
4.1. Animals

Female BALB/c mice were purchased from SLC, Inc. (Shizuoka, Japan).
The mice were housed at 23 £ 1.5 °C with a 12-h light/dark cycle and had
free access to standard rodent chow and water. The protocol of this study
was approved by the Animal Care and Use Committee for Graduate School
of Pharmaceutical Sciences, Osaka University.

4.2. Immunohistochemical analysis

Immunohistochemical staining for claudin-4 was performed with an
autostainer (Dako, Glostrup, Denmark). Slide-mounted, fixed cryosections
(4-pm thick) of nasal MALT were incubated in Dako target retrieval solu-
tion (pH 9) at 125 °C for 30 min and then 90 °C for 10 min. The slides were
blocked with peroxidase-blocking reagent (Dako) for 5 min and then with
10% bovine serum albumin for 30 min. The slides were further incubated
with anti-claudin-4 antibody followed by horseradish peroxidase-labeled
secondary antibody. The immunoreactive proteins were stained with DAB
substrate (Dako). The slides were also stained with hematoxylin solution.
Tissue sections were observed under a microscope.

4.3. Preparation of C-CPE-fused OVA

C-CPE-fused OVA (OVA-C-CPE) was prepared as described previously
(Kakutani et al. 2010). Briefly, the plasmid pET-OVA-C-CPE was trans-
duced into Escherichia coli BL21 (DE3), and the production of OVA-C-CPE
was stimulated with isopropyl-p-thiogalactopyranoside. The harvested cells
were lysed in buffer A (10mM Tris-HCI, pH 8.0, 400mM NaCl, 5 mM
MgCly, 0.1 mM phenylmethylsulfonyl fluoride, 1 mM 2-mercaptoethanol,
and 10% glycerol). The lysates were applied to HiTrap™ Chelating HP (GE
Healthcare UK Ltd., Buckinghamshire, UK), and OVA-C-CPEs were eluted
with buffer A containing 100-400 mM imidazole. The buffer was exchanged
with phosphate-buffered saline (PBS) by using a PD-10 column (GE Health-
care UK Ltd.), and the purified protein was stored at —80 °C before use.
Purification of the OVA-C-CPEs was confirmed by sodium dodecyl sulfate-
polyacrylamide gel electrophoresis, followed by staining with Coomassie
Brilliant Blue. Protein was quantified by using a BCA protein assay kit
(Pierce Chemical, Rockford, IL) with BSA as a standard.

4.4. Nasal immunization and sample collection

Mice were nasally immunized once a week for 3 weeks at the indicated
dose of OVA. For instance, a dose of 5 ug OVA is equal to a mixture of
OVA (5 ng) and C-CPE (1.89 pg) or OVA-C-CPE (6.89 ng). Plasma was
collected 7 days after the last nasal immunization.

4.5. OVA-specific IgG production

The titers of OVA-specific antibody in serum were determined by enzyme-
linked immunosorbent assay (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 goat anti-mouse IgG, IgG1 or IgG2a
(Bethyl Laboratories Inc., Montgomery, TX). The OVA-specific antibodies
were detected by using a TMB peroxide substrate (Thermo Fisher Scientific
Inc., Rockford, IL). End-point titers were expressed as the reciprocal log of
the last dilution ratio, which was 0.1 greater than the control values obtained
for the serum of naive mice at an absorbance of 450 nm.

4.6. Histological analysis of nasal mucosa in mice immunized
with OVA-C-CPE

Mice from either the non-immunized group or the immunized group
(6.89 ng of OVA-C-CPE) were sacrificed 7 days after immunization for
histopathological analysis. Tissues were fixed with 4% paraformaldehyde
and embedded in paraffin. Sections (4 wm) were prepared for hematoxylin
and eosin staining. Histopathologic examinations were performed at the
Applied Medical Research Laboratory (Osaka, Japan). Inflammation was
scored according to the severity of the inflammatory cell infiltration: 0,
none; 1, weak; 2, moderate; and 3, severe. Scoring was performed blindly
to avoid bias.
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