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Intercellular spaces between adjacent mucosal epithelial cells are sealed by tight junctions (TJs) that pre-
vent the free movement of solutes across the epithelium. Claudins (CLs), a family of 27 integral mem-
brane proteins, are essential components for TJ seals. We previously used a CL-3/-4 binder, the C-
terminal fragment of Clostridium perfringens enterotoxin (C-CPE), to show that CL modulation is a prom-
ising method to enhance mucosal absorption. Recently, by using a C-CPE mutant library, we developed a
CL binder (m19) with broad specificity to CL-1, -2, -4, and -5. Here, we compared the mucosal absorption-
enhancing activity of C-CPE and m19. Both CL binders enhanced jejunal absorption of dextran with a
molecular mass of 4000 and 150,000 Da and nasal absorption of dextran with a mass of 4000 Da but
not 150,000 Da in rats. Although both binders showed similar nasal absorption-enhancing activity of dex-
tran (4000 Da), m19 exhibited a more potent jejunal absorption-enhancing effect than that of C-CPE.
These findings suggest that mucosal absorption-enhancing activity may be modified by modulating CL
specificity.

� 2012 Elsevier Inc. All rights reserved.
1. Introduction approaches have mainly been used for biologics [1,2]. Disrupting
Recent drug discovery has shifted to the development of biolo-
gics, including nucleic acids, peptides, and proteins; these biologics
represent over 30% of the new drugs worldwide. Most biologics are
injected into patients because of their poor permeability that stems
from their hydrophilic and degradable properties. Non-invasive
drug delivery to the systemic circulation remains an important
challenge.

Epithelium surrounds organisms and separates interior and
outer bodies. Passage through epithelium is the first step in drug
absorption. Routes for solute movement across epithelium are
classified into transcellular and paracellular routes. Since the
1990s, various methods have been developed to deliver drugs via
the transcellular route, including the use of simple diffusion and
transporter- and receptor-mediated active transport. Some of these
methods have been used for chemicals; however, the transcellular
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the intercellular seal has been the basic strategy for drug delivery
via the paracellular route. Paracellular drug delivery has been stud-
ied for over 40 years, but its application to clinical use remains lim-
ited because of damage to the mucosal membrane [3,4].

Tight junctions (TJs), localized between adjacent epithelial cells,
seal the intercellular space to prevent leakage of solutes across the
epithelial cell sheets. Modulation of TJ-barriers has been a popular
method to enhance epithelial absorption of drugs. However, the
biochemical and functional structures of TJs had not been identi-
fied before 1998. Freeze-fracture replica electron microscopy anal-
ysis had shown that TJs form a series of continuous, anastomotic,
and intramembranous particle strands [5], but in 1998, the first
structural and functional component of TJs, claudin (CL), was iden-
tified [6]. CL is a tetra-transmembrane protein with a molecular
mass of �23 kDa; the CL family comprises 27 members [7,8]. Inter-
estingly, the expression profiles and barrier-functions of the vari-
ous CL family members differ among tissues. For instance, CL-1-
deficient mice exhibit loss of the epidermal barrier, and CL-5-defi-
cient mice show disruption of the blood–brain barrier [9,10]. The
CLs are believed to form homo- and hetero-type strands on the lat-
eral membrane of TJs [7,11], and the combination of CLs is thought
to determine the properties of the TJ seals. Extensive research on
CLs has provided insights into strategies for drug delivery via the
paracellular route that involve modulating CLs.

Clostridium perfringens enterotoxin (CPE), a 35-kDa polypeptide,
is a food poison in humans [12]. CPE binds via its C-terminal
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region, and a receptor of CPE is identical to CL-3/-4 [13–15]. Inter-
estingly, the C-terminal receptor binding fragment of CPE revers-
ibly modulates TJ barriers in vitro. We previously found that the
C-terminal fragment of CPE, which corresponds to amino acids
184–319, is 400-fold more potent than the clinically used absorp-
tion enhancer sodium caprate in terms of its jejunal absorption-
enhancing effect of dextran (4000 Da) and that this absorption-
enhancing activity involves an interaction between the CPE frag-
ment and CL-4 [16]. We also showed that a CL binder correspond-
ing to amino acids 194–319 of CPE, called here C-CPE, enhances
jejunal, pulmonary, and nasal absorption of a biologically active
peptide [17]. Thus, we have established proof-of-concept for CL-
targeted mucosal absorption of drugs by using CPE fragments.
We also examined the functional domain map of C-CPE by using
site-directed mutagenesis [18,19], and developed a C-CPE library
containing randomly mutated functional residues, which we used
as a CL binder screening system with a baculoviral display [20].
By using this system, we identified the broadly specific claudin
binder m19 from the C-CPE mutant library [21]. Here, we com-
pared the mucosal absorption-enhancing activity of C-CPE with
that of the broadly specific claudin binder m19.
2. Materials and methods

2.1. Materials

Fluorescent-labeled dextrans with molecular masses of 4000 Da
(FD-4) or 150,000 Da (FD-150) were purchased from Sigma–Al-
drich (St. Louis, MO). A mouse fibroblast cell line (L cells) and
mouse CL-1-, CL-2-, CL-4-, or CL-5-expressing L cells (CL-1/L cells,
CL-2/L cells, CL-4/L cells, CL-5/L cells) were kindly provided by Dr.
S. Tsukita (Kyoto University, Kyoto, Japan). Anti-His-tag antibody
was obtained from Thermo Fisher Scientific Inc. (Waltham, MA).
All reagents used were of research grade.

2.2. Fluorescence-activated cell sorting

The CL/L cells were maintained in modified Eagle’s medium
supplemented with 10% fetal bovine serum (FBS) in a 5% CO2 atmo-
sphere at 37 �C. The cells were resuspended in the culture medium.
Cells (5.0 � 105 cells) were incubated with C-CPEs for 1 h at 4 �C.
The cells were then washed with phosphate buffered saline (PBS)
containing 0.1% bovine serum albumin (BSA) twice, and then incu-
bated with an anti C-CPE-fused tag (histidine) antibody. The cells
were incubated with fluorescein-labeled secondary antibody, and
C-CPE-bound cells were detected and analyzed with a flow cytom-
eter and appropriate software (FACSCalibur and CellQuest, Becton
Dickinson, New Jersey, USA).

2.3. Preparation of C-CPE

C-CPE and the broadly specific CL binder m19 were prepared as
described previously [17,21]. Briefly, pET16b plasmids encoding C-
CPE or m19 were transduced into Escherichia coli strain BL21 (DE3),
and production of the recombinant proteins was induced by the
addition of isopropyl-D-thiogalactopyranoside. The harvested cells
were lysed in buffer A (10 mM Tris–HCl, pH 8.0, 400 mM NaCl,
5 mM MgCl2, 0.1 mM phenylmethanesulfonyl fluoride, 1 mM 2-
mercaptoethanol, and 10% glycerol). The lysates were applied to
a HiTrap™ Chelating HP column (GE Healthcare, Buckinghamshire,
UK), and the recombinant proteins were eluted with buffer A con-
taining imidazole. The buffer was exchanged with PBS by using a
PD-10 column (GE Healthcare), and the purified protein was stored
at �80 �C until use. Purification of the recombinant proteins was
confirmed by means of sodium dodecyl sulfate–polyacrylamide
gel electrophoresis (SDS–PAGE), followed by staining with Coo-
massie Brilliant Blue. Protein was quantified with a BCA protein as-
say kit in which BSA served as the standard (Pierce Chemical,
Rockford, IL).
2.4. In situ loop assay

Jejunal absorption of FD-4 or FD-150 was evaluated by using an
in situ loop assay as described previously [16]. The experiments
were performed according to the guidelines of the ethics commit-
tee of Osaka University. After 7-week-old Wister male rats were
anesthetized with thiamylal sodium, a midline abdominal incision
was made, and the jejunum was washed with PBS. A 5-cm long
jejunal loop was prepared by closing both ends with sutures. A
mixture of FDs (2 mg) and CL binder (200 lg) was injected into
the jejunal loop. Blood was collected from the jugular vein at the
indicated time points. The plasma levels of FDs were measured
with a fluorescence spectrophotometer (Tristar LBP941; Berthold
Technologies, Bad Wildbad, Germany). The area under the plasma
concentration curve (AUC) of the FDs from 0 to 4 h was calculated
by using the trapezoidal method.
2.5. Nasal absorption assay

Nasal absorption of FDs was examined in 7-week-old Wister
male rats. The experiments were performed according to the
guidelines of the ethics committee of Osaka University. For the na-
sal absorption assay, a mixture of FDs (2 mg) and CL binder (50 lg)
was intranasally injected into both sides of the nasal cavity. The to-
tal injection volume did not exceed 50 ll. Blood was collected at
the indicated time points, and the plasma concentration of the
FDs was measured with a fluorescence spectrophotometer, as de-
scribed above.
2.6. Statistical analysis

Data were analyzed by using Dunnett’s multiple comparison
test; statistical significance was assigned at p < 0.05.
3. Results

Previously, we found that m19 binds to CL-1, -2, -4, and -5-
expressing cells [21]. However, because approximately half of the
CL molecule is embedded in the cell membrane, it is very hard to
prepare recombinant CL proteins. Therefore, we first compared
the affinities of C-CPE and m19 for CLs by using a flow cytometer
and found that C-CPE bound to CL-4 whereas m19 bound to CL-
1, -2, -4, and -5 (Fig. 1).

To investigate jejunal absorption of FD-4 and FD-150, we per-
formed an in situ loop assay. C-CPE and m19 enhanced jejunal
absorption of FD-4 (AUC from 0 to 4 h = 18.33 ± 3.12 lg h/ml and
31.91 ± 2.03 lg h/ml, respectively, Fig. 2A and B). C-CPE and m19
were more potent enhancers of jejunal absorption of FD-4 than
of FD-150. Although C-CPE did not enhance jejunal absorption of
FD-150, m19 did increase jejunal absorption of the larger dextran
(Fig. 2C and D). C-CPE and m19 also increased nasal absorption
of FD-4 (Fig. 3A and B); however, the absorption-enhancing effects
were much weaker than those in the jejunum (AUC from 0 to 4 h:
1.52 ± 0.23 lg h/ml and 1.73 ± 0.16 lg h/ml, respectively). Neither
C-CPE nor m19 enhanced nasal absorption of FD-150 (Fig. 3C and
D). Thus, the absorption-enhancing activities of C-CPE and m19
differ.



Fig. 1. Fluorescence-activated cell sorting analysis of the affinity of C-CPE and m19 for claudins. Cells were incubated with 10 lg/ml of C-CPE or m19 for 1 h at 4 �C. They were
then washed twice with PBS before being incubated with a mouse anti-His-tag antibody. The cells were then incubated with fluorescent-labeled anti-mouse IgG. The cells
were subjected to FACS analysis as described in the Section 2. The dotted histograms show cells treated with the anti-His-tag antibody and fluorescent-labeled IgG. The solid
histograms show cells treated with C-CPE or m19, the anti-His-tag antibody, and fluorescent-labeled IgG.
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4. Discussion

TJs contain several CLs, and the combination and mixing ratios
of CL family members determine the barrier properties of the TJ
seals [11,22]. Accordingly, a change in CL specificity may lead to
a change in the absorption-enhancing properties of CL binders.
Here, we compared the mucosal absorption-enhancing effects of
a CL-3/-4 binder, C-CPE, with those of a CL-1/-2/-4/-5 binder,
m19, and found that m19, the binder with the broader specificity,
was a more potent jejunal absorption enhancer, but had similar na-
sal absorption-enhancing activity compared with C-CPE.

Heterogeneity of CL expression has been observed among tis-
sues [23], including the gut, where heterogeneic CL subcellular
localization has also been observed [7,24]. CL-8 is expressed in
the ileum and colon, but not in the duodenum and jejunum. CL-4
expression is lower in the jejunum than in the colon. The C-termi-
nal fragment of CPE, which corresponds to amino acids 184–319,
enhances jejunal not colonic absorption of FD-4 [16]. Segment-spe-
cific expression of CLs has also been observed in kidney [7]. One
possible explanation for the different mucosal absorption-enhanc-
ing effects of C-CPE and m19 in jejunal and nasal mucosa may be
found in the tissue-specific heterogeneity of CL expression. CLs
form homo- and hetero-type strands in TJs and the CL combination
determines the properties of the TJ barriers [11,22]. CL-11 expres-
sion decreases TJ integrity in LLC-PK1 cells, but increases it in
MDCK-II cells [25]. CL-4 expression, however, increases TJ integrity



Fig. 3. Nasal absorption-enhancing effect of C-CPE and m19. A mixture of 2 mg of FD-4 (A and B) or FD-150 (C and D) and 0.05 mg of C-CPE or m19 was nasally administrated
to rats. Time-course changes of plasma FD levels were monitored (A and C) and AUCs were calculated (B and D). Data are means ± SE (n = 4). ⁄Significantly different from the
vehicle-treated group (p < 0.05).

Fig. 2. Jejunal absorption-enhancing effect of C-CPE and m19. Rat jejunum was treated with a mixture of 2 mg of FD-4 (A and B) or FD-150 (C and D) and 0.2 mg of C-CPE or
m19. Time-course changes of plasma FD levels were monitored (A and C), and the area under the concentration curve between 0 and 4 h (AUC) was calculated as described in
the Section 2 (B and D). Data are means ± SE (n = 4). ⁄Significantly different from the vehicle-treated group (p < 0.05).
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in both LLC-PK1 and MDCK-II cells. Thus, the properties of the TJ
barriers, including the CL expression profiles, may differ between
nasal and jejunal mucosa.

CPE binds to CL-3, -4, -6, -7, -8, and -14 [26]. Recently, Kimura
et al. showed that CPE also interacts with CL-1 and -2 [27].
Although C-CPE is the receptor-binding domain of CPE, we have
not assessed the interaction of C-CPE and m19 with CLs other than
CL-1, -2, -4, and -5. A comprehensive understanding of the CL-
specificity of C-CPE and m19 is important. However, it is difficult
to prepare recombinant CL proteins, and CL-4 is the only CL recom-
binant protein that has been prepared to date [28]. Yet, we cannot
overlook other potential differences in affinity for CLs between C-
CPE and m19.

In summary, our findings indicate that mucosal absorption-
enhancing activity may be modified by modulating the CL-specific-
ity of CL binders.
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