and claudin-4) were changed to alanines, resulting
in C-CPEysosamsisa-PSIF (14). C-CPE-PSIF mediated
dose-dependent cytotoxicity in 4T1 cells, reaching
63% cell death at 100 ng/ml. In contrast, C-
CPEvaosansi5a-PSIF was not cytotoxic even at 500
ng/ml, indicating that the cytotoxicity of C-CPE-
PSIF in 4T1 cells may be mediated by its binding to
claudin-4. To investigate the in vivo antitumor
activity of C-CPE-PSIF, 4T1 cells (2 x 106 cells) were
inoculated into the right flank of mice on day 0.
Vehicle, C-CPE, C-CPE-PSIF or C-CPEysoearaisa-
PSIF at a dose of 5 pg/kg was intratumorally
injected on days 2, 4, 7, 9, 11, and 14. C-CPE-PSIF
significantly suppressed tumor growth, and the tumor
volume in the C-CPE-PSIF-treated group was 36%
of that in the vehicle-treated group on day 16. In
contrast, C-CPE and C-CPEvysoear3i5a-PSIF, which
lacked claudin-4-binding activity, had no effect on
tumor growth, indicating that the antitumor
activity of C-CPE-PSIF may depend on claudin-4
targeting (13).

We previously investigated the functional
domains of C-CPE and found that the 16 C-terminal
amino acids of C-CPE are involved in claudin-4
binding; we also found that the claudin-4 affinities
of the N309A mutant, which contains Ala instead of
Asn at position 309, and the S313A mutant, which
contains Ala instead of Ser at position 313, were
greater than that of C-CPE (14, 15). To improve the
claudin-4-targeting molecule, we prepared C-
CPEsz134-PSIF and C-CPEnsosasssiza-PSIF  (Figure
1A). C-CPEs313a-PSIF and C-CPEnsooasssiza-PSIF
were more cytotoxic than C-CPE-PSIF in CL4/L cells
(Figure 1B). We are currently investigating the
antitumor activity of these mutants and developing
other C-CPEmutant-PSIF constructs with greater
cytotoxicity. To develop novel methods of tumor
diagnosis and therapies that target the initial stage
of malignant transformation, we are also developing
novel claudins binders, in addition to optimizing C-
CPE, the conventional claudin-binder.

Perspective of claudin-targeted tumor therapy

Approximately 7.6 million people worldwide die
from cancer each year, and 90% of malignant tumors
are derived from  epithelial tissues (16)
(http://lwww.reuters.com/article/healthNews/idUSN1
633064920071217).

Cancer cells grow slowly during the very early
stage of malignant transformation, after which they
‘grow exponentially and form tumor tissues. Tumors
that reach a mass of 1012 cancer cells lead to death.
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[c<PEosl]  PSIF__ |
C-CPE-PSIE

309 313
Sar Ser Tyr Ser Gly Asn Tyr Pro Tyr Ser iis Leu Phe GIn Lys Phe

C-CPEg3134~PSIF
Ser Ser Tyr Ser Gly Asn Tyr Pro Tyr Afa lle Leu Phe Gin Lys Phe

C-CPEygsassasaPSIF
Sar Ser Tyr Ser Gly Ala Tyr Pro Tyr Afa lle Leu Phe Gin Lys Phe

B

120+ [1c-CPE-PSIF
1001 E1C-CPEg 1a-PSIF
B C-CPEmassan-PSIF

=]
(=]
1

Viability (%)
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40+
20
0 - .
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Figure 1. Cytotoxicity of C-CPE-PSIF fusion proteins (A)

Schematic illustration of C-CPE-PSIF fusion proteins. C-CPE is the
C-terminal fragment of CPE corresponding to amino acids 194-319.
The dark area indicates the putative claudin-4-binding region (15).
Changing Asn to Ala at position of 309 or Ser to Ala at position of
313 improved the affinity of C-CPE to claudin-4 (14). C-CPEs3i3a Or
C-CPEnsosnsaisa-fused PSIF was also prepared. PSIF contains
domain |l (the critical domain for the escape of the toxin from the
endosome to the cytosol) and domain Il (the critical domain for the
inhibition of protein synthesis) of Pseudomonas exotoxin. (B)
Cytotoxicity of C-CPE-PSIF. CL4/L cells were treated with the C-

. CPE-PSIF fusion proteins at the indicated concentration for 24 h.

The cellular viability was measured by a WST-8 assay kit, according
to the manufacturer’s instructions (Nacalai Tesque, Kyoto, Japan).
Viability (%) was calculated as a percentage of the vehicle-treated
cells. The data represent the mean + SD of three independent
experiments.

Diagnosable cancer tumors contain at least 109 cells,
and tumors with 10°-1012 cells are subject to cancer
therapy. An important goal in cancer therapy is
improving the ability to detect tumors containing
less than 109 cells so that they can be more
successfully treated.

Epithelial tissues are characterized by specific
cellular  polarity. The  establishment and
maintenance of cell polarity involve many processes,
including signaling cascades, membrane trafficking
events and cytoskeletal dynamics, and relies on the
apical junctional system, Tds (17, 18). TJs seal the
intercellular space between adjacent cells and
regulate the solute movement across epithelial
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sheets. TJs between neighboring cells allow the
separation of apical and basolateral membrane
domains that vary in protein and lipid contents,
resulting in the maintenance of cell polarity and the
regulation of cellular proliferation (19). An
important hallmark of malignant transformation is
loss of epithelial polarity (20).

In normal polarized epithelial cells, the mitotic
spindles are parallel to the epithelial planar axis,
and cellular proliferation is regulated by
intercellular contact. Cell-cell adhesion provides a
cortical planar cue to orient the mitotic spindle
parallel to the epithelial plane (21-23). In an early
stage of epithelial tumorigenesis, the orientation of
mitotic spindles becomes deregulated, resulting in
out-of-plane division (24) (Figure 2). Cell division is
controlled by cytoskeletal dynamics (i.e., the mitotic
spindle, actin filaments and microtubules), and cell-
cell adhesions and their associated molecules are
thought to be connected to the cytoskeletal
organization and partly control these cytoskeletal
elements (22). Thus, misorientation of the cell
division axis might cause changes in the function
and localization of the cell-cell adhesion system.

Despite the lateral localization of Tds and their
components in normal epithelial cell sheets, TJs and
their components might be exposed on the cellular
surface by the rotation of spindles, indicating that
TJ components might be a therapeutic target during
the early stage of epithelial tumorigenesis. Our goal
is to develop a novel tumor-targeting therapy using
the TJ components that are exposed to the apical
membrane from the lateral membrane by rotation of
the mitotic axis.
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Figure 2. Scheme of malignant transformation in epithelium. In
normal epithelial cells, the cells are divided in parallel with the
epithelial plane. In the early stage of epithelial tumorigenesis, the
orientation of the mitotic spindles is deregulated, and the cells
proliferate by out-of-plane division (24).
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ABSTRACT

Tumor metastasis of epithelium-derived tumors is the major cause
of death from malignant tumors. Overexpression of claudin is
observed frequently in malignant tumors. However, claudin-tar-
geting antimetastasis therapy has never been investigated. We
previously prepared a claudin-4-targeting antitumor molecule that
consisted of the C-terminal fragment of Clostridium perfringens
enterotoxin (C-CPE) fused to protein synthesis inhibitory factor

(PSIF) derived from Pseudomonas exotoxin. In the present. study,

we investigated whether claudin CPE receptors can be atarget for
tumor metastasis by using the C-CPE-fused PSIF as a claudin-
targeting agent. One of the most popular murine metastasis mod-

els is the lung metastasis of intravenously injected B16 cells.
Therefore, we first investigated the effects of the C-CPE-fused
PSIF on lung metastasis of claudin-4-expressing B16 (CL4-B16)
cells. Intravenous administration of the C-CPE-fused PSIF sup-
pressed lung metastasis of CL4-B16 cells but not B16 cells.
Injection of C-CPE-fused PSIF also inhibited tumor growth and
spontaneous lung metastasis of murine breast cancer 4T1 cells
inoctilated into the subcutis. Treatment with C-CPE-fused PSIF
did not show apparent side effects in mice. These findings indi-
cate that claudin targeting may be a novel strategy for inhibiting
some tumor metastases.

Metastasis is the primary cause of death for most cancer pﬁi":j ,
tients (Gupta and Massagué, 2006; Steeg, 2006). Metastasis occurs

during tumor growth and even during the surgical ex
primary tumor. A great deal of effort has been made to

tumor metastasis, including the development of several poten :

methods for irradiation therapy, chemotherapy, and immunother-
apy. However, 7 million patients worldwide die from malignant
tumors each year, and the majority of malignant tumors are de-
rived from the epithelium (Jemal et al., 2008). Thus, the develop-
ment of a novel antitumor strategy against epithelium-derived
cancer metastasis is needed.

The epithelium is located at the border between the outerand -
inner body and tissue. Spaces between the adjacent cells'in
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epxthelmm are sealed by tight junctions (TJs). TJs prevent free

movement of solutes across epithelium through the paracellular

spaces and also maintain cellular polarity by regulating the

ne  localization of cellular membrane proteins, such as transport-
‘ers,

-channels, and receptors, between the apical and basal
epithelial cells (Mitic and Anderson, 1998; Vermeer et
al.;2003). Moreover, TJs control cell proliferation by regulating
the localization of receptors on the cellular membrane and the
intracellular signal transduction for cellular proliferation and
differentiation (Vermeer et al., 2003; Matter et al., 2005). These
TJ functions are frequently deregulated during tumorigenesis,

~“and tumor cells often exhibit abnormalities in cellular polarity
“and_differentiation (Martin and Jiang, 2001; Wodarz and

Nithke, 2007). The loss of the integrity of the TJ seal in tumors
may contribute to the supply of nutrition critical for tumor
growth and the detachment of cancer cells from the primary
tumor tissues, leading to the malignancy of tumors (Mullin,
1997; Martin and Jiang, 2001).

Freeze-fracture replica microscopy analysis revealed that
TJs form a series of continuous strands within plasma mem-
branes (Staehelin, 1973). TJ strands from the membranes of
adjacent cells form a paired strand, and the paired strands
seal the intercellular space between the adjacent cells. The
TJ strands are composed of integral membrane proteins,

ABBREVIATIONS: CPE, Clostridium perfringens enterotoxin; C-CPE, C-terminal fragment of CPE; PSIF, protein synthesis inhibitory factor;
C-CPE-PSIF, C-CPE-fused PSIF; CL4-B16, claudin-4-expressing B16; TJ, tight junction; FBS, fetal bovine serum; DMEM, Dulbecco’s modified
Eagle’s medium; PBS, phosphate-buffered saline; ADR, adriamycin.
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such as occludin and claudin, and among them, claudin is a
key structural and functional component of TJ seals (Furuse
and Tsukita, 2006). Claudin, a tetra-transmembrane protein,
comprises a family consisting of more than 20 members. The
expression profiles and sealing functions of claudins differ
among tissues. Claudin expression is often deregulated in hu-
man cancers such as breast, prostate, ovarian, gastric, and
pancreatic cancers (Morin, 2005; Kominsky, 2006). There is a
relationship between dysregulated claudin and metastasis
(Agarwal et al., 2005; Dhawan et al., 2005). These findings
indicate that claudin can be a potent target for cancer therapy.

Clostridium perfringens enterotoxin (CPE), a 35-kDa
polypeptide, causes food poisoning in humans. CPE binds to
its receptor, and then causes changes in the membrane per-
meability by complex formation on the plasma membrane
followed by the induction of oncosis and apoptosis (McClane
and Chakrabarti, 2004). The local administration of CPE
suppresses solid tumor growth (Michl et al., 2001; Kominsky
et al., 2004; Santin et al., 2005); however, whole CPE had
never been applied into a ligand for claudin CPE receptors
because of its strong cytotoxicity. The receptor-binding re-
gion of CPE (C-CPE) can be used for claudin-targeted cancer
therapy (Saeki et al., 2009). Immunotoxins, consisting of a
protein toxin connected to a binding ligand, such as an anti-
body or growth factor, have been developed and used for

clinical therapy. Protein synthesis inhibitory factor (PSIE)

derived from Pseudomonas exotoxin is a widely used protem
toxin (Kreitman and Pastan, 2006), and intratumoral admin-
istration of the claudin-4-targeting PSIF has been shown to
attenuate solid tumor growth (Saeki et al., 2009). In the
present study, we investigated whether claudin CPE recep-
tors can be a target for tumor metastasis by using the clau-
din-4-targeting PSIF as a claudin-targeting agent. :

Materials and Methods

Cell Culture. Mouse melanoma cell line B16-BL6 an
breast cancer cell line 4T1 were cultured in modified Eag]
supplemented with 10% fetal bovine serum (FBS) and Dulbec
modified Eagle’s medium (DMEM) containing 10% FBS amd 1
mmol/ml HEPES, respectively. The cells were maintained in a 5%
CO, atmosphere at 37°C.

Preparation of B16 Cells Stably Expressing Claudin-4.
Mouse claudin-4 cDNA was subcloned into pcDNA3.1 plasmid coding
a neomycin resistance gene. The claudin-4 expression vector was
transfected into B16 cells, and B16 cells stably expressing claudin-4
(CL4-B16 cells) were isolated by geneticin selection. . .

Immunoblot Analysis. Cells were lysed in lysis buffer [50 mM
Tris (pH 7.4), 8.25 mg/ml NaCl, 1% NP-40, 2 mM-SDS, and protease
inhibitor cocktail (Sigma-Aldrich, St. Louis, MO)]. The cell lysates
were subjected to SDS-polyacrylamide gel electrophoresis. The sep-
arated proteins were transferred onto a polyvinylidene difluoride
membrane, followed by immunoblotting with anticlaudin-4 (Zymed
Laboratories, South San Francisco, CA) or anti-B-actin Ab (Sigma-
Aldrich). After incubation with a peroxidase-labeled secondary anti-
body (Millipore Bioscience Research Reagents, Temecula, CA), the
immunoreactive band was visualized by chemiluminescence re-
agents (GE Healthcare, Little Chalfont, Buckinghamshire, UK).

Cell Proliferation Assay. B16 or CL4-Bl6-expressing cells
(CL4-B16 cells) (2 X 10* cells) were seeded into a 24-well plate. At
the indicated time points, the cells were stained with trypan blue,
and the number of viable cells was counted by using a hemocytom-
eter under a microscope.

In Vitro Metastasis Analysis. A cell culture insert with an 8-pm
pore size membrane (BD Biosciences Discovery Labware, Bedford,

MA) was used for the invasion assay. The upper surface of the
chamber was coated with 50 wl of 0.1 mg/ml Matrigel (BD Bio-
sciences, San Jose, CA), and the lower chamber was filled with
DMEM containing 10% FBS. Cells were cultured to approximately
80% confluence and serum-starved overnight (0.5% FBS). Then, cells
(1 X 10° cells) suspended in DMEM with 0.5% FBS were placed into
the upper chamber and incubated at 37°C for 24 h. After incubation,
noninvading cells were removed, and the membrane was stained
with Diff-Quick reagent. The stained cells in five randomly selected
fields were counted under a microscope.

Preparation of C-CPE-PSIF. The C-terminal fragment of CPE
(C-CPE)-fused PSIF (C-CPE-PSIF) was prepared as described pre-
viously (Saeki et al., 2009). In brief, pET-C-CPE-PSIF was trans-
duced into Escherichia coli BL21 (DE3) (Novagen, Darmstadt, Ger-
many), and the production of C-CPE-PSIF was induced by the
addition of 0.25 mM isopropyl-D-thiogalactopyranoside. The cells
were harvested and then lysed in buffer A [10 mM Tris-HCI (pH 8.0),
400 mM NaCl, 5 mM MgCl,, 0.1 mM phenylmethylsulfonyl fluoride,
1 mM 2-mercaptoethanol, and 10% glycerol]. The lysates were cen-
trifuged, and the resultant supernatant was applied to HiTrap Che-
lating HP (GE Healthcare). The proteins were eluted by imidazole in
buffer A. The buffer was exchanged with phosphate-buffered saline
(PBS) by using a PD-10 column (GE Healthcare), and the purified
protein was stored at —80°C until use. Protein was quantified by
using a BCA protein assay kit (Pierce Chemical, Rockford, IL) with
BSA as a standard.

In Vitro Cytotoxic Analysis. In the cytotoxic assay, B16 and
CL4-B16 cells were seeded onto a 96-well culture dish at 1 X 10* cells
per well. After 24 h, the cells were treated with C-CPE-PSIF for 24 h
at the indicated concentrations. The cytotoxicity was determined by
a WST-8 kit, according to the manufacturer’s instructions (Nacalai
Tesque, Kyoto, Japan).

In Vivo Antitumor Activity. Female BALB/c mice (7-8 weeks
old) and C57/BL6 mice (7—8 weeks old) were obtained from Shimizu
Laboratory Supplies Co., Ltd. (Kyoto, Japan). The mice were housed
in an environmentally controlled room at 23 + 1.5°C with a 12-h

7 light/dark cycle. The animal experiments were performed according
i "to the gmdehnes of Osaka University.

For an experimental metastasis model, B16 or CL4-B16 cells (5 X

105 0r 1 X 108 cells) in 100 wl of PBS were injected intravenously into

the‘talls of C57/BL6 mice. Then, mice received intravenously admin-
S BS or C-CPE-PSIF three times per week. Two weeks after

e inoculation of the cells, the mice were sacrificed, and the number
‘Iung metastasis colonies was counted under a microscope. For
antitumor activity in B16 cells, 1 X 10° B16 or CL4-B16 cells were
injected subcutaneously into the right flanks of C57BL/6 mice. Ve-
hicle or C-CPE-PSIF was intravenously administered three times
per week. Calipers were used to measure the minimal and maximal
tumor diameters, and the tumor volume was calculated as a X b X

...b/2, where a represents the minimal tumor diameter, and b repre-
..gents the mamma] tumor diameter. The body weights of mice were
.also-monitored. %

For antitumor act1v1ty in 4T1 cells, 4T1 cells (1 X 10°cells) in 50 pl
of PBS were injected subcutaneously into the right flanks of BALB/c
mice. PBS, C-CPE-PSIF, or adriamycin (ADR) was intravenously
administered, and the tumor size and body weight of mice were
monitored. Mice were sacrificed 35 days after tumor inoculation, and
lung metastasis was evaluated by staining with India ink.

Statistical Analysis. Data were analyzed by using Dunnet’s
method. The statistical significance for all comparisons was set at
p < 0.05.

Results

Preparation of Claudin-4-Expressing B16 BL6 Cells.
To investigate the effects of C-CPE-PSIF on tumor metasta-
sis, we selected murine B16 cells, which have a high propensity
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to metastasize to the lung (Saiki, 1997). Western blotting anal-
ysis revealed no expression of claudin-4 in B16 cells (Fig. 1A).
B16 cells were not sensitive to C-CPE-PSIF (Fig. 2A). We
transfected claudin-4 ¢cDNA into B16 cells and established
stable CL4-B16 cells (Fig. 1A). The proliferation rate was not
affected by exogenously expressed claudin-4 (Fig. 1B). Me-
tastasis has multiple processes, including motility and inva-
sion (Steeg, 2006). To investigate the invasion of CL4-B16
cells, we performed a Boyden chamber migration assay. Cells
were seeded onto the cell culture insert of Matrigel-coated
membrane with an 8-wm pore size, and the cells that invaded
the apical membrane and reached the basal membrane were
counted. As shown in Fig. 1C, the invasion activity was
increased 17-fold in CL4-B16 cells compared with that in
parental B16 cells. Lung metastasis of CL4-B16 cells was
observed when intravenously injected into mice; however,
the number of lung metastasis colonies of CL4-B16 cells was
smaller than that of the parental B16 cells (Fig. 1D). These
findings indicate that CL4-B16 cells can be used as a metas-
tasis model of claudin-4-expressing cancer cells. We discuss
the elevation of migration activity and lower lung metastasis
in CL4-B16 cells under Discussion.

Antitumor Activity of C-CPE-PSIF in CL4-B16 Cells.
Before in vivo experiments, we investigated the in vitro cy-
totoxicity of C-CPE-PSIF in CL4-B16 cells. As shown in Fig.
2A, C-CPE-PSIF showed dose-dependent cytotoxicity in CL4-
B16 cells, decreasing their viability to 35% at 100 ng/}ml.‘ In
contrast, parental B16 cells were not sensitive to C-CPE-
PSIF even at 1 pg/ml, indicating that C-CPE-PSIF may tar-
get claudin-4. Claudin-4 is expressed in the intestines, liver,
and kidney (Morita et al., 1999). To determine a safe dose of
C-CPE-PSIF, we checked serum biochemical markers of liver
(alanine aminotransferase) and kidney (blood urea nitrogen)
injury in mice injected with C-CPE-PSIF. After intravenous

administration of C-CPE-PSIF (5 wg/kg), the mice showed no
signs of injury (data not shown). In the followmg m v1vo-

experiments, the doses of C-CPE-PSIF were le‘
equal to 5 pg’kg. B16 or CL4-B16 cells were mtravenously

injected into mice, and then C-CPE-PSIF was intravenously ©
administered every 2 days. Two weeks after the tumor cell

injection, the number of lung metastasis colonies was
counted. As shown in Fig. 2B, C-CPE-PSIF treatment de-
creased the number of lung metastasis colonies from 39 + 17
to 10 + 4 at 5 pg/kg. In contrast, C-CPE-PSIF treatment did
not affect the lung metastasis of B16 cells (Fig. 2B). C-CPE-

PSIF suppressed the growth of CL4-B16 cells but not:B16

cells inoculated into the right flank of mice (F1g ZC) These
data suggest that claudin-4 targeting may be a potent strat-
egy for suppressing tumor metastasis and growth.
Suppression of the Primary Tumors and Metastasis
of 4T1 Cells. To clarify the potency of a claudin-4-targeting
strategy, we investigated the effect of C-CPE-PSIF on a spon-
taneous metastasis model. 4T1 cells are murine cancer cells
that spontaneously metastasize to the lung after being sub-
cutaneously inoculated (Wong et al., 2002). We investigated
whether C-CPE-PSIF suppresses the spontaneous lung me-
tastasis of 4T1 cells. On day 33, the tumor volume was
1801.2 = 848.5 mm? in the vehicle-treated group and 740.5 +
94.6 mm?® in the group treated with 5 pg/kg C-CPE-PSIF
(Fig. 3A). The number of lung metastasis colonies was de-
creased to 2 * 1 colonies at 5 ng/kg C-CPE-PSIF (Fig. 3B). A
dose of 2 ug/kg C-CPE-PSIF did not suppress tumor growth
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with Matrigel. After 24 h, the cells that invaded the bottom membrane of
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but did prevent lung metastasis. The circulating tumor cells
might be more sensitive to C-CPE-PSIF than tumor cells in
the solid tumor tissue. C-CPE-PSIF treatments did not cause
a decrease in body weight (Fig. 3C), and there were no ap-
parent biochemical side effects (Supplemental Fig. 1). ADR,
which is frequently used in clinical chemotherapy, sup-
pressed the tumor growth from 970.3 * 278.4 to 458.6 = 51.4
mm? at 4 mg/kg (Fig. 3D). As shown in Fig. 3E, 4 mg/kg ADR
decreased the number of lung metastasis colonies (24 = 13
colonies in the vehicle-treated group; 6 = 4 colonies in the
ADR-treated group). However, the ADR-treated mice experi-
enced a 26% loss of body weight, which is a sign of side effects
(Fig. 3F). Thus, the antitumor activity of C-CPE-PSIF might

be more potent than that of ADR. These results indicate that
claudin-4-targeting therapy might be a potent strategy for
tumor therapy with a low level of side effects and a high level
of antitumor activity.

Discussion

Most malignant tumors are derived from the epithelium,
and metastasis is the major cause of death from cancers. In
the present study, we found that systemic administration of
a claudin-targeting molecule suppressed cancer metastasis,
indicating that claudin targeting might be an effective ther-
apy against cancer metastasis.
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Although the in vitro metastasis activity of CL4-B16 cel

was higher than that of parental B16 cells, the in vivo lung

metastasis of CL4-B16 cells was lower than that of B16 cells.
As shown in Supplemental Fig. 2, claudin-4 increased the
invasiveness and migration activity of B16 cells in vitro and
decreased lung metastasis in vivo. A possible explanation for
this discrepancy might be the experimental model, which
evaluates a different stage of metastasis. The migratjon and
invasion activity involved in the early stage of metastasw
was investigated in the in vitro analysis, whereas extravasa-
tion and colonization to an organ involved in the late stage of
metastasis was evaluated by the in vivo experiment. The
altered expression of claudin-4 changed the metastasis of
4T1 cells to the heart and liver, suggesting that claudin
affects organ-specific metastasis (Erin et al., 2009). Clau-
din-4 might suppress the lung metastasis of B16 cells.
Claudin is a structural and functional component of Tds
(Furuse and Tsukita, 2006). What is the role of claudin in
metastasis? Metastasis is composed of three steps: leaving
the primary site, entering the blood flow, and invading the
distant site. In the first step, the combination of claudin
members in the TJ strands may be important. The claudin
family contains at least 24 members. Claudin is believed to
form homo- and hetero-type claudin strands, and the pattern

E F of two independent experiments.
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'g 124
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Days after tumor tnocu!aﬁon

f the strands differs among tissues and determines the
propertles of TJ seals (Furuse and Tsukita, 2006). For exam-
ple, rigid TJ seals were formed when claudin-11 or claudin-15
was exogenously expressed in Madin-Darby canine kidney
cells, whereas the expression of claudin-11 or claudin-15
reduced the TJ integrity in LLC-PK1 cells by its dominant
negative effects on TJ sealing (Van Itallie et al., 2003). Dom-

“inant negative effects of claudin-4 on the TJ bamer might
v’“contnbuté ‘to amr acceleration in the detachment of cancer

cells from the primary tumor tissue. In the second and third
steps of metastasis, cancer cells must move through the
extracellular matrix at the primary site and the distant site.
Cancer cells must degrade the extracellular matrix by the
expression of matrix metalloproteinase and increase their
motility. Claudin expression enhanced invasion with in-
creased matrix metalloproteinase activity (Agarwal et al.,,
2005). There is a relationship between the levels of claudin-
1/claudin-4 and the metastasis of human cancers, including
hepatic, colonic, ovarian, and gastric cancers (Miwa et al.,
2001; Agarwal et al., 2005; Resnick et al., 2005; Halder et al.,
2008; Lee et al., 2008). The overexpression of claudin sup-
pressed cancer metastasis in human pancreatic and gastric
cancers (Michl et al., 2003; Mima et al., 2005; Ohtani et al.,
2009). Claudin-4 suppressed or accelerated in vitro and in
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vivo metastasis of human cancer cells (Agarwal et al., 2005;
Ohtani et al., 2009). Cell-cell interaction through TJs regu-
lates cell growth signaling (Matter et al., 2005). Taken to-
gether, these findings indicate that claudin family members
might control several steps of cancer metastasis. The precise
molecular mechanism and role of claudin in cancer metasta-
sis remain to be determined.

Whether a claudin-4-targeting method causes severe side
effects is critical for its clinical application in cancer therapy.
Claudins play pivotal roles in TJ barrier and fence functions
by maintaining cellular polarity in normal epithelium (Fu-
ruse and Tsukita, 2006). Claudins are believed to be more
accessible in tumors than in normal epithelium. Claudins
form TJ seals in lateral membranes between adjacent cells in
normal epithelium, whereas claudins are exposed on the cell
surface during tumorigenesis (Soler et al., 1999; Kominsky,
2006). Indeed, no local or systemic side effects have been
observed after the intratumoral administration of CPE
(Kominsky et al., 2007; Santin et al., 2007). Here, we also
found that the systemic administration of C-CPE-PSIF
causes no significant increase in biochemical markers (aspar-
tate aminotransferase, alanine aminotransferase, and blood
urea nitrogen) for toxicity at a therapeutic dose of 5 pg/kg
(Supplemental Fig. 2). Thus, a claudin-targeting strategy
might have weak side effects.

It is difficult to prepare recombinant claudin protein because
of its hydrophobic property, and claudin has low ant1gemc1ty
Until recently, an antibody against the extracellular loop do-
main of claudin had never been successfully prepared, and
C-CPE was the only known claudin binder. Recently, Romani et
al. (2009) prepared a single-chain antibody fragment against

claudin-3 by using phage display technology. They found that

the antibody fragment binds to ovarian and uterine carcinor
cells in vitro. More importantly, a therapeutic monoclonal an

tibody against claudin-4 was developed. Suzuki et al. (2009) ;

successfully prepared anticlaudin-4 antibody by immunizing

claudin-4-expressing tumor cells into a mouse with autoim-
mune disease. The antibody mediates antibody-dependent cel-
lular cytotoxicity and both in vitro and in vivo antitumor activ- :
ity. Although the preparation of anticlaudin antibody may lead

to a breakthrough in cancer therapy, the immunogenicity asso-
ciated with immunotoxin clinical therapies is a future problem
(Kreitman and Pastan, 2006). The C-terminal 30 amino acids
are the minimum functional domain of C-CPE to bind to clau-
din-4 (Hanna et al., 1991). The C-terminal 30-amino-acid frag-

ment was used to deh"er a cytokine to claudin-4-expressing ' p . i1 VB Konkin T, Routhier J, Sabo E, and Pricolo VE (2005) Claudin-1 is a

cells by genetic fusion (Yuan et al., 2009). Humanized ant1body
and the claudin-4-targeting peptide may be useful for cancer
therapy in the near future.

In summary, this is the first report to indicate that sys-
temic injection of a claudin-targeting molecule suppresses
tumor growth and metastasis. Hematologic cells do not de-
velop TJs; therefore, a claudin-targeting therapy may have
no hematologic toxicity. We anticipate that claudin targeting
will be a potent strategy for cancer therapy.
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Abstract

Recent progress in cell biology has provided new insight into the claudin (CL) family of integral membrane proteins, which
contains more than 20 members, as a target for pharmaceutical therapy. Few ligands for CL have been identified because it
is difficult to prepare CL in an intact form. In the present study, we developed a method to screen for CL binders by using
the budded baculovirus (BV) display system. CL4-displaying BV interacted with a CL4 binder, the C-terminal fragment of
Clostridium perfringens enterotoxin (C-CPE), but it did not interact with C-CPE that was mutated in its CL4-binding region. C-
CPE did not interact with BV and CL1-displaying BV. We used CL4-displaying BV to select CL4-binding phage in a mixture of
a scFv-phage and C-CPE-phage. The percentage of C-CPE-phage in the phage mixture increased from 16.7% before
selection to 92% after selection, indicating that CL-displaying BV may be useful for the selection of CL binders. We prepared
a C-CPE phage library by mutating the functional amino acids. We screened the library for CL4 binders by affinity to CL4-
displaying BY, and we found that the novel CL4 binders modulated the tight-junction barrier. These findings indicate that
the CL-displaying BV system may be a promising method to produce a novel CL binder and modulator.

Citation: Kakutani H, Takahashi A, Kondoh M, Saito Y, Yamaura T, et al. (2011) A Novel Screening System for Claudin Binder Using Baculoviral Display. PLoS
ONE 6(2): e16611. doi:10.1371/journal.pone.0016611

Editor: Vladimir Uversky, University of South Florida College of Medicine, United States of America
Received November 22, 2010; Accepted December 24, 2010; Published February 14, 2011

Copyright: © 2011 Kakutani et al. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: This work was supported by a Grant-in-Aid for Scientific Research from the Ministry of Education, Culture, Sports, Science and Technology, Japan
(21689006), by a Health and Labor Sciences Research Grant from the Ministry of Health, Labor and Welfare of Japan, by Takeda Science Foundation, by a Suzuken
Memorial Foundation, by a grant from Kansai Biomedical Cluster project in Saito, which is promoted by the Knowledge Cluster Initiative of the Ministry of
Education, Culture, Sports, Science and Technology, Japan and by a Research Grant for Promoting Technological Seeds from Japan Science and Technology
Agency. AT. is supported by Research Fellowships of the Japan Society for the Promotion of Science for Young Scientists. The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

* E-mail: masuo@phs.osaka-u.acjp (MK); yagi@phs.osaka-u.ac.jp (KY)
® These authors contributed equally to this work.

Competing Interests: The authors have declared that no competing interests exist.

Introduction

Tight junctions (TJ) are intercellular adhesion complexes in
epithelial and endothelial cells; T]Js are located in the most apical
part of the complexes [1]. TJs have a barrier function and a fence
function [2—4]. TJs contribute to epithelial and endothelial barrier
functions by restricting the diffusion of solutes through the
paracellular pathway. TJs maintain cellular polarity by preventing
the free movement of membrane proteins between the apical and
basal membranes [5]. Loss of cell-cell adhesion and cellular
polarity commonly occurs in the early stages of cancer [6].
Modulation of the T] barrier function can be a method to enhance
drug absorption, and TJ components exposed on the surface of
cancer cells can be a target for cancer therapy.

Biochemical analyses of TJs have identified TJ components,
such as occludin, claudins (CLs) and junction adhesion molecule
[7]. The CL family contains more than 20 integral tetra-
transmembrane proteins that play pivotal roles in the TJ barrier
and fence functions. CLl-deficient mice lack the epidermal
barrier, while CL5-deficient mice lack the blood-brain barrier
[8,9], indicating that the regulation of the TJ barrier by
modulation of CLs may be a promising method for drug delivery.
Clostridium perfringens enterotoxin (CPE) causes food poisoning in

@ PLoS ONE | www.plosone.org

humans [10]. An interaction between the C-terminal domain of
CPE (C-CPE) with CL4 deregulates the TJ barrier [11,12]. We
previously found that C-CPE enhances jejunal absorption through
its interaction with CL4, indicating that a CL binder is a potent
drug-delivery system [13].

The majority of lethal cancers are derived from epithelial tissues
[14]. Malignant tumor cells frequently exhibit abnormal TJ
function, followed by the deregulation of cellular polarity and
intercellular contact, which is commonly observed in both
advanced tumors and the early stages of carcinogenesis [6]. Some
CLs are overexpressed in various types of cancers. For example,
CL3 and CL4 are overexpressed in breast, prostate, ovarian,
pancreatic and gastric cancers. CL1, CL7, CL10 and CLI16 are
overexpressed in colon, gastric, thyroid and ovarian cancers,
respectively [15,16]. These findings indicate that the CLs may be a
target molecule for cancer therapy. A receptor for CPE is CL4
[11,12]. CPE has anti-tumor activity against human pancreatic
and ovarian cancers without side effects [17,18]. The CLs binders
will be useful for cancer-targeting therapy.

As above, recent investigations of CLs provide new insight into
their use as pharmaceutical agents; for example, a CL binder may
be used in drug delivery and anti-tumor therapy. Selection of a CL
binder by using a recombinant CL protein is a putative method to
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prepare a CL binder. However, CLs are four-transmembrane
proteins with high hydrophobicity; there has been little success in
the preparation of intact CL protein. Recently, a novel type of
protein expression system that uses baculovirus has been
developed. Membrane proteins are displayed on the budded
baculovirus (BV) in their active form [19-21], indicating that the
BV system may be useful for the preparation of a CL binder. In
the present study, we investigated whether a CL binder was
screened by using a CL-displaying BV.

Results

Preparation of CL4-displaying BV

C-CPE is the only known CL binder and modulator [12,13,22].
C-CPE has affinity to CL4 in a nanomolar range [23]. We chose
C-CPE and CL4 as models of the CL binder and CL, respectively.
Several reports indicate that membrane proteins expressed on the
surface of BV are in an intact form [19-21]. To check the
expression of CL4 on the BV, we performed immunoblot analysis
of the lysate of CL4-BV against CL4. As shown in Fig. 1A, CL4
was detected in the virus lysates. To determine if the CL4
expressed on the virus has an intact form, we performed enzyme-
linked immunosorbent assay (ELISA) with CL4-BV-coated
immunoplates. C-CPE binds to the extracellular loop domain of
CL4 [23]. After the addition of C-CPE to the CL4-BV-coated
plate, the C-CPE bound to the CL4-BV-coated plate was detected
by anti-his-tag antibody, followed by incubation with horseradish
peroxidase-labeled antibody. C-CPE was dose-dependently bound
to CL4-BV, whereas C-CPE did not interact with wild-BV
(Fig. 1B). Deletion of the CL4-binding region (C-CPE303)
attenuated the interaction of C-CPE with CL4-BV (Fig. 1C).
Together, these results indicate that the CL4 displayed on BV may
have an intact extracellular loop region.

Selection of C-CPE-phage by using CL4-BV

We next examined the interaction between G-CPE-phage and
CL4-BV. As shown in Fig. 2A, C-CPE-phage bound to CL4-BV
but not to wild-BV, and a scFv-phage did not bind to CL4-BV. To
determine if CL-BV can be used to select CL binders, we prepared
a mixture of C-CPE-phage and scFv-phage at a ratio of 2:10 and
used CL4-BV to select CL4-binding phage in the mixtures. The
amount of C-CPE-phage was increased to 11 of 12 clones in the
mixture (Fig. 2B), indicating that CL-BV may be useful in the
preparation of CL binders.

We previously found that each substitution of $304, S305, S307,
N309, S313 and K318 with alanine increased the binding of C-
CPE to CL4 [24]. Here, we prepared a phage library for C-CPE
by randomly changing the functional 6 amino acids to any of the
20 amino acids. To confirm the diversity of the library, we checked
the sequences of 17 randomly isolated clones. Each of the 17
clones had a different sequence, indicating that the library has a
diverse population of C-CPE mutants (Table 1).

Then, we screened the CL4-binding phage by their affinity to
CL4-BV. After addition of the C-CPE library to CL4-BV-
adsorbed tubes, the CL4-BV-bound phages were recovered (1*

. screening). We repeated this screening process two more times (2™
screening and 3™ screening). If the number of CL4-bound phage is
increased during the screening, the ratio of the incubated phage
titers to the recovered phage titers will increase. As shown in
Fig. 3A, the ratio was increased during screening from 4.5 x 1077
t0 5.5x107°, indicating that the screening system for CL4 binders
may work. Indeed, the number of monoclonal phage clones with
high affinity to CL4-BV was increased after the 3™ screening
compared with that after the 2 screening (Fig. 3B).
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Figure 1. Preparation of CL4-displaying BV. A) Immunoblot
analysis. Wild-BV and CL4-BV (0.1 pg/lane) were subjected to SDS-PAGE,
followed by immunoblot analysis with anti-CL4 antibody. The lysate of
ClL4-expressing L (CL4/L) cells was used as a positive control. B, C)
Interaction of a CL4 binder with CL4-BV. Immunotubes were coated
with the wild-BV or CL4-BV, and C-CPE (B) or mutated C-CPE (C) was
added to the BV-coated immunotubes at the indicated concentration.
C-CPE bound to the BV-coated tubes was detected by ELISA with an
anti-his-tag antibody.

doi:10.1371/journal.pone.0016611.g001

We analyzed the sequences of the CL4-BV-bound phages and
got novel CL4-binder candidates with amino acid sequences that
differed from the wild-type sequence (Table 2). To investigate their
CL4-binding, we prepared the recombinant proteins of the
binders and investigated their interaction with CL4 by ELISA
with CL-BVs. As shown in Fig. 4A, the novel C-CPE derivatives
had affinity to CL4 but not CL1. Next, we investigated whether
the novel CL4 binders modulate TJ barrier in Caco-2 monolayer
cell sheets, a popular model for the evaluation of TJ barriers [25].
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Figure 2. Selection of C-CPE-displaying phage by using the
CL4-BV system. A) Interaction of C-CPE-displaying phage with CL4-BV.
Wild-BV or CL4-BV was coated on an immunoplate, and then scFv-
displaying phage or C-CPE-displaying phage was added to the BV-
coated immunoplaté at the indicated concentrations. The BV-bound
phages were detected by ELISA with anti-M13 antibody as described in
Materials and methods. Data are representative of two independent
experiments. Data are means * SD (n=3). B) Enrichment of C-CPE-
displaying phage by the BV system. A mixture of scFv-phage and C-CPE-
phage (mixing ratio of scFv-phage to C-CPE-phage=2:10) was
incubated with a CL4-BV-coated immunotube, and the bound phages
were recovered. Each phage clone was identified by PCR amplification,
followed by agarose gel electrophoresis. Upper and lower pictures are
before and after the selection, respectively. The putative sizes of the
PCR products are 856 and 523 bp in scFv and C-CPE, respectively. The
data are representative of two independent experiments.
doi:10.1371/journal.pone.0016611.g002

Treatment of the cells with C-CPE resulted in decreased
transepithelial - electrical resistance (TEER) values, a marker of
TJ integrity, and the TEER values increased after removal of C-
CPE. The C-CPE derivatives (clones 1-5) had TJ-modulating
activity similar to that of C-CPE (Fig. 4B).

Discussion

CL is a promising target for pharmaceutical therapy. However,
CL has low antigenicity, and there has been little success in the
preparation of monoclonal antibody against the extracellular loop
region of CL. The three-dimensional structure of CL has never
been determined, so it is impossible to perform a theoretical design
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Table 1. C-CPE phage library.
304 305 307 309 313 318
C-CPE S S S N S K
Clone 1 \ T C % N K
2 C P A H L T
3 A G G Vv P P
4 R G H L E H
5 A A P S R Q
6 P A B D P A
7 C T T T N K
8 H P S P G H
9 R G G R N R
10 A P S T Q P
" 1 L G N M R
12 P P A T F R
13 G D (o S N L
14 F R Vv F R N
15 S Q Q w T T
16 s R L E w Q
17 K R E R Q S
Phage clones were randomly picked up from the C-CPE phage library, and the
amino acids sequences of C-CPE mutant were analyzed.
doi:10.1371/journal.pone.0016611.t001

of a CL binder based on the structural information. In the present
study, we developed a novel screening system for CL binders by
using a BV system and a C-CPE phage display library, and we
used this system to identify novel CL4 binders.

In ligand screening, the preparation of a receptor for the ligand
is very critical. Membrane proteins are especially difficult to
prepare as recombinant protein with an intact structure.
Functional membrane proteins such as cell-surface proteins are
heterologously expressed on BV in their native forms [19-21].
Interactions between membrane proteins can be detected by using
receptor-displaying and ligand-displaying BV [21]. In the present
report, we found that CL4-BV interacts with a CL4 binder, C-
CPE, but it does not interact with C-CPE303 that lacks the CL4-
binding residues of C-CPE. The CL4-binding site of C-CPE
corresponds to that of CPE; so, the second extracellular loop of CL
appears to be the C-CPE-binding site [23,26]. These findings
indicate that CL4 displayed on BV may have native form. We
anticipate that CL-BV will be useful for the preparation of CL
binders, such as peptides and antibodies.

To the best of our knowledge, the preparation of CL binder has
been performed by only four groups. Offner et al. prepared
polyclonal antibodies against extracellular domains of CL3 and
CL4 [27], Ling et al. screened peptide types of CL4 binder by
using a 12-mer peptide phage display library and CL4-expressing
cells [28], Suzuki et al. generated a monoclonal antibody against
the second extracellular loop of CL4 from mice immunized with a
human pancreatic cancer cell line [29] and Romani et al. screened
scFv against CL3 by using a human antibody phage display library
[30]. However, the CL modulators have never been developed;
thus, C-CPE is the only known CL4 modulator [12]. In the
present study, we prepared a G-CPE phage library containing C-
CPE mutants in which each of the 6 functional amino acids was
randomly replaced with an amino acid, and we isolated CL4
binders by using CL4-BV as a screening ligand. Interestingly, all of
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Figure 3. Screening of a novel CL4 binder. A) Enrichment of
phages with affinity to CL4-BV. CL4-BVs coated on immunotubes were
incubated with the C-CPE-derivative phage library at 1.6x10'* CFU titer
(1 input phage). The phages bound to CL4-BV were recovered (1%
output phage). The CL4-BV-binding phages were subjected to two
additional cycles of the incubation and wash step, resulting in 2", 3
output phage. The ratio of output phage to input phage titers was
calculated. B) Monoclonal analysis of C-CPE-derivative phage. CL4-BV-
bound phage clones were isolated from the 2" and 3™ output phages,
and the interaction of the monoclonal phage with CL4-BV was
examined by ELISA with anti-M13 antibody as described in Materials
and methods. Data are expressed as relative binding to that of C-CPE-
phage indicated by the most right column.
doi:10.1371/journal.pone.0016611.g003

the CL4 binders modulated TJ barriers. We are investigating why
the substitution of the amino acids with the other amino acids
modulated CL4. These findings indicate that a BV screening
system with a G-CPE library may be a powerful method to
develop CL modulators.

The CL family forms various types of TJ barriers through
combinations of its more than 20 members in homophilic/
heterophilic CL strands [31,32]. Intercellular proteins ZO-1 and
Z0-2 determine the localization of CL strands [33]. If a screening
system to reconstitute heterogeneous CL strands with ZO-1 and/
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Table 2. CL4-binding phages.

304 305 307 309 313 318
C-CPE S S S N S K
Clone 1 R v S A R R
2 R S v A R K
3 G D G R T R
4 S A P R S A
5 R S L K S K

The sequences of C-CPE mutant in the CL4-binding phages were analyzed.
doi:10.1371/journal.pone.0016611.t002

or ZO-2 is developed, then useful and effective CL modulators can
be identified. In this point, the BV system has extremely superior

features. G protein and G protein-coupled receptors have been
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Figure 4. Isolation of a novel CL4 modulator. A) Interaction of the
C-CPE derivatives with CL4. C-CPE derivatives were prepared as his-
tagged recombinant proteins. The C-CPE derivatives (0.02 ug) were
added to CL-BV-coated immunoplates, followed by detection of the C-
CPE derivatives bound to CL-BV. Data are means *= SD (n=4). B)
Modulation of tight junction-barriers. Caco-2 cells were cultured on
Transwell™ chambers. When TEER values reach a plateau, the cells were
treated with C-CPE or C-CPE derivatives at the indicated concentrations.
After 18 h of exposure to the C-CPEs, the cells were washed with
medium to remove C-CPEs, and then the cells were cultured for an
additional 24 h. Changes in TEER values were monitored during the C-
CPEs treatment. Relative TEER values were calculated as the ratio of
TEER values at O h. Data are representative of two independent
experiments. The data are means = SD (n=4).
doi:10.1371/journal.pone.0016611.g004
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functionally reconstituted in BV [20,34], and functional y-
secretase complexes have also been reconstituted on BV [35]. In
the near future, the reconstituted CL system on BV will be
developed and used for the screening of CL binders and
modulators, hopefully leading to breakthroughs in pharmaceutical
therapies that target CLs.

Materials and Methods

Recombinant BV construction and Sf9 cell culture

Recombinant BV was prepared by using the Bac-to-Bac
expression system, according to the manufacturer’s instructions
(Invitrogen, Gaithersburg, MD). Briefly, mouse CLl and CL4
c¢DNA (kind gifts from Dr. M Furuse, Kobe University, Japan)
were inserted into pFastBacl, and the resulting plasmids were
transduced into DH10Bac E. Coli cells. Recombinant bacmid
DNA was extracted from the cells. Sf9 cells were transduced with
the bacmid coding CL, and the recombinant BV was recovered by
centrifugation of the conditioned medium [36].

Preparation of the BV fractions

Sf9 cells (2x10° cells) were infected with recombinant BV at a
multiplicity of infection of 5. Seventy-two hours after infection, the
BV fraction was recovered from the culture supernatant of
infected Sf9 cells by centrifugation. The pellets of the BV fraction
were resuspended in Tris-buffered saline (TBS) containing 1%
protease inhibitor cocktail (Sigma-Aldrich, St. Louis, MO) and
then stored at 4°C until use. The expression of CLI and CL4 in
the BV was confirmed by sodium dodecyl sulfate-polyacrylamide
gel electrophoresis (SDS-PAGE) and immunoblot analysis with
anti-CL. antibodies (Zymed Laboratory, South San Francisco,
CA).

Preparation of mutant C-CPE library

C-CPE fragments in which the functional amino acids (5304, S305,
$307, N309, S313 and K318) [24] were randomly mutated were
prepared by polymerase chain reaction (PCR) with pET-H(PER asa
template, a forward primer (5'-catgccatgaccgatatagaaaaagaaatccttgatt-
tagctgctg-3', Neo I site is underlined) and a reverse primer (5'-
ttttecttttgegeecgeaaamntigaaataatatsnnataagggtasnntccsnnatasnnsnnat-
tagettt-3', Not I site is underlined, and the randomly mutated amino
acids are in italics). The PCR fragments were inserted into a pY03
phagemid at the Ncol/Nod sites [22]. The resultant phagemid
containing the C-CPE mutant library was transduced into E. coi TG1
cells, and then the cells were stored at —80°C.

Preparation of phage

TGl cells containing phagemid coding a scFv, C-CPE, C-CPE
mutant or C-CPE mutant library were culture in 2YT medium
containing 2% glucose and ampicillin. When the cells grew to a
growing phage, M13K07 helper phages (Invitrogen) were added,
and the medium was changed into 2YT medium containing
ampicillin and kanamycin. After an additional 6 h of culture, the
phages in the conditioned medium were precipitated with
polyethylene glycol. The phages were suspended in phosphate-
buffered saline (PBS) and stored at 4°C until use.

ELISA

Wild-BVs or CL-BVs (0.5 pg/well) were adsorbed onto an
immunoplate (Greiner Bio-One, Frickenhausen, Germany). The
wells were washed with PBS and blocked with TBS containing
1.6% BlockAce (Dainippon Sumitomo Pharma, Osaka, Japan). C-
CPEs or phages were incubated in the immunoplate, and the BV-
bound C-CPEs or phages were detected by using anti-his-tag
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antibody (Novagen, Darmstadt, Germany) or anti-M13 antibody
(Amersham-Pharmacia Biotech, Uppsala, Sweden), respectively,
horseradish peroxidase-labelled secondary antibody and TMB
peroxidase substrate (Nacalai Tesque, Kyoto, Japan). The
immunoreactive C-CPEs or phages were quantified by the
measurement of absorbance at 450 nm. In the screening of
phages, the data were normalized by the amounts of phages,
which were quantified by ELISA for the FLAG-tag contained in
the coat protein.

Selection of phage by using BV

A total of 0.5 ug of BV was adsorbed onto an immunotube
(Nunc, Roskilde, Denmark). The tube was washed with PBS and
blocked with TBS containing 4.0% BlockAce. The BV-coated
tubes were incubated with mixture of phages, and then the tubes
were washed 15 times with PBS and 15 times with PBS containing
0.05% Tween 20. The phages bound to the tube were eluted with
100 mM HCIL TG1 cells were infected with the eluted phages, and
phages were prepared as described above. The resulting phages
were subjected to repeated selection by using the BV-coated
immunotubes.

Identification of a phage clone

To identify an isolated phage clone, we performed PCR or
sequencing analysis. We amplified the inserted fragment into the
phagemid by PCR using forward primer 5'-caggaaacagctatgac-3'
and reverse primer 5’-gtaaatgaattttctgtatgagg-3'. The resultant
PCR products were subjected to agarose gel electrophoresis
followed by staining with ethidium bromide. We performed a
sequence analysis with primer 5’-gtaaatgaattttctgtatgagg-3'.

Measurement of phage titer

To quantify the concentration of phages, we measured the titer
(colony formation unit (CFU)/ml) of the phage solution. Briefly,
the phage solution was diluted to 107°-107'" with PBS. The
diluted solution was seeded onto Petrifilm ™™ (Tech-Jam, Osaka,
Japan). After 24 h of incubation, the colonies were counted, and
the titer was calculated.

Purification of C-CPE mutants

C-CPE and C-CPE303, in which the CL-4 binding region of
C-CPE was deleted, were prepared as described previously [13].
To prepare plasmid containing C-CPE mutants, the C-CPE
mutant fragment was PCR-amplified by using phagemids coding
C-CPE mutants as a template. The resulting PCR fragment was
inserted into pET16b, and the sequence was confirmed. The
plasmids were transduced into E. coli strain BL21 (DE3), and
production of mutant C-CPEs was induced by the addition of
isopropyl-D-thiogalactopyranoside. The harvested cells were
lysed in buffer A (10 mM Tris-HCI, pH 8.0, 400 mM NaCl,
5 mM MgCly, 0.1 mM phenylmethanesulfonyl fluoride, 1| mM
2-mercaptoethanol, and 10% glycerol) that was supplemented
with 8 M urea when necessary. The lysates were applied to
HiTrap™ Chelating HP (GE Healthcare, Buckinghamshire,
UK), and mutant C-CPEs were eluted with buffer A containing
100-400 mM 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 mutant C-
CPEs was confirmed by SDS-PAGE, followed by staining with
Coomassie Brilliant Blue and by immunoblotting with anti-his-
tag antibody (Novagen). Protein was quantified by using a BCA
protein assay kit with bovine serum albumin as a standard (Pierce
Chemical, Rockford, IL).
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